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Abstract

Functional analysis of the 5’ untranslated region of the c-myc proto-oncogene

Several mRNAs are expressed from the c-myc proto-oncogene, of which three have longer than 
average 5’ untranslated regions (5’ UTRs). These 5’ leader sequences are GC-rich and 
consequently are predicted to contain stable RNA secondary structural motifs. Furthermore, the 
5’ UTR of the largest c-myc transcript Po, contains four short open reading frames. Both of these 
features can reduce the translational efficiency of an mRNA and have been associated with 
regulated translational initiation. However, previous reports suggested that the predominant c- 
myc 5* UTRs did not alter the translational efficiency of the mRNA in vivo.

Expression of heterologous mRNAs fused to the principal c-myc 5’ UTR (derived from 
the P2 transcript) in various cell lines confirmed that this element did not inhibit translation 
initiation. However, insertion of this sequence between the two cistrons of a dicistronic mRNA 
demonstrated that the 5’ UTR stimulated the expression of the downstream cistron. Synthesis of 
the second cistron from the 5’ UTR-containing dicistronic mRNA was shown to be independent 
of translation initiation at the upstream cistron start codon. In addition, the enhanced 
downstream cistron expression was shown to occur on intact dicistronic mRNAs. These data 
strongly suggest that the c-myc 5’ UTR contains an internal ribosome entry segment capable of 
directing ribosomes to a site downstream of the 5’ end of the mRNA.

Deletion analysis was used to define the minimum element required for c-myc ERES- 
directed translation. These experiments demonstrated that IRES is located between nucleotides 
-396 and -57 of the human c-myc P2 5’ UTR. Interestingly, the activity of the c-myc IRES was 
found to vary in cell lines from different origins and was negligible if the dicistronic mRNAs 
were overexpressed. These observations imply that the efficiency of the c-myc IRES may 
depend on limiting factors. Furthermore, internal initiation directed by the c-myc 5’ UTR was 
very inefficient on dicistronic mRNAs lacking a nuclear origin. Thus, a prior nuclear event may 
also be necessary for c-myc IRES-driven translation initiation.

Finally, the effect of the c-myc 5’ leader sequences was analyzed in rabbit reticulocyte 
lysate. The 5’ UTR was unable to promote internal ribosome entry in this system. In fact, both 
the P2 and PI sequences reduced the translational efficiency of mRNAs. Furthermore, the P2 5’ 
UTR displayed a strong dependence on the 5’ cap structure.

Thus, the experiments herein suggest that the 5* UTR may modulate c-myc protein 
synthesis through both the cap-dependent and internal initiation mechanism of translation.
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Chapter 1

Introduction

1.1 General overview

A eukaryotic cell must be competent to respond to intracellular and extracellular signals and 

modulate gene expression accordingly. The multi-step nature of the pathway between DNA 

and gene product allows control to be exerted at numerous stages in this process. 

Consequently, the regulation of gene expression is both complex and diverse. Protein 

synthesis is an integral component of the pathway of gene expression and as such represents a 

target for regulation. Indeed, both the global rate of protein synthesis and the relative rates of 

synthesis of individual proteins can be influenced at the level of translation.

The c-myc proto-oncogene is a critical regulator of cell fate and is involved in the processes 

of cell proliferation, cell growth, differentiation, and apoptosis (see Henriksson and Liischer, 

1996). De-regulated expression of c-myc results in cellular transformation and contributes to 

a tumorigenic phenotype (Marcu et a l, 1992). Thus, c-myc gene expression is regulated at 

multifarious levels, involving both transcriptional and post-transcriptional processes, to avoid 

the inappropriate accumulation of the gene product. Numerous reports have suggested that 

the synthesis of the c-myc protein can contribute to the regulation of c-myc gene expression. 

Furthermore, much attention has focussed on the 5’ untranslated region (5’ UTR) of the c- 

myc mRNA and its potential role in modulating translation initiation (Nilsen and Maroney, 

1984; Butnick et al., 1985; Darveau et al., 1985; Lazarus et al., 1988; Fraser et al., 1996; 

Nanbru et al., 1997; Stoneley et al., 1998).

1.2. Eukaryotic protein synthesis

Eukaryotic protein synthesis can be subdivided into three phases; initiation, elongation, and 

termination. During the initiation phase, the ribosome binds to the mRNA and identifies a 

start codon. Subsequently, polypeptide chain elongation is catalysed by the ribosomal 

peptidyl synthase activity. In this cyclic process, each round results in the addition of a single 

amino acid to the C-terminal end of the nascent polypeptide chain. Finally, termination

1



occurs when the ribosome encounters a stop codon, resulting in cleavage of the completed 

peptidyl-tRNA and dissociation of the ribosomal subunits.

The regulation of protein synthesis can contribute to changes in gene expression throughout 

cell growth, differentiation and development. The great majority of this control impinges on 

the initiation phase of translation. Furthermore, an alteration in the initiation efficiency can 

modulate both the global rate of protein synthesis and the relative rates of synthesis of 

different proteins.

1.3. Initiation of protein synthesis

The initiation of translation involves the sequential binding of the 40S and the 60S ribosomal 

subunits to the mRNA, culminating in the assembly of an 80S ribosomal initiation complex at 

a start codon. This process is catalysed by a set of initiation factors (elFs), many of which are 

protein complexes (see Table 1.1).

The principal events of the initiation pathway occur in four major steps (fig. 1.1). After a 

termination event the ribosome dissociates into 40S and 60S ribosomal subunits (fig. 1.1; 

stage I). The initiator methionyl-tRNA (met-tRNAj) can then associate with the 40S 

ribosomal subunit producing the 43S preinitiation complex (fig. 1.1; stage II). This complex 

subsequently binds to the mRNA and migrates to the initiation codon forming the 48S 

preinitiation complex (fig. 1.1; stage HI). Finally, the 60S ribosomal subunit interacts with 

the 40S ribosomal subunit generating an 80S initiation complex (fig. 1.1; stage IV). The 

ribosome is now competent to translate the open reading frame (reviewed in Hershey, 1991; 

Pain, 1996).

1.3.1. Dissociation of 80S ribosomes

At physiological Mg2+ concentrations the formation of 80S ribosomes is strongly favoured 

compared to its dissociation into 40S and 60S subunits. However, following termination the 

spontaneous assembly of the 80S ribosome is prevented by two initiation factors, elFlA and 

eIF3, binding to the 40S subunit (Goumans et al., 1980). Both factors have been detected in 

43S preinitiation complexes following sucrose density gradient centrifugation demonstrating 

the stability of these interactions. However, a recent report suggests that elFl A does not play

2



Factor Function Subunit mass (kDa)
elFlA Stimulates transfer of ternary complex 

to the 40S ribosome.
Human

16.5
S. cerevisiae 
17.4 (TIF11)

eIF2 GTP-dependent met-tRNA binding to 
the 40S ribosome.

Human 
a  36 
p 38 
y52

S. cerevisiae 
a  35 (,SUI2)
|3 32 (SUB) 
y58 (GCD11)

eIF2B Exchanges eIF2-bound GDP for GTP Rat 
a  34 
8 58 
e80

S. cerevisiae 
a  34 (GCD3) 
p 43 (GCD7) 
y66  (GCD1) 
8 71 (GCD2) 
£ 81 (GCD6)

eIF3 Stimulates the formation of 40S 
ribosomes. Provides link between 43S 
preinitiation complex and the cap 
binding complex, eIF4F

Human 
pl70 
pi 16
pllO(hNipl)
p66
p47
p44
p40
p36 (TRIP-1) 
P35

S. cerevisiae 
pl35
p90 (PRT1) 
p62 (GCD10) 
p39 (TIF34) 
p33 
p29
p21
pl6 (51/71)

eIF4AI ATP-dependent RNA helicase. 
Stimulates RNA binding.

Mouse
46

S. cerevisiae 
45 (TIF1)

eIF4AII ATP-dependent RNA helicase. 
Stimulates RNA binding.

Human
46

S. cerevisiae 
45 (T1F2)

eIF4B Stimulates helicase activity of eIF4A. Human
69

S. cerevisiae 
48 (TIF3)

eIF4E Cap binding component of eIF4F. Human
25

S. cerevisiae 
24 (CDC33)

eIF4G Provides bridging structure between 
elF4E and 43S preinitiation complex.

Human
154

S. cerevisiae 
107 (TIF4631) 
104 (TIF4632)

eIF5 GTP-dependent formation of the 80S 
initiation complex.

Rat
49

S. cerevisiae 
45 (TIF5)

Table 1.1: Details of the eukaryotic translation initiation factors.
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a role in the dissociation of 80S ribosomal subunits nor does it form a stable complex with 

the ribosome (Chaudhuri et al., 1997).

1.3.2. Formation of the 43S preinitiation complex

The met-tRNAj is recruited to the 40S ribosomal subunit in a ternary complex whose other 

components are eIF2 and GTP. Binding of the ternary complex to the 40S ribosome results in 

the formation of the 43S preinitiation complex (reviewed in Pain, 1986). It has been 

suggested that eIF3 stabilises the interaction of the ternary complex with the 40S ribosome 

subunit (Trachsel et al., 1977; Trachsel and Staehelin, 1979). Electron microscopy studies 

place eIF2 and eIF3 in close proximity on the 40S subunit providing a structural basis for this 

hypothesis (Bommer et al., 1991). In addition, elFlA substantially enhances the transfer of 

the ternary complex to the 40S ribosomal subunit in vitro. Nevertheless, elFlA was not 

found to associate with the ribosome under these conditions suggesting that it performs a 

catalytic function in 43S preinitiation complex formation (Chaudhuri et al., 1997).

1.3.3. mRNA binding to the 43S preinitiation complex

The 43S preinitiation complex (as detailed above) is believed to represent the active species 

of the 40S subunit recruited to the mRNA. Two separate models have been proposed for the 

assembly of the 48S preinitiation complex. For the majority of eukaryotic mRNAs, binding 

of the 40S subunit occurs at the 5’ terminus and subsequently the ribosome migrates in a 5’- 

3’ direction towards the initiation codon (the scanning model). Alternatively, the 40S subunit 

can bind a region downstream of the 5’ end resulting in either direct recognition of the 

initiation codon or scanning (the internal initiation model) (Fig. 1.2).

1. The scanning model - cap-dependent initiation

Eukaryotic mRNAs are posttranscriptionally modified at their 5’ terminus with a 7-methyl- 

guanylic acid residue, known as the cap structure (m7GpppN). Although, uncapped 

transcripts can be translated in vitro and in vivo (Muthukrishnan et al., 1976; Lodish and 

Rose, 1977; Hambridge and Samow, 1991; Gunnery and Matthews, 1995), the presence of a 

5’ cap structure dramatically stimulates protein synthesis in vivo (Drummond et al., 1985; 

Hambridge and Samow, 1991). The initiation factor eIF4E interacts directly with the 5’cap
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A. Cap-dependent mechanism of ribosome binding
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Figure 1.2: Alternative models for ribosome recruitment to the mRNA. (A) The 
conventional scanning model. The 43S preinitiation complex is recruited to the 5’ end of 
the mRNA in a cap-dependent manner by the eIF4F complex. (B) The internal ribosome 
entry model. The ribosome is conducted to the mRNA at a site distal to the 5’ end of the 
transcript by a complex structured element, known as an internal ribosome entry segment 
(IRES).



structure. This phosphoprotein can be isolated as a component of a high molecular weight 

cap-binding complex known as eIF4F. (Sonenberg et al., 1978; Tahara et al., 1981; Grifo et 

al., 1983). In addition to the cap-binding protein, eIF4F contains eIF4A, an RNA helicase, 

and eIF4G (Duncan et al., 1987; Joshi et al., 1994). Although a complete mechanism for 

transfer of the mRNA to the ribosome is lacking, the current model proposes that the cap 

binding complex (eIF4F) directs the ribosome to the 5’ end of the transcript (fig. 1.2a) 

(reviewed in Pain, 1996). Furthermore, the initiation factor eIF3, which is associated with the 

40S ribosomal subunit, is believed to mediate the interaction between eIF4F and the ribosome 

(fig. 1.2a and fig. 1.3b). EIF3 is essential for the binding of mRNA to the 40S ribosomal 

subunit (Benne and Hershey, 1978). Moreover, eIF3 and eIF4F are able to interact in vitro 

and can be purified in a macromolecular complex from cultured cells (Grifo et al., 1983; 

Etchison and Smith, 1990; Lamphear and Panniers, 1991). The foot and mouth disease virus 

(FMDV) L-protease, which cleaves eIF4G into N- and C-terminal domains, has been used to 

analyse the eIF4F-eIF3 complex. Digestion of the complex with this protease has revealed 

that eBF4E binds to the N-terminal domain of eIF4G, whereas eIF4A and eIF3 interact with 

regions in its C-terminal domain (fig. 1.3) (Lamphear et al., 1995). Cleavage of eIF4G in 

vivo by the poliovirus 2A protease releases the N-terminal domain-eIF4E complex into the 

post-ribosomal supernatant, whilst the C-terminal domain remains associated with the 

ribosomal fraction (Etchison and Smith, 1990; Rau et al., 1996). Thus, it has been suggested 

that through its separate interactions with eIF4E and eIF3, the role of eIF4G is to act as a 

bridging component between the cap structure and the 40S ribosomal subunit (Lamphear et 

al., 1995) (Fig. 1.3).

A further consideration during ribosome binding to the mRNA is the effect of RNA 

secondary structure near the m7GpppN cap (fig. 1.2a). A moderately stable hairpin structure 

(-30 kcal/mol) in this position is sufficient to preclude the interaction of the RNA molecule 

with the 43S preinitiation complex (Kozak, 1989). The efficient translation of mRNAs with 

5’ cap-proximal secondary structure is strongly dependent on the m7GpppN cap, indicating 

that eIF4F is able to relieve local secondary structure and consequently promote ribosome 

binding (Morgan and Shatkin, 1980; Sonenberg et al., 1981). This is achieved through 

eIF4A, which in combination with eIF4B exhibits ATP-dependent RNA helicase and ATPase 

activities (Pause and Sonenberg, 1992). Furthermore, the use of dominant negative eIF4A 

mutants indicates that this activity is essential for efficient cap-dependent translation (Pause 

etal., 1994).
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Figure 1.3: The interactions of eIF4G with eIF4E, eIF4A and eIF3. (A) The position of 
the eIF4G domains involved in protein-protein interactions with other initiation factors. 
Adapted from Morley et al., 1997 (B) A model of the cap-dependent interaction of eIF4F 
with eIF3, demonstrating the bridging function of eIF4G. Cleavage of the eIF4G-eIF3 
complex with the L-protease separates the N- and C-terminal domains as shown.



In summary, the components of eIF4F are believed to mediate the recruitment of the 43S 

preinitiation complex to the 5’ end of the mRNA through protein-protein and RNA-protein 

interactions. In addition, eIF4F relieves 5’ cap proximal secondary structure through the 

helicase activity of eIF4A, thus further stimulating mRNA binding to the ribosome.

2. Alternative models for ribosome recruitment

Although it is clear that the ribosome is recruited to the 5’ end of an mRNA through the 

activities of the eIF4F complex, the exact order in which the components interact is unclear. 

Currently, two main models exist for the sequence of events that lead to ribosome binding 

(fig. 1.4). The first model suggests that eIF4E binds to the cap structure and subsequently 

recruits the 43S preinitiation complex, which is already associated with eIF4G, to the mRNA 

(Fig. 1.4a). A study in which radiolabelled eIF4E and eIF4G were found in stoichiometric 

amounts in 48S preinitiation complexes, but eIF4E was present in 43S complexes at 

considerably lower levels than eIF4G provides the main evidence for this hypothesis (Joshi et 

al., 1994). The underrepresentation of eIF4E in 43S complexes is suggested to reflect its 

preferential interaction with mRNA. However, it has since been demonstrated that 75% of 

the eIF4E in reticulocyte lysate is present in an inactive complex with eIF4E-binding 

protein-1 (eIF4E-BPl), whilst only 25% is associated with the ribosomes (Rau et al., 1996). 

Hence, the distribution of the exogenous eIF4E between these compartments may provide an 

alternative explanation for these data.

The other model posits that pre-formed eIF4F, rather than eIF4E, interacts with the m7GpppN 

cap. This mechanism includes the prior assembly of eIF4F at the cap or on the ribosome (fig. 

1.4b). The validity of this model is supported by the following observations: 1) eIF4E and 

eIF4A have enhanced cap-binding and helicase activities, respectively, as components of the 

eIF4F complex (Lee et al., 1985; Rozen et al., 1990), 2) the interaction between the cap 

structure and eIF4E is dramatically stimulated by eIF4G, and 3) eIF4B can be cross-linked to 

the mRNA provided eIF4F is assembled at the cap (Haghighat and Sonenberg, 1997). These 

data strongly favour the interaction of eIF4E with the cap structure as a part of the eIF4F 

complex, accompanied by localised relief of secondary structure and ribosome binding.
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A. eIF4E binds alone to the cap
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Figure 1.4: Alternative models for the mechanism of ribosome recruitment during cap- 
dependent translation initiation. (A) EIF4E alone binds to the 5’ cap and conducts the 
43S complex, which is already associated with eIF4G, to the 5’ end of the mRNA. (B) 
EIF4F is pre-assembled and interacts either with the 5’ cap (upper) or the 43S complex 
(lower). The ribosome is then recruited to the mRNA through the activities of eIF4F.



1.3.4. Ribosome migration and start codon recognition

Interaction of the 43S preinitiation complex with the mRNA is followed by migration of the 

ribosome in a 5* to 3’ direction by a process know as scanning. The presence of stable 

secondary structural elements (>50 kcal/mol) in the 5’ UTR impedes ribosome scanning. 

However, structures with a lower free energy have considerably less effect on translation 

initiation. The implication of these results is that the 40S subunit has an associated helicase 

activity able to relieve downstream secondary structure. Nevertheless, very stable helices are 

refractory to this activity (Kozak, 1986a, 1989). It has been postulated that eIF4A, stimulated 

by eIF4B, may participate in this process (Altmann et al., 1993). However, whether it 

performs this task as a part of the eIF4F complex or separately is currently unknown.

It is a prediction of the scanning model of initiation that the scanning ribosome will encounter 

the most 5’ AUG codon and initiate polypeptide chain elongation from this site (Fig. 1.2). 

Indeed, for the great majority of eukaryotic mRNAs this is the case (Kozak, 1987, 1991a). 

Studies in yeast have demonstrated that base-pairing between the met-tRNAj and the 

initiation codon contributes to start codon recognition (Cigan et al., 1988). In addition, 

mutations in each of the three subunits of eIF2 have been found to influence the fidelity of 

met-tRNAi interactions (Donahue et al., 1988; Cigan et al., 1989; Dorris et al., 1995). 

Nevertheless, it has become clear that sequences surrounding the start codon are also 

involved in specifying the initiation site. An examination of 699 vertebrate mRNAs revealed 

a consensus sequence (GCCGCCA/GCCAUGG) around the authentic initiation codon 

(Kozak, 1987). Furthermore, mutational analysis identified a purine at the -3 position and a 

G at the +4 position as critical determinants of initiation codon usage (Kozak, 1986b). Thus, 

the surrounding sequence context influences the efficiency of start codon recognition. This is 

particularly important for non-AUG initiation codons, such as CUG, ACG and GUG, where 

positions +4, +5 and +6 strongly enhance initiation from these sites (Boeck and Kolakofsky, 

1994; Griinert and Jackson, 1994; Kozak, 1997).

