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Abstract

The proto-oncogene c-myc is encoded by a transcript in which the 5' UTR contains a
potent internal ribosome entry segment (IRES). The N-myc gene shows considerable
homology to c-myc and also possesses a 5' UTR that is long and structured. Thus, the potential
for internal ribosome entry within this UTR was examined. N-myc was found to contain an
IRES that was of comparable activity to that of c-myc in non-neuronal cells, but was
specifically activated relative to the c-myc IRES in neuronal cells in which the N-myc
transcript is expressed. Furthermore, the activity of the N-myc IRES was specifically inhibited
during neuronal differentiation, when N-myc expression is reduced. The trans-acting factor
requirements for N-myc IRES function were examined and a candidate protein was found,
although not characterised.

An IRES was also identified in the 5' UTR of the third well-studied member of the myc
gene family, L-myc. An alternative form of the UTR exists in which an intron is retained, but
it was not possible to draw any definite conclusions on the IRES activity of this UTR.

Translation of both c- and N-myc mRNAs can occur by both cap-dependent and IRES-
dependent mechanisms, so the existence of IRESs within these transcripts was intriguing.
c-Myc protein levels were analysed during apoptosis and were maintained, despite the
apoptotic inhibition of protein synthesis and the short half-life of c-Myc. The activity of the
c-myc IRES was maintained during apoptosis and was responsible for this effect. The c-myc
IRES was also shown to lie downstream of the p38 mitogen-activated protein kinase signalling
pathway. Finally, the activity of the c-myc IRES was examined during a number of other cell
stresses, but no significant differences between IRES- and cap-dependent translation were
detected.
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Chapter 1

Introduction

1.1The cap-dependent paradigm for eukaryotic translation

1.1.1 A summary of protein synthesis

Protein synthesis in both prokaryotic and eukaryotic cells is divided into three
stages; initiation, elongation and termination. The initiation phase involves the binding of
the small ribosomal subunit, in combination with initiator methionyl-tRNA (Met-tRNA))
and various protein factors, to a messenger RNA (mRNA) molecule. The correct AUG
initiation codon is then located and the large ribosomal subunit is recruited to form a
complex competent to carry out peptide synthesis. During the subsequent elongation
phase, the ribosome scans along the mRNA, recruiting the cognate aminoacyl-tRNA for
each codon and directing peptide bond formation, such that a peptide chain is synthesised.

Finally, a termination codon is encountered and the ribosome and peptide are released.

1.1.2 Initiation of translation in prokaryotes and eukaryotes

The most important stage of this process in terms of control and complexity is
initiation. In prokaryotes this is mediated by base pairing between the Shine-Dalgarno
sequence, upstream of the initiation codon, and sequences within the 16S ribosomal RNA
(rRNA) (Hershey and Merrick, 2000). In eukaryotic cells, however, initiation is a
considerably more complex process. Following transcription in the nucleus, introns are
removed from eukaryotic pre-mRNA by splicing. A modified guanosine nucleotide known
as the cap structure is linked to the 5' end of the mRNA, such that the 5' terminal sequence
is m’GpppN (Shatkin, 1976), and the 3' end is subjected to polyadenylation. The presence
of both cap and poly(A) structures results in a synergistic stimulation of translation
(Michel et al., 2000). RNA export into the cytoplasm then occurs in the form of a
messenger ribonucleoprotein (mRNP) complex, from which the mRNA is mobilised into
polysomes during translation initiation (Hershey and Merrick, 2000). Recruitment of the
small (40S) ribosomal subunit is mediated by the cap, and is succeeded by ribosomal

scanning until an initiation codon in the correct context is encountered.



Chapter 1: Introduction

1.1.3 The cap-binding complex

A complex array of eukaryotic initiation factors (eIFs) directs the process of
translation initiation. The cap structure is bound specifically by eIF4E, which is part of the
complex of factors known as eIF4F. The central core of eIF4F is eIF4G, a 1560 amino acid
protein that possesses multiple binding sites for other components of the translational
machinery (figure 1.1A), and thus provides a bridging function (Hentze, 1997). Recently, a
homologue of eIF4G that shows equivalent function has been identified and termed
elF4GII, while the original protein is now known as elF4GI (Gradi et al., 1998). Both
proteins possess a single eIF4E-binding site in the N-terminus. The elF4F complex also
contains elF4A, which binds to e[F4G at two sites, one in the central region and one close
to the C-terminus (figure 1.1A). eIF4A is an ATP-dependent bidirectional RNA helicase
and a member of the DEAD-box helicase family, and exists in two functional isoforms,
elF4AI and eIF4AIl, whereas a third homologue, eIF4Alll, inhibits translation (Li et al.,
1999). The helicase activity of eIlF4A is stimulated by the factors eIF4B and elF4H,
although these do not associate directly with eIF4G and are not considered part of elF4F
(Rogers Jr. et al., 1999).

In addition to the core members of the eIF4F complex, e[F4G associates with several
other proteins (figure 1.1A). The kinase Mnk1 (discussed in section 1.2.2) binds to the
C-terminal of eIF4G (Pyronnet et al., 1999). Near the N-terminal of eIF4G a binding site is
found for the poly(A) binding protein (PABP) (Le et al., 1997). This binding allows an
indirect interaction between the cap and poly(A) tail to occur, and hence circularisation of
the transcript (Wells et al., 1998), and also increases the affinity of eIF4F for the cap,
possibly by inducing a conformational change (Wei et al., 1998). A recent study has
shown that e[F4B also interacts with PABP, providing a further contribution to the 5' end-
3' end communication (Bushell et al., 2001). Finally, the central region of eIF4G is able to
interact with eIF3, a multi-subunit protein that in turn binds directly to the 40S ribosomal
subunit (Bommer et al., 1991). Thus, the 40S ribosome is recruited to capped RNA via the
cap-4E, 4E-4G, 4G-3, and 3-40S interactions (figure 1.1B). It remains unclear whether
elF4G is initially bound to eIF4E, and is then able to recruit the eIF3-40S complex to the
cap, or elF4G, elF3 and the 40S subunit exist in complex and are recruited to the eIF4E-
cap complex together (Sachs et al., 1997).
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Figure 1.1 40S ribosomal subanit recruitment by the eIF4F complex. (A) The binding
sites of protein factors on elF4G. Sites of cleavage by the viral 2A and L proteases and
caspase-3 are indicated by arrows. (B) Recruitment of a 40S ribosomal subunit to a capped
mRNA molecule via cap-4E-4G-3-40S interactions. The interaction between elF4G and
PABP leads to circularisation of capped and polyadenylated mRNAs.
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1.1.4 43S preinitiation complex recruitment

Before ribosomal recruitment to the mRNA occurs, a ternary complex forms in
which eIF2 associates with GTP and Met-tRNA,; (Hinnebusch, 2000) (figure 1.2). elF2 is a
heterotrimeric protein in which the y subunit binds GTP, allowing the recruitment of Met-
tRNA,. This ternary complex then associates with the 40S subunit, which in turn associates
with elF3, to form the 43S preinitiation complex. The protein eIF1A is necessary for
ternary complex recruitment, while eIF3 prevents the destabilisation of the 43S complex
by 60S ribosomal subunits (Chaudhuri et al., 1999). Direct interactions have not been
detected between eIF2 and elIF3, but the factor eIF5 interacts with both proteins
simultaneously. In addition, eIF3 interacts with elF1, and as this series of interactions can
occur independently of the ribosome it is possible that eIF5, eIF1 and eIF3 are associated
with the ternary complex and stimulate its binding to the 40S subunit (Asano et al., 2000).
The 43S preinitiation complex is recruited to the 5' end of the mRNA via the elF3-eIF4AF
interactions described in section 1.1.3 to yield the 48S complex, also known as complex I

(figure 1.2).

1.1.5 Scanning

The next stage in the process is the translocation of the 40S subunit to the initiation
codon, which occurs by a process known as scanning. When the initiation codon is
encountered by the 40S subunit and its associated factors, the resulting complex is known
as complex II. Initiation usually occurs at the most 5' AUG, but CUG and GUG are
occasionally used as the start codon (Kozak, 1989). However, translation at these sites is
inefficient and in general AUG is selected with high stringency. In addition, the context
surrounding the codon is important, in particular the presence of a purine at position -3 and
a guanosine at +4 (where the A of AUG is defined as +1) (Kozak, 1987). AUG codons in
poor context may be bypassed or used at low efficiency, with the majority of ribosomes
initiating translation at a codon with better context downstream, a process known as leaky
scanning (Kozak, 1989).

Ribosomal scanning proceeds in a 5'-3' direction, and secondary structure
encountered in the 5' untranslated region (UTR) is unwound by the helicase activity of
elF4A, a process that requires ATP hydrolysis (Lorsch and Herschlag, 1998). The

requirement for eIF4A in translation initiation is greatest for mRNAs that possess a high
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degree of secondary structure in the 5" UTR (Svitkin et al., 2001). In a reconstituted
system, complex I formed when 40S subunits, Met-tRNA,, and elFs 2, 3, 4A, 4B, 4E and
4G were present, but no scanning occurred. The addition of the factors eIF1 and eIF1A
was vital to allow migration of the ribosome to the initiation codon (Pestova et al., 1998a).
Neither factor was sufficient to mediate complex II formation individually. These two
proteins, in combination, are also able to destabilise incorrectly assembled ribosomal
complexes, and therefore it appears that they play an important role in the fidelity of start
site selection (Pestova et al., 1998a). It is unclear at what point in the scanning process the

interaction between eIF4G and elF3 is disrupted (Jackson, 2000).

1.1.6 60S ribosomal subunit joining

When the 40S subunit is correctly positioned at the initiation codon, base pairing
between this AUG and the anticodon of Met-tRNA; occurs. This allows the hydrolysis of
GTP by elF2, which is stimulated by the GAP activity of the factor eIF5 (Chakrabarti and
Maitra, 1991). eIF5 is recruited to the complex via its interactions with eIF2 and eIF3
(Asano et al., 2000). eIF2-GDP demonstrates low affinity for the 40S ribosome, and hence
GTP hydrolysis leads to its release, in combination with the factors eIF3 and eIF1. As elF3
binding to the 40S ribosome prevents its interaction with the 60S subunit in the context of
a preinitiation complex (Chaudhuri et al., 1999), elF3 release allows subunit joining to
occur. However, it has recently been shown that the factor eIF5B is also necessary for this
process (Pestova et al., 2000). This protein binds GTP, which is hydrolysed when eIF5B
binds to the ribosome. This hydrolysis mediates the release of eI[F5B from the ribosome |
and therefore allows repeated use of the same molecule and means that it can function |
catalytically, but its precise role in recruitment of the 60S subunit remains unclear. An |
interaction has been detected between eIF1A and eIlF5B, and it is possible that this is
important in the stabilisation of Met-tRNA, binding to the correct site (Choi et al., 2000).

This assembly of the 80S ribosome at the correct position completes the initiation
phase of protein synthesis and allows elongation to begin. Finally, eIF2-GDP is recycled
by the factor eIF2B, which promotes guanine nucleotide exchange such that eIF2-GTP is
released and is competent to initiate a further round of protein synthesis (Kimball, 1999)

(figure 1.2).
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1.2Control of translation initiation by modification and sequestration of

factors

1.2.1 Principles of translational control

Control of translation provides an important method for the regulation of gene
expression, as it allows rapid changes in protein level using pre-existing mRNAs, without
the need for transcription to occur. The methods used for translational control are generally
reversible, and it is of great importance in situations where transcriptional control is
lacking, such as in oocytes, and where the spatial control of gene expression is required,
such as during embryonic patterning in Drosophila (Mathews et al., 2000). The
cytoplasmic regulation of poly(A) tail length is important in these situations (Gray and
Wickens, 1998), but will not be discussed in detail. The vast majority of translational
control occurs at the level of initiation, as this is the rate-limiting step in this pathway, and
as it would be inefficient to allow initiation to occur and then to impede translation at a
later stage. Control may be global, as will be discussed in this section, or a feature of
specific mRNAs, which will be considered later. Phosphorylation as a result of

physiological stimuli is an important feature of the control of global protein synthesis.

1.2.2 Regulation of eIF4E activity

A particularly important site for the control of translation initiation is eIF4E. Cap-
binding is significant as the first step in the initiation pathway, and early studies indicated
that eIF4E abundance was low relative to other components of the translation machinery in
certain eukaryotic cell types (Duncan et al., 1987; Hiremath et al., 1985). However, a
subsequent study indicated that eIF4E is present in reticulocyte lysate at higher
concentration than previously assumed and is not limiting for protein synthesis (Rau et al.,
1996). Despite this, the importance of eIF4E control in cell growth can be seen from the
fact that it is overexpressed in a number of transformed cell lines (Miyagi et al., 1995).
The transcription of eIF4E is stimulated during growth induced by c-Myc (Rosenwald et
al., 1993), but phosphorylation of eIF4E protein is of more importance in translational
control as it is rapid and reversible. Phosphorylation of eIF4E occurs in response to stimuli
such as hormone treatment, growth factors and mitogens (Gingras et al., 1999b) and

increases its affinity for the cap, such that cap-dependent initiation is enhanced (Minich et
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al., 1994) (figure 1.3). In contrast, adenovirus and influenza virus infection result in a
decrease in eIF4E phosphorylation, which contributes to the shutoff of host cell translation
induced by these viruses (Feigenblum and Schneider, 1993; Huang and Schneider, 1991).
The MAP kinase-interacting protein kinase-1 (Mnkl) is responsible for eIF4E
phosphorylation (Waskiewicz et al., 1999) and lies downstream of both the extracellular
signal-regulated kinase (ERK) and p38 mitogen-activated protein kinase (p38MAPK)
signalling pathways (Fukunaga and Hunter, 1997). Mnk1 does not bind directly to eIF4E,
but is recruited to the cap-binding complex via its interaction with the C-terminal of eIF4G
(Pyronnet et al., 1999). The related kinase Mnk?2 has recently been shown to bind to the
same site on elF4G and to phosphorylate eIF4E, but shows high basal activity under serum
starvation, when Mnkl is inactive (Scheper et al., 2001). It is possible that this kinase
functions to retain a low level of eIF4E phosphorylation even in situations in which

translation initiation is repressed.

1.2.3 The 4E-BPs

The cap-binding activity of eIF4E is modulated by a family of proteins termed the
4E-binding proteins, or 4E-BPs. The homologous proteins 4E-BP1 and 4E-BP2 were the
first to be identified (Pause et al., 1994a), but subsequently a third member of the family,
4E-BP3, was discovered (Poulin et al., 1998). All three proteins show the same function,
in that they bind the domain of eIF4E that is normally bound by eIF4G. As binding of the
4E-BPs and elF4G is mutually exclusive, the e[F4E-4E-BP interaction inhibits assembly
of the cap-binding complex and subsequent cap-dependent initiation (Haghighat et al.,
1995; Rau et al., 1996). The 4E-BPs are regulated by hyperphosphorylation in response to
stimulation of cells by serum, growth factors or hormones. Such phosphorylation induces
dissociation from eIF4E and a relief of translational inhibition (Pause et al., 1994a) (figure
1.3). The kinase FKBP12-rapamycin associated protein/ mammalian target of rapamycirf
(FRAP/mTOR) phosphorylates 4E-BP1 directly at two sites (Gingras et al., 1999a), and
the 4E-BPs are also targets of the Akt/ protein kinase B (PKB) signalling pathway (Dufner
et al., 1999).

1.2.4 eIlF2 phosphorylation

The a subunit of the heterotrimeric protein eIF2 is subject to phosphorylation, which

is of great importance in the control of protein synthesis. During recycling of eIF2-GDP to

6
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elF2-GTP, mediated by the pentameric protein elF2B, the eIF2-GDP-eIF2B interaction is
stabilised by phosphorylation of eIF2o (Kimball et al., 1998) (figure 1.4). It was observed
that different subunits are present in the eIF2B complexes that bind to phosphorylated and
unphosphorylated eIF2. The complex that favours the phosphorylated form does not allow
guanine nucleotide exchange and hence inhibits eIF2 recycling and subsequent translation
initiation (Pavitt et al., 1998). Levels of eIF2B are low relative to those of elF2 (Oldfield et
al., 1994), and this means that the phosphorylation of only 20-30% of cellular eIF2 is
sufficient to sequester most of the e[F2B present and inhibit translation severely. Four
different proteins in mammalian cells have been identified as eIF2o kinases and act in
response to various physiological stresses. These include the double-stranded RNA-
activated protein kinase (PKR), which phosphorylates eIF2 as part of the cellular antiviral
response, and the heme-regulated inhibitor (HRI), which is responsible for the shutoff of
protein synthesis in response to heme deficiency in reticulocytes (reviewed in (Chen,
2000; Kaufman, 2000). In addition, the PKR-like ER kinase (PERK) and its human
homologue, the pancreatic eIF2a kinase (PEK), are responsible for eIF2a. phosphorylation
during endoplasmic reticulum stress, when the accumulation of unfolded protein occurs
(Ron and Harding, 2000). Finally, the yeast protein GCN2 recognises uncharged tRNAs
during amino acid deprivation and phosphorylates eIF2a in response, and a human

homologue has recently been identified (Sood et al., 2000).

1.2.5 Regulation of other initiation factors

Its central role in the cap-binding complex makes eIF4G an attractive target for the
control of cap-dependent translation. Phosphorylation of this protein occurs in response to
various stimuli, but the functional significance of this remains unclear (Gingras et al.,
1999b). However, translation initiation is inhibited by the expression of a protein known as
DAPS, p97 or NAT1, which is homologous to the C-terminal two-thirds of eIF4G. This
protein therefore possesses the eIF3 and elF4A binding sites but lacks the eIF4E binding
site, such that it is unable to support cap-dependent initiation but appears to inhibit
translation by the sequestration of eIF3 and eIF4A (Imataka et al., 1997). In addition,
cleavage of eIF4G occurs during picornaviral infection (discussed in section 1.4.1) and

during apoptosis (section 1.2.6) and results in the inhibition of cap-dependent translation.
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Various other initiation factors are subject to modification; for example, eIF4B and
elF3 are phosphorylated in response to various stimuli, but the functional relevance of this
is not fully understood (Morley and Traugh, 1990). Translation initiation is also regulated
by the control of PABP activity. The PABP-interacting protein 1 (Paipl) shows homology
to the middle region of elF4G, and is therefore able to bind to eIF4A. It also binds to
PABP via a C-terminal region that is not conserved in eIF4G, and coactivates translation,
possibly by providing an additional bridging interaction between the 5' and 3' ends of the
mRNA (Craig et al., 1998). More recently, a second protein, Paip2, has been identified that
competes with Paipl for PABP binding and inhibits translation by this method and by
inhibition of the PABP-poly(A) interaction (Khaleghpour et al., 2001).

1.2.6 Situations in which cap-dependent initiation is inhibited

Cap-dependent translation initiation is inhibited during a number of stress situations
in eukaryotic cells. Apoptosis, or programmed cell death, is a complex and highly
regulated process involving many pro- and anti-apoptotic factors, and can be induced via
death receptors, or in a non-receptor-mediated fashion. Death receptors are members of the
tumour necrosis factor (TNF) receptor gene superfamily and are homotrimeric. When a
ligand (for example, Fas ligand or the TNF-related apoptosis inducing ligand, TRAIL)
binds to its receptor, the intracellular "death domains" associate and recruit an adapter
protein via its own death domain. Fas directly recruits the Fas-associated death domain
(FADD), whereas receptors such as DR3 (a TRAIL receptor) recruit the TNFR-associated
death domain (TRADD) and use this as a platform for FADD binding (Ashkenazi and
Dixit, 1998). FADD contains a death effector domain, through which it is then able to bind
the protein procaspase-8, which is then subject to proteolysis such that active caspase-8 is
released into the cytoplasm (figure 1.5). Other apoptotic agents, such as staurosporine and
UV irradiation, do not act via receptors. Instead, mitochondrial disruption is induced,
resulting in the release of cytochrome c¢. Cytochrome ¢ then associates with Apaf-1 and
procaspase-9 to form an "apoptosome", from which active caspase-9 is released and
induces downstream apoptotic events (Green and Reed, 1998) (figure 1.5).

The caspases are a family of cysteine proteases that are stored in the cell as inactive
precursors. They are activated by proteolytic processing, leading to the release of large and

small subunits that associate as an active heterodimer. The active caspases then cleave
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specific targets within the cell. Each initiator caspase cleaves a downstream caspase, such
that a cascade is initiated. This leads to the activation of the effector caspases, which
cleave and inactivate specific cellular proteins such that apoptosis results. This is an
ordered process by which DNA is cleaved and chromatin condensation occurs, followed
by membrane blebbing, cell shrinkage, disassembly into vesicles known as apoptotic
bodies, and engulfment by neighbouring cells (Thornberry and Lazebnik, 1998).

Protein synthesis is inhibited during apoptosis, and a number of components of the
translation machinery are cleaved. In particular, eIF4GI is cleaved by caspase-3 to yield
three fragments of apoptotic cleavage of 4G (N-FAG, M-FAG and C-FAG) (figure 1.5)
(Bushell et al., 1999; Marissen and Lloyd, 1998). M-FAG retains the ability to associate
with eIF4E, eIF4A and elF3, but it is possible that translation inhibition is caused by the
loss of the PABP-, Mnkl1-, and one of the eIF4A-binding domains from this fragment, or
by a dominant negative effect of one of the fragments (Bushell et al., 2000a). Activation of
the p38MAPK signalling pathway can contribute to apoptosis (Xia et al., 1995) but was
not required for eIF4G cleavage (Morley et al., 1998). eIF4B, elF4GII, and the p35 subunit
of eIF3 are also subject to apoptotic cleavage, although the other components of eIF3
remain intact, as do eIF4E and eIF4A (Bushell et al., 2000b). These proteins are also direct
targets of caspase-3. The functional significance of eIF4B cleavage has recently been
determined with the observation that the cleaved protein is unable to interact with PABP
(Bushell et al., 2001). An increase in binding of 4E-BP1 to eIF4E was also observed
during apoptosis, as was partial cleavage of 4E-BP1 (Bushell et al., 2000b). An increase in
elF2o phosphorylation is an early event in apoptosis, and partial cleavage of eIF2a occurs
at later stages (Morley et al., 2000). Finally, 28S rRNA was cleaved early apoptosis and
this may contribute to inhibition of translation by disruption of the ribosome (Nadano and
Sato, 2000).

elF2a. phosphorylation as a method of translation inhibition has been discussed
(section 1.2.4), and occurs in response to a range of cell stresses including heat shock,
amino acid starvation, hypoxia, serum starvation and virus infection (Kaufman, 1999).
However, other effects on the translation machinery were also observed during stress
situations. Heat shock induces the dephosphorylation of eIF4E and hence a reduction in
the cap-binding activity of eIF4F (Duncan et al., 1987; Lamphear and Panniers, 1991).

Furthermore, dephosphorylation of 4E-BP1 occurs and results in increased sequestration
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of eIF4E (Feigenblum and Schneider, 1996). This is not sufficient for the inhibition of
protein synthesis observed under these conditions, but a recent study has shown the
importance of the induction of heat shock protein 27 (Hsp27) in translation. Hsp27
sequesters eIF4G and causes the dissociation of the cap-binding complex (Cuesta et al.,
2000).

In addition to stress situations, the level of translation initiation varies according to
the growth status of the cell. During mitosis cap-dependent initiation is inhibited relative to
interphase cells, and it was shown that eIF4E association with the cap is reduced during
mitosis and is likely to contribute to this inhibition (Bonneau and Sonenberg, 1987).
Recent observations indicate that mitosis induces hypophosphorylation of 4E-BP1, such
that eIF4E is sequestered from the eIF4F complex. The phosphorylation level of eIF4E is
also reduced, possibly because its separation from eIF4G results in its removal from the
vicinity of the Mnkl kinase. An additional result of mitosis is to increase the
phosphorylation of eIF4GII, and this may contribute to the dissociation of eIF4E from
elF4G (Pyronnet et al., 2001). The phosphorylation state of 4E-BP1, and therefore the
level of sequestration of eIF4E, correlates with translational activity throughout the cell
cycle. It is hypophosphorylated during G,/M phase, but becomes hyperphosphorylated on

G, entry and remains in this state throughout S phase (Pyronnet et al., 2001).

1.3Control of translation initiation by UTR elements

1.3.1 The effect of secondary structure in the 5' UTR

The 5' UTRs of cellular mRNAs are highly variable in their length and the degree of
secondary structure possessed, and these features have a considerable effect on the
efficiency of translation initiation. Secondary structure within a 5' UTR is able to inhibit
translation, and the effect of such structure is dependent on its position relative to the cap.
A stem-loop structure of -30kcal/mol free energy caused a major inhibition in translation
when placed 12 nucleotides downstream of the cap, but when the same structure was
placed 52 nucleotides from the cap it had no effect (Gray and Hentze, 1994b). This is due
to the fact that secondary structure adjacent to the cap prevents binding of the 43S
preinitiation complex to the mRNA. When a more stable stem-loop, of -61kcal/mol, was

inserted 71 nucleotides downstream of the cap structure, translation initiation was blocked,
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and "stalled" 43S complexes were detected on the 5' side of the structure (Gray and
Hentze, 1994b). In the presence of secondary structure distal to the cap, 43S complexes are
able to bind and the helicase action of eI[F4A during subsequent scanning is sufficient to
unwind a moderate degree of secondary structure. However, higher energy secondary
structure is resilient to unwinding by eIF4A and results in an inhibition of scanning.
Transcripts that possess highly structured 5' UTRs are poorly translated under
normal physiological conditions, and this is likely to be due to competition with other
cellular mRNAs for limiting amounts of the eIF4F complex. An example of this is the
bcrlabl gene fusion, which results from a chromosomal translocation. It possesses a long,
structured 5' UTR that inhibits translation in certain cell lines (Muller and Witte, 1989).
Overexpression of eIF4E stimulated the translation of mRNAs that possess structured 5'
UTRs (Koromilas et al., 1992), and it appears that such transcripts are particularly
sensitive to increases in global protein synthesis. Interestingly, transcripts encoding proto-
oncogenes and growth factors tend to contain structured 5' UTRs (Kozak, 1991), allowing
repression of their translation under normal circumstances and preventing excessive cell

growth.

1.3.2 The iron response element

Expression of a number of proteins involved in iron storage and utilisation, including
ferritin and erythroid 5-aminolevulinate synthase (eALAS), is translationally regulated by
the presence of a structural motif known as the iron response element (IRE) in the 5' UTR
(Hentze et al., 1987) (figure 1.6). Production of these proteins is switched on in response
to iron, and repressed when cellular iron levels are low. This translational control is co-
ordinated by the binding of the iron regulatory proteins (IRP-1 and IRP-2) to the IRE, a
stem-loop structure that is generally located close to the cap. This interaction prevents
binding of the 43S pre-initiation complex to the mRNA (Gray and Hentze, 1994a), and
hence translation initiation, although the eIF4F complex is able to associate with the cap
(Muckenthaler et al., 1998). Removal of the IRE to a position further from the cap results
in a reduction in IRP-dependent regulation (Goossen and Hentze, 1992). The IRPs bind to
IREs with high affinity under conditions of iron starvation, but dissociate or are degraded

when iron is present.
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1.3.35' TOPs

The translation of a specific subset of mRNAs that encode ribosomal proteins and
various other components of the translational apparatus is regulated by the presence of a 5'
terminal oligopyrimidine tract (5' TOP). These mRNAs possess a C residue at the cap,
which is immediately succeeded by a stretch of 4-14 pyrimidine residues. Translation of
such mRNAs is either highly active, during cell growth, or inactive, in quiescent cells, and
stimulation of translation is sensitive to rapamycin treatment (Jefferies et al., 1994).
Rapamycin inhibits the activation of the S6 kinases (S6K1 and S6K2) (Chung et al., 1992)
and subsequent phosphorylation of ribosomal protein S6, so it appears that S6K may play
a role in the translational activation of 5' TOP mRNAs. However, recent data indicate that
S6K activation alone is not sufficient for this translational regulation, and it is probable
that specific frans-acting factors are required. A model has been proposed in which a
specific repressor protein binds to the TOP, but is displaced by the translational machinery

when this is activated during cell growth (Meyuhas and Hornstein, 2000).

