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ABSTRACT

Endemic Burkitt's lymphoma (BL) is characterised by the presence of Epstein-
Barr virus (EBV) and a chromosomal translocation which results in
deregulation and constitutive expression of the c-myc oncogene. The aim of this
study was to examine the role played by constitutive expression of c-myc in
determining the phenotype of BL cells. In order to mimic the activation of c-
myc, plasmid constructions, containing a selectable marker and the c-myc gene
under the control of a strong promoter, were introduced into EBV-immortalised
B lymphoblastoid cell lines. Drug resistant cell lines, expressing high levels of c-
myc, were established and the phenotype of these cells characterised. |

This study has demonstrated that constitutive expression of c-myc in an EBV
immortalised lymphoblastoid cell results in enhanced growth characteristics,
including a reduced dependency on exogenous growth factors. However, despite
these enhanced growth characteristics, and in contrast to a previous report,
constitutive expression of ¢c-myc in these cells does not result in a tumorigenic
phenotype. This suggests that constitutive expression of c-myc and infection
with EBV may be insufficient to induce a malignant phenotype in B cells.

Cells transfected with c-myc demonstrated decreased homotypic cell adhesion in
culture, possibly as a result of decreased expression of the cell adhesion
molecule lymphocyte function associated antigen (LFA) -1 on the cell surface.
The decrease in LFA-1 expression is a consequence of altered LFA-1 alpha
subunit expression, probably as a result of a decreased rate of transcription.
LFA-1 is important in B cell/T cell interactions and may be involved in
interactions between B cells and other cell types. It is possible that down
regulation of this molecule might result in evasion of immunosurveillance, or

contribute in some other way to the malignant phenotype.
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1. ONCOGENES

1.1  Introduction ‘

Tumour formation occurs as a result of uncontrolled cell proliferation. Genes
involved in promoting or maintaining such proliferation are known as
oncogenes, and were first identified from the study of transforming retroviruses.
It later became apparent that the transforming genes of retroviruses were
originally derived from cellular genes. These cellular genes, or proto-oncogenes,
play an important role in normal cellular growth, yet when expressed
abnormally, can induce malignant transformation.

With regard to oncogene nomenclature, this study will adopt the terminology of
Herrlich and Ponta (1989). The gene is italicized and prefixed to indicate its
origin. Thus, c-myc refers to the cellular oncogene and v-myc to the viral
oncogene. The gene products, or onco-proteins, are not italicized and their first
letter is upper case (e.g. c-Myc). Cellular oncogenes whose normal expression

has been deregulated are referred to as activated.

1.2  Identification of cellular on n

A variety of methods have been used to identify cellular genes - proto-oncogenes
- which have the potential to function as oncogenes. The most profitable
approach, in terms of numbers of proto-oncogenes identified, has been the
ch.;aracterisation of acutely and non-acutely transforming retroviruses. The two
classes of retrovirus differ in their mechanism of transformation. Non-acutely
transforming retroviruses induce malignant transformation either by insertion
into cellular genes, or their regulatory regions, disrupting normal expression, or
by insertion close to the gene thus putting the cellular gene under control of
powerful viral regulatory regions (Varmus 1982). A classic example of activation
of a normal cellular gene by adjacent retroviral insertion is in Avain leukosis
virus (ALV) induced bursal lymphomas, in which the c-myc gene is placed under
the control of ALV regulatory regions resulting in activation and constitutive
expression of the gene (Hayward, et al., 1981). Acutely transforming
retroviruses, as their name suggests, cause rapid transformation of cells in vitro
and in vivo, by high level expression of viral oncogene sequences inserted into
host cell DNA. Much of the early work on viral oncogenes was carried out using
the Rous sarcoma virus (RSV) to transform cells (Martin 1970). It later became
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apparent that the viral oncogene (v-src) encoded by RSV had a counterpart in
normal cells (c-sr¢) and that the viral oncogene had arisen by recombination
between a retrovirus and the cellular src gene (Stehelin et al., 1976; Varmus
1982; Bishop 1987). The 'transduction’ of cellular genes into retroviruses, which
has enabled over twenty cellular oncogenes to be identified (Bishop 1987,
Marshall 1989), results in deregulated expression of the gene. This occurs either
as a consequence of placing the gene under the control of viral regulatory
regions, or by point mutations and/or deletions within the gene's regulatory
regions resulting in normal control of expression being lost (Bishop 1987). The
v-myc gene of the avian myelocytomatosis virus (MC29; reviewed by Bister and
Jansen, 1986) consists of only the two coding exons (II and III) of the c-myc
gene. The intron between the two exons has been lost, as has the first exon and
part of the first intron, regions which contain transcriptional regulatory regions
(section 2.2).

A number of other methods have been utilised in the search for potential
oncogenes. Analysis of chromosome translocation breakpoints has been used to
identify a gene (c-abl) thought to be involved in the pathogenesis of chronic
myelogenous leukaemia (CML) (de Klein et al., 1982; section 1.4).
Characterisation of amplified DNA sequences in tumours has resulted in the
discovery of new oncogenes; for example, the identification of amplified
sequences with regions of homology to c-myc in neuroblastoma led to the
discovery of N-myc (Schwab et al., 1983; Kohl et al., 1983). Transfection of
NIH3TS3 fibroblasts with DNA isolated from tumour cells (Shih et al., 1981) has
been used to identify a previously uncharacterised member of the ras family of
oncogenes, N-ras (Shimizu et al., 1983).

Using these methods more than 40 human genes with potential transforming
activity have been identified (Marshall 1989), although the majority of these
genes have not, as yet, been implicated in any human malignancies.

1.3 Role of proto-oncogenes in normal cellular growth

Much of what is now known of the function of proto-oncogenes has been deduced
from studying the effects on cells of viral and activated cellular oncogenes. The
end-point of oncogene expression is cell proliferation. Normal cell proliferation,
or division, is controlled by a group of exogenous polypeptides known as growth
factors or mitogens. Growth factors can be either paracrine, that is secreted by
other cells, or autocrine, secreted by the host cell. Growth factors exert their
effects by triggering cell surface growth factor receptors into sending signals
22



along second message signal transduction pathways to the nucleus, with the
eventual aim of stimulating DNA replication and cell division (reviewed by
Sorrentino, 1989). Oncogenes can be divided roughly into two groups; those
which generally act within the nucleus, and those which exert their influence
outside the nucleus. Examples of nuclear oncogenes are c-fos and c-jun which,
when complexed in a heterodimer, act as a DNA-binding transcription factor
(Chiu et al., 1988). Some of the extra-nuclear oncogenes function as growth
factors or growth factor receptors. Examples are the c-fims gene product which
acts as a receptor for macrophage colony stimulating factor-1 (CSF-1) (Sherr et
al., 1985), and the cellular gene which encodes the beta chain of platelet derived
growth factor (PDGF) from which the sis oncogene of simian sarcoma virus is
derived (Waterfield et al., 1983). Others appear to function in signal
transduction pathways. The protein encoded by c-src is a cytoplasmic tyrosine
kinase (Collett et al., 1979). Others, notably the ras encoded family of proteins
localized to the inner surface of the cell membrane, act as guanine nucleotide-
binding proteins apparently interacting between growth factor receptors and
second message pathways (Hanley and Jackson, 1987).