It has been proposed that residues around the AUG are involved in interactions with either the 

18S ribosomal RNA and/or trans-acting factors (McBratney and Samow, 1996; Kozak, 

1986b). Whilst direct evidence for the former model is lacking, the La antigen and a protein 

of 100 kDa were found to bind specifically to the Kozak consensus sequence (McBratney and 

Samow, 1996). Both models suggest that these interactions would effectively slow the

6



progress of the rifrosome in the region of the initiation codon and increase the probability of 

codon-antictfdon recognition. Indeed, positioning a hairpin structure just downstream of a 

start codon in po«or context inhibits ribosomal scanning and enhances the recognition of this 

start site (Kozak, 1991b).

1.3.5. Fortijptfoif of the 80S initiation complex and eIF2 recycling

In order fof the 40S and 60S ribosomal subunits to associate, the initiation factors that 

initially prevent^d the assembly of the 80S ribosome must be released. In vitro studies 

demonstrate that this step requires the hydrolysis of the eIF2 bound GTP in a process 

catalysed by (Hershey, 1991). Although this factor contains motifs present in other 

GTPases, (pa$ e t al., 1993) it requires the presence of 40S subunits to promote GTP 

hydrolysis. SipC£ eIF5 and eIF2 form a stable complex in vitro, this interaction is proposed to 

occur on the 40S ribosome and consequently stimulate eIF5 GTPase activity. The hydrolysis 

of GTP is followed by the release of initiation factors and as a result the association of the 

40S and 60S ribosomal subunits (Chaudhuri et al., 1994).

The formati°n o i  the 80S initiation complex represents the endpoint of translation initiation 

following \Vhicb polypeptide synthesis occurs. However, the hydrolysis of the eIF2 bound 

GTP results in the generation of inactive eIF2-GDP binary complexes. Thus, in order for 

eIF2 to be incorporated into further ternary complexes, the GDP must be exchanged for GTP. 

This process h accomplished by eIF2B, a complex of five polypeptides, which has a guanine 

nucleotide cxehstfige activity (Price and Proud, 1994).

1.3.6. RiboSOtae binding through internal initiation

The recruitment °f ribosomes onto an RNA molecule can also occur through the mechanism 

of internal initiation. Unlike the scanning model of initiation, ribosome binding is 

independent Of & cap structure and occurs at a site downstream of the 5’ end of the transcript 

(Fig. 1.2). This mechanism was first proposed to account for the synthesis of the poliovirus 

and encephalotfiyocarditis virus (EMCV) polyproteins (Domer et al., 1984; Pelletier and 

Sonenberg, 1988a; Jang et al., 1989). Both poliovirus and EMCV have been classified as 

picomaviniscs **nd internal initiation has been demonstrated on the 5’ leader sequences of all
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the members of this family. Consequently, the picomaviruses have come to represent the 

paradigm for this mechanism (Jackson et al., 1994; Jackson and Kaminski, 1995).

1. Internal initiation on picornavirus RNAs

Several features within the picornavirus RNA genome suggested that translation initiation by 

the conventional scanning mechanism would be extremely inefficient. The physical 5’ end of 

the virion RNA is a covalently-linked virally-encoded protein (VPg). This protein is removed 

after infection and consequently translation occurs on an uncapped RNA molecule. 

Furthermore, the genomes have long 5’ UTRs (610 to more than 1400 nt) that are predicted to 

contain a complex pattern of stable structural motifs. In addition, multiple AUG codons are 

present within the 5’ leader sequences. These upstream AUGs are often poorly conserved 

between related virus species, within a virus species and even between isolates of the same 

serotype. Although some of these ‘cryptic’ AUG codons are located in a favourable sequence 

context, they do not appear to represent translation start sites (Jackson et al., 1994; Jackson 

and Kaminski, 1995). Thus, the presence of both stable structural motifs and upstream AUG 

codons in the 5’ leader sequence represents a considerable barrier to a scanning ribosome.

Dicistronic RNAs were employed to gain direct evidence of internal initiation (Domer et al., 

1984; Pelletier and Sonenberg, 1988a; Jang et al., 1989). Since the majority of ribosomes 

dissociate after translating the upstream cistron, the downstream cistron of such RNAs is 

translated inefficiently (fig. 1.5a). However, insertion of a picornavirus 5’ UTR between the 

two cistrons results in efficient translation of the downstream open reading frame by internal 

initiation (fig. 1.5b). Indeed, enhanced expression of the downstream cistron occurs even 

when translation of the upstream cistron is strongly inhibited by the proteolytic cleavage of 

eIF4G (fig. 1.5c) (Pelletier and Sonenberg, 1988a).

Deletion analysis performed on picornavirus 5’ UTRs has defined the minimum sequence 

required for internal initiation. These internal ribosome entry segments, as they have become 

known, are approximately 450 nt long and do not contain an obvious consensus sequence. 

However, they have been classified into three groups, the cardio- and aphthoviruses, the 

entero- and rhinoviruses, and hepatitis A virus, based on primary sequence conservation and 

more importantly secondary structure conservation (Jackson et al., 1990; Jackson et al.,
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Figure 1.5: Dicistronic mRNAs are employed to demonstrate internal initiation. (A) On 
the control dicistronic mRNA, the upstream cistron is translated efficiently by a cap- 
dependent mechanism whereas few ribosomes initiate translation at the downstream 
cistron. (B) Insertion of an IRES between the two cistrons results in efficient synthesis 
of upstream and downstream gene products by cap-dependent and internal initiation 
mechanisms, respectively. (C) Poliovirus infection inhibits cap-dependent translation 
initiation at the upstream cistron. However, the downstream cistron is translated 
efficiently by the cap-independent mechanism of internal initiation.

Translation



1994). The only conserved feature between these groups is a pyrimidine-rich tract 

approximately 25 nt upstream of the initiation codon (Jackson et al., 1994).

2. The location of the ribosome entry site

Although the ribosome most likely interacts with the mRNA at multiple points within the 

viral 5* leader, the most 5’ proximal position at which start codon recognition can occur has 

been defined as the ribosome entry site. It can be experimentally determined by displacing 

the start codon in a 3’-5’ direction until it no longer acts as a translation start site. In 

picomaviruses this site has been localised to the 3’ end of the IRES (Jackson and Kaminski,

1994). However, the position of ribosome entry relative to the authentic start site differs 

between the three major classes of picomaviruses.

In cardioviruses and hepatitis A vims, ribosome entry occurs at or very close to the authentic 

initiation codon some 20-25 nt downstream of the IRES (fig. 1.6). This position was 

suggested by the existence of strains with a seldom-used AUG located just upstream of the 

start codon. Furthermore, if the distance between the 3’ boundary of the IRES and this 

cryptic AUG is increased the ribosome is able to initiate polypeptide synthesis from this site. 

This observation implies that the ribosome entry site is located a fixed distance from the 

IRES (Kaminski et al., 1994). The ribosome entry site of Theiler murine encephalomyelitis 

vims (TMEV) has been mapped to a sequence that lies approximately 17 nt from the 3’ end 

of the IRES and includes the authentic initiation codon. Ribosome entry was not affected by 

the primary sequence of this starting window but was dependent on the presence of some 

unpaired bases in this region (Pilipenko et al., 1994).

In contrast to cardioviruses and hepatitis A vims, the 3’ end of the IRES in rhino- and 

enterovimses is located some distance upstream of the initiation codon, approximately 40 or 

160 nts, respectively (Pelletier et al., 1988b; Pilipenko et al., 1992; Borman and Jackson,

1993). Ribosome entry occurs at or near to a conserved cryptic AUG located at the 3’ end of 

the IRES (20-25 nts downstream of the polypyrimidine tract) (fig. 1.6). Indeed, the 

translational efficiency of poliovims mutants lacking this AUG is severely compromised, 

suggesting a critical role for this element in internal initiation (Pelletier et al., 1988b; 

Meerovitch et al., 1991; Pestova et al., 1994). Following its entry onto the RNA, the 

ribosome must be transferred downstream to the initiation codon. This is most likely

9



achieved through ribosome scanning since the intervening sequence is hypervariable and 

never includes an AUG codon. Indeed, insertion of an AUG codon or sequence predicted to 

form a stable hairpin in this region reduces infectivity or initiation at the authentic start 

(Pelletier and Sonenberg, 1988b; Kuge et al., 1989). Ribosome scanning may also be 

involved in aphthovirus translation since some ribosomes begin translating from an AUG at 

the 3’ end of the IRES (similar to cardioviruses and hepatitis A virus) and others initiate from 

the next downstream AUG (Jackson and Kaminski, 1995).

3. Structure-function relationships of the Picornavirus IRESes

Picornavirus IRESes have a complex secondary and presumably tertiary stmcture (Jackson et 

al., 1994). The determination of a common secondary structure for the entero/rhinovirus and 

cardio/aphthovirus families has been facilitated by two factors: 1) The large number of vims 

species within each family, and 2) the high degree of genetic drift between different strains of 

the same species and different isolates of the same serotype. Thus, phylogenetic comparisons 

have provided evidence for secondary stmcture motifs that in many cases have been 

confirmed using biochemical probing (Jackson et al., 1994). Viral function is often impaired 

by introducing mutations within the IRES that destabilise structural motifs. However, 

phenotypic revertants can be isolated that have compensatory mutations at a distant site which 

serve to restore the original stmcture. These observations underline the importance of IRES 

stmcture to the process of internal initiation (Haller and Semler, 1992).

A comparison of the conserved primary sequences in the entero/rhinovims family has 

revealed that the majority of these are located in unpaired loops and bulges. Often mutation 

of one of these conserved residues results in a dramatic attenuation of internal initiation 

(Jackson et al., 1995). It has been suggested that these primary sequences represent sites that 

interact with the protein and RNA components of the 43S preinitiation complex and other 

initiation factors. Thus, the ribosome is conducted to the RNA by a three dimensional 

arrangement of binding sites (fig. 1.6). Alternatively, another model postulates that trans

acting factors bind to some of these regions and promote ribosome binding (Fig. 1.6) 

(Jackson etal.t 1995).
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Figure 1.6: A general model for internal initiation of translation on picornavirus 
IRESes. The complex tertiary structure of the IRES presents a number of sequence 
elements in an orientation that allows their interaction with the 43S complex. In 
addition, some primary sequence motifs may be binding sites for specific RNA-binding 
proteins. These proteins either stabilise structural motifs (protein B) or are involved in 
interactions with the 43S complex (protein A). Through these interactions, the 43S 
complex is directed to the ribosome entry site which lies some 25 nt downstream of a 
conserved oligopyrimidine tract. In cardioviruses, the authentic initiation codon at the 3’ 
end of the IRES is probably the ribosome entry site. In comparison, in 
entero/rhinoviruses a similar site may represent the point of ribosome entry, but it does 
not serve as an initiation codon; ribosomes migrate to a downstream AUG, most likely 
by a scanning mechanism. Finally, the aphthoviruses initiate at both the ribosome entry 
site and a downstream start site. Adapted from Jackson and Kaminiski (1995).



4. A role for canonical initiation factors in internal initiation

Early studies into effects of canonical initiation factors on internal initiation suggested that 

many of these factors stimulated IRES-mediated translation, including eIF2/2B, eIF4F, 

eIF4A, eIF4B, eIF3 and surprisingly eIF4E (Anthony and Merrick, 1991; Scheper et al., 1992; 

Svitkin et al., 1994). Furthermore, eIF2/2B and eDF4B were found to bind specifically to 

picornavirus IRESes (Rosen et al., 1982; Meyer et al., 1995). More significantly, dominant 

negative eIF4A mutants inhibit both cap-dependent and internal initiation mechanisms. This 

effect is relieved by the addition of either eIF4A or eIF4F demonstrating a role for both 

factors in picornavirus internal ribosome entry (Pause et al., 1994).

Infection with some picomaviruses, for example FMDV and human rhinovirus (HRV), 

completely abolishes cap-dependent protein synthesis. This is achieved in part by the 

proteolytic cleavage of eIF4G into N- and C-terminal domains (Etchison and Smith, 1990; 

Etchison et al., 1982; Lamphear et al., 1995). However, several observations have suggested 

that the C-terminal domain of eIF4G performs a role in internal initiation. The translational 

efficiency of mRNAs bearing rhino- and enterovirus IRESes is enhanced by eIF4G 

proteolysis. Moreover, this effect can also be achieved in vitro by supplementing reticulocyte 

lysate with the eIF4G C-terminal cleavage product (Hambridge and Samow, 1992; Ohlmann 

et al., 1995; Ziegler et al., 1995a, 1995b; Borman et al., 1997). Following cleavage, the C- 

terminal domain of eIF4G remains associated with the ribosomes, whereas a complex of the 

N-terminal domain and eIF4E dissociates from the translational apparatus (Ohlmann et al.,

1995). Finally, in reticulocyte lysate IRES-mediated translation is no longer supported if the 

C-terminal domain is destroyed by extended digestion with the FMDV Lb protease (Borman 

et al., 1997). Thus, internal initiation appears to require an intact eIF4G C-terminal domain, 

whereas the N-terminal domain and eDF4E are not required. Since the C-terminal domain 

interacts with eIF3 and eIF4A, these data are also consistent with a function for eIF3 and 

eIF4A in internal initiation (Lamphear et al., 1995; Ohlmann et al., 1995).

The assembly of 48S preinitiation complexes onto the EMCV IRES in vitro, using purified 

canonical initiation factors, has provided direct evidence for their role in internal initiation. 

In addition to 40S subunits, met-tRNA, and EMCV RNA, this process required eIF2, eIF3, 

and eIF4F and was stimulated by eIF4B (Pestova et al., 1996a). Furthermore, a stable 

interaction between an IRES secondary stmcture motif (the J-K domain) and eIF4F was
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demonstrated. Thus, the proposed model for EMCV internal initiation involves direct 

binding of eIF4F to the IRES, followed by recruitment of the 43S preinitiation complex to the 

RNA (Pestova et al., 1996a; Pestova et al., 1996b). The interaction between eIF4F and the J- 

K domain is mediated by the central domain of eIF4G, which also contains the binding sites 

for eIF3 and eIF4A. Indeed, this domain in conjunction with eIF4A and eIF3 was sufficient 

to recruit the 43S preinitiation complex to the IRES (Pestova et al., 1996b). However, unlike 

the intact C-terminal domain, the expression of this domain in vivo does not enhance EMCV- 

driven translation. This could be due to the presence of a second binding for eIF4A site on 

eIF4G that is required for internal ribosome entry in vivo (Imataka and Sonenberg, 1997).

Thus, the evidence suggests that the same canonical factors used in cap-dependent translation 

are also required for internal initiation, with the exception of eIF4E. However, since intact 

eIF4G is necessary for the activity of the IRES from hepatitis A virus, it remains possible that 

in some cases the N-terminus and eIF4E both play a part in internal initiation (Borman and 

Kean, 1997).

5. The hepatitis C virus and classic swine fever virus IRESes

IRESes are also found within the genomes of the non-picomaviral hepatitis C virus (HCV) 

and the pestiviruses, such as classic swine fever virus (CSFV) (Tsukiyama-Kohara et al., 

1992; Poole et al., 1995). Ribosome entry occurs at or immediately upstream of the authentic 

initiation codon and does not appear to involve scanning. In common with picomaviruses, 

these IRESes contain multiple upstream AUG codons and have a highly ordered secondary 

stmcture. However, they differ from those of the picomaviruses in the following respects: 1) 

they are approximately 100 nt shorter, 2) they include up to 30 nt of the coding region and, 3) 

they have distinct secondary stmcture motifs, such as a pseudoknot upstream of the initiation 

codon, that are functionally important (see Wang and Siddiqui, 1995).

Studies have suggested that the mechanism of ribosome entry for the HCV-like IRESes 

differs markedly from that of the picomavimses. The 43S preinitiation complex is able to 

bind to the HCV and CSFV IRESes at the initiation site but does not require the activity of 

eIF4F, eIF4A, eIF4B or eIF3. Furthermore, internal initiation directed by HCV and CSFV 

IRESes was refractory to dominant negative eIF4A mutants, unlike picomavims translation 

initiation (Pestova et al., 1998).
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The recruitment of the 43S preinitiation complex to the start site is mediated by direct 

interactions between the 40S subunit and the IRES. Indeed, these two components form a 

stable binary complex in the absence of any initiation factors. The S9 ribosomal protein was 

found to interact with both HCV and CSFV IRESes. Nevertheless, this interaction was also 

observed using a truncated IRES that was unable to form a binary complex with 40S 

ribosome. Therefore, although the S9 protein may have a role in ribosome transfer it does not 

provide the principle interaction between IRES and ribosome. Since, this was the only 

ribosomal protein found to cross-link to the IRESes, it has been suggested that the interaction 

between the IRES and the ribosome could involve the 18S rRNA (Pestova et al., 1998).

Two models for HCV-like internal initiation have been proposed based on these observations. 

Either the 43S preinitiation complex binds directly to the IRES at the initiation site, or the 

40S subunit and the ternary complex bind consecutively. Subsequently, the met-tRNA, 

interacts with the start codon forming the 48S preinitiation complex. These events do not 

require eIF4F, eIF4A, eIF4B or eIF3, however eIF3 may have a role in stabilising the 48S 

preinitiation complex. Furthermore, eBF3 is essential for the formation of the 80S initiation 

complex (Pestova et al., 1998, Sizova et al., 1998).

In conclusion, whilst the EMCV IRES functions by interacting with eIF4F, the HCV and 

CSFV IRESes are independent of this factor and appear to bind directly to the 40S ribosomal 

subunit.

6. A requirement for non-canonical frans-acting factors

The cardio- and aphthovirus IRESes function efficiently in reticulocyte lysate, whereas those 

of the hepatitis A virus and the entero/rhinoviruses are inefficient in this system. However, 

supplementation of reticulocyte lysate with cytoplasmic extracts from cultured cells or mouse 

liver stimulates internal initiation from entero/rhinovirus and hepatitis A IRESes, respectively 

(see Jackson and Kaminiski, 1995; Belsham and Sonenberg, 1996). Furthermore, the 

cardio/aphthovirus IRESes direct internal initiation efficiently in many cell lines, but the 

activity of entero/rhinoviruses IRESes varies considerably between cell lines (Borman et al., 

1997). Therefore, it appears that in addition to initiation factors, the activity of picornavirus 

IRESes depends on the presence of non-canonical trans-acting factors.
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Two different approaches have been employed to characterise potential trans-acting factors. 

Gel retardation and UV crosslinking assays have identified specific RNA-protein complexes 

formed between cellular proteins and IRESes. Whilst using a more functional approach, 

fractions isolated from HeLa cytoplasmic extracts have been tested for their ability to 

stimulate internal initiation in rabbit reticulocyte lysate or Xenopus oocytes.

6a. The La autoantigen

A 52 kDa protein was found to bind to a region of the poliovirus IRES by a combination of 

mobility shift assays and UV crosslinking. This factor was subsequently purified and 

identified as the La autoantigen (Meerovitch et al., 1989; Meerovitch et al., 1993). The La 

autoantigen is an RNA binding protein believed to be involved in the maturation of RNA 

polymerase HI transcripts. In addition, it is predominantly located in the nucleus, whilst 

picornavirus translation and replication occur exclusively in the cytoplasm. Nevertheless, 

following poliovirus infection its subcellular localisation alters, such that a significant 

fraction is present in the cytoplasm (Meerovitch et al., 1993).

