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Abstract

A Role forBik in B Lymphocyte Apoptosis and its Regulation bystem-Barr Virus

Roya Hakimjavadi

Inhibition of host cell apoptosis is central to terategy of the B-lymphotrophic
Epstein-Barr virus (EBV) and also plays an impartate in the development of EBV-
related malignant disease and immune disorders. gBY¥hotes the survival of its host
B cell during transit through the Germinal Cent@C( of lymphoid follicles. The
cellular Bcl-2 family (BH3-only protein) Nbk/Bik i& potent inducer of apoptosis and
loss of Bik has been implicated in the developmantancers and the resistance of
tumour cells to various therapeutic agents.

Here, evidence is presented to show that the EB®Wwir programme down-
regulatesdik and that this host-virus interaction contributestie survival of the
infected B cell.Bik was transcriptionally repressed in the presendd@®EBV nuclear
antigen-2 (EBNA-2) when the latter was expressedads viral protein. Furthermore,
ectopic EBNA-2 led to increased cell survival whell apoptosis was induced by B
cell receptor (BCR) cross-linking with anti-lgM @uady and TGBl-induced
signalling, both of which are key pathways of relewe to B cell survival.
Transientbik knockdown by antbik SiRNA was seen to inhibit apoptosis induced by
TGH31 whereas this was not sufficient to protect cetsn apoptosis triggered through
the BCR.

An increased rate of apoptosis due to PGRvas observed to coincide with elevated
Smad3/4 recruitment to theek promoter in EBV-negative cell lines and this effeets
reversed in cells proliferating due to the EBV gtioyprogramme or in EBV-negative
cells expressing ectopic EBNA-2. The latter coiedidvith a decreased level of total
Smad3 present in cells proliferating due to EB\éxpressing ectopic EBNA-2.
Furthermore for the first timdik transactivation was observed to coincide with
apoptosis induced byal25-(OHYD3, the active metabolite of vitamin [Bik is
therefore potentially a key common target for thgon intrinsic apoptotic signalling
pathways in the GC reaction and is a negative tashQ&BV. In summary, the EBV-
bik interaction is likely to make an important contion to the survival of EBV-

infected B cells during EBV infection and in somB\Eassociated malignant diseases.
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Chapter 1:
Introduction



1.1 Epstein-Barr virus Discovery

The Epstein - Barr virus (EBV) is a ubiquitous humgamma herpes virus that infects
approximately 95% of the world’s adult populati&BYV was discovered in 1958, in
Uganda by an Irish surgeon, Denis Burkitt, who obs@ what he described as a
lymphosarcoma primarily affecting children in equél Africa. This malignancy
would later be re-designated and named Burkittsgigoma (BL) (Harford 2012). Due
to the onset of BL at a young age and the climatid geographical distribution of the
patients affected, Burkitt began to suspect thaexernal pathogen, such as a virus,
may play a role in the development of this forntaicer. In order to further investigate
and better understand of the cause of this endeamicer, he sent tumour biopsies from
Kampala to London in 1961. A few years later in 4%thony Epstein, Bert Achong,
and Yvonne Barr observed and described a virugcfgaim electron microscopic images
of cultured Burkitt lymphoma cell lines that themmed Epstein-Barr Virus (EBV)
(Harford 2012).

High titers of anti-EBV antibody were found in Blafents compared to control
patients (Henle, et al. 1969). In south China taghbody titers were also observed in a
lymphoepithelial malignancy with a high incidencele@le, et al. 1970). These
observations together with further subsequent inyasons led to the implication of
EBV as the first candidate for a human oncogemasyinot only in Burkitt's lymphoma
but also in a number of other malignancies inclgdimdifferentiated nasopharyngeal
carcinoma (NPC; Reviewed in (Bornkamm 2009)). kes¢éngly however, it soon
became evident that EBV infection was widespreadicating that EBV alone was not
a causative agent for malignancy, and that otheetieand environmental factors were
required for tumour development (Bornkamm 2009)VEB now well known as the
causative agent of infectious mononucleosis (IMpanown as glandular fever) and
for its capacity to potently growth-transform itsngipal target cell, the B lymphocyte.
In culture, these ‘immortalised’ cells are referteds lymphoblastoid cell lines (LCLS).
In later life Burkitt noted that his ‘lymphoma Bedtudy carried out on BL was also a
map of malaria-infested regions in Africa. The libktween endemic BL occurrence
and malarial transmission areas had been estath)ible to date no defined functional
role for malaria in EBV-led BL has been elucida{ékviewed in Moormann, Snider
and Chelimo 2011 and Griffin,B., Rochford, R. 2Q05)



1.2 EBV Epidemiology

Infection with EBV is worldwide, affecting more th&®5% of human population during
the first two decades of their lives (Ng and Kho@309). In developing countries,
primary infections occur mainly in young childrendaare usually asymptomatic. In
developed countries, primary EBV infection can acou 25% to 50% of children

younger than five years of age. A second peak dahgy infection occurs in

adolescence, and 30% to 50% of cases will go aewelop the self-limiting condition

known as glandular fever/infectious mononucleodid) ((Ng and Khoury 2009,

Papesch and Watkins 2001). While the virus is ndyma harmless passenger
throughout one’s life, EBV has been associated wéheral malignancies, as will be
described below (see section 1.11). Co-factors ¢batribute to the development of
clinical disease include immune status, geneticdiethry factors, age of the individual
at the time of exposure and various physiologiealables (reviewed in (Crowcroft, et
al. 1998, Hocker, et al. 2013, Taylor and Blackino2®11, Dojcinov, et al. 2011)).

1.3 EBV Classification

The herpesviridae is a family of herpes viruses ithfects birds, reptiles and mammals
(Lacoste, et al. 2010). The herpes family of vieusan be separated into three sub-types
according to their genome organisation, growth attaristics and cell tropism, namely
a-herpes virusesp-herpes viruses angherpes viruses (Hardie 2010). Tixnerpes
viruses are further divided into lymphocryptoviraggCV; also known as gammal-
herpes virus) and rhadinoviruses (RV; also knowgamma2-herpes virus) (Lacoste, et
al. 2010). It is generally accepted that the LC\éleed from the RV due to the more
divergent genomes that are found in RVs. EBV [&8own as human herpes virus 4
(HHV4)], is a y-herpes viruses of the genus lymphocryptovirus tteapets B
lymphocytes (Lacoste, et al. 2010, Hardie 2010pBar et al. 2007). EBV was the first
herpes viral genome to be completely sequencedr(Baal. 1984). Typicay-herpes
viruses replicate in epithelial cells and then lelgth a lifelong latent infection in host
lymphocytes (Hardie 2010, Kieff, E., Rickinson, &,2007).



The EBV genome, like that of all herpes viruses aaignature structure of conserved
genes divided by defined regions of genetic vama(Lacoste, et al. 2010). EBV, has
extensively co-evolved with its host, adaptinggénetic code and incorporating genes
of host origin to enable the latent virus to go etedted by the immune system (Hardie
2010).

1.4 Structure of EBV

Herpes viruses possess a toroid shaped DNA/prassaciated core enclosed in a 162
capsomer nucleocapsid. This icosahedral nucleataigsisurrounded by a protein
tegument that is itself confined by an outer enpeldlhis outer envelope is coated by
glycoprotein spikes (Kieff, E., Rickinson, A, B. @0 Thompson and Kurzrock 2004)
see (Figure 1-1).

DNA Core Genome DNA

Tegument Caspid

Glycoprotein
Spikes

Envelope

Figure 1-1: Schematic representation of herpes vigistructure.
The EBV associated toroid protein core is illugtdatvithin the icosahedral nucleocapsid. This

capsid is itself covered by a protein tegument @mgdosed in a glycoprotein covered envelope.
Adapted from (van Kooten and Banchereau 1997)



The EBV genome is 170-184 kilobase pairs (kb) imgte with a guanine/cytosine
content of approximately 60%, encoding around 8tegeThe viral genome is wrapped
around a toroid-shaped protein. This structureoieered with a nucleocapsid with 162
capsomers. The space between the nucleocapsichandral envelope is filled by a
protein tegument and a range of glycoprotein spitesseen on the outer envelope of
the virus, consisting of the viral glycoproteins3gp, gp85, gp25, gpl110, and gp84/11
(Thompson and Kurzrock 2004, Knipe, D.M, HowleyMP2001). Due to the splicing
potential of EBV RNA transcripts, it is likely thahe number of possible proteins
exceeds the number of genes present on the visadrap. The ends of the EBV genome
contain a 500 base pair (bp) motif of variable nemterminal repeats, this genome
variation is further compounded by the presencéoof internal tandem repeats that
divide the genome into unique long and short frags€Lacoste, et al. 2010). The
internal repeats include one 3 kb tandem interiv@ctirepeat (IR1) that defines the
unique short region (§) from the unique long region (Ywhich contains another three
short tandem internal direct repeats (IR2-4)(Lasost al. 2010, Kieff, E., Rickinson,
A, B. 2007) (see Figure 1-2). Upon entry into tlosthcell, the linear genome becomes
circularised by the fusion of the two termini (Laid, et al. 1976). In latently infected
cells the change in viral genome structure froredinto episomal occurs around 12-24
h after infection of B cells, therefore each lalgmfected cell contains about 10-20
circular viral episomes in its nucleus. Viral eprses divide as independent replicons
once per cell cycle in early S phase using cellDIBIA polymerase 1l and Il (Knipe,
D.M, Howley, P.M. 2001).
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Figure 1-2: The EBV Genome.

A schematic drawing of the 172 kb EBV genome, idirig the terminal repeats (TR), internal
repeats (IR) 1-4, the unique long arm land the unique short arm {Uas indicated. Figure
adapted from Lacoset al 2010.



1.5 Primary Infection and Lytic Replication

Upon initial infection following exposure to salivarrying EBV, the virus infects the
oropharyngeal epithelial cells where it replicatesd then infects naive IgD+ B cells in
the oropharynx ((Kieff, E., Rickinson, A, B. 20@0llard, Rooney and Heslop 2012) B
cells have the most important role in the EBV itf@t process, as patients with X-
Linked agammaglobulinemia disorder, who do not hansture B cells, do not show

any evidence of infection with EBV during theirdi{Faulkner, et al. 1999).

EBV infection of B cells is instigated with the athment of the gp 350/220 viral
membrane glycoprotein to the CD21 (complement G8dponent (CR2)) molecule on
lymphocytes. It has recently been shown that CI321ot the only cellular receptor for
EBV glycoprotein, but also CD35, the human complermeceptor type I, which serves
as another attachment receptor for gp350/220 ghpteim (Ogembo, et al. 2013). Other
viral envelope proteins including gp42 (part of tkemolecular viral envelope

glycoprotein complex gp42/gp85/gp25 (also knowgld&gL complex)), which binds to

HLA class Il molecules and gp110 which also inéggathe interaction of virus and its
target cells are also involved in mediating vinadrg into B cells (Ogembo, et al. 2013).
It has been shown that the infection rate of epdaheells increases when they are in
close contact with virus-producing B cells (Shanthowe, et al. 2006). EBV binds via
its envelope glycoprotein gH/gL complex to gHgLeptor (QHgLR) on epithelial cells.

In addition to this interaction, higher infectioffi@ency is obtained when the EBV

multi-spanning envelope glycoprotein BMRF2, bindst531 integrin on the surface of
epithelial cells (Klein, Klein and Kashuba 2010, @thde, Hogquist and Balfour 2011).

EB virions secreted from reactivating B cells (tagmablasts) are low in gp42 and thus
show a greater tropism for epithelial cells whica EHLA-class lI-negative cells. On the
other hand viruses derived from epithelial cellsgass higher levels of gp42 envelope
glycoprotein, which increases viral affinity for &lls (HLA-class Il positive cells)
(Hutt-Fletcher 2005, Borza and Hutt-Fletcher 200Zhis finding suggested that
epithelial cell infection facilitates viral accesB cells and that this process is critical
for virus cycle maintenance (Hutt-Fletcher 2003udtes have shown that most of the
EBV genome and gp350 remains at the surface dBttells for several days following
virus/cell contact (Shannon-Lowe, et al. 2006).atidition that study showed that a
gp350 knockout-EBV cell free virus preparation vadre to infect epithelial cells with

high efficiency, but unable to bind and infect Blgethus it was suggested that the
6



gp350 envelope glycoprotein was an inhibitor faedi infection of epithelial cells by
EBV, and that interaction of gp350 with CD21 isu&qd to remove this inhibition and
facilitate the unmasking of other virus envelopenponents required for epithelial cell
infection. In this proposed model of primary infeat EBV binds to the surface of
resting B cells and uses them as a vehicle totigfgithelial cells rather than there being
an initial round of virus replication in B cellsipr to epithelial cell infection (Shannon-
Lowe, et al. 2006). After antigen binding, EBV isdecytosed by CD21-derived
cytoplasmic vesicles and viral capsids are releasedhe cytoplasm (Bollard, Rooney
and Heslop 2012, Nemerow and Cooper 1984, Caral, €990). This initiates mRNA
synthesis, B cell blast formation, homotypic celhasion, surface CD23 expression and
interleukin (IL)-6 production (Thompson and Kurzka2004). The linear viral genome
moves into the nucleus within 12 hours whereupobeitomes a circular episome
(Reviewed in (Kieff, E., Rickinson, A, B. 2007)) thia variable number of terminal
repeats (TR) (Figure 1-2) which gives rise to a DiNerprint for the original infected
cell and any arising daughter cells. This is a able feature that can be exploited to
determine the clonality of EBV-associated tumowfsitok and Wang 2006, Raab-
Traub and Flynn 1986). EBV does not encode its ORINA polymerase for
transcription, it utilises the cellular RNA polynase Il (Kieff 1996). The first
detectable EBV proteins are EBNA-LP and EBNA-2 (fipson and Kurzrock 2004,
Thompson and Kurzrock 2004, Karlberg, et al. 2010).

Viral DNA polymerase accomplishes linear viral regtion, which occurs during the
lytic phase of the viral life cycle. There aredérclasses of viral lytic gene products,
immediate-early (IE), early (E), and late (L). BZLland BRLF1 are some of the IE
products that act as transactivators of the witad brogramme (EI-Guindy, et al. 2013).
Activation of lytic replication or reactivation fno latency is crucial for transmission.
The early products for example, BNLF2a have anusige range of roles, including
replication, metabolism, and blockade of antigescpssing, while late products tend to
code for structural proteins such as the viral khpsatigens (VCA) and gene products
used for immune evasion (e.g., BCRF1). The sigafiamportance of EBV infection
in B cells is that they are induced to activateirttggowth program and trigger
differentiation into memory B cells via the germigantre reaction. Infected memory B
cells are released into the peripheral circulaffeigure 1-4). The number of infected B
cells declines over time after the beginning of piems of primary infection



(Hadinoto, et al. 2008), but these cells are nelieninated fully (ElI-Guindy, et al.
2013, Zhao, et al. 2011).

1.6 EBV Latency Programmes and gene expression patterns

Latency is the state of persistent viral infectisithout active viral production. EBV
persists mostly in the memory B-cell compartmerd passibly also in epithelial cells
(Thorley-Lawson, Duca and Shapiro 2008). Due tdediig combinations of EBV
latency gene expression in various EBV associatalijmancies and EBV derived cell
lines, a set of distinct EBV latency programmesehbeen defined (Shah and Young
2009). These have been characterised as latenay Qyyp Il and Ill (Table 1-1). By
using different transcription programs, latent EB¥nomes can multiply in dividing
memory cells (type I), induce B-cell differentiatitype II), activate naive B cells (type
[l), or completely restrict all gene expressioraircontext-specific manner (Figure 1-3)

(Thorley-Lawson, Duca and Shapiro 2008).
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Adapted from Bollard CM et al,. Nat Rev Clin Oncol. 2012 Sep; 9(9):510-9

Figure 1-3: The infection life cycle and latency sites of EBV

EBYV infection is transmitted from host to host waliva, and infects epithelial cells where it
replicates in the oropharynx before infecting naBveells. Following infection of naive B cells
in the lymph node, all latent genes are expredsatiicy Ill) and the viral latent proteins drive
the B cell through subsequent proliferation andgéeninal centre (GC) reaction in the absence
of a cognate antigen. To establish a persisteanianfection, EBV must access the memory B
cell compartment and reside within long-lived pkepal B cells where the expression of highly
immunogenic viral latency antigens EBNA1, EBNA-2daEBNA-3, are down-regulated and
only few viral gene products (Latency Il, Latencyi@d Latency 1) as indicated in (Table 1-1)
are expressed in order to escape immune detediemminal differentiation to plasma cells
results in reactivation of the virus to the Iytigcte, expression of lytic proteins and production
of infectious virus. The virus can infect B celghin the lymphoid tissue or be shed into the
saliva. Adapted from (Bollard, Rooney and Heslop2)0
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Table 1-1: EBV latency types and associated genepegssion pattern.
(Bollard, Rooney and Heslop 2012, Shah and Your®2¥oung and Rickinson 2004a, Klein,
Kis and Klein 2007)

Type of Latency Viral Genes Expressed

Type O None Detectable

Type | EBNA-1, EBERs,
BARTSs

Type Il EBNA-1, EBERs,
BARTs, BARFO
LMP1,LMP2A,
LMP2B

Type lll All EBV Latent Genes

After infection of naive B-cells, EBV activates aogth programme (also termed
latency Ill) that drives B-cell proliferation, and characterised by expression of its
entire latency gene complex (Figure 1-3) which «issof eleven characterised EBV
latently expressed genes, including six EBV Nucldatigens EBNAL1, EBNA-2,
EBNA-3A, EBNA-3B, EBNA-3C and EBNA-LP, three integr latent membrane
proteins LMP1, LMP2A and LMP2B and two small noryaalenylated EBV encoded
RNAs known as EBER1 and EBER2. There is also d&durset of poorly understood
transcripts known as BARTs (Murray and Young 20@24d recently discovered
microRNAs (Riley, et al. 2012). Type Il latency rge products, which drive B cell
transformation and proliferation, are highly immgeaic. In order to escape detection
by CD8+ cytotoxic T lymphocytes, the virus survivesB cells by downregulating the
expression of its immunogenic proteins including\tial transcription factor EBNA-2
(Okur and Brenner 2010). Primarily B cells entemphoid follicles where they
proliferate and express only three viral proteibgd Il latency) (Thorley-Lawson,
Duca and Shapiro 2008). This facilitates minor ifechtion of the cells in the GC
where the cell is hidden from immunosurveillancewc® leaving the GC the infected
cells switch to either latency type | or type (htaintain infection without activating an
immune response (Bollard, Rooney and Heslop 201lRday 2009). Terminal
differentiation to plasma cells results in readima of the virus to the lytic cycle,

expression of lytic proteins and the productionndéctious virus. The virus can infect



B cells within the lymphoid tissue or be shed itite saliva (Laichalk and Thorley-
Lawson 2005).

f—— Double-stranded DNA episome

EBNASC
EBNA3E
EBNASA

Figure 1-4: EBV Latent Genes.

Diagram of the double-stranded EBV episome shovBY latent genes transcription. The
episomal origin of replication (OriP) is shown imange, EBNA1 binds to the OriP in a
sequence specific manner to activate replicatiothefEBV genome. The large green arrows
depict the coding regions for the six nuclear arig)(EBNA1L, 2, 3A, 3B, 3C and EBNA-LP)
and the three latent membrane proteins (LMP1, 2R28). The highly transcribed non-coding
RNAs EBER1 and EBER2 are represented at the tdheofjenome by the blue arrows. The
BamHIA region contains the BARFO and BARF1 transicitodes. The thin green arrow
indicates the direction and transcript region sgitl from theEBNA Cp/Wp promoter during
type lll latency. The EBNA latency Il primary tragript is alternatively spliced to give rise to
the EBV nuclear antigen-coding mRNAs. TEBNAQp promoter is active during latency | and
[l and gives rise tEBNA1 mRNA, as highlighted by the red arrow. (Figure @dd from
(Young and Rickinson 2004a) .
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1.7 The EBV-encoded nuclear antigens

1.7.1 EBNA1l

EBV nuclear antigen 1 (EBNA1), a 641 amino acidt@irg is the only viral protein
consistently expressed in all EBV-associated makhigres and EBV-proliferating cells
in healthy carriers (reviewed by (Frappier 2012NA1 is essential for lifelong viral
persistence and is required for maintenance aritaépn of the EBV genome, through
specific binding of EBNA1 to the EBV-origin of reghtion (oriP) (reviewed by(Young
and Murray 2003a)). EBNAL can also activate expoessf critical cellular genes
affecting cellular growth control and is known tosgess oncogenic properties (Young
and Murray 2003a, Tsimbouri, et al. 2002, Wilsord drevine 1992). This 73 kDa
protein consists of a short amino-terminal regioB0a40 kDa, glycine-alanine (Gly-
Ala) repetitive sequence flanked by arginine-rielqjieences and a highly charged acidic
carboxyl-terminal sequence (Young and Murray 2003ayng and Rickinson 2004b).
The presence of the Gly-Ala repeat domain in EBN##&vents processing by the
proteasome, and has also been found to infEBNAL1 mRNA translation. In this
manner EBNAL greatly reduces its own recognitiondyyotoxic T cells, enabling

infected cells to evade the immune response (B28KR®).

1.7.2 EBNA-2

EBNA-2 is an 83 kDa transcription factor that plags critical role in B cell
immortalisation. It is a transcriptional co-activathat modulates the expression of viral
and cellular genes, driving cell cycle progresdimm G, to G;. Together with EBNA-
LP, EBNA-2 is the first EBV latent gene expressegubru infection of a B cell
(Reviewed in (Middeldorp, et al. 2003)). EBNA-2 da@ nucleoplasm-, chromatin- and
nuclear-matrix associated and localises to largeean granules (Petti, Sample and
Kieff 1990, Hennessy and Kieff 1985). A crucial gofor EBNA-2 in B cell
immortalisation was discovered when a mutant stirEBV, called P3HR1 was
isolated and found to lack the ability to transfdBntells in vitro. Further investigation
showed that P3HR1 possessed a deletion encompad&ngBNA-2 open reading
frame (ORF) and also partially that of EBNA-LPw&as soon discovered that the ability
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of P3HR1 to transform B cells could be restoredhsy re-introduction of EBNA-2 to
the genome. This implicated EBNA-2 as a vital EBNeht protein in the process of
EBV-driven B cell immortalisation (Reviewed in (Tinpson and Kurzrock 2004,
Young, Dawson and Eliopoulos 2000)). Further sischave shown that EBNA-2 is
also essential for maintaining immortalisation (Ke®s, et al. 1995a, Cancian, et al.
2011).

Structure of EBNA-2

EBNA-2A is 483 amino acids (aa) long whilst EBNA-28composed of 455 aa. Both
contain a negatively charged highly homologous antérminal region that facilitates
homo-dimerisation (Figure 1.6). This is followed &yproline-rich domain which can
contain from 10-40 successive prolines. The homplbgtween the two types of
EBNA-2 is least in the “diversity” region which théeads into the domain responsible
for binding cellular CBF1/RBPKIDNA-binding protein. This region is followed by an
arginine-glycine rich domain that spans approximyaie8 aa, and is followed by a
negatively chargedransactivation domain that has been found to interaith a
number of general transcription factors and covattrs in the cell. Finally the
carboxyl terminus is responsible for nuclear l&ztion (Zimber-Strobl and Strobl
2001). Three regions of importance for B cell imtabsation by EBNA-2 have been
identified through extensive mutational analysissidues 94-110, encompassing the
proline rich region; 280-337, containing the regrequired for interaction with CBF1;
and 425-462, a region that harbours the adidins-activation domain(Zimber-Strobl
and Strobl 2001, Ling, Rawlins and Hayward 1993h&vand Kieff 1991). While the
transactivation domain, the nuclear localisationtiimend the region which mediates
promoter contact are located in the C-terminal bBEEBNA-2, most of the N-terminal
half of EBNA-2 does not have a critical role in nséorming B cells and
immortalisation, except for seven proline motif (dfaanchili, Harada and Kieff 1996).
The C-Terminal region of EBNA-2 determines the tge#ransforming ability of EBV
type A through enhanced regulation of LMP-1 and ®&¥Gxpression (Cancian, et al.
2011).
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Figure 1-5: The structural domains of EBNA-2.

EBNA-2 consists of a negatively charged regiorhatamino-terminus, which is likely to play a
role in homo-dimerisation (Dim), a polyproline regi(Pro) consisting of 10-40 consecutive
prolines depending on the virus strain, a diversgyion with low homology between EBNA-
2A and EBNA-2B, a domain responsible for interactivith RBP-Jk/CBF1 (RBP«J), an
arginine-glycine rich stretch (ArgGly) and a negally charged region carboxyl terminus,
which harbours a trans-activation domain (TAD), semred regions (CR1-9), which have been
defined by comparison of EBV strain type A and Babbton and rhesus macaque
lymphocryptoviruses and a nuclear localisatiomaigNLS) (Figure adapted from(Zimber-
Strobl and Strobl 2001)).
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Table 1-2: The CR1-CR9 and their putative functionsin EBNA-2 mediated
transformation and immortalisation (Zetterberg,H., Rymo, L. 2005)

Conserved  Respective Fonction

Region

CR1 Increases the LMP1 promoter activity.

CR2- CR3 PPR is located between these two Conseagidns. The number of proline
repeats differs between the two: types 1 (43 odtSoAmino acids are proline)&
type 2 (14 out of 16 amino acids are proline).[25]

Interacts with RNA helicase DP103 and SW1/SNF, ciatin-remodelling
complex.

CR5-CR6 CR5, CR6, and the sequence between thesmiates with RBP-JK or PU.1 in
order to mediate promoter targeting.

CR4-CR5 Divergent region is located at CR4/CRS5, clwhimediates self-association in
addition to the two other regions at Amino termiwéh the same function.

CR5 Interaction with SKIP.

CR6-CR7 Poly-RG motif is in between CR6 and CRY7. It coopesavith CR9 at the C-
terminal end of EBNA-2, for nuclear localisatiogrsal.

CR8 This consists of an acidic activation domaimiclv associates with TFIIH,
TAF40, TFIIB, p100, and P300, CBF, and PCAF histawetyltransferases.
Amino acids 453-466 (the core fragment) of aciditvation domain of EBNA-
2 can be replaced by the herpes simplex viral prot®16 activation domain,
which indicates functional similarities.

CR9 Nuclear localisation signal and conserved AngifGlycine rich region.
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Transcriptional regulation by EBNA-2

EBNA-2 does not directly bind DNA, rather it utidis a number of cellular transcription
factors to achieve specific promoter targetingudaotg (i) CBF1/RBP-d, (ii) the ETS
family protein Spi-1/Pu.1, (iii) the ATF/CRE compgle(iv) the CREB-binding protein
CBP and (v) the chromatin remodelling complex SWFSWu, Krumm and Schubach
2000, Wang, Grossman and Kieff 2000, Pegman, €08&l6b, Ling, et al. 1994, Laux,
et al. 1994, Johannsen, et al. 1995a, Henkel,. €t984). EBNA-2 has two principal
mechanisms by which it activates EBNA-2-respongjeaes: (i) it associates with its
target genes to alleviate the repressive effeciteti by bound CBF1 (Figure 1-6) and
followed by (i) strong transcriptional promotionf ¢he target gene (Figure 1-6)
(Palermo, et al. 2008). EBNA-2 can also interacthwmembers of the basal
transcription machinery (BTM), including TFIIH, TIH, TFIIB, TAF40 and RPA70
through its acididrans-activation domain (Palermo, et al. 2008, Tongalet1995a,
Tong, et al. 1995b, Tong, et al. 1995c). Furtheih&se interactions, EBNA-2 has been
shown to associate with the DEAD-box protein DP{B8undhoff, et al. 1999) which
has an established role in transcriptional repoas¢yan, et al. 2003). Of the BTM
utilised by EBNA-2 for specific promoter regulatiaa the cellular DNA binding
protein,Cp binding factor 1 (CBF1) which binds to the cognBtéA sequence 5CGT
GGG AA 3’ (Nikrad, et al. 2005). CBF1 is also knowas recombination signal-binding
protein 1 for & (RBP-X%). CBF1 is a ubiquitously expressed transcriptactdr that has
been highly conserved during evolution (Zimber-Blrceet al. 1993). CBF1 directs
EBNA-2 to its target genes allowing regulation betgenes by EBNA-2. EBNA-2
drives one of its own gene promoters, BEBNACp promoter, via an upstream EBNA-2
responsive element (called the EBNA-2-responsiviearoer (E2RE) by alleviating
CBF1 mediated repression (Jin and Speck 1992, Singl, 1991). In the absence of
EBNA-2, CBF1 acts as a co-repressor in the cellndoby a large multi-protein
complex of cellular proteins which includes SMRTAR; Sin3-associated protein 30
(SAP30), SIN3A, the CBF1l-interacting co-repress@IR), histone deacetylase
(HDAC) 1 and HDAC2. Another protein that can bidhis complex is Ski-interacting
protein, SKIP. EBNA-2 mediates trans-activation ggnes by competing with the
SMRT-HDAC co-repressor complex thus relieving trergét promoters of this
repressor complex (Figure 1-6).
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Reprasszion
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Cn

Figure 1-6: EBNA-2-mediated promoter activation (1)

(A) EBNA-2 acts as a transcriptional activator byeracting with the DNA-binding «3
recombination-binding protein (RBR/CBF1) and relieving transcriptional repressiont tisa
mediated by a large cellular multi-protein comptexsisting of SMRT/NcoR, SAP30, SIN3A,
CIR, SKIP, HDAC1 and HDAC2. The binding of SKIP &MRT facilitates nuclear entry of
CBF1. (B) EBNA-2 abolishes CBF1-mediated repressiprompeting with the SMRT-HDAC
co-repressor for binding to both CBF1 and SKIP. EB&NA-2 acidic domain recruits the BTM,
TFIIB, TFIIH and p300 to drive transcriptional agttion. (Figure adapted from (Young and
Rickinson 2004a)).

Once repression is relieved, EBNA-2 brings strorangcriptional activation to the
promoter (Hsieh and Hayward 1995). To activate ,tlEBNA-2 binds histone
acetyltransferases (HATs) and SW1/SNF, the chramatnodelling factors to alter
chromatin structure rendering the gene accessiblegnscription. EBV utilises cellular
RNA polymerase Il (RNA pol II) for transcribing aktarget genes (Figure 1-7).

EBNA-2 interacts with general transcription factesch as TFIIH and TFIIE along
with the cyclin dependant kinase (CDK) 9 to ingiand maintain phosphorylation of
RNA pol Il. The main phosphorylation sites of th@[ are Ser-2 and Ser-5. Bark-
Joneset al, have shown by CDK9 inhibition studies, that EBNA€juires CDK9
recruitment for efficient transcriptional activatigBark-Jones, Webb and West 2006).
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The CTD Ser-5 phosphorylation has also been showtudtuate relative to EBNA-2
expression levels, demonstrating that Ser-5 phogfatmn may be an EBNA-2-
dependant process (Reviewed in (Palermo, et aB)20h peptide studies CDK9 has
been shown to preferentially phosphorylate Serd&n{&athan, et al. 2001), implicating
a transcriptional initiation model that involvesmgitment of CDK9 by EBNA-2 for the
phosphorylation of Ser-5 thus activating the CTRI &NA pol Il activity(Palermo, et
al. 2008, Ramanathan, et al. 2001). EBNA-2 intésactwith TFIIH aids
phosphorylation of the CTD leading to strong surditranscriptional up-regulation of

the target gene (Palermo, et al. 2008).

Figure 1-7: Mechanism for EBNA-2-mediated promoteractivation (ll).

Association with the target promoter leads to mgddf EBNA-2 and the chromatin remodelers
SWI/SNF along with HATs, to make the gene accessibl transcription. EBNA-2 then
promotes assembly of the transcription complex rigracting with the general transcription
factors TFIIH and TFIIE. Transcription initiations i activated by CDK9 stimulated
phosphorylation of the Ser-5 and possibly the Sen2he C-terminal domain (CTD). TFIIH
also plays a role in Ser-5 phosphorylation throitg/tbound subunit, CDK7. However, there is
no evidence to suggest that EBNA-2 has a role is phocess (Figure adapted from (Bark-
Jones, Webb and West 2006)).

EBNA-2 functions in two ways; (i) reduce repressiorallow up-regulation of its target
genes, thus it binds to the repressor domain asibded in (Figure 1-7) and abolishes
the repression complex, (i) EBNA-2 also brings teorsg transcriptional activation
domain to the promoter which plays an importane riol thetrans-activation of the
target gene (Palermo, et al. 2008, Hsieh and Haivi&95). EBNA-2 directly up-
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regulates the expression of a range of viral artulae genes, some of the most
significant among these targets are those encatim@ctivated B cell surface marker
CD23, the cellular proto-oncogeremyc the B cell differentiation marker CD21, the
anti-apoptotic Bcl-2 family membebfl-1, the B cell specific transcription factors
Runx3 and BATF, the chemokine receptor CCR7 thaigades the B cell to lymphoid
organs, along with the EBV LMP1, LMP2A and LMP2Bdathe EBNACp promoter
(Pegman, et al. 2006b, Ling, et al. 1994, Johannseal. 1995a, Burgstahler, et al.
1995, Spender, et al. 2002) (Reviewed in(Kieff, Eckinson, A, B. 2007)). EBNA-2
has also been shown to elicit negative transcnptisegulation. Evidence from LCL
studies has exposed EBNA-2 as a repressive influencNurr77-mediated apoptosis.
This inhibition mechanism involves the interactioh the EBNA-2 transcriptional
complex with Nurr77 protein, sequestering Nurr7Thw the nucleus and preventing
signalling to the mitochondria that would otherwlsad to cytochrome release and
stimulation of apoptosis (Lee, et al. 2002, Liakt2000). To date EBNA-2 is known to
transcriptionally repress cellular genes the imngloioulin heavy chain locudgM)
(Jochner, et al. 1996BCL6 and TCL1 (Boccellato, et al. 2007). DNA microarray
studies have been used to catalogue EBNA-2 cellatget genes and proteins (Maier,
et al. 2006, Spender, et al. 2006, Schlee, eDal Q.

Latent promoter switching by EBNA-2

It is accepted that transcription through BBBNA W promoter (Wp) is an inefficient
process that leads only to the expression of tampter proximal genes, EBNA-LP and
EBNA-2 (Palermo, et al. 2008, Bell, et al. 1998gd Figure 1-4. EBV Latent Genes.
for Wp coordinates relative to the EBNAs). TWpis located in the IR1 and thus there
are multiple copies of th&/p present on the genome. This is thought to fatalithe
production of abundant EBNA-2 transcripts which exquired to switch transcription
from the Wp. Initially the Wp drives EBNA expression, however as EBNA-LP and
EBNA-2 expression increases transcription switghreslominantly to th&€p promoter
(Cp) (Palermo, et al. 2008). Thé/p itself does not appear to competently maintain
transcription to allow the remaininEBNAs to become fully transcribed. The/p
however produces sufficielBBNA-2mRNA such that the EBNA-2 protein stimulates
CDK9 dependant phosphorylation and recruits gertgaatcription factors that activate

and maintain the RNA pol Il function from ti@&p (Palermo, et al. 2008, Bark-Jones,
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Webb and West 2006). Th€p contains an EBNA-2-responsive element (E2RE),
allowing successful transcriptional initiation, proter clearance, elongation and RNA
processing of the product of interest. This yieddamily of transcripts of up to 120 kb
long that encodes the full range of EBNAs. Dueht inefficiency of theNp activity,

the switch to EBNA-2-lecCp transcription does not occur until approximateyhburs
after infection (Reviewed in (Palermo, et al. 2008 BNA-2 activation ofCp is
required for transactivation of the remaining EBN@s 3A, 3B and 3C) which are

required for immortalisation.

EBNA-2 subverts the cellular Notch Signalling pathvay

EBNA-2 subverts and manipulates B cell function, usprping the mechanisms and
diverse roles of Notch signalling in normal B geflysiology as well as B lymphocyte
malignancy (Reviewed in (Kempkes,B., Strobl,L.Joriikamm,G.W., Zimber-Strobl,
U. 2005, Johnson, et al. 2010)). In order to dgvdionphocytes bearing functional
receptors that are not harmful to the host, B calés subjected to several checkpoints
(apoptosis, proliferation or differentiation) at lipie stages of development (Cariappa,
et al. 2001, Hase, et al. 2004, Rhee, et al. 2DEgkay, et al. 2010). During B cell
maturation, cell fate decisions are directed by nalg derived from the
microenvironment, and these interact with recepesressed on developing B cells
(Hardy and Hayakawa 2012, Wen, et al. 2005). Th&p®als may be antigen-dependent
through surface B cell receptor (BCR) on B cellsigsaki 2000, Kurosaki 2011) and
modulated by co-stimulatory signals (Chung, etZ28l12). B cell maturation is also
modulated by BCR independent signals, such as (&h#s, et al. 2005), IL-7 (Purohit,
et al. 2003), IL-10 (Gary-Gouy, et al. 2002), BLB8FF (Batten, et al. 2000) and
Notch ligands (Cruickshank and Ulgiati 2010). Notsignalling regulates multiple
aspects of lymphoid development and function anchusates the development of
marginal zone lymphocytes. It has been well docusatethat Notch is required for the
later stages of B cell development, and Bertrahcl showed Notchl is expressed
throughout human B cell development, while Notchamly detected in the late pre-B
cell compartment (CD3’4:D19*;L'°) (Bertrand, et al. 2000%everal viral proteins
appear to utilize Notch signalling in B cells to diee their functions, including
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Kaposi's sarcoma-associated herpes virus (KSHV) BBY (Cheng, Pekkonen and
Ojala 2012).

Functional overlap of EBNA-2 and Notch

As stated previously, EBNA-2 function is eliciteardugh the recruitment of cellular
transcription factors such as CBF-1 which is a kegnponent of the Notch signalling
pathway. This CBF1-associated gene regulation lysualies upon activation of the
Notch signalling cascade, however, EBNA-2 appearact as a functional homologue
of activated Notch, usurping the cellular Notchduon and acting as a constitutively
activated N (Hsieh, et al. 1996, Hayward 2004). The mecharigmvhich EBNA-2
and N° dismantle the CBF-1 repressor complex appear® tonie and the same: each
protein interacts with CBF-1 and SKIP, subsequedigplacing SMRT/NcoR from the
complex. Both EBNA-2 and '\ proceed to enlist chromatin modifying molecules,
some of which overlap. EBNA-2 binds p300, PCAF &#P (Wang, Grossman and
Kieff 2000) and p100, a co-activator that stimutald-IIE (Tong, et al. 1995b), while
N'® recruits GCN4, PCAF and p300. Indeed, unsurprigie@NA-2 and N© overlap in
functional activities and target genes. Both EBNAf2I N° can inhibit Nur77-induced
apoptosis by binding to and sequestering this prap#otic transcription factor (Lee, et
al. 2002, Jehn, et al. 1999). Both have also behcated in modulating the activity of
a number of overlapping genes in B cells suciHasl LMP2A (EBV) BATF, CD21
andIgH. Contrastingly, Notch cannot regulate the EBNAa&yetsLMP1, CD23andc-
myc (Reviewed in (Zimber-Strobl and Strobl 2001)). fiéhes well documented
evidence that EBNA-2 and Notchl-IC associate witifieent transcription factors
other than CBF1, for instance PU.1 (Johannserl, #985b) and that this contributes to
a different EBNA-2 versus Notchl response. For gptanEBNA-LP cooperates with
EBNA-2 in trans-activating theMP1 promoter (Nitsche, Bell and Rickinson 1997).
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1.7.3 The EBNA-3 family (EBNA-3A, EBNA-3B and EBNA-3C)

The EBNA-3 family consists of 3 nuclear protein8 NRA-3A, -3B and -3C (previously
referred to as EBNA-3, EBNA-4, and EBNA-6 respeelyy. The nuclear proteins are
encoded by alternatively spliced transcripts iteétiaat theCp promoter (Kieff, 1996)
and are composed of 944, 937 and 992 amino-aciduess respectively (Petét al
1990). While EBNA-3A and -3C are essential for tgewth transformation of
lymphocytesin vitro, EBNA-3B is not required for B cell immortalisatiaunder these
conditions (Young and Murray 2003a). EBNA-3C caduce the up-regulation of both
cellular and viral gene expression, and is alsowknto repress th€p promoter (as
reviewed in (Bark-Jones, Webb and West 2006, Md&ielet al. 2012)). EBNA-3C
interacts with the retinoblastoma protein, pRbptomote cell transformation (Skalska,
et al. 2010). In addition, EBNA-3A and EBNA-3C cpearate as the main factors of
drug resistance in BL cells and in the down-regoitabf the pro-apoptotic Bcl-2-family
member Bim (Skalska, et al. 2010). EBNA-3B has b&®mwn to induce expression of
vimentin and CD40 (Silins and Sculley 1994). Alteb EBNA-3 proteins can also bind
CBF1, negatively regulating gene expression in Nwtch pathway. This results in
repression of EBNA-Zrans-activation, which in turn regulates the synthesisthe
EBNA-3 proteins themselves (Skalska, et al. 20T@us the EBNA-3 proteins balance
and fine-tune the action of EBNA-2 by precisely uaging CBF1 activity, thus
regulating the expression of cellular and viralmaters containing CBF1 binding sites
(Young and Rickinson 2004b, Skalska, et al. 2010).

1.7.4 EBNA-LP

The EBNA Leader Protein (EBNA-LP/EBNA-5) is one tfe first viral proteins
produced during EBV infection of B-lymphocytes (Rdyr et al. 2011). EBNA-LP is
encoded by the first ORF (leader sequence) of tkiensively spliced primary
transcript, originating from either thé/p or Cp promoter, and is composed a multi-
repeat domain (W1W2) and a unique carboxyl-termih@anain (Y1Y2).EBNA-LP
encodes a protein of variable size (20-130 kDagddmg on the number &anHl W
repeats contained by a particular EBV isolate. byrearly infection in B cells and
following expression of EBNA-LP in type | BL cellnkes, EBNA-LP is distributed
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throughout the nucleus, whereas in LCLs, EBNA-LRalses to promyelocytic
leukemia nuclear bodies (PML NBs) (Ling, et al. 2D0OAlthough not essential for
transformation, EBNA-LP enhances the efficiencyhef process (Portal, et al. 2011).

EBNA-LP is known principally as a transcriptionab-activator of EBNA-2. It has
previously been shown that EBNA-LP co-operates Wl#NA-2 in the up-regulation of
LMP1/LMP2andCp latency promoters in B cells and that EBNA-LP &BNA-2 co-
operative to stimulate expression of cyclin D2esting B cells in addition to mediating
Go to G transition during immortalisation (Peng, et al028). EBNA-LP co-activates
EBNA-2 through interacting with the promyelocyteukemia nuclear body (PML NB)-
associated protein Sp100 and displacing Sp100 ereldthromatin protein d (HP1o)
from PML NBs (Linget al 2005). Numerous other co-factors that potentiafigociate
with EBNA-LP have been identified including pRb,3%sp72/hsc73, hsp27, Hax-1,
ERR1, pl14ARF, DNA-Pkcsg-tubulin, B-tubulin, prolyl-4-hydroxylase, and HA95
(Ling, et al. 2005). However, to date, no correiatihas been made between the

association with these factors and EBNA-LPs abibtgo-operate with EBNA-2.

