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SUMMARY

Epstein-Barr virus (EBV) immortalises resting B-lghocyctes and is associated with a
diverse range of cancers and establishes a peatsiteent infection in >90% of the
world-wide population. Epstein-Barr virus nucleatigen (EBNA) 3C is one of only
six EBV latent proteins that are crucial for B-aetinsformation. EBNA3C is known to
disrupt cell-cycle control and to progress phasadition at G1/S and G2/M under
conditions where cells should growth arrest, bt mhechanism by which EBNA3C
does this has not been fully determined. The gallec regulator response gene to
complement (RGC) 32 was found to be upregulateBBINA3C-expressing cells in
microarray experiments carried out previously. R&Cis involved in cell-cycle
activation and also plays a role in G1/S and G2/hgition. | have shown that both
EBNA3C-expressing cell-lines with upregulated RGZ&hd cell-lines overexpressing
RGC-32 alone displayed disrupted G2/M checkpoimitrd indicating that EBNA3C
may overcome cell-cycle control by upregulationRBC-32. | also confirmed that
RGC-32 increases tha vitro kinase activity of CDK1, the key mitotic kinasesestial
for G2/M transition. Surprisingly, my data showé&att EBNA3C only activated RGC-
32 transcription in reporter assays at a very level, but stabilised the RGC-32
MRNA. Further studies investigating the differengapression of RGC-32 in EBV-
positive and negative cells demonstrated that R&Gs3upregulated in LCLs and
tumour (Burkitt's lymphoma) cell-lines expressirngetfull panel of latent genes, but
intriguingly highly expressed in Burkitt's lymphonell-lines expressing only EBNA
1. | found that this expression pattern correlatdgth expression of the RUNX1
transcription factor. Reporter assays revealed RIdNX1 was able to activate the
RGC-32 promoter. Together, this data indicatesva mechanism by which EBNA 3C
can disrupt the G2/M checkpoint and highlightsrnk Ibetween RUNX1 and RGC-32

expression in B-cells.
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1-1

1 Introduction

1.1 The Cell Cycle

The cell cycle describes a process by which thé greiws and divides into two
genetically identical daughter cells. The cell ey divided into four different active
phases (G1, S, G2, M) and a resting phase called>@fing S (synthesis) phase the
DNA in the cell is replicated from single chromatitb double (sister) chromatids. The
M phase (mitosis) is subdivided into five differgothases: prophase, prometaphase,
metaphase, anaphase and telophase. During proghasehromosomes become
condensed, the centrioles are duplicated and positiemselves at the opposite cell
poles. Prometaphase describes the transition frmphpse to metaphase in which the
nuclear membrane is degraded and the mitotic sgsrstiart growing. In metaphase the
chromosomes move to the equatorial plate induceth&éymitotic spindles. The single
chromatids then move towards the cell poles in basg before the cell divides into two
cells during telophase, when also a new nuclear neme is formed and
decondensation of the chromosomes occurs. Dureg@adp phases G1 and G2 the cell
needs to increase in mass in preparation for DNoAa&ion or mitosis, respectively.

The growth of the cell is affected by limiting gribwfactors, nutrients or inhibitors.

The cell cycle is highly regulated by at least foal cycle checkpoints: G1/S, intra S,
G2/M and the mitotic spindle checkpoint. The fuastiof the G1/S checkpoint is to
ensure that the cell has attained the adequatetlymaguirements to move forward into
S phase. The S phase checkpoint is responsibénguring that the DNA has replicated
without faults and so that the cell can proceed &2 phase. The G2/M checkpoint then
verifies whether all criteria have been met tothet cell progress into mitosis. During
mitosis the spindle checkpoint ensures that thet&chores of the sister chromatids
have been attached correctly to opposite spindiesdor segregation. Cell cycle arrest

is induced when any of the checkpoints become atetil/

Several cyclin-dependent kinases (CDKs) are setplignactivated throughout the cell
cycle and are responsible for the control of thegitions of each cell to the next phase
(Pines, 1995). At least 9 CDKs are involved in del cycle, however, the ones
essential for cell cycle progression are: CDK1, @DKDK4, CDK6 and CDK7. Cell
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cycle checkpoints regulate CDK activities and eesthat every phase has been
completed successfully before proceeding to thd pbase. Deregulation of this cell
cycle control leads to uncontrolled growth and é=ad to cancer if the cell cannot

regain the function of the checkpoint. Therefohese cells become immortalised.

CDKs are generally abundantly present during thé @ele and are activated by
binding their specific cyclin. The cyclins receivédeir name as their expression
fluctuates throughout the cell cycle; they are egped only when needed and are
subsequently degraded by the proteasome (Evarls @083; Morgan, 1997). Cyclins
contain a cyclin box which is involved in bindiniget CDK (Pines, 1995). The known
cyclins essential for cell cycle progression arglio A, cyclin B, cyclin D, cyclin E
and cyclin H. Each CDK bound to a cyclin forms tiidoenzyme which is essential for
kinase function (Ekholm and Reed, 2000; Johnson Afadker, 1999; Obaya and
Sedivy, 2002). Cyclin D needs to be upregulatethtilitate the entry of a quiescent
cell in GO into the cell cycle. Cyclin D complexesth CDK4 or CDK6 to form the
active holoenzyme and the complex was found torbsgmt until the cell enters the S
phase (Blagosklonny and Pardee, 2002) (FigureHis domplex then induces cyclin E
expression which associates with CDK2 to promo¢eGhi/S transition. During S phase
cyclin A binds to CDK2 which may be required fobgression through S phase. Cyclin
A expression is induced by the active cyclin D/CKand cyclin E/CDK2 complexes
(Harbour et al., 1999; Zhang et al., 2000a). Cyélinan also bind CDK1 in S and G2
phase. The actual G2/M transition is mediated bg dyclin B/CDK1 complex
originally called M phase promoting factor or maitiwn promoting factor (MPF)
(Brizuela et al., 1989; Nigg, 1995; Obaya and Sgd2002; Pines, 1995).

CDK activation requires phosphorylation on a conséithreonine residue in the T-loop
by the CDK-activating kinase CAK (cyclin H/CDK7/M@3t (Fisher and Morgan, 1994;

Solomon et al.,, 1992; Tassan et al., 1995), (resttwn (Obaya and Sedivy, 2002)).
This phosphorylation is increased when the cydibaund to the CDK suggesting that
the activating phosphorylation occurs after the plex has formed (Morgan, 1995).

CDK activity can be negatively regulated by a fanoff proteins known as cyclin-
dependent kinase inhibitors (CDKIs) (Peter and Kmagtz, 1994). The CDKIs are
divided in 2 families: the CIP/KIP family (p2£™V/¢"PL p27""1 p57F?) and the INK4
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Figure 1 — Cell Cycle overview
Cyclin D expression enables the quiescent cell§lnto enter the cell cyclélhe cyclinD/CDK4/6 complex the

mediates the phosphorylation of Rb during G1 phakesphorylated Rb can no longer birghscription factor EZ
which results is the expression of E2F target gaegsired for progression into S phase, e.g. cyElimhict
associates with CDK2 to promote the G1/S transitldyclin E/CDK2 further phosphorylate Rb which medi
transcription 6 cyclin A and E2F which is essential for DNA regation. The formation of the cyclin A/CDI
complex is required for progression through S ph&selin A can also bind CDK1 in S and G2 phase. @blia
G2/M transition is mediated by the cyclin B/CDK1ngglex. During the subsequent M phase, the Rb prag

dephosphorylated so that it can once again inEiBi.
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(inhibitors of CDK4) family (p18™**, p18N*® p18V4¢ p1d"*P) (Morgan, 1997;
Sherr and Roberts, 1999). The INK4 inhibitors bi@DK4/6 and prevent their
interaction with cyclin D. The CIP/KIP inhibitorsodnot prevent cyclin/CDK
association but inhibit their activity (Sherr andtRrts, 1999). P£F* was shown to
inhibit diverse cyclin/CDK complexes, cyclin E/CDK&yclin A/ICDK2, and cyclin D2-
CDK4 (Polyak et al., 1994; Resnitzky et al., 1995).

1.1.1 Regulation of CDK1

The activity of CDK1 and CDK2 can also be inhibitedphosphorylation of Thr14 and
Tyrl5 at the N-terminus by the kinases weel andLriytyelin transcription factor 1)
during interphase (Krek and Nigg, 1991; Lundgrealgt1991; McGowan and Russell,
1993; Mueller et al., 1995; Parker and Piwnica-Werii092). Tyrl5 is located at the
ATP binding site. The presence of phosphorylatedl3still allows binding of ATP
but inhibits the phosphorylation of a substrateerelas phosphorylated Thrl4 blocks
ATP binding completely (Atherton-Fessler et al.939Endicott et al., 1994). During S
and G2 phase the cyclin B/CDK1 complex is kepthie inactive state through Tyrl15
phosphorylation of CDK1 (Gould and Nurse, 1989; dgren et al., 1991; Mueller et
al., 1995; Parker and Piwnica-Worms, 1992) (Figiréeft panel).During the G2/M
transition the inhibitory phosphates are removedthy cdc25 phosphatase family
resulting in CDK activation (Kumagai and Dunphy919Nilsson and Hoffmann, 2000;
Russell and Nurse, 1986). Cdc25 is translocatedtive nucleus during G2/M transition
and is activated by Polo-like kinase 1 (Plk1) ara/rater be phosphorylated by cyclin
B1/CDK1 (Girard et al., 1992; Heald et al., 1993ftrhann et al., 1993; Kumagai and
Dunphy, 1996).

1.1.2 Regulation of cyclin B1

Various vertebrate cyclin B isoforms have beeniified: Cyclin B1, B2 and B3 and
B4 and B5 were discovered Xenopus (Gallant and Nigg, 1994; Hochegger et al.,
2001). Cyclin B1 and B2 are known to associate WiDK1 to promote progression
into mitosis. The same function was observed foclicyB4 and B5 inXenopus
(Hochegger et al., 2001). Cyclin B3 was shown t@liCDK1 as well as CDK2 and the
protein stays in the nucleus throughout the catleeyGallant and Nigg, 1994). Cyclin
B1 expression is tightly regulated by different im&gisms. Cyclin B1 protein contains
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Figure 2 — G2/M checkpoint overview

In absence of cytotoxic stress the phosphatasebageoves the inhibitory phosphates (red) at the Z+anc
Tyrl5+esidues of CDK1 which allows cell cycle progressioto mitosis. In the presence of cytotoxic st
and therefore DNA damage the kinases ATM and ATRaatevated which phosphorylate (green) and
activate the kinas chk2 and chkl respectively and phosphorylat® @elc25 which is then sequestered
degraded. Therefore, Cdc25 can no longer removénttieitory phosphates from CDK1 which results in

arrest.
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a cytoplasmic retention signal (CRS) which signeailglin B1 to remain in the
cytoplasm during G2 (Gallant and Nigg, 1992; Hagtat al., 1999; Pines and Hunter,
1991; Pines and Hunter, 1994). Cyclin B1 only tlacetes to the nucleus when
phosphorylated at the CRS (Li et al., 1997). Atheattosis or meiosis, cyclin B1 is
phosphorylated on 5 serine residues (Ser2, Seg&86SSer101 and Ser113) within the
CRS (Borgne et al., 1999; Izumi and Maller, 199ilet al., 1995; Meijer et al., 1989).
All 5 sites can be autophoshorylaiaditro but it cannot be excluded that other kinases
e.g. Plk1 could be involveih vivo (Izumi and Maller, 1991). Phosphorylation of cycli
B1 is required for translocation into the nucleus is not required to activate CDK1
since unphosphorylated cyclin B was found to be édblbind and activate CDK1 to the
same extent as phosphorylated cyclin B and getmalty degraded during mitosis
(Hagting et al., 1999; Izumi and Maller, 1991; Li al., 1995; Li et al., 1997).
Mimicking permanent CRS phosphorylation by mutatafnphosphorylation sites to
glutamic acid (E) leads to accumulation of cyclid B the nucleus (Hagting et al.,
1999). However, it is not fully understood how pblegrylation of the CRS mediates
the translocation to the nucleus. Cyclin B1 lackitsgamino terminus and therefore the
CRS was found to be able to directly bind imporfin(Moore et al., 1999).
Phosphorylation of the CRS was shown to generaigckear localisation signal (NLS)
but its nuclear import is likely to be imporfaindependent since importfhis not able
to bind cyclin B1 when the CRS is present (Hagtetgal., 1999). Once within the
nucleus the phosphorylation of serine 113 in the&S@Revents nuclear export (Yang et
al., 2001a). The CRS was found to have a nucleaorésignal (NES) (Hagting et al.,
1998; Toyoshima et al., 1998; Yang et al., 19984 am likely to use an
exportinl/CRM1 dependent pathway as exportinl g lshown to bind cyclin B in
Xenopus (Yang et al., 1998).

Synthesis of cyclin B1 occurs from late S phase t&d protein is degraded at the
beginning of mitosis (Piaggio et al., 1995; Pined &lunter, 1989). Cyclin B mRNA is

known to be very unstable after DNA damage andeimegal more stable in G2 than in
G1 suggesting that the fluctuation of the proteipression is due to mMRNA stability
(Maity et al., 1995; Pines and Hunter, 1989).
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Cyclin B1/CDK1 also has a putative role as a nudain kinase which causes nuclear
envelope disassembly at the end of prophase byppbogdation (Enoch et al., 1991;
Peter et al., 1990; Ward and Kirschner, 1990). @ltfh the role of CDK1 is thought to
be only in the G2/M transition, some evidence saggéhat it is also involved in the
G1/S transition in higher eukaryotes (Badea e2802; Hochegger et al., 2007; Kaldis
and Aleem, 2005; Rus et al., 1996). It is knowrnt BBK1 is able to associate with
cyclin A as well as cyclin B. Cyclin A was shownlte able to activate CDK1 shortly
before S phase begins. Furthermore, CDK1 was regotd be involved in the
phosphorylation of CDK7 at Thr376 which is also Wwmoto play a role in S phase entry
(Masai et al., 2000). Other reports indicated thatlin A/CDK1 play a role in late S
phase to ensure accurate completion of DNA reptinatather than S phase entry
(Obaya and Sedivy, 2002). CDK2 knockout experimemtsnice and chicken DT40
cells revealed that CDK1 can replace the functib@ DK2 by binding and activating
cyclin E and therefore promoting transition from ®&fo S phase (Aleem et al., 2005;
Hochegger et al., 2007; Kaldis and Aleem, 2005).

1.1.3 The G2/M checkpoint

In response to DNA damage caused by e.g. ioniad@tion or DNA damaging agents,
the G2/M checkpoint is activated (Figure 2, rigahel). The protein kinases ATM and
ATM-Rad3-related (ATR) are recruited to the breakssand act as transducers starting
a cascade to recruit DNA repair proteins. ATR isvated in response to DNA damage
mainly at the replication fork (single strand breaWwhereas ATM is generally activated
by other DNA double strand breaks. ATM and ATR pitagylate and activate chk2
and chkl, respectively (Matsuoka et al., 1998; Banet al., 1997; Shiloh, 2003). The
chk kinases phosphorylate Cdc25 at serine-216theguh inactivation of Cdc25 and
therefore preventing the removal of the inhibitgshosphates on CDK1 and its
activation (Chaturvedi et al., 1999; Matsuoka et EH998). Increased levels of inactive
Tyrl5-phosphorylated CDK1 therefore accumulate rauriz2-arrest following DNA
damage (Barth et al., 1996; Herzinger et al., 199frbanda et al., 1994; O'Connor et
al., 1994). The cell cycle is therefore halted i tG allow DNA repair.
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1.1.4 The role of Rb and p53 in cell cycle regulation

Cell cycle progression is also regulated by thenoélastoma protein Rb (pl105).
Together with p107 and p130 it belongs to the pogketein family of the nuclear
phosphoproteins. The pocket protein family is knotenbind to an LXCXE motif
(Dyson, 1998; Obaya and Sedivy, 2002). The genfaradtion of Rb is to prevent
guiescent cells from proceeding to S phase by bgth the E2F transcription factors
E2F1, E2F2 or E2F3 and inhibiting their transcaptl activity by recruiting repressing
HDACSs to the promoters of the E2F-responsive géBeshm et al., 1998; Dunaief et
al., 1994; Magnaghi-Jaulin et al., 1998; Strobealet1996). Phosphorylated Rb can no
longer bind to the E2F transcription factor, whdikrupts HDAC repression and allows
E2F to activate transcription of genes requiredofmgression into S phase e.g. cyclin E
(Harbour et al., 1999; Zhang et al., 2000a). Phospation of Rb occurs during G1
phase and is mediated by cyclinD/CDK4/6 (Harboumlet 1999; Mittnacht, 1998).
Cyclin E/CDK2 further phosphorylates Rb which méesatranscription of cyclin A and
E2F which is essential for DNA replication (Bartekd Lukas, 2001; Harbour et al.,
1999; Obaya and Sedivy, 2002; Strobeck et al., 2d6@ng et al., 2000a). During the
subsequent M phase, the Rb protein is dephosphedys® that it can once again inhibit
E2F (reviewed in (Halaban, 2005)).

The tumour suppressor and transcription factorypbigh was identified in 1979 is one

of the first genes to be activated following cedluktress (Lane and Crawford, 1979;
Linzer and Levine, 1979; Vousden, 2002; Vousdenland2002). In its inactive state it

is bound to MDM2 which tags p53 for proteasome-ratsdi degradation (Kamijo et al.,

1997; Quelle et al., 1995; Zhang et al., 1998) |{Feg3). Its function is to induce cell

cycle arrest in G1/S and G2/M after DNA damage, thet protein is also involved in

DNA repair, differentiation, senescence and cataitei apoptosis (Ryan et al., 2001;
Vousden, 2002; Vousden and Lu, 2002).

After DNA damage, p53 becomes active by phosphtioylaand induces p2£/ciP1
transcription which then inhibits cyclin E/CDK2 aptosphorylation of Rb (el-Deiry et
al., 1993; Sherr and Roberts, 1999). The stakal#tyvell as the ability to bind DNA is
regulated by phosphorylation of p53 at serine 1pp@la and Anderson, 2001; Bode
and Dong, 2004; Schavolt and Pietenpol, 2007).
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Figure 3 — p53 pathway

p53 is known to associate with MDM2 which tags pietein for ubiquitination which leads to cell cg
progression. In case of DNA damage, p53 becomésage and no longer binds to MDM2. PF4 was
shown to stabilise p53 which can then induce tnapson of target genes e.g. the CDihibitor
p2IWAFLCIPL po JWAFLICIPL g known to inhibit the cyclin E/CDK2 complex arfetefore prevents cell cy
progression. P2YFYCPl\yas also shown to inhibithesphorylation and therefore the activation of &
protein. The Rb protein remains associated with ®WRieh cannot induce transcription of its targetegett
promote cell cycle progression. MDM2 was reportecbind Rb and to promote degradation of Rt
protein allowing cell cycle progression. Howeverisinot fully understood what triggers the asstainot
MDM2 and Rb.
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Interestingly, p53 was found to be mutated in ttagomity of human tumours proposing
its essential role in cell cycle regulation. P14is one known regulator of p53 which
stabilises the protein by preventing MDM2 binditdatijo et al., 1997; Quelle et al.,
1995; Sherr and Weber, 2000; Zhang et al., 1998jthEr, the MDM2 gene is also
transcriptionally activated by p53 and when thetgirois bound to p53 it initiates the
translocation of the complex from the nucleus & ¢litoplasm which is associated with
the ubiquitination of p53 (Kubbutat et al., 1997ichbel and Oren, 2003). Therefore,
MDM2 can abolish p53-mediated arrest and apop{@3ien et al., 1993).

1.2 Epstein-Barr Virus (EBV)

EBV belongs to the herpesviridae family which shasenmon virion morphology
consisting of a core containing the linear, doudilended DNA, a capsid and an
envelope presenting viral glycoproteins on its atef The herpesviridae are separated
into 3 subfamilies: Alphaherpesvirinae, Betaherpesae and Gammaherpesvirinae.
Alpha herpes viruses can infect a wide range otshasd have a short reproductive
cycle, whereas beta herpes viruses have a redthcts range and a long reproductive
cycle. Gamma herpes viruses also have a limited taoge but reproduce at a more
variable rate. Overall, eight different speciedHefpes viruses have been isolated from
humans: herpes simplex virus 1 (HSV-1), herpes lexpirus 2 (HSV-2), varicella-
zoster virus (VZV), Epstein-Barr virus (EBV), humaytomegalovirus (HCMV),
Roseoloviruses HHV-6 and HHV-7 and Kaposi's sarc@ssociated herpesvirus
(KSHV or HHV-8).

EBV was isolated from a Burkitt's lymphoma biopsyli964 (Epstein et al., 1964), and
was the first herpes virus to have its genome cetalyl cloned and sequenced. EBV
was the first human virus found to play a role umburigenesis. The virus causes a
latent and persistent infection and is the only @mherpes virus known to be
associated with several cancers e.g. endemic Barkiimphoma, undifferentiated
nasopharyngeal carcinoma, Hodgkin's disease andSAdBsociated B-lymphoma and
post-transplant lymphoproliferative disease (PTLDgyiewed in (Crawford, 2001;
Kieff and Rickinson, 2001). About 90% of the ent@pulation is infected by the virus
with infection usually occurring during the earlgars of childhood via salivary contact

(Niederman et al., 1976). Viral infection duringildhood does not often show any
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symptoms (De Matteo et al., 2003; Henle et al..9)98pproximately 50% of late EBV
infections lead to infectious mononucleosis (IMe s&ection 1.8.1), also known as
Pfeiffer's disease or glandular fever, a benigreaée of the leucocytes and lymph
nodes (reviewed in (Kieff and Rickinson, 2001)).eTwariability of symptoms after
primary infection with EBV is due to differencestime immune response. Proliferation
of T lymphocytes followed by a release of cytokimeg. interferons and interleukin-2
has been found in patients suffering from infectiomononucleosis, whereas an
asymptomatic infection does not lead to an expanefol lymphocytes (Silins et al.,
2001; Williams et al., 2004). It has been obsened in underdeveloped countries, the
percentage of individuals infected with EBV duriagildhood is much higher than in
more developed countries, where therefore a lafiection followed by infectious

mononucleosis is more prevalent (Henle et al., 1969

EBV preferentially infects two different human csilpes in two different ways (Figure
4). Primary infection can occur in circulating Briphocytes or epithelial cells in the
mouth and upper throat (oropharyngeal) epithelivmvivo. This occurs via direct
binding of the viral glycoprotein gp350 to the cdempent receptor 2 (CD21 receptor)
on the B cell. Interestingly, EBV presents mainlyeaglycoprotein gp350/220 on the
outer surface which is different to most other lsygiruses (reviewed in (Kieff and
Rickinson, 2001)). After the virus has bound to Bheell, the cell and virus membrane
fuse and endocytosis of the virion occurs. Theutanisation of EBV DNA was found
to occur after uncoating of the virion 12-16 hoafter infection when coinciding with
early latent viral gene expression (Adams and Lihda975; Hurley and Thorley-
Lawson, 1988).

EBV establishes a persistent latent infection ityBphocytes and transforms resting B
lymphocytes leading to uncontrolled cell proliféoat Outgrowth of these transformed
cells is controlled by EBV-specific cytotoxic T lyhocytes (Pope et al., 1968b),
reviewed in (Kieff and Rickinson, 2001). The purpad the latent phase is to maintain
the virus in the host and is accompanied by exmess only a small number of genes
to avoid an immune response.

Infection of epithelial cells by EBV is thought ¢@cur in a gp350-dependent or gp350-

independent manner but is also able to use gpBmtbthe host cell surface
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Figure 4 - Overview of the EpsteiBarr virus infection, which involves two cell type&
cells and ephelial cells. After B cells are primary infected,latent state is establish
which is controlled by EB\specific cytotoxic T lymphocytes. Occasionally, aehtly
infected B cell can switch to the lytic state asatem by replication of the virus by
releasing it from these cells directly into theisalwhereby epithelial cells and othe
cells might be infected. Epithelial cell infectioesults in replication of the virus follow

by lysis of the cell (lytic state).
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(Fingeroth et al., 1999; Maruo et al., 2001). Thedpction and distribution of the virus
occurs during the Iytic phase and epethilial cefection is usually lytic in nature
(reviewed in (Schwarzmann et al., 1998)). EBV mdion also occurs spontaneously in
a small fraction of B cell population as the resupifitviral reactivation. Virions are

released in the saliva during lytic cycle.

Following EBV infection, the phenotype of the ceflanges; infected cells grow bigger
and express several B cell activation markers €923, CD54, CD11la and cell

adhesion molecules e.g. ICAM-1 and LFA-1 leadingét aggregation (Calender et al.,
1987; Wang et al., 1988).

1.3 EBV gene expression

The EBV genome consists of a double-stranded DN 2~kb), which is linear in the
virion and circularises post-infection forming asd circular episome (Hurley and
Thorley-Lawson, 1988; Lindahl et al., 1976). Theg®&e contains about 90 genes, but
only 11 genes are expressed when primary B cedlsrdected and immortalised by
EBV in culture generating lymphoblastoid cell lines (s}. LCLs express the Epstein-
Barr virus nuclear antigens (EBNAs), EBNA 1, 2, 38, 3C and leader protein (LP)
and 3 latent membrane proteins (LMPs), LMP 1, 2A @B. The remaining 2 genes
encode the Epstein-Barr virus encoded RNAs (EBE&d 2) which do not contain a
polyadenylated tail and remain as untranslated RINAe expression of all 11 latent
genes is defined as latency lll. Five proteins (BBN 2, 3A, 3C, LMP1) have been
shown to be essential for transformation of B lymplies whereas EBNA LP has been
shown to be important but not essential for B amlinortalisation by inducing cell
proliferation (Cohen et al., 1989; Kaye et al., 398ee et al., 1999; Mannick et al.,
1991; Tomkinson et al., 1993a). Therefore, thesgeprs are highlighted as proteins

with oncogenic potential.

The EBV genome contains several promoters whichrarglved in the expression of
the latent EBV proteins: the LMP promoters, Qp, Wpd Cp. The C and the W
promoters are involved in the expression of all BBNFigure 5): Cp, which is located
within the unique region just upstream of the EB¥jon internal repeat (IR-1), and Wp,

which is located within the IR-1 repeat and is prgsn multiple copies. Following
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Figure 5 — EBV genome: Latent genes of the EpsteBarr virus

Latent genes of the Epstein-Barr virus are demaestran the double-stranded DNA. The origin of regtiion (oriP)

is coloured orange. The purple arrows indicate ¢bding exons of the proteins expressed by EBV. Eigur
downloaded from (Murray and Young, 2001).
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infection, the W promoter is initially turned on Hye binding of B cell-specific factors

to 3 domains upstream of the Wp transcription stisggtknown as UAS1, 2 and 3.

Activation of the W promoter leads to the expres©6EBNA LP and EBNA 2 (Bell et
al., 1998; Walls and Perricaudet, 1991).

Cp activation by EBNA 2 triggers the switch fronetiV to the C promoter leading to
expression of all EBNA proteins within 36 h posfeiction (Puglielli et al., 1996;
Woisetschlaeger et al., 1990). Other cellular fiecfday an important role in the Wp to
Cp switch, e.g. nuclear factor Y (NF-Y) as it aaties the C promoter (Borestrom et al.,
2003). EBV does not have its own RNA polymerasetdfore, it uses the cellular RNA
polymerase Il to transcribe genes from all pronsotérvery long single precursor RNA
molecule encoding all 6 EBNAs is generated whicpracessed by differential splicing
to mediate protein expression of all EBNAs (Bodésoal Perricaudet, 1986). Each of
the latent proteins has a specific function inuinal life cycle.

EBNA 2 also activates the expression of the bidioeal LMP1 and LMP 2B promoter.
Qp drives expression of EBNAL in the absence ofa€yvity and EBNA 2 expression
(Nonkwelo et al., 1996a; Schaefer et al., 1995a).

EBV possesses the ability to persist in the men®rgells of the infected host in
different latent states characterised by the espasof different patterns of latent
genes. Latency |, Il and Il pattern of gene expi@s are also found in different EBV-

accociated tumours (Table 1).

1.4 Latent infection in healthy hosts

More than 90% of the entire human population haaenhbinfected by EBV, but it is a
rare occurence that infected hosts develop an EBAtad tumour. Although EBV gene
expression is highly restricted in healthy indi\atk) interestingly, all patterns of
latency can be detected in B cells. It is therefikay that the virus life cycle involves
many different patterns of gene expression (Babebek., 1998; Babcock and Thorley-
Lawson, 2000; Joseph et al., 2000; Miyashita etl807).
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Latency O Latency | Latency Il Latency Il
Genes EBNA 1 EBNA 1 EBNA1
expressed EBER 1 LMP 1 EBNA 2
EBER 2 LMP 2A EBNA 3A
LMP 2B EBNA 3B
EBER 1 EBNA 3C
EBER 2 EBNA LP
LMP 1
LMP 2A
LMP 2B
EBER 1
EBER 2
Diseases BL group | NC, HD, T-cellPTLD
lymphomas AIDS-
associated
lymphomas

Table 1 — EBV protein expression pattern during diferent latencies

In latency 0, no latent EBV proteins are expres&®V latency | expresses EBNA 1 and EBER1 and EBER2. This
pattern of expression is found in Burkitt's lymphogr@up I. EBV latency I, where EBNA 1, LMP1 and LR

and LMP2B are expressed, is detected in severailgnaalt diseases, such as undifferentiated nasopheay
carcinoma (NC), Hodgkin's disease (HD) and T ceihphomas. EBV latency lll, where all latent EBV prateare
expressed, is detected in post-transplant lympliégnative disease (PTLD) and AlDS-associated lyophas.
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How EBV infects and persists in its host is not ptetely understood, but a model has
been suggested (Thorley-Lawson, 2001; Thorley-Lawsod Gross, 2004). EBV

infects resting B cells (naive B cells) and transf® them into B blasts expressing all
latent EBV proteins (latency Ill) (Babcock et al999). B blasts differentiate into

centroblasts followed by centrocytes (germinal emells) which display restricted

expression of EBV latent genes (EBNA 1, LMP1 andR24), (latency Il). This may be

due to the fact that EBNA 2 expression blocks ddféiation of B cells into memory

cells and therefore needs to be silenced (Polack.etl996). Centrocytes can then
further differentiate into memory B cell which geakty lack expression of any latent
EBV genes which is described as the silent statier(ty 0). Expression of EBNA 1

from the Q promoter was also observed in the radteliging memory B cells (latency

[) to ensure that the episome is not lost duriniyy digision (Davenport and Pagano,

1999; Hochberg et al., 2004). Occasionally, men®wells could develop into plasma
cells for viral replication expressing all lyticrges (Altmeyer et al., 1997; Crawford and
Ando, 1986; Thorley-Lawson and Gross, 2004).

1.5 Immune response in EBV-infected hosts

Infection with EBV causes a massive proliferatioh cgtotoxic T cells which are
competent to eliminate most of the infected ce@alian et al., 1996; Callan et al.,
1998). T cells mainly detect EBV-infected cells whiexpress EBNA 2, EBNA 3A,
EBNA 3B and EBNA 3C but also the LMP proteins. &inbe genes expressed in
latency | are not commonly recognised by T celilgse EBV-infected cells can evade

the immune response and this allows the virus tsigte

1.6 Latent EBV gene expression in diseases

Unlike other herpes viruses, expression of thentateBV proteins can induce the
transformation of resting human B cells into immabsied lymphoblastoid cell linas
vitro indicating its tumourigenic ability (Pope et al96Ba). Different patterns of latent
EBV expression are also found in EBV-related dissad.atency Il is observed in
EBV-positive tumours from post-transplant and Alp&tients and is regulated as
mentioned above from the Cp/Wp promoter. In latehagd Il the EBNA 1 mRNA is
transcribed by the Qp promoter (Figure 5), sincether EBNAs are expressed during
these latency states. The latency Il phenotypeg/ptied by the expression of only



1-18

EBNA 1, all three LMPs and the two EBERs. It wasurfd in undifferentiated
nasopharyngeal carcinoma, Hodgkin’s disease RemuM&irg cells and T cell
lymphomas (Brink et al., 2000a; Fahraeus et aB81¥oung et al., 1988). In latency |
only EBNA 1 and the two EBERSs are expressed. Tatteem was detected in Burkitt's
lymphoma group | (Rowe et al., 1987). Lack of vipabtein expression guarantees that

the infected cell cannot be recognised by the inemesponse of the host.

1.7 Latent EBV proteins

1.7.1 EBNA1

EBNA 1 consists of 641 amino acids and displaysza sf 76 kD in denaturing
polyacrylamide gels. It is known to be one of thealv proteins essential for
transformation of B lymphocytes and was the filBVEprotein to be identified in EBV-
immortalised cells (Lee et al., 1999; Reedman alaihiK1973).

The protein is known to be able to bind to viraldacellular DNA directly as a
homodimer via its carboxy-terminus (Ambinder et 2890; Petti et al., 1990a). As the
EBV genome only rarely integrates into the hostoge®, the episome needs to be
replicated before mitosis which occurs by EBNA fiding to EBNA 1-binding motifs

in the OriP (origin of replication in EBV) therehitiating replication (Chittenden et
al., 1989; Ito et al., 2002; Ito and Yanagi, 20P8tti et al., 1990b; Rawlins et al., 1985;
Yates et al., 1985). In addition to playing a rolereplication, EBNA 1 also manages
segregation of the episome during mitosis, maimeaaf latency and transcriptional
activation of latent Epstein-Barr virus genes (Maiad et al., 1999; Reisman and
Sugden, 1986; Sugden and Warren, 1989). Episomaitenance is thought to occur
via tethering of the viral OriP to the host cell@mosomes which ensures that a copy of
the viral episome is transferred into the daughetr (Marechal et al., 1999). EBNA 1
also plays a role as a transcriptional activatod #@s interaction with OriP can
transactivate the Cp and the LMP1 promoters (Reisamal Sugden, 1986; Sugden and
Warren, 1989). Interestingly, the binding of muiifEBNA 1 homodimers at OriP has
been shown to be required to fully transcriptiopakttivate Cp (Zetterberg et al., 2004).
Further, EBNA 1 was found to be able to bind twesidownstream of the Q promoter
(Nonkwelo et al., 1996b; Schaefer et al., 1995IBNE 1 expression was shown to be

auto-downregulated by interaction with these twavistream sites (Sample et al.,
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1992). However, work published by several authemorted that EBNA 1 binding to

the Q promoter has an activating effect leadinghtwe EBNA 1 expression. Further,
the cellular transcription factor E2F1 was ableipoegulate Qp by possibly binding the
E2F-binding site within the EBNA 1-binding elemeaviten EBNA 1 was expressed, but
can also activate Qp in the absence of EBNA 1 (M@ahk et al., 1997; Sung et al.,
1994).

EBNA 1 is known to contain a Gly-Ala repeat domainich can inhibit its degradation
by the proteasome and thus the presentation of EBNpitopes to cytotoxic T cells
(Levitskaya et al., 1995; Levitskaya et al., 199%erefore, EBNA 1 is the only EBNA
not to be detectable by cytotoxic T cells. Thisldoexplain why EBNA 1 is the only
latent protein, which is consistently expressedughout all different patterns of EBV

protein expression found in EBV-associated maligrem

This Gly-Ala repeat domain was also shown to irthibRNA translation of EBNA 1
bothin vitro andin vivo, indicating that this domain plays a more impartare in the
evasion of the immune response than preventingegsoime degradation. Proteasome
inhibition was therefore suggested to have its rplemaintaining the EBNA 1

expression level (Yin et al., 2003).

1.7.2 EBNAZ2

EBNA 2 was the first EBV latent protein to be idéat as essential for B cell
transformation (Cohen et al., 1989). However, isvedready reported in 1974 that a
specific region of DNA was deleted from the EBV astr P3HR-1 and that
immortalisation of B cells could not occur usingsthtrain for EBV infection (Miller et
al., 1974). This region is now known to encode EBAAVhen this missing region was
reconstituted by cloning fragments containing tlBNB 2 gene into the EBV genome,
P3HR-1 was able to transform primary B cells (Cobeal., 1989; Hammerschmidt and
Sugden, 1989). It was also demonstrated by BeKimapkeset al. that EBNA 2 is
required for the ongoing proliferation on infecteells. These authors developed an
EBNA 2-inducible system using a cell line contagia conditionally active estrogen
receptor-EBNA 2 fusion protein and demonstrated thés cell line, ER-EB 2-5,
underwent cell cycle arrest in the absence of gstrowhen EBNA 2 was not

functionally active (Kempkes et al., 1995b).
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EBNA 2 is a transcriptional activator of cellularcaviral genes and can upregulate the
expression of numerous genes, including CD21, CB2BYX3 (AML2), c-myc andc-

fgr and activate the viral Cp as well as the promotérihe LMP1 and LMP2 genes
(Cohen and Kieff, 1991; Grossman et al., 1994as&aet al., 1999; Spender et al.,
2001; Wang et al., 1990b). However, EBNA 2 carbmiotl DNA directly but targets the
promoters via the DNA-binding proteins RPB-J kapf2BF1) and Spi-1/PU.1
(Grossman et al., 1994a; Henkel et al., 1994; Judemet al., 1995b; Zimber-Strobl et
al., 1994). EBNA 2 then recruits proteins crucial transcriptional activation e.g.
TFIIB, TAF40 and TFIIH (Tong et al., 1995a; Tongakt 1995b).