1.3.4 Upstream open reading frames (uORFs)

Approximately 10% of eukaryotic mRNAs contain AUG codons within their 5'
UTR. Such AUGs reduce the efficiency of translation and, like secondary structure, are
found particularly within transcripts encoding proto-oncogenes, growth factors and
transcription factors and provide a means of tight control of the expression of such proteins
(Kozak, 1991). When an upstream AUG is succeeded by an in frame termination codon,
also within the 5' UTR, the intervening sequence is known as an upstream open reading
frame (UORF), and is able to regulate the translation of the main ORF. A scanning
ribosome would be expected to initiate translation at the first AUG encountered, so uORFs
are generally translated, although with varying efficiency depending on the context of the
AUG codon. Following termination of uORF translation, some ribosomes remain
associated with the message and continue to translate the main ORF, whereas the majority
dissociate and have to reacquire the transcript to carry out further translation (Morris and
Geballe, 2000). The efficiency with which such reinitiation occurs is dependent on the
length and sequence of the spacer region between the uORF and the initiation codon of the

main ORF (Child et al., 1999). In general, increasing the length of the spacer leads to
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increased efficiency of reinitiation, possibly because this provides sufficient time for
recharging of the ribosome with a new ternary complex.

A number of examples exist of genes regulated by uORFs. The best-studied example
is the yeast GCN4 gene, translation of which is enhanced during amino acid starvation
when general protein synthesis is repressed. This gene possesses four uORFs, and the
effect on translation of the main ORF depends on which uORFs are utilised. Ribosomes
enter at the cap, scan to uORF1, and continue to scan following translation of uORF1. If
the ribosomes then acquire the ability to reinitiate by the time they reach uORF3 or
uORF4, they will resume translation. Translation of these two uORFs is highly inhibitory
to translation of the main ORF, probably due to the sequence surrounding the termination
codon. However, during starvation eIF2a phosphorylation occurs and the availability of
the eIF2-GTP-Met-tRNA, ternary complex is limited. Under these conditions, the majority
of ribosomes do not acquire reinitiation potential until they reach the initiation codon for
the main OREF, thereby bypassing the inhibitory uORFs and allowing efficient translation
of GCN4 (Morris and Geballe, 2000).

1.3.5 Ribosomal shunting

Ribosomal shunting is a variant of cap-dependent initiation that was first discovered
in cauliflower mosaic virus (CaMV) (Futterer et al., 1993), but also occurs in related plant
pararetroviruses, the late adenovirus mRNAs, and the Sendai virus P/C mRNA.
Translation occurs by cap-dependent binding of the 40S subunit and scanning of the 5' end
of the 5' UTR, but ribosomes are then able to jump over the remainder of the UTR, land
close to the initiation codon, and begin translation. A single transcript can be translated by
both scanning and shunting ribosomes at the same time, and the extent to which shunting
is used is variable. The insertion of a stem-loop towards the 3' end of the late adenovirus
tripartite leader (5' UTR) such that scanning, but not shunting, was blocked, indicated that
approximately 50% of translation occurs via shunting early in infection. This is increased
to almost 100% by late infection, when eIF4F activity is reduced (Yueh and Schneider,
1996).

The signals dictating shunting appear to vary according to the identity of the
transcript. In the plant pararetroviruses, shunting is triggered by the presence of a short

uORF and the stem-loop structure that succeeds it (Hemmings-Mieszczak and Hohn,
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1999) (figure 1.7A). The adenovirus tripartite leader contains three regions of
complementarity to 18S ribosomal RNA (rRNA), the deletion of which leads to a severe
inhibition of shunting (Yueh and Schneider, 2000). Interestingly, the 5" UTRs of the
human heat shock protein 70 (hsp70) and c-fos mRNAs also show complementarity to 18S
rRNA, and are partially translated by shunting (Yueh and Schneider, 2000). Following
heat shock, scanning of these mRNAs was completely inhibited but shunting was
unaffected. Shunting can therefore provide a means of allowing translation of cellular

mRNAs under conditions in which normal cap-dependent scanning is inhibited.

1.3.6 Internal ribosome entry segments

All the variants of normal translation initiation discussed above remain dependent on
the presence of a 5' terminal cap structure. However, in a range of viral and cellular
mRNAs, a structured element within the 5' UTR, termed an internal ribosome entry
segment (IRES), is able to recruit 40S ribosomal subunits independently of a cap (figure

1.7B). IRES-dependent translation will be discussed in detail below.

1.4The viral IRESs

1.4.1 The picornaviruses

The first IRESs to be identified were in the 5' UTRs of poliovirus (Pelletier and
Sonenberg, 1988) and encephalomyocarditis virus (EMCV) (Jang et al., 1988) RNAs.
These are both members of the picornavirus family, and subsequently IRESs have been
found in the 5' UTRs of all picornaviruses examined. This family comprises a large
number of viruses, subdivided into six genera, all of which possess a positive-stranded
RNA genome. Picornaviral mRNA is uncapped, and instead has a 5' terminus of pUp
(Nomoto et al., 1977). Picornaviral 5' UTRs are long (610-1200 nucleotides) and are
predicted to assume complex secondary structures, and also contain multiple upstream
AUGs (Agol, 1991). Many picornaviruses encode a protease, such as the entero- and
rhinoviral 2A proteases and the foot-and-mouth disease virus (FMDV) Lb protease, that
cleaves various components of the e[F4F complex. In particular, cleavage of eIF4G occurs
such that the eIF4E-binding domain in the N-terminal is separated from the remainder of

the protein (Kirchweger et al., 1994; Lamphear et al., 1993). This leads to the inhibition of

14



1. Cap-dependent
binding of 43S
preinitiation complex

elF4F uORF 4. Translation
m?G ------------------- — I
43S 43S 43S ORF
2. Scanning K .
3.S ting

1. Binding of protein factors to IRES

A 43S 3. Translation

ORF

2. Direct recruitment of 43S preinitiation
complex upstream of ORF

Figure 1.7 Alternative strategies of ribosome recruitment. (A) Ribosomal
shunting directed by the CaMV 5’ UTR. (B) Internal ribosome entry.



Chapter 1: Introduction

host cell translation. Cap-dependent translation is further inhibited during EMCV and
poliovirus infection by the dephosphorylation of 4E-BP1 (Gingras et al., 1996). Given
these characteristics, it would be impossible for efficient picornaviral translation to occur

by the cap-dependent method.

1.4.2 The dicistronic vector assay

The presence of an IRES in the 5" UTRs of poliovirus and EMCV, and in all genes
subsequently shown to contain IRESs, was established by the use of dicistronic vectors
(Pelletier and Sonenberg, 1988). The control vector contains two reporter genes
downstream of a single promoter, with a short spacer region between, such that dicistronic
mRNAs are transcribed (figure 1.8A). Translation of the first cistron is cap-dependent and
leads to efficient production of the reporter protein, but the majority of ribosomes
dissociate from the mRNA when the termination codon is encountered. A small proportion
of ribosomes is able to translate the second cistron following readthrough or reinitiation,
but synthesis of this reporter protein is much lower than of the first protein. To test for an
IRES, the sequence of interest is inserted between the cistrons (figure 1.8B). If an IRES is
present, cap-dependent translation of the upstream cistron will be similar to that seen in the
control vector, but ribosomes will also be recruited to the transcript upstream of the second
cistron, such that its product is also synthesised with high efficiency. The vector shown as
an example in figure 1.8, pRF, was used in the studies described herein. It is important to
carry out control experiments to determine that expression of the second cistron is

independent of the first cistron, and that the transcripts expressed are truly dicistronic.

1.4.3 Picornaviral IRES structure and ribosome binding

Deletion analysis of picornaviral 5' UTRs has demonstrated that the IRES is
typically about 450 nucleotides in length and is located towards the 3' end of the UTR.
Examination of structure and function has necessitated the division of these IRESs into
two groups (Jackson et al., 1990). The entero- and rhinovirus IRESs are defined as type I
IRESs, whereas the cardio- and aphthovirus IRESs are considered to be type II. The
hepatitis A virus (HAV) IRES does not fit into either group, and so has a separate
classification. Within each group, conservation of primary sequence between IRESs is
limited to short motifs, but considerable conservation of secondary structure is seen. An

example of the secondary structure of a type II IRES is shown in figure 1.9. However, few
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Figure 1.8 The dicistronic vector assay for IRES activity. (A) RNA synthesised from the
dicistronic vector pRF. Ribosomes enter only at the cap, such that Renilla luciferase expression
(indicated by plus signs) is high. The majority of ribosomes terminate translation at the 3’ end

of the Renilla luciferase cistron, although a small proportion remain associated with the

transcript, or reinitiate translation, such that a small amount of firefly luciferase is produced.
(B) RNA synthesised from the vector pRxF, in which an IRES is inserted between the cistrons.
Renilla luciferase is translated as in (A), but ribosomes are also recruited upstream of the firefly

luciferase cistron by the IRES such that high levels of firefly luciferase are also synthesised.
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Figure 1.9 Structure of a typical type II IRES. The structure and domains of the
EMCYV IRES are shown as an example of the type II picornaviral IRESs.
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similarities have been observed between the groups. Structure mapping indicates that the
regions of sequence homology tend to be found in unpaired RNA loops (Jackson et al.,
1990). A particularly important sequence motif is the GNRA tetraloop, which is found in
both classes of picornaviral IRES, although randomisation of the sequence demonstrates
that sequences corresponding to RNRA allow efficient IRES function (Robertson et al.,
1999). This leads to a model in which the secondary structure serves as a scaffold to
orientate sequence motifs in the correct position for recognition by components of the
translational machinery, thereby allowing ribosome recruitment.

A feature shared by all picornaviral IRESs examined is a conserved region of about
25 nucleotides at the 3' boundary of the IRES that comprises a stretch of about 10
pyrimidine residues, a G-poor sequence, and an AUG codon. Ribosome entry occurs at
this AUG, as can be seen in the case of the EMCV IRES by the fact that an AUG codon a
short distance upstream is never used for initiation, but is used efficiently if the IRES is
truncated such that translation is cap-dependent (Kaminski et al., 1990). This indicates that
the IRES is able to bypass upstream AUGs and direct the ribosome specifically to its
initiation codon. This method, in which ribosome entry occurs at the authentic initiation
codon, is also used by the other type II IRESs. However, type I IRESs such as poliovirus
and human rhinovirus (HRV) show different behaviour and do not use the AUG codon at
which the ribosome enters for initiation (Borman and Jackson, 1992). Instead, ribosome
entry is probably followed by scanning to the authentic initiation codon, which is 154nt
downstream in poliovirus (Pestova et al., 1994). The foot and mouth disease virus
(FMDV) IRES is an exception to the type II IRES rule in that it possesses two functional
initiation sites; one at the site of ribosome entry, and the other 84nt downstream (Belsham,
1992). The sequence context of the AUG at which the ribosome enters has some bearing
on whether it is used as an initiation codon (Pestova et al., 1994). However, the
construction of chimaeric IRESs has indicated that the identity of the main body of the
IRES is the major feature that dictates whether initiation occurs on landing or following

scanning (Ohlmann and Jackson, 1999).
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1.4.4 Involvement of the canonical translation machinery in picornaviral IRES-

driven translation

It has proved possible to assemble correctly positioned initiation complexes on
EMCYV IRES RNA in vitro using purified eIF4F, elF3, elF2, Met-tRNA,, ATP, GTP and
40S ribosomal subunits (Pestova et al., 1996a). eIF4B enhanced this assembly, as did the
polypyrimidine tract binding protein (PTB) (discussed in section 1.4.5), although this
protein was not essential. The central third of eIF4G bound directly to the J-K domain of
the EMCV IRES (figure 1.9), and this portion of the protein, together with eIF4A, was
sufficient to replace elF4F in IRES function (Pestova et al., 1996b). Direct binding of
elF4G to eIF4A was necessary for this function (Lomakin et al., 2000). Thus, all
components of the canonical translation machinery, with the exception of eIF4E and full-
length eIF4G, are necessary for this IRES to initiate translation. This has led to a model in
which elF4F binding to the J-K domain, close to the 3' end of the IRES, is followed by
unwinding of downstream IRES structure by eIF4A such that the 43S preinitiation
complex, recruited via the eIF4G-elF3 interaction, is able to bind (Pestova et al., 1996b).

As yet, no reconstitution experiments have been carried out on type I IRESs, but the
activity of the poliovirus IRES is strongly inhibited by a dominant negative form of eIF4A
(Pause et al., 1994b), which suggests that the eIF4G-eIF4A complex is required for its
function. Viral protease activity stimulates the activity of the type I IRESs, but has no
effect on type II IRES function (Ziegler et al., 1995), indicating that the eIF4E-eIF4G
interaction is not required by any of these IRESs. The HAV IRES is an exception to these
rules in that it is inhibited by the picornaviral proteases and requires full-length eIF4G in
complex with elF4E to function (Ali et al., 2001; Borman and Kean, 1997).

Picornaviral RNA molecules are polyadenylated, and in a physiological Hel.a
translation extract and a ribosome-depleted reticulocyte lysate system the poly(A) tail
stimulates translation from all classes of picornaviral IRES (Bergamini et al., 2000; Michel
et al., 2001). This stimulation requires interaction between PABP and eIF4G and was
negated by the action of the HRV 2A protease (Michel et al., 2001). Thus, it is likely that
the poly(A) tail is only relevant to IRES activity in the very early stages of picornaviral
infection before protease activity occurs, except in the cases of EMCV and HAV, which

do not encode proteases.
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1.4.5 Trans-acting factor requirements of picornaviral IRESs

Although the type II viral IRESs are able to function efficiently in reticulocyte lysate
systems, translation mediated by the type I IRESs is inefficient in such extracts unless
supplemented with HeLa cell cytoplasmic extracts (Borman et al., 1995). This led to the
hypothesis that polioviral and HRV IRES activity was dependent on trans-acting protein
factors that are present in HeLa cell extract, but absent in reticulocyte lysate. Fractionation
of cell extract revealed that two separate activities are necessary for HRV IRES function.
One of these proteins was the polypyrimidine tract binding protein (PTB) (Hunt and
Jackson, 1999), previously identified as a negative regulator of alternative splicing (Lin
and Patton, 1995). The second activity corresponded to a complex of the proteins unr
(encoded by a gene upstream of N-ras) and the unr-interacting protein (unrip or p38)
(Hunt et al., 1999). Recombinant unr and PTB in combination led to a synergistic
stimulation of HRV IRES-driven translation, but unrip had no significant effect, possibly
due to incorrect folding of the recombinant protein (Hunt et al., 1999). The poliovirus
IRES was activated by PTB but not by unr (Hunt et al., 1999). However, poliovirus IRES-
mediated translation shows a requirement for the poly(rC) binding protein 2 (PCBP2),
although not for the related protein PCBP1 (Blyn et al., 1997). Subsequently, PCBP2
binding to both type I and type II picornaviral IRESs has been detected, but is only
required for translation directed by type I IRESs (Walter et al., 1999). It should be noted
that PTB, unr and PCBP2 all contain multiple RNA-binding motifs, and therefore are
capable of contacting IRESs at multiple sites concurrently. Finally, poliovirus IRES
activity is stimulated by the La autoantigen, a protein with a range of functions in RNA
metabolism (Meerovitch et al., 1993). The concentrations required were higher that those
in HeLa cell extracts, so the physiological significance of this is unclear.

Reconstitution experiments carried out using the type II IRESs from FMDV and
Theiler's murine encephalomyelitis virus (TMEV) indicate that the same set of canonical
initiation factors is necessary for correct 48S initiation complex assembly as on EMCV
(Pilipenko et al., 2000). In both cases this complex formation was considerably more
dependent on PTB than 48S assembly on the EMCV IRES. However, 48S complex
formation on the FMDYV IRES was not possible in the presence of these purified factors
alone, although the IRES functioned efficiently in reticulocyte lysate. Fractionation of

reticulocyte lysate led to the identification of the additional factor required by the FMDV
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IRES, a protein named IRES trans-acting factor 45 (ITAF,s), that does not belong to any
known families of RNA-binding proteins (Pilipenko et al., 2000). PTB and ITAF,; bound
to nonoverlapping sites on the FMDV IRES and induced localised changes in secondary
structure. ITAF,; was not required by the TMEV IRES. Thus, although all three type II
IRESs examined show the same requirement for components of the canonical translation
machinery, the trans-acting factor requirements are different in each case. It has been
postulated that this differential requirement is due to small structural differences in the
IRESs, such that trans-acting factors are required in some cases to remodel incorrectly
folded IRESs into a functional conformation (Pilipenko et al., 2000). This theory is
supported by the observation that the EMCV IRES can be rendered highly dependent on
PTB by a structural mutation in the J-K domain (Kaminski and Jackson, 1998).

1.4.6 The flaviviral and pestiviral IRESs

Internal ribosome entry is not solely a feature of the picornaviruses. IRESs have
been identified in the 5' UTRs of a number of other viruses and show significant functional
differences to the viral IRESs described above. Of particular interest are the IRESs found
in the 5' UTRs of the flavivirus hepatitis C virus (HCV) (Tsukiyama-Kohara et al., 1992)
and pestiviruses such as the classical swine fever virus (CSFV) (Rijnbrand et al., 1997).
The HCV IRES comprises almost the entire 342nt 5' UTR, and early reports suggested that
parts of the coding region were also necessary for IRES activity (Reynolds et al., 1995).
However, a recent study shows that the requirement is merely for an unstructured region of
RNA downstream of the initiation codon, and is not dependent on RNA sequence
(Rijnbrand et al., 2001). Structural homology is seen between the HCV and pestivirus
IRESs, with a complex pseudoknot upstream of the initiation codon that is of particular
importance for IRES function (Rijnbrand et al., 1997; Wang et al., 1995). This structure is
different to that of both groups of picornaviral IRES, and the picornaviral IRESs are
approximately 100nt longer.

The mechanism of internal initiation used by these viruses also differs considerably
to that used by the picornaviruses. Reconsitution experiments carried out using the HCV
and CSFV IRESs demonstrated that 40S ribosomal subunits were able to bind close to the
pseudoknot in the absence of any initiation factors (Pestova et al., 1998b). Recruitment of

the 40S ribosome requires interactions with a complex series of structural domains that
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provide high affinity binding (Kieft et al., 2001). A correctly positioned 48S initiation
complex assembled when 40S subunits, eIF2, Met-tRNA,, and GTP were present, and this
was enhanced by elF3. Further experiments indicated that eIF3 binds specifically to the
IRES and is essential for later 80S ribosome assembly, but even at this stage there is no
requirement for any components of eIF4F (Pestova et al., 1998b). However, HCV IRES
activity is stimulated by PTB, presumably as a result of stabilisation of secondary structure
(Gosert et al., 2000).

Very recently, cryo-electron microscopy (cryo-EM) studies have allowed direct
visualisation of HCV IRES RNA bound to a 40S ribosomal subunit, and provide further
proof of the multiple interactions between this IRES and the ribosome (Spahn et al., 2001).
These exciting experiments also show that a conformational change is induced in the 40S
subunit by IRES binding, implying that the HCV IRES is able to actively manipulate the
ribosome into the desired orientation. Further cryo-EM studies have allowed visualisation
of PTB binding to the HCV IRES and show the structural distinctions between the HCV
and FMDYV IRESs (Beales et al., 2001).

1.4.7 The insect picorna-like viral IRESs

The insect picorna-like viruses, such as cricket paralysis virus (CrPV), are naturally
dicistronic and contain IRESs both in the 5' UTR, directing translation of the upstream
cistron, and in the intergenic region (IGR), such that translation of the downstream cistron
is allowed (Sasaki and Nakashima, 1999; Wilson et al., 2000b). As was observed with
HCV, 40S ribosomal subunits are able to assemble on the CrPV IGR-IRES in the absence
of any initiation factors (Wilson et al., 2000a). However, the mechanism of function used
by the IGR-IRES is even more remarkable than that of the HCV IRES. Incubation of
IRES RNA with 40S and 60S ribosomal subunits was sufficient to allow assembly of 80S
monosomes, and no initiation factors were necessary for this process. A series of
conclusive experiments demonstrated that competent initiation complexes form on the
IRES in the absence of elF2, Met-tRNA, or GTP hydrolysis. Moreover, the N-terminal
residue of the protein product is alanine and is encoded by the codon GCU. This N-
terminal is not a result of peptide cleavage, and the codon encoding it is positioned in the
A site of the arrested ribosome. Tertiary interactions occur between the codon in the P site

and upstream IRES sequence, and it appears that this can substitute for tRNA binding to
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the P site and allow a pseudotranslocation event to occur after Ala-tRNA binds to the A
site (Wilson et al., 2000a). It seems that this methionine-independent initiation is a general
mechanism used by the insect picorna-like virus IRESs, although different N-terminal

amino acids are used (Sasaki and Nakashima, 2000).

1.5 Cellular IRESs

1.5.1 Cellular genes that contain IRESs

The first observation that internal ribosome entry was also used by cellular mRNAs
was made using the transcript encoding the immunoglobulin heavy-chain binding protein
(BiP) (Macejak and Sarnow, 1991). Subsequently, IRESs have been detected in an
increasing number of cellular transcripts (summarised in table 1.1). It is difficult to predict
what proportion of cellular genes use internal ribosome entry as a method of translation.
Transcripts that contain long, structured 5' UTRs, sometimes containing upstream AUGs,
are likely candidates, and a high degree of UTR sequence conservation between species
indicates a probable function for the UTR. The mnt IRES, for example, is 95% identical in
human and murine genes (Stoneley et al., 2001). However, such features merely provide
an indication that an IRES may exist, and the experiments described in section 1.4.2 are
necessary to establish that this is truly the case. Microarray analysis of polysome-
associated mRNAs in poliovirus-infected cells provided an elegant means of identifying
transcripts that are actively translated under these conditions, when eIF4G is cleaved
(Johannes et al., 1999). Approximately 3% of cellular transcripts were associated with the
translation machinery at a late stage of poliovirus infection, and are likely to contain
IRESs, although once again dicistronic vector assays are necessary to prove this.

Interestingly, the proteins encoded by genes that contain IRESs tend to function in
the control of cell growth and death, and are frequently proto-oncogenes. Examples
include c-myc, the expression of which is important in cell cycle progression and apoptosis
(Stoneley et al., 1998) (see sections 1.6.2 and 1.6.3) and growth factors such as fibroblast
growth factor-2 (FGF-2) (Vagner et al., 1995) and vascular endothelial growth factor
(VEGF) (Akiri et al., 1998). Pro-apoptotic proteins that are translated by internal ribosome
entry include the apoptotic protease activating factor (Apaf-1) (Coldwell et al., 2000),

whereas an IRES is also found in the transcript encoding the Bcl-2-associated athanogene-
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Transcription factors Antennapedia
Ultrabithorax
c-myc

MYT2

NRF
AMLI1/RUNX1
Nkx6.1

Gtx

Chicken c-jun

Growth factors and protein kinases FGF-2
PDGF/c-sis
VEGF
Pim-1
Cyr61
P58PITSLRE

Pro- and anti-apoptotic proteins Apaf-1
XIAP
DAPS5
BAG-1

Factors associated with translation elF4G
La

Factors associated with metabolism and | Kvl.4

transport ODC

Nuclear form of Notch2
Cat-1

Nerve-specific connexin-32

Dendritic proteins ARC
CamKII
Dendrin
MAP2
RC3

Other proteins BiP
' Mnt

Table 1.1 Cellular IRESs. The cellular genes in which IRESs have been identified to

date, and the function of the proteins encoded.

1 (BAG-1) (Coldwell et al., 2001), an anti-apoptotic factor. Therefore, it appears that
internal ribosome entry is used, at least in part, as a method of regulating the growth status

of the cell.

1.5.2 Structural and sequence features of cellular IRESs

In contrast to the viral IRESs, no common sequence or structural motifs have been

detected between cellular IRESs, although these sequences tend to be long and GC-rich
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and have a high degree of predicted secondary structure. A suggestion was made thata "Y-
shaped motif" was a common structural feature (Le and Maizel Jr, 1997), but this was
based merely on computer folding predictions for a few cellular IRESs, and no
experimental evidence has been provided of its existence or role in IRES function. The
only experimentally derived cellular IRES structure that has been published is for the
c-myc IRES (Le Quesne et al., 2001). This structure consists of two stem-loop domains, of
which domain 1 is considerably more complex and contains an overlapping double
pseudoknot. The domains are capped by loops that conform to the sequences GNRA and
AUUU, often detected in viral IRES loop regions. Mutation analysis indicated that the
pseudoknot was inhibitory to IRES function, possibly by impeding ribosome binding. The
mutation of other structural features diminished IRES activity, but none was sufficient to
abolish it. This implies that the c-myc IRES is a modular entity in which domains with
partial IRES activity are able to collaborate to recruit ribosomes more efficiently. This is in
contrast to observations regarding viral IRES function.

A further example of a modular cellular IRES is that of the transcript encoding the
Gtx homeodomain protein. The 5' UTR of this gene is 196nt long, but deletion analysis
indicated that a 9nt fragment of the UTR possesses IRES activity, and multiple copies of
this segment lead to a synergistic stimulation of this activity (Chappell et al., 2000a).
Clearly, such a short segment of RNA would be unable to assume the complex secondary
structure previously associated with IRES activity. Instead, its activity appears to be due to
its exact complementarity to a region of 18S rRNA, and previous studies have shown that
it is possible to photochemically cross-link Gtx 5' UTR RNA to the 40S ribosomal subunit
(Hu et al., 1999). A selection system in which short segments of RNA were randomised
and tested for IRES activity led to the identification of two sequences that were able to
promote internal ribosome entry, were more efficient when multiple copies were present,
and showed complementarity to 18S rRNA (Owens et al., 2001). Although this presents an
interesting and novel mechanism of ribosome recruitment, it is unlikely that this method is
used by the majority of cellular IRESs. Despite the lack of similarity to viral IRES
structures, most cellular IRESs are long and GC-rich with a complex predicted secondary
structure, and are likely to recruit ribosomes in a manner analogous to that of the viral
IRESs. Complementarity to 18S rRNA appears to be a specialised mechanism, and as yet

the extent to which it is used is unclear.
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1.5.3 Requirements of cellular IRESs

The requirements of cellular IRESs are much less clearly defined than those of their
viral counterparts; as yet, no attempt has been made to reconstitute initiation complexes
from purified components, and the initiation factors necessary for IRES activity are not
known. Some cellular IRESs, such as those of ornithine decarboxylase (ODC) (Pyronnet et
al., 2000) and the transcription factor AML1/RUNXI1 (Pozner et al., 2000), are able to
direct translation when in vitro-transcribed dicistronic RNA is used to programme
reticulocyte lysate systems. However, the majority of cellular IRESs are inactive in vitro.
The c-myc and Apaf-1 IRESs direct internal ribosome entry to a variable extent in
transfected cell lines of different derivation (Coldwell et al., 2000; Stoneley et al., 2000b).
Moreover, the activity of the FGF-2 and c-myc IRESs, but not the EMCV IRES, was
shown to be highly tissue-specific in the context of transgenic mice (Creancier et al., 2001;
Creancier et al., 2000). This implies a requirement for a precise set of cellular proteins that
display varying expression in different tissues.