1.8 The EBV-encoded latent membrane proteins

1.8.1 LMP1

Latent Membrane Protein 1 (LMP1) is a major transfag protein of EBV. Several
studies have shown that this protein functions elessic oncogene and is essential for
EBV-induced B-cell transformatioim vitro (reviewed in (Young and Rickinson 2004b,
Middeldorp and Pegtel 2008, Lo, et al. 2010)). LM&E pleiotropic effects when it is
expressed in BL-derived cells, resulting in manythed phenotypic changes observed
during EBV-infection, including induction of celldaesion molecules and activation
markers (Kieff, E., Rickinson, A, B. 2007), and thp-regulation of anti-apoptotic
proteins Bcl-2, Mcl-1, Bfl-1, A20 and c-IAPs (D'&Gza, et al. 2004, Pratt, Zhang and
Sugden 2012). LMP1 alsmmduces cellular MicroRNA miR-146a, a modulator of
lymphocyte signalling pathways (Cameron, et al. 800This 63 kDa integral
membrane phosphoprotein functions as a constitytaetivated receptor (Young and

Murray 2003b) and is a member of the tumour nesrdactor receptor (TNFR)
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superfamily, activating several signalling pathways ligand-independent manner (as
reviewed in (Young and Rickinson 2004b)). FunctlynadcMP1 mimics the cellular
growth signal that normally results from the birgliof CD40 ligand (another member
of the TNFR superfamily) and can partially subséttor CD40in vivo, providing both
growth and differentiation signals to B cells (Gaahy Arcipowski and Bishop 2010).
The LMP1 protein can be divided into three domdigure 1-8). Firstly, an amino-
terminal cytoplasmic tail (amino acids 1-23), whitéthers LMP1 to the plasma
membrane and orientates the protein. Secondignamembrane region, consisting of
six hydrophobictrans-membrane loops, which are involved in self-aggregaand
oligomerisation (amino acids 24-186). Third, adocarboxyl-terminal cytoplasmic
region (amino acids 187-386), which possesses wifogte signalling activity of the
molecule (Young and Rickinson 2004a, Young and kir2003a). LMP1 signals
mainly from the intracellular compartments. Bothigomerisation and localisation
within glycosphingolipid-rich membrane rafts aresastial for the initiation of
signalling which results in the activation of seesignalling pathways in a ligand-
independent manner that contributes to the manygikipic consequences of LMP1
expression (Lam and Sugden 2003). At least founadiipg pathways have been
implicated in the function of LMP1, namely nucldactor x<B (NF«B), c-Jun NH
terminal kinase (JNK), p38/mitogen activated pmotkinase (p38/MAPK) and janus
kinase/signal transducers and activators of trgptsmn (JAK/STAT) (Shair, et al.
2007). It is the cytoplasmic C-terminus of LMP1ttisaresponsible for the transduction
of signalling cascades that result in primary Bl ¢ednsformation and phenotypic
changes. Within the C-terminus of LMP1, there ardeast two major activating
domains (Figure 1-8), C-terminal activating regio(CTAR1) and CTAR2 (Young and
Rickinson 2004b). CTAR1 (also known as transfororateffector site 1, TES1) is
located proximal to the membrane (amino acids 1Bb;2binds TNFR-associated
factors (TRAFs), and is essential for EBV-mediat&lcell immortalisation.
CTAR2/TES2, which is located near the C-terminugp®rts the long-term growth of
immortalised B cells and recruits the TNFR-assedateath domain (TRADD) protein
and receptor-interacting protein (RIP) (Eliopouled, al. 2003). The activities of
CTAR1 and CTAR2 affect diverse signalling cascaded provide the basis for the
transforming properties of LMP1. Figure 1-8 expiainthe structure and function of
LMP1.
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Figure 1-8: Structure and Function of LMP1.

The C-terminus of LMP1 contains at least two atiidaregions, referred to as C-terminus
activation regions 1 and 2 (CTAR1 and CTAR2). CTARvhich is essential for EBV-
mediated B cell immortalisation, binds TRAF1, TRAHRAF3 and TRAF5 and activates the
NF-«xB and p38 signalling pathways. CTAR2 supportsloing-term growth of immortalised B
cells and recruits TRADD to activated downstreagnails, such as NkB, JNK, and p38.
Both LMP1 C-terminal domains also mediate the ation of the JAK/STAT pathway,
although an intermediated region has also beenrstowind JAK3 and induce STAT binding
activity independently of CTAR1 and CTAR2. Thmnsmembrane domains of LMP1 are
responsible for the activation of the small GTP&sx42 leading to cytoskeletal changes
(adapted from Eliopoulos and Young, 2001).

1.8.2 LMP2A and LMP2B

Transcription olLMP2 is regulated by two separate promoters, locat&daflart on the
viral DNA (Speck, et al. 1999, Wasil, et al. 208)éck, et al. 1999, Wasil, et al. 2013).
Two mRNAs that have uniqug exons followed by eight common exons encode two
distinctproteins of 2.0 and 1.7kb in length, namely LMP2#&l d MP2B, respectively
(Speck, et al. 1999, Wasil, et al. 2013). Thusstnectures of LMP2A and LMP2B are
similar; LMP2A contains an N-terminaltoplasmic domain of 119 amino acids with
eight tyrosines thatre phosphorylated in LCLs, I#ansmembrane domains, andCa
terminal domain of 12 amino acids. LMP2B, howeJecks the entire N-terminal
cytoplasmidomain (Young and Rickinson 2004b).
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The EBV LMP2A is a functional homologue of the oldr B Cell Receptor (BCR)
(Schaadt, et al. 2005b), and constitutively assesiaith Src family kinases through its
N-terminal cytoplasmic tail to activate Ras/PI3KiAKloody, et al. 2005a) and
MTOR (Moody, et al. 2005b) in order to signal to -k (Guasparri, Bubman and
Cesarman 2008). LMP2A is dispensable for LCL geimrtand B cell

proliferation (Vrazo, et al. 2012), but seems tdarse survival through upregulation of
Bcl-X, and Survivin (Portis, Dyck and Longnecker 2008).dertain cell models,
LMP2A overcomes the necessity for BCR expressiald@ell, Brown and

Longnecker 2000, Caldwell, et al. 1998, Casola,alet2004), improves antibody
production and plasma cells occurrence (Swansongehson, Bultema and
Longnecker 2006), and alters tolerogenic signatsnpted through the BCR on the

transgenic BCHE" background (Swanson-Mungerson, et al. 2005).

LMP1 and LMP2A signalling mimics CD40 and BCR sitling, respectively, and has
been suggested to modify B cell functions includihg ability of latently-infected B
cells to access and transit the germinal centbiadtbeen shown recently in a transgenic
mouse model thdtMP1 and LMP2A coexpression changes B cell maturatiah the
response to antigein vitro, LMP1upregulated activation markers and promoted B cell
hyperproliferation, and co-expression of LMP2A oestl a wild-type phenotype. It thus
may be the case that LMP2A modulat®é4P1 function (Vrazo, et al. 2012). LMP2A is
known to block BCR signal transduction through sjpephosphotyrosine motifm its
N-terminal domain, to prohibit induction of lyticB¥ infection and to promote B-cell
survival. Neither LMP2A nor LMP2B are essential f@&BV-induced B-cell
transformationin vitro (Mancao and Hammerschmidt 2007, Schaadt, et al5&00
While most of the research to date has focussed uUptiP2A, LMP2B has been shown
to colocalisevith LMP2A in the membrane where the C terminubath splicevariants
can interact and regulate the activity of one amalbynch et al 2002). LMP2B was
shown to negatively regulate LMP2Activity by interfering with its aggregation
(Rovedo and Longnecker 2007). Furthermore, LMP2B haen found to regulate
susceptibility to induction of Iytic EBV infectiofRechsteiner, et al. 2008).

Taken together, these data support a role for LMR2@Amodifying the normal
programme of B cell development to favour the nmemanhce of EBV latency and to
prevent inappropriate activation of the EBV lyticte. It is also evident thaMP2B is
involved in the regulation of switching from lateotlytic EBV in B cells harbouring
functional EBV through impacting the activity of LIR2A (Rechsteineet al 2008).
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1.9 Other EBV latent transcripts

1.9.1 EBER1 and EBER2

EBV encodes two small non-polyadenylated RNAs teraBV-encoded RNAs 1 and
2 (EBER 1 and EBER 2), the most abundant viralsitepts in latently EBV infected
cells with the exception of oral hairy leukoplakésions from AIDS patients and some
hepatocellular carcinomas. In addition to the latgmoteins, EBER1 and EBER2 are
expressed in all forms of latency (Wu, et al. 200EBERs 1 and 2 are uncapped, non-
coding RNAs of 167 and 172 nucleotides respecti{&iahjoub, et al. 2008). The
EBERs are not essential for the EBV-induced tramsédion of primary B
lymphocytes, since recombinant EBV harbouring EBgdhe deletions was able to
infect but not able to transform lymphocytes (YainKanda and Takada 2005, Wu, et
al. 2007b). Expression of the EBERs in BL cell $inkas been found to increase
tumourigenicity, promote cell survival and indu¢é.0 expression (Yajima, Kanda and
Takada 2005, Sheikh and Qadri 2011, Iwakiri, e2809) and it has been suggested
that EBER-mediated inhibition of PKR (a latent, Hitdlucible Ser/Thr kinase) function
might be important for viral persistence (Nanboale2002). Furthermore, transfection
of the EBER genes into the EBV-negative AKATA chitle restored the oncogenic
potential that was originally present in the EB\sjiove AKATA cells but was lost in

the EBV-negative subclones (Nanbo, et al. 2002).

1.9.2 BARTs/ CSTs

The EBV Bam HI A rightward transcripts (BARTsS) or complementatyand
transcripts (CSTs) are a group of abundantly e NAs that are encoded by the
BamHI A region of the EBV genome and were originaliigmtified in nasopharyngeal
carcinoma (NPC) tumour tissues, but were subselyutenind to be expressed in other
EBV-associated malignancies, such as BL, HL andIngsell lymphoma, as well as in
the peripheral blood of healthy individuals (ReveglMn (Kieff, E., Rickinson, A, B.
2007, Young and Rickinson 2004b, Yamamoto and wkat2012)). The protein
products —if any- of these highly spliced trangsrigmain to be conclusively identified.
Another transcript that is generated from tBam HI A region is BARF1 which

encodes a 31 kDa protein that was originally idesttias an early antigen expressed
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upon induction of the EBV Iytic cycle. The BARTSs earoften expressed in
circumstances in which the EBNA-2 and EBNA-3 pnoseare not synthesised, such as
epithelial cell infection and in EBV-associated mgahncies in immunocompetent

individuals (Yamamoto and Iwatsuki 2012).

1.10 Serotypes of EBV

Limited genetic variation has been found among EB/ isolates studied to date.
Indeed, there are only two designated subtypesyhkras type A and type B (also called
as type 1 and type 2). EBV A and B were classibddinally through the analysis of
two EBYV isolates that presented significant diffexes in their EBV nuclear antigen 2
(EBNA-2)-coding regions (Chang, et al. 2009). EB¥éd A was characterised from an
EBV genome isolated from an IM patient in North Aroa, designated B95-8. AG987,
a strain derived from an African BL case, was foundhave a shorter EBNA-2
sequence and was designated EBV type B. Remarkhbl{;BNA-2s of the two strains
show only 55% homology at the protein level (KniggM, Howley, P.M. 2001,
Lucchesi, et al. 2008b). In the cell culture-baseditro immortalisation assay, EBV
Type A has been proven to be more competent asfoaning human B cells into
proliferating lymphoblastoid cell lines (LCLs) th&BV type B (Rickinson, Young and
Rowe 1987). The two strains show differing geogregdhdistributions. In Africa, both
strains are present at approximately the same dérexyy however the type A strain
predominates in Europe and the United States (Rexdan (Lucchesi, et al. 2008b)).
The two serotypes show significant variation, idohg the presence of three additional
open reading frames (ORFs) in type B (BFRF1A, BGBRihd BDLF3.5) (Lacoste, et
al. 2010, Dolan, et al. 2006) and type specifidedénces have been demonstrated to
extend to EBNA-3A, EBNA-3B, EBNA-3C, EBNA-LP anddhEBERs (Rickinson,
Young and Rowe 1987, Sample, et al. 1990, Arranoung and Tugwood 1989).
However the differences in the EBNA-2 region haeerbproven to be the key behind
the altered transforming efficiency capabilitiestio¢ two strains. In 1989, Cohen al
proved that the distinction between the immortaistapabilities of the two strains was
EBNA-2-dependant. A recombinant type B EBV stramswdeveloped in which the type
B EBNA-2 coding region was substituted by the cgdiequence for type A EBNA-2.
This resulted in an increased transforming efficiemm the type B strain on a par with
the type A variant (Cohen and Kieff 1991, Lucchesial. 2008a).
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The diminished transformation proficiency of thed¢yB EBNA-2 compared to the type
A variant, has not yet been fully elucidated. Hoare\a number of recent findings may
clarify the differing effects of the two EBNA-2s d@hcell immortalisation. The EBNA-
2 target LMP1 shows similar expression levels irLk@roliferating due to either EBV
type A or B. It has now been shown however, thatghs a transient difference in
LMP1 levels immediately following B cell infectioby the two types of EBV
(Lucchesi, et al. 2008b, Cohen, et al. 1989). Tieal induction of LMP1 by EBNA-2
type A is a significantly earlier and more intemesponse than the induction initiated
by EBNA-2 type B. LMP1 is a key player in B cell nmortalisation, and delayed
expression caused by inefficient LMP1 inductionE§V type B may be one reason
why the type B variant is less proficient at B aslimortalisation than type A EBV. A
small number of cellular genes were also highlighas differentially regulated by the
two types of EBV (Lucchesi, et al. 2008b).

1.11 EBV-Associated Diseases

Primary infection of EBV in early childhood resulis short-term proliferation of
infected B cells. The infection is usually self-ited and controlled by the strongly
elevated T cell immune response. If the infectioours in adolescence or adulthood, up
to 50% T cells in the host can be specific to tliasy which may develop the clinical
symptom of infectious mononucleosis (IM). EBV thparsists latently in the host
within long-life memory B cells (Thorley-Lawson 2D8). After primary infection, a
subset of EBV positive B cells survives and emeligés the memory compartment.
These cells can go for limited expansion or extliatdar proliferation and remain in
the host for a long time. The virus can be reatétvgeriodically and infect new hosts
through virus shedding in saliva. Although the sirsi normally a harmless passenger in
patients without obvious immune-deficiencies, EB3s@ciated lymphomas are well
characterised, where the host’s cellular immunéesydails to control EBV-induced B-
cell proliferation, thus the infected B cells caansform from their latent state into
malignant cells. EBV infection has been linkedymmphoproliferative disorder of B, T
and NK lymphocytes such as Burkitt’'s lymphoma (Ayd2009), Hodgkin’s lymphoma
(HD) (Ambinder 2007), peripheral T cell lymphomadamasal T/NK lymphomas that
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arise in both immunosuppressed and immunocompétesis (Dunleavy, Roschewski
and Wilson 2012).

Endemic Burkitt's lymphoma occurs frequently in gguchildren in the equatorial
regions of Africa and Papua New Guinea and hasnamnlence of 50-100 cases per
1,000,000 individuals (Kutok and Wang 2006). In tcast, EBV-associated sporadic
lymphomas occur in children and young adults andehao specific geographic
distribution, with an incidence of 2-3 cases p&00,000 individuals (Kutok and Wang
2006). EBV accounts for 40 - 50% of childhood noodigkin's lymphomas (NHLs) and
1-2% of adult lymphomas in Western Europe and thédd StatesEndemic Burkitt's
lymphoma is almost 100% associated V@BV, whereas, association of sporadic
Burkitt's lymphoma wittEBV is low (15-30% of casegKutok and Wang 2006).
Nasopharyngeal carcinoma (NPC) (Gullo, Low and T206B8) is most common in
southern China, and accounts for approximately 808l adult cancers. It is extremely
rare in Europe and North America, with an inciderate of less than one per 100,000
population(Shah and Young 2009, Magrath 2012). EBV has atsm lassociated with a
host of non-lymphoid malignancies including smootimuscle tumours in
immunocompromised patients (Purgina, et al. 20149l a selection of gastric
carcinomas (lizasa, et al. 2012, Paniz-Mondolfiakt2013). There is evidence that
EBV triggers autoimmune liver disease (Rigopouleti,al. 2012), thyroid disease,
multiple sclerosis (MS) (Tzartos, et al. 2012, Holm2008b) systemic lupus
erythematous (SLE), and rheumatoid arthritis (RIEJs&ius, et al. 2012). It has been
observed from a diverse panel of cancers that igbe tumours are three times more
likely to be EBV-positive than corresponding lowade tumours (Qin, et al. 2002,
Hummel, et al. 1995)(Qin, et al. 2002). A list oB¥-associated diseases and their
features are given in Table 1-3.

29



Table 1-3: EBV Associated Diseases
Non-Malignant EBV Associated Diseases

Disease Infection Site Latency
Infectious mononucleosis (IM) B cell 1
Chronic active EBV B cell Il
Oral hairy leukoplakia (OHL) Epithelium N/A
Malignant EBV Associated Diseases

Burkitt's Lymphoma (BL) B cell I
Hodgkin's Disease (HD) B cell Il
Nasopharyngeal Carcinoma (NPC) Epithelium Il
T/NK Lymphoma T Cell Il
Peripheral T Cell Lymphoma T Cell Il
Gastric Carcinoma Epithelium Il
AIDS-Burkitt's Lymphoma B cell I/
AIDS-immunoblastic or large cell lymphoma B cell /i
X-linked lymphoproliferative disease B cell 11

Post-transplant lymphoproliferative disease B cell Il
(PTLD)
AIDS-CNS lymphoma I

Lymphatoid granulomatosis B cell 1
Smooth muscle tumours (e.g. Mesenchymal Various
Leiomyosarcomas)

The loss of gene promoter methylation has beenestgd to play a key part in early
stages of haematological malignancies includingeBroalignancies (Lee, et al. 2012).
DNA methylation in gene promoters has a key rolerépressing gene expression, and
the hypomethylation of this region is associatethwgene activation (Ooi, O'Donnell
and Bestor 2009, Poetsch and Plass 2011). Recemirebensive studies indicated that
the B cell transcription program is associated \ggime promoter hypomethylation and
overexpression of key genes in Epstein-Barr vissoaiated transformation of resting
B Ilymphocytes (RBLs) to proliferating B lymphoblast cells. EBV-mediated
transformation and B cell activation share commathyways (Thorley-Lawson 2001a),
however methylation changes associated with EBViated transformation to LCLs
are independent of B cell activation and hypomeitiyh takes place only when

proliferation has started (Hernando, et al. 20E3rnando et al,showedthat the
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maintenance of DNA methylation is less efficienttianscriptionally active regions as
cells start to proliferate. B cell transcription chanery was observed to associate with
the subset of genes that undergo hypomethylati@hfarther upregulation of genes
relevant in EBV-mediated transformation of B lympiies (Hernando, et al. 2013).
There are three main types of Burkitt's lymphomaydémic (mainly occurs in
equatorial Africa, associates with chronic EBV aMdlaria infection), Sporadic
(occurring in scattered instances outside of Afri@igo associates with EBV but to a
lesser degree) and Immunodeficiency-associatedyuallys associated with HIV
infectionor the use of immunosuppressive drugs, also agedcweth EBV infection).
The B lymphocytes in BL have rearranged immunodiobgenes and contain one of
three translocations of the proto-oncogenmyc, c-myc/lg8:14, 2:8, 8:22)and the
most common translocation is from the long armtobmosome 8 to chromosome 14,
t(8:14). The complex interaction of EBV, MalariydaHIV with B lymphocytes as
cofactors in BL, enhances B cell activation andifs@tion and therefore survival of B
cells carrying the-mys/Igtranslocation (Reviews, (Thorley-Lawson, Duca &ipiro
2008, Brady, Macarthur and Farrell 2008)).

Hodgkin lymphoma (HL) is derived from B cells andbdivided into classical HL
(cHL) and nodular lymphocyte predominant HL (NLPH(Bberle, Mani and Jaffe
2009). Classical HL is further divided by histologii measures into mixed-cellularity,
nodular-sclerosis, lymphocyte-rich, and lymphoayépleted subtypes. These so-called
classical forms of the disease are different froomghocyte-predominant HL in
NLPHL, which is not associated with EBV (Reviewed (Banerjee 2011)). HL is
distinctive amongst human B cell lymphomas becaokdhe infrequency of the
malignant cells (the Hodgkin and Reed-Sternberdr@)/cells) in classical HL and the
lymphocyte-predominant (LP) cells in NLPHL, whickually account for 0.1% to 10%
of the cells in the affected tissues (Kuppers 2088)thermore, H/RS cells are unique
in the extent to which they have lost their B dgpical gene expression pattern, for
instance when H/RS cells acquire Ig mutations duafiinity maturation that results in
a non-functional lg molecule (Brauninger, et alO@P Deregulation of transcription
factor networks plays a key role in this reprograngrprocess. H/RS cells show strong
constitutive activity of the transcription factorFMB (Younes, Garg and Aggarwal
2003). Multiple mechanisms likely contribute tostlderegulated activation, including
signalling through particular receptors and gen&tgions. Inactivating mutations or

deletion in theTNFAIP3tumor suppressor gene, encoding a negative regudatiNF-
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kB activity, were recently identified in about 40% patients with classical HL
(Nomoto, et al. 2012). H/RS cells are latently (@b latency) infected by EBV in
about 40% of patients (Ambinder 2007), and an irigmdrrole of this virus in HL
pathogenesis, in particular for cases in which HéRl& had lost the capacity to express
a BCR due to destructive somatic mutation/ suggéstisthese B cells can be rescued
by activation of this transcription factor and sedpsent induction of anti-apoptotic cell
genes. Bfl-1 is an NF«B target gene and plays a critical role in thisl ceintext
(Loughran, et al. 2011). Thus, EBV infection magp\de alternative mechanisms for
rescuing abnormal B cells from apoptosis and tatss how EBV gene products can

substitute for specific molecular alterations e important for tumorigenesis.

The association between EBV infection and NPC impmex and not yet completely
defined. EBV infection alone is not enough to cabd&C, since more than 95% of
human population are EBV seropositive and occugemd this cancer is rare (Shah, et
al. 2000, Lin 2009). Other factors, such as a pessgenes, diet, work place (exposure
to formaldehyde or wood dust (Hildesheim, et al0P2) may contribute, along with
EBV, to the development of NPC. For instance NP@isd about twice as often in
males as it is in females (Xie, et al. 2013). Peapho live in parts of Asia, northern
Africa, and the Arctic region (Devi, et al. 200here NPC is common, typically eat
diets very high in salt-cured fish and meat. Indebd ratio of this cancer is falling in
places where those traditional diets are now highémuits and vegetables (Hsu, et al.
2012b, Yu, et al. 1986).

1.12Regulation of cell growth and survival by EBV

Suppression of the cellular apoptotic program byVEB central to both the

establishment of latent infection and the developnoé EBV-associated malignancies.
When EBYV infects it primarily encounters restingélls in the oropharyngeal mucosal
lymphoid tissue (Kieff, E., Rickinson, A, B. 200%arid and Gao 2010). It drives the
infected cells into cell cycle and maintains celligion, increasing the population of
infected cells and allowing them to progress, i B-cell maturation pathways, to the

site of latent persistence of the virus, in restimgmory B cells. The complex
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mechanisms by which EBV affects cell growth and peevent cell death are a result of
a combination of EBV-induced pathways that affesthixcell growth and apoptosis, and
the co-operative roles of the latent genes, esihe&@8NA-2, EBNA-3C and LMP1 in
these processes has long been established (Rickaads2008).

1.12.1 EBV affects Cell Cycle Progression

Cells typically progress through the cell cycleamm orderly fashion through a growth
phase (@G,), to a synthetic phase in which the DNA is copi8jl to a second growth
phase (@), prior to cell division or mitosis (M) and baak & quiescent cell arrest phase
(Go/Gs) following cell division (Figure 1-9). Entry of B lymphocyte into the cell
cycle is a well-co-ordinated procedure. Mitogengnals may be derived from a range
of sources: from protein or polysaccharide antigéhgs) that stimulate the B cell
receptor (BCR), to pathogenic products that sigrial Toll like receptors (TLRS)
(Allen, Okada and Cyster 2007, Gerondakis, Grunat Banerjee 2007, Niiro and
Clark 2002). Proliferation occurs only at precisenps during a B cell's development or
through an immune response, when the B cells iser@a reaction to Ags and form
germinal centres (GCs) with T cell help (Allen, @kaand Cyster 2007). Deregulated
proliferation is a trademark of autoimmunity, whematoreactive B cells react to
stimulation with activation rather than anergy, am@& cell cancers, where proliferation

can be detached from external controls (Cambiel. &007).

Progression through the cell cycle is regulatedntany different proteins, such as
tumour suppressor gene products, p53 and pRb dqldéistoma gene product), which
act within the cell cycle facilitating the repaif damaged or mutated DNA within
single cells, or alternatively, induce these injuieells to undergo apoptosis (Fajas
2013, Matsumoto and Nakayama 2013). EBV exploiteanab cellular pathways to
regulate cell cycle progression. Indeed EBV germs manipulate the proliferation
machinery of the infected cell through the deregma of the function of several
oncogenes and tumour suppressor genes implicatibpe icell cycle such asmyg p53
and pRh thus inhibiting the ability of these proteinsremlirect cells with damaged or
mutated DNA toward a DNA repair pathway or apofgo8is a consequence, host cells
with latent viral infection are allowed to prolige without regulation. Although rare

events, these virally-infected cells may then dewpeiutations induced by ‘DNA-
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damaging’ events, including tobacco, alcohol, eargens, toxins, ionizing radiation,
prolonged ultraviolet light/sun exposure, chemiosult, or even other viral infections

which may result in the development of a maligrtanmour (Flaitz and Hicks 1998).
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Figure 1-9: Phases of lymphocyte cell cycle

The cell cycle may be divided into four distinctasks; G1, S-phase, G2 and M-phase.
The G1 phase of the cell cycle is the longest adirs prior to DNA synthesis, which
occurs during S-phase. During M-phase, cell divisiakes place. The progression
through the cell cycle is regulated by many différ@roteins, some of which are
illustrated. The first biochemical event observiedearly G1 phase, is the induction of
the D-type cyclins and their partners, cyclin dejan kinases (cdks), cdk4 and cdk6.
One of either cd4 or cd6 partners a D- type cydhrthe absence of cyclin dependent
kinase inhibitors (CDKIs), to become catalyticaligtive. The induction of D-type
cyclins is paralleled by a loss in CDKIs. The mosportant substrate of the cyclin
D/cd4/6 complex is the family of pocket proteingified by pRb, the retinoblastoma
susceptibility gene product. Other members ofpgbeket protein family include p130
and pl07. These pocket proteins repress a farhityanscription factors called E2F,
and the E2F-pocket protein complexes also act ias geppressors. Phosphorylation of
pRb by the cyclin D/cdc4/6 complex results in teeease of E2F transcription factors
and transcription of E2F-responsive genes. E2Hibinsites have been identified in
the promoters of many genes important for cell €yelgulation and the promoters of
proteins involved in DNA synthesis. In many syssenthe induction of E2F
transcriptional activity results in entry into tleell cycle (Adapted from Brennan,
2001).
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Interactions of EBV proteins with the cell cycle

EBV facilitates the establishment of a persisteiralvinfection in the host by

influencing pathways that control cell cycle chealkyps (G1/S, G2/M and mitotic cell
cycle checkpoints) and DNA repair (Seto, et al. @'Nions and Allday 2004). Cyclin
D2 is probably the first cell cycle protein to beluced following EBV infection of B

cells and it is accompanied by a loss of the CDKIKip1(Dolcetti and Carbone 2010).
Phosphorylation of the pocket protein pRb is obsgrapproximately 6 hours later. All
these events correspond to those seen during n@&treell proliferation, thus implying

that EBV exploits normal cell pathways to regulpib phosphorylation during the cell
cycle (Frost, et al. 2001a).

pRb

Retinoblastoma protein (pRb) is a central regulaforellular proliferation, controlling
entry into G/S in the cell cycle, mainly through its interactiavith the cellular
transcription factor E2F, which activates genesadrtgnt in DNA synthesis (Fajas
2013). EBV has been shown to regulate pRb-moduladétiolways and to drive cells
through the @S restriction point (Saha, et al. 2011) (Figur®)1Through the up-
regulation of cyclins involved in the inactivatiah pRb, such as cyclin D2 and cyclin
A, or by directly inactivating pRb itself, EBV libgtes the E2F transcription factors to
drive potentially infected cells through the cejclke. In this regard, it has been shown
that EBNA-2 and EBNA-LP are sufficient to activatee expression of cyclin D2
during immortalisation of resting human B lymphas/t(Sinclairet al 1994) and
LMP1 is also thought to regulate cyclin D2 (Arvakits, Yaseen and Sharma 1995).
Moreover, thec-myconcogene, a direct target of EBNA-2 (Polack, etl8b6, Schlee,
et al. 2004a) has also been shownréms-activate the cyclin D2 promoter (Bouchard,
et al. 2001). EBV may also repress cyclin depend@mase inhibitors in order to
facilitate the inactivation of pRb. The inductiohayclin D2 is paralleled by the loss of
the CDKI p27kipl in response to EBV (Frost, et2001b) and EBNA-3C has been
shown to play a role in the regulation of p27kihight and Robertson 2004). Since
cyclin D2 and p27kipl together regulate the cydapendent kinases, cdk4 and cdk6
activity, the link between EBNA-3C and p27kipl sagts that EBNA-3C along with
EBNA-2, EBNA-LP andLMP1 is implicated in the progression through theghase of
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the cell cycle. Recent studies conducted in LCLensd that EBNA-3C stabilizes as
well as enhances the functional activity of Cyddd and subsequently enhances the
kinase activity of Cyclin D1/CDK6 which enables gbitination and degradation of
pRb. Thus this complex efficiently reverses thebitbry effect of pRb on cell growth
and enables the G1/S transition in EBV transforin@ts (Saha, et al. 2011).

Cyclin A, an activator of S phase progression, basn shown to interact with the
carboxylterminus of EBNA-30n vitro. EBNA-3C has been shown to stimulate cyclin
A-dependent kinasactivity and rescue p27-mediated inhibition of aychA/Cdk2
kinase activity by decreasing the molecular assiocidbetweercyclin A and p27 in
cells (Knight and Robertson 2004). In addition, EBBC can targethe SCE?
complex, thereby regulating the activity and sibibf cyclin A/cdk2 and pRb
complexes (Knight and Robertson 2004, Knight, Slaaamd Robertson 2005a, Knight,
Sharma and Robertson 2005b).

p53

The p53 pathway is targeted for inactivation in trfusman cancers either directly or
indirectly, highlighting its critical function as mmour suppressor. p53 is normally
activated by cellular stress and mediates a grewfpressive response that involves
cell cycle arrest and apoptosis (Olsson, et al.22®&uribayashi and El-Deiry 2008,
Kuribayashi, Finnberg and EIl-Deiry 2008). Elevatedidences of p53 mutation have
been identified in BL tumour biopsies and BL cefles (Gaidano, et al. 1991). In
addition BL cells with p53 mutations have been shaw be relatively resistant to
DNA-damaging drugs such as cisplatin compareddedltell lines harboring wild-type
p53 (Gaidano, et al. 1991, Simoes Magluta, et@92 EBV LMP1 can protect against
wild-type p53 mediated apoptosis (Fries, Miller aRdab-Traub 1996a). Moreover,
LMP1 regulates p53 both at transcriptional anddiaional level (Li, et al. 2012). In
addition, BZLF1 has been shown to interact with @@l inhibit itstrans-activating
function in lymphoid cells (Mauser, et al. 2002)daBBNA-LP can also interact with
p53 in vitro, although the functional significanoé this interaction has not yet been
determined (Szekely, et al. 1993). Moreover EBNA{8 been shown to block p53-
mediated apoptosis through stabilizing Gemin3, emiver of DEAD RNA helicase
family which exhibits diverse cellular functions clading DNA transcription,
recombination and repair, and RNA metabolism (€&al. 2011).
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c-Myc

c-Myc, a helix-loop-helix leucine zipper transcigot factor, is known to be involved in
numerous cellular functions such as cell cycle pFsgion, apoptosis, cellular
transformation cell proliferation, adhesion, antfedlentiation in a variety of different
cell types. Myc promotes proliferation and growtinough both the induction of genes
involved in cell cycle control (includinGDK4, CDC25A, cyclin D1, D2,,AndE), and
through the suppression of growth-arresting gersesh( asGADDA45, pl5INK4b,
p21CIP1, p27KIP1, GASland induction of(pl6INK4A and pl4ARFJRui and
Goodnow 2006, Maruo, et al. 2011). The C-terminasi®d helix—loop—helixzipper
domain facilitates binding to DNA sequences witle tore consensus sequence 5'-
CACGTG’3 known as an "E-box'and requires the associatiohits hetero-dimeric
partner, Max (Brady, Macarthur and Farrell 2008Myc also possesses an N-terminal
trans-activation domain through which it drives the eegsionof a multitude of target
genes (Brady, Macarthur and Farrell 2008). To datre are approaching 1,700 genes
which have been identified as Myc-responsive gefeaw.myccancergene.org).
However, only a minority of these have been impédaas direct target genes (Sionov
2013, Zeller, et al. 2006). c-Myc expression isuiezg to drive cells through the; @Gito
the S phase of the cell cycle (Figure 1-9). A maagdlaining the role of c-Myc in the
apparently diverse roles of apoptosis and prolifena predicts that c-Myc expression
preferentially results in proliferation under faable growth conditions with this
activity being dependent on its apoptosis-promoéaotyvity being blocked (Evan, et al.
1994, Jamerson, Johnson and Dickson 2000). c-Mya ralgulates gene expression by
upregulating microRNAs (miR-17 and miR-20a) whiggulate E2F1 and cyclin D1
translation or by down regulation of a series otnmiRNAs (miR-30 cluster miR-15a,
miR-16, tumour suppressor let-7 miRNA, miR-22, n#Ba/b, miR-26a/b, miR-29a/b/c,
miR-34a, miR-146a, miR-150, and miR-195) (reviewe(Sionov 2013)).

c-Myc over-expression has been observed in tumels drom 91% of BL cases.
Indeed, chromosomal translocationscanycinto thelg loci is observed in practically
all BLs, and the most frequent translocation, theyc/IgH t(8; 14), accounts for
approximately 80% of these. The remaining 20%ca$es are split between the
translocations with thégK andlgL (1(2;8) and t(8;22) respectively). Thenotc gene
becomes transcriptionally activated as a conseguehthe chromosomal translocation

and is sustained by up-streasymyc regulators such as N&B or BCL-6 (Rui and
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Goodnow, 2006). Thus c-Myc deregulation is regaraegriming normal proliferating
cells for apoptosis (Sionov 2013). It is clear tha¥lyc expression is deregulated in
EBV-immortalised (non-tumour-derived) B cells (Chey, Bhatia and Tosato 1994).
Studies using an LCL in which the function of EBNAs dependent on the presence of
oestrogen have revealed that EBNA-2 is the EBVaingbredominantly responsible for
driving c-Myc in LCLs (Kempkes, et al. 1995b) am@tic-mycis a direct target gene of
EBNA-2 in this context (Kaisegt al 1999; Mooreet al 2001). cMycis also induced to
moderate levels by LMP1 (Schlee, et al. 2004baddition EBNA-3C has been shown
to stabilisec-myc expression, and this recruitment of both c-Mycetbgr with its
cofactor Skp2 to c-mycdependent promoters can enhance c-Myc-dependent
transcription (Bajaj, et al. 2008).

1.13 Cytokines activated during EBV-mediated immortalisadion

Following B lymphocyte activation, EBV also inducéBe synthesis of several
cytokines including TNF, IL-1, IL-6 and IL-10. Both-6 and IL-10 play a significant
role in the growth of EBV-transformed cells (Wrobkki, et al. 2002, Spender, et al.
20014, Incrocci, McCormack and Swanson-MungersdB20Waldman, et al. 2008,
Eliopoulos, et al. 1997). LMP1 has been implicatedhe regulation of both of these
cytokines via NF<B and the p38 stress-activated protein kinase [fBlitos, et al. 1997,
Wakisaka and Pagano 2003). Further studies ireditait IL-10 may also be regulated
by the EBERs (Sheikh and Qadri 2011) and by the EBYscription factor EB1/Zta
(Mahot, et al. 2003) and LMP2A (Incrocci, McCormaakd Swanson-Mungerson
2013a). The receptor molecules that IL-6 and 1Lu$6 to mediate their activities both
activate the JAK family of tyrosine kinases, andwdetream signalling cascades
including STAT proteins and the PI3K pathway (Branr2001). Significantly, 1L-10
has been shown to act as a co-factor for B celivtirgMoore, et al. 2001), and it has
been demonstrated that PI3K is important for ILmM@diated cell growth of both
primary monocytes and a murine mast cell line (Antoand Ivashkiv 2011).
Interestingly, EBV vIL-10 enhances the growth tfanmation of a B cell infected with
EBV (Jochum, et al. 2012) and both human and EB&6ded IL-10 can induce LMP1
in the absence of EBNA-2 (in the Daudi, P3HR1, atiter BL cell lines) (Kis, et al.
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2006). Furthermore, exposure of the KMH2-EBV cdlts CD40-ligand and IL-4
induced LMP1 expression, in the absence of EBNA@ #.-10 could induce the
expression of LMP1 in tonsillar B cells infectedthwihe non-transforming, EBNA-2-
deficient EBV strain P3HR1 and enhance LMP1 exjoess two EBV-positive NK
lymphoma lines suggesting that IL-10 might contrébto the establishment of type II
EBV latency (Kis, et al. 2006).

1.14 Signalling Molecules involved in EBV-mediated immotalisation

Constitutively active signalling pathways are a ooon feature of many malignant
cells. Thus, it is important to characterise tbeeptial role of signalling molecules that
are activated by EBV-induced cytokines and by EBAe products themselves. The
pathways activated by IL-6 and IL-10 (JAK family ofrosine kinases, PI3K and
STATS) have previously been implicated in lymphecgrowth and transformation

(Rane and Reddy 2000). The STAT family of transmipfactors are one substrate of
the JAK family of tyrosine kinases. STATs have bafown to be active in EBV-

immortalised cells (Weber-Nordt, et al. 1996) armg #hought to play a role in

oncogenesis (O'Shea, Holland and Staudt 2013)dtatso been reported that LMP1
can activate JAK3 and STATL1 (Gires, et al. 1999) arSTAT reporter that is known to
bind STAT1, STAT3 and STATS (Brennan 2001, O'Shaland and Staudt 2013).

PI3K, a lipid kinase that is involved in lymphocyervival and proliferation (Novak, et
al. 2010, Beckwith, et al. 1996, Brennan, et aD20 can be activated by oncogenic
Ras (Yang, et al. 2012). Reports indicate thatwayls downstream of the small G
protein Ras are active in EBV-immortalised cellgl amgnificantly, inhibition of PI3K
using a chemical inhibitor, inhibits the prolifacat of EBV-immortalised cells (Yang,
et al. 2012, Castellano and Downward 2011). Intergly, LMP2 was found to activate
a PI3K-mediated pathway, Akt (Portis and Longne@@04). Furthermore, PI3K has
also been shown to affect D-type cyclin expressionEBV-immortalised B cells
(Brennan 2001), suggesting a mechanism for its nol&EBV-induced lymphocyte
growth.
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1.15Apoptosis

The induction of early cell death in response toalvinfection would limit virus
production and consequently diminish or eliminafgead of virus progeny in a
population. Thus, in order to maximise their reglice capacity many viruses
deregulate the normal cell cycle and secure sekeiilvantage and biological success
by developing mechanisms which either suppressagygers apoptosis. By preventing
infected lymphocytes from undergoing apoptosis, EB¥Mures survival/persistence in
the host system (Spender and Inman 2011, Fu, HeMaal 2013). Apoptosis is a
genetically controlled pre-programmed cellular giec in which individual cells are
destroyed while the integrity of the surroundirgstie is preserved. While this targeted
cell destruction is essential in many physiologicahtexts including embryogenesis,
immune cell maturation and response, tissue hoagissand in the cellular response to
injury, it also functions as an emergency respdosaberrant growth induced by the
activation of oncogenes and viral infection anddésegulation is implicated in many
pathological states(Taylor, Cullen and Martin 2008khe process involves dramatic
morphological changes including cell shrinkage, |@aic re-organisation, plasma
membrane blebbing and eventual fragmentation of délé into membrane bound

apoptotic bodies (Giansanti, Torriglia and Scovagdil, Saraste and Pulkki 2000).

Apoptosis is orchestrated by a family of cysteinetgases known as the caspases.
These molecules are activated upon receipt of gerdrpro-apoptotistimuli and play
an essential role in the implementation of apoptosoordinating the efficient
dismantling and engulfment of targeted cells. Caspare synthesised as relatively
inactive precursors thaequire proteolytic processing in order to achieativation
(MacKenzie and Clark 2012). To date, fourteen assp have been identified, with
eleven caspases known to be expressed in humapendiag on their involvement in
the life and death of a cell, caspases are bradidigied into apoptotic or inflammatory
caspases (Figure 1-10). The inflammatory caspagemweolved in cytokine activation
(Caspase 1, 4, 5). The apoptotic caspases areafjgribvided into two distinct groups;
initiator caspases (Caspase 2, 8, 9, 10) at theftthpe cascade, which are activated first
by the action of caspase adaptor molecules, sudrassmssociategrotein with death
domain (FADD) or apoptotic protease-activating dact (Apaf-1). These molecules
instigate a caspase cascade, activating the effeagpases (Caspase 3, 6, 7) further
downstream, whose function is principally to dismearcellular structures. There are
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three main apoptotic cascades activated by spegifiator caspases: the death receptor
pathway, the mitochondrial pathway and the ER pathwihese are activated by
caspase-8, caspase-9, and caspase-12, respe(ihaelfenzie and Clark 2012, Bratton
and Salvesen 2010, Gupta, Reutelingsperger anda\N2005).

Frodomain Intersubunit
Effectors of Apoptosis linker
Caspase 6
Caspase 7
Caspase 3

Initiation of Apoptosis
Caspase 2

Caspased

Caspase 8

Caspase 10 _@ {0E0)

Inflammatory Response
Caspase 5 |

Caspase d

Caspase 1

Caspase 14

Figure 1-10: The caspase family

The major groups of caspases, apoptotic (with tveannsubgroups of effectors and initiators
caspases) and inflammatory caspases are illustiatdigjure. Caspases contain three main
domains: a prodomain and large and small cataytlmunits. Activation of caspases involves
the proteolytic cleavage of zymogens, the remot#h® prodomain and separation of the large
and small subunits. The prodomains of activator imfldmmatory caspases contain protein—
protein-interaction domains (such as the caspageitment domain (CARD) and the death
effector domain (DED)) that link them to apoptasignalling molecules. Figure adapted from
(MacKenzie and Clark 2012).
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Two separate pathways of apoptotic cell death eadiftinguished by the involvement
of the Bcl-2 family proteins and by which caspases required for their execution
(Figure 1-11) (Giansanti, Torriglia and ScovassiP0Youle and Strasser 2008). The
intrinsic pathway, (also called the Bcl-2-regulated mitochondrial pathway), is
activated by various developmental triggers or mpic insults, such as viral infection,
DNA damage and growth-factor deprivation, and gutated by the Bcl-2 family of
proteins. This pathway predominantly leads to tttevation of caspase-9 but in certain
cell types is known to take place in the absenceaspase-9 or Apaf-1(Youle and
Strasser 2008, Hardwick and Soane 2013). The sidr{or death-receptor pathway) is
triggered by ligation of the death receptor molesusuch as Fas or tumour necrosis
factor (TNF) receptor-1 (TNFR1) (members of the TidEeptor family) which harbour
an intracellular death domain with the ability gxmit and activate caspase-8 through
FADD at the cell surface (Youle and Strasser 20®&ultz and Harrington 2003,
Cancro 2009). This recruitment causes subsequéenatan of downstream effector
caspases, such as caspase-3, -6 or -7, indepgndérthy involvement of the Bcl-2
family (described in Figure 1-11). Interestingly,has been suggested that the two
pathways may also be interconnected and that tHecmles in one pathway have the
ability to influence those of the other. In thiggaed it has been established that the
extrinsic pathway can intersect the intrinsic pathiwthrough caspase-8 cleavage-
mediated activation of the pro-apoptotic BH3-ontgtgin Bid in which the C-terminal
truncated form of Bid (tBid) translocates to mitoodria from where it promotes
further caspase activation through the intrinsithpay (Caspase 9) (Tait and Green
2010).