1.4  Mechanisms of activation

There are many potential mechanisms by which normal cellular proto-oncogene
expression could be altered to induce uncontrolled cell proliferation. Alterations
at the DNA level, ranging from large deletions and truncations to point
mutations, could result in activation of the gene; either through an altered gene
product in cases where the lesions occur within the coding region, or through
altered expression of an unaltered gene product as a result of disruption of
normal regulatory regions. Alternatively, as mentioned earlier, insertion of
retroviral regulatory regions adjacent to a proto-oncogene could bring the gene
under the control of potent viral regulatory regions (reviewed in Peters, 1989).
A good illustration of a point mutation causing activation, is the receptor for the
growth factor CSF-1 encoded by c-fims (Sherr et al., 1985). A single point
mutation in the portion of the gene encoding the extracellular domain of the
receptor is sufficient to constitutively activate the receptor's protein tyrosine
kinase activity (Roussel et al., 1988). Another widely cited example is that of the
human ras gene, where single point mutations resulting in single amino acid
substitutions are sufficient to induce a transformed phenotype (Reddy et al.,
1982; Tabin et al., 1982). An example of a translocation resulting in abnormal
transcripts is provided by the t(9;22) translocation in CML. As a result of the
translocation the c-abl proto-oncogene is translocated to the breakpoint cluster
region (ber) of chromosome 22. The role of ber in normal cells is not clear but
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normally gives rise to transcripts of 4.0 and 6.5kb (Heisterkamp et al., 1985).
Following translocation the fused chimeric bcr-abl gene, composed of the 5' end
of ber and the 3' end of c-abl gives rise to a transcript of approximately 8.5kb
(Shtivelman et al., 1985). Since this translocation is invariable in CML it is
thought to play an essential role in the development of the tumour, and may be
related to the fact that the chimeric gene product (p210) has tyrosine kinase
activity, whereas wild-type c-Abl (p150) does not (Clark et al., 1987). Another
common mechanism of oncogene activation is amplification. Amplification of c-
myc (Collins and Groudine, 1982), N-myc (Brodeur et al., 1984) and c-abl
(Collins and Groudine, 1983) have all been reported. With oncogene
amplication, at least for N-mye, transformation appears to be a consequence of
over-production of normal cellular protein, since no sequence differences
between amplified and germ-line N-myc have been observed (Ibson and
Rabbitts, 1988).

It is apparent that the same proto-oncogene can be activated by a variety of
different mechanisms. A good example is ¢-myc; in which translocation-induced
truncations, point mutations, amplification and proviral insertion have all been
implicated in constitutive activation of the gene and tumour development (Cory
1986; Pelicci et al., 1986; Collins and Groudine, 1982; Hayward et al., 1981).

1.5  Oncogenes of DNA viruses

In contrast to retroviruses, the oncogenes of DNA tumour viruses have no
knpwn homology with host cell genes. The DNA tumour viruses are a diverse
group encoding a variety of oncogenes. Unlike acutely transforming retroviruses
they depend on interacting with host cell proteins to assert their tumorigenic
effects (reviewed in Lane 1989). In terms of viral strategy the role of the viral
oncogene is to facilitate viral replication by subverting host cell mechanisms
and inducing cellular DNA replication. One of the major pathways for achieving
this is to interact with cellular 'anti-oncogenes' or '‘tumour suppressor genes',
whose normal function is to prevent indefinite replication. Inactivation of
tumour suppressor genes has been implicated in the aetiology of a number of
different tumours (Klein, 1987a). An example of viral oncogene products which
bind to a cellular tumour suppressor gene are the adenovirus E1A proteins
which transform both primary and established cell lines. E1A proteins are
potent regulators of both cellular and viral transcription (Moran and Mathews,
1987) and are known to bind to the retinoblastoma (Rb) gene product (p105)
(Whyte et al., 1988). Absence of the Rb gene is associated with hereditary
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retinoblastoma, a malignancy of children in which inherited heterozygosity at
the Rb gene locus predisposes to a tumour of retinoblasts resulting from somatic
mutation and loss of expression of the remaining allele (Hansen and Cavenee,
1988). It has been proposed that the function of E1A in transformed cells may
be to interact with the Rb gene product, and prevent withdrawal from the cell
cycle (Whyte et al., 1988).

2. THE C-MYC ONCOGENE

2.1 Intrgdugj;igv n

C-myc was first identified as the cellular homologue of the viral transforming
gene (v-myc) of the avian myelocytomatosis virus (MC29) (Sheiness and Bishop
1979). In humans c-myc is located on chromosome 8 and is a member of a family
of oncogenes, including; N-myc and the less well characterised L-myc, B-myc, P-
myc and R-myc (reviewed by Legouy et al., 1987), all of which share regions of
homology, in particular two 70-80bp domains within the second exon of the

gene.

2.2 re and expression of the gen

The gene is composed of three exons containing one open reading frame (ORF)
with a conventional ATG translational start codon close to the 5' end of exon II
(Watt et al., 1983). Monoclonal antibodies against c-Myc, however, recognise two
proteins of 64 and 67kDa which are found in a variety of cell types (Hann and
Eisenman 1984; Ramsay et al., 1984; Eisenman et al., 1985). The two proteins
differ only in the N-terminus. Translation of the 64kDa protein is initiated from
the ATG codon in exon II, but the larger 67kDa protein initiates from a novel
(CTQG) codon at the 3' end of exon I (Hann et al., 1988). Myc proteins are known
to have very short half lives (about 20 minutes) (Donner et al., 1982; Hann and
Eisenman, 1984). A second potential ORF within the first exon has been
identified from c-myc sequence data derived form human foetal liver cells
(Gazin et al., 1984). The same authors also identified two proteins (32 and
58kDa) using antibodies raised against predicted peptide sequences from this
ORF (Gazin et al., 1986). These findings are somewhat controversial since other
workers sequencing c-myc from human foetal liver cells found no ORF within
exon I (Watt et al., 1983).
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Three promoters have been described in the human c-myc gene. P; and P5 are
located at the 5' end of exon I with P; being located 161bp upstream of Py
(figure 1; Battey et al., 1983). The 64 and 67kDa proteins are translated from
transcripts initiated from these promoters, but there is no evidence for the two
proteins being encoded from different promoters, as both are apparently
primary translation products from a single mRNA (Hann ef al., 1988). In EBV
immortalised B cells (section 5.3), in which c-myc is normally regulated, there is
preferential usage of Py relative to P; (Taub et al., 1984a). Transcripts initiated
from these promoters have very short half lives (10-30 minutes) (Dani et al.,
1984; Hann and Eisenman, 1984; Ramsay et al., 1984). The third promoter, P,
is located approximately 700bp upstream of P; (Bentley and Groudine, 1986b).
Whilst transcripts initiated at Py can be detected, they account for less than
10% of all RNA transcribed from c-myc and no protein product has, as yet, been
identified (Bentley and Groudine, 1986b). It has been suggested that Py might
act to express the putative second ORF located in exon I (Gazin et al., 1984,
1986).