Attempts have been made to identify frans-acting factors involved in cellular IRES
function. The c-myc IRES presents a particularly complex scenario, as it is unable to
function when dicistronic RNA is introduced directly into the cytoplasm of Hel.a cells.
Therefore, it appears that the IRES must go through a "nuclear event"; perhaps a covalent
modification of the RNA, or perhaps association with a specific protein factor in the
nucleus or at the nuclear membrane (Stoneley et al., 2000b). However, there has been
more success in the identification of trans-acting factors associated with other IRESs. In a
number of cases it appears that factors that stimulate viral IRESs also have a role in
cellular IRES actiyity. For example, the Apaf-1 IRES is more active in cell lines that
contain high levels of unr and PTB, and these proteins in combination are able to stimulate
the activity of this IRES both in vitro and in transfected cells. Interestingly, unr binds
directly to Apaf-1 IRES RNA, but PTB is only able to bind in the presence of unr
(Mitchell et al., 2001). It is likely that unr functions as a chaperone, allowing the IRES to
assume the correct tertiary structure for PTB binding. PTB also binds to the BiP IRES, but
in this case its binding is inhibitory to IRES activity (Kim et al., 2000b), indicating that
this protein does not always stimulate IRES function.

The La autoantigen is another factor that appears to function in both viral and

cellular IRES-driven translation. La binds specifically to the X-linked inhibitor of
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apoptosis (XIAP) IRES RNA, while XIAP IRES activity was inhibited in reticulocyte
lysate and cultured cells by the addition of, or cotransfection with, a dominant negative
form of La protein (Holcik and Korneluk, 2000). The La protein itself is encoded by
alternative transcripts with different lengths of 5' UTR, Lal and Lal’, both of which
contain IRESs (Carter and Sarnow, 2000). The death-associated protein 5 (DAPS),
discussed in section 1.2.5, possesses an IRES, and recombinant DAPS protein is able to
stimulate translation from this IRES (Sella et al., 1999). It is likely that this stimulation is
due to the homology of DAPS to eIF4G, as it is able to bind eIF3 and elF4A and hence
could provide the eIF4G functions necessary for cap-independent translation. Finally, the
splicing factor hnRNP C binds to the IRES in the gene c-sis, which encodes the B chain of
platelet-derived growth factor (PDGF) (Sella et al., 1999). However, binding does not
necessarily imply that a protein is required for IRES function, and no such role has yet
been demonstrated. Much work is still to be done in determining the proteins factors and

mechanisms used by cellular IRESs.

1.5.4 Situations in which cellular IRESs are used

The existence of the viral IRESs serves a clear purpose in allowing translation of
viral gene products at the same time as inhibiting the cellular translation machinery.
However, there is not such a clear rationale for the existence of IRESs in cellular
transcripts. Translation of many IRES-containing genes, such as c-myc, can occur by both
cap- and IRES-dependent methods in the context of the same 5' UTR (Stoneley et al.,
2000Db). It therefore appears likely that cellular IRESs exist in order to maintain production
of certain essential proteins in situations in which cap-dependent initiation is inhibited, and
that translation of the same mRNA may be cap-dependent at other times. There are
numerous such situations (discussed in section 1.2.6) and mounting evidence indicates
that various cellular IRESs are used under these conditions.

During apoptosis various initiation factors, including eIF4G, are cleaved by caspases
such that cap-dependent initiation is inhibited (section 1.2.6). The DAP5 IRES continued
to function during apoptosis induced by Fas ligand (Henis-Korenblit et al., 2000). DAP5 is
itself subject to caspase cleavage and the p86 form that results was particularly effective at
stimulating its own translation. It is therefore possible that DAPS is required for residual

translation late in apoptosis, and an IRES is used to maintain its expression for these
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purposes (Henis-Korenblit et al., 2000). Another protein with a role in apoptosis that can
be translated via an IRES is XIAP. XIAP is important for cell survival following
y-irradiation, and its expression was upregulated following radiation in one of four cell
lines tested. y-irradiation led to a stimulation of XIAP IRES activity in this cell line, but
not in the other three lines, presumably due to differences in cellular environment (Holcik
et al., 2000).

An example of the same gene using cap-dependent and IRES-dependent translation
for different purposes is that of the two PITSLRE protein kinases (p110”™"** and
pS8FTSLRE) which are synthesised from the same transcript. Translation of p1 107" is
cap-dependent and it is expressed throughout the cell cycle. p587™"** is translated from a
downstream in-frame AUG codon, and translation occurs via an IRES in the coding region
of p110™™"®E, This form of the protein is specifically expressed during G,/M phases, and it
was shown that the IRES was specifically activated at G,/M (Cornelis et al., 2000). A
second IRES that is active during mitosis was discovered in ornithine decarboxylase
(ODC), an enzyme involved in polyamine biosynthesis. The amount of ODC mRNA
remains constant throughout the cell cycle, but levels of protein peak at G,/S phase, when
global protein synthesis is activated. A second peak in expression at G,/M occurred during
the inhibition of the cellular translational machinery and was caused by activation of the
ODC IRES (Pyronnet et al., 2000). This study also suggested that the c-myc IRES remains
active during mitosis, but this was in disagreement with other findings (T. Subkhankulova,
personal communication).

Differentiation is a further cellular process in which certain IRESs have been
implicated. Megakaryocytes are a major site of PDGF synthesis, and the PDGF2/c-sis
IRES was activated during megakaryocytic differentiation (Bernstein et al., 1997). The
transcription factor AML1/RUNXI1 is expressed mainly in the haematopoietic system.
AMLI1 transcripts possess alternative 5' UTRs, of which the longer P-UTR contains an
IRES. Activity of this IRES was stimulated during megakaryocytic differentiation, but
inhibited during erythroid differentiation (Pozner et al., 2000). Transgenic studies showed
that the FGF-2 IRES was highly active in embryonic brain tissue, and this activity was
maintained in the adult brain (Creancier et al., 2000). The activity of the FGF-2 IRES was

low in other adult tissues, and the c-myc IRES was active in most embryonic tissues in
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transgenic mice, but inactive in adults (Creancier et al., 2001). Therefore, it appears that in
most situations IRES activity is downregulated during development.

Very recently, two further instances of IRES utilisation during conditions in which
cap-dependent translation is inhibited have emerged. Levels of the cationic amino acid
transporter, Cat-1, are considerably increased during amino acid starvation, such that
increased transport of arginine and lysine into cells occurs. The cat-1 gene contains an
IRES that was activated during amino acid starvation in transfected cells, when a decrease
in protein synthesis was induced by eIF2a phosphorylation. The activity of the BiP IRES
was unaffected by these conditions, indicating that this activation was specific to the cat-1
IRES (Fernandez et al., 2001). Finally, activity of the BAG-1 IRES was maintained during
heat shock. This allowed continued production of the p36 isoform of this protein, which
has a role in the protein refolding response (Coldwell et al., 2001).

In conclusion, it appears that cellular IRESs are active during a wide variety of
situations in which cap-dependent initiation is inhibited, and it is probable that many more
instances will be discovered. The current data indicate that this behaviour is very specific,
and IRESs are used under different conditions to maintain expression of particular proteins

that are required in these circumstances.

1.5.5 Association of cellular IRESs with disease

C-Myc is a proto-oncogene and its overexpression is associated with a number of
cancers (section 1.6.1). In multiple myeloma (MM) a point mutation in the c-myc 5' UTR
was detected and led to increased binding of several unidentified protein factors (Paulin et
al., 1998). Subsequent studies indicated that this mutation was present in 42% of bone
marrow samples from MM patients, but in none of the healthy bone marrow samples
analysed. The mutant IRES was more active than the wild type version in a range of cell
lines, and this stimulation was greatest in an MM derived cell line (Chappell et al., 2000b).
A further example of a cellular IRES mutation contributing to a disease is in Charcot-
Marie-Tooth Disease. A mutation in the 5' UTR of the nerve-specific connexin-32 mRNA
was detected in a family with this disease and caused a complete inactivation of the IRES

(Hudder and Werner, 2000).
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1.6 The myc family

1.6.1 The c-myc gene and its role in cancer

c-myc is a proto-oncogene that was first isolated from chicken cells as the cellular
homologue of v-myc (Vennstrom et al., 1982). Subsequently, the c-myc gene has been
isolated from various mammalian species, including humans, and found to consist of three
exons (Saito et al., 1983). Transcription initiation occurs from four different promoters
(figure 1.10A), of which P2 is the most frequently used (Bentley and Groudine, 1986).
Deregulated expression of c-myc is associated with a number of different tumours. In
Burkitt's lymphoma, this deregulation occurs by chromosomal translocation such that the
c-myc coding region is downstream of one of the immunoglobulin promoter/enhancer
regions. Amplification of the c-myc gene is also associated with various other tumours
including small cell lung carcinoma, breast carcinoma and colon carcinoma (Henriksson
and Luscher, 1996; Nesbit et al., 1999). In addition to alterations in gene expression, point
mutations in the c-myc coding region have been detected in Burkitt's lymphoma and result
in mutant c-Myc protein, although the role of this protein in tumourigenesis is unclear
(Nesbit et al., 1999). A large proportion of transgenic mice in which the c-myc gene was
juxtaposed to the immunoglobulin enhancer developed B-cell lymphomas after a latency
period, indicating that although overexpression of c-myc predisposes towards
tumourigenesis it must be accompanied by other genetic changes (Adams et al., 1985). In
vitro studies support this finding, in that the c-myc gene is sufficient to immortalise
cultured cells but must cooperate with another oncogene, such as ras, to induce

transformation (Land et al., 1983).

1.6.2 The role of c-myc in cell growth and differentiation

The importance of regulated c-myc expression is related to its central role in cell fate.
c-myc mRNA levels are very low in quiescent cells. However, stimulation of cells with
growth factors or serum leads to a rapid induction of c-myc expression as Gy-G, transition
occurs. Following this increase, c-myc mRNA levels are reduced, but are maintained at a
low level throughout the cell cycle (Dean et al., 1986; Rabbitts et al., 1985). Cells that
constitutively express c-myc show a reduced G, phase, whereas c-myc null cells remain in
both G, and G, phases for prolonged periods (Karn et al., 1989; Matejak et al., 1997).

Experiments in Drosophila indicate that overexpression of myc increases cell size and
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growth rate by inducing S phase entry (Johnston et al., 1999). Therefore, c-myc is
considered an early response gene due to its role in G,-G, transition, but it is also involved
in G,/S and possibly G,/M phases. Downregulation of c-myc expression occurs when
differentiation is induced in cultured cells, and constitutive c-myc expression prevents cell
cycle exit and thereby inhibits differentiation (Dmitrovsky et al., 1986; Reitsma et al.,
1983). The involvement of c-myc in proliferation and differentiation correlates with its
pattern of expression. In embryonic mice c-myc is highly expressed in most tissues.
Expression is maintained in certain adult tissues, such as thymus, intestine and lung, but is
low or absent in the majority of differentiated adult tissues (Zimmerman et al., 1986). The
essential role for c-myc during development is indicated by data that show that c-myc
homozygous knockout mice die between days 9.5 and 10.5 of gestation (Davis et al.,

1993).

1.6.3 c-myc and apoptosis

In addition to its role in cell growth, c-myc is involved in programmed cell death, or
apoptosis. In cells that constitutively expressed c-myc, withdrawal of serum resulted in
apoptosis, and the extent of apoptosis correlated with the levels of c-Myc protein (Evan et
al., 1992). Numerous studies since have confirmed that enforced c-myc sensitises various
cell types to a range of apoptotic stimuli (Hoffman and Liebermann, 1998). Apoptosis
induced by c-Myc is inhibited by survival factors such as insulin-like growth factor 1
(IGF-1), and by the Bcl-2 proteins (Harrington et al., 1994; Wagner et al., 1993). The Fas
signalling pathway is necessary for c-Myc-induced apoptosis in fibroblasts, and p53 has
also been implicated in this process (Hermeking and Eick, 1994). These observations have
led to a model in which c-Myc protein performs two distinct functions. One pathway
results in both proliferation and sensitisation to apoptosis, whereas a second pathway is
responsible for direct triggering of apoptosis. This second pathway is blocked by cell
survival signals (Prendergast, 1999).

Recently, new insights have emerged into c-Myc-mediated apoptosis as it was
shown that c-Myc triggered cytochrome ¢ release from mitochondria under low serum
conditions (Juin et al., 1999). This release occurred before apoptotic morphological
changes and was therefore an early event, and was inhibited by the survival factor IGF-1.

Accumulation of cytosolic cytochrome ¢ was necessary for c-Myc-induced apoptosis, and
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was not dependent on p53 or Fas signalling. However, cytosolic cytochrome ¢ was only
sufficient to sensitise cells to apoptosis and not to induce the process. It is likely that Fas
signalling, or p53 activation, would then provide a suitable trigger to induce cell death
(Juin et al., 1999). Cytochrome c release is induced by translocation of the protein Bax to
the mitochondrial membrane, where it creates or alters the function of a membrane pore,
and a recent study has shown that c-Myc is necessary for activation of Bax following

translocation to the mitochondria (Soucie et al., 2001).

1.6.4 c-Myc protein

Translation of the c-myc gene is initiated from an AUG codon towards the 5' end of
exon 2 to yield a 64kDa protein (c-Myc 2). A second minor initiation site is an in frame
CUG codon near the 3' end of exon 1 and results in a 67kDa version of ¢c-Myc (c-Myc 1)
(Hann et al., 1988) (figure 1.10A). A third form of c-Myc, known as c-Myc S, is produced
by translation from an internal codon and is 45kDa in size (Spotts et al., 1997). c-Myc is a
nuclear protein, and complete localisation is directed by nuclear localisation signal 1
(NLS1), although a second NLS also exists (Dang and Lee, 1988) (figure 1.11A).
Phosphorylation of c-Myc is directed by casein kinase II (CKII) in two regions and by a
number of kinases in the transactivation domain, but the functional significance of this is
unclear (Henriksson and Luscher, 1996).

The N-terminal 143 amino acids of c-Myc contain a transactivation domain (Kato et
al., 1990) (figure 1.11A). Two regions within this domain, termed myc homology boxes
(MBI and MBII), are highly conserved between Myc proteins. They are important for
transactivation, transcriptional repression and transformation by c-Myc, and also direct
degradation of Myc’via the proteasome (Flinn et al., 1998). A basic region towards the C-
terminal of c-Myc allows the protein to directly contact DNA in the promoters of target
genes (figure 1.11A). Its recognition sites are the canonical E-box sequence CACGTG and
noncanonical variants of this sequence (Prendergast and Ziff, 1991).

A helix-loop-helix leucine zipper (HLH/LZ) motif is present at the C terminal
(figure 1.11A) and directs dimerisation of proteins, but c-Myc does not homodimerise.
Instead, it forms heterodimers with the protein Max, which shows homology to the C-
terminal region of c-Myc but does not possess a transactivation domain (figure 1.11B).

Myc/Max heterodimers bind DNA and allow c-Myc to perform its transcription factor
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functions (Kato et al., 1992). The importance of Max can be seen from the embryonic
lethality of a homozygous Max knockout (Shen-Li et al., 2000). Unlike c-Myc, Max is
ubiquitously expressed and stable, so is present in excess. DNA binding by Myc is
regulated through a complex network of proteins that possess a bHLH/LZ domain. Max is
able to homodimerise and to bind the Mad family members (Madl, Mxil, Mad3 and
Mad4) and the proteins Mnt (Rox) and Mga (Baudino and Cleveland, 2001). These
proteins are similar to Myc in that they have short half lives and regulated expression. It
appears these proteins compete with Myc for Max binding and serve as transcriptional
repressors when bound to E box sequences, and are therefore able to antagonise Myc
function (Hurlin et al., 1995). The situation is further complicated by the ability of both
Myc and the Mad family to bind alternative proteins, and by the recent discovery of the
protein Mlx. MIx is stable and shows similarity to Max in its ability to bind Madl, Mad4
and Mnt, to homodimerise, and to bind E box sequences and repress transcription (Meroni

et al., 2000).

1.6.5 c-Myc target genes

Identification of the genes directly regulated by c-Myc has proved challenging. It
appears that c-Myc is able to transactivate growth-related genes through E boxes, and to
transcriptionally repress differentiation-related genes, and that both these functions are
necessary for c-Myc-mediated transformation (Dang, 1999). The Myc-ER system is the
most accurate method of determining direct c-Myc target genes (Eilers et al., 1991). Myc
is fused to the estrogen receptor (ER) and is retained in the cytoplasm until stimulation
with its ligand, when it translocates to the nucleus and activates Myc target genes.
Simultaneous exposure of cells to cycloheximide prevents new protein synthesis such that
only the expression of direct target genes is affected. However, there are disadvantages to
this system and other methods have also been used, such as analysis of binding of c-Myc
to a candidate promoter. Expression patterns in c-Myc null cells have also been studied,
although this allows identification of both direct and indirect targets (Cole and McMahon,
1999).

The various target genes that have been identified provide an insight into the
multiple cellular events mediated by c-Myc. Its role in cell cycle progression is supported

by its ability to transactivate cyclin E, and probably cdc25A, directly, and to repress the
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expression of the p27 cyclin-dependent kinase (CDK) inhibitor (Dang, 1999). c-Myc is
also able to repress the induction of the growth arrest genes gadd34, gadd45, and gadd153
that occurs in response to DNA damage (Amundson et al., 1998). Transactivation of the
ornithine decarboxylase (ODC) gene by c-Myc contributes to the DNA metabolism
required at G,/S phase transition (Bello-Fernandez et al., 1993). A further method by
which c-Myc contributes to cell growth is via the activation of various targets involved in
translation. These include nucleolin and BN51, which are involved in ribosome biogenesis,
elF4E, and several ribosomal proteins (Greasley et al., 2000; Kim et al., 2000a). Target
genes involved in apoptosis are less well characterised. However, a recent study has
indicated that the protein caveolin-1 can suppress c-Myc-mediated apoptosis, but its
expression is downregulated at the level of transcription by c-Myc (Timme et al., 2000).
The E2F transcription factors are targets of c-Myc that allow it to stimulate S phase entry
or apoptosis by the activation of different family members (Leone et al., 2001). Finally,
microarray analysis has allowed the identification of a number of new c-Myc targets,
including eIF4G, and is likely to provide the basis for future elucidation of c-Myc function

(Coller et al., 1999; Nesbit et al., 2000).

1.6.6 Regulation of c-myc expression

The central role of c-myc in cell growth and death means that its expression is tightly
controlled. The Ras/Raf/MEK/ERK signalling pathway is required for the induction of
c-myc transcription in response to growth factors, but is not sufficient, indicating that other
pathways also contribute to this transcriptional regulation (Cheng et al., 1999). Both c-myc
mRNA and protein are subject to rapid turnover in cells and further regulation of
expression occurs at the levels of mRNA and protein stability (Dani et al., 1984). Heat
shock was shown to induce a five- to eight-fold increase in the half-life of c-Myc protein
(Lischer and Eisenman, 1988). c-myc transcripts originating from the PO, P1 and P2
promoters possess long, GC-rich 5' UTRs that would be expected to impede cap-dependent
translation. A role for translational control in the regulation of c-myc expression was first
postulated after studies of chromosomal translocations in tumours with deregulated
expression revealed that the non-coding exon 1 is frequently lost (Saito et al., 1983).

Activation of the FRAP/mTOR signalling pathway results in a selective stimulation

of c-myc translation following the dissociation of 4E-BP1 from eIF4E (West et al., 1998).
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This is likely to be due to a relief in the inhibition posed to cap-dependent initiation by the
highly structured 5' UTR when the levels of active eIF4F increase. A more direct role was
identified for the c-myc 5' UTR in regulation of translation when it was discovered that it
contains a highly active IRES, the characteristics of which are discussed in section 1.5
(Stoneley et al., 1998). Recently, it has been suggested that transcripts originating from the
PO promoter contain an additional IRES that directs translation of a uORF to produce
MYCHEX]1, a protein of unknown function (Nanbru et al., 2001). An role for the poly(A)
tail in the regulation of c-myc translation became apparent following treatment with
cordycepin, such that short-tailed mRNAs were produced. This caused a decrease in c-myc

mRNA levels but had no effect on c-Myc protein levels (Ioannidis et al., 1999).

1.6.7 Other myc genes

Four homologues of the c-myc gene have been detected. N- and L-myc have been
extensively characterised and are discussed in detail below, whereas little is known about
s- and B-myc. The rat and murine B-myc genes have been cloned and show highest
expression in the adult brain. B-myc contains a single exon that shows homology to c-myc
exon 2, and encodes a protein similar to the N-terminal region of c-Myc (Asker et al.,
1995). B-Myc protein does not possess a region corresponding to the bHLH/LZ domain of
c-Myc, and therefore is unable to dimerise or bind DNA. Like c-Myc, B-Myc is a rapidly
degraded nuclear phosphoprotein, but it acts as an inhibitor of cellular proliferation,
possibly by antagonising c-Myc function (Gregory et al., 2000). The s-myc gene was
isolated from rat tissue and contains a single exon with homology to the second and third
exons of c-myc (Sugiyama et al., 1989), but no s-Myc protein has been identified and it is

likely that s-myc is a pseudogene (Henriksson and Luscher, 1996).

1.6.8 N-myc

N-myc was first identified as a gene with homology to c-myc that was amplified in a
human neuroblastoma (Schwab et al., 1983). Subsequently, a close association between
N-myc amplification and neuroblastoma has been established, with greater amplification
correlating with an advanced disease state and a poor prognosis (Brodeur et al., 1984).
N-myc overexpression has also been detected in small cell lung carcinomas, and
occasionally in other tumours such as retinoblastomas and breast carcinomas (Nesbit et al.,

1999). N-myc is able to mediate transformation of cultured cells in a manner analogous to
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that of c-myc (Schwab et al., 1985). Sequence analysis of the N-myc gene revealed
considerable similarity to c-myc, with a three exon structure of which exon 1 is long, GC-
rich and non-coding (Kohl et al., 1986) (figure 1.10B). There are differences between the
two genes in terms of length of introns and 3' UTRs, but exons 2 and 3 are very similar in
size (Stanton et al., 1986). N-myc translation initiation occurs from two alternative AUG
codons, both of which are located towards the 5' end of exon 2 (Makela et al., 1989).
Translation of N-myc yields a protein with 32% identical amino acids to those of c-Myc,
but many differences are conservative and the regions of identity tend to cluster in
domains important for function (Stanton et al., 1986).

The most significant difference between the N- and c-myc genes is in their pattern of
expression. Whereas c-myc mRNA and protein are widely distributed during
embryogenesis, N-myc expression is more restricted. Levels of N-myc mRNA were
greatest in the embryonic brain, kidney and intestine, and were very low in other tissues. In
adult tissues the expression of N-myc was switched off (Zimmerman et al., 1986). More
detailed analysis of N-myc expression during murine embryogenesis indicated a complex
variation in mRNA levels according to tissue and developmental stage, with particularly
high expression at day 9.5 (Kato et al., 1991). These data imply that an important function
of the N-Myc protein is in early development. This was confirmed by studies using N-myc
homozygous knockout mice, which die at day 11.5 and show severe defects, particularly in
the nervous system, genitourinary system, lung and gut (Stanton et al., 1992). This study
also indicated that c- and N-myc are rarely coexpressed, and when expressed in the same
organ are present in different cell types. It is therefore likely that expression of these two
genes is vital for the proliferation of different components of the embryo.

The function of N-Myc protein has been studied less extensively than that of c-Myc.
However, it was inferred from sequence homology that the two proteins were likely to act
in a similar manner, and it has subsequently been shown that N-Myc forms heterodimers
with Max and preferentially binds to the CACGTG motif bound by ¢c-Myc (Ma et al.,,
1993). However, c- and N-Myc show different specificity of binding to variants of the E
box sequence (Prochownik and Van Antwerp, 1993). N-Myc expression increased the
levels of the c-Myc targets a-prothymosin and ODC, and resulted in accelerated S phase
entry (Lutz et al., 1996). The role of c-Myc in cell death is also echoed by N-Myc, which
is able to induce apoptosis in collaboration with interferon y (IFNY) (Lutz et al., 1998). N-
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Myc and c-Myc both induced apoptosis after withdrawal of the survival factor interleukin
3 (IL-3), but showed a different response to cytotoxic drugs, as c-Myc expression
sensitised cells to apoptosis induced by these drugs whereas N-Myc expression resulted in
drug resistance (Nesbit et al., 1998). A serial analysis of gene expression (SAGE) screen
used to identify genes upregulated in N-myc-expressing cells revealed a number of target
genes involved in ribosome biogenesis and translation. The same process was carried out
using c-myc-expressing cells, and indicated that 40% of these genes were also targets of c-
Myc (Boon et al., 2001). Therefore, although the functions of c- and N-Myc are extremely
similar, there are distinctions in their targets. However, a recent transgenic study showed
that the N-myc coding region under the control of the c-myc promoter in c-myc null mice
allows normal development to occur (Malynn et al., 2000).

N-myc expression is subject to regulation by a number of mechanisms. A
transcriptional enhancer upstream of the N-myc gene was particularly effective in
neuroblastoma cells (Imamura et al., 1992). Evidence of post-transcriptional regulation has
also been obtained with the observation that the neuronal-specific protein HuD binds to
N-myc pre-mRNA and is involved in mRNA processing and stability (Chagnovich et al.,
1996; Lazarova et al., 1999). Furthermore, a tissue specific element within intron 1 confers
post-transcriptional regulation on N-myc or heterologous pre-mRNAs, but the mechanism

for this regulation is not known (Sivak et al., 1999).

1.6.9 L-myc

The third well-characterised member of the myc family, L-myc, is also a proto-
oncogene and was detected due to its amplification in a number of small cell lung
carcinomas (Nau et al., 1985). However, the expression of L-myc is less strongly
associated with cancer than that of c- or N-myc, and it mediates transformation in vitro to a
lesser extent than these genes (Birrer et al., 1988). The L-myc gene consists of three exons,
of which exons 2 and 3 contain the coding region and show homology to the equivalent
exons in c¢- and N-myc (Legouy et al., 1987). In contrast to c- and N-myc, L-myc pre-
mRNA molecules are subject to alternative splicing, resulting in a complex array of
transcripts. Transcription initiation occurs at a single promoter, but intron 1 is retained in a
proportion of mature transcripts so that two different forms of the 5' UTR exist (Kaye et

al., 1988) (figure 1.10C). Exon 1 is long and GC-rich, so would be expected to assume a

35



Chapter 1: Introduction

complex secondary structure, but transcripts in which intron 1 is retained possess longer 5'
UTRs that would be even more inhibitory to cap-dependent translation. Some L-myc
transcripts retain variable portions of intron 2 and terminate at polyadenylation signals
within this intron. As these mRNA molecules do not contain exon 3, they do not encode
functional L-Myc protein (Kaye et al., 1988).

Translation initiation on both unspliced and spliced L-myc transcripts occurs from an
AUG codon at the 5' end of exon 2. A second, minor site of initiation is a CUG codon in
intron 1 and is therefore only used in the unspliced mRNA molecules (Dosaka-Akita et al.,
1991). L-Myc protein structure is similar to that of c- and N-Myc, and L-Myc also
dimerises with Max and binds E box sequences, although binding properties to divergent
sequences were distinct from the other family members (Ma et al., 1993; Prochownik and
Van Antwerp, 1993).

L-myc expression is highly restricted in a manner analogous to that of N-myc. It is
expressed during embryogenesis in the nervous system, kidney and lung, and expression is
maintained in the adult lung although not in other adult tissues (Zimmerman et al., 1986).
However, L-myc homozygous knockout mice were viable, showed no obvious
developmental defects, and exhibited normal physiology (Hatton et al., 1996). Therefore it
appears that whereas c- and N-Myc proteins are essential for development, L-Myc is
dispensable. The effect of L-myc expression on cell growth showed differences to that of
c-myc, as constitutive expression of L-myc during lens maturation directly affected
differentiation, whereas c-myc inhibited proliferative arrest but did not affect
differentiation (Morgenbesser et al., 1995). L-Myc shows apoptotic behaviour that is
similar to that of N-Myc, but distinct from that of c-Myc, in that in promotes apoptosis in
response to IL-3 withdrawal but confers resistance to cytotoxic drugs (Nesbit et al., 1998).

When a complex expression library was screened for genes able to restore
proliferation to c-myc null cells, the only gene detected was N-myc (Nikiforov et al.,
2000). This supports the previous observation that N-myc can functionally replace c-myc,
but suggests that L-myc cannot do so. This provides further evidence that, although L-Myc
shows considerable similarity to the other Myc proteins, it is less potent in its function and

is not essential to cells.

