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Abstract

Burkitt’s lymphoma is a human B cell lymphoma which carries a characteristic
translocation resulting in c-myc deregulation due to juxtaposition of an
immunoglobulinlocus. There is a strong association between endemic Burkitt’s
lymphoma (eBL) and Epstein Barr virus (EBV). EBNA-1 is the only FBV
latent antigen consistently expressed in eBL biopsies. Although tissue culture

assays have not attributed any oncogenic activity to EBNA-1, two lines of Ep

EBNA-1 transgenic mice succumb to monoclonal B cell lymphoma (Wilson
and Levine, 1992, Wilson, Bell and Levine, 1996).
The experiments described in this thesis were designed to explore what

cellular factors contribute to Eu EBNA-1 induced lymphomas.

The latency and penetrance of the phenotype are different between the two

Eu EBNA-1 transgenic lines; 100% of line 26 mice succumb to lymphoma in

4-12months, 43% of line 59 mice succumb to lymphoma by 2 years of age. An
analysis of the RNA expression of the transgene has identified compiex
patterns of expression in both lines, with distinct differences between the
lines.

EBNA-1 is a functionally pleiotropic protein. The DNA binding activity of
EBNA-1 is required for its essential role in viral DNA replication during
latency, and also for its activity as a transcriptional transactivator. EBNA-1

DNA binding activity has been detected in line 26 tumour samples, but not in



line 59 spleens, although the level of protein detected by Western analysis is
higher in line 59 samples than in line 26 samples (Wilson and Levine, 1992).
This may indicate that the level of EBNA-1 DNA binding activity is an
important determinant of oncogenicity.

Given that all the tumours in both lines are monoclonal, an attempt has been
made to identify which oncogenes synergise with EBNA-1 in tumourigenesis.
Several lines of evidence are strongly suggestive of a co-operation between
EBNA-1 and deregulated c-myc in tumourigenesis, indicating that EBNA-1

may play a direct role in the pathogenesis of Burkitt’s lymphoma.



Chapter 1

Introduction

1.1 Epstein Barr Virus and Human Disease

Epstein Barr Virus (EBV) is a human gamma herpes virus which is highly
prevalent in all communities (for review see Epstein and Achong, 1986). The
majority of people become infected before the age of 25. In children, initial
infection is largely asymptomatic. Primary EBV infection begins in the pharyngeal
epithelium, which is permissive for viral replication. From the epithelium the virus
spreads to the subepithelial B lymphocytes where latent infection is established.
After primary infection the virus persists for life within the host.

EBV causes a wide spectrum of acute and chronic infections in normal and
immunocompromised individuals (Khanna et al., 1995 and references therein) .
Primary EBV infection is the usual cause of infectious mononucleosis (glandular
fever). The virus is also tightly associated with a number of human malignancies
including; endemic Burkitt’s lymphoma (eBL), nasopharyngeal carcinoma, and the
lymphomas to which immunosuppressed individuals are prone. Recently it has
become apparent that there is a strong association between EBV and nasal T cell

lymphomas (Meijer et al., 1996). The potential involvement of the virus in a



number of other clinical syndromes has been proposed. These include Hodgkin’s
disease, chronic mononucleosis, an X-linked lymphoproliferative syndrome
(Duncan’s syndrome), oral hairy leukoplakia in AIDS patients and other epithelial
malignancies including carcinoma of the parotid gland (Khanna et al., 1995).

The EBV genome is a double stranded DNA molecule of 172kbp, the B95-8
prototype of which has been completely sequenced (Baer ef al., 1984). (Figure
1.1). Although most of the early and late lytic infection genes show consistent
homology in different herpes viruses, the latent genes and a few lytic infection
genes show no homology to other herpes virus genes. During lytic infection a large
number (more than 80) of virus specific RNA species are expressed.

Normal, resting human B-lymphocytes infected in vitro with EBV are transformed
into permanent lymphoblastoid cell lines (LCLs). These cell lines provide
evidence of the ability of EBV alone to induce indefinite B-cell proliferation and
provide a model system for viral latency. The virus is maintained as a multicopy
episome. By contrast to lytic infection, in latent infection only eight viral protein
encoding genes are expressed (Kieff and Liebowitz, 1990). Six of these encode
EBV nuclear antigens [EBNA-1, 2, 3A, 3B, 3C and Leader Protein (alteratively
known as EBNA-1, 2, 3, 4, 6 and 5 respectively)]. The other two genes encode
latent membrane proteins [LMP 1 and LMP 2 (A and B)(alternatively known as

LMP and TP (1 and 2) respectively)].
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Latency Cell Type EBV Gene Expression ~ Cell Phenotype

I Burkitt’s lymphoma biopsy samples, EBNA-1, EBERs B cells which grow as single suspension and are
and type I cell lines sensitive to the induction of apoptosis. Expression
of other latent antigens can be induced leading to
transformation to latency III phenotype
I Nasopharyngeal carcinoma biopsy EBNA-1, LMPI, Epithelial cells

samples, EBV Positive Hodgkins LMP2, EBERs, BamHI

disease A transcripts
I EBV transformed lymphoblastoid cell EBNA-1-6, LMPI, B cells which express cell surface adhesion
lines (LCLs), and type III BL celllines LMP2, EBERs molecules, grow in tight clumps and are relatively

resistant to apoptosis

Table 1.1



In addition two small untranslated RNAs (EBER1 and EBER2) are expressed. An
unusual set of 3° coterminal spliced mRNAs transcribed through the BamHI A
fragment of the virus were initially detected at high levels in nasopharyngeal
carcinoma cells and subsequently found to be present at low levels in some
latently infected B lymphocytes (Smith er al.,1993). Recently these transcripts
have been shown to encode one or more proteins that are expressed in latently
infected cells and in tumour tissue (Fries et al., 1997).

However, different forms of EBV latency also exist (Klein, 1989). (Table 1.1). In
biopsy samples from nasopharygeal carcinomas only EBNA-1, LMP1 and 2 and
the EBERS are expressed (Brooks et al.,1992). Burkitt’s lymphoma biopsy cells
can also be maintained in culture. In their initial state these cells express only
EBNA-1 and the EBERs (Rowe et al., 1987). Certain stimuli can induce the
expression of the other latent antigens, this is associated with a phenotypic change
in the cells which become more like LCLs in appearance. An analysis of latent
gene expression in peripheral blood lymphocytes has identified an EBNA-1 only
pattern of latent gene expression like latency I (Qu and Rowe, 1992). A further
EBV ‘latency program’ has been identified in vivo in resting Bcells, where
LMP2A is the only latent antigen detectably expressed (Miyashita et al., 1997).
EBNA 2 has been shown to play a central role in B cell transformation
(Hammerschmidt and Sugden, 1989, Cohen et al., 1989, Kempkes et al., 1995). It
is expressed together with EBNA 5 prior to the expression of other viral genes

after infection of B cells, and acts as a transcriptional activator of latent viral and



cellular genes (eg CD21, CD23 and c-fgr) (Calendar et al., 1987, Wang et al. 1987,
Abbot et al. 1990, Cordier et al., 1990, Fahraeus et al., 1990, Ghosh and Kieff,
1990, Knutson, 1990, Sung et al. 1990, Woisetschlager et al., 1991, Zimber-Strobl
et al., 1991,1993, Jin and Speck, 1992, Ling et al., 1993, Laux et al., 1994,
Meitinger et al., 1994). EBNA?2 transactivation has been shown to be mediated via

an interaction with a DNA binding protein called CBF1 or RBP-Jx which serves

to target EBNA2 to DNA (Zimber-Strobl et al., 1994). The similarities in
mechanism and outcome between this interaction and the interaction of CBF1 and
the intracellular domain of the receptor Notchl, led to a model in which EBNA-2
mimics constitutive Notch signaling (Hseih ef al., 1996, 1997). A number of
tumours have been identified in which mutation of Notch family genes is thought
to result in constitutive Notch signalling (reviewed in Wilson,1997). By analogy
EBNA-2 may have similar oncogenic action.

LMP 1 has potent transforming activity (Wanget al., 1985, Baichwal and Sugden,
1988, Wilson et al., 1990, Hu et al., 1993, Fishraeus et al., 1990). Expression of
* LMP 1 effects changes in expression of numerous cellular genes including
upregulation of CD40, CD23 and cell adhesion molecules such as CD11a, CD54
and CD58, and downregulation of CD10, CD77, insulin-like growth factor
receptor type 1 and possibly also the recombination activating genes 1 and 2
(RAG 1 and RAG 2) (Wang et al., 1988, Wang et al. 1990, Peng and Lundgren,

1992, Fahraeus et al., 1992, Kriauciunas et al., 1993, Kuhn-Hallek et al., 1995).



LMP 1 expression may also induce the expression of Bcl-2 and this could be one
mechanism by which the protein inhibits cell death (Henderson ef al.,1991, Finke
et al. 1992). The mechanism of action of LMP 1 is beginning to be elucidated.

Many of the actions of LMP 1 may be exerted through activation of the NF-xB

transcription factor (Laherty er o/, 1992, Hammerskjold and Simurda, 1992).
Current evidence suggests that this effect is mediated by usurption of a cellular
signalling pathway of the tumour necrosis factor (TNF) pathway (Mosialos et al.,
1995, Sandbeger al., 1997).

Both EBNA 2 and LMP 1 act to upregulate cellular expression of Bcl 2. In
addition, it has also recently been shown that EBNA 4 can upregulate Bcl 2
expression (Silins and Sculley, 1995).

Whilst LMP 1 has demonstratable activity in several assays as an oncogene, this
is not so for the other latent genes, even though some (EBNA-1, 2, 3, 6 and LMP-
1) are required for transformation of B cells in culture by EBV (Hammerschmidt
and Sugden, 1989, Mannick et a/., 1991, Swaminathan er al., 1991, Allan et al.,
1992, Tomkinson et al., 1993, Kaye et al., 1993, 1995). EBNA-1 particularly has
not been reported to act as an oncogene in tissue culture assays. However, given
that EBNA-1 is essential for viral DNA replication, its role in B cell
transformation cannot be tested using the deletion/recombinant virus approach
utilised in assessing the role of the other latent proteins. Nevertheless, the

oncogenic potential of EBNA-1 has now been clearly revealed in vivo, since Ep



EBNA-1 transgenic mice are predisposed to B cell lymphoma (Wilson and Levine,

1992, Wilson, et al., 1996).

1.2 Burkitt’s lymphoma

Burkitt’s lymphoma (BL) occurs throughout the world. It is one of the most
frequent cancers in African children (endemic BL). In Europe and the USA it
represents less than 3% of childhood cancers, but in all regions it represents a
significant proportion of malignantnon-Hodgkin’s lymphomas (30-40%). BL is a
malignant lymphoma comprised of a clonal population of undifferentiated
lymphoid cells.

Malaria is thought to be a contributing factor in endemic BL. The high incidence of
BL occurs in regions where malaria is also prevalent (equatorial Africa and New
Guinea). It has been proposed that the immunosuppression resulting from malarial
infection increases the likelihood of BL development. There is a strong association
between BL and EBV. More than 95% of endemic BLs are EBV genome positive
(Lenoir and Bornkamm, 1986), although less than 1% of the patients’ total
circulating B cell pool is detectably infected with EBV (Moss et al., 1983). The
association of the virus with sporadic BLs is less clear. Only approximately 15%
of sporadic cases are EBV positive. However, integrated viral DNAs have been
detected in some sporadic tumours possibly suggestive of a wider involvement of

EBV in the onset of sBL than previously suspected (Razzouk et al., 1996).

10
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Characteristic of BL is a translocation involving the c-myc locus on chromosome 8
and one of the three immunoglobulin loci (reviewed in Cory, 1986). The most
common translocation involves the heavy chain locus (IgH) on chromosome 14.
In 10% of cases either of the light chain loci on chromosomes 2 and 22 are
involved. (Figure 1.2). All of the translocatons result in the deregulation of c-myc
expression. However the precise location of the breakpoints in the more frequent
t(8;14) translocation differs between sporadic and endemic Bls. (Figure 1.3). In
sporadic BL the breakpoint on chromosome 8 occurs in the region of exon or
intron 1 of c-myc. Within this region are elements which regulate the normal
expression of c-myc, and their disruption leads directly to the deregulation of c-
myc expression. In these translocations the breakpoint on chromosome 14 is most
often within one of the switch regions of the immunoglobulin gene. Murine
plasmacytomas carry a c-myc translocation very similar in nature to that seen in
sporadic BL, in the majority of tumours the immunoglobulin heavy chain enhancer
on chromosome 12 becomes juxtaposed with a truncated c-myc gene on
chromosome 15. In endemic BL, the breakpoint on chromosome 8 occurs at some
distance (kilobases) 5’ to the c-myc gene and within the constant or joining region
at the immunoglobulin locus, such that the immunoglobulin heavy chain enhancer
is on the same chromosome as c-myc. The difference in the site of breakpoint
within the IgH locus may reflect the different stage of the cells involved in each
tumour. Sporadic BLs appear to derive from cells involved in immunoglobulin

class switching. The translocation in endemic BL may occur at the time of V-D-J
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joining ie. in more immature B-cells. The fact that sporadic BL cells are more
advanced along the differentiation pathway is supported by the observation that
sporadic but not endemic BLs secrete IgM. The exact signifcance of the
differences in the translocations and whether the presence of EBV is in any way
related is unclear.