42



Ligand
iy? {FASI
Death—t | || TRAIL
Plasma membrane receptor 411 or THF)

a Intrinsic b Extrinsic

————————————— Anti-apoptotic BCL-2
DINA damage or ER stress | proteins

| [ T

BH3-only protein activation; ——=—=gAX or BAK, P10

= \B_ID

TADD)

FADDY

Caspase 8)
(_aap.: 1] E

!

\Acrn.rc caspases
MOMP &asn 32
- % 5 o Laspase B
"o - ~— Outer
b membrane
v
Mitochondrion § = 5
7 :
\ 3 e
a0 i~ Matrix
o -]
SMAC. _® ] i

Q

]
o Cytochrome ¢

Lo APAFT
L — Pro-caspase 9

KIAP J w0
] :._9\%'.'

ey Apoptosome

Figure 1-11: A schematic drawing depicting intrinsc and extrinsic pathways of
apoptosis

Apoptosis can be triggered by cell surface recept@uch as Fas and TNFR1) (extrinsic
pathway, right), or by genotoxic agents, metabailisults or transcriptional cues (intrinsic
pathway, left). The intrinsic pathway begins wittHBonly protein induction or post-
translational activation, resulting in the inactiva of some Bcl-2 family members. This
relieves inhibition of Bax and Bak activation, whit turn promotes apoptosis. Some BH3-
only proteins, such as Bim and Puma, may also leetalactivate Bax and/or Bak (as shown by
the dotted line). When activated, Bax and Bak premeytochrome release and mitochondrial
fission, leading to activation of Apaf-1 into anogposome and activation of caspase-9.
Caspases in turn cleave a series of substratésmtaddDNases and orchestrate the destruction of
the cell. Mitochondrial release of second mitochi@dderived activator of caspase (SMAC)
and OMI neutralizes the caspase inhibitory functiérX-linked inhibitor of apoptosis protein
(XIAP). The extrinsic pathway can bypass the mitoulrial step and activate caspase-8
directly, ultimately leading to cell demolition. &Bcl-2 family regulates the intrinsic pathway
and can modulate the extrinsic pathway when cleaedd@Bid communicates between the two
pathways. A detailed discussion of the Bcl-2 fanon be found in Section 1.15.1 (Adopted
from (Hardwick and Soane 2013)).
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The extrinsic and intrinsic pathways both come tioge upon the execution phase,
which is considered the final chapter of apoptdseginning with the activation of the
effector caspases. Caspase-3, caspase-6, and eedspasction as effector caspases
activating cytoplasmic endonucleases and proteagleish degrade nuclear material
and cytoskeletal proteins (MacKenzie and Clark 2@gtton and Salvesen 2010).
These effector caspases cleave various substratksling cytokeratins, PARP, the
plasma membrane cytoskeletal protein alpha fodhg, nuclear protein NuUMA and
others, ultimately causing the morphological andchemical alterations seen in
apoptotic cells. Caspase-3 is thought to be thet mgsortant of the effector caspases,
and is activated in response to any of the initiat@aspases. Caspase-3 specifically
activates the endonuclease caspase-activated D{Iad®). In healthy proliferating
cells CAD is complexed with its inhibitor, ICAD (mibitor of caspase-activated
DNase). In apoptotic cells, activated caspase-@vele ICAD to release CAD (Taylor,
Cullen and Martin 2008a)(MacKenzie and Clark 20T2ylor, Cullen and Martin
2008c)(MacKenzie and Clark 2012, Taylor, Cullen dudrtin 2008c). CAD then
degrades chromosomal DNA within the nuclei and eaushromatin condensation.
Caspase-3 also induces cytoskeletal reorganisatandisintegration of the cell into
apoptotic bodies and facilitates disruption of ttyoskeleton, intracellular transport,
cell division, and signal transduction (MacKenzre &Clark 2012, Taylor, Cullen and
Martin 2008a).

Phagocytic absorption of apoptotic cells is thealfiphase of apoptosis. Phospholipid
asymmetry and externalisation of phosphatidylse(®®) on the surface of apoptotic
cells and their fragments is a key characteristithis stage. Although the mechanism
of PS translocation to the outer leaflet of thel @hkiring apoptosis is not well
understood, research indicates that Fas, caspamed8caspase-3 are involved in the
regulation of PS externalisation on oxidativelyested erythrocytes (Schultz and
Harrington 2003, Krysko, et al. 2008). However,sliould be noted that caspase-
independent PS exposure occurs during apoptosigriofary T lymphocytes. The
appearance of PS on the outer leaflet of apoptatis then assists non-inflammatory
phagocytic recognition, facilitating their early take and subsequent disposal
(Schutters and Reutelingsperger 2010, Peng, 20@bb).
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1.15.1 Bcl-2 Family proteins

Key players in the determination of cell survivaladeath are the members of the Bcl-2
family of proteins. The Bcl-2 family, both pro- amati-apoptotic, are responsible for
controlling the intrinsic pathway of apoptosis immmals (Hardwick and Soane 2013).
The founder member of this family the B-cell lymptep-2 pcl-2) gene was discovered
at the t(14;18) chromosome translocation breakpminB-cell follicular lymphomas,
where its transcription becomes excessively driwethe immuno-globulin heavy chain
gene promoter and enhancer on chromosome 14 (Tsojirat al. 1985, Bakhshi, et al.
1985, Arif, et al. 2009). One key early discovenmgttintroduced a new paradigm for
carcinogenesis was that over-expressiobabf2 does not promote cell proliferation as
most previously discovered oncogenes do; rather-expression obcl-2 inhibits cell
death (Vaux, Cory and Adams 1988). The Bcl-2 faroflyegulators function upstream
of the caspase cascade and display a range ottibitas, from inhibition to promotion

of apoptosis (Hardwick and Soane 2013).

In mammals, there are at least 23 Bcl-2 family mersbincluding Bcl-2 itself and
proteins that have either three-dimensional (3DYycstiral similarity or a predicted
secondary structure that is similar to Bcl-2 (Fegar12) (Young and Rickinson 2004a,
Fu, He and Mao 2013, Hardwick and Soane 2013)2Bamily members possess up to
four conserved Bcl-2 homology (BH) domains desigdaBH1, BH2, BH3 and BH4
which correspond ta-helical segments (Youle and Strasser 2008, Haidanc Soane
2013). A characteristic of the Bcl-2 family protgirs their ability to form homo- and
hetero-dimers, as well as their ability to becontegral membrane proteins (Youle and
Strasser 2008, Hardwick and Soane 2013). The poptatic members of this family
(Bcl-2, Bclx., Bcl-w, Mcl-1, Al, Boo/Diva, Bcl-B, and C. elega@¥D-9) are known
to contain at least three of the four Bcl-2 homgladpmains. The pro-apoptotic
members can be further characterised into to stdgodaes being either “Bax-like” in
their structure (Bax, Bak, Bgls, Bok/Mtd and Bcls,) i.e. containing two or three BH
domains, or alternatively, the so-called “BH3-onlgfoteins which share homology
with each other and the remainder of the Bcl-2 ggrofamily only through the short
BH3 motif (Figure 1-12) (Bad, Bik, Blk, Bid, Hrk,iB/Bod, Bmf, Noxa, Puma and C.
elegans Egl-1) (Hardwick and Soane 2013, Tait areek 2010). Some of the Bcl-2
family members do not fit into these classical sobgs. One of them, the Bcl-G, has a

BH2 and a BH3 region, and was proposed to triggeptosis (Guo, Godzik and Reed
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2001) initially. However recently it has been shoBal-G possibly does not function in
the canonical stress-induced apoptosis pathway, railter has a role in protein
trafficking inside the cell (Giam, et al. 2012).

Overall the structures of the BH3-only proteinsmsde be unrelated and appear to lack
a close evolutionary relationship to the core memloé¢ the Bcl-2 family (Aouacheria,
Brunet and Gouy 2005). However, all BH3-only proteinteract with and regulate the
core Bcl-2 family proteins to promote apoptosise BH3 domains of the Bcl-2 family
members are crucial to their function indeed; jiiig 51 amino acids that code the
domain inbak are enough to have a pro-apoptotic effect, whilgations of the BH3
regions inbax, bakandbik were found to render the proteins ineffective figavan and
Chinnadurai 1997a, Tong, et al. 2001). However neoe vitro studies demonstrated
that mutations to Bax outside the BH3 domain inteted interactions with prosurvival
proteins and promoted apoptosis, so they concltlci@idBax is directly controlled by

prosurvival proteins leading to blockage of apopt¢Szabotar, et al. 2011).
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Figure 1-12: The pro-apoptotic and anti-apoptotic EBI-2 family members.

Bcl-2 family members possess up to four consernde2Bhiomology (BH) domains designated
BH1, BH2, BH3 and BH4 which corresponddehelical segments. Each of the BH domains is
indicated above. (Adapted from (Taylor, Cullen &hattin 2008a)).
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The pro-apoptotic family members Bax and Bak argcal in the permeabilisation of
the outer mitochondrial membrane (OMM) and the sghsent release of apoptogenic
molecules such as cytochromand SMAC/DIABLO into the cytosol, which ultimately
leads to caspase activation. The anti-apoptotidlyamembers, such as Bcl-2 and Bcl-
Xi, are known to inhibit the activity of Bax and Bak.growing body of evidence
indicates that BH3-only proteins de-repress Bax &adt by directly binding and
inhibiting Bcl-2 and other anti-apoptotic family mbers or alternatively that they may
directly activate Bax and Bak (Czabotar, et al. ZO0Westphal, et al. 2011) (Figure
1-11). It has been established that both Bax akdpBamote caspase activation by their
effects on mitochondria. These two pro-apoptotatgins induce the release of proteins
from the space between the inner and outer mitaiidmmembranes (Westphal, et al.
2011). This process of mitochondrial outer membnageneabilisation (MOMP) leads
to the release of cytochronseand other soluble proteins. While it is generakyieved
that Bax and Bak form integral membrane porespitbehemical nature of such pores
and how anti-apoptotic Bcl-2 family proteins migiegulate them remains to be seen
(Tait and Green 2010). During cytochroroeelease into the cytosol, Bax and Bak
induce mitochondria to fragment into more numerand smaller units (Tait and Green
2010, Chipuk, Bouchier-Hayes and Green 2006, Mautand Youle 2006).

Once the OMM has been permeabilised, soluble petediffuse from the
intermembrane space into the cytosol, where thegnpte caspase activation. The best
studied of these proteins is cytochromewhich binds to Apaf-1 and leads to the
assembly of the apoptosome, which can bind proasesp or and thereby induce its
activation through a conformational change in thelatule. Cytochrome&—-Apaf-1-
dependent activation of caspase-9 is absolutelyimed) for neuronal and fibroblast cell-
death processes (Tait and Green 2010, Chipuk, Bewkelayes and Green 2006).
However, lymphocytes may use alternatives to Apakaspase-9- and cytochromme
independent pathways, such as pro-apoptotic BakR#y-member-dependent
pathways for caspase activation (Hao, et al. 20@&sden, et al. 2002). One such
pathway which is Apaf-1l-independent, involves tledief of caspase inhibition by
inhibitor of apoptosis proteins (IAPs), such as RIAvhich bind and neutralise certain
caspases (such as caspase-9 and caspase-3). fAibisoip action of IAPs can be
antagonised by the binding of SMAC/DIABLO, whichrisleased from mitochondria
after the activation of Bax and/or Bak (Youle anmaSser 2008, Fulda and Debatin
2006, Degterev and Yuan 2008).
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1.15.2 BH3-only proteins

BH3-only proteins are essential for cell deathiation (Happo, Strasser and Cory
2012b). A growing body of evidence indicates thdfedent apoptotic stimuli can
activate distinct but sometimes overlapping setsBéf3-only proteins. The pro-
apoptotic activity of BH3-only proteins is tightgontrolled by diverse transcriptional
and post-translational mechanisms to prevent irggjate cell death (Lomonosova and
Chinnadurai 2008a, Bouillet and Strasser 2002, Haffrasser and Cory 2012a). Puma
and Noxa are transcriptionally induced in respotseDNA damage by p53 for
example, whereas other BH3-only proteins, such @sdB Bad, are thought to be
mainly regulated at the post-translational leveb¥e and Strasser 2008, Happo,
Strasser and Cory 2012a).

While the molecular basis of BH3-only protein aitivs still under investigation, it is
clear that BH3-only proteins have the ability tmdito a hydrophobic groove on the
surface of Bcl-2-like molecules, formed by their BHBH2 and BH3 domains thereby
antagonising their pro-survival function (Willis dinAdams 2005a). This physical
interaction is dependent on a functional BH3-domaithin the BH3-only protein. It
has been suggested that BH3 only proteins canifunestia at least three separate
modes of action (Letaet al 2002; Kuwaneaet al 2005; Strasser, 2005) and since the
signalling pathways that mediate apoptosis seemraceed through a succession of
interconnected amplification loops, it is conceilealbhat more than one of these

processes takes place (Happo, Strasser and CoPg2Btrasser 2005).

In one model of BH3-only protein function, this emdction is thought to block the
ability of Bcl-2-like pro-survival proteins to relzue the pro-apoptotic Bax/Bak,
preventing them from undergoing oligomerisation aadising loss of mitochondrial
outer membrane integrity and cell death (HappoasSer and Cory 2012a, Strasser
2005) (Figure 1-13 a). It has also been suggestatl the BH3-only proteins and
Bax/Bak-like proteins function in parallel in a matly dependent manner (Strasser
2005, Lomonosova and Chinnadurai 2008b)(Figure b)1® an alternative model, the
BH3-only proteins activate Bax/Bak directly. In papt of this model tBid and Bim
have this ability. Bid and Bim directly activate »B8#Du, et al. 2011), causing its
insertion into the mitochondrial membrane whergeitomes active. However, Bim and
tBid can be bound and neutralised by Bcl-2-liket@ires and the role of other BH3-only

proteins in this model is to occupy Bcl-2-like mrints and stop them from sequestering
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Bim/tBid. Accordingly, these BH3-only proteins (e.gBad and Bik) are called
sensitisers (Happo, Strasser and Cory 2012b, Losumaoand Chinnadurai 2008b)
(Figure 1-13 c). It has been shown recently thatthe absence of potent direct
activators, like Bim and Bid, other BH3-only protej Bmf and Noxa, can directly
activate Bax/Bak (Du, et al. 2011). Additionallyfither possibility is that, to keep
cells from dying, Bcl-2 (and/or its pro-survival ologues) might bind and inhibit a
protein, perhaps a caspase activator (such as Bpafid that apoptotic stimuli might
trigger both BH3-only proteins and Bax/Bak-like f@ins, which together would disrupt
this binding (Happo, Strasser and Cory 2012a, $traf005, Lomonosova and
Chinnadurai 2008Db) (as illustrated in Figure 1-16).
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Figure 1-13: Models for interaction between BH3-onf proteins, Bax/Bak-like
proteins and pro-survival Bcl-2-family members in ggnalling in apoptosis.

Three possible models are illustrated above. (AB®BIHly proteins might inactivate Bcl-2-like
pro-survival proteins, which keep cells alive bwdtivating Bax/Bak-like proteins. (B) Death
stimuli might simultaneously activate BH3-only peints and Bax/Bak -like proteins, which
both block the pro-survival function of Bcl-2 artd homologues. (C) BH3-only proteins might
activate the pro-apoptotic activity of Bax/Bak-ligoteins directly, and pro-survival Bcl-2-
family members might function by binding and inaating BH3-only proteins and/or Bax/Bak-
like proteins. (Adapted from(Strasser 2005)).
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BH3-only proteins have distinct (only partially alsgping) binding preferences for
their pro-survival Bcl-2-like relatives (Happo, &ser and Cory 2012a, Zhang, et al.
2011), indicating that certain BH3-only proteinsncanly antagonise a very distinct
subset of Bcl-2-like moleculens vivo. For example Noxa can only block Mcl-1 and Al
while others, such as Bim and Puma, are able wWwith similar affinities to all known
Bcl-2 pro-survival proteins and therefore, may héweader physiological functions
than other BH3-only proteins (Happo, Strasser andy@012a). Since these proteins
are essential initiators of cell death pathwaysdewstanding their regulation may
provide novel therapeutic targets to prevent paiiohl cell death. Inhibitors of BH3-
only proteins may alleviate degenerative disordetsereas small molecule mimetics,
for example ABT-737 may be used to kill cancer <ellr self-antigen-specific
lymphocytes in autoimmune disease (Karlberg, e2@l0, Bodet, et al. 2011, Touzeau,
et al. 2011, Reed and Pellecchia 2005).

Bik

The regulation obcl-2 family members by EBV is a significant researcteiiest in the
laboratory.Bik, in particular, was a major interest in the présstady and will now
therefore be discussed in detail. Bik was originalentified as a binding partner and
antagonist of anti-apoptotic Bcl-2 and its adenavihomologue, E1B 19K. Bik also
displayed affinity for Bcl-X, Bcl-Xs and the EBV BHRF1 suggesting that Bik might be
a mutual target for cellular and viral anti-apoqitroteins (Chinnadurai, Vijayalingam
and Rashmi 2008b). Bik shares only the short BHfhaure domain with other
members of the Bcl-2 family and has no homology ttee other Bcl-2 signature
domains BH1, BH2 and BH4 (Figure 1-12).

Bik Expression

Thebik transcript has a tissue-specific expression @¢fflerma, et al. 2000)(Verma, et
al. 2000) with strong expressiam the kidney and pancreas in comparison to other
organs (Daniel, et al. 1999). The gene is alsoesgad in many tumour lines (Kim, et
al. 2010) and in B cells. In humans, Bik seemsl&y p key role in B cell homeostasis.

In a gene expression profiling study of B cell gerah center reactionbik transcript
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was detected during naive B cell to centroblastsiteon and remained up-regulated in
memory B cells. Increased expression of Bik wae alentified in cells that had been
induced to apoptosis followed by antigen receptonwdation (by ligation of surface
IgM) and TGH signalling induction (Verma, et al. 2000, Jiangd a@lark 2001a,
Spender, et al. 2009).

Bik Structure

Bik is localised on chromosome 22g13 and consistavef gxons and four introns,
spanning a region of 19kiBik gene encodes the 160 amino acid pro-apoptotic Bik
protein that shares the distinct sequence moth wie Bcl-2 family and a characteristic
C-terminal transmembrane segment (Boyd, et al. 1995b, Han, Sabbatid White
1996b) which determines its sub-cellular localmati (Elangovan and Chinnadurai
1997c) (Figure 1-14). Bik is predominantly locatige the endoplasmic reticulum (ER)
and to lower extent to mitochondrial outer membrafdOM) (Chinnadurai,
Vijayalingam and Rashmi 2008b) from where it e$icits pro-apoptotic signals by
regulating BAX/BAK-dependent release of®Cfrom the endoplasmic reticulum stores
and cooperates with other BH3-only proteins suciNasa to cause rapid release of
cytochromec from mitochondria. Bik is also known to selectiwahhibits BCL-X,
BFL-1, or BCL-w through complex formation (Chen,a¢t 2005), and given sufficient
time, these signals lead to cell death (Zhao, et2@D8b, Germain, et al. 2005,
Chinnadurai, Vijayalingam and Rashmi 2008a, Kvaoka#t al. 2010b).

The translational start site and BH3 domain aratled in exon 2 and 3, respectively
(Figure 1-14). The alpha-helical BH3 region is rieed for both death promoting
activities and dimerisation with anti-apoptotic f@ios. In addition to the BH3 domain,
the C-terminal domain adjacent to the TM also hasnbshown to be essential for
optimal cell death activity. Human Bik protein Haeen shown to be phosphorylated on
Thr(33) and Ser(35) by a casein kinase ll-like Emand mutations that prevented
phosphorylation reduced the cell death activityr(Wa&, Zhao and Chinnadurai 2001)
whereas enhanced apoptosis was the result of wngatihat increased the
phosphorylation (Tong, et al. 2001, Boyd, et aP34& Li, et al. 2003). The C-terminal
transmembrane hydrophobic domain and the stop codomr@rained within exon 5.
The transcriptional initiation site was identified a G residue marked as +1(Figure
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1-14), located approximately 13kb from the transtal start site. The gene has a long
un-translated sequence in exon 1. No canonical TATECAAT boxes were identified

near the transcriptional initiation site (Vermaaét2000).

5'TUTR FExoml Exon2 Exon2  Exsond Exon 5 I'TIR

D Bik Gene structure
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Figure 1-14: Arrangement and sizes of exons and irns in the bik gene (Top). Bik
protein structure (Bottom). Adapted from, (Chinnadurai, Vijayalingam and Ras2@08b,
Verma, Zhao and Chinnadurai 2001).

A role for Bik in B cell biology

Several lines of evidence suggest that the balaebseen pro-apoptotic Bik and the
anti-apoptotic Bcl-X protein plays a key role in determining B cell fated that
apoptosis activation signals the up-regulation tf [@otein in order to antagonizke
function of Bcl-X. Consistent with this hypothesis, cell surface IgiMation
(equivalent to signalling from the BCR) in humanOB1B cell lymphoma cells induces
Bik accumulation and increases the amount of Baoaated with Bcl-X ultimately
leading to apoptosis through the activation of aasp (Jiang and Clark 2001a).
Furthermore, the cytokine transforming growth fagtd TGH3)-mediated apoptosis in
the Ramos B-lymphoma cell line involves the actorat of caspases and is
accompanied by Bik up-regulation and a simultanelmss of Bcl-X expression
(Spender, et al. 2009). The involvement of Bg¢lid regulating immature B cell
apoptosis is well established (Motoyama, et al.51%&ng, et al. 1998) and indeed the
ability of Bcl-X, to rescue Bik induced apoptosis is also recogniBegd, et al. 1995c,

Spender and Inman 2009a). Bik binds to and cangantise anti-apoptotic Bcl-X

53



under physiological conditions (Jiang and Clark Z0Shimazu, et al. 2007). Thus it
may be the relative proportion of Bcl-Xhot associated with Bik that determines

whether B cells survive.

Bik is alsoweakly down-regulated following CD27 ligation, wkeas CD40 ligation
(both belong to the TNF/TNFR family) resulted insimilarly weak increase iBik
levels in B cell receptor (BCR)-mediated apoptagi®amos cells. Thus, it is possible
that CD27signals regulate BCR-mediated apoptosis at thecmatodrial levelin a
manner different from CD40 signals through theratienof the balance among Bcl-2
family members to regulate mitochondnmrmeability. In addition, since CD27 and
CD40 inhibit p53 activation it is conceivable tiBik might be involved in the p53-
dependent apoptosis pathway in B cells (Hase, @08R).The possible involvement of
other pro-apoptotic Bcl-2 members such as Bax & iBa cell apoptosis can also not
be ruled out (Chinnadurai, Vijayalingam and RasBf08a). Interestingly Bik has been
shown to be necessary for li-duced cell death in human airway epithelial ell
(Mebratu, et al. 2008). Hence it is possible, thiaicking Bik function may have a

significant role in the evasion of host immune eges.

Mechanism of bik-induced apoptosis

It has been well established that Bcl-2 family pne$ function at the mitochondria to
prevent or promote the release of apoptogenic facoch as cytochromg AIF and
SMAC/Diablo. In addition to their mitochondrial laltcsation, some anti-apoptotic
members of the Bcl-2 family are also present atehd@oplasmic reticulum (ER) and
perinuclear membrane regions, suggesting a rolheofBcl-2 family proteins at sites
other than mitochondria (Zhao, et al. 2007, Zonggle2003). The evidence suggests
that Bik may act from the ER, coupling upstreamtldeszggnals to events at the surface
of the mitochondria via activation of the deatheetbrs Bax and Bak, resulting in cell
death (Wei, et al. 2001, Zong, et al. 2001b).

The ER is well characterised as a calcium?{ICstore that sequesters excess cytosolic
Cd" and serves as a reservoir for’Caignalling to maintain intracellular calcium
homeostasis (Giorgi, et al. 2012). A growing bodlgwdence suggests that changes in

intracellular C4" homeostasis plays a significant role in the maihnaof apoptosis
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(Giorgi, et al. 2012, Hetz 2007). Bcl-2 family peots regulate apoptosis by a
mechanism that affects the Tatores within the ER, or alternatively via a methm
that controls the apoptotic cross talk betweenBReand the mitochondria. Members of
the Bcl-2 family appear to differentially reguldtegracellular C&" level. Translocation
of Bax, an apoptotic signalling protein, from thgasol to the mitochondrial membrane
is another step in this apoptosis signalling path{Reviewed in (Giorgi, et al. 2012,
Hetz 2007)).

Bik is exclusively localised to the ER rather thamtochondria through itdrans
membrane domain (Germain, Mathai and Shore 2002pZhkt al. 2008a). Bik can
induce changes in the content of cytosolic as a®ER C4' stores (Zhao, et al. 2008a,
Mathai, Germain and Shore 2005) and this proce®igght to be mediated through a
Bax/Bak regulated mechanism (Giorgi, et al. 2012thdi, Germain and Shore 2005).
The depletion of ER (G4 stores rather than the elevation of intracell@af* or the
extra-cellular C& influx play an important role in Bik-induced apopis (Zhao, et al.
2008b). Furthermore, it has previously been dematest that ER Bik initiates
dynamin-related protein-1 (DRP1)-regulated remanigllof mitochondrial cristae
during apoptosis in a manner dependent on thertigs®n of C4' to the mitochondria
(Germain, et al. 2005) further supporting a roleBik in the regulation of the ER &a
stores. Exactly how the over-expression of Bikeet§ the intracellular Ga
homeostasis remains unknown. Bik may oligomeristh \the other Bcl-2 member
proteins and create a non-selective or selective pore across the ER membrane
causing leakage of &afrom the ER C# stores. Alternatively, Bik protein may interact
directly or indirectly with the ER Ga pump, or other G channels (Giorgi, et al.
2012, Zhao, et al. 2008a).

Upon induction of apoptosis Bax translocates frdme tytosol to mitochondrial
membranes where it is thought to oligomerise im@etivetransmembrane pore (Hsu,
Hsu, Wolter and Youle 1997, Desagher, et al. 1998lter, et al. 1997). Bik is thought
to function through the initiation of cell deathgsalling, whereas Bax/Bak-like
proteins, function further downstream (Zong, et 2001a, Lindsten and Thompson
2006). Further reiterating this point is the finglithat Bik induces exposure of an N-
terminal Bax epitope mediating its insertion inke touter mitochondrial membrane,
release of cytochromg and cell death in H1299 cells (Gillissen, et28l03). Since the
interaction of Bik with Bax is associated with aaolge in conformation of Bax leading

to cytochrome c release (Gillissen, et al. 2003yatld suggest that Bik functions as a
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positive death effector, engaging downstream coraptnof the cell death pathway.
Furthermore, Bik can co-operate with Noxa, to redeaytochromec from the
mitochondria and this pathway involves conformatiochanges in Bax leading to its

activation and ultimately caspase activation (Genmet al. 2005).

Thus it appears that Bik initiates a pathway frasnlocation at the ER that stimulates
the release of Gafrom the ER via activation of the death effectBex and Bak, which
leads to cytochrome release and signalling of apoptosis from mitochn@&ermain,

et al. 2005, Germain, Mathai and Shore 2002). Téilamse of membrane potential
along with the release of cytochromé&om mitochondria is followed by the activation
of caspases (Smaili, et al. 2003). Accordingly Bi&,known to elicit pro-apoptotic
signals which lead to cell death by pathways whittolve the activation of caspases
(Zhao, et al. 2007, Germain, Mathai and Shore 2M#thai, Germain and Shore 2005,
Gillissen, et al. 2003) which can be inhibitedthg broad range caspase inhibitér
benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethyl kete (zZVAD-fmk) (Mathai, et
al. 2002, Naumann, et al. 2003, Hur, et al. 200d)one study Bik induced the
depolarisation of mitochondrial membrane poten{ldiMP) through a caspase-12-
dependent pathway, leading to the activation diatar caspase-9 and ultimate cell
death in 293 and Hep3B cells suggesting that caspasmay directly or indirectly
influence the intrinsic apoptosis signal transdutpathways triggered by Bik at the ER
(Zhao, et al. 2007). Bik has also been shown taigedthe catalytic activation of
caspase-9, caspase-7 and caspase-3 processimgnorelsistant human tumour prostate
and colon cell lines (Tong, et al. 2001). A modal taspase-dependent Bik-induced

apoptosis can be seen in Figure 1-15.
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Figure 1-15: The caspase-dependebik-induced apoptotic pathway.

Upon various stimuli that transcriptionally acti@athe expression of endogendils Bik
protein activates BAX through interaction of Bik twiBCL-X_ and BCL-2, induces the
depletion of ER CA stores, exposure of an N-terminal Bax epitope aigdj its insertion into
the outer mitochondrial membrane, release of cytwolk c, and activation of a caspase-12-
dependent pathway, leading to the activation dfaittr caspase-9 and ultimately cell death.
Adapted from, (Chinnadurai, Vijayalingam and Ras@008a).

Interestingly it has also been reported that Bik gaduce cell death in a caspase-
independent fashion in human melanoma cells (Oppenmnet al. 2005) and that
inhibition of caspases by treatment with zZVAD-fmk the absence of Bcl-2 actually
enhances Bik-induced cell death in mouse embryfimicblasts (MEFs) (Rashmi, et al.
2008). Interestingly a pathway in which Bik-meddell death induces the release of
cytochromec but not mitochondrial membrane potential loss aiithout modulating
voltage-dependent anion channel activity (VDACHh (anportant component of the
PTP), has also been reported, suggesting that Bik target molecules other than the
PTP or act alone to induce cytochroroerelease (Shimizu and Tsujimoto 2000).
Furthermore, findings have suggested that Bik calude cytochrome release from
mitochondria independentlgf Bax in H1299 cells. This report favoured a direc
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induction of the mitochondrial apoptotic signallimgscade bybik and subsequent
activation of caspases (Germain, Mathai and ShOf)R It is conceivable thdiik
could be acting on separate distinct pathwaysspaonse to different stimuli.

A mechanism of Bik-induced apoptosis regulated lay+Bfamily members, such as
Bax or Bcl-2/Bcl-X cannot be excluded. The pro-apoptaictivity of BH3-only
proteins is proposed to be governed by their preipeto interfere with at least a dual
layer of protection of cells from the pro-apoptadictivity of Bak (Willis and Adams
2005b). It has previously been shown that bindifigBik inactivatesBcl-X, and
releases both Bax and Bak. While the interadbetween Bik and Bcl-Xseems to be
stronger, Bik is also known to birtd Bcl-2 (Verma, Zhao and Chinnadurai 2001,
Gillissen, et al. 2003, Elangovan and Chinnaduf7b), indicating that Bcl-2 is at
least in partinhibited by Bik. Once the capacity of Bcl-2 to @irBax has been
surpassed, the liberated Bax protein becomes #ativilotablythe Bax inhibitors Bcl-

2 and Bcl-X are not stabilised by Bilka contrast, Bak released from Bcl-Xpon Bik
expressiots still kept in check by Mcl-1 and this is enfoddeythe up-regulation of the
Bak inhibitor Mcl-1 by Bik. Mcl-1-mediatedepression of Bak thereby provides a
molecular rationale fothe strict Bax dependency of Bik-induced cell dedthus it
appears that Mcl-1 determines the Bax dependenBykeihduced apoptosis (Gillissen,
et al. 2007). In this instance Bik appears to actde-repressor molecule binding to
distinct anti-apoptotic proteins. The consequentregeessed pro-apoptotic multi-
domain proteingan then be counteracted by a second set of ampit@iic proteins.
This adds a higher degree of specificity and thecaue of triggeringhis tightly
balanced interaction network would be determitgdboth the specific BH3-only
proteins induced by a given deattimulus and the abundance of their anti-apoptotic
counterpart$orming this second obstacle to apoptosis (Gilhss al. 2007). A model
for the regulation of Bik-induced apoptosis by Bcfamily members can be seen in
(Figure 1-16).
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Figure 1-16: Model for the regulation of Bik -induaed apoptosis by Bcl-2 family
members.

(A) In healthy cells, Bax is inactivated by Bcl-@dhaBcl,, whereas Bak is sequestered by Bcl-
XL and Mcl-1. (B) Bik/Nbk activates the pro-apoptdHeax through neutralisation of the anti-
apoptotic Bclx, . In contrast, increased levels of the anti-apaptdcl-1 keep in check Bak that
was released from BclXupon competition with Nbk. Adapted from (Gillissenal 2007).

Regulation of Bik

Regulation ofbik on several different levels has been reporiddence of roles for
transcriptional regulation, methylation, phosphatigin and protein degradation by the
proteasome have all been indicated. Additionalhg specificity of the interplay

between hetero-dimerising partners is also thoaghie associated withik control.
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Indeed stringent regulation bik expression at various steps is probadgential, given
the fact that Bik is predicted to possess an ajreaghosedBH3 domain and is thus
considered constitutively active (McDonnell, et B999). It is clear that external and
internal stimuli lead ttik regulation at several different levels, includtiggue-specific
expression (Daniel, et al. 1999), transcriptionald atranslational control and
intracellular localisation (Germain, Mathai and 8h8002, Zhao, et al. 2008a, Mathai,
et al. 2002). Evidence thhik is transcriptionally regulated by a number of taipion
factors including p7%5~, SFRP1, IgM, E4orf6, E1A, GRP78/BiP, the E2F tcaipsion
factors and TGP has been demonstrated (Jiang and Clark 2001a,aMathal. 2002,
Saltzman, et al. 1998, Tabassum, Khwaja and Djakléd8, Han and Amar 2004).
Furthermore, apoptosis triggered by Bik can beeeittb3-dependent or independent
depending on the induction stimulus (Mathai, et28l02, Han, Sabbatini and White
19964, Bartke, et al. 2001).

The regulation of Bik function by phosphorylatioashalso been verified (Verma, Zhao
and Chinnadurai 2001). Bik is phosphorylated onseasu<KII phosphorylation sites
(Thr-33 and/or Ser-35) (Verma, Zhao and ChinnadR@&i1l) an event that appears to
result in a gain in function (Verma, Zhao and Chidwrai 2001). Mutation of the
phosphorylation sites, in which the threonine aedng residues were changed to
alanine residues, indicated that phosphorylatiorBisf is required for its apoptotic
activity, without significantly affecting its abili to hetero-dimerise with Bcl-2 and Bcl-
XL (Verma, Zhao and Chinnadurai 2001). The precise hamdsm by which
phosphorylation playa role in the apoptotic activity of Bik is not knoyalthough it is
possible that phosphorylation of Bik may play rofeinteractionwith other potential
cellular targets or that the activity of Bik may lbetivated by phosphorylation in
response to differerapoptotic stimuli in various human tissues (Verrdaao and
Chinnadurai 2001). A phospho-mimetic form of Bike¢ihnated BikDD) has been

shown to kill pancreatic cancer cells in an ortpatanouse model (Xie, et al. 2007).

The methylation status obik remains uncertain. While treatment with the DNA
methylation inhibitor, zebularine, induced genonde-methylation of a multiple
myeloma cell line KAS-6/1, and induced the expm@ssf Bik (Pompeia, et al. 2004),
conflicting reports argue that DNMT1 mediatbtk suppression does not involve a
change in the DNAnethylation state or histone modification, mainitagnthat DNMT1

Is capable of regulating gene expression by a DNg&hglation independent pathway
(Milutinovic, et al. 2004). A closer look at the amanism of action of zebularine
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reveals that this drug acts by forming a complethWiINMTL1 in the position normally
incorporated by the base targeted for methylatiéimo(, et al. 2002). Thus, the gene
targeted to disrupt methylation may also suppress iBlependently of the DNA
methylation state (Pompeia, et al. 2004). Othedistuhave indicated a role for DNA
methylation in transcriptional silencing difik. Exposure to 5'-aza-2'-deoxycytidine
resulted in strong up-regulation bik mMRNA in renal cell carcinoma (RCC) cell lines
(Sturm, et al. 2006) and was shown to be inducethbyhistone deacetylase inhibitor,
sodium butyrate in human hepatoma cells (Ogawal. @004). Increases ik mMRNA
levels were observed in both HepG2 and Hep3B &al®wving treatment with 5-aza-2
deoxycytidine or histone deacetylase inhibitor sadibutyrate given separately. Bik
protein however was undetectable (Wang, et al. 1998ombination treatment of both
5-aza-2-deoxycytidine plus depsipeptide has shown a systargeffect onbik gene
induction in a variety of cancer cell lines (Ddi,a¢ 2006). It may therefore be the case
that control ofbik expression by epigenetic mechanisms occurs ifl aype-specific
manner. The realisation that Bik may rapidly tureogturing apoptosis suggests another
level of control by means of Bik degradation (Manssky, et al. 2001). It has been
postulated that the accumulation of Bik protein nhb@ya direct result of its reduced
degradation in the cell (Marshansky, et al. 2001deed, reports suggest that Bik is one
of the mediators of proteasome inhibitor-inducedppsis and that thproteasome
inhibitors Bortezomib (Nikrad, et al. 2005) andthaystin (Marshansky, et al. 2001)
can regulate Bik expression, through stabilisatibthe protein. Thus accumulation of
Bik is sufficient to induce apoptosis indicatingatht may be the accumulatiah Bik
rather than the expression per se that deternwhesher a cell undergoes apoptosis
(Jiang and Clark 2001b).

Similar to other BH3-only proteins, Bik binds toopsurvival family members, killing
cells when over-expressed (Boyd, et al. 1995a).udbke other pro-apoptotic members
of the Bcl-2 family the BH3 domain obik has proven critical fopro-apoptotic
activities; dimerisation as well as for cytochromeelease and apoptosis (Boyd, et al.
1995a, Cosulich, et al. 1997, Hegde, et al. 19898)ce BH3-only pro-apoptotfroteins
share only the BH3 domaim common (Bouillet and Strasser 2002), it has been
postulated as to whether the BH3 domain is a deffg¢ictor module eliciting its cell
death activitythrough the inactivation of the anti-apoptotic pins by hetero-
dimerisation.This will result in disruption of tkemplex of the death suppressor with a

caspase activating molecule such as Apaf-1, whmctuin results in the activation of
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caspases and eventually death of the cell (Boyd).et995a, Kelekar and Thompson
1998, Lutz 2000, Chittenden 2002) as representéBigure 1-17). Regulatory control
could then be directly associated with the spatyf@nd nature of the interplay between
Bik and its hetero-dimerising partners (Han, Sabband White 1996b, Elangovan and
Chinnadurai 1997c). In this regard, the death ptorgoactivity of Bik can be
suppressed by co-expression of Bcl-2, Belatd BHRF1, and E1B-19k (Elangovan
and Chinnadurai 1997c, Boyd, et al. 1995a). Bilo dsnds with Bcl-X%, a death-
promoting protein that lacks the BH1 and BH2 domeaiossibly indicative of a co-
operation effect between the two proteins (Boyd,akt1995a). It has long been
recognised that the relative levels of availablé Btamily dimerisation partners in the
cell may shift the balance of cell fate either avdur of viability or of cell death,
following exposure to an appropriate stress (Haabhb&tini and White 1996b). The
assumption that certain BH3-only ligands possedsgaee of specificity for their pro-
survival receptors would render apoptosis of thé2B&amily a sophisticated affair,
with Bik functioning as a naturally dominant negative antégfevhose role in the cell

is to sequester and inactivate anti-apopigices.
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Figure 1-17: Model for Apaf-1 regulation by the Bci2 family.

A pro-survival member Bcl-2 family member such ad-B. may bind Apaf-1 and

prevent it from activating procaspase-9 (or anofindrating pro-caspase). A death
signal may, for example, provoke interaction of ld3Bfamily member such as Bik, or
perhaps a Bax family member with Bc|-Xpreventing it from neutralising Apaf-1. In
the presence of cytochrome c released from mitadti@rand ATP, Apaf-1 can then
binds to procaspase-9 and promote its dimerisadioth activation by autocatalysis.
Caspase-9 subsequently activates effector caspadapted from, (Adams and Cory
1998)).
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Association of Bik with anti-apoptotic proteins g&tl hinders Bik function (Boyet al,
1995). However, mutationanalysis of the BH3 domain ibik, suggests that hetero-
dimerisation vighe BH3 domain with survival proteins alone is iffisient to explain
their cell death inducing activity (Elangovan anhbir@adurai 1997c). It has also been
hypothesised that sequences in the C-terminal megfi@ik might also be required for
the pro-apoptotic activity of Bik, in addition tbe& activity of the BH3 domain. The
precise biochemical activity of the C-terminal @giof Bik isnot known but it is
conceivable that the C-terminal sequenoesy function in concert with the BH3
domain to enforce apoptosis. Another, simpler reiisation may be that the C-
terminal regionplays a role in Bik protein folding is also possilElangovan and
Chinnadurai 1997c). Interestingly, this region mown to contain a sequence motif
similarto the substrate binding motif of the caspase fgnaihd it was postulated that
this motif could modulate the substrate-caspasenplexes. Indeed one study
demonstrated that th&ransmembrane domain not only decided the sub-cellular
localisation of Bik, but also had an important raieBik-induced apoptosis in Hep3B
cells (Zhao, et al. 2008a).

1.16 EBV regulation of the Cellular Apoptotic Programme

A central component of the overall EBV strategy atsdrole in the development of
related malignant disease is the ability of thelvproteins to suppress the cellular
apoptotic program. In this regard, EBV has devealopechanisms that suppress the
apoptotic programme of the host in order to delaly @death during the lytic stage of
infection, until virion numbers have been sufficlgramplified to transmit infection to
other individuals via saliva, and also to ensuresigtence in the host memory B cell
compartment. EBV genes have been shown to mangotiiatcell survival machinery of
the infected cell by directly regulating the apdmtaleath machinery, specifically by
inducing the expression of several anti-apoptot@egins such as Bcl-2, Bfl-1, Mcl-1,
A20, c-IAP-2 and also through the down-regulatidnegpression of pro-apoptotic
proteins such as Bax and Bim (Lahestyal 1992; Frieset al 1996; Wanget al 1996;
(Loughran, et al. 2011, Spender and Inman 2011mBeget al. 2006a, Pegman, et al.
2006a, Anderton, et al. 2008, Leao, et al. 2007).
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Group | BL cell lines which display type | latenaymly expressing EBNAL1, EBERs
and BARTs and many EBV-negative BL lines can rgaldé triggered into apoptosis,
whereas Group IIl BL cell lines, which express toeplete set of EBV latent proteins,
are relatively resistant to a variety apoptoticgders, including growth factor
withdrawal, C&" ionophore treatment and over-expression of the p&®our

suppressor gene (Henderson, et al. 1991, Okarl, &085). EBV-negative BL cells
converted to the type lll latency state by infeatiwith the B95-8 strain of EBV also
display elevated thresholds of resistance to apiepomuli (Gregory, et al. 1991), thus

implicating EBV latent genes in cell survival.