36



Chapter 2: Materials and methods

Chapter 2
Materials and methods

2.1 General Reagents

Unless otherwise stated all chemical reagents were of analytical grade and were
obtained from BDH laboratory supplies (Lutterworth, Leicestershire), Fisher Scientific
(Loughborough, Leicestershire), ICN Flow Ltd (Thame, Oxfordshire), Sigma Chemical
Company Ltd (Poole, Dorset) or Oxoid (Unipath, Basingstoke, Hampshire). Products for
molecular biological techniques were routinely purchased from Calbiochem (c/o CN
Biosciences UK, Beeston, Nottingham), Gibco-BRL (Paisley, Scotland), MBI Fermentas
(c/o Helena Biosciences, Sunderland, Tyne and Wear), New England Biolabs (NEB) (c/o
CP Labs, Bishops Stortford, Hertfordshire), Pharmacia Biotech (Milton Keynes,
Buckinghamshire), Promega (Southampton), QIAGEN (Crawley, West Sussex), Roche
UK Ltd (Lewes, East Sussex) and Stratagene Ltd (Cambridge). Radiolabelled chemicals
were purchased from Amersham International (Little Chalfont, Buckinghamshire) and

NEN Dupont (Hounslow).

2.2 Tissue Culture Techniques

2.2.1 Tissue culture media and supplements

DMEM medium: Dulbecco's modified eagle medium, without sodium pyruvate
(Gibco-BRL).

F-12 medium: Ham's F-12 nutrient mixture medium (Gibco-BRL)

MEM medium: Minimal essential medium (Sigma)

RPMI 1640 medium: Rose Park Memorial Institute 1640 medium, with L-glutamine
(Gibco-BRL).

Media were supplemented with foetal calf serum (FCS) (Helena Biosciences), horse
serum (Gibco-BRL), L-glutamine (Sigma) and non-essential amino acids (NEAA) (Sigma)

as indicated in table 2.1.

37



Chapter 2: Materials and methods

Cell line Origin Growth medium
Balb/c 3T3 | Murine embryonic DMEM + 10% FCS
fibroblast
CHO-T Chinese hamster ovary T- | F-12 + 10% FCS
cells
COS7 Monkey epithelial cells DMEM + 10% FCS
immortalised with SV40
DNA
HEK 293 | Human embryonic kidney | DMEM + Glutamax + 10% FCS
HeLa Human cervical DMEM + 10% FCS
carcinoma
HL60 Human promyelocytic RPMI +15% FCS
leukaemia
IMR32 Human neuroblastoma DMEM + 10% FCS
MCF7 Human breast carcinoma | DMEM + Glutamax + 10% FCS
MEL Murine erythroleukaemia | RPMI + 15% FCS
N2a Murine neuroblastoma MEM + 10% FCS + 2mM L-
glutamine +1% NEAA
NB2a Murine neuroblastoma DMEM + 5% FCS + 5% horse serum
+ 2mM L-glutamine
NIE-115 Murine neuroblastoma DMEM + 10% FCS + 2mM L-
glutamine
NT2 Human teratocarcinoma | DMEM/F-12 (1:1) + 10% FCS +
2mM L-glutamine
PC-12 Rat neuroblastoma DMEM + 5% FCS + 5% horse serum
+ 2mM L-glutamine
SH-SYSY | Human neuroblastoma DMEM +Glutamax/F-12 (1:1) + 10%
FCS

Table 2.1 Name and tissue origin of cell lines used. Cells were grown in the

medium indicated as detailed in section 2.2.2.

2.2.2 Maintenance of cell lines

The cell lines in table 2.1 were cultured in the growth medium indicated in sterile

plasticware (TPP, c/o Helena Biosciences). Adherent cell lines were grown to confluence
in 75cm?’ flasks and treated with 1x trypsin/0.5mM EDTA (Gibco BRL). Approximately
1x10° cells were diluted into fresh medium and replated into a new flask. Cells grown in
suspension were maintained at concentrations of 5x10°-1x10° cells/ml. All cells were

grown at 37°C in a humidified atmosphere containing 5% CO,.
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2.2.3 Maintenance of ES cells

The ES cell lines L (unr +/+), A (unr -/-) and B (unr -/-) were cultured in DMEM +
Glutamax supplemented with 15% FCS, 0.00125% monothioglycerol, and 5.6ul/ml LiF,
and the medium was changed daily. Cells were grown at 37°C in a humidified atmosphere
containing 5% CO, on a layer of feeder cells. Following trypsin treatment, cells were
applied to a gelatinised plate for 1 hour such that feeder cells entered the gelatin. ES cells
remained in the supernatant and were separated and grown on gelatinised 6-well plates for

transfection.

2.2.4 Calcium phosphate-mediated DNA transfection

Calcium phosphate-mediated DNA transfection of mammalian cells were performed
essentially as described in (Jordan et al., 1996) with minor modifications. Approximately
24 hours before transfection, 1x10° cells were seeded onto a 6-well plate in 2ml of
complete medium. A solution of 10ul of 2.5M CaCl, and 1-1.5pg of plasmid DNA was
diluted with sterile deionised water to a final volume of 100pul. An equal volume of 2x
HEPES buffered saline (50mM HEPES, pH7.05, 1.5mM Na,HPO,, 140mM NaCl) was
added to this solution whilst bubbling air through the mixture. The calcium phosphate-
DNA co-precipitate was allowed to form for 5 min and was then added to the medium
covering the cells in a dropwise manner. After exposing the cells to the precipitate for 15-
20 hours at 37°C, the medium was removed and the cells were washed twice with
phosphate buffered saline (PBS) (4.3mM Na,HPO,, 1.5mM KH,PO,, 137mM NaCl,
2.7mM KCl, pH 7.4). Subsequently, fresh medium was added and the cells were grown for

a further 24 hours before harvesting.

2.2.5 FuGENE 6-mediated DNA transfection

Cells were seeded as for calcium phosphate-mediated transfection. 3ul of FUGENE 6
transfection reagent (Roche) was added directly to 100ul of serum-free DMEM and
incubated at room temperature for 5 min. This mixture was added in a dropwise manner to
a solution containing 1-1.5ug of plasmid DNA and incubated at room temperature for a
further 15 min, then added to the medium covering the cells. Cells were grown for a

further 48 hours before harvesting.
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2.2.6 DEAE-Dextran-mediated transfection

Approximately 24 hours before transfection,1x10° COS 7 cells were seeded onto a
10cm plate in 10ml of complete medium. The medium was aspirated and replaced with
serum-free DMEM and the cells were returned to 37°C. A mixture of 3.2ml of serum-free
DMEM, 0.8ml of 0.25M Tris-HCI, pH7.5 and 0.5ml of 10mg/ml Dextran was assembled.
1-10pug of plasmid DNA was added to this and the medium was aspirated from the cells
and replaced with the mixture. The cells were incubated at 37°C for 20 min. Chloroquinine
was added to the mixture covering the cells to a final concentration of 40pug/ml, and the
cells were incubated at 37°C for 3-4 hours. The medium was aspirated and the cells were
washed twice with PBS. Fresh complete medium was added and the cells were harvested

after growing for a further 48 hours.

2.2.7 Cationic liposome-mediated RNA transfection

Cationic liposome-mediated RNA transfection of mammalian cells was performed as
described by (Dwarki et al., 1993). Capped and polyadenylated transcripts were
synthesised using in vitro run-off transcription (section 2.5.5) on an EcoRl-linearised
pSP64R(x)LpA template. Approximately 2x10° HeLa cells were seeded onto a 6-well
plate in 2ml of complete medium. The cells were transfected as they approached
confluence. The medium was aspirated and replaced with Opti-MEM I reduced serum
medium (Gibco-BRL), and the cells were returned to 37°C. 12.5ug of lipofectin (Gibco-
BRL) was added to 1ml of Opti-MEM I medium and incubated at room temperature for 20
min. Sug of RNA was added directly to the media-lipid mixture and the solution was
mixed. After a further incubation of 10 min at room temperature the Opti-MEM I medium
was removed from the cells and replaced with the media-lipid-RNA solution. Finally, the

cells were returned to the 37°C incubator and harvested after 8 hours.

2.2.8 Induction of apoptosis and physiological stress

His-tagged TRAIL was synthesised from the plasmid pET28b (a gift of Dr Marion
MacFarlane, University of Leicester). Apoptosis was induced by the application of
0.25pug/ml TRAIL or 1puM staurosporine in fresh medium to HeLa cells. To inhibit
p38MAPK activity, SB203580 was applied to cells at a concentration of SO0uM 1 hour
prior to TRAIL treatment.
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Heat shock was induced by removing the medium from cells and replacing it with
fresh medium pre-warmed to 44°C in a waterbath. Cells were then placed in a 44°C oven
for 30 minutes, then returned to 37°C.

To send cells into G, phase, the medium was removed and replaced with serum-free
medium after washing three times with PBS. Cells were grown in this medium for 24
hours, after which G,-G, transition was induced by replacement with fresh complete
medium.

Osmotic shock was induced by the addition of 0.3M sorbitol in complete medium to
cells, which were then grown at 37°C for 30 minutes. This medium was then removed, the
cells were washed three times with PBS, and fresh complete medium was added before

returning the cells to 37°C.

2.3 Bacterial Techniques

2.3.1 Bacterial media and supplements

LB medium: 10g Bacto-tryptone, 5g bacto-yeast extract, 10g NaCl dissolved in 11
of deionised water.

LB agar plates: 11 LB medium supplemented with 15g of agar.

Ampillicin: a stock solution of 50 mg/ml of the sodium salt of ampicillin was
prepared using sterile deionised water and used at a final concentration of 50ug/ml.

Bacterial strains

The Escherichia coli strains JM109 (Yanisch-Perron et al., 1985) and DH5«

(Hanahan, 1983) were used in bacterial manipulations.

2.3.2 Preparation of competent cells

A single colony from an LB agar plate was inoculated into 2.5ml of LB medium and
incubated overnight at 37°C with shaking. The entire overnight culture was inoculated into
250ml of LB medium supplemented with 20mM MgSO, and incubated at 37°C until the
A5 reached 0.4-0.6. Cells were pelleted by centrifugation at 4,500x g for 5 min at 4°C
using a GSA rotor (Sorvall). The pellet was gently resuspended in 100ml of ice-cold filter
sterile TFB1 (30mM KAc, 10mM CaCl,, 50mM MnCl,, 100mM RbCI, 15% glycerol,

adjusted to pH 5.8 with 1M acetic acid). After incubating on ice for 5 min, the cells were

41



Chapter 2: Materials and methods

centrifuged at 4,500x g for 5 min at 4°C. The pellet was resuspended in 10 ml of ice-cold
filter sterile TFB2 (1 mM MOPS, 75mM CaCl,, 10mM RbCl, 15% glycerol, adjusted to
pH 6.5 with IM KOH) and incubated on ice for 1 hour. Finally, the cells were rapidly
frozen in an isopropanol/dry ice bath in 200ul aliquots and stored at —=70°C.

2.3.3 Transformation of competent cells

Ligation products or plasmid DNA (10ng) were added to 50ul of competent cells
and incubated on ice for 20 min. After heating the mixture at 42°C for 1 min, 150ul of LB
medium was added. Subsequently, the cells were incubated with shaking at 37°C for 45
min. The sample was then spread onto a pre-warmed LB agar plate containing ampicillin

and incubated at 37°C for 16-20 hours.

2.4 Molecular Biological Techniques

2.4.1 Buffers and solutions

TE: 10mM Tris-HCI pH8.0, ImM EDTA

1xTAE: 40mM Tris, 40mM acetic acid, ImM EDTA, pH 8.0

1x TBE: 89mM Tris, 89mM boric acid, 2.5mM EDTA, pH 8.0

Sx TBE loading buffer: 50% v/v glycerol, 200mM Tris, 200mM acetic acid, SmM
EDTA, 0.1% Bromophenol lue, 0.1% Xylene cyanol FF

DNA formamide loading dyes: 100% deionised formamide, 0.1%(w/v) Xylene cyanol
FF, 0.1%(w/v) Bromophenol blue, ImM EDTA

2.4.2 Plasmids used

pGL3', pGML, pRF, pRMF, pRemcvF,phpRMF, pSP64RLpA, pSP64RMLpA,
pSP64RhrvLpA (all described in (Stoneley et al., 2000b)

pSKL, pSKML (Stoneley, 1998)

pSKGAP:E/H (Paulin, 1997)

pBluescript I SK (+) (Stratagene)

pcDNA3 (Invitrogen)

pcDAPS, pcelF4G, pcITAF45, pcLa, pcPCBP1, pcPCBP2, pcPTB, pcunr
(synthesised by Joanne Evans)

MKK6WT, MKK6GLU (a gift of Dr Martin Dickens, University of Leicester)
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pJ7lacZ (a gift of Dr David Heery, University of Leicester)

2.4.3 Determination of nucleic acid concentration

The concentration of DNA, RNA or oligonucleotides was determined by measuring

the optical density of a solution at 260nm.

2.4.4 Ethanol precipitation of nucleic acids

Nucleic acids were precipitated by the addition of 0.1 volume of 3M sodium acetate,
pHS5.2 and 2.5 volumes of absolute ethanol. The sample was incubated at —20°C for 15-30
min, following which the nucleic acid was pelleted by centrifugation at 12,000x g for 10
min. Excess salt was removed from the pellet by washing with 70% ethanol, then the

nucleic acid was dried briefly and resuspended in either TE or sterile deionised water.

2.4.5 Phenol/chloroform extraction

Solutions of nucleic acid were separated from contaminating proteins by the addition
of an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1). After vigorous
mixing, the phases were separated by centrifugation at 12,000x g for 5 min. The upper
aqueous phase was removed to a separate tube, to which an equal volume of
chloroform:isoamyl alcohol (24:1) was added. Following extraction and separation of the
phases, the aqueous layer was transferred to a new tube and the nucleic acid was

precipitated.

2.4.6 Agarose gel electrophoresis

Fragments of DNA or RNA were fractionated according to their molecular weight
by electrophoresis through agarose gels. Agarose was melted in 1x TBE buffer and cooled,
after which 2pl of 10mg/ml ethidium bromide was added to the agarose solution and the
gel was cast in a suitable support. The set gel was submerged in 1x TBE buffer in a
horizontal electrophoresis tank. Samples were mixed with 0.2 volume of 5x TBE loading
buffer and separated in the gel at up to 8V/cm. After electrophoresis, the nucleic acid was

visualised on a UV transilluminator.
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2.4.7 Gel isolation of DNA fragments

DNA fragments were separated by agarose gel electrophoresis as described, except
the gel was prepared and submerged in 1x TAE. Agarose containing the required fragment

was excised from the gel.

2.4.8 Purification of DNA using Qiaquick columns

The Qiaquick gel extraction kit (Qiagen) was used to isolate DNA from agarose gel
fragments or to purify DNA fragments. The manufacturer’s protocols were followed and

the DNA was eluted from the column in 30ul of sterile deionised water.

2.4.9 Oligonucleotides

Oligonucleotides were purchased from the Protein and Nucleic Acid Chemistry
Laboratory (University of Leicester), Gibco BRL or Sigma Chemical Company. After
ethanol precipitation where necessary, oligonucleotides were resuspended in sterile

deionised water. Details of the oligonucleotides employed are given in Table 2.2.

2.4.10 Polymerase chain reaction (PCR)

Standard PCR reactions were performed in a final volume of 50ul containing 1x Pfu
reaction buffer (Stratagene), 1M Betaine, 5% DMSO, 2ng of template DNA, 200ng of
both the upstream and downstream primers, 400uM of each dNTP and 2.5 units of
PfuTurbo DNA polymerase (Stratagene). Reactions were performed in a Techne Genius
Thermal Cycler. DNA was initially denatured by heating at 94°C for 3 min, after which the
samples were heated at 94°C for 30 s (denaturation), primer T, -5°C for 30-150 s
(annealing) and 72°C for 60-90 s (extension), respectively, for 25-35 cycles, followed by a

final extension at 72°C for 7 min.

2.4.11 RT-PCR

To amplify DNA using single-stranded DNA obtained from total cellular RNA by
reverse transcription (RT) as detailed in section as a template, 10ul of the RT reaction was
used in a standard PCR reaction. The concentrations of reaction components were adjusted
to take account of those already present.

The highly GC-rich N-myc 5’ UTR was amplified using the C. therm. Polymerase
One-Step RT-PCR System (Roche). The reaction was performed in 50ul total volume
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containing 1x C. therm reaction buffer, IM Betaine, 5%DMSO, 5SmM DTT, 20 units of
RNasin (Promega), 400uM dNTPs, 300ng of each primer, 100pg of poly(A)" RNA and
2ul of C. therm polymerase mixture. Reverse transcription was carried out at 65°C for 30

min and was immediately followed by a standard PCR as detailed in section 2.4.10.

Oligonucleotide | Sequence

name

AUGIF GGGGCTCCTGGGAAATGGGTTGGAGCCGAG
AUGIR CTCGGCTCCAACCCATTTCCCAGGAGCCCC
AUG2F TAGCCATCCGAGGATGGCCCCGCCCCCCCG
AUG2R CGGGGGGGCGGGGCCATCCTCGGATGGCTA
AUG3F GTCGGCGGGAGTGATGGAGGTCGGCGCCGG
AUG3R CCGGCGCCGACCTCCATCACTCCCGCCGAC
AUG4YF AACGGGGCGGAAAGATGGCCTCAGTCGCCG
AUG4R CGGCGACTGAGGCCATCTTTCCGCCCCGTT
AUGSF CGAGCCGATGCCGAGATGGTCCACGTCCAC
AUGSR GTGGACGTGGACCATCTCGGCATCGGCTCG
BRNaseF GTGGATCCGCAAGAAGATGCAGATG

CJNF AGGAATTCGTCTGGACGCGCTGGGTGGATGCGGG
H3LUC3' ATAAGCTTGCGTATCTCTTCATAGCCTT

LF2 TGGAATTCAATGCGCCTGCAGCTCGCGCTCCC
LG2 GTCCATGGCCGTTCCGTGCGGGAGGGAAGG
LR2 GTCCATGGCCGCTCCCTCGCTCCAGCCGCC
LUC3' GCGTATCTCTTCATAGCCTT

MmycF CTACTAGTCGCTGTAGTAATTCCAGCG
MmycR CATGCCATGGTCGTGGCTGTCTGC

NF1 ATCTGTCTGTACGCGCTGGGTGGATGCGGG
NFA GCGGAATTCCTGTAGCCATCCGAG

NFB GCCGAATTCTCCCCTGCAGTCGGC

NFC CCCGAATTCAAAACGAACGGGGCG

NGR AGGGCTGTAGCGAGTCAAACTGCAGGTCTG
NmycUTRR TTTCCATGGTGGACGTGGAGCAGC

NRA TGGCCATGGTCTGTGCGCGCTTGC

NRB TGCCCATGGTCCGGAGGCGATTCT

NRC GTTCCATGGAATACCGGGGGTGCT

NRD CTCGCCATGGGCTCGCCTCCCGGC

NRE TGGCCATGGAGCAGCTCGGCATCG

NREXT TCCGCCATGGAGCAGGGCTGTAGCGAGTCA
NRUUG TCTTCCATGGTGGGACGTGGAGCAGCTCGGCAAC
NSPEF CTGGAACTAGTCTGGACGCGCTGG

RNaseF GCAAGAAGATGCACCTGATG

Table 2.2 Sequences of oligonucleotides employed.
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2.4.12 PCR mutagenesis

Mutagenic PCR was carried out in a 50ul total volume containing 1x Pfu reaction
buffer, 200uM of each dNTP, 250ng wild-type template DNA, 125ng of each mutagenic
primer and 2.5 units of PfuTurbo DNA polymerase. The reaction was heated to 95°C for
30s, then incubated at 95°C for 30 s, (primer T,-5)°C for 2 min and 68°C for 11 min for
18 cycles, followed by cooling on ice. A 5ul sample was subjected to agarose gel
electrophoresis to confirm the integrity of the reaction products before treating the
remainder of the reaction mixture with 1ul of T4 DNA ligase for 2-4 h at room
temperature. This was inactivated by heating at 65°C for 10 min, then template DNA was
digested by treatment with 10 units of Dpn I for 1-2 h. 5ul of the reaction products were
then used to transform competent E. coli.

Alternatively, two mutagenic half reactions were carried out, amplifying the regions
of the N-myc 5' UTR 5' and 3' of the mutation using the primer pairs CINF/ mutant reverse
primer, and mutant forward primer/ NmycUTRR. The resultant products were gel isolated
and 1pl of a 1/500 dilution of both was used as the template in a third PCR reaction using
the primers CJNF and NmycUTRR. The mutant N-myc 5' UTR obtained by this reaction
was digested with Eco RI and Nco I and inserted into the vector pRF.

2.4.13 Restriction enzyme digestion

DNA was digested with restriction enzymes in a total volume of 10-50ul under the
conditions recommended by the suppliers. Reactions were incubated at the appropriate

temperature for 1-2 hours.

2.4.14 Filling in recessed 3’ ends

The large (Klenow) fragment of E. coli DNA polymerase I was used to fill in the
recessed 3’ ends of DNA fragments. The reaction was performed in a final volume of
25ul, containing 80uM of each dNTP, a maximum of 2ug of DNA and 1x Fill-in buffer
(Amersham) or 1x restriction enzyme buffer supplemented with 100pug/ml of BSA. 1-5
units of Klenow DNA polymerase were added and the reaction was incubated at 30°C for

15 min, then stopped by heating at 65°C for 10 min.
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2.4.15 Alkaline phosphatase treatment of DNA

Linearised plasmids were treated with calf intestinal alkaline phosphatase (CIAP) to
remove a phosphate group from the 5’ ends and prevent self-ligation. Following restriction
digestion, the restriction enzyme was inactivated by heating the reaction at 65°C for 10
min. Dephosphorylation was performed in a final volume of 50l in 1x restriction enzyme
buffer, using 1 unit of CIAP. The reaction was incubated for 30 min at 37°C for DNA
fragments with overhanging 5’ ends, and incubated at 37°C for 15 min followed by 56°C
for 15 min for DNA fragments with blunt ends. Another unit of enzyme was then added
and the incubation was repeated. The reaction was terminated by heating at 75°C for 10
min and the DNA was purified. For those restriction enzymes that are resistant to heat-
inactivation, the DNA was purified following digestion and resuspended in 50ul of 1X
CIAP reaction buffer (MBI Fermentas). The reactions were then performed as described

above.

2.4.16 Phosphorylation of nucleic acids using T4 polynucleotide kinase

Blunt-ended DNA fragments that were used in ligations were first treated with T4
polynucleotide kinase (T4 PNK) to add a 5’ terminal phosphate group. Restriction
enzymes were inactivated by heating at 65°C for 10 min prior to treatment. Reactions were
performed in a final volume of 50ul containing 1x restriction enzyme buffer, 100uM ATP
and 10 units of T4 PNK and incubated at 37°C for 30 min. The kinase reaction was

terminated by heating at 75°C for 10 min.

2.4.17 Ligations

Ligations were performed in a total volume of 10ul. Vector DNA (50ng) was mixed
in a 1:3 molar ratio with insert DNA in a reaction containing 1x T4 DNA ligase buffer
(MBI Fermentas) and 2.5 units of T4 DNA ligase. The reaction was incubated at 16°C for
2-16 hours, after which 5ul of the ligation reaction was used to transform competent

E.coli.

2.4.18 Small scale preparation of plasmid DNA

A single colony of E.coli was inoculated into 5Sml of LB media containing ampicillin

and incubated at 37°C for 12-16 hours with shaking. Approximately 1.5ml of the culture
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was decanted into a labelled tube and the bacteria were pelleted by centrifugation at
12,000x g for 1 min. The pellet was resuspended in 100ul of ice-cold solution I (25mM
Tris-HCI, 10mM EDTA, 50mM Glucose, pH 8.0). After a 5 min incubation on ice, 200ul
of solution II (1% SDS, 0.2M NaOH) was added and the solutions were mixed gently. The
sample was incubated on ice for 5 min, following which 150ul of solution III (5M
potassium acetate pH4.8) was added. After briefly mixing the solutions, the sample was
incubated on ice for a further 5 min. The precipitated matter was pelleted by centrifugation
at 12,000x g for 5 min and the supernatant was removed to a fresh tube. Plasmid DNA was
precipitated from this solution by the addition of 0.6 volumes of isopropanol, followed by
centrifugation and ethanol washing as described in section. The pellet was dried and
resuspended in 30pl of 1x TE buffer. Diagnostic restriction digests were performed using

Sul of this solution.

2.4.19 Large scale preparation of plasmid DNA

To prepare milligram quantities of plasmid DNA, an overnight culture of E. coli
containing the plasmid was inoculated into 250mls of LB media supplemented with
ampicillin. The culture was grown for 12-16 hours in a 37°C shaking incubator. Cells were
harvested by centrifugation at 5,000x g for 10 min at 4°C. The pellet was resuspended in
6ml of ice-cold solution I and incubated on ice for 5 min. 12ml of solution II was then
added and the sample was incubated on ice for 5 min. This solution was neutralised with
9ml of 7.5M NH,Ac, pH7.6 and incubated for a further 10 min on ice prior to
centrifugation at 10,000x g for 10 min at 4°C and the supernatant was removed to a fresh
tube. Isopropanol (0.6 volumes) was added and the solution was incubated at room
temperature for 10 min, then subjected to centrifugation (10,000x g) for 10 min at room
temperature. The plasmid DNA in the pellet was resuspended thoroughly in 2M NH,Ac,
pH7.4. The insoluble matter was pelleted as before and the supernatant removed to a fresh
tube. After the addition of 1 volume of isopropanol, the solution was incubated at room
temperature for 10 min and the plasmid DNA was pelleted by centrifugation. The pellet
was resuspended in 1ml of sterile deionised water and contaminating RNA was removed
by the addition of 100ug of RNase A and incubation at 37°C for 30 min. 0.5 volume of
7.5M NH,Ac, pH7.6 was added and the solution was incubated at room temperature for 5

min. The precipitated proteins were pelleted by centrifugation and the supernatant was
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removed to a fresh tube. Finally, the plasmid DNA was precipitated using 1 volume of
isopropanol, pelleted by centrifugation and washed with 70% ethanol. The resulting pellet

was resuspended in a volume of 0.5-1ml of TE.

2.4.20 Caesium chloride gradient purification of plasmid DNA

To prepare DNA suitable for transfection, further purification was carried out on a
CsCl, gradient. Plasmid DNA was resuspended in 2ml of TE, into which 2.5g of CsCl,
were subsequently dissolved. This solution was transferred to a 3.5ml polyallomer tube
and supplemented with 1mg of ethidium bromide. If necessary, additional TE was added
to give a final volume of 3.5ml. The tube was sealed and subjected to centrifugation in a
Sorvall Ti270 rotor at 100,000 rpm for 16 hours at 20°C. The supercoiled plasmid DNA
was removed from the gradient using a syringe and separated from the ethidium bromide
by repeated extraction with an equal volume of CsCl,-saturated isopropanol (ITC). The
aqueous solution was diluted with 2 volumes of deionised water and the plasmid DNA was
precipitated by the addition of an equal volume of isopropanol and 0.1 volume of 3M
NaAc, pHS5.2. After centrifugation at 12,000x g for 10 min the pellet was resuspended in
0.5ml of deionised water and plasmid DNA was ethanol precipitated as described

previously. The final pellet was resuspended in 0.25-1ml of 1x TE.

2.4.21 Large scale preparation of DNA by Qiagen column

Alternatively, DNA suitable for transfection was obtained from a 100ml overnight
culture of E. coli by the Qiagen midiprep procedure, according to the manufacturer’s

protocols.