Control of transcription is complex, with several positive and negative
regulatory regions having been identified (figure 1). A block to transcriptional
elongation, which maps to the exon I/intron I border, has been identified in a
variety of cell types (Bentley and Groudine, 1986a; Eick and Bornkamm 1986).
This results in transcriptional pausing at exon I and is thought to be an
important control mechanism. Point mutations and deletions within this region
are commonly observed in Burkitt's lymphoma (Pelicci et al., 1986; Cesarman et
al., 1987), a tumour in which c-myec is constitutively activated (section 4). It has
been suggested that these mutations might disrupt normal, premature,
termination of transcription resulting in constitutive activation of the gene
(Bentley and Groudine, 1986b). Further evidence for this theory was provided
by Cesarman et al (1987) who found that the block to elongation was commonly
absent in BL cell lines with mutations and deletions at the exon I/intron I
border.

Hay et al (1987) identified three positive and one negative regulatory elements
located in a 2.3kb region situated directly upstream of P;. A negative regulatory
region (293-353bp upstream of P;) inhibits expression from both P; and Py
provided the two upstream positive regulatory regions are both absent. These
positive regulators appear dominant over the negative regulator, although
deletion of the negative regulator increases transcription initiated from Ps.
Binding of a factor(s) to a positive regulatory region (101-293 bp upstream of P;)
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Legend: Figure 1

Transcriptional regulatory regions of the c-myc gene.

Figure showing known transcriptional regulatory regions of the c-myc
gene. Horizontal lines indicate regions which positively (+) or negatively
(-) influence c-myc transcription (Hay et al., 1987). The thick horizontal
bar indicates the positition of a block to transcriptional elongation
(Bentley and Groudine, 1986a; Eick and Bornkamm, 1986). Vertical
arrows indicate the position of known DNase I hypersensitivity sites
(Siebenlist et al., 1984). Positions of the three promoters are also
indicated (Py, P; and P3) (Battey et al., 1983; Bentley and Groudine,
1986b).

27



8¢

Figure 1

v l +
- P1

PO [+ P2 B

r Exon | I Exon Il
' 11 U I —
+ - +
I I I I | T I T L
-2000 -1000 o +1000 +2000



appears necessary for expression from P; Two other regions (257-353 and 1257-
2329bp upstream of P;) appear to act as positive regulatory regions and can act
additively to enhance initiation from P, and P,. Sequence similarities to regions
which bind known transcription factors suggested that these regions may act as
a conventional transcriptional enhancer domain (Hay et al., 1987).

The presence of regulatory regions is supported by the observation of DNase I
hypersensitivity sites upstream of the gene during active transcription. These
sites disappear when the gene is inactive (Siebenlist et al., 1984). These sites
map close to, or within, the three positive regulatory regions (Hay et al., 1987).
DNase I hypersensitivity sites have generally been found near to regions of
DNA which bind protein and are presumed to occur as a result of changes in
chromatin structure (Siebenlist et al., 1984).

Another mechanism by which transcription of ¢-myc is thought to be regulated
is that of autosuppression, where high levels of c-Myc protein are thought to
suppress trahscription of the gene. The idea that c-Myc might autoregulate its
own expression was prompted by the observation that the non-translocated
allele in BL is transcriptionally silent (Leder et al., 1983; Taub et al., 1984a). In
experiments with transgenic mice, possessing one activated c-myc allele, the
normal allele was also found to be transcriptionally silent (Adams et al., 1985).
The same phenomenon has also been observed with N-myc which has been
shown to regulate both its own transcription and that of ¢c-myc (Rosenbaum et
al., 1989). In transfection experiments, expression of c-myc from a heterologous
promoter also resulted in suppression of endogenous c-myc transcription
(L;)mbardi et al., 1987; Mango et al., 1989).

There was some debate as to whether the lack of expression of c-myc from the
untranslocated allele was a consequence of autoregulation. Other mechanisms
such as methylation and changes in chromatin structure have been proposed
(Dunnick et al., 1985; Nishikura et al., 1988). In some cases high level
expression of an exogenous c-myc gene was not accompanied by suppression of
endogenous c-myc (Keath et al., 1984; Coppola and Cole, 1986; Zerlin et al.,
1987).

Recent work by Penn and colleagues has clearly demonstrated the phenomenon
of auto-regulation by Myc in a wide variety of established and primary rodent
fibroblasts (Penn et al., 1990a). They also established that this regulation occurs
at the level of transcriptional initiation, and is proportional to the amount of c-
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Myc present in the cells. In addition to c¢-Mygc, it is apparent that some other
factor is necessary for auto-suppression to occur. High level expression of
exogenous Myc in mouse NIH 3T3 fibroblasts did not result in suppression of
endogenous transcription. However, fusion of these non-suppressive cells to
autosuppression responsive rat fibroblasts (Rat-1) resulted in dominance of the
autosuppressive phenotype, with autosuppression of both rat and mouse
endogenous c-myc (Penn et al., 1990a). The requirement for an additional factor

may well explain the various anomalies mentioned above.

In addition to these transcriptional mechanisms c-myc anti-sense transcription
has been observed upstream of P; the role of which is not yet understood
(Bentley and Groudine, 1986b). Also regulation of c-myc expression is not
restricted to transcriptional mechanisms as post-transcriptional controls such
as altered mRNA stability have been observed (Dony et al., 1985).

2.3  Function of c-myc

Despite being one of the first described and most widely studied oncogene the
precise biochemical function of c-myc remains unclear. The available evidence,
however, points to a direct or indirect role in control of the cell cycle.

In normal cells, c-myc expression is mitogen and growth factor responsive.
Addition of serum to serum-starved, quiescent fibroblasts results in the rapid,
transient, induction of c-myc expression (Kelly et al., 1983). In rapidly
proliferating cells, stimulated with mitogen, levels of c-myc mRNA and protein
are maintained throughout the cell cycle (Hann et al., 1985; Thompson et al.,
1985; Rabbitts et al., 1985b). Removal of mitogens, or contact with neighbouring
cells, results in a rapid decrease in expression of c-myc (Rabbitts et al., 1985b;
Dean et al., 1986). Overexpression of c-myc is known to increase sensitivity to
growth factors (Armelin et al., 1984; Kaczmarek et al., 1985; Sorrentino et al.,
1986). These data, coupled to the rapid response to external stimuli and rapid
turnover of mRNA and protein implicates c-myc in growth factor signalling
pathways. It has been proposed that c-myc might act at a common signal
transduction point for a variety of growth factor pathways (Sorrentino et al.,
1986).

There is clear evidence for the involvement of c-myc in the G1-S phase of the cell
cycle. High level expression of c-myc is known to reduce the growth factor
requirements for initiation of DNA synthesis (S phase of cell cycle) (Kaczmarek
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et al., 1985). Heikkila et al (1987) demonstrated that c-myc antisense
oligonucleotides could inhibit entry of mitogen activated T cells into S phase,
and recently Karn et al (1989) demonstrated that the length of time a cell
spends in G can be reduced by high level expression of an exogenous c-myc
gene. There is good evidence, however, that c-myc does not act directly to
control cell cycle, but acts more as a 'competence factor', since overexpression of
c-myc alone is not sufficient to cause DNA synthesis (Armelin et al., 1984;
Kaczmarek et al., 1985). The observation that levels of c-myc remain constant
throughout the cell cycle (Hann et al., 1985; Rabbitts et al., 1985b) also suggests
that there may be other points in the cell cycle at which the gene acts, perhaps
by preventing withdrawal from cell cycle, thus promoting continual rounds of
cell division in the presence of the necessary growth factors.