The precise role of EBV in the development of endemic BL is not known. It may
be that the virus is directly involved in the transformation of B cells, or that
through immortalization of B cells the virus produces a pool of cells more
susceptible to further oncogenic changes. The known transforming capabilities of
LMP1 may be important in the development of the disease. Other latent antigens
may also play a role. However, in EBV positive Burkitt’s lymphoma biopsies
consistently EBNA-1 is the only viral antigen detectably expressed. If EBV plays
a role in the maintenance of the tumour phenotype then this can only be through
the action of EBNA-1 and/or the EBERs. However, tissue culture assays have
shown that the EBERs are dispensible for transformation of B cells (Swaminathan
etal., 1991). It may also be that EBNA-1 performs a critical function in the onset

or progression of Burkitt’s lymphoma tumours.
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1.3 EBNA-1

a. Viral Regulation of EBNA-1 expression

EBV adopts more than one form of latency in different cellular environments
(reviewed in introduction section 1.1). EBNA-1 expression is consistent in all
forms of viral latency; expression of the protein is essential for maintenance of the
viral episome (Yates ef al. 1984, Rawlins et al, 1985). The use of different
promoters is one mechanism by which the virus controls its gene expression.
During the early stages of infection in B lymphocytes, transcription of six viral
nuclear antigens ( EBNA-1-6) is initiated from an early promoter (Wp). This is
followed by a switch to an upstream promoter (Cp) (Woisetschlagerez al., 1989,
1990). In LCLs latent gene expression is from Wp or Cp. Wp and Cp are mutually
exclusive promoters. The large transcripts are alternatively spliced to yield the
individual EBNA mRNAs. Recent evidence suggests that the expression of
EBNA-1 may be important in the switching from Wp to Cp (Schlager ef al,
1996). Cp activity is regulated by EBNA-1 and EBNA2. EBNA-1 binding to the
multiple EBNA-1 binding sites in the family of repeats (FR) region of oriP leads
to the upregulation of expression from Cp (Reisman and Sugden, 1986, Yates er
al., 1984) and an EBNA?2 dependent enhancer is located in in the proximal region
upstream of Cp (Sunget al., 1992, Woisetsclager et al., 1991).In latency I cells and
NPCs the expression of EBNA-1 is from a distinct promoter located in the Bam

HI Q region of the virus, designated Qp (Schaeferet al., 1995). EBNA-1 again has
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a role in the regulation of this promoter, however EBNA-1 binding to a region
within BAM HI Q leads to downregulation of expression (Sample et at, 1992).
These binding sites are located within the transcribed sequences and it has been
postulated that the downregulation may involve EBNA-1 RNA binding. Another
promoter, Fp, located immediately upstream of Qp was originally identified as the
active promoter for EBNA-1 expression in type 1 latency. However, this
promoter has subsequently been shown to be an exclusively lytic promoter (Lear

etal., 1992, Schaeferer al., 1995).

b. EBNA-1 Structure and Function

In the B95-8 strain of EBV EBNA-1 is a 641 amino acid protein. The amino and
carboxy terminal domains of the protein are separated by 235 amino acids of Gly-
Gly-Ala repeats (figure 1.1) (Baer e al., 1984). The number of these repeat
regions varies between different strains of the virus, so the total size of the protein
varies between ~69 to 94 kDa. This repeat region is thought to be important in
the ability of EBNA-1 to evade recognition by the host’s immune system.
Insertion of the repeat region into EBNA-4 led to inhibition of Tcell recognition of
the protein through disruption of peptide processing and presentation (Levitskaya
etal., 1995).

EBNA-1 has an established role in the replication and maintenance of the viral
episome through the latent origin of replication ori P. EBNA-1 and oriP are the

only viral contributions needed to mediate viral DNA replication in latently
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infected cells (Yates et al., 1985). Ori P consists of two regions containing
multiple EBNA-1 binding sites. The region of dyad symmetry (DS) contains four
EBNA-1 binding sites at which latent replication is initiated. Upstream of this is a
repeat region, family of repeats (FR), containing 20 copies of the EBNA-1 binding
site. In addition to its role in replication of the virus FR can act as a transcriptional
enhancer in the presence of EBNA-1 (Reisman and Sugden, 1986). EBNA-1 binds
to DNA as a homodimer, and this is essential for its activity both in replication
and as a transcriptional transactivator (Polvino-Bodnar and Schaffer, 1992,
Goldsmith et al., 1993, Frappier et al., 1994). Mutation and deletion analysis have
determined that the portion of the protein required for these activities lies between
aa 460 and 607 (Figure 1.4). Crystallization of this region of EBNA-1 both bound
and unbound to DNA has indicated that the DNA binding region is composed of
two regions. The C-terminal core domain, comprising residues 504-604, is
virtually identical in structure to the DNA binding and dimerization domain of the
E2 protein of bovine papilloma virus, despite no sequence similarities. Residues
461-504 comprise an N-terminal flanking domain (Barwell et al., 1996, Bocharev
etal., 1996).

Within the amino terminal region of the protein are a number of ‘RGG’ motifs
which are thought to be important in RNA binding. EBNA-1 has been
demonstrated to bind RNA in vitro although no specificity of binding is apparent

(Snudden et al., 1994).
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No enzymatic activities have been attributed to EBNA-1. A number of regions of
the protein have been shown to be important for transactivation (figure 1.4)
(Polvino-Bodnar er al., 1988, Yates and Camiolo, 1988, Polvino-Bodnar and
Scaffer, 1992).

EBNA-1 is phosphorylated on serine(s) in its carboxy terminal domain, but
effects of phosphorylation on the protein’s activities have not been reported
(Hearing and Levine, 1985, Frappier and O’Donnell, 1991).

An additional activity of EBNA-1 which is likely to be important particularly in
replication is the ability to link regions of DNA to which it binds specifically
(figure 1.4). Three separate regions of the protein can independently link DNA to
which they are bound (Mackey et al., 1995). Electron microscopy has shown that
EBNA-1 bound to oriP links DS (region of dyad symmetry) and FR(family of
repeats) looping out the intervening DNA (Yates e al., 1985).

Cellular factors have been identified which can bind to oriP irn vitro (Wen et al.,
1990, Zhang and Nonoyama, 1994). By analogy, there may exist sites in the host
genometo which EBNA-1 can bind in vivo.

The combination of DNA and RNA binding activities with the transactivation
and repression capabilities providle EBNA-1 with great potential to disrupt

cellular gene regulation.
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1.4 Tumourigenesis and Transgenic Mouse Models

It is now generally accepted that cancers arise as the result of a number of genetic
or epigenetic changes (reviewed in Hunter, 1991). The progression from normal to
cancerous cell involves a series of events which allow the cell to evade the usual
controls on proliferation. The specific nature of the changes involved varies
greatly between different tumours. However the effects of the changes fall into
classes common to the majority of tumours: acquisition of growth factor
independence, ability to ignore restraining signals, escape from immunological
surveillance, induction of angiogenesis, breach of surrounding tissues and
metastatic invasion. Genes identified as having oncogenic potential encode
proteins of widely varying function, from cell surface receptors and cytokines to
nuclear transcription factors. The stages in the development of different cancers
are similar (figure 1.5). Haemopoietic neoplasms may require fewer steps given
that the cells are inherently migratory.

Transgenic systems provide a powerful tool for the analysis of the effects of
specific genetic changes in vivo. The ability to investigate pre-neoplastic changes
in cells allows the investigation of the process of tumourigenesis in discrete stages.
This is an advantage over analysis of human tumour biopsies or cell lines where
only the end point is available.

The inactivation of specific genes by homologous recombination can be used to
assess candidate tumour suppressor genes. Introduction of mutated or

nappropriately expressed genes allows assesment of their oncogenic potential.
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Transgenic mouse models for many types of cancer now exist. Of specific
relevance to this work are a number of models of haemopoietic malignancies
(reviewed in Adams and Cory, 1991).

Characteristic of human Burkitt’s lymphoma is a translocation in which the c-myc
gene is linked to an immunoglobulin locus (reviewed in introduction section 1.2).
Transgenic mice enabled direct testing of the hypothesis that deregulated c-myc

expression is oncogenic (Adams et al., 1985). Ep-c-myc transgenic mice (the
transgene consists of the immunuglobulinheavy chain enhancer, Ep, linked to the

¢-myc gene) develop monoclonal, nodal pre-B or B cell lymphomas. However, it is
clear that the structure of the transgene has a strong bearing on the accuracy of the
disease model (reviewed in Wilson, 1997). A transgenic model even closer to BL in
phenotype has been generated through the introduction of a large (220kb) IgH/c-
myc translocation region carried on a yeast artificial chromosome (YAC) (Bitzler
et al. , 1997). These mice also succumb to monoclonal B-cell lymphoma at an
early age, but the tumours in these mice arise at non-nodal sites and consist of
sIlgM+ B cells.

In the assessment of the oncogenic potential of genes, the ability to direct
transgene expression in specific cell types or developmental stages is important. A
given gene may be highly oncogenic in one cell type, but have little observable

effect in another.
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In developing a disease model it is critical that the gene of interest is linked to
appropriate expression control sequences. The immunoglobulin heavy chain

enhancer (Ep) has been used to direct the expression of a number of genes in both
B and T cells. Whilst Eu-c-myc mice develop B cell lymphomas (Adams ef
al.,1985), Eu N ras mice succumb to T cell lymphomas (Harris ef al., 1988) and
Ep H ras mice do not develop lymphomas but do develop lung adenocarcinomas

(Sudaet al., 1987), presumably due to some sequence within H ras which directs
expression in lung tissue. Varying the regulatory sequences attached to a transgene
allows the investigation of effects of expression in different cell types, however
cellular sequences flanking the transgene insertion point can modify the pattern of
expression.

In addition, in transgenic models the strain background of the animals can have a
significant bearing on the observed phenotype. On a C57BL/6, SLJ or BALB/c
background Ep-c-myc transgenes provoke B lymphoid tumours almost
exclusively. However, in C3H/HeJ mice the transgene provokes predominantly T
lymphomas (Yukawa et al., 1989). The strain difference may reflect varying
stromal environment.

Analysis of the pre-neoplastic state of transgenic tissues can yield information
about the mechanism of action of an oncogene. In pre-tumourous Ep-c-myc mice
there are greatly elevated numbers of cycling early B lymphocytes (Adams and

Cory, 1991, Morgenbesser and DePinho, 1994). This observation suggested that
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c-myc expression favours proliferation over differentiation. Support for this
theory is provided by the recent observation that Myc protein induces the
expression of a key regulator of G1 cell cycle progression (Galaktionov et al.,
1996) and represses the expression of a growth arrest gene (Marhin ez al., 1997).

Transgenic models of neoplasms have provided support for the multistep model

of tumourigenesis. The tumours which develop in Eu-c-myc transgenic mice are all
monoclonal and arise in a stochastic fashion. The Eu-c-myc transgene is expressed

before birth in the vast majority of B lineage cells. Calculation from the rate of
tumour onset suggests that a tumourigenic clone typically arises after 10'°
divisions of B lymphoid cells (Harris et al., 1988). Given this low frequency at
least one precise, or more likely several, additional genetic changes are required to
take a B lymphoid cell aberrantly expressing c-myc on to becoming tumourigenic.
One of the greatest advantages of the use of transgenics in the study of
oncogenesis is the ability to begin to address the sequence of genetic changes

required for the development of a tumour (described in section 1.6).

1.5 Ep EBNA-1 Transgenic mice
A number of Eu EBNA-1 transgenic mouse lines have been generated by Joanna

Wilson (Wilson and Levine, 1992, Wilson, et al., 1996). The transgene contains

the EBNA-1 coding region linked to the polyomavirus early promoter and the



Summary of Eu EBNA-1 Transgenic Lines

Line | Copy No. | Phenotype RNA | Protein Genotype
Spleen Lymph Node  Thymus Liver Heart Kidney Brain
26 |2 100% lymphoma +++ |+ + - - - - - +
by age 4-12 months
59 1-2 ~ 50% neoplastic lesions | 44 4+ 4+ + . - - + 4+
by age 24 months
60 |1 none +/- - ND - - - - - ++
(rearranged)
61 10 none - - ND ND ND |ND ND ND +(Y)

(-) no expression detected

(+, ++, +++) relative levels of expression

ND not determined

(+) hemizygous

(++) homozygous

(Y) Y chromosome insert

Table 1.2
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mouse immunoglobulin heavy chain enhancer (Wilson et a/, 1990), designed to

enhance expression in B lymphocytes (figure 1.6). Mice of two Eu EBNA-I

transgenic lines (designated line 26 and line 59) succumb to monoclonal B cell
lymphoma, demonstrating that EBNA-1 is oncogenic in vivo.
In both line 26 and line 59 there are one or two copies of the transgene, and

EBNA-1 protein is detectably expressed within lymphoid cells. Two other En

EBNA-1 transgenic lines are also relevant to this study, designated line 60 and line
61. Line 60 harbours a single rearranged transgene in which the EBNA-1 coding
region is interrupted. Line 61 harbours multiple copies of the transgene (~ 10),
with an inheritance pattern indicative of integration on the Y chromosome. There
is no detectable expression of EBNA-1 protein in the spleens of animals of line 60
or 61, and neither line displays any pathological phenotype (summarized in table
1.2).

Although mice of both line 26 and line 59 succumb to monoclonal B cell
lymphoma, the penetrance and latency of the disease is very different in each line.
Whilst 100% of line 26 mice succumb to lymphoma between the ages 4-12
months, 43% of line 59 mice sampled at 2 years of age had neoplastic lesions in
the spleen. This may be related to the different expression pattern of the transgene
in each line (table 1.2 and chapter 3) or may be due to differences in the
oncogenicity of the protein expressed in each of the lines (chapter 5). It may be

that there are particular forms of EBNA-1 which are more oncogenic. In most
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normal peripheral blood cells 2-3 subtypes of EBV are detected which have
sequence differences in EBNA-1. In BL only a single subtype has been observed
in each tumour and one specific subtype (V-leu) was found only in BL cells

(Bhatia et al., 1996).

Expression of EBNA-1 is not sufficient for tumourigenesis; the lymphomas in Ep
EBNA-1 transgenic mice are monoclonal. Identification of the cellular factors
which co-operate with EBNA-1 may elucidate the mechanism by which EBNA-1
acts as an oncogene and provide an insight into the development of EBV

associated lymphomas (chapter 6).