2.4.22 Double’stranded DNA sequencing

Plasmid DNA was isolated using the small scale method and contaminating RNA
was digested with 1ug of RNase A at 37°C for 30 min. The DNA was then ethanol
precipitated and resuspended in 10ul of sterile deionised water and denatured by
incubating with 0.1 volumes of 2mM NaOH, 2mM EDTA, pH8.0 at 37°C for 15 min. The
solution was then neutralised with 0.1 volumes of 7.5M NH,Ac, pH7.4, and 1 volume of
isopropanol was added. Following incubation at room temperature for 10 min, the single
stranded DNA was pelleted by centrifugation at 12,000x g for 10 min and air-dried. The

pellet was resuspended in 10ul of a 5ng/ul solution of sequencing primer and 2ul of
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annealing buffer (280mM Tris-HCI, pH7.5, 100mM MgCl,, 350mM NaCl). This solution
was heated at 65°C for 2 min, then incubated at room temperature for 10 min and on ice
for 5 min to achieve primer annealing. Samples were labelled at 20°C for 5 min, in a
reaction containing 0.4ul [a-*>S] dATP (12.5mCi/ml), 3ul of labelling mix A (2uM dGTP,
2uM dCTP, 2uM dTTP), and 1 unit of T7 DNA polymerase. Labelling was terminated by
the addition of 2.5ul of each termination mix (150uM dNTPs, 10mM MgCl,, 40mM Tris-
HCI, pH 7.5, 50mM NaCl, 15uM ddNTP G, A, T, or C) and incubation at 37°C for 5 min.
Finally, the reaction was stopped by adding 4ul of DNA formamide loading dyes. The
labelled DNA fragments were fractionated on a 6% polyacrylamide/7M urea gel,
following which the gel was dried for 1 hour at 80°C and exposed to x-ray film (Fuji) for
16-48 hours.

2.4.23 Radiolabelled DNA markers

1 pg of pPBR322 DNA was digested with 5 units of Hpall for 20 min in a volume of
10 pl and the reaction was stopped by heating at 90°C for 2 min. The DNA fragments were
radiolabelled using the Klenow fragment of E. coli DNA polymerase I in a reaction
volume of 15ul containing 1x restriction buffer, 100 ug/ml of BSA, 1mM dCTP, 10uCi of
[a-**P] ACTP (800 Ci/mmol) and 5 units of Klenow DNA polymerase. The reaction was
incubated at 30°C for 15 min and stopped by the addition of RNA formamide loading
buffer.

2.5 RNA Techniques

2.5.1 Buffers and solutions
RNA formamide loading buffer: 80% deionised formamide, 10mM EDTA, 0.1% SDS,
0.1% Xylene cyanol FF, 0.1% Bromophenol blue
RNA formaldehyde loading buffer: 50% glycerol, ImM EDTA, 0.4% Bromophenol
blue, 0.4% Xylene cyanol FF

All solutions used for RNA were subjected to purification through a 0.2um filter

prior to use, unless purchased sterile.
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2.5.2 Isolation of total cellular RNA

Total cellular RNA was isolated using TRI Reagent (Sigma). 5-10x10° suspension
cells were pelleted by centrifugation at 1000x g for 5 min, washed with PBS and lysed by
resuspension in 1ml of TRI Reagent and incubation at 20°C for 5 min. Adherent cells were
washed with PBS and treated with 1ml of TRI Reagent in situ and lysates were removed
with a cell scraper and transferred to a fresh tube. 200ul of chloroform was added to the
lysate and the mixture was vigorously mixed using a vortex for at least 30 s, followed by
centrifugation at 12,000x g for 15 min. The upper aqueous phase was transferred to a fresh
tube and an equal volume of isopropanol was added to this solution. The sample was
incubated at room temperature for 10 min and the precipitated RNA was pelleted by
centrifugation at 12,000x g for 15 min and washed with 75% ethanol. After briefly drying
the pellet, it was resuspended in 100ul of TE and stored at -80°C.

2.5.3 Purification of poly(A)* mRNA from total cellular RNA

Poly(A)" mRNA was purified from total cellular RNA using oligo[dT],s magnetic
DynaBeads (Dynal Inc.). The manufacturer's protocols were followed, except that SOl of
oligo[dT],s beads were used to isolate poly(A)" RNA from 50ug of total RNA. Isolated
RNA was stored at -80°C and beads were reconditioned according to the manufacturer's

instructions and stored at 4°C.

2.5.4 Reverse transcription of total cellular RNA

Cellular RNA was isolated by the method described previously and lpug was
combined with 0.5ug of random hexanucleotides in a total volume of 15ul in filter sterile
deionised water. The sample was heated at 70°C for 5 min and then incubated on ice for 5
min. The reaction volume was made up to 25ul containing 1x Superscript reaction buffer
(Gibco-BRL), 0.4mM dNTPs, 40 units of RNasin and 30 units of Superscript reverse
transcriptase (Gibco-BRL). This solution was incubated at 37°C for 1 hour to allow
reverse transcription to occur. The enzyme was inactivated by heating at 95°C for Smin.

The sample was either used immediately to amplify a DNA fragment or stored at —20°C.

2.5.5 In vitro run-off transcription
10ug of vector DNA was linearised by restriction digestion using a site downstream
of the sequence of interest. Subsequently, the protein was removed by phenol/chloroform
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extraction and, following ethanol precipitation, the DNA was resuspended in 10ul of filter
sterile deionised water. To synthesise uncapped transcripts, a reaction was assembled
containing 1x Transcription buffer (MBI Fermentas), 10mM DTT, 20 units of RNasin,
0.5mM of each NTP, 1ug of DNA template, and 20 units of T7, T3, or SP6 RNA
polymerase in a final volume of 50ul. After incubation at 37°C for 1 hour, a further 10
units of RNA polymerase were added and the sample was incubated at 37°C for 30 min.
The DNA template was then digested with 10 units of RNase-free DNase I for 15 min at
37°C. Immediately after digestion, the RNA was phenol/chloroform extracted and
unincorporated nucleotides were removed by passing the solution through a Sephadex G-
50 column. The RNA was precipitated by the addition of 0.5 volume of 7.5M NH,Ac and
2.5 volumes of ethanol. After incubation at -70°C for 30min, the RNA was pelleted by
centrifugation and washed with 75% ethanol. The pellet was resuspended in 30ul of 1x TE
and 1ul of the RNA was subjected to agarose gel electrophoresis to ensure the product was
not degraded.

Capped transcripts were synthesised in an identical reaction to which 1mM
m’G(5”)ppp(5°)G was also added. The RNA was synthesised and isolated as described
above.

Radiolabelled transcripts for use in RNase protection assays were synthesised in a
10ul reaction volume containing 1x transcription buffer, 4mM KOH, 20 units of Rnasin,
50uCi of [a-**P]JUTP (800Ci/mmol), 0.67mM ATP, CTP and GTP, 10uM unlabelled UTP,
1png of template DNA and 20 units of T7 RNA polymerase. After incubation for 1 hour at
37°C, the template DNA was removed and the RNA purified as described previously, then
resuspended in 10pul of RNA formamide loading buffer after precipitation. Transcripts
were heated at 85°C for 5 min, fractionated on a 4% polyacrylamide/7M urea gel and
detected by exposure to x-ray film for 30 s. A slice of polyacrylamide containing only full
length transcripts was excised from the gel, and RNA was extracted by incubation with
0.5ml of extraction buffer (0.5M NH,Ac, ImM EDTA, 0.2% SDS) for 16 hours at 4°C.
Radiolabelled RNA was precipitated from the supernatant using 0.1 volume of NH,Ac and
2.5 volumes of ethanol, pelleted by centrifugation, washed with 75% ethanol and
resuspended in 50ul of deionised water.

For the radiolabelled transcripts used in UV crosslinking assays, the reaction took

place in a 20pul volume containing 1x transcription buffer, ImM ATP and GTP, 0.75mM
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UTP, 0.25mM 4-thioUTP, 50uCi of [o-**P] CTP (400Ci/mmol), 20 units of RNasin, lug
of template DNA and 20 units of T7 RNA polymerase. The RNA was synthesised and isolated
in the same manner as unlabelled RNA.

For electrophoretic mobility shift assays, radiolabelled transcripts were synthesised
in the same manner as for UV cross-linking except that the 50ul reaction contained 1x
transcription buffer, 0.5mM ATP, GTP and UTP, 0.1mM CTP, 50uCi of [o-*°P] CTP
(400Ci/mmol), 20 units of RNasin, 1pug of template RNA and 20 units of T7 RNA
polymerase.

Radiolabelled transcript concentrations were determined by Cerenkov scintillation

counting.

2.5.6 RNase protection

RNA samples were combined with 2.5x10° cpm of radiolabelled riboprobe and
precipitated with 0.1 volume of 3M NaAc, pH4.6 and 2.5 volumes of ethanol for 30min at
-20°C. The RNA was pelleted by centrifugation, washed with 75% ethanol, and briefly
dried, after which it was resuspended in 30ul of hybridisation buffer (80% deionised
formamide, 40mM PIPES, pH6.4, 0.4M NaCl, 1mM EDTA). The samples were heated at
85°C for 5 min and then incubated at 50°C for 16 hours to allow annealing to occur. 300ul
of RNase digestion buffer (10mM Tris-HC], pH 7.5, SmM EDTA, 200mM sodium acetate)
was then added and single stranded RNA was digested for 90 min at 37°C with RNase
ONE™ (Promega) at a concentration of 1 unit/ug of RNA. The reaction was terminated by
the addition of 10ul of 20%(w/v) SDS and proteins were digested with 2.5ul of 20mg/ml
proteinase K at 37°C for 15 min. The sample was extracted once with phenol/chloroform
and the aqueous phase was removed to a separate tube containing 10ug of carrier tRNA.
The sample was incubated with 825ul of 100% ethanol at —20°C for 30 min and RNA was
pelleted by centrifugation and washed with 75% ethanol. The pellet was dried briefly and
resuspended in 10ul of RNA formamide loading buffer. RNA was denatured by heating at
85°C for 5 min and fractionated by electrophoresis through a 4% polyacrylamide/7M urea
gel. Finally, radiolabelled RNA fragments were detected by analysis of the dried gel using

a Molecular Dynamics phosphorimager.
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2.5.7 Denaturing RNA agarose gel electrophoresis and Northern blotting

Samples of RNA were denatured by incubation in 1x gel buffer (20mM MOPS,
pH7.0, SmM NaAc, and ImM EDTA), 6.5% formaldehyde, and 50% deionised formamide
at 55°C for 15 min in a volume of 20ul. 4ul of loading buffer was added to each sample
prior to fractionation by electrophoresis through a 1% agarose gel containing 1x gel buffer
and 6% formaldehyde. The gel was submerged in 1x gel buffer and run at 120V for 2-3
hours. After electrophoresis was complete, the portion of gel containing the RNA markers
(Gibco-BRL) was removed, stained with ethidium bromide (5ug/ml) for 10 min and
destained for 10 min using 1x gel buffer. The markers were visualised using a UV
transilluminator and photographed for later reference. The remainder of the gel was
washed in deionised water before being soaked in 0.05 M NaOH for 20 min. After rinsing
with deionised water, the gel was incubated in 20x SSC (3M NaCl, 0.3M tri-sodium
citrate) for 30 min. The RNA was transferred from the gel to Zetaprobe membrane
(Biorad, Hemel Hempstead, Hertfordshire, UK) using capillary blotting for 16 hours and
was fixed to the membrane by baking at 80°C for 2 hours before hybridisation.

2.5.8 Synthesis of a radiolabelled DNA probe and hybridisation to immobilised
RNA

The plasmid pGL3' was digested with Ncol and Aval and the 1058 bp luciferase-
encoding fragment was isolated from an agarose gel (section 2.4.7). To prepare a random-
primed radiolabelled DNA probe, 30ng of the DNA fragment was heated at 95°C for 5 min
in 11pul of sterile deionised water. The reaction volume was then made up to 20ul,
containing 1x labelling buffer (Promega), 0.25mM BSA, 0.4mM dATP, dGTP and dTTP,
20uCi of [a-*P]JdCTP (3000 Ci/mmol) and 5 units of Klenow DNA polymerase and
incubated at 37°C for 1-2 hours. Unincorporated nucleotides were removed by passing the
probe through a Sephadex G-50 column.

The RNA bound to the filter was pre-hybridised with 10ml of Church-Gilbert buffer
(180mM Na,HPO,, 70mM NaH,PO,, 7% SDS) supplemented with 0.2mg/ml denatured
Salmon sperm DNA and 50ug/ml bakers yeast tRNA (Sigma) for 1 hour at 65°C. The
random-primed radiolabelled DNA probe was denatured by heating at 95°C for 5 min and
added directly to the pre-hybridisation buffer, followed by hybridisation at 65°C for 16-24

hours. After this the filter was washed once for 20 min at 65°C with Church-Gilbert buffer
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followed by 2-4 washes for 20 min with Church Wash buffer 1 (14.4mM Na,HPO,,
5.6mM NaH,PO,, ImM EDTA, 5% SDS). Further washes using Church Wash buffer 2
(14.4mM Na,HPO,, 5.6mM NaH,PO,, ImM EDTA, 1% SDS) were performed if the
background counts on the filter remained high after the initial washes. Excess moisture
was removed from the filter and radiolabelled probe was detected by phosphorimager

analysis.

2.5.9 Electrophoretic mobility shift assays (EMSAs)

2.5x10* cpm of radiolabelled RNA was combined with protein or cell extract in a
total volume of 20ul, containing 1x transcription buffer, ImM ATP and 20 units of
RNasin. The reaction was incubated at 21°C for 10 min, after which 1x TBE loading
buffer was added and the entire reaction was applied to a 5% polyacrylamide, 0.5x TBE
gel in a Bio-Rad Protean II system in 0.5x TBE. For N-myc 5' UTR transcripts, gels were
run until two successive dye fronts had run off the gel and a third dye front had run

halfway down the gel. Radiolabelled RNA was visualised using a phosphorimager.

2.6 Biochemical Techniques

2.6.1 Buffers and Solutions

1x SDS sample buffer: SOmM Tris pH 6.8, 10% glycerol, 4% SDS, 0.1% bromophenol
blue, 10% B-mercaptoethanol, ImM EDTA

SDS-PAGE resolving buffer: 1.5M Tris, 0.24% TEMED, 1% SDS pH 8.8
SDS-PAGE stacking buffer: 0.25M Tris, 0.12% TEMED, 0.2% SDS pH 6.8

1x SDS running buffer: 25mM Tris, 192mM glycine, 0.1% SDS pH 8.3

TBST (Tris buffered saline, Tween): 10mM Tris pH 8.0, 0.9% NaCl, 0.1% Tween
Coomassie staining solution: 0.1% Coomassie brilliant blue R-250 dissolved in 5:1:5
methanol:acetic acid:water

Destaining solution: 5:1:5 methanol:acetic acid:water

Protease inhibitors: 19ug/ml Aprotinin, 1ug/ml Leupeptin, 1ug/ml TLCK, 20ug/ml
PMSF, pepstatin
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2.6.2 In vitro translation reactions

In vitro translation reactions were performed using the Flexi® rabbit reticulocyte
lysate system (Promega) with minor modifications to the manufacturer’s
recommendations. Each reaction contained 8.25ul of reticulocyte lysates, 0.6mM MgOAc,
20 units of RNasin, 2ul of ImM complete amino acid mixture and between 20 and 100ng
of RNA substrate in a final volume of 12.5ul. 2pg of a supplementary protein was added

where necessary.

2.6.3 Preparation of total cell extract

6-9 x 10 cells were pelleted by centrifugation at 1000 rpm for 5 min, washed in PBS
and pelleted again. The pellet was resuspended in 600ul of polysome buffer (300mM KCl,
5mM MgCl,, 10mM HEPES pH7.4, 0.5% NP-40) and incubated on ice for 1 hour. Nuclei
were sheared by sonication, and cell debris was pelleted by centrifugation at 13000 rpm
for 10 min at 4°C. The supernatant was removed to fresh tubes and stored in aliquots at -

80°C.

2.6.4 Determination of protein concentration by Bradford assay

Cell extracts were diluted 1:10 and 1:20 in sterile deionised water, while stock BSA
(2mg/ml) was diluted to concentrations of 0.1-1.5mg/ml. Bradford reagent (Pierce and
Warriner) was added according to the manufacturer's instructions, and the absorbance at

595nm was measured. Protein concentration was determined using a standard curve.

2.6.5 Preparation of cell lysates from transfected cells

After transfection, the medium was aspirated and the adherent cells were washed
twice with PBS. Cells were lysed by the addition of 200ul of 1x Reporter lysis buffer
(Promega) or 1x Passive lysis buffer (Promega) and lysates were removed from wells with
a cell scraper, then transferred to a tube. For cells in which apoptosis had been induced,
detached cells were harvested from the aspirated medium by centrifugation and combined
with the cell lysate from the same well. Lysates were subjected to one freeze-thaw cycle at
—20°C and the insoluble matter was pelleted by centrifugation. The supernatant was

removed to a fresh tube.
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2.6.6 Luciferase assays

The activity of firefly luciferase in lysates prepared from cells transfected with
monocistronic reporter vectors was measured using a luciferase reporter assay system
(Promega). Lysates were prepared using 1x Reporter lysis buffer and Sul of lysate was
added to 25ul of luciferase assay reagent. Light emission was measured over 10 s using an
Optocomp I luminometer (MGM Instruments).

The activity of both firefly and Renilla luciferase in lysates of cells transfected with
dicistronic luciferase plasmids was measured using a Dual-luciferase reporter assay system
(Promega). 5ul of lysate prepared using Passive lysis buffer was used for each assay.
Assays were performed according to the manufacturer’s protocols, except that only 25ul of

each reagent was used. Light emission was measured as described previously.

2.6.7 B-Galactosidase assays

The activity of B-galactosidase in lysates prepared from cells transfected with
pJ7lacZ was measured using a Galacto-Light Plus assay system (Tropix). Sul of cell lysate
was added to 25pul of Galacton Plus reaction buffer (Galacton-Plus substrate diluted 1:100
with Reaction Buffer diluent) and incubated at room temperature for 1 hour. 37.5ul of
Light Emission Accelerator II was then added and enzyme activity was determined by
immediately measuring the light emission from the reaction in a luminometer, as
previously described. Cotransfection with pJ7lacZ was used to allow normalisation of
luciferase values such that variations in transfection efficiency were accounted for, but a

direct measure of transfection efficiency was not made.

2.6.8 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Protein extracts were denatured by the addition of 1x SDS sample buffer containing
protease inhibitors and heated at 95°C for 5 min prior to loading. SDS-polyacylamide gels
were prepared as detailed in Table 2.3 and polymerised by the addition of ammonium
persulphate (APS) solution. Gels were run in a Bio-Rad Protean II system in SDS running
buffer, according to standard procedures. Typically, vertical gels were run at a constant
voltage of 150V (minigels) or 40mA (large gels) until the Bromophenol blue dye front
reached the bottom of the gel.
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% gel Water Resolving/stacking 30%:0.8% acylamide:
buffer bisacrylamide solution
7.5 2.52ml 1.25ml 1.25ml
10 2.1ml 1.25ml 1.67ml
Stacking gel | 0.9ml 1.25ml 0.33ml

Table 2.3 Composition of SDS-PAGE gels.

2.6.9 Coomassie staining of SDS-polyacrylamide gels

Gels were stained in a Coomassie staining solution for 30min at room temperature
and subsequently destained in destaining solution for 3-5 hours. Gels were then incubated
|

in deionised water for 30min to remove acetic acid before drying.

2.6.10 Transfer of proteins on to nitrocellulose membranes

Cell extracts separated by SDS-PAGE were transferred on to nitrocellulose
(Schleicher and Schuell, Dassel, Germany) by semi-dry blotting in transfer buffer (SO0mM
Tris, 192n‘1M glycine, 20% methanol) for between 30 and 90 min at 10V. Protein transfer
was visualised temporarily by staining with Ponceau-S solution (0.5% w/v in 5% w/v

trichloroacetic acid [TCA]).

2.6.11 Western blotting/immunodetection

Proteins immobilized on to nitrocellulose after SDS-PAGE were detected
immunologically. Nitrocellulose membranes were incubated in a 5% dried milk solution in
TBST for 1 hour at room temperature to block non-specific binding sites. Membranes were
then incubated in 5-10ml of primary antibody diluted appropriately in 5% milk TBST for
12-16 hours at 4°C with constant agitation. After three 10 min washes in TBST, the
membranes were incubated with horseradish peroxidase-conjugated secondary antibodies
to mouse IgG (Dako A/S, Denmark) or rabbit IgG (Sigma), diluted 1:2000 and 1:10,000
respectively in 5% milk TBST, for 1 hour at room temperature with constant agitation.
Three 10 min washes in TBST solution were carried out and protein-antibody complexes
were detected using an enhanced chemiluminescence (ECL) technique. For this, 1ml
Luminol solution (50mg Luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) in 0.1M
Tris-HCI pH8.6), 10ul Enhancer (11 mg para-coumaric acid in 10 ml DMSO) and 3.1ul

3% hydrogen peroxide were mixed and incubated on the membrane for 60 s.
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Chemiluminescence was visualised by exposing the membrane to X-ray film for periods of

between 10 s and 30 min.

2.6.12 Stripping and re-probing of western blots

Nitrocellulose membranes were stripped of existing protein-antibody interactions by
incubation in a solution of 100mM B-mercaptoethanol, 2% SDS and 62.5mM Tris-HCI pH
6.7 for 10 min at 50°C. Membranes were then washed in TBST and re-probed with a

different primary antibody as described above.

2.6.13 Pulse labelling

2x10° cells, with or without pre-treatment with TRAIL for 3 hours, were starved in
methionine-free medium for 1 hour and then labeled for 30 min with 250uCi of [*S]
methionine (1175Ci/mmol) in 1ml of methionine-free medium. Fresh complete medium
was then added to the cells and samples were harvested at predetermined times by washing
with 1x PBS and scraping into 1.5ml of antibody buffer (10mM Tris-HCI pH7.5, S0mM
NaCl, 0.5% NP-40, 0.5% sodium deoxycholate, 0.5% SDS, 10mM iodoacetamide)
containing protease inhibitors. Apoptotic cells were harvested by centrifugation and
combined with adherent cells in antibody buffer, and cells were disrupted by passage
through a 21-gauge needle. Samples were pre-cleared by incubation with mouse
immunoglobulin G and protein A/G agarose (Santa Cruz Biotechnology, Inc) at 4°C for 1
hour, with rotation. After centrifugation at 4000rpm for 5 min at 4°C, the supernatants
were removed to fresh tubes and incubated with agarose-conjugated Myc monoclonal
antibody C-33 (Santa Cruz Biotechnology, Inc) for 12-16 hours at 4°C, with rotation. The
immunoprecipitates were collected by centrifugation at 4000rpm for 5 min at 4°C, and
were washed three times with 1ml RIPA buffer (50mM Tris-HCI pH 7.5, 150mM NaCl,
1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS). The pellets were resuspended
in 30ul of 1x SDS-PAGE sample buffer, heated at 95°C for 5 min, and the agarose beads
removed by centrifugation at 13 000rpm for 5 min. The supernatants were subjected to
SDS-PAGE using 7.5% polyacrylamide gels, and radiolabeled proteins were visualised

using a phosphorimager.
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2.6.15 p38MA PKinase assays

2x10° cells, with or without preincubation with SB203580 for 1 hour, were treated
with TRAIL and harvested at predetermined times by washing with ice-cold 1x PBS and
scraping into 250ul of Triton lysis buffer containing protease inhibitors (20mM HEPES
pH 7.5, 137mM NaCl, 25mM -glycerophosphate, 2mM NaPP;,, 2mM EDTA, 10%
glycerol, 1% Triton X-100, 2mM benzamidine, 0.5mM DTT, 1mM Na,;VO,). Apoptotic
cells were harvested from the aspirated medium by centrifugation and combined with the
scraped lysates. After centrifugation at 13000 rpm for 5 min at 4°C, the supernatants were
removed to fresh tubes and incubated with 5ul of anti-p38 antibody (Santa Cruz
Biotechnology, Inc.) and 4ug of protein A-sepharose at 4°C for 3 hours with rotation. The
immunoprecipitates were harvested by centrifugation at 3000rpm for 30 seconds at 4°C,
and washed three times with Triton lysis buffer and once with kinase assay buffer (25mM
HEPES pH7.4, 25mM f-glycerophosphate, 25mM MgCl,, 0.5mM Na,VO,, 0.5mM
EDTA, 0.5mM DTT). Pellets were resuspended in 30ul of kinase assay buffer and
incubated with 5ug of glutathione S-transferase-ATF2 (1-109) and 2.5uCi [y-**P] ATP
(50Ci/mmol) for 30 min at 30°C. Incorporation of radiolabel into glutathione S-
transferase-ATF2 was determined by phosphorimager analysis following electrophoresis

on a 10% polyacrylamide gel.

2.6.16 UV-crosslinking reactions
Samples containing 25ug of cell extract were incubated with 4-thioUTP-containing

radiolabelled transcripts (5x10° cpm) in the absence or presence of unlabelled competitor
RNAs for 10 min at 30°C. The reaction was performed in a final volume of 30ul in 1x
Transcription buffer containing 1mM ATP. Heparin (0.05ug/ul) was added to the samples,
follwed by a further incubation for 10 min at 30°C. The reaction mixes were then
irradiated at 312nm using a UV source (UVP) at a distance of 3 cm for 30 min at 0°C.
After irradiation, unbound RNA was digested with 0.2mg/ml pancreatic RNase A (Sigma)
and RNase T1 (Ambion) for 1 hour at room temperature. An equal volume of 2x SDS
sample buffer was added to each sample. The crosslinked RNA-protein complexes
separated on a 10% SDS polyacrylamide gel and visualised using a phosphorimager

following fixation in destaining solution and drying.
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Chapter 3

Internal ribosome entry in the N-myc 5> UTR

3.1 Introduction

The proto-oncogene N-myc contains a long and highly GC-rich 5 UTR (Kohl et al.,
1986), and it has been suggested that this UTR could assume a complex secondary
structure and play a role in translational control (Stanton et al., 1986). The N-myc 5> UTR
demonstrates little sequence similarity to that of c-myc (Ibson and Rabbitts, 1988),
although in both cases the predominant initiation codon occurs in exon 2 and exon 1 is
non-coding (Hann et al., 1988; Makela et al., 1989) (figure 1.10A and B). In addition, the
GC content of the two UTRs is almost identical (c-myc, 64.6%, N-myc, 65.5%). The
presence of a highly active IRES in the c-myc 5' UTR (Stoneley et al., 1998), together with
the fact that both c- and N-Myc proteins are similar in structure and function and both
show tightly regulated expression, implied that N-myc expression might also be controlled
by internal ribosome entry. Many of the cellular IRESs identified to date have been found
in proto-oncogenes (Willis, 1999), and this is probably related to the importance of tight
control in the expression of their protein products. It was therefore decided to obtain the N-
myc 5' UTR and test its IRES activity using standard dicistronic assays (described in
section 1.4.2).

3.2 RT-PCR of the N-myc 5> UTR

To obtain cDNA corresponding to the N-myc 5’ UTR, an RT-PCR reaction was
carried out using the oligonucleotide primers NF1 and NGR (table 2.2). Poly(A)" RNA
isolated from the human neuroblastoma cell line SH-SYSY, in which N-myc RNA is
expressed (Sadee et al., 1987), was used as a template. A single PCR product of 376bp
was detected (figure 3.2, lane 6). However, the published sequence data predicted that a
fragment 686bp in length would be obtained using these primers (Ibson and Rabbitts,
1988) (figure 3.1, sequence shown in red and blue). This implied that the product was the
result of non-specific primer annealing during the PCR, but as this was the only fragment
obtained it was subjected to DNA sequencing.