The addition of purified recombinant La protein to reticulocyte lysate both reduced aberrant 

initiation and enhanced internal initiation directed by the poliovirus IRES. These effects are 

also achieved using HeLa cell extract, however the amount of purified La added was 

approximately 10-fold higher than that present in HeLa extract (Meerovitch et al., 1993; 

Belsham and Sonenberg, 1996). In addition, immunodepletion of La from HeLa cell lysate 

inhibited poliovirus translation. However, addition of purified, recombinant La could not 

relieve this effect (Svitkin et al., 1994). Two arguments have been proposed to explain these 

discrepancies. The first posits that the recombinant La is in some way less active than 

endogenous La (Meerovitch et al., 1993; Svitkin et al., 1994; Belsham and Sonenberg, 1996). 

An alternative proposition suggests that the addition of La to reticulocyte corrects aberrant 

initiation events and consequently authentic initiation events are stimulated by default 

(Jackson et al., 1995).

Thus, the role of La as a trans-acting factor for internal initiation is currently unclear. 

However, since La possesses an RNA helicase activity it has been postulated that it could 

function by influencing IRES secondary structure (Belsham and Sonenberg, 1996).
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6b. Polypyrimidine tract binding protein

A protein doublet of 56-60 kDa can be cross-linked to all picornavirus IRESes and was 

identified as the polypyrimidine tract binding protein (PTB) (Borman et al., 1993; Hellen et 

al., 1993). PTB is predominantly a nuclear protein, but is more abundant in HeLa 

cytoplasmic extract than in reticulocyte lysate. Indeed, the addition of PTB to reticulocyte 

lysate stimulates internal initiation directed by the human rhinovirus IRES (Borman et al.,

1993).

Evidence of a direct role for PTB in picornavirus internal initiation has been provided by 

several observations. A stem loop was identified as a high affinity PTB binding site in the 

EMCV IRES. Mutations that destabilise this motif reduced both PTB binding and translation 

initiation. Moreover, when compensatory mutations were introduced to restore the RNA 

helix, both PTB binding and translation were rescued (Jang and Wimmer, 1990). In addition, 

a transcript containing this motif selectively inhibits EMCV IRES-driven translation 

(Kaminski et al., 1995). Finally, a reticulocyte lysate depleted of PTB is unable to support 

internal initiation directed by the EMCV IRES, whilst cap-dependant translation is 

unaffected. However, this activity can be restored by the addition of purified, recombinant 

PTB at a physiologically relevant concentration (Kaminski et al., 1995). Interestingly, despite 

the ability of PTB to interact with the TMEV IRES, the reticulocyte lysate depleted of PTB 

had no effect on its activity. Thus, it has been suggested that PTB could perform the role of 

an RNA chaperone by promoting the formation of active IRES structures in EMCV, whereas 

TMEV adopts the correct stmcture spontaneously (Kaminski et al., 1995).

6c. Poly(rC) binding protein 2

A combination of RNA affinity chromatography and Northwestern blotting showed that three 

major polypeptides in the 39-42 kDa range specifically interact with stem-loop IV of the 

poliovirus IRES. The 39 kDa protein was identified as poly(rC) binding protein 2 (PCBP2), a 

nuclear protein believed to be involved in RNA metabolism (Blyn et al., 1996; Leffers et al.,

1995). Furthermore, all three proteins are recognised by a PCBP2 specific antiserum 

indicating that they are post-translationally modified variants of PCBP2 (Blyn et al., 1997).
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The importance of the interaction between PCBP2 and stem-loop IV was implied by a small 

mutation in this region that abolished vims growth and formation of this RNA-protein 

complex. Furthermore, depletion of PCBP2 from a HeLa cell extract resulted in inefficient 

poliovirus RNA translation. This activity was restored by the addition of recombinant 

PCBP2, but not PCBP1, to a physiologically relevant concentration (Blyn et al., 1997). 

However, the role of PCBP2 in poliovirus internal initiation is not yet known.

6d. Functional approaches to identifying trans-acting factors

Two similar functional approaches have been adopted in the search for trans-acting factors 

involved in internal initiation, both of which rely on the stimulation of IRES activity in 

systems that normally translate entero/rhinovirus RNAs inefficiently.

The translation of poliovirus RNA in micro-injected Xenopus oocytes can be stimulated 

dramatically by either the co-injection of HeLa cytoplasmic extract or prior injection with 

total HeLa RNA. This effect is specific to the poliovirus IRES since neither cap-dependent 

translation nor mengovims RNA translation is affected in this manner. Fractionation of HeLa 

cell extracts showed that this activity, termed poliovirus translation factor (PTF), is 300 kDa. 

Furthermore, PTF is localised almost exclusively in the cytoplasm and is distributed equally 

between the ribosomal fraction and the post-ribosomal supernatant (Gamamik and Andino,

1996). However, the identity of PTF is currently unknown.

The activity of the HRV and the poliovirus IRESes in rabbit reticulocyte lysate can be greatly 

enhanced by the addition of HeLa cytoplasmic extract. Fractionation of this activity 

demonstrated that it co-purified with a 97 kDa protein and a quantity of PTB (Borman et al.,

1993). Further purification of the 97 kDa protein drastically reduced the translation 

stimulatory activity and it was shown that p97 and PTB acted synergistically to stimulate 

HRV IRES activity. When purified from a ribosomal salt wash, the activity exists in a 

complex of greater than 400 kDa. It was suggested that this activity might represent a multi

subunit complex composed of p97, PTB and potentially other factors. Indeed, further 

characterisation of the HRV translation stimulatory activity has revealed that it also co- 

purifies with a 38 kDa protein (Jackson, 1996). However, the biochemical properties of p97 

and p38 are not known at present.
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In conclusion, although the existence of trans-acting factors that stimulate internal initiation 

has been demonstrated, little is know about how they perform this function. The model 

illustrated in figure 1.6 suggests that two of these roles could be either to act as RNA 

chaperones or to participate directly in the recruitment of the 43 S preinitiation complex to the 

RNA.

1.4. The effect of the 5’ UTR on the translation of cellular mRNAs

An analysis of polysomes isolated from eukaryotic cells reveals that the ribosomes are spaced 

along the mRNA at intervals of 80-100 nt. However, it has been demonstrated that ribosomes 

can be distributed every 30 nt when they stack up behind a pause site (Wolin and Walter,

1988). Therefore, under most physiological conditions, it is widely accepted that the rate- 

limiting step of protein synthesis is the initiation phase (Jagus et al., 1981). Furthermore, 

kinetic studies indicate that the 43S preinitiation complex and eIF4F both contribute to the 

overall rate of protein synthesis (Lodish, 1974; Godeffoy-Colbum and Thatch, 1981; Ray et 

al., 1983; Sarkar et al., 1984). However, joining of the 40S and 60S ribosomal subunits, to 

form the 80S initiation complex, has also been identified as near-limiting. Thus, it appears 

that a number of steps influence the rate of initiation, such that an increase in a single 

component is less likely to have a dramatic effect on protein synthesis (Hershey, 1991).

It is a corollary of the mechanisms of cap-dependent initiation and internal initiation that 

features within the 5’ UTR will effect ribosome binding and initiation codon recognition. In 

doing so, they will modulate the translational efficiency of the mRNA.

1.4.1 Elements within the 5’ UTR associated with inefficient translation

The 5’ UTRs of some mRNAs, including many that encode for proteins involved in cell 

proliferation, are highly structured and/or contain small upstream open reading frames 

(uORFs). These elements are believed to be critical determinants of 80S initiation complex 

formation, and may play a crucial role in the regulation of cell growth (Kozak, 1991).
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1. Secondary structure

Synthetic hairpin structures introduced into the 5’ UTR of an RNA were shown to inhibit its 

translation in a manner dependent on the position and stability of the structure (Pelletier and 

Sonenberg, 1985a; Kozak, 1986; Kozak, 1989). Detailed in vitro analysis revealed that a 

modest amount of secondary structure (30 kcal/mol) near the m7GpppN cap (12 nt) prevented 

its interaction with the 40S ribosomal subunit and consequently drastically impaired the 

translation of the RNA (Kozak, 1989). Moreover, a reduction in UV crosslinking of eIF4F 

components to the cap structure has been correlated with increased secondary structure near 

the 5’ end of the RNA (Pelletier and Sonenberg, 1985b; Lawson et al., 1988). These 

observations suggest that cap proximal structural elements interfere with eIF4F binding and 

consequently cap-dependent translation initiation.

In comparison, a structural element of at least 50 kcal/mol is required to inhibit translation if 

positioned further from the 5’ cap. In this case, ribosome binding is unaffected, but the 

migration of the 43S preinitiation complex is impeded (Kozak et al., 1989). Thus, secondary 

structure within the 5’ UTR may inhibit translation by two mechanisms: 1) interfering with 

ribosome binding, and 2) obstructing the scanning ribosome.

The results of these studies are equally applicable to natural mRNAs. Indeed, extensive 

secondary structure within the 5’ UTRs of many endogenous mRNAs elicits a reduction in 

their translational efficiency (Rao et al., 1988; Grens and Scheffler, 1990; Hoover et al., 

1997). Furthermore, both mechanisms of translational repression appear to operate. For 

example, the major inhibitory element in the 5’ UTR of platelet-derived growth factor 2 

(PDGF 2) is a GC-rich region of 140 nt located immediately upstream of the start codon (Rao 

et al., 1988). In contrast, secondary structure close to the m7GpppN cap inhibits the 

translation of the ornithine decarboxylase (ODC) mRNA (Grens and Scheffler, 1990). These 

structured 5’ UTRs impart translational inefficiency upon many mRNAs involved in the 

regulation of cell growth and may play a crucial role in maintaining regulated cell 

proliferation.
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2. Secondary structure and the competition model

An overall increase in protein synthesis occurs after the stimulation of quiescent cells with 

hormones, growth factors or mitogens. In addition, the biosynthesis of many proteins is 

elevated over and above the general augmentation of translation (Standaert and Pollet, 1988). 

These effects correlate with enhanced eIF4F activity achieved through the phosphorylation or 

increased availability of eIF4F components.

Increased phosphorylation of both eIF4E and eIF4G is observed following growth stimulation 

(for reviews see Pain et al., 1996; Morley et al., 1997). In both cases this is suggested to 

enhance eIF4F complex formation (Morley et al., 1991; Morley and Pain, 1995; Lamphear 

and Panniers, 1990; Rau et al., 1996) and in the case of eIF4E may increase m7GpppN cap 

recognition (Minich et al., 1994). Furthermore, phosphorylation also contributes to the 

amount of eIF4E available for eIF4F assembly. EIF4E is also present in a low molecular 

weight complex in vivo associated with eIF4E-BPl (Rau et al., 1996). This interaction 

prevents eIF4E from binding to eIF4G and participating in eIF4F complexes (Lin et al., 

1994). However, after insulin stimulation eIF4E-BPl is phosphorylated resulting in the 

release of eIF4E (Lin et al., 1994). Finally, increases in eDF4E mRNA and protein levels have 

been observed following mitogenic stimulation which further contribute to the elevation of 

eIF4F complex activity.

Several reports have suggested that the eIF4F complex is the limiting component of 

translation initiation (Hiremath et al., 1985; Duncan et al., 1987; Rau et al., 1996). Under 

these conditions, it has been proposed that competition exist between mRNAs. Those 

mRNAs with secondary structure in their 5’ UTR will compete poorly for eIF4F and 

consequently are translated inefficiently. However, an increase in eIF4F activity would 

overcome this selection and accordingly have a greater effect on the translation of structured 

mRNAs. Indeed, the competition between mRNAs in rabbit reticulocyte lysate can be 

relieved by the addition of eIF4F (Ray et al., 1983; Sarkar et al., 1984). The competition 

model has been invoked to explain the preferential translation of certain mRNAs following 

growth stimulation. It is proposed that the increased eIF4F activity may relieve the 

translational repression of a group of mRNAs with highly structured 5’ UTRs.
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Ornithine decarboxylase has been suggested as one such mRNA subject to translational de- 

repression. The 5* UTR conferred an insulin-dependent preferential increase in translation on 

a heterologous reporter RNA. Furthermore, this effect correlated with the predicted 

secondary structure in the 5’ UTR and was preceded by increased phosphorylation of eIF4E 

and eIF4B (Manzella et al., 1991). It was proposed that eIF4E activity is responsible for the 

translational derepression of ODC mRNA since enhanced translation initiation of endogenous 

ODC mRNA has been observed in cell lines overexpressing eIF4E (Shantz and Pegg, 1994; 

Rousseau et al., 1996). The constitutive expression of eIF4E is postulated to increase eBF4F 

activity and in two studies eEF4E was shown to be the limiting component of eIF4F 

(Hiremath et al., 1985; Duncan et al., 1987). Furthermore, overexpression of eIF4E in cell 

lines can overcome extensive secondary structure in synthetic 5’ UTRs (Koromilas et al., 

1992). However, there is some doubt about the validity of this model since overexpression of 

eIF4E did not increase the translational efficiency of a heterologous mRNA bearing the ODC 

5’ UTR (Shantz et al., 1996). In addition, a recent study of the cellular concentration of 

eIF4E demonstrates that it may not be the limiting component of translation initiation (Rau et 

al., 1996). Given the central position that eIF4F occupies during cap-dependent translation 

initiation its activity is likely to influence the synthesis of ODC. However, a number of 

modifications to this complex may be necessary to achieve translational de-repression rather 

than an increase in the activity of one component.

Other mRNAs, including pirn-1 and c-myc, have been proposed as targets for translational 

regulation through the relief of structural inhibition (De Benedetti 1994; Hoover et al.t 1997). 

However, the use of eIF4E overexpressing cell lines in these studies does not rule out the 

involvement of alternative mechanisms. This is clearly illustrated by the increased 

nucleocytoplasmic transport of the cyclin Di mRNA that occurs as a consequence of the 

deregulated expression of eDF4E (Rousseau et al., 1996).

3. Upstream AUG codons and reinitiation

The 5’ UTRs of some mRNAs have one or more AUGs upstream of the authentic initiation 

codon (Kozak, 1991). An AUG in strong sequence context will be recognised by the 

scanning 40S ribosomal subunit and initiation at the downstream start site will be severely 

inhibited. It is often the case that an in-frame stop codon closely follows such an AUG 

resulting in a uORF. Following termination, the 40S ribosomal subunits remain associated
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with the mRNA and continue scanning. The efficiency of reinitiation at the downstream start 

site is directly correlated with the distance between it and the uORF. Indeed, translational 

inhibition mediated by a uORF can be completely abrogated by increasing the intercistronic 

distance (Kozak, 1987). Obviously, in order to initiate at the downstream start site the 40S 

subunits must acquire another ternary complex. The effect of the intercistronic length on 

downstream cistron synthesis is believed to reflect the increased likelihood of the ternary 

complex interacting with the 40S subunit over time (Grant et al., 1994). Other factors 

influencing reinitiation include: 1) the sequence around the termination codon, 2) the peptide 

sequence of the uORF, and 3) the length of the uORF (for review see Geballe and Morris,

1994).

Translational regulation can be mediated by the presence of uORFs in the 5’ UTR. A well- 

documented example is the activation of GCN4 under conditions of amino acid starvation in

S. cerevisiae. GCN4 is a transcription factor that stimulates the expression of enzymes 

involved in de novo synthesis of amino acids. The presence of four uORFs in the 5’ UTR 

ensure that it is not expressed in cells fed with amino acids. Following translation of the most 

5’ uORF, approximately 50% of 40S subunits acquire a new ternary complex before the third 

or fourth uORF. A consequence of the translation of uORF 3 and 4 is that few 43S ribosomal 

complexes reach the GCN4 initiation codon. However, during amino acid starvation the 

GCN2 kinase phosphorylates eIF2a and blocks the guanine nucleotide exchange activity of 

eIF2B. Consequently, the accumulation of eIF2/GDP makes it less likely that 40S ribosomes 

will interact with a new ternary complex before it reaches uORF3 or 4. Accordingly, some 

40S subunits acquire a new ternary complex downstream of the inhibitory uORFs and hence 

the GCN4 ORF is translated (see Hinnebusch, 1996).

4. Interactions between structural elements and specific binding proteins

A class of mRNAs has been identified whose translation is regulated through structural 

motifs in the 5’ UTR that interact with specific repressor RNA binding proteins. 

Furthermore, the formation of these inhibitory RNA-protein complexes can be modulated by 

intra/extracellular signals. The translation of ferritin mRNA, an intracellular iron storage 

protein, is controlled by iron concentrations in this manner (see Gray and Hentze, 1994). 

Regulation is achieved through the iron response element (IRE), a conserved stem-loop 

structure in the 5’ UTR. The IRE has a free energy of approximately -5 kcal/mol, and hence
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it is not sufficiently stable to affect ferritin translation. However, when intracellular iron 

concentrations are low, the IRE is recognised by specific RNA binding proteins, the iron 

regulatory proteins (IRPs). The assembly of the IRP-IRE complex inhibits ferritin translation 

by interfering with the formation of the 48S initiation complex. Translational inhibition 

mediated by IRPs is dependent on the position of the IRE and only occurs if the RNA element 

is within 60 nt of the cap structure. These observations suggest that the cap-dependent 

recruitment of the 43S preinitiation complex to the mRNA is sterically hindered by the IRP- 

IRE complex. Furthermore, this effect can be mimicked using heterologous mRNA binding 

proteins such as the MS2 coat protein and the U1A protein. These proteins inhibit the 

translation of an RNA in vitro and in vivo when their respective binding sites are located in a 

similar cap-proximal position (Stripecke and Hentze, 1992; Stripecke et al., 1994).

Other examples of translational regulation through this mechanism are beginning to emerge. 

The 5’ UTR of 5-aminolevulinate synthase, which is also involved in iron metabolism, 

contains an IRE that confers the same iron-dependent translational regulation on the mRNA 

(Melefors et al., 1993). Furthermore, the auto-regulated translation of thymidylate synthase 

may be a result of the interaction between the protein and two elements within the mRNA, 

one in the 5’ UTR and the other in the coding region (Chu et al., 1993). In addition, poly[A]- 

binding protein (PABP) has been shown to repress its own translation through an oligo[A] 

element in the 5’ UTR (DeMelo Neto et al., 1995). This sequence is postulated to have a 

lower affinity for PABP than the poly[A] tails of cellular mRNAs and consequently 

translational inhibition only occurs when PABP levels are not limiting.

5. Oligopyrimidine tracts

Oligopyrimidine tracts (5-14 nt) are found at the extreme 5’ end of mRNAs encoding the 

ribosomal proteins and other polypeptides involved in translation and growth regulation 

(Meyuhas et al., 1996). These elements ensure the co-ordinate translation of the mRNAs and 

are predicted to form a hairpin structure (Meyuhas et al., 1996). Transcripts bearing an 

oligopyrimidine tract undergo a selective shift to full-size polysomes during growth 

stimulation and a high proportion are present in inactive complexes even in growing cells. 

The recruitment of these mRNAs to the polysomes during growth stimulation is blocked by 

inhibition of the FRAP/TOR signalling pathway with the drug rapamycin (Jefferies et al.,

1994). This pathway appears to be exclusively involved in signalling to components of the
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translational apparatus. Thus, it has been suggested that the regulation of mRNAs bearing 

these elements could involve a change in the phosphorylation of a specific binding protein 

mediated through the FRAP/TOR signalling pathway (Meyuhas et al., 1996).

1.4.2 Elements within the 5’ UTR conferring efficient translation

Some transcripts are translated significantly more efficiently than the majority of cellular 

mRNAs under conditions where the activity of eIF4F is compromised. Features located 

within the 5’ leader sequences of these RNAs have been shown to be critical determinants of 

their enhanced translational efficiency. Examples include many viral mRNAs such as those 

encoding the alfalfa mosaic virus coat protein 4 (AMV 4), the late adenovirus mRNAs and 

the heat shock protein mRNAs.