C-myc may also play an important role in differentiation. In cells where c-myc is
normally regulated terminal differentiation is preceded by a fall in levels of c-
myc (Reitsma et al., 1983; Gonda and Metcalfe., 1984; Griep and DeLuca, 1986).
Freytag (1988) demonstrated that enforced high level expression of c-myc
prevented differentiation of a preadipocyte cell line. The block to differentiation
was reversible on transfection of ¢-myc antisense mRNA. High level constitutive
expression of c-myc is also known to prevent dimethyl sulphoxide (DMSO)
induced terminal differentiation of murine erythroleukaemia (MEL) cells in
vitro (Coppola and Cole, 1986; Prochownik and Kukowsa, 1986). Artificial
depletion of ¢c-myc mRNA in this system resulted in differentiation of MEL cells
in response to DMSO (Prochownik et al., 1988). Similar results for F9 murine
embryonic teratinocarcinoma cells have also been observed, where retinoic acid
induced differentiation was prevented by transfection of a constitutively
transcribed c-myc gene (Griep and Westphal, 1988). Once again, the block to
differentiation was relieved by introduction of c-myc antisense transcripts.
These findings were challenged by Nishikura et al (1990) who reported that
enforced expression of c-myc in F9 cells was not sufficient to prevent retinoic
acid induced differentiation.

Recent work with B cells indicates that expression of c¢-myc correlates with
stage of differentiation and proliferation (Nilsson et al., submitted for
publication). Chronic lymphocytic leukaemia (CLL) cells represent a
synchronised culture of mature resting B cells (section 3.1) which can be
induced to proliferate and differentiate in vitro by treatment with the phorbol
ester, 12-O-tetradecanoyl-phorbol-1,3-acetate (TPA) (Larsson et al., 1987).
Nilsson and colleagues demonstrated that ¢-Myc was not expressed in mature
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resting B cells or terminally differentiated plasma blasts but was expressed at
high levels in proliferating B-blasts. They propose that the differentiation
process in B cells can be split into two stages. The first, involving blast
proliferation and initiation of Ig production, is associated with increased
expression of c-myc in resting B cells which results in transition from G, to Gy,
and acquisition of responsiveness to growth factors. The second phase, during
terminal differentiation to plasma cells, involves down-regulation of c-myc, exit
from cell cycle and high level production and secretion of Ig and terminal
differentiation to plasma cells.

On balance the evidence appears to favour a role for ¢-myc in differentiation,
although that role is probably one of increased self-renewal preventing exit from
cell cycle and terminal differentiation (Freytag 1988). This is consistent with
the findings of Langdon et al (1986) who described a relative over-production of
pre-B cells in transgenic mice expressing a c-myc gene linked to the Ig heavy
chain enhancer element. Whilst this hypothesis appears best to explain
published observations, the possibility of c-myc interacting directly with a
differentiation promoting factor cannot be ruled out. For example; c-Myc has
structural similarities with MyoD, which is known to promote muscle cell
differentiation (Davies et al., 1987). The similarities are discussed in more
detail below, but it is not inconceivable that c-Myc might interfere with the
function of MyoD-like proteins, thus preventing differentiation.

Despite the considerable evidence for involvement in control of cell cycle, the
precise function of c-Myc within the cell is unclear. It is widely assumed that c-
Myc will prove to be a sequence-specific DNA-binding transcription factor (Cole
et al., 1990). In this respect it would be like many other nuclear proto-
oncogenes; for example c-fos and c-jun which form part of the transcription
factor AP-1 (Chiu et al., 1988), and c-myb which has recently been identified as
a sequence specific transcriptional activator (Weston and Bishop, 1989).

C-Myc is known to bind non-specifically to DNA (Donner et al., 1982; Watt et
al., 1985), and the region of the protein involved in non-specific binding has
been identified (Dang et al., 1989a). However, since this region can be deleted
without any loss of the gene's ability to transform rat embryo fibroblasts (REF)
in co-operation with the ras oncogene (Land et al., 1983; section 2.4), its
biological significance is unclear (Stone et al., 1987; Penn et al., 1990b). There
has been considerable speculation that specific binding of c-Myc may be
involved in directly promoting DNA replication. Studzinski et al. (1986) added

32



affinity purified antibodies to nuclei isolated from human cells and reported a
reversible inhibition of DNA synthesis, implicating ¢c-Myc in promotion of DNA
replication. Some doubt was cast on these findings when it was reported that an
unidentified inhibitor of DNA polymerases, distinct from the c-Myc specific
antibodies, could be purified from the antibody preparation used by Studzynski
and colleagues (Gutierrez et al., 1987). These findings were consistent with the
observations that other antibodies against c-Myc did not inhibit DNA synthesis,
but that antibodies against DNA polymerase alpha were inhibitory (Kaczmarek
et al., 1985). Other workers have argued a role for ¢c-Myc in promotion of DNA
synthesis on the basis of co-transfection experiments where c-Myc antibodies
and an autonomously replicating plasmid were transfected into HL60 cells
(Iguchi-Ariga, et al., 1987a). Inhibition of plasmid replication in the presence of
c-Myc antibodies, and binding of c-Myc to the plasmid DNA in the absence of
antibodies was reported, prompting the authors to suggest that c-Myc may be
promoting DNA synthesis by binding to the initiation site of replication (Iguchi-
Ariga et al., 1987a). These findings are controversial and could not be repeated
by other groups (Gutierrez et al., 1988; Cole 1990). Further work reporting that
c-Myc could substitute for the SV40 large T antigen in promoting replication of
SV40 based plasmids was also cited as evidence for c-Myc playing a role in
promoting DNA replication (Iguchi-Ariga et al., 1987b). Once again these
findings are called into question by the data of Gutierrez et al (1987) who
reported that binding of Myc-specific antibodies to ¢-Myc did not inhibit SV40
DNA replication. Thus, there remains no clear evidence for ¢c-Myc playing a
direct role in DNA replication.

There are considerable structural similarities between ¢-Myc and two groups of
sequence-specific, DNA-binding regulators of gene expression, suggesting that
Myc may well eventually prove to be a sequence-specific DNA-binding protein.
The two groups are the leucine zipper (LZ) and helix-loop-helix (HLH) proteins.

The helix-loop-helix (HLH) proteins have 10-11 identical amino acids spread
over a 40 amino acid region which is predicted to form a helix-loop-helix domain
of two amphipathic alpha-helices (Murre et al., 1989). An example of an HLH
protein is MyoD; a muscle specific protein which promotes muscle cell
differentiation when transfected into muscle stem cells (Davis et al., 1987).
MyoD has been shown to interact specifically with the muscle creatine kinase
gene enhancer region, and regions homologous to c-myc are required for this
binding activity (Lassar et al., 1989). The HLH domain itself is not required for
binding to DNA but participates in protein-protein dimerization. DNA-binding
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properties are assigned to a highly basic region of twenty amino acids adjacent
to the HLH domain (Davis et al., 1990). Myc also has a basic region adjacent to
a HLH domain but dimerization with other HLH proteins has not been
observed (Murre et al., 1989).