Further, the transcriptional activity of EBNA 2 wsisown to require the activity of the
RNA polymerase Il CTD kinase, CDK9, and associatéh the SNF-SWI complex,
p300, CBP and PCAF histone acetyltransferases (Hak-Jones et al., 2006; Wang
et al., 2000; Wu et al., 1996; Wu et al., 2000).

EBNA 2 mediates the transactivation of the LMP 1npoter via binding to PU.1/Spi-1
or RBP-J kappa (CBF-1) (Grossman et al., 1994ag Chpromoter is activated via
RPB-J kappa in cooperation with AUF-1 and mutationthe RBP-J kappa binding site
result in the loss of the transforming ability d¥ (Fuentes-Panana et al., 2000; Sung
et al., 1991; Yalamanchili et al., 1994). RBP-J gaps a downstream target in the
Notch pathway. When the Notch pathway is activéig@xtracellular ligands bound to
the Notch receptor, the intracellular domain of ¢gtNotch-IC is cleaved which then
interacts with RBP-J kappa bound to DNA leadingrémsactivation. It is thought that
EBNA 2 replaces the function of Notch-IC so that #ixtracellular stimulation of the
Notch receptor is redundant (Zimber-Strobl and [8{2001).

The contribution of EBNA 2 to the B cell transfortiaa process is thought to be due to
the activation of those cellular and viral prometarhich are known to have a major
effect on cell cycle progression. For example, ccMgn induce cyclin D, cyclin E and

FIICIPL and p2#™*. Activation of the C promoter by

CDK4 and downregulate p?
EBNA 2 also leads to the expression of the EBNAs 2RBA, 3B and 3C, which have
been reported to play a role in cell cycle progms¢Gartel et al., 2001; Kaiser et al.,

1999; Santoni-Rugiu et al., 2000; Yang et al., 2001
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1.7.3 EBNALP

EBNA LP, also known as EBNA 5, received its namdtas expressed from mRNA
generated from the leading sequence of the longAB&ahscript. It is coexpressed with
EBNA 2 as early as 2 hours after transfection.ldtyp an important role in B cell
transformation (Hammerschmidt and Sugden, 1989;nd&ret al., 1991). EBNA LP is
known to activate cyclin D2 expression and can roba EBNA2-mediated
transactivation of the Cp and LMP1 promoter in @niynB cells (Harada and Kieff,
1997; Nitsche et al., 1997; Sinclair et al., 19%Qwever, EBNA LP is not required for
EBNA 2-mediated transactivation of the cyclin D2moter in EREB2.5 cells (Harada
and Kieff, 1997; Nitsche et al., 1997; Spenderl¢t2®01). EBNA LP was found to be
highly phosphorylated in G2/M which might be medatby CDK1 or by the EBV
encoded kinase BGLF4 (Kato et al., 2003a; Kitay Rode, 1996). It has been reported
that LP could interact with Rb, p53 and 14 which may compromise their tumour
suppressor function (Inman and Farrell, 1995; Kharet al., 2003b). Other suggestions
were that it might target the p53/Rb pathway byikiting p14*®" which can bind
MDM2 (Kashuba et al., 2003a; Kashuba et al., 2008bjvever, it has not been shown
that p53 function is inhibited in EBV infected celind the p53 pathway might therefore
not be affected by EBV at all (Allday et al., 1998¥BNions and Allday, 2003).

1.7.4 EBNAS family

The EBNA 3 proteins EBNA 3A, 3B and 3C encode a bemof similar motifs: a
putative leucine zipper motif, an acidic domaimlipre and glutamine rich repeats, and
several arginine and lysine residues potentiallpartant for nuclear localisation.
Although their homology is relatively low, it isdahght that they have duplicated from
the same gene as they are tandemly arranged ivirdlegenome (Petti et al., 1988).
Further, the three genes of the EBNA 3 family aneoeled by the same structure: a
short 5’ exon and a long 3’ exon. Interestingl\hiading site for RBP-J kappa is also
present and highly conserved in all three genesvally all three EBNAS to interact
with this DNA-binding protein (Robertson et al., 989 Zhao et al., 1996). Therefore,
EBNA 2 enabled transcriptional activation mediabgdRBP-J kappa can be regulated
by EBNA 3A, 3B and 3C as RBP-J kappa binding to afhythese three proteins
abolishes the EBNA 2 — RBP-J kappa interactiongdoken et al., 1996; Waltzer et al.,
1996). As EBNA 2 transactivates the C promoter dnerefore EBNA 3 gene
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transcription, the EBNA 3 proteins form a negatigedback loop which may result in
abrogation of EBNA 2 upregulation of EBNA 3 traription. All 3 EBNA 3 proteins
can also repress EBNA 2-mediated activation of LMiatd LMP2 (Le Roux et al.,
1994; Waltzer et al., 1996). However, Jiménez-Repdral. demonstrated that EBNA
3C expression in Raji cells does not downreguld@&l& 2 and has only little or no
negative effect on EBNA 2-mediated C promoter atidon (Jimenez-Ramirez et al.,
2006).

In spite of their similarities, only EBNA 3A and BB\ 3C were shown to be essential
for B cell transformatiomn vitro; EBNA 3B, however, is dispensable (Tomkinson et al
1993a).

1.7.5 EBNA 3A

EBNA 3A is essential for EBV transformation of Bllseand plays an important role in
LCL proliferation (Kempkes et al., 1995a; Maruaaét 2003; Tomkinson et al., 1993b).
EBNA 3A plays a role in transcriptional activatias well as repression and has also
been shown to regulate protein function by profeimtein interaction. Repression of the
C promoter occurs via its RBP-J kappa binding diBNA 3A interacts with the
corepressor CtBP and could play a role in reprassiotranscription. It was reported
that RBP-J kappa recruits CtBP and mediates rdpres$ the genes regulated by the
Notch pathway and that mutated CtBP abolishesrépeessing effect by RBP-J kappa
(Hickabottom et al., 2002; Oswald et al., 2005)e Titeraction of EBNA 3A with CtBP
also facilitates cooperation with (Ha)-Ras whichswabserved in the immortalisation
and transformation of primary rodent fibroblastsc¢dbottom et al., 2002).

EBNA 3A was also shown to interact with the celtleyprotein chk2 indicating a role
in disruption of cell cycle control (Chehab et &000; Krauer et al., 2004b; Krauer et
al., 2004c; Petti et al., 1990a). However, a ddeggun of chk2 could not be observed
in LCLs but G2/M checkpoint deregulation by inhibit of chk2 may still occur in
tumour cell lines (Falck et al., 2001; O'Nions ahltbay, 2003). Overexpression of
EBNA 3A leads to a prolonged GO/G1 phase which rbaydue to the fact that
overexpression downregulates CD21, CD23 and c-mpression (Cooper et al., 2003).
The downregulation of these genes may also occlERBIYA 3A binding to the genes
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via RBP-J kappa since all 3 genes contain a RB&pp& binding site (Cooper et al.,
2003).

EBNA 3A was shown to downregulate the proapoptBtit2-family member Bim in
cooperation with EBNA 3C and can therefore medialé survival and tumourigenesis
(Anderton et al., 2008). To support the antiapoptaile of EBNA 3A, it was reported
that EBNA 3A, not EBNA 3C, can induce expressiontlod chaperones Hsp70 and
Hsp70B/B9 and co-chaperones Bag3 and DNAJA1/HspéQr{g et al., 2008). EBNA
3A was further shown to associate with Hsp70, H§®@nd Hsp40 which may
mediate stabilisation of the EBNA 3A protein (Youegal., 2008). This interaction of
EBNA 3A with the chaperones and co-chaperones dkasethe induction of their

promoters did not occur via an association withEZ{Boung et al., 2008).

1.7.6 EBNA 3B

EBNA 3B is not essential for B cell transformatiom vitro (Chen et al., 2005;
Tomkinson et al., 1993a). EBNA 3B was found to Iseain the nucleus signalled by
nuclear localization signals (NLS) and to co-losalwith EBNA 3A and 3C (Burgess et
al., 2006). Lymphoblastoid cell lines infected witle B95.8 strain have been described
that have lost the expression of EBNA 3B; thereftsdunction may not be necessary
for cell proliferation (O'Nions and Allday, 2004)he loss of expression might be due
to the fact that EBNA 3B is immunogenic and thusaeget for cytotoxic T cells.
However, EBNA 3B knockout cells were shown to grelewly and have reduced
levels of EBNA 3C indicating that EBNA 3B may be portant for efficient
proliferation (Chen et al., 2006). EBNA 3B was rapd to have a downregulating
effect on CXCR4 as a knockdown of the protein echtreased CXCR4 expression on
the cell surface (Chen et al., 2006). Interestin@CR4 and its only ligand CXCL12
are required for B-lymphopoiesis but downregulattdniCXCR4 was also reported in
herpes viruses like HHV6 and HHV7 as well as EBWI{E=Henriksson et al., 2006;
Ma et al., 1998; Nakayama et al., 2002; Yasukawa.et1999). It was suggested that
EBNA 3B downregulates CXCR4 to allow EBV-infectedlls to distribute to the
periphery as CXCR4-expressing cells remain in tbeebmarrow (Chen et al., 2006;
Nie et al., 2004). Further, EBNA 3B was found tomioegulate the BL-associated
antigen (BLA/CD77), to upregulate the cytoskelgiebtein vimentin and the surface
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expression of the activation antigen CD40 when ex@ressed in the EBV-negative BL
cell line DG75 (Silins and Sculley, 1994). EBNA 8Buld also prevent serum starved
DGT75 cells from apoptosis probably due to incredsedls of the anti-apoptotic Bcl-2

oncoprotein (Silins and Sculley, 1995).

1.7.7 EBNA3C

EBNA 3C, also known as EBNA 6, is a protein of @88ino acids with a molecular

weight of about 155-160 kD on SDS-PAGE (Allday &t 4988; Petti et al., 1988).

EBNA 3C functions as a transcriptional activatod aepressor and helps to control
viral gene expression during latency. It containsuenber of domains found in many
transcription factors. This includes a proline-reshd a glutamine-proline-rich domain
and another which shows homology to a basic leucipper domain (Figure 6),

(Landschulz et al., 1988; Marshall and Sample, 19BBwever, this domain is not

capable of homodimerisation and contains atypiealdues which are not normally
found in zipper domains (West et al., 2004). Thenefthis domain is not likely to be
functional. Several nuclear localization signald8) were identified, one at the N-
terminal end (aa 72-80), one in the middle (aa 418)-and one at the C-terminal end
(aa 939-945) of the EBNA 3C protein which are int@or for mediating translocation

of EBNA 3C to the nucleus (Figure 6) (Krauer et 2004a). EBNA 3C is located in the
nucleus throughout the cell cycle and was founddgsociate with the nuclear matrix
(Krauer et al., 2004a; Petti et al., 1990a).

Complementation assays in LCLs showed that mosh@macids of EBNA 3C are
essential for continued LCL growth (Maruo et aD09Q). LCLs expressing EBNA 3C
containing a mutated RBP-J kappa site could nohtais LCL proliferation indicating
the importance of the EBNA 3C/RBP-J kappa intecacin LCL growth (Lee et al.,
2009; Maruo et al., 2009).

1.7.7.1 Regulation of LMP1 expression by EBNA 3C
EBNA 3C was found to upregulate the expressiohefEBV protein LMP1 (Allday et

al., 1993). EBNA 2 was previously shown to upretulaMP1l expression (Fahraeus et
al., 1990). The EBV-positive cell line Raji which$ia natural deletion in the EBNA 3C

gene was observed to arrest in G1 accompaniedéguation in LMP1 when these
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Figure 6 —Schematic of basic structure of the EBNA3C protein Vth the identified motifs.

This figure shows the domains for interaction wtB00, RBP-d and Pro®, the putativ
leucine zipper motif, and proline (PP) -rich anditgmine (QP) —rich domains. 3 cleal

localization signals (NLS) were identified.



1-26

cells were cultured to a high density (Allday arafrEll, 1994). This result indicates
that LMP1 expression is dependent on the stateh@fcell cycle. Raji cells stably
expressing the EBNA 3C gene did not reduce LMP Yesgion in growth-arrested cells
(Allday and Farrell, 1994).

Therefore, the authors suggested that EBNA 3Cenftes LMP1 expression either by
the release of LMP1 repression or by subtle aitaradf the cell cycle state of growth
arrest that allows LMP1 expression (Allday and €lard994). Furthermore, EBNA 3C
is able to co-activate the LMP1 promoter in repodgsays in a manner dependent on
the presence of a DNA element including the SppitEs (PU.1) binding site in the
LMP1 promoter (Zhao and Sample, 2000). The accuegelation of LMP1 expression
in EBV-transformed cells is important since highdkis were found to be toxic to the
cells (Wang et al., 1985). It was previously shaivat EBNA 2 binds Spi-1 and EBNA
3C is also able to interact directly with the etengin of the transcription factors Spi-1
and Spi-Bin vitro (Johannsen et al., 1995a; Zhao and Sample, 2P0 precisely, a
region of the EBNA 3C protein including the basadine zipper (bZIP) domain was
shown to interact with this ets domain (Zhao anch@a, 2000).

1.7.7.2 Effects on cellular genes
A morphological change of the cells is also obsgérwdnen EBNA 3C is expressed.

‘Spiky’ membranous projections were identified dme tcell surface, which often
occurred only on one side whereas the membranghat side stayed smooth and
rounded. The changes in phenotype was accompayiad imcrease in the cytoskeletal
protein vimentin and the B cell activation antigeD23 (Allday et al., 1993; Allday and
Farrell, 1994; Wang et al., 1990a). EBNA 3C wasoathown to induce CD21
expression, which is a cell-specific receptor orturea B cells that contributes to the
morphological change (Wang et al., 1990a). The @meisim by which EBNA 3C is able
to increase gene expression has not been fullyrdited, but it has been demonstrated
that the effect of EBNA 3C on CD21 occurs indirgince no direct activation of the
CD21 promoter could be detected in transient teisfn assays (Radkov et al., 1997).
Despite the known transcriptional regulatory fuoct of EBNA 3C, it has not been
reported to bind directly to DNA but was shown iadbDNA via the DNA-binding
protein RBP-J kappa (Marshall and Sample, 1995eRsbn et al., 1995).
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1.7.7.3 Repression activity
EBNA 3C is able to interact with the transcriptitactor prothymosiru and together

they can associate with the co-repressors humaonkisdeacetylases HDAC1 and
HDAC2 and the corepressors mSin3A and N-CoR (Kneghal., 2003a; O'Nions and
Allday, 2004; Radkov et al., 1999). Binding to prgmosina is essential to stabilise the
complexes and ensures their full activity (Knightaé, 2003a). Further, the complex
can also associate with the known co-activatorohistacetyltransferase p300 and
Histone Hlin vitro andin vivo (Cotter and Robertson, 2000). Although no repsintsy
that these complexes actually bind to the C promdates thought that these complexes
may play a role in the EBNA 3C-mediated repressibrihe Cp via RBP-J kappa,
previously demonstrated by the Allday lab (Cotted &obertson, 2000; Haritos et al.,
1984; Knight et al., 2003b; Radkov et al., 1999).

EBNA 3C was also reported to interact with the $@iptional corepressor protein C-
terminal binding protein (CtBP). The mechanism epression has not been fully
determined, but it was suggested that CtBP is tabt®ntrol histone modifications like
deactylation and lysine methylation and can indgeee silencing (Shi et al., 2003).
Further, it is known that EBNA 3C interacts wittetprotein through a PXDLS motif
(Touitou et al., 2001). This motif is used by madrgnscription factors to recruit CtBP
to DNA, e.g. adenovirus E1A, Marek’s disease viMisg protein and EBNA 3A as
previously mentioned (Chinnadurai, 2002; Hickabmttet al., 2002).

The DEAD box protein DP103, an ATP-dependent hséicavas shown to be able to
interact with the C-terminal end of EBNA 3C. DEA family proteins play an
important role in cell development, differentiati@nd proliferation. For example,
DP103 functions as a repressor through bindingatestription factors to repress their
activities e.g. steroidogenic factor (SF-1), theyegrowth response factors Egr 1, 2, 3
and 4 and the spinal muscular neuron protein (SiXprroux et al., 1999; Gillian and
Svaren, 2004; Grundhoff et al., 1999; Yan et @03). Therefore DP103 may play a
role transcriptional repression mediated by EBNA 3C

EBNA 3C was shown to repress the Notch ligand Jdgd€hen et al., 2006). The
Notch signalling pathway was shown to be importamt EBV-induced cell growth.

Protein expression of Jaggedl was found upregulatedn EBNA 3C was not
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expressed and increased expression of Jaggedltteatsv cell growth (Chen et al.,
2006). Therefore, it was suggested that EBNA 3Ceasges Notch signalling (Chen et
al., 2006).

1.7.7.4 Regulation of metastasis
The proline- and glutamine-rich domains of EBNA &€re shown to be able to bind to

the cellular protein Nm23-H1, a nucleoside diph@ph(NDP) kinase, which is
functionally associated with the suppression of astgisis (Murakami et al., 2005;
Subramanian and Robertson, 2002). Nm23-H1 was itsé rhetastasis suppressor
identified (Lacombe et al., 2000; Steeg et al.,8)98eduction of its protein expression
leads to increased metastasis in many differentezan(Tee et al., 2006). EBNA 3C
was found to reverse the ability of Nm23-H1 to segp the migration of Burkitt's
lymphoma cellsin vitro andin vivo (Kaul et al., 2007; Subramanian and Robertson,
2002). EBNA 3C was further shown to mediate trarefion of Nm23-H1 into the
nucleus which together may result in the inhibitadrthe kinase activity of the protein
(Kaul et al., 2007; Murakami et al., 2009). Int¢iregly, the HPV protein E7 also
appears to associate with Nm23-H1 and inhibitfutstion (Mileo et al., 2006). E7
expression was reported to downregulate Nm23-Htheattranscriptional and protein
level (Mileo et al., 2006).

1.7.7.5 EBNA 3C and the cell cycle
EBNA 3C expression has been shown to disrupt th& G32/M and the mitotic spindle

checkpoint (Krauer et al., 2004b; Parker et alo®0

EBNA 3C was demonstrated to override the G1/S qbaick induced by serum

withdrawal in NIH 3T3 cells. While EBNA 3C-negatieells arrested in G1, the EBNA
3C-positive cells were still able to enter S phase continue through G2/M. It was also
observed that cell division did not necessarilydlega cytokinesis, leading to the

generation of bi- and multinucleated cells (Pagteal., 2000).

Different mechanisms have been suggested for hoMABC overrides the G1/S
checkpoint, including disruption of the Rb and tyelin A/ICDK2 pathway. In initial
studies EBNA 3C was shown to overcome this checkpoicooperation with activated

Ras in cotransfection assays which resulted instoamation of primary rodent
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fibroblasts (Parker et al.,, 1996). The activationtloe Ras pathway leads to the
production and activation of the G1 cyclin D/CDK#4 & complexes that catalyse the
phosphorylation of Rb and promote G1/S transitidgfigre 7A). The precise
mechanism by which EBNA 3C and Ras can cooperaabibeen identified.

It was found that EBNA 3C can relieve the P6*-mediated inhibition of cyclin D-
dependent kinases (CDK4 and 6). 48" is known to provoke growth arrest during
serum-starvation by binding to the kinases CDK4 @&rahd therefore maintaining the
hypophosphorylated state of Rb (Sherr and Rob&&85). Inhibition of the kinases
CDK4 and CDK6 by p18<** suppresses cell cycle progression (Figure 7A) (&iodl.,
1995; Lukas et al., 1995; Medema et al., 1995) @eadewed in (Sherr and Roberts,
1995)). It was suggested that EBNA 3C can targd"p¥* directly to inhibit its
function (Parker et al., 1996). However, Rb waswghao be normally regulated by
phosphorylation and dephosphorylation in LCLs whasipress all latent EBV proteins
which implies that deregulation of cyclin/CDK aétivmediated by EBNA 3C in the
context of a latent infection is not evident (ANdand Farrell, 1994; Allday et al.,
1995a; Allday et al., 1995b).

The cyclin D/CDK4,6 and the cyclin A/CDK2 complexarc be inhibited by
upregulation of the CDK inhibitor p2%* which is an important regulator of the G1/S
transition and was found to be upregulated at tiéem level during cell cycle arrest
(Figure 8) (Polyak et al., 1994). One study shotiead EBNA 3C expression decreased
p27"! accumulation after serum starvation in human osreosna cells (U20S) but
showed Rb hypophosphorylation despite the cellgnessing through the checkpoint
(Parker et al., 2000). Biochemical studies carr@d in the Robertson lab then
demonstrated that EBNA 3C expression was able tishbthe p27*'-mediated
inhibition of the cyclin A/CDK2 complex by degradat of the CDK inhibitor in
human embryonic kidney (HEK) 293T cells (Knightakt 2005a).

Experiments carried out in lymphoblastoid cell §r@howed that the repression of the
effects of p2#7! by EBNA 3C occured by decreasing the moleculaociaton
between cyclin A and the inhibitor in the cellsditie 8). However, EBNA 3C was
shown not to be able to interact with P27 directly. It was suggested that EBNA 3C
either competes with p5%* for binding to cyclin A/CDK2 or recruitments of @h



1-30

(A) (B)

()
Ny e
@ o l%
|
e
|

Cell cycle
progression

—(1)— [0 ®

Cell cycle
progression

Figure 7 —(A) Cyclin D/CDK4,6 can phosphorylate Rb. Phosphoryl&édcan no longer bind E2F wh
then induces expression of its target genes, gaincE which is essentiabf cell cycle progression. P1€
known to bind the cyclin D/CDK4,6 complex and caar#fore inhibit its function which results in celfcle
arrest.(B) EBNA 3C was reported to be able to bind Rb and toureSkp2 which ubiquitinates Rb 1
degradation E2F can therefore no longer bind Rb and can dwyclin E expression leading to cell cy

progression.
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Figure 8 — The cyclin A/ICDK2 complex is known to be active toomote cell cycl
progression. However, p27 camd to the complex and inhibits its function. EBNA& 3vas
shown to be able to bind the complex inhibiting @&8ociation with the complex. p27 \
suggested to be degraded after the protein islietta associate with the cyclin A/ICD

complex any longer.
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factors, which may modify p$7* by phosphorylation or may influence its stability
(Knight and Robertson, 2004; Knight et al., 2008herefore, it was proposed that
EBNA 3C disrupts the G1/S checkpoint by bindingcyelin A via its C terminus and
increasing the activity of the cyclin A/ICDK2 compley inhibiting the interaction of
p27"* with the complex (Knight and Robertson, 2004).

Authors from the same research group subsequembiywesd that EBNA 3C was also
able to associate with the N-terminus of cyclinia the cyclin box, a highly conserved
sequence in cyclins. EBNA 3C is therefore also ablbind cyclin E and D1n vitro
even though the binding is much weaker than toicy&l Although it was shown that
EBNA 3C is able to rescue inhibition of p¥7 by binding to cyclin A with its C-
terminus, this ability could not be identified fleBNA 3C binding cyclin A with its N-
terminus even though the affinity of this interaatiis higher. Therefore, it was
suggested that the N-terminus functions to recyatin A while the C-terminus plays a
role in increasing the cyclin A complex kinase atyi (Knight and Robertson, 2004;
Knight et al., 2004).

In contradiction to previous findings, the aboligtmhof p2#"**-mediated inhibition by
EBNA 3C resulted in hyperphosphorylation of Rb aachypophosphorylated Rb could
be detected in Western blotting when EBNA 3C wasressed in U20S (Knight and
Robertson, 2004). However, authors from the sarseareh group reported one year
later that no changes in Rb phosphorylation ocatin ®BNA 3C expression, but that
EBNA 3C decreases the Rb level by augmenting thgupimuitination of the protein
(Figure 7B). These studies were carried out in HEKR cells and the BL cell line
BJAB when EBNA 3C was transiently overexpressede Degradation of the Rb
protein was demonstrated to occur via recruiting 8CF " to the EBNA 3C/Rb

complexin vitro (Knight et al., 2005a).

Interestingly, an Rb interaction with EBNA 3C wasstf demonstratedn vitro and

mutation of the Rb pocket domain abolished thisraxttion (Parker et al., 1996). The
pocket domain of Rb is reported to be targetedthgroviral oncoproteins like SV40 T
antigen, adenovirus E1A or human papillomavirustlitis preventing binding to other
binding partners such as E2F and inducing transonipf genes essential for cell cycle

progression. The LXCXE motif through which the humaapillomavirus protein E7
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binds to the Rb pocket domain, resembles a matihdoin EBNA 3C. Interestingly, it
lies in the 10 amino acid sequence, which was ifiettto play a role in the regulation
of Rb stability by EBNA 3C (Knight et al., 2005a).

EBNA 3C has also been shown to bind to the trapson factor c-Myc leading to c-
Myc stabilisation in EBNA 3C-expressing HEK293T Isetompared to a control cell
line (Bajaj et al., 2008). This stabilisation th@sults in an increase of c-Myc-activated
transcription which is known to encode many geme®lved in cell cycle regulation,
apoptosis and metabolism (Bajaj et al., 2008; Detrag., 2006).

In a very recent study the Robertson lab demomstritat EBNA 3C can interact with
MDMZ2 in vitro andin vivo (Saha et al., 2009). MDM2 is known to associaté \wb3
to inhibit its function. Further, it initiates tldegradation of p53. Binding of EBNA 3C
to the MDM2 leads to stabilization of protein aneg\ents degradation of MDM2 by
deubiqutination suggesting a new role for EBNA 3€ aadeubiquitinating enzyme
(DUB) (Saha et al., 2009). EBNA 3C was found tceratt with MDM2 via an N-
terminal domain (aa residues 130-190) which was skl®own to interact with c-Myc,
SCF*"2 Rb, Cyclin A and RBP-J kappa (Bajaj et al., 20QBight et al., 2004; Knight
et al., 2005a; Knight et al., 2005b; Saha et 4099. EBNA 3C was also reported to
bind p53in vitro andin vivo via the same domain in the N-terminus and to prepé3
from binding to DNA thus inhibiting the inductiorf p53-target genes paralleling the
actions of adenovirus E1A and HPV E6 (Lechner et18l92; Steegenga et al., 1996; Yi
et al., 2009). However, no p53 deregulation cowddobserved in lymphoblastoid cell
lines (O'Nions and Allday, 2003; Wade and Allda@0@). Therefore, EBV may not
disrupt the p53 pathway to overcome cell cycle @nin the context of a latent

infection.

1.7.7.6 The effects of EBNA 3C on the G2/M checkpoint and itotic
checkpoints
Allday et al. found that EBNA 3C-expressing human osteosarcaglia (J20S) cells

are able to override the mitotic spindle assemiigckpoint after treatment with
nocodazole (Parker et al., 2000). Further, disamptf the mitotic spindle assembly
checkpoint by EBNA 3C leads to nuclear division may not always be followed by

cytokinesis. As a result, bi- and multinucleatetiscaccumulate (Parker et al., 2000).
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Investigations by Kraueet al. showed that EBNA 3A, 3B and 3C expressing LCLs
could override G2 arrest resulting in continuouk diwision and subsequent cell death
induced by treatment with the histone deacetyla$ebitor azelaic bishydroxamine
(ABHA) (Krauer et al., 2004b). ABHA caused G2/M est in cells with a functional
G2/M checkpoint, e.g. normal B cells and DG75 cblls was cytotoxic in cell lines
with a disrupted G2/M checkpoint e.g. many EBV-sfanmed LCLs (Sculley et al.,
2002). The same research group further reportedtiieaexpression of the EBNA 3
gene family alone disrupts the G2/M checkpointasponse to the genotoxin etoposide,
ABHA or the S phase inhibitor hydroxyurea (HU) (Kieat et al., 2004b).

EBNA 3A, 3B and 3C were also shown to reduce acdation of the inactive form of
CDK1 (p34cdc2), which is inhibited by phosphorybatiat threonine 14 and tyrosine 15
during G2/M arrest (Figure 2) (Krauer et al., 2004b

Further, the authors suggested that the EBNA 3lyacain block ATM/ATR signalling
since EBNA 3A is able to interact with chk2 in cemanoprecipitation assays in LCLs
which could not be observed for EBNA 3B (Kraueakt 2004b).

However, more recent results of a microarray aadttrsme PCR analysis revealed that
chk2 is downregulated in EBNA 3C-expressing BJABscé&Choudhuri et al., 2007).
Co-immunoprecipitation assays from the Robertsdndanfirmed that EBNA 3C is
able to directly interact with chk2 and that chkRNA and protein expression was
reduced in EBNA 3C-expressing cells. It was suggksthat EBNA 3C may
downregulate chk2 protein expression by destaltitimaof the protein or may inhibit its
function (Choudhuri et al., 2007).

Further investigations into the effects of EBNA 8@ the mitotic checkpoint revealed
that EBNA 3C and EBNA 3A cooperate to promote eeilivival following treatment

with the microtubule inhibitor nocodazole, cisptatwhich crosslinks DNA triggering

apoptosis, and the CDK inhibitor roscovitine (Artder et al., 2008). This was
demonstrated to be mediated by downregulation@ptivapoptotic Bcl-2 member Bim
(Anderton et al., 2008).
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EBNA 3C has thus been found to be involved in maaiyways of cell cycle regulation
which may all contribute to its ability to disrupell cycle control, although many
suggested target pathways appear to be intact irs L€b the relevance and importance

of many reported effects need further validation.

1.8 EBV-associated diseases

EBV was first isolated from a Burkitt's lymphoma #964. Since then the virus has
been linked to numerous tumours found in B and mpliyocytes as well as epithelial
cells as has also been shown to be involved inmalignant diseases (reviewed in
(Crawford, 2001; Kieff and Rickinson, 2001)).

1.8.1 Infectious Mononucleosis

Infectious mononucleosis (IM), also known as gldaddever, is known to develop
when primary EBV infection occurs during adoleseenbut only in 50% of cases
(Henke et al., 1973). IM was identified as an ERNated disease in 1968 and is
characterized by symptoms including fever, phatyngi lymphadenopathy,
splenomegaly and hepatocellular dysfunction but al® cause impending upper-
airway obstruction which in rare cases can be fétaéderman et al., 1968). The
symptoms are mediated by a strong immune respgnsgttoxic T cells against EBV
latent proteins expressed in EBV-infected activaBdymphocytes followed by a
release of cytokines e.g. interferprand interleukin-2 (Callan et al., 1996; Tierney et
al., 1994; Williams et al., 2004).

1.8.2 Burkitt's lymphoma

Burkitt's lymphoma (BL) is an aggressive, monocloBacell tumour which can be
divided in 3 categories: endemic BL (eBL) in equatioAfrica, sporadic BL (non-
African non-Hodgkin lymphoma) and immunodeficierassociated BL (HIV/AIDS-
associated). eBL usually occurs in children or ypadults in tropical Africa and in
some other equatorial regions. Coinfection with arial appears to play an important
role alongside EBV infection (Magrath, 1990a). Mtran 95% of eBL tumour cells are
EBV-positive whereas only 15% of sporadic BL and48096 of HIV-related BL are
EBV-positive. Most Burkitt's lymphoma cells only gress EBNA 1 which is

transcribed from the alternative Q promoter. Bltheught to originate from germinal
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centre (GC) B cells as BL cells express a GC B pb#notype but may sometimes
derive from memory B cells (Gregory et al., 1987cHberg et al., 2004). BL is
characterised by translocation of the c-myc oncedesm chromosome 8 to 14, 2 or 22
(Magrath, 1990a). After translocation c-myc is ddaosvely active and promotes cell
cycle progression (Bhatia et al., 1993; Cesarmah. €1987; Magrath, 1990b). Malarial
antigens can cause a chronic activation of B oshlgch is thought to increase the
possibility of chromosomal translocation of c-myeviewed in (Lenoir and Bornkamm,
1987)). Further changes have been observed whiativim the p14¥F/MDM2/p53
pathway. Most BL cell lines and more than 30% of lidapsies show mutations in p53.
If there is no mutation in the p53 gene then atiteleof p14~" or methylation or
overexpression of MDM2 was found (Capoulade et H98; Farrell et al., 1991;
Gaidano et al., 1991; Lindstrom et al., 2001). Mates in the p53 gene may be driven
by a necessity to inhibit p53-dependent apoptostuded by deregulated c-myc
(Lindstrom and Wiman, 2002).

Interestingly, approximately 15% of BL tumours walewn to express EBNA 1 plus
EBNA 3A, EBNA 3B, EBNA 3C and truncated EBNA LP agesults of transcription
from the W promoter (Kelly et al., 2002a; Kellyadt, 2006). These tumours were found
to have a deletion of the EBNA 2 gene and the Y&X@ns of EBNA LP similar to the
P3HRL1 strain of EBV (Kelly et al., 2002a). The laakEBNA 2 expression is thought
to account for the inactivity of the LMP and C praers. It may be that the
development of EBV-associated BL requires the degulation of EBNA 2 rather than
restricted latency | gene expression. Further, EBNAnd c-myc were shown to have
antagonistic effects on the expression of sevardbse markers involved in B cell
activation (Pajic et al., 2001). Therefore, theetieh of EBNA 2 in BL cells allows less
limited expression of c-myc induced protein expi@ssn addition to the expression of
the EBNA 3 family involved in prevention of apopiwand cell cycle disruption (Kelly
et al., 2005).

1.8.3 Hodgkin's disease

Hodgkin's disease (HD) also known as Hodgkin’s Iyrama (HL) is a tumour which

can occur in the lymph nodes, spleen, liver ancelbraarrow (Babcock et al., 2000). 30-
50% of HLs were found to be EBV-associated in depetl countries (Herbst et al.,
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1991; Pallesen et al.,, 1991). This tumour was filsscribed in 1832 by Thomas
Hodgkin and a relationship to EBV was established 989 after the identification of
EBV DNA in the Reed-Sternberg cells isolated fromwdgkin’s disease tumours (Weiss
et al., 1989). Hodgkin’s disease is diagnosed byptitesence (usually only 1 or 2%) of
Reed-Sternberg cells in the lymphoma which areclamd can either be multinucleated
or have a bilobed nucleus. Reed-Sternberg cellsC&¥80- and CD15-positive and
negative for CD20 and CD45. This immunophenotypigpgcal of classical HD which
can be EBV-positive, whereas the lymphocyte-predami Hodgkin’s lymphoma
shows the opposite immunophenotype for CD30, C@I®x0 and CD45 and is always
EBV-negative. HD tumour cells are thought to hawvedoped from post-germinal
centre cells, possibly centrocytes, which expré8si&L, LMP1, LMP2A and LMP2B.
EBV is found in almost all AIDS-related HD tumoyfGlaser et al., 2003; Glaser et al.,
1997; Uccini et al., 1990). Whether a tumour is EBNated is also dependent on age,

sex and ethnicity (reviewed in (Flavell and Murra900)).

1.8.4 Post-transplant lymphoproliferative disease

Post-transplant lymphoproliferative disease (PTL&jses in 10% of transplant
recipients (Haque et al., 1996). The symptoms begfin an IM-like disease followed
by tumour development mainly in the gut, brainte transplanted organ and is fatal in
more than 50% of the cases (Nalesnik, 1998). Theune system of a transplant
recipient is usually weakened to reduce the riska agjection of the donated organ.
Donated blood and organs from healthy people catagoEBV-infected B cells which
can therefore lead to infection of a previouslyosegative recipient (Alfieri et al.,
1996; Cen et al., 1991; Gerber et al., 1969). Duthé immune system suppression of
the recipient, the lower amount of EBV-specific atgixic T cells cannot fight the
infection allowing the B cells to proliferate areketvirus to express all latent proteins
(latency Ill) (reviewed in (Holmes and Sokol, 2002)

1.8.5 Undifferentiated nasopharyngeal carcinoma

Although the B cell appears to be the site of peesit EBV latent infection, EBV is
also able to infect epithelial cells. EBV is thougih be able to transform epithelial cells
which can lead to the development of undifferertiahasopharyngeal carcinomas
(UNPC); however, no evidence has been reported. @iN€dnsist of undifferentiated

carcinoma cells together with an infiltration ofdphocytes. UNPC is mainly found in
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areas of China and south-east Asia. Interestiradigipst all UNPC tumours are linked
to EBV (Pathmanathan et al., 1995; Raab-Traub dgdnf 1986). UNPC cells are
highly radiosensitive and the chances of survival generally more than 90% when

detected during early stages (Ferme et al., 2007).

1.8.6 Non-Hodgkin’'s lymphoma

80% of all lymphomas are classified as Non-Hodgkilymphomas (NHL), a broad
definition covering many different types of tumauihese tumours usually occur in
patients with a compromised immune response, atgeris with AIDS. About 20% of
patients diagnosed with HIV will grow a Non-Hodgkigmphoma. These tumours
arising due to AIDS-related immune suppressioncatked AIDS-related lymphomas.
All latent viral genes were shown to be expressedBV-related NHL. Lymphomas of

the primary nervous system are nearly 100% EBV@atad (MacMahon et al., 1991).

1.8.7 T cell lymphomas
EBV is also thought to be involved in the developimef a proportion of T cell
lymphomas (Brink et al., 2000b). EBV-infected tumoalls may drive the proliferation

and prevent apoptosis in T cells.