1. Viral 5’ leaders

The AMV 4 mRNA is capped and has a short 5’ UTR, which is predicted to be unstructured. 

It is translated more efficiently in poliovirus-infected HeLa cell extracts than other capped 

RNAs, but with less than half the efficiency of EMCV IRES-driven translation (Sonenberg et 

al., 1982). Furthermore, its translation in vitro is more resistant to reduced eIF4F activity 

than many capped RNAs (Sonenberg et al., 1981). However, studies have shown that its 

translation does require eIF4F, albeit at a lower concentration than other cap-dependent 

mRNAs and it has been suggested that this effect is mediated by its unstructured 5’ UTR 

(Fletcher et al., 1990; Jackson et al., 1995).

In the late phase of adenovirus infection host protein synthesis is downmodulated as a result 

of the near complete dephosphorylation of eIF4E. Furthermore, adenovirus mRNAs and 

chimaeric mRNAs bearing the adenovirus tripartite leader sequence were translated 

efficiently under these conditions (Huang and Schneider, 1991). However, the in vitro 

translation of these RNAs was dramatically inhibited in extracts having cleaved eIF4G 

(Thomas et al., 1992). Thus, the adenovirus 5’ UTR imparts efficient cap-dependent 

translation on its mRNA by a mechanism requiring a low level of eIF4F activity.
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2. Heat shock protein mRNAs

In many cell-types, protein synthesis is downregulated after receiving a heat shock. This 

process involves phosphorylation/dephosphorylation of translation initiation factors, such as 

eIF4E (Duncan et al., 1987; Duncan and Hershey, 1984). However, against this background 

of translational inhibition, synthesis of the heat shock proteins (HSPs) is unaltered and in 

some cells can increase. This selective mechanism appears to be a consequence of the 

reduced eIF4F activity required for translational initiation on HSP mRNAs (Joshi-Barve et 

al., 1992). Furthermore, many observations suggest that the HSP mRNAs are translated by a 

relatively cap-independent mechanism. Expression of anti-sense eIF4E RNAs in cell lines 

dramatically reduces cap-dependent translation, but enhances the synthesis of HSPs. In 

addition, translational inhibition mediated by poliovirus infection has a reduced effect of on 

HSP synthesis when compare to most cap-dependent cellular mRNAs.

The preferential translation of HSP mRNAs under these conditions is a function of their 5’ 

UTRs (reviewed by Linquist and Petersen, 1991; Rhoads and Lamphear, 1995). These 

elements are long and rich in A residues and consequently are predicted to be largely 

unstructured. Thus, according to the competition model HSP mRNAs are able to compete 

efficiently with other cellular messages even when eIF4F activity is greatly reduced. 

However, this is not the complete story since a synthetic unstructured leader cannot substitute 

for the HSP 5’ UTR (Lindquist 1981; Linquist and Petersen, 1991). Indeed, the presence of a 

conserved 20 nt sequence near the 5’ end of the mRNAs appears to be necessary but not 

sufficient for HSP synthesis (McGarry and Linquist, 1985). It has been suggested that the 

proximity of this element to the cap may contribute to an unstructured state at the extreme 5’ 

end of the mRNA, thus drastically reducing its requirement for eIF4F activity (Jackson et al.,

1995).

1.4.3 Internal ribosome entry segments in the 5’ UTR of eukaryotic cellular mRNAs

The mechanisms of translational regulation described above all involve ribosome scanning 

from the 5’ end of the mRNA. Indeed, it has been suggested that the overwhelming majority 

of cellular mRNAs are translated by a cap-dependent mechanism. Nevertheless, although 

most of IRESes studied thus far have been found in virus genomic RNAs, there is a growing 

body of evidence to support the use of internal initiation by cellular mRNAs (reviewed in

24



Iizuka et al., 1995). Several studies have identified potential IRESes in the 5’ UTRs of 

cellular transcripts encoding diverse proteins, these include immunoglobulin heavy chain 

binding protein (BiP), Antennapedia, TFllD, HAP4, basic fibroblast growth factor (FGF2), 

eukaryotic initiation factor 4G (eIF4G), insulin-like growth factor II (IGFH), platelet derived 

growth factor 2 (PDGF 2), c-Myc, and vascular endothelial growth factor (VEGF) (Macejak 

and Samow, 1991; Oh et a i, 1992; Iizuka et al., 1994; Vagner et al., 1995; Gan and Rhoads, 

1996; Teerink et al., 1995; Bernstein et al., 1997; Nanbru et al., 1997; Stoneley et al., 1998; 

Stein et al., 1998). In some cases, the evidence for an IRES in the mRNA is relatively strong, 

e. g. BiP and antennapedia, however further support is required in other instances (e. g. IGFII 

and PDGF2).

1. Glucose regulated protein 78/immunoglobulin heavy chain binding protein (BiP)

The translation of a 78 kDa protein, later identified as BiP, was found to be resistant to the 

general inhibition of cap-dependent protein synthesis subsequent to poliovirus infection 

(Samow, 1989). Furthermore, in vitro synthesised transcripts bearing the BiP 5* UTR can be 

translated in poliovirus-infected cells, indicating that such RNAs are translated by a cap- 

independent mechanism (Macejak et al., 1990).

In mammalian cell lines, the expression of dicistronic mRNAs with the 220 nt BiP 5’ UTR 

inserted between the two cistrons resulted in efficient translation of the downstream open 

reading frame, even after infection with poliovirus. Furthermore, the introduction of an RNA 

hairpin at the very 5’ end of the first cistron completely abolished the translation of the first 

cistron but had no effect on the efficiency of downstream cistron translation. Thus, in 

conjunction with suitable controls this evidence demonstrates the presence of an IRES in the 

BiP 5* UTR (Macejak and Samow, 1991).

2. Antennapedia

Many mRNAs from Drosophila melanogaster have long 5’ UTRs containing upstream AUGs 

that do not appear to function as initiation codons. Included amongst these is the mRNA 

encoding antennapedia, a gene product involved in development. The antennapedia gene has 

two promoters, PI and P2, producing transcripts with upstream leader sequences of 1512 and 

1727 nts respectively. The mRNA transcribed from P2 has 15 upstream AUGs of which 6 are
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surrounded by favourable sequence context. Thus, it seems unlikely that these mRNAs are 

translated by the scanning mechanism. Indeed, the 5’ UTR of the P2 mRNA mediates 

efficient translation of the downstream cistron on dicistronic RNAs either expressed in or 

transfected directly into Drosophila cell lines. Furthermore, such dicistronic RNAs remain 

associated with the polysomes when overall protein synthesis is inhibited by poliovirus 

infection. Hence, internal initiation occurs on the 5’ UTR of the P2 mRNA demonstrating 

that an IRES is present within this sequence (Oh et al., 1992). An element common to both 

PI and P2 mRNAs was found to be partly responsible for this activity. This contains a 55 nt 

sequence, which is highly conserved between Drosophila species and is essential for IRES 

function (Iizuka et al., 1995).

3. HAP4 and TFIID

The development of a translation extract from Saccharomyces cerevisiae capable of 

supporting both cap-dependent translation and cap-independent translation by internal 

initiation resulted in the identification of potential IRESes in the 5’ UTRs of two yeast genes. 

The mRNAs of HAP4, a transcription factor, and TFIID, the TATA box binding protein, have 

long 5’ UTRs that contain one or more short uORFs. The translation of chimeric RNAs 

containing these 5’ UTRs is not stimulated by a m7GpppG cap structure and addition of the 

cap analogue to the extract did not inhibit their translation; thus the HAP4 and TFIID leader 

sequences confer cap-independent initiation of translation (Iizuka et al., 1994). Furthermore, 

internal initiation mediated by these 5’ UTRs in vitro was demonstrated on dicistronic RNAs 

confirming the presence of an IRES in the leader sequences of HAP4 and TFIID (Iizuka et al.,

1994). Whether these mRNAs are translated by the internal initiation mechanism in vivo has 

yet to be determined.

4. Human Fibroblast growth factor 2

Human fibroblast growth factor 2 is a cytokine involved in a number of cellular processes 

including, cell proliferation, differentiation, and wound healing (Rifkin and Moscatelli,

1989). The FGF2 coding region is preceded by a 318 nt 5’ UTR that is predicted to have a 

highly ordered secondary structure. This sequence inhibits the translation of RNAs in a 

wheat germ extract, but not in a rabbit reticulocyte lysate or in COS7 cells. Consequently, it
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has been postulated that trans-acting factors may be required for efficient FGF2 translation 

(Prats et al., 1992).

In RRL, the presence of an m7GpppN cap structure does not stimulate the translation of 

RNAs bearing the FGF2 5’ UTR. Thus in this system, the 5’ UTR directs translation by a 

relatively cap-independent mechanism (Vagner et al., 1995). However, there is no supporting 

evidence for internal initiation mediated by this 5’ UTR in RRL. Nevertheless, internal 

initiation driven by this sequence is observed on dicistronic mRNAs expressed in COS7 cells. 

However, translation of the downstream cistron is considerably less efficient than that which 

occurs on monocistronic mRNA preceded by this element (Vagner et al., 1995). Thus, there 

is some evidence to suggest that the 5’ UTR of FGF2 could contain an IRES.

Interestingly, another study demonstrated that the synthesis of FGF2 proteins is dramatically 

increased in cell lines overexpressing eIF4E. Furthermore, this effect appears to be due to an 

increase in the translation of FGF2 mRNAs (Kevil et al., 1995). However, the authors did 

not determine whether the enhanced synthesis was due to a cap-dependent mechanism or 

internal initiation. Therefore, further work is necessary to determine the contribution of cap- 

dependent translation and internal initiation of translation to the synthesis of FGF2.

5. Vascular endothelial growth factor (VEGF)

Vascular endothelial growth factor plays a vital role in the formation of new blood vessels 

(Carmeliet et al., 1996). The 5’ UTR is long (1014 nt), GC-rich, and contains a short 

upstream open reading frame suggesting that translation by the conventional mechanism 

would be inefficient. However, despite these features the VEGF mRNA is translated 

efficiently in vivo (Stein et al., 1998). Furthermore, the translation of a heterologous mRNA 

is enhanced 5-fold when it is fused to the VEGF 5’ UTR. Insertion of the VEGF 5’ leader 

sequence into the intercistronic region of a dicistronic mRNA results in a 70-fold stimulation 

of expression from the downstream cistron. Moreover, this effect is also observed under 

hypoxic conditions when cap-dependent translation is downmodulated (Stein et al., 1998). 

These data indicate that internal entry of ribosomes occurs on the VEGF 5’ UTR. 

Furthermore, deletion analysis suggests that the IRES is located within a 163 nt region of the 

5* leader sequence (Stein etal., 1998).
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6. Insulin-like growth factor II

The human IGFII mRNA derived from promoter PI has a 5’ UTR of 598 nt and contains one 

upstream AUG codon. RNAs preceded by this sequence are translated extremely inefficiently 

both in RRL and HeLa cells (Teerink et al., 1994; Teerink et al., 1995). Nevertheless, there 

is limited evidence supporting a cap-independent mechanism of translational initiation for the 

IGFII mRNA. Heterologous RNAs bearing this leader sequence are translated equally 

efficiently in RRL whether they are capped or uncapped (Teerink et al., 1994; Teerink et al.,

1995). In addition, the translation of these chimeric mRNAs is resistant to the 

downregulation of host protein synthesis accompanying the infection of HeLa cells by 

poliovirus (Teerink et al., 1995). These data are consistent with either a cap-dependent 

mechanism of translation requiring little eIF4F activity or internal initiation of translation 

mediated by the IGFII 5’ UTR.

The evidence for an IRES in the IGFH leader sequence is relatively weak. When dicistronic 

mRNAs are expressed in HeLa cells, translation of the downstream cistron is stimulated 

inefficiently by the IGFII 5’ UTR when compared to the EMCV IRES (Teerink et al., 1995). 

Furthermore, the presence of an element within this sequence that enhances reinitiation at the 

second cistron has not been addressed. Regardless, the apparently weak activity of this 5’ 

UTR in the dicistronic assay could be due to its requirement for a trans-acting factor that is 

limiting in HeLa cells with respect to the expressed dicistronic mRNAs.

7. Eukaryotic initiation factor 4G (eIF4G)

The 5* UTRs of human and yeast eIF4G have several features reminiscent of the picomavirus 

leader sequences: 1) they are long compared to other cellular 5’ UTRs, 2) they contain 

multiple cryptic AUG codons, and 3) a polypyrimidine tract is located a short distance 

upstream of the initiation codon. The human 5’ UTR enhances the expression of reporter 

mRNAs in some cell lines despite the presence of four uORFs. Furthermore, mutation of the 

four upstream AUG codons has no effect on the translation of such mRNAs. In addition, this 

sequence was able to restore efficient translation to a cistron downstream of either an 

inhibitory hairpin structure or another open reading frame; a function characteristic of an 

IRES (Gan and Rhoads, 1996). Translation of the eIF4G mRNA through the mechanism of 

internal initiation is an attractive hypothesis since it would allow continued synthesis of this

28



protein subsequent to infection with viruses, such as poliovirus and adenovirus, that decrease 

eIF4F activity. However, the synthesis of eIF4G after poliovirus infection requires further 

investigation to substantiate this hypothesis.

8. PDGF2/c-s/s - A differentiation inducible IRES

The 5’ UTR of the platelet-derived growth factor 2/c-sis mRNA, which is 1022 nts long, 

represents a major barrier to the scanning 40S ribosomal subunit owing to its high GC content 

and the presence of 3 uORFs. Indeed, it strongly inhibits the translation of a downstream 

open reading frame in a number of cell lines (Rao et al., 1988). This translational repression 

is greatly relieved during the megakaryocytic differentiation of human K562 cells (Bernstein 

et a l , 1995). However, the same effect is not achieved by the removal of the cryptic AUGs 

(Rao et al.9 1988) or overexpression of eIF4E (Bernstein et al., 1995). Thus, this de

repression is unlikely to be due to enhanced reinitiation at the authentic AUG or the 

alleviation of structural inhibition. Instead, it has been postulated that differentiation may 

modulate PDGF2 translation by augmenting internal ribosome entry on the 5’ UTR 

(Bernstein et al., 1997). Upon differentiation, the translation of the downstream cistron of a 

dicistronic mRNA is enhanced. However, the increase in IRES activity is considerably lower 

than the stimulation that occurs on monocistronic mRNAs. Furthermore, an RNA hairpin 

structure positioned in the 5’ leader of the 5’ UTR-containing dicistronic mRNA reduced 

reporter gene expression from both cistrons. Thus, translation mediated by the PDGF2 5’ 

UTR does not appear to be wholly cap-independent. In summary, these data are not entirely 

consistent with the presence of a conventional IRES in the 5’ UTR of the PDGF2 mRNA. 

However, a relatively weak and differentiation inducible IRES-like element could explain 

these observations.

1.4.4. A comparison of virus and cellular IRESes

The cellular IRESes appear to share some common features with the virus IRESes, although a 

thorough comparison is hampered by the existence of only a handful of cellular examples and 

the limited studies performed on them thus far. Many of the cellular examples have cryptic 

AUGs within these elements, with the exception of FGF2 and BiP. Furthermore, the 5’ UTRs 

of the cellular examples identified all contain predicted secondary structural motifs. Finally, 

in the case of the eIF4G IRES, the presence of a polypyrimidine tract located at the 3’
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terminus is essential for efficient translation by internal initiation (Gan et al., 1998). 

However, there appears to be considerably more variation in the size of cellular IRESes. The 

BiP and eIF4G IRESes have been mapped to sequences of only 92 nt and 101 nt, whilst the c- 

myc IRES is approximately 340 nt long (Yang and Samow, 1997; Stoneley et al., 1998; Gan 

etaU  1998).

There is limited evidence to suggest that like the picomavirus elements, ribosomes are also 

recruited to the 3’ end of these cellular IRESes. The introduction of an AUG codon at the 3’ 

end of the FGF2, eIF4G and antennapedia IRESes results in its use as a translation start site 

(Oh et al., 1992; Gan et al., 1998). In contrast, insertion of an AUG within the eIF4G IRES 

had little effect initiation at the authentic start codon (Gan et al., 1998). However, further 

studies are required to definitively locate the ribosome entry sites on eukaryotic IRESes.

Attempts to align the virus and cellular IRESes demonstrate that there is no striking sequence 

conservation between these two groups of translational element. However, these RNA 

sequences are all predicted to contain complex secondary structure. Thus, the mechanism of 

ribosome binding could involve interactions between the translational apparatus and motifs 

within the tertiary structure of the IRES. In this regard, an unusual folding region (UFR) 

located just upstream of the BiP, FGF2 and antennapedia start codons has been predicted 

using an RNA folding algorithm that incorporates phylogenetic variations (Le and Maizel,

1997). This Y-shaped motif is also predicted to appear in a similar position in the 

cardio/aphthovirus and HCV-like IRESes (Le et al., 1996). However, a comparison of this 

UFR to the more established secondary structural models reveals: 1) the J-K domain of the 

cardio/aphthovirus IRESes does form a Y-shaped motif but the helices are considerably 

longer than those predicted for the UFR, and 2) the UFR is not present in the HCV-like 

IRESes. Given the discrepancies between these models it remains to be determined whether 

this UFR exists in cellular IRESes.

1.4.5. A role for -acting factors in cellular internal initiation?

There are currently no reports of a cellular IRES directing internal initiation in rabbit 

reticulocyte lysate. Thus, it is possible that the cellular IRESes identified to date require non- 

canonical trans-acting factors, not present in RRL, in order to recruit the 43S preinitiation 

complex. Indeed, ultraviolet crosslinking assays have demonstrated that elements within the

30



BiP and FGF2 IRESes interact with proteins from HeLa cell extracts (Yang and Samow, 

1997; Vagner et al., 1996). The identity and biochemical functions of these factors are 

unknown, thus no conclusions can be draw about their role in internal initiation. However, it 

is noteworthy that two factors, p95 and p60, that interact with the BiP IRES are present in the 

nucleus. Moreover, the BiP IRES is significantly more efficient when transcribed in the 

nucleus compared to when introduced directly into the cytoplasm. Consequently, it has been 

proposed that trans-acting factors recruited in the nucleus may subsequently be involved in 

cytoplasmic internal initiation of translation (Iizuka et al., 1995). This could represent a 

common mechanism to a subset of eukaryotic IRESes. However, since HAP4 and TFILD 5’ 

UTRs promote internal initiation efficiently in a yeast cytoplasmic extract (Iizuka et al., 1994) 

and the antennapedia IRES directs internal initiation when introduced into the cytoplasm by 

RNA transfection, it is not a mechanism utilised by all eukaryotic IRESes (Oh et al., 1992).

1.4.6. The evolution of two mechanisms for initiation of translation

Although the majority of mRNAs are translated by a cap-dependent mechanism it is clear that 

some mRNAs utilise an alternative cap-independent pathway. This raises the question of why 

eukaryotic cells have evolved two mechanisms for initiation of translation? At present, only a 

few examples of cellular mRNAs translated by the internal initiation mechanism have been 

reported. Thus, it is difficult to arrive at any conclusions. However, one hypothesis suggests 

that these mRNAs encode a group of proteins that must continue to be synthesised when cap- 

dependent translation is downmodulated through a reduction in the activity or availability of 

eIF4F. This has been observed during mitosis, serum starvation, and as part of the cellular 

response to a heat shock/stress (Duncan and Hershey, 1984; Duncan and Hershey, 1985; 

Bonneau and Sonenberg, 1987; Vries et al., 1997). Indeed, the synthesis of BiP and VEGF is 

maintained during either heat shock or hypoxic stress, respectively, supporting this argument 

(Haas, 1991; Stein et a l , 1998). For many of the mRNAs that support internal initiation this 

is an intellectually satisfying proposition, however direct evidence is currently lacking.
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1.5. The c-myc proto-oncogene

1.5.1. The myc family of proto-oncogenes

The c-myc proto-oncogene was originally identified as the cellular homologue of the chicken 

v-myc oncogene (Vennstrom et al., 1982; Dalla-Favera et al., 1982). It has subsequently been 

cloned from many divergent species and displays a high degree of sequence conservation. 