LZ proteins also bind DNA via highly basic regions. LZ proteins are
characterised by the presence of an amphipathic alpha-helix containing evenly
spaced leucines (Landschulz et al., 1988), and it is via this leucine zipper that
dimerization with other LZ proteins occurs. Two well characterised examples of
LZ proteins are c-Fos and c-Jun which form the AP-1 binding transcription
factor (Chiu et al., 1988). Whilst c-Jun can form homodimers the complex is far
less stable than c-Fos/c-Jun heterodimers. C-Fos cannot form homodimers
(O'Shea et al., 1989). None of the LZ proteins identified to date have been shown
to dimerize with c-Myc (Cole 1990). C-Myc homo-oligomers have been observed
in vitro, with bacterially produced protein (Dang et al., 1989b), but such a
phenomenon has not been observed with protein from other sources (Cole 1990).
The oligomerization of bacterially produced c-Myec is interesting in that the size
of the complex indicates formation of homotetramers. The LZ region is required
for dimer formation but not for dimer-dimer complex formation, suggesting that
another region, such as the HLH region might be required for dimer-dimer
formation (Dang et al., 1989b). It remains to be seen whether this complex is
merely an in vitro artefact, as yet no such complexes have been isolated from
cells. The leucine zipper region of c-Myc is clearly important however, since
deletion of leucines within the zipper results in abolition of the transforming
aqd autosuppressive capabilies of v-Myc (Crouch et al., 1990).

Despite the lack of evidence for dimerization with any known HLH or LZ
protein the presence of HLH, LZ and highly basic regions within c¢-Myc strongly
suggests a DNA-binding role. The reason why c¢-Myc has not been shown to bind
specifically to DNA may be a consequence of the protein being isolated as a
monomer and, like c-Fos, requires to be bound in a heterodimer for DNA
binding activity (Gentz et al., 1989). The only evidence for another cellular
protein associating with c-Myc was provided by Gillespie and Eisenman (1989)
who detected, by chemical cross-linking, association of c-Myc with a large
(>500kDa) cellular protein. The identity and function of this protein has not yet
been established. More recently, Dr. R. Eisenman, at a meeting in Cold Spring
Harbor USA, reported the isolation and sequencing of a completely novel
protein which interacts with the HLH and LZ domains of c-myc (Marx, J.,
1990). These data, if confirmed, provide the first evidence for c-Mye associating
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with other cellular proteins via the HLH and/or the LZ regions.

Interestingly, c-Myc contains both HLH and LZ domains, unlike most of the
other HLH or LZ proteins which generally possess one, but not both, of the
domains. Recently, however, a novel cellular transcription factor (TFE3) with
both HLH and LZ domains has been described which binds to the pE3 Ig heavy
chain enhancer region (Beckmann e¢ al., 1990).

24 le in tumorigenici

There is a considerable amount of data on the role played by c-myc in the
development of tumours. Most of the work has centred on whether activation of
c-myc alone is sufficient for tumours to occur, or whether activation of other
cellular genes is required. There are three main source of data on the
tumorigenic potential of c-myc; experiments involving infection with v-myc
carrying retroviruses, transfection of endogenous myc genes into cells, and
experiments with transgenic mice.

Infection of avian cells, in vitro, with v-myc-carrying retroviruses is known to
result in formation of transformed foci, (Royer-Pokara et al., 1978; Palmieri et
al., 1983). However, when in vitro transformed fibroblasts were inoculated into
nude mice they were found to be non-tumorigenic (Palmieri et al., 1983). Rapp et
al (1985) examined the in vivo tumorigenic potential of v-raf and v-myc
carrying retroviruses. New-born mice infected with the v-raf virus developed
fibrosarcomas 4-8 weeks after infection. Whilst mice infected with v-myc virus
did develop B and T cell tumours, they did not arise until at least 9 weeks after
infection. A recombinant retrovirus containing both v-raf and v-myc resulted in
the development of T and B cell lymphomas 1-3 weeks after infection. In vitro
experiments with the same viruses revealed a similar pattern; the v-myc virus
failed to transform cells and, whilst transformed foci of cells were observed with
the v-raf virus, the recombinant raf/myc virus was much more efficient at
transforming cells (Rapp et al., 1985). In contrast Ramsay et al (1990) infected
chicken embryo fibroblasts in vitro and chicks in vivo with retroviral vectors
carrying either the v-myc gene of the MC29 virus or a c-myc gene linked to the
RSV LTR. They reported transformed colonies in vitro and tumours in vivo with
both myc genes. However, whilst the v-myc retrovirus induced tumours in 2-3
weeks in all animals examined, the c-myc gene induced tumours in only 50% of
animals with a latency period of 4-6 weeks.
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Transfection of exogenous activated c-myc genes into REF cells has been shown
to result in an immortalised phenotype and reduced serum dependency, but not
a transformed phenotype (Land et al., 1983; Mougneau et al., 1984; Connan et
al., 1985; Land et al., 1986; Nicolaiew et al., 1986). However, cells transfected
with activated c-myc genes are readily transformed by addition of growth
factors (Roberts et al., 1985) and phorbol esters (Connan et al., 1985). Whilst
transfection of an activated c-myc gene into cells has been reported to be
insufficient for malignant transformation, co-transfection of c-myc and other
oncogenes does result in a transformed phenotype. Oncogenes known to co-
operate with c-myc to induce transformation include ras and polyoma middle T
antigen (Land et al., 1983; Mougneau et al., 1984).

Balanced against the various reports of transfection of activated c-myc genes
into cells resulting in an immortalised, non-transformed, phenotype, there are
several reports of transformed phenotypes in cells transfected with activated c-
myc genes (Keath et al., 1984; Pellegrini and Basilico, 1986). Thus, from
transfection studies, the role of c-myc in transformation is unclear. Experiments
with transgenic mice, however, clearly indicate that constitutive expression of c-
myc alone is generally insufficient to induce a neoplastic phenotype.

In initial experiments by Stewart et al (1984) transgenic mice, expressing a c-
myc gene under the control of the mouse mammary tumour virus (MMTV) LTR,
were unaffected during early development, but developed mammary
adenocarcinomas during their second or third pregnancies. This clearly
suggested that at least one additional event was required for tumours to arise.
Adams et al (1985) generated transgenic mice containing the murine c-myc gene
coupled to the Igp enhancer (Ep). Over 90% of the mice developed monoclonal
tumours predominantly of immature and mature B cells. However, the
monoclonality of these tumours and the length of time taken for the tumours to
develop (up to five months) strongly suggested that other factors were involved.
They proposed that the role of c-myc was to promote increased cell renewal,
thus increasing the chances of a second, tumour-inducing, event occurring.
Clear evidence for the role of ¢-myc in promoting self-renewal came from further
experiments with Eu-myc transgenic mice, where hyperplasia at the pre-B cell
stage was described, suggesting that activation of c-myc favours proliferation
over differentiation (Langdon et al., 1986). It was also demonstrated that these
pre-B cells, expressing the transgene, were not initially tumorigenic, but that
they could be transformed, in vivo and in vitro, by infection with v-H-ras or v-
raf (Alexander et al., 1989; Langdon et al., 1989).
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There is some evidence that further events, in addition to activation of ras and
myc, are required for transformation. When ras and myc transgenic mice were
crossed, monoclonal tumours arose in the progeny, suggesting that additional
factors are involved in the malignant transformation (Sinn et al., 1987).