1.6 Identification of Synergising oncogenes in Tumourigenesis in
Transgenic mice

a.Genomic rearrangements
Consistent DNA rearrangements in tumours in a number of transgenic mice may
indicate co-operation with the transgene in the tumourigenic process. Most

plasmacytomas in Eu-abl/ transgenic mice carry a c-myc rearrangement
(Rosenbaum et al.,1990), as do many of the lymphomas arising in Ep—bc/-2 mice

(McDonnell et al., 1989, Strasser et al., 1993) indicative of the ability of c-myc to
synergise with a number of other oncogenes.
Rearrangements at the chromosomal level; translocations, deletions, duplications,

can be detected through karyotyping. Southern blotting can be used to detect
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rearrangements at the gene level. Single stranded conformational polymorphism
(SSCP) analysis can be used to screen for point mutations within a specific locus
of interest. Whilst this approach can be used to identify common genetic
alterations within tumours, one cannot then assess what role these alterations play

in the process of tumourigenesis.

b.Transgenic Cross Breeding

Synergy between two candidate oncogenes can be assessed directly by cross
breeding transgenic lines. Changes in the rate of onset, penetrance or nature of
tumours which develop are indicative of a co-operation between the transgenes in
oncogenesis. This approach has demonstrated the synergy between c-myc and bcl-
2 (Strasser et al., 1990, introduction section 1.8) and between c-myc and pim-1 in

oncogenesis (Verbeek et al., 1991, introduction section 1.8).

c.Proviral insertional mutagenesis

The Anton Berns laboratory has developed a powerful technique for the
1dentification of synergising oncogenes (Berns, 1988). On post-natal infection in
the mouse, Moloney murine leukaemia virus (MoML V) proviral insertions occur
relatively randomly throughout the genome. Some insertions may confer a growth
or survival advantage to a cell through the (in)activation of cellular genes. The

viral presence also serves to “tag” the gene. Using MoMLV infection of mice
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transgenic for one oncogene allows identification of genes which synergise with
the transgene in tumourigenesis. Such an approach further demonstrated the strong
synergy between pim-1 and myc family members in oncogenesis (reviewed in

Bemns et al., 1994). Infection of Ep pim-I mice greatly accelerated T lymphoma

onset and every tumour bore a virus near the c-myc or N-myc genes.

This approach can also be used to identify candidate genes involved in later stages
of tumour progression, such as angiogensis and metastatic potential, by comparing
genetic alterations in primary and secondary tumours, for example two genes
(tiam-1 and frat-1) have been identified which seem to be involved in progression

in T-cell lymphomas (Habets et al., 1994, Jonkers et al., 1997).

d.Chemical induction of tumours
Chemicals can be used to induce tumours. In susceptible strains of mice
intraperitoneal injection of the mineral oil pristane induces plasmacytomas

(Anderson and Potter, 1969). Although Eu-c-myc transgenic mice do not develop
spontaneous plasmacytomas, young Eu-c-myc mice treated with pristane develop

plasma cell tumours as well as lymphoma (Harris et al., 1988). Plasmacytomas
arose much faster in Ep-c-myc transgenic mice than in pristane primed BALB/c or
NZB mice suggesting that the rate limiting step in tumourigenesis in the latter
strains is the chance occurrence of a myc translocation. IL-6 is produced by

macrophages in response to pristane (Van Snick ez a/., 1988) and is required for
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plasmacytoma growth. The macrophage ridden, IL-6 enriched granuloma induced
by injection of the mineral oil may nurture the nascent plasmacytoma cell.

The incidence of T lymphomas in Ep pim-/ mice is dramatically enhanced if the

mice are treated with the carcinogen N-ethyl-N-nitrosourea (ENU) (Breuer et al.,
1989). ENU is a mutagen, all ENU induced tumours expressed high levels of c-myc
RNA, although no evidence of myc mutation was found.

A clear disadvantage of this approach over viral insertional mutagenesis is that the

precise mechanisms of the chemical induction are not known.

1.7 Mechanism of Action of EBNA-1 as an Oncogene

The role of EBNA-1 in the regulation of viral RNA expression and in viral DNA
replication are well established, however the effects of the protein on the cellular
machinery are less clearly defined. EBNA-1 may exert its oncogenic effect through
binding to cellularDNA sequences and modifying transcription, through effecting
the stability or translation of mRNAs through RNA binding, through protein-
protein interactions or through a combination of activities. It may be that there are
particular forms of EBNA-1 which are more oncogenic (Bhatia er al., 1996,
discussed in introduction section 1.5).

If EBNA-1 plays a role in Burkitt’s lymphoma, it could act in a number of

different ways;
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i. EBNA-1 may act through deregulated c-myc expression

EBNA-1 could exert its oncogenic action through affecting the rate at which
translocations occur, or through exerting influence over the expression of a
translocated c-myc gene. The nature of the translocations detected in endemic and
sporadic BL are different (discussed in section 1.2), EBNA-1 may be a factor in
this. In this work some potential targets of EBNA-1 have been identified which
might affect the process of translocation in B-cells;

* 1. RAG 1 and 2
The recombination activating genes 1 and 2 (RAG 1land 2) are the only lymphoid

specific genes required for V(D)J recombination of immunoglobulin loci (Oettinger
etal., 1990). Usually these genes are expressed in a narrow window of precursor
lymphocyte development. However, EBNA-1 expression induces the expression
of RAG 1 and 2 in cell lines (Srinivas and Sixbey, 1995). Identification of
heptamer-nonamer recombination signal sequences at the breakpoint regions of
several 8;14 translocations in BL cells have led to the speculation that the
translocations arise due to aberrant recombination (Haluska et al., 1987). The
inappropriate expression of RAG1 and 2 induced by EBNA-1 could lead to a
greater incidence of aberrant translocations.

e 2. LR1
LR1 is a sequence specific DNA binding protein, identified as a potential regulator

of immunoglobulin isotype switch recombination in activated B lymphocytes
(Williams and Maizels,1991). There are multiple binding sites for the protein

within the heavy chain intronic enhancer (En) and also in the G rich switch
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regions. In addition there are a number of binding sites for LR1 close to and within
the c-myc gene. In vitro analysis has indicated that at least one of these sites has a
role to play in c-myc expression (Brys and Maizels, 1994). Mutation of one site
close to the P1 promoter of c-myc led to a 5.5-fold decrease in reporter gene
expression in the EBV positive BL cell line Raji, and a 3.8-fold decrease in
reporter gene expression in the EBV negative B cell lymphoma cell line BJAB.
This evidence has led to the speculation that LR1 may have a dual role to play in
transcription and recombination. Coupled with the distribution of LRI sites
within the immunoglobulin and c-myc loci it is tempting to postulate a role for
LR1 in the aberrant translocations and deregulated c-myc expression in BL.

LR1 contains two polypeptides, one of 106kDa and one of 45kDa. The 106kDa
component has recently been identified as nucleolin (Hanakahi et al., 1997), an
abundant protein found in nucleoli, the N terminus of which is homologous to
histone H1. Nucleolin is thought to play a role in determining the architecture of
the DNA within the nucleolus and may play an analogous role as a component of
LR1 in B cells.

LR1 has been identified as a key regulator of transcription from the Fp promoter
of EBV (Bulfone-Paus et al., 1995). It follows that enhanced LR1 activity in B
cells might be beneficial to the virus. One action of EBNA-1 may be to increase
the levels of active LR1 within B cells, thus both enhancing viral transcription and

contributing to c-myc deregulation.
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ii. EBNA-1 may co-operate with deregulated c-myc expression.

Identification of which oncogenes synergise with EBNA-1 in tumourigenesis could
be important in determining whether EBNA-1 acts through or in conjuction with
c-myc in tumourigenesis (section 1.8). If EBNA-1 acts through c-myc, then it
might be expected to co-operate with oncogenes with which c-myc synergizes. If
the action of EBNA-1 is through some other mechanism then it might be expected

to co-operate with deregulated c-myc.

1.8 Potential co-operating factors in EBNA-1 induced tumourigenesis

a. c-myc

The c-myc gene has an established role in lymphoid tumourigenesis. Of particular
relevanceto this study, the characteristic translocations of human BL link the gene
to an immunoglobulinlocus. Given the strong association between EBV and BL ,
c-myc 1s a likely candidate for co-operation with EBNA-1 in tumourigenesis.

Myc protein is a nuclear transcription factor, the expression of which is tightly
regulated in normal cells. To exert its effects Myc protein must form a
heterodimeric complex with Max, like Myc another basic region helix-loop-helix
leucine zipper protein (Amati et al., 1993). Deregulated c-myc expression is
common in multiple tumour types. The potency of this oncogene is likely to be
associated with its role in the progression of the cell cycle (reviewed in

Henriksson and Liischer, 1996). However, the role of Myc extends beyond the
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induction of the cell cycle, Myc expression is maintained in proliferating cells and
down regulated as cells become differentiated. In addition, where there is a block
to cellular proliferation, deregulated c-myc expression is a potent inducer of
programmed cell death (apoptosis) (Evan et al., 1992). Few transcriptional targets
of Myc have been identified. However one, the cell cycle phosphatase cdc-254,
may be an important effector of c-myc oncogenic activity (Galaktionov et al.,
1996). Cdc-25A 1s essential for the transition from G1 to S phase of the cell cycle
(Jinno ef al.,1994, Hoffman et al., 1994). cdc-254 expression is stimulated by
Myc, through Myc/Max binding to elements in the cdc-254 gene. cdc-254 is itself
a protooncogene, which like c-myc co-operates with Ha-ras in transformation of
normal rodent fibroblasts (Galaktionov et al., 1995). In addition, Cdc-25A and
Myc share the ability to induce pS3-dependent apoptosis, and Myc driven
apoptosis is inhibited by cdc-254 antisense oligonucleotides (Galaktionov er al.,
1996). Myc dependent inhibtion of growth cycle arrest may be mediated through
the repression of the growth arrest gene gadd45 (Marhin et al., 1997). This may
well contribute to the tumourigenic potential of transformed cells, through
precluding their entering a growth arrested state.

c-myc is a member of a family of homologous genes. Two other members were
identified through their involvement in human tumourigenesis (reviewed in Marcu
etal., 1992). N-myc is commonly amplified in neuroblastomas, and L-myc in small
cell lung carcinomas. All three genes elicit tumours when overexpressed in

transgenic mice (reviewed in Morgenbesser and DePinho, 1994). The ability of the
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genes to induce lymphomas differs, with c-myc the most potent, then N-myc and
then L-myc. c-myc expression is in part self regulated; Myc protein feeds back to
down regulate its own expression (reviewed in Marcu et al. ,1992). In tumours

enerated in Ew N- or L-myc mice, no expression of endogenous c-myc was
) 5

observed (reviewed in Adams and Cory,1991). This may indicate that negative
crossregulation is operating and that N- and Z-myc can substitute for c-myc
function in vivo.

It may be that EBNA-1 acts through c-myc in lymphomagenesis by contributing
to deregulation of its expression. The phenotype of line 26 bears a strong

resemblance to that of Eu-c-myc transgenic mice (Adams et al., 1985). As a

transcriptional transactivator it is conceivable that EBNA-1 may transactivate the
c-myc gene, a regulator of the c-myc gene or a translocated c-myc gene. The exact
nature of the translocations in EBV associated BL and sporadic BL are different
(reviewed in section 1.2). EBNA-1 may have a causal role to play in the process
of translocation, or the presence of EBNA-1 may allow for the selection for
translocations which would not otherwise be oncogenic.

Although highly oncogenic, the deregulated expression of Myc proteins is
insufﬁcien’; to cause tumourigenesis. Indeed, no one oncogene has been found to be
sufficient for a one step tumourigenic conversion of a normal cell. A number of
oncogenes which co-operate with myc genes in tumourigenesis have been

identified (discussed in section 1.8b-d). If the oncogenic action of EBNA-1 is
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through deregulation of c-myc expression then factors which co-operate with c-
myc in tumourigenesis should also co-operate with EBNA-1. If EBNA-1 co-
operates with c-myc then some factors which would otherwise synergise with
deregulated myc expression in tumourigenesis may be redundant where EBNA-1

1s expressed.

b. bcl-2
The most common human lymphoma, follicular lymphoma, characteristically has

a t(14;18) translocation, in which the bc/-2 gene and immunoglobulin locus are
juxtaposed, leading to an upregulation of bc/-2 expression. Ep -bc/-2 transgenic
mice display a polyclonal hyperplasia of non cycling follicular centre B-
lymphocytes, which can progress to give rise to a long latency monoclonal
malignant lymphoma (McDonnell ez al., 1989, 1990, 1991, Strasser et al., 1991).

Overexpression of dc/-2 has been shown to promote cell survival and inhibit
programmed cell death (apoptosis). bcl2 protein is localized mostly to the outer
mitochondrial membrane, but also is found in other membranes. There is evidence
that bcl-2 prevents apoptosis through acting in an antioxidant pathway
(Hockenberry et al., 1993). bcl-2 belongs to a family of genes. Other members of
the gene family play important roles in both positive and negative regulation of
programmed cell death. The members of the Bcl-2 family can form homo and
heterodimers. The pro-apoptic member Bad can dimerize with Bcl-2 and Bel-x;,
and if overexpressed can counter their survival promoting effects. Similarly Bax

can form heterodimers with both Bcl-2 and Bel-x; . In transfected cells an excess of
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Bax results in cell death, where Bcl-2 overexpression promotes cell survival. It is
thought that the relative ratio of anti-apoptic dimers versus pro-apoptic dimers is
important in determining the resistance of a cell to apoptosis. Post translational
modifications also have a role to play in determining the effect of family members
(reviewed in Gajewski and Thompson, 1996).

Transgenic cross breeding experiments have indicated a strong co-operation
between c-myc and bcl-2 in tumourigenesis (Strasser et al., 1990). Bitransgenic
mice develop rapid onset tumours of a primitive haematopoietic cell type. If the
oncogenic action of EBNA-1 is through deregulation of c-myc expression, then an

equally strong co-operation between EBNA-1 and Bcl-2 might be predicted.

c. Pim-1

The pim-1 proto-oncogene was first implicated in T cell lymphomagenesis
through its frequent activation by proviral insertion in murine MOMLV induced T
cell lymphomas (Cuypers et al., 1984). Although it has not yet been shown to

have a clear role in human lymphomagenesis, over expression of pim-1 in Ep pim-

I transgenic mice induces T cell lymphomas in a dose dependent manner. Existing
transgenic lines have relatively long tumour latencies, but the rate of
tumourigenesis is greatly enhanced by mutagens able to activate collaborating
oncogenes. Pim-1 is a cytoplasmic serine threonine kinase, but as yet it is not
known in which signal transduction pathway it functions. There is evidence that

Pim-1 may inhibit apoptosis and impair the differentiation of cells in which it is
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expressed. Pim-I belongs to a family of genes, pim2 and pim 3 are highly
homologous (reviewed in Allen and Berns, 1996).