Two other well characterised members of the myc family, the N-myc and L-myc genes, were 

identified as amplified coding sequences displaying a high degree of homology to c-myc in 

human neuroblastomas and small cell lung carcinomas, respectively (Swabb et al., 1983; Nau 

et al., 1985). The three myc genes share a three exon-two intron gene topology, with the 

major open reading frame residing in exons 2 and 3 (fig. 1.7). Homologous polypeptides are 

encoded by the family members and a number of highly conserved regions exist within exons 

2 and 3.

In addition to c-, N-, and L-myc, two ill-characterised members of the myc family have been 

isolated. S -myc exhibits a high degree of homology to the second and third exons of N-myc 

but lacks the intervening intron (Sugiyama et al., 1989); whilst B-myc is homologous to the 

second exon of c-myc and lacks the sequence corresponding to exon 3 (Ingvarsson et al., 

1988). To date, it has not been determined whether either gene expresses a functional 

polypeptide and it has been suggested that they could represent pseudogenes (Marcu et al., 

1992).

The N- and L-myc genes display a very restricted pattern of expression during mammalian 

development, with regulation occurring in both a tissue and developmental-stage specific 

manner (Zimmerman et al., 1986; Downs et al., 1989; Hirvonen et al., 1990; Stanton et al., 

1992; Qu£va et al., 1998). In contrast, c-myc expression is more generalised and levels 

appear to correlate with cell proliferation and tissue folding during development (Schmid et 

al., 1989; Stanton et al., 1990). However, c-myc gene expression is not always restricted to 

proliferating cells, but is also found in some post-mitotic differentiating cells suggesting that 

it may play a role in other processes such as cell migration (Hirvonen et al., 1990; Hurlin et 

al., 1995).
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Figure 1.7: The organisation of the human c-myc genomic region, mRNAs and 
proteins. (A) Genomic organisation of the c-myc locus. The gene has a three exon- 
two intron topology and three promoters Po.P, and P2 are located in the upstream 
region. (B) Organisation of the c-myc mRNAs. Exon 1 is predominantly non-coding 
and consequently gives rise to the 5’ UTR. The length of the 5’ leader depends upon 
the promoter from which the transcript is derived and can be approximately 1000, 
600 or 400 nt. Finally, the major translation site is an AUG codon located in exon 
2, however a minor polypeptide is translated from a CUG located in exon 1. (C) 
Domain structure of the c-myc proteins. Myc-2 and Myc-1 are initiated at an AUG 
and a CUG codon, respectively. Both proteins contain a transcriptional activation 
domain (TAD) and a basic helix-loop-helix leucine zipper motif (bHLH/zip).



1.5.2. C-myc and cell proliferation

The correlation between c-myc expression and the proliferative status of cells in vivo can also 

be observed in mammalian cells cultured in vitro. Indeed, c-myc is an immediate early 

response gene whose expression increases rapidly after the stimulation of quiescent cells with 

growth factors and mitogens (Kelly et al., 1983). Maximum expression occurs in mid-G, 

phase and thereafter elevated levels of c-myc mRNA and protein are maintained throughout 

the cell cycle (fig. 1.8a) (Hann et al., 1985; Thompson et al., 1985). However, if proliferating 

cells are deprived of growth factors, c-myc expression is rapidly attenuated and cells arrest in 

G0 (fig. 1.8b) (Campisi et al., 1984; Waters et al., 1991).

Evidence has emerged suggesting that the progression of cells from the Go/G, phase to S 

phase is regulated by the abundance of c-Myc. In cell lines that constitutively overexpress c- 

Myc the Gi phase is shortened and in many cases the cells can no longer enter Go after growth 

factor deprivation (Armelin et al., 1984). In contrast, deletion of a single c-myc allele by 

homologous recombination in an untransformed cell line resulted in reduced c-Myc levels, an 

extended Gi phase and a lengthening of the Go to S phase transition (Shichiri et al., 1993). 

Furthermore, the use of antisense oligonucleotides to inhibit c-myc expression in mitogen 

stimulated cells prevents their entry into S-phase and demonstrates that c-Myc is essential for 

progression from Go/G, to S-phase (Heikkila et al., 1987). Indeed, DNA synthesis can be 

activated in growth arrested cells, in the absence of any mitogens, through the activation of a 

conditional c-myc protein (Eilers et al., 1991). Taken together, these observations are 

consistent with the hypothesis that c-myc expression is both necessary and sufficient for cells 

to progress from GJGX to S-phase.

In addition, to its role in regulating the G^G, to S-phase transition the invariant levels of c- 

Myc in proliferating cells suggest that its activity is required in other phases of the cell cycle 

(Henriksson and Liischer, 1996). In support of this hypothesis, a considerable increase in c- 

Myc transactivation occurs during the S to G2/M transition and is accompanied by changes in 

c-Myc phosphorylation (Seth et al., 1993). However, the physiological effects of c-Myc in S, 

G2 and M-phase are not yet known.
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1.5.3. C-myc and differentiation

The expression of c-myc is altered in numerous cell types in response to diverse 

differentiation stimulating agents. Entry into a differentiation pathway is often accompanied 

by a rapid decrease in c-myc protein levels. Alternatively, the loss of c-myc expression may 

be delayed until the terminal stages of differentiation. Moreover, c-myc expression is 

generally low or undetectable in many differentiated adults tissues (Marcu et al., 1992; 

Henriksson and Luscher, 1996).

Direct evidence that c-Myc has a role in modulating cellular differentiation comes from 

exogenous expression of sense and antisense c-myc genes. Cells constitutively expressing c- 

myc are precluded from exiting the cell cycle and consequently are unable to differentiate 

(Coppola and Cole, 1986; Dmitrovsky et al., 1986; Onclercq et al., 1989; Freytag et al.,

1990). In contrast, abrogation of c-myc expression using antisense technology results in both 

growth arrest and differentiation in HL60 and MEL cells (Griep and Westphal, 1988; Holt et 

al., 1988; Prochownick et al., 1988). Thus, downregulation of c-myc expression is sufficient 

to initiate a program of differentiation in some cell types. However, U937 monoblastic cells 

constitutively expressing v-myc are able to differentiate in response to interferon-y 

demonstrating that the loss of c-Myc activity is not obligatory in this case (Oberg et al.,

1991). Hence, although the loss of c-Myc is necessary for cell cycle withdrawal and the 

attainment of a terminally differentiated state, it is unclear whether this it is responsible for or 

merely a consequence of cellular conversion. Nevertheless, since differentiation and 

proliferation are mutually exclusive states it seems likely that c-Myc is a crucial regulator of 

these processes (Marcu et al., 1992; Henriksson and Luscher, 1996).

1.5.4. C-myc and apoptosis

The integrity of a multi-cellular organism is maintained by a dynamic equilibrium involving 

the processes of cell proliferation, differentiation and apoptosis or programmed cell death. In 

a population of cells, apoptosis will ensue when the appropriate cell survival factors become 

limiting. Alternatively, apoptosis may be triggered by stimulation with exogenous factors 

(Evan et al., 1997; Wyllie, 1997).
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Figure 1.8: Expression and function of the c-myc proto-oncogene. (A) The effect of 
growth factors on c-myc expression. Stimulation of serum deprived cells with growth 
factors results in a rapid accumulation of c-myc mRNA and protein. Expression is 
maximal in mid-G! and drops to a level that is maintained throughout the cell cycle. 
Withdrawal of growth factors results in a rapid decrease in c-myc expression. Adapted 
from Henriksson and Luscher, 1996. (B) The pivotal role occupied by the c-myc proto
oncogene in the determination of cellular fate. Increased expression can stimulate cell 
cycle progression or apoptosis. Whilst, decreased expression contributes to cell cycle 
arrest, differentiation and apoptosis.



A number of observations correlate the intracellular c-Myc concentration and the rate of 

apoptosis. Exogenous expression of high levels of c-Myc often results in an increased 

susceptibility to apoptosis (Wurm et al., 1986; Wyllie et al., 1987). Furthermore, in a 

myeloid cell line constitutively expressing c-Myc withdrawal of interleukin-3 (IL-3) 

stimulates entry into an apoptotic pathway (Askew et al., 1991). Moreover, in cells arrested 

by serum deprivation or at various points in the cell cycle, the activation of a conditional 

allele induces apoptosis. Thus, the evidence points to a role for c-Myc in regulating the cells 

commitment into a program of cell death (Evan et al., 1992). These observations seem 

somewhat paradoxical given the effects of c-Myc on cell cycle progression. However, it is 

proposed that c-Myc has a dual function; the induction of apoptosis can be regarded as a 

normal function of c-Myc that must be continually suppressed to promote cell survival and 

hence proliferation. In support of this hypothesis, the addition of cell survival factors such as 

IGF-I and PDGF abrogates c-Myc-induced apoptosis in growth arrested cells. Furthermore, 

this effect is not dependent on the mitogenic activity of these factors or the position of cell 

cycle arrest (Evan et al., 1994). Thus, c-Myc appears to play a pivotal role in the 

commitment of cells to either an apoptotic or a proliferative pathway (fig. 1.8b). In addition, 

this model has profound implications for deregulated c-myc expression in tumour cells. It 

predicts that inappropriate expression of c-Myc not only results in increased cell proliferation 

but also apoptosis and consequently cell numbers will not increase dramatically. However, 

the cell population will expand if a concomitant suppression of apoptosis occurs. The 

observation that a large proportion of tumours with deregulated c-Myc expression either 

overexpress Bcl-2 or have lost p53 function provides circumstantial evidence for this 

hypothesis (Henriksson and Luscher, 1996).

In stark contrast to the above model, stimulation of WEHI 231 lymphoma cells with IgM 

results in apoptosis and a reduction in c-Myc levels. Exogenous expression of c-myc 

abrogates IgM-induced apoptosis demonstrating that reduced c-myc expression mediates 

apoptosis in this case (Wu et al., 1996). Furthermore, downmodulation of c-myc expression 

is associated with apoptosis in other B-cell lines suggesting that the regulation of c-myc 

mediated apoptosis may be cell-type specific (Warner et al., 1992; Arsura et al., 1996).
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1.5.5. C-myc: a central regulator of cell fate?

To summarize the previous data, the expression of c-Myc is associated with both proliferation 

and apoptosis, whereas downmodulation can lead to growth arrest, differentiation or 

apoptosis. Clearly, multiple cellular pathways are modulated by c-Myc, suggesting that it 

plays a pivotal role in the determination of cellular fate (fig. 1.8b).

1.5.6. C-myc and tumorigenesis

The expression of c-myc is deregulated in a large number of tumour types. This often results 

from alterations at the c-myc locus such as chromosomal translocations and gene 

amplifications (Spencer and Groudine, 1991; Marcu et al., 1992). In addition to genomic 

modifications, mechanisms have been described in tumour cell lines that increase c-Myc 

levels through enhanced translation or protein stabilization (Shindo et al., 1993; West et al., 

1995; Paulin etal., 1996).

Deregulated c-myc expression in untransformed cell lines results in partial transformation 

reflecting the critical position that c-Myc occupies in transducing growth inhibitory and 

stimulatory signals. However, constitutive expression of c-myc alone does not induce a 

tumorigenic phenotype. Nevertheless, c-myc can cooperate with other oncogenes such as 

activated ras and Bcr-Abl in the transformation of many cell types suggesting that secondary 

genetic events are necessary to induce a malignant phenotype (Marcu et al., 1992; Henriksson 

and Luscher, 1996). Indeed, transgenic mice constitutively expressing c-myc in the B- 

lymphocyte compartment develop clonal lymphomas after a variable latency period and some 

of these tumors carry a mutated ras gene (Alexander et al., 1989). These observations 

indicate that deregulated c-myc expression predisposes for but is not sufficient to induce 

tumorigenesis.

1.5.7. C-myc protein

The human c-myc gene encodes two polypeptides, Myc-1 and Myc-2, with apparent 

molecular masses of 67 and 64 kDa respectively. Translation of Myc-2, the major product is 

initiated at an AUG start codon at the 5’ end of exon 2. Whereas, synthesis of Myc-1 

commences at a CUG codon at the 3’ end of exon 1 resulting in a 14 amino acid N-terminal
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extension (Hann et al., 1988) (fig. 1.7c). Both proteins are phoshorylated at multiple sites 

and localise to the nucleus. Furthermore, Myc-1 and 2 are degraded rapidly and exhibit a 

half-life of 15-30 minutes (Hann and Eisenman, 1984; Luscher and Eisenman, 1990).

1.5.8. C-myc proteins are transcription factors

C-myc is a member of the basic helix-loop-helix leucine zipper (bHLHzip) family of 

transcription factors, having a contiguous arrangement of basic region, helix-loop-helix and 

leucine zipper motifs at its C-terminus (fig. 1.7c). Deletion analysis of the bHLHzip region 

revealed that this domain is essential and indicates that Myc functions through sequence 

specific binding (Landschulz et al., 1988; Murre et al., 1989; Luscher and Eisenman, 1990). 

Structural homology between Myc and other bHLHzip proteins lead to the prediction that the 

basic region would recognise an E-box DNA sequence element (CANNTG). Furthermore, 

sequence-specific binding of a GST-Myc C-terminal domain fusion protein to the 

palindromic core sequence CACGTG confirmed this prediction (Blackwell et al., 1990).

In addition to the DNA binding domain, a transcriptional activation domain (TAD) has been 

mapped to the N-terminus of c-Myc (Kato et al., 1990) (fig. 1.7c). The TAD has three 

distinct regions; amino acids 1-41 (region A) are glutamine-rich, amino acids 42-103 (region

B) are proline-rich and amino acids 104-143 (region C) do not resemble other transcriptional 

activation motifs (Kato et al., 1990). Thus, the presence a DNA binding domain and a TAD 

strongly implicated the c-myc proteins as transcription factors.

1.5.9. Max: a dimerisation partner for Myc

Although c-myc proteins contain two dimerisation motifs, homo-dimerisation could only be 

detected at high and non-physiological protein concentrations (Dang et al., 1989). 

Consequently, two separate studies demonstrated the existence of a Myc binding protein. 

Screening a primate cDNA library with a radiolabelled Myc bHLHzip domain identified a 

small and novel protein known as Max (Blackwood and Eisenman, 1991). Myn, the murine 

homologue of Max was amplified using a degenerate PCR approach based on the assumption 

that Myc would interact with a bHLHzip protein (Prendergast et al., 1991). The human max 

gene encodes two polypeptides of 21 and 22 kDa (fig. 1.9a). The larger protein is generated 

by the retention of a small exon encoding a nine amino acid insertion in the basic region at
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the N-terminus (Blackwood and Eisenman, 1991) (fig. 1.9a). In common with Myc, Max is a 

nuclear phosphoprotein. However, max proteins are considerably more stable with a half-life 

of greater than 24 hours (Blackwood et al., 1992). Initial observations revealed that Max is 

expressed in many cell types, both proliferating and non-proliferating and its abundance does 

not appear to vary during the cell cycle or differentiation (Berberich et al., 1992; Blackwood 

et al., 1992). Nevertheless, regulated expression has been observed during F9 embryonal 

carcinoma cell and erythroid differentiation (Dunn et al., 1994; Delgardo et al., 1995; 

Henriksson and Luscher, 1996). Furthermore, max expression appears to be growth regulated 

in epithelial cells (Martel et al., 1995).

Max interacts with the myc polypeptides through a bHLHzip domain at its N-terminus (fig. 

1.9a and b). Dimerisation requires intact helix-loop-helix and leucine zipper motifs in both 

partners, but is independent of the basic region (Blackwood and Eisenman, 1991; Prendergast 

et al., 1991). In addition to heterodimerisation with myc polypeptides, Max can form 

homodimers (fig. 1.9b). Both Myc-Max and Max-Max complexes bind specifically to the E- 

box sequence, however heterodimers have a considerably higher affinity for this site 

(Prendergast et al., 1991). Unlike Myc, Max has no functional TAD and consequently Myc 

and Max have distinct transcriptional activities in vivo. Transcription from a E-box 

responsive promoter is strongly repressed by overexpression of Max, however co-expression 

of Myc results in transcriptional activation (Kretner et al., 1992). Hence, although Myc-Max 

complexes form preferentially, the expression of high levels of Max results in predominantly 

Max-Max homodimers and repression of E-box containing promoters (Amati et al., 1992; 

Kretner et al., 1992) (fig. 19b). Thus, the expression of Myc-responsive genes may be 

modulated in vivo by the relative levels of Myc and Max, and not exclusively by Myc.

A body of evidence has emerged revealing that Myc does indeed exert its influence through 

dimerisation with Max. Studies in yeast, which have no endogenous Myc, demonstrated that 

Myc-Max complex formation is a prerequisite for Myc transcriptional activity (Amati et al., 

1992). In addition, a genetic complementation approach, utilising mutants of Myc and Max 

that bind to each other but not their wild-type partners, established that Max performs an 

essential role in Myc-dependent cellular transformation. Co-expression of both these mutant 

proteins co-operated with oncogenic Ras to induce a transformed phenotype, whilst 

expression of either protein alone had no effect (Amati et al., 1993a). Finally, dimerisation is
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essential for the rayc-dependent stimulation of cell cycle progression and apoptosis, 

underlining the physiological significance of this interaction (Amati et al., 1993b).

1.5.10. The Myc-recognition sequence

In vitro DNA binding studies identified a high affinity recognition site for Myc-Max 

heterodimers, an E box element (CACGTG), through which the complex stimulates 

transcription (Blackwell et al., 1990; Prendergast and Ziff, 1991). Besides this canonical E 

box, a set of variant sites containing internal CG or TG dinucleotides bind the Myc-Max 

complex with somewhat lower affinity in vitro (Blackwell et al., 1993). These ‘non- 

canonical’ binding sites include the following sequences: CATGTG, CATGCG, CACGCG, 

CACGAG and CAACGTG. However, the presence of an in vitro Myc-Max recognition site 

in a promoter or enhancer is not sufficient evidence for the occupation of this site in vivo. 

The majority of Myc-Max in vitro binding sites can also be recognised by more abundant 

transcription factors such as upstream binding factor (USF), transcription factor E3 (TFE3) 

and EB (TFEB); only a few such as CATGCG and CAACGTG appear to represent Myc- 

specific sites (Blackwell et al., 1993). Indeed, a study designed to identify sequences bound 

by Myc-Max heterodimers in vivo suggested that the highest affinity site (CACGTG) does not 

represent the predominant in vivo binding element (Grandori et al, 1996). The majority of the 

core sites identified were ‘non-canonical’ and many of these sites are only recognised by 

Myc-Max heterodimers in vitro. Finally, Myc-Max DNA binding can be influenced in vitro 

by the nucleotides flanking the core site (Blackwell et al., 1993; Solomon et al., 1993). 

Indeed, a preference for G/C dinucleotides flanking the in vivo Myc binding sites further 

supports this notion (Grandori et al., 1996). To summarise, whether a particular gene is 

transactivated by the Myc-Max complex may depend both on the nature of the DNA binding 

site and the abundance of other E box binding transcription factors. In addition, it is likely 

that the availability of Myc-Max sites will be restricted by DNA methylation, chromatin 

structure or competition with other transcription factors for overlapping binding sites.