2.5 lignanci i ith c-

C-myc has been implicated in a number of human neoplastic conditions
including carcinoma of the breast (Escot et al., 1988) acute T cell leukaemia
(Erikson et al., 1986) and small cell lung carcinoma (Little et al., 1983).
However, the strongest association between abnormal expression of the gene
and a human malignancy is in Burkitt's lymphoma.

3. B CELL DEVELOPMENT

Before describing further the characteristics of BL and the mechanisms by
which the tumour might occur, it is important to outline the putative sequence
of events in normal B cell development, a simplified overview of which is
presented in figure 2.

3.1  Bcell differentiation

B cell differentiation (reviewed by Calvert and Cooper, 1988; Ratcliffe and
Klaus, 1988; Ling, 1988) can be divided into two phases. The first, in which a
stem cell gives rise to a virgin, or mature, B cell, occurs in the bone marrow and
is antigen-independent. The second occurs in response to stimulation of mature
B cells with antigen. Antigen specific B cell clones are expanded and eventually
differentiate into antibody secreting plasma cells or memory B cells.

Cells committed to B cell lineage are derived from pluripotential stem cells in
the bone marrow. These 'pro-B' cells, with germ line heavy and light chain
immunoglobulin (Ig) genes, give rise to large dividing pre-B cells. These cells
re-arrange heavy chain variable (Vy), diversity (D), joining (J) and constant (C)
gene segments to express cytoplasmic p heavy chains. No surface Ig (sIg) or
light chain expression is seen. These cells differentiate to small non-dividing
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Legend: Figure 2

B cell differentiation and expression of cell surface antigens.

Figure showing putative B cell differentiation pathway and expression of
B cell surface molecules at the various stages of differentiation. Figure 2a
shows the early, antigen independent stages of differentiation and
primary activation of B cells in the extrafollicular regions of secondary
lymphoid tissue. Figure 2b shows the secondary phase of B cell activation
in which occurs when circulating memory B cells encounter antigen on the
follicular dendritic cells (FDC) of the lymphoid germinal centres. Ig -
immunoglobulin; ¢ - cytoplasmic; s - surface; V - variable; D - diverse; J -

joining; +Ag - encounters antigen; -Ag - does not encounter antigen.
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pre-B cells, re-arrange light chain V and J gene segments to produce functional
kappa or lambda light chains, and express surface IgM. On differentiating
further, IgD is also expressed on the cell surface. All these stages are
independent of antigen stimulus and it is at this stage that the B cells leave the
bone marrow as small mature virgin B cells able to respond to antigenic
stimulus.

B cell activation, in response to interaction of antigen with Ig receptors on the B
cell surface, is thought to be divided into two phases (MacLennan and Gray,
1986). During the early, or primary, phase circulating mature virgin B cells are
activated by exposure to antigen, presented by extra-follicular interdigitating
cells, in the extrafollicular regions of secondary lymphoid tissue. As a
consequence, cell size increases, and these cells (B-blasts) proliferate to form
either circulating memory B cells or short-lived antibody producing plasma
cells. The antibody produced is generally IgM, and of relatively low affinity.
During the secondary, or late, phase of B cell activation, mature memory B cells
circulate through the extra-follicular regions of secondary lymphoid tissue. If
they encounter antigen they differentiate into short lived plasma cells or re-
circulate as memory B cells. If they are not activated by antigen they migrate to
the follicular dendritic cells (FDC) of the germinal centre. Activation by antigen,
presented on the FDC, results in formation of one of three cell types: long-lived
antibody producing plasma cells, memory B cells or centroblasts. As
centroblasts proliferate to give rise to centrocytes, somatic mutation of Ig V
region genes and isotype switching is thought to occur (Berek and Milstein,
1987; McClennan and Gray, 1986). Somatic mutation of V regions is regarded
as a 'fine-tuning' stage which gives rise to high affinity antibody producing B
cells. Exposure to antigen selects high affinity antibody bearing B cells, and
recent evidence suggests that non-selected centrocytes rapidly die (Liu et al.,
1989). The end result is a long-lived memory B cell with the capacity, on
encountering the relevant antigen, for rapid production of plasma cells
producing high affinity IgG, or IgA, class antibody.

3.2  Expression of B cell surface antigens

B cell development is characterised by the expression of a number of B cell
surface molecules (reviewed by Ling et al., 1987; Dorken et al., 1989; Schwaling
and Stein, 1989). Some of these molecules are expressed on virtually all B cells
(referred to as pan B cell markers), whilst others have a far more restricted
range of expression (figure 2). Of all the B cell markers described, CD19 is the

41



most broadly expressed, being present on B cells from the pro-B cell stage right
through to plasma cells, where expression is lost. CD22 is another pan-B cell
marker, although expression is confined to the cytoplasm during the pro and
pre-B cells. CD22 is first expressed on the cell surface at the immature resting
B cell stage and is lost during terminal differentiation to the plasma cell stage.
CD20 is first detectable on pre-B cells and is expressed during differentiation to
B-blasts but is lost on terminal differentiation to plasma cells. CD21 is the
receptor for the C3d component of complement and also for Epstein-Barr virus
(EBV) (section 5.3). It is expressed on mature resting B cells but is lost during
the early stages of B cell activation. High level of expression is seen on the FDC,
mantle and marginal cells of secondary lymphoid tissue, but not on germinal
centre B cells. CD23 is expressed at low levels on mature circulating B cells but
not on sIgM and sIgD positive B cells of the bone marrow. Expression of the
molecule is increased on activation by antigen. CD23 is a low affinity receptor
for IgE and has also been reported as a receptor for low molecular weight B cell
growth factor (BCGF) (Gordon et al., 1986). The role of CD23 as the receptor for
BCGF is controversial since CD23 negative B cells can respond to low molecular
weight BCGF (Vasquez et al., 1988; Azim et al., 1990). The extra-cellular
portion of the molecule is cleaved and has been reported as having autocrine
growth factor activity (Swendeman and Thorley-Lawson, 1987). CD10, formerly
known as common acute lymphoblastic leukaemia antigen (cALLa), is expressed
early in B cell differentiation, on pro and pre-B cells, and on B-blast cells, but
not on activated cells. It is also found on germinal centre centroblasts in
secondary lymphoid tissue. Another molecule expressed on centroblasts is CD77
(Burkitt's lymphoma-associated antigen - BLA) (Murray et al., 1985; Gregory et
al:, 1987). This molecule, however, is not generally expressed in other stages of
B cell development. Other molecules found on activated B cells, but not resting
mature B cells, include CD30 (Kil) and CDw70 (Ki24).