1.9 RGC-32

A cDNA microarray experiment was carried out in Weest Lab to identify genes,
whose expression was regulated by EBNA 3C. Beghliealready known upregulation
of CD21, another gene whose expression was fourlzk tapregulated in EBNA 3C-

expressing cells was RGC-32. RGC-32 (C13orfl5) ipretein discovered in rat

oligodendrocytes (OLG) in 1998 (Badea et al., 1988)deaet al. identified new genes

whose expression was altered in response to sighetyinplement treatment with C5b-9
to mimic complement activation of the cells (Ba@eal., 1998; Niculescu et al., 1997).
The complement system is a part of the innate inemsystem. Once activated by
pathogens, a cascade of protein cleavage occukimgsin the activation of the cell

killing membrane attack complex, C5b-9, which haduaction in cell lysis and

opsonisation which promotes phagocytosis of pdercantigens.

The new genes identified to be regulated by cometemvere designatedeRponse
Genes to Gmplement (RGC) (Badea et al., 1998). Almost eVRBC discovered (32 in
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total) was found to encode a part of or an entitewkn protein. One of the unknown
MRNAs identified to be upregulated by complemenrivaton was RGC-32 which
encodes a protein of 137 amino acids in rats. HUR@R-32 contains 117 amino acids
and runs with an apparent molecular weight of 15&DSDS-PAGE (Badea et al.,
2002; Badea et al., 1998). Human and mouse RGC-&2 reported to share 92%
homology with rat RGC-32 (Badea et al., 2002).

RGC-32 mRNA levels were increased after treatmémiigodendrocytes with normal
human serum but serum lacking the C5b-9 compon@émoQld not upregulate RGC-32
expression indicating that the terminal complenwmhplex (TCC or C5b-9) assembly
is essential for RGC-32 upregulation (Badea et1#198). C5b-9 further includes the
proteins C5b, C6, C8 and C9. This complex is alsown as the membrane attack
complex of complement and causes cell death byifgmores (Mayer, 1972). This
complex can also act as a cell cycle activatomisyeiasing the activity of CDK1, CDK2
and CDK4 by which the complex mediates an incraasBNA synthesis and cell
proliferation (Badea et al., 2002; Niculescu et H99; Rus et al., 1996).

In rats, the RGC-32 transcript has a length of agprately 1000 bases and was found
in several tissues like kidney, heart, brain, lusign, spleen and thymuses, but not in
the testis or liver (Badea et al., 1998). RGC-32NARexpression in humans however
was detected in placenta, liver, skeletal musadlindy and pancreas, aortic endothelial
cells and in the B lymphoblastoid cell line JY2%lamas weakly expressed in heart and
brain and absent in lung tissue. Human RGC-32 praggpression was detected in

heart, brain and liver tissue (Badea et al., 2002).

Data base analysis showed that RGC-32 has no hgsnalith any other known
proteins contains no conserved motifs, signal secpier transmembrane domain which
could provide more information about the targetaoigle or the function of the protein
(Badea et al., 1998). The protein has been founfietdocalised in the cytoplasm,
however, it has been shown that RGC-32 is trantddcto the nucleus after sublytic
complement (C5b-9) treatment of smooth muscle ¢Biglea et al., 2002; Badea et al.,
1998). Saigusat al. have shown that RGC-32 accumulates at centrosauesg
mitosis (Saigusa et al., 2007).
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RGC-32 mRNA and protein levels were found to begaased in several tumour tissues
e.g. kidney, colon, stomach, rectum, ovary and kmtdstine tumours. MRNA levels
were upregulated more than 2-fold in comparisorthi® surrounding normal tissue

indicating a role for RGC-32 in promoting tumoumgsis (Fosbrink et al., 2005).

Interestingly, the expression of RGC-32 was shawiead to cell cycle progression into
S and M phase in serum-starved cells aortic smoniscle cells transfected with RGC-
32-expressing plasmids (Badea et al., 2002). Dusexgim-withdrawal the RGC-32-
expressing cells continued cell cycle progressibiien®0% of the untransfected control
cells arrested in GO/G1. Furthermore, a significantting of cells from the S to G2/M
phase was observed after the RGC-32-expressing welle exposed to complement

activation.

To investigate the mechanism of the effects of R§&2Cen the cell cycle, binding
studies were carried out on CDKs. RGC-32 was shmnpe able to bind CDK1, but
not CDK2 and CDK4 and to activate CDK1 (Badea et 2002; Badea et al., 1998).
CDK1 is known to function in mitosis and is the prajarget for G2/M checkpoint
control. RGC-32-induced CDKZ1 activity may therefanerease cell cycle progression
into mitosis. CDK1 complexes with cyclin A or B dug S and M phases, which results
in higher activity of the kinase, but a furtherrease of CDK1 activity was also found
during RGC-32-mediated S phase entry in aortic $moauscle cells (Badea et al.,
2002). Furthermore, the kinase activity is alsaeased in primary oligodendrocytes
during late G1 and G1/S transition upon C5b-9 tneait. Inhibition of CDK1 activity
was shown to decrease RGC-32-mediated S-phase ietriogucing a new role of
CDK1 besides its known function in the transitiotoi mitosis (Badea et al., 2002; Rus
et al., 1996).

RGC-32 was shown to be phosphorylated duringnantro kinase assay investigating
the effects of RGC-32 on CDK1 activity. Since thigliion of CDK1 inhibitor p27~*

abolished this phosphorylation, it appeared thaCR32 was phosphorylated by CDK1.
In the presence of p27', RGC-32 is unable to enhance CDK1 activity (Badeal.,

2002). A CDK1 phosphorylation consensus motif, TR@ids found in human RGC-32
and mutation of Thr-91 to alanine in this site aidd RGC-32 phosphorylation by
CDK1 and reduced CDK1 kinase activity. Therefohtss RGC-32 mediated activation
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is dependent on RGC-32 phosphorylation at threoc®inby CDK1 (Badea et al., 2002;
Badea et al., 1998).

RGC-32 has also been implicated as a mediator atlawcell differentiation. Let al.
showed that RGC-32 expression was induced by ®iwld when neural crest cells
were treated with TGB-mediating vascular smooth muscle cell differergrat(Li et

al., 2007). These findings suggest T&Rs another potential regulator of RGC-32.

In contradiction to previous findings, Saigudaal. reported that RGC-32 acts as a
tumour suppressor gene as regions of the RGC-32 geme found to be absent in
glioma cell lines and restoration of RGC-32 expms$ed to suppression of glioma cell
growth (Saigusa et al., 2007). Overexpression ef photein also slowed progress
through mitosis in HelLa cells (Saigusa et al., 306arthermore, RGC-32 expression
decreased with increasing malignancy grade of pyinastrocytomas and 9 of 35
primary astrocytomas tested showed a p53 mutatfoohnalso resulted in a decrease of
RGC-32 mRNA expression implicating p53 as a regulat RGC-32 and p53 is known
to become activated in response to DNA damage (Saigt al., 2007). The same
research group confirmed this result in p53 nuBT3 MG cells (Saigusa et al., 2007).
U-373 MG cells were infected with p53 using adenasdimediated transfer and showed
induction of RGC-32 mRNA expression when p53 wazessed (Saigusa et al., 2007).
p53 was also shown to bind to the RGC-32 genegitro which was confirmed by
Chromatin immunoprecipitation (ChIP) analysis vivo (Figure 9) (Saigusa et al.,
2007).

1.10 RUNX proteins

During the course of the research described inttiesis, RGC-32 mRNA expression
was found to be regulated by the runt-related proRIINX1 (Jo and Curry, 2006).

Knock-down of RUNX1 expression in rat ovulatingliides resulted in a decrease of
RGC-32 mRNA levels (Jo and Curry, 2006). The sagsearch group found 3 RUNX1
binding sites on the RGC-32 gene and a further trpi@al binding sites with 89%

homology to the known consensus sequence. RUNXIsthvasn to bind directly to the

RGC-32 promoter in ChIP assays using rat periogtjyagiranulosa cells (Park et al.,
2008). Mutation of one RUNX1-binding site resultedreduced RGC-32 promoter
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Figure 9 —In response to DNA damage, p53 becomes acti
p53 induces RGC-32 gene expression by binding toRBE-32

promoter resulting in RGC-32 expression.
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activity in rat periovulatory follicles (Park et.aP008). The RUNX proteins RUNX1
(AML-1, CBF-02), RUNX2 (AML-3, CBFeal) and RUNX3 (AML-2, CBFa3) belong

to the family of Runt-related transcription facto(seviewed in (van Wijnen et al.,
2004)). Runt is a gene expressedDnosophila melanogaster and is essential for
segmentation, sex determination and neurogenesaga(let al., 1992; Duffy and
Gergen, 1991; Duffy et al., 1991; Erickson et 2892; Gergen and Wieschaus, 1986;
Kania et al., 1990). All RUNX proteins are knowndssociate with the core-binding
factor CBFg which is not able to bind DNA itself but increaghe affinity of RUNX
proteins for DNA (Ogawa et al., 1993a; Wang et B996b; Wang et al., 1993). The
Runt domain is involved in association with CBRn addition to DNA-binding and
nuclear localisation (Lenny et al., 1995; Lu et 4B95; Meyers et al., 1993; Meyers et
al., 1995; Ogawa et al.,, 1993b). The RUNX/CBFEomplex is able to bind DNA
containing a RUNX-binding site identified as the bp consensus sequence 5'-
PyGPyGGTPy-3' (Melnikova et al., 1993). This sequeeris found in a number of
enhancers and promoters, and can either activatepoess transcription. Repression
and activation by RUNX family members is cell tygpecific and appears to depend on
associated cofactors.

Activation of genes by the RUNX family occurs viecruitment of cofactors and other
DNA-binding transcription factors like C/EBPETS family members, c-Myb, SMADs
and histone acetyltransferases including p300/CBftos-Bray and Friedman, 1997;
Hanai et al., 1999; Kim et al., 1999; Kitabayashale 1998; Mao et al., 1999; Pelletier
et al., 2002; Petrovick et al., 1998; Westendorélet 1998; Zhang et al., 1996). The
recruitment of HDACs appears to be required for RiNediated repression but which
HDAC is recruited is distinct for each RUNX protgsee below). RUNX proteins have
been shown to associate with the corepressors HiE1ITLE2, mSin3A, N-CoR and
SMRT (Aronson et al., 1997; Imai et al., 1998; dhe¢ al., 2000; Lutterbach et al.,
2000). A VWRPY motif in the RUNX proteins interactsth TLE1 and TLE2 in yeast
2-hybrid systems anith vitro assays (Aronson et al., 1997; Imai et al., 19%8anon et
al., 1998). TLE-independent repression has alson béescribed suggesting that
corepression by TLE may be promoter-specific (Jateal., 2000).
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A connection between EBV latent gene expression ROMX expression was first
demonstrated by Spenderal. investigating EBNA 2-induced genes in a microarray
study (Spender et al., 2002b). The authors repdhatt RUNX3 mRNA and protein
expression was induced by EBNA 2 (Spender et BD2B). RUNX3 expression was
found to inversely correlate with RUNX1 expressionB cell lines and the same
authors demonstrated that RUNX3 downregulates RUNXdscription via RUNX3-
binding sites in the RUNX1 promoter (Spender et 2005a). Therefore, RUNX1 and
RUNX3 expression correlate with the EBV latency éydependent on EBNAZ2
expression (Figure 10).

1.10.1 RUNX1

Three transcript variants encoding different isoferof RUNX1 have been described:
RUNX1a, 1b and 1c. RUNX 1c is transcribed from Briepromoter and RUNX1 1la and
1b from the P2 promoter which is located adjacenthie P1 promoter. Alternative
splicing of the transcripts results in the 3 isafsrof RUNX1 (Figure 11), (reviewed in
(Whiteman and Farrell, 2006)). Only RUNX1c was fduo be expressed in B cells
(Spender et al., 2005a).

RUNX1 was found to be involved in the developmehtdefinitive haematopoiesis

(adult) as well as B and T lymphocyte differentatilchikawa et al., 2004; Lacaud et
al., 2002; Okuda et al., 1996). Further, RUNX1 i@md to interact with the B cell-

specific tyrosine kinase (BIk) promoter to activianscription. Blk is known to bind to

the B cell receptor (BCR) following B cell activaii (Libermann et al., 1999).

Mouse embryos carrying a mutated RUNX1 gene didsuotive beyond 12.5 days.
Death was found to occur due to lack of fetal limaematopoiesis and hemorrhaging in
the central nervous system (CNS) indicating thersd role played by the RUNX1
gene in development (Okuda et al., 1996; Wang.£1996a).
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Figure 10 - All RUNX proteins form a cmplex with the same subu
CBFbeta which allows DNA binding. EBNA 2 was showrirtduce RUNX!

expression which inhibits RUNX1 expression.
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Figure 11 — RUNX1 gene overview showing the different exons gmmdmoters
Alternativiey liced transcripts results in the 3 isoforms: RUNX1é and 1c. Figu
adapted from (Whiteman and Farrell, 2006).
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1.10.2 Mutations and translocations of the RUNX1 gene

Interestingly, the RUNX1 gene is often translocatedcute myeloid leukemia (AML),
especially the M2 subtype of AML but also in autoiome diseases and in 20% of
acute lymphocytic leukemia (ALL) (Golub et al., 33900k, 1997; Romana et al.,
1995a; Romana et al., 1995b). Common translocatdade t(8:21) which fuses the N-
terminus and Runt domain of RUNX1 to the corepre&SpO and t(12;21) that fuses
the N-terminus of TEL to the Runt and transcriptdmmains of RUNX1 (Erickson et
al., 1992; Golub et al., 1995; Miyoshi et al., 1R9lhe fusion proteins RUNX1-ETO
and RUNX1-TEL recruit corepressors like mSIN3A #dACs to generate permanent
repression complexes at the promoters of RUNXletaggnes which is thought to
contribute to leukemogenesis (Amann et al., 20@&hriek et al., 1999; Lutterbach et
al., 1998; Wang et al., 1998; Wang and Hiebert,1200verexpression of TEL-RUNX1
could only induce ALL in mice when p1¥*/p19**F expression is lost implicating

further genetic in leukemogenesis (Bernardin et28102).

1.10.3 RUNX1 as a transcriptional regulator

RUNX1 can inhibit p2¥A"“P1transcription by binding to its promoter and reting
mSin3A and HDACs (Laherty et al., 1997; Lutterbathal., 2000). RUNX1 was also
found to directly and strongly associate with HDACs3 and 9 and weakly with
HDACs 2, 5, and 6 (Durst et al., 2003). RUNX1 hasrbshown to interact with TLE1,
oncoproteins C-jun and C-Fos, the calcitriol reogpinvolved in mineral metabolism,
and the Histone-lysine N-methyltransferase SUV39{€hakraborty et al., 2003;
D'Alonzo et al., 2002; Hess et al.,, 2001; Levanbrle 1998; Puccetti et al., 2002).
Association with SUV39H1 was also found to be reegiifor the RUNX1-mediated
repression of p21*c"1 (Reed-Inderbitzin et al., 2006).

RUNX1c expression was shown to be upregulated ig&lup | cell lines compared to
BL group Il and LCLs but varied in EBV-negatived®ll lines (Spender et al., 2002b).
However, no or only low level of RUNX1c could betelged in cell lines expressing
EBNA 2 which was later reported to be due to traptional crossregulation of
RUNX1c by RUNX3 (Spender et al., 2002b; Spender.e2005a). RUNX3 was found
to bind to the RUNX1c promoter near the transanipistart site to repress transcription

(Spender et al.,, 2005a). RUNX1c is highly expressedquiescent B cells but rapidly
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downregulated after RUNX3 expression induced by EB#ction, PMA or TGH
(Shi and Stavnezer, 1998; Spender et al., 2005a).

1.10.4 RUNX2

RUNX2 was found to be required for osteoblasticfedéntiation and skeletal
morphogenesis (Fujita et al.,, 2004; Komori et dl1997; Yoshida et al., 2004).
Mutations in RUNX2 are associated with the dise@isdocranial dysostosis which

results in the abnormal development of bones irskiodl and collar.

RUNX2 was shown to be able to interact with STUBWY,ST4, C-jun, Mothers against
decapentaplegic homolog 3 (SMAD3), (SMAD1) and G;AeDAC3 and HDACG6 but
not HDAC2, 4 and 5 (D'Alonzo et al., 2002; Hanaakt 1999; Hess et al., 2001; Li et
al., 2008; Pelletier et al., 2002; Schroeder et28l04; Westendorf et al., 2002; Zhang et
al., 2000b). HDAC6 was found to be required for R{ZNmediated repression of
p21VAFYCIPL (westendorf et al., 2002).

There is also an indication that RUNX2 can downlaiguRUNX1 since RUNX2 null
mice expressed increased levels of RUNX1 (Yamasiad., 2004).

1.10.5 RUNX3

RUNX3 was found to play an important role in newogsis as well as growth
regulation of gastric epithelial cells (Inoue et &002; Levanon et al., 2002; Li et al.,
2002). Deletions of the RUNX3 gene have been foundepatocellular carcinoma,
testicular yolk sac tumours, pancreatic, gastritccees and lead to hyperplasia in mouse
gastric mucosa (Guo et al., 2002; Kato et al., BQQBet al., 2002; Wada et al., 2004;
Xiao and Liu, 2004).

RUNX3 is a tumour suppressor as it is involved he TGF apoptotic signalling
pathways but also plays a role in TGfaduced B cell antibody class switching to IgA
in common with RUNX1 (Fainaru et al., 2004; Shi adthvnezer, 1998). A TGE-
response element in the mouse germline (GL) algme,ginvolved in antibody class
switching, was found to contain 2 RUNX-binding siteequired for TGHB-induced
promoter activation (Lin and Stavnezer, 1992; Siu &tavnezer, 1998). TGFis able

to induce expression of CDKIs p15 and W2T/°™' and can therefore block
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progression into S phase and can suppress exprasfstemyc, (reviewed in (Hanahan
and Weinberg, 2000)). Changes in T@GExpression can therefore induce uncontrolled

cell cycle progression.

1.11 Aims of my project

Microarray studies previously carried out in the SVmb demonstrated that RGC-32
was upregulated in EBNA 3C-expressing BJAB celisc& RGC-32 was demonstrated
to activate the cyclin B/CDK1 complex and play &rm cell cycle regulation. This
project set out to investigate whether some ofdffects of EBNA 3C on the G2/M
checkpoint may be mediated by RGC-32. During thersm of these studies, RGC-32
was shown to be induced by RUNX1 in rat cells sodbntribution of RUNX1 to RGC-

32 regulation in EBV-immortalised cells was alsam@mned.
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2 Materials and Methods

2.1 Tissue Culture
Dulbecco Modified Eagles medium (DMEM): with 4.5 g/L glucose, 110 mg/L
sodium pyruvate and non-essential amino acids athebut L-Glutamine (Invitrogen).

Fetal Bovine Serum (FBS):pre-screened for Mycoplasma and viruses, perfocaan
tested (Invitrogen). Heat inactivated at 56°C fondur and stored at -20°C in 50 ml

aliquots.

Freezing mix: 70% medium (DMEM (for adherent cells) or RPMI (fsuspension
cells)), 20% FBS, 10% DMSO (Dimethyl sulphoxideybri-Max®, sterile filtered

(Sigma)) and 0.7% Penicillin-Streptomycin-Glutamine
Dulbecco’s Phosphate Buffered Saline (PBSyithout CaC} and MgC} (Invitrogen).

100 x Penicillin-Streptomycin-Glutamine (PSG): containing 10,000 units/ml
penicillin G sodium, 10 mg/ml streptomycin sulfag9.2 mg/ml L-glutamine and 10
mM sodium citrate in 0.14% NaCl (Invitrogen). It svstored in 5 ml aliquots at -20°C.

Propidium lodide Stain: 25 mg of Pl powder (Sigma) in 250 ml PBS (100uy/ml
containing 0.1% Triton X-100.

RNase A:20 mg RNase A/ml in 50 mM Tris-HCI pH 8.0, 10 mM EB (Invitrogen)
RPMI 1640 medium (RPMI): without L-Glutamine (Invitrogen).

Trypsin: Trypsin-EDTA (1x) in Hanks' Balanced Salt SolutighIBSS), without

calcium and magnesium (Invitrogen).
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2.1.1 Adherent cell lines

2.1.1.1 HelLa
HelLa cells were derived from a human cervical camgia from a 31-year old woman in

1951. These cells are epithelial cells which weaedformed by human papillomavirus
8 (Scherer et al., 1953). HelLas were grown in DMEdmtaining 10% FBS and 1%
PSG at 37°C with 5% Cfand were passaged by trypsinization 1 in 10 twieekhy.

2.1.1.2 Suspension cell lines
All suspension cell lines were cultured in RPMI 894 FBS + 1% PSG at 37°C with

5% CQ and were passaged twice weekly.

2.1.1.3 BJAB
The BJAB cell line was originally thought to haverided from an EBV-negative

African’s Burkitt's lymphoma in 1975 (Klein et all974; Menezes et al., 1975).
However, this cell line does not have a c-myc tieretion characteristic of Burkitt's
lymphoma cell lines, so is likely to be of B caliiphoma origin.

2.1.1.3.1 BJAB stablecell lines
The BJAB cell lines E3C-3, E3C-4, E3C-7, pZ1, p4& Z3, kindly provided by

Professor Alan Rickinson, were originally transéettwith the expression vector
pZipNEOSV(X) containing the open reading frames EBNA 3C (E3C-3, E3C-4,
E3C-7) or the empty vector (pZ1, pZ2, pZ3) and Istakell lines were selected using 2
mg/ml G-418 (Wang et al., 1990a).

The cell lines BJAB FRT and BJAB FRT pFLAG RGC-32re generated by Helen
Webb using the FIp-In™ System from Invitrogen. NatrBJAB cells were transfected
with 10 pg linearised pFRT/lacZeo (Invitrogen) akectroporation at 260 V and 950
UF to create a stable FIp-In™ host cell line. A#8rhours Zeocin was added to a final
concentration of 400 pg/ml and cells were aliquated 96-well plates (200 pl/well).
Genomic DNA was isolated from Zeocin resistant emand Southern blot analysis
was performed to determine the number of integr&fRd sites in each of these clones.
Cell lines containing single integrants were theresned for beta-galactosidase activity
and those with the highest expression levels waitdystransfected with 1.8 pg pOG44
(Invitrogen) and 0.2 pg FRT RGC-32 plasmid using A&maxa kit T (programme T-
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016). 48 hours after transfection cells were dduie media containing hygromycin
(200 pg/ml) and hygromycin resistant clones weseetk for Zeocin sensitivity, lack of

beta-galactosidase activity and pFLAG-RGC-32 exgioes

2.1.1.4 DG75
The B cell line DG75 (gift from M. Rowe) was derivérom a human EBV-negative

Burkitt's lymphoma from the pleural effusion of @-%ear-old boy with Burkitt's

lymphoma in 1975 (Ben-Bassat et al., 1977).

The cell lines DG75 FRT and DG75 FRT pFLAG RGC-3@revgenerated by Helen
Webb using the method described above (see settioh 3).

2.1.1.5 Raji
Raji cells are EBV-positive B lymphocytes and wies@ated from the left maxilla of a

12-year-old African boy who suffered from Burkittlgmphoma. The cell line was
established in 1963 and was therefore the firstdarubgmphoma cell line (Pulvertaft,
1964). Raji cells carry a virus with a deletion e@mpassing the EBNA 3C gene (Hatfull
et al., 1988). The EBNA 3C coding region is knownrain from bp 86083 to 86442
(ORF: BERF3) and from bp 86517 to 89135 (ORF: BERH4he EBV genome (Petti
et al., 1988). The deletion of more than 75% of EBNA 3C gene in Raji cells runs
from 86838 to 89830 bp of the EBV genome.

The Raji cell lines 13.6, 11.2.1, 11.5.8 as weltlas cell lines 13.6.4 and 11.2.5 were
kindly provided by Martin Allday (Allday et al., 23). The cell lines 11.2.1 and 11.5.8
were made by stable transfection with an EBNA 3@ressing plasmid (pSV2E3/4)

which contains the coding region for EBNA 3C untlex control of an SV40 promoter

as well as the selectable vector pSV2Hyg. Theloeds 13.6 and 13.6.4 were created
by transfection using only the selectable vectov2i$yg and were used as an EBNA
3C-negative control. The cell line 11.2.5 was alsade by transfection with the

pSV2E3/4 plasmid but does not express EBNA 3C aasd terefore also used as an
EBNA 3C-negative control (Allday et al., 1993).
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2.1.2 Freezing cells

A 175 cnf flask was harvested and pelleted at 1300 rpm Boevall Legend RT
centrifuge using a Sorvall Legend rotor 750064451fd minutes at 4°C. The pellet was
then resuspended in 5 ml of freezing mix, aliquote@x 1ml in freezing vials (Nunc)
and frozen at -80°C in a freezing container (Nadgehe vials were transferred to
liquid nitrogen after at least 24 hours at -80°C.

2.1.3 Thawing cells

To defrost cells, a freezing vial from liquid nigren was thawed rapidly in a 37°C water
bath. The cells were then transferred to a 25 askflcontaining 10 ml of prewarmed
37°C supplemented media and then incubated at @itt5% CQ.

2.1.4 Cell counting
Cell counting was performed using a Neubauer hagtoowter. The 16 squares of
each corner were counted separately and then aderdatpe average number of cells

counted provides the number of cells X p@r ml of the sample.

2.1.5 Cell harvesting
Cells were transferred to a centrifuge tube antetmel at 1300 rpm in a Sorvall Legend
RT centrifuge for 10 minutes at 4°C. Cell pelletsrg/ resuspended in an appropriate

amount of PBS and counted (see section 2.1.4).

2.1.6 Whole cell lysate preparation

For protein analysis, cells were washed in PBSntmliusing the Neubauer cytometer
(see section 2.1.4), then pelleted by centrifugasip2000 rpm for 5 minutes and lysed
in 100 pl 1x GSB per focells. Each sample was sonicated 5x for 10 selc 3686
amplitude using the Vibra-Cell™ VC 750 (Sonics & te@als, inc.), then heated at
95°C for 10 minutes, vortexed and briefly spun ddwefiore analysing by SDS-PAGE
(see section 2.2.15).

2.1.7 Hygromycin kill curve
IB4 cells were diluted to 5x2nl and 5 ml aliquots placed in a 6-well plate.fBiént
concentrations of hygromycin (0-5@@/ml) were added the. Samples of cells (200
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were taken on day 0 and after 2, 4 and 7 daysetpdllat 2000 rpm in an Eppendorf
5415 C centrifuge for 5 minutes and resuspendezDthul PBS. 10ul of cells were
mixed with 10ul of Trypan blue (Sigma) and counted for cell vidpi(see Appendix
8.6).

2.1.8 Transient Transfection

2.1.8.1 Electroporation
DG75 cells were diluted 1:3 24 hours before elguration. Cells were pelleted at

1300 rpm in a Sorvall Legend RT centrifuge and gshpernatant kept as conditioned
media. Differences in DNA content were compensatéd pFLAG, pSG5 or pCEP4
empty vector dependent on the experiment. The DN prepared in electroporation
cuvettes (Bio-Rad) in a total volume of 32 —40The DNA was then incubated on ice
for 10 minutes. The cells were resuspended in séreenmedia, counted, re-pelleted
and resuspended at 2x'fl in serum-free media. 0.5 ml of cells were adt®each
cuvette and mixed with the DNA. Samples were cooledce for 10 minutes and then
electroporated at 230 V and 950 pF using a BioRa&heGPulser Il. Following
incubation at 37°C with 5% GQOor 30 minutes, the cells were transferred inton@5
flasks containing 10 ml warm conditioned media amcubated at 37°C for 24 - 48
hours. Cells were pelleted, resuspended in PBSamdted. They were then re-pelleted
and resuspended in 1 ml PBS for transfer into aml3ube. The cells were then
pelleted at 2000 rpm in an Eppendorf 5415 C cemgeffor 5 minutes and the
supernatant was removed. The cells were eithed lysbysis buffer (Jin et al., 2005) for
kinase assays (see section 2.2.23), in EBC buffemimunoprecipitation (see section
2.2.20 or in 1x Passive Lysis Buffer (Promega) liaciferase assays (see section
2.1.13).

2.1.8.2 Amaxa Nucleofection
BJAB E3C-3 cells were transiently transfected wthug of scrambled control or

pSilencer 3.0HI plasmids expressing RGC-32 siRNRIN#\5 using program O-017
with an Amaxa nucleofector and the NucleofeBtaolution T following the
manufacturer's protocol. I1B4 cells were stably sf@cted with 3 pg of RUNXS
SiRNA30, siRNA118 or control plasmid using progra023 with an Amaxa
nucleofector and the Nucleofect@olution T following the manufacturer’s protocol.
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2.1.8.2.1 Silencing of RUNX3 expression
IB4 cells were transfected as previously descrise# section 2.1.8.2) and transferred

into a total volume of 6 ml complete RPMI media.giymycin was added to a final
concentration of 300 ug/ml 24 hours after trangdect3 ml of cells were harvested 6, 9
and 14 days after transfection and 3 ml complet&#Rfedia containing 300 pg/ml
hygromycin was added. Cell pellets were used fotgin analysis (see sections 2.1.6,
2.2.15 and 2.2.16) or RNA analysis (see sectiohd ?, 2.2.13 and 2.2.14).

2.1.8.3 Fugene
HelLa cells were counted and plated at a final comation of 5x10 cells/ml in a 10 cm

plate (Fisher) 24 hours prior to transfection. 12ZFuUGENE (Roche) was mixed with
180 pl of unsupplemented DMEM and left at room terafure for 5 minutes. A total of
4 pg of plasmid was then added, the sample genttednand then incubated for 30
minutes at room temperature. Just before addingdhgple dropwise to the plate, the
cells were washed in PBS which was then replacéd fnesh DMEM. The cells were

incubated at 37°C for 48 hours before harvesting.

2.1.9 Gamma irradiation

Exponentially growing cells were pelleted and resmsled in fresh media at a final
concentration of 4x fml the previous day. The cells were treated wilhGly using a
137Cs source to irradiate the cells and then incubat&¥°C with 5% C@for 4, 8 and
24 hours. The cells were then washed and countB@# and divided between 2 tubes.
One half of the cells was used for FACS analyststae other half for protein analysis.
For FACS analysis the cells were pelleted, resudgein 1 ml of 70% ethanol per 0
cells, incubated for at least 30 minutes at 4°C theth stained with propidium iodide

(see section 2.1.10).

2.1.10 Propidium lodide staining

1 ml ethanol containing the fixed cells (1x°1t®lls) was transferred to a FACS tube
(BD Biosciences) and pelleted at 1000 rpm for 5utes at 4°C using the Sorvall

Legend RT centrifuge. The pellet was resuspendddnashed in 1 ml PBS. After the

cells were pelleted again, 500 ul of Pl stain (Siy@ind containing 50 pg/ml RNase A
(Sigma) and the samples incubated at room temperédu 30 minutes. The cell cycle

distribution was analysed with the BD FACSCantoN@ytometer (BD Biosciences).
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2.1.11 Etoposide treatment

The cells were set up at a final concentrationxo1@/ml the previous day as described
for gamma irradiation (see section 0). The cellsewteeated with 50, 100, 300 or 500
nM etoposide using dilutions of a 1 M stock disgolvn DMSO and incubated at 37°C
with 5% CQ for 24 or 48 hours. The cells were then washedcandted in PBS. Cells
were pelleted and one half of the pellet was fiked ml of 70% ethanol per @ells
for at least 30 minutes at 4°C and then staine¢h wropidium iodide (see section
2.1.10). The other half was used for whole celatgspreparation for protein analysis
(see section 2.1.6 and 2.2.15).

2.1.12 DNA damage and BrdU incorporation

The BJAB cell lines pz1, pz3, E3C-3 and E3C-4 weilated to 4x 1&ml 24 hours
prior treatment. For etoposide treatment, the pZ BBC lines were treated with 10 uM
BrdU (Sigma), incubated for 1 hour, washed andsgsnded in fresh media containing
0, 300 or 500 nM etoposide for 24 hours. For FA@S8lysis, unlabelled control cells
were fixed cells, stained with PI for 30 minutesgsection 2.1.10) and analysed using
the BD FACSCanto Flow Cytometer (BD Biosciences)dell cycle distribution. Cells
of all other samples were stained with Pl for 1h@elleted and resuspended in 0.1%
PBS-Tween. The appropriate primary antibody was thdded (either 40 pl of 1:15-
diluted anti-BrdU antibody (c=0.5mg/ml, Upstate) 40 pl 1:1.5-diluted anti-lgG2a
antibody (c=0.05 mg/ml, BD)) (see Table 2).

Anti-
Mouse- Mouse- mouse-
Sample BrdU | anti-BrdU | anti-IgG2 Pl
(1°ab) | (1°ap) | FITC
(2° ab)
unlabelled control x x x x x
lgG2 antibody contro x
DMSO control x
300 nM x
500 nM x

Table 2 —showing an overview of what each sample contained
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Cells were incubated at room temperature for 1 hoelieted and resuspended in a 1:20
dilution of a FITC-conjugated, polyclonal rabbit tamouse antibody (Dako).
Following incubation at room temperature for 30 at@s, the cells were washed,

resuspended in PBS and analysed by FACS.

2.1.13 Luciferase assay

48 hours after transfection using the Bio-Rad Geaksef 1l or FUGENE transfection
techniques, cells were pelleted at 1300 rpm fomlutes at 4°C in a Sorvall Legend
RT centrifuge and resuspended in 1 ml PBS. Celi® wlen transferred to an 1.5 ml
tube and pelleted in an Eppendorf 5415C centrifatg2000 rpm in an Eppendorf 5415
C centrifuge for 5 minutes. The cells were lysedl00 pl 1x passive lysis buffer
(Promega) at room temperature for 30 minutes faldwby another 30 minute
incubation on ice. The cell debris was then pedlete13000 rpm in a Heraeus Biofuge
Pico for 5 minutes. The supernatant was transfetoed new 1.5 ml tube. For the
luciferase assay 2x 10 pl of each sample was atleal 96-well plate. With the
sequential injection system on a Lucy 2 luminométebTech) 50 ul of Larll followed
by 50ul of Stop and Glo solutions (Promega luciferasd dasay kit) were added to the
samples and the signals from the reporter genes merasured after each step. The
pCp-1425-GL2 and the RGC-32pLuc plasmids used ootite firefly luciferase gene,
controlled by the C or RGC-32 promoters respectivdlhe pRL-CMV plasmid
contains thdRenilla luciferase gene controlled by the CMV promoter amd used as a
control for transfection efficiency. The values forefly luciferase activity were
therefore corrected by dividing them by the valioegheRenilla luciferase activity.

2.1.14 Proteasome inhibition

The cells were diluted 1:3 24 hours before the grpnt. The proteasome inhibitor

MG132 was added to a final concentration of 50, @0@00 uM. Cells were pelleted

after 1, 2, 8 or 24 hours, washed and counted i8. ABe cells were then pelleted and
whole cell lysates prepared for SDS-PAGE analysee Gection 2.1.6 and 2.2.15).

2.1.15 Transcription inhibition
The BJAB cell lines pZ1, pZ3, E3C-3 and E3C-7 wsee up at 2x1Uml in a 6-well

plate 72 hours prior to treatment. 2 uM of actinomyD (Sigma) was added to all cell
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lines and a 0 hour control was harvested at theedame. Further samples were taken 2,
4, 6 and 8 hours after addition of actinomycin II€ were then lysed and RNA

extracted for real-time PCR (see section 2.2.12.12)

2.1.16 Centrifugal elutriation
BJAB pZ3 and E3C-3 cells were fractionated usingtrifigal elutriation which was
kindly performed by Aloys Schepers (University otiMch).
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2.2 Molecular Biology
ADBI buffer: 20 mM MOPS pH 7.2, 25 mM sodium glycerophosphateM EGTA, 1
nM Sodium orthovanadate, 1 mM dithiothreitol (DTT).

Agar: 5 g agar (Oxoid) in 400 ml L broth before autochayi

Ampicillin: (Sigma): 100 mg/ml in filter-sterilised using a 0.2um filter (Nalgene)
and stored at -20°C in 1 ml aliquots.

Blotting Buffer: 4 litre dHO, 1 litre methanol (Fisher), 75 g Glycine (Fisher g
Tris(hydroxymethyl)-methylamine (Fisher).

Buffer A: 300 mM NacCl, 40 mM P©buffer pH 7.5, 20 mM Imidazole, 3.5 mipt
mercaptoethanol, 2 mM benzamidine and proteasbitohicocktail tablet (Roche).

Buffer B: 300 mM NaCl, 40 mM P©buffer pH 7.5, 20 mM Imidazole, 3.5 mBt
mercaptoethanol, 2 mM benzamidine, 1% NP40 andegset inhibitor cocktail tablet
(Roche).

Buffer C: 1 M NaCl, 40 mM PQ@ buffer pH 7.5, 20 mM Imidazole, 3.5 mig
mercaptoethanol, 2 mM benzamidine, 1% NP40, pretaahibitor cocktail tablet
(Roche).

Buffer X: 50 mM HEPES (KOH) pH 7.5, 10% glycerol, 2 mM bemidine, 1 M
GuHCI.

Buffer Y: 50 mM HEPES (KOH) pH 7.5, 10% glycerol, 2 mM bemadine, 6 M
GuHCI.

CsCI prep solution I: 50 mM glucose, 25 mM Tris-HCI pH 8.0, 10 mM EDTA
(Sigma).

CsCl prep solution 1l: 200 mM NaOH, 1% SDS.
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CsCl prep solution 1ll: 300 ml 5 M KAC, 57.5 ml glacial acetic acid, 1425 H,0.

CsCl-saturated butanol: 100 g Caesium chloride (Invitrogen) in 200 njHand 200

ml butanol.