Crossbreeding of Eu-c-myc and Eu pim-1 transgenic mice demonstrates a dramatic

synergy between these two oncogenes. Foetuses which express both transgenes
succumb perinatally to lymphoblastic leukaemia (Verbeek ez al., 1991). This co-
operation is further supported by proviral tagging experiments, pim-I is

frequently activated by MuMLV in Ep myc transgenic mice (Haupt et al., 1991,
van Lohuizen ef al., 1991), and in Ep pim-1 transgenic mice in nearly all of the

tumours either c-myc or N-myc is activated by the integrated virus (van Lohuizen
etal., 1989). This synergy with c-myc makes pim-1 a possible candidate for co-

operation with EBNA-1 in tumourigenesis

d. Other potential factors

The factors discussed in 1.7a-c above represent areas where this study has
focussed, however this does not represent an exhaustive investigation of potential
co-operating factors in EBNA-1 induced tumours.

Proviral tagging of En myc mice has identified a number of factors which co-
operate with myc in tumourigenesis, and therefore may also co-operate with
EBNA-1. In addition to pim-I(discussed above), two other loci, bmi-1(or bla-1),
and pal-1, are frequently activated by proviral insertion (Haupt ef al., 1991, van

Lohuizen et al., 1991).
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Proviral insertions in bmi-1 lead to the overexpression of the gene. The bmi-1 gene
encodes a protein with zinc finger structures which belongs to the polycomb
family and which seems to be important in regulating the proliferation of a number
of haematopoeitic cells throughout pre and postnatal life (reviewed in Bemns ef al.,
1994),

The pal-1 locus spans a region of about 50kb and contains a number of genes
(Scheijener al., 1997). Most proviral insertions in the pal-1 locus lead to the high
expression of one of these genes, gfi-1 (Schmidt e al., 1996). gfi-1 encodes a
protein which functions as a transcriptional repressor, one target of which is the
Bax gene, a ‘pro-death’ member of the bcl-2 family. In an IL2 dependent T cell
line, IL2 withdrawal leads to an increase in Bax levels and subsequent apoptosis.
However, if gfi-1 is overexpressed Bax transcription is repressed and cell death is
retarded (Zomig et al., 1996, Grimes, To et al., 1996, Grimes, Gilks et al., 1996).
Further in vivo oncogenic partners of c-myc have been identified through the use
of transgenic cross breeding experiments. H-ras, K-ras and N-ras encode
cytoplasmic G proteins which are involved in the relaying of stimulatory signals
from the cell surface to the nucleus. Mutations of K-ras are frequently involved in
lung, ovarian, colon and pancreatic cancers. Mutations of N-ras are involved in

leukaemias. Although Eu N-ras mice do not develop B lymphoid tumours,

myc/ras bitransgenic mice rapidly succumb to B lymphomas predominantly of

early differentiation stages (Harris et al., 1988).



The abl gene encodes a tyrosine kinase, mutation of which is associated with a
number of haematologic malignancies (reviewed in Konopka and Witte,1985, De
Klein et al., 1988). Abelson murine leukaemia virus expresses a fusion protein (v-
abl) which lacks the N terminal portion of the normal cellular ab/ gene product and

has heightened tyrosine kinase activity. Eu v-abl transgenic mice develop

plasmacytomas, the majority of which harbour a rearranged c-myc gene.

Crossbreeding of Ep v-abl mice with Ep-c-myc mice results in rapid development

of oligoclonal plasmacytomas in the bitransgenic progeny (Rosenbaum ef al.,
1990).

Translocation of the cyclin D1 (bc/ 1) gene to an immunoglobulin locus is
associated with some human lymphoid neoplasias. Cyclins and cyclin dependent

kinases regulate the progression of the cell cycle. Eu cyclin D1 transgenic mice do

not develop lymphoid neoplasia. Only subtle alterations in the cycling behavior of
B-cell populations are detected in the bone marrow of transgenic mice compared

to normal. However, cross breeding of Eu cyclin-D1 mice with Eu N-myc or Ep L-

myc transgenic mice demonstrates a high level of co-operation between cyclin D1
and Myc in tumourigenesis (Lovec et al., 1994).

Mutations of the tumour suppressor gene p53 are common in a wide range of
human cancers. In normal cells DNA damage and other cellular stresses activate
the transcription factor p53 resulting in growth arrest or apoptosis. Loss of p53

allows cells with unstable genomes (due to DNA damage) or in an abnormal
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environment (ie located in a place with limited survival factors) to evade pS53
induced apoptosis (reveiwed in Hall and Lane, 1997, Levine 1997). Homologous
recombination has been used to generate mice that lack one or both copies of
endogenous p53. Nullizygous mice all succumb to tumours of various types by
the age of 10months. Heterozygous mice have a 50% incidence of cancer by the
age of 18months; the cancers are predominantly lymphomas and sarcomas
(Donehower et al., 1993). Mutations of p53 have been observed in a number of
BL derived cell lines of both endemic and sporadic origin (Farrell ez al., 1991). p53
loss synergises with c-myc in T-cell tumourigenesis in CD2-myc transgenic mice
(Blyth et al., 1995). Mutation or loss of p53 could therefore have a role to play in
EBNA-1 induced lymphomas.

Other EBV antigens could interact with EBNA-1 in tumourigenesis. Both LMP1
and EBNA2 have been demonstrated to have oncogenic properties (reviewed in
introduction section 1.1). Although EBNA-1 is the only EBV latent antigen whose
expression is known to be consistently maintained in BL, other viral proteins may
play arole in the initiation of tumourigenesis.

It is also concievable that the oncogenic action of EBNA-1 requires interaction

with some completely novel proto-oncogene or tumour suppressor gene.

1.9 Complementation Groups of Synergizing Oncogenes in
lymphomagenesis
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Combination of the results of a number of studies of oncogene synergy in
lymphomagenesis suggests that there are three complementation groups of
oncogenes involved in the initial stages of tumour development (Wilson, 1997)
(figure 1.7). One group contains the myc family members, at least one major
function of which in oncogenesis is to drive cells towards proliferation. The
second group contains the pim family genes, the exact function of which is not yet
clear. The third group contains a number of genes which act to inhibit apoptosis,
cell differentiation or senesence. For example, in MuMLV induced tumours in
Eu-pim-1 transgenic mice deregulated c-myc and gfi-1 expression may be
concurrent in one tumour. However, c-myc and N-myc genes are never found to be
co-activated in the same tumour cell clone and therefore these two genes constitute
a complementation group. Similarly, simultaneous activation of gfi-1 and bmi-1 is
rare (Bemns et al., 1994, Schmidt et al., 1996, Scheijenet al., 1997).

MoMLV falls into the third group because recent evidence suggests that the virus
can promote cell survival through some other mechanism in addition to proto-
oncogene insertional activation (Pak and Faller, 1996). In addition viral infection
does not show an appreciable tumour acceleration in either Ep blc2 mice or p53
null mice (Acton et al., 1992, Baxter et al., 1996). The placing of genes within a
particular group does not necessarily represent functional redundancy of the
members of that group (although this may be true of myc family members).

Rather the genes within one grouping act in parallel pathways or at different
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points on the same signal transduction pathway. For example, some evidence
suggests that p53 and bcl-2 serve as an effector and repressor function
respectively of a common cell death pathway (Marin et al., 1994).

The mechanisms of co-operation between different groups are beginning to
become apparent. Myc family members induce cellular proliferation, but in a non
permissive environment can also induce apoptosis. Bc/-2 inhibits apoptosis, thus
the inappropriate expression of both of these oncogenes could give rise to a cell
which does not die in response to normal signals and is driven to proliferate. Both
invivo and in vitro experimentation have demonstrated the co-operation between
c-myc and bcl-2 in cell transformation (Strasser et al., 1990, Faniidi ef al., 1992,
Wagneret al., 1993). However the combination of these two oncogenes is still not
sufficient for tumourigenesis as the tumours which develop are mono or
oligoclonal.

Analysis of the co-operation of EBNA-1 with other oncogenes may shed light on

the mechanism by which it acts in tumourigenesis.

1.10 Aims of this research
This research project has involved the analysis of Eun EBNA-1 transgenic mice to

elucidate how EBNA-1 acts as an oncogene.

Approaches:
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Chapter 3 Expression of EBNA-1 in Eu EBNAI Transgenic Mice

A number of techniques have been used to analyse the expression of the Eu

EBNA-1 transgene at the RNA level The aim was to assess whether the
regulation of transgene expression is a contributing factor in the different latency

and penetrance of the transgenic phenotype between line 26 and line 59.

Chapter 4 Cell Culture from Ey EBNA-1 Induced Lymphomas

Attempts have been made to generate cell lines from tumours in Ep EBNA-1

transgenic mice. This approach allows a more in depth analysis of the nature of
the tumours. Through the down regulation of EBNA-1 expression in cell lines in
vitro it may be possible to assess whether continuous EBNA-1 expression is
required for the maintenance of tumour phenotype. Analysis of genetic changes in
cell lines in vitro (for example through karyotyping) allows investigation of

potential secondary factors in tumourigenesis.

Chapter 5 Protein DNA Binding Activity of EBNA-1 and LRI in Ep
EBNA-1 Transgenic Mice

EBNA-1 is a pleiotropic protein and it is not clear what functions of the protein
are oncogenic. DNA binding is required for the action of EBNA-1 in both DNA
replication and transcriptional transactivation. Given this, an investigation of the
DNA binding activity detectable in line 26 and line 59 was undertaken to address
whether the differences in phenotype between the lines reflected different protein

DNA binding activities.



LR1 was identified as a potential collaborator with EBNA-1 in tumourigenesis
through its ability to contribute to c-myc deregulation and its implied role in c-myc
translocations. However, at the time of this study the identity of the genes
encoding LR1 were not known. To address whether LR1 plays a role in EBNA-1
induced tumourigenesis, it was attempted to compare the DNA binding activities

of LR1 protein in line 26 and line 59 samples.

Chapter 6 Co-operating Cellular Factors in Eu EBNA-1 Induced
Lymphomas

Since EBNA-1 expression is insufficient to induce tumourigenesis in transgenic
mice, a number of approaches have been used to identify synergising oncogenes.
Particular emphasis has been placed on the role of Myc family members.
Experimental approaches include: analysis of RNA expression patterns, screening
for genomic rearrangements, plasmacytoma induction using pristane and transgenic

cross breeding.
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Chapter 2

Materials and Methods

2.1 Oligonucleotides

The oligonucleotides listed in table 2.1 were synthesised on an Applied
Biosystems PCR Mate (departmental service). Oligonucleotides were removed
from the column matrix and deprotected using the following protocol. The
column was opened and the glass bead packing material poured into a Nunc
2ml tube. 1ml of 30% aqueous ammonia was added and the tube incubated at
room temperature for 1 hour. The tube was then vortexed, briefly centrifuged
and the supernatant removed to a fresh Nunc tube. A further 1ml of 30%
aqueous ammonia was added and the tube incubated at 50°C ovemnight.
Ammonia stocks were stored at -20°C. As required aliquots of
oligonucleotides were precipitated with one fifth volume of 10M ammonium
acetate and 2 volumes of absolute ethanol. The precipitate was washed with
70% ethanol and resuspended in distilled H,0 or TE as required.

The oligonucleotides listed in table 2.2 were ordered from commercial
suppliers as shown.

EBNA-1 sequence nucleotide numbers indicated are with reference to the
sequence of the BamHI K fragment of Epstein Barr virus, which has a total

size of 5055bps. The sequence nucleotide numbers for the immunoglobulin
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Oligonucleotide Oligonucleotide sequence (5°-3)) Description

EB1 A CCCTTCCTCACCCTCATCTCC EBNA-1 coding sequence
nucleotides 2281-2301 (reference in
text)

EB1 B GCTCTCCTGGCTAGGAGTCACG EBNA-1 coding sequence
nucleotides 1843-1864 (reference in
text)

EB1C CCCCTCGTCAGACATGATTC EBNA-1 coding sequence
nucleotides  380-400  (antisense)
(referencein text)

EB1D GAATCATGTCTGACGAGGGG EBNA-1 coding sequence
nucleotides 380-400 (sense) (reference
in text)

EB1E CTTAAATTCACCTAAGAATG EBNA-1 3’ sequence nucleotides
2581-2600 (referencein text)

Py ORIF CTTTTTCTCCAGAGTAAGC Polyoma origin sequence nucleotides
16-34 (referencein text)

Myc2 5’A ATGCCCCTCAACGTGAACTTC Murine c-myc exon 2 5° primer 1 for
SSCP (Bhatia et al., 1993)

Myc2 5’B TTCCCTTGGGGAGAAGGACGT Murine c-myc exon 2 5° primer 2 for
SSCP (Bhatia et al., 1993)

Myc2 3°C AGTGAGGATATCTGGAAG Murine c-myc exon 2 3° primer 1 for
SSCP (Bhatia et al., 1993)

Myc2 3’D GGTCTCGTCGTCAGGATC Murine c-myc exon 2 3’ primer 2 for
SSCP (Bhatia et al., 1993)

Myc3 5’E GAAATTGATGTGGTGTCT Murine c-myc exon 3 5° primer 1 for
SSCP (Bhatia ef al., 1993)

Myc3 5°F CTGCTTCAGGACCCTGCC Murine c-myc exon 3 5° primer 2 for
SSCP (Bhatia et al., 1993)

Table 2.1

heavy chain enhancer are as described (Baneri et al., 1983). Polyoma

sequence nucleotide numbers are as described for the polyoma origin region

(Tooze, 1981).
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Oligonucleotide

Oligonucleotide sequence (5°-3’)