Analysis of the sequence indicated that it was derived from the N-myc 5' UTR and

corresponded exactly to the published sequence, with the exception of a region of 310nt
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CJNF

aggaattcgtctggacgegetgggtggatgeggg
gacagtc atctgtcetgg acgegetgge tggatgeggg gggetectgg gaactgtgtt
1921 ggagccegage aagegetage caggegeaag cgegeacaga ctgtagecat ccgaggacac
1981 cceegececce ceggeccace cggagacace cgegeagaat cgectecgga tecectgeag
2041 tcggegggag gtaaggagcea gggcettgecaa accgeecgge geeccagggaa gegacgageg
2101 ccggggcaag gcaageectg gacgggattg cgacgtgege accgggegece ctaatatgee
2161 cgggggactg tttetgette cgaaacaaaa ccatctctgg gttttcccag aaaagecagt
2221 tccageccecg aaggceatect ggctagagga gaccegecct aatccttttg cageccttac
2281 cggggggagt aatggcttct gcgaaaagaa attccctegg ctectagaaga tetgtetgtg
2341 tttgagctgt cggagagecg gtgegtecce accccagget ggggttette tccaaagggt
2401 gecccctggag gaagaagagg gggggattag gcagggegag gecgeecgegg tegecaatetg
2461 ggtcacggcet getecagett ggaggagagg cggcetetece ggegacccte ctegegeggg
2521 cgcccectgec attcceggga acaggggcete agectcteee tecctggaag aggacgttgt
2581 cgtgggtttg gaagagcagg ggtgggctta gagagcettce aattaagceta ttggcaggag
2641 tatccctgca gegggtgaat gecgagggge gtttgetcaa atttggggag gggaaggatt
2701 tgtggatatg ggtgtctgtt gttggtctet gtctagagaa aggcetttttt ttatttgcaa
2761 agttttctaa atcccetget atcatttgea ctectgaggt tgeattttta caaagggggt
2821 agaaggtact ccaaatacca ttcccggtag ctgggtegga gagectgggg cttecectga
2881 gcagcecggece ccacaccget gegagtgegg ttgtetgegt getegtgaga getagaatte
2941 tgcagcecagg aacagecccce teccecagge agtgecttgt gtgaatgaaa tggeagttte
3001 caaagttgcg gagcectegee accacccect geatetgeat geececteee accecctgte
3061 gtagacagct tgtacacaaa aggagggcgg gagggaggga gegagaggcea caacttccte
3121 cacctteggg agcagtgggce agagtggggg gettggaggg aagattgggg aacctggtta
3181 gagggggcge ccattgecta tececcteggt ctgeceegtt tgeccaccet ctecggtgtg
3241 tctgteggtt gcagtgttgg aggteggege cggeceecge ctteegegee ceccacggga
3301 aggaagcacc cccggtatta aaacgaacgg ggeggaaaga agecctcagt cgeeggeegg
3361 gaggcgagec gatgecgage tgetecacgt ccaccATG
cgacgaggtgcaggtggtaccttt

NmycUTRR

Figure 3.1 Sequence ofthe N-myc 5° UTR. The DNA sequence encoding the N-myc 5’
UTR is shown. The database sequence of intron A is coloured black, whereas the data
obtained by RT-PCR indicate that intron A also encompasses the area shown in blue. The
5’ UTR is shown in red, and the primers used to obtain it are indicated in purple.
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Cell lines 1. HelLa
2. BJAB
3. HEK293
4. IMR32
5.NT2
6. SH-SYS5Y
7. NB2a
8.N1E-115
9. PC-12

Figure 3.2 RT-PCR ofthe N-myc 5’ UTR. Poly(A)+ RNA from various cell lines was
subjected to RT-PCR using the primers NF1 and NGR. The products obtained were
separated by agarose gel electrophoresis. Lanes 1-6 represent samples from human cell
lines, lanes 7 and 8 from murine cell lines, and lane 9 from a rat cell line.
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that was absent in the PCR product. In figure 3.1 the sequence obtained by PCR is
represented in red, and the missing region in blue. This region lies immediately upstream
of the donor splice site of intron A. It was noted with interest that the point at which the
truncation in the PCR product begins is succeeded immediately by the bases guanine and
thymidine, and is in better context for a donor splice site than the published site (Mount,
1982). This led to the conclusion that, in SH-SYSY cells, intron A extends to a site several
hundred bases upstream of its published boundary. RNA from several other human cell
lines was also subjected to RT-PCR using the same primers and conditions as were used
for SH-SY5Y RNA. The products obtained are shown in lanes 1-5 of figure 3.2. As
expected, no product was visible when RNA was extracted from the non-neuronal cell line
HeLa. However, in the N-myc expressing cell lines BIAB, HEK293, IMR32 and NT2, a
unique product of the same size as that obtained from SH-SYSY cells was amplified. This
implies that the donor splice site of N-myc intron A has been incorrectly assigned.

Further evidence in support of this Hypothesis can be seen by comparison of different
species. The 5' UTRs of N-myc transcripts from murine (Katoh et al., 1988) and rat
(Sugiyama et al., 1991) cells bear considerable homology to that of human transcripts
(74.2 and 77.7% identical, respectively). A sequence alignment of the human and murine
UTRs is shown in figure 5.7. The murine and rat UTRs have exon 1/intron A boundaries in
a similar position to that of the PCR products obtained from human cells. Sequence
similarity is great enough to allow the use of the same primers to amplify the mouse and
rat N-myc 5' UTRs as were used for the human sequence. The results of RT-PCR using
RNA from the murine cell lines NB2a and N1E-115 and the rat line PC-12 are shown in
figure 3.2, lanes 7-9, and confirm that the products obtained are very similar in size.

It is reasonable to conclude that the intron A donor splice site of the N-myc gene is in
an upstream position in all the cell lines tested, with no evidence of any alternative
splicing. As RNA was analysed from cells from a range of different human origins it is
likely that this feature extends to all human N-myc transcripts, although no tissue samples

have been examined.

3.3 Effect of the N-myc 5' UTR in a dicistronic context

The dicistronic vector pRF (figure 3.3) was used to determine whether the N-myc

5'UTR contains an IRES. A second PCR was carried out using the RT-PCR product
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Figure 3.3 Construction of the vector pPRNF. An RT-PCR product encoding the N-myc
5° UTR was digested with EcoRI and Ncol and inserted between these sites in the vector
pRF after digestion and dephosphorylation of the vector.
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obtained from SH-SYS5Y cells as a template and the primers CINF and NmycUTRR. The
product was digested with the restriction enzymes EcoRI and Ncol and inserted into the
intercistronic spacer region of the parent vector between these sites to create the vector
pRNF (figure 3.3). pRF contains the T7 promoter upstream of the Renilla luciferase
cistron, allowing dicistronic RNA molecules to be synthesised and translated in vitro. pRF
and pRNF were linearised downstream of firefly luciferase with Notl, and used as
templates for in vitro transcription using T7 RNA polymerase. The RNA molecules
produced were used to programme a reticulocyte lysate in vitro translation system, and the
activities of firefly and Renilla luciferase synthesised were measured. Figure 3.4
demonstrates that the presence of the N-myc 5' UTR inhibited firefly luciferase production
relative to that seen in the empty vector. As the UTR is predicted to be highly structured, if
it does not contain an IRES it would be expected to be inhibitory to the few ribosomes that
are able to continue scanning after the end of the Renilla cistron.

However, previous work has indicated that many cellular IRESs, including that of
c-myc (Stoneley et al., 2000b), are inhibitory to translation in reticulocyte lysate systems,
but allow efficient internal ribosome entry when dicistronic vectors are introduced into
mammalian cells by transfection. The vector pRNF was therefore introduced into HeLa
cells by transient transfection in parallel with pRF, pRMF and pRemcvF (which harbour
the c-myc and EMCV IRESs in the intercistronic space). Each vector was cotransfected
with the plasmid pJ7lacZ, such that B-galactosidase activity could be determined and used
as a measure of transfection efficiency. The activities of firefly and Renilla luciferases in
the lysates of transfected cells were measured and expressed relative to B-galactosidase
activity (figure 3.5). The presence of either myc UTR had no effect on the cap-dependent
expression of Renilla luciferase, relative to that observed on transfection of pRF, but both
were able to stimulate firefly luciferase activity. The firefly activity observed from pRNF
was 87-fold greater than that of pRF, implying that the N-myc 5' UTR contains a highly
active IRES. Stimulation of downstream cistron activity by the N-myc 5' UTR was slightly
more efficient than by the c-myc 5' UTR, and threefold more efficient than that mediated
by the highly active EMCV IRES.
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Figure 3.4 Effect of the N-myc 5’ UTR on translation in vitro. Dicistronic RNA molecules
produced by in vitro transcription using pRF and pRNF as templates were used to programme
reticulocyte lysate. The level of firefly luciferase produced is shown relative to that of Renilla
luciferase. Results represent an average of four independent experiments, and error bars
represent standard deviations.
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Figure 3.5 c-myc, N-myc and EMCV IRES activity in HeLa cells. The activities of
Renilla (shaded) and firefly (black) luciferases were determined in HeLa cells after
transfection with the constructs pRF, pRMF, pRNF and pRemcvF. Values obtained

were normalised to the transfection control of p-galactosidase. Results are an average

of three independent experiments and error bars represent standard deviations.
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3.4 The N-myc §5' UTR does not enhance downstream cistron activity by

stimulation of ribosomal readthrough or reinitiation

It is possible that the UTR does not allow internal ribosome entry to occur but is able
to stimulate firefly luciferase activity by allowing ribosomes to continue scanning, or to
reinitiate on the transcript, after terminating synthesis of Renilla luciferase. To examine
this possibility, translation was studied in the context of an upstream RNA hairpin. A 60bp
palindromic sequence had previously been inserted into the vector pRMF at the EcoRV
site, resulting in phpRMF (Stoneley et al., 1998). The c-myc 5' UTR was excised from
phpRMEF between the Spel and Ncol restriction sites, and the N-myc 5' UTR was excised
from pRNF between the same sites and inserted in its place to create phpRNF.
Transfection of this plasmid leads to the production of dicistronic transcripts bearing a
stable hairpin (-55kcal/mol) upstream of the Renilla luciferase cistron (figure 3.6). Such a
hairpin structure is inhibitory to scanning ribosomes and will therefore cause a
considerable reduction in the cap-dependent expression of Renilla luciferase, and also of
firefly luciferase if this is dependent on ribosomes that have scanned through the Renilla
cistron. However, if firefly luciferase expression is due to internal ribosome entry,
enhanced expression will still occur in the presence of such a hairpin. Transfection studies
using pRNF and phpRNF were carried out in NB2a cells, as the hairpin was found to be
particularly efficient in these cells (figure 3.7). The presence of the hairpin reduced Renilla
luciferase expression to 20% of that observed when pRNF was transfected, as expected.
Firefly luciferase activity was marginally increased by the presence of the hairpin (to
125% of pRNF levels). This is likely to be due to the presence of limiting quantities of
certain components of the translation machinery in transfected cells. In such a situation,
the inhibition of Renilla luciferase translation in cells transfected with phpRNF would
leave more factors available to synthesise firefly luciferase. A readthrough/reinitiation
mechanism is therefore not responsible for the enhancement of downstream cistron

expression observed in the presence of the N-myc 5' UTR.

3.5 Transfection of pRNF leads to the production of full length dicistronic RNA

molecules

An alternative explanation for the stimulation of downstream cistron expression in

pRNF would be the presence of an RNA cleavage site or a cryptic promoter or splice site
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Figure 3.6 Effect of placing a stable RNA hairpin upstream of Renilla luciferase. (A) In the
presence of a hairpin, few ribosomes are able to scan through the Renilla luciferase cistron and
therefore few ribosomes are available for readthrough/reinitiation on the firefly luciferase
cistron. This leads to low levels of expression from both reporters. (B) If an IRES is present
between the cistrons, internal ribosome entry will be unaffected by the hairpin and firefly
luciferase expression will remain high.
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Figure 3.7 Activity of the N-myc 5’ UTR in the context of a dicistronic hairpin vector.
The vector phpRNF was introduced into NB2a cells by transfection, leading to the production
of transcripts bearing a stable RNA hairpin upstream of the Renilla luciferase cistron. The
activities of Renilla (shaded) and firefly (black) luciferases on transfection of this plasmid and
pRNF were normalised to -galactosidase activity. Results are an average of three
independent experiments and error bars represent standard deviations.



Chapter 3: Internal ribosome entry in the N-myc 5’ UTR

in the N-myc 5' UTR (figure 3.8). Such a mechanism would allow the production of
monocistronic firefly luciferase RNA molecules when pRNF was transfected into cells. To
examine the nature of the transcripts produced, Northern blot analysis was carried out on
poly(A)" RNA isolated from pRNF-transfected COS 7 cells, as these cells give a
particularly high efficiency of transfection. A radiolabelled DNA probe corresponding to a
region of the firefly luciferase cistron between the Ncol and Aval sites was generated by
random primed DNA synthesis in the presence of **P-labelled dCTP, using Klenow
polymerase (figure 3.9A). A band of the expected size for dicistronic pRNF RNA was
detected, but a smaller band that might be expected to correspond to monocistronic
transcripts was also visible (figure 3.9B). However, it is possible that the smaller band
could be an artefact, as similar bands have been observed on Northern analysis of RNA
derived from pRMF and pRBF (a vector that contains the BAG-1 IRES) (M. Stoneley and
M.J. Coldwell, personal communication).

To examine further the identity of this band, RNase protection analysis was carried
out. A region spanning the most 3' 76 nucleotides of the Renilla luciferase cistron, the
intercistronic spacer and N-myc 5' UTR, and the most 5' 101 nucleotides of the firefly
luciferase cistron was amplified from pRNF by PCR with the primers RNaseF and Hluc3'.
This fragment was digested with HindIIIl and inserted into the vector pSK+Bluescript
between the HindlIll site and the BamHI site, which was filled in with Klenow fragment to
create a blunt end (figure 3.10). The resultant vector, pSKRNaseN, was linearised with
Notl, allowing production of an antisense riboprobe by in vitro transcription from the T7
promoter. This radiolabelled transcript should hybridise to any RNA molecules bearing the
firefly luciferase cistron (figure 3.11). Following digestion of single stranded RNA, the
size of radiolabelled RNA molecules remaining indicates the length of transcript that was
able to hybridise to the probe. Analysis was carried out using RNA from pRNF-transfected
HeLa cells, with RNA from mock-transfected HeLa cells and yeast tRNA as controls
(figure 3.12). The single band protected in lane 3 is of the expected size for full-length
dicistronic pRNF RNA (546 nucleotides). No further bands of greater than 101nt in length
are visible, therefore there is no RNA present that could represent monocistronic firefly
luciferase transcripts. No products were detected in lanes 1 and 2, indicating that

hybridisation was specific. This leads to the conclusion that the smaller band detected by
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Figure 3.8 Possible methods of production of monocistronic transcripts. The presence of a
cryptic promoter, a cryptic splice acceptor site or an RNA cleavage site within the N-myc 5’
UTR would result in the production of monocistronic transcripts bearing the firefly luciferase
cistron and a portion of the 5’ UTR. In the first two instances the resultant transcript would be
capped, and in all cases it would retain a poly(A) tail.
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Figure 3.9 Northern blot analysis of transcripts from pRNF-transfected cells. COS 7 cells

were transfected with pRF or pRNF and poly(A)+ RNA was isolated and subjected to Northern
blotting. (A) The membrane was probed with radiolabelled DNA derived from the firefly
luciferase coding region. (B) Radiolabelled bands visualised after probing.
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Figure 3.10 Construction of the vector pPSKRNaseN. A fragment spanning the 3’ end of
the Renilla luciferase coding region, the N-myc 5’ UTR and the 5’ end of the firefly
luciferase coding region was amplified from the vector pRNF by PCR, digested with

Hindlll, and inserted in the vector pSK+bluescript between the Hindlll site and the filled-in
BamHI site in an antisense fashion relative to the T7 promoter.
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Figure 3.11 Expected products of RNase protection. (A) If full length dicistronic
transcripts are present, 546 nt of the 617 nt antisense riboprobe will be protected from
digestion. (B) If transcripts bear the firefly luciferase coding region with no upstream UTR
sequence, 101 nt will be protected. (C) Transcripts bearing the N-myc 5’ UTR in addition
to the firefly luciferase coding region will lead to the protection of 421 nt. Protection of
fragments of between 101 and 421 nt in length will result if monocistronic firefly luciferase
transcripts bearing portions of the UTR are present.



1 2 3 4

622
527
RNA size (nt) 1. Yeast tRNA
404 2. Mock-transfected HeLa RNA

3. pRNF-transfected HeLa RNA
4. Undigested probe

309

242
238

217

201
190
180

160

147

122

110

90

Figure 3.12 RNase protection analysis of RNA from pRNF-transfected cells. Poly(A)+
selected RNA from HeLa cells transfected with pRNF or mock-transfected HeLa cells, or
yeast tRNA, was hybridised to a radiolabelled antisense riboprobe, and single stranded RNA
was digested using RNase ONE. The products were separated by electrophoresis on a 7M
urea/4% polyacrylamide gel in parallel with radiolabelled pBR322/Hpall markers.
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Northern blotting did not correspond to a functional monocistronic firefly luciferase

transcript, and the N-myc 5' UTR contains an IRES.

3.6 Activity of the N-myc IRES in a monocistronic context

Although valuable as a method for determining whether an IRES is present,
dicistronic RNAs are an artificial system and are not physiological in mammalian cells. It
was therefore considered relevant to examine the effects of the N-myc IRES in
monocistronic reporter vectors, so as to allow a greater understanding of the effect of the
5' UTR in its native setting. Previous research has shown that c-myc translation occurs in a
cap-dependent manner, as ribosomes are able to scan the structured 5' UTR, albeit at low
efficiency, and by internal ribosome entry (Stoneley et al., 2000b). The N-myc IRES was
inserted into the monocistronic firefly luciferase-encoding vector pGL3' between the
EcoRI and Ncol sites to create the vector pGNL (figure 3.13). The IRES was also inserted
between these sites in the vector phpL, in which a palindromic sequence has been inserted
at the HindIII site. This leads to the production of transcripts bearing a stable hairpin
upstream of the multiple cloning site and renders cap-dependent scanning considerably
less efficient. The plasmid created was termed phpNL. Transfections were carried out in
HeLa cells with pGL3', phpL. pGNL and phpNL, and firefly luciferase activity in cell
lysates was normalised to a transfection control of B-galactosidase activity (figure 3.14). It
can be observed that the presence of the N-myc 5' UTR upstream of the coding region has
little effect on firefly luciferase expression in pGL3', despite the highly structured nature
of this UTR, which would be expected to be inhibitory to scanning ribosomes. This
implies that internal ribosome entry occurs on the N-myc 5' UTR in a monocistronic
context. However, the presence of a stable hairpin upstream of the N-myc 5' UTR reduces
firefly luciferase expression to 30% of that observed on transfection of pGNL. This
indicates that only 30% of translation from constructs bearing the N-myc 5' UTR is due to
internal ribosome entry, whereas the remaining 70% must occur via a scanning
mechanism. Similar behaviour has been observed using the c-myc IRES (Stoneley et al.,

2000b).

3.7 Deletion analysis of the N-myc IRES

To examine in detail which regions of the N-myc 5' UTR contribute to IRES activity,

a series of deletion constructs was created. PCR amplification was carried out using
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Figure 3.13 Construction of the vector pGNL. An RT-PCR product encoding the N-myc 5 UTR
was digested with EcoRI and Ncol, and inserted between these sites in the vector pGL3’ after
digestion and dephosphorylation of the vector.
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Figure 3.14 N-myc IRES activity in a monocistronic context. The plasmids pGL3’,
phpL, pGNL and phpNL were introduced into HeLa cells by transfection. Firefly
luciferase activity in cell lysates was determined relative to the transfection control of
B-galactosidase activity. Results are an average of three independent experiments and
error bars represent standard deviations.
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primers that hybridise in different places on the UTR, with wild type pRNF as a template.
The resultant PCR products were digested with EcoRI and Ncol and inserted in pRF in the
intercistronic space. The series of UTR fragments produced is shown in figure 3.15. These
plasmids were then used to transfect HeLa cells in parallel with the wild type vector
pRNF, and IRES activity was calculated by normalising firefly luciferase activity to that of
Renilla luciferase (figure 3.16). Deletion of the most 5' 86 nucleotides reduced the IRES
activity to 30% of wild type levels, indicating a significant role for this region, but no
further reduction was observed on deletion of the next 70nt. When a further 85nt segment
was removed, activity was reduced to only 7% of wild type levels. All deletions from the
3" end of the UTR had a drastic effect on IRES activity. Removal of 74nt reduced the
activity to 20% of wild type levels, while successive deletions caused almost complete
abolition of IRES activity. Constructs in which both the 5' and 3' ends were deleted also
demonstrated very low IRES activity. This indicates that the entire UTR is necessary for
the IRES to be fully active, but elements residing towards the 3' end are particularly
crucial to its function. This is in contrast to the c-myc IRES, in which deletions from both
ends of the UTR cause a gradual reduction in IRES activity, and the most 3' 56nt can be
deleted with no effect on activity.

To further define the region of the 5' UTR necessary for full activity, a shorter 3'
deletion was made by the PCR method used previously. Removal of the most 3' 24nt
reduced IRES activity to 37% of wild type levels (figure 3.17), a surprisingly large effect
for such a small proportion of the full UTR. This region does not contain any known cis-
acting IRES motifs, the deletion of which would be expected to cause a significant
reduction in activity.

Given the data presented above, it was considered possible that the 5' end of the
N-myc coding region might play a role in IRES activity, as this could account for the
presence of crucial elements so close to the 3' end of the 5' UTR. An involvement of part
of the coding region in IRES activity has been observed in the HCV, CSFV and GB virus
B IRESs (Rijnbrand et al., 2001). RT-PCR was therefore carried out on poly(A)" RNA
from SH-SYS5Y cells using the primers CINF and NREXT, such that a region spanning the
entire 5' UTR and 60nt of the coding region was amplified. This fragment was inserted
into pRF between the EcoRI and Ncol sites. The reverse primer was designed such that the

fragment would be inserted with the N-myc initiation codon in frame with the firefly
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Figure 3.15 Construction of an N-myc 5’ UTR deletion series. A series of fragments of the
N-myc 5’ UTR was created by PCR amplification from pRNF using the primers indicated.
The products were digested with EcoRI and Ncol and inserted into pRF between these sites.
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Figure 3.16 IRES activity of N-myc 5” UTR deletion mutants. The fragments of the N-
myc 5° UTR indicated were inserted into the vector pRF and introduced into HeLa cells by
transfection in parallel with the wildtype pRNF vector. IRES activity of the deletion
mutants was calculated as a ratio of firefly:/tera7/a luciferase activity and expressed as a
percentage of pRNF IRES activity. Results are an average of three independent experiments
and error bars represent standard deviations.
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Figure 3.17 IRES activity of a fragment of the N-myc 5° UTR in which only the extreme
3’ end is deleted. PCR amplification of the N-myc 5’ UTR using the primers CJNF and
NRD was used to create a mutant in which only the most 3’ 24nt were deleted. This
fragment was inserted into pRF between the EcoRI and Nco! sites and transfected into HeLa
cells in parallel with pRNF. IRES activity is expressed by the ratio of firefly-.Renilla
luciferase as a percentage of pRNF values. Results are an average of three independent
experiments and error bars represent standard deviations.
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luciferase coding region, leading to the production of firefly luciferase with a 20 amino
acid N-terminal extension (figure 3.18). On transfection into HeLa cells, the ratio of
firefly:Renilla luciferase activity was unchanged relative to that of pRNF (figure 3.19A),
implying that the coding region is not involved in IRES activity. However, it is possible
that the presence of an N-terminal extension on firefly luciferase could alter its activity.
Therefore, half the lysates harvested after transfection were combined with 2x SDS-PAGE
sample buffer and subjected to SDS-PAGE and Western blotting, followed by probing
with an anti-luciferase antibody. The levels of firefly luciferase protein detected were the

same in cells transfected with either construct (figure 3.19B).

3.8 Mapping of the ribosome entry site

In the light of the evidence presented above, it was considered of interest to
determine where on the N-myc 5' UTR ribosome entry occurs. c-myc shows similarity to
the viral type I IRESs in this respect, in that ribosome entry has been defined as occurring
in a window some distance upstream of the initiation codon (Le Quesne et al., 2001).
Considering the importance of the 3' end of the UTR for N-myc IRES function, it appeared
possible that ribosome entry would occur at or close to the initiation codon in this IRES.
An in frame AUG codon resides 24 nt upstream of the initiation codon. As ribosome entry
within viral IRESs has been found to occur at AUG codons (Jackson et al., 1995), this was
a potential site for ribosome landing. Hence, this AUG was mutated to UUG (figure 3.20,
blue), a codon from which translation is rarely initiated and which has not been found to
be used for ribosome entry. This mutation had a small stimulatory effect (110%) on N-myc
IRES activity on transfection into HeLa cells (figure 3.21), but this effect is not great
enough to be significant and therefore this is unlikely to be the ribosome binding site. In
addition, the -317/-24 deletion mutant retains this AUG as the firefly luciferase initiation
codon. If ribosome entry occurred at this site this deletion would be expected to have no
effect on activity.

A series of constructs was therefore generated by mutagenic PCR so as to create
RNA molecules containing AUG codons within the UTR that are out of frame relative to
the firefly luciferase initiation codon. If the ribosome acquires the message upstream of
such an AUG and scans the remainder of the UTR, translation will initiate when this AUG

is encountered. This will lead to the production of a nonsense protein as translation will be
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Figure 3.18 Sequence ofthe N-myc 5’ UTR and the 5’ end of the N-myc coding region.
A cDNA corresponding to the N-myc 5° UTR (black) attached to the first 60nt of its coding
region (blue) was obtained by RT-PCR using the primers CINF and NREXT (purple).
Thepositions of the authentic initiation codon, and of the firefly luciferase initiation codon

when this product was inserted into pRF, are shown in red.
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Figure 3.19 IRES activity ofa construct bearing part of the coding region of N-myc.
A region spanning the N-myc 5° UTR and the first 60 nt of the coding region was
amplified from SH-SY5Y RNA by RT-PCR using the primers CJNF and NREXT and
inserted in the vector pRF between the EcoRI and Ncol sites. (A) The IRES activity of this
construct was determined by the ratio of firefly /Renilla luciferase activity as a percentage
of that of pRNF on transfection into HeLa cells. Results are an average of three
independent experiments and error bars represent standard deviations. (B) Triplicate cell
lysates from one experiment assayed in (A) were also subjected to Western blotting and
probed with an anti-firefly luciferase antibody. Equal loading of proteins was confirmed
by Ponceau staining
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Figure 3.20 Positioning of out of frame AUG mutations in the N-myc IRES. DNA
encoding the N-myc IRES in the vector pRNF was mutated to introduce the sequence
ATGG at each of the positions shown in red. Later mutations are shown in purple. On
transfection into cells, this would lead to the creation of transcripts bearing an out of
frame AUG codon upstream of the firefly luciferase initiation codon. An additional
mutation was created at position -24 as shown in blue, such that an in frame upstream
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AUG codon was altered to UUG.



140

120

o
100

v
% 80

2
Igg 60
40

a$

>k

C
S, 20
0

pRNF UUG

Figure 3.21 Result of transfection of an N-myc IRES construct in which an upstream
AUG has been mutated to UUG. A mutant version of pRNF bearing a UUG codon at position
-24, where an in frame AUG codon is found in the wild type IRES, was introduced into HeLa
cells by transfection in parallel with wild type pRNF. IRES activity was determined as a ratio
of firefly.Renilla luciferase activity and expressed as a percentage of pRNF values. Results are
an average of three independent experiments and error bars represent standard deviations.
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out of frame when the firefly luciferase coding region is encountered. Therefore, a
decrease in the production of functional firefly luciferase will be observed. However, if
the ribosome lands downstream of an out of frame AUG, translation will begin as usual
when the authentic start codon is encountered and IRES activity will be wild type. The
mutants shown in red in figure 3.20 were created to allow a broad spread of AUGs
throughout the 5' UTR. All the mutations were designed to give the context AUGG, and
where possible a purine was retained at position -3, such that the AUGs were in good
context for use as initiation codons. The AUG -215 mutation induced a large stimulation in
IRES activity in NT2 cells (figure 3.22), presumably as a result of an alteration in the
IRES sequence or secondary structure that removed a repressive element or allowed tighter
binding of a stimulatory factor. Therefore, although it is likely that ribosomes enter the
IRES downstream of position -215, it is impossible to conclude this with certainty. The
results of transfection of the other mutants indicate that ribosomes enter between AUG -
278 and AUG -56 (figure 3.22).