EBC buffer: 50 mM Tris pH 8, 120 mM NaCl, 0.5% nonidet P40 4@Pand 5 mM
Dithiothreitol (DTT, Sigma).

ECL: Solution I: 2.5 mM luminol, 400 uM coumaric acithO mM Tris pH 8.5 in 20
ml dH,O. Solution II: 0.15% Hydrogen Peroxide,({3) and 100 mM Tris pH 8.5 in 20

Elution Buffer E: 300 mM NaCl, 100 mM EDTA, 40 mM R®uffer pH 7.5.

Fixing buffer (kinase assay):40% methanol, 10% glacial acetic acid.

Fixing buffer (gel shift): 20% methanol, 10% glacial acetic acid.

1x gel sample buffer (GSB):50 mM Tris, 4% SDS, 5% 2-mercaptoethanol (Sigma),
10% glycerol, 1 mM EDTA, 0.01% bromophenol blue.

L broth: 10 g tryptone (Oxoid), 5 g yeast extract (Oxoid),gINaCl, made up to 1 litre
in distilled HO followed by autoclaving.

Lysis buffer (Jin et al., 2005) 100 mM NaCl, 50 mM NaF, 50 mM Tris pH 7.5, 40
mM Sodiump-glycerophosphate (Fisher), 5 mM EDTA, 1 mM Sodiarthovanadate
(Fisher), 1% Triton X-100, protease inhibitor table

Lysis buffer B (Topisirovic et al., 2002): 10 mM Tris pH 8.4, 14tM NaCl, 1.5 mM
MgCl,, 0.5% NP40, 1 mM DTT and 200U/ml RNasin (Promega).

Protease inhibitor: 2 mM phenylmethylsulfonyl fluoride (PMSF) in etid@.

Stripping buffer: 100 mM 2-mercaptoethanol (Sigma), 2% SDS, 62.5 mid-HClI
pH 6.7.
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10 x TBE: 540 g Tris, 275 g Boric acid and 46.5 g EDTA dissedlin 5 litre HO.

4 x TBE loading dye:5 ml glycerol, 0.1 ml 10% bromophenol blue, 1 ml ¥Ytene
cyanol and 3.9 ml 10 x TBE.

TE: 10 mM Tris-HCI pH 8.0, 1 mM EDTA in ultra pure,8.

Washing Buffer (PBS-T): 10 litre dHO, 100 PBS tablets (Fisher) and 10 ml Tween 20
(Fisher).

2.2.1 Agar plates

Agar was melted in the microwave and left to cothtibiotics were added to the
following final concentrations: Ampicillin (100 pud), Kanamycin (25 pg/ml),
Chloramphenicol (42 pg/ml). When the agar was miwgt the antibiotics, the plates

were poured, left to set and stored at 4°C.

2.2.2 Plasmids and siRNA-expressing plasmids

To create thFLAG RGC-32 plasmid, RGC-32 was amplified from BJAB E3C-4 cell
cDNA using the RGC-32 primer set (see Appendix &rg) cloned into pFLAG-CMV-
2 (Sigma) as an Xbal/BamHL1 fragment (Helen Webb).

FLAG-RGC-32 was cut out of the plasmid as a Saca/Binagment and the Sacl
overhang was blunt-ended using mung bean nucleadethe@ fragment cloned into
pPcDNAS/FRT (Invitrogen) cut with EcCORV to creapd-LAG RGC-32/FRT (Helen
Webb).

To create thegET RGC-32 plasmid RGC-32 was cut out of pFLAG-RGC-32 (see
above) as a Sal I/BamHI fragment and cloned intd 1B (Sigma) digested with Xho
I/ BamHI (Helen Webb).

RGC-32-expressingE.coli BL21 plysS (Sigma) were generated by Helen Webb by
transforming this E. coli strain with pET RGC-32.
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SIRNA oligonucleotideswere designed by Helen Webb usip8lencer Expression
Vectors Insert Design Tool (Ambion) against thdJIR region of RGC-32 (Table 3).
These were phosphorylated, annealed and clonedpiilencer 3.0HI digested with
BamH1/Hindlll. The negative control (Scrambled si®Nencoding vector was

obtained from Ambion.

SiRNA Sequence

SiRNA 1 GAT CCG TTT GAACTG AAC CTC GTG CTT CAA GABGC
ACG AGG TTC AGT TCAAATTTT TTG GAA A

AGC TTT TCC AAAAAATTT GAA CTG AAC CTC GTG CTC
TCT TGA AGC ACG AGG TTC AGT TCAAACG

SiRNA 2 GAT CCG CAG ACG ATC CAT GCT AAT ATT CAA GAR\TA
TTAGCATGG ATCGTC TGTTTT TTG GAA A

AGC TTT TCC AAA AAA CAG ACG ATC CAT GCT AAT ATC
TCT TGAATATTAGCATGGATCGTCTGC G

SiRNA 3 GAT CCG TCA GCC CTT GAT CCC ATT TCT CAA GABGAA
ATG GGATCAAGG GCTGATTTTTTG GAA A

AGC TTT TCC AAAAAATCA GCC CTT GAT CCCATTTTC
TCT TGA GAA ATG GGATCA AGG GCT GAC G

SiRNA 4 GAT CCA GAC GTG CAC TCAACCTTC TTC AAG AGAAA
GGTTGAGTG CACGTCTTTTTT TGG AAA

AGC TTT TCC AAA AAA AGA CGT GCACTC AACCTT CTC
TCT TGA AGA AGG TTG AGT GCA CGT CTG

SiRNA 5 GAT CCG CTT CAG AAAGTT CCG AGG TTC AAG AGECT
CGGAACTTT CTGAAG CTT TTT TGG AAA

AGC TTT TCC AAA AAA GCT TCA GAA AGT TCC GAG GTC
TCT TGA ACC TCG GAACTT TCT GAA GCG
Table 3- Overview of RGC-32 siRNA sequences.

To create theRGC-32pLuc vector a 1.2 kb fragment (approximately —1150 t@ +6
relative to predicted transcription start sitelttd RGC32 promoter was amplified from
genomic DNA and cloned into pGL2-Basic (Promegd) with Hindlll/Kpnl (Helen
Webb). For some experiments a newer version oRBE-32pLucplasmidwas used in
the pGL3-Basic vector background instead of the »®8hsic vector background. The
RGC-32 promoter fragment was cut with Hindlll/Kparhd cloned into a pGL3-Basic

vector (Promega).
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To mutate the RUNX1-binding site in tR&GC-32pLuc plasmid the RGC-32 promoter
of pGL2 was amplified with primers containing a@ fautation at the RUNX1-binding
site. The mutated promoter sequence was cut witbl/Kpnl and inserted into the
pGL3 basic vector together with a Nhel/Hindlll fragnt from the wildtype RGC-
32pLuc plasmidRGC-32pLuc mut (see section 2.2.3).

RGC-32pLuc up was created by cutting the original RGC-32pluc (was cut with

Kpnl and Ndel. A 1.1 kb upstream RGC-32 promotagiae was amplified from

HEK293 genomic DNA using RGC-32-specific primersit@ining Kpnl and Ndel sites
and cloned into pRGC-32pLuc (Felicity Poulter).

The pRL-CMV vector (Promega) contains the CMV promoter reghich provides

constitutive expression &enilla luciferase from the Rc gene.

pCp-1425-GL2 contains the EBV C promoter (-1425 to +3) inseited the the Bglll
site of vectorpGL2 basic (Promega) which has a Firefly luciferase repogeme (gift
from A. Bell and F. Nitsche) (West et al., 2004).

The plasmidoSG5 2A contains full length EBNA 2 (EBV type 1) under tbentrol of
the simian virus 40 (SV40) early promoter withire thectorpSG5 (Stratagene) (gift
from M. Rowe) (Tsang et al., 1991).

The plasmidpSG5 3C expresses full length EBNA3C which was also ireskiin the
pSG5 vector (Stratagene) (West et al., 2004).

The pBK-CMV-RUNX1c plasmid expresses the RUNX1 isoform 1c. The pldsmas
kindly provided by Paul Farrell.

The pCEP4-RUNX1c and pCEP4-RUNX3 plasmids express RUNX isoform 1c and
RUNX3 respectively (Spender et al., 2005a). Thesmpids were kindly provided by

Paul Farrell.

The siRNA plasmids for RUNX3RUNX3 siRNA-30 and-118 and the empty vector
were made using the pHEBOSUPER plasmid. pHEBoSUR&IRcreated by cutting out
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the pSUPER BamHI to Xhol fragment containing the pt@moter which was cloned
into the pHEBoO vector between BamHI and Sall sitése siRNA oligonucleotides
were cloned in between the Hindlll and Bglll sit€3pender et al., 2005a). These

plasmids were kindly provided by Paul Farrell.

2.2.3 Site-directed mutagenesis

2.2.3.1 Primer design
Two 39 bp primers (see Appendix 8.3) were desigoduind the original RGC-32pLuc

plasmid at the RUNX1-binding site but incorporate@ bp mutation which would be
amplified in the PCR reaction. The primers weregtesd following the Primer Design
Guidelines of the QuikChan§eSite-Directed Mutagenesis Kit recommended by

Stratagen@and were ordered from Invitrogen.

2.2.3.2 PCR-based site-directed mutagenesis
To mutate the RUNX1-binding site in the RGC-32 poden 50 ng of DNA template

(RGC-32pLuc plasmid) was mixed with 125 ng of fordvaand reverse primer (see
Appendix 8.3), 30@M dNTP mix, 1 mM MgSQ@, 3x PCR enhancer (Invitrogen) ub
10x Pfx amplification buffer (Invitrogen) anddl (2.5 U) PlatinumPfx (Invitrogen).

The reactions were made up to a final volume gfils@sing sterile-filtered water.

The PCR programme was set up as follows. The exieisne was calculated using 1

min/kb of plasmid length as recommended by Strateige

Segment| Cycle Temperatur time
1 1 95°C 30 sec
95°C 30 sec
2 16 48°C 1 min
55°C 6 min 50 sec

Table 4 — Overview of PCR program used for site-directed mutegis.

After completed mutagenesis the samples was planede for 2 minutes, ul Dpnl

(10U/l) was added, mixed and the sample incubated & 3@f 1 hour. DNA was
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visualised in an agarose gel (see section 2.2seguently transformed (see section
2.2.5), the DNA purified (see section 2.2.6) angusmced (see section 2.2.7).

2.2.4 Agarose gel electrophoresis

A 1% agarose gel was used to visualise DNA. 50 m@garose powder (Helena
BioSciences) was dissolved in 50 ml of 1 x TBE bufby heating in the microwave.
0.5l of Gel Red (Biotium) was added and the agarose paaured into a BioRad Mini
sub cell GT tank including a comb to form the wekdter the gel had set, it was
covered with 1x TBE buffer and the comb was removedl of DNA sample were
mixed with 1.5ul 4x TBE loading buffer. @l of each plasmid sample andubof the
DNA marker (100 base pair ladder (Invitrogen) orpeEstadder Il (Bioline)) were
loaded onto the gel. The gel was run at 75 V fom@f and DNA bands were then
visualised with UV light.

For DNA gel purification 2 teeth of the comb weapéd together so that 2 wells formed
1 large well in the agarose gel and |90of sample were loaded and run as described
above.

2.2.5 Transformation of bacterial cells

0.5 ug of plasmid DNA or 1Qul of mutated or ligated DNA was mixed with 1Q0of
competent E. coli DHxells and incubated on ice for 40 min. The cellsentben heat-
shocked at 42°C for 45 seconds and left on ic&farinutes. Transformed cells were
pipetted onto agar plates containing the respeetntbiotics and spread using a sterile
glass spreader. Colonies were grown overnight &€.37

2.2.6 Miniprep

Several colonies were picked with a sterile toatk@nd each was grown in 2 ml LB
containing 100pg/ml ampicillin. The transformed bacteria were ibated at 37°C
overnight with shaking. 1.5 ml of each culture vpa&dleted by centrifugation at 13000
rom for 1 minute. Plasmid DNA was extracted usin@l@prep Spin Miniprep kit

(Qiagen) according to the manufacturer’s instruwio
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2.2.7 Sequencing of DNA
10 pl of miniprep DNA was dried in a Savant DNA110 Sghegec Concentrator vacuum
centrifuge at medium drying rate for 20 minutese Thied DNA was sent to Eurofins

MWG for sequencing (see Appendix 8.7).

2.2.8 Cloning

2.2.8.1 Enzyme digest
In general, fug of plasmid were digested in a gDreaction with 2ul enzyme (NEB)

and the appropriate buffer +/- BSA (NEB). The sasplvere incubated at 37°C for at
least 1 hour. The linearised DNA fragments wereasspd on an agarose gel (see
section 2.2.4) and the DNA purified as requirect (section 2.2.8.2).

2.2.8.2 DNA gel purification
The DNA of interest was cut out of the gel usingzor blade. DNA was then purified

using the gel purification kit (Qiagen) followinpd manufacturer’s instructions. The
DNA was eluted in 3@l EB buffer (Qiagen).

2.2.8.3 Alkaline phosphatase treatment of vector DNA
To prevent single cut linearised vector from redigg, the samples were treated with

alkaline phosphatase (Roche) to remove the 5’ gradepgroup from the cut ends. 20
of DNA was mixed with 4.3ul alkaline phosphatase and 2ur of 10x alkaline
phosphatase buffer in a total volume of27The samples were incubated at 37°C for

30 minutes.

2.2.8.4 Ligation
The Kpnl/Nhel fragment containing the mutated RUNiIXeling site sequence was then

cloned into a pGL3 vector (Promega). To achievatian approximately 100 ng of
vector was mixed with the inserts in molar ratibd4.d, 1:3, 1:5 and 3:1 in the presence
of 2 ul of T4 ligase buffer, Jul of T4 ligase (Invitrogen) and filter-sterilisedater in a
final volume of 10ul. The samples were incubated on ice for 1 houodad by 1 hour
at room temperature and 1 hour at 37°C. The samn@es then used for transformation
of DH5, (see section 2.2.5).
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2.2.9 Glycerol stocks

DH5, cells were transformed with plasmid DNA (see secda2.2) and streaked onto
agar plates containing the appropriate antibio##icsingle colony was restreaked twice
to ensure the colony contained the desired plasAfigr an overnight incubation at
37°C, 4 ml of L broth was added to the plate, d@dolonies were scraped off the agar.
The bacteria were transferred into two cryogenalsvand 15% glycerol added. The
cryogenic vials were then stored at -80°C. Thegegybl stocks could be used for long-
term storage and the bacteria can be restreakgivo colonies containing the desired

plasmid.

2.2.10 Caesium chloride (CsCl) DNA preparation

A colony of DH5, transformed with the plasmid of interest was picked spread onto
a new agar plate containing the appropriate aridsio The cells were cultured
overnight at 37°C. A colony was picked on the faflog day with a sterile toothpick
and mixed with 2 ml L broth containing the apprapei antibiotics. Cultures were
incubated at 37°C for 6 hours with shaking. The llcaiture was then transferred to
250 ml L broth, antibiotics added and the cultureubated at 37°C overnight with
shaking.

Cells were pelleted by centrifugation at 6000 rgn X0 minutes at 4°C a JA-10 rotor
(Beckman) in a Beckman Coulter Avanti J-20 XP adérde. The cell pellet was

resuspended in 7 ml of solution 1. To lyse thes;eld ml of solution 1l was added to the
cell suspension and mixed well. 11 ml of solutidhwere then added followed by

thorough mixing and incubation on ice for 5 minuté€ke cell debris was pelleted by
centrifugation at 7000 rpm for 10 minutes at 4°@d #me supernatant filtered through a
tissue. 0.6 volumes of isopropanol was added amdstmple incubated at room
temperature for 10 minutes to precipitate the DNAe samples were centrifuged at
4000 rpm for 10 minutes at 4°C in a Sorvall Leg&id centrifuge. The pellets were
resuspended in 3 ml TE and 2 ml of 5M Ntdetate was added to precipitate the RNA.

After 1 hour incubation on ice, the precipitated RiNas pelleted by centrifugation at
4000 rpm for 10 minutes at@ and the supernatant was mixed with 2 volume90¢d

ethanol to precipitate DNA. After 10 minutes inctiba at room temperature the DNA
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was pelleted by spinning at 4000 rpm for 10 minate$C. The DNA was resuspended

in 4 ml TE and 4.3 g CsCl and 1 mg Ethidium Bromickes added to each sample. The
solution was transferred to optiseal tubes (Becknaaa placed in Beckman VTi 65.2

rotor with a spacer and torqued screw seal. Thel @stlient was used to separate
plasmid DNA and chromosomal DNA by centrifugationtioe samples at 50000 rpm

overnight at 20°C in a Beckman Optima LE-80K ulénatrifuge.

A 23G needle was used to extract the plasmid DNAidiim bromide was removed by
several extractions using an equal volume of Cs@irated butanol. 4 volumes of TE
were added and the DNA was precipitated with 3 mas of ethanol. After a 10 minute
incubation at room temperature, the DNA was pealldig centrifugation at 4000 rpm
for 10 minutes at 4°C, resuspended in 5 ml TE aedipitated with 10 ml ethanol and
0.1 volumes of 3 M NaAc pH 5.2. After a 10 minuteubation at room temperature,
the DNA was again pelleted by centrifugation at@@@m for 10 minutes at 4°C, air
dried for 10 minutes and resuspended in 0.5 mITIF. concentration of plasmid DNA
was then determined by spectrophotometry (seeose2t?.12).

2.2.11 RNA Extraction
RNA was isolated from cells using TRl ReadentSigma) according to the
manufacturer’s instructions (1 ml/10x®1€ells).

The RNA was then purified using the RNeasy Mini #dm Qiagen according to the

manufacturer’s instructions and stored at -80°C.

2.2.12 Spectrophotometric Determination of DNA and RNA
Concentration

Plasmid DNA samples were diluted 1:2004{5f DNA in 995ul TE) in a UV-cuvette
micro from Plastibrant and mixed. The amount of DNA was then measurethén
Eppendorf Biophotometer at 260 nm. The ratio ofiagbtdensity readings at 260 nm
and 280 nm provided the purity of the nucleic g&i® for pure double stranded DNA).

RNA samples were diluted 1:100 (1 pl of RNA in 909distilled H,O) in an UVette

from Eppendorf and mixed. The absorbance was resithguthe Eppendorf
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Biophotometer. The ratio of optical density readirag 260 nm and 280 nm provided
the purity of the nucleic acid (2.0 for pure RNA).

The concentration of DNA was calculated using tl#lowing formula: DNA
concentration{g /ml) = Aggo X 50 ug /ml x 200 (dilution factor). The concentration of
RNA was calculated using the following formula: RM&ncentrationi(g / ml) = Apgo X

40 pg / ml x 100 (dilution factor).

2.2.13 cDNA Synthesis

RNA extraction was followed by cDNA synthesis usitige ImProm-II™ Reverse
Transcription System Kit from Promega. Based onntlaufacturer’s instructions 1 pug
of each RNA was mixed with 1 pl Random Primer ardewadded to a final volume of
5 ul. The samples were then incubated at 70°C fomfbites and then placed on ice for
5 minutes. 15 pl of the Mastermix (containing 4.b ruclease-free O, 4.0 ul
ImProm™ 5x Reaction Buffer, 4.0 pul MgCI1.0 pl dNTP Mix, 0.5 pl ribonuclease
inhibitor and 1.0 pl reverse transcriptase) waseddi the RNA. The samples were
then incubated for 5 minutes at 25°C, 60 minute$24C and 15 minutes at 70°C and
finally stored at -80°C.

2.2.14 Real-Time Polymerase Chain Reaction

The QuantiTeét SYBR® Green PCR Kit (Qiagen) was used for real-time PCR
(polymerase chain reaction) reactions. The cDNAm@asmwere diluted either 1:10 or
1:20 with sterile filtered water. A final volume &5 pl was added to each well
(containing 1x QuantiTe€tSYBR® Green Mix, 0.15 mmol forward and 0.15 mmol
reverse primers (see Appendix 8.3) and 5ul dildBNA following the instructions
provided by Qiagen.

The thermal cycler 7500 Real Time PCR system froppliéd Biosystems was used

with the following cycling conditions: initial deha&ation step at 95°C for 10 minutes,

amplification step of 40 cycles of 15 sec at 95%@d & minute at 60°C. A dissociation

curve was then generated by one cycle of 15 s@6°&, 1 minute at 60°C and 15 sec at
95°C (Figure 12).



2-70

Stage 1 Stage 2 Stage 3
Cycles: 1 Cycles: 40 Cycles: 1
95C 95C 95C 95C
10:00 min 0:15 min 0:15 min 0:15 min
60C 60C
1:00 min 1:00 min

Figure 12— Thermal profile of cycling conditions for Real-gnPCR.

CDNA from an appropriate cell line was used to gatee standard curves for each
primer set. A 1:10, 1:50, 1:250, 1:1000 and 1:5800tion of cDNA corresponded to
25,5, 1, 0.25 and 0.05 ng of input RNA. Theseddath curves were used to convert the
crossing threshold (Cvalues obtained for all samples into arbitrary RNuantity
values. This allows comparison between differefit loees. The results are displayed
relative to GAPDH to correct for differences in tredficiency of the reverse

transcriptase reaction and validation between sasnpl

2.2.15 SDS - PAGE

15 pl of lysate were resolved using 12 well 10%%12r 4-12% Bis-Tris gels
(Invitrogen). The gels were run in 1x MES or 1x M®Running buffer (Invitrogen)
depending on the separation required. The gels marat 200V for 35 minutes in MES
or 50 minutes in MOPS buffer.|8 of a marker (SeeBlfePlus2 pre-stained standard,
Invitrogen) was used to allow the determinationtioé molecular weights of the

proteins.

2.2.16 Western Blotting

After separation of the proteins by SDS-PAGE, thetgins were transferred to Protran
nitrocellulose membranes (Schleicher & Schuell)lmmobilon™ P (Millipore) by
Western blotting at 85 V for 90 minutes in blottibgffer using a Transblot apparatus
(Biorad). The blots were then blocked by shakinghvi% milk powder (Marvel) in
PBS-T for 1-2 hours. The appropriate primary ardip¢see Appendices 8.4 and 8.5)
diluted in 10 ml PBS-T containing 5% milk was addeudl the blot incubated overnight
at 4°C on a rocking platform. The following day thiets were washed 3x 10 minutes
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with PBS-T and then incubated with secondary adib@ee Appendices 8.4 and 8.5)
conjugated to horseradish peroxidase diluted in-PB8pplemented with 5% milk on a
rocking platform for 1 hour. The blots were therstvad 3x for 10 minutes with PBS-T.
Each membrane was briefly incubated with 2 ml E€hz{ymatic chemiluminescence)
solution (1:1 mixture of solution 1 and 2). Thetblavere then exposed to Fuji medical
X-ray film (Fisher) for varying times depending artensity of the signal. The films

were developed using a Konica SRX-101A film prooess

2.2.17 Anti-RGC-32 antibody

Several blood samples before and after immunisatiere taken from two rabbits to
obtain sera containing anti-RGC-32 antibodies (peared by Eurogentec) (see Table
5).

Sample Week Bleeding/Immunisation
1t bleed L Pre-immune .ble(.eding/
1st Immunisation
- 3 2nd Immunisation
- 5 3rd Immunisation
2nd bleed 6 Small bleeding
- 9 4th Immunisation
3rd bleed 10 Large bleeding
4th bleed 13 Additional large bleed
- 14 5th Immunisation
5th bleed 15 Final bleed

Table 5- Bleeding timetable of rabbit 2817 and 2818.

2.2.18 Stripping blots

Western blot membranes were probed as requiredraft@oving the antibodies bound
to the membrane. This procedure was performed Ishivg 2x with PBS-Tween for 5
minutes, incubating with stripping buffer at 50°@ fL5 minutes and washing again 2x
with PBS-Tween for 5 minutes. The blots were théchked with 5% milk in PBS-

Tween for 1 hour and probed for a second time witlifferent primary antibody.
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2.2.19 Coomassie staining

After completion of SDS-PAGE, the gel was washeddeionised water 3x for 5
minutes. 10 ml of Bio-Safe Coomassie stain (Biorad) was applied to the gel an
incubated for 1 hour on the shaker. The gel was tix@shed with deionised water 3x
for 5 minutes followed by an incubation of 1 houthandeionised water to remove the
background staining. The gel was then dried onterfpaper using a vacuum gel dryer

set at 80°C for 45 minutes.

2.2.20 Immunoprecipitation

For immunoprecipitation the cells were pelletedla®0 rpm in a Sorvall Legend RT
centrifuge. 2 x 10cells were lysed in 1 ml of EBC buffer and incigsabn ice for 30
minutes. Each sample was sonicated 5x for 10 dexlyBates were then spun down at
13000 rpm in a Fisher Scientific accuSPinMicroR centrifuge at 4°C for 5 minutes.
The supernatant was transferred to a new 1.5 nel. @d ul lysate of each sample was
kept for analysis and mixed with 10 pl 5x GSB f@SSPAGE. To preclear the lysate,
it was transferred to a tube containing 40 pl df:h protein A-sepharose beads/PBS
slurry. The samples were incubated with rotatian9@ minutes at 4°C. The precleared
lysates were then spun briefly and transferredrieva 1.5 ml tube. 4 pg of either rabbit
IgG (negative control), anti-FLAG antibody (poséicontrol) or 10 pl of rabbit 2818
pre-immune serum or rabbit 2818 serum frothBeed containing the anti-RGC-32
antibodies was added to the lysates and incubate?l5 hours at 4°C with rotation. All
lysates except the anti-FLAG antibody IP samplesewben added to 1.5 ml tubes
containing 40ul of a 1:1 protein A-sepharose bd#8iS/slurry. The lysates incubating
with the anti-FLAG antibody were added to a slurfyprotein G-sepharose beads and

incubated with rotation at 4°C overnight.

The following day the beads were washed 3x in OLEEBC containing 0.03% SDS.
After each wash step the samples was spun brieflythe supernatant removed. The
beads were then washed in PBS, spun briefly andupernatant removed. 15 pl of 2x
GSB was added and the sample incubated at 95°Q0faninutes, vortexed briefly,
spun briefly and loaded onto a SDS-PAGE gel (seimse2.2.15).
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2.2.21 Cellular fractionation

3x10 cells were washed twice in ice cold PBS and pellete1300 rpm for 5 minutes.
The pellet was resuspended with slow pipetting imllof lysis buffer B so that no
clumps were visible. The sample was centrifuge@50 rpm for 3 minutes at 4°C
using a Sorvall Legend RT centrifuge. The supemateas kept as the cytoplasmic
fraction. The pellet containing the nuclei was sg@nded in 1 ml lysis buffer B
containing 1/10 volume (100l) of detergent (3.3% [wt/vol] sodium deoxycholaed
6.6% [vol/vol] Tween 40) was added under slow wirtg to prevent clumping and the
sample incubated on ice for 5 minutes. The sample eentrifuged at 2500 rpm for 3
minutes at 4°C. The nuclear fraction was rinsechwlit ml of lysis buffer B and
centrifuged at 2500 rpm for 3 minutes at 4°C. Thpesnatant was discarded. 1 ml of
TRI Reagent was added to both nuclear and cytoptaBactions for RNA isolation
(see section 2.2.11). For SDS-PAGE 1 ml of 1x GS&B wadded to the nuclear fraction
and 20ul of the cytoplasmic fraction was mixed with®b 5x GSB. 20ul of each
fraction was used for SDS-PAGE.

2.2.22 Kinase Assay (n vitro)

2 units of recombinant CDK1/Cyclin B1 (NEB) in alQ@:dilution of ADBI (Upstate)
were mixed with different concentrations (0 uM a¢oht0.6 uM, 1.2 uM, 2.4 uM and
3.6 uM) of RGC-32 protein in phosphate buffer pB {&ee section 2.2.25 and 2.2.23)
(Table 6). A kinase assay was performed using th&Xicdc2 kinase assay kit from
Upstate. After a 10 minute incubation at 30°C, J2l®f 5x GSB was added and the
sample incubated at 95°C for 10 minutes, vortespdn briefly, loaded to a 10% Bis-
Tris gel (Invitrogen) and run in 1x MOPS buffer sgection 2.2.15). Following SDS-
PAGE, the gel was fixed by rocking for at least duhin fixing solution (40%
methanol, 10% glacial acid (acetic acid)) and ttiead onto filter paper (Whatman) for
45 minutes. The dried gel was then exposed to aghtuy screen for various times
depending on the intensity of the radioactivitytsualise phosphorylated Histone H1.
The phosphor screen was scanned by a Storm 86(hescamd analysed using
ImageQuant 5.1 software (Amersham Biosciences). Témaining sample was
analysed by SDS-PAGE and the amount of CDK1 immtewmpitated was determined
by immunoblotting (see section 2.2.15 and 2.2.16).
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Recombinant| | . Phosphate
Samplef]l CyclinB1/ Hlslﬁne RSZC- Buffer 3§PTAPA/ ADBI | Inhibitor
CDK1 (20 mM) g

no 5 ul
CDK1 - 10 pl - 5 ul 10 ul | (2:20) | 10 pl
control +10ul

no
protein[f 5 ul (2 units) 10 pl - 5 ul 10 pl 10 il 10 p
control
0.8 uM | 5 pul (2 units) 10 pl 5 ul - 10 pl 10 il 10 p
1.7puMf 5 pl (2 units) 10 pl 5 ul - 10 pl 10 il 10 p
3.3 uM{l 5 pul (2 units) 10 pl 5 ul - 10 pl 10 il 10 p
50 UM 5 pl (2 units) 10 pl 5 ul - 10 pl 10 il 10 p

Table 6 —showing an overview of what each sample contained.

2.2.23 Kinase Assay i{n vivo)

Immunoprecipitation prior to the kinase assay wasied out following the protocol
previously described (see section 2.2.20). Celefselwere lysed in 1 ml lysis buffer
(Jin et al., 2005) per 2xi@ells instead of EBC buffer and 2 pg rabbit agtitn B1 or
rabbit-IgG antibody were used. The following dag theads were washed 3x in 0.5 ml
lysis buffer (Jin et al., 2005) containing 0.03% SSMAfter each wash step the samples
was spun briefly and the supernatant removed. Therbeads were washed 2x with
ADBI buffer, spun briefly and the supernatant reedvThe CDK1 Kinase Assay was
performed following the manufacturer’s instructiofigpstate). The beads were then
incubated at 30°C in a waterbath for 10 minutes.ul®f 5x GSB was added and

samples analysed as described above (see se@i@@)2.

2.2.24 Gelshift assays

2.2.24.1Preparing labelled double-strand DNA probes
Oligonucleotides (Invitrogen) were labelled by miyil pl of sense oligonucleotide

(100ng/pl; forward) with 5 pl 5x forward reactiolNR buffer (Invitrogen), 4 pf%P y-
ATP (Perkin-Elmer) and 1 ul T4 Polynucleotide Kieg®NK) (Invitrogen) in a total
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volume of 25 pl. The samples were then incubat&V &t for 30 minutes. The kinase
was then inactivated by heating the samples to 68YC20 minutes. After this
incubation 2 ul (200 ng) of complementary oligomatide (anti-sense) (100 ng/ ul)
was added to create a double-stranded probe. Thpleswere heated to 95°C for 3
minutes to denature the DNA and slowly annealedbying the heat block containing
the samples to room temperature. This slow co@imgures in accurate hybridisation of
the oligonucleotides. 80 pl of TE pH 7.5 was addeddilute the sample and
unincorporated®*’P y-ATP was removed by spinning through a SPIR-Xolumn
(Costar) containing 500 pl of a 50% PBS/Seph&d&s60 (Sigma) slurry.

Name Number Sequence (5’-3’)
|
Cp RBP-J kappa MW 54 AAA CAC GCGTG GGA AAA AAT
Cp RBP-J kappa mut MW 115 AAA CAC GGETG GCT AAA AAT

RGC32p RBP-J kappa MW 123 CCC AGC ACTG GGA GGC TGA
RGC32p RBP-J kappa myt ~ MW 121 CCC AGC ATTG GCT GGC TGA

Table 7 — Oligonucleotides used gel shift. Only the forwal@yanucleotides are shown. RBP-J kappa sites are

shown in bold, mutations of the sequence is higitéid in red.

2.2.24. 2Preparation of double-strand unlabelled competitorDNA
12.5 pl (1 pg/pl) of each of the complementaryatigcleotides were mixed with 25 pl

TE, heated at 95°C for 3 minutes and then leftdol do room temperature in the
heating block (see above). 200 pl of TE pH 7.5 added to dilute the sample.

2.2.24.3Preparation of the gel shift sample
For each sample 0.5 pl water, 1 ul probe (2 ngll &f gel binding buffer, 0.5 ul DTT

was mixed with TE (negative control) or 3 pul GSTHRB kappa protein in the presence
or absence of 3 ul competitor. The samples weredefroom temperature for 30
minutes. 2.5 ul 4x TBE loading buffer was then atlded the entire sample was loaded
onto a 6% TBE gel. The gel was run at 100 V fom&iButes in 0.5x TBE buffer, then
fixed in fixing solution for 1 hour, dried onto tér paper for 45 minutes and then

exposed to a phosphor screen.
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2.2.25 RGC-32 protein preparation

The E. coli strain BL21 pLYS was transformed witRTpRGC-32 (by Helen Webb).
The bacteria were streaked out on a plate contaib@®ug/ml ampicilin and 42.g/ml
chloramphenicol and grown overnight at 37°C. 50MmLB containing both antibiotics
were inoculated with a single colony and grown aight at 37°C. 4 ml of the growing
culture were added to 5x flasks containing 400 B When the OD at 600 nm reached
0.5, RGC-32 expression was induced by adding 1 mM G for 4 hours at 37°C. The
cells were then pelleted at 8000 rpm at 4°C for rihutes. The pellets were
resuspended in a total volume of 80 ml cold BuferTo lyse the cells, the bacteria
were frozen in dry ice and defrosted 3 times. 1mi@PNase | was added, swirled at
room temperature for 15 minutes and cooled on acelb minutes. The lysates were
then sonicated 6x 10 sec with 10 sec gaps usin§dhes Vibra Cell. Cell lysates were
centrifuged at 9800 rpm at 4°C for 20 minutes usingA-20 rotor (Beckman) in a
Beckman Coulter Avanti J-20 XP centrifuge and rpsuasgled in 20 ml buffer X. After
repeating this step, the cells were resuspend@@ iml buffer Y. A 1:1 slurry of HIS-
Selec? Nickel Affinity Gel (Sigma) was added to the supsant and samples rotated
for 90 minutes at 4°C. Beads were washed twice @itiml buffer A, twice with 25 ml
buffer B, twice with 25 ml buffer C and twice wi2b ml buffer A. One sample was
kept for anti-RGC-32 antibody purification. For ather samples the protein was eluted

by adding3x 1 ml elution buffer.

2.2.26 Dialysis
RGC-32 protein from the RGC-32 protein preparaf{gee section 2.2.25) was dialysed
against 20 mM P® buffer using a Slide-A-Lyz& Dialysis Cassette (Thermo

Scientific) and following manufacturer’s instruat

2.2.27 Antibody purification

2.2.27.1H1S-Selecf Nickel Affinity Gel
500 ul of HIS-Selet Nickel Affinity Gel (Sigma) containing RGC-32 peih from

RGC-32 protein preparation (see section 2.2.25) trassferred into a 1.5 ml tube,
centrifuged at 4000 rpm for 1 minute at 4°C andgbpernatant discarded. The beads
were washed twice by adding 500 pl PBS. The beasts wently mixed, spun down
and the supernatant removed and again 500 pl of &®l®d. 80 ul of DMSO was
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added to an ampoule of disuccinimidyl suberate (DBf@rcenet) and the sample
vortexed for 5-10 minutes to dissolve the powdérut of DSS/DMSO was added to
beads containing the RGC-32 protein and incubatedcmn temperature for 1 hour at
4°C with rotation. The beads were briefly centrédgand washed 4x with 500 pl of 10
mM glycine pH1. A Bradford assay was carried ou¢nsure that no protein was eluted
with the glycine. The beads were washed twice w@h ul of PBS, and then 3 ml of
rabbit 2818 serum (final bleed) were added andhbated for 1 hour at 4°C with
rotation. Following the incubation the beads weesked 4x with 10 ml PBS followed
by one wash in 1:10 diluted PBS. A sample of theesoatant was taken before the first
wash and kept as flow-through. To elute the antbdide beads were washed 4x with
500 ul of 10 mM glycine pH1 by rotating for 5 miestand keeping the supernatant.
For each sample the pH and the protein contentmessured. 100 pl of 1 M Tris pH
8.5 was added to increase the pH to 7.5 and tdistathe antibody.

2.2.27.2CH sepharose column
300 mg CH sepharose was swollen in 25 ml of 1 mdiciald HCI to activate the resin.

After a 15 minutes incubation on ice, the beadsvepun down and washed twice in 25
ml 0.1 M NaHCQ pH 8 mixed with 0.5 M NacCl, vortexed, centrifugeasd the
supernatant discarded. The supernatant was thastadjto obtain a 1:1 resin. 3 mg of
RGC-32 protein was added to the beads and inculzatesbm temperature for 1 hour
with rotation. After the incubation the beads weeatrifuged and a 10 ul aliquot was
taken to compare the protein content to the orignoacentration. 200 pl of 50 mM
glycine pH 8 was added to the beads and incubatexban temperature for 1 hour with
rotation. The beads were then washed with 25 n#0omM glycine pH 8 mixed with
0.5 M NaCl and washed twice with 25 ml 10 mM glyepH1 mixed with 0.5 M NacCl.