1.16.1 EBV up-regulateshbcl-2

Type | BLs express little or no Bcl-2 whereas grdUpBL cells lines display high
levels of the Bcl-2 protein (Henderson, et al. 196tegory, et al. 1991). Bcl-2 is a
prototype anti-apoptotic protein that interactshmihe mitochondrial membrane and
inhibits the action of caspases (Hardwick and S&#18). Transfection of individual
EBV latent genes into EBV-negative BL cell linestsnown that up-regulation of Bcl-
2 expression correlates with the expression ofetlaBV proteins; LMP1, (Henderson,
et al. 1991, Rowe, et al. 1994) EBNA-2 (Finke, let1l892), and EBNA-3B (Silins and
Sculley 1995). Significantly, over-expression of-2an group | BL cell lines following
gene transfer results in reduced apoptosis in resgpto a number of stimuli compared
with group Il cell lines and the inhibition of ¢&leath was correlated to the amount of
Bcl-2 expressed (Henderson, et al. 1991, Gregdrgl.€1991). Indeed, transfections
with EBV LMP1 also resulted in enhanced survivaltioése cells and the ability of
LMP1 to confer resistance to apoptosis to the tlypBds resulted from its ability to
induce endogenous Bcl-2 expression (Hendersonl. €981, Gregory, et al. 1991).
While LMP1 and EBNA-2 appear to up-regulate Bcl-2pmessionin vitro, the
recirculating B cells of peripheral blood which aetarget of EBV already express
relatively high levels of Bcl-2. EBV infection arsdb expression of LMP1 or EBNA-2
or the combined expression of both, does not saamfly impact Bcl-2 expression.
Thus it may be that the role of LMP1/EBNA4i# vivo is to maintain the high
constitutive level of Bcl-2 rather than to indutéMartin, et al. 1993).
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1.16.2 EBV up-regulatesA20

A20 is an inducible zinc finger protein that cossfaesistance to TNF cytoxicity
(Laherty, et al. 1992) and is induced in responsa Wwide variety of stimuli, including
cytokines such as TNF, IL-1, and CD40 as well agds&l and viral products such as
lipopolysaccharide (LPS) and human T-cell leukewirais type | Tax in many cell
types including fibroblasts, lymphocytes and endb#h cells (Beyaert, Heyninck and
Van Huffel 2000). A20 is constitutively expressedEBV-immortalised B cells and
transfection experiments have demonstrated that LMBuces the expression of A20
in both lymphocytes and epithelial cells (Fries]Idtiand Raab-Traub 1996b). Studies
of the A20 promoter have shown that LMP1 transwiglly activates the A20 gene
throughcis-acting NFxB binding sites with a role for LMP1-inducible bind of an
NF-kB-like factor to a consensus binding sites wittiie 220 promoter. A20 has also
been identified as functioning in a negative feettldaop by inhibiting the activation of
NF-kB from both CTAR1 and CTAR2 of the LMP1 protein.iFleffect is mediated by
the binding of A20 to TRAF2 (Eliopoulos, et al. 299

1.16.3 EBV up-regulatesmcl-1

Mcl-1 is a Bcl-2 family protein which can act a keylecule in apoptosis control,
promoting cell survival by interfering at an eashage in a cascade of events leading to
release of cytochrome c from mitochondria (Michelshnson and Packham 2005).
Maximal Bcl-2 up-regulation by LMP1 requires 48-i@urs (Rowe, et al. 1994, Kim,
Kim and Park 2012). Up-regulation of the Bcl-2 hdogue Mcl-1 by LMP1 precedes
the induction of Bcl-2 and is transient with levels Mcl-1 decreasing when Bcl-2
levels begin to increase. Mcl-1 is an anti-apoptgtiotein that has been shown to
contribute to the prolonged existence of chronimphotrophic leukaemia B cells and
its higher expression is correlated with resistanocshemotherapy treatment (Bolesta, et
al. 2012). It is thought that Mcl-1 functions asagidly inducible, short-term effector of
cell viability (Michels, Johnson and Packham 20@WIP1 also prevented the decline
in Mcl-1 levels in response to apoptotic stimulatioiggered by elevated cyclic AMP.
This effect of LMP1 was associated with a delayelll death in the EBV-negative BL
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cell line BL41. The maintenance of Mcl-1 expressignLMP1 is likely to be a crucial
immediate-early response that enables cells tov&inntil Bel-2 can be up-regulated
(Kim, Kim and Park 2012).

1.16.4 EBV up-regulatesc-1AP2

C-IAP2 is a multi-functional protein which regulateot only caspases and apoptosis
but also controls inflammatory signalling and imrynmitogenic kinase signalling
and cell proliferation as well as cell invasion anetastasis. C-IAP2 is a member of the
cellular inhibitor of apoptosis protein family (&), and was originally identified as a
molecule recruited to the TNF receptor complex pemevia TRAF1 and TRAF2
(Zheng, et al. 2010). Its expression is preferégtiap-regulated by TNF and other
stimuli activating NF«B including IL-1, LPS, and CD30 stimulation (Damghand
Gyrd-Hansen 2011, Geserick, et al. 2009). Trangeripl activation by TNF or IL-1 is
mediatedcooperatively by two NRkB binding sites bound by the N& p50/p65
hetero-dimer. In addition, over-expression of CBOLMP1 resulted in the-IAP2
promoter-driven reporteyene activation (Hong, et al. 2000). It has beestijated that
the LMP1-inducible c-IAP2orotein functions as a pro-survival factor durin@\&
infection, acting independently of or in concerttwi RAF1 and other LMP1-inducible
anti-apoptotigroteins such as A20 and Bcl-2 (Hong, et al. 2000).

1.16.5 EBV up-regulatesbfl-1

Studies in our laboratory have revealed the upiatigm of another anti-apoptotic gene,
bfl-1/A1 during EBV infection. The pro-survival Bcl-2-famiimember Bfl-1/A1 is a
transcriptional target of NkB that is over-expressed in many human tumoursisaad
means by which NkB is known to inhibit apoptosis (D'Souza, et &02, Loughran,

et al. 2011). Two EBV proteins LMP1 and EBNA-2 hawen shown to up-regulate
expression of this cellular gene in the laboraidtggman, et al. 2006b, D'Souza, et al.
2004, D'Souza, et al. 2004, Loughran, et al. 2@Epman, et al. 2006a, D'Souza, Rowe
and Walls 2000). In this regard, expression of LMRIEBV-negative BL cell lines
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coincides with a dramatic increasebiit1 MRNA (D'Souza, Rowe and Walls 2000) and
bfl-1 expression was found to protect EBV-positive celtminst serum depletion-
induced apoptosis. Moreover, expression of LMPIEBV-negative cell lines was
found totrans-activate thebfl-1 promoter through interactions with componentshef t
tumour necrosis factor receptor (TNFR)/CD40 signglpathway. This process is NF-
kB dependent involving the recruitment of TNFR-asstec factor 2 and is mediated to
a greater extent by CTAR2 relative to the CTAR1 donmof LMP1 (D'Souza, et al.
2004). EBNA-2 also up-regulatédl-1 expression. EBNA-2rans-activation ofbfl-1
requires CBF1 and there is an essential role fmra consensus CBF1-binding site on
the bfl-1 promoter. Interestinglyfl-1 expression is induced and maintained at high
levels by the EBV growth program in an LCL and wlittiwal of either EBNA-2 or
LMP1 does not lead to a reductionbifi-1 mRNA levels in this context. However the
simultaneous loss of both EBV proteins results major decrease ibfl-1 expression
(Pegman, et al. 2006b, Loughran, et al. 2011).

1.16.6 EBV down-regulatesbax.

Bax is a member of the Bcl-2 family that, togetheith Bak, is required for
permeabilisation of the OMM (Happo, Strasser andy@912a). EBV LMP1 inhibits
bax promoter activitghrough activation of NkB signalling via CTAR-1 and CTAR-2.
Thebaxpromoter harbours @ consensus sites (Grimm, et al. 2005) of which OINE?
known to activate 2, namekB2 andkB3. LMP1 induced binding of the N&B hetero-
dimer p65/p50 to theB2 site and of the p50/p50 homo-dimer to tBS8 site. Promoter
mutation analysis revealed that 82 site is necessary for inhibition béx promoter
activity and the<B3 site for its activation. However, the activatiohthe bax promoter
by LMP1 was observed only in the presence of sjgetihibitors of p65/p50. In all
other cases LMP1 inhibitdzhx promoter activity. Moreover, in cells with impair8ax
function or expression thanti-apoptotic activity of LMP1 is significantly daced
indicating that Bax is an important target of theti-apoptoticactivity of LMP1
(Grimm, et al. 2005).
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1.16.7 EBV down-regulatesBim

Bim is a BH3-only protein whose over-expressioretis leads to cytochronerelease
through the activation of Bax. All mature B celbgpeess significant amounts of BH3-
only Bim (Happo, Strasser and Cory 2012a). InfectbBL cells with EBV results in a
significant down-regulation in the expression of three isoforms of thdim gene
(Spender and Inman 2011). This down-regulation afgprot to require expression of
EBNA-2 or the LMP proteins (Leao, et al. 2007) asdn fact dependent on the co-
operation of EBNA-3A and EBNA-3C ((Anderton, et aD08). It has been reported
that EBV infection may lead to post-translationabdulation of Bim expression,
involving the phosphorylation of BImEL by the EB\¢tevated kinase ERK1/2 followed
by its degradation through the proteasome pathwayHKle and Mao 2013). However, a
pathway in which EBNA-3A and EBNA-3C co-operaterégulate Bim expression at

the level of transcription has also been descr{edierton, et al. 2008).

1.16.8 EBV lytic proteins encoding anti-apoptotic functiors

During the lytic cycle of virus replication, repsess of apoptosis can provide a
selective advantage by protecting the cell fromtlde&BV encodes its own gene
products which can delay apoptosis in order to mésea viral production and spread of
virus progeny to other individuals. These genesute BHRF1, BZLF1 and BALF1.
As indicated earlier, EBV also encodes a viral hlmgoe of IL-10 (Reviewed in
(Spender and Inman 2011, Kalla and Hammerschmitl2 Z0orte and Luftig 2011).

BHRF1 promotes the survival aptbliferation of lytically infected cells and théghly
conserved nature of BHRF1 among different EBMates at both the sequence and
functional level supports the proposeithl role of BHRF1 in delaying cell death,
thereby maximising theroduction of progeny virus and facilitating theadgishment of
viruspersistence (Kvansakul, et al. 2010a). BZLF1 ha&anlshown to interact with p53
and inhibit its transactivating function in lymphoid cells, thereby piding a
mechanism for preventing p53-mediated apoptosisrifstin, et al. 2004, Zuo, et al.
2011). The BALF1 ORF in EBV possesses significagfugnce similarity to other anti-
apoptotic viral Bcl-2 homologs and the cellular Bchnd Bclx.. A recombinant GFP-
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BALF1 fusion protein co-localises with mitochondridyes and suppresses apoptosis
but not through to promotion of cell-cycle progiess and hetero-dimerises with Bax
and Bak (Bellows, et al. 2002, Hsu, et al. 20124dhile the growth stimulatory and
anti-apoptotic genes induced by the initial EBVertfon almost certainly prolong
survival in the lytic stage of the lifecycle, it éso likely that they may augment the
likelihood of the virus-infected cell progressingtd the memory B-cell pool. Taken
together, these interactions account, at leasait) for the ability of EBV to induce cell
proliferation and survival which is essential fatty EBV-induced immortalisation of B

cells and establishment of life-long persistencéhéxmemory B cell compartment.
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1.17 The Germinal Centre Reaction

The Germinal Centres (GCs) are structured micr@enments of secondary lymphoid
tissues [spleen, peripheral lymph nodes and muassalciated lymphoid tissue
(MALT)] where antigen-activated B cells undergo Igevation, class switch
recombination (CSR), somatic hypermutation (SHMjtigen selection, and affinity
maturation (Figure 1-18) (Allen, et al. 2007). rRary B cell follicles consist of naive
B-cell regions next to areas containing T-cells,craphages and follicular dendritic
cells (FDCs). The recognition of antigen by the B&cide with cognate priming of
T-helper cells by antigen presenting dendritics;eNhich initiates the T-cell dependent
differentiation of B cells. GCs come to be the msites for generating effector plasma
cells proficient in secreting high affinity immuriogulins and for differentiation of
memory B cells which facilitate a faster and effextresponse to antigen re-occurrence.
In this instance B cells accumulate somatic hypéatians in the variable regions of
their immunoglobulin genes that encode the antigerding site. This procedure
potentially increases the affinity and specifiayBCR for antigen (affinity maturation)
but also imposes negative selection of autoreaativelow affinity receptors (activation
induced cell death). The GC reaction is thereforeeeond main place of apoptotic
elimination of large numbers of unwanted B cellpdder and Inman 2011). The
centroblasts differentiate further into non-prai#eng centrocytes and transfer to the
GC area which contains FDCs and T-cells. Centrecgtarying the highest affinity
mutated receptors outcompete others for limitingpams of foreign antigen displayed
on the FDCs and for survival signals provided bg GC T-helper cells, thus
guaranteeing their continued survival and diffeemn (Vinuesa, et al. 2010).

Since it's a high risk procedure for generatingoaegictive or non-functional clones, B
cells transferring through germinal center for depment and activation are prone to
programmed cell death (Kurosaki 2000, Benschop @adhbier 1999). Apoptotic
pathways accountable for the removal of B celledmshe GC signal through the TGF
receptor (Spender, et al. 2009), B cell receptB@{ero-Camarero, et al. 2013), and
FAS (Reviewed in (Klein and Dalla-Favera 2008, Hataal. 2008)).
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Figure 1-18: Germinal centre reaction

Antigen-activated B cells differentiate into ceiasts which then undergo clonal expansion in
the dark zone. During proliferation cells go thrbuthe process of SHM. Subsequently
centroblasts differentiate into centrocytes andrategto light zone, where the modified antigen
receptor, is selected for enhanced binding to titigen by means of FDCs and T-cells. The
newly generated centrocytes that produce autoweacti non-functional antibodies undergo
apoptosis and are eliminated, and the other salbseintrocytes undergo immunoglobulin CRS.
Antigen selected centrocytes eventually differgatimto memory B cells or plasma cells.
Adapted from, (Klein and Dalla-Favera 2008).
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1.18EBV-infected B cells and the germinal centre reaabin

Central to EBV biology is the ability of the infect B cell to survive transit through a
GC. Naive B cells are the key targets of new EBfédtionin vivo. Following primary
infection of naive B cells EBV expresses its enl@tency gene complex (Latency type
[I) thus driving expansion of the infected B cpthol. B cells enter lymphoid follicles
where they proliferate and express only three voraiteins (Latency type II). EBV
ensures the transit of some infected cells into kheg-lived memory B cell
compartment by mimicking the physiological proce$santigen-driven memory-cell

development during transit through a germinal @ntr

EBNA-2 subverts aspects of the Notch signallinghpaty thus blocking B cell
differentiation and allowing cell proliferation (cahesi, et al. 2008a). EBNAL binds to
the latent viral DNA replication origin and maimai the viral genome in the EBV
positive cells after cell division (Thorley-Laws@001a). LMP1 is a viral homologue of
CD40 which allows activation of B cells without theed to engage with CD40L on the
CD4+ T cell. LMP-1 expression mimics CD40-CD40Lmagjtransduction and bypasses
the need for CD4+ T cell help. LMP2A is a B celteptor functional homologue. It
mimics B cell receptor signalling and coupled to RMsignalling promotes the B cell
to undergo affinity maturation, isotype switchingdadifferentiation into memory and
effector B cells (Odumade, Hogquist and Balfour RO¥lancao and Hammerschmidt
2007).
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1.19B Cell Receptor signalling and the escape of EBV4ected B cells

BCR signalling is initiated by phosphorylation dfet cytoplasmic immunoreceptor
tyrosine based activation motifs (ITAMs) of CD79dl and CD79B/I§ (Figure
1-19)(Yang and Reth 2010). This phosphorylation is nyaichtalysed by the Src
family kinase LYN and results in the recruitmentiactivation of the tyrosine kinase
SYK (Kurosaki 2000, Craxton, et al. 1999, Kulathu, Geoaind Reth 2009). Activation
of SYK is an important event in BCR signalling siang the formation of a plasma
membrane-associated signalling complex that comtaimultiple tyrosine kinases
(including LYN, SYK and the Tec-family kinase BTKJnd adaptor molecules (for
instance BLNK), which mediate activation of dowesim signalling pathways.
Activation of phospholipasey2 (PLCy2) (Gorjestani, et al. 2011)(Gorjestani, et al.
2011) leads to the production of inositol-1,4,pliwsphate (IP3) and diacylglycerol
(DAG) (Gorjestani, et al. 2011) which are requirdt the subsequent release of
intracellular C&" (iCa®") (Lyubchenko 2010) and activation of protein kima& (PKC),
respectively. Increased i€aand PKC activity induce activation of (Spender &mdan
2012) mitogen-activated protein kinase (MAPK)-fankinases, including extracellular
regulated kinase (ERK), c-JUN Nikerminal kinase (IJNK), p38 MAPK, and
transcription factors important for B-cell fate gomsing nuclear factor of activated T
cells (NFAT) and MYC (Chung, et al. 2012). Activatiof inhibitor ofkB kinase (IKK)
leads to phosphorylation and proteasomal degradaifoinhibitor of kB (IxB) and
activation of the nuclear factaB (NF-«B) transcription factor. In contrast to p38
MAPK and JNK, ERK can also be activated indepergaitPLCy2, via a RAS/ RAF1
pathway (Imamura, et al. 2009). Activation of phuejodylinositol 3-kinase (PI3K)
requires LYN-dependent phosphorylation of the cigsmic domain of CD19 leading
to recruitment of the p85 adaptor subunit of PI3Kd aproduction of the lipid
phosphatidylinositol-3,4,5-triphosphate  (B)IP PIRsrecruits a number of BCR
signalling components to the plasma membrane inguthe serine/threonine kinase
AKT where it is activated. Active AKT is importarior BCR-induced survival and
proliferation pathways and acts by inactivatiorBafd and forkhead family transcription
factors, enhanced activation of NB-and inhibition of GSK3, a negative regulator of
Myc and D-type cyclins(Downward 2004). The activation of positive BCRralling
pathways is countered by inhibitory phosphatasetiding SH2 domain-containing
tyrosine phosphatase-1 (SHP-1) and SH2 domain4dcomga phosphatidyl 5-
phosphatase (SHIP)-1 and -2. These phosphatasextarated downstream of LYN
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and therefore LYN plays both positive and negatoles in signal transduction via the
BCR (reviewed in (Kurosaki 2000, Packham and Steeer2010). Figure 1-19 shows

the details of these interactions.

Antigen

RAS 1P3 DAG
l l GSK3
RAF1 1 ica2+ PKG ~_ BAD
| L
ERK  INK  p38 IKK
MAPK
l l l l IKK
NFAT MYC JUN ATF2  NF-KB

Figure 1-19: The BCR signalling pathway.

The major signalling pathways activated downstrefthe BCR are shown. See text for details
and abbreviations. Adapted from, (Packham and 8sare2010).

Studies have revealed BCR cross linking with amlié® to membrane bound IgM but
not IgD on the surface of B cells results in suppien of the PI3K/pp7d* signalling
pathway followed by decreased levels of cyclin B2r{erji, et al. 2001) anc-mycby
NF-kB inactivation and subsequent elevation of {¥27protein expression and its
accumulation resulting in growth arrest or apog@€iarey and Scott 2001)(Baneriji, et
al. 2001). In contrast Jiang and Clark observedisémd slgD ligation led to the
induction ofbik mMRNA but that only sigM ligation (and not sigD ligan) exerted a
proapoptotic effect by inducing the expression &, Bia strong activation of PI3K
(Beckwith, et al. 1996) and calcium influx resudfinn apoptosis (Jiang and Clark
2001a).
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Overall, EBV transformation of resting B lymphocyt® LCLs mimics antigen-induced
resting B cell clonal expansion in lymph node gewhicenters, where antigen binding
to surface Ig (slg) inducessmyemediated proliferation (Murn, et al. 2009) and dill c
CD40 ligand (CD40L) activates B lymphocyte CD40e@ors to up-regulate NB,
MAP kinases, and anti-apoptotic Bcl-2 family prot@&xpression (Vrazo, et al. 2012,
Elgueta, de Vries and Noelle 2010). The importamhipabout EBV is that it encodes a
homologue of the B cell receptor, LMP2A, and codgdle LMP1 signalling promotes B
cells to undergo affinity maturation, isotype switgy and differentiation into memory
and effector B cells (Odumade, Hogquist and Balfo2®11, Mancao and
Hammerschmidt 2007). LMP2A signalling does not eaBscell to grow, but delivers
the tonic signal that is essential for the survofadll B cells (Thorley-Lawson 2001b).

Figure 1-20: Signalling relationship between LMP2Aand the BCR

LMP2A comprise of cytoplasmic amino-terminal andboey-terminal domains associated by
12 transmembraine sequences with no significantaesular domain. The amino-terminal
domain of LMP2A contains the same ITAMs found ia &k andp-chains of the BCR. Together

LMP2A and BCR associate with LYN. Phosphrylationtyobsine residues within the ITAM by

LYN leads to recruitment of the SYK tyrosine kinaaed canonical downstream BCR
signalling events. Adapted from, (Thorley-Lawsoi26).
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1.20 TGFp1 signalling in the GC

TGHB has an apoptosis and anti-proliferative induciagacity and this effect plays a
critical role in the maintenance of B and T lympytes homeostasis including the fate
of B cells in the GC (Schuster and Krieglstein 2002 G, a pleiotropic cytokine,
initiates a signalling cascade by binding and briggogether the membrane bound
receptors, type Il and type | transmembrane sehremnine kinases fRI and TBRII).
The complex is formed of twofRI and PBRII. In addition endoglin and betaglican,
also called accessory receptors, bind F@mh low affinity and present it to thefRI
and BRIl (Shi and Massague 2003). Upon TsHteraction with the highly active
membrane boundfRIl, type | receptor (FRI/ALK5) gets recruited and phosphorylated
at its characteristic SGSGSG sequence (called tBed@nain) which results in the
activation of type | receptor by type Il receptbhe GS domain acts as a Smad binding
site and subsequently the activated form @RT phosphorylates and activates the
receptor regulated Smads (Smad2/3) by its catallgimain. Phosphorylated R-Smad(s)
then undergo hetero-oligomerisation with common &nm&mad4), where they
translocate to and accumulate in the nucleus injugation with DNA binding
transcriptional co-factors and transcriptional ctivators and co-repressors. This
allows for positive or negative regulation of genanscription in a cell-specific and
context-dependent manner (Figure 1-21) (Shi andsktase 2003, Massague 1998).
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Figure 1-21: TGF signalling pathway

TGH3 links to the membrane-bound type-2-receptor antates the kinase function of the
type-2-receptor with subsequent stimulation of kli@se-function of the type-1-receptor. The
so-called receptor-Smad-proteins (Smad 2 and Shdidk3to the receptor complex and are
phosphorylated by the type-1-receptor. The phosphied R-smad-proteins form a complex
with the co-operative Smad 4. This complex is @ablpenetrate the nucleus. Here the activated
R-Smads get recruited to DNA promoters with traipsion factors, transcription co-
activator/co-repressors and control transcriptioncesses. Adapted from, (lkushima and
Miyazono 2011b).

Over the past 30 years, experiments designed &siigate the effect of TBFmediated
responses in human B cell lines based on theiimgrigeir phenotype and their EBV
carrier state have suggested that the phenotygtco$iBL cells from group | toward a
group lll phenotype is consistent with increasesistance to the anti-proliferative and
proapoptotic activities of T@Finduced signalling (Altiok, et al. 1991). The maasm
by which EBV confers TGFresistance has been investigated by many groopssver

it needs to be determined more clearly in a c@létgnd context specific way. Various

mechanisms that have been suggested include;s@)dodown regulation of the TGF
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receptors type I/l and thus inactivation of theHG&ignalling pathway at a very early
stages, (Kumar, et al. 1991, Inman and Allday 208fkuda, Kurosaki and Sairenji
2006) (i) LMP2A inhibits TGPB -mediated apoptosis through activation of the PI3-
K/Akt pathway which results in survival signals ban B cells and epithelial cells
(however this effect was not derived through atteraof expression levels of type |
and type Il TGB1 receptors) (Fukuda and Longnecker 2004), (iii)cantroblasts
isolated from GCs, several of the apoptotic gemgsilated by TGF signalling have
been characterised. These include members of th2 family acting upstream of BAX
and BAK in the intrinsic apoptosis pathway. The hatdsm of action of TGB-in
centroblasts isolated from GCs involves the inductof an apoptotic program by
transcriptional downregulation of the anti-apoptofprotein BCL-X while also
upregulating the proapoptotic BH3-only proteins PAENd Bik. The increase in BH3-
only proteins and the loss of BCL-Xexpression lead to mitochondrial membrane

depolarisation and intrinsic apoptosis (Spenderlandhn 2011, Spender, et al. 2009).
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1.21Vitamin D

la,25-dihydroxy vitamin B (1a,25-(OH}D3), the active form of vitamin D, is a key
player in calcium and bone metabolism, neverthele25(OHYDs;as well has a
physiological role outside its recognized role kelstal homeostasis. Receptors for
1,25(0OH}D3 are present in various immune cells, including aoytes, macrophages
and dendritic cells, as well as T and B lymphocytbas suggesting a role fou,25-
(OH).D3 in both innate and adaptive immune responses (Sh&907, Pan,L. 2010).
Further, immune cells express vitamin D-activamgymes, allowing local conversion
of inactive vitamin D into &,25-(OH}D3 within the immune system (Morgan,J.W.
2000). It has been shown that vitamin D deficieregpecially in early life, increases
the risk of autoimmune diseases later on and isceeged overall with an increased risk
of infections (Handel,A.E. 2010). It has long bé&@own that multiple sclerosis (MS) is
associated with an increased Epstein-Barr virus/)e&roprevalence and high immune
reactivity to EBV and that infectious mononucleosisreases MS risk (Ascherio,A.
2007, Magliozzi,R. 2013). It has been show MS rsskssociated with low vitamin D
status prior to disease (Adams,J.S. 2008).

Most commonly, vitamin B(cholecalciferol) synthesis occurs cutaneousljotaing
ultraviolet irradiation of skin and it can also taken in the diet (Deeb, et al. 2005)
(Figure 1.22). TheCYP27Algene, which encodes mitochondrial and microsorbal 2
hydroxylases (25-OHas¢jaussler, et al. 1998a), hydroxylates cholecaigifen the
liver (Haussler, et al. 1998a) to 25-hydroxycholeifarol [25(OH)D;] which is
subsequently d-hydroxylated in the kidney by mitochondriat-hydroxylase (encoded
by the geneCYP27B)}, leading to the hormonally activen,25-(OH)D3 (calcitriol)
(Haussler, et al. 1998a). There are examples siidispecific regulation of vitaminsD
synthetic enzymes in the literature. The active aielite of vitamin @ (hereafter
1a,25-(OH)D3) functions in an autocrine and paracrine mannerhds significant
implications for vitamin R function and signalling where it contributes toimtaining
plasma calcium and phosphate homeostasis throughrdulation of intestinal
absorption, cell differentiation and maturation, vesll as the innate immune system
(Deeb, Trump and Johnson 2007a, Morris and Ande26dn).
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Figure 1-22: Vitamin D3 metabolism

During exposure to sunlight, 7-dehydrocholesteroltihe skin absorbs solar UVB
radiation and is converted into cholecalciferokgmin Ds). Together with vitamin B
originating from the diet, it enters the circulaticand is metabolised to 25-
hydroxyvitamin 3 [25(OH)D;] in the liver by vitamin D 25-hydroxylase. This tise
form that circulates in the highest concentratiang reflects solar and dietary exposure.
25(0OH)D; re-enters the circulation and is converted inig2%-(OH)}Ds in the kidney
by 25(OH)D»-1-hydroxylase, where it contributes to calcium aptiosphorus
homeostasis as well as modulation of itheate immune system. Adapted from (Deeb,
Trump and Johnson 2007Db).
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Vitamin D; and its activated metabolites are highly lipoghiand are therefore
generally found in circulation bound to vitamin Mding protein (DBP). The main
function of DBP is to transport vitaminsand its metabolites. In addition, it exerts
several other important physiological functionscluding fatty acid transport,
macrophage modulation, osteoclast activation, dremotaxis (Gomme and Bertolini
2004, Meier, et al. 2006, Speeckaert, et al. 200625-(OH)}Ds3, is generally believed
to enter target cells by diffusion and then forroomplex with a cytoplasmic/nuclear
vitamin D receptor (VDR), where it causes trandigal activation and repression of
target genes. The VDR is a member of the sterorthbne receptor superfamily and
regulates gene expression in a ligand-dependenhengiEvans 1988). VDR has been
found in the small intestine, colon, osteoblastsivated T and B cells, pancreatic beta
cells of the islets of Langerhans, brain, hearin,sgonads, prostate and breast cells
(Holick 2004, Morgan, et al. 2000a)a,25-(OH)Ds—VDR-dependent transcriptional
activity is modulated through synergistic liganading and dimerisation with retinoic
X receptor (RXR). The activateda,P5-(OH)Ds—VDR—RXR complex specifically
binds to vitamin D response elements (VDREs) whate composed of two
hexanucleotide repeats interspaced with varyingbmimof nucleotides (for example,
GGTCCA-NNN-GGTCCA, where N is any nucleotide; tidsdenoted DR3), in the
promoter regions of target genes (Carlberg, et18B3) (Figure 1.23). The genes
regulated upon binding with the VDR include thosengs important for calcium
metabolism such as osteocalcin, osteopontin, 2%Belyevitamin D;-24-
hydroxylase enzyme (CYP24A1) and calbindin (Hausgeal. 1998b) and also genes
involved in cellular proliferation and differentiah includingc-myc(Salehi-Tabar, et
al. 2012)c-fos, p21, p2andHoxA10(Nguyen, et al. 2011).
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Figure 1-23: A schematic diagram of the vitamin@signalling pathway.

25(0OH)G;s, binds to DBP, by which it gets transported irfte tell (major pathway),
while 1a,25-(OH}D3 is generally believed to enter target cells byfudibn (minor
pathway). Binding of &,25-(OH}D3; to VDR, results in the heterodimerisation of the
VDR with the retinoid RXR. This complex then bindsthe VDRE specific sequence
and exerts transcriptional activation or represbrihe target genes. Adapted from
(Pierrot-Deseilligny and Souberbielle 2013).
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1.22 Objectives of the study

The modulation of anti- and pro-apoptotic protenysEBV plays a central role in the
overall virus strategy and in the development ofusdassociated malignancies.
Previous work in our laboratory has demonstrated BBV down-regulates the cellular
bik gene in B cells proliferating due to the EBV grbvwrogramme, with a key role for
EBNA-2 in this regulation. Significantly, restorai of Bik expression in LCLs leads to
apoptotic cell death. The down-regulation lwk by EBNA-2 also highlighted the

protective effect of EBNA-2 in EBV-infected cells.

Having established that the cellulaik gene is an important target for down-regulation
by latent EBV genes in the mediation of an incrdasmati-apoptotic threshold of EBV-
infected cells, it was the main focus of the curstndy to

» Establish the mechanism by whibik is induced and regulated in B cell lines
that model the GC in response to the major elinmgasignals involved in GC
hemostasis.

» Define the significance of the loss bik expression to the survival of EBV
negative cell lines in response to induced prograroetl death.

o Clarify the mechanisms by which the EBV growth peogme/EBNA-2
interferes with the signalling pathways which ameolved in the regulation of
this proapoptotic gene.

* Investigate a role for Vitamin {an regulatingoik expression in B cells.

Regulation ofbik by EBV would have implications for the biology BBV, as EBV-
mediated down-regulation of this gene may contaliotthe survival of its host, since
cells similar to LCLs are present in the circulat@nd during primary infection by the
virus (D'Souza, Rowe and Walls 2000). Additionalgystematic studies into the
contribution of bik to cell survival will provide important informatio about both
normal B cell development and potential routes toeB malignancy. The suppression
of bik may contribute to the development of EBV-assodiaetoimmune diseases, for
instance SLE and MS (Magliozzi, et al. 2013, Njlifolf and Minarovits 2008) and B
cell malignancies, such as post-transplant lympbidprative disorders and BL

tumours.
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In summary, this thesis presents the novel findivag EBV down-regulates the cellular
pro-apoptoticbik gene by down-regulating the transcriptional cavatbor, Smad3,
which also acts as the T@ignalling mediator. Significantly, Smad3 knockdown
EBV-negative cell lines coincided with decreasbitk mRNA and Bik protein
expression levels. The EBV latent transcriptioritda&BNA-2 plays a key role and this
down-regulation is independent of the cellular $aiption factor CBF1. Furthermore,
for the first time, thévik gene has been identified to be the target of th25:t(OH)D3
intrinsic apoptotic pathway. Cholecalcitriol inddcéik expression through a PI3K-
dependent pathway. Here, it has been shown thdtikkigene is the common target for
major intrinsic apoptotic pathways in germinal cenB cell models. A broader
knowledge of the role and regulation of thik gene will undoubtedly enhance the
understanding of EBV biology and of EBV associathseases. Collectively, these
findings suggest that modulation difik expression by EBNA-2 through down-
regulation of Smad3 may be a contributory factortie development of EBV-

associated B-lymphomas.
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Chapter 2.
Materials & Methods
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2.1 Biological Materials

2.1.1 Celllines

Table 2-1: Cell lines used in the study

Description

Cell Lines EBV Cell
Status Classification
BJAB - Burkitt-like
lymphoma
cell line
ER/EB 2-5 + LCL
Ramos - Type | BL

BJAB is a B cell derived
from a patient with EBV-
negative African Burkitt's
lymphoma. The cells do not
contain detectable amounts
of EBV DNA, nor do they
express the EBV-determined
nuclear antigen EBNA.
However the cells have the
characteristics of B-type
lymphocytes and  carry
receptors for EBV (Menezes
et al, 1975).

An LCL established by co-
infecting B cells with a 28 kb
mini-EBV plasmid that only
expresses oestrogen-
responsive EBNA-2, together
with the EBV P3HR1 strain
in which its own EBNA-2
gene is deleted (Kempkex
al, 1995a).

EBV negative B Lymphocyte
cell line derived from an
American Burkitt's
Lymphoma patient (DSMZ).

86



The BL-like cell line, BJAB was obtained from Pre$er Martin Rowe, University of

Wales, Cardiff, Wales. The oestrogen-responsividinel ER/EB2-5 was a gift from Dr.
Ursula Zimber-Strobl, GSF-National Research Ceibre Environment and Health,
Munich, Germany. The BL cell line, Ramos (ACC 60&s bought from the Leibniz
Institute DSMZ- German Collection of Microorganisms and Cell CrdguGmbH.

2.1.2 Antibodies used in the study

Table 2-2: Antibodies used in the study

Antibody Name/Code

Description Supplier

Mouse Anti-Human
Bik Clone C33-1
(557040)

Mouse Anti-Bik

Rabbit Anti-Smad3 Ab28379

Mouse Anti-Smad4 Ab3219

Mouse Anti- Mouse Anti-p - Actin
Clone AC-15

B-Actin

Goat Anti-Mouse  Anti-Mouse 1gG (AP)

IgG Alkaline Conjugate S3721
Phosphatase (AP)

Conjugate

Anti-GAPDH (FL-335): sc-25778

Anti-Mouse-HRP  A8924

Anti-RabbitHRP A4914

Monoclonal I1gG raised against BD Biosciences

amino acids 40-114

Rabbit polyclonal IgG to Smad3 - Abcam

ChIP Grade

Mouse monoclonal IgG1 [SMD46 Abcam
(same as DCS-46)] to Smad4 - ChlIP

Grade

Monoclonal 1gG raised againgt Sigma

cytoplasmic actin N-terminal

peptide

Affinity-purified goat anti-mouse  Promega

antibody

Rabbit polyclonal IgG, raised Santa Cruz

against amino acids 1-335 Biotech

representing full length GAPDH of

human origin

A8924 anti-mouse 1gG (whole .
Sigma

molecule) peroxidase conjugate is
an affinity isolated goat polyclonal
antibody and was adsorbed with rat
serum proteins.

Anti-Rabbit 1IgG (whole molecule)-
Peroxidase antibody. Antibody
adsorbed with human serum
proteins.

Sigma
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2.1.3 Bacterial strains used in the study

Table 2-3: Bacterial strains used in the study

Bacterial Strain Genotype

E. coliJM109 endAl, recAl, gyrA96, thi, hsadR17 (i, m¢"), relAl, sug=E44,
A-, A(lac-proAB), [F’, traD36, proA + B + , lacl9 ZAM15]

2.1.4 Expression and Reporter Constructs

Table 2-4: Plasmids used in this study

Plasmid Source Description

pSG5 Stratagene The pSG5 Vector is a eukaryotic
expression vector, harbouring the
SV40 promoter and the ampicillin
resistance gene.

SG5-EBNA-2 Lindsay Spender, pSG5-EBNA-2 expresses the wild
P Ludwig Institute for type EBNA-2 gene (from the EBV
Cancer Research’ Strain 8958) Cloned intO pSGS

Imperial College School (Spender, et al. 2001b).
of Medicine, London.

: pSG5-EBNA-2 WW323SR is
PSG5-EBNA-2 ﬁg);\levzsrgr ?Aﬁ?f; Hopkins identical to pSG5-EBNA-2 except
WW323SR ; that EBNA-2 has had two tryptophan

School of Medicine, ) )
Baltimore, Maryland residues mutated to serine and
21231 UéA arginine residues at positions 323
’ ' and 324 respectively. pSG5-EBNA-2
WW323SR therefore, does not bind

RBP-X/CBF1 (Linget al 1993a).
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Table 2-5: Oligonucleotides used in this Study

Target Primer Sequence

Bik F 5’-ggaggccctagaagaaaagactac-3’
Bik R 5’-ggaacagaggaggtaaagtgtgat-3’
Hesl F 5’-cctcccaggatagctattg-3’

Hesl R 5’-tttgcctgaggacttgaagce-3’
BZLF-1 F 5’-catgcagcagacattcatca-3
BZLF-1 R 5’-gacgaactgaccacaacactaga-3’

All oligonucleotides were synthesised by and olgdifrom MWG-Biotech, Ebersberg,

Germany.
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2.1.5 Bioinformatics software

A number of web-based bioinformatics tools listadrable 2-6 were used routinely in

this study.

Table 2-6: Web-based bioinformatics tools used irhts study

Source Use
BLAST http://www.ncbi.nlm.nih. Comparison of nucleotide or
goVv/BLAST protein sequences to GenBank

sequence database. Statistical
significance of matches
calculated.

BioSeq File Format http://bioinformatics.org/ Conversion of nucleotide

converter JaMBW/1/2/index.html  sequences to other formats
including FASTA and
GenBank.

NEBcutter V2.0 http://tools.neb.com/NEB Identification of restriction
cutter2/index.php enzyme sites along a DNA
sequence, and prediction of
fragment sizes.

NetPrimerLaunch  http://www.premierbiosof Primer analysis software for
t.com/netprimer/netprlau prediction of primer properties
nch/netprlaunch.html including, Tn, GC content,

probability of primer-
dimer/hairpin formation.

TESS http://dot.imgen.bcm.tmc. Nucleic Acid Sequence
edu/ Searches, to identify putative
transcription factor binding
sites.
Translate tool http://www.expasy.org/to Translation of a nucleotide
ols/dna.html (DNA/RNA) sequence to a

protein sequence.
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2.1.6 Chemical and Molecular Biology Reagents

Table 2-7: Chemical and molecular biology reagentssed in this study

Supplier Product/Code

Abcam ChIP kit (ab500), Mouse IgG1, Rabbit Control IgG -
ChIP Grade (ab46540), Smad3 antibody-ChIP Grade
(ab28379), Smad4 antibody [SMD46 (same as DCS-
46)] - ChIP Grade (ab3219).

Amersham Rainbow Molecular Weight Markers (RPN800).

Amaxa GmBH Cell Line Nucleofector Kit T (VCA-1002), Kit V

Applied Biosystems

ASP

BD Biosciences

BDH

Bioline

Biosciences

Cambridge Biosciences

(VCA-1003).

Bcl-2-interacting killer (apoptosis-inducing) Assay
(Hs00154189 m1l), Silencer® Negative Control # 1
siRNA (5 nM) (AM4611), Silencer®BIK, si1989 1
siRNA (5 nM) (4390824), Silencer®BIK, si1990 1
siRNA (5 nM) (4390824), TagMan(R) Gene
Expression Assays, Inventoried Assay ID:
Hs99999905 m1 GAPDH, Custom Silencer® Select
Smad3 57 and Smad3 56 (5 nM) (4390827).

Presept Disinfectant Tablets (SPR25).

Annexin V-PE kit code 559763, FACS flow
(342003). Bik, Purified Mouse Anti-Human Bik, 0.5
mg/ (557040).

Bromophenol blue (44385), EDTA (280254D),
Glycine (444495D), Hydrochloric acid (28507BF),
Isopropanol (296946H), Methanol (29192BL),
Nitrocellulose membrane (436107E), Sucrose
(102745C).

SensiMix Probe One-Step Kit 250 rxns QT725-02,
SensiMix SYBR no ROX One step kit 250rxn
QT235-02.

Bis-AcrylaGel (EC-820), HiYield Gel/PCR DNA
Fragment Extraction Kit (YDF100). PBS 1X (1490-
094), RPMI 1640 Glutamax (61870-010).

Goat F(ab")2 anti-human 1g822-01).***
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Eppendorf

Fermentas

Invitrogen

Labkem
Labscan
Lennox Chemicals

Merck

Msc: Medical supply Co Itd

Mirus

National diagnostics

Millipore

Oxoid

Pierce

Promega

Perfectprep Gel Cleanup (955152000).

GeneRuler 100bp DNA Ladder Plus (SM0323),
GeneRuler 1kb DNA Ladder Plus (SM1333),
PageRuler Plus Prestained Protein Ladder (SM1811),
ProteoJET mammalian cell lysis reagent (K0301),
ProteoJET cytoplasmic and nuclear protein extractio
kit (KO311), Restriction enzymes.

1 Kb DNA ladder (15615-016), 100 bp DNA ladder

(15628-019), Foetal calf serum (10270-106), HEPES
(15630-056), Glutamax 1640 (61870-010), RPMI

1640 (31870-025), Trypan blue (15250-061), SYBR
Gold Nucleic Acid Gel Stain (S11494), SYBR Safe

DNA Gel Stain (S33102).

Nitrocellulose Membrane (436107E).
Chloroform (A3505E).
IMS (B0982).

Calcium chloride (23821000), Magnesium chloride
(1058321000), Potassium Hydroxide (50321000).

MMLVR (M1701), Rnasin (N2111), Anti-Mouse IgG
(H+L), AP Conjugate (S3721).

Ingenio™ Electroporation Kits & Solution 0.2 cm
cuvette, for 50 reactions (MIR 50115).

Acrylagel (EC810), Bis-acrgh(EC820).

Amicon Ultrafilter (UFC8 00508), Immobilon

Western Chemiluminescent HRP Substrate
(WBKLSOO50), SNAP i.d. Antibody collection trays
(WBAVDABTR), SNAP i.d. Double well blot

holders (WBAVDBHO02), Transforming Growth

Factorfl, recombinant human (GF111).*

Agar (L13), PBS tablets (BR14), Tryptone (L42),
Yeast extract (L21).

SuperSignal® West Pico Chemiluminescent Substrate
(34080).

dNTPs (U1330), Magnesium chloride 25mM
(A3511), M-MLYV reverse transcriptase & RT buffer
(M1701), RNasin (N2111), Wizafd®CR Preps DNA
purification system (A7170), CellTiter 96® Aqueous
One solution Cell Proliferation Assay
(MTS)(G35882).
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Roche Leupeptin (1017128).

Qiagen EndoFree Plasmid Max kit (12362), QiafePlasmid
Purification Kit (12143), Quantite¢t! SYBR® Green
PCR Kit (204143).

Santa Cruz Biotechnology Anti-Rabbit IgG, HRP Conjugate (sc-2030), stored in
4°C.

Sigma-Aldrich Chemical Co.3M sodium acetate, pH5.2 (S7899), Agarose
(A5093), Albumin from bovine serum (A7906-50G),
Ampicillin (A9518), Aprotinin (A4529), Ammonium
Persulfate (215589), Bovine serum albumin (A96¢
Copper (Il) Sulphate pentahydrate (31293), DEPC
(D5758), DMSO (D8779),p-oestradiol (E8875)
Glucose (G7528), Glycerol (G5516), L-glutamine
(G7513), Manganese Chloride (M3634),
Penicillin/streptomycin  (P0781), PMSF (P7626),
Ponceau S (P7170), Potassium chloride (P4504),
potassium phosphate monobasic (p5655) Puromycin
(P8833), RNase A (R6513), RNAZap (R2020),
Sodium chloride (S3014), Sodium hydroxide (S5881),
Sodium phosphate (S5136), Tetracycline (T7660),
TEMED (T7024), Tri Reagent (T9424), 3,3',5,5-
Tetramethylbenzidine (TMB) (T0565), Triton® X-
100 (T8787), Trizma® Base (T1503), Tween 20
(P1379), Water (Molecular Grade) (W4502), Mouse
Anti-B-Actin A1978, Sodium Citrate (S1804). Phenol:
chloroform: isoamyl alcohol (25:24:1) (P3803),
1a,25-Dihydroxyvitamin D3 10 uG (D1530)**.