3.3  Expression 11 adhesion molecule

Cell adhesion molecules are of fundamental importance in immune cell
interactions (reviewed by Springer et al., 1987; Kishimoto et al., 1989; Springer,
1990). These molecules include; lymphocyte function-associated antigen-1 (LFA-
1)(CD11a/CD18), LFA-3 (CD58) and the inter-cellular adhesion molecule-1
(ICAM-1) (CD54). LFA-1 is a member of the B-2 leucocyte integrin family and,
in common with other members of the family, Mac-1 and p150,95, is a
heterodimer composed of a unique alpha subunit (CD1la) non-covalently
associated with a beta (CD18) subunit common to Mac-1 and p150,95 (Sanchez-
Madrid et al., 1982). The two subunits undergo post-translational modification
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and assembly into the functional LFA-1 molecule in the golgi apparatus prior to
transport to the cell surface (Sanchez-Madrid et al., 1983; Kishimoto et al.,
1989). LFA-3 (CD58) (Sanchez-Madrid et al., 1982) and ICAM-1 (CD54)
(Rothlein et al., 1986) are both members of the Ig gene superfamily. Adhesion
between cytotoxic T cells and their target cells (for example EBV infected B
cells) is known to be mediated via two pathways; interaction between LFA-1
and its ligand ICAM-1 and interaction between LFA-3 and its ligand the T cell
specific molecule CD2 (Shaw et al., 1986). Homotypic B cell adhesion of EBV
infected B cells is also mediated, at least in part, through the LFA-1/ICAM-1
pathway (Rothlein et al., 1986). Recently, a second ligand for LFA-1 - ICAM-2 -
has also been identified (Staunton et al., 1982).

Expression of LFA-1 is restricted to leucocytes, and is first detected on pre-B
cells (Krensky et al., 1983; Campana et al., 1986). LFA-3 has a broad
distribution and is expressed on most endothelial, epithelial and haematopoietic
cells (Krensky et al., 1983). ICAM-1 is expressed on vascular endothelial cells,
thymic epithelium, activated T cells, macrophages, germinal centre FDC and B
cells (Dustin et al., 1986). Low level expression of ICAM-1 is found on mature
circulating B cells, but expression is rapidly increased following activation of B
cells (Dustin et al., 1986).

4. BURKITT'S LYMPHOMA

41  Introduction

Burkitt's lymphoma (BL) is a monoclonal B cell tumour, characterised by the
presence of a chromosome translocation involving the c-myc proto-oncogene on
chromosome 8. It is classified as an undifferentiated high-grade malignant
monoclonal lymphoma of small non-cleaved B cells (Rosenberg et al., 1982). It
was first recognised as a distinct clinical and pathological entity by Denis
Burkitt, after whom the tumour is named. He described a relatively common
malignancy of African children between the ages of 2 and 14, commonly
presenting as a tumour of the jaw (Burkitt, 1958), which was subsequently
identified as a lymphoma (O'Conor and Davies, 1960).
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4.2 FKndemic BL (eBL)

BL is endemic in certain parts of the world, most notably Central Africa and
Papua New Guinea, and areas of high incidence correspond closely with those
where malaria is holoendemic, suggesting a role for malaria as a co-factor
(section 4.9). In central Africa, BL is the commonest childhood tumour,
occurring at an incidence of 5/100000 in children under 14 years (Geser et al.,
1983). There is a close association with a human herpes virus, Epstein-Barr
virus (EBV) (section 5), which is detected in 96% of BL cases in endemic areas
(Geser et al., 1983).

Nkrumah and Olweny (1985), in a review of the clinical aspects of endemic BL
from data collected over 15 years in central Africa, noted that the commonest
sites of presentation were: the jaw (59-72% of cases); abdomen (56-59%); central
nervous system (CNS) (28-38%). Less frequently, tumours in the thyroid,
breast, salivary glands, bone and testes were observed. Only very rarely were
peripheral lymph nodes involved. Abdominal lesions were commonly found in
the ovaries of female patients and other common abdominal sites were kidneys,
liver and gastrointestinal tract. Bone marrow involvement was observed in a
minority (13%) of patients.

4.3  Sporadic BL (sBL)
BL also occurs, at low incidence (0.1-0.2/100000), throughout the world

(Magrath and Sariban, 1985). This form of the tumour is known as sporadic BL
and differs from endemic BL in a number of features. It is not confined to
children, with an age range of 1 - 87 years, although over 50% of patients are
aged under 15 years (Levine et al., 1985). In contrast to the endemic form of the
tumour, EBV is only found in a minority (15%) of sporadic BL cases (Lenoir,
1986). The incidence of EBV negative BL in regions where BL is endemic
correlates with the incidence of sBL worldwide (Lenoir, 1986).

Sites of clinical presentation differ from those commonly seen in eBL. In a
National Cancer Institute study of sporadic BL in the USA the commonest sites
of tumour were; the abdomen (91% of cases), bone marrow (22%), CNS (14%). In
contrast to endemic BL, tumours of the jaw were rare, present in only 9% of
cases (Magrath and Sariban, 1985). In addition to the «clinical and
epidemiological differences between the two forms of the tumour, there are also
genetic differences (see section 4.5).
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44 BL in indivi 13 infi ith human immunodeficien

It has been recognised for some time that patients infected with the human
immunodeficiency virus (HIV) have a increased risk of developing
lymphoproliferative disease (Ziegler et al., 1982, 1984). 1-5% of individuals
infected with HIV have been reported to develop non-Hodgkin's lymphoma
(NHL), but this figure may well prove to be an underestimate (Ernberg 1989).
Two major groups of lymphoproliferative disease have been described (Kalter et
al., 1985). The first occurs mainly in patients with advanced AIDS, in whom T
cell function is profoundly impaired. The lymphoproliferative disease that
occurs in these patients closely resembles the large cell lymphomas seen in
patients undergoing long term immunosuppressive therapy, usually following
organ transplantation (discussed in section 5.7.2). The second type of
lymphoproliferative disease occurs in patients with relatively early stage AIDS,
with a less pronounced T cell dysfunction. The usual site of presentation is the
abdomen and the tumours histologically resemble BL. It has been estimated
that these account for 25-50% of all lymphomas in AIDS patients, and the risk
of developing BL is several thousand fold higher in HIV individuals compared to
normal healthy individuals (Ernberg, 1989). Most of the tumours are more
characteristic of the sporadic form of BL, in terms of translocations and clinical
features (Subar et al., 1988; Neri et al., 1988). The majority of HIV associated
BL are EBV negative, although EBV-positive tumours resembling sBL have
been described (Subar et al., 1988).

4.5 - ransglocation

Vfrtually all described cases of BL are characterised by one of three unilateral,
reciprocal chromosome translocations involving the c-myc proto-oncogene on
chromosome 8. The commonest translocation, t(8;14)(q24;q032) results in
translocation of the c-myc gene on chromosome 8 to the Ig heavy chain loci on
chromosome 14 (Manolov and Manolova, 1972; Zech et al., 1976). Less common
are the translocations involving c-myc on chromosome 8 and the kappa Ig light
chain locus on chromosome 2 [t(2;8)(p11;q24)] (Erikson et al., 1983) or the
lambda Ig light chain locus on chromosome 22 [t(8;22)(p24;q11)] (Croce et al.,
1983). The relative incidences of the t(8;14), t(2;8) and t(8;22) translocations
have been calculated as 76, 8 and 16% respectively (Lenoir, 1986).