A Bradford assay was carried out to ensure thatratein was eluted.

2 ml of rabbit 2818 serum (final bleed) was addethe resin and incubated at 4°C for
1 hour with rotation. The beads were washed 4x @&hml of PBS and once with 1:10
diluted PBS. An aliquot was taken before the fwsish and used as flow-through. To
elute the antibody, the beads were washed 4x viiéh(d of 10 mM glycine pH 1 by
rotating for 5 minutes and keeping the supernataot.each sample the pH and the
protein content was measured. 100 ul of 1 M Tris§dbwas added to increase the pH
to 7.5 and to stabilise the antibody.
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2.2.27.3Viontage® Prosep-A° Kit
10 ml of rabbit serum 2818 (final bleed) was agplie a Montag® Kit Prosep-A

column (Millipore). The anti-RGC-32 serum was pmdf according to manufacturer’s

instructions.

2.2.28 Bradford Assay

10 pl of all 0.5 ml samples obtained from the RGpBotein or anti-RGC-32 antibody
purification were added to 200 pl of a 1:5 dilutiohBradford reagent (Fisher). The
colour change of the assay reagent was monitoreddasuring the absorbance at 595

nm using an Anthos reader 2001 plate reader.



3-79

3 The effects of RGC-32 upregulation on the cell cyel

3.1 Introduction

The EBV protein EBNA 3C is essential for B cellitséormation and disrupts numerous
cell cycle checkpoints (reviewed in (West, 2008)any cell cycle pathways have been
suggested as EBNA 3C targets, but the entire meésnaby which EBNA 3C
deregulates the cell cycle has not been fully dhteid. Previous microarray studies in
the West lab revealed that the expression of thelnzell cycle regulator RGC-32 is
upregulated in the EBNA 3C-positive BJAB cell liE8C-3 compared to the EBNA
3C-negative cell line pz2 (for cell lines see (Wagigal., 1990a)). Real-time PCR
follow-up studies detected RGC-32 mRNA upregulatdrup to 14-fold in additional
EBNA 3C-expressing BJAB cell lines implicating R@2-as a downstream target of
EBNA 3C (Figure 13A, Helen Webb). Additional expeents also detected RGC-32
upregulation on stable expression of EBNA 3C in tBBV-positive Burkitt's
lymphoma cell line, Akata (Figure 13B, Helen Welgloy cell lines see review (West,
2006)). Response Gene to Complement 32 (RGC-32prnigisally identified as a gene
activated by the sublytic complement complex C5{Bfdea et al.,, 1998). RGC-32
protein was shown to play a role in cell cycle pesgion into S and M phase and was
demonstrated to bind and activate the key mitoitiase, CDK1 (Badea et al., 2002).
The activation of CDK1 is essential to promote $raon into mitosis and its activation
is prevented when the G2/M checkpoint is triggefBae upregulation of RGC-32 in
EBNA 3C-expressing cells may therefore contribotedll cycle checkpoint disruption
by EBNA 3C by promoting activation of CDK1. Thisagter aims to investigate the
effects of RGC-32 on the cell cycle and its po@ntole as a downstream target of
EBNA 3C.

3.2 EBNA 3C-expressing BJAB cell lines overcome the G@/
checkpoint

EBNA 3C has been shown to disrupt the G2/M checakpioi response to a variety of
agents when expressed in the EBV-negative Burkitraphoma cell line DG75
(Krauer et al., 2004b). To confirm that EBNA 3Caldisrupted this checkpoint in the
BJAB cells stably expressing EBNA 3C and increalssgls of RGC-32, EBNA 3C-

negative BJAB cells were exposed to different catregions of etoposide. Etoposide is
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Figure 13 - (A) Real-time PCR of BJAB cells stably expressing the EBNAswing the
ratio of RGC-32/GAPDH mRNA levelsEBNA 3C expression was detected by wes
blotting (lower panel)(B) Real-time PCR of the control Akata stable diele, neol, and tt
Akata E3C-2 cell-line stably expressing EBNA 3C shuyihe ratio of RGC-3%APDH
mRNA levels relative to neol. Results represent rifean +/- standard deviation for
independent dilutions of cDNA. Experiments wereriear out by Helen Webb and Miche
West.
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a topoisomerase Il inhibitor which activates the/NbZheckpoint by causing DNA
double strand breaks resulting in G2 arrest. Rhisiga and FACS analysis was carried
out to visualise the cell cycle distribution of tBBNA 3C-positive BJAB cell line E3C-
3 and the EBNA 3C-negative cell line pZ3 after tne@nt with 100 and 300 nM of
etoposide for 24 hours. The representative FACS8I@rno Figure 14A shows that pZ3
cells clearly accumulate in G2/M after treatmenthvB00 nM etoposide indicative of
G2 arrest. A reduction was found in the G2/M poparaof E3C-3 cells relative to pZ3
cells indicating that cell cycle arrest is redueedhe EBNA 3C-expressing cell line
despite DNA damage. Significantly, a 4.6-fold irase in the percentage of cells in
GO0/G1 was also observed following treatment with 881 etoposide indicating that a
significant proportion of cells overcome the G2/Neckpoint and continue progression

through the cell cycle into G1 (Figure 14A).

To further confirm this observation, two more BJA&Il lines, the EBNA 3C-negative

cell line pZ1 and the EBNA 3C-positive cell line &3, were treated with 300 nM and
500 nM etoposide. Consistent with the previous olamn, FACS analysis revealed
that the G2/M population of E3C-7 cells was redubgdpproximately 11% compared
to pZ1 cells and the GO/G1 population of the E3€&IFs was increased by more than 2-
fold in the presence of etoposide (Figure 14B).sEhdata indicate that a significant

proportion of E3C-7 cells are able to overcome cgtle arrest.

Results of three independent experiments demoedtritat the cell population in
GO0/G1 increased by an average of 3.5-fold and @®+h E3C-3 cells treated with 300
nM and 500 nM etoposide respectively, comparedtdrol pZ3 cells (Figure 15A+B).
A similar observation can be made for E3C-7 cellscv showed an increase of the
GO/G1 population of more than 2-fold relative ta3peglls (Figure 15A+B).

To determine whether the increase in the numbetreti§ in GO/G1 in E3C-3 cells
compared to pZ3 cells after DNA damage was dueganosit through the checkpoint
rather than slower growth of these cells, S phatls were pulse-labelled with BrdU
prior to etoposide treatment. Only 2.6% BrdU-pesitipZ3 cells were observed in
GO/G1 after etoposide treatment for 24 h (Figurd)1l&lowever, 12.3% of the EBNA
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pZ3 and E3C-3 cells following treatment wii®0 nM etoposide for 24 hours. Numbers indi

the percentage of gated BrdU-positive cells in GO/Gfe PE-A channel was used to visualise PI-
stained DNA content and the FITC-A channel was ueeghte for FITC-positive (Brdlpositive]
cells. (B) Western blot analysis of EBNA 3C-negative pzZ3 arBNB 3C-positive E3C3 cell
lysates following etoposide treatment for 24 holhole cell lysates were separated using
NuPAGE Novex Bi-Tris gels in MOPS running buffer (Invitrogen). Mitellulose membranes
containing the transferred proteins were probedh witti-Cyclin B1 (1:2000, Santa Cruz), anti-
CDK1 antibody (1:1000, Invitrogen), anti-pCDK1 antilyo(1:1000, Santa Cruz) whiathetect
Tyrosine 15-phosphorylated CDK1 or anti-Actin antlipd1:5000, Sigmaas an internal contr

Bands were visualised with ECL.
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3C-positive E3C-3 cells in GO/G1 had incorporatedUB which verifies the previous
result that more EBNA 3C-positive BJAB cells weldeato progress through the G2/M
checkpoint despite DNA damage. Western blot amalyss carried out to investigate
G2/M checkpoint regulation in EBNA 3C-expressingl amontrol BJAB cells. Cyclin
B1 is known to be highly expressed during G2 pheasere it binds and activates CDK1
to promote cell cycle progression into mitosis. isafter the transition into mitosis has
occurred cyclin B1 is degraded. As expected, cyBlinlevels are higher in the EBNA
3C-negative control cell line after etoposide tneatt which indicates G2 arrest (Figure
16B). An accumulation of cyclin B1 can also be absd in the EBNA 3C-positive
E3C-3 cells but the expression is reduced comptrdte control cell line indicating

reduced G2 arrest.

DNA double strand breaks lead to phosphorylatiod degradation of the cdc25
phosphatases which activate CDK1 by dephosphaooylaif threonine 14 and tyrosine
15 residues (Krek and Nigg, 1991). This dephosghtion is required for mitotic
progression. Tyrosine 15-phosporylated CDK1 lewetse found to be increased in
both BJAB cell lines but the accumulation is slightduced in EBNA 3C-expressing
BJAB E3C-3 cells compared to the EBNA 3C-negatioatml cell line pZ3 after
treatment with etoposide (Figure 16B). This expeninhas been repeated twice with
the same outcome. This result further indicates tngoroportion of EBNA 3C-
expressing BJAB cells continue to progress thratighcell cycle after treatment with
etoposide.

To confirm that EBNA 3C-positive BJAB cells showeddsrupted G2/M checkpoint
regulation in response to other treatments theleebs pZ1, pZ3, E3C-3 and E3C-7
were exposed to gamma radiation. Consistent walrélults obtained using etoposide,
E3C-3 and E3C-7 cells showed a significant decr@aslke number of cells in G2/M
and an increase in the GO/G1 population. FACS aisatgported that only 5.3% of pZ3
cells could be found in GO/G1 24 h after treatmehéreas E3C-3 cells showed 15.4%
in GO/G1 (Figure 17A). Therefore, an average ofZaf@ld higher population could be
observed in GO/G1 phase in the EBNA 3C-positive loeé E3C-3 compared to the
EBNA 3C-negative cell line pZ3 (Figure 17B). Thesult further verifies that EBNA
3C-expressing BJAB cells overcome the G2/M cheaMpaiespite DNA damage.
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Similar results could be observed in the BJAB tiels pZ1 and E3C-7 after exposure
to gamma radiation (Figure 18). pZ1l cells show earclarrest in G2/M of 74.1%
whereas only 33.3% of the E3C-7 cells arrested 2MG Interestingly, the GO/G1
population in the EBNA 3C-positive cell line is neased approximately 3-fold
compared to the EBNA 3C-negative cell line indiegtithat more cells are able to
overcome cell cycle control. It can also be obsgbat the apoptotic cell population is
strongly increased in E3C-7 cells after gamma iatéwh. This may further indicate that
gamma irradiated cells were able to overcome thiMGheckpoint but died after or
during mitosis due to excessive DNA damage.

These results clearly demonstrate that EBNA 3CtpesBJAB cells can overcome the
G2/M checkpoint in response to DNA damage. SineeEBNA 3C-positive cell lines
E3C-3 and E3C-7 express higher RGC-32 mRNA levas the EBNA 3C-negative
cell lines pZ1 and pZ3 and RGC-32 is known to suppell cycle progression into
mitosis, the higher RGC-32 expression might playimportant role in the G2/M

checkpoint disruption.

3.3 Investigating the effects of exogenous RGC-32-
overexpression on the G2/M checkpoint

3.3.1 Introduction

To determine whether the observed disruption of ©gtle regulation in BJAB cells

overexpressing EBNA 3C was due to higher RGC-32resgion, stable cell lines
overexpressing FLAG-tagged RGC-32 were generatdéiteitab by Helen Webb. These
cell lines were made using the Flp-in system (hogén) by first generating FRT host
cell lines in 2 different cell backgrounds: the ElB¥gative cell lines, BJAB and DG75.

Exogenous expression of RGC-32 in both cell baakgus led to G2/M checkpoint

disruption in response to etoposide (Figure 19AHBlen Webb). BJAB FRT RGC-32

cells show a reduced proportion of cells in G2/Ml @m increased cell population in
GO/G1 in response to etoposide. A representatiperanent demonstrated that the cell
population in GO/G1 increases by 31.3% and 54.19JAB cells stably expressing

FLAG RGC-32 compared to the control cell line atteatment with 150 and 200 nM

etoposide respectively (Figure 19A).
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(A) Representative cell cycle profile analysis of DGFT control ells and DG75 FRT/FLA

RGC-32 cells treated for 24 hours with etoposide. Quntells (0) were harvested prior

etoposide treatmen(B) Representative cell cycle profile analysis of BJABTF€ontrol cell:
and BJAB FRT/FLAG-RGC-32 cells treated for 48 hourthweitoposide.



3-90

DG75 cells stably overexpressing RGC-32 also shoavethcrease of cells in GO/G1
and reduced levels of cells in G2/M consistent witmsition of cells through the
checkpoint whereas DG75 FRT control cells accuredlat G2/M displaying G2 arrest
(Figure 19B). A 2.6 and 3.2-fold increase in thegartion of cells in GO/G1 was
observed in DG75 FRT/RGC-32 cells compared to cbwglls in the presence of 400
nM and 800 nM etoposide, respectively. RGC-32 esgingg DG75 cells also displayed
a decrease of 60% and 52% in the G2/M populatiod0&t and 800 nM etoposide
respectively.

Clear differences were observed in the cell-cye#tridution of BJAB FRT/RGC-32
and DG75 FRT/RGC-32 cells compared to control FRIIsan response to etoposide,
with increased numbers of cells in GO/G1 indicatimgyeased passage of cells through
the G2/M checkpoint.

3.3.2 Characterisation of stable RGC-32 expressing celines

When follow-up experiments were initiated using fireviously established FRT cell
lines it became apparent that the cell cycle dismapphenotype was reduced (Figure
20A). Results of three independent experiments detrated that the mean cell
population in GO/G1 increases by 12, 13 and 149BJAB cells stably expressing

FLAG RGC-32 compared to the control cell line afteatment with 50, 100 and 200
nM etoposide respectively (Figure 20B). This ineedn the GO/G1 population was
consistently observed throughout multiple etoposdperiments. The change in the
phenotype could have resulted from continued passagulture allowing the cells to

compensate for RGC-32 overexpression by alteratibwther cell cycle regulatory

pathways. This hampered further experiments usiege cell lines.

Attempts were made to make additional new stabllelines overexpressing RGC-32
by transfecting the previously established BJAB FRAst cell line with the FRT
FLAG-RGC-32 vector and pOG44 which mediates integnaof the FRT vector
expressing RGC-32 into the genome via Flp Recontbimararget (FRT) site. The
attempts to make new stable BJAB cell lines overesging RGC-32 were unsuccessful

possibly due to overdilution during the early segéselection.
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3.3.3 The effects of transient RGC-32 overexpression

Experiments were carried out to investigate whethereffects of RGC-32 on the cell
cycle could be assayed in transient transfecti@sayasin B cells. Transient expression
of RGC-32 has previously been shown to overrideirmsenduced G1 arrest in aortic

smooth muscle cells (Badea et al., 2002).

DG75 cells were transiently transfected with a F:RGC-32-expressing construct
using electroporation techniques (Figure 21A). Uritle conditions used a transfection
efficiency of approximately 33% was achieved (Feg@1B). Western blot analysis
confirmed the overexpression of RGC-32 (Figure 21M\hen transiently transfected
cells were treated with etoposide to induce G2sarrere observed no detectable
difference between control and RGC-32-expressilig (leigure 22).

This result may indicate that transient RGC-32 expression might not be sufficient to
disrupt the G2/M checkpoint since a transfectiditiehcy of only 33% was achieved
(Figure 21B).

3.4 RGC-32 knockdown may cause partial GO/G1 arrest

To determine whether RGC-32 knock-down could resohe G2/M checkpoint defect
in BJAB cells overexpressing RGC-32, RNA interfaem®xperiments were carried out
using small interfering RNA (siRNA)-expressing ptads. BJAB E3C-3 cells were
transiently transfected with 4 RGC-32-specific siRBpressing plasmids (siRNA1, 2,
4 or 5) or control scrambled siRNA-expressing pliaisniransfection efficiencies of
approximately 60% were achieved in these experisnesing Amaxa nucleofection.
The initial experiment showed that siRNA4 reducedR32 mRNA by 5%, siRNA1
by 24%, siRNA5 by 50% and siRNA2 by 78% (Figure 238ince the best RGC-32
MRNA reduction was achieved by transfection witRNA2, all further experiments
were carried out using this siRNA. To investigdte effects of RGC-32 on cell cycle
disruption, the cells were treated with 300 nM etige 24 hours after transfection with
either the plasmid expressing siRNA2 or the scrachi§tontrol) and harvested after a
further 24 hours. To confirm that RGC-32 mRNA knaown was successful, a sample
of each experiment was analysed using real-time ggRire 23B). The results showed
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Figure 21 —DG75 cells were transiently transfected with 40gigpFLAG empty vector or pFLA
RGC-32. (A) DG75 cells were harvested 48 hours post transfectiod whole cell lysates we
separated using 10% NuPAGE Novex Biss gels in MES running buffer (Invitrogen). Nitellulose
membranes containing the transferred proteins weobed with anti-RGC-32 serum 2B8X1:500)
Bands were visualised with ECLB) Transfection efficiencies were determined in DG#éls
transiently transfected with g of empty FLAG vector (ug GFP control) or with 219 pmaxGFP
were harvested after 24 and 48 hours and the pagerGFPpositive cells determined by flc
cytometry.
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that siRNA2 knocks RGC-32 down consistently by agpnately 80% relative to the

control.

Surprisingly, FACS analysis revealed that RGC-3@dkrdown resulted in an increased
cell population in GO/G1 (Figure 24A). The reprdstine FACS profile showed that
the GO/G1 population of the untreated E3C-3 ce#ladfected with plasmid expressing
RGC-32 siRNA2 was increased (57%) compared to tnansbled control (51.3%).
After treatment with etoposide the GO/G1 populatbithe E3C-3 cells transfected with
plasmid expressing RGC-32 siRNA2 increased evenen{di.7%) relative to the
scrambled control (21%). Results from 3 independmeriments demonstrated that
the GO/G1 population was increased and a correspgmtcrease in the proportion of
cells was found in S and G2/M. The GO/G1 populairmmeased by an average of 10%
when RGC-32 expression was silenced in the unttezgls and by 30% when RGC-32
expression was silenced and cells were treated 30thnM etoposide (Figure 24B).
These results indicated that knock-down of RGC-32/ mause a delay in progress
through G1 or G1/S transition.

The FACS analysis of E3C-3 cells transfected witd plasmid expressing siRNA5

which only achieved a 50% knockdown of RGC-32 akowed an increased G0/G1
cell population. Interestingly, cells expressingA5 show an intermediate increase in
the GO/G1 population relative to cells transfectatth the scrambled control or SiRNA2

(Figure 25). However, a similar phenotype to siRNA2n be seen in SiRNA5-

expressing cells after treatment with etoposidegesting that the 50% RGC-32 knock
down was sufficient to partly cause a G1 or G1/&yé-igure 25).

Asynchronous B cell populations usually show a dapgercentage in GO/G1 when
analysed by FACS. Since RGC-32 overexpression \Wwaw/irs to override the G1/S

checkpoint as well as the G2/M checkpoint to pran®tand M phase entry (Badea et
al., 2002), it is possible that the RGC-32 knockdogauses G1 arrest or delayed
progress into S phase. It was therefore impossibkudy the function of RGC-32 at

the G2/M checkpoint using this method. However séheesults further support the
model that RGC-32 expression promotes progreshimugh the cell cycle.
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Figure 25 —G0/G1 population before and after treatment with 8M etoposideResults fror
a represntative experiment showing the percentage incrieaiee GO/G1 population of BJ/
E3C-3 cells transiently transfected with plasmids egpireg SiRNA2 and 5 compared to
cells transfected with the scrambled control.
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3.5 The effects of EBNA 3C-expressing Raji cells on the
G2/M checkpoint

Raji cells are EBV-positive B lymphocytes expregsalatency lll pattern. However,

these cells have a natural deletion of more th&b @6the EBNA 3C gene (Hatfull et

al., 1988). Raji cell lines stably expressing EBN&E were previously shown to
upregulate LMP1 expression and to cause phenogimnges of the cell membrane
including expression of the cytoskeletal proteimentin and CD23 (Allday et al.,

1993). In initial real-time PCR experiments RGC-8%pression was found to be
upregulated in the EBNA 3C-expressing Raji celésdril.2.1 (30-fold) and 11.5.8 (50-
fold) compared to the control cell line 13.6 tratdéd with empty vector (gift from

Prof Martin Allday) (Figure 26A). EBNA 3C expressiavas confirmed by Western
blotting (Figure 26B).

When the Raji cell lines were exposed to 1 pM edap® to activate the G2/M

checkpoint, FACS analysis revealed that the EBNAn&Gative Raji 13.6 cells arrested
in G2/M whereas the EBNA 3C-expressing Raji celéi show a reduction of cell cycle
arrest (Figure 27A). To further confirm this resuhie Raji cell lines were exposed to
gamma radiation. Raji 13.6 cells arrested in G2ftdragamma irradiation but a reduced
population of G2-arrested cells could be obsereedhfe EBNA 3C-expressing Raji cell
lines (Figure 27B).

However, different patterns of non-specific backgm bands observed in Western
blots carried out on Raji 13.6 cells led us to stigate their origin. When the protein
expression of EBNA 1 and EBNA 2 expression was exad) we found that the 13.6
cell lines did not express either protein unliké @her Raji clones used in these
experiments (Figure 28). These results indicatat ttie Raji 13.6 cell line we received
was likely not to be EBV- positive and was therefoot a Raji cell-derived line. A
further control cell line 13.6.4 was obtained ddsst as a subclone of 13.6. The Raji
cell line 11.2.5 also served as a EBNA 3C-negatioetrol although the cells were
transfected with the EBNA 3C-expressing plasmia likl.2.1 and 11.5.8 they were
subsequently found to be EBNA 3C-negative (Alldagle 1993). These additional cell
lines were found to express EBNA 1 and EBNA 2, it EBNA 3C, in line with their
Raji origin (Figure 29A). Surprisingly, these clalles did not arrest at similar
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Figure 27 —FACS profile of Raji cell lines. Raiji cell lines stgbéxpressin
EBNA 3C (11.2.1 and 11.5.8) and control Raji cell I{8.6) were exposed {@) 1
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concentrations of etoposide used previously anglajed similar cell cycle arrest
levels to EBNA 3C-expressing cells (Figure 29B). retwver, RGC-32 levels were
similar in this line to the EBNA 3C-expressing Regil lines (Figure 29C).

Taken together, the results indicate that EBNA 3@ression does not contribute to
higher endogenous RGC-32 levels in Raji cells. Ty be due to the fact that this cell
line has adapted to immortalised cell growth with&BNA 3C expression due to
deregulation of other genes involved in cell cycttrol. Since the expression of
EBNA 3C in Raji cells cannot overcome cell cyclgukation in response to DNA
damaging agents, RGC-32 may be required for EBNAv&@iated disruption of cell

cycle control.

3.6 RGC-32 can increase CDK1 activityin vitro

EBNA 3C-positive BJAB cells express higher RGC-3RMA levels and can disrupt
cell cycle control of the G2/M checkpoint. RGC-3asmdemonstrated to play a role in
G2/M transition via binding to the cyclin B/CDK1 mplex in vitro and increasing
CDK1 activity in a manner dependent on the phosgabon of threonine 91 in RGC-
32 by CDK1 (Badea et al., 200RGC-32 also coimmunoprecipitates with CDK1 in
smooth muscle cells. However, Saigwsaal. showed that transiently overexpressed
Flag or Myc-tagged RGC-32 did not co-precipitat¢hvexogenously expressed cyclin
Bl in HEK 293-T cells and stated that RGC-32 was plwsphorylated by CDK1 in
preliminary experiments (Saigusa et al., 2007)vénfy whether RGC-32 can increase
CDK1 activity, in vitro kinase assays were carried out using purifiedmddeant His-
tagged-RGC-32 protein and recombinant CDK1/cyclid. BCDK1 activity was
determined by measuring the phosphorylation of diist H1 by CDK1 usingP-
labelled ATP. The result clearly showed that RCGv&®s able to increase CDKL1
activity in vitro (Figure 30A, top panel). Western blot analysis caméd the different
levels of RGC-32 protein induced in the kinase yag$agure 30A, bottom panel).
Results of 3 independent experiments showed tha€1Caxtivity was enhanced by up
to 11.6-fold with the highest RGC-32 protein cortcation used (5 pM) (Figure 30B).
These results confirm that CDK1 activation by RGZeBuld be a potential mechanism

for the disruption of G2/M checkpoint regulation.
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3.7 The effects of RGC-32 on CDK1 activity in EBV-negave
B cells

To determine whether RGC-32 is able to increase CRKivity in B lymphocytes,
asynchronous EBV-negative DG75 cells were tranietmansfected with different
amounts of pFLAG RGC-32. The CDK1/cyclin B1 compleas immunoprecipitated
with an anti-cyclin B1 antibody. The phosphorylatiof Histone H1 and therefore
CDK1 activity was then measured by performing aakaassay. A significant increase
in CDK1 activity could not be observed (Figure 3BA+top panel). Increasing RGC-32
protein levels were confirmed by Western blotting RGC-32 did not appear to affect
CDK1 activity (Figure 31B). Tyrosinel5-phosphorgdtCDK1 (pCDK1) and CDK1
levels remained constant (Figure 31B), but a sligbtease in cyclin B1 protein levels
was observed (Figure 31B). CDKL1 activity appea@ddrrelate with the amount of
cyclin B1 and CDK1 in the immunoprecipitation (Figu31B, top panel). In addition,
we had been unable to demonstrate effects of RGG32Zhe G2/M checkpoint in

transient transfections, possibly because of langfection efficiency (Figure 22).

To investigate the CDK1 activating effect furthtére kinase assay was repeated using
BJAB and DG75 cells stably overexpressing RGC-32 R&GC-32-induced increase in
CDK1 activity could not be confirmed in asynchroeawltures of these EBV-negative
cell lines. In fact, RGC-32 expression appearesutgpress CDK1 activity (Figure 32A
and B). However, protein analysis by SDS-PAGE anesiétn blotting revealed that
cyclin B1 levels were lower in the RGC-32 overexgsiag BJAB and DG75 cell lysates
and immunoprecipitates (Figure 32C). The decreaSBd1l activity of RGC-32-
overexpressing cells may therefore be due to layelin B1 expression. CDK1 levels
appear to be constant in BJAB cell lines, althoagtfifference in the immunoprecipitate
from the DG75 FRT cells can be observed. CDK1 #gtchanges could therefore be
caused by differences in the amounts of immunopitated proteins.

Further investigations are needed to verify thelltedbat long-term expressed RGC-32
may downregulate cyclin B1 levels but no such éffexf RGC-32 on cyclin Bl levels

have been reported yet.
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Further investigations into whether RGC-32 exprssipregulates CDK1 activityn
vivo were carried out using the EBNA 3C-negative cekIBJAB pZ1 and pZ3 and the
EBNA 3C-positive cell lines E3C-3 and E3C-7. Altlgbuin some experiments E3C-3
and E3C-7 cells showed higher CDK1 activity, thsuits of those experiments were
highly variable and no conclusions could be drasemfthem (Figure 33).

To investigate whether CDK1 activity was increagedhe EBNA 3C-positive BJAB
cell line E3C-3 compared to the control cell linE3pafter DNA damage, asynchronous
cultures of BJAB cells exposed to 0, 300 and 500 etbposide were analysed in a
kinase assay. Results of the kinase assay showsigmb@cant difference between both
BJAB cell lines after treatment with etoposide (K 34A). Both cell lines show an
unexpected increase of CDK1 activity of approxirhyaBefold after exposure to 300 nM
etoposide and an increase of 1.8-fold after 500etdposide compared to the untreated
control. G2 arrest should lead to a decrease in Claktivity as a result of the
degradation of the cdc25 phosphatase that norrdapyyosphorylates Threonine-14 and
Tyrosine-15 to activate CDK1. Since etoposide cauia2 arrest and cyclin B1 is highly
expressed during this phase, the higher CDK1 agtmight be due to higher cyclin B1
expression during G2 arrest resulting in the piigatipn of more cyclin B1/CDK1. The
reduction of CDK1 activity with the higher conceatton of etoposide compared to the
lower concentration is probably due to cell deatle to more DNA damage. Western
blot analysis showed that cyclin B1 expression &l as the level of Tyrosine-15-
phosphorylated (pCDK1) expression increased afteposide treatment in both cell
lines although pZ3 cells showed higher cyclin Bl a€DK1 levels compared to E3C-
3 cells as previously seen (Figure 34B). Accumatabtf cyclin B1 is reduced in EBNA
3C-expressing cells indicating less G2 arrest. Agaicreased cyclin Bl levels resulted
in increased CDKZ1 activity although the accumulaiod cyclin B1 and pCDK1 suggest
cell cycle arrest indicating that CDK1 should baditive. In fact, inactive pCDK1 was
efficiently precipitated by the anti-cyclin B1 dmbddy making it surprising that CDK1
activity was still detectable. CDK1 levels in théale cell lysates varied and appeared
to follow the pattern of CDK1 activity. The onlytaaty difference detected therefore
appeared to be due to the variation of CDK1/cyBlinprotein levels.
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used to phosphorylate histone H1 in a kinase as¥2i(1 activity is shown fative to contrc
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CDK1 was also immunoprecipitated using an anti-Cliftibody instead of an anti-
cyclin B1 antibody. Kinase assay results of the B&&ll lines pZ3 and E3C-3 exposed
to 300 and 500 nM etoposide showed that no sigmifidifference in CDK1 kinase
activity can be observed between the two cell lingsgure 35). Further,

immunoprecipitation with CDK1 leads to the samefifgaobserved when CDK1 was

immunoprecipitated using an anti-cyclin B1 antib@Bigure 34A).

3.8 Discussion

RGC-32 expression was shown to be upregulated iINABC-expressing Akata and
BJAB cell lines. Since RGC-32 is known to promote aBd M phase entry,
investigations aimed to determine whether EBNA 3@ynupregulate RGC-32 to

overcome cell cycle control.

EBNA 3C has been shown to disrupt the G2/M checakpaiter DNA damage when
overexpressed in DG75 cells (Krauer et al., 200Ekposure of EBNA 3C-expressing
BJAB cells to gamma radiation or etoposide confoinmbat those cell lines also
displayed this phenotype. The cell cycle disrupptenotype correlated with RGC-32

upregulation.

We also confirmed that RGC-32 overexpression alooeld overcome the G2/M
checkpoint in BJAB and DG75 FRT RGC-32 cell lin€s.generate these cell lines the
Flp-In™ System from Invitrogen was used. Host tiekks were generated to aid the
generation of stable cell lines in a rapid andded manner. However, the use of these
cell lines proved problematic. Although in BJAB lsethe RGC-32 expression cassette
integrated into the FRT sites incorporated intohtbst BJAB cell line. This was not the
case for the DG75 cell lines generated. In DG75 FRIC-32 cell lines, integration
occurred at a random site on two separate occadtamsboth BJAB and DG75 cells
stable cell line generation proved to be just affitient as conventional strategies and
the host cell lines showed high levels of apoptasiécating that the FRT cassette or

selection was not well tolerated.

Moreover, these stable cell lines appeared to adaRGC-32 overexpression with time
since the BJAB FRT RGC-32 cells showed a less cminvg phenotype in follow-up

experiments | carried out.
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Therefore, we examined whether transient RGC-32expeession could be used to
examine the effects of RGC-32 on the cell cyclehdligh transient transfection of
DG75 cells could dramatically increase FLAG-RGC-BRotein expression, the
phenotype observed after etoposide treatment didhmw any significant difference to
the control cell line. This could be due to theatwkly low transfection efficiency of
approximately 33% suggesting that it was not sigdfit enough to change the
phenotype of the cell cycle distribution after esp@ to etoposide. However, treatment
with up to 800 nM etoposide did not fully arresethells. It may be that RGC-32
overexpressing cells exposed to higher doses wdocid sufficiently arrest the cells
would show a difference in the cell cycle distribatof RGC-32-overexpressing cells

compared to the control cell line.

Knock-down of RGC-32 expression in BJAB E3C-3 cefisreased the GO/G1 cell
population after etoposide treatment but also imeated cells. RGC-32 was shown to
induce serum-starved aortic smooth muscle cellsnter S phase and to significantly
increase DNA synthesis (Badea et al.,, 2002; Badeal.£1998). Since RGC-32 is
known to promote S phase entry as well as M phasg,eknock-down of RGC-32
expression may therefore result in GO/G1 arrest.

Surprisingly, despite misleading early analyses tuée receipt of an incorrect cell
line, EBV-positive Raji cells which have a natudaletion of the EBNA 3C gene, did
not express upregulated levels of RGC-32 when EEBJAwas stably expressed. This
could be due to the fact that all the other |aEEBY proteins are expressed which might
abolish the effect of EBNA 3C on RGC-32 expresstdowever, it is also possible that
EBNA 3C has no effect on RGC-32 in Raiji cells sititis cell line has adapted to their
EBV expression pattern and does not need EBNA 3@raliferation. Therefore, Raji
cells may not be the ideal model to investigateftimetion of EBNA 3C.

Although RGC-32 was able to activate CDKvitro, the activation of CDK1 by RGC-
32 could not be confirmeth vivo using EBV-negative B cell lines BJAB and DG75
overexpressing RGC-32. In addition, EBNA 3C-expresBJAB cells which have
high RGC-32 levels compared to control cell lings rabt show a significant difference
in CDK1 activation before or after DNA damage. Hoee CDK1 is inactive

throughout interphase and becomes active shorttyr pnitosis. Since asynchronous
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cells were used in all experiments, only a very Ispercentage of cells would have
active CDK1 leading to a relatively low activity gamigh background noise. This may
have been reflected in the variability observethese assays and our inability to detect
a downregulation of CDK1 activity during G2 arretternatively, it is possible that
these cell lines arrest in G2 without an accompanyilecrease in CDK1 activity,
despite the increase in Tyrosine-15 phosphorylatidnase assays could be repeated
using mitotic cells obtained by arresting the cellth the spindle poison nocodazole,

for example.
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4 Mechanism of RGC-32 upregulation by EBNA 3C

4.1 Introduction

Since microarray studies and real-time PCR follgw-experiments had detected
increased RGC-32 mRNA levels in EBV-negative BJASiscstably expressing EBNA
3C, we next investigated the mechanism of this guydegion. EBNA 3C contains a
region that can mediate transactivation in Gal<idi assays and has been shown to
upregulate CD21 and LMP1 expression (Marshall aathi@e, 1995). We therefore
initiated these studies by examining the effedEBNA 3C on RGC-32 transcription.

4.2 RGC-32 promoter activation by EBNA 3C

Reporter assays were carried out in EBV-negativd®énd Hela cells to investigate
the effects of EBNA 3C expression on an RGC-32 mtemreporter construct
containing the —1150 to +62 region of the RGC-3@nmoter relative to predicted
transcription start site. Our results detected R&2(sromoter activation with increased
levels of EBNA 3C expression reaching a maximunambroximately 2-fold in DG75

cells (Figure 36A). A maximum upregulation of appmoately 1.3-fold could be

detected in HelLa cells (Figure 36B). Western bigttconfirmed EBNA 3C protein

expression (Figure 36A+C, bottom panels). Contrplegiments were carried out with
C promoter-reporter constructs and EBNA 2-expressianstructs which confirmed
that both cell types were competent for gene atmtina

An additional control experiment was carried ouhgshe RGC-32 promoter-reporter
construct and an EBNA 2-expressing plasmid sinc&l&AR did not affect RGC-32
expression when stably expressed in BJAB cellsuf€ig 3A). Surprisingly, the control
experiment showed that EBNA 2 was able to actita@eRGC-32 by more than 6-fold
in HelLa cells (Figure 37A). To confirm this restiie experiment was repeated in DG75
cells. RGC-32 promoter activation in DG75 cells waghly variable and did not

support the observation in HeLa cells (Figure 37B).