Transforming Growth Factdil, recombinant human

VWR International limited (514-4131)

" Lyophilised human recombinant transforming Growthcter$l (TGFB1) was
centrifuged prior to opening and reconstituted iatew at a concentration of 0.1-1.0
mg/mL, and stored at -20°C to -80°C.

” The lyophilised powder of cholecalciferolo(25-Dihydroxyvitamin D3 10 pg) was
centrifuged prior to opening and reconstituted % ethanol at a concentration of 10
1M, and stored at -80°C.

™ Anti-IgM antibody was stored at 4°C.
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2.2 DNA Manipulation*

2.2.4 DNA Storage

DNA samples were stored in Tris-EDTA (TE) buffeH(8.0) at 4°C. EDTA was used
to chelate heavy metal ions that are needed forsBNativity while storage at pH 8.0
minimises deamidation. DNA was also stored inilsteéiistilled HO (dH,0) at -20°C.

2.2.2 Phenol/chloroform extraction and ethanol precipitaton

The standard method to concentrate nucleic acigkemmremove proteins or change
the buffers in which a sample was dissolved is enplichloroform extraction followed
by ethanol precipitation. DNA partitions into thgugous phase, denatured proteins
collect at the interface and lipids partition irttee organic phase. Nucleic acids are
routinely recovered from aqueous solutions usitguedl precipitation in the presence
of sodium acetate. An equal volume of phenol/chtmra/isoamyl alcohol (25:24:1)
was added to the DNA solution, mixed by vortexing aentrifuged for 5 min at 13,000
X g at room temperature. The upper agueous phaseemoved, avoiding any material
at the interphase, and placed in a sterile micefiigbe. An equal volume of
chloroform/isoamyl alcohol (24:1) was added to #tpeous phase (to remove any
residual phenol), vortexed as before, and cengidufpr 5 min at 13,000 x g at room
temperature. Again the upper aqueous phase wasveehto a fresh tube. One-tenth
volume of 3 M sodium acetate (pH 5.2) was addedhto solution of DNA to aid
precipitation, mixed and followed by 2 and a hafumes of 100 % (v/v) ethanol. This
mixture was vortexed and incubated at -20°C forigimum of 20 min. When dealing
with very small quantities of DNA, samples were gipéated in ethanol at -2Q
overnight. The DNA samples were then centrifuged2fdbmin at 12,000 x g at 4°C, the
supernatant was removed and pellets were wash&d3@@ul 70 % (v/v) ethanol to
remove excess salts. The tube was centrifugel fom at 10,000 x g, the supernatant
was removed and pellets were air dried for appraxgty 10 min. Pellets were re-
suspended in an appropriate volume of sterile THE&®) or dHO and were stored at
4°C or -20°C respectively (Chomczynski,P. 1987).

" Preparations of all solutions used in DNA manifiataare outlined in the Appendix.

94



2.2.3 Restriction digestion of DNA

Restriction enzymes bind and cleave double-strami¥A at specific sites within or
adjacent to a particular sequence, which is knos/itha recognition site. Restriction
digestion of DNA was carried out for identificatiparposes, plasmid linearization or to
excise fragments from plasmid DNA. Restriction @i patterns were predicted for
DNA sequences using the NEBCutter or the WebC&i@bioinformatics tool (Table
2-6). All restriction enzymes used were suppliedthwincubation buffers at a
concentration of 10X (working concentration 1X).n8enzymes required the addition
of Bovine Serum Albumin (BSA) to the reaction talstize the enzyme, (working
concentration 1X). DNA digestion reactions were f@ened according to
manufacturer’s instructions (New England Biolabsid ancubated for 3 h at the
optimum enzyme temperature (between 37°C and a8@lly 37°C).

2.2.4 Preparation of competent cells

Competence is the ability of a cell to take up @setlular DNA from its environment.
E. coli cells are more likely to incorporate foreign DNfAthe cultures are treated to
make them transiently permeable to DNA. In thisardga modified rubidium chloride
(RbChL) method was employed to prepare competent déllxoli IM109 cells were

streaked from a glycerol stock on to a Luria-Bert@mB) (Appendix) agar plate and
incubated at 37°C overnight. An isolated colony when picked using a sterile
inoculating loop and used to inoculate 2.5 mL of hith, which was incubated at
37°C in a shaking incubator at 200 rpm overnighthisTculture was then used to
inoculate 250 mL of sterile LB broth supplementathv20 mM MgSQ. The 250 mL

culture was incubated in a 1 L flask at 37°C uthié optical density (O.D.) of the
culture was between 0.4 and 0.8, at 640 nm (apprately 4-5 h). The cells were then
transferred to two sterile 250 mL centrifuge tulaesl collected by centrifugation at
4,500 x g, 4°C for 5 min. The cells were then gergtsuspended in 0.4 of their original
volume in ice-cold TFB1 (Appendix) (100 mL for 286L culture). Cells were kept on
ice for all subsequent steps and pipettes, tubeks flasks were chilled. The re-
suspended cells were then incubated on ice ate¥’6 Mmin followed by centrifugation
at 4,500 x g at 4°C for 5 min. Cells were then bemt-suspended in 1/25th of the
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original volume of ice-cold TFB2 (Appendix) (10 nidr a 250 mL culture). These cells
were then dispensed into 100 aliquots and incubated on ice for 1 h. Priostorage,
the aliquoted cells were snap frozen in a dry soptopanol bathE. coli JIM109
competent cells prepared by this method and statee80°C are stable for 1 year
(Sambrook J, Russell DW 2001).

2.2.5 Transformation of E. coli with plasmid DNA

A 95 uL aliquot of competent cells was placed in a priéladh microfuge tube
containing 5uL DNA (~100 ng/10uL). The contents of the tube were mixed gently by
flicking and incubated on ice for 30 min, duringiaitime an aliquot of SOC medium
(Appendix) was pre-heated to 37°C. After 30 mini@nthe cells were heat-shocked in
a water bath at 42°C for 55-65 s, and were therovechimmediately to ice for a further
2 min. A 900uL aliquot of preheated SOC was added to the celichwwere then
incubated at 37°C in a shaking incubator for 1 m80. The cells were then collected
by centrifugation for 3 min at 6,000 x g, followinvghich 900uL of supernatant was
removed and discarded. The cells were re-suspenddé remaining supernatant and
plated out, along with the controls, on LB platestaining antibiotic at the appropriate
concentration, and incubated overnight at 37°C.smids carrying the antibiotic
resistance gene confer this resistance to theftnaned cells and thus only transformed
cells will yield colonies. These colonies were seently used to prepare broth
cultures for DNA mini-preparations (Sambrook J, salisDW 2001).

2.2.6 Small scale preparation of plasmid DNA (Miniprep)

A single bacterial colony was used to inoculate 5 @h LB medium containing the
appropriate antibiotic and incubated with shaki2§Q( rpm) overnight at 37°C. An
aliquot (1.5 mL) of this culture was transferred @osterile microfuge tube and
centrifuged for 30 s at room temperature; the redei was stored at 4°C. The
supernatant was removed from the tube using atpipiet leaving the cells as dry as
possible. The cells were then re-suspended in {@l0®f solution | (Appendix) by

vortexing. Two hundred microlitres of freshly prepé lysis solution [solution I
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(Appendix)] was then added, and the tube contemt® wnixed by inverting the tube
rapidly a number of times. Ice-cold neutralisatgmiution 111 (150uL; Appendix) was
added to stop the reaction and the tubes werexeattgently for 10 s. The lysate was
centrifuged for 5 min at 12,000 x g, and the sugtmt was transferred to a fresh tube,
taking care not to carry over any of the white ppieéate. A phenol chloroform
extraction and ethanol precipitation was carriet asidescribed previously in Section
2.2.2. The pellet was air-dried, then re-suspende&td puL of dH,O. One microlitre of
DNase-free RNase A (2Qg/mL) was also added, and the mixture was vortexed,
incubated at 37°C for 1 h and then stored at 4°@pted from Maniatist al 1982).

2.2.7 Glycerol Stocks

Glycerol stocks enable long term storage of baatesince glycerol prevents water in
the broth from forming ice crystals that can puretand kill the bacterial cells.
Glycerol stocks of bacterial cultures were prepdrgdadding 0.5 mL of a 50% (v/v)
glycerol solution to 0.5 mL of the overnight badaeérculture of interest, mixing and

storing at -80°C for future use.

2.2.8 Qiagen® plasmid DNA purification protocol (Midiprep)

Plasmid DNA was isolated and purified using the g@i& Plasmid Midi Kit. The
process of plasmid isolation involves the lysidha cells by a treatment with lysozyme
followed by SDS which denatures proteins after lygs of the membranes. The
precipitation of the SDS-protein complex with higtolarity salt specifically subtracts
the chromosomal DNA from the supernatant, sincereinains attached to the
mesosome. A glycerol stock of the bacteria of ggewas streaked on an LB agar plate
(containing the appropriate antibiotic) and inceldabvernight at 37°C. An isolated
colony from this plate was used to inoculate a 5starter culture (with the appropriate
antibiotic) and incubated in a shaking incubata22& rpm 37°C for 8 h. 106L of the
starter culture was used to inoculate 50 mL of t&nfaining the appropriate antibiotic)
in a 250 mL sterile flask and incubated overnigh&ishaking incubator at 37°C. It was
important that the O.D. of the culture was betw&eand 1.5 at 600 nm. The bacterial
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culture was transferred to a centrifuge tube amdhbicterial cells were harvested by
centrifugation at 6,000 x g for 15 min at 4°C usiagJA-20 rotor in a Beckman
centrifuge. The supernatant was decanted andeliewere re-suspended completely
in 4 mL of Buffer P1 containing RNase A (1Q@/mL). The bacterial cells were then
lysed by addition of 4 mL Buffer P2 and incubatianroom temperature for 5 min.
Following incubation, 4 mL of pre-chilled Buffer R&as added (to precipitate genomic
DNA, protein, cell debris and SDS), mixed gentlyibyerting the tube 5-6 times and
incubated on ice for 15 min. The mixture was tbentrifuged for 1 h 30 min at 16,000
X g at 4°C and the supernatant saved. The QiagelB was equilibrated by applying
4 mL of QBT buffer and allowing the column to empty gravity. The column does not
dry out at this stage, as the flow of buffer witbis when the buffer reaches the upper
filter. Following equilibration, the supernatambrih the previous centrifugation step
was applied to the filter and allowed to flow thgbu The Qiagen-tip was washed with
2 x 10 mL of Buffer QC. DNA was then eluted withnl. of Buffer QF. DNA was
precipitated by adding 0.7 volumes of room-tempeggat isopropanol. The
DNA/isopropanol mixture was then aliquoted and dkrged immediately at 13,000 x
g for 45 min at 4°C and the supernatant was cdyefaimoved using pipettes. The
resulting pellet was washed with 70% (v/v) etha(i8,000 x g for 15 min at 4°C),
allowed to air dry for 5 min and re-dissolved inj@0of TE or dHO. DNA was then
quantified by spectrophotometric analysis, andghality of the DNA was checked by
agarose gel electrophoresis (Adapted from the naaturfes protocol Qiag&rPlasmid
Purification Handbook, 2005).

2.2.9 Qiagen® EndoFree plasmid purification protocol (Maxprep)

Endotoxins are frequent contaminants in plasmid Di¥épared from bacteria. In order
to improve transfection efficiency, endotoxin-frgéasmid DNA was isolated and
purified using the QiagénEndoFree Plasmid Midi Kit from Promega accordiaghe
manufacturers protocol (EndoFfeBlasmid Purification Handbook, 2005). Endotoxin-
free DNA was then quantified by spectrophotomeamalysis, and the quality of the

DNA was checked by agarose gel electrophoresis.
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2.2.10 Determination of Nucleic Acid Sample Concentration

The concentration of isolated nucleic acids cardétermined spectrophotometrically.
Nucleic acids absorb UV light maximally at an abtssmce of 260nm, thus optical
absorbance can be used as an accurate measurdrisrdomcentration. Pure DNA at
50 ug/mL in aqueous solution has ansfof 1, while 40ug/mL of pure RNA also has
an absorbance reading of 1 at this wavelength. mlasce is also useful as a measure
of the purity of DNA. The ratio of AdA2s0 of a pure dsDNA preparation should be
between 1.65 and 1.85. Higher values are oftentall®NA contamination and lower
values to protein and phenol contamination. PUXARNd RNA have AgoA2sratios

of 1.8 and 2.0 respectively. Absorbances were readthe Shimadzu UV-160A
spectrophotometer using a quartz cuvette and muckeid concentrations were
determined according to the following equations:

Concentration of DNAKg/uL) = Absorbance (260 nm) x 50 x dilution factor
1000
Concentration of RNAW(g/uL) = Absorbance (260 nm) x 40 x dilution factor
1000

The NanoDrofS ND-1000 Spectrophotometer was also used to determicleic acid
sample concentrations. An undilutedill sample was pipetted onto the end of a fibre
optic cable (the receiving fibre). A second fibiaio cable (the source fibre) was then
brought into contact with the liquid sample, cagdime liquid to bridge the gap between
the fibre optic ends. (The gap is controlled tohbtdtmm and 0.2 mm paths by the
computer). A pulsed xenon flash lamp provided tpltlsource and a spectrometer was
used to analyse the light after passing throughs#imple. The instrument is controlled

by special software run from a PC, and the dataleggged in an archive file on the PC.
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2.2.11 Agarose gel electrophoresis of DNA

DNA has a negative charge in solution, and the rntadm of this charge is relative to
the DNA fragment length. DNA will migrate to thegve pole in an electric field and
thus DNA fragments can be separated based on gipadsing through a porous gel
under an electrical current. This is the basisafyairose gel electrophoresis and it is the
standard method used to separate, identify, anflyddNA fragments. The appropriate
guantity of agarose was added to 100 mL 1X TAE diuffased on the percentage
agarose gel required. Increasing the percentages®mdl.8-2.0%) in the gel was
generally used to improve resolution of smaller DIKAgments while separation of
larger DNA molecules was best achieved by usingetopercentage gels (0.7-1.0%).
The agarose was completely dissolved by boilingh vintermittent mixing and after
sufficient cooling (~60°C) the gel was cast intoe ttHybaid horizontal gel
electrophoresis system. A comb was inserted fondtion of the wells. The gel was
left to polymerise before filling the chamber witiX TAE and removing the comb.
Sample buffer, containing bromophenol blue as aking marker (Appendix), was
added to each sample before loading up tal2@f the sample containing the nucleic
acid per well. DNA sample buffer was also adde8@0 ng of a 1 Kb or 100 bp ladder,
which was loaded as a size marker. The gel wasatutonstant voltage (5 V/cm,
usually 100V), for 1 to 2 h. After completion, tgel was stained in ethidium bromide
(0.5 mg/mL) for 30 min, destained in ¢Bl for 15 min and viewed under UV
illumination (Sambrook J, Russell DW 2001).

2.2.12 Eppendorf Perfectprep® Gel Cleanup

Extraction and purification of dsDNA fragments froPAE agarose gels was achieved
using the Eppendorf PerfectpfepGel Cleanup kit following the manufacturers’
protocol (PerfectprépGel Cleanup Manual, 2002). The purified DNA wasted in 30

uL of molecular biology grade water and stored &t df -20°C.
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2.2.13 DNA Sequencing

Sequencing of plasmid DNA was performed to endoueentucleic acid fidelity and ‘in-
frame’ insertion of DNA fragments following cloning?lasmid DNA as prepared in
Section 1 was quantified (Section 1) and ig2(typically 1-2uL) was transferred to a
sterile 1.5 mL microfuge tube. The DNA was lyopdell in a Savant DNA110 speed
vac on the low heat setting for 15-20 min or uthié solvent had evaporated. The
lyophilised DNA was sent to MWG-Biotech, Ebersbefgermany for sequencing.
Sequencing forward and reverse primers were suppdie MWG-Biotech for most
commercially available cloning systems. In the abseof existing sequencing primers
(as in the case of the pRTS-1 vectors), a forwada reverse primer was designed
and purchased and 100 pmol of primer was transfdoe sterile microfuge tube and
sent with each sequencing reaction to MWG-Biot&gquencing results were obtained

electronically as linear nucleotide sequences.
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2.3 Cell Culture Methods

All cell culture techniques were performed in arieenvironment using a Holten
laminar flow cabinet. Cells were visualised with @&ympus CK2 inverted phase

contrast microscope.

2.3.1 Culture of cells in suspension

All media compositions and media supplements avergin the Appendix. The cell
lines BJAB, ER/EB 2-5, and Ramos were maintainedmMI 1640 supplemented with
10% foetal bovine serum (FBS), 2 mM L-glutamineQ 1@/mL streptomycin and 100
U/mL penicillin. Cultures were seeded at a densftg x 10to5 x 10 cells per mL in

25 cnf flasks and expanded in 75¢ftasks. Cells were sub-cultured two or three times
per week by harvesting the cells into a sterilerfeige tube and centrifuging at 1000 x
g for 5 min at room temperature. The cells weretlgere-suspended in a suitable
volume of fresh supplemented media and replacedtiv tissue culture flask. All cell
lines were incubated in a humid 5% £fmosphere at 37°C in a Heraeus cell culture

incubator.

2.3.2 Media supplements

Supplements were added to the growth media ofinettl lines either to select cells
containing transfected plasmids, activate the fonébr induce expression of a gene of
interest or to improve cellular proliferation. Tlestrogen-responsive ER/EB2-5 cell
line was maintained in supplemented medium comgidiuM oestrogen. To abolish
functional EBNA-2 activity, ER/EB2-5 cells were vesl 4 times in PBS, with a

further 2 washes 24 h later and replaced in estréige supplemented medium.
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2.3.3 Cell counts

Cell counts were carried out using an improved Nee@b haemocytometer slide.
Trypan blue exclusion dye was used to establishveability. A volume of 10uL of
trypan blue was added to 9 of a cell suspension and mixed. A sample of this
mixture was added to the counting chamber of themuzytometer and cells were
visualised by light microscopy. Viable cells exahddthe dye and remained clear while
dead cells stained blue. Cell numbers were detewinoy multiplying the average cell
count (of 3-5 individual counts) by the dilutionctar (usually 1.1) and again by the
volume of the haemocytometer chamber (1 £ délls/mL). Thus, cell counts were

expressed as the number of cells per mL.

2.3.4 Cell storage and recovery

In order to prepare stocks of suspension cellsddog-term storage, 1 x i@ells in
exponential phase were centrifuged, the excessaweal discarded and the cells were
re-suspended in 750 of supplemented RPMI to which 150 of FBS was added, and
then placed on ice for 10 min. DMSO was added fioa concentration of 10% (v/v),
mixed gently and transferred to a sterile cryotubethe case of adherent cells, one
confluent 75 criflask of cells was used per cell stock. Adheretisseere washed with
1X PBS, followed by trypsinisation and re-suspenoheflOOuL of FBS and 10QuL of
DMSO. The cells were mixed gently and added toeailstcryotube. The cryotubes
were slowly lowered into the gas phase of liquitagen and then immersed in liquid
nitrogen in a cryofreezer (Cooper Cryoservices)llsCeere recovered from liquid
nitrogen by thawing rapidly at 37°C and transfagrito a sterile centrifuge tube
containing 5 mL of pre-warmed supplemented medie dells were centrifuged at 100
x g for 5 min, then re-suspended in 5-10 mL oftirespplemented media, transferred to
a culture flask and incubated at 37°C in 5%,CO
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2.4 Transient transfections

Transient transfection of cells was performed lecebporation or nucleofection. In all
cases, cells were seeded at a density of 2-5°xp&0 mL of media 24 h prior to
transfection. After this time in culture, cells wertounted again as it was essential for
cell numbers to have almost doubled before begintie transfection, thus ensuring
that cell growth was in logarithmic phase, allowifty optimal DNA uptake during

transfection. The same quantity of total DNA wasduper transfection.

2.4.1 Electroporation of B lymphocytes

Transfection of Ramos and BJAB cell lines was edriout by electroporation. During
the electroporation method of transfection, theliappon of brief high voltage electric
pulses to the cells leads to the formation of nastoersized pores in the plasma
membrane. DNA is taken directly into the cell cyagm either through these pores or
as a consequence of redistribution of membrane ooemis that accompanies the
closure of the pores. Total DNA (10-2@ per transfection) dissolved in 30 TE
buffer (pH 8.0) was transferred into a sterile gtguoration cuvette. A total of 1 x 10
cells were used per transfection. Cells were degegd at 100 x g for 5 min and the
supernatant discarded. The cells were then washB&8$, centrifuged at 100 x g for 5
min and the supernatant again discarded. For eachdl cells, 220uL of serum-free
media was used for re-suspension and the cellsfénaed to the DNA-containing
electroporation cuvettes. The cell/DNA mix was ipated at room temperature for 5
min. Each cellDNA mix was then pulsed at 220-250BJAB, 250 V and Ramos 220
V) with a capacitance of 960F (using a capacitance extender) and resistance set
infinity using a Biorad Gene Pulser. Immediatelieatlectroporation the cuvettes were
placed on ice until the cel/DNA mix was transferiato 5 mL supplemented media in
a 6 well dish, and the contents were mixed by gewitking back and forth. Care was
taken to ensure that cells were stored no longam 0D min after electroporation to
avoid reduction in cell viability/gene transfer ieiéncy. Transfected cells were
harvested 48 h later.
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2.4.2 Nucleofection of B lymphocytes

The Nucleofector technology is based on electrdpmralt consists of the Nucleofector
device Il (Amaxa), which delivers a cell-specifionabination of electrical parameters,
and Nucleofector Solutions, in which the cells ematained while the unique electrical
program is executed. Optimised conditions for nofeletion of BJAB cells yielded
higher percentage transfection efficiency, when garad to cells transfected using the
electroporation technique and Ingenio transfectoiffer. The Nucleofector solution
specific to the particular cell line under inveatign (Solution T/V for BJAB/IB4) was
pre-warmed to room temperature and 50 mL of supphéed media was pre-warmed to
37°C. Supplemented medium (2 mL) was aliquotedtimoappropriate number of wells
of a 6 well plate and pre-incubated at 37°C/5%/@@midified atmosphere. A total of
~7 ug DNA was prepared in sterile 1.5 mL microfuge wlb@ each sample. For each
transfection, 2.5 x FqIB4)/ 5 x 16 (BJAB) cells were collected by centrifugation &t 9
x g for 10 min and the supernatant was discardaetptiely so that no residual medium
remained. The cells were resuspended in room-teatyer solution in question to a
final concentration of 5 x £0/100 uL (BJAB). Care was taken to ensure cells were
stored in Nucleofector solution for no longer thE®m min to avoid reduction in cell
viability/gene transfer efficiency. A volume of 1QQ of cell suspension was mixed
with the DNA and the nucleofection sample was tiemed to an Amaxa-certified
cuvette, taking care to avoid bubbles. The cuvetss placed in the nucleofection
chamber and pulsed on program T-016 (BJAB) or O{R&mos). Immediately after
this, 500uL of pre-warmed medium was added to the cuvette. ddntents were then
gently transferred to the prepared 6-well plateégehgently and incubated at 37°C 5%
CO, humidified atmosphere until cells were harvest@drémetes used here are
obtained from Lonza's Optimized Protocols for thmakxa™Nucleofector™
Technology). Electroporation conditions were optied using a protocols on the Gene

Pulser MXcell electroporation system (Bio-Rad).
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2.5 Flow cytometric analysis

Flow cytometry may be defined as a technology t@suee properties of cells as they
move, or flow, in liquid suspension. Most flow cgieters can measure two kinds of
light from cells, light scatter and fluorescencéght scatter is the interaction of light
and matter. All materials, including cells, willagter light. In the flow cytometer, light
scatter detectors are located opposite the laskti(re to the cell), and to one side of
the laser, in-line with the fluid-flow/laser beamigrsection. The measurements made
by these detectors are called forward light scatet side light scatter, respectively.
Forward light scatter provides information on tredative size of individual cells,
whereas side light scatter provides informatiortlenrelative granularity of individual
cells. Fluorescence is the property of a molecoaleabsorb light of a particular
wavelength and re-emit light of a longer wavelengthe wavelength change relates to
an energy loss that takes place during the procBEs. FACSCalibur and BD
FACSAria-Il cell sorter instruments were used fbege experiments and FLOWJO
version 7.6.5 was used for fcs raw data analysie@Ading to BD Biosciences technical
book).

2.5.1 Annexin V/ vital dye staining

In normal live cells, phosphatidyl serine (PS)asdted on the cytoplasmic surface of
the cell membrane. However, in apoptotic cellsjdBanslocated from the inner to the
outer leaflet of the plasma membrane, thus exposifgto the external cellular
environment. The human anticoagulant, Annexin-Vai85-36 kDa Ca-dependent
phospholipid-binding protein that has a high affirfor PS and can be used to identify
apoptotic cells by binding to PS. Fluorescent dpes$ bind to nucleotides and penetrate
only damaged cellular membranes were used (vitat)Xyintercalation complexes are
formed by propidium iodide or 7-amino-actinomycinAAD) with double-stranded

DNA, which affects amplification of the fluorescenc
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2.5.2 AnnexinV-PE/7AAD

The Annexin-PE Apoptosis Detection Kit (Becton Drdon) contains recombinant
Annexin-V conjugated to the fluorochrome, phycoernyt (PE) and the vital dye
7AAD. Viable cells with intact membranes excludeAT# whereas the membranes of
dead and damaged cells are permeable to 7AAD. @eltsstain positive for Annexin-
V-PE and negative for 7AAD are undergoing apoptoSiells that stain positive for
both Annexin-V-PE and 7AAD are either in the enagst of apoptosis, are undergoing
necrosis, or are already dead. Cells that stairativegfor both Annexin-V-PE and
7AAD are alive and not undergoing measurable aigté-or experiments performed
here apoptotic cells include the sum of the cellghe upper right and lower right
quadrants of flow cytometry plot of Annexin-V-PE V&AD. To perform the assay,
cells were harvested and washed twice in ice-c88.P he cells were re-suspended in
1X Annexin-binding buffer at a concentration of x L& cells/mL. A volume of FiL

of Annexin-V-PE solution and L of 7AAD solution was added to 1Q@ of cell
suspension. The cells were incubated at room teatyer for 15 min in the dark and
400 uL of 1X Annexin-binding buffer was then added ahd samples were analysed
within 1 h by flow cytometry (According to the BDidsciences Apoptosis assay kit as
outlined in the product technical data sheet).

2.5.3 Cell Viability Determination using MTS Assay

An MTS assay was performed according to manufactuiestructions (Promega). The
principle behind this assay is that the MTS compb[8:(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoyxphenyl)-2-(4-sulfophenyl)-2H tewhum, inner salt] is provided to
cells for a fixed amount of time. The compoundeduced to formazan by live cells at a
rate proportional to the number of cells preseiite Tormazan can be detectiey its
absorbance at 495 nm. Changes in cell viability ldooe detectable by changes in

absorbance detection at 495 nm.
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2.6 RNA Analysis

2.6.1 RNase-free environment

Because RNA is easily degraded by ubiquitous RNase@smdard procedures were
employed to avoid this potential hazard (Sambrebkl 1989). Prior to working with
RNA, any apparatus or surfaces to be used werdette®m remove RNase. The
apparatus/surface was washed in detergent andinmsiéin DEPC-treated 0 then in
100% (v/v) ethanol and finally allowed to air dAny apparatus to be used were also
immersed in a 3% (v/v) solution of hydrogen perex{@igma-Aldrich) for 15 min, and
were then rinsed thoroughly in DEPC-treated #(ptdand allowed to dry. Because hands
are a major source of RNase contamination, glove® wsed at all times and changed

frequently.

2.6.2 RNA analysis by gel electrophoresis

In order to examine RNA transcripts/ascertain thtegrity of RNA, isolated samples
were run on 1.5% (w/v) agarose gels. The apprapdatount of agarose was dissolved
in DEPC-treated KD and prepared according to Section 2.2.13 The Ramples (1
puL) were prepared for electrophoresis by addingul3 of RNA sample buffer
(Appendix) and made up to 1% in DEPC-treated bD. The samples were heated to 65
°C for 10 min prior to loading on the gel. The g&ls run in 1X TAE as described in
Section 2.2.13. As ethidium bromide is includedha RNA sample buffer, the gels did

not require further staining and could be visuaideectly on a UV trans-illuminator.

2.6.3 RNA extraction from cultured cells

Prior to RNA isolation, the condition of cells wasviewed by phase contrast

microscopy. A cell count was performed as desdriheéSection 2.3.3.

108



2.6.4 RNA extraction using Tri-reagent

Cells grown in suspension were centrifuged at 1@0far 5 min, washed once in PBS
and the cells were lysed by repeat pipetting inReagent (Sigma-Aldrich). A volume
of 1 mL of Tri reagent was used per 1 X t0ltured cells. The lysate was left at room
temperature for 5 min, after which time the procedoould be halted by storing
samples at —80 °C. Phase separation was achievaddiyg 20QuL of chloroform per

1 mL of lysate. The samples were covered and shgé&etty but thoroughly for 15 s or
until completely emulsified. Samples were incubaaé room temperature for 15 min.
The resulting mixture was centrifuged at 13,000 Xog 20 min at 4 °C. During
centrifugation, the mixture separated into a lowedl, phenol-chloroform phase, an
interphase and a colourless upper aqueous phaseadileous phase, which contained
the RNA, was removed to a fresh tube and RNA wasipitated by addition of 500L

of ice-cold isopropanol per mL of Tri reagent usedially. The samples were
incubated for 10 min on ice and then centrifuge@3000 x g for 15 min at 4 °C. The
resulting RNA pellet was washed using 1 mL of 759%)(ethanol by inverting the tube
5 times. The pellets were then centrifuged atA®0g for 5 min at 4 °C, and the 75%
(v/v) ethanol was aspirated. Pellets were airddiaad dissolved in DEPC-treated
upHO. The resulting RNA preparation was heated a€60id mixed gently to ensure
a homogeneous solution prior to aliquoting. An @ty was removed for
spectrophotometric (Section 2.2.10) and gel elptibeetic analysis (Section 2.7.2) and
the remainder of the purified RNA was stored a0—-@ (Rio,D.C. 2010).

2.6.5 Total RNA isolation from cells using QIAgen RNeasy ™kit

RNA was extracted from small numbers of culturelisde 5 x 16) using an RNeasy
kit (QlAgen) according to the manufacturer’'s pratb@RNeasy Mini Handbook, 2006).
An aliquot of purified RNA was removed for spectnopometric (Section 2.2.10) and
gel electrophoretic analysis (Section 2.7.2) piaoRT-gPCR.
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2.6.6 Quantification of MRNA from cultured cells by RT-gPCR

The quantification of mMRNA purified from cultureelts was performed in a two-step
procedure. In the first step, cDNA was prepareanflRNA by reverse transcription
(RT) with random hexamers serving as primers. mythe second step, cDNA was
amplified by real time quantitative PCR (QPCR). Reéae gPCR is increasingly being
adopted for RNA quantification based on its ability detect the amount of PCR
product present at every cycle (i.e. in real tinas)ppposed to the endpoint detection by
conventional PCR methods, thus allowing the remétiprogress of the reaction,
especially its exponential phase, to be viewede fHal-time PCR approach is based on
the detection and quantification of a fluorescamoarter, where the signal increases in
direct proportion to the amount of PCR product mreaction. TagMan gene expression
assays were used in this study for comparative gepeession analysis, normalising

with gapdhendogenous control mMRNA levels (Applied Biosysteirable 2-9).

2.6.7 Reverse transcription

In this process mMRNA was transcribed into cDNA gsMoloney Murine Leukemia
Virus (M-MLV) reverse transcriptase. Initially, 2. of random hexamers was added to
2 ug RNA and the volume brought up to 10 with DEPC HO. The mixture was
heated to 70°C for 5 min, to destabilise second#RNA structures, and then placed on
ice. Then, the RT reactants were added in the disded in Table 2-8.
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Table 2-8: MMLV RT reactants

Component Volume
Reverse Transcriptase buffer (5X) 8uL
dNTP mix (20 mM) 1L
MgCl, (25 mM) 4ulL
BSA (4 pg/ul) 1uL
DEPC RO 13uL
RNasin ribonuclease inhibitor 2uL
M-MLYV reverse transcriptase (200 (L) 1ulL

The reactions were placed in a Hybaid thermocyati&7°C for 1 h and 95 °C for 2 min
followed by storage at 4°C.

2.6.8 Reverse transcription quantitative PCR (RT-qPCR)

The cDNA generated by RT was quantified by reaktifCR using the TagMan gene
expression assays (Applied Biosystems), which stediof two unlabelled primers for
amplifying the sequence of interest (final concatndn of 900 nM each) and one dual
labelled TagMan MGB probe (6-FAM dye- and TAMRA-#&led) for detecting the
sequence of interest (final concentration of 250.nMhe PCR reaction exploits the 5'-
3’ nuclease activity of the DNA polymerase systentleave a TagMan probe during
PCR as illustrated in (Figure 2-1). Quantificatmina cDNA target was normalised for
differences across experiments/samples using amgendus control as an active
reference gapdl). The PCR reaction mix was prepared for each saripltriplicate)
by addition of the reagents listed in (Table 2-®)the individual wells of a 96-well
reaction plate (Applied Biosystems) followed by #uglition of 2uL of cDNA to give a
total reaction volume of 2bL.
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Figure 2-1: The TagMan assay

When the probe is intact, the proximity of the népodye to the quencher dye results in
suppression of the reporter fluorescence primdoyy Forster-type energy transfer
(Lakowicz, 1983). During PCR, if the target of irgst is present, the probe specifically
anneals between the forward and reverse primes. ditee 5'-3’ nucleolytic activity of
the DNA polymerase system cleaves the probe betweeneporter and the quencher
only if the probe hybridises to the target. Thebgrdragments are then displaced from
the target, and polymerisation of the strand comn The 3" end of the probe is
blocked to prevent extension of the probe durindRPThis process occurs in every
cycle and does not interfere with the exponentabienulation of product. The increase
in fluorescence signal is detected only if the ¢éargequence is complementary to the
probe and is amplified during PCR. Because of thegairements, any non-specific
amplification is not detected (Adapted from Appli@&losystems White Paper on
TagMan gene expression assays
http://docs.appliedbiosystems.com/pebiodocs/001DHA3).
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Table 2-9: Real time gPCR reactants

Component Volume/Reaction
Assay 1.251L

2X TagMan PCR master mix* 12,8
Nuclease Free 0 9.25uL

Total 23uL

The plate was covered with an optical adhesive rcamd centrifuged at 2,000 x g for 2
min to eliminate air bubbles. Amplification and eetion were performed with an ABI
Prism 7500 sequence detection system under th@nioll conditions: 10 min at 95 °C
to activate AmpliTaq Gold DNA polymerase, and 45leg of 15 s at 95°C and 1 min
at 60°C. During amplification, the ABI Prism sequaendetector monitored real-time
PCR amplification by quantitatively analysing flescence emissions. The reporter dye
(FAM) signal was measured against the internalresiee dye (ROX) signal to
normalise for non-PCR-related fluorescence fluatuat occurring from well to well.
The threshold cycle represented the refraction ecyaimber at which a positive
amplification reaction was measured and was sg0dimes the standard deviation of
the mean baseline emission calculated for PCR sy8leto 15. The results were
analysed according to the Comparativer@ethod AACy) as described by (Livak and
Schmittgen, 2001).
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2.7 Protein Analysis

2.7.1 Preparation of cellular proteins

Proteins were isolated from both suspension an@radh cells for analysis by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) ardwestern blotting. Prior to
isolation, cells were washed in PBS. Suspensids wadre centrifuged at 100 x g for 5
min and the supernatant removed. Ice-cold PBS (LD was added; the cells were
centrifuged again at 100 x g and all of the supamtaremoved. Adherent cells were
washed twice with 10 mL of ice-cold PBS, and thésceere scraped into 1 mL of
PBS. The crude cell suspension was centrifugedOét x g for 5 min. For both
suspension and adherent cells, the cells weresgesded in ice-cold suspension buffer
(Appendix) using 20QuL of suspension buffer for every 1 x 1€ells and the cell
suspension transferred to a microfuge tube. An legpiame of 2X SDS gel loading
buffer (Appendix) was immediately added to the saBpension, after which the sample
became extremely viscous. The sample was thencabjéo sonication for 1 min on
full power (using a Vibra Cell Sonicator) to shéae DNA. The lysate was clarified by
centrifugation at 500 x g for 7 min at@ The supernatant (cytoplasmic protein extract)
and the pellet (nuclei pellet) were aliquoted atwrexl at —70 °C until required for
analysis. The ProteoJET™ Cytoplasmic and NucleateRr Extraction Kit was also

used according to the manufacturer’s instructions.

2.7.2 SDS-polyacrylamide gel electrophoresis of proteins

During polyacrylamide gel electrophoresis (PAGEpteins are driven by an applied
current through a polyacrylamide gel. PAGE is ealrout in the presence of the
negatively charged detergent sodium dodecylsulpl&ds), which binds to all types of
protein molecules. Electrostatic repulsion betwd#enbound SDS molecules causes the
proteins to unfold into a similar rod-like shapadasince the amount of SDS bound is
proportional to the molecular weight of the polypée and is sequence independent,
SDS-polypeptide complexes migrate through polyacmytle gels in accordance with
the size of the polypeptide.
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2.7.3 Preparation of SDS-polyacrylamide gels

SDS-PAGE was performed using 10% (v/v) resolvings gend 5% (v/v) stacking
polyacrylamide gels prepared as detailed in Appendin ATTO protein gel
electrophoresis system was used in this study.sGlkdes were washed with detergent,
rinsed first with tap water, then with d@&l and finally wiped in one direction with tissue
soaked in 100% (v/v) ethanol. The gasket was placednd the ridged plate; the plates
were assembled and secured with clamps. The ragahél was then poured to within 2
cm of the top of the larger plate and overlaid wif0% (v/v) ethanol. When set, the
ethanol was removed and the stacking gel was podredlean comb that had been
wiped in 100% (v/v) ethanol was inserted and tHeages allowed to polymerise for at
least 20 min. The electrophoresis tank was fillethviX Tris-glycine running buffer
(Appendix) to a level of about 5 cm deep. Afterymoérisation, the gaskets and clamps
were removed and the pre-poured gels were lowarad the buffer at an angle to
exclude air bubbles from the gel-buffer interfacehe tank was completely filled with
1X running buffer and the comb removed from the. géh-polymerised gel was
removed by gently rinsing the wells with 1X runnibgffer and the wells were then
straightened using a loading tip. The gel platesewixed firmly in place with the
pressure plates. The chamber formed by the inr@epnotched plate facing inwards)
was filled with 1X running Buffer, the samples wévaded and the electrodes attached.
The gels were electrophoresed at a constant cusfed@@ mA per gel until the blue dye
front had reached the bottom of the gel. When ceteplthe plates were removed,
separated and the gel was placed in transfer bpffer to Western blotting (Section
2.8.4) (Protocol is derived from cold spring harbprotocols).

2.7.4 Western blotting

During western blotting, electrophoretically sepadaproteins were transferred from
the polyacrylamide gel to a solid support, usualynitrocellulose membrane, and
probed with antibodies that reacted specificallthvaintigenic epitopes displayed by the
target protein attached to the solid support. Ttnenld antibody, unless conjugated, was
detected by a secondary immunological reagent,ugangd to either the alkaline
phosphatase (AP) or horseradish peroxidase (HRBenfor detection.

115



Transfer of protein to nitrocellulose filters

Following gel electrophoresis, gels were equiliedain transfer buffer (Appendix) for
at least 15 min. Equilibration facilitated the rerab of electrophoresis salts and
detergents. Salts, if not removed, increase thelwdivity of the transfer and the
amount of heat generated during transfer. Nitrotedle membrane was cut to the
dimensions of the gel, along with 6 pieces of 3 filtar paper that were required for
the gel/membrane sandwich. Protein transfer wasedaput on the Bio-Rad Trans-
Blot® SD semi-dry electrophoretic transfer cell. A poaieed sheet of filter paper was
placed onto the platinum anode. A pipette was dabieer the surface of the filter paper
to exclude all air bubbles. This step was repeatiglal two more sheets of filter paper.
Then, the pre-wetted blotting membrane was placedop of the filter paper and all
bubbles rolled out. The equilibrated gel was cdigfilaced on top of the nitrocellulose
membrane, aligning the gel on the centre of the bmare. Any air bubbles were again
rolled out. Another 3 sheets of pre-wetted filtesrevplaced on top of the gel, with care
taken to remove air bubbles. The cathode was planddp of the stack and the safety
cover replaced on the transfer unit. Gels weresfeared for 30 min at 17 V (Protocol is

derived from cold spring harbour protocols).

Staining of proteins immobilised on nitrocellulosdilters

Ponceau S is a negative stain, which binds to igebkitcharged amino acid groups of
proteins. It also binds non-covalently to non-potagions of proteins. Ponceau S
staining was employed to determine whether unifdransfer of proteins to the
nitrocellulose membrane had taken place. Transferetein was detected as red bands
on a white background. This staining technique esersible to allow further
immunological analysis. Following electrophoreticarisfer, the nitrocellulose
membrane was immersed in 20 mL Ponceau S solusigm@-Aldrich) and stained for

5 min with constant agitation. After proteins werisualised, the membrane was
washed in several changes of,@Huntil all the stain had been washed away. The

membrane was then used for immunological probing.
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Immunological probing

Following Ponceau S staining, the membrane wasbated in blocking buffer
(Appendix) for 3 h at room temperature followed ibgubation with the appropriate

primary antibody (diluted in blocking buffer, seable 2-10) at 4 °C overnight.

Table 2-10: Incubation Conditions for Antibodies Ugd in Western Blotting

Primary Name Dilution Secondary Antibody  Dilution
Antibody . .
In Blocking In Blocking
Buffer Buffer
Anti-B-Actin  Anti-actin AC-15  1/10,000 AP-conjugated Anti-  1/20,000
mouse IgG
Anti-Bik Clone C33-1 1/200 Anti-Goat-HRP 1/5000
(557040)
Anti-Smad3  Ab28379 1/500 Anti-Rabbit-HRP 1/5000
Anti-EBNA-2 PE2 1/100 AP-Conjugated Anti  1/5000
Mouse IgG
Anti-Smad4  Ab3219 1/500 AP-Conjugated Anti 1/5000
Mouse IgG
Anti-GAPDH  (FL-335): sc- 1/5,000 Anti-Rabbit-HRP 1/10,000
25778

After overnight incubation, the membrane was wastiede times in TBS-T (0.1%
(v/v) Tween-20 in TBS (Appendix) for 15 min. Thétdr was then incubated with the
appropriate secondary antibody (Table 2-10) for BChmin at room temperature,
followed by three 15 min washes in TBS-T. (Conjegajprimary antibodies were
developed following three washes in TBS-T, and ededo further incubation step).
All of the above incubations were carried out wethnstant agitation. The membrane
was then placed in a clean container and covergd BAbromo-4-chloro-3-indolyl
phosphate/Nitro  Blue  Tetrazolium  (BCIP/NBT, Sigma)or 3,3,5,5-
tetramethylbenzidine (TMB, Sigma), which are usedthe colourimetric detection of
alkaline phosphatase- or hydrogen peroxidase-catgdgmnolecules respectively. When
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incubated with alkaline phosphatase or hydrogeoxigase, bound enzyme catalysed
the production of a coloured product that was gadilservable. The membrane was

then rinsed in distilled water to stop the reacaon photographed.