1.5.11. Myc target genes

Myc responsive genes have been identified by several different approaches usually employing 

cells expressing either high or low levels of c-Myc. A valuable tool utilised in the quest for 

downstream genes is MycER; a chimeric polypeptide constructed from the oestrogen receptor
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binding domain and c-Myc. In the absence of hormone, this conditional protein does not 

stimulate transcription, however binding of the ligand induces the activity of the TAD. Thus 

far, the potential target genes identified include the a-prothymosin gene, the ornithine 

decarboxylase gene, the p53 tumour suppressor gene, the cad gene, the cdc25A gene, the 

Myc-regulated DEAD box protein (MrDb) gene, the eukaryotic initiation factor 4E gene and 

the ECA39 gene (Eilers et al., 1991; Benvenisty et a l, 1992; Bello-Femandez et al., 1993; 

Reisman et al., 1993; Wagner et al., 1993; Miltenberger et al., 1995; Galaktionov et al., 

1996; Grandori et al., 1996; Jones et al., 1996).

1. Ornithine Decarboxylase

ODC is a rate-limiting enzyme in polyamine biosynthesis. A functional link between c-Myc 

and ODC was suggested by their similar biological activities. Both are required for entry into 

S-phase (Bowlin et al., 1986), are able to induce cellular transformation (Auvinen et al., 

1992), and promote apoptosis in the absence of survival factors (Packham and Cleveland,

1994). During the G0 to S-phase transition, ODC is induced in mid-G! and correlates with the 

c-myc expression pattern (Abrahamsen and Morris, 1990). Indeed, enforced c-myc expression 

and MycER activation both result in increased ODC expression (Dean et al., 1987; Wagner et 

al., 1993). Analysis of the human ODC promoter revealed an E-box element located 

upstream of the transcriptional start site that demonstrates serum dependent Myc-Max 

binding in vitro. This site is essential for the Myc-dependent serum stimulation of ODC 

expression (Pena et al., 1993). In addition, two conserved E-boxes located in intron I bind 

Myc-Max heterodimers and confer Myc-responsiveness on heterologous promoter constructs 

(Bello-Femandez et al., 1993). However, binding of Myc-Max complexes to these sites is 

serum independent (Pena et al., 1993).

2. Cdc25A

Cdc25A is a cell cycle regulated phosphatase that dephosphorylates cyclin-dependent kinases 

(CDKs) resulting increased CDK activity. It is expressed in early G, phase following the 

serum stimulation of quiescent fibroblasts (Jinno et al., 1994). A role for c-Myc in the 

transcriptional regulation of cdc25A was suggested by its increased expression subsequent to 

MycER activation. Furthermore, Myc-Max DNA binding sequences are present in the first 

and second introns. These were shown to confer Myc-dependent transcriptional activation in
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the context of the natural and heterologous promoters. Finally, the ability of Cdc25A to 

promote both cell transformation and apoptosis suggests that cdc25A is a physiological target 

of c-Myc (Galaktionov et al., 1996). Therefore, it seems likely that the effects of c-Myc on 

cell cycle progression may be in part due to increased Cdc25A activity and its effects on the 

cell cycle machinery.

3. Eukaryotic initiation factor 4E (eIF4E)

Eukaryotic initiation factor 4E binds the m7GpppN cap of mRNAs during the process of 

translation initiation (Sonenberg et al., 1978). In some systems, eIF4E is proposed to be the 

limiting component of the translation apparatus and consequently it plays a critical role in the 

regulation of protein synthesis (Hiremath et al., 1985; Duncan et al., 1987). The expression 

pattern of eIF4E during serum stimulation parallels that of c-myc and cell lines 

overexpressing c-myc demonstrate a marked increase in eIF4E levels. In addition, activation 

of the MycER chimera results in increased eIF4E transcription (Rosenwald et al., 1993). 

Two E-box elements were identified in the eIF4E promoter and were found to regulate 

transcription in a Myc-dependent manner. Mutation of the proximal E-box inactivated the 

promoter, suggesting that this element is essential for eIF4E promoter function (Jones et al., 

1996). Therefore, c-myc proteins may contribute to the regulation of protein synthesis during 

the G0 to S-phase transition through transcriptional activation of the eIF4E promoter.

4. p53

The tumour suppressor protein, p53, is a critical component of the cellular response to DNA 

damage (Vogelstein and Kinzler, 1992). Following its activation, p53 inhibits cell cycle 

progression from G, to S phase. This is mediated in part through its transcriptional 

stimulation of the gene encoding the CDK inhibitor, p21c//>; (El-Deiry et al., 1993). Increased 

expression of the p53 gene occurs in growth arrested cells stimulated with mitogens or in 

response to the activation of MycER (Hermeking and Eick, 1994; Wagner et al., 1994). 

Furthermore, the human p53 promoter can be activated by c-Myc through a Myc-Max binding 

site (Roy et al., 1994). Since the effects of c-Myc and p53 on cell cycle progression are 

diametrically opposed, it seems counter-intuitive for p53 to be a c-Myc target gene. 

However, the ability of c-Myc to promote apoptosis in growth arrested cells is ablated in 

p53-l- mouse embryo fibroblasts suggesting that c-Myc induced apoptosis is mediated
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through transactivation of p53 (Hermeking and Eick, 1994; Wagner et al., 1994). Thus, the 

activation of p53 gene expression may represent a checkpoint to prevent the pathological 

activation of c-myc gene expression (Henriksson and Luscher, 1996). In this regard, it is 

interesting to note that a correlation between c-myc and p53 expression has been observed in 

a number of tumour cell lines (Roy et al., 1994).

5. Carbamoyl-phosphate synthase (glutamine-hydrolysing)/aspartate 

carbamoyltranferase/dihydroorotase (Cad).

The cad gene encodes a multifunctional biosynthetic enzyme which catalyses the first three 

steps in de novo pyrimidine biosynthesis (Evans, 1986). Cad is transcriptionally activated in 

late G, following the re-entry of serum deprived cells into the cell cycle. The upstream 

sequence responsible for this induction has been characterised and an E-box element is 

located within this element. Mutation of this E-box abolishes the growth-dependent increase 

in cad transcription. Furthermore, the expression of dominant-negative c-Myc proteins 

partially blocks the transactivation of a heterologous reporter gene linked to this element. 

Therefore, c-Myc may contribute to the regulation of cad expression during the G0 to S-phase 

transition (Miltenberger et al., 1995).

6. a-Prothymosin

a-Prothymosin is an acidic nuclear protein of unknown function whose expression appears to 

correlate with cell growth. It was identified as a c-Myc responsive gene in quiescent 

fibroblasts upon activation of MycER (Eilers et al., 1991). In addition, the expression of a- 

prothymosin mRNA correlates with that of c-myc mRNA during mitogenic stimulation, the 

differentiation of HL60 promyelocytic cells and in primary human colon cancers (Dosil et al., 

1993; Mori et al., 1993; Smith et al., 1993). A c-Myc response element was localised to the 

first intron and contains a CACGTG consensus sequence (Gaubatz et al., 1994). 

Interestingly, the expression of this gene cannot be induced by the activation of MycER in 

growing cells and the E-box is not c-Myc responsive under these conditions (Mol et al.,

1995). Thus, it appears that c-Myc regulates a-prothymosin expression during the G0 to S- 

phase transition and differentiation but not in proliferating cells.
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7. Myc-regulated DEAD box protein

MrDb was identified through immunoprecipitation of chromatin bound by Myc-Max 

complexes (Grandori et al., 1996). The function of MrDb is unknown, however the protein 

contains motifs present in members of a family of RNA helicases. Increased expression of 

MrDb occurs during the G0 to S-phase transition and following activation of the MycER 

chimera. Furthermore, MrDb mRNA levels fall during the granulocytic differentiation of the 

human leukemic cell line HL60 (Grandori et al., 1996). The MrDb genomic clone through 

which the gene was identified contains an E-box element that binds Myc-Max heterodimers 

in vivo. This site confers Myc-dependent transactivation when cloned upstream of a 

heterologous reporter gene, however the location of this site within the gene structure is 

unknown (Grandori etal., 1996).

S.ECA39

ECA39 was identified as a c-Myc target gene by differential screening of mRNA from a brain 

tumour induced through c-myc overexpression (Benvenisty et al., 1992). A Myc-Max 

consensus sequence was located in the 5’ untranslated region and mutational analysis 

demonstrates that this sequence is functional. However, the role of the ECA39 gene product 

is unknown.

In conclusion, although the function of many c-Myc target genes is unclear, the evidence 

suggests that c-Myc participates in a spectrum of cell growth events through the activation of 

a specific set of target genes. These include genes encoding products that are directly 

involved in DNA synthesis (ODC and CAD), protein synthesis and RNA metabolism (eIF4E, 

eIF2cx and MrDb), and cell cycle regulation (Cdc25A and p53).

1.5.12. Indirect effects of c-Myc on ceil cycle regulators

Although the identification of c-Myc target genes has furthered our understanding of its 

function, with the exception of cdc25A none of these genes are candidates for the potent 

effect of c-Myc on cell cycle progression. Cells are restricted from entering S-phase in part 

by the retinoblastoma protein, pRB. The hypophosphorylated form of pRb, present in Go and 

early Gi, sequesters members of the E2F family of transcription factors and consequently
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inhibits progression into S phase (see Weinberg, 1995). However, activation of cyclin 

D/CDK4/6 and cyclin E/CDK2 complexes results in the hyperphosphorylation of pRb, the 

release of the E2F proteins and progression through Gi (fig. 1.10) (Hatakeyama et al., 1994). 

In addition, cyclin E/CDK complexes stimulate transcription of the cyclin A promoter 

(Rudolf et al., 1996). Cyclin A is required for entry into S-phase and may commit cells to a 

replicative cycle (fig. 1.10) (Dou et al., 1993). Thus, the Gi cyclin-dependent kinases 

regulate the passage of a cell into S-phase in a growth factor dependent manner.

In density arrested and serum deprived fibroblasts, the exogenous expression of c-Myc is 

sufficient to overcome growth arrest and promote DNA synthesis (Eilers et al., 1991). A 

detailed analysis of the regulators of cell cycle progression has revealed that the cascade of 

events accompanying growth factor promoted entry into S-phase can be stimulated by c-Myc 

alone. c-Myc expression results in the activation of cyclin E and cyclin D,-associated 

kinases, hyperphosphorylation of the retinoblastoma protein (pRb) and increased expression 

of cyclin A (fig. 1.11) (Jansen-Durr et al., 1993; Steiner et al., 1995; Rudolf et al., 1996). 

Thus, c-Myc promotes Go/G, to S-phase progression through activation of cyclin-dependent 

kinases and the inactivation of pRb.

The effects of c-myc expression on the cell cycle machinery are indirect and require de novo 

protein synthesis (Steiner et al., 1995). However, the initial target(s) of c-Myc that lead to 

this cascade of events are unknown. An analysis of cyclin E/CDK complexes following the 

activation of MycER has revealed that the kinase is activated by the dissociation of the cdk 

inhibitor, p27*‘>7 (Steiner et al., 1995). Since an excess of p27 prevents the Myc-dependent 

activation of cyclin E/CDK, it has been suggested that c-Myc stimulates the synthesis of an 

unidentified factor that sequesters p27 (fig. 1.11) (Vlach et al., 1996).

Therefore, it appears that c-Myc promotes cell cycle progression through the de-repression of 

Gi cyclin dependent kinases and the activation of the CDK activating phosphatase, Cdc25A 

(Jinno et al., 1994; Steiner et al., 1995).

1.5.13. C-Myc-mediated transrepression

A number of studies have described the repression of certain genes upon expression of high 

levels of c-Myc or N-Myc. These include genes encoding thrombospondin-1, leukocyte
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O  iĈdk2̂ĵ^
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function-associated activity-1 (LFA-1), neural cell adhesion molecule (N-CAM), collagen, 

major histocompatibility complex (MHC) class I antigens, human leukocyte antigens (HLAs), 

CCAAT/enhancer-binding protein a  (C/EBPa), serum albumin proteins, cyclin Dp and 

growth-arrest specific gene-1 (gas-1). They appear to represent a group of genes that are 

involved in differentiation, the control of cell proliferation, cell adhesion or recognition of 

cells by the immune system. For example, during pre-adipocyte differentiation it appears that 

c-Myc downregulation relieves transrepression of the C/EBPa promoter resulting in 

increased C/EBPa expression and differentiation (Li et al., 1994). The effects of c-Myc on 

cell cycle progression may also be mediated in part by transrepression. Over-expression of a 

wild type c-myc allele results in a higher percentage of cells in S-phase, whereas expression 

of a mutant allele unable to repress cyclin expression results in delayed progression from 

mitosis to S-phase (Philipp et al., 1994). This implies that transrepression of cyclin D, 

promotes entry into S-phase. Furthermore, transrepression may be one mechanism through 

which c-Myc promotes cellular transformation. A c-myc protein containing a mutation in the 

domain necessary for transrepression showed increased transrepression activity and enhanced 

transformation potential. Conversely, a mutant protein with attenuated transrepression 

activity was unable to co-operate with Ras in cellular transformation (Lee and Dang, 1997). 

Thus, transrepression by c-Myc contributes to differentiation, cell cycle progression and cell 

transformation.

Although c-Myc-mediated transrepression contributes significantly to c-Myc function, 

mechanistically it is not wholly understood. Indeed, it is likely that more than one 

mechanism accounts for the variety of genes affected. For instance, c-myc expression may 

indirectly alter the function of another transactivator, as is believed to be the case for 

CTF1/NF1 (Yang et al., 1991). The transcriptional activation domain of c/EBP is squelched 

by w-myc expression, providing another potential mechanism (Mink et al., 1996). In addition, 

it has been suggested that c-Myc may repress transcription through the initiator element (Inr) 

that can be found in many of the targets of Myc-mediated negative regulation. A basal 

promoter, containing the Inr, linked to a heterologous reporter gene was shown to confer 

Myc-mediated transrepression for the adenovirus major late (AdML), cyclin D, and c/EBPa 

promoters. Mutations within the Inr abolished this negative regulation (Li et al., 1994; Philip 

et al., 1994). Furthermore, c-Myc interacts with the general transcription factors, TFH-I and 

YY-1, that recruit the TATA-box binding protein (TBP) to the Inr. Consequently, c-Myc
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Figure 1.12: Alternative models for the mechanism of Inr-mediated transrepression by 
c-Myc. (A) YY-1 or TFII-I recruit the TATA-box binding protein (TBP) to the 
initiator element (Inr). A transcription preinitation complex assembles at this site and 
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YY-1, preventing complex assembly and therefore transcription initiation. (B) Miz-1 
stimulates the transcription of growth-inhibitory genes through upstream Inr elements. 
However, interaction of Miz-1 with c-Myc could promote transrepression through the 
activation of the M iz-1 POZ domain.



precludes the formation of TBP-YY1 or TBP-TFII-I complexes and thereby inhibits 

transcription initiation from these sites (fig. 1.12) (Roy et al., 1993; Shrivastava et al., 1993; 

Li et al., 1994). Although this has been demonstrated in vitro, currently in vivo evidence is 

lacking. Moreover, TFII-I and YY-1 interact with more abundant transcription factors, such 

as USF. Therefore, it is difficult to understand how c-Myc could compete for binding to 

TFII-I and YY-1 in vivo. An alternative pathway was suggested by the identification of the c- 

Myc binding protein, Myc-interacting zinc-finger protein-1 (Miz-1). Miz-1 is a BTB/POZ 

domain protein that transactivates the AdML and cyclin Dj promoters and has a potent 

growth arrest function. However, co-expression of c-Myc inhibits transactivation from both 

promoters and overcomes growth arrest (fig. 1.12). This process depends on the association 

of c-Myc and Miz-1 and the integrity of the BTB/POZ domain of Miz-1. Thus, since 

BTB/POZ domains have been associated with sequence-specific transcriptional repression, c- 

Myc may inhibit transcription and growth arrest by inducing the inhibitory function of the 

Miz-1 BTB/POZ domain (Chang et al., 1996; Peukert et al., 1997).

1.5.14. Differential transactivation mediated by the c-myc proteins

As detailed previously, c-Myc 1 and c-Myc 2 are both able to promote transcription initiation 

through an E-box element. In addition, c-Myc 1 can also stimulate transcription from 

heterologous promoter constructs containing C/EBP sites. Moreover, in vitro binding studies 

demonstrate that the C-terminal domain of c-Myc interacts with this sequence. A 

physiological role for the recognition of this alternative binding site by c-Myc 1 is suggested 

by in vivo expression studies. The growth of COS cells constitutively overexpressing c-Myc 

1 was significantly impaired compared to untransfected cells or cells overexpressing c-Myc 2 

(Hann et al., 1994). However, concomitant overexpression of both isoforms stimulates cell 

proliferation. Thus, it seems likely that the differential effect of c-Myc 1 on cell proliferation 

depends on the relative ratio of the two c-myc proteins. In support of this hypothesis, it has 

been reported that the relative levels of the c-myc proteins vary depending on the growth 

status of the cell. In growing cells, c-Myc 1 is normally considerably less abundant than c- 

Myc 2 (Hann et al., 1988; Hann et al., 1992). However, as cells approach high density in 

culture, c-Myc 1 accumulates to a level equal to or greater than c-Myc 2. This effect appears 

to be in response to methionine deprivation and may represent a cellular growth inhibitory 

response to the availability of nutrients (Hann et al., 1992). Furthermore, the disruption of c- 

Myc 1 protein synthesis in human Burkitt’s lymphomas and avian bursal lymphomas, may
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contribute to tumorigenicity through the loss of this growth suppressive response (Hann et al.,

1988). In summary, differential transactivation by the c-myc proteins through the E-box or 

C/EBP sites is likely to represent a mechanism through which the cell can respond 

appropriately to various growth conditions.

1.6. The regulation of c-myc gene expression

The expression of c-myc has profound implications for cellular fate and inappropriate 

expression can contribute to cell transformation. Consequently, c-myc expression is tightly 

regulated by transcriptional and post-transcriptional mechanism at multiple levels.

1.6.1. Trancriptional initiation and elongation

The stimulation of growth factor deprived cells with mitogens results in a rapid accumulation 

of c-myc mRNA (Kelly et al., 1983; Dean et al., 1986; Nepveu et al., 1987). An increase in 

transcription initiation is in part responsible for this induction (Dean et al., 1986; Nepveu et 

al., 1987). Indeed, mitogen-responsive cis-acting elements have been identified in the c-myc 

promoter (Marcu, 1992). Nevertheless, the rate of c-myc transcription is relatively high in 

quiescent cells and consequently only a moderate increase in transcriptional initiation occurs 

on growth stimulation. Therefore, an alternative mechanism must account for the dramatic 

accumulation of c-myc mRNA in the cytoplasm (Blanchard et al., 1985; Dean et al., 1986; 

Nepveu et al., 1987). Nuclear run-on assays assays demonstrate that a proportion of 

transcriptional complexes terminate at the 3’ end of exon 1 (Bentley and Groudine, 1986; 

Nepveu and Marcu, 1986). Premature transcriptional termination has been identified as a 

major mechanism involved in the regulation of c-myc expression. The stimulation of 

quiescent fibroblasts with epidermal growth factor (EGF), human mononuclear cells with 

pokeweed mitogen or Ba/F3 cells with IL-3 partially relieves this block resulting in an 

increased rate of transcriptional elongation and the accumulation of c-myc mRNA (Eick et al., 

1987; Nepveu et al., 1987; Chang et al., 1991). In contrast, the rapid downregulation of c- 

myc expression during the differentiation of HL60 and MEL cells is due to the attenuation of 

transcriptional elongation (Bentley and Groudine, 1986; Watson, 1988).