The luciferase assay was repeated with EBV-neg&d&B and EBV-positive Raji
cells. Transfection of BJAB and Raiji cells with 1gp10 pg of an EBNA 3C-expressing

plasmid did not show any significant changes in R&C promoter activation



4-117

(A) (B)

25 1.4
1.2 4
§ 2 I
= g 1
5 o
n 2]
g 15 S 081
N N
™ @ |
8 14 8 0.6
x X 04 |
o ()]
£ 051 E
3 B 021
0 - 0
2.5ug 5.0 ug 10 ug 0.5 pg lu
pSG5 3C pSG5 3C
— — | J— EBNA 3C - — e P—
(®) (D)
12 18
16
10 T
- c 14
2 8
§ 8 g 12
'g 6 ) 10
& S 8
(3]
s 4 Il 2 6
= <
_— [} 4
R 2
; B
o1l ol mmm
Opg 2549 5 g 10 g Oug 05 pg 1 g
pSG5 2A pSG5 2A

Figure 36 — (A+C) DG75 cells were transiently transfected with dife amounts of (A) the EBNA 3€xpressin
plasmid pSG5 3C or (C) the EBNA&pressing plasmid pSG5 2A (2.5, 5 anduty, 2 ug of a Renilla luciferas
plasmid to determine the transfection efficiencyl @ug of afirefly luciferase reporter plasmid containing (e
RGC-32 promoter or (C) the C promotéB+D) HelLa cells were transiently transfected with défg amounts of (E
the EBNA 3C-expressing plasmid pSG5 3C or (D) the BBNexpressing plasmid pSG5 2A%01 and 2.9), 1ug of
a Renilla luciferase plasmid to determine the transfectifficiency and 2ug of a firefly luciferase reporter plasr
containing (B) the RG@2 promoter or (D) the C promoter. These graphs stmavresults of 3 independ
experiments +/- standard deviation in which R&Cpromoter activation was measured and are disglaglative t
the EBNA 3C-negative control. The values for fireflyciferase activity (RG@2 or C promoter reporter) we
corrected by dividing them by the values for Remilla luciferase activity (pRLEMV transfection control). Lucifera

assay samples were analysed by Western blottingBoiA 3C expression using an anti-EBNA 3C antibody@0)3
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Figure 37 — (A)HelLa cells were transiently transfected with défer amounts of the EBNA 2-
expressing plasmid pSG5 2A (0.5, 1 andg?, 1 ug of aRenilla luciferase plasmid to determine
transfection efficiency and j2g a firefly luciferase reporter plasmid containthe RGC32 promotel
(B) DG75 cells were transiently transfected with diéfgé amounts of the EBNA @xpressin
plasmid pSG5 2A (2.5, 5 and 1), 2 ug of a Renilla luciferase plasmid to determine
transfection efficiency and 4g of a firefly luciferase reporter plasmid contamithe RGC32
promoter. These graphs show the results of 3 intkpe experiments +/standard deviation
which RGC-32 promoter activation was measured asglaed relative to the EBNA 2egative
control. The values for firefly luciferase activiRGC-32 promoter reporter) were corrected

dividing them by the values for ttienilla luciferase activity (pRL-CMV transfection control).
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(Figure 38A+B). Further, the EBNA 3C-negative BJABII lines pZ1 and pZ3 were
compared to the EBNA 3C-positive cell lines E3CHal &3C-7 by transfecting these
cell lines with RGC-32pluc and pRL-CMV. Luciferasessay results revealed no
difference between the EBNA 3C-positive and -negatcell lines (Figure 39).
Together, these data suggest that the RGC-32 pesractivity may not be upregulated
by EBNA 3C although a 2-fold increase in activatamuld be observed in DG75 cells.

4.3 RBP-J kappa is not able to bind a predicted site ithe
RGC-32 promoter

EBNA 3C does not bind DNA directly but interactsttwithe cellular DNA-binding
proteins RBP-J kappa and PU.1 (Marshall and Sampi5; Zhao and Sample, 2000).
RBP-J kappa also targets EBNA 2 to DNA (Grossmaalet1994b; Henkel et al.,
1994).

The transcription factor prediction programme Msplactor identified a potential RBP
J-kappa site in the RGC-32 promoter at (-941 t®)9Bable 8). To investigate whether
RBP-J kappa can bind the RGC-32 promoter, gel €xjfteriments were carried out
using recombinant RBP-J kappa. Although RBP-J kap@s able to bind an
oligonucleotide encompassing the C promoter RBRydp& site, the protein did not
bind to the predicted RBP-J kappa site in the R@(QeBmoter (Figure 40). These
results were confirmed by another member of thgllalba Boyd, Master’s dissertation,
data not shown). It is therefore unlikely that EBIS& or EBNA 2 bind to the RGC-32
promoter via this RBP-J kappa binding site. Theiateom in the RBP-J kappa site
compared to bona fide RBP-J kappa sites in Cp aMBI1 for example is likely to be
sufficient to prevent efficient RBP-J kappa bindi(itable 8). Interestingly, further
database searches using Alggen Promo revealedhih@®GC-32 promoter contained
another RBP-J kappa binding site in a region upstrfom the promoter region (-1649
to -1643). This site showed 100% identity with twge consensus sequence known to
bind RBP-J kappa (Table 8 and Figure 41).
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Figure 38 —(A) Raji cells andB) BJAB cells were transiently transfected with diffaramounts of tr
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RGC-32 promoter activation was measured and ardaglesph relative to the EBNA 3@egative contro
The values for firefly luciferase activity (RG&2 promoter reporter) were corrected by dividingnthby

the values for th&enilla luciferase activity (pRL-CMV transfection control)
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GGATATTAGG
GAGTAATATC
CTGIGTACAC
GGATAGTAGG
GAGTAATATC
TCCTGICTCT
GAAGICAGIG
AAACAATCAA
ACCCTTTCAC
AACTCTGICT
TCCCAGCGGA
GITTTGICCG
ATCGAACGCA
ACCAGGGEGEAA
TGEGITGECC
TGGCACAAGG
ACTTGGTGAC
CAGCAATACT
ACTCACCCAG
GGATCCATTG
AACAGGGAAA
CAAGACAACC
ATTCATATGA
TTCAATGITT
ACTTTGTAGA
CGGIGECTCA
ATCACCTGAG
CCGICTCTCGC
TCACTCCGIT
AGAGGCGAGA
CCCGCAGECC
CGCCCTGITC
CTTCTAGATA
CCCCECECTC
TCTCGCCCCG
TTGGGACAAT
CGECCECEEG
CCCACGTCCA
CACGCEECGEG
GCCGAGGACA
GGTAAATATT
GGTTCCAGEG
CTCGGAGEEC
CCGEECCCCeC
GAGCCGEGT GG
GCGCAGCGCC
AGCTTGGCAT
AGAAAGECCC
CAACTGCATA

AACAATATCA
ATTCTCTCTC
CCCCTGCECT
AAGAGTTTCA
ATCCTGTCGEC
GAAGAGGAGG
TCAAGACCAG
CCCCCGIGAC
GI'GGAACCCC
TCCTTCCGEG
ATAAAAAAAA
CTGCTCATCC
GGCAGCAGCG
CTTAGAACCT
ATCAGAAGGA
TAACTGGTAA
AGCTGGTGCT
AGTAGCAAAG
GGAAATCAAC
CAGGAGATGG
GAGGCTCCCC
ATATCCCTAG
TTAGIGGTCA
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GAGAGTIC
CAGEGITGIG
CCTGIGGATT
ATTGGGAGTA
TAGEEGTIGIG
CCTGAGGAGA
AGGAAGTAAA
CCGGTGGCAA
TCTAAGTACA
TTAAAGCTGT
AGCTCGECTC

ATATCATCCT
TACTCCCCCT
TTAGGAAGAG
ATATCATCCT
TACACCCCCT
GAAGCCATTT
AGI TGGAAAA
TGAGGAGCCG
TGTGCTCTCA
AAGCCCTTAA
TTACGCGAGT

CTCTTCCTTC
ATGCTCCATT
GIGAGAGCAC
TGTGGGAAAT
AGCCTGGACA
AGATACCTAG
AGAACCCCCA
GGACAGATAG
TCCTGAAGIT
CACCAGAGAT
ACTCTTGAGC
GCCACCCAGA
TTAACATATA

TGCTCATTTT

TGEGICTTTC
CGCCTGTAAT
GICGCGAGIT
TAAAAATACA
ACATGITAAT
GGCTAGCECC
GCGEEECAGG
GCGCTAECGTIC
AAGTCAGCCT
CGCGGTIGEGA
ACCCTCTCCA
GCGTAGGGEGA
CTCCTTCGIC
CTTCACAGCC
GAAGCAGCAG
CCGECGTGEEEC
TGGECCTGTA
CCEECECGTG
GGCGGEGEGACA
CTCCCCTCCG
TAGGEGECGEEC
GAAGCGACTG
TCCGGTACTG
GGCGCCATTC
AGGCTATGAA

TAATTTTTAC
TATATTCTGA
CCCAGCACTT
CGAGACCAGC
AAAACTAGCT
TGCTCTACAT
TAGCTCAGCG
GIGECTCGIT
GACGCAGTAG
GGCGEEGAGCG
ACAGI TCAGG
CTCCGECCCEC
CCTCCECGTIC
CCTCACCGECC
GAGGAACCTG
AGCTCGECGCC
CGGGITGICA
ACCGEGEECTT
GCGAGCEECGEG
GACCCGTCGC
GCCGCCGAAG
GCGGACCGTG
GCAGGGCTGA
TTGGTAAAAT
TATCCTCTAG
GA

TTTAATCCGC
TCTTTGITCC
CGAATCCTAA
AGATTGCGCA
GGTCCCTTGT
ACCAGITCCC
CAGTGECTGA
CTAAGGAAGG
CTGITCGACC
CCCAGTGGTG
CCACAGTIGCT
GTAGACAAGA
CTCCTTTGIG
CAGGTTGICT
AAACAAATCC
TGCGAGCCTG
CTGGCCAACA
GCGAGT GGAG
TTAATTAGCC
CACAGI CCAG
ACTCCGIGGEA
TTTCTTCCCA
CCCTGGACCG
ACTCCCCCAA
CCACCATCTC
CCCGACACCC
AGCCAGGEGAG
CGGECTCCCGG
CAGCAGICAG
GEECECEEEG
CGGCGACTCC
TGCCTGEEEEG
CCCEECTCCG
GCTATAAGAT
CTGGEGAGCGG
AGTGTGCGCEG
GGAAGACGCC
AGGATGGAAC

CTTTCGCTCT
GCGATATTGG
TATTACAGGG
CTCTCCCTCT
GIGATATTGG
CCCTACTGIC
CAACAGGAAT
GCCTGAGGTG
ATCCATCAAG
ACGGEECCAGG
CTGCCGAAGC
TGICTGAGGEG
CTGACCGEGA
GCACTAGACC
CCATTAGAAG
TTCTAAGECG
ATACATAGAC
GGGCATGCAG
ATCCCGCTCC
CCACATCAGA
TCCTCCCCTT
TGTGCCTCCA
GAGGAGGACT
AGGTGTATGT
ATTTGTGATT
TGECTGEGETG
AGGTGGEECAG
TGGACAAACC
GCTGAATGIT
GICTGIGGIG
GGCGTTCAECC
CACTGCAAGG
TAATAAACCC
TAGITTCAGEC
CTCCTGCCCC
GGAAGT CCCC
GACTGGGACA
GCTCTGCATG
AGGTGCCTGG
CTCTGGTGAC
GCGAGAGECG
TCGTCACCGC
CAGEGEECCTC
CAGCCCCECC
CTAGGAACCC
CGCGECTGGA
ACAGCAAGCA
AAAAACATAA
CCCTCGAGAG



4-124

Figure 41 —Sequence of the RGC-32 promoter construct pGL2 RAS48-up. Bases in red a
blue letters together represent the previously IRE-32 promoter construct pGL2 RGR2pluc
The blue letters show a part of the sequence wisidnanscribed into mMRNAThe black lettel
represent the additional upstream sequence clartedtie pGL2 RG@2pluc vector. The yello
highlighted sequences indicate the potential bipdites for RBP-J kappa.
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Therefore, the upstream sequences were clonedthetriginal pGL2-RGC-32pluc
vector by another lab member (Felicity Poulter,engdaduate project year 2008/09).

promoter sequence location
Cp 5-GTGGGAA-3
LMP1 5-GTGGGAA-3
RGC-32 5-GTGGGAA-3 -1649 to -1643
RGC-32 5-TTGGGAG-3’ -941 to -935
RGC-32 5-GTGGGAA-3 -556 to -550

Table 8— overview of RBP-J kappa sites of different gene prmoters

To investigate whether EBNA 3C could increase tl@&CR32 promoter activity when
the additional upstream RBP-J kappa site was pre§Ba75 cells were transiently
transfected with an EBNA 3C-expressing plasmid @redRGC-32 promoter construct
containing the additional upstream sequences. &xast assays revealed that the
activity of the RGC-32 promoter does not signifitarincrease with the additional
RBP-J kappa binding site (Figure 42).

Towards the end of this study, another RBP-J kdgipaing site was identified (-556 to
-550) by manual searching for the known core bigdiaquence GTGGGAA that was
not predicted by Matinspector or Alggen Promo gsotential RBP-J kappa binding
site. Lack of time meant that further investigaianto the functionality of this site

were not possible.

Together, the data indicate that EBNA 3C does aptaducibly activate the RGC-32
promoter in reporter assays suggesting that thexe be another mechanism by which
EBNA 3C upregulates RGC-32.

4.4 RGC-32 mRNA stability is increased in EBNA 3C-
expressing BJAB cells

Other pathways were considered to further invetgigiae mechanism of the RGC-32
MRNA upregulation. To determine whether EBNA 3C Idoupregulate RGC-32 by
stabilisation of the RGC-32 mRNA, the EBNA 3C- niagacell lines BJAB pZ1 and
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promoter (RGC-32, black) or containing the RGZ-promoter including upstream sequel
(RGC-32 up, purple). This graph shows the mean aidgpendent experiments +gtandar
deviation in which RGC-32 promoter activati was measured and displayed relative tc
EBNA 3C-negative control. The values for firefly iferase activity (RGC32 promoter reporte
were corrected by dividing them by the values toe Renilla luciferase activity (pRIEMV
transfection control).
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pZ3 and the EBNA 3C-positive cell lines BJAB E3@3d E3C-7 were treated with 2
MM actinomycin D to halt transcription and RGC-3RNA levels measured at time
intervals up to 8 hours. Initial experiments estdigd that 2 UM actinomycin was not
significantly toxic for 8 hours or more. RGC-32 mRNevels were analysed by real-
time PCR. As shown in Figure 43A and B RGC-32 mRN¥els decreased faster in
pZ3 cells compared to E3C-3 cells. Non-linear regian estimated an RGC-32 half life
of about 1 h for the EBNA 3C-negative cell line pa8d a half life of more than 10 h
for the EBNA 3C-positive cell line E3C-3. Similagsults were determined for pZ1 an
E3C-7 for which RGC-32 half lives of 0.3 and 4 Bpectively were estimated (data not

shown).

These results indicate that stabilisation of RGCR32NA in the BJAB E3C-3 and
E3C-7 cell lines is likely to mediate the RGC-32ragulation seen in EBNA 3C-
expressing cells and in fact may be the only meshathrough which the upregulation
is achieved. These results provide the first dentnatign of EBNA 3C-driven RNA

stabilisation.

4.5 Discussion
RGC-32 mRNA is upregulated up to 14-fold in BJABIxstably expressing EBNA 3C

compared to control cell lines. We investigated tivbethe viral protein EBNA 3C was
able to upregulate the cellular RGC-32 by activgatime promoter in a direct or indirect
manner. Transient transfection using an EBNA 3Cresging plasmid resulted in a 2-
fold upregulation of the RGC-32 promoter observedDG75 cells and a 1.3-fold
upregulation in HeLa cells. However, this activatmf the RGC-32 promoter could not
be confirmed in EBV-negative BJAB cells. Furthermdransient transfection of EBV-
positive Raji cells and EBV-negative BJAB cells Ibatably expressing EBNA 3C did
not result in activation of the RGC-32 promoteritating that initiation of RGC-32

gene transcription may not be the mechanism bymwBBNA 3C upregulates RGC-32
MRNA. The DG75 results could be an artefact resglfrom non-specific effects of
EBNA 3C in the cell.

Surprisingly, a 6-fold induction of the RGC-32 proter by EBNA 2 could be observed

in HelLa cells. This was unexpected as real-time B&seriments showed that BJAB
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in duplicate by real-time PCR and died by GAPDH mRNA levels. Calculated t
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cells overexpressing EBNA 2 did not increase RGCREANA levels (Figure 13A). The
observation made in the cervical carcinoma cedl kfeLa could not be confirmed in the
B cell line DG75 and might therefore be cell typedfic and may result from
interaction with HelLa cell-specific proteins.

EBNA 3C does not bind DNA directly but may be taegkby the DNA-binding protein
RBP-J kappa, in a similar manner to EBNA 2. Intengty, the RGC-32 promoter
contains a predicted RBP-J kappa-binding site¢hatd potentially mediate the effects
of EBNA 3C or EBNA 2. However, gel shift assaysaaled that RBP-J kappa does not
bind to the predicted binding site suggesting fRBP-J kappa does not mediate the
effects of EBNA 3C and EBNA 2. However, this predic RBP-J kappa site only
shows approximately 71% identity of the core seqaetysed RBP-J kappa sites seen
in the LMP1 and C promoter showed 100% identitythe#f core sequence suggesting
that the predicted RBP-J kappa site might not Inetfanal. Another RBP-J kappa site
with 100% identity of the core was found furtherstipam of the promoter which was
not part of the original RGC-32pluc plasmid. Tratsion with a plasmid containing the
additional upstream region did not result in ineeA RGC-32 promoter activation by
EBNA 3C suggesting that RBP-J kappa does not taEpNA 3C to the RGC-32

promoter.

Chromatin immunoprecipitation (ChIP) experimentsriead out by Helen Webb and
Richard Palermo examined RNA polymerase Il associavith the RGC-32 promoter
and gene. Chromatin was purified from EBNA 3C-neg@aBJAB cell lines pZ1 and
pZ3 as well as from the EBNA 3C-positive cell [ifre3C-3 and E3C-7. The EBNA 3C-
expressing BJAB cell lines E3C-3 and E3C-7 did staiw increased RNA polymerase
Il association at the transcription start site lnéd RGC-32 gene as well as upstream
regions of up to -1000 base pairs and downstregmome of down to +500 base pairs
compared to the EBNA 3C-negative cell lines pZ1 a#d (data not shown). These
results further confirm that RGC-32 upregulatiorelBBNA 3C-expressing cells does not
result from increased RGC-32 transcription in BJédll lines. Taken together, results
from luciferase assay, gel shift and ChIP analysitcate that EBNA 3C is not able to
transactivate the RGC-32 promoter.
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Investigations into other mechanisms by which EBBIB could upregulate RGC-32
MRNA levels revealed that stabilisation of the R&mRNA occurred in EBNA 3C-
expressing BJAB cell lines. To examine potentiachamisms for these effects other
genes differentially regulated by EBNA 3C in thagoral microarray study were
screened for involvement in mRNA stability processénen EBNA 3C is expressed.
Interestingly, expression of the CUG-binding prot@ (CUGBP2) was found to be
regulated by EBNA 3C. CUGBP2 is known to regulate-mRNA alternative splicing
and was found to play a role in mRNA editing (Anahal., 2001; Philips et al., 1998).
Furthermore, it was shown to be involved in RNAbsgisation and inhibition of
translation (Mukhopadhyay et al., 2003; Subramareaid., 2008). However, CUGBP2
gene expression was downregulated in EBNA 3C-exprgsBJAB cells and can

therefore not account for the increase in RGC-3NMRtabilisation.

Expression of the RNA binding protein RBM9 (RNA 8ing motif 9, Fox-2) was also
found to be upregulated by EBNA 3C. This proteinswsown to be involved in
alternative exon splicing via binding a conservgdQAUG element found downstream
of many alternatively spliced exons and promotesusion of the alternative exon in
mature transcripts (Ponthier et al., 2006). RNASE4 also shown to be regulated by
EBNA 3C which is another protein involved in altative splicing (Shapiro et al.,
1986). However, alternative splicing does not neaely correlate with RNA

stabilisation.

Therefore, the mechanism by which EBNA 3C stalsliB€&C-32 mRNA could not be

identified at this stage.
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5 Detecting the RGC-32 protein

5.1 Introduction

RGC-32 protein was shown to play a role in cellleymrogression into S and M phase
by increasing the activity of CDK1. Further, RGCa83as shown to bind CDK1 which

mediates transition into mitosis (Badea et al.,2@nadea et al., 1998; Niculescu et al.,
1999; Rus et al., 1996). Interestingly, RGC-32 mRIdAd protein expression is
increased in many tumour tissues indicating a f@eRGC-32 in cancer development
(Fosbrink et al., 2005). All of the studies perfehin this thesis this far have relied on
detection of endogenous RGC-32 mRNA. The next safeexperiments described in
this chapter set out to determine whether RGC-32 also upregulated at the protein
level in EBNA 3C-expressing cell lines.

5.2 Characterisation of an RGC-32 antibody

To determine whether RGC-32 is upregulated at tlutem level in the cell lines

previously examined, it was necessary to obtaira@itRGC-32 antibody. After the

failure of an anti-RGC-32 peptide antibody genataty the West lab to detect
endogenous RGC-32 protein, polyclonal anti-RGC-B8@badies were raised against a
His-tagged full length RGC-32 recombinant proteirified from bacteria by Helen

Webb. Sera were received from two rabbits (2817 2818) following a series of 5

immunisations. The first experiments carried ounhgighe polyclonal sera aimed to
determine whether the antibodies were able to I®&¢€-32 on Western blots and also
to identify which serum contained more specifidlaodies. Whole cell lysates of EBV-

negative DG75 cells were used which were trangieméinsfected with either empty
pFLAG vector or pFLAG RGC-32.

Figure 44A shows that DG75 cells had been transfiesuccessfully and expressed
FLAG-RGC-32 which could be detected with the expéanolecular weight of 17 kD
using an anti-FLAG antibody (top panel). The antiles obtained from rabbit 2817
(middle panel) could not detect overexpressed R@@8tein; however, serum 2818
antibodies (bottom panel) were able to bind the RZ2(rotein overexpressed in DG75
cells. However, endogenous RGC-32 protein (predictaolecular weight of
approximately 14 kD) was not detected in the EBgaive DG75 cells. For further
experiments, | then focussed on the serum fromiraBih.8.
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Figure 44 — Anti-RGC-32 antibody testing -Western blot analysis. Proteins of all cell lysat
immunoprecipitations were separated in a 10% NuPA&&ex BisTris gel in MES running buffi
(Invitrogen). (A) Lysates of transiently transfected DG75 cells @0of pFLAG-RGC32 or empty pFLA(
vector) were probed with an anti-FLAG antibody @0% or rabbit serum 2817 or 2818 (1:500 of 4th dje¢B)
Western blot analysis of DG75 cells transienthynsfected with 4Qug of pFLAG-RGC32 as positive contr
and BJAB pz3 and E3C-7. Proteins were detected usinigit serum 2818 (1:500 final blee@{) Lysates a
DG75 cells transiently transfected with g6 of pFLAG-RGC32 or empty pFLAG were immunoprecipita
with either the pre-immune serum or the serum ftben3® bleed from rabbit 2818. Immunoprecipitated RGC-
32 was detected with a purified anti-FLAG antibddy200, Sigma)(D) Lysates ofDG75 cells transient
transfected with 4Qug of pFLAG-RGC-32 or empty pFLAG were us@s a positive and negative con
Lysates of BJAB cells stably expressing FLAG RGZ-and negative control cells were immunoprecipt
with either the pre-immune serum or the serum ftben3® bleed from rabbit 2818. Immunoprecipitated RGC-
32 was detected with®bleed rabbit 2818 serum (1:500). Bands were visedlivith ECL.
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Additional experiments showed that endogenous R&@r8tein could not be detected
in the EBV-negative BJAB cell line pzZ3 (Figure 44B)nexpectedly, endogenous
RGC-32 could not be detected in the BJAB cell IE&C-7 which stably expresses
EBNA 3C and showed a 6.5-fold upregulation of RGCRNA compared to pZ3
(Figure 13A). RGC-32 protein expression was detecteproducibly in DG75
transiently expressing RGC-32 as previously shdwguie 44B). To further test and to
increase the detection level of the anti-RGC-32urserimmunoprecipitations were
carried out using lysates of DG75 cells transiertkpressing FLAG-RGC-32 and
BJAB cells stably expressing FLAG-RGC-32 with eitlpgeimmune-serum or rabbit
serum obtained after thé"4dmmunisation (3 bleed). Western blot analysis using an
anti-FLAG antibody revealed that RGC-32 was detdetan DG75 cells transiently
transfected with pFLAG RGC-32 and immunoprecipdateith anti-RGC-32 serum
(Figure 44C) indicating that the sera could be dsednmunoprecipitations.

Although FLAG RGC-32 could also be detected in D@rBJAB FRT-RGC-32 cells
which stably overexpress RGC-32 in immunopreciites using the anti-RGC-32
serum (Figure 44D), a non-specific band ran indlmme place which restricted a clear
identification of the RGC-32 band. Further, endagen RGC-32 protein was not
detectable in BJAB cells using immunoprecipitati®&mce the Western blot showed a
sizeable amount of non-specific binding and detectif endogenous protein appeared
to be difficult, the anti-RGC-32 serum 2818 wasifjoend.

5.3 Anti-RGC-32 antibody purification

5.3.1 RGC-32 protein preparation

To purify the anti-RGC-32 serum, recombinant RGCp8&tein was purified from the
E. coli strain BL21plysS containing the pET RGC-32 vector. This vector espes His-
tagged RGC-32 in inclusion bodies upon IPTG inductt 37°C and His-RGC-32 was
purified using denaturation and renaturation teghes. The purity of the protein
(elutions 1 to 6) was determined by SDS-PAGE fod#dwy Coomassie staining. Figure
45 shows that RGC-32 was obtained with a high aegfeurity in pooled elutions 1-3
and that the concentration expectedly decreas&tanelutions. The His-tagged RGC-
32 protein has a molecular weight of 16 kD. Thedbah smaller size is probably a
degradation product of RGC-32. His- RGC-32 waseeluh 40 mM P@ 300 mM
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NaCl and 100 mM EDTA and was then dialysed ag&fsnM PQ buffer (pH 7.5) to
make the buffer compatible for the following anttR-32 antibody purification. A
RGC-32 protein concentration of 0.8 mg/ml (8@) was obtained.

5.3.2 Antibody purification and antibody testing

To increase the specificity of the anti-RGC-32 lamdly serum, the antibodies of the
final bleed of rabbit 2818 were purified using wais techniques. In the first attempt
His-tagged-RGC-32 protein was bound to HIS-S&l&btkel Affinity Gel (Sigma) and
crosslinked with DSS (Disuccinimidyl suberate). &fseveral washing steps the rabbit
serum 2818 was added to the resin. A sample dfirgiamaterial was kept for later
analysis as well as a sample of the flow througforeethe first wash. After several
washing steps the antibody was eluted with 10 mjdigé pH1. Coomassie staining of
the elutions revealed that a major amount of théady came off the resin with the
first elution but surprisingly RGC-32 was also ellifFigure 46A). It appears that the
crosslinking between protein and resin was not waple. The two elutions with the
highest protein concentration were pooled and defsieRGC-32 specificity by Western

blot analysis.

The unpurified antibody (starting material) was eallo detect the transiently
overexpressed FLAG-RGC-32 protein as expected. flhw-through, which was
obtained after the serum was first loaded to tHanso, could not detect the protein
suggesting that the antibody had bound succesdfuliige resin. However, none of the
different dilutions (1:100 - 1:1000) of the purdieantibody was able to detect
overexpressed FLAG-RGC-32 protein (Figure 46B).

In a second attempt RGC-32 was coupled to a CHasepé resin (Sigma). 3 mg of
RGC-32 protein were added to the swollen and wasleedls. The input protein was
compared to the flow-through in a Bradford assajctvinevealed that 75% of the input
RGC-32 protein had bound to the beads (data natrshhd M Tris pH 8.5 was used to
wash the resin after the protein was bound whishlted in precipitation of the protein.
An additional experiment carried out by Helen Watimfirmed that RGC-32 was
insoluble in Tris buffer. In a repeat of the expsnt the beads were washed with 20
mM glycine pH 8 and 0.5 M NaCl instead of 1 M Tpid 8.5. Using glycine and NacCl
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Figure 45 - Different elutions of purified His-RGG2 protein were loaded tc
10% NuPAGE Novex Bis-Tris gel and run in MES rumnibuffer (Invitrogen
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were loaded to a 10% NuPAGE Novex Bis-Tris gel amdin MES running buffer (Invitrogen). After
completion the gel was washed 3x 5 minutes witterfdterilised water followed by 1 hour
Coomassie staining (Bio-Rad). The gel was dried oiiter fpaper.(B) Cell lysates of DG75 ce
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were visualised with ECL.
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to wash the resin, the RGC-32 protein remained #hdarthe beads. The rabbit serum
was added to allow the antibodies to bind to tlwtgdn. After several washing steps the
antibody was eluted with 10 mM glycine pH 1. Theifed antibody was then tested
for RGC-32 specificity by Western blot analysis. aig the purified anti-RGC-32

antibodies could not detect the protein (Figure. Bfpdford Assay results showed a
very low protein concentration in the eluates whictlicated that the antibody might

not have bound well to the resin or has elutedndumwashing steps.

In a third attempt, the rabbit serum was purifiesing the Prosep-A Montag€
Antibody Purification Kit from Millipore. 10 ml ofabbit 2818 final bleed serum was
added to the Montage spin column. Bradford assalysis of the applied sample
compared to the flow through confirmed that 37%tle serum protein content had
bound to the column. The relatively low bindingi@#ncy was probably due to
overloading of the column as no maximum bindingacéy was recommended by the
supplier. The column was then washed twice withdBig buffer A (Millipore).
However, the first wash contained 64% of the protehich was thought to have been
bound to the column. With the second wash anotBero? the protein came off the
column. When the remaining protein was finally etutwith Elution Buffer B2
(Millipore), the eluate only contained 2% of thegamally bound protein and only 0.8%
of the entire protein applied to the column. Coasreastaining showed that protein was
only visible in the starting material, the flow dlugh and after the first wash (Figure
48A). Although the protein content was very lowe @imtibody was tested in a Western
blot using a dilution of 1:40. The purified antilyodould not detect the RGC-32 protein
(Figure 48B, bottom panel) in cell lines which gomsly showed detectable levels of
RGC-32 (Figure 48B, top panel).

The eluted antibody was then concentrated usingnaicon® Ultra-15 Centrifugal filter
(30,000 NMWL Ultrace?). Using this filter the volume of the elution caitting the
antibodies could be reduced from 10 ml to pO0rherefore, the antibody concentration

could be increased by up to 20-fold.

The concentrated antibody was tested using aiditratf 1:100 — 1:5000. Western blot
analysis revealed that FLAG RGC-32 could be detkeictehe dilutions 1:100, 1:200,
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Figure 47 —ransiently transfected DG75 cells as well as BJAE @nc
E3C-7 were tested for RGC-32 specificity of the-&®C-32 antibodies whic
were purified using a CH sepharose column. Cell ésatere loaded to a 1(
NuPAGE Novex Bi-Tris gel and run in MES buffer (Invitrogen). Therified
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Samples taken at different stages of the antibeudlfipation were loaded to a 10% NuPAGE Novex Bits

gel and run in MES running buffer (Inkdgen). After completion the gel was washed 3x iButes witt

filter-sterilised water followed by 1 hour of Coomsées staining (BidRad). The gel was dried onto fil

paper.(B) Transiently tranfected DG75 cells as well as BJpB3 and E3C-3 were tested for RG2-
specificity of the anti-RGC-32 antibodies which wagerified using the Prosep®AMontag& antibod)

purification kit. The top panel shows the Westelot probed with the original serum 2818 (1:750) dine

bottom panel with the purified serum (1:40). Bandsewisualised with ECL.
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1:300 and 1:500 and weakly in 1:1000 (Figure 494 purified antibody appeared to
be much cleaner and background detection was glesdtliced. Therefore, BJAB FRT,
EBNA 3C-postive BJAB and DG75 cells transiently mspressing RGC-32 were
tested for RGC-32 protein expression using a 1@0@ion of the purified anti-RGC-

32 serum. Western blot analysis demonstrated treptrified antibody was able to
detect FLAG-RGC-32 overexpressed in DG75 but noBdAB cells and could not

visualise endogenous RGC-32 protein of any ced limcluding E3C-3 cells in which

RGC-32 mRNA is overexpressed (Figure 49B).

This result indicated that the antibody appearedive cleaner detection of RGC-32,
but it also seemed to be weaker. Therefore, itlmwconcluded that the purified anti-
RGC-32 gives a cleaner result but can only detestepm which is expressed at a

relatively high level.

The original anti-RGC-32 serum 2818 was able toedebverexpressing RGC-32
protein but endogenous RGC-32 could not be detentEBNA 3C-positive BJAB cell
lines with either the original or the purified dudy. Therefore, we decided to use the
original serum for further experiments and investiggl the reasons for the difficulties of
RGC-32 protein detection in BJAB cells.

5.4 RGC-32 is not actively degraded by the proteasome

The anti-RGC-32 serum 2818 was able to detect R&@r8tein in DG75 and BJAB

cells overexpressing FLAG-RGC-32. However, endogen®GC-32 could not be

detected in BJAB E3C-3 showing a 6.5-fold mRNA gpiation compared to EBNA

3C-negative BJAB pZ3 cells. Therefore, it couldgmssible that the protein is actively
degraded by the proteasome in BJAB cells whichc&aalcur directly after or during

protein synthesis, so the protein is only active doshort time in the cell which is
known to occur with cell cycle regulators such aglins. To prevent protein

degradation by the proteasome, the cells wereetlaaith 50 UM MG132, a proteasome
inhibitor, for 1, 2, 8 or 24 hours then harvested &ysed. However, Western blotting
did not confirm the suggestion that RGC-32 wasvabti degraded in BJAB cells as

protein levels remained undetectable in the preseh$81G132 (Figure 50). In addition,
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Figure 49 —Western blot analysis of whole cell lysates using the ipdritinti-RGC32
serum.(A) Lysates ofDG75 cells transiently transfected with either emBLAG vector or FLAG
RGC-32 were loaded to a 10% NuPAGE Novex Bis gel and run in MES running buf
(Invitrogen). The different blots were incubatedhwseveral titrations (1:100 — 1:5000) of the Ppase
A® Montagé&-purified anti-RGC-32 serum(B) Transiently transfecte DG75 cells as well as BJ/
pZ3 and E3C-3 were tested for RGC-32 specificityhef anti-RGC32 serum 2818 which was purifi
using the ProsepAMontagé antibody purification kit. The Western blot waslped with the purifie
serum (1:200). Bands were visualised with ECL.
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Figure 50 —Western blot analysis of BJAB cells pZ2 and E3@fter treatment with *
uM MG132 harvested after 2, 8 and 24 h. The blotsevobed with rabbit serum 2¢
(2:500, final bleed). Bands were visualised with ECL.
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higher concentrations (100 or 200 pM) of MG132 dmt increase RGC-32 protein
levels in BJAB cells (data not shown). Therefot&ldes not appear that failure to detect

RGC-32 protein results from rapid degradation efphotein.

5.5 RGC-32 expression in BJAB cells is not dependent dhe cell
cycle phase

Since RGC-32 was not found to be degraded in BJAIB @and purified anti-RGC-32

serum 2818 could not detect endogenous RGC-32ABRIls, other approaches were
considered as to why endogenous RGC-32 proteinundstectable in BJAB E3C-3.

To investigate whether the protein is expressed gell cycle phase-specific manner
and therefore undetectable in asynchronous cetlirad, BJAB pZ3 and E3C-3 cells
were fractionated using centrifugal elutriationn@ly performed by Aloys Schepers,
University of Munich). Cell cycle fractions were aysed by Western blotting and
probed with rabbit serum 2818 (final bleed). Howeveo RGC-32 protein band was
found at the expected endogenous size of approgiynaél kD in any cell cycle phase
(Figure 51). EBNA 3C protein expression was confidrusing an anti-EBNA 3C

antibody. The EBNA 3C protein levels appeared tanoeeasing towards mitosis but
this might be due to unequal gel loading since ab#n control shows an increased
signal in the E3C-3 G2/M sample.

Further experiments were carried out to investighte possibility that RGC-32 was
degrading or precipitating during sample prepamtidowever, RGC-32 could not be
detected in fresh BJAB cell lysates (data not shownother attempt was to change the
ingredients of the lysis buffer (1x GSB, see secfd®) which was used to lyse cells for
whole cell lysates. The Tris was replaced by 40 piMsphate buffer since RGC-32
precipitated in Tris which was discovered during RGC-32 antibody purification.
Western blot analysis of cell samples lysed in 1BG@thout Tris showed that the
RGC-32 was still undetectable (data not shown).ARbRffer was also used for initial
cell lysis followed by addition GSB buffer but witto improvement of RGC-32 protein
detection (data not shown).
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Figure 51 —Westen blot analysis. Proteins of BJAB cell lysates ofl cgcle fractions wer
separated in a 10% NuPAGE Novex Bigs gel in MES running buffer (Invitrogen). Prate
were detected using anti-EBNA 3C A10 (1:300), antiilantibody (Sigma) or rabbit seru®@1¢
against RGC-32 protein (1:500, final bleed). Bandsewisualised with ECL
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5.6 Discussion

To detect the RGC-32 protein a specific antibodgdeel to be generated. Sera from two
rabbits (2817 and 2818) were obtained after imnaiims with RGC-32 protein since
no commercial antibody is available to detect thatgin. Sera from rabbit 2818 were
able to detect the RGC-32 protein when it was oymessed after transient transfection
of EBV-negative DG75 cells. Sera from rabbit 28%iled to detect the protein.
Endogenous RGC-32 protein, however, has not betsctdele in BJAB cells with
upregulated RGC-32 mRNA to date.

Other approaches carried out to attempt to viseiaisdogenous RGC-32 protein in
BJAB cells included analysis of fresh lysates, ¢ to the lysis buffer and
immunoprecipitation using the anti-RGC-32 serumwieer, all these attempts did not
result in endogenous RGC-32 detection. Furtherysiseof cell cycle fractions did not

reveal that RGC-32 was expressed in a cell cycds@tidependent way in BJAB cells.