2.8 Chromatin Immuno-precipitation (ChiP)

Chromatin immunoprecipitation (ChIP) was performieyg using a ChIP kit and
according to the manufacturer’s instructions (ahdftam Inc). In brief, about 3 x 10
cells were fixed in 1% formaldehyde before lysifir@@nosomal DNA was sheared by
using a sonifier (Branson 450) to an optimal DNAgiment size of 200-1000 bp. Anti-
target antibody was used in the immunoprecipitatiopull down the target protein and
DNA complex. Rabbit and mouse IgG were used as tivegaontrols. After DNA
purification, 0.5 puL each of input DNA, target-asited DNA, or rabbit 19G-enriched
DNA were subjected to PCR analysis. In the casehefbik promoter, a 420 bp
fragment was amplified, PCR primers were used vestigate EBNA-2 recruitment to
the BZLF1 and Hes 1 promoters. Primer sequencedssted in (Table 2-5).

2.9 Statistical analysis
Statistical analysis was performed using t tesbveed by paired t test two-tailed using

GraphPad Prism version 5.00 for Windows, Graphédare, La Jalla California

USA, www.graphpad.com.
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Chapter 3.

EBV inhibits TGF pl1-induced
apoptosis by inhibiting bik
upregulation through the canonical
Smad pathway
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Transforming growth factoB- (TGH3), a multifunctional cytokine family of growth
factors, comprises more than 30 structurally reldeetors found in nematodes, fruit
flies and humans. They include the bone morphogepetteins (BMPs), the closely
related growth and differentiation factors (GDFgje activins, Nodals, and
transforming growth factor-beta proteins. Three adtrstructurally identical isoforms,
TGRB 1, 2, and 3, have been found in humans. This ¢réadtor superfamily regulates
a diverse array of cellular responses during theeldpment and adult stages of
eukaryotes (Massague 1998, lkushima and Miyazondll®0 The TGB signal
transduction pathway can be modulated by many oshgnalling cascades and,
depending on the cell type and cellular contextFF@an regulate and control cell
growth, differentiation, embryonic development, kdstem cell differentiation,
apoptosis, morphogenesis, immune regulation, wdwading and inflammation. This
pathway has also been linked to cancers, fibroaigtoimmune diseases and
developmental disorders in humans (MeulmeesterTard Dijke 2011, Inman 2011,
Tian, Neil and Schiemann 2011, Chou, et al. 2088fdar and Cohen-Solal 2010).

A role for TG signalling in regulating the intrinsic mitochoralrapoptosis pathway
during B cell development has been established.eB subsets show significant
upregulation ofbik transcripts during differentiation as they progrésrough the GC
reaction from naive, centroblast, centrocyte andugh to memory cells (Klein, et al.
2003). In human B cellik has been identified as a direct transcriptionedet of
TGH3/Smad signalling and is required for Tkduced apoptosis in Burkitt's
lymphoma cell lines (Spender, et al. 2009). Inaeas bik mMRNA levels have also
been observed in TGRreated CD77+ tonsillar B cells (centroblast), destrating
thatbik is also regulated by T@Hn primary B cells. BL is an example ofmalignant B
cells having retained the normal responses of GEelB to external stimuli. TR has
been shown to have a growth inhibitory and pro-apiapeffect on the EBV-negative B
cell lymphoma BJAB, (Kehrl, et al. 1989) and alspRamos, an EBV-negative BL cell
line (Altiok, et al. 1991)(Spender, et al. 2009).

In the present study, experiments were therefoseggded with a view to investigating a
potential role and mechanism for EBV/EBNA-2 modigdat of bik during TGHB
signalling in this cellular background. The BL-dexil EBV negative cell line Ramos,
which possesses a GC phenotype (group I), in addit BJAB, an EBV negative B
cell lymphoma cell line, and ER/EB2-5, a conditibb@L, were used as model systems

for this purpose.
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3.1 TGFB1 induces apoptosis in a dose-dependent manner iB%-
negative B cell lines.

Ramos (Figure 3-1) and BJAB (Figure 3-2) cell lingsre treated with various
concentrations of TGR (Millipore, GF111). Cell survival profiles wer@aysed at 24
h and 48 h after this treatment by 7-AAD/Annexinstaining and subsequent flow

cytometric analysis.
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Figure 3-1: TGFB1 induces apoptosis in Ramos cells.

(A) Representative FACS profiles of Ramos celldhZdllowing treatment with various
concentrations of TGH, as indicated above each scatterplot. Quadrarkemsawere
based on stained/unstained controls. Cells indived left quadrant are viable (7-AAD
/Annexin V), cells in the lower right quadrant are early aptip (7-AAD/Annexin
V™), cells in the upper right quadrant are late aptp{(7-AAD*/Annexin V') and cells

in the upper left quadrant are necrotic/mostly aackebris (7-AADYAnnexin V), and
the numbers shown are the percentages of cellsaeh euadrant. (B) Bar chart
representation of the experiment shown in A (thnelependent experiments). Data are
+SD**P (0.001 to 0.01) vs untreated control.
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Figure 3-2: TGFB1 induces apoptosis in BJAB cells.

BJAB cells were treated with various concentratioh§GH31 as indicated above each
scatterplot. (A) Representative cell viability/apmgis FACS profiles 24 h after
treatment with TGB1 are shown. The cells in each quadrant are agibedan the
legend to Figure 3-1 and the values shown reprdbenpercentage number of cells in
each quadrant. (B) Bar chart representation of gkperiment shown in A (three
independent experiments). Data are ¥3D(0.001 to 0.01) vs untreated control.
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TGH31 was observed to induce apoptosis in a dose-dependanner. A greater
proportion of BJAB cells (Figure 3-2) were seeretder early apoptosis in contrast to
Ramos (Figure 3-2) where the cells stained with &mmV-PE but not with the DNA
vital stain, 7AAD. Programmed cell death induced B$H31 ligation was a faster
process in BJAB (Figure 3-2) in comparison to Ranvedls (Figure 3-1). Cell
proliferation and metabolic activity was measureg d¢ellTiter 96 Aqueous One
Solution cell proliferation Assay (MTS). The ovératetabolic activity was greatly
decreased upon TGE treatment, by 3-fold in BJAB and to lesser exi@nt.3 fold in
Ramos after 48 h (Data not shown).
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3.2 TGFB1 mediates apoptosis by upregultindpik mMRNA and protein

In order to investigate if T@HA exerts its apoptotic effect by regulationbif, Ramos
and BJAB cells were treated with 25 ng/mL or 100mig TGH31 (Millipore, GF111)
for 24 h. Total RNA and protein were harvested asldtive bik mRNA levels were
detected by RT-gPCR using RNA prepared 24 h aftatnentBik mRNA levels were
assayed in triplicate and normalised gapdh mRNA levels. Relative quantification
levels were calculated relative to the control eated samples. Bik protein expression
was analysed by Western blot and Bik protein netatiensity values were obtained

using ImageJ.
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Figure 3-3: Bik mRNA and protein expression levels rise in respoego TGH1
treatment in Ramos.

Ramos cells were treated with 25 ng/mL or 100 ngim@H31. (A) Relativebik mMRNA
levels were detected by RT-gPCR using RNA prepadel after treatmenBik mRNA
levels were assayed in triplicate by RT-qPCR angnatised togapdhmRNA levels.
Relative quantification levels were calculated tigkato the control. Data are £SPP
(0.001 to 0.01) of three independent experimen). R@presentative Western blot
showing Bik proteinTransactivation ofbik in response to BCR ligation (anti-IgM) is
also shown (see section B abovg) Bik protein relative density values (from (Byere
obtained using ImageJ and were normalized to uetleeontrol. (ref: Rasband, W.S., ImageJ,
U. S. National Institutes of Health, Bethesda, Ntamg, USA, http://imagej.nih.gov/ij/, 1997-
2011.)
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Figure 3-4: Bik mRNA and protein expression levels rise in respoeso TGH1
treatment in BJAB.

BJAB cells were treated with 25 ng/mL or 100 ng/mGH31 (A) Relativebik mRNA
levels were detected by RT-gPCR using RNA prepareedh following treatment with
TGFB1 as described in the legend to (Figure 3-3). Ba¢axSD**P (0.001 to 0.01) of
three independent experiment. (B) Representativetéie blot showing Bik protein
expression at the same time poifitans-activation ofbik in response to BCR ligation
(anti-IgM) is also shown (see section B above).

Bik mRNA levels increased in both Ramos (Figure 3-3aAdl to a greater extent in
BJAB (Figure 3-4 A) cells following treatment withGH31, in a dose-dependent
manner. Bik protein levels also increased in loathlines (Figure 3-3 B and C; Figure
3-4 B and C). However, this effect was more protbum BJAB. Bik is a
phosphoprotein and it is phosphorylated on conserSasein Kinase [I(CKII)
phosphorylation sites (Thr-33 and/or Ser-35). Phosgation is required for efficient
Bik-mediated apoptosis (Verma, Zhao and Chinnad208il). Bik appears as a double
band, 27 kDa/26k Da in size, in some cell lines angingle band in others. Western
blots using the Ramos cell line showed a singledbfor Bik, whereas BJAB
demonstrated a double band. When the latter wamilstied with TGB1 ligand, it was

the higher molecular weight band that was affected.
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3.3 Transient bik down-regulation inhibits apoptosis induced by
TGFp1

In order to investigate ibik is essential for TGFR-mediated apoptosis, thek gene
was transiently knocked down in Ramos (Figure ar) BJAB(Figure 3-6) cells using
SiRNA specific tobik (SIRNA1980 and siRNA1990). In these transfectigpegiments,
both antibik sSiRNAs were able to inhibibik expression as reflected in decreabéd
MRNA and protein levels, whereas the control siRiNé& not. Twenty four hour after
transfection, siRNA-transfected cells were them Ugitreated or treated with 10 ng of
TGHB1 for 24 h. The cell survival profile was deterndredter 24 h by 7AAD/Annexin-
V-PE staining and subsequent flow cytometric anslyss can be seen (Figure 3-7 and
Figure 3-8) TGB1 was again seen to induce apoptosis in bothine. This effect was
more pronounced in BJAB, which had 36.9% £SD 4.58fptotic cells when
compared to Ramos (26% =SD 7.365 apoptotic). Insfexcted cells a significant level
of apoptosis was observed before treatment, (wha be attributed to the harsh
transfection conditions). Enforced downregulatidrbik resulted in an increase in the
percentage of viable cells in both cell lines (apgmately 10%) before TGPB1
treatment. Transieriik knockdown was seen to protect cells from apoptosdiated
by TGH31 in Ramos and BJAB cells. This is in contrast b@ tcontrol siRNA
transfection where TGH induced apoptosis in Ramos (from 50% +SD 3.7X@rbdo
82% +SD 4.028 after) (Figure 3-7), and BJAB (fror2%l +SD 2.101 to 72% +SD
4.319 after) (Figure 3-8). Total Bik protein leweas also monitored 24 h after T@F
treatment in both cell lines aftbik transient knockdown. Transiebik knockdown was
seen to inhibite the TGHE-mediated Bik induced upregulation opposed toscell

transfected with control siRNA (Figure 3-11).
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Figure 3-5: Transientbik knockdown in the Ramos cell line.

Ramos cells were transfected with two differenti-aik siRNAs (si1989, si1990or
negative control siRNA (siNeg). (A) The level bik mMRNA shown for 24 h post
transfection was quantitated by RT-qPCR as befRetative quantification levels were
calculated relative to the siNeg control. Data a8 **P (0.001 to 0.01) of three
independent experiment. (B) Representative Westdot showing Bik protein
expression from extracts prepared at 24 h (uppeelpaand 48 h (lower panel)
following transfection of Ramos cells.
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Figure 3-6: Transientbik knockdown in the BJAB cell line.

BJAB cells were transfected with two different doiti SiRNAs (si1989, si1990 or
negative control siRNA (siNeg). (A) The level bik mRNA shown for 24 h post
transfection was quantitated by RT-qPCR as befRetative quantification levels were
calculated relative to the siNeg control. Data a8 **P (0.001 to 0.01) of three
independent experiment. (B) Representative Westdot showing Bik protein
expression from extracts prepared at 24 h (uppeelpaand 48 h (lower panel)
following transfection of BJAB cells.
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Figure 3-7: Bik knockdown in Ramos leads to a reduction in the lossf cell viability
due to TGHB1 treatment.

Ramos cells were transfected with each of two diffebik SIRNAs (si1989, si1990) or
negative control siRNA (siNeg). (A) Representatieell viability/apoptosis FACS
profiles 24 h after treatment with TBE The cells in each quadrant are as described in
the legend to Figure 3-1 and the values shown septehe percentage number of cells
in each quadrant. (B) Bar chart representationhef percentage of viable cells in
experiment shown in A (three independent experig)eata are £+SD*P (0.001 to
0.01).
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Figure 3-8: Bik knockdown in BJAB leads to a reduction in the lossf cell viability
due to TGHB1 treatment.

BJAB cells were transfected with each of two difetrbik SIRNAs (si1989, si1990) or
negative control siRNA (siNeg). (A) Representatieell viability/apoptosis FACS
profiles 24 h after treatment with TGE The cells in each quadrant are as described in
the legend to Figure 3-1 and the values shown septehe percentage number of cells
in each quadrant. (B) Bar chart representationhef percentage of viable cells in
experiment shown in A (three independent experis)eiata are £SD*P (0.001 to
0.01).



Cell proliferation was also monitored 24 h afterHG treatment in both cell lines after
bik transient knockdown using the cellTiter 96 Aque@uee Solution cell proliferation
assay (MTS). It can be seen thak knockdown led to an overall increase in cell
metabolic activity in untreated transfected catidoth cell lines and a partial reversal
of the growth inhibitory effect of TG when compared to cells transfected with siNeg
in the case of Ramos cells (Figure 3-B)k down-regulation due to specific SIRNA
treatment significantly restored the cell metabofite that was lost due to TEFin
BJAB (Figure 3-10). The proliferative effect bfk knockdown was more evident in
BJAB than Ramos, where cells transfected with biktsiRNA and treated with TGR
are seen to have an increase in cell proliferastévity in comparison to the untreated
samples (Figure 3-10).
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Figure 3-9: Bik knockdown leads to a decrease in the loss of metdiocactivity seen
upon treatment of Ramos with TGH1.

Proliferation of RAMOS cells following transfectiowith bik siRNAs (si1989 &
si1990) and scrambled siRNA (siNeghd in response to treatment with 10 ng of
TGH31 was monitored at the time points indicated usiregcellTiter 96 Aqueous One
Solution cell proliferation assay (MTS). The pret#tion of transfected untreated cells
(white bars) and treated with TGE (black bars) was measured relative to the O h
untreated sample. Data are +SP< 0.05 of three independent experiment.
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Figure 3-10:Bik knockdown leads to a decrease in the loss of metdiomactivity
seen upon treatment of BJAB with TGIB1.

The proliferation of BJAB cells that were transésgttwith bik SIRNAs (si1989 &
si1990), and scrambled siRNA response to 10 ng/mL of TGE was measured at the
indicated time point using the CellTiter 96 Aqueddree Solution cell proliferation
assay (MTS). The proliferation of transfected celfdreated (white bars) and treated
with TGR31 (black bars) was measured relative to 0 h ur@desample. Data are +SD
*P <0.05 and™*P (0.001 to 0.01) of the independent experiment.
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Figure 3-11:Bik knockdown inhibited the TGFp1-mediated Bik protein induction.

Cells were transfected with each of two differdmk siRNAs (si1989, si1990) or
negative control siRNA (siNeg). Twenty four houteaftransfection cells were treated
with 10 ng/mL of TGB1. Representative Western blot showing Bik progpression
from extracts prepared at 24 h following treatmeintA) BJAB and (B) Ramos cells

with TGRBL.
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3.4 Ectopic EBNA-2 inhibits TGFp1-mediated apoptosis in Ramos
cells.

It has been shown recently that EBNA-2 down-regdathe expression diik (D.
Walls, unpublished resultshherefore experiments were set up in order to investigate if
EBNA-2 expression might inhibit the observed projatptic effects of TGFL.
RAMOS cells were transfected with 1ug each of pldsmexpressing either EBNA-2 or
the non-CBF1l-binding EBNA-2 mutant, WW323SR. Faetght hours after
transfection, cells were treated with 10 ng P&FThe cell survival profile was then
determined 24 h after treatment using 7AAD/AnneXHRE staining and subsequent
flow cytometric analysis by FACS Calibur.

It can be seen that ectopic EBNA-2 or its non-CBbitding mutant, EBNA-2
WW323SR in Ramos cells partially rescued theses deim apoptosis induced as a
result of harsh conditions of transfection (Figu€l2). Treatment of the control
transfected cells with TGHR efficiently led to apoptosis and significantlycdeased the
percentage of viable cells (from 30% =SD 1.656 befto 10% +SD 2.198 after).
However, ectopic EBNA-2 or its non-CBF1 binding mmii EBNA-2 WW323SR,
decreased the effect of T@EFmediated apoptosis (Figure 3-12).
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Figure 3-12: EBNA-2 rescues cells from apoptosisdiiced by TGH1 in Ramos
cells

RAMOS cells were transfected with 1pg of each pldsas indicated underneath the
graph. Forty-eight hours after transfection, cellre treated with 10 ng THG. (A)
Representative cell viability/apoptosis FACS pedil24 h after treatment with TGE
The cells in each quadrant are as described itetiend to Figure 3-1 and the values
shown represent the percentage number of cellsagh euadrant. (B) Bar chart
representation of the relative percentage of viaklés in the experiment shown in A
(average of three independent experiments). Data3D**P (0.001 to 0.01).
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3.5 TGFpB1 mediates apoptosis through the canonical Smad pgatvay

It was observed here that T@Fwas able to induce the expressiorbidf mMRNA and
protein in Ramos (Figure 3-3) and BJAB (Figure 3which coincided with apoptosis
and an overall decrease in metabolic activity ecgll population.

It has been shown elsewhere that PGnediated signalling leads to the recruitment of
the Smad protein complex, Smad2/3/4, to lilkepromoter, coinciding with activation
of that promoter and an increase in the level (fegul12). In order to investigate the
Smad3 protein level, its location in the cell ahd associated relativ®@k expression in
response to T@HA mediated signalling, Ramos cells were treated witwithout 10 ng

of TGH31 for a duration of 24 h. RT-gPCR showed elevdi#dnRNA in response to
TGHB31 (Figure 3-13 A). Over 24 h, thek mRNA basal level first decreased between
0 and 4 h and began increasing to its basal vible 24 h time point in the absence of
TGH31, however the transcriptional level lmk mRNA was higher at both time points
in the presence of TGE (Figure 3-13 A).

As described before, TBE binding to its receptors results in activationreteptor-
regulated R-Smads (Smad2/3) by phosphorylationhef XserX motif in their C-
terminus, leading to their translocation from thgoplasm to the nucleus. Hence,
subsequent translocation of Smad3 from the cytaplasthe nucleus is indicative of

Smad3 activation, reflecting TGE signalling.

In order to confirm activation of the T@E signalling pathway, Smad3 protein
expression levels in nuclear and cytoplasmic fomstiwere evaluated by Western blot
before and after treatment with T@E The level of Smad3 protein was detected using
anti-Smad3 and was normalised to the levels of Gagdtein. It can be seen that from
the 0 to 24 h time points, the level of Smad3 protstarts to decrease in the
cytoplasmic fraction and accumulates in the nudieation in the presence of TGE
This event was most clearly seen at the 4 hour pwiat, when comparing the two
cytoplasmic fractions in the presence and abseh@&spl (Figure 3-13 B). It can be
concluded from the observations made, that Smadlocated from the cytoplasm to

the nucleus in response to TaFsignalling.
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Figure 3-13: TGHB1 inducesbik and the translocation of Smad3 from the

cytoplasm to the nucleus in Ramos cells.

Ramos cells were treated without or with 10 ng GfHF1 for different lengths of time
as indicated. (A) RT-gPCR shows elevabgklmRNA levels at O h, 4 h and 24 h in the
presence of TGH as indicated. (B) Western blot of Smad3. Progsitnacts of nuclear
and cytoplasmic fractions were prepared and thel le¥ Smad3 protein was detected
using anti-Smad3 (ab28379). Data are #83< 0.05.
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The extent of recruitment of Smad3 and Smad4 tdithpromoter in the presence and
absence of TRl was next investigated. Binding of Smad3 and Smadthe bik
promoter was determined by chromatin immunopreaiijoih (ChlP) assay. Ramos and
BJAB cells were treated with 10 ng T&@Ffor 4 h. Cells were then treated with 1%
formaldehyde in order to cross-link endogenous earcproteins and DNA. Samples of
sonicated chromatin were then individually immuremggpitated with anti-Smad3
(ab28379), anti-Smad4 (ab3219), no antibody (beadg) and isotype control IgG
respectively. DNA isolated from immunoprecipitatedterial was then amplified by Q-
PCR using primers that target a 420-bp sequenca fitee humanbik promoter
(Spender, et al. 2009) (Figure 3-14 C). These éexyats showed that the level of
Smad3 bound to thaik promoter increased ten-fold in Ramos cells folloyvireatment
with TGH1 (Figure 3-14 A). This effect was also observedBiAB cells but the

magnitude of the increase was just two-fold (Figawk4 B).
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Figure 3-14: ChIP assay for Smad3 showing increasdinding of Smad3 to thebik
promoter in BJAB and Ramos cells following treatmebnwith TGF p1.

Recruitment of Smad3 to thek promoter was determined by chromatin immunopréaipin
(ChIP) analysis. (A) Ramos and (B) BJAB cells waesated without (grey bar) or with 10
ng/mL TGH1 (black bar) for 4 h. Cells were then treated wi¥a formaldehyde to cross-link
endogenous proteins and DNA. Samples of sonicdtezh@atin were immunoprecipitated with
anti-Smad3 (ab28379, no antibody (beads only) aontype control IgG respectively. DNA
isolated from immunoprecipitated material was afigdi by Q-PCR with primers to amplify
the 420 bp sequence of humbik promoter. (C) Smad binding region previously iderd
within the humarbik promoter (Spender, et al. 2009). Straight arrowdécate position of PCR
primers used in ChIP assays shown in A and B; tre brrow shows the location of thi
transcription start site. Data are £$® P < 0.001
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In order to investigate any potential interplayvietn EBNA-2 and TGFL-mediated
Smad recruitment to theik promoter, the EBV-negative BL cell line Ramos wasd.
Ramos cells were transfected with plasmids exprgs®ither EBNA-2 or the
corresponding empty vector, pSG5. Forty eight haitsr transfection, 10 ng TGE
was added for a duration of 4 h and then cells wenrwested and treated with 1%
formaldehyde. Samples of sonicated chromatin wepamtely incubated with anti-
Smad3, anti-Smad4 and anti-EBNA-2 antibodies. DNAsoldated from
immunoprecipitated material was amplified by Q-P@ikh primers to amplify a 420-bp
sequence upstream of humiaik promoter that has previously been shown to interac
with Smads [(Spender, et al. 2009) Figure 3.14C].

The following observations were made regarding Ramells expressing EBNA-2,
when compared to their counterparts’ transfectetth wmpty vector: (i) the level of
Smad3 bound to thkik promoter decreased ten-fold in the presence of EBNAI)
EBNA-2 was detectable by ChIP on thé& promoter in cells expressing EBNA-2
(Figure 3-15).
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Figure 3-15: EBNA-2 expression leads to a reductiom the level of Smad3 bound
to the bik promoter in Ramos cells

Ramos cells were transfected with pSG5 (white barsp)SG5EBNA-2 (black bars).
Forty eight hours after transfection, 10 ng/mL P&FRwvas added for duration of 4 h.
Cells were then harvested and ChIP was performeatessribed before. DNA isolated
from immunoprecipitated material with anti-Smad@l amti-EBNA-2 was amplified by
Q-PCR. Data are £SEP < 0.05,**P (0.001 to 0.01).
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Ramos and BJAB cells were then transfected with G5 or plasmids expressing
either EBNA-2 or its non-CBF1-binding mutant, WW3R. Forty-eight hours after

transfection, cells were treated with 10 ng P&FRor 4 h. Cells were harvested and
treated with 1% formaldehyde to cross-link endogsnoroteins and DNA. Samples of
sonicated chromatin were then individually incublatéth anti-Smad3 and anti-Smad4
or isotype control antibodies. DNA isolated fromnmmnoprecipitated material was

amplified by Q-PCR as described before. Total RN#swlso extracted and RT-qPCR
was used to detect tHek mRNA level in Ramos (Figure 3-16) and BJAB (Figure
3-17).

These transfections showed that ectopic expresgieBNA-2 or its non-CBF1 binding
mutant, WW323SR, resulted in down-regulatiorbidf mRNA. Treatment with TGFL
led to up-regulation adbik MRNA in Ramos (by 7-fold Figure 3-16 C) and BJABIse
(by 9-fold Figure 3-17 C) transfected with the eymptctor, pSG5. Whereas in both cell
lines expressing EBNA-2 or its mutant, WW323SR, BGEeatment was seen to have

no significant effect obbik MRNA expression level (Figure 3-16 C and Figurer3:).

TGHB1 treatment of control (data not shown) and trasiste cells with pSG5 led to
significant increases in binding of Smad3 to bilepromoter in Ramos (approximately
2.6-fold Figure 3-16 A) and in BJAB (by 4.8-folddgaire 3-17 A) and Smad4 in Ramos
(by 1.8-fold Figure 3-16 B) and in BJAB (by 3.1doFigure 3-17 B) to thdik
promoter where the same samples shokikdnRNA up-regulation in response to this
treatment (Figure 3-16 C and Figure 3-17 C). Itldoalso be seen thdiik down-
regulation due to ectopic EBNA-2 or its non-CBFhding mutant coincided with less
Smad3 and Smad4 binding to thik promoter in the presence of TEF(Figure 3-16 A
and B) (Figure 3-17 A and B).
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Figure 3-16: EBNA-2 abrogates the TGB1-mediated recruitment of Smad3/4 to
the bik promoter and subsequenbik trans-activation in Ramos cell.

Ramos cells were transfected with pSG5 or EBNA-2MW323SR. Forty-eight hours
after transfection, cells were treated with andhaitt 10 ng/mL TGE1 for a duration of
4 h. Cells were then harvested and immunoprecgaltatith (A) anti-Smad3 and (B)
anti Smad4. DNA isolated from immunoprecipitatedtenal was amplified by Q-PCR
as before with primers to target the 420-bp seqeemestream of the humanik
promoter transcription start site. (C) Represemiative RT-gPCR analysis fdoik
expression in the presence or absence ofLGi transfected cells. Data are +3P <
0.05,**P (0.001 to 0.01).
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Figure 3-17: EBNA-2 abrogates the TGB1-mediated recruitment of Smad3/4 to
the bik promoter and subsequenbik transactivation in BJAB cell.

BJAB cells were transfected with pSG5 or EBNA-2VBYW323SR. Forty-eight hours
after transfection, cells were treated with (+/k)aend without (-/white) 10 ng/mL
TGH31 for a duration of 4 h. Cells were then harvested immunoprecipitated with
(A) anti-Smad3 and (B) anti Smad4. DNA isolatedriranmunoprecipitated material
was amplified by Q-PCR as before with primers tgeathe 420-bp sequence upstream
of the humanrbik promoter transcription start site. (C) Represeatative RT-gPCR
analysis forbik expression in the presence or absence of JIGR transfected cells.
Data are +SDP < 0.05,**P (0.001 to 0.01).
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Total protein was harvested from the same expeti,mbown in (Figure 3-18) and
analyzed for Smad3 expression by Western blot. Bnead3 protein level was
significantly lower in BJAB cells expressing eithectopic EBNA-2 or its non-CBF1
binding mutant, WW323SR (Figure 3-18 A and B). Thessults indicated a role for
EBNA-2 in inhibiting TGPB1-mediated effects by Smad3 down-regulation antttiea
EBNA-2-CBF1 interaction was not essential for tfifect.
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Figure 3-18: Inhibition of TGF p1l-mediated Smad3 up-regulation by EBNA-2 and
WW323SR in BJAB.

BJAB cells were transfected with pSG5, EBNA-2 or \B28SR. Forty-eight hours
after transfection, cells were treated with 10 ngHF1 for 4 h. (A) Cells were then
harvested and whole cell lysate was prepared ahpgtted to Western blot analysis
determining the Smad3 arfitactin protein. (B) Bik protein relative density lvas
shown were obtained from ImageJ and were normatisathtreated cells transfected
with pSG5.
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Next, siRNA technology was used to directly dowgtdate endogenoudmad3so as to
evaluate its contribution to the transcriptionajuiation ofbik. In this regard, Ramos
and BJAB cells were treated with two different eé®mnad3siRNAs (si56 and si57) or
negative control siRNA (siNeg). Twenty-four houfteatransfection cells were treated
with 10 ng/mL TGP for a further 4 h. Transfected cells stimulatethwiGH31 were
then harvested and analysed for Smad3 and Bikipratelbik mRNA levels.

It can be seen that both aftmad3siRNAs significantly inhibited Smad3 expression,
whereas the control siRNA (siNeg) did not (Figur@BA and B upper panelimad3
knockdown also coincided with a moderate decreasthe level of Bik protein in
response to TGHA (Figure 3-19 A and B middle panel). Treatmentrahsfected cells
with anti-Smad3siRNA reversed the TGHR stimulatory effect oik in comparison to
cells transfected with control siRNA (siNeg) (Figu8-19 C and D). These observations

imply a direct regulatory role for Smad3 in regirgtbik expression.
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Figure 3-19: Knockdown of Smad3 results in bik down-regulation.

BJAB and Ramos cells were transfected with twoeddht antiSmad3siRNAs (si56
and si57) or negative control siRNA (siNeg). Twefayr hours after transfection, cells
were treated with 10 ng/mL TGE for an additional 4 h. Western blots showing SBnad
(upper panel), Bik (middle panel) afidactin (lower panel) in BJAB (A) and Ramos
(B). Relativebik mRNA level were determined by RT-gPCR using RNApgred 24 h
after treatment of transfected BJAB (C) and Ramalts ¢B). Fold differences were
calculated relative tbik level in the siNeg transfected cell pool (assigaallie of 1).
Data are +SDP < 0.05,*P (0.001 to 0.01).
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3.6 The EBV growth programme diminishes TGH1-mediated
recruitment of Smad3/4 to thebik promoter

3.6.1 Bik is down-regulated by EBNA-2 in ER/EB 2-5 cells.

ER/EB2-5 is a conditional LCL in which the functiof EBNA-2 can be controlled by
the presence or absence of oestrogen (Kempkes, E396b). This was achieved by
fusing the N-terminus of EBNA-2 to the hormone-bingd domain of the oestrogen
receptor. Essentially, this ER/EBNA-2 fusion genaswhen used to complement the
EBNA-2 deletion in the EBV P3HR1 viral genome (Kekap, et al. 1995b). The
resulting ‘conditional’ LCL, designated ER/EB2-5ergrated after immortalising
resting B cells with this recombinant EBV, therefoequires the presence of oestrogen
for EBNA-2 function and hence cell proliferationddition of oestrogen results in
EBV-infected B cells with a phenotype similar tasle found in a typical LCL. Cells
growing in the absence of oestrogen cease to eraté due to the expression of only
non-functional ER/EBNA-2 and the shut-off of the\EBrowth programme (see Figure
3-20).
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Figure 3-20: Schematic diagram of ER/EB2-5.

ER/EB2-5 is an LCL that contains a mini-EBV plasmadpressing a chimeric EBNA-2
oestrogen receptor fusion protein plus the P3HRA genome, thus complementing the latter's
EBNA-2 deletion. EBNA-2 expression and proliferatiare dependent on the presence of
oestrogen. Adapted from, (Kohlhof, et al. 2009).
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In order to address a role for EBNA-2/Smadsbik regulation in this context, as
opposed to BL-derived cell lines, ER/EB2-5 cellsraveultured in the presence and
absence of oestrogen. In these cells, EBNA-2 fanctand therefore EB virus-driven
cell proliferation, is dependent on oestrogen. elére harvested at 0, 24, 48, 72 and
96 h and Western blot analysis (Figure 3.21 A) cordd that ER/EB2-5 cells grown in
the absence of oestrogen, only expressed non-tumattiER/EBNA-2, while cells
grown in the presence of oestrogen expressed setleBR/EBNA-2 with an apparent
higher molecular weight of 120 kDa, confirming thetivation of ER/EBNA-2 (due to
phosphorylation) and the ensuing transcriptionéivation of its own gene. Changes in
bik mMRNA levels due to EBNA-2 expression over timeBR/EB2-5 are shown in
Figure 3.21 BBik mRNA levels were seen to increase dramatically ¢tivee (44-fold

at 48 h) in ER/EB2-5 cells upon inactivation of E&2. The amount obik mMRNA
was also seen to greatly increase by 72 h (80ifdidn compared to time 0 h). A
reduction inbik levels (approximately 12.5-fold) was observed 48ohowing the
addition of oestrogen to the culture medium (Fig8r2l B). A further decrease was
seen at 72 h (0.7-fold), and levelsmk mRNA remained stably-repressed from this
point on, similar to that observed at 0 h in cygliells. It has been shown elsewhere
that TGPB1 is able to reactivate the viral Iytic cycle (lemdee, et al. 2011). Thus, in
order to rule out the effect of EBV lytic gene esgsion on the Smad canonical
signalling pathway, ER/EB2-5 cells were left untegbwith TGBL1 in this experiment.
ER/EB2-5 cells grown in the absence or presenaestrogen for periods of 48 and 72
h were harvested, fixed and ChIP was performedSfoad3 and Smad4 as described
before. DNA isolated from immunoprecipitated matkemvas detected by Q-PCR as
described before. It can be seen that expressiactofated ER/EBNA-2 abrogated the
observed TGF1-induced increase in Smad3 (Figure 3.21 C) andddn(gigure 3.21
D). This effect was best seen at the 48 h timetpoin
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Figure 3-21: Repression obik and decreased Smad3/4 recruitment to thieik
promoter in response to the activation of ER/EBNA-2n the conditional LCL
ER/EB2-5.

ER/EB2.5 cells were cultured in the presence (eftixcling) and absence (EBV growth
programme is repressed) of oestrogen. Cells weneesid at indicated time points
from both activated and repressed phenotype. (A)stéve blots indicating the
expression of ER/EBNA-2 arfactin proteins. (B) RT-gPCR analysis showing reéat
bik MRNA levels. Cells were harvested at 48 h and #inle points and ChIP was
performed as described before. Chromatin was imprecgitated with (C) anti-
Smad3 antibody and (D) anti-Smad4 antibody. DNAaiwsal from immunoprecipitated
material was amplified by Q-PCR as described befbada are +SD P < 0.05, **P
(0.001 to 0.01)***P < 0.001.
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To investigate if EBNA-2 might be interacting withe bik promoter in the absence of
extraneous TGFL, ER/EB2-5 cells were cultured in the presence ahsence of
oestrogen for a period of 48 h, chromatin was th@mwvested and ChIP was performed
as described before. It can be seen that the té&v@mad3 binding to thbik promoter
decreased by 0.6-fold in the presence of oestr{§BN growth programme-dependent
cell proliferation) and that EBNA-2 interaction Wwithebik promoter was increased by
1.3-fold (Figure 3-22).

1.51 *
(@] I
= | [ +Est
£
2 104
<
P
o
o **
> 057
— -
<
]
x
0.0- T r
48 h Est - + - +
EBNA2 Smad3

Figure 3-22: Less Smad3 is bound to thiak promoter during the EBV growth
programme in ER/EB2-5 cells.

ER/EB2-5 cells, cycling in the presence and absesfceestrogen for 48 h, were
harvested and ChIP was performed as described ebefih anti-Smad3 and anti-
EBNA-2 antibodies. DNA isolated from immunoprecgiéd material was amplified by
Q-PCR as before. Data are £SP £ 0.05,**P (0.001 to 0.01).

In order to investigate a potential role for the\EBrowth programme in regulating
Smad3 levels, protein lysates were prepared frqmpregsed/cycling ER/EB2-5 cells at
48 h, 72 h, and 96 h and in the absence of extten€GHB1. It was clear, both from
whole cell extracts and nuclear fractions, that &narotein levels had decreased

overall in response to the activation of the EBYwgh programme (Figure 3-23).
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Figure 3-23: Modulation of Smad3protein expression by the EBV growth
programme in the conditional LCL ER/EB2-5.

Protein extracts were prepared from ER/EB2-5 celldtivated in the presence
(activation of EBV growth programme) and absenagpigsession of EBV growth
programme) of oestrogen at the time points inditaide figure shows Western blots
of Smad3 and GAPDH an@actin proteins using whole cell lysate (top pareip
nuclear fractions (bottom panel).
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Summary

Transforming growth factor beta, a member of theFfGuperfamily of ligands, has
highly pleiotropic properties which are determirmdthe dose and duration of signal in
addition to the type and state of the target cell.

Here, evidence is presented to show that fXsfediated cell death coincided with the
up-regulation of the pro-apoptotic BH3-only Bik lmth Ramos and BJAB cell lines
and that transienbik knockdown reversed the apoptotic effects mediatedugh
TGHB1 signalling. Furthermore, transiebik knockdown was seen to reverse the
reduction in cell metabolic activity that was meddhby TGB1. TGH1-induced cell
death is dependent on canonical Smad proteinsesetizell lines, by prompting the
translocation of Smad3 from the cytoplasm to theleus (indicative of Smad-
dependent TGF signalling). ChIP assays showed that in the peserf TGHEBL1,
Smad3 and Smad4 were recruited to thke promoter and subsequent RT-gPCR
analysis confirmed that this coincided with an @age inbik mMRNA levels. As recent
findings in our laboratory indicated an associatmeiween EBNA-2 andbik down-
regulation, experiments were designed to investigapossible role for Smad3 in this
process. Expression of ectopic EBNA-2 and its n&+C binding mutant in Ramos
cells had a pro-survival effect when apoptosis wdsiced through TGFL signalling.
Furthermore, subsequent ChIP analysis showeddkat3mad3 and Smad4 was bound
to thebik promoter in both cell lines in the presence of BGFand that this effect was
not dependent on the ability of EBNA-2 to interagth CBF1. In BJAB, ectopic
expression of EBNA-2 or its non-CBF1 binding mutkad to a decrease in the level of
total Smad3. The level of Smad3 protein did notrease in response to TEF
stimulation, as opposed to the case when BJAB eedle transfected with control
plasmid (pSG5).

The conditional LCL ER/EB2-5 was used to invesegtte EBVbik interaction in a
setting in which the EBV growth programme couldswgtched on and off. ER/EB2-5
cells proliferating due to EBV showed a significadgcrease irbik mRNA when
compared to cells where the EBV growth programme sappressedBik down-
regulation in ER/EB2-5 cells proliferating in theepence of oestrogen coincided with
decreased levels of Smad3 and Smad4 bound tbikkhgromoter when compared to
ER/EB2-5 cells, where the EBV growth programme s@gpressed. In parallel to these
observations, the total level of Smad3 protein w@sn to be decreased in ER/EB2-5
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cells proliferating due to the EBV growth programribese results were obtained in
the absence of extraneous TBAF as addition of this hormone has been shown to
activate the EBV lytic cycle (lempridee, et al. 208i Renzo, et al. 1994). It was also
illustrated here that in the presence of PGRhere was an increase in EBNA-2, along
with a decrease in Smad3, recruited to lbile promoter in Ramos cells expressing
ectopic EBNA-2. Likewise, in ER/EB2-5 cells prolié¢ing due to the EBV growth
programme, the level of EBNA-2 recruitment to thi& promoter increased when

compared to ER/EB2-5 cells where the EBV growtlgprioime was suppressed.
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Figure 3-24: A model for EBV inhibition of TGFp1-mediated cell death.

TGFB triggers a signalling cascade through interactmith two transmembrane
serine/threonine kinase receptorRI and BR2. The main intracellular mediators of
these receptors are a family of proteins knownraads. Here it has been shown that in
the presence of EBV growth programme or ectopic EENthe basal level of receptor
regulated Smad (Smad3) protein is decreased (pessérhanisms have been indicated
in figure; see Chapter 6) resulting in decreasedurgnent of Smad3 to théik
promoter.
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In summary, the mechanism of action of P&Fn Ramos and BJAB was seen to partly
involve the induction of an apoptotic program wanscriptional up-regulation of the
pro-apoptotic protein Bik, in a manner dependenthenSmad canonical pathway. The
increase in the level of this BH3-only protein adnited to intrinsic apoptosis. TGE-
mediated apoptotic effects were diminished in deflasiently expressing EBNA-2 as a
likely consequence of Smad3 protein down-regulatiod a reduction in the level of
Smads bound to thaik promoter. Furthermore, evidence was generatedggest that
EBNA-2 may be interacting with tHak promoter. Moreover, it was seen that the EBV
growth programme repressbik through down-regulation of the basal level of Smad3
This coincided with a decreased levelbok promoter-bound Smad3 and an increased
level of EBNA-2 recruited to thieik promoter (Figure 3-24).
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Chapter 4.

The EBV Nuclear Antigen-2
rescues Ramos cells from BCR
Induced apoptosis

156



Germinal centres are highly structured microenviments essential for the clonal
expansion of antigen-specific germinal centre B pinocytes, followed by somatic
hyper mutation (SHM) and isotype switching. Sin€e a high risk procedure for
generating autoreactive or non-functional clonesebs transferring through germinal
centres for development and activation are pronprégrammed cell death initiated
from the B cell receptor (BCR), FAS and TfGFeceptor signalling pathways, unless
they receive sufficient pro-survival signals, efigpm CD40 ligand (Kurosaki 2000,
Benschop and Cambier 1999). Studies have revehlad BCR cross-linking with
antibodies to membrane-bound IgM but not IgD, oa slrface of B cells results in
suppression of the PI3K/pp? signalling pathway (Baneriji, et al. 2001). In qast,
(Jiang and Clark 2001b) have reported that botiMsdgd sigD ligation lead to the
induction ofbik mMRNA, but only the former was shown to exert a apoptotic effect,
with an increase in Bik protein levels and stromgvation of PI3K (Beckwith, et al.
1996) and calcium influx (Jiang and Clark 2001a)k PBlays a decisive role in
programmed cell death induced by toxins, cytokiiEGF3, IFN-y) (Spender, et al.
2009), BCR cross-linking (Jiang and Clark 2001&) aimal pathogenesis (Boyd, et al.
1995a)(Chinnadurai, Vijayalingam and Rashmi 2008&)nificant up-regulation dbik
transcripts has been reported in germinal centrelB during differentiation from naive
(Igb+, CD27-) to centroblast transition and itsdevemained elevated in memory B
cells, hence it is likely to be an important fackor maintenance of B cell homeostasis
(Klein, et al. 2003).