Description/supplier

EBI F CCCCTCGTCAGACATG EBNA-1 coding sequence nucleotides
384-400 (antisense) (referencein text)
Cruachem
EB1 G CATGTCTGACGAGGGG EBNA-1 coding sequence nucleotides
384-400 (sense) (referencein text)
Cruachem
EB1 H TTCCAGGTCCTGTACC EBNA-1 coding sequence nucleotides
404-418 (antisense) (referencein text)
Cruachem
EB1L GGTACAGGACCTGGAA EBNA-1 coding sequence nucleotides
404-418 (sense) (referencein text)
Cruachem
EB11 GTTCCACCGTGGGTCC EBNA-1 coding sequence nucleotides
634-650 (referencein text)
Cruachem
EB17J CTTTGCAGCCAATGCAACTTG EBNA-1 coding sequence nucleotides
614-634 (referencein text)
Cruachem
EB1 K GGGGTCTCCGGACACCATC EBNA-1 coding sequence nucleotides
586-604 (referencein text)
Cruachem
Anchor primer CUACUACUACUAGGCCACGCGTCG 5’ RACE anchor primer
ACTAGTACGGGIGGGIIGGGIG Gibco BRL
UAP CUACUACUACUAGGCCACGCGTCG  Universal Amplification Primer
ACTAGTAC Gibco BRL
Myc 1 GAGCTGCCTTCTTAGGTCG
IgH 1 CCAATAATCATAGAGCTC IgH enhancer 4398-4415 (reference in
text)
EBlbindA GATCTAGGATAGCATATGCTACCC EBNA-1 DNA binding site sequence
CGGGG (Polvino-Bodnar and Scaffer, 1992)
Cruachem
EB1bindB GATCCCCCGGGGTAGCATATGCTA EBNA-1 DNA binding site sequence
TCCTA (Polvino-Bodnar and Scaffer, 1992)
Cruachem
LR1bindA GATCCTCCTGGGTCAAGGCTGAAT LR1 DNA binding site sequence
AGACGC (Williams and Maizels, 1991)
Cruachem
LR1bindB GATCTCCCCTGCGTCTATTCAGCC LR1 DNA binding site sequence
TTGACCC (Williams and Maizels, 1991)
Cruachem
Splbind - Duplex oligonucleotide containing Sp1
consensus DNA binding site
Promega
Table 2.2
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2.2 DNA Probe Fragments

Table 2.3 lists the DNA fragments routinely used to make labelled probes in

the following work. Enzymatic digestion of plasmid DNA and subsequent

purification of probe fragments was carried out according to standard

protocols listed later in this chapter. The EB13’ probe was derived from the

plasmid pEu-EBNA-1 as described (Wilson and Levine, 1992). The EB15’

probe was derived from plasmid pPy5°’EB-1 as described (Wilson, et al,

1996).

Probe Fragment Name | Description

EB13’ Contains 3 region of EBNA-1 transgene (1kb) including EBNA-1 coding
sequence (1645-2308) (referencein text)

EB1 5’ Contains Polyoma promoter sequences from EBNA-1 transgene (1-190) and 5’
EBNA-1 coding sequence (365-554) (referencein text)

IgH1 Xbal- EcoRI fragment (682bps) from the murine immunoglobulin heavy chain
enhancer

IgH2 BamH1- Xbal fragment (1.3kb) from the murine immunoglobulin heavy chain
enhancer

mmycl Pstl fragment (420bps) from murine c-myc exon 2

mmyc2 Xbal fragment (3.1kb) containing murine genomic c-myc exon 2, intron 2 and
exon 3

mbcl HindITI-EcoRI fragment (865bps) containing murine bcl2 cDNA

mpim BamHI1 fragment (1kb) containing murine genomic piml exon 5, intron 5 and
exon 6

hbcl Sacl fragment (550bps) containing human genomic bcl2 exon 1 3” region

mp53 murine p53 cDNA

meycD1 murine cyclin D1 cDNA

Table 2.3

2.3 Protein Reagants

DNA restriction and modification enzymes and RNA modification enzymes
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were obtained from a number of suppliers; BRL, Boehringer Mannheim,

Promega, Pharmacia, Ambion.

Foetal calf serum was supplied by Sigma.

Anti EBNA-1 antibodies; monoclonal Aza2E8 was used as a direct tissue

culture supernatant prepared by Joanna Wilson. The cells were grown as

described (Hearing ef al., 1985). When the cells were confluent, supernatants

were collected. The cells were spun down and the supernatant stored at -70°C

in aliquots until use then at 4°C once defrosted. Anti EBNA-1 reactive human

sera AM and WS were supplied by human donors A.M and W.S and stored at

4°C. Different dilutions of these antisera were used according to the

application.

All secondary antibodies used in cell staining experiments were supplied by

Sigma.

2.4 Chemicals

CHEMICAL

SOURCE

General chemicals, biochemicals and organic solvents
Media

Agarose

X-gal, IPTG

Radiochemicals

10x Restriction enzyme buffers

BDH, May and Baker, Sigma
Difco, Oxoid

BRL

BRL

NEN, ICN

BRL, Boehringer Mannheim, Promega

Nucleotides Boehringer Mannheim
Antibiotics Sigma
Table 2.4

52



2.5 Bacterial Culture Media
L Broth: 10g tryptone, S5g yeast extract and 5g NaCl made up to 1litre in
distilled water and adjusted to pH 7.5 with NaOH.

L Agar: as L Broth with the addition of 15g per litre of agar.

2.6 Sterilisation (Departmental service)
All growth media were sterilised at 120°C for 15 minutes. Supplements and
buffer solutions at 108°C for 10 minutes and CaCl, at 114°C for 10 minutes.

Solutions for use in RNA work were autoclaved for at least 30 minutes.

2.7 Bacterial Growth Conditions

Liquid cultures for transformation, or DNA preparations were routinely
grown in L broth at 37°C with vigorous shaking. For plates L agar was used
with antibiotic supplements as required. Plates were generally incubated
overnight at 37°C. Bacterial strains were stored in 50% L broth, 20% glycerol

and 1% peptone at -70°C.

2.8 Indicators

X-gal (5-bromo-4-chloro-3-indolyl-B-D-galactoside) was used in conjuction
with TA cloning kit (InVitrogen) according to the manufacturer’s instructions.
Use of this indicator acts as a screen for plasmids with inserts in the
polylinker region. Clones containing inserts were generally white (due to the

disruption of the f-galactosidase gene), clones lacking inserts were blue. X-gal

(40ug/mlin DMF) was stored at -20°C.
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2.9 Buffer Solutions

Stock Solution Components

10X TBE 109g Tris base, 55g Boric Acid, 9.3g Na2EDTA 2H20, made up
to 1litre in distilled water

50X TAE For 1L; 242g Tris base, 57.1ml glacial acetic acid, 100ml 0.5M

10X gel loading dye (agarose
gels)

10X restriction enzyme buffers
TE buffer

TE / 0.1%SDS

20X SSC

0.5M EDTA pHS8

Church Buffer

2FC’ (buffered phenol
chloroform)

Buffered phenol
Tail Solution

STE buffer

RNA loading buffer
RNA loading dye

10% Buffered Neutral Formalin

EDTA pHS, made up to 1L with distilled water

20% ficoll, 0.25% bromophenol blue, xylene cyanol 0.25%, Tris
HCI pH7.5 10mM, EDTA 1mM

various as supplied by BRL, Boehringer Mannheim, Promega
10mM Tris/HCl, 1mM EDTA, pH 8.0

10mM Tris/HCl, 1mM EDTA, 0.1% SDS

3M NaCl, 0.3M trisodium citrate

EDTA plus distilled water titrated to pH8 with 10M NaOH

28g SDS, 4g BSA, 0.8ml 0.5M EDTA pHS8, made up to 300mls
with distilled water, then add 100mls 1M Na,HPO,

50mls of phenol and 50mls of chloroform are mixed, then 1ml of
isoamyl alcohol and 0.1g of hydroxyquinolene are added. The
mixture is saturated and buffered with 1M Tris pHS.

Water saturated buffered phenol pH7.5 was supplied by Fisons
50mM Tris pH8, 100mM EDTA pHS8, 100mM NaCl, 1% SDS
100mM NaCl, 20mM Tris HCI pH7.5, 10mM EDTA

12.5ul deionized formamide, 2.5ul 10 x MOPs buffer, 4ul 37%
formaldehyde solution

50% glycerol, 0.1% bromophenol blue, 0.1% xylene cyanol, 50uM
EDTA

For 2.5L; sodium dihydrogen phosphate(anhydrous) 8.75g,
disodium hydrogen phopsate(anhydrous) 16.25g,

formaldehyde 250ml, made up to 2.5L with distilled water

Table 2.5

2.10 Plasmid DNA isolation

Medium Scale DNA Preparation 1 (basically as Birboim et al.,

1979)

Solutions:

. 50mM glucose, 25mM Tris/HCI pH8.0, 10mM EDTA.

I1. 0.2M NaOH, 1% SDS (made fresh)

III. SM Potassium acetate pH4.8; mix equal volumes of 3M CH;COOK and

2M CH;COOH
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Method:

100ml cultures of stationary phase plasmid containing cells were harvested by
centrifugation (12,400g, 10min at 4°C). The pellet was resuspended in 4ml of
solution I. 8ml of solution II was added and the mixture left on ice for 5
minutes. 6ml of solution III was then added, gently mixed and the cell debris
and chromosomal DNA removed by centrifugation (39,200g, 30min at 4°C).
The plasmid DNA was precipitated from the supernatant with 12ml
isopropanol for 15minutes at room temperature. The DNA was pelleted by
centrifugation (27,200g, 15min at 20°C), rinsed with 70% ethanol and then
further purified by banding on a CsCI/EtBr gradient. The DNA was

resuspended in 2.1ml of TE buffer and added to 270ul of a 15mg/ml ethidium

bromide solution. 5g of CsCl was dissolved in 3ml of water and added to the
DNA/EtBr solution. The gradients were centrifuged in a Beckman Ti70.1 fixed
angle rotor at 200 000g for 16 hours at 20°C. Where two bands were visible; a
lower supercoiled plasmid band and an upper nicked DNA band, the lower
band was removed using a Iml syringe. The ethidium bromide was removed by
repeated butanol extractions and the DNA recovered by ethanol precipitation.

The DNA was washed in 70% ethanol and resuspended in 500ul TE.

Medium Scale DNA Preparation 2.

This was carried out using Qiagen Medium Scale Preparation kits for plasmid
DNA, according to the manufacturer’s instructions using 20mls of stationary

phase plasmid containing cells.
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Small Scale DNA Preparation .

The Bimboim, Doly (1979) miniprep method was used for small scale
preparation of plasmid DNA as follows.

1.5ml of a stationary culture was harvested by centrifugation in an Eppendorf

tube (12,000g, 30sec) and resuspended in 100ul of solution I (as described for
large scale preparation above). 200ul of solution II was added and mixed by

gentle inversion of the eppendorf tube. Following a 5 minute incubation on ice,
150ul of solution III was added and mixed by vortexing at the lowest setting of
a Vortex Genie-2 (Scientific Instruments) for 10 seconds. Following a further 3
minutes on ice, the tube was centrifuged (12,100g, 5 min). The supernatant
was collected and extracted against 400ul of 1:1 phenol: chloroform. Following
centrifugation (12,000g, Smin) the supernatant was added to 2 volumes of
ethanol. After a 5 minute incubation at room temperature and centrifugation
(12,100g, Smin) the supernatant was carefully removed and the pellet washed

with 70% ethanol, air dried and resuspended in 50ml TE buffer. 1pl of a

Img/mlRNase A solution was added.

2.11 Isolation of Chromosomal DNA from Mouse Tissues

Preparation of DNA From Mouse Tail Samples

This was carried out basically as described in Wilson et al. 1990. Tissue
samples were either taken fresh or stored at -70°C prior to DNA preparation.

700ul of Tail solution (table 2.5) was added to the tail sample plus 35ul of a
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10mg/ml solution of proteinase K. Digestion of the tissues was allowed to
progress overnight at 55°C. It is possible to store the samples at 4°C following
complete digestion with proteinase K for DNA purification at a later time
point. To purify the DNA, the digested tail sample was subjected to

sequential phenol, phenol/chloroform extractions. 700ul of phenol was added

to the sample and mixed by hand. The sample was then centrifuged at
approximately 9000rpm in an Eppendorf benchtop centrifuge for 15 minutes.

The upper phase was removed to a fresh tube, 700ul of 2FC added, mixed and

the centrifugation repeated. This step was then repeated. After a final
centrifugation the upper aqueous phase was removed to a fresh tube and 1

volume of ice cold absolute ethanol and 100ul of 10M ammonim acetate

added. Following gentle mixing by hand the sample was centrifuged briefly
(2mins, 8000g 2mins). The supernatant was removed and the pellet washed
with 70% ethanol, then air dried briefly and resuspended in TE. The majority

of tail DNA samples were diluted to a final concentration of '/ to !/, ug per

ml.

Preparation of Mouse Chromosomal DNA From Other Mouse
Tissues

Basically the same protocol as above was used to prepare DNA from spleen,
liver, lymph node and other tissues. Where necessary the tissue samples were
physically mashed or cut to aid the initial digestion with proteinase K. Where
the tissue sample was large, preparation solution volumes were increased

accordingly.
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2.12 Transformation of E.coli with plasmid DNA

This was carried out as described (Current Protocols). An overnight culture of
the recipient strain (usually DHS) was diluted 1 in 100 into 20ml L broth and
grown to a density of 2x10® cells/ml (about 90mins).

The cells were harvested (21,100g, 1min, 4°C) and resuspended in 10ml of
50mM CaCl,. The cells were pelleted again, resuspended in 0.5ml ice cold
50mM CaCl, and kept on ice until use. 100ul aliquots of competent cells were
added to DNA in TE buffer and, after gentle mixing left on ice for 15 minutes.
400ul of pre warmed L. broth was added to the cell suspension and incubated

at 37°C for 90 minutes to allow expression of plasmid genes. 100ul aliquots of

the transformation mixture were spread on to selective plates.

2.13 Restriction of DNA
For restriction of plasmid DNA 4-5 units of enzyme were used per pg of

DNA. The appropriate restriction buffer was included and the reactions
allowed to proceed for 1-3 hours at 37°C ( or the appropriate temperature

according to the manufacturer’s instructions).