Figure 3 represents diagramatically the regions where the chromosome
breakpoints are known to occur within the c-myc and Ig genes. Molecular
cloning and analysis of breakpoints has revealed particular regions of the Ig loci
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Legend: Figure 3

Chromosome translocation breakpoints with respect to c-myc on
chromosome 8 and IgH on chromosome 14

A: The c-myc gene on chromosome 8 with the regions involved in
translocations indicated. The thin arrows indicate the t(8;14)
translocation breakpoint regions and the thick arrows the t(2;8) or t(8;22)
translocations. Arrows are not intended to indicate specific breakpoints
but rather regions of DNA commonly involved in translocations. The
broken line indicates distances of greater than 10kb. The locations of the
put-like region and the regions commonly involved in translocations in
sporadic (sBL) and endemic (eBL) BL translocations are indicated.
Diagram not to scale.

B: Structure of the Ig heavy chain gene situtated on chromosome 14.
Regions involved in BL translocations are indicated. The diagram, which
is not to scale, is adapted from Flanagan (1988). C - constant; S - switch; E
- enhancer; J - joining; D - diversity; V - variable; m - mu; d - delta; g -
gamma; e - epsilon.
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which are frequently involved in translocations, but much more heterogeneity
within the c-myc gene locus. In terms of the IgH locus, the (8;14) translocations
can be broadly divided into two groups. Those which occur in the J region
(Haluska et al., 1986; Neri et al., 1988) are predominantly eBLs, and are
presumed to arise during normal rearrangment of the heavy chain gene
segments (V, D, and J). V-D-J recombination is mediated by the V-D-J
recombinase enzyme (Tonegawa, 1983) and it is thought that mistakes by this
recombinase are responsible for the translocation (Haluska et al., 1986).
Occasional t(8;14) breakpoints are also seen which occur within the Vg or Dy
regions (Erikson et al., 1982; Haluska, et al., 1987). The majority of sBL involve
the switch region of the IgH chain locus (Gelmann et al., 1983; Showe et al.,
1985; Neri et al., 1988). This region is involved in isotype class switching which
results in a change from production of IgM to IgG or IgA. Similar to V-D-J
rearrangements, a switch recombinase enzyme is thought to be involved in this
mechanism (Vose and Holmes, 1988).

The breakpoints involved in the variant t(2;8) and t(8;22) translocations are less
well documented, but have been reported involving the V and J regions of the
kappa light chain gene, and there is evidence for involvement of V-J
recombinase in these translocations (Erikson et al., 1983; Taub et al., 1984b;
Hartl and Lipp, 1987). As a consequence of the variant translocations the kappa
or lambda constant regions are translocated to the 3' end of the c-myc gene on
chromosome 14.

It has been suggested that the differences in the regions of Ig loci involved in
the translocations between the sporadic and endemic forms indicates that the
two arise at different stages in B cell differentiation (Croce and Nowell, 1985;
Pelicci et al., 1986; Haluska et al., 1986). V-D-J recombination occurs in pre B
cells, whereas isotype switching occurs in more mature B cells (section 3.1).
This hypothesis is supported by the fact that eBL cells express cytoplasmic or
surface Ig, but do not generally secrete Ig. In sBL cells, however, IgM is often
secreted, indicating a later stage B cell (Benjamin et al., 1982; Pelicci et al.,
1986).

With regard to c-mye, if the (8;14) translocation is considered then two distinct
patterns emerge. In sBL the breakpoints are generally located either within the
first exon or intron of c-myec or close to the 5' end of the gene (Pelicci et al., 1986;
Neri et al., 1988), in regions known to be important in regulation of c-myc
(section 2.2). In contrast, the breakpoints in eBL, involving t(8;14) occur some
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considerable distance upstream of the gene. Pelicci et al (1986) examined 18
cases of eBL and 14 cases of sBL. In all of the sBL, but only 2 eBL, the
chromosome breakpoints occurred within or close to the gene. In the remaining
16 eBL cases the breakpoint was more than 5kb upstream of the gene. The
same authors, however, noted restriction enzyme polymorphisms close to or
within the gene in 10/10 eBL but only 1/10 sBL. Further studies confirmed the
frequent occurrence of point mutations and deletions in a region spanning the
junction of exon 1 and intron 1 of c-myc (Cesarman et al., 1987; Morse et al.,
1989). These lesions occur within, or close to, a c-myc transcriptional regulatory
region (Bentley and Groudine, 1986; Eick and Bornkamm, 1986; section 2.2).

In the variant (2;8) and (8;22) translocations the breakpoints occur downstream
of the gene, either close to the 3' end (Showe and Croce, 1987) or some
considerable distance from the gene; more than 50kb away in some cases
(Mengle-Gaw and Rabbitts, 1986; Sun et al., 1986). A cluster of t(2;8)
breakpoints has been observed to occur within a downstream region, called
PVT, homologous to the murine plasmacytoma (MPC) variant translocation
region (put-1) (Graham and Adams, 1986). Pv¢-1 is a 4kb region located 75kb
downstream of the murine c-myc locus on chromosome 15 (Banjeree et al.,
1985). The locus is involved in a variant translocation (6;15) found in MPC.
MPC is considered analogous to BL in humans, involving juxtaposition of the
murine c-myc gene on chromosome 15 with the IgH gene on chromosome 12 or,
more rarely, the (6;15) translocation involving the murine Ig kappa gene (Klein
1983). In humans PVT is transcribed into a number of different size mRNAs in
normal cells, but no proteins have been described. In BL, chimeric transcripts
derived from the first exon of PVT fused to the the Ig light chain genes have
been described, but as in normal cells no protein has been detected suggesting
that abnormal expression of this gene does not contibute to the pathogenicity of
BL (Shtivelman and Bishop, 1990).

4.6 ivation of c- in Burkitt's lymphom

Various transcriptional and post-transcriptional mechanisms for activation of c-
myc in BL have been proposed including; altered promoter usage (Taub et al.,
1984b), insertion of Ig enhancer elements (Hayday et al. 1984) and increased
mRNA stability (Eick et al., 1985; Piechaczyk et al., 1985; Rabbitts et al.,
1985a). If frequency of occurrence is important then the mechanism which
appears most likely to play an important role in activation of c-myc is the
disruption of normal negative transcriptional regulatory regions (discussed in
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section 2.2) either by point mutations and deletions or by translocational
truncation (Pelicci et al., 1986; Cesarman et al., 1987). This does not rule out the
possibility that a number of different mechanisms might converge in the same

endpoint of c-myc activation.

If point mutations and deletions in regulatory regions are the vital step in
activation of c-mye, there remains the question of what the translocation
contributes to activation of c-myc. Its apparently invariable presence in BL
implies that it is essential for the development of the tumour yet in some cases
the translocation occurs some considerable distance away from the gene.
Hayday et al. (1984) proposed that the t(8;14) translocation, in which c¢-myc and
Ig heavy chain loci are juxtaposed (section 4.5), might bring the c-myc gene
under the control of the constitutively active Ig enhancer region. Whilst this is
clearly possible for some BL it cannot be a universal mechanism since in many
BL the Ig enhancer elements and c-myc are situated on different chromosomes
following translocation (Battey et al., 1983; Rabbitts et al., 1983).

4.7 i linking EB ndemic BL,

The two characteristic features of eBL are the chromosome translocation
involving the c-myc proto-oncogene on chromosome 8, and the association with
EBV. The evidence linking EBV to endemic BL is considerable. The virus was
originally isolated from a cell line established from a BL biopsy (Epstein et al.,
1964), which led to intense speculation as to its role in the aetiology of the
disease.