Previously, it has been shown that EBV-infectediscalirvive apoptotic signals through
the interaction of the early lytic protein, BHRRIafdais, et al. 2005) with Bik protein
(Boyd, et al. 1995a). EBV transformation of restiBgymphocytes to LCLs mimics
antigen-induced resting B cell clonal expansiotymph node germinal centres, where
antigen binding to surface Ig (slg) inducesycmediated proliferation (Murn, et al.
2009) and T cell CD40 ligand activates B lymphoc@ie40 receptors to up-regulate
NF-xB, MAP kinases, and anti-apoptotic Bcl-2 family f@ia expression (Elgueta, de
Vries and Noelle 2010). Initiation of apoptotic saijing pathways via BCR modulates
the expression of Bcl-2 family members to regul#te intrinsic mitochondrial
apoptosis pathway, which can be opposed by appatepsurvival signals. Controlling
expression of the Bcl-2 family of proteins is tHere critical in regulating the GC

reaction.
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BCR ligation in the absence of co-stimulatory ligaeceptor interactions is important
for the elimination of autoreactive B cells. BCRgagement with anti-lgM antibody is
a model for antigen-induced clonal deletion, wiploptosis induced as a consequence of
surface IgM (slgM) cross-linking. In human B celiik is a downstream target of BCR
signalling (Jiang and Clark 2001a, Craxton, etl8R9, Craxton, et al. 2000). In B104
lymphoma cells, which possess the phenotype of mmd&Lcells, sigM engagement was
shown to correlate strongly with sustairi@k induction and apoptosis (Jiang and Clark
2001a). Therefore, experiments were set out tostiya&te whethebik repression could
confer a survival advantage on BL-derived celldofwing BCR engagement. The BL
cell line Ramos and the B cell lymphoma-derived BJ&are examples of malignant
cells that have retained the normal response oBGElls to BCR stimulation (Young
and Staudt 2013).
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4.1 BCR cross-linking in EBV-negative B cell lineteads to the
induction of apoptosis

BJAB and Ramos cells were seeded at 53c&lymL 24 h prior to treatment with three
different concentrations of anti-IgM antibody. Twaefiour hours after antibody
treatment, apoptosis was measured as describetbysby (in chapter 3). Apoptosis
was seen to have been induced in both cell lines dose-dependent manner (Figure
4-1 and Figure 4-2). It was observed that Ramds ¢eilgure 4-1) were more sensitive
to apoptosis induced by anti-IgM ligation than BJA&Is (Figure 4-2), since 1 pg/mL
anti-lgM antibody in Ramos resulted in 55% £SD 3.58 cells undergoing apoptosis
whereas in BJAB this number increased to 14% +SD@.This is not due to lack of or
low expression of silgM as several groups have shtvabh BJAB expresses sigM
(Singer and Williamson 1980, Guerreiro-Cacais, tsaya and Levitsky 2010).
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Figure 4-1: BCR cross linking in Ramos cells lead® apoptosis.

Ramos cells were treated with various concentratairanti-lIgM antibody, as indicated
above each scatterplot, for a duration of 24 hl sielival profiles were analysed using
7AAD/Annexin-V staining and subsequent flow cytonetanalysis. (A) Quadrant
markers were based on stained/unstained contrelts @ the lower left quadrant are
viable (7AAD/Annexin-V), cells in the lower right quadrant are early aptip
(TAAD/Annexin-V'), cells in the upper right quadrant are late apipt
(7TAAD*/Annexin-V") and cells in the upper left quadrant are nedfmtistly nuclear
debris (7AAD/Annexin-V). (B) Values presented as a bar chart reflecptreentage
of cells in each quadrant for triplicate experinseridata are Mean £SFP < 0.05 and
**P (0.001 to 0.01).
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Figure 4-2: Apoptosis was induced by BCR cross-lirikg in BJAB cells.

BJAB cells were treated with 1, 2, and 4 pg/mL mi-4gM antibody for 24 h. (A) Cell
survival profile was analysed using 7AAD/Annexinstaining and subsequent flow
cytometric analysis as described in (Figure 4-fjetal. (B) Values presented as a bar
chart reflect the percentage of cells in each cudor triplicate experiments. Data are
Mean £SD*P < 0.05 and*P (0.001 to 0.01) of three independent experiment.
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4.2 BCR ligation leads tdoik induction

In order to investigate if BCR cross-linking exeitts apoptotic effect by regulation of
bik, Ramos and BJAB cells were treated with 0.5 pgimb pg/mL anti-lgM antibody
for a duration of 24 h. Total RNA and protein wéavested and relativek mRNA
levels were detected by RT-gPCR using RNA prepadet after treatmenBik mRNA
levels were assayed in triplicate and normalisedapdh mRNA levels. Bik protein

expression was analysed by Western blot.

Bik mRNA levels were seen to increase in both Ramogu(Ei4-3) and to a lesser
extent in BJAB cells (Figure 4-4) following treatnewith anti-lgM antibody, and in a
dose-dependent manner. Bik protein levels incakats® in both cell lines (Figure 4-3
B and Figure 4-4 C; B and C), with a more pronodne&fect in Ramos. Bik is a
phosphoprotein and it is phosphorylated on conserzasein Kinase [l(CKII)
phosphorylation sites (Thr-33 and/or Ser-35). Phosgation is required for efficient
Bik-mediated apoptosis (Verma, Zhao and ChinnadR€4dil). Bik appears as a 27
kDa/26 kDa double band in some cell lines and glsiband in others. Western blot
analysis of the Ramos cell line showed a singleddan Bik protein, whereas BJAB
demonstrated a double band. When Ramos was steduhdath the TGB1 ligand, it
was the higher molecular weight band that was sed® affected. These observations
are consistent with what has already been repontdtie literature (Jiang and Clark
2001a, Spender and Inman 2009a)
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Figure 4-3: BCR ligation with anti-IgM antibody leads to bik trans-activation in
Ramos.

Ramos cells were treated with 0.5 pg/mL and 5 pgamti-lgM antibody. (A) Relative
bik mMRNA levels were detected by RT-gPCR using RNA areg 24 h after treatment.
Bik levels were assayed in triplicate and normalisesingy gapdh Relative
guantification levels were calculated relative he tontrol. Data are Mean £SiP <
0.05 and**P (0.001 to 0.01) vs untreated control. (B) Westdat showing Bik protein
expression. (C) Bik protein relative density vals®®wn were obtained from ImageJ
and were normalised to untreated control.

163



c
i)
S 41 **
= O- algMADb
T 3 B+ algMADb
=
(]
= 29 *
©
Fo)
L= l_
<
pd
o4
go T
4
o Ctrl :5pg 0.5 g :
Anti IgM Ab
B S
& B %
Anti Ight Ab
BIK
B-Actin

Figure 4-4: BCR ligation with anti-IgM antibody leads tobik trans-activation in
BJAB

BJAB cells were treated with 0.5 pg/mL and 5 pg/Aniti-IgM antibody. (A) Relative
bik MRNA levels were detected by RT-gPCR using RNA areg 24 h after treatment
as described in the legend of (Figure 4.3). Data Mean +SD*P < 0.05 and**P
(0.001 to 0.01) vs untreated control. (B) Westdot bhowing Bik and3-actin protein
expression.

164



4.3 Transientbik knockdown does not significantly inhibit anti-IgM-
induced apoptosis in EBV negative cell lines

In order to investigate to what extdnk is involved in BCR-mediated cell deathik
was transiently knocked down in Ramos (Figure 4+%) BJAB (Figure 4-6) cell lines
using antibik siRNAs (si1989 and si1990). Protein extracts ath2dnd 48 h post
transfection were prepared from both cell lines arte analysed by Western blot.
RNA extracts were prepared at 24 h post transfeciod the level obik mRNA
expression was analysed by RT-gPCR as describedebén transfection experiments
with Ramos and BJAB, both ariiik sSiRNAs were shown to inhibliik expression, as
reflected in decreaselik MRNA and protein levels. In contrast, the contriGtNA
siNeg did not affect Bik expression (Shown in clea8, Figure 3.5 and Figure 3.6).
Cells that were transfected with siRNAs were thefh lintreated or treated with 0.5
pg/mL of anti-IgM antibody. The cell survival prigfiwas determined 24 h following
treatment by 7AAD/Annexin-V-PE staining and subsaguflow cytometric analysis.
It can be seen that treatment witlyM led to the induction of apoptosis in both cell
lines, with a more pronounced effect seen in Ramatls (Figure 4-5 and Figure 4-6). In
the transfected cell population, significant apsgowas observed before treatment
with/without anti-lgM antibody (Figure 4-5 and Figu4-6), and transiertiik down-
regulation appeared to rescue cells from transfiegtiduced apoptosis by
approximately 20% (Figure 4-5 and Figure 4-6). Srantbik knockdown was seen to
decrease the overall apoptotic level but it did have a pronounced effect in
significantly inhibiting apoptosis mediated by BGQGfRoss-linking in both cell lines
(Figure 4-5 and Figure 4-6). It has previously beéown in purified immature and
mature B cells from wild typdyim™, andvaw-bcl-2 transgenic mice that BCR cross-
linking mediates apoptosis through induction oftbBim (Enders, et al. 2003b) and Bik
(Jiang and Clark 2001b) pro-apoptotic proteins. sThwhile it appears thabik
knockdown had a pro-survival effect, the inductadrBim might be masking the actual
effect.
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Figure 4-5: Transient bik knockdown does not significantly inhibit anti-IgM-
induced apoptosis in Ramos.

Ramos cells were transfected with each of two diffebik SIRNAs (si1989, si1990) or
negative control siRNA (siNeg). Twenty-four houdldwing transfection, cells were
treated with 0.5ug/mL of anti-IgM antibody for duration of 24 h. (AJell survival
profile was analysed using 7AAD/Annexin-V stainiagd subsequent flow cytometric
analysis as described in (Figure 4-1) legend. (Blu¥s presented as a bar chart reflect
the percentage of viable cells for triplicate expents. Data are Mean +SP < 0.05.
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Figure 4-6: Transientbik knockdown does not significantly inhibit anti-lgM-
induced apoptosis in Ramos.

BJAB cells were transtected with each of two der@ibik SIRNAS (S11989, s11990) or negative
control siRNA (siNeg). Twenty-four hours followirtgansfection, cells were treated with 0.5
pg/mL of anti-IgM antibody for duration of 24 h. (Aell survival profiles were analysed using
7AAD/Annexin-V staining and subsequent flow cytorieanalysis as described in (Figure 4-1)
legend. (B) Values presented as a bar chart retthecpercentage of viable cells for triplicate
experiments. Data are Mean +3P < 0.05 and*P (0.001 to 0.01).
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4.4 Ectopic EBNA-2 inhibits BCR-induced apoptosisn Ramos cells

As previously described, recent findings in ourolabory indicated that Bikepression
appears to be a feature of LCLs and BL cells exgmgsall the viral latency-associated
proteins. These results suggested tilais a negative transcriptional target of the EBV
latent protein, EBNA-2 (Chapter 1). In order to estigate to what extent EBNA-2
expression in EBV negative cells can protect theses from apoptosis induced by
BCR cross-linking, a co-transfection strategy imiod pMaxGFP with one of pSG5-
EBNA-2, pSG5-EBNA-2 WW323SR or the correspondingitoal vector pSG5, was
therefore adopted in order to realise this goattyFeight hours after transfection, cells
were treated with 0.5 pg/mL anti-IgM antibody fodaration of 24 h and apoptosis was
measured in the population of cells expressing ®FRising Annexin-V-PE/7AAD
staining. It can be seen that expression of EBNiestued Ramos cells from antigen-
receptor-mediated apoptosis with 42% £SD 5.033 alisdeing viable and that the
EBNAZ2-CBF1 interaction was not essential for tHifee with 44% +SD 5.000 viable
cells, compared to Ramos cells transfected witttrobvector with decreased viability
(17% +SD 5.508 ) (Figure 4-7). The large proportadmecrotic cells present is due to
harsh transfection conditions. It has been showsvipusly in our laboratory that
EBNA-2 negatively regulates the expression bik. In addition, EBNA-2 trans-
activates the expression of the pro-survival Bdakily members,bcl-2 and bfl-1
(Pegman, et al. 2006a). Also, EBNAZ2 has been shovamd Nur77 and protect against
Nur77-induced cell death (Lee, et al. 2002).
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Figure 4-7: EBNA-2 inhibits apoptosis induced by BR cross-linking in Ramos

Ramos cells were co-transfected with 0.5 ug pMax@he 0.5 ug of each plasmid as
indicated underneath the graph. Forty-eight hottex &ransfection, cells were treated
with 0.5 pg/mL anti-IgM antibody. (A) Represent® tbell viability/apoptosis FACS
profiles 24 h after treatment with anti-lgM antilyod'he cells in each quadrant are as
described in the legend to Figure 4-1 (B) Bar chepresentation of the percentage of
viable cells in experiment shown in A (averagelhoée independent experiments). Data
are +SD**P (0.001 to 0.01).
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A similar experiment was set up in order to invgeste if ectopic EBNA-2 reduces the
rate or delays the onset of apoptosis induced bR B@ss-linking in BJAB (not
shown). BJAB cells were co-transfected with pMaxGhiel one of pSG5-EBNA-2,
pSG5-EBNA-2 WW323SR or the corresponding contrateepSG5. Poor transfection
efficiency (less than 10%) and a high rate of apsistdue to transfection was observed
in all cases. Several factors were changed in dodenprove the transfection efficiency
and cell viability (data not shown). Three transifet reagents were used (TransIT-
LT1, SuperFect, TransIT-2020) instead of the Ingdgiectroporation Kit, which was
used with either the Nucleofector (Amaxa) or Elegtrator (Bio-Rad) instruments. In
addition, total DNA concentrations (0.5 pg, 1 uad 2 pg), GFP expression plasmids
(PEGFP-N1 and pMaxGFP) and the presence of antibioin culture medium
(penicillin/streptomycin —P/S) were also investeghtin order to optimize the
transfection efficiency and increase the cell \lighiln general, transfection efficiency
increased moderately (from 10% up to 12%) whenguplBGFP-N1 and cell viability
increased significantly when electrical current @M% were not used. Transfection
efficiencies were higher when BJAB cells were elgmbrated or nucleofected
compared to when these cells were transfected WHnsIT-LT1, SuperFect, and
TransIT-2020 reagents. However, cell viability wagnificantly lower. BJAB cells
were efficiently tranfectable with siRNA and celakility was not seen to be as low as

when they were transfected with plasmids.
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4.5 The involvement of PI3K-dependent pathway in BR-mediatedbik
MRNA expression, and apoptosis.

The activity of phosphatidylinositol-3 kinase (PIBks essential for normal BCR-
mediated responses, developmental progressioriymphopoiesis and for the survival
of mature B cells (Xu, et al. 2012, Vigorito, et 2004). Experiments carried out
elsewhere showed that the expression of Bik proisignificantly increased after
sigM ligation in B104 B lymphoma cells, and furthmare that Bik protein expression is
PI3K-dependent, since treatment with a PI3K inlibhitvortmannin (Wm) blocked both
slgM-mediated Bik protein production and apoptoglang and Clark 2001a). In
contrast, other studies have shown that inhibitd®I3K accelerates apoptosis in BL
cell lines including Ramos (Curnock and Knox 1998ender and Inman 2012a).

In order to investigate if the PI3K pathway playsrade in the regulation obik
following BCR stimulation of GC-derived cells (appmsed to B104 cells, which are
derived from a mature B cell), the intrinsic apdjtgathway was again induced in
Ramos and BJAB cells by treating the two cell limgth anti-IgM antibody. The PI3K
pan-inhibitor, wortmannin (10 nM), was added 30 miior to BCR cross-linking with
0.5 ug/mL anti-lgM antibody and@optosisvas then assessed as before uamgexin
V-PH7-AAD doublestaining.
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Figure 4-8: The effect of PI3K inhibition on BCR cross-linking mediated apoptosis

in Ramos cells.

Ramos cells were treated with wortmannin 30 miroleBCR stimulation with anti-
IgM antibody. Apoptosis was assessed using 7AADEmV double staining by flow
cytometry. (A) Representative cell viability/apogpi® FACS profiles 24 h after
treatment are shown. The cells in each quadrardsaceescribed in the legend to Figure
4-1 and the values shown represent the percenfagells in each quadrant. (B) Bar
chart represents the percentage of the cells israrpnt shown in A (average of three
independent experiments). Data are #3P (0.001 to 0.01).
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Treatment of Ramos cells with wortmannin or vehutie not have any obvious effect
on cell viability (Figure 4-8), whereas apoptosiaswncreased when BJAB cells were
treated with wortmannin (25% =SD 2.000) when coragdato untreated cells (9.9%
+SD 1.504) (Figure 4-9). It can be seen that BCes®Hlinking with anti-lgM antibody
for 24 h led to 75% +SD 5.000 of Ramos cells undierg apoptosis (Figure 4-8).In
comparison, BCR cross-linking mediated a lower ll@f@poptosis in BJAB cells (23%
+SD 3.512) (Figure 4-9). Treatment of Ramos cellthwvortmannin inhibited the
apoptotic effect induced by BCR cross-linking wihti-lgM antibody and resulted in
23% +SD 3.060 of cells being apoptotic (Figure 4.1) contrast, in BJAB cells,
wortmannin did not have any significant impact alagting or decreasing apoptosis
induced by BCR cross-linking (Figure 4-9).
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Figure 4-9: The effect of PI3K inhibition on BCR crosstinking mediated apoptosis
in BJAB cells.

BJAB cells were treated with anti-IgM antibody. Whannin was added 30 min before
anti-lgM antibody stimulation. Apoptosis was assessusing 7AAD/Annexin-V-
PE double staining by flow cytometry. (A) Represgine cell viability/apoptosis FACS
profiles 24 h after treatment are shown. The dallsach quadrant are as described in
the legend to (Figure 4-1) and the values showresemt the percentage of cells in each
guadrant. (B) Bar chart representation of the ¢elesxperiment shown in A (average of
three independent experiments). Data are ¥3P < 0.001.
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In order to investigate a role for the PI3K sigmagjl pathway in thdéransactivation of
bik upon BCR cross-linking, total RNA from the samgenment was also extracted
and analysed fdoik expression by RT-gPCR. As can be sé@kmRNA was increased
by approximately 6.3-fold in Ramos (Figure 4-10ak)d by 3.1-fold in BJAB (Figure
4-10 B) in the presence of 0.5 pg/mL anti-IgM aotikh. However, when PI3K was
inhibited by wortmannin, prior to BCR stimulatiomik mRNA expression was
decreased by 3.1-fold in Ramos (Figure 4-10 A) layd..5-fold in BJAB cells (Figure
4-10 B).
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Figure 4-10: BCR cross-linking requires PI3K signding pathway for bik mRNA
trans-activation.

Apoptosis was induced in (A) Ramos and (B) BJABscbl treating these cells with
anti-IgM antibody. The PI3K pan-inhibitor, wortmannwas added 30 min before anti-
IgM antibody stimulation. Relativieik mRNA levels were detected by RT-gPCR using
RNA prepared 24 h after treatmeBik mMRNA levels were assayed in triplicate and
normalised togapdh mRNA levels. Relative quantification levels werelcctated
relative to the control assigned a value of 1. RataMean +SD*P (0.001 to 0.01).

Overall, BCR cross-linking led to the significantuction of apoptosis which coincided
with bik transactivation in Ramos cells. An intact PI3K signadjipathway seemed to
be required for the BCR cross-linking mediated afia this cell line, as inhibition of
PI3K by wortmannin significantly decreased the dpbp effect mediated by BCR
cross-linking and decreased expressiorbi@f However, BCR cross-linking in BJAB
cells induced less apoptosis in contrast to Ranetls which also coincided withik
trans-activation. AlthoughPI3K inhibition also led tdik mMRNA down-regulation (to a
lower extent than that observed in Ramos cellsJKRiathway inhibition was seen to
have no significant effect on preventing or enhagcapoptosis due to BCR cross-

linking.

176



Summary

Here, Ramos and BJAB were used to study the ma@eewkents associated with GC B
cell receptor-ligation-induced apoptosis. Similaity TGH1, signalling via the BCR
induced apoptosis more profoundly in Ramos when paoed to BJAB, which
coincided with an increase in Bik protein and mRNels in a dose-dependent
manner. Transiertik knockdown was not sufficient to inhibit the apojpsosediated
through BCR cross-liking in both EBV-negative delles. Moreover, ectopic EBNA-2
or its non-CBF1 binding mutant, EBNA-2 WW323SR,aesd Ramos cells from the
apoptotic effects mediated through BCR cross-ligkiRigure 4-11). Here, it has been
observed that inhibition of the PI3K pathway by tmwannin led to a decreased
expression level diik mRNA and the viability of Ramos cells stimulatehaanti-IgM
antibody was augmented. However, while PI3K inbitin BJAB cells was seen to
coincide with decreasdalk mRNA level, no significant effect was seen in reusg the

apoptotic effects induced upon BGRmulation.

gl S CD4O0L
. BCR '
CD40
A NF-«xB
vEBV/ v
BCL-X.
<IDEBNAQI> '__I BIK Bfl-1
Apaf-1
Bax/Bak
ax/Bak — Caspase-9 —> Caspase3

Figure 4-11: A model for inhibition of BCR-induced apoptosis by EBV.

BCR engagement in the absence of survival sigria3( engagement) can promote
apoptotic signal transduction pathways such asvawin of effector caspases and
expression of pro-apoptotic genésk(@andbim). Here, it has been shown that EBNA-2
negatively modulatesik transactivation following BCR cross-linking and signidiatly
inhibiting apoptosis.
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Chapter 5:

A co-operative effect of &,25-
(OH).D3; on BCR- and TGFp1-
mediated apoptosis
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A role for 1a,25-(OH),D3in B cell homeostasis

Vitamin D3 has received increased attention recently fgolégtropic actions on many
chronic diseases, including cancer (Holick 2004&eEl et al. 2012), cardiovascular
disease, autoimmune disease, diabetes (Adams awikdte 2008), and neurologic
disease (Garcion, et al. 2002, Holick 2007). It hbaen estimated that vitamingD
regulates the expression of over 900 genes (folrewewsee (Wang, et al. 2005)).
Investigations on B cell responses have found tlag25-(OH)D3 inhibited the on-
going proliferation of activated B cells and inddapoptosis without having any effect
on initial cell division. The generation of plasmells and post-switch memory B cells
was significantly inhibited by d,25-(OH}D3, although the up-regulation of genetic
programs involved in B cell differentiation was pnhodestly affected (Chen, et al.
2007). B cells express mRNAs for proteins involwed/itamin D; activity, including
CYP27B1, CYP24A1, and the VDR, each of which hasnbgeen to be regulated by
1,25(OH}D3. Importantly, &,25-(OH)D3; has been shown to up-regulate p27, but not
pl8 and p21, both of which may be important in tatjug the proliferation of activated
B cells and their subsequent differentiation. Thigsdings indicate thatd,25-(OH)D3
may play an important role in the maintenance otdd homeostasis and that the
correction of vitamin B deficiency may be useful in the treatment of B-oetdiated
autoimmune disorders (Chen, et al. 2007). B celttieity with 10,25-(OH}D3 is a
characteristic universally shared by naive, germioantre and memory B cell
subpopulations, and cellular activation rather td#ferentiation, is more defining of
their biological reactivity to d,25-(OHYD3 (Morgan, et al. 2000b)The apoptotic
effects of h,25-(OH)D3 are cell-specific and context-dependent and areateztl by
modulating different signalling pathways, cell egycégulators and Bcl-2 protein family
members (Fleet, et al. 2012). Vitamig las been shown to induce apoptosis in prostate
cancer cells by the intrinsic pathway and by doegutating Bcl-2, Bcl-xL but not Bax
and Bad (Guzey, Kitada and Reed 2002). It has bhewn that &,25-(OH}D3 has a
direct effect on the B cell response. It inhiblte bn-going proliferation of activated B
cells and induces their apoptosis, and also thergdon of class switched memory B

cells, plasma cell differentiation, and Ig prodaot{Chen, et al. 2007).
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Here, experiments were designed to address (ip,25:(OH)D3 is able to induce
apoptosis in Ramos and BJAB -B cell lines that ased as GC B cell models (ii)
whether the occurrence of such apoptosis coincidis upregulation obik,, and (iii)

the possible co-operation of,25-(OH)D3 with TGH31 and BCR signalling pathways

in regulating apoptosis ark.
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5.1 Apoptotic effect of 1a,25-(OH),D;

In order to investigate a potential apoptotic dffeicla,25-(OHD3, Ramos cells were
treated with 10 nM and 50 nM concentrations af25-(OH) for 24 h and 48 h.
Apoptosis was then measured by Annexin-V-PE/7AABinshg, followed by flow
cytometry. It was observed that apoptosis was ieduo a dose-dependent manner.
This effect was best seen at the 48 h time poirgreviiboth 10 nM and 50 nM had
similar effects, with an approximately 3-fold inase in the apoptotic cell population
when cells where treated with 50 nM,25-(OH)D3; compared to control (Figure 5-1).
The effect of FCS on the apoptotic activity ef,25-(OH)D3; was then examined. The
induction of apoptosis was maximal when cells weeriéured with media supplemented
with 5% FCS (data not shown).
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Figure 5-1: 1a,25-(OH),D3 induces apoptosis in Ramos cells.

Ramos cells were treated with 10 nM and 50 nMog23-(OH}D; for 24 and 48 h. (A)
Representative cell viability/apoptosis FACS pedilat 24 h and 48 h following
treatment. The cells in each quadrant are as tescm the legend to (Figure 4.1) and
the values shown represent the percentage numhetlsfin each quadrant. (B) Values
presented as a bar chart reflect the percentagellsfthat were undergoing apoptosis
(three independent experiments). Data are #3B 0.05 and*P (0.001 to 0.01).
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5.2 1a,25-(OH),D3;-mediated apoptosis coincides withik trans-
activation

Ramos cells were then treated with 0.1 nM, 1 nM,nM), and 100 nM of 4,25-
(OH),D3 for 24 and 48 h. Total RNA and protein were hameest the indicated time
points for RT-gPCR and Western blot analysis (Fegb2). It can be seen that thik
MRNA expression level significantly increased isgense to d,25-(OH)D3 in a dose-
dependent manner relative to untreated control.-faldl increase in the level dfik
MRNA can be seen 24 h after treatment with 10 nNhefl,25-(OHYD3 (Figure 5-2
A). In addition, Western blot analysis showed aolgifincrease in Bik protein
expression at the 24 h time point in response toM®f 1o,25-(OH}D3 (Figure 5-2 B).
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Figure 5-2: Bik mRNA and protein levels increase in response toa25-(OH),D3
treatment (Ramos cells).

(A) Relativebik mRNA levels were detected by RT-qgPCR, as desciiiéue legend to
Figure 4.3, using RNA prepared at 0 h, 24 h and 48llowing treatment with three
different concentrations of]25-(OH)}D3 as indicated below each bar chart (average of
three independent experiments) Data are *#BD(0.001 to 0.01). (B) Western blot
showing Bik protein expression for the 24 h timenpan response to 0.1 nM, 1 nM,
and 10 nM of &,25-(OH)}Ds.
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5.3 1la,25-(OH)%,D; and TGFB1l independently and co-operatively
induce apoptosis in Ramos and BJAB cells

A number of different experiments have demonstrateds-talk between the TGE
and vitamin I signalling pathways (Adams and Hewison 2008, Subraam, et al.
2001). The activities of nuclear hormone receptmesmediated, at least in part, through
the Smad proteins. Smad3 for example, a downstreeamponent of the TGQF
signalling pathway, interacts with and acts as -aaovator of VDR (Subramaniam, et
al. 2001). &,25-(OH)Ds-induced phosphorylation of Smad2 and Smad3 pretisiman
indirect effect of &,25-(OH)D3; and is dependent on TGHDaniel, et al. 2007).
Smad3 binds the VDR-RXR heterodimer in a ligandeshglent manner, in which an
intact Smad MH1 domain is required, in contrastntany other Smad interactions,
which are mediated by the MH2 domain (Leong, et28l01). This interaction is
strongly inhibited by the inhibitory Smad, Smad? oot by Smad6 (Yanagi, et al.
1999).

In order to address a possible co-operation betwkenk:,25-(OHYDs; and TGB
signalling pathways in the GC cell context, Ramod BJAB were treated with either
10 nM 10,,25-(OH)}D3 or 10 ng/mL TGB1 alone, or co-stimulated with both together
for 24 and 48 h. Each treatment was again obsdovetuce apoptosis and combined
treatments resulted in higher rates of apoptosi€nwbhompared to the relevant
individual treatments (Figure 5-3 and Figure 5-H)e rate of apoptosis was increased
by 5.5-fold after 48 h in Ramos cells (Figure 5-&id B) and by 7-fold in BJAB cells
(Figure 5-5 A and B) co-stimulated with 10 ng/mL A3 and 10 nM &,25-(OH)}Ds3,
when compared to untreated control at the same pionet. Total RNA and protein
were extracted 24 h and 48 h after treatmBitmMRNA levels were seen to increase in
cells treated with either T@&E or 1n,25-(OH)D3. Apoptosis was increased 4-fold in
Ramos cells (Figure 5-4 A) and by more than 2.@d-faol BJAB cells (Figure 5-6 A)
when cells were co-stimulated with T@Fand vitamin [ together. The level of Bik
protein was also seen to rise in response to eliln@5-(OHRD3; or TGH1 treatment
alone and Bik expression was increased when ceadlg wo-stimulated with both of

these stimuli (Figure 5-4 B and Figure 5-6 B).
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Figure 5-3: 1a,25-(OH),D3 and TGFp1 independently and co-operatively induce
apoptosis in Ramos cells.

(A) Representative FACS profiles of Ramos cellsh2and 48 h following treatment
with stimuli as indicated above each scatterpldte Tells in each quadrant are as
described in the legend to Figure 4.1 and the gathewn represent percentage number
of cells in each quadrant. (B) Values presented bar chart reflect the percentage of
cells undergoing apoptosis (three independent @rpets). Data are +SEP<0.05 and
***pP < (0.001.
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Figure 5-4: 10,25-(OH),D3; and TGFp1 independently and co-operativelyrans-
activate bik in Ramos cells.

Ramos cells were treated with 10 nM,25-(OH)D3; and/or 10 ng/mL TG for 24
and 48 h. (A) Relativeik mRNA levels were detected by RT-gPCR, as desciibéue
legend to Figure 4.3, using RNA prepared at indiddime points following treatment
with different stimuli as indicated below each lehiart. (B) Represents Western blot
showing Bik and3-actin protein expression for 24 h and 48 h timmso Data are +SD
*P<0.05 and*P (0.001 to 0.01).
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Figure 5-5: 1a,25-(OH),D3; and TGFp1 independently and co-operatively induce
apoptosis in BJAB cells.

BJAB cells were treated with 10 ni,25-(OHRD3; and/or 10 ng/mL TGl for 24
and 48 h. Cell viability/apoptosis was measuredh2dfter treatment by FACS as
described in the legend to Figure 4.1 and valuesgmted as a bar chart reflect the
percentage of cells undergoing apoptosis for 24dh 48 h after treatment. Data are
+SD*P<0.05,**P (0.001 to 0.01), antt*P < 0.001.
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Figure 5-6: TGFB1 and l0,,25-(OH):,D3; independently and co-operativeljtrans-
activate bik in BJAB cells.

BJAB cells were treated with 10 nMy,25-(OH»D3; and/or 10 ng/mL TGFL for 24 h
and 48 h. (A) Relativeik mRNA levels were detected by RT-gPCR, as desciibéue
legend to Figure 4.3, using RNA prepared at thdacatdd time points following
treatment with different stimuli as indicated bel@ach bar chart. (B) Represents
Western blot showing Bik anfglactin protein expression for 24 h and 48 h timm{gso
Data are £SD*P (0.001 to 0.01) antt*P < 0.001.
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5.4 Co-operation between the BCR, d, 25-(OH)D; and TGFp1
signalling pathways on induction of apoptosis in Rmos and BJAB
cells

In order to investigate if d,25-(OH}D3; co-operates witlBCR and TGB1 signalling
pathways in inducing apoptosis in a GC cell cont®amos and BJAB cell lines were
treated with &,25-(OH})D3, TGH31 and anti-IgM antibody separately or in combinatio
(as indicated in Figure 5-7 and Figure 5-8) foreaiqul of 48 h. Cell survival profiles
were then determined as before by 7-AAD/Annexintsirsng and flow cytometric
analysis. These three stimuli were again seendoci apoptosis in Ramos and BJAB
when used individually (Figure 5-7 and Figure 58mong the three stimuli, in order,
anti-lgM antibody had the strongest and P&FRand h,25-(OH)D3; were observed to
have the weakest effect in induction of apoptasiRamos cells (70% +SD 1.854, 44%
+SD 2.147 and 30% £SD 2.108 apoptotic respectivade, Figure 5-7). Co-stimulation
of Ramos cells with TGFRL and anti-lgM antibodyed to a significant induction of
apoptosis (94% +SD 3.858), more than was the cdsmnweach stimulus was used
individually (Figure 5-7). Combined treatment ofriRas cells with &,25-(OH»D; and
anti-lgM antibody led to 84% +SD 3.494poptosis (Figure 5-7). Similarly, co-
stimulation with TGB1 and 1,25-(OH}D3 resulted in 52% +SD 2.156f cells being
apoptotic (Figure 5-7). Overall therefore, it candeen thatd, 25-(OH)}D3co-operated
with anti-lgM antibody and to lesser extent with HRZ to increase the level of induced
apoptosis in Ramos cells (Figure 5-7). On the oltzerd, it was observed that, at the
various effector concentrations used, P&Fhad the strongest effect in induction of
apoptosis in BJAB cells (44% £SD 1.955 apoptotio)lowed by anti-IgM antibody
(35% +SD 1.206 apoptotic) and,125-(OHYD3; (31% +£SD 1.952 apoptotic) (Figure
5-8). Co-stimulation of BJAB cells witha]25-(OH)D3; and TGB1 led to 50% +SD
2.082 of cells undergoing apoptosis, more than tvascase when each stimulus was
used individually. Similarly, combined treatmentBJAB cells with TGB1 and anti-
IgM antibody further increased the percentage apéqic cells to 57% =SD 2.608
when compared to the individual treatment with BGRnd anti-lgM antibody (Figure
5-8). Combined treatment of BJAB cells with, 25-(OH}D3; and anti-lgM antibody
was also seen to have a co-operative effect as#46% 1.311 of cells were apoptotic
after this co-stimulation.
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Figure 5-7: Co-operative effects of TGB1, 1a,25-(OH),D3; and anti-IgM antibody
on the induction of apoptosis in Ramos.

Ramos cells were treated with various stimuli alon&gether as indicated below each
bar chart, for a duration of 48 h. (A) Represerttcell viability/apoptosis FACS
profiles 24 h and 48 h after treatment. The cellsach quadrant are as described in the
legend to Figure 4.1 and the values shown reprgsanentage number of cells in each
guadrant. (B) Values presented as a bar chartctdfie percentage of cells undergoing
apoptosis (average of three independent experimédsa are +SD*P (0.001 to 0.01)
(See Table 5-1: Statistical significance).
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Figure 5-8: Co-operative effects of TGB1, 1a,25-(OH),D3; and anti-IgM antibody
on the induction of apoptosis in BJAB.

BJAB cells were treated with various stimuli alemreogether, as indicated below each
bar chart, for a duration of 48 h. (A) Represemtatcell viability/apoptosis FACS
profiles 24 h and 48 h after treatment. The cellsach quadrant are as described in the
legend to Figure 4.1 and the values shown reprgsanentage number of cells in each
guadrant. (B) Values presented as a bar chartctdfie percentage of cells undergoing
apoptosis (average of three independent experimédsa are +SD*P (0.001 to 0.01)
(See Table 5-1: Statistical significance).
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Table 5-1: Statistical significance of apoptosis aluced by various stimuli in Ramos
and BJAB.

Statistical significance of apoptosis (Ramos) | (BJAB)
induced by various stimuli.

0 h vs 48 h control - -
48 h Ctrl  vs every each treatment o o
Vit D3 VS Vit + TGP1 o o
Vit D3 VS Vit + algM Ab * *
TGH1 VS Vit B+ TGF31 o *
TGHB1 vs  algM Ab + TGF31 i o
algM Ab  vs algM Ab + TGH31 * *
algM Ab  vs algM Ab + Vit D3 * *

Total RNA from this experiment was prepared 48 terafreatment andik mRNA
levels were determined by RT-gPCR. It could be st the degree of apoptosis
correlated with the extent diik mMRNA induction. It was observed thhik mMRNA
levels increased in response to anti-IgM antibo@GH31 and 1,25-(OHRD3
treatments alone or in combination, as indicatedFigure 5-9. As was observed
previously (Figure 5-6), treatment of cells with,25-(OH)D3, TGH1, and anti-IgM
antibody coincided withbik trans-activation. &,25-(OH)D3 inducedbik to a greater
extent in Ramos (2-fold) than in BJAB (1.3-fold)idére 5-9 A and B respectively).
1a,25-(OH)}D3 also co-operated with TGBE in inducing bik to a similar extent in both
Ramos and BJAB (3.4-fold and 3.6-fold respectivelyhen h.25-(OH)D; was used
together with anti-lgM antibody, the level bik mMRNA increased 5.5-fold in Ramos
compared to a 4-fold increase in BJAB (Figure 5-8mdl B).

Overall, the co-operative effect of,25-(OH)D3 with TGH31 and anti-IgM antibody
treatments in induction of apoptosis was more puoged in Ramos compared to BJAB
cells. Apoptosis was seen to coincide viotk trans-activation in response to individual

or combined treatments in both cell lines.
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Figure 5-9: Co-operative effects of TGB1, 1,25-(OH}D3 and anti-IgM antibody on
bik trans-activation in Ramos and BJAB cells.

(A) Ramos and (B) BJAB cells were treated with @as stimuli alone or together, as
indicated below each bar chart, for a duration®h4 Relativebik mRNA levels were
detected by RT-gPCR, as described in the legerigtare 4.3 using RNA prepared at
indicated time points following treatment with @fént stimuli as specified above. Data
are +SD*P < 0.05 and*P (0.001 to 0.01) (See Table 5-2: Statistical sigaifce of
bik trans-activatiorby various stimuli in Ramos and BJAB..
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Table 5-2: Statistical significance obik trans-activation by various stimuli in
Ramos and BJAB.

Significance of bik trans-activation by | (Ramos) | (BJAB)
various stimuli.

0 h vs 48 h control - -
48 h Ctrl  vs every each treatment ** **
Except 48 h Ctrl vs Vit B o *
Vit D3 VS Vit 3 + TGH1 ** **
Vit D3 VS Vit + algM Ab o o
TGH1 VS Vit B+ TGR31 ** *
TGH1 vs  algM Ab + TGF1 ** **
algM Ab  vs algM Ab + TGH31 *x *x
algM Ab  vs algM Ab + Vit D3 * *
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5.5 A role for PI3K signalling in BCR-, TGFB1-, and l0,25-(OH),Ds-
mediated apoptosis

PI3K has diverse roles in the adaptive and inmataune system. Vitamin {has been
shown to be involved in activation of the PI3K/Adgnalling pathway (Deeb, Trump
and Johnson 2007b, Hughes, et al. 2008). Also,P#3 pathway is required for
sustained Bik protein production upon BCR stimolatilJiang and Clark 2001b).
TGHB1 has also been shown to activate PI3K in a nondSthependent pathway (Zhang
2009).

Here, experiments were designed to investigatéeafoo PI3K in the intrinsic apoptotic
pathways mediated by BCR cross-linking, BP&F and &,25-(OH)Ds. Cells were
treated with 10 nM wortmannin (Wm) 30 min prior italividual treatments for 48 h
with  TGH31, 10,25-(OH)D3; and anti-lgM antibody or dual sets of combined
treatments, as indicated below each bar chart (Eigtl0-Figure 5-13). It was observed
that PI3K inhibition in Ramos cells significantlyecreased BCR cross-linking and
vitamin D; mediated apoptosis to 17% £SD 2.541 and 8%+SD Ir@§2ectively, while
TGH3- mediated apoptosis was moderately increased% 26D 1.311 (Figure 5-10
B).

Co-stimulation with anti-IgM antibodyf25-(OH)D3 led to 77% +£SD 1.692 apoptosis
compared to the control. Interestingly, this effeets reversed after inhibition of PI3K
signalling, and led to a substantial decrease aptasis (34% =SD 2.380) (Figure 5-11
B). Combined treatment of Ramos cells with anti-Igivtibody/TGIB1 after PI3K
inhibition led to a decrease in the overall levélapoptosis (from before 80% +SD
2.409 down to 65% +SD 2.476 after PI3K inhibitio(gee Figure 5-11 B for
interpretation here). Combined stimulation with,25-(OHYD3s/TGH31 resulted in a
moderate increase in the percentage of apoptdis (8% +£SD 2.062) and treatment
of cells with wortmannin was seen to have no sigaift effect in altering the level of
apoptosis (32% £SD 2.585) (Figure 5-11 B).
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Figure 5-10: The effect of wortmannin on BCR crosdinking, TGF g1 and 1u,25-
(OH)2D3-mediated apoptosis in Ramos cells.

Ramos cells were treated with (black bar) or with@uhite bar), wortmannin 30 min
before apoptosis was initiated with the specifiighsli as indicated above each scatter
plot. (A) Representative cell viability/apoptosi8ES profiles 24 h after treatment with
TGFB1. The cells in each quadrant are as describedakeitegend to Figure 3-1 and the
values shown represent the percentage number Iefisedach quadrant. (B) Bar chart
representation of the percentage of apoptotic aelthe cell viability/apoptosis FACS
assay 24 h after treatment (average of three imilgme experiments). Data are £SD
**P (0.001 to 0.01).
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Figure 5-11: The effect of wortmannin on BCR crosd$inking, TGF g1 and la,25-
(OH)2D3 co-operative-mediated apoptosis in Ramos lte

Ramos cells were treated with (black bars) or witi@vhite bars), wortmannin 30 min
before, apoptosis was initiated with the specifgohuli as indicated above each scatter
plot. (A) Representative cell viability/apoptosi8ES profiles 24 h after treatment with
TGHB1. The cells in each quadrant are as describeakeiteggend to Figure 3-1 and the
values shown represent the percentage number leficetach quadrant. (B) Bar chart
representation of the percentage of apoptotic aeltke cell viability/apoptosis FACS
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assay 24 h after treatment (average of three imdigpe experiments). Data are +3P
<0.05 and*P (0.001 to 0.01).

In comparison to the results seen for the Ramds ¢eigure 5-10 and Figure 5-11),
inhibition of the PI3K pathway in BJAB cells (Figub-12) resulted in overall increased
apoptosis (from 24% +SD 1.607 before to 42% +S[32 .&fter). A significant increase
in apoptosis was observed when these cells wenellstied with TGB1 after inhibition

of PI3K (76% +SD 2.000) (Figure 5-12). There wecedetectable changes in the level
of apoptosis due to PI3K inhibition when cells warated with anti-IgM antibody or
la,25-(OHYD3 (Figure 5-12). When BJAB cells were co-stimulatedh anti-IigM
antibody/TGIB1 after PI3K inhibition, a significant increase the relative rate of
apoptosis was seen when compared to untreated(frells 64% +SD 2.589 before to
85% £SD 3.686 after). Wortmannin had a similar @ffen BJAB cells when they were
treated with TGB1/vitamin D; (from 68% +SD 3.092 before to 85% +SD 1.504 after)
Co-stimulation with anti-IgM antibody andaR5-(OH)D3; however, resulted in no

significant changes after wortmannin treatmentfFeds-13).

It has previously been shown elsewhere, that i®\ktonstitutively phosphorylated
in BJAB cells, and that the PI3K specific inhibitdty294002 mediated Akt de-
phosphorylation and subsequently the cell growthbition (Mori and Sairenji 2006).
This therefore might explain why BJAB cells are pasding differently to PI3K
inhibition when compared to the Ramos cell line.
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Figure 5-12: The effect of wortmannin on the BCR apsstinking, TGFp1 anc
la,25-(OH)2D3 mediated apoptosis in BJAB cells.

BJAB cells were treated with (black bar) or withquthite bars) wortmannin, 30 min
before apoptosis was initiated with the specifiechgli as indicated above. Bar chart
representation of the percentage of apoptotic aeltke cell viability/apoptosis FACS
assay 24 h after treatment (average of three imdigpe experiments). Data are +3P
<0.05 and*P (0.001 to 0.01).
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Figure 5-13: The effect of wortmannin on BCR crossinking, TGFp1 and la,25-
(OH)2D3 mediated apoptosis in BJAB cells.