To define the entry window more closely, the mutants shown in purple were created
(figure 3.20). The activity of the full series of mutants was compared with pRNF activity
in NT2 cells, although in this case AUG -215 was excluded from the transfection (figure
3.23). The slightly enhanced activity of AUG -238 supported the theory that AUG -215
lies upstream of the entry window, and this was confirmed by the fact that AUG -173
displayed wild type activity. AUG -139 and AUG -133 are both able to induce a partial
reduction in functional firefly luciferase. This makes it difficult to define the ribosome
entry window precisely, although it can be stated with a degree of certainty that it lies
between positions -173 and -56. It is possible that ribosomes enter upstream of position
-139, and AUGs -139 and -133 are in poor context for translation initiation so that they are
only used by a small proportion of scanning ribosomes. Alternatively, it is possible that
ribosomes acquire the message immediately upstream of this region and are not yet fully
competent to initiate translation as they scan through it. A third possibility is that there are
several sites of ribosome entry between -173 and -56, so that a subset of ribosomes enter
upstream of -139. A final explanation is that the area around AUGs -139 and -133 is
important for IRES function, and these mutations alter the sequence or structure such that
IRES activity is reduced, although ribosomes enter downstream of this region. It is

impossible to distinguish between these mechanisms on the basis of the data presented.
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Figure 3.22 Result of transfection of N-myc IRES mutants with out of frame AUG codons.
Mutant versions of pRNF bearing the out of frame initiation codons shown in red in figure 3.20
were introduced into NT2 cells by transfection in parallel with wild type pRNF. IRES activity
was determined as a ratio of firefly.Renilla luciferase activity and expressed as a percentage of
pRNF values. Results are an average of three independent experiments and error bars represent
standard deviations.
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Figure 3.23 Result of transfection of additional N-myc IRES mutants with out of
frame AUG codons. Mutant versions of pRNF bearing the out of frame initiation codons
shown were introduced into NT2 cells by transfection in parallel with wild type pRNF.
IRES activity was determined as a ratio of firefly Renilla luciferase activity and
expressed as a percentage of pRNF values. Results are an average of three independent
experiments and error bars represent standard deviations.
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3.9 Discussion

The initial hypothesis that the N-myc 5' UTR could contain an IRES has been
confirmed using dicistronic assays, and appropriate controls have been carried out to
exclude alternative explanations for the stimulated activity of the downstream cistron in
pRNF relative to pRF. The detection of a band corresponding to the size of monocistronic
firefly luciferase in transfected COS 7 cells by Northern blotting raises the possibility that
RNA cleavage or cryptic splicing events occur in this cell line. Although the occurrence of
such events in HeLa cells was excluded by RNase protection analysis, it would have been
appropriate to carry out Northern blotting on the cell lines used for transfection to confirm
the firefly luciferase expression was not due to the presence of monocistronic transcripts.

Inaccuracies in the positioning of the donor splice site of exon 1 in the literature
mean that the N-myc 5' UTR is more similar in length to that of c-myc than was previously
supposed, although the sequences remain highly divergent. It was found that both IRESs
have very similar activity on transfection into HeLa cells, and share other features such as
a failure to function in reticulocyte lysate systems, and both genes are translated by both
cap-dependent and IRES-dependent mechanisms.

However, closer examination of the N-myc IRES reveals important differences to
that of c-myc. The extreme 3' end of the IRES, a region that is dispensable for c-myc IRES
function, is shown to be crucial for full N-myc IRES activity. Indeed, this activity appears
to be considerably more dependent on the presence of the entire 5' UTR than that of the
c-myc IRES. The N-myc IRES is 81nt shorter than that of c-myc, and perhaps represents a
minimal IRES from which extraneous sequence has been excluded. Another significant
difference was observed in the positioning of the ribosome entry window within the IRES.
In c-myc this is between positions -219 and -202 (Le Quesne et al., 2001), upstream of the
complex structural element of a double pseudoknot. In N-myc it has proved difficult to
define the entry window precisely, although it has been reduced to a 117nt region. It is
possible that ribosome binding occurs at multiple positions within this window, which is
unprecedented in previously studied IRESs. However, further mutations will be needed to
prove that this is the case, or to map the region of entry more precisely. Ideally it would be
necessary to formulate a structural model for the N-myc IRES and relate this to the

position of the ribosome binding site.
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It is possible that the common features of c- and N-Myc proteins have presented a
false illusion that the IRESs should operate by the same mechanism. The similar length
and activity of the two IRESs does not necessarily mean that they have anything else in
common. An interesting feature of both, however, is that their activity is considerably
greater than that of most other cellular IRESs identified to date and, indeed, of highly
active viral IRESs such as EMCV. The similarity in size probably relates to the common
evolutionary background of both genes, but perhaps more recent developments have
allowed each IRES to assume its own optimum method of operation, resuiting in elements

of similar efficiency but different mechanism.
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Chapter 4

Internal ribosome entry in the L-myc §' UTR

4.1 Introduction

The L-myc gene shares the same three exon, two intron structure as c- and N-myc,
and also has its major initiation codon positioned towards the 5' end of exon 2 such that
exon 1 is entirely non-coding (figure 1.10C). Unlike the other myc genes, the L-myc
transcript is subject to alternative splicing. One of the sites where this occurs is within the
5' UTR, as intron A may be spliced or unspliced, such that two distinct forms of the UTR
are made. These show little sequence similarity to the c- or N-myc 5' UTRs, but are long
and possess a high degree of predicted secondary structure. The shorter isoform is 217nt in
length and consists of 80.6% Gs and Cs, whereas the unspliced version is 581nt long and
77.5% GC in content. As L-myc is a proto-oncogene with tightly regulated expression, like
the other members of the myc family, this led to the hypothesis that the L-myc 5' UTRs

might contain internal ribosome entry segments.

4.2 RT-PCR and cloning of the L-myc 5' UTR

Two isoforms of the L-myc 5' UTR exist, as intron A (shown in blue in figure 4.1) is
spliced out in some transcripts but retained in others (Kaye et al., 1988). The exon
sequences, present in both forms of the UTR, are shown in black in figure 4.1. Total RNA
from HL60 cells was used as a template for RT-PCR using the primers LF2 (purple, figure
4.1) and LR2 (turquoise, figure 4.1) to obtain the short isoform of the UTR. LR2
hybridises to regions of exon 1 and exon 2 and will therefore only amplify cDNA in which
intron A is not present. The reverse primer LG2 is complementary to the region spanning
the intron A/ exon 2 boundary (purple, figure 4.1) and was used in combination with LF2
in a separate RT-PCR reaction, also using HL60 RNA, to obtain the long isoform of the
UTR. Both PCR products were digested with the restriction enzymes EcoRI and Ncol and
inserted into the intercistronic region of pRF between these sites (figures 4.2 and 4.3). The
plasmids created were designated pRLsF (containing the short isoform) and pRLIF

(containing the long isoform).
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Figure 4.1 Sequence of the L-myc 5’ UTR. The sequence of the human L-myc 5> UTR is
indicated in black, with the partially spliced intron A shown in blue. The translation initiation
codon is coloured red. The long isoform of the UTR, which contains intron A, was amplified

by RT-PCR using the primers LF2 and LG2, shown in purple. The reverse primer LR2 is

indicated in turquoise and spans the intron boundaries, such that in combination with LF2 it

can be used to obtain the short isoform of the UTR.
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Figure 4.2 Construction of the vector pRLsF. The short isoform of the L-myc 5’
UTR, in which the intron is spliced, was amplified by RT-PCR from HL60 RNA using
the primers LF2 and LR2. The product of this reaction was digested with EcoRI and
Ncol and inserted between these sites in pRF following digestion and
dephosphorylation of the vector.
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Figure 4.3 Construction of the vector pRLIF. The long isoform of the L-myc 5°
UTR (containing intron 1) was amplified by RT-PCR from HL60 RNA using the
primers LF2 and LG2. The product of this reaction was digested with EcoRI and Ncol,
the plasmid pRF was digested with the same enzymes and dephosphorylated, and the
fragment and vector were ligated together to create pRLIF.
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4.3 Effect of the L-myc 5' UTRs on downstream cistron expression in dicistronic

RNA

The vectors pRF, pRLsF and pRLIF were linearised downstream of the firefly
luciferase cistron by restriction digestion using Notl, and used as templates for in vitro
transcription. The dicistronic RNA molecules produced were used to programme a
reticulocyte lysate in vitro translation system, and the activities of Renilla and firefly
luciferases were determined. IRES activity was expressed as a ratio of firefly:Renilla
expression (figure 4.4). Both isoforms of the L-myc 5' UTR were unable to stimulate
downstream cistron expression to a greater extent than the background levels observed
using pRF RNA. However, as both the N- and c-myc IRESs are unable to function in
reticulocyte lysate, this does not necessarily mean that L-myc does not possess an IRES.

The behaviour of the L-myc 5' UTRs was therefore studied in the context of cultured
HeLa cells by the transfection of pRLsF and pRLIF in parallel with pRF and pRNF. It is to
be expected that when pRLIF is introduced into the nucleus of célls by transfection, intron
A will be spliced in some of the transcripts produced. This means that a population of
RNA identical to that produced on transfection of pRLsF will be present in the cell
cytoplasm. However, some pRLIF RNA will remain unspliced, so any differences in the
results of pRLsF and pRLIF transfections can be attributed to the unspliced isoform of the
L-myc 5' UTR.

The activities of Renilla and firefly luciferases in HeLa cell lysates were normalised
to the transfection control of B-galactosidase activity (figure 4.5). Both isoforms of the
L-myc 5" UTR were able to induce the expression of the downstream cistron to a
considerable extent in this cell line relative to the background levels observed on
transfection of pRF. The L-myc short isoform induced approximately equal stimulation of
firefly luciferase expression to the N-myc IRES, whereas the expression observed on
transfection of the long isoform was almost twofold greater than this. Both L-myc 5' UTRs
caused a repression of Renilla luciferase activity relative to that of pRF. The reasons for
this are unclear, but a similar effect has been observed with the BAG-1 IRES in the same
vector system (Coldwell et al., 2001), and may be due to competition between IRES-
dependent and cap-dependent initiation for components of the translational machinery.

The vectors pRLsF and pRLIF were then introduced into several other cell lines by

transfection. The activities of both luciferases were normalised to f3-galactosidase activity,
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Figure 4.4 The effect of the L-myc 5’ UTR in a dicistronic context in reticulocyte lysate.
Dicistronic RNA was synthesised by in vitro transcription using AM-linearised pRF, pRLsF
and pRLIF as templates. These RNA molecules were used to programme a reticulocyte
lysate in vitro translation system, and the activity of firefly luciferase produced from each
RNA is expressed relative to Renilla luciferase activity. Results are an average of three
independent experiments and error bars represent standard deviations.
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Figure 4.5 Transfection of dicistronic L-myc 5’ UTR constructs into HeLa cells. The
plasmids pRLsF and pRLIF were introduced into HeLa cells by transfection in parallel
with pRF and pRNF. The activities of Renilla (shaded) and firefly (black) luciferase in the
lysates were determined and expressed relative to the transfection control of P-
galactosidase activity. Results are an average of three independent experiments and error
bars represent standard deviations.
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and expressed relative to the values obtained on transfection of pRF into the same cell line
(figure 4.6). In every cell line tested, both L-myc 5' UTR isoforms were able to stimulate
firefly luciferase activity relative to the readthrough observed from pRF. Both UTRs
induced the greatest stimulation in HEK293 cells, closely followed by IMR32 cells,
whereas NB2a cells showed the lowest levels of activity. Expression of firefly luciferase
relative to pRF was approximately twofold greater on transfection of pRLIF than pRLSF in

every cell line tested.

4.4 Activity of the L-myc 5' UTRs in the presence of a hairpin structure

upstream of Renilla luciferase

As described in section 3.4, stimulation of downstream cistron expression by an
intercistronic element could be due to an increase in ribosomal readthrough or reinitiation.
The presence of a hairpin structure upstream of the Renilla luciferase cistron should lead to
an inhibition of firefly luciferase expression if this is the case, but have no effect if internal
ribosome entry occurs (figure 3.6). The two forms of the L-myc 5' UTR were therefore
excised from pRLsF and pRLIF between the Spel and Ncol restriction sites, and inserted in
the vector phpRMF between the same sites following excision of the c-myc IRES. This
resulted in the plasmids phpRLSF and phpRLIF, which were then introduced into N2a cells
by transfection in parallel with pRLsF and pRLIF.

The activities of Renilla and firefly luciferases in the cell lysates were determined
and expressed relative to the transfection control of f3-galactosidase activity (figure 4.7).
Unfortunately, the hairpin was only strong enough to inhibit Renilla luciferase expression
marginally in the context of either vector. The same phenomenon was observed when
attempts were made to transfect other cell lines with these vectors. It is likely that the
inhibition of Renilla luciferase translation observed when pRLsF and pRLIF were
transfected means that a more structured hairpin would be necessary to achieve significant
further inhibition. Firefly luciferase activity was slightly greater on transfection of
phpRLsF than with pRLsF, which suggests that readthrough or reinitiation mechanisms are
unlikely to play a role in the effect mediated by the short UTR isoform. Firefly luciferase
expression from pRLIF was inhibited by the presence of an upstream hairpin, implying
that the unspliced form of the UTR is unlikely to function as an IRES. However, the

results obtained here are inconclusive.
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Figure 4.6 Effect of the L-myc 5’ UTRs on downstream cistron activity in a range of
cell lines. The plasmids pRF, pRLsF and pRLIF were introduced into the cell lines
indicated by transfection. The activities of Renilla (shaded) and firefly (black) luciferases
in the cell lysates were assayed and normalised to the transfection control of f3-
galactosidase activity. The results obtained on transfection of pRLsF and pRLIF are
expressed relative to the values obtained when pRF was introduced into the same cell line.
Results are an average of three independent experiments and error bars represent standard
deviations.



pRLsF phpRLSsF pRLIF phpRLIF

Figure 4.7 Effect of an upstream hairpin structure on dicistronic L-myc plasmid
transfections. Both isoforms of the L-myc 5’ UTR were inserted in the vector phpRF
between the Spel and Ncol sites, to create the vectors phpRLsF and phpRLIF. These
plasmids were introduced into N2a cells by transfection in parallel with pRLsF and
pRLIF. The activities of Renilla (shaded) and firefly (black) luciferase in the lysates are
expressed relative to a transfection control of p-galactosidase activity. Results are an
average of three independent experiments and error bars represent standard deviations.
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4.5 Analysis of transcripts produced on transfection of pRLsF and pRLIF

The fact that Renilla luciferase expression was low when cells were transfected with
pRLsF or pRLIF could be attributable to an RNA cleavage or splicing event or the
presence of an internal promoter, such that monocistronic firefly luciferase transcripts
were produced (figure 3.8). To examine this possibility, COS7 cells were transfected with
pRF, pRLsF or pRLIF and poly(A)* RNA was extracted, then separated on a denaturing
agarose gel and subjected to Northern blotting. The membrane was probed with a
radiolabelled DNA fragment corresponding to a region of the firefly luciferase gene
between the Ncol and Aval sites (as indicated in figure 3.9A), produced by random-primed
DNA synthesis using Klenow polymerase in the presence of [0-**P] dCTP. A band of the
expected size for a dicistronic transcript was detected when cells were transfected with
pRF (figure 4.8), and similar bands were also visible when RNA was extracted from
pRLSsF and pRLIF-transfected cells, although in the case of pRLIF this band was very
faint. However, in both these cases a band of the predicted size for a monocistronic firefly
luciferase transcript was also present. In the case of pRNF, such a band was found to be
irrelevant when the more sensitive method of RNase protection was used. For pRLsF and
pRLIF the "monocistronic" band was more intense, but it was decided to employ RNase
protection to examine its identity.

PCR was carried out using the primers BRNaseF and Hluc3', with pRLsF and pRLIF
as templates, and the products were inserted into the vector pSK+Bluescript between the
BamHI and HindIlI sites (see figure 3.10) to produce the plasmids pSKRNaseLs and
pSKRNaseLl. These plasmids were linearised with NotI and used as templates for in vitro
transcription by T7 RNA polymerase to produce **P-labelled antisense riboprobes. As
explained in section 3.5, these riboprobes are complementary to the most 3' 76nt of the
Renilla luciferase cistron, the intercistronic region containing one of the L-myc 5' UTRs,
and the most 5' 101nt of the firefly luciferase coding region. Poly(A)" RNA was extracted
from COS7 cells following transfection with pRLsF or pRLIF, and allowed to hybridise to
the appropriate riboprobe. The size of radiolabelled RNA protected following digestion of
single-stranded RNA with RNaseONE indicates the size of firefly luciferase transcripts
present in the cell (figure 3.11).

When an antisense riboprobe was synthesised from the plasmid pSKRNaseLs and

allowed to hybridise to yeast tRNA or RNA from mock-transfected COS7 cells, no
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Figure 4.8 Northern analysis of transcripts in cells transfected with pRLsF and
pRLIF. The plasmids pRF, pRLsF and pRLIF were introduced into COS7 cells by
transfection. Poly(A)+ RNA was harvested from transfected cells and subjected to

denaturing agarose gel electrophoresis and Northern blotting. The membrane was probed
with a random-primed radiolabelled DNA probe corresponding to a region of the firefly
luciferase cistron between the Ncol/ and Aval sites (see figure 3.9A)
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protected bands were observed (figure 4.9, lanes 1 and 2). The undigested riboprobe was
523nt in size (lane 4). When hybridised to RNA from COS7 cells that had been transfected
with pRLsF, a single protected band of 451nt in length was observed (lane 3). This is the
predicted size for a dicistronic transcript containing both Renilla and firefly luciferase
coding regions with the spliced L-myc 5' UTR between. Although there is a certain level of
background smearing in the remainder of lane 3, this does not contain any further
protected bands and is likely to be due to degradation of the probe. This indicates that the
only transcripts containing the entire firefly luciferase cistron in cells transfected with
pRLsF are dicistronic. Although the data obtained from transfection of the dicistronic
hairpin vector remain inconclusive, it appears highly probable that the spliced isoform of
the L-myc 5' UTR contains an IRES. Once again, it has been shown that the small
transcript detected by Northern blotting does not encode full length firefly luciferase. It is
possible that monocistronic firefly luciferase transcripts with truncated 5' ends are present
and are detected by the probe, but such transcripts would not be functionally relevant.
RNase protection provides a more accurate and sensitive method of determining the nature
of transcripts in the cell.

RNase protection was carried out using an antisense riboprobe made using
pSKRNaseLl as a template to detect the length of transcripts in cells that had been
transfected with pRLIF. The probe was 887nt in length, but a slightly smaller band was
also present when undigested probe was subjected to electrophoresis (figure 4.10, lane 4).
As full length probe was purified by gel extraction before RNase protection was carried
out, it is likely that this doublet is the result of a highly GC-rich RNA adopting alternative
secondary structures with different gel mobility. When examining the results of this
experiment, it was assumed that the riboprobe was entirely full length.

No bands were protected when this riboprobe was hybridised to yeast tRNA or RNA
from mock-transfected COS7 cells (figure 4.10, lanes 1 and 2). When hybridised to RNA
isolated from pRLIF-transfected COS7 cells, it was expected that a band of 810nt would
be protected if full length dicistronic RNA was present. It is possible that this is the case
and the position of the band is obscured by the presence of undigested probe (lane 3), but
if so only small quantities of this RNA can be present. In contrast, an intense band was
observed at approximately 480nt in lane 3. This band is diffuse, but this is likely to be a

further indication of the alternative mobility observed with undigested probe in this gel.
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Figure 4.9 RNase protection analysis of RNA from pRLsF-transfected cells. Poly(A)+
selected RNA from COS7 cells transfected with pRLsF, RNA from mock-transfected cells,
and yeast tRNA were hybridised to a radiolabelled antisense riboprobe, and single stranded
RNA was digested using RNase ONE. The products were separated by electrophoresis on a
7M urea/4% polyacrylamide gel in parallel with radiolabelled pBR322//7/?<2Il markers.
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Figure 4.10 RNase protection analysis of RNA from pRLIF-transfected cells. Poly(A)+
selected RNA from COS7 cells transfected with pRLIF, RNA from mock-transfected cells,
and yeast tRNA were hybridised to a radiolabelled antisense riboprobe, and single stranded
RNA was digested using RNase ONE. The products were separated by electrophoresis on a
7M urea/4% polyacrylamide gel in parallel with radiolabelled pBR322///pall markers.
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Although this protected band is considerably smaller than would be expected in the
presence of dicistronic RNA, it is much larger than the 101nt minimum length for a
monocistronic firefly luciferase transcript. This implies that it represents a luciferase
transcript bearing a considerable proportion of the L-myc 5' UTR.

If transcripts were to extend from the exon 1/ intron A boundary of the long UTR
isoform into the firefly luciferase cistron, this would lead to the protection of a 474nt
fragment following RNase ONE digestion (figure 4.11C). As this is the size of protected
band observed, it is highly probable that this is the case. It appears that the cellular splicing
machinery is able to recognise the donor splice site of intron A in the context of pRLIF
RNA. However, rather than splicing this to the acceptor splice site of intron A, a cryptic
splicing event must occur between this site and a site downstream of the firefly luciferase
cistron (figure 4.11A). Alternatively, this splice site may be used as an RNA cleavage site,
leading to similar production of firefly luciferase transcripts bearing a region of the L-myc
5" UTR (figure 4.11B). This means that, when cells are transfected with pRLIF, it is likely
that some firefly luciferase expression is a result of cap-dependent scanning, although the
presence of a long and structured portion of the L-myc 5' UTR would be expected to
inhibit this and possibly to allow internal ribosome entry. As the spliced isoform of the
UTR appears to function as an IRES, it is probable that the unspliced isoform will also be
able to promote internal ribosome entry. However, it has not proved possible to determine

what contribution the intron makes to the efficiency of this IRES.

4.6 Effect of the L-myc 5' UTRs on translation in a monocistronic context

A final attempt was made to establish the potential for internal ribosome entry within
the L-myc 5' UTRs by using monocistronic plasmid constructs. The PCR products
encoding the short and long isoforms of the UTR were digested with EcoRI and Ncol and
inserted into the vector pGL3' (figure 3.13) between these sites to create the vectors
pGLsL and pGLIL. In addition, both these fragments were inserted between the EcoRI and
Ncol sites in phpL (described in section 3.6) such that the vectors phpLsL and phpLIL
were made. These four plasmids were introduced into NT2 cells by transfection in parallel
with pGL3' and phpL. Firefly luciferase activities were determined and expressed relative
to the transfection control of B-galactosidase activity (figure 4.12). Both isoforms of the

L-myc 5' UTR inhibited translation such that it was approximately 30% of the levels
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Figure 4.11 Possible mechanisms for the production of truncated RNA molecules in
pRLIF-transfected cells. A 474nt fragment was detected following RNase protection
analysis of RNA from pRLIF-transfected cells. This might result from (A) a cryptic
splicing event between the splice donor site in the L-myc 5 UTR and an acceptor site
downstream of firefly luciferase or (B) an RNA cleavage event at the splice donor site. (C)
Hybridisation of an antisense riboprobe to an RNA molecule produced by such a
mechanism. Intron A is indicated by shading and exon sequences are shown in white.
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Figure 4.12 Results of transfection of monocistronic L-myc 5° UTR
constructs. The plasmids indicated above were introduced into NT2 cells by
transfection. The activity of firefly luciferase in cell lysates is expressed relative to
the transfection control of -galactosidase activity. Results are an average of three
independent experiments and error bars represent standard deviations.
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observed on transfection of pGL3' (compare pGL3', pGLsL and pGLIL). This is likely to
be due to the impediment to scanning ribosomes posed by the highly structured UTRs, and
the inhibition seen is greater with the long UTR isoform than with the short form.

The presence of a structured hairpin upstream of the multiple cloning site led to a
severe inhibition of translation from pGL3', as was previously observed (compare phpL to
pGL3'). However, when such a hairpin was inserted upstream of the spliced isoform of the
L-myc 5' UTR, luciferase expression was almost unaffected (pGLsL and phpLsL). This
provides further support to the hypothesis that this form of the UTR contains an IRES, as
luciferase expression from phpLsL was considerably enhanced relative to that seen from
phpL and is therefore IRES-dependent. Moreover, the fact that luciferase expression is
almost identical on transfection of pGLsL or phpLsL implies that the inhibition of cap-
dependent initiation has no effect on translation in the context of the spliced L-myc UTR.
Therefore it appears that such translation is almost entirely IRES-dependent, in contrast to
observations made with c- and N-myc.

The data obtained on transfection of phpLIL and pGLIL is more difficult to interpret,
as the presence of a hairpin upstream of the 5' UTR caused an activation of luciferase
expression. As previous results indicated that a cryptic splicing or RNA cleavage
mechanism took place in the unspliced form of the UTR in the context of the dicistronic
vector, it is possible that a similar mechanism also occurs in monocistronic vectors, but to
a greater extent in phpLIL than in pGLIL. As pGLIL showed inhibited translation relative
to pGL3', the luciferase transcripts must have contained a portion of the 5' UTR so that
scanning was inhibited. Once again, though, it is impossible to draw any firm conclusions
as to the mechanisms of translation initiation that occur in the context of the unspliced 5’

UTR.

4.7 Discussion

It now appears that all three members of the myc family possess internal ribosome
entry segments. The complexity of splicing in the L-myc 5' UTR has led to difficulty in
establishing the precise role of internal ribosome entry in its translation. However, three
pieces of data, taken in combination, indicate that the spliced form of the UTR contains an
IRES; (a) this UTR promotes downstream cistron expression when a dicistronic vector is

transfected into mammalian cells, (b) full length dicistronic RNA is the only functional
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luciferase transcript in these transfected cells, (c) in monocistronic vectors, the presence of
a structured hairpin upstream of the UTR does not impede translation. As translation was
equally efficient in cells that were transfected with monocistronic firefly luciferase
constructs bearing this UTR with or without an upstream hairpin, translation of L-myc
trgnscripts with the spliced form of the UTR must occur almost entirely by internal
ribosome entry. This represents an interesting difference between the L-myc IRES and
those found in c- and N-myc.

It remains unclear why Renilla luciferase expression is downregulated on
transfection of dicistronic vectors containing the L-myc 5' UTR. This feature is probably
responsible for the difficulties encountered in obtaining an effect on upstream cistron
expression in the context of a hairpin. To confirm that the short isoform of L-myc contains
an IRES, it would be desirable to create a vector with a more structured hairpin upstream
of Renilla luciferase for further control experiments.

The data obtained with the unspliced isoform of the L-myc 5' UTR suggest that it
may be able to promote internal ribosome entry, as firefly luciferase expression is high
when the majority of this UTR lies upstream of the coding region, and would be expected
to inhibit scanning. However, the results of RNase protection analysis indicate that most
transcripts produced when pRLIF is transfected into cells are not dicistronic. The
transfection of monocistronic constructs bearing the long UTR isoform also yields
confusing results. It appears that the presence of partially used donor and acceptor splice
sites in the dicistronic vector employed here leads to cryptic splicing or RNA cleavage,
possibly by multiple mechanisms. Therefore, it is impossible to determine the extent of
internal ribosome entry due to the nature of the transcripts produced.