A negative autoregulatory feedback mechanism is also implicated in the control of c-myc 

transcription. The overexpression of an exogenous c-myc allele in cultured cell lines
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negatively regulates endogenous c-myc expression in a dose-dependent manner. This 

observation suggests that c-Myc is able to repress the activity of its own promoter (Grignani 

et al., 1990). Furthermore, Max is also required for this effect implying that this is a 

transcriptional phenomenon (Penn etal., 1990).

1.6.2 Evidence for post-transcriptional regulation

Clearly, the synthesis of c-myc mRNA is a major contributor to the regulation of c-myc 

expression. However, it has been observed that the level of c-myc protein does not always 

correlate with that of the cytoplasmic mRNA. The constitutive expression of the entire 

human c-myc gene in murine fibroblasts results in the accumulation of high levels of mRNA 

in the cytoplasm without a significant increase in the levels of c-myc protein (Ray et al.,

1989). Furthermore, in cell lines derived from patients with multiple myeloma and Bloom’s 

syndrome c-myc expression is de-regulated by a translational mechanism (West et al., 1995; 

Paulin et al., 1996). In the case of multiple myeloma this is associated with a single point 

mutation in the 5’ UTR of the mRNA (Paulin et al., 1996).

1.6.3. Translational regulation mediated by the c-myc 5’ untranslated region

The major translation start site in the c-myc gene is located within exon 2 and consequently 

exon 1 is predominantly non-coding (fig. 1.7b). Thus, the 5’ untranslated region of the 

human c-myc mRNA is composed of exon 1 and 15 nt of exon 2. Multiple transcription 

initiation sites exist within the gene. Consequently, the length of the 5’ UTR varies between 

approximately 1000 to 395 nt. There are two major promoters, PI and P2, that are positioned 

596 and 436 bp upstream of the AUG initiation codon, respectively (fig. 1.7) (Watt et al., 

1983; Saito et al., 1983). P2 is the principle promoter, generating 75-90% of transcripts, 

whereas PI only contributes 10-25% of the total c-myc mRNAs (Taub et al., 1984; Bentley 

and Groudine, 1986a). In addition, two minor promoters, P0 and P3, each generate 

approximately 5% of c-myc transcripts. Both P0 and P3 lack TATA boxes and are located 

550-560 bp upstream of PI and near the 3’ end of the first intron, respectively (fig. 1.7a) 

(Bentley and Groudine, 1986b; Ray and Robert-Lezengds, 1989).

Chromosomal translocations can occur between the c-myc locus and one of the 

immunoglobulin loci, resulting in de-regulated c-myc expression. In approximately 70% of
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murine plasmacytomas and 50% of human lymphomas the breakpoint occurs in the first exon 

or intron (Cory, 1986) suggesting that exon 1 could contribute to the normal regulation of c- 

myc expression. In support of this notion, the nucleotide sequence of exon 1 is well 

conserved between species (-70% between human and murine). It was proposed that the 

translation of c-myc mRNAs is repressed by a structural motif that results from base-pairing 

between sequences in exon 1 and exon 2. This model predicts that mRNAs derived from the 

translocated c-myc loci are efficiently translated since they lack this structure (Saito et al., 

1983).

Direct evidence that the 5’ UTR can modulate the translational efficiency of c-myc mRNAs 

was provided by in vitro studies. In rabbit reticulocyte lysate, both murine and human c-myc 

transcripts bearing exon 1 sequences (441 and 502 nt respectively) are translated significantly 

less efficiently than those lacking the majority of exon 1 (Darveau et al., 1985; Parkin et al., 

1988). Deletion analysis has revealed that exon 1-mediated translational repression is a 

property of the entire 5’ noncoding region rather than a specific motif (Parkin et al., 1988). 

Thus, the overall secondary structure of the 5’ UTR is responsible for the translation 

inefficiency of the c-myc mRNA in vitro.

A comparison of the distribution of endogenous c-myc mRNAs between the monosome and 

polysome fractions in Burkitt’s lymphoma cell lines demonstrated that exon 1 sequences do 

not appear to affect the in vivo translational efficiency of c-myc mRNAs (Nilsen and 

Maroney, 1984). Furthermore, exon 1 does not inhibit the translation of exogenously 

expressed c-myc mRNAs in cultured cell lines or in HeLa cell extracts (Butnick et al., 1985; 

Parkin et al., 1988). Nevertheless, sequences from both the murine and human exon 1 repress 

the translation of heterologous reporter mRNAs micro-injected into Xenopus oocytes (Parkin 

et al., 1988; Fraser et al., 1992). Thus, the effect of the c-myc 5’ UTR on translation 

initiation depends on the assay system. This phenomenon may reflect the competence of 

these systems to translate mRNAs with structured leader sequences. Alternatively it has been 

suggested that the translation of c-myc mRNAs may require a non-canonical trans-acting 

factor present in cultured cells but lacking in reticulocyte lysate and Xenopus oocytes (Parkin 

et al., 1988).
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1.6.4. Developmental regulation of translation by the c-myc 5’ UTR in Xenopus laevis

Differential translational regulation mediated by the c-myc 5’ UTR has been observed during 

Xenopus oocyte maturation. In contrast to their reduced translational efficiency in oocytes, 

heterologous mRNAs bearing 360 nt of the murine c-myc 5’ UTR are translated as efficiently 

as control mRNAs in fertilised eggs (Lazarus et al., 1988). This effect correlates with a 

smaller enhancement of general protein synthesis during this period. Moreover, the 

translational repression of a reporter mRNA conferred by a synthetic hairpin in Xenopus 

oocytes was completely relieved in fertilised eggs (Fu et al., 1991). Thus, the general 

increase in protein synthesis during oocyte maturation could alleviate the translational 

inhibition caused by secondary structure in the c-myc 5’ UTR. However, a recent study 

demonstrated that translational potentiation mediated by structured 5’ UTRs, including a 

synthetic hairpin, the human c-myc 5’ UTR and the Xenopus laevis c-myc 5’ UTR, does not 

occur in early embryos (Fraser et al., 1996). Hence, these conflicting data must be resolved 

before any conclusions can be drawn on the role of the c-myc 5’ UTR during development.
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1.7 Project background and aims

In common with many genes involved in the regulation of cell proliferation, the c-myc 

mRNAs have GC-rich 5’ leader sequences with the potential to form secondary structural 

motifs. Interestingly, in cell lines derived from patients with the B-cell neoplasia, multiple 

myeloma, a consistent point mutation in the c-myc 5’ UTR is associated with de-regulated 

expression by a translational mechanism. Furthermore, this single alteration results in the 5’ 

UTR having an increased affinity for a number of RNA binding proteins (Paulin et al., 1996, 

1997, 1998). These observations strongly suggested that the 5’ UTR might be involved in the 

translational regulation of the c-myc proto-oncogene. However, a number of previous 

investigations into the role of the 5’ UTR in translational modulation have proved somewhat 

inconclusive.

Recently, it has become clear that in addition to the conventional cap-dependent mechanism 

of translation initiation some eukaryotic cellular mRNAs utilise an alternative mechanism. 

These mRNAs have structured 5’ UTRs that contain an internal ribosome entry segment 

(IRES). The IRES conducts the ribosome to the mRNA by the mechanism of internal 

initiation. Since the c-myc mRNAs are translated efficiently in vivo despite the presence of a 

long and structured 5’ leader sequence, it seemed possible these mRNAs can be translated by 

internal ribosome entry. Thus, the aim of this project was to investigate the mechanism of c- 

myc mRNA translation and the role of the 5’ UTR in regulating translation initiation.
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Chapter 2

Materials and methods

2.1 General Reagents

Unless otherwise stated all chemical reagents were of analytical grade and most were obtained 

from BDH laboratory supplies (Lutterworth, Leicestershire, UK), Fisons (Loughborough, 

Leicestershire, UK), ICN Flow Ltd (Thame, Oxfordshire, UK) or Sigma Chemical company 

Ltd (Poole, Dorset, UK). Products for molecular biological techniques were routinely 

purchased from Boehringer Mannheim UK Ltd (Lewes, East Sussex, UK), Gibco-BRL 

(Paisley, Scotland), Stratagene Ltd (Cambridge, UK), New England Biolabs (NEB) (c/o CP 

Labs, Bishops Stortford, Hertfordshire, UK), MBI Fermentas (c/o Helena Biosciences, 

Sunderland, UK) and Pharmacia Biotech (Milton Keynes, Buckinghamshire, UK). Reagents 

for bacterial cell culture were obtained from Oxoid (Unipath, Basingstoke, Hampshire, UK). 

Foetal calf serum (FCS) for mammalian tissue culture was obtained from Advanced Protein 

Products (APP) (Brierly Hill, UK) and Wolf laboratories (High Wycombe, UK). All tissue 

culture plastic was supplied by Nunc products (Gibco-BRL) with the exception of six-well 

plates, which were obtained from Greiner Laboratories (Stonehouse, UK). Nitrocellulose 

membranes for blotting procedures were obtained from Bio-Rad laboratories 

(Hemelhempstead, Hertordshire, UK). Radiolabelled chemicals were obtained from 

Amersham International Pic (Little Chalfont, Buckinghamshire, UK) and NEN Dupont 

(Hounslow, UK).

2.2 Tissue Culture Techniques

2.2.1 Tissue culture media and supplements

R P M I1640 medium; Rose Park Memorial Institute 1640 medium, with L-glutamine (Gibco- 

BRL) was supplemented with 10% FCS (Advanced protein products).

DMEM medium; Dulbecco’s modified eagle medium, without sodium pyruvate (Gibco-BRL) 

was supplemented with 10% FCS.

Opti-MEM I; Reduced serum medium (Gibco-BRL)

52



2.2.2 Cell Lines

Details of the cell lines employed are given in Table 2.1.

Name Cell Type Growth Medium Source

HeLa S3 Human cervical epitheloid carcinoma DMEM (10% FCS) ATCC

HepG2 Human hepatocyte carcinoma DMEM (10% FCS) ATCC

HK293 Human embryonic kidney cell line 

immortalised with adenovirus DNA

DMEM (10% FCS) ATCC

Balb/c-3T3 Murine embryonic fibroblast cell line DMEM (10% FCS) ATCC

MCF7 Human breast carcinoma DMEM (10% FCS) ATCC

COS7 Monkey epithelial cell line (CV-1) 

immortalised with SV40 DNA

DMEM (10% FCS) ATCC

GM03201 Human EBV immortalised 

lymphoblastoid cell line

RPM I1640 (10% FCS) NIGMS

Table 2.1: Cell lines utilised with details of their origin and in vitro growth requirements.

2.2.3 Maintenance of cell lines

All of the above cell lines were cultured in the appropriate growth media (Table 2.1) in sterile 

plasticware (Nunclon, Gibco-BRL). The adherent cells were grown to confluence in 10 cm 

petri-dishes and treated with IX trypsin solution (Gibco-BRL) supplemented with 0.5 mM 

EDTA, pH 8.0. Approximately, lxlO6 cells were diluted into fresh medium and replated into 

a new dish. Cells grown in suspension were maintained at concentrations between 5xl05- 

lxlO6 cells/ml. All cells were routinely grown at 37°C in a humidified atmosphere containing 

5% C 02.

2.2.4 Calcium phosphate-mediated DNA transfection

Calcium phosphate-mediated DNA transfection of mammalian cells was performed essentially 

as described by Jordan et al. with minor modifications (Jordan et al., 1996). Approximately 20 

hours before transfection, lxlO6 cells were seeded onto a 10 cm plate in 9 ml of complete 

medium. A solution of 50 pi of 2.5 M CaCl2 and 25 pg of plasmid DNA (20 jig of luciferase
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plasmid and 5 pg of pcDNA3.1/HisB//acZ) was diluted with sterile de-ionised water to a final 

volume of 500 pi. This 2X Ca/DNA solution was added in a dropwise manner to an equal 

volume of 2X HEPES buffered saline (50 mM HEPES, pH 7.05, 1.5 mM Na2HP04, 140 mM 

NaCl) whilst bubbling air through the mixture. The calcium phosphate-DNA co-precipitate 

was allowed to form for 5 min and was then added slowly to the 9 ml of medium covering the 

cells. 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 (4.3 mM Na2HP04,

1.5 mM KH2PC>4, 137 mM NaCl, 2.7 mM KC1, pH 7.4). Subsequently, fresh medium was 

added and the cells were grown for a further 24 hours before harvesting.

2.2.5 Cationic liposome-mediated RNA transfection

Cationic liposome-mediated RNA transfection of mammalian cells was performed as 

described by Dwarki et al. (Dwarki et al., 1993). Capped and polyadenylated transcripts were 

synthesised using in vitro run-off transcription on an EcoRl linearised pSP64R(x)L Poly(A) 

template and subsequently purified. Approximately 2xl05 HeLa cells were diluted into 2 ml 

of fresh medium and grown in a 6-well plate. The cells were transfected as they approached 

confluence. The medium was aspirated and cells were washed once with Opti-MEM I 

reduced serum medium. During the preparation of the liposome-RNA complexes, the cells 

were returned to the 37°C incubator covered in this medium. A mixture of 1ml of Opti-MEM 

I medium and 12.5 jLLg of lipofectin (Gibco-BRL) was incubated at room temperature for 20 

min. 5 jig of capped mRNA 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 of 

transfection.

2.3 Bacterial Methods

2.3.1 Bacterial media and supplements

LB medium; 10 g Bacto-tryptone, 5 g bacto-yeast extract, 10 g NaCl dissolved in 1 1 of 

deionised water.

LB agar plates; 10 g Bacto-tryptone, 5 g bacto-yeast extract, 10 g NaCl dissolved in 1 1 of
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deionised water and supplemented with 15 g of agar.

SOC medium; 2 g Bacto-tryptone, 0.5 g Bacto-yeast extract, 1 ml of 1 M NaCl, 0.25 ml of 1

M KC1, 1 ml of 2 M MgCl2, 1 ml of 2 M glucose.

Ampillicin; a stock solution of 50 mg/ml was prepared using sterile deionised water.

Ampicillin was used at a final concentration of 50 pg/ml.

2.3.2 Bacterial strains

The E. coli strain JM109 was used in most bacterial manipulations

JM109; e l4 \mcrA)recAl, endAl, gyr A96, thi-1, hsdRl7, supE44, relAl, A(lac-proAB), F \  

traD36, proAB, lacZAM15.

To prevent the methylation of the £ce>R0901I site in c-myc exon 1, the plasmid pSKutr2 was 

transformed into the E. coli strain BL21(DE3)

BL21(DE3); F , ompT, hsdSs, fo ', me’), dcm, gal, X(DE3)

2.3.3 Preparation of competent cells

A single colony from an LB plate was inoculated into 2.5 ml of LB medium and incubated 

overnight at 37°C with shaking. The entire overnight culture was inoculated into 250 ml of 

LB medium supplemented with 20 mM MgSC>4 and incubated at 37°C until the A6oo reached 

0.4-0.6. Cells were collected by centrifugation at 4,500 x g for 5 min at 4°C using a GSA 

rotor (Sorvall). Following centrifugation, the pellet was gently resuspended in 100 ml of ice- 

cold filter sterile TFB1 (30 mM KAc, 10 mM CaCl2, 50 mM MnCl2, 100 mM RbCl, 15% 

(v/v) glycerol, adjust to pH 5.8 with 1 M glacial acetic acid). After incubating on ice for 5 

min, the cells were collected by centrifugation at 4,500 x g for 5 min at 4°C. The pellet was 

resuspended in 10 ml of ice-cold filter sterile TFB2 (1 mM MOPS, pH 6.5, 75 mM CaCl2, 10 

mM RbCl, 15% (v/v) glycerol, adjust to pH 6.5 with 1 M KOH) and the cells were incubated 

on ice for 1 hour. Finally, the cells were rapidly frozen in an isopropanol/dry ice bath in 200 

jliI aliquots and stored at -70°C.

2.3.4 Transformation of competent cells

Ligation products or plasmid DNA (10 ng) were added to 50 pi of competent cells and
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incubated on ice for 20 min. After heating the mixture at 42°C for 2 min, 150 jil of SOC 

medium was added. Subsequently, the cells were incubated with shaking at 37°C for 45 min. 

Finally, the sample was spread onto a pre-warmed LB agar plate containing ampicillin and 

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

2.4 Molecular Biology Techniques

CsCb-saturated isopropanol (ITC); Mix 10 g of CsCh, 10 ml TES, and 40 ml isopropanol. 

Shake thoroughly to obtain a saturated solution and use the upper isopropanol phase.

OLB; Mix solutions A, B, and C in the ratio 2:5:3

A) 1.2 M Tris-HCl, pH 8.0, 0.12 M MgCl2, 1.75%(v/v) (3-mercaptoethanol, and 0.5 mM of 

dATP, dGTP and dTTP

B) 2 M HEPES-NaOH, pH 6.6

C) 1.6 mg/ml Hexadeoxyribonucleotides in 3 mM Tris-HCl, 0.2 mM EDTA, pH 7 

0.5X TAE; 20 mM Tris-acetate, pH 7.5,0.5 mM EDTA

TES; 50 mM Tris-HCl, pH 8.0, 5 mM NaCl, 50 mM EDTA 

IX TBE; 89 mM Tris base, 89 mM Boric acid, 2.5 mM EDTA, pH 8.0 

5X TBE loading buffer; 30%(v/v) glycerol, 0.25% Bromophenol blue, 0.25% Xylene cyanol 

TE; 10 mM Tris-HCl pH 8.0,1 mM EDTA

2.4.1 Plasmids

pGL3con (Promega) 

pRLCMV (Promega) 

pCAT3con (Promega) 

pSK+bluescript (Stratagene) 

pcDNA3.1/HisB//acZ (Invitrogen) 

pXLJ( 10-605) (A kind gift from Dr. R. J. Jackson)

2.4.2 Ethanol precipitation of DNA

DNA was precipitated by adding 0.1 volume of 3 M 

absolute ethanol. The sample was incubated on ice 

which the DNA was collected by centrifugation at 

removed from the pellet by washing with 70% ethanol, then the DNA was dried briefly and

sodium acetate, pH 5.2 and 2 volumes of 

or at -20°C for 15-30 minutes following 

12,000 x g for 10 min. Excess salt was
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resuspended in either TE or sterile deionised water.

2.4.3 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 12,000 x g for 5 min. The upper aqueous phase 

was removed to a separate tube, to which an equal volume of chloroform:isoamyl alcohol was 

added. Following extraction and separation of the phases, the aqueous layer was transferred 

to new tube and the nucleic acid was precipitated.

2.4.4 Purification of DNA using glassmilk

Glassmilk was used to purify DNA fragments amplified by PCR, or to isolate DNA when a 

change of reaction buffer was required. Up to 5 jig of DNA was incubated with 3 volumes of 

6 M Nal and 5 |xl of glassmilk for 5 min at room temperature. The glassmilk was collected by 

centrifugation and washed two times in 0.5 ml of wash solution (10 mM Tris-HCl, pH 7.5, 

100 mM NaCl, 52.6% ethanol). After the glassmilk was resuspended in 10 pi of sterile 

deionised water, it was incubated at 45-55°C for 5 min to elute the DNA. Following 

centrifugation, the supernatant was removed to a fresh tube and the elution process was 

repeated.