BJAB cells were treated with (black bar) or withquthite bars) wortmannin, 30 min
before apoptosis was initiated with the specifigthsli as indicated above. Bar chart
representation of the percentage of apoptotic aeltee cell viability/apoptosis FACS
assay 24 h after treatment (average of three imilme experiments). Data are £SD

*P (0.001 to 0.01).
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Summary

In conclusion, it has been shown here that theusaition of the EBV-negative cell lines
Ramos (BL-derived), and BJAB (B cell lymphoma-dedy with X,25-(OH)}D3 led to
apoptosis. It was also shown that25-(OH)Ds-mediated apoptosis coincided wiilk
MRNA and Bik protein up-regulation in these calels. Ir,25-(OH)D3; was seen to co-
operate with anti-lgM antibody and TBE to further increase apoptosis in Ramos and
to lesser extent in BJAB. Augmentation of apoptasi$sC model cell lines through
combined treatment witha]25-(OHYD3TGH31 was seen to coincide withik trans

activation.

la-Hydroxylase

25(0H)2D3

1,25(0OH)2D3

Major pathway Cytoplasm

Figure 5-14: A model for possible cross-talk betweela,25-(OH),D; TGFp1, and
BCR signalling pathways resulting inbik trans-activation and its inhibition bye
EBV. See text for discussion of the interactions invdlve
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Wortmannin treatment alone was seen to decreaseidhiity of BJAB cells, but no
effect was seen on Ramos cells. On the other mamsignificant changes in the level of
apoptosis were seen in BJAB cells treated with an-lgM antibody and &,25-
(OH),D3 individually or together after inhibition of PI3gathway. However inhibition
of the PI3K pathway was seen to increase the apomfiects mediated by TGE in
these cells. When BJAB cells were co-treated tdeatgh TGH31/1a,25-(OH)Ds,
apoptosis was increased compared to the counteggeriment in which PI3K
pathway was not inhibited. It was observed thattgratment with wortmannin led to a
significant decrease in the proportion of Ramodscahdergoing apoptosis, when
triggered to do so with anti-IgM antibody and,45-(OH)Ds3, individually or in
combination. Whereas inhibition of the PI3K pathwanyd subsequent treatment with
TGH31 was seen to increase the rate of apoptosis iroRalls. The rate of apoptosis
induced by combined treatment witl,25-(OHYD3 TGH31 after the PI3K pathway
was inhibited, showed no detectable change in Raralts.

Overall 1n,25-(OH)D3 might selectively sensitise Ramos and BJAB cellthe major
GC intrinsic apoptosis pathways emanating from FG&nd BCR cross-linking, in part
throughtrans-activatingbik. The PI3K signalling pathway plays an importarnéia the
1la,25-(OHYD3; and anti-IgM antibody with regard to the inductioh apoptosis and
possiblybik regulation in these cells (Figure 5-14).
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Chapter 6.

General discussion
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Many viruses exploit and manipulate the differetitia state of infected cells, promote
or block cell cycling and make use of a varietyna#chanisms to evade innate cellular
anti-viral responses and encourage cell survivaliéwed in (Hayward 2004)). Since
apoptosis is regulated by functional pro-apoptafid anti-apoptotic proteins, it is not
surprising that EBV controls the cellular respots@poptosis by regulating both pro-
and anti-apoptotigenes. Following infection of naive B cells, EB\dutes the naive B
cell activation and proliferation to become pral#eng lymphoblasts which express the
EBV growth programme (latency IIl) orchestrated twe viral transcription factor
EBNA-2 (Sinclair, et al. 1994b). EBNA-2 subvertspasts of the Notch signalling
pathway, thus blocking B cell differentiation, aakkbwing cell proliferation (Lucchesi,
et al. 2008a). EBNA-2 induction of LMP-1, which mas constitutively active CD40
signal (Uchida, et al. 1999) and LMP-2A, a seconihimof functional BCR, (Thorley-
Lawson 2001a) drive the infected cell to proliferand survive the germinal centre
reaction (Babcock, Hochberg and Thorley-Lawson 208@hl, et al. 2013). EBV
residing within the memory and the long-lived pbapal B cell compartment down-
regulate the expression of highly immunogenic viegéncy antigens, and only few
viral gene products (Latency Il, Latency O and batel) are expressed (reviewed in
Chapter 1). EBNAL binds to the latent viral DNA liegtion origin and maintains the
viral genome in the EBV positive cells after caNigion (Thorley-Lawson 2001a). In
order to survive apoptotic pathways responsible éiiminating B cells within GCs
(which signal through the T@Heceptor and BCRs), EBV employs substantial cbntro
over the expression or function of the Bcl-2 fanmigmbers (reviewed in Chapter 1 and
(Spender and Inman 2011)).

EBNA-2 acts as a pleiotropic modulator of viral asedlular genes that are involved in
growth control, and plays a decisive role in theuction and maintenance of
proliferation of the infected cell. EBNA-2, stimtés B cell survival and growth
proliferation in the setting of EBV infection (rewed in (Hayward 2004)). This viral
transcription factor does not bind DNA directly buis recruited to its site of action
through complex and cell-context dependent intevast with cellular proteins
including CBF1 (also known as RBP-Jk, a molecutanponent of the cellular Notch
signalling pathway) and others (reviewed in (ZimB&obl and Strobl 2001, Hayward
2004)). EBNA-2 also regulates the expression ofegeancoding cell surface and
soluble proteins thahodulate the cell's interaction with the environtesuch as the
receptors CD21, CD23, and CCR7 and the cytokineF-dNLT-a and IL-18

(Burgstahler, et al. 1995, Spender, et al. 2001dder@ler, et al. 1990, Pages, et al.
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2005), in addition to cellulagenes that are implicated in intrinsic growth andvival
regulation, like cyclin D2 c-myc, bfl-landc-fgr) (Kaiser, et al. 1999, Sinclair, et al.
1994a, Knutson 1990). Furthermore, in a study widlcidbis virus infection was used
to induce Nur77 synthesis and apoptosis, it wasotsinated that EBNA-2 could bind
to Nur77 and protect against Nur77-induced celtld€zee, et al. 2002).

In humans, Bik seems to play a key role in B celhleostasis. It has been shown that B
cell subsets undergo significant upregulation bt during differentiation as they
progress through the GC reaction from naive, cbtdsd, centrocyte and through to
memory cells. It has been reported that the EBV-Btlomolog, BHRF1 blocked
apoptosis induced by Bik (Boyd, et al. 1995a). Hosvat was subsequently shown that
the inhibitory effect of BHRF1 was not due to direderaction with Bik but rather due
to the inactivation of Bak which, unlike Bax, isqtered for Bik-mediated apoptosis
(Shimazu, et al. 2007). Interestingly, Bik also maégs host cell suicide in response to
protein synthesis shutoff (Shimazu, et al. 2007)pracess commonly observed
following viral infection, and induced by the EB\ry lytic gene BGLF5 (Rowe, et al.
2007). Bik has also been seen to be required fNryHinduced cell death in human

airway epithelial cells (Mebratu, et al. 2008).

In our laboratory, preliminary RNA multi-riboprob®uclease assays had indicated a
possible correlation between the EBV growth progrearand the down-regulation of
the pro-apoptotibik gene in BL-derived cell lines and LCLs. Subsequgiitiwvas also
shown in our laboratory that EBV down-regulab#ls Significantly, restoration of Bik
expression in the LCL I1B4 induced a pathway upstredthe caspases, stimulating the
induction of apoptosis that is dependent on thetfanal BH3 domain of Bik. In line
with literature and previously in our laboratorfBMC-derived untouched naive B cells
were infected with EBV, and any further decreasth@already low level dfiik mMRNA
that was present prior to infection was not obsgrv@® Walls; personal
communication). It is possible therefore, that klog Bik upregulation may have an
important role in evasion of host immune responshsse results demonstrated thikt

is transcriptionally down-regulated by EBNA-2 in ¥Begative cell lines and LCLs
and that neither c-Myc nor the ability of EBNA2itderact with CBF1 are required for
this effect (D Walls; personal communication). Thigling was the first indication of
the transcriptional down-regulation of a pro-apdptgene by EBV. To date EBNA-2 is
known to transcriptionally repress the activity tfo other cellular genes, the

immunoglobulin heavy chain locus (IgM) andnyc (Maier, et al. 2006, Lucchesi, et al.
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2008a). EBNA-2 has previously been implicated i tiodulation of the anti-apoptotic
bcl-2 (Finke, et al. 1992). Significantly the overexsies of Bcl-2 in group | BL cell
lines resulted in diminished apoptosis in respdose number of stimuli, and cell death
inhibition was directly correlated to the amountBifl-2 expressed (Henderson, et al.
1991, Milner, Johnson and Gregory 1992). It has bEen shown in the laboratory that
EBNA-2 up-regulates the anti-apoptotlafl-1. EBNA-2 trans-activation of bfl-1
requires CBF1, antifl-1 expression is induced and maintained at high ¢ebgl the
EBV growth programme in an LCL (Pegman, et al. 2006

Here, the mechanism and potential role of EBALbik interaction was investigated in a
context that is relevant to EBV namely followingetkriggering of intrinsic apoptotic

pathways by TGFL, BCR, and &,25-(OH)D;in a GC B cell setting. EBV negative
cell lines which are used as GC B cell models wesed for this purpose along with a
conditional LCL, ER/EB2-5, in which the EBV growginogramme, driven by EBNA2,

could be switched on and off.
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6.1 EBV inhibits TGFp1-induced apoptosis by inhibiting bik
upregulation through the canonical Smad pathway

TGHB signalling mediates a wide range of biologicaliwatiés in development and
disease. The TGH ligand signals through heterodimeric type | ayyetll receptors
that are members of the serine/threonine kinasdyfdduarez and Guise 2011). Here it
was shown that stimulation of the EBV-negative B tees, BJAB and Ramos with
TGH31 led to induction of apoptosis. This effect wasren@vident in BJAB in
comparison to the Ramos cells. The induction ofpégeis by TGB receptor ligation
coincided with increased expressionbdf in both cell lines. Transiertik knockdown
by RNAI in both cell lines led to decreased apogt@s induced by TGHR. Ramos
cells transiently expressing EBNA-2 or its non-CBBinding mutant, EBNA-2
WW323SR, were also observed to have decreased cgmopipon TGBLl receptor

ligation compared to cells transfected with contedttor.

It was also confirmed here that treatment of Ramelts with TGPB1 induced the
translocation of Smad3 from the cytoplasm to theleus, as determined by Western
blot. Elevated Smad3 levels were also seen to wEnwith increased levels dfik
MRNA in Ramos and BJAB. On the other hand, Smad3ckaown resulted in a
decreased level diik mRNA and protein. ChIP analysis indicated thatrug@&H31
ligation, the level of Smad3 and Smad4 recruitm@enthe bik promoter increased,
which coincided with elevatethik mMRNA levels in Ramos and BJAB cell lines.
Conversely TGB1 treated Ramos and BJAB cells transiently expngsEBNA-2, or

its non CBF-1 binding mutant, EBNA-2 WW323SR, ledatdecreased level of Smad3
and Smad4 and also coincided with increased degrEBNA-2 recruitment to theik
promoter. This observation was correlated withva lievel of bik mMRNA expression as
determined by RT-qPCR. Similarly, in the conditibneCL ER/EB2-5 cells
proliferating on EBV growth programme, the levelSyhad3 bound to thak promoter
was decreased and EBNA-2 was seen to be recrtédetoik promoter. This also
coincided with a later observation that the totékl of Smad3 protein was decreased in
ER/EB2-5 cells proliferating due to EBV growth pragnme. Moreover, it was also
seen that Smad3 levels were decreased in EBV nedadiAB cells expressing ectopic
EBNA-2 or its mutant, WW323SR. It has been citeat fTGHPB1 can induce apoptosis
and growth arrest depending on the cell type aedctintext (Ikushima and Miyazono
2011a, Schuster and Krieglstein 2002b). Severalharesms have been suggested
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through which EBV infected cells may confer resiseto TGB-mediated apoptosis or
growth inhibition (Spender and Inman 2011, Horndast al. 2002).

It has been observed that the loss, or down-ragalavf the TGB receptors type I/l
results in inactivation of the T@Fsignalling pathway (Kumar, et al. 1991, Inman and
Allday 2000, Fukuda, Kurosaki and Sairenji 2006pwéver, receptor down-regulation
does not always account for the resistance of ¢ellEGH3 mediated effects, as was
seen in LCLs treated with TBHHorndasch, et al. 2002). In that study, the catepl
TGRB signalling cascade was intact and a loss of diggalwas not required for
antagonizing the T@Fmediated effects (Horndasch, et al. 2002). In tamidito this
down-regulation of type I/l receptor expressionnien and Allday 2000, Fukuda,
Kurosaki and Sairenji 2006) which is associatechvnisensitivity to TGB, there are
also further checks and controls related to fGFene expression which act to abolish
its function. Furthermore, it has also been obskineB cells and epithelial cells, that
LMP2A mediated activation of the PI3K/Akt pathwagnders resistance to TGF
mediated effects, but not the down-regulation oésth receptors (Fukuda and
Longnecker 2004).

TGRB exerts its anti-proliferative effects through thegeting of regulatory proteins in
the cell cycle machinery, for example the dephosghtbon of pRb (the tumour
suppressor retinoblastoma protein). However, tfiecewas abolished in the presence
of EBV or the LMP1 (Arvanitakis, Yaseen and Shart®®5, O'Nions and Allday
2003). It was observed that LMP1 was responsibi¢hie induced expression of cyclin
D2, which is not expressed in normal B cells. I leen suggested that constitutive
induction of the cell cycle regulators by LMP1 daad to pRb hyper-phosphorylation
and uncontrolled cell proliferation (Arvanitakisa¥een and Sharma 1995, O'Nions and
Allday 2003). Among the latent genes, EBNA-2 ashaslLMP1 was shown to induce
the expression of cyclin D2 (Spender, et al. 2@dclair, et al. 1994).

LMP1 is known to be universally expressed in NPdscdn these EBV-infected
epithelial cells LMP1 is involved in blocking T@Hnediated effects. LMP1 has been
shown to prevent TGFinduced cell cycle arrest by suppressing the [-@®duced
expression of the transcription factor ATF3. Degtion of ATF3 induction enables
TGH3-mediated expression of 1d1, which would otherviaeanhibited by ATF3 (Kang,
Chen and Massague 2003). The presence of Id1 tindnits TGHB-induced cytostasis
(Lo, et al. 2010). Induction of Id1 is possiblypgedent on cell type. It has been
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reported that TGF represses Id1l expression in epithelial cells (Ka@ben and
Massague 2003). Also, it has been shown thatfT@G&uces the expression of 1d1 in
both the Ramos and BL-41 cell lines (Bakkebo, ef@l0). However, ATF3 does not
appear to be a T@Rarget in B cells, even when B cells are not itddcwith EBV.
Also, while Id1 protein is up-regulated by TGk B cells, growth arrest can proceed
uninterrupted in the presence of Id1 (Spender andah 2009b). In the case of the
EBV-infected gastric epithelial cell line, GT38, ihas been shown that the
TGH31/MAPK/p21 pathway is required for T@RE-mediated cytostasis, and that
constitutive MAPK phosphorylation induced by LMP&néerred resistance to TGF
mediated growth arrest in this cell line (Fukudaale2002).

A better understanding of the detailed moleculacimeaisms by which Notch and
TGRB signalling interact may shed a light on the EBNAnferaction with the TGF
signalling cascadePhosphorylated Smad proteins bind to p300 in JGkediated
signalling (Nishihara, et al. 1998, Pouponnot, dayean). It has been proposed that
p300 forms the bridge linking the Smad complexht® transcriptional apparatus of the
cell. Both Notch (Masuda, et al. 2005) and LMP1 (Met al. 2003) have been shown
to abrogate TGFmediated growth inhibitory effects, by sequesigrip300 from
receptor activated Smads. In addition, the thres tianscription factors vIRF, (Kaposi
sarcoma herpes virus), E1A (adenovirus), and EBN#&BV) are known totrans
activatemyc through a cellular cofactor at the PRF elemenagiplacytoma repressor
factor) which is located on thaycpromoter. While all three have the ability to aate
the myc promoter, each has a unique set of co-adaptoilggpfvhich can result in
activation or repression of the target gene. It I@sn observed that CBP, but not the
300/CBP-associated factor (P/CAF) and p300 promtiR& trans-activation, whereas
p300 but not P/CAF and CBP suppress EBN&ghs-activation. In the case of E1A,
P/CAF promotestrans-activation while p300 and CBP have a suppressifecte
(Jayachandra, et al. 1999). Smad3 phosphorylatiothe8, Thr179, and Ser213 via
cdk2/4 in the nucleus has been reported to ingeti8mad3 (Matsuura, et al. 2004). It
has been shown elsewhere that cdk2 and cdk4 axe actthe presence of EBNA-2
(Kempkes, et al. 1995a) and hence, it may be tBe taat the effect of EBNA-2 on
Smad3 might be mediated by these kinases. It l@sgusly been shown in a BL cell
line (CA46) that TGB exerts Gcell cyclearrest by transcriptional repression of E2F-1,
wherec-mycis not repressed, (due to chromosomal translatatiad that CDKIs are

not induced. This is a good example of Pcdell-type specific activity (Spender and
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Inman 2009b). Interestingly, EBNA-2 has been shdwnnduce E2F upregulation
(Helin, et al. 1992) (Kempkes, et al. 1995a).

TGR3 signalling is one of the key signalling pathwagsjuired for elimination of
unwanted B cell in the GC. In order to establishfedong persistent infection, EBV
infected cells may confer resistance to P&hediated apoptosis or growth inhibition in
GCs through several mechanisms (as described al{®p@nder and Inman 2011,
Horndasch, et al. 2002). EBV exerts significanttoaover the expression of thwel-2
family. bik is a direct target of TGR signalling in B cells (Spender and Inman 2011,
Spender, et al. 2009).. The results presented dtexe for the first time that EBNA-2
inhibits bik by effecting a decrease in the level of Smad3 prptend consequently the
level of Smad3 interacting with thieilk promoter, and that this transcriptional co-
activator from the TGJF signalling pathway is key to maintainifbik expression in the

cell lines examined.
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6.2 EBNA-2 decreases the BCR-induced apoptosis

BCR aggregation due to antigen binding promptlyivateés the Src family kinases
(reviewed in (Romero-Camarero, et al. 2013, Crax¢bral. 1999)). Signals originating
from this complex activate multiple cascades tleadlto changes in cell metabolism,
gene expression and cytoskeletal organisation. chmeplex BCR signalling pathway
leads to diverse effects, including cell survivapoptosis, proliferation, and also
differentiation into antibody-producing cells or mery B cells. The consequence of the
response is determined and modulated by the matrstiate of the cell, the nature of
the antigen, the degree and duration of BCR ocaypasnd also signals from other
receptors and transmembrane proteins such as GIEE9, CD22, PIR-B, RRIIB1
(CD32), CD40, the IL-21 receptor, and BAFF-R (Kwakis2011, Chung, et al. 2012).
Overall, the EBV transformation of resting B lymplytes to LCLs mimics antigen-
induced resting B cell clonal expansion in lympld@@erminal centres, where antigen
binding to surface Ig (slg) inducesycmediated proliferation (Murn, et al. 2009) and T
cell CD40 ligand activates B lymphocyte CD40 reoepto up-regulate NkB, MAP
kinases, and anti-apoptotic Bcl-2 family proteinpeession (Elgueta, de Vries and
Noelle 2010). It is noteworthy that EBNA-2 is theedmtor responsible for
downregulating slgM as was observed in a study eotedl using LCLs and BL cell
lines conditionally expressing EBNA-2 (Jochner,akt1996b). It has been shown by
Jiang,A et al,that membrane bound IgM and IgD ligation in B1@llsc(a mature B
cell phenotype Chen,W. 1999) led to the inductémik mRNA, but that only sigM
ligation resulted in apoptosis due to the expressidik, via strong activation of PI3K
(Beckwith, et al. 1996) and calcium influx (JiamgdeClark 2001a).

Here it has been shown that BCR stimulation by at-lgM antibody led to a
significant increase in apoptosis in Ramos celld @nlesser extent in the BJAB cell
line. It is important to note here that BJAB is BBV-negative B lymphoma cell line
with a non-translocated-myc (Marchini, Longnecker and Kieff 1992yhile the BL-
derived Ramos cell line carries the translocatedycgene. Subsequent Western blot
and RT-gPCR analysis revealed elevated levels lofpBitein and mRNA in both cell
lines when treated with various concentrationsrai-lgM antibody. It has been shown
elsewhere that anti-IgM antibody treatment of BLni®a and B cell lymphoma BJAB
cells modulates the expression and protein stabdit c-myc, promoting cells to

undergo apoptosis (Kaptein, et al. 1996, Gururaginal. 2005), whereas-myc
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deficient B cells are resistant to apoptosis by BG@gtering (Murn, et al. 2009). It was
observed in the present study that apoptosis waisced due to harsh transfection
conditions and that transiebik knock-down led to an overall increase in the cell
survival rate in both Ramos and BJAB after trartsbec Although transientbik
knockdown was seen to decrease the overall levapoptotsis it did not however have
a pronounced effect on the rate of apoptosis imtliageBCR cross-linking in both cell
lines. It has previously been shown that BCR ctodsng mediates apoptosis through
induction of both Bim and Bik (Jiang and Clark 2B0Enders, et al. 2003a) and so the
expression of Bim may be the reason for the redamif sensitivity to apoptosis under
the consitions used. It was also demonstrated thateectopic EBNA-2 and its non-
CBF1 binding mutant, EBNA-2 WW323SR, could rescusmRs cells from antigen-
receptor-mediated apoptosis when compared to telfsfected with control vector.
These observations indicated that EBNA-2 mediatifelcts on bik in this context
occurred independently of its ability to interacithwthe cellular transcription factor
CBF1.

In Ramos cells in which the PI3K pathway was inteitiby wortmannin, apoptosis was
significantly decreased when the BCR was crosstinkvith anti-lgM antibody.
Whereas in BJAB cells wortmannin, did not have afyious effect on apoptosis
induced by BCR cross-linking. However, BJAB celteated with wortmannin did
exhibit a decrease in cell viability when compat@dhe control cells in which the PI3K
pathway was not inhibitedBik mMRNA increased in both Ramos and BJAB cells
following treatment with anti-lgM antibody and PI3khibition with wortmannin
reversed this effect in Ramos. Although PI3K intidn also coincided with decreased
bik MRNA levels in BJAB cells in response to anti-Igiitibody, the extent obik
down-regulation was less significant to what tHadeyved in Ramos cells.

PI3K confers a survival signal to cells, allowingein to survive several apoptotic
stimuli (Kalimuthu and Se-Kwon 2013). It has beehown that the inositol
phosphatases and tensin homologue (PTEN) negativefplate PI3K-mediated
survival and proliferation of hematopoietic celisibducing the G cell cycle arrest and
decreasing the level of cyclin D2 (Huang, et aD20and cyclin D3 (Zhu, et al. 2001).
PTEN is a tumor suppressor gene that is mutatéaimman cancers. Deletion of PTEN
has been shown to result in B cells that exhibhasmeed survival and express more
MCL1 and less Bim. These cells also expressed lowoumts of p2'#* and high
amounts of cyclin D3 and therefore appeared to rgudeproliferative expansion
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(Miletic, et al. 2010). Many tumour cells are sderexpress elevated levels of PI3K
products following deletion of the phosphatase PTEMNivation of Ras or expression
of autocrine growth factors. Accordingly, theselsehre reasonably resistant to
apoptosis. The principal mediator in this pathwayAkt, a PI3K activated protein
kinase (Niiro, et al. 2012). Akt has been showrmawe direct effects on the apoptosis
machinery, for instance affecting the pro-apoptBuot-2 related protein, BAD (Datta, et
al. 1997). It has also been seen to affect thesergstional response to apoptotic stimuli,
for instance by regulating Forkhead transcriptiactdrs, and by influencing the activity
of the p53 family (Downward 2004). In addition, mbvconnections between the
metabolic effects of Akt and its control on cellnsual have also been made, as
LY294002 (a PI3K specific inhibitor) down-regulatékt phosphorylation and cell
proliferation in a dose-dependent manner (Downw20®4). The survival kinase
PKBJ/Akt was highly activated in PTEN-deficient spie B cells (Suzuki, et al. 2003). It
has been shown that BJAB has no detectable PTEMipr@auls, et al. 2012) and that
it has elevated P¥and PIR (Marshall, et al. 2002), with constitutive phospfiation

of AKT, whereas Ramos cells have been shown toesspa very low level of PTEN
protein but no detectable pAKT (Mori and Sairer08, Cheung, et al. 2007).

In summary it was observed that apoptosis was edlut Ramos and BJAB upon BCR
cross-linking. Apoptosis in these cells coincideithwupregulation ofbik. BCR-
mediatedbik upregulation was likely to be dependent on an tnRIBK pathway in
Ramos and to lesser extent in BJAB as was in evalérnilowing use of the PI3K pan
inhibitor, wortmannin. The use of a more specifi@ inhibitor would clarify this
issue. The B cell response following BCR crossiigk is dependent on the
differentiation stage of the B cells. As it hasmebown, cross-linking of BCR induces
proliferation of resting tonsillar follicular maetl(FM) B lymphocytes but prompts
programmed cell death in the Ramos cell line (PadmBadda and Knox 1996).
Moreover, the balance between the pro- and angtagio Bcl-2 family members

directs cellular fate.

213



6.3 A co-operative effect of 4,25-(OH),D; on BCR- and TGH1-
mediated apoptosis

EBV infection is usually kept under tight controf EBV-specific immune responses,
especially by cytotoxic CD8T cells which remove proliferating and lyticallyfected

B cells (Hislop, et al. 2007). Impaired CD® cell control of EBV infection leads to
accumulation of EBV-infected autoreactive B celtlsthe target organs where they
generate autoantibodies and provide co-stimulasoryival signals to autoreactive T
cells which would otherwise be eliminated in thegé&t organ by apoptosis (Pender
2012). It has been shown that the level of vitaBimodulates the immune response to
EBV (Holmoy 2008a). Although there are no reporgarding the direct effect of
vitamin D on CD8 T cells, they are known to express the highest!lefeVDR
compared to other immune cells (Smolders, et &820

B cell reactivity with 1,25-(OH}D3 is a characteristic universally shared by naive,
germinal centre and memory B cell subpopulationsg, @llular activation, rather than
differentiation, is more defining for their biolagil reactivity to #,25-(OH)D3
(Morgan, et al. 2000b). The effects of 1,25-(GIbY) on B cell responses includes; (i)
the inhibition of the on-going proliferation of acted B cells and subsequent
apoptosis, (ii) the inhibition of the generationpdisma cells and post-switch memory
B cells, and (iii) up-regulated expression of &7, but not of p1l8 and p21, that
possibly will be important in regulating the preli&tion of activated B cells and their
following differentiation(Chen, et al. 2007). VitamD receptor decreases NF-
kB activation by interfering with nuclear transcrget factor NF«xB (p65 and pl105).
Therefore, the VDR prevents co-stimulatory signadnsduction in naive B cells,
namely by decreasing CD40 signalling (Geldmeyet;ldil al. 2011). Vitamin D plays a
part in regulating autoantibody production. It le®en shown that treatment of EBV-
infected cells with 1,25-(OHIp;, the immunoregulatory hormone, inhibited the
production of IgM and IgG (Provvedini, et al. 1988)so a direct inhibitory effect of
10,25-(OH}D3 on IgE production by human B cells has been repofHeine, et al.
2002). Recently it has been shown that 1,25-¢gDEIInduced a reduction of memory B
cells and anti-DNA antibodies in systemic lupustleeynatosus patients (Terrier, et al.
2012). In a study conducted by Yenamandra,8tRl, the expression profile of more
than forty nuclear receptors were compared in theven and EBV-transformed B
lymphocytes, freshly infected B cells and long-teraitured LCLs (Yenamandra, et al.
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2009). Nr2F2 and RARAwere among the genes that were the most up-regubaid
ERB, NUR77, PPARG, RXR-B and VDR were the most doegulated in LCLs
(Yenamandra, et al. 2009, Yenamandra, Klein anchlas 2009). It has been shown
recently that EBNA-3 blocks the activation of VDRgEndent genes and protects LCLs
against vitamin-D3-induced growth arrest and/or papsis by binding to VDR
(Yenamandra, et al. 2010). These findings are exel¢hat 1,25-(OHP3; may play an
central role in the maintenance of B cell homeadstasd that an improvement
of vitamin D insufficiency may be useful in thedtment of B cell-mediated diseases.
Here it has been shown that apoptosis was induc&d&mos and BJAB cells by, P5-
(OH).,Ds. It was observed for the first time thaty,25-(OHYD3; mediated apoptosis
coincided with up-regulation djik in both cell lines. Higher levels of apoptosis &er
induced in Ramos cells through BCR cross-linking @am lesser extend witho125-
(OH),D3 or TGH31. On the other hand, in BJAB cells TfFwas observed to have the
greater impact on the induction of apoptosis in ganson to anti-IgM antibody and
la,25-(OH}D; treatment. Co-treatment of Ramos cells with25-(OH}Ds/anti-IgM
antibody was seen to have a strong co-operativectefiegarding the induction of
apoptosis compared to when these cells were ctetreaith Jn,25-(OHRD3 TGHB1.
Similarly apoptosis was induced strongly in Ramelésavhen co-treated with anti-igM
antibody/TGIB1. In comparison when BJAB cells were co-treateth vither sets of
la,25-(OHYDzanti-IgM, 1a,25-(OHYD3 TGH31, or anti-IgM antibody/TGFL overall
apoptosis was increased when compared to BJAB ttellswere treated individually
with each effector.

The importance of the PI3K pathway in BCR-, TBsBnd vitamin - mediated effects
and its possible involvement in the cross-talk leevthe intrinsic signalling pathways
was then investigated by using wortmannin. PI3Khkition alone led to no significant
changes in the viability of Ramos cells. Howevée apoptotic effects of anti-IgM
antibody and &,25-(OH)D3; were significantly decreased, whereas the [FIGF
apoptotic effect was enhanced when Ramos cells tresiged with wortmannin. It was
observed that when anti-IgM was used in combinatiith 1a,25-(OH)D3; apoptosis
was increased in Ramos cells to a level greater that achieved with either effector
alone Wortmannin was seen to decreased this ovata#ase of apoptosis which was
achieved due to co-treatment of Ramos cells witiklgM antibody/lo,25-(OH)D3. A
similar pattern, but of a lesser magnitude was esewhen Ramos cells were co-
stimulated with &,25-(OH)Ds/TGH31 or anti-IgM antibody/TGF1. Thus the PI3K

pathway, possibly plays a role in BCR- and2b-(OH)D;-mediated apoptosis and
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might mediating cross-talk between,25-(OH»D3; and BCR-signalling. Moreover an
intact PI3K pathway appears to be requiredtidr transactivation in Ramos cells in
response tod,25-(OH)D3 and BCR cross-linking.

la-Hydroxylase

Cytoplasm

Figure 6-1: A model for possible cross-talk betweeda,25-(OH),Ds; TGFp1, and
BCR signalling pathways resulting inbik trans-activation and its inhibition bye
EBV.

In BJAB cells treatment with wortmannin led to averll decrease in cell viability.
Unlike in Ramos cells, this drug did not displayy gro-survival effect when BJAB
cells were treated anti-lgM antibody oa,25-(OH}Ds. It was observed that TGE-
mediated apoptosis was enhanced when BJAB celle weated with wortmannin.
Moreover wortmannin enhanced apoptosis in BJAB sceto-stimulated with
TGH31/10,25-(OHYDs when compared to co-stimulated cells in the abseoice
wortmannin. In contrast in BJAB cells, inhibitiof BI3K had no significant effect on
the extent of apoptosis when cells were co-stinedlatith anti-IgM antibody/d,25-
(OH),D3. Although X,25-(OH)D3 was able to induce apoptosis in Ramos and BJAB
cells, k,25-(OH)D3 might be using mediators known to be importanttimeo intrinsic

apoptosis-associated pathways, for example SmadBfjTand PI3K (BCR). A number
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of different experiments have demonstrated thetioglship between the transforming
TGH3 and vitamin B signalling pathway (Adams and Hewison 2008, Sularaam, et
al. 2001). Smad3, a downstream component of thefTgnalling pathway, interacts
with VDR as a co-activator of VDR (Subramaniamalet2001). It has been shown that
the Jo,25-(OH}Ds-mediated phosphorylation of Smad2 and Smad3 isdirect effect
of 1a,25-(OH}D3; and is dependent on the presence of thefl&Rniel, et al. 2007).
Smad3 has been shown to bind to the VDR-RXR heitmerdin a ligand-dependent
manner (Leong, et al. 2001). Vitaming as been shown to be involved in the
activation of the PI3K/Akt signalling pathway (Deebrump and Johnson 2007a,
Hughes, et al. 2008) and PI3K pathway has beenmsiowe required for sustained Bik
protein production upon BCR stimulation (Jiang &idrk 2001a). Additionally TGFL
has also been shown to activate PI3K in a non-Sdepeéndent pathway (Zhang 2009).
The accumulating evidence provided above indicatesinterconnected network of
apoptotic signals potentially emanating from P&FBCR and &,25-(OH}D3 and that
the interactions implied above may be importantathieve the optimal selection
by apoptotic eliminatiolf unwanted germinal centre B cells and maintaining
homeostasis. It remains possible that the EBV drqwbgramme inhibits the existing
cross-talk by modulating the key mediators (Smad®I8K) of these major apoptotic
signalling pathways and increasing the apoptoticesiold (Figure 1-6). These
molecular and cellular pathways should not be amrsd in isolation. They should be
viewed as an array of interconnecting signals,caltributing to the final outcome,

thereby allowing fine control of the cell fate amoimeostasis.
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Conclusions

EBV infection impacts on cell death and survivalthmeays in GC B cells.
Interconnected signalling pathways, regulate thaptgsis of GC B cells. Establishment
of a persistent latent EBV infection demands the infected host B cells transit
through the GC where networks of pro-apoptotic &ligmg molecules implement a
harsh selection system over the differentiatingeBsc Few B cells survive this course
to differentiate fully. To guarantee the EBV-infedthost cell survival, EBV has its own
array of pro-survival mechanisms which can potdgtidominate external stimuli
promoting cell death such as, TEBFBCR cross-linking and apoptosis-induced
activation by &,25-(OH)D3;whichare mediators of intrinsic apoptotic pathways.

One mechanism by which EBV promotes tumourigenesiBy altering the balance
between pro- and anti-apoptotic proteins therelagiteg to enhanced cell survival. In
this context, previous studies have demonstratatittte viral latent genes EBNA3A,
EBNA3C and LMP1 can regulate expression of membérhe cellular Bcl2 family.
This work identifies an additional pathway used BBV to promote cell survival,
namely repression of the cellular pro-apoptoticegeik by EBNA2. The current work
describes a novel mechanism by which EBV promogdissarvival, and which extends
our understanding of how EBV modulates the expoessif Bcl2 family proteins. In
this context, Bik is particularly important givets ipotential role in B cell survival
during B cell differentiation within germinal ceag.Bik has also been used as a
therapeutic molecule in gene therapy based appesath treat difficult cancers
(Chinnadurai,G. 2008). These results may have itaporimplications for the
pathogenesis of EBV associated disease such asntMPaLD and thebik/EBV
interaction could be a novel target in antivirahtgies.

In summary, this thesis presents the novel findivag EBV down-regulates the cellular
pro-apoptoticbik gene by down-regulating the transcriptional cavatbr, Smad3,
which is also a TG signalling mediator. Significantly, Smad3 knockdow EBV
negative cell lines coincided with decreased leokIBik. A lower basal Smad3
expression level was observed in the conditional LER/EB2-5, and also EBV
negative Ramos and BJAB cells expressing ectopidNAB. The EBV latent
transcription factor EBNA-2 plays a key role laik modulation, independently of its
ability to interact with the cellular transcriptidactor CBF1. Furthermore for the first

time bik tran-activation has been observed to coincide with aggtinduced by the
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1la,25-(OHYD3. The PI3K was observed to potentially have a mlé&ans-activating
bik in both Ramos and BJAB cells upow,25-(OH)Ds;and BCR cross-linking induced
apoptosis. Here it has been shown thathilkegene is a common target for the major
intrinsic apoptotic signalling pathways in the G€action and that EBV negatively
regulates its expression. As a consequence, EBA¢iied naive B cells undergoing
clonal expression may be more resistant to such dgptotic triggers and evade
physiological elimination in order to transit thghuthe GC reaction. Collectively, these
findings suggest thdiik modulation by EBV through down-regulation of Smaday
be an important EBV-host cell interaction during \EBfection and a contributory

factor in the development of EBV-associated B lymphs.
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Appendix



Solutions for DNA Manipulation
Storage of DNA

0.5 M EDTA (pH 8.0)

186.1 g EDTA

800 mL dHO

The pH was adjusted to 8.0 by addition of NaOHaigland the volume adjusted to 1 L
with dH,O. The solution was sterilised by autoclaving stwted at room temperature.

TE buffer (pH 8.0)

10 mM Tris-Cl (pH 8.0)
1 mM EDTA (pH 8.0)

Solution for Bacterial Growth Media

Ampicillin stock solution
A stock solution of ampicillin was made up to a cemtration of 100 mg/mL in di.

The stock solution was filter sterilised and stoaee?0°C.

LB broth

59 Tryptone
25¢g Yeast extract
59 NacCl

The volume was adjusted to 500 mL, followed by elatging for 20 min at 15 Ib/sq. and
storage at 4°C.



LB broth with ampicllin

Ampicillin was added to autoclaved LB broth to rali concentration of 10@0g/mL and
stored at 4°C.

LB agar

59 Tryptone
25¢g Yeast extract
59 NacCl

7549 Agar

The volume was adjusted to 500 mL with,0Hfollowed by autoclaving and agar plates
were stored at 4°C.

LB agar with antibiotics

Antibiotics were added to autoclaved LB broth tinal concentration of 100g/mL
(Ampicillin), after cooling the LB agar to ~50°@lates were stored at 4°C.

SOB medium

109 Tryptone
25¢g Yeast extract
0.025¢ NacCl

5 mL KCI (250 mM)

The pH was adjusted to 7.0 with 5 M NaOH.
The volume was adjusted to 500 mL with,0thnd the medium autoclaved.

2.5 mL of 2 M MgC}was added after cooling the broth to 5°C and theinme was stored
at 4°C.



SOC medium
98 mL SOB medium
2mL 1 M glucose (filter sterilised)

Stored at 4°C.



Solutions for Preparation of Competent Cells

1 M MgSO,
24.65 g MgS04.7H20
100 mL dH20

Sterilised by filtering and stored at room tempearat

TFB1

30 mM potassium acetate
10 mM CaGl

50 mM MnC}

100 mM RbClI

15% glycerol

The pH was adjusted to 5.8 with 1 M acetic acidl tre solution filter sterilised and stored
at room temperature.

TFB2

100 mM MOPS (pH 6.5)
75 mM Cad

10 mM RbCl

15% Glycerol

The pH was adjusted to 6.5 with 1 M KOH, and thietsan filter sterilised and stored at
room temperature.



Solutions for DNA preparations

Buffer P1 (Re-suspension buffer)

50 mM Tris-Cl (pH 8.0)
10 mM EDTA (pH8.0)
100pug/mL RNase A

Stored at 4°C following addition of RNase A.

DNase-free RNase
RNase A (1 mg/mL) in up$O.
Heated to 100°C for 30 min.

Cooled slowly and stored at -20°C.

Buffer P2 (Lysis buffer)
200 mM NaOH
1% (w/v) SDS

Stored at room temperature.

Buffer P3 (Neutralisation buffer) (3 M potassium aetate)

29.6¢g potassium acetate
50 mL dHO
11.5mL glacial acetic acid

Adjust volume to 100 mL with djD.
The resulting solution is 3 M with respect to pstam and 5 M with respect to acetate.

Stored at room temperature.



Buffer QBT (Equilibration buffer)

750 mM NacCl

50 mM MOPS (pH 7.0)
15% (viv) Isopropanol
0.15% (v/v) Triton-X 100

Stored at room temperature.

Buffer QC (Wash buffer)

1M NacCl
50 mM MOPS (pH 7.0)
15% (viv) Isopropanol

Stored at room temperature.

Buffer QF (Elution buffer)

1.25M NaCl
50 mM Tris-Cl (pH 8.5)
15% Isopropanol

Stored at room temperature.

50 % (v/v) Glycerol
25 mL glycerol
25 mL dHO

The solution was autoclaved and stored at room ¢eatre.



Solutions for Agarose Gel Electrophoresis

50X TAE (Tris-acetate/EDTA electrophoresis buffer)

242 g Tris base
57.1 mL Glacial acetic acid
100 mL 0.5 M EDTA (pH 8.0)

The volume was adjusted to 1 L with ffHand the buffer was stored at room temperature.

1X TAE (Working solution)
20 mL 50X TAE
980 mL dH5O

Stored at room temperature.

Agarose gel loading dye
40% (w/v) Sucrose
0.25% (w/v) Bromophenol blue

Stored at room temperature.



Solutions for Cell Culture

Media and Supplements

Supplemented RPMI 1640 (500 mL)

440 mL RPMI 1640

50 mL Foetal bovine serum (decomplemented at 5 G0 min)
5mL 200 mM L-glutamine

5mL penicillin/streptomycin (10 mg/mL)

Estrogen @-Estradiol)

A 20 mM solution was prepared in 100% ethanol dackd at -20°C.

Phosphate buffered saline (PBS)

5 tablets were dissolved in 500 mL gHto give a 1X working concentration of PBS, and
the solution was sterilised by autoclaving.



Solutions for RNA Analysis

DEPC-treated H,O
1mL DEPC
1000 mL dHO

The mixture was left in a fume cupboard overnid@ditowed by autoclaving.

RNA loading buffer

50% Glycerol

1 mM EDTA (pH 8.0)
0.25% Bromophenol blue
0.25% Xylene cyanol FF

1 pg/ul Ethidium bromide



Solutions for Protein Analysis

Solutions for Protein Isolation

Suspension buffer

0.1 M NacCl

0.01 M Tris-Cl (pH 7.6)
0.001 M EDTA (pH 8.0)
1 pg/mL leupeptin

1 pg/mL Aprotinin
100pg/mL PMSF

Stored at 4°C

Leupeptin

A stock solution of leupeptin was made to a conegioin 2 mg/mL in dBHO and stored at
-20°C.

Aprotinin

0.1 M stock solution of aprotinin was made up in@+nd stored at -20°C.

PMSF

A stock solution of PMSF was made up in isopropamal stored at -20°C in the dark.



2X SDS loading buffer

100 mM Tris-Cl (pH 7.6)
4% (Wiv) SDS

20% (w/v) Glycerol

10% (v/v) 2-mercaptoethanol
0.2% Bromophenol blue

Stored at room temperature.

Solutions for SDS-PAGE/ Western Blotting

Table A: 10% (v/v) resolving gels and 5 % (v/v) stcking polyacrlyamide gels

Component 10 % Resolving Gel (mL) 5 % Stacking G€ImL)
Acrylagel 3.33 0.42

Bis-Acrylage 1.3t 0.16¢

1.5 M Tris (pH 8.8) 2.5 0

1 M Tris (pH 6.8 0 0.317

dHO 2.61 1.5475

10% (v/v) SDS 0.10 0.025

10% (v/v) APS 0.10 0.025

TEMED 0.01 0.0025

Total 10 mL 2.5 mL




5X Tris-glycine running buffer

1519 Tris base
95.4¢ glycine (pH 8.3)
50 mL 10 % (w/v) SDS

Made up to 1L with dbD and stored at room temperature.

1X Tris-glycine running buffer
200 mL 5X Tris-glycine running buffer
800 mL dHO

Transfer buffer

750 mL dHO
29g¢ Glycine

58¢g Tris base

3.7 mL 10 % (w/v) SDS
200 mL Methanol

Adjusted volume to 1 L with d#© and stored at 4°C.

1X Tris buffered saline (TBS)

6.1g Tris base
8.8¢ NacCl
800 mL dBO

The pH was adjusted to 7.5 with HCI and the voladjeisted to 1 L. Stored at room
temperature.



TBS-T
1L 1X TBS
1mL Tween 20

Stored at room temperature.

Blocking Buffer

59 Non-fat dry milk powder
100 mL TBS-T

Stored at 4 °C.