The majority of mouse chromosomal DNA digests included S5ug of DNA in a
total reaction volume of 20ul. An initial overnight incubation at 37°C with 4-5

units of enzyme per pg DNA was followed by the addition of an extra 1-2

units of enzyme and a further 1-2 hour incubation at 37°C.
The enzymes were inactivated by the addition of DNA loading buffer and

heating to 70°C. Alternatively, where subsequent manipulation of the DNA
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was to be undertaken phenol extraction followed by ethanol precipitation was

used to purify the DNA from the enzyme(s).

2.14 Ethanol Precipitation of DNA

For precipitation of small DNA fragments; !/, volume of 3MNaOAc and 2
volumes of absolute ethanol were added to the DNA solution. After mixing,
the DNA was precipitated at -20°C for at least 30 minutes and pelleted for 15
minutes at 4°C. The pellet was washed with 70% ethanol and dried.
Chromosomal DNA was precipitated with /s volume of 10M Ammonium
Acetate and 1 volume of cold absolute ethanol. After mixing the pellet was

spun down at room temperature for 2 minutes and washed with 70% ethanol.

2.15 Ligation of DNA Fragments
Restriction fragments were ligated in reaction volumes of 10-20pl containing

1x ligation buffer and 0.5 units of T4 DNA ligase. Generally a 3:1 insert to
vector ratio of fragments was used (10:1 for blunt end ligations). The reactions
were incubated at 16°C overnight. Aliquots of the ligation mix were used to

transform competent cells.

2.16 Gel Electrophoresis of DNA

Agarose gels

0.8%-2% agarose gels were used. Agarose powder was dissolved in 0.5-1x

TAE at 100°C and then cooledto 55°C before use. For some applications 1pl

of 10mg/ml ethidium bromide was added to the gel prior to use. Otherwise the
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gels were bathed in a 0.6mg/ml ethidium bromide solution after electrophoresis
and then rinsed in water.

IBI gelkits were used. Running buffer was TAE at the same concentration as
in the gel.

Visualisation of DNA was on a 254nm wavelength UV transilluminator except
where the DNA was to be isolated from the gel, then a 365nm wavelength

transilluminator was used.

Polyacrylamide Gels

¢ 1.Sequencing Gels (and gels for RNase Protection Assays)

The gel kit used was made by IBI. A pre-made sequencing gel solution (6%
polyacrylamide/8M urea) was used to pour the gels according to the
manufacturer’s instructions (Scotlab, Anachem). Gels were allowed to set for
at least one hour and often left overnight. Gels were run in 1X TBE. Gels were
pre-run for at least 45 minutes and run for 2-6 hours at 65W. After
electrophoresis gels were either fixed in 10% acetic acid/ 10% methanol for 15
minutes and then dried, or dried directly. Gels were dried onto Whatman
3MM chromatography paper under vacuum at ‘80°C and then
autoradiographed.

* 2. Non-denaturing gels for single stranded conformational analysis
Various different conditions were used for gels for SSCP analysis (section
2.24). Gels were run on IBI sequencing gel apparatus. All the gels contained
TBE at 0.5-1X and TBE was the running buffer. Both 30:1 and 19:1

acrylamide to bis-acrylamide ratios were used to optimise resolution of DNA
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strands. In addition for some gels Hydrolink-MDE acrylamide solution was
used (Hoeffer).

Gels were not pre run. Gels were run very slowly overnight (12-14hrs) either
at room temperature with a fan to cool the gel, or at 4°C. Gels were dried
under vacuum at 80°C and then autoradiographed.

* 3. Non-denaturing polyacrylamide gels

These gels were used to separate protein-DNA complexes. Various
concentrations of acrylamide were used according to the experimental
requirements (section 2.31). All gels were made and run in 1X TBE buffer. Gel

mixes were made according to a basic recipe (table 2.6).

Component Volume
30% acrylamide / 0.8% bisacrylamide (w/v) solution (Biorad) xml
10xTBE S5ml
10% APS (w/v) 200ul
TEMED 20ul
Made up to final volume of 50mlis with distilled water xmls
Table 2.6

A Biorad vertical gel electrophoresis apparatus was used. All gels were
allowed to set for approximately 45 minutes and then pre-run for at least 45
minutes. Gels were run for variable lengths of time at room temperature at

approximately 200V depending on the application.

2 .17 Isolation of DNA Fragments after gel Electrophoresis

Isolation of DNA from Agarose gels

DNA fragments were cut from ethidium bromide stained gels and purified by

one of two methods.
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a. Spin X tubes (Costar) were used as recommended by the manufacturer. The

Spin X tube contains a 0.22uC cellulose acetate filter. On centrifugation the

DNA in solution flows through the filter into the collection tube, the agarose
particles remain above the filter.

b.Qiaex II gel extraction kit (Qiagen) was used according to the manufacturer’s
instructions. The agarose is solubilised using a high concentration of a
chaotropic salt which disrupts the hydrogen bonds between the sugars in the
agarose. 40bp-50kb DNA fragments are adsorbed to QiaexII silica particles in
the presence of high salt. Impurities are removed by washing. The pure DNA

is eluted from the matrix in water or TE (low salt/basic conditions).

Isolation of DNA from Low Melting Point Agarose gels

The band containing the DNA of interest was cut directly from ethidium
bromide stained gels, mashed and TE or distilled water added to dilute the
agarose. Prior to use the DNA was heated to 70°C to melt the agarose and

mixed thoroughly.

Isolation of DNA from Polyacrylamide gels

The *?P labelled DNA of interest was identified using autoradiography and cut
from the gel. The gel fragment was mashed and 0.5ml of elution buffer (0.5M
ammonium acetate/ ImM EDTA/ 10mM TRIS pH8) added. After an

overnight incubation at 65°C the DNA was ethanol precipitated and washed.

2.18 Southern Blotting of DNA
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The method used was as described in the handbook for Pall Biodyne
Membrane. Briefly, after electrophoresis gels were denatured in a solution of
IM sodium hydroxide/1.5M sodium citrate for 30 minutes. Capillary blotting
was used to transfer the DNA from the gel to the membrane. 20 x SSC was
used as the transfer solution. Transfer was allowed to occur overnight. Where
the DNA fragments to be transferred were of large size an acid hydrolysis step
(15 minutes in 0.25M hydrochloric acid) was included prior to denaturation to
partially break down the fragments. On occasion Hybond N (Amersham)
membrane was used, it was then necessary to include a neutralisation step
after denaturation (15 minutes in 0.5MTris pH 7.4/1.5M sodium chloride).
After complete transfer the membrane was baked for 1 hour at 80°C and UV

crosslinked.

2.19 Slot Blot Analysis of DNA

A vacuum slot blot apparatus (Schleicher and Schuell Minifold 1T) was used
for the direct application of DNA to nylon membranes. To 5ug of DNA in
120pl, 40ul of 1M sodium hydroxide was added and the mixture vigorously
vortexed to denature the DNA. After 10 minutes at room temperature 160pl

of 10 x TAE buffer was added. The samples were vortexed, briefly spun down
(2mins Eppendorf bench centirfuge, 14 000rpm) and put on ice. The
membrane was pre soaked in 1 x TAE buffer. The samples were loaded
without the vacuum. Vacuum was applied once all of the samples had been

loaded. When the samples were through, a drop of 5 x TAE buffer was added
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to each well. After complete transfer the membrane was baked for 1 hour at

80°C and UV crosslinked.

2.20 Polymerase Chain Reaction (PCR)

The exact conditions used for PCR reactions varied depending on the

application. Reaction cycles followed the format:

Cycle Description Number of Cycles

Denaturation; Sminute, 95°C 1

Denaturation; 1minute, 95°C
Anneal; Iminute, various 30-35

Extension; 1-3minutes, 72°C

Extension; 10minutes, 72°C 1

Table 2.7

Reactions were carried out in volumes of 30-50ul. Exact ingredients varied

with the application, but the basic reaction mix was as follows:

Reaction Component

Concentration

DNA (in H20 or TE)

10x reaction buffer (BRL or Promega)
Magnesium Chloride solution
dNTP mix (ATP, CTP,GTP,TTP)

Primer oligonucleotide 1
Primer oligonucleotide 2

Taq DNA polymerase (BRL or Promega)

various, approximately 0.1-0.5ug
Y0 total reaction volume

various, usually 2.5mM

various, usually 0.2mM

various, usually 0.2uM

various, usually 0.2uM

various, usually 0.4 units per reaction

Table 2.8
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Thermal cyclers used were a Perkin Elmer Thermal Cycler and a Crocodile II

(Appligene).

2.21 Cloning of DNA fragments

PCR products were cloned using the InVitrogen TA cloning system, basically
according to the manufacturers instructions. This system utilises the
overhanging thymidine nucleotide added to the end of PCR products generated
by Taq polymerase. DNA products were visualised on ethidium bromide
stained agarose gels and cut out as individual bands. The DNA was purified
from the agarose using Qiaex II gel extraction kit (Qiagen) according to the
manufacturer’s instructions. Purified DNA was used directly in ligation
reactions to the T- vector (InVitrogen). Transformation of the ligated DNA
into competent E.coli was as described (section 2.12). The vector contains a

copy of the B galactosidase gene at the polylinker site, expression of which is

disrupted by the presence of an insert. This allowed for selection of colonies
containing inserts (section 2.8). Several of the colonies obtained were picked,
grown up in 1.5ml L broth and DNA prepared from them using the miniprep
method (section 2.10). Plasmid DNA was subjected to an EcoRI digest, this
enzyme cuts on either side of the polylinker and releases the cloned insert, and
analysed by electrophoresis. Where the insert was of the expected size, the
plasmid was subjected to further analysis eg restriction mapping and

sequencing.

2 .22 Sequencing of Plasmid DNA.

Two different protocols were used for the sequencing of miniprepped DNA.
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Taq Terminator Sequencing (on ABI373A) at the CRC Beatson
Institute for Cancer Research

Reactions were carried out using 1ug of double stranded plasmid DNA with

3.2pmoles of primer. Thé reaction mix and enzyme were supplied by
Promega. The PCR reaction cycle was as follows; (96°C 15 secs, 50°C 1 sec,
60°C 4mins) x 25 cyles (Perkin Elmer 9600 Thermal Cycler). Reactions were
then extracted twice with phenol/chloroform, precipitated, dried and
resupended in loading buffer. Reactions were carried out and gels run with the

assistance of Rob McFaralane at the Beatson Institute.

Sequenase Quick Denature Sequencing Kit (USB)
Sequencing reactions were carried out with 1pg of double stranded plasmid

DNA and 0.5pmoles of primer according to the manufacturers instructions.
Samples were heated to 80°C for 2 minutes prior to loading on 6% sequencing

gels.

2.23 Probing of Southern, Northern and Slot Blots with Labelled
DNA fragments.

25ng of appropriate DNA fragments were labelled using *>PdATP or **PdCTP
and the Primelt II (Stratagene) DNA labelling kit according to the
manufacturer’s instructions. This kit utilises Klenow DNA polymerase
lacking the 3” exonuclease. Polymerisation reactions are primed from denatured
template to which random nonamer oligonucleotides are annealed. Labelling
reactions were allowed to proceed for 10 minutes to 1 hour, the reaction

stopped and then unincorporated nucleotides separated from the probe
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fragment using a Stratagene Nuctrap Push Column according to the
manufacturer’s instructions.

Prior to the addition of the labelled probe the membrane underwent a pre-
hybridisation step.

Both pre-hybridisation and hybridisation were carried out in plastic tubes in a
rotatory hybridisation oven. For the pre-hybridisation the membrane was
soaked in Church Buffer at 65°C for at least 1hour. Hybridisation was carried
out in Church Buffer (approximately 8-15mls depending on the size of the
membrane) at 65-68°C for 12-16 hours. The labelled DNA probe fragment was
denatured at 95°C for 5 minutes prior to addition to the pre-warmed Church
Buffer. This mixture was then added to the membrane (after removal of the
pre-hybridisation mixture). Where extremely stringent hybridisation
conditions were required, up to 20% formamide was included in the Church
Buffer.

After hybridisation, membranes were washed for 20-60 minutes at room
temperature in 2 x SSC, 0.1% SDS and then for 20-60 minutes at 68°C in 0.1 x
SSC, 0.1% SDS (stringent conditions).

Washed membranes were sealed in plastic bags and visualised by

autoradiography.

2 .24 Single Stranded Conformational Analysis of DNA

SSCP analysis of the c-myc gene in transgenic tumour DNA was carried out
using the protocols of Bhatia ef al., 1993. A selection of different genomic

DNAs (tumour and non-tumour) from both positive and negative transgenic
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mice were screened for mutations in c-myc exon2. Each set of PCR reactions
was electrophoresed on a range of different gels; 6% polyacrylamide (19:1
acrylamide to bis-acrylamide ratio) at room temperature and 4°C, 6%
polyacrylamide (30:1 acrylamide to bis-acrylamide ratio) at room temperature
and at 4°C, or Hydrolink-MDE (Hoeffer) at room temperature. All gels were

run for 12-15 hours.

2.25 Preparation of RNA from Mouse Tissues

This was carried out essentially according to the method of Chomcznski and
Sacchi (1987). Total RNA was prepared from snap frozen tissues by acid
guanidinium thiocyanate-phenol-chloroform extraction using RNAsolB
(Biogenesis) according to the manufacturer’s instructions. The tissues were
lysed using a poltron directly in a solution which denatures proteins and
degrades DNA. Subsequent phenol/chloroform extraction is used to remove
proteins and the RNA is precipitated with isopropanol or absolute ethanol.
RNA was stored at -70°C in 1 volume TE/0.1% SDS, and 2!/, volumes
absolute ethanol. Prior to use in any assay RNA was precipitated with !/,
volume of 3M sodium acetate and washed with 70% ethanol. For RNase
Protection assays and 5’RACE PCR any trace DNA was removed from the
RNA by two further precipitations with lithium chloride: the RNA was
resuspended in TE, 0.1% SDS and lithium chloride was added to a final
concentration of 2.5M. The sample was mixed and incubated at -20°C for
30minutes and then spun down at 4°C for 30minutes. The precipitated RNA

was then washed with 70% ethanol.
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2.26 Northern Blotting of RNA
For Northern blots 10 or 20pg aliquots of RNA were run on 1% agarose gels

containing '/s volume formaldehyde and 1xMOPS E buffer. RNA samples
were prepared in a formamide loading buffer and denatured at 65°C for
Sminutes prior to loading. Gels were electrophoresed for 5 hours at 150V at
4°C. The gels were stained in ethidium bromide solution and visualised with
UV irradiation. Transfer of the RNA to Pall Biodyne membrane was carried
out by capillary blotting as described in the manufacturer’s instructions
(essentially as for Southerns section 2.18).