As almost all the short isoform of the UTR is contained within exon 1, it is possible
that it is able to promote internal ribosome entry even in the long form, where intron A is
present downstream. However, in this case ribosomes would then have to scan through the
long and structured intron sequence before encountering the initiation codon. Therefore, a
significant level of internal ribosome entry can only be expected to occur in the unspliced
UTR if the intron sequence itself functions as an IRES. A final point to consider is the lack
of evidence as to the proportion of L-Myc protein synthesised from each transcript in vivo.
It is possible that translation from RNA molecules containing the unspliced UTR is very

inefficient.
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Chapter 5

Involvement of trans-acting factors in myc IRES function

5.1 Introduction

The data presented in chapter 3 indicate that the N-myc IRES is unable to function
when in vitro transcribed dicistronic RNA is translated in a reticulocyte lysate system
(figure 3.4). This feature is shared by various other cellular IRESs, including that of c-myc,
and by the type I picornaviral IRESs such as those poliovirus and HRV. It therefore
appears probable that myc IRES activity is dependent on certain trans-acting protein
factors that are not present at sufficiently high levels in reticulocyte lysate. A number of
factors have been identified as interacting with and stimulating activity from specific viral
and cellular IRESs (discussed in section 1.4.5). Therefore, the behaviour of the N-myc
IRES in the context of cultured cell transfection was analysed in more detail, and attempts

were made to identify protein factors that interact with this IRES.

5.2 N-myc IRES activity in different cell lines

It has already been demonstrated that the N-myc 5" UTR contains a highly active
IRES when introduced into Hel.a cells by transfection. However, HeLa cells do not
express N-myc RNA, and do not necessarily provide the same translational environment as
cells in which N-myc is expressed. The c-myc IRES is known to show very variable
activity when introduced into different cell lines, presumably due to the concentrations of
necessary protein factors (Stoneley et al., 2000b). It was therefore decided to examine the
activity of the N-myc IRES in a range of different cell lines.

The vectors pRF and pRNF were introduced into the cell lines indicated in figure 5.1
by transfection. In all cases the activities of Renilla and firefly luciferases were determined
in the cell lysates and normalised to a transfection control of B-galactosidase activity. The
activities of both luciferases on transfection of pRNF were then expressed relative to those
obtained when pRF was introduced into the same cell line (figure 5.1), so that the low
levels of firefly luciferase activity caused by ribosomal readthrough in the empty vector
can be accounted for.

N-myc IRES activity was seen to vary to a considerable extent between cell lines. It

has already been shown in chapter 3 that this IRES is highly active in HeLa cells, but it
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Figure 5.1 N-myc IRES activity in a range of cell lines. The vectors pRF and pRNF were
introduced into the cell lines indicated above by transfection. In all cases the activities of
Renilla (shaded) and firefly (black) luciferases in the lysates were determined relative to the
transfection control of B-galactosidase activity. For each cell line the values obtained on
transfection of pRNF are expressed relative to those obtained from pRF. Results are an
average of three independent experiments and error bars represent standard deviations.
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can be seen that activity in NT2 and SH-SYS5Y cells is almost fourfold greater.
Interestingly, both these cell lines express N-myc; SH-SYSY cells are derived from a
neuroblastoma, whereas NT2 cells are a committed neuronal precursor line derived from a
teratocarcinoma. This suggests that the N-myc IRES might be more active in cells in which
its RNA is expressed. However, the neuroblastoma cells N1E-115, N2a and NB2a, and the
embryonic kidney line HEK293, all of which express N-myc, show lower IRES activity
than HeLa cells, which do not. Even so, the IRES is active in all of these cell lines,
indicating that it is able to function in a cellular environment in which N-myc RNA is
expressed and translated and therefore is likely to be physiologically relevant. MCF7 cells,
which are derived from a breast carcinoma and do not express N-myc, show IRES activity

slightly lower than that of HeLa cells.

5.3 Relative activity of the c- and N-myc IRESs

In the light of the data presented above, it was considered relevant to compare the
activity of the c- and N-myc IRESs in a variety of cell lines. The vectors pRMF and pRNF
were therefore introduced into the same cell lines as were used in section 5.2, and the
activity of both IRESs was determined as a ratio of firefly:Renilla luciferase activity. The
results are shown in figure 5.2, where the ratio of N-myc:c-myc IRES activity has been
quantified and is shown in the table. In HeLa cells the N-myc IRES is slightly more active
than that of c-myc (as seen in figure 3.5), and the same is true for MCF7 cells. However,
all the other cell lines show considerably enhanced N-myc IRES activity relative to that of
c-myc, with a maximum of almost sevenfold difference seen in SH-SY5Y cells. As all
these cell lines express N-myc, whereas HeLa and MCF?7 cells do not, this implies that the
translational environment of neuronal cells is more favourable to N-myc than c-myc IRES
activity. This is likely to be due to stimulation of the N-myc IRES as opposed to inhibition
of the c-myc IRES, as c-myc IRES activity is high in several of the neuronal cell lines
tested. No correlation was observed between the relative activity of the N- and c-myc
IRESs and the absolute activity of the N-myc IRES relative to readthrough, as can be seen
by comparing figure 5.1 and 5.2.

5.4 Activity of N-myc IRES deletion mutants in neuronal cells

As N-myc IRES activity has been shown to vary between cell lines and is greater

than that of the c-myc IRES in neuronal cells, the effects of N-myc IRES deletions were
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Cell line pRNF/

pRMF

1. HeLa 1.47
2. MCF7 1.75
3. HEK?293 3.81
4. N1E-115 3.87
5. N2a 4.83
6. NB2a 5.53
7. NT2 3.95
8.

SH-SY5Y 6.83

Figure 5.2 Relative activities of the c-myc and N-myc IRESs in various cell lines.
The plasmids pRMF and pRNF were introduced into the cell lines indicated above by
transfection. IRES activity was determined as a ratio of firefly-. Renilla luciferase
activity for pPRMF (black) and pRNF (shaded) in each cell line. Results are an average
of three independent experiments and error bars represent standard deviations. The
table indicates the ratio of N-myc:c-myc IRES activity in each cell line.
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investigated in a range of cell lines. The pRF-based deletion mutant constructs described in
figurc; 3.15 were introduced into three neuronal cell lines by transfection. IRES activity
was determined as a ratio of firefly:Renilla luciferase activity and expressed as a
percentage of the values obtained on transfection of wild type pRNF (figure 5.3). No
significant difference was observed in the effects of deleting portions of the IRES in the
three neuronal cell lines tested, NB2a, NT2 and SH-SYSY, when compared to HeLa cells.
This indicates that the same regions of the N-myc IRES are crucial for activity in different
cellular environments, and supports the theory that internal ribosome entry occurs by the
same mechanism in all cell types, but at different efficiency according to the protein

factors present.

5.5 N-myc IRES activity in differentiated neuronal cells

N-myc is highly expressed in embryonic neuronal tissue, but its expression is turned
off when differentiation to adult neurons occurs (Thiele et al., 1985). It is possible to
induce differentiation in some of the neuroblastoma cell lines previously tested using
various reagents, so the activity of the N-myc IRES was analysed under these
circumstances. NT2 cells were treated with 10uM retinoic acid (RA) three times weekly
over a period of five weeks, as this results in a large proportion of the cells differentiating
completely to hNT neurons (figure 5.4). These neurons were then transfected with pRNF,
and the activities of Renilla and firefly luciferases were normalised to (3-galactosidase
activity and expressed relative to the values obtained when pRNF was transfected into
untreated NT2 cells (figure 5.5). Cap-dependent Renilla luciferase expression declined
during differentiation, but IRES-dependent firefly luciferase expression decreased to a
greater extent. However, when the same experiments were carried out using pRMF, c-myc
IRES activity was only slightly lower after differentiation than in untreated cells (figure
5.6). This implies that N-myc IRES activity is specifically inhibited during differentiation.

To confirm these findings, the cell lines N2a, NB2a and SH-SY5Y were transfected
with pRNF and grown for 24 hours. Differentiation was then induced in a sample of each
cell type for a further 24 hours, after which both untreated and treated cells were harvested
and luciferase activities assayed, normalised to (3-galactosidase activity, and the values
obtained from differentiated cells expressed relative to those from untreated cells (figure

5.5). N2a cells were induced to differentiate by the withdrawal of serum, whereas NB2a
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Figure 5.3 IRES activity of N-myc 5’ UTR deletion mutants in various cell lines. The
N-myc IRES fragments shown in figure 3.15 were inserted between the EcoR/ and Ncol
sites of the vector pRF and introduced by transfection into a range of cell lines in parallel
with pRNF. IRES activity was determined as a ratio of firefly.Renilla luciferase activity,
and expressed as a percentage of the values obtained using wild type pRNF. The cell lines
used were HeLa (black bars), NB2a (grey), NT2 (shaded) and SH-SYS5Y (white). Results
are an average of three independent experiments and error bars represent standard
deviations.



Figure 5.4 Differentiation of NT2 cells. (A) Untreated NT2 cells. (B) hNT neurons,
produced by a five week programme of 10pM retinoic acid treatment of NT2 cells.
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Figure 5.5 N-myc IRES activity in differentiated neuronal cells. The cell lines N2a,
NB2a and SYSY were transfected with pRNF, grown for 24 hours, and half the cells were
subjected to differentiation for 24 hours using the reagents indicated. NT2 cells were treated
with retinoic acid over a five week period to induce differentiation, after which they were
transfected with pRNF and grown for 48 hours. The activities of Renilla and firefly
luciferases in the cell lysates were normalised to the transfection control of p-galactosidase
activity. Results are an average of three independent experiments and error bars represent
standard deviations. The values obtained on differentiation are expressed relative to the data
from untreated cells of the same line.
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Figure 5.6 c-myc IRES activity in differentiated neuronal cells. NT2 cells were subjected
to differentiation by a five week period of retinoic acid treatment and transfected with pRMF.
The activities of Renilla (shaded) and firefly (black) luciferases were normalised to the
transfection control of P-galactosidase. The data obtained in differentiated cells are expressed
relative to the values from untreated NT2 cells. Results are an average of three independent
experiments and error bars represent standard deviations.
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cells were treated with 1mM dibutyryl cyclic AMP, and SH-SYS5Y cells were treated with
4puM retinoic acid (Ammer and Schulz, 1994; Pignatelli et al., 1999; Shea et al., 1991). In
each case N-myc IRES dependent-translation decreased to a greater extent that cap-

dependent translation.

5.5 Comparison of human and murine myc IRES activity

The 5" UTRs of the murine forms of both c- and N-myc show considerable homology
to the human forms (figure 5.7). Such conservation of non-coding sequence implies a
functional significance, so it appeared likely that the murine RNAs also possess internal
ribosome entry segments. The 5' UTR of murine c-myc was therefore amplified by RT-
PCR, using total RNA extracted from MEL cells as a template, and mmycF and mmycR
(table 2.2) as primers. The product was inserted in pRF (figure 3.3) between the Spel and
Ncol sites and the resultant plasmid was named pRMuF. This was introduced into several
cell lines in parallel with pRF and pRMF, and IRES activity in each line was determined
by the ratio of firefly:Renilla luciferase activity relative to that of pRF (figure 5.8). In all
cell lines tested, the murine IRES was approximately threefold more active than its human
counterpart. NB2a cells are murine, CHO-T cells are derived from a hamster and can be
expected to behave in a similar manner to murine cells, and Hel.a and HEK293 cells are
human. It therefore appears that c-myc IRES activity is not species specific. This is a
surprising finding, given the divergence of IRES activity between cells of the same species
and therefore its exquisite dependence on cellular environment.

The murine version of the N-myc 5' UTR was obtained by RT-PCR of poly(A)*
RNA from NB2a cells, using the primers NF1 and NGR (table 2.2, figure 3.2, lane 7). This
product was used as a template in a further PCR with CJNF and NmycUTRR as primers
(table 2.2), and the product of this reaction was digested with EcoRI and Ncol and inserted
into pRF between these sites to create pPRMuNF. pRMuNF was introduced into cells by
transfection in parallel with pRNF and pRF, and IRES activity was expressed as a ratio of
firefly:Renilla luciferase activity relative to pRF (figure 5.9). The murine cell line NB2a
and the human cell lines HeLa, MCF7 and SH-SY5Y were transfected. In contrast to the
c-myc IRESs, the murine form of the N-myc 5' UTR showed comparable activity to the
human form in all cell lines tested. This indicates that murine IRESs are not necessarily

more active than the human equivalents, and raises questions as to why the murine c-myc
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khkhkhkhkhk KhAhhkhhkkhkhkhkk % xkhkk * LR SR SRS SRS SRR IR EEEEEEEE I IEEE]
human TTTGCACTGGAACTTACAACACCCGAGCAAGGACGCGACTCTCCCGACGC-GGGGAGGCT 281
murine TTCTCACTGGAACTTACAATCTGCGAGCCAGGACAGGACTCCCCAGGCTCCGGGGAGGGA 286
* * Kok ok ok ok ok ok ok ok ok ok ok k okok * ok k ok hk Kk okok ok ok Khkhkkk *k Kk Kk *k Fhkhkkkokoh
human ATTCT-GCCCATTTGGGGACACT - -TCCCCGCCGCTGCCAG-GACCCGCTTCTCTGAAAG 337
murine ATTTTTGTCTATTTGGGGACAGTGTTCTCTGCCTCTGCCCGCGATCAGCTCTCCTGAAAA 346
kkhkk k Kk k khkkhkhkhkkkkhkkk Kk Kk Kk kkk khkhkkk k Kkhk k kkxk * ok ok ok k ok
human GCTCTCCTTGCAGCTGCTTAGACGCTGGATTTTTTTCGGGTAGTGGAAAACCAGCAGCCT 397
murine GAGCTCCTCG-AGCTGTTTGAAGGCTGGATTTCCTTTGGGCGTTGGAAACCCCGCAGACA 405
* ddkkkk Kk dkkkk kok * Kk kkhkhkkohk * Kk Kk kK dhkhkkhkk Kkk Kkkk k
human CCCGCGACCATG 409
murine GCCACGACCATG 417

*k ok okok ok ok kokok

B

human = ------ GACAGTCATCTGTCTGGACGCGCTGGGTGGATGCGGGGGGCTCCTGGGAACTGT 54
murine GCCAGTGACAGTCATCTGTCTGGACGCGCTGGGTGGATGCGGGGGGCTCCTGGGAACTGG 60
khkhkkhkAkkdrhkhkhkhk kb A hkhAhrdkhhhkkhkhh ok ddk ko kkokdkkkkkkhkkkkkt
human GTTGGAGCCGAGCAAGCGCTAGCCAGGCGCAAGCGCGCACAGACTGTAGCCATCCGAGGA 114
murine GTTGGAGCCGAACGAGCGCTAGCCAGGCGTAAGCGCGCACACACTGCAGCCGCCGGAGGA 120

AR E RS RS ENENEEEEEEEEEEESEEEEEEEREEEREREESEESEIESSS] * ok ok ok ok ok

human CACCCCC-——————===~ GCCCCCCCGGCCCACCCGGAGACACCCGCGCAGAATCGCCTC 163
murine CAACCCCCTCCCGCCGCCGCTCCCTCAGCCCACCCGGAGACCCCAGCCCCGAGTCGCCTC 180
* Kk Kk kkk kK kkk Kk KAkXKAXkAkhkhkhkkkkhkk Kkk kk ok kk  kkokkkkok
human CGGATCCCCTGCAGTCGGCGGGAGTGTTGGAGGTCGGCGCCGGCCCCCGC--CTTCCGCG 221
murine CGGATCCCCGGCAGTCTGCGGGAGGTAAGAAGCGAGTTGGAGGTTGGCGCGACTCTGCTG 240
khkhkhkhkhkhkhkdh hhkkkhkk hhkkkhki * Kk k * * * % * * k * * *
human CCCCCCACGGGAAGGAAGCAC-CCCCGGTATTAAAACGAACGGGGCGGARAGAAGCCCTC 280
murine CTCTCCACGGGAAGGAAGCACTCCCCCATATTAAAAAGAGCGGAGATATTAAAAG —~ - - 295
* ok khkKAKXA I AA A A AA A KA * *k kK khkkkhkdkk khkx dkokk Kk * Kk kX
human AGTCGCCGGCCGGGAGGCGAGCCGATGCCGAGCTGCTCCACGTCCACCATG - == ===~ = = 331
murine = o—-—mmmm--m—- AGAGGCGAACCCATGCCCAGCTGCACCGCGTCCACCATGCCGGGGATG 343

AKX Ak hkhk dhk hhkhkhkdk AhkXA*X*x A% Kkhkkkkkkkhx

Figure 5.7 Sequence alignment of myc 5' UTRs. The sequences of the human and murine
forms of the (A) c-myc and (B) N-myc 5' UTR were aligned using the CLUSTALW program.
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Figure 5.8 Comparison of the activities of the human and murine c-myc IRESs. The
plasmids pRF, pRMF and pRMuF were introduced into the cell lines indicated above by
transfection. IRES activity was determined as a ratio of firefly:Renilla luciferase activity in
lysates. The values obtained on transfection of pRMF (shaded bars) and pRMuF (white bars)
are expressed relative to those obtained from pRF (black bars) for each cell line. Results are
an average of three independent experiments and error bars represent standard deviations.
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Figure 5.9 Comparison of the activities of the human and murine N-myc IRESs. The
plasmids pRF, pRNF and pRMuNF were introduced into the cell lines indicated above by
transfection. IRES activity was determined as a ratio of firefly:Renilla luciferase activity in
lysates. The values obtained on transfection of pRNF (shaded bars) and pRMuNF (white
bars) are expressed relative to those obtained from pRF (black bars) for each cell line.
Results are an average of three independent experiments and error bars represent standard
deviations.
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IRES is so efficient. However, both c-and N-myc IRESs share the property of showing no

species specificity.

5.7 N-myc IRES activity in supplemented reticulocyte lysate

The N-myc 5' UTR does not support internal ribosome entry in a reticulocyte lysate
system (figure 3.4). Similar behaviour of the poliovirus and HRV IRES was due to a
deficiency in the trans-acting factors unr and PTB in this system, and various other viral
IRESs have been found to require proteins that are not part of the canonical translation
machinery for activity (section 1.4.5). A number of these factors have been synthesised
and purified by the expression of histidine-tagged proteins in a bacterial system (Joanne
Evans). Dicistronic RNA was made by in vitro transcription using pRNF linearised with
Notl as a template, and used to programme standard reticulocyte lysate systems to which
2ug of a protein was also added. After 2 hours of incubation, the activities of firefly and
Renilla luciferases were assayed and IRES activity expressed as a ratio of firefly:Renilla
(figure 5.10). The values obtained with supplemented extracts are shown as a percentage
of the activity in reticulocyte lysate to which no factors had been added.

The majority of proteins tested had no effect on IRES activity, and PCBP1 and unr
caused a slight inhibition. The greatest stimulation was observed when DAP5 was added to
the system. However, this only increased IRES activity by 40%. As the N-myc 5' UTR is
completely inactive as an IRES in reticulocyte lysate, and inhibits downstream cistron
activity relative to pRF, a stimulation of this extent is not great enough to indicate that any
internal ribosome entry occurs. N-myc IRES activity therefore requires a factor that was

not tested, or a more complex array of stimulatory factors.

5.8 IRES activity in in vitro transcribed RNA introduced into cell cytoplasm

Previous data has shown that the c-myc IRES requires a "nuclear event" to function;
that is, the RNA must be synthesised in the nucleus and transported to the cytoplasm of a
cell for internal ribosome entry to occur (Stoneley et al., 2000b). To examine whether this
is also true of the N-myc IRES, dicistronic RNA was produced by in vitro transcription and
introduced directly into the cytoplasm of HeLa cells by transfection using lipofectin.
Capped and polyadenylated RNA was used and was synthesised by in vitro transcription in
the presence of cap analogue using the vectors pSP64RhrvLpA, pSP64RMLpA, and

pSP64RNLpA as templates. When transcription is carried out from these vectors using
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Figure 5.10 Activity of the N-myc IRES in reticulocyte lysate supplemented with protein
factors. Dicistronic RNA was produced by in vitro transcription using pRNF as a template
and used to programme reticulocyte lysates. The translation reactions were supplemented with
the known IRES #trans-acting factors detailed above. IRES activity was determined as a ratio
of firefly:Rcra7/<z luciferase activity, and expressed as a percentage of the value obtained in
unsupplemented reticulocyte lysate. Results are an average of three independent experiments
and error bars represent standard deviations.
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SP6 polymerase, polyadenylated dicistronic RNAs containing the Renilla and firefly
luciferase cistrons with the HRV, c-myc or N-myc IRESs in the intercistronic space are
produced. EcoRI was used to linearise the vectors downstream of the oligo (dA) stretch.
Therefore, pPSP64RNLpA was created by amplification of the N-myc 5' UTR from pRNF
using the primers NSPEF and NmycUTRR (table 2.2), such that the EcoRI site was
destroyed. The PCR product was digested with Spel and Ncol and inserted in pSP64RLpA
between the Xbal and Ncol sites (figure 5.11).

IRES activity was determined eight hours after transfection by the ratio of
firefly:Renilla luciferase activities in cell lysates (figure 5.12). When the plasmids pRMF
and pRhrvF were introduced into the nucleus of HeLa cells by transfection, the HRV IRES
only exhibited 14% of the activity of the c-myc IRES (Stoneley et al., 2000b). Therefore, if
the myc IRESs functioned at all in this system, they would be expected to show
firefly/Renilla luciferase activity at least comparable to that shown by HRV. However,
whereas the HRV IRES stimulates firefly luciferase expression when transfected into
HeLa cytoplasm (figure 5.12), both c- and N-myc IRESs show no such stimulation and are
therefore entirely inactive.

The HRV IRES does not function in reticulocyte lysates unless supplemented with
the factors unr and PTB, but when introduced into the cytoplasm of cells these factors are
available and the IRES is able to function efficiently. The requirements of myc IRES
activity are clearly more complex. Although it is possible that cytoplasmic proteins
stimulate IRES activity, it appears that these IRESs also need to associate with proteins
found only in the nucleus or at the nuclear membrane. Alternatively, c- and N-myc RNA
may undergo post-transcriptional modifications when synthesised in the nucleus that

render it capable of supporting internal ribosome entry.

5.9 Effects of known IRES frans-acting factors on N-myc IRES activity in the
context of cultured cells

As the requirements for N-myc IRES function are complex, it is possible that one or
more of the protein factors tested in section 5.7 does stimulate this IRES, but is unable to
do so in the context of reticulocyte lysate as other necessary factors are absent. To test this
hypothesis, cotransfections were carried out in N2a cells in which pRNF was introduced in

combination with a pcDNA3-based expression vector encoding a known frans-acting
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Figure 5.11 Construction of the vector pSP64RNLpA. The N-myc 5’ UTR was
amplified by PCR using the primers NSPEF and NmycUTRR, with pRNF as a template,
such that the EcoRI site was destroyed. The PCR product was digested with Spel and
Ncol and inserted into pSP64RLpA between the Xbal and Ncol sites, following
restriction digestion and dephosphorylation of the vector.
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Figure 5.12 IRES activity on transfection of RNA into the cytoplasm of cells. RNA was
synthesised in vitro from the plasmids pRhrvF, pRMF and pRNF and transfected into the
cytoplasm of HeLa cells. The activities of firefly and Renilla luciferases were determined 8
hours after transfection, and IRES activity is represented by the ratio of firefly:/teraZZa
luciferase. Results are an average of three independent experiments and error bars represent
standard deviations.
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factor (made by Joanne Evans). N2a cells were chosen as the N-myc IRES is relatively
inactive in these cells when compared to other lines such as NT2 and SH-SYSY (figure
5.1). This implies that some of the components necessary for the IRES to function are
limiting in this cell line and prevent it attaining maximal activity. IRES activity in cell
lysates was determined as a ratio of firefly:Renilla luciferase activity, and expressed
relative to the values obtained on transfection of pRNF alone (figure 5.13). If a factor
stimulates IRES activity and is present in limiting amounts in the cell, the introduction of
additional protein by cotransfection should increase the activity of the IRES.

Cotransfection with pcelF4G(613/1090), which encodes the central region of eIF4GI
previously shown to bind the EMCV IRES, (Lomakin et al., 2000) inhibited the N-myc
IRES, as did PCBP1 (also seen to inhibit the N-myc IRES in reticulocyte lysate, as shown
in figure 5.10) and PTB. It is possible that this inhibition is due to the stimulation of other
IRESs by these factors, such that parts of the translational machinery are sequestered.

A marginal stimulation of N-myc IRES activity was observed on cotransfection of
pcITAF,; or pcPCBP2, and a slightly larger stimulation when pcDAPS or pcLa was
introduced. It is interesting that DAPS also caused a slight stimulation in reticulocyte
lysate (figure 5.10). However, as in the in vitro system, no stimulation seen was great
enough to indicate a significant effect on IRES activity. This does not prove that none of
these proteins is involved in the function of the N-myc IRES, as it is possible that a trans-
acting factor is already present in sufficient quantities in cells such that the expression of
additional protein has no effect. However, no positive evidence of stimulation by any of
these factors was observed.

A further attempt to implicate or exclude known IRES frans-acting factors in the
function of the N-myc IRES was made using an embryonic stem (ES) cell line in which
unr has been knocked out (made by Dr Héléne Jacquemin-Sablon, CNRS, Bordeaux). The
vectors pRhpF (a control plasmid that contains a hairpin between the Renilla and firefly
luciferase cistrons, thereby reducing readthrough), pCROL (a CMV-based dicistronic
luciferase vector containing the poliovirus IRES) and pRNF were introduced into these
cells by transfection. IRES activity in the wildtype ES cell line L, and the unr double
knockout cell lines A and B, was determined as a ratio of firefly:Renilla luciferase activity
(figure 5.14). The poliovirus IRES is known to require unr to function, and its activity is

therefore reduced to 7-11% of its levels in wildtype ES cells when the unr gene is knocked
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Figure 5.13 Effect of cotransfection of expression vectors encoding various trans-acting
factors on N-myc IRES activity. N2a cells were transfected with pRNF in combination with
pcDNA3-based plasmids encoding the protein factors indicated. IRES activity in cell extracts
was determined as a ratio of firefly-.Renilla luciferase activity and is shown as a percentage of
the values obtained on transfection of pRNF alone. Results are an average of three
independent experiments and error bars represent standard deviations.
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Figure 5.14 IRES activity in unr knockout cells. The plasmids pRhpF, pCROL and
pRNF were introduced into the wildtype ES cell line L (black bars) and the unr -/- cell lines
A (grey bars) and B (white bars) by transfection. IRES activity was determined as a ratio of
firefly:/tera7/a luciferase activity. Results are an average of three independent experiments

and error bars represent standard deviations.
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out. In contrast, N-myc IRES activity is stimulated to 220-290% of its levels in wildtype
cells when introduced into the unr -/- cell lines. This indicates that the N-myc IRES has no
requirement for unr. The stimulation in activity is likely to be due to the release of
components of the translational machinery that would otherwise be involved in the

translation of unr-dependent RNA molecules.

5.10 Analysis of binding of known frans-acting factors to the N-myc IRES

A final attempt to determine whether proteins that are known to be involved in the
function of other IRESs play a role in N-myc IRES-dependent translation was made using
electrophoretic mobility shift assays (EMSAs). The N-myc 5' UTR was inserted in the
vector pSKL between the EcoRI and Ncol sites to create pSKNL (figure 5.15). The
plasmid was linearised with Ncol, and radiolabelled RNA corresponding to the N-myc 5'
UTR was obtained by using this as a template for in vitro transcription with T7 RNA
polymerase in the presence of [a-**P] CTP. 25 000cpm samples of this RNA were
incubated with 2ug of each of a range of3 protein factors for 10 minutes at room
temperature. These samples were then separated by electrophoresis on a 0.5x TBE/ 5%
acrylamide gel, in parallel with RNA that had not been incubated with protein (figure
5.16). If one of the proteins tested is able to bind to the N-myc IRES, it would be expected
to induce a shift in the position of the radiolabelled RNA band towards a higher molecular
weight. However, no alteration in the mobility of the RNA was detected in the presence of
PCBP1, PCBP2, ITAF,,, La, eIF4G(613/1090) or DAPS. This provides further evidence

that none of these proteins is required for the N-myc