Since endogenous RGC-32 protein could not be deteamhd the anti-RGC-32 serum
bound many non-specific proteins, the anti-RGC-82um 2818 was purified to
increase the specificity for RGC-32. The recombirtdis-tagged RGC-32 protein was
able to bind to the HIS-Selé&cNickel Affinity Gel (Sigma). The binding was inased
by crosslinking with DSS (disuccinimidyl suberateich is a bifunctional crosslinker
and contains two N-hydroxysuccinimide esters. Thesters are able to interact with
primary amines which are present at the N-termwfusach polypeptide chain and in
the side chain of lysine residues. Therefore, thalibg of the His-tag on the N-
terminus of the recombinant RGC-32 to the Nickeddseshould be increased by the
crosslinker. However, as the Coomassie stainingvedssome of the RGC-32 protein
was eluted as well as the antibody. Further, infits¢ elution the pH was not low
enough to allow the antibody to be eluted througérugtion of antibody-protein
interactions but protein was lost from the colunmtreases in pH did not increase the
protein content in the eluates. The loss of thegmofrom the column may have
resulted from overloading or aggregation sinceginotharacterisation for crystalisation
studies has revealed that RGC-32 forms aggregdte®rg high molecular weight.
Therefore, the low binding efficiency could be cadivy aggregation of the RGC-32
protein, thus not all protein molecules could btodthe column and may have been
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eluted during washing steps. Since Western blotyaisarevealed that the purified

antibodies did not display increased specificity REC-32, an alternative purification

method was attempted. CH sepharose is also knowsatd with primary amines and

therefore with the amino terminus of a protein. 96f4he input protein was able to

bind the resin which confirms the efficiency of thieding. However, the precipitation

of RGC-32 in Tris buffers may have led to elutidntlee protein during the washing

steps. In a repeat of the experiment Tris was ceplavith 20 mM glycine and 0.5 M

NaCl. 75% of the input protein bound to the resithe second attempt, but 50% of the
originally bound protein eluted during washing steobably due to the aggregation
problem. The loss of protein was most likely crycgince Western blot analysis

revealed again that the purification of the RGCsPp2cific antibodies failed. Protein

assays revealed only low protein content could leasured in the final eluate which
contained the antibodies.

Since the purification techniques did not imprdve tesult, we decided in a last attempt
to use an alternative to purify the Ig moleculesrfrthe serum rather than RGC-32-
specific antibodies using the Mont&gantibody Purification Kit (Millipore). 37% of
the protein applied to the column was able to bpuaksibly due to overloading of the
column as the supplier did not specify a maximuadiog capacity for serum. Another
possibility could be that lipids in the serum coublave affected the binding efficiency.
During several washing steps more antibody was peardly eluted which might have
been again due to the aggregation of the RGC-32ipreesulting in elution of RGC-32
protein/antibody complexes. Although 2% of the wradjy bound protein (0.8% of the
entire protein applied to the column) was finallyted it could not detect the RGC-32
protein. Subsequent concentration of the sampldymed an antibody preparation that
was able to detect RGC-32 in overexpressing DGUS lset not in BJAB. Therefore, it
can be concluded that the purified anti-RGC-32 giaecleaner result but can only
detect protein which is expressed at a relativegjh hevel and may not be efficient
enough to detect endogenous RGC-32. For all mphdurexperiments, | therefore used
the original anti-RGC-32 unpurified serum.

Surprisingly, the EBNA 3C-expressing BJAB cell lIB&C-3 which showed a 14-fold
higher expression of RGC-32 mRNA compared to BJZB did not express detectable
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protein. This observation led to the suggestion tha RGC-32 protein was degraded
either during or after translation thus hamperiegedtion. However, treatment of the

BJAB cell lines pZ2 and E3C-3 with the proteasomtahitor MG132 did not increase
the RGC-32 protein expression making this possyhiinlikely.
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6 Regulation in B cells - interplay between RUNX and
RGC-32

6.1 Introduction
During the course of this study it was reported tkraockdown of the transcription

factor RUNX1 resulted in reduced RGC-32 mRNA exgi@s in rat periovulatory cells
(Jo and Curry, 2006). Subsequent studies indetitiR&JNX binding sites in the rat
RGC-32 promoter (Park et al.,, 2008). RUNX familyoteins play key roles in B
lymphogenesis and have been shown to be diffefignéigpressed in different forms of
EBV latency (Spender et al., 2002a; Spender eR@05a). This differential regulation
results from the upregulation of RUNX3 transcriptisy EBNA 2 in EBV-positive cells
exhibiting the latency 1ll phenotype (Spender et 2005a). RUNX3 directly represses
transcription of RUNX1 leading to RUNX1 downregudat in latency Il (Spender et
al., 2005a).

6.2 RGC-32 and RUNX1 mRNA expression is upregulated in
latency | compared to latency Il
Initial experiments were carried out to verify éiféntial RUNX1 and RUNX3

expression in a panel of EBV-negative and EBV-pasiB cell lines. Real-time PCR
results revealed that RUNX1 mRNA expression wagbéer in EBV-negative cell lines
but generally expression was increased in Burlgtisphoma group I cell lines and cell
lines which have a deletion of the EBNA 2 gene carag to cell lines displaying a
latency IIl pattern of gene expression (Figure 5ZM)ese results are consistent with
previously published data and western blot analgsisfirmed that RUNX1 protein
expression was similar to mMRNA expression in tHepanel (Figure 52B), (Spender et
al., 2002a).

RUNX3 mRNA expression was also found to broadlyofel the reported pattern of
higher expression in latency Il cell lines compmhte latency | cell lines and was
expressed in EBV-negative cell lines at a simiael to latency lll lines (Figure 53A).
The RUNX3 mRNA levels for EBNA 2-deleted cell linearied with Daudi and OKU
showing expected lower levels but Sal and P3HRAlalyg;ng higher mRNA levels. It is

important to note
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Figure 52 — RUNX1 mRNA and protein expression. (ARealtime PCR analys
of cell panel cDNA was carried out in duplicate amatmali®d to GAPDH expressic
The graph shows the mean of 3 independent expeismérstandard deviation. *Raji ce
have a deletion of the EBNA 3C gen@®) Western blot analysis. Cell lysates w
separated using a 10% NuPAGE Novex Bis-Tris gel @R runimg buffer (Invitrogen’
Proteins were detected using anti-RUNX1 (1:40, Cahlmon, ab-2) and anfietin
antibody (1:5000, Sigma). Bands were visualised W&ifH..



RUNX3/GAPDH mRNA levels relative to DG75

6-150

(A)

— - —_ = _— = =
LR e88s§§258853z2220288¢8
S5 Q ExXx o <30 »=>5< =205 ¢g¢d
\ A A A A =t
Y Y Y Y
EBV- EBV+ EBV+ EBV+ EBV+ LCLs
Latency | Latency lll Latency lll Latency Ill

EBNA2-deleted

(B)

— o ™
0 J— = < WO oW
O m © _ & ® [0 o _ImOHNOO
NI ET SEE 2I=2 249 agggd
= = 4
RREE TSI 3PFE sagocls
) j

t 3 (" &‘32‘.‘~ RUNX3

T — m«.-—.”.—a.——‘—r ”g——.--~- Actin

Figure 53 — RUNX3 mRNA and protein expression. (ARealtime PCR analysis
cell panel cDNA was carried out in duplicate andnmalised to GAPDH expression. 1
graph shows the mean of 3 independent experiménttandard deviatior(B) Western blc
analysis. Proteins of cell lysates were separasatjia 10% NuPAGE Novex BiBris gel ir
MOPS running buffer (Invitrogen). Proteins were ed¢¢d using anfRUNX3 (1:500
Calbiochem) and anti-Actin antibody (1:5000, Signfi&gnds were visualised with ECL
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however that RUNXS3 real-time results were quitealale reflected in the larger error
bars for the some cell lines. Western blot analgb@wed a much clearer upregulation
of RUNX3 protein in latency lll-expressing cell éa and reduced protein levels in
latency I-expressing cell lines (Figure 53B). RUNX®8otein expression in EBV-
negative cell lines was similar to latency Ill-eapsing cell lines.

Significantly when real-time PCR analysis of RGC+8RNA expression levels was
carried out, the results showed that they corrélatell with RUNX1 expression levels
in the cell panel. Thus, RGC-32 was expressedghieist levels in EBV-positive group |
Burkitt's lymphoma cell lines and at lowest levals EBV-negative, latency Ill-
expressing Burkitt’'s lymphoma cells lines and LQESgure 54A). RGC-32 mRNA
expression for EBNA 2-deleted latency lll-expregsioells varied. These results
indicated that RGC-32 could be regulated by RUNiXhuman B cells.

6.3 RUNX1 activates the RGC-32 promoter

Luciferase reporter assays were carried out tosinyate the effects of RUNX1c on the
RGC-32 promoter. DG75 cells were transfected bytedporation with increasing
amounts of the RUNX1c-expressing plasmid pBK-CMVN¥X1c, the B cell isoform
of RUNX1 (Spender et al., 2005b). Figure 55 shohat the RGC-32 promoter is
activated by up to 2.2-fold with increasing expr@ssof RUNXI1c indicating that
RUNXI1c is able to increase RGC-32 transcriptiohuman B cells.

6.4 Investigations of the RUNX-binding sites of the RGE32
promoter

Since RUNX1 was able to activate RGC-32 transaiptihe promoter region used in
the reporter construct (RGC-32pLuc) was examinegdRIONX1-binding sites. RUNX

family proteins all recognize the consensus seqé@@BTGGT. A potential RUNX

binding site (-777 to -772) was identified which svaresent in the RGC-32pluc
promoter construct used for luciferase assays (€i§6). Using the transcription factor
binding prediction program Matinspector (http://wwg@nomatix.de/online_help/
help_matinspector/matinspector_help) another RUNXHhg site was found in further
upstream sequences of the RGC-32 promoter whicle wet included in the pGL2-

RGC-32pluc construct. Therefore, a plasmid contgithe previously cloned sequence
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Figure 55 — Luciferase assayDG75 cells were transiently transfected \
different amounts of RUNX1c-expressing plasmid (pBKXZRUNX1c), (2.5, !
and 10ug), 2 ug of a Renilla luciferase plasmid to determine the transfe
efficiency and 4ug of a firefly luciferase reporter plasmid contaigpithe RGC32
promoter. (A) This graph shows the results of 3 independent rexpats +/-
standard deviation. The values for firefly lucifegaactivity (RGC32 promote
activation) were corrected by dividing them by traues for theRenilla luciferast
activity. RGC-32 promoter activation is displayedative to the RUNXInegative
control. (B) Western blot analysis for RUNX1c (1:40, Calbiochexypression.
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ATATCCCTAG
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Figure 56 — RGC-32 promoter sequences within the RG32pluc plasmid. The enzyme restrictic

sites are highlighteéh different colours: Kpnl (red), Hindlll (turquee), Xbal (light gray), Nhel (yellow). TI
RUNX-binding site used for mutation is highlightedgink, additional RUNXbinding sites are highlighted in d:

red. The transcription start site is highlightedlark yellow. The point mutation from C to T ighlighted in dar

grey.
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as well as an additional upstream sequence (pGLEZ-BPpluc-up) was created in the
lab by Felicity Poulter. Luciferase assay resuétgenled that the additional RUNX-
binding site did not have an augmenting effect ba RGC-32 promoter activity

indicating that it may be non-functional (Figure®j7

To verify whether RUNX1c binds and activates the@R& promoter via the RUNX-
binding site in the original promoter constructesiirected mutagenesis was performed
to mutate the RUNX binding site from TGTGGT to TGIIT which has been
previously shown to abrogate RUNX1-binding (Bristamd Shore, 2003). Sequencing
analysis of the plasmid confirmed the 3 bp mutatainthe RUNX-binding site,
however, a random point mutation further downstrdemm the RUNX-binding site
was also detected. An RGC-32 promoter fragment frad60 to -750 (Kpnl/Nhel
fragment) excluding the mutation was therefore kuted. To update the luciferase
reporter plasmid from the pGL2 to the pGL3 backgehusubcloning of this fragment
was carried out, in conjunction with the downstrganmmmoter region from the original
RGC-32pLuc plasmid into pGL3 basic. Sequencingltesavealed that the subcloning
was successful, but despite the attempt to rewetihé original promoter sequence to
avoid the point mutation from C to T, this base \wgain mutated. Since sequencing of
the original RGC-32pLuc plasmid did not containstpoint mutation, the mutation of

the wild-type plasmid may have occurred during atpé plasmid preparations.

The pGL3-RGC-32pluc construct containing the RGOp82moter was then tested for
activation by RUNX1c. Luciferase assay results ata@ a similar activation of the
RGC-32 promoter of approximately up to 2.3-foldwithcreasing RUNX1c expression
(Figure 57B). Surprisingly, the RGC-32 plasmid @ning the mutated RUNX-binding

site was also activated to the same extent by RUNXdicating that RUNX1c may

activate RGC-32 through an alternative site.

Together these results suggest that RUNX1 doebindtthe RGC-32 promoter directly
via two of the identified RUNX-binding sites. Threeore potential RUNX-binding
sites present in the original RGC-32pLuc promotarstruct need further investigation
to identify whether RUNX1c targets the RGC-32 préenovia these sites. Another
possibility may be that RUNX1 activates the RGCpB@moter in an indirect manner
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Figure 57 —DG75 cells were transiently transfected with insie@ amounts of the RUNX1c-
expressing plasmid (pBK-CMV-RUNX1c), (2.5, 5 andid), 2 ug of aRenilla luciferase plasmid
determine the transfection efficiency anggta firefly luciferase reporter plasmid containi#®) the
RGC-32 promoter or the RGC-32 promoter with additionpstream sequences (R@2- up
containing an additional RUNX-binding site (B) the RGC-32 promoter or the RG2- promote
with a mutated RUNX-binding site. The graph shows thsults of 3 independent experiments +/-
standard deviation. The values for firefly lucifeeaactivity (RGC-32promoter activation) we
corrected by dividing them by the values for tRenilla luciferase activity. RG@2 promote
activation is displayed relative to the RUNX1-negattontrol.
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by upregulation of another transcriptional activattich may be able to bind the RGC-

32 promoter and promote transcription.

6.5 Investigations of the role of RUNX3 in RGC-32
upregulation

Since RUNX family proteins recognise a common gfie,other RUNX family member
expressed in B cells, RUNX3, was examined for ffsots on the RGC-32 promoter.
Surprisingly, luciferase assay results showed RENX3 was able to activate the
RGC-32 promoter to a similar extent as RUNX1c @I8) (Figure 58A). These results
indicate that RUNX1c and RUNX3 are individually ebto activate the RGC-32
promoter in transient reporter assays in DG75 c#llsstern blotting confirmed the

increasing amounts of RUNX proteins expressed (Ei§8A).

6.6 Investigating the effects of RUNX1 upregulation orRGC-
32invivo

RUNX1 expression was shown to be downregulated WR&NX3 is expressed
(Spender et al., 2005a). In turn, when RUNX3 isdikeal down in LCLs, RUNX1c
MRNA expression increases (Spender et al., 200bdgrestingly, expression of
RUNX1c in LCLs results in B cell death. Since RUNXas able to activate the RGC-
32 promoter in reporter assays, the effects of emed endogenous RUNX1c
expression were examined in LCLs. RUNX3 expressi@s reduced using SiRNA-
expressing plasmids (gift from Paul Farrell). Tl ILCLs were transfected with the
control empty vector or two different plasmids eegging RUNX3 siRNA (siRNA 30
and 118) which are hygromycin resistant. 24 hottey @aransfection hygromycin was
added to the cells and samples taken after 6, 91dndays. Real-time PCR analysis
confirmed that the RUNX3 siRNA 30 decreased RUNXPression after 6 days and
both plasmids efficiently reduced RGC-32 expressain10 and 14 days post-
transfection (Figure 59A). Western blot analyssoatonfirmed this at the protein level
(Figure 59B).
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Figure 58 —DG75 cells were transiently transfected with insheg amounts of a RUNX1c-
expressing plasmid (pCEP4-RUNX1c) or a RUNX3-expresgitasmid (pCEPRUNX3),
(2.5, 5, 10ug). All samples were also transfected with@of aRenilla luciferase plasmid
determine the trasfection efficiency and gg a firefly luciferase reporter plasmid contair
the RGC-32 promoter (pGL2-RGC-32plu¢)) This graph shows the mean of 2 indeper
experiments +/- standard deviation. The values fimfly luciferase activity (RGC32
promoter activation) were corrected by dividingrthby the values for thRenilla luciferas:
activity. RGC-32 promoter activity is displayed atve to the RUNX1/RUNX3iegative
control. (B) Western blot analysis for RUNX1c (1:40, Calbiocher®UNX3 (1:300

Calbiochem) and actin (1:5000, Sigma) expression.
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Figure 59 —IB4 cells were transfected withi@) of the control vector (p(HEBoSUPER),
RUNX3 siRNA-expressing plasmid 30 or the RUNX3 siRNA 118 and gréov 14 days i
the presence of 30@g/ml hygromycin.(A) Realtime PCR analysis of samples harve
after 6, 10 or 14 days was carried out inlohgpe. RUNX3 mRNA levels were normalis
to GAPDH levels. The graph shows the mean of dap& +/-standard deviation of
representative result from 3 similar experimeB. Protein samples were separated
10% NuPAGE Novex Bis-Tris gel in MOP@&inning buffer (Invitrogen) for Western b
analysis. Proteins were detected using anti-RUNX300, Calbiochem) and anfietin

antibody (1:5000, Sigma). Bands were visualised ®ith..
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Consistent with previous findings, RUNX1c mRNA eagsion increased with time
when RUNX3 was knocked down (Figure 60). HowevddNX1c protein expression

could not be detected in IB4 cells (data not shown)

Interestingly, RGC-32 mRNA expression increasedairsimilar way to RUNX1c
MRNA expression suggesting that RGC-32 expressionelates with RUNX1
expression and that RUNX1c may act as a transontiactivator of the RGC-32

promoter (Figure 61A).

For completeness, attempts were also made to dR@Ct32 expression at the protein
level using Western blotting with the crude RGC+3bbit serum. Surprisingly, the
RGC-32 serum produced much less background in tlaéseexperiments and clearly
detected a band of the expected molecular weighk[d) that was upregulated in line
with RUNX1 upregulation in these cells (Figure 61Bhportantly, RGC-32 was also
detected in day 6 control IB4 samples. RGC-32 esgio@ in control samples appeared
to be reduced to undetectable levels in later sasnpbssibly due to the negative effects
of RUNX1 on cell growth and may therefore correlatiéh increased cell death with

time.

6.7 RGC-32 protein is differentially expressed in EBV é&tency
As a result of the detection of RGC-32 protein bgstérn blotting in IB4 cells, a panel
of cell lysates was tested for RGC-32 protein esgimn. Western blot analysis revealed
that RGC-32 protein was undetectable in EBV-negaB\cell lines (consistent with our
previous results) and in Burkitt’'s lymphoma groupines and was only expressed in
EBV-positive latency Il cell lines (Figure 54 anéigure 62). This result was
particularly surprising given that RGC-32 mRNA exggion is lowest in EBV-negative
and latency Il cells and higher in latency | c€fsgure 54 and Figure 62).

Interestingly, two EBNA 2-deleted cell lines do retpress RGC-32 protein (P3HR1
and Daudi). Taken together, these results suglgashigh levels of RGC-32 mRNA do
not drive protein expression in group | latencyl dieles. It is possible that RGC-32
protein expression is blocked in these cell lirrzgling to MRNA accumulation and that
efficient RGC-32 translation in group Il latencyelc lines results in MRNA

degradation.
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Figure 60 — IB4 cells were transfected with 8g of the control vect
(PHEBOSUPER), the RUNX3 siRNAxpressing plasmid 30 or the RUN
siRNA 118 and grown for 14 days in the presenced6fi@)/ml hygromycin. Real-
time PCR analysis of samples harvestedr &tel0 or 14 days was carried ou
duplicate. RUNX3 mRNA levels were normalised to GAP[&els. The grag
shows the mean of duplicates standard deviation of a representative result

3 similar experiments.
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Figure 61 —IB4 cells were transfected withi@) of the control vector ()0HEBoSUPER),
RUNX3 siRNA-expressing plasmid 30 or the RUNX3 siRNA 118 and gréov 14 days i
the presence of 300g/ml hygromycin.(A) Realtime PCR analysis of samples harve
after 6, 10or 14 days was carried out in duplicate. RUNX3 mRIsvels were normalised
GAPDH levels. The graph shows the mean of duplcaté standard deviation of
representative result from 3 similar experimer. Protein samples were separated
10% NuPAGE Novex Bigris gel in MES running buffer (Invitrogen) for Wesn blo
analysis. Proteins were detected using anti-RGGeB2ns 2818 (1:750, final bleed) and anti-
actin antibody (1:5000, Sigma). Bands were visedliwith ECL
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Figure 62 - (A+B+C) Proteins of different cell lines were separated il0% NuPAGE Novex Bis-
Tris gel in MES running buffer (Invitrogen). Praisiwere detected using anti-R@2-serum (1:75!
final bleed) and anti-actin antibody (1:5000, SigmBands were visualised with ECRealtime
PCR analysis of respective cDNA is shown below eaelsté/n blot and was carried out in dupli
and normalised to GAPDH expression. The graph shbasnean of 3 independent experiments +/-
standard deviation.
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Significantly, despite no obvious effect on RGC8RNA compared to EBV-negative
cells, RGC-32 protein is generally expressed whBNA 3C is present suggesting that
EBNA 3C may play a role in regulating its expressio latency Il cell lines. However,
reanalysis of the BJAB cell lines overexpressingNBB3C where RGC-32 mRNA is
upregulated confirmed our earlier results that R&Jprotein is not expressed in these
cells. It is therefore possible that RGC-32 protexpression is also inhibited in EBV-
negative cells, but that our results in BJAB celicovered an effect of EBNA 3C on
RGC-32 gene expression that may be masked by dggichdation of RGC-32 mRNA
in LCLs.

6.8 Investigations into the potential translational inhibition of
RGC-32 expression

In the first set of experiments we investigated thibe translation of RGC-32 mRNA
was prevented by a block to nuclear export. Cellfiactionation was carried out to
obtain total nuclear and cytoplasmic RNA samples donalysis from a number of
different cell lines using protocols kindly provileby Katherine LB Borden

(Topisirovic et al., 2002; Topisirovic et al., 200Western blot analysis for nuclear
(SPT16) and cytoplasmic (actin) proteins in samga&en from fractions prior to RNA

extraction confirmed generally efficient fractiolet although some cytoplasmic
contamination was detected in nuclear samples #&885 and Mutu llI cells (Figure

63A). Cytoplasmic fractions were however free frootlear contamination. Real-time
PCR analysis for RGC-32 and a control for translated exported mRNA, GAPDH,
detected both messages in both the nucleus anplagto (Figure 63B). In all cell lines
examined GAPDH mRNA was present at increased lendlse cytoplasm compared to
the nucleus. Although RGC-32 mRNA was present érthcleus, RGC-32 mRNA was
detectable in the cytoplasm. It is therefore umjikthat a block to nuclear export
prevents RGC-32 expression. Nonetheless, it is rappahat RGC-32 mRNA is

exported less efficiently or to a lesser degreen tsAPDH mRNA. It is therefore

possible that specific mechanisms exist to prel®AC-32 mMRNA translation in the

cytoplasm.

Interestingly, another family of small CDK activedo(Rapid INducer of G2/M
progression iDocytes) RINGO have been described that are algedub regulation
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Figure 63 —Cellular fractionation(A) Protein lysates of cytoplasmic (cyt) and nucleaic]
fractions of BJAB cell lines pZ3 and E3C-3, the LCL 285 and the Burkitt's lymphoma ¢
lines Mutu | (group I) and Mutu III (group Ill) werseparated in a 4-12% NuPAGE Novex Bis-
Tris gel in MOPS running buffer (Invitrogen). Privte were detected using aiRT16 antiboc
(1:500, Santa Cruz) or anti-actin antibody (1:508[@ma). Bands were visualised with ECL
(B) QPCR analysis of cytoplasmic (cyt) and nuclear (ritegitions of BJAB cell lines pZ3 a

E3C-3, the LCL HK285 and the Burkitt's lymphoma cell lgn&lutu | (group 1) and Mutu |
(group 1I). The graph shows the mean of duplicatésstandard deviation of RGB2 mRNA

levels and GAPDH mRNA levels.
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at the level of translation. The RINGO/Speedy fgngihcompasseXenopus RINGO
(XRINGO/Speedy), human RINGO/Speedy A (spyl, RINGY RINGO/Speedy B
(RINGO 4), RINGO/Speedy C (RINGO 2), RINGO/Speedy (RINGO 5) and
RINGO/Speedy E (RINGO 1) (Cheng et al., 2005; Divearet al., 2005)Xenopus
RINGO/Speedy was shown to share 40% identity witméin RINGO/Spyl. RINGO
has shown similar features to RGC-32 in binding antivating CDK1 (Badea et al.,
2002; Ferby et al., 1999), (reviewed in (Gastwirale 2007)). However, no homologies
exist between RGC-32 and the RINGO protein familtha amino acid level (Porter et
al., 2002). RINGO protein expressionXenopus oocytes is undetectable since binding
of the RNA-binding protein Pumilio-2 (PUM2) to spiéx sequences in the 3'UTR
represses translation (Padmanabhan and Richtef).2B@milio-2 is a translational
repressor that plays an important role in antgumsterior patterning and germ cell
development irDrosophila (Asaoka-Taguchi et al., 1999; Murata and Whari$95;
Parisi and Lin, 1999; Wharton et al., 1998). Due¢h® similarities in function between
the RINGO family and RGC-32, the 3'UTR of RGC-32snexamined for Pumilio-2
binding sites. Human Pumilio-2 was shown to interagth DAZL (Deleted in
AZoospermid-ike proteins) which is known to interact with mRNAsading to
recruitment of the translation initiation factomsldore et al., 2003). Pumilio-2 may
therefore inhibit initiation factor recruitment. Rio-2 binds human PUM2 binding
element 1 (hPBE1) which contains the sequence UNNNBGUA or the human
PUM2 binding element 2 (hPBE2) which contains tbguence UAUANNUAGU (Fox
et al., 2005). However, the authors suggest thatléhgth of the random nucleotide
sequence in the middle of each binding elementveay (Fox et al., 2005). The left part
of the sequence UNUUA or UAUA is termed Box A ar tright part UGUA or
UAGU is termed Box B.

A perfect match for the Pumilio-2 binding site hEB@Box A: pink, Box B turquoise)
and three hPBE1 sites were found in the 3'UTR ef RGC-32 mRNA (Box A: red,
Box B: green) (Figure 64). However, the spacingMeen the Box A and Box B of the
hPBE1 sites is relatively large (10-23 nucleotidesinpared to previously reported
Pumilio-2 binding sites which only showed 1-2 babetveen Box A and Box B and
may therefore not be identified as hPBEL sites (@ad., 2005). However, the Pumilio-
2 binding site on the RINGO mRNA shows spacing®hilicleotides between the Box
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GUGGCGAGGECGRUGCCUGGGEEGCAGEEGECCUCCUCGGAGGGOGE0GGEGACAGACCOG
UCGCCCCGRCUCCECAGCCCOGCCCOGE00CCECCUCCGCUCCGROCGOCGAAGRCUAU
AAGAUCUAGGAACCCGAGCCGGRUGGUAGGBGOGEG0GCGGACCGUGCUGGGAGCGGOGCG
GCUGGAGCGCAGCGOCGAAGGGACUGGCAGGGCUGAAGUGUGOGGGACAGCAAGCCCCC
GAAUAGCCOCGRCUGCCACCUCGCAGGACCCAAGGCCACGCGOGCOGGRCCCAGCUGAG
COGCCUCAUGAAGCOGCCCGOGE0GCAGERCAGCCCOGCGEC0GC0GCGECOGRCAGECC
CGGECOCUGGACUCGECGECCEGGAGGACCUGUCGGACGOGCUGUGCGAGUUUGACGOG
GUGCUGGCCGACUUCGOGUCGCCCUUCCACGAGCGOCACUUCCACUACGAGGAGCACCU
GGAGCGCAUGAAGOGGOGCAGCAGCGOCAGUGUCAGCGACAGCAGCGGCUUCAGOGACU
CGGAGAGUGCAGAUUCACUUUAUAGGAACAGCUUCAGCUUCAGUGAUGAAAAACUGAAU
UCUCCAACAGACUCUACCCCAGCUCUUCUCUCUGCCACUGUCACUCCUCAGAAAGCUAA
AUUAGGAGACACAAAAGAGCUAGAAGCCUUCAUUGCUGAUCUUGACAAAACUUUAGCAA
GUAUGUGAAACAAGAAGUUCUGGGUCCUUUCAUCAUAAGGGAGAAGCUUCAGAAAGUUC
CGAGGACCUGCUAAAAUCAGCUACUAGAAUCUGCUGCCAGAGGGGACAAAGACGUGCAC
UCAACCUUCUACCAGGCCACUCUCAGGCUCACCUUAAAAUCAGCCCUUGAUCCCAUUUC
UGGGCAAUUUAGACAGUGAAACUGACUUUGUUUACCUGCUUGCAGCABBBIE GAACAGA
CGAUCCAUGCUAAUAUBGEAUUUUCBIBAAAACAUAGCUUUCCIIGEAAUUUAAAGUGC
BEEEA UGAAAAUAUUBGIAAUUAAUBABAUAUAGUUGGAAAUAGCAGUAAGCUUUCCCA
UUAUAAUAUAUUUUUGUAUACAAAUAAAAUUUGAACUGAAGUCUGCAAAAAAAAAAAAA
AAAAA

Figure 64 — Sequence of RGC-32 mRNA (accession nuertiNM_014059 on www.ncbi.nlm.nih.gov)
Red-coloured letters represent the coding regioprfotein translation starting with the start coddnG highlighted

in yellow and the stop cododGA highlighted in yellow. The sequence following tii®p codon represents the
3'UTR (untranslated region). The Box A sequekif¢UUA highlighted in red is followed by the Box B sequence
UGUA highlighted in green which together represboman Pumilio binding elements 1 (hPBE1). The Box A
sequencdJAUA highlighted in pink is followed by the Box B sequerdAGU highlighted in turquoise which

together represent human Pumilio binding elemerft*BE?2).
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A and Box B of the hPBEL1 indicating that a hPBEfke stontaining large spacing
between the Box elements is still recognised by ikavd (Padmanabhan and Richter,
2006). Further investigations are needed to vevifigther Pumilio-2 actually binds the
hPBE1 and 2 sites in the RGC-32 mRNA sequenceemdates its translation.

6.9 Discussion

RGC-32 mRNA was found to be downregulated whentridwescription factor RUNX1
was downregulated in rat periovulatory cells (Jd &@urry, 2006). RUNX1c mRNA
and protein expression is high in Burkitt's lympheigroup | cell lines and latency llI-
expressing cell lines lacking EBNA 2 expressioratige to latency Ill-expressing cell
lines and LCLs, where RUNXI1c is downregulated by ghresence of RUNXS.
Investigations were therefore carried out to deteemwhether RGC-32 mRNA
expression correlated with RUNX1c expression imagb of EBV-negative and EBV-
positive cell lines. Interestingly, RGC-32 mRNA sledl a very similar profile to
RUNX1c mRNA indicating that RUNX1 may regulate R@e-expression in B cells.

To follow up these observations, reporter assaye warried out to determine whether
RUNX1c was able to activate a 1.4 kb fragment ef RGC-32 promoter. A 2.2-fold
upregulation was detected in the EBV-negative logdl DG75 demonstrating a role for
RUNX1 in controlling RGC-32 expression in human @l€ Mutation of the predicted
RUNX-binding site in the promoter construct did mesult in abrogation of the RGC-
32 promoter activation. An additional RUNX-bindisge which was predicted further
upstream of the originally examined promoter seqasrappeared to be non-functional
since no increase in RGC-32 promoter activation watected. We showed that
RUNX3 can also upregulate RGC-32 promoter activabat real-time PCR results do
not show a correlation between RGC-32 mRNA levetsl &RUNX3 expression
indicating that the effects of these proteins maycbntext-dependent. However, RGC-
32 and RUNX3 protein are co-expressed in LCLs aralgroup Il Burkitt’'s lymphoma
cell line which may indicate a correlation of piatexpression regulation.

The most surprising aspect of this series of expemis came from the first
demonstration of endogenous RGC-32 protein expmessiB cells. An examination of

a panel of cell lines revealed that RGC-32 proteas consistently expressed in LCLs
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and in a group IIl Burkitt's lymphoma cell line ambme EBNA 2-deleted group Il
Burkitt's lymphoma cell lines. These results therefraise the question of why RGC-
32 mRNA expression is high in Burkitt's lymphomaogp | cell lines, but no protein
can be detected and why RGC-32 protein is not thikr in BJAB cells stably
expressing 3C despite increased RNA expression.poasibility is that the export of
MRNA from the nucleus is inhibited. Cellular framtation was carried out to
investigate whether the cytoplasmic RNA fractiomteined any RGC-32 mRNA or
whether a block in RNA export resulted in accumalabf mRNA in the nucleus. Real-
time PCR analysis revealed that a proportion of RB2OnRNA is present in the
cytoplasm so would be available for translatione@o functional similarities between
RINGO proteins and RGC-32 in CDK1 activation and fhct that the translation of
Xenopus RINGO is repressed by binding of the translatiomgiressor PUM-2 to the
3'UTR of RINGO, the 3'UTR of RGC-32 was examined 8UM-2 binding sites.
Interestingly, a perfect match for the Pumilio-2ding site hPBE2 was found. These
results indicate that a similar mechanism may prefR&C-32 translation in a cell type

dependent manner.

Initiation of MRNA translation is often controlleldy regulation of the interaction
between the eukaryotic initiation factors elF4E;46 and elF4A and 5'-cap of the
MRNA (Gebauer and Hentze, 2004). The Poly(A)-bigdorotein (PABP) was also
shown to play a role in translation initiation sndepletion of PABP from a cell-free
extract prevents initiation of mMRNA translation (Kejian et al., 2005). The 3’-poly(A)
tail is bound by DAZL and PABP which were showninteract inXenopus (Figure
65A) (Collier et al., 2005; Voeltz et al., 2001 ABP in turn interacts with elF4G and
circularizes the translating mRNA (Imataka et 5998).

The inhibition of RINGO mRNA translation by PUM2 wauggested to occur via
interaction with DAZL (Moore et al., 2003). Theredp PUM2 may interfere with the
interactions between the 5’cap and eukaryotic tatios initiation factor 4E (elF4E),

elF4G or PABP inhibiting the circularisation ancettbfore translation of the mRNA
(Figure 65B), (Menon et al., 2004; PadmanabhanRinbter, 2006). It was suggested
that PUM2 inhibition is released during oocyte mation when it dissociates from
RINGO mRNA
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Figure 65 — Potential mechanism of Pumilid® inhibition and RINGO activation.
(A) DAZL and PABP interact wih the mRNA and initiation factors that interact v
the 5'cap of the mRNA. Circularisation is necessary forNARtranslation (B)
Pumilio-2 is known to bind a Pumilibinding element (PBE) located in the 3'UTF
RINGO mRNA. Pumilio-2 is thought to inhibthe circularisation of the mMRNA |
binding the mRNA and DAZL(C) RINGO protein can activate CBEP, which bind
the CPE promoting polyadenylation of the cyclin mRNA, whishfollowed by
translation. Cyclin expression can then activate its CDK bingargner and induc

oocyte maturation.
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(Padmanabhan and Richter, 2006). DAZL and ePAB imedaassociated with RINGO
MRNA to promote its translation (Padmanabhan awtitei, 2006).

Cyclin B mRNA translation was shown to be regulatgd RINGO expression via
activation of the cytoplasmic polyadenylation eletéinding protein (CPEB) in

Xenopus oocytes (Figure 65C). CPEB binds to the 3'UTRdig cytoplasmic

polyadenylation element (CPE) which mediates payathtion together with other
factors which trigger translation of the mRNA (Ha&ed Richter, 1994; Paris et al.,
1991; Sheets et al., 1994). It may be that RGCr@2station is inhibited by Pumilio-2
in a similar manner to RINGO. It is possible thad®&32 may be involved in CPEB

activation supporting translation of target gemesived in cell cycle progression.
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7 Discussion

EBV has been causally linked to numerous typesaoter e.g. Burkitt's lymphoma,
nasopharyngeal carcinoma, post-transplant lymphiégnative disease, AIDS-
associated lymphomas as well as Hodgkin's lymphonidge virus infects and

immortalises human B cells through mechanismséatestill not fully understood.

One of the EBV proteins essential for immortalisatiEBNA 3C, has been shown to
disrupt many cell cycle checkpoints including th@/& checkpoint (Krauer et al.,
2004b; Parker et al., 2000). Previous studies Isaggested that this may be mediated
by the ability of EBNA 3C to interact and downregfel chk2 which is activated upon
DNA damage leading to cell cycle arrest via CDKAdtivation (Choudhuri et al., 2007,
Krauer et al., 2004b). The inactive form of CDK{rosine-15 phosphorylated CDK1
was also shown to accumulate at reduced levelsmglud2 arrest in EBNA 3C-
expressing cells (Krauer et al., 2004b). It is kmdwn whether EBNA 3C accomplishes
this in a direct or indirect manner (Krauer et 2004b).

To identify new downstream targets of EBNA 3C, amarray study was previously
carried out in the lab. Interestingly, the respogsee to complement 32 (RGC-32) was
found to be upregulated by 6.6-fold in an EBV-negatBJAB cell line stably
expressing EBNA 3C compared to an EBNA 3C-negdyaB cell line. The role of
RGC-32 as a CDK1 activator led us to investigatetivber RGC-32 played a role in
mediating the effects of EBNA 3C on the G2/M cheatkp We confirmed that BJAB
cells with upregulated RGC-32 mRNA showed disruptleeickpoint regulation.