Subsequent probing of northern blots was as described (section 2.23).

2.27 RNA Slot Blot

Loading Buffer;

Component Volume
Formamide Iml
Formaldehyde (37% solution) | 324ul
10 xMOPs buffer 200ul
Table 2.9

20 pg aliquots of lithium chloride precipitated RNA were resuspended in 40ul
of TE/0.1%SDS. 120ul of loading buffer was added (table 2.9) and the sample
incubated at 65°C for 5 minutes then placed on ice. 40ul of cold 20 x SSC was
added and then the samples loaded onto the slot blot apparatus. Spug of RNA
was loaded on to each membrane (50ul of sample). Pre soaked (10 x SSC)

Hybond-N membrane (Amersham) was used. After application of the samples

the membranes were baked at 80°C for 1 hour and UV crosslinked.
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2.28 RNase Protection Analysis

DNA fragments for riboprobe preparation were prepared from DNA purified
by caesium chloride banding (section 2.10). Each plasmid was cut with the
relevant enzyme to give a defined end point to the transcribed riboprobe.
Digestion was allowed to proceed for three hours then additional enzyme was
added for a further hour to ensure that the reaction had gone to completion.
Proteinase K was added to the sample for 30 minutes at 37°C to remove any
contaminating RNase. Phenol/ chloroform extraction followed by ethanol
precipitation ensured that the DNA was clean (RNase free)for use as a
template in synthesis of the riboprobe.

Riboprobes were synthesised using a Maxiscript RNA polymerase
transcription kit (AMBION) according to the manufacturer’s instructions. All

probes were labelled with **P UTP.

Riboprobe Plasmid/Source Digestion/RNA polymerase
EBNA-15° pPyS’EB-1 EcoRI/T3

Polyoma/IgH 1 plgHPy Pwvull/T3

Polyoma/IgH 2 plgHPy Xbal/T3

GAPDH Ambion Ddel/T7

Table 2.10

The riboprobes used are illustrated in figure 2.1.

Unincorporated labelled UTP was purified from the riboprobe using
Stratagene Nuctrap Push Columns. The riboprobe was treated with RNase
free DNase (BRL) and purified by phenol/chloroform extraction and
subsequent ethanol precipitation. The probe was washed in 70% ethanol and

resuspended in RNase Protection hybridisation buffer (Ambion).
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Hybridisation reactions and RNase digestion were carried out using reagents
supplied with Ambion’s RNase Protection Kit. The protocol was basically as
described in the manufacturer’s handbook as follows.

40-80pg samples of lithium chloride treated RNA were precipitated, washed

and resuspended in hybridisation buffer containing 2x10°cpm of riboprobe per
sample. Where a loading control was required, the GAPDH probe was added
to the mixture in addition. In order to prevent the GAPDH signal from
overwhelming the signal of interest, the riboprobe was sythesised with a
greater concentration of unlabelled UTP( ratio of unlabelled to labelled UTP
for GAPDH was 2:1, and for other probes was 3:5) such that the specific
activity of the GAPDH probe was lower than that of the riboprobe of
interest. After mixing the samples were heated to 95°C and allowed to cool
slowly to 65°C. Hybridisation was allowed to proceed ovemight at 65°C.
Samples were digested with RNaseA and RNaseT1 to remove single stranded
RNA (Ambion, 1:50 dilution). After inactivation of the RNases and ethanol
precipitation the samples were resuspended in 80% formamide loading buffer,
denatured at 95°C and separated on 6% polyacrylamide/urea gels. For probe
alone samples 2x10? cpm undigested probe was loaded. Protected fragments
detected in RNase  protection experiments were quanitified using

phosphorimager analysis.

2.29 5’RACE PCR
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5’ RACE PCR reactions were carried out using a kit supplied by GIBCO BRL
as depicted in figure 2.2.

All the RNA samples analysed with this technique had been twice
precipitated with lithium chloride to remove any trace DNA. !/3 ug of each
RNA was used in the initial cDNA synthesis. A gene specific primer
(oligonucleotide EB1 I section 2.1, table 2.2) was used in all cDNA synthesis
reactions. Following purification of the cDNA from the primer, the DNA was
tailed with poly dC using terminal transferase. PCR amplification of the
products was carried out using a second gene specific primer (oligonucleotide
EB1 J, section 2.1, table 2.2) and the anchor primer (section 2.1, table 2.2)
supplied with the kit. 50 ul reactions contained each primer at 0.2uM, dNTPs
at 0.2mM, magnesium chloride at 1.5mM, 1x PCR reaction buffer(BRL) and
0.5 units per reaction of Taq DNA polymerase (BRL). Reactions denatured at
95%C and then cooled to 80°C prior to the addition of Taq polymerase. 30
cycles of amplification were performed with an annealing temperature of 60°C
and an extension time of 1 minute. 20ul aliquots of PCR reactions were
electrophoresed in 2% agarose gels containing ethidium bromide. Gels were
Southern blotted onto Pall Biodyne membrane (section 2.18) and probed with
either probe EB1 5° containing 5> EBNA-1 and polyoma sequences, or probe
IgH]1 containing Ep enhancer sequences.

For secondary amplification of PCR products a number of different protocols
were used. In initial experiments, the primary PCR reaction was diluted 1:50

and 5pl used in a secondary PCR reaction using the same gene specific primer
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(oligonucleotide EB1 J section 2.1, table 2.2) as the primary reactipn and the
Universal Amplification Primer (section 2.1, table 2.2). The samg reaction
conditions as for the primary reaction were applied. Subsequently, the
primary PCR reactions were amplified in a second round of PCR using one of
two different nested gene specific primers, either oligonucleotide EB1 F
(section 2.1, table 2.2). or oligonucleotide EB1 H (section 2.1, table 2.2) in
order to increase the specificity of products obtained. Ultimately, because the
yield of products was low from either of the above apprpaches rather than
dilute the primary PCR reaction it was purified using a Qiagen PCR clean up
kit to remove any free primers. Sul ('/;0) of the resultant products were used
in a secondary amplification using a nested gene specific primer
(oligonucleotide EB1 K, section 2.1, table 2.2) and the Universal
Ampliﬁcatioﬂ Primer. 20ul aliquots of Prqducts from secondary amplification
reactions were electrophoresed on 2% agarose gels and Southern blotted and
probed as above. The 5 RACE procedure is diagrammed in figure 2.2.

It was attempted to clone and sequence 5° RACE products from line 26 and
line 59 samples. After two rounds of PCR using gene specific primer EB1 J,

products from two 50 ul reactions for each line were pooled, precipitated and
resuspended in 20ul then separated by electrophoresis in a 2% agarose gel.

Fragments were cut from the gel and labelled according to size. Subsequent
purification of the DNA fragments, cloning and sequencing was as described

(sections 2.17,2.21,2.22).
2 .30 Preparation of Nuclear Protein Extracts from Mouse Tissues
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The protocol used to prepare protein extracts from mouse spleens was
essentially as described below. Tissues were snap frozen in liquid nitrogen and
then stored at -70°C. Tissues were pulverised in liquid nitrogen in a mortar
and pestle and then resuspended in a hypotonic lysis buffer (0.6% NP40,
150mM NaCl, 10mM HEPES pH7.9, 1mM EDTA, 0.5mM PMSF). The cell
suspensions were subjected to 5 strokes in a Dounce homogeniser (pestle B).
After removal of tissue debris by centrifugation (30 secs at 2000rpm in a 15ml
tube), the supernatant was incubated on ice for 5 mins. The nuclei were
pelleted by centrifugation (Smins at 5000rpm) and then resuspended in 100-

500pl of a buffer supplemented with a protease inhibitor cocktail (20mM

HEPES pH7.9, 0.42M NaCl, 1.2mM MgCl12, 0.2mM EDTA, 0.5mM DTT,
25% glycerol, 0.5mM PMSF and Spg/ml each of aprotinin, leupeptin,
pepstatin A and 2mM benzamidine). The resuspended nuclei were incubated
on ice for 20 mins for high salt extraction. The lysed nuclei were transferred to
a microcentrifuge tube and cellular debris pelleted by a 15 secs centrifugation.
The supematant containing the DNA binding proteins was aliquoted in 30ml
fractions, frozen in liquid nitrogen and stored at -70°C. Protein concentrations

were calculated using a Biorad assay.

2.31 Gel Retardation Assays for Protein DNA Binding Activity

1. EBNA-1 Gel Retardation Assays

The protocol used was essentially as described (Polvino-Bodnar and Schaffer,
1992). Complementary oligonucleotides EB1bindA and EB1bindB (section

2.1, table 2.2) were mixed in equimolar amounts, heated to 95°C to denature
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completely and then allowed to cool slowly to room temperature to anneal. A
short non-complementary 5° extension (GATC) was included in each
oligonucleotide to allow for labelling. Duplex oligonucleotide was labelled with

a’?P dATP by fillingin with Klenow. Labelled oligonucleotide was separated

from unincorporated **P dATP using a Stratagene Nuctrap Push Column. To
ensure that only duplex probe was used, the probe was purified by
electrophoresis on a polyacrylamide gel and excision (section 2.17).

For the comparison of the binding activity of various protein extracts a master
reaction mix was made containing the labelled oligonucleotide (1pmole per
reaction), the binding buffer (150mM NaCl, 20mM HEPES, 10% glycerol,
ImM Mg Cl,, ImM B ME) and poly dI dC (1ug per reaction, Boehringer
Mannheim). 25ul of reaction mix was added to 2ug of each protein of interest

in a total volume of 5ul. The binding reaction was incubated for 20 minutes at

room temperature prior to loading onto a 4% non denaturing polyacrylamide
gel. Gels were run for 2'/,-3hours at 200V.

For the determination of specificity of binding a reaction master mix was made
as above, however for this experiment the mix contained the protein of
interest. Labelled probe and the appropriate competitor were mixed and then
the reaction mix added to them and incubated for 20minutes, as above the total

reaction volume was 30ul

Two different types of supershift experiment were performed. In the first the
binding reactions were set up exactly as for the comparison experiment

described above. After the initial 20 minute incubation 1l of the appropriate
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antibody (monoclonal Aza2E8, polyclonal human serum AM, or polyclonal
human serum WS) was added to the reaction and incubation at room
temperature continued for a further 20 minutes.

In the second type of binding reaction the protein was not pre-incubated with
the probe prior to antibody addition, instead antibody and protein were added

simultaneously and the reaction incubated for 40 minutes at room temperature.

2. LR1 Gel Retardation Assays.

The reaction conditions used for these experiments were as described
previously (Williams and Maziels, 1991). Complementary oligonucleotides
LR1bindA and LR1bindB (section 2.1, table 2.2) were mixed in equimolar
amounts, annealed to form duplex and labelled with a**P dATP as described
above (section2.31.1).

Both comparison of protein activity experiments and specificity experiments
were set up as described above. However the binding buffer used differed in
composition (8mM HEPES, 60mM Kcl, 0.1% NP40, 10% glycerol) and the

reactions were separated on 6% polyacrylamide gels.

3. SP1 Gel retardation assays.

Duplex oligonucleotide for use as a binding site probe was supplied by
Promega, table 2.2. This was labelled with y**P dATP using T4 polynucleotide
kinase and the probe separated on a Stratagene Nuctrap Push Column.

As described (section 2.31.1) binding reactions were set up in a volume of

30ul. The SP1 binding buffer used was (4mM MgCl,, 0.6mM EDTA, 15mM
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HEPES, 10% glycerol). Reactions were incubated at room temperature for 20
minutes and then separated by electrophoresis on either 4 or 6%

polyacrylamide gels at 200V for 2-3hours.

2 .32 Tissue Culture

Maintenance of lymphocyte cell cultures

All cell lines were maintained in lymphocyte medium (RPMI 1640 medium
(BRL), supplemented with 10-20% foetal calf serum (FCS), 4mM glutamine,

Penstrep (BRL), 10°M B Mercaptoethanol and 7ug/ml dextran sulphate).

With the exception of primary lymphocyte cell lines all other cell lines were

obtained through the ECACC catalogue.

Derivation of primary cell lines from transgenic spleen and lymph
nodes

Spleen and lymph node tissue samples from mice were mashed in a small
quantity of lymphocyte medium to yield a cell suspension. This was briefly
spun down and the pelleted cells resuspended to a final concentration of
>1x108 cells per ml in lymphocyte medium containing 20% FCS.

Where aliquots of cells were frozen, the freezing medium contained up to 50%
FCS and 10% DMSO (dimethyl sulphoxide). Frozen cells were maintained in
liquid nitrogen.

In attempts to derive cell lines from transgenic tissues the concentrated cell
suspensions were monitored every day and gradually diluted by the addition
of fresh medium to a concentration of 1x10° cells per ml. Cell viability was

addressed using trypan blue staining (Sigma) as directed by the manufacturer.
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This dye is excluded by viable cells, but stains dead cells. Cells were counted

using a haemocytometer.

Monitoring the effect of oligonucleotide addition to cell lines.

A number of different sense and antisense EBNA-1 oligonucleotides (EB1 C,
EB1D intable 2.1, EB1 F, EB1 G, EB1 H, EB1 L in table 2.2) were added to
cell lines. 2 x10° cells of each type were aliquoted at the start of the

experiment. 30ug of the appropriate oligonucleotide was added to the cells on
day 1. At each interval of 24 hours an additional Spg of oligonucleotide was
added. After 72 hours 40ug additional oligonucleotide was added. From day 1,

aliquots of cells were taken at 24 hourly intervals, stained with trypan blue
and a count made of both viable and dead cells. At least 8 counts were made

for each sample.

2.33 Maintenance of Transgenic Mouse Lines

All animal work was carried out under Home Office Licence.

The transgenic mouse colony was monitored at least twice weekly, according
to Home office requirements, for evidence of tumours or ill health. Routinely,
samples of spleen, liver, lymph node, thymus and any abnormal looking
tissues were collected in buffered formalin solution (table 2.10) for
pathological examination. All pathological analysis was carried out by Dr.
Sarah Toth at Glasgow University Veterinary Pathology Department. In
addition samples of tissues were routinely snap frozen and stored at -70°C for

subsequent preparation of DNA, RNA and protein. For tissue culture,
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samples were collected and rinsed briefly with 70% ethanol then immersed in

FCS and taken directly into culture.

Monitoring of transgene status and transgenic lines

Tail genomicDNA was prepared as described in section 2.11.

Ep EBNA-1 transgenic lines 26, 59, 60, 61, 26B and 59B were routinely

screened by slot blot analysis and Southern blotting for transgene status
(described in Wilson and Levine, 1992). For cross breeding experiments and
pristane induction, Southern blotting was the method of choice to determine
transgene status using probe EB1 3’ (table 2.3). In addition a PCR approach
was developed to screen tail DNA for the EBNA-1 transgene.
Oligonucleotides EB1 A and EB1 B (table 2.1) were used as primers. The

standard reaction used approximately !/ug of DNA in a 50ul reaction

containing 1x PCR reaction buffer (Promega), 2.5mM magnesium chloride,

0.2uM dNTPs, 0.2uM of each primer and 0.4units per ml Taq DNA

polymerase (Promega). 30 amplification cyles were performed with an
annealing temperature of 60°C and an extension time of 1 minute. The
combination of these two primers yields a 500bp product from transgenically
positive DNA and no product from transgenically negative DNA.

Bcl2-Ig transgenic mice were imported from the laboratory of S. Korsmeyer
(McDonnell et al., 1989) and designated line 85. Tail DNA from these mice
was screened by Southern analysis as described previously (McDonnell et al.,

1989). In addition slot blot analysis was used in some cases, but extreme
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stringency was required in hybridisation (church buffer containing 20%
formamide) and washing (70°C, 0.1xSSC/0.1%SDS, 60minutes) to prevent
cross hybridisation between the probe containing human Bcl2 sequences
(probe hbcl, table 2.3) and the mouse genomic Bcl2.

Eu-pim1 transgenic mice were imported from the laboratory of A. Berns (van

Lohuizen et al., 1989), designated line 87, and screened by Southern analysis
as described ( van Lohuizen et al., 1989) using probe mpim (table 2.3).

Eu myc transgenic mice were imported from the laboratory of A. Berns. The

transgenic line was generated in that laboratory using the same constructs as
described by Adams et al. (Adams et al., 1985). The line was designated line
86. It was attempted to assess transgenic mice as described previously. It was
not possible to determine the transgene status of these mice accurately.
Definitively positive mice in this line were never obtained.

All mouse importations were overseen by the University Biological Services
adhering to appropriate UK quarantine regulations according to licencing by

the Home Office and Ministry of Agriculture.

Pristane Induction of Plasmacytomas.

Certain substrains of BalbC mice (including BalbCAnn) are susceptible to the
induction of plasmacytomas by intraperitoneal injection of the mineral oil
pristane (Anderson and Potter 1969). Both line 26 and line 59 (C57BI6 strain
background) were backcrossed to the BalbCAnn strain of mice. The new lines
were called 26B and 59B respectively. After the second backcross to

BalbCAnn all young mice in both line 26B and line 59B were injected with
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0.5mls of pristane into the peritoneal cavity. This injection was repeated after
2months and again after four months. From the time of the first injection all
mice were closely monitored for any outward appearance of lymphoma,
plasmacytoma, or general ill health and euthanased on presentation of any of

these symptoms according to Home Office guidelines.

2.34. Immunostaining of Transgenic Mouse Tissues for EBNA-1.

A number of different protocols were used to attempt to stain EBNA-1

protein in both frozen and paraffin embedded tissue sections.

Staining of Frozen tissue Sections

* 1. ExtrAvidin Peroxidase Staining with anti EBNA-1 antibodies

The ExtrAvidin Peroxidase Staining Kit was supplied by Sigma. Endogenous
peroxidase activity was blocked by a S minute incubation of the slides with
3% hydrogen peroxide. Slides were then washed in 1 x PBS buffer. Slides were
incubated for 15 minutes with a 5% goat serum solution and then again washed
with 1 x PBS. The anti EBNA-1 antibody was diluted for use in 1 x PBS
containing 5% goat serum and 1% BSA. A number of different dilutions of
both the human serum AM and the monoclonal Aza2E8 were used in attempts
at staining. Where the monclonal Aza?E8 was used the slides were first
incubated in a solution of anti mouse immunoglobulin antibodies to block the
endogenous mouse immnuoglobulins present within the tissues used. The
slides were incubated with the anti EBNA-1 antibody for 60 minutes and then
washed with 1 x PBS. The biotinylated antibody was diluted 1:20 in 1 x PBS

containing 1% BSA. When the human serum AM was used the secondary
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antibody was biotinylated goat anti human immunoglobulin, when the
monoclonal Aza2E8 was used the secondary antibody was biotinylated goat
anti mouse immunoglobulin. The secondary antibodies were incubated on the
tissues for 40 minutes and then the slides were washed with 1 x PBS. The
ExtrAvidin peroxidase was diluted 1:20 in 1 x PBS containing 1% BSA and
added to the slides for 30 minutes. Slides were then washed for 5 minutes in 1
x PBS. Staining of the slides was carried out using A.E.C substrate supplied
by Sigma according to the manufacturer’s instructions. Slides were
counterstained with Mayer’s hematoxylin (Sigma)and mounted using glycerol
gelatin.

¢ 2. ExtrAvidin Alkaline Phosphatase Staining with anti EBNA-1
antibodies

Essentially the protocol used was as above with the following exceptions.

a. After the addition of the ExtrAvidin Alkaline Phosphatse all washes of the
slides were carried out in 1 x TBS (Sigma)rather then PBS buffer.

b. Staining of the slides was carried out using the Fast Red staining system

(Sigma)according to the manufacturer’s instructions.

Staining of Formalin Fixed Paraffin Embedded Tissues

‘Both of the peroxidase and phosphatase staining of tissues was attempted.

The techniques were basically as described above with the addition of several
steps.

* Removal of Paraffin and Rehydration

Slides were heated to 58°C for 15 minutes and then transferred to a xylene

bath for 5 minutes. The slides were removed to a fresh bath of xylene for a

84



further 5 minutes and then placed into fresh absolute ethanol for 3 minutes.
The slides were removed to a fresh bath of absolute ethanol for a further 3
minutes and then placed into 90% ethanol for 3 minutes, then into 80%
ethanol for 3 minutes and then rinsed gently with tap water.

* Antigen “ Unmasking” Techniques

A number of different techniques were used to attempt to make the EBNA-1
protein more available for staining.

I. Trypsin digestion

After removal of paraffin the slides were incubated with a solution of 0.1%
trypsin for 15 minutes at 37°C and then rinsed with 1 x PBS.

II. Pressure Cooking

After removal of paraffin and blocking of endogenous peroxidase the slides are
placed in citrate buffer (10mM sodium citrate buffer, pH6 Sigma)and cooked
for 15 minutes at 15 psi. The slides are rinsed in 1 x PBS prior to staining.

In addition to the two anti EBNA-1 antibodies listed above attempts were also
made to stain tissue sections using two antibodies supplied by Jaap
Middeldorp, Organon Tekninka BV, The Netherlands. One antibody was a
rabbit polyclonal, the other a mouse monoclonal. The protocols used were
supplied by Jaap Middeldorp, but were basically as described above for
frozen tissues and for formalin fixed tissues including a pressure cooking step
as described.

No specific staining of the sections used was detected, however only
transgenic tissues were used therefore the experiment did not contain a

positive control.
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Chapter 3

Expression of EBNA-1in Eu-EBNA-1 Transgenics

3 .1 Introduction

The similarity in the nature of the tumours which develop in both line 26 and
line 59 is strongly suggestive of a role in tumourigenesis for EBNA-1.
However, the significant difference in the latency and penetrance of the
phenotype between the two lines could be indicative of different expression
patterns of the transgene. Indeed, previous work has confirmed that the
detectable levels of EBNA-1 protein vary considerably between line 26 and
line 59. Surprisingly, by Western analysis the detectable level of EBNA-1
protein is much higher in line 59 than in line 26 (Wilson and Levine, 1992).

In the following section I will present results from a number of experiments
designed to analyse the nature of transgene transcription comparing the two

lines.

3.2 Northern Analysis

Figure 3.1 shows a Northern blot of total RNAs from a selection of tissues of
mice from both transgenic lines, from two control lines 60 and 61 which
contain the En-EBNA-1 transgene but have no phenotype and no detectable
expression, and from some negative controls. The blot was probed with two

EBNA-1 probes covering 5” and 3° EBNA-1 transcribed sequences to enhance

the signal.
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Only in the line 26 samples are any EBNA-1 containing transcripts detectable.
This confirms original results using just the 3’ probe (Wilson and Levine,1992,
Wilson, et al., 1996). A large transcript is evident in the spleen and in the
lymph nodes of line 26 samples (indicated by an arrow, figure 3.1). At greater
than 9.5kb 1n size, this transcript is considerably larger than that predicted
from transgene sequences. The inserted transgene sequences are completely
contained within a 8.5kb Bcll fragment detected by Southern blotting and
therefore the transcript must contain cellular sequences in addition to those
derived from the transgene. The size of the predicted product using the
transgene RNA start site and polyadenylation sequences would be 2.1kb. A
faint band is evident in the three line 26 lymph node samples at approximately
2kb in size (figure 3.1, lanes14-16, band indicated by dashed arrow).

Lane 9 contains splenic RNA and lane 15 contains lymph node RNA from the
same animal, 26.85, which had a malignant lymphoma. The large EBNA-1
containing transcript is evident in both samples, although more readily
detectable in the lymph node sample. By ethidium bromide staining the levels
of these two RNAs appears similar. In addition an abundant second transcript
1s detected in the lymph node sample which is not evident in the spleen
sample (dashed arrow on figure 3.1). At less than 2kb this transcript is smaller
than expected from the intact transgene. This smaller transcript has not been
detected in any other line 26 samples and therefore its relevance to the
progression of line 26 tumours in general is not clear, although its expression

may have been involved in tumour development in this one animal. The DNA
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from this lymph node was not analysed, therefore it is not known if this
unique transcript is the product of a transgene rearrangement in these cells.
By this assay there is no detectable expression of EBNA-1 in any of the line

59 samples, nor predictably in the control samples from lines 60 and 61.

3.3 RNase Protection

As Northern analysis is not sensitive enough to detect low level expression,
line 59 RNA samples were analysed further with more sensitive techniques.
RNase protection is a more sensitive technique and also affords the ability to
address transcript boundaries, such as initiation sites. The latter is of
particular interest given that the line 26 transcripts detected by Northern
analysis are not of the predicted size.

In initial experiments, a riboprobe containing the 5’ region of EBNA-1 and the
polyoma promoter sequences used in the transgene (figure 3.2) was used in
protection experiments with total RNA from line 26, line 59 and transgenically
negative spleen or lymph node samples. As had been previously shown
(Wilson and Levine, 1992), in line 26 two major RNA products are protected
with this probe of approximately 359 and 240 nucleotides in size. The larger
product represents protection of the entirce EBNA-1 and polyoma sequences
in the probe and provides evidence that transcriptional initiation is occurring
upstream of the predicted start site within the polyoma promoter of the
transgene. It 1s not possible to determine from this experiment whether
transcriptional initiation is occurring upstream of the probe, but within

transgene sequences, or further upstream within cellular sequences. The
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smaller product (approximately 240 nucleotides) represents protection of the
entire EBNA-1 sequences and approximately 50 nucleotides of polyoma
(within the promoter region, mapping close to the TATA box).

In the experiment shown in figure 3.3a, two different line 59 samples were
compared with line 26 samples. In line 59, as in line 26, two major products
are detected. The larger is identical in size to that detected in line 26 samples
and correlates with protection of all the EBNA-1 and polyoma sequences
contained within the probe. The smaller product is slightly shorter than that
detected in line 26 (approximately 220 nucleotides), but is likely to correlate
with the major viral start site within the polyoma promoter. Mouse 59.44 had
a lymphoma which had greatly invaded the spleen. The spleen of mouse 59.58
was histologically normal. In order to determine the relative levels of
expression between line 26 and line 59 samples, signals resulting from RNase
protection analysis were normalised against GAPDH expression. Relative
transcript levels (against GAPDH) are presented in table 3.1. It would appear
from this analysis that there is little difference between total levels of 5’
EBNA-1 containing transcripts in line 26 and line 59 samples, in contrast to
the observations by Northern blotting. It is clear, however, that the relative
usage of transcription initiation sites is different between the two lines (but

consistent within lines).
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In the experiment shown in figure 3.3a, in addition to the two major products
in line 26 and in sample 59.44 there are a series of other minor products of
varying size. There are a number of potential explanations for these products.
One is that there is extensive start site heterogeneity in the transcripts
expressed. Another might be that the digestion of hybridised RNAs has not
gone to completion. The fact that on a long exposure some undigested intact
probe can still de detected suggests that this might be contributing to the
banding pattern. It is also possible that the integrity of the RNA has been
compromised at some stage in the experiment and that other than the two
major bands, the majority of detected bands are due to partially degraded
RNAs hybridising to the probe. The majority of the RNA in each sample was
intact at the start of the experiment, evidenced by the clearly visible 28S RNA
band on an ethidium stained gel. It is likely that all three of the above factors
contribute to the pattern of products detected. The presence of a series of
minor bands is a common observation in this type of assay.

To further characterise the larger 5° protected product detected in both lines,
the RNase protection experiment conducted included two additional 5’
extended probes, illustrated in figure 3.2. The results from this experiment can
be seen in figure 3.3b. The probes were designed to protect sequences derived

from the transgene, each probe extending differing degrees into the Ep

enhancer. Each probe was hybridised to splenic RNA from either line 26, line

59 (59.44), or a transgenically negative control. A number of products specific
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