In support of a role for RGC-32 overexpression leakpoint deregulation, previous
studies in the lab confirmed that stable expressfdRGC-32 alone could lead to partial
G2/M disruption in B cell lines. Therefore, incredsRGC-32 expression could be
partially responsible for G2/M checkpoint disruptidy EBNA 3C. However, this
observation could not be repeated in transienegyst This may be due to the fact that
a transfection efficiency of only 30% could be &st@d and this proportion of cells may
not be sufficient enough to display a significahepotypic change in FACS analysis.
Further, concentrations of up to 800 nM etoposide mbt fully arrest the cells
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suggesting that a higher concentration was needegh&ble proper visualisation of
G2/M checkpoint disruption. Transiently transfecte@75 cells were harvested 48
hours after transfection and were exposed to etopoafter only 24 hours. This
relatively short overexpression of RGC-32 may netdifficient enough to produce a
similar phenotype seen in BJAB and DG75 cells gtalikrexpressing RGC-32.

It is important to note that no endogenous RGC+22em could be detected in BJAB
cell lines stably overexpressing EBNA 3C showingvated levels of RGC-32 mRNA
expression whereas stably expressed RGC-32 proteild be detected in BJAB and
DG75 cells. This could not be resolved by new amibgeneration or by antibody
purification. Unfortunately, we cannot conclude wiex cell cycle checkpoint
disruption observed in BJAB cells stably expresse§NA 3C is due to RGC-32
expression or whether it may be caused by a diftggathway induced by EBNA 3C.

It is also possible that RGC-32 activates CDK1 sirailar manner to RINGO by using
small levels of protein expression which were uadetble by the antibody. It may be
that the RGC-32 protein has a relatively fast tuemoHowever, when we investigated
whether RGC-32 protein was actively degraded byptimeeasome in BJAB cell lines,
we found that treatment with the proteasome inbibMG132 did not result in
increased RGC-32 expression. However, no positisatrol was used in this

experiment and we cannot rule out the fact thaettperiment may not have worked.

We confirmed the role of RGC-32 as a CDK1 activatoritro, but could not show the
same result in EBNA 3C-expressing BJAB cells, inABJand DG75 cells
overexpressing RGC-32 or transiently overexpressii@75 cells. Surprisingly,
decreasing CDK1 activity was found in asynchron&i#\B and DG75 cells stably
overexpressing RGC-32 in cyclin B1 or CDK1 immureppitations. It is possible that
the differences in CDKL1 activity are due to usisgrechronous cells where only a small
proportion of cells are going through mitosis whé€ieK1 is active. Comparison of this
relatively small amount of CDK1 activity may theved not be sufficient enough to
detect the effects of RGC-32 on CDK1 activityvivo. To further examine the effects
of RGC-32 on CDK1 activation, the experiment colblel repeated in nocodazole-
arrested or elutriated cells to obtain mitotic gell
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Interestingly, work published during the coursetbé study showed that RGC-32
expression correlated with RUNX1 expression (Jo @udry, 2006). Jo and Curry
showed that RUNX1 gene silencing decreased RGC-BMNAn levels in cultured

granulosa cells obtained from rat periovulatoryliétds identifying RUNX1 as a

regulator of RGC-32 (Jo and Curry, 2006). This grdurther found several putative
RUNX-binding sites in the RGC-32 gene and ChIP gssavealed that RUNX1 binds
to the RGC-32 promoten vivo (Park et al., 2008). Because of differential espren of

RUNX1 and RUNXS3 in EBV latency, we examined RGC&dression and identified
RGC-32 mRNA levels that correlated with RUNX1 exgmien (Table 9). Surprisingly
however, RGC-32 protein was only detected in cedpressing the EBV latency llI

pattern where RUNX1 expression is low.

RGC-32 RGC-32 RUNX1 RUNX3
MRNA protein protein protein
e —
EBV-negative Variable/low none Variable/low Variable/high
BL group | high none high low
BL group Il and ) .
low high low high
LCLs

Table 9 — Overview of RGC-32, RUNX1 and RUNX3 expwsion in cell lines with different EBV
latency.

7.1 Why is RGC-32 protein not expressed in EBV-negative
and Burkitt's lymphoma group | cell lines?

Since EBV-negative and Burkitt’'s lymphoma groupelldines show high levels of
RGC-32 mRNA but no protein, the nuclear export ranslation of RGC-32 mRNA
may be inhibited in these cells. We showed tharapgrtion of RGC-32 mRNA is
present in the cytoplasm and is therefore availdbietranslation. Interestingly, the
RGC-32 mRNA contains numerous PUM2-binding elemdpitiM2 is known to inhibit
translation by binding to the 3'UTR of XRINGO mRNA&sd some genes involved in
cell cycle regulation e.g. Mos and cyclin B1 (Figus6) (Padmanabhan and Richter,
2006).
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Figure 66 — Pumilio-2 (PUM2) inhibits RINGO and possibly RGI2-
translation. RINGO can bind and activate CDK1 in #iisence of its cycl
and induce cell cycle progression. RGC-32 afg® shown to bind and activ
CDK1, however, it is not known whether R@2-binds CDK1 in the preser

or absence of cyclin B to induce cell cycle progaess
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RINGO/Speedy mRNA was originally discovereddenopus oocytes by 2 independent
groups. Lenormanet al. designated the novel RNA Speedy since it induet=ase of
G2-arrested oocytes into meiosis (meiotic matuntiodependently of progesterone
stimulation (Lenormand et al., 1999). SimultanepuBkrbyet al. found the same RNA
which they designated RINGOR&pid INducer of G2/M progression inOocytes)
(Ferby et al., 1999).

PUM2 antibody injection inXenopus oocytes was shown to lead to endogenous
XRINGO protein detection and Mos and cyclin B1 $éwsis (Padmanabhan and
Richter, 2006). Therefore, RGC-32 mRNA translatroay be inhibited like the cell
cycle regulators XRINGO, cyclin B1 and Mos resutim accumulation of mRNA
(Figure 66).

Although cellular fractionation assays suggestet BRGC-32 is being exported from
the nucleus into the cytoplasm, we do not know Wieany RGC-32 mRNA is being

translated in Burkitt's lymphoma group | cell lindssidence to support low-level RGC-
32 protein expression in EBNA 3C-expressing BJABsceomes from the observation
that silencing of RGC-32 gene expression had atetin the cell cycle. Reduction of
RGC-32 expression results in accumulation of dall&0/G1 confirming that RGC-32

expression may play an important role in G1/S psgiion. Therefore, small amounts of

RGC-32 protein may also be translated in Burklitaphoma group | cell lines.

To identify whether translation of RGC-32 mRNA f#hibited in EBV-negative and
Burkitt's lymphoma group | cell lines, polysome dient analysis could be carried out
to determine whether RGC-32 mRNA associates withsomes or whether this step is
inhibited. Further, the role of translation inhibit by PUM2 will be investigated to
determine whether RGC-32 mRNA is in fact bound &@sdtranslation inhibited by
PUM2 using RNA band shift experiments. Another gubty is to overexpress RGC-
32 3'UTR sequences in cells to determine whether ibsults in relieve of potential
translational repression or PUM2. It would alsoilkeresting to examine the PUM2
expression in a cell panel with different EBV latEs to determine whether differential

PUM2 expression controls RGC-32 expression.
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7.2 What is the role of RUNX in regulating RGC-32
expression?

Luciferase assays revealed that RUNX1c was abléendcease RGC-32 promoter

activity (Figure 67) but that RUNX1c does not aatey the RGC-32 promoter via the

predicted RUNX-binding site. Although RGC-32 mRNrrtslation may be inhibited

by PUM2 in group | Burkitt's lymphoma (latency RGC-32 may still be upregulated

by RUNX1c.

Therefore, this RUNX1c-mediated RGC-32 upregulatioay not result in RGC-32
expression in EBV-transformed Burkitt's lymphomagp | cell lines but may play a

crucial role in other tumour cell lines.

Silencing of RUNX3 expression led to upregulatidnrRJNX1c mRNA and RGC-32
MRNA and protein confirming a role for RUNX1c inregulating RGC-32. However,
RUNX1c protein expression could not be detected@Ls with silenced RUNX3
expression, although it is noteworthy that the iaafy publication of RUNXS3
knockdown only displayed RUNX1 mRNA indicating thé#te RUNX1c protein

expression may remain below detection limits (Seerd al., 2005a).

Additional studies are needed to identify the meadra for RUNX-induced RGC-32
upregulation. ChIP analysis of a broad range dfliceds using an anti-RUNX1 or anti-
RUNX3 antibody could show whether the RUNX proteassociate with the RGC-32
promoter and which RUNX-binding sites may be uddédwever, no appropriate anti-
RUNX1c antibody is commercially available for CrdRalysis. The only anti-RUNX1
antibody available which detects the RUNX1c isofataes not immunoprecipitate the

protein.

7.3 What is the role of EBNA 3C in regulating RGC-32
expression?

Luciferase assays revealed a low level increas®®C-32 promoter activity with

increasing amounts of EBNA 3C expression in DG7s celowever, this observation

could not be confirmed in BJAB or Raji cell linesloreover, ChIP analysis

demonstrated that EBNA 3C-expressing BJAB celldide not show increased
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Figure 67 -EBNA 2 was shown to induce RUNX3 expression. RUNX8 ichibit
RUNX1 expression. Both RUNX1 and RUNX3 can induce R&dgene transcriptic
but RGC32 translation may be inhibited by PUM2 when RUNXZExpressed. EBN
3C stabilises RGG2 mRNA as a result of translation inhibition or @mder tc
synthesise more RGC-32 protein. In B cell lines wHRENX3 is expressed, RG82
protein was detected. RG&2 protein can bind and activate CDKL1. It is notwn
whether the CDK1 activation occurs in the presemagbsence of cyclin B. Activatit

of CDK1 leads to cell cycle progression.
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polymerase Il association at the RCG-32 promoteggssting that the RGC-32
upregulation by EBNA 3C does not occur by induct@drRGC-32 gene transcription

either directly or indirectly.

Further investigations of the RGC-32 upregulatigrElBNA 3C suggested that there is
a dramatic increase in the RGC-32 mRNA half lifehea EBNA 3C-positive BJAB cell
lines E3C-3 and E3C-7 compared to EBNA 3C-negatv&rol cells. Since EBNA 3C
is not known to bind to RNA directly, it is likelhat message stabilisation by EBNA
3C results from effects on the components of avpayhthat normally promotes or
prevents RGC-32 mRNA degradation. Although the oaoray study did not identify
any RNA stabilisation or translation inhibition facs in EBNA 3C-expressing cells, it
may be possible that BJAB cells in general expthsse factors, e.g. Pumilio-2, and
repress translation of RGC-32 mRNA in the presemcabsence of EBNA 3C. The

same phenomenon may be observed in Burkitt's lymyzhgroup | cell lines.

Interestingly, Raji cells which display a deletiohthe EBNA 3C gene do not express
detectable RGC-32 protein but RGC-32 mRNA is nauawlated further suggesting
that EBNA 3C is involved in upregulation of RGC-3@. addition, since RGC-32

protein could not be detected in EBV type 2 ceile$ P3HR1 and Jijoye, our initial
studies suggested that type 1 EBNA 3C may be redtdior RGC-32 upregulation.

Two EBV types, EBV-1 and EBV-2 have been descrilfednajor difference between

the two EBYV types is found in the EBNA 2 gene wotily 64% of the gene and 53% of
the amino acid sequence conserved between typégiigdr et al., 1985). Variation in

the EBNA 3 genes was also subsequently discové&tedid et al., 1989; Sample et al.,
1990). EBV type 2 infection only rarely occurs ine$tern Europe and USA but is
common in Africa and New Guinea (Rowe et al., 1988ung et al., 1987; Zimber et
al., 1986).

Interestingly, the RGC-32 protein was expresseatbtdctable levels in EBNA 2-deleted
Burkitt's lymphoma cell lines Oku and Sal althouifieir RGC-32 mMRNA expression
resembled the phenotype observed for group | Bigkitmphoma cell lines. However,
the same observation could not be made for the EBMleted Burkitt's lymphoma
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cell line Daudi. It is therefore possible that Dacells contain changes in the EBNA 3C

gene or protein.

In addition, an obvious difference between the te#s Oku, Sal and Daudi is their
time of extraction. The Daudi cell line has beetalisshed in 1968 whereas the cell
lines Oku and Sal have been established in 1998gstaw et al., 1999; Klein et al.,
1968). The differences in RGC-32 protein expressimght therefore be due to the fact
that Daudi has been passaged many times which rhagre resulted in the change of
phenotype which has not occurred for the cell li@dsi and Sal which are relatively
new cell lines. It could also be possible thatrttechanism by which EBV immortalises
cells has slightly changed with time and allowed(R& protein expression. Further

experiments examining EBNA 2-deleted cell linesrageded to verify this observation.

It would be interesting to examine another panedadiflines including cells which only
differ in EBNA 3C and/or EBNA 2 expression to fugthinvestigate the correlation
between RGC-32, RUNX, EBNA2 and EBNA 3C expressifar, example, Martin
Allday’s virus constructs with deleted EBNA 3C oBHEA 3A in different BL cells
(Young et al., 2008). However, RGC-32 may alsonbehited in those cell lines.

Although ChIP analysis showed that EBNA 3C expassn BJAB cell lines does not
result in activation of RGC-32 transcription, itgessible that EBNA 3C may target the
RGC-32 promoter via the other two predicted RBRydpa sites in cell lines expressing
detectable RGC-32 protein. Therefore, ChIP analysisg the anti-EBNA 3C antibody
could be repeated in LCLs and Burkitt's lymphomaugyr 111 cell lines to confirm this.

7.4 What is the mechanism of CDK1 activation by RGC-32?

A novel protein family, RINGO/Speedy, has been shdw be functionally similar to
RGC-32 and can induce cell cycle progression afjhqurotein expression could not be
detected inXenopus during oogenesis and early embryogenesis, (review¢@astwirt
et al., 2007)).

Like the RINGO family, RGC-32 was found to be abbebind and increase CDK1
activity in vitro (Badea et al., 2002). Kinase assays using recomiR&C-32 protein

could confirm this result. However, Saigugaal. reported that RGC-32 was not able to
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interact with CDK1in vivo (Saigusa et al., 2007). This suggestion was made thiey
immunoprecipitated FLAG-RGC-32 in HEK 293-T cellsttwan anti-FLAG antibody
and failed to see cyclin B1 as a co-immunopredipitdlowever, the conclusion of
Saigusaet al. implies that RGC-32 binds to the CDK1/cyclinB1 quex instead of
competing with cyclin B1 for CDK1, neither of whidtas been shown to date. Since
RGC-32 is also phosphorylated by CDK1 like cyclith, Bt might be able to replace
cyclin B1 in the cyclin B1/CDK1 complex as observied RINGO family members
(Badea et al., 2002), (reviewed in (Gastwirt et 2007)). XRINGO can bind cyclin B
and CDK1 individually but not the CDK1/cyclin B cqbex further confirming that the
RINGO family can activate CDK1 in the absence ofliey B (Ferby et al., 1999).
Immunoprecipitation assays using an anti-cyclin Bdtibody may therefore not
immunoprecipitate RGC-32 and it can therefore mottncluded that RGC-32 does not
bind CDK1. To further investigate the function ofsR-32, kinase assays could be
carried out to examine whether RGC-32 can actiZid&1 in the absence of cyclin B1.
Immunoprecipitation assays could also be used terméne whether RGC-32 can bind

CDK1 and cyclin B1 individually or whether it assates with the complex.

Interestingly, RINGO family members were shown t@mide the effects of inhibitory
CDK1 phosphorylation and that Mytl expression, \whicatalyses the inhibitory
phosphorylation of CDKs, cannot reduce RINGO/CDKI1ivdty to the same extent as
cyclin B/CDK1 (Karaiskou et al., 2001). RINGO/CDHKittivity could not be reduced
due to less inhibitory CDK1 phosphorylation by MyKaraiskou et al., 2001). RGC-32
may also able to overcome the inhibitory CDK1 phmsplation since RGC-32-
overexpressing BJAB cells showed that a proportrcells continue cell growth
despite DNA damage and Tyr-15 phosphorylation oKCDTherefore, the mechanism
of CDK1 activation by RGC-32 remains to be fully@dated.

Additionally, XRINGO has been shown to induce CDéctivation independent of Thr-
161 phosphorylationn vitro and in vivo and is required for progesterone-induced
oocyte maturation (Ferby et al., 1999; Karaiskouwalet 2001). RINGO was further
shown to bind and activate CDK2 in the absenceasofyclin and independent of Thr-
160 phosphorylation in mammalian cells where RIN@Gtein is detectable (Karaiskou

et al., 2001; Porter et al., 2002). Therefore,auld be interesting to determine whether
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the CDK-activating kinase CAK is needed to medi&®&C-32-induced CDK1
activation. Transfection assays using a FLAG-taggedtor expressing the T161A
mutant of CDK1 compared to wild-type CDK1 could larried out. CDK1
immunoprecipitates could then be used in kinasayast® examine whether RGC-32 is
still able to activate CDK1 when Thr-161 is mutated

Interestingly, RGC-32 is unable to enhance CDKlvigtin the presence of p5¥*

(Badea et al.,, 2002). In contrast, RINGO-activat@dK1 cannot be inhibited by
expression of another CDK inhibitor, p21, which wa®wn to inhibit progesterone
induced CDK1 activation in oocytes (Barnes et aD03; Karaiskou et al., 2001,
Lenormand et al.,, 1999; Porter et al., 2002). Thaelsgervations highlight different

modes of action of these two CDK1 activators.

7.5 What is the role of RGC-32 expression in LCLs?

RGC-32 protein was only detected in Burkitt's lynopie. group Il cells and LCLs
indicating that RGC-32 may play an important ratecell proliferation in these cell
lines. Interestingly, preliminary experiments cadriout by Andrea Gunnell showed that
stable expression of RGC-32 siRNA in the LCL IBdds to cell death indicating that
RGC-32 is essential for cell proliferation in LC{@ur unpublished data).

In support of a tumour promoting role for RGC-32¢ expression of the novel CDK1
activator RGC-32 is deregulated in numerous tumeugs ovarian, colon, breast and
prostate cancers and therefore appears to be @wolm tumour development
(Donninger et al., 2004; Fosbrink et al., 2005; &aet al., 2003). Furthermore,
inducible overexpression of testis-specific prot¥n(TSPY) in HelLa cells has been
reported to upregulate RGC-32 and to acceleratgr@ssion through G2/M (Oram et
al., 2006). Interestingly, TSPY has been shownedaipregulated in gonadoblastoma,
testicular germ-cell tumours, prostate and liverceas and in melanomas (Gallagher et
al., 2005; Lau, 1999; Lau et al., 2003; Yin et &Q05). Its effects on cellular
proliferation are further supported by the obseorathat RGC-32 is upregulated during
tissue regeneration and remodelling (Blaxall et2003; Lim et al., 2002; Strom et al.,
2005). Due to the suggested role of RGC-32 as a Laxdfivator, the protein may play

an important role in tumour development. FurtheGAR32 protein may also be
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expressed during early stages of EBV infection isudubsequently downregulated in

some cell lines, e.g. Burkitt’'s lymphoma group Il tees.

7.6 RGC-32 — Oncogene or tumour suppressor?

Despite its role in cell proliferation, RGC-32 halso been described as a potential
tumour suppressor gene which was shown to be deletmalignant gliomas. RGC-32
was shown to suppress growth when re-introduced i® glioma cell lines.
Overexpression of RGC-32 in HelLa cells also afféctell cycle progression by
delaying the G2/M transition (Saigusa et al., 200%)s therefore possible that the
biological effects of RGC-32 may differ betweenl egld tumour types.

P53 has also been implicated in the regulation®€FR32 expression. Both, p53 null U-
373 MG cells and mutation of the p53 gene in primastrocytomas resulted in a
decrease of RGC-32 mRNA expression (Saigusa €2@7). Expression of p53 in p53
null U-373 MG cells showed induction of RGC-32 mRN#Aa p53 binding to a
regulatory element in the RGC-32 gene (Saigus,&2GD7).

P53 is known to become activated upon DNA damdgpzefore, it may be possible that
RGC-32 expression is repressed or activated by(lp58re 67). The turnover of normal
p53 protein occurs rapidly and can only be deteictextll lines with mutated p53 (Lane
and Benchimol, 1990). It does not appear howe\adrttie presence of wild-type versus
mutant p53 in the cell panel we examined correlatiés RGC-32 mRNA or protein
expression since Ramos, Raji and P3HRI cells displatated p53 and BJAB, Akata,
Jijoye and LCLs e.g. IB4 show wild-type p53 (Fdretlal., 1991).

In summary, these studies have identified anotbéential mechanism by which EBV
can override cell cycle control. Cell lines expregEEBNA 3C have shown upregulated
RGC-32 mRNA expression which could potentially lgadincreased CDK1 activity.
RGC-32 is most likely essential for cell survival LCLs and its expression may be
induced by RUNX1c in B cells. Further investigagomto transcription control of
RGC-32 will provide vital information of how and whRGC-32 is expressed
differentially in EBV latency. Considering the iddred functions of RGC-32, it is
possible that RGC-32 upregulation is vital for EBMuced tumourigenesis and may be

a target for tumour therapies.
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8.1 Cell lines
8.1.1 EBV-negative cell lines
Cell line EBV Description Reference
status
Hela Nedative Human cervical carcinoma from a 31-yea(Scherer et al.
9 old woman transformed by HPV-8. 1953)
.| African lymphoma originally classed as BL (Menezes et
BJAB | Negative but lacks c-myc translocation. al., 1975)
BJAB Negative BJAB cells stably transfected with (Wang et al.,
pZ 9 pZipNEOSV(X) empty vector. 1990a)
BJAB Negative BJAB cells stably transfected with (Wang et al.,
E3C 9 pZipNEOSV(X) expressing EBNA 3C. 1990a)
. BL from the pleural effusion of a 10-year- (Ben-Bassat
DG75 | Negative old boy with Burkitt’s lymphoma. et al., 1977).
Ramos | Negative American-type BL of a 3-year-old.boy (Klig;g; al,
AK31 | Negative An EBV-negative subclone of Akata. (Jenzk(l)rg)so)e tal.
8.1.2 Group | Burkitt's Lymphoma cell lines
Cell line EBV Description Reference
status
e —|
] . (Klein et al.,
Rael Type-1 African BL 1972)
Elijah Type-1 BL
Akata Type-1 Japanese BL with t(8;14) translocation(Tad(lagdg"’ll)e tal.
Mutu I clone Tvpe-1 African BL derived from a 7-year-old (Gregory et
179 yp black male. al., 1990)
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8.1.3 Group Il Burkitt's Lymphoma cell lines

Cell line

EBV
status

Description

I ————
African BL with t(8;14) translocation. Virugs (Pulvertaft,

Reference

Raj Type-1 has deletion of part of EBNA 3C gene. 1964)
Raji 13.6 Tvpe-1 Raji cells stably transfected with the empty(Allday et al.,
Raji 13.6.4 yp vector pSV2Hyg. 1993)
Raji 11.2.1 Raji cells stably transfected with the (Aliday et al
Raji 11.2.5 | Type-1 | pSV2E3/4 plasmid containing the EBNA 193;33) "
Raji 11.5.8 3C gene.
Mutu 111 African BL derived from a 7-year-old black
) . (Gregory et
clone Type-1 | male. Mutu BL drifted in culture to express
al., 1990)
48 a latency Il pattern.
N ) (Pulvertatft,
Jijoye Type-2 BL 1964)
| BL with deletion of EBNA 2 gene and part (Henle and
P3HR1 Type-2 of LP gene. Henle, 1966)
. BL from 16-year old African boy with (Klein et al.,
Daudi Type-1 deletion of EBNA 2 gene. 1968)
(Habeshaw et
Oku-BL Type-1 East African BL with deletion of EBNA 2|  al., 1999;
gene. Kelly et al.,
2002b)
(Habeshaw et
East African BL with deletion of EBNA 2| al., 1999;
Sal-BL Type-1
gene. Kelly et al.,

2002b)
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8.1.4 Lymphoblastoid cell lines

Cell line

EBV
status

Description

Reference

spLCL Type-1 spontaneous lymphoblastic tak
LCL3 Type-1 | B cells transformed with EBV strain B85 (Sinclair et
' al., 1994)
B cells from the EBV-negative tumour
1 | tissue of an 8-year-old Caucasian boy wijtiiLenoir et al.,
IARC 171 | Type-1 Burkitt's lymphoma (same patient as 1985)
BL41) were infected with EBV.
i Umbilical cord B-lymphocytes infected| (King et al.,
B4 Type-1 with EBV strain B95-8. 1980)
B cells were transformed with an EBNA
3B knockout virus (on a B95.8 Gift from
PER149 Type-1 background)This cell line was originally | Heather Long
called PER142.
PER253 Type-1| B cells transformed with EBV straBbEB. Gift from
Heather Long
i Hong Kong buffy coat donor B cells andfis Gift from
HK285 Type-1 transformed with EBV strain CKL. Heather Long
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8.2 Plasmids
Plasmid Information Generated by /
company

pSG5 Expression vector Stratagene

pSG5 2A The entire EBNA 2 open reading frame of EBW¥sang et al.
strain W91 under the control of the SV40 early991). Gift from
promoter in the vector pSG5 M. Rowe

pSG5 3C pSG5 EBNA 3C contained a deletion in épeat| (Radkov et al.
region of EBNA 3C (aa 571 to 610). The 1.5 |kb997; West e
Bglll fragment of pSG5 EBNA 3C was replacedl., 2004).
with the corresponding 1.6kb Bglll fragment fragnbRepaired by H
EBNA 3C-pZip-neoSV to repair the deletion. Webb

pRL-CMV CMV immediate-early enhancer/promoter regipPromega
which provides strong, constitutive expression of
Renilla luciferase

pFLAG pFLAG-CMV-2 expression vector with FLAGSigma
sequence at position 928-951.

pFLAG RGC-32 RGC-32 was amplified from BJAB E3CWdng| Created by,
et al., 1990a) cDNA using the RGC-32 primer |sklelen Webb
and cloned into pFLAG-CMV-2 as an
Xbal/BamH1 fragment.

FRT pcDNAS/FRT Invitrogen

FRT pFLAG RGC-32| FLAG-RGC-32 was cut out of the pid-RGC- | Created by,
32 plasmid as a Sacl/Smal fragment and the Sdelen Webb

overhang was blunt ended using mung b
nuclease and the fragment cloned i
pcDNAS/FRT cut with ECoRV.

ean
nto

pBK-CMV-RUNX1c

The pBK vector expressing the RUNXdoform
1c under control of the CMV promoter.

Gift from Paul
Farrell

RGC-32 pLuc (pGL2)

A 1.2 kb fragment (approximatel{150 to +62
relative to predicted transcription start site)tiod
RGC32 promoter was amplified from genon
DNA and cloned into pGL2-Basic cut wit
Hindlll/Kpn1.

Created
Helen Webb
nic
h

by,

RGC-32pLuc (pGL3)

The RGC-32 promoter fragment vea with
Hindlll/Kpnl out of RGC-32pLuc (pGL2) an
cloned into a pGL3-Basic vector.

Created by S
dSchlick

RGC-32pLuc mut
(pGL3)

Contains mutated RUNX1-binding site in t
RGC-32pLuc plasmid. The mutated proma
sequence was cut with Hindlll/Nhel/Kpnl al
inserted into the pGL3 basic vector express
firefly luciferase.

h€reated by S
t&chlick

nd
ing

pCp-1425-GL2 Contains the SaulllA fragment of th@gr@moter| Created by
(EBV nucleotides 9911 to 11340) in the pGLE. Nitsche
basic vector expressing firefly luciferase.

pmaxGFP Vector expressing fluorescent GFP. Amaxa

pET RGC-32 RGC-32 was cut out of pFLAG-RGC-32 &ah| Sigma and
I/BamHI fragment and cloned into pET16lcreated by,
(Sigma) digested with Xho I/ BamHI. Helen Webb

pCEP4 Expression vector Invitrogen
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pCEP4 RUNX1c Expresses the B cell isoform of RUNKGift from P.
RUNX1c. Farrell (Spendef
et al., 2005a)
pCEP4 RUNX3 Expresses RUNXS. Gift from |P.
Farrell (Spendef
et al., 2005a)
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Gene Sequence

GAPDH QPCR primer set|
MW 84 (forward primer)
MW 85 (reverse primer)

TCAAGATCATCAGCAATGCC
CAT GAG TCC TTC CAC GAT ACC

RGC-32 QPCR primer set
MW 86 (forward primer)

MW 87 (reverse primgr

TTATAG GAACAGCTTCAG CTTC

CTG AGG AGT GAC AGT GGC AG

RUNX1C QPCR 1st exon

primer set
MW 349 (forward primer)
MW 350 (reverse primer)

AAC CAC AGA ACC ACA AGT TGG
TTG CAT TCAGTG TGATTC GTC

RGC-32 for RUNX1 site-

directed mutagenesis
MW 351 (forward primer)

MW 352 (reverse primer)

CTACAT TTAATT AGC CGT CTG CTT TGA GAG GCG
AGA GGC
GCC TCT CGC CTC TCA AAG CAG ACG GCT AAT TAA
ATG TAG

RUNX3 QPCR primer set
MW 353 (forward primer)

MW 354 (reverse primer)

ATT GCT CTT CCT ACC CCATCC CCC
CGT GCTTCC TAC ATC AGT GTGTTT
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Antibody Host Dilution Information Reference/
company
Anti pFLAG mouse 1:500 monoclonal Sigma
Anti pFLAG , :
purified (M2) mouse 1:200 monoclonal Sigma
. . 1:500 to
Anti RGC-32 rabbit 1:1000 polyclonal Eurogentec
Anti EBNA 3C mouse 1:300 monoclonal (Maunders et
(A10) ' al., 1994)
Anti EBNA 2 , (Young et al.,
(PE2) mouse 1:300 monoclonal 1989)
M. Stacey human 1:200 polyclonal Gift from M.
serum Rowe.
Cyclin B1 rabbit 1:2000 polyclonal Santa Cruz
Cyclin B1 mouse 1:2000 monoclona Santa Cruz
pCDK1 rabbit 1:1000 Santa Cruz
CDK1 mouse 1:1000 monoclonal Santa Crug
CDK1 mouse 1:1000 monoclonal (Zymed)
Invitrogen
RUNX 1 rabbit 1:40 polyclonal Calbiochem
RUNX3 rabbit 1:500 polyclonal Calbiochem
Anti actin rabbit 1:5000 polyclonal Sigma
Anti BrdU mouse 1:1.5 olyclonal Millipore
(IgG2a) - boly P
. . Becton-
Anti IgG2a mouse 1:15 Dickinson
Rabbit-anti- rabbit 1:20 FITC- Dako
mouse conjugated
8.5 HRP-conjugated substances
Substance Dilution Reference/
compan
Goat-anti- . Cell Signaling
rabbit ab 1:3000 Technology
Rabbit-anti- 1:1000 Dako
mouse ab
Protein A 1:1000 Amersham
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8.6 Hygromycin kill curve for 1B4 cells

120
100 Lﬁ —e—control
5 80 ~——"_—t . 100
S 300
g 401 —%—400
20 —e— 500
O T T J\
0 2 4 7

days after hygromycin addition

Figure 68 —IB4 cells were set up at 5x1@ells/ml and different concentrations
hygromycin were added (100, 200, 300, 400 or z@inl). Samples were taken 2, 4.
7 days after addition of hygromycin. Cellgere spun down and resuspended in |
Cells were stained with trypan blue to visualiseddealls and counted. The gr:
represents the viability of cells after treatmenithwdifferent concentrations
hygromycin against time.
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8.7 Sequencing result for RGCpLuc mut (RUNX1) vs.
RGCpLuc (wt)

CLUSTAL 2.0.11 multiple seguence alignment

Bunxl GRRCATTTCTICTATCGATAGSTACCGRACARGCATRTCCCTAGGCCACCCRAGAGTAGRCRR €0
w0 mmmmmm——————— CGEGEAGETRCCGACARGCATRATCCCTAGSCCACCCAGAGTAGRCAR 46

& W EE R RS SRR R RS R R R

Runxl GﬁGEEGE:G“"T“ITCA:AIG TTAGTGETCATTARCATATACTCCTITIGIGAGGTGTAT 120
WL AGGAGEACTATTCATATGATTAGTGETCATTALCRATATACTCCTTITGTIGRAGEIGTAT 108

R R

Funxl GITTCARTGTITTIGCICATITITAATTTITACCAGGTITGICTATTIGIGATIACTITSTIA
WE GITTCARTGTTITIGCICATITITRAATTTITACCAGGTITGICTATTIGIGRATIACTITSTIA

FEE R R R RS EEEEEEEEEEEEEE R e B

[
oL

[

Bunxl GATGGETCTITCTATATTCTGARRACRAATCCTGECTIGEGTGCGETEECTCACGCCTGTA 240
WL GATGGGTCTITCTATATTCTGARRACRAATCCTGECTIGEGTGCGETEECTCACGCCTGTRA 226
EE S S FEES SR SRS SRS SR EEEESFEEREEEEEEEEEEE SRR R R
Runxl AT CCCAGCACTTIGEGAGG LT GAGGTGGGCAGATCACCTGAGGTCGEGAGTICGAGACCA 300
WL ATCCCAGCACTTIGEGAGG LT GAGGTGGGCAGATCACCTGAGGTCGEGAGTICGAGACCA 230

EE SRS R R R R R R

Bunxl FLCTGECCARCATGGACA! ACALRARCTAGCIGEGAGTIGS 3c0
WL GLCTGGCCRACATGEACARRCCCCGTCTCTGLTARR ACRLRRRCTAGCIGEGAGIGE 34
AN A AN AN A NN AN TN NN N RN AT NN AN N AN NN T AN AN TSR AN AN

ACCCCGICTICTIGCIARR

Eunxl AGGCTGRRTGTITICACTCCGTTACATGTTAATTIGCTCTRACATITAATTAGCCGTICIGCTT 420
WL BAGGCTGRRTGTTICACTCCGTTRACATGTTAATTGCTCTRACATTITARTTAGCCGTCIGIGS 4046

RS E R R

Eunxl IGAGRGGCGAGRGECTAGCCCCTAGCTCAGC GCACAGTCCAGGECGTICGCCCCCGCAGG 480
WL IGAGRGGCGAGRAGECTAGCELCTAGC TCAGCGCACAGTICCAGGECGTTCGCCCCCGCAGE 466

EE SRS R R R R R R

Funxl CCGECEEEECAGEETGECTCGTIACTCOGTGGACACTGCARGECECCCTGITCEIGITGE
WE CCGECEEEECAGEETIGECTCGTIACTCOGTGGACACTGCARGECECCCTGITCGIGLTGE

AN TR EA N E AN TN TN E AN T AN T TN T AN T ENRN TN ANEAAEAN T AN TR AT NNTANENNE

Eunxl ICGACGCAGTAGTITCTITCCCATARTARRCCCCTICTAGATARAGTCAGECIGECGEGAG €00
WL ICGACGCAGTAGTITCTITCCCATARTARRCCCCTTCTAGATARAGTCAGECIIGGCGEGAG 386
'J.Ju.l'J.Ju.I'J.Ju.I‘J.Jn.I'J.Ju.I‘J.Ju.I'J.Ju.I'J.Ju.I'-Jn.l'-Ju.l’-Ju.l'-Ju.l"J.Ju.I'J.Jn.l'J.Ju.l’J.Ju.I'J.Ju.I’J.Ju.I’J.Ju.I’J.Ju.I‘
Bunxl CECCCTGERCCETAGT TCAGGCCCCCGGETCCGUGETGGRAACAGTICAGGACTCCCCT 60
WL CECCCTEERCCETAGTTCAGGCCCCCGCGLTCCGUGETGGRAACAGTICAGGACTCCCCC ¢4

EAF B e R I A B B A T B i

Funxl BRCTCCTECCCCTICTCGCCCCGRL """"ICCECTCC’C,Cicﬂ""”""I”"”"G““GI C 720
WE AACTCCTECCCCTCTCGOCCCGACCCTC TCCACTCCGCCCECCCACCATCTCRGARSTCE 706
EE S S FEES SR SRS SRS SR EEEESFEEREEEEEEEEEEE SRR R R
Funxl CCTTGGEGRACARTGCGTAGGGERCCTCCGCETCCCCGRCACCCGACTEGGRCACGECCGCG 730
WL CCTTGGGRCARTGCGTAGGGERACCTCCGCGTCCCCGRACACCCGACTEGGRCACGECICGEG TEa
EE S S R E R R R
Runxl FECTCCTTCGTCCCTCAC G CAGC CAGGEAGGCTCTGCATGCCCACGTCCACTTCAC
WL FECTCCTTCGTCCCTCAC G CAGC CAGGEAGGCTCTGCATGCCCACGTCCACTTCAC
R R
Runxl CCG GEAAGCTGCEECTCGIGEAGETGCCTEECACGCEECEEGRAGCRAGCAGRGCTCGIG 300
WE A GGARGCTGCEECTCGCEGAGGTGCCTGECACGCGECELEARGTAGCAGRAGCTCGIG F3a
EE S S FEES SR SRS SRS SR EEEESFEEREEEEEEEEEEE SRR R R
Eunxl CCTAGCRGTCAGCTICTIGETGRCGCCGAGGRCR- 932
WL CCCAGCRGTCRGCTCIG GI1;C:CL'?U'TLECC:CUIGS:CC:GJIHGIFH: JuG:EG 4g

AN HAAEANETAAEANT AN TN AN R T AR h ok
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