2.4.5 Agarose gel electrophoresis

Fragments of DNA were fractionated according to their molecular weight by electrophoresis 

through agarose gels. Agarose was melted in IX TBE buffer, cooled and cast into a gel. 

After which the gel was submerged in IX TBE 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 8 

V/cm. After electrophoresis, the gel was stained with ethidium bromide (1.3 mg/1 in lx TBE) 

for 15-20 min and the DNA was visualised on a UV transilluminator.

2.4.6 Gel isolation of DNA fragments

Initially, DNA fragments were separated by agarose gel electrophoresis as described in section
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2.4.5, except the gel was prepared and submerged in 0.5X TAE. After staining with ethidium 

bromide, the fragments were visualised using a low intensity UV lamp. Agarose containing 

the required fragment was excised from the gel and melted at 55°C in 3 volumes of 6 M Nal. 

DNA was isolated from this solution using the glassmilk procedure described in section 2.4.4.

2.4.7 Synthesis and purification of oligonucleotides

Oligonucleotides were synthesised on an Applied Biosystems model 394 machine (Protein 

and Nucleic Acid Sequencing Laboratory, Leicester University) at a 0.2 jliM scale. 

Oligonucleotides were purified by ethanol precipitation with 0.1 volume of 3M sodium 

acetate, pH 5.2 and 3 volumes of absolute ethanol. Samples were incubated at -20°C for 30 

min and the precipitate was collected by centrifugation at 12,000 x g for 20 min. After 

washing with 70% ethanol the pellet was dried and then resuspended in 100 pi of TE. The 

concentration of the oligonucleotide was determined by measuring the absorbance at 260 nm.

2.4.8 Oligonucleotides

FP2501 5’ TAATTCCAGCGAGAGGCAGA 3’

JLQ1 5’ GAAGCCCCCTATTCGCTCC 3’

FP2670 5’ TGCCGCATCCACGAAACTTT 3’

MS4526 5’ GGGCATCGTCGCGGGAGGCTG 3’

MS4527 5’ CTCAACGTTAGCTTCACCAAC 3’

MS4519 5’ TATACCATCGTCGCGGGAGGCTGCTG 3’

MS7216 5’ CGGAATTCTTACGCACAAGAGTTGCCGAT 3’

5’CUG 5’ CTGCTTAGACGCTCGATTTTTTTCGGGTAGTGGAAAACCA 3’

KS 5’ TCGAGGTCGACGGTATC 3’

T7 5’ GT AAT ACG ACTC ACT AT AGGGC 3’

Luc3’ 5’ GCGTATCTCTTCATAGCCTT 3’

ECLuc3 5’ GTACGAATTCGTTGGTAAAGCCACCATGGA 3’

ECLuc5 5’ GT ACG AATTC AGT ACCGG AATGCC A AGCTT 3’

ESP5 5’ GATATCACTAGTCAGCTGG 3’

ESP3 5’ CCAGCTGACTAGTGATATC 3’

LOOP1 5’ AGATCTGGTACCGAGCTCCCCGGGCTGCAGGAT 3’

LOOP2 5’ ATCCTGCAGCCCGGGGAGCTCGGTACCAGATCT 3’

RNaseF 5’ GCAAGAAGATGCACCTGATG 3’
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2.4.9 Restriction enzyme digestion

DNA was digested with restriction enzymes in a total volume of 10-50 pi under the conditions 

recommended by the suppliers. Reactions were incubated at the appropriate temperature for 

1-2 hours.

2.4.10 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 25 |xl, containing 

80 pM of each dNTP, a maximum of 2 pg of DNA and IX Fill-in buffer (50 mM Tris-HCl, 

pH 7.5, 10 mM MgCh, 0.1 mM DTT, 50 pg/ml BSA) or IX Restriction enzyme buffer 

supplemented with 100 pg/ml of BSA. 1-5 units of Klenow DNA polymerase were added and 

the reaction was incubated at 30°C for 15 min. The reaction was stopped by heating at 75°C 

for 10 min, following which the DNA was purified.

2.4.11 Removal of overhanging 3’ ends

The 3’ exonuclease activity of T4 DNA polymerase was used to remove the overhanging 3’ 

termini of DNA fragments generated by restriction digestion or Taq DNA polymerase. The 

reaction was performed in a final volume of 20 pi containing IX T4 DNA polymerase buffer 

(33 mM Tris-acetate, pH 7.9, 66 mM KAc, 10 mM Mg(Ac)2, 0.5 mM DTT, 100 pg/ml BSA), 

100 pM of each dNTP and 2 pg of DNA. 10 units of enzyme were added and the reaction 

was incubated at 37°C for 5 min. The reaction was stopped by heating at 75°C for 10 min and 

then the DNA was purified.

2.4.12 Radiolabelled DNA markers

1 pg of pBR322 was digested with 5 units of Hpal for 20 min in a volume of 10 pi and the 

reaction was stopped by heating at 90°C for 2 min. The DNA fragments were radiolabelled 

using Klenow DNA polymerase in a reaction volume of 15 pi containing IX Restriction 

enzyme buffer, 100 pg/ml of BSA, 1 mM dGTP, 10 pCi of [a-32P] dCTP (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 formamide loading dyes.
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2.4.13 Alkaline phosphatase treatment of DNA

Linearised plasmids were treated with calf intestinal alkaline phosphatase (CLAP) to remove 

the terminal 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 15 min. 

Dephosphorylation was performed in a final volume of 50 pi in IX Restriction enzyme buffer. 

For DNA fragments with overhanging 5’ ends the reaction was incubated for 30 min at 37°C 

using 1 unit of CLAP, after which another unit of enzyme was added and the incubation was 

repeated. Whilst for DNA fragments with blunt ends, the reaction was incubated at 37°C for 

15 min followed by 56°C for 15 min using 1 unit of CLAP, and these incubations were 

repeated after the addition of another unit of CLAP. The reaction was terminated by heating at 

75°C for 10 min and the DNA was purified using glassmilk. For those restriction enzymes 

that are resistant to heat-inactivation, the. DNA was first purified using glassmilk and 

resuspended in 50 pi of IX CLAP reaction buffer (50 mM Tris-HCl, pH 9.3, 1 mM MgCL, 0.1 

mM ZnCh). The reactions were then performed as described above.

2.4.14 Phosphorylation of nucleic acids using T4 polynucleotide kinase

PCR products and oligonucleotides that were used in ligations were first treated with T4 

polynucleotide kinase (T4 PNK) to add a 5’ terminal phosphate group. For oligonucleotides, 

a reaction containing 5 pg of nucleic acid, IX T4 PNK buffer (70 mM Tris-HCl, pH 7.6, 10 

mM MgCh, 5 mM DTT) and 100 pM ATP in a final volume of 50 pi was incubated at 37°C 

for 30 min with 10 units of T4 PNK. Similar conditions were used for PCR products, 

however prior to the addition of enzyme the reaction was heated at 65°C for 10 min. Finally, 

the kinase reaction was terminated by heating at 75°C for 10 min.

2.4.15 Annealing complementary oligonucleotides

The complementary oligonucleotides ESP5 and ESP3 or Loopl and Loop2 were annealed to 

create an oligonucleotide cassette that was subsequently used in a ligation reaction. Initially, 

the oligonucleotides were treated with T4 PNK as described above. Subsequently, equimolar 

amounts of oligonucleotide (5 pg of each) were combined and heated at 75°C for 10 min. The 

oligonucleotides were then annealed by incubating the mixture at 37°C for 10 min followed by 

incubation on ice for 10 min. Finally, the concentration of the oligonucleotide cassette was
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adjusted to approximately 40 nM.

2.4.16 Ligations

Ligations were performed in a total volume of 10 pi. Vector DNA (50 ng) was mixed in a 1:3 

molar ratio with insert DNA in a reaction containing IX T4 DNA ligase buffer (MBI 

Fermentas) and T4 DNA ligase. For ligations involving fragments with overhanging termini, 

the reaction was incubated at 16°C for 2-16 hours. Polyethylene glycol 8000 (4%(w/v)) was 

included in reactions in which all DNA termini were blunt. The efficiency of these blunt- 

ended ligations was further improved by incubating the reaction for at least 16 hours at 16°C. 

Alternatively, a cycle ligation was performed in which the temperature was alternated between 

10°C and 30°C over 16 hours. The sample was incubated for 10 s at each temperature. After 

the appropriate incubation, 5 pi of the ligation reaction was transformed in competent E.coli.

2.4.17 Small scale preparation of plasmid DNA

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

incubated overnight at 37°C in a shaking incubator. Approximately 1.5 ml of the culture was 

decanted into a labelled tube and the bacteria were collected by centrifugation. The pellet was 

resuspended in 100 pi of ice-cold solution I (25 mM Tris-HCl, 10 mM EDTA, 50 mM 

Glucose, pH 8.0). After a 5 minute incubation at room temperature, 200 pi of solution II 

(l%(w/v) SDS, 0.2 M NaOH) was added and the solutions were mixed gently. The sample 

was incubated on ice for 5 min, following which 150 pi of 7.5 M NH4AC, pH 7.6 was added. 

After briefly mixing the solutions using a vortex, the sample was incubated on ice for a further 

5 min. The precipitated matter was collected by centrifugation at 12,000 x g for 5 min and the 

supernatant was removed to a fresh tube. Plasmid DNA was ethanol precipitated from this 

solution as described in section 2.4.2. Finally, the washed and dried pellet was resuspended in 

30 pi of TE. Diagnostic restriction digests were performed using 5 pi of this solution.

2.4.18 Large scale preparation of plasmid DNA

The ammonium acetate method described by Saporito-Irwin et al. was used to prepare 

milligram quantities of plasmid DNA (Saporito-Irwin et al., 1997). An overnight culture of E. 

coli containing the plasmid was inoculated into 250 ml of LB media supplemented with
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ampicillin. The culture was grown for 12-16 hours in a 37°C shaking incubator. Cells were 

harvested by centrifugation at 4,000 x g for 10 min at 4°C. The pellet was resuspended in 3 

ml of ice-cold solution I and incubated at room temperature for 5 min. Following which, 6 ml 

of solution II was added and the sample was incubated on ice for 10 min. This solution was 

neutralised with 4.5 ml of 7.5M NH4AC, pH 7.6 and incubated for a further 10 min on ice. 

The precipitated matter was collected by centrifugation at 12,000 x 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. The insoluble material was collected 

by centrifugation (12,000 x g) for 10 min at room temperature. The plasmid DNA in the 

pellet was resuspended thoroughly in 2 M NH4AC, pH 7.4. The insoluble matter was 

separated from the supernatant 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 collected by centrifugation. Following resuspension of the 

pellet in lml of sterile deionised water, contaminating RNA was removed by adding 100 jig of 

RNase A and incubating the solution at 37°C for 15 min. Proteins were then precipitated by 

the addition of 0.5 volume of 7.5M NH4AC, pH 7.6 and incubating at room temperature for 5 

min. The precipitated proteins were collected by centrifugation and the supernatant was 

removed to a fresh tube. Finally, the plasmid DNA was precipitated using 1 volume of 

isopropanol, harvested by centrifugation and washed with 70% ethanol. The resulting pellet 

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

2.4.19 Caesium chloride gradient purification of plasmid DNA

To achieve efficient transfection of some cell lines (e. g. Balb/c-3T3) using a calcium 

phosphate/DNA co-precipitate, the DNA was further purified on a CSCI2 gradient. Plasmid 

DNA was resuspended in 8 ml of TE, into which 10 g of CsCb were subsequently dissolved. 

The CSCI2/DNA solution was transferred to an 11.5 ml polyallomer tube (NEN-Sorvall) and 

supplemented with 0.5 ml of 10 mg/ml ethidium bromide. If necessary, additional TE was 

added to give a final volume of 11.5 ml and the tube was sealed. Plasmid DNA was 

fractionated on a CSCI2 gradient by centrifugation of the sample in a Sorvall Ti270 rotor at

50,000 rpm for 20 hours at 4°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 CsC^-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 3 M NaAc, pH 5.2. After centrifugation at
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12,000 x g for 10 min the pellet was resuspended in 0.5 ml of deionised water and plasmid 

DNA was ethanol precipitated as described previously. The final pellet was resuspended in 

0.25-1 ml of 0. IX TE.

2.4.20 Double stranded DNA sequencing

Plasmid DNA was isolated using the small scale method and contaminating RNA was 

digested with 1 pg of RNase A at 37°C for 30 min. After RNase treatment, the DNA was 

ethanol precipitated and resuspended in 10 pi of sterile deionised water. The plasmid DNA 

was denatured by incubating this solution with 0.1 volumes of 2 mM NaOH, 2 mM EDTA, 

pH 8.0 at 37°C for 15 min. After which, the solution was neutralised with 0.1 volumes of 3 M 

KAc, pH 4.8 and 1 volume of isopropanol was added. Following incubation at room 

temperature for 10 min, the single stranded DNA was collected by centrifugation at 12,000 x g 

for 10 min and the pellet was dried. The pellet was resuspended in 10 pi of a 2.5 ng/pl 

solution of sequencing primer and 2 pi of annealing buffer (280 mM Tris-HCl, pH 7.5, 100 

mM MgCh, 350 mM NaCl). The plasmid DNA/primer solution was heated at 75°C for 10 

min, and then incubated at 37°C for 10 min, followed by 5 min on ice to achieve primer 

annealing. Samples were labelled at 20°C for 5 min, in a reaction containing 0.4 pi [cx-35S] 

dATP (12.5 mCi/ml), 3 pi of labelling mix A (2 pM dGTP, 2 pM dCTP, 2 pM dTTP), and 1 

unit of T7 DNA polymerase. Labelling was terminated by the addition of 2-4 pi of each 

termination mix (150 pM of each dNTP, 10 mM MgCl2, 40 mM Tris-HCl, pH 7.5, 50 mM 

NaCl, 15 pM ddNTP G, A, T, or C) and incubated at 42°C for 5 min. Finally, the reaction 

was stopped by adding 4 pi of formamide loading dyes (100% deionised formamide, 

0.1%(w/v) Xylene cyanol FF, 0.1%(w/v) Bromophenol blue, 1 mM EDTA). The labelled 

DNA fragments were fractionated on a 6% polyacrylamide/7 M urea gel following which the 

gel was dried for 1 hour at 80°C and exposed to Fuji medical X-ray film for 16-48 hours.

2.4.21 Standard PCR reaction

Standard PCR reactions were performed in a final volume of 50 pi containing IX PCR 

reaction buffer (Gibco-BRL), 1.5 mM MgCl2, 0.2 mM of each dNTP, 25 pmol of both the 

upstream and downstream primers, 1 unit of Taq DNA polymerase (Gibco-BRL) and 100 ng 

of template DNA. Samples were overlaid with paraffin oil to minimise evaporation. 

Reactions were performed in a Perkin Elmer Cetus, or a Techne Genius Thermal Cycler.
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DNA was initially denatured by heating at 94°C for 3 min, following which the samples were 

heated at 94°C for 30 s (denature), 57-65°C for 30 s (anneal) and 72°C for 60 s (extend) 

sequentially, for 25-30 cycles.

2.4.22 RT-PCR

When amplifying a DNA fragment using single stranded DNA from a reverse transcription 

(RT) reaction as a template, the entire RT reaction was used. The PCR reaction conditions 

were adjusted to account for the dNTPs, MgCl2 and RT buffer already present. A fragment 

encoding the c-myc cDNA sequence from -396 to +6 was amplified using the primer set 

FP2501 and MS4526.

2.4.23 The construction of pGL3E using long PCR

An EcoRl site was engineered into the plasmid pGL3con by amplifying the whole plasmid 

using the primers ECLuc5 and ECLuc3. The PCR reaction was performed using the 

Expand™ kit (Boehringer Mannheim) according to the manufacturers instructions. 

Essentially, two mixes were prepared: Mix 1 contained 300 nM of each primer, 200 pM of 

each dNTP and 100 ng of pGL3con in a final volume of 25 pi, and Mix 2 contained 2X 

Expand™ reaction buffer and 0.75 pi of a Taq/Pwo DNA polymerase mix in a final volume of 

25 pi. The two mixes were combined immediately before incubation and overlaid with 

mineral oil. The plasmid DNA was denatured by heating at 94°C for 2 min, following which 

the reaction was incubated at 94°C for 30 s (denature), 62°C for 30 s (anneal) and 68°C for 4 

min (extend) sequentially for 10 cycles. Thereafter, the extension time was increased by 20 s 

each cycle for a further 15 cycles. Finally, the reaction was completed by heating at 72°C for 

7 min. The PCR product was purified using size exclusion chromatography on a 

chromaspin+TE-400 column (Clontech) and digested with EcoRI. The resulting linear DNA 

fragment was circularised by self-ligation for 2 hours at 16°C thus creating pGL3E.

2.4.24 PCR mutagenesis

“One-tube, two-stage” PCR-directed in vitro mutagenesis was performed as described by 

Ekici et al. (1997). In the first stage, the mutagenic megaprimer was synthesised in a reaction 

containing IX Pfu reaction buffer, 100 ng of pSKutr2, 50 pmol of the mutagenic primer
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5’CUG, 25 pmol of the downstream primer KS, 200 pM of each dNTP and 2.5 units of Pfu 

DNA polymerase. After heating at 94°C for 3 min, the reaction was incubated for 30 s at 

94°C (denature), 60 s at 60°C (anneal) and 30 s at 72°C (extend) sequentially for 20 cycles. In 

the second stage, a previously prepared mix containing 100 pmol of the upstream primer 

FP2501, 2.5 units of Pfu DNA polymerase, 200 pM of each dNTP in a final volume of 25 pi 

of IX Pfu reaction buffer was added to the first reaction. The incubation conditions for the 

second reaction were identical to those of the first except that the annealing temperature was 

increased to 65°C. After fractionation through an agarose gel, a DNA fragment of the 

appropriate size was isolated as described in section 2.4.6. The fragment was then treated 

with T4 PNK, digested with Ncol and ligated into pGL3R. The introduction of a Taql 

restriction site was used to screen for clones containing the mutant plasmid and the presence 

of a single mutation was confirmed by sequencing.

2.4.25 Isolation of total cellular RNA

Total cellular RNA was isolated using the guanidium isothiocyanate method (Chomczynski 

and Sacchi, 1987). Adherent cells were lysed by scraping with a “rubber policeman” in 1 ml 

of TriReagent™ (Sigma), whilst suspension cells were first harvested by centrifugation before 

addition of the reagent. Once the lysate was transferred to a fresh tube, 200 pi of chloroform 

was added and the mixture was vigorously mixed using a vortex for at least 30 s. The aqueous 

and inorganic phases were separated by centrifugation at 12,000 x g for 15 min at 4°C and the 

upper aqueous phase was transferred to a fresh tube. An equal volume of isopropanol was 

added to this solution and the sample was incubated at room temperature for 10 min. The 

precipitate was collected by centrifugation at 12,000 x g for 15 min and the pellet was washed 

with 75% ethanol. After briefly drying the pellet, it was resuspended in 30 pi of filter sterile 

deionised water. A 1 pi sample was subjected to agarose gel electrophoresis to ensure that 

degradation had not occurred. Finally, prior to storage at -20°C, the concentration of the 

RNA was determined by measuring its absorbance at 260 nm.

2.4.26 Purification of poly[A]+ mRNA from total cellular RNA

Poly[A]+ mRNA was purified from total mRNA using oligo[dT] magnetic beads (Dynatec 

Inc.) according to the manufacturers instructions. Initially, 134 pi of oligofdT] beads were 

washed in 100 pi of 2X Binding buffer (20 mM Tris-HCl, pH7.5, 1 M LiCl, 2 mM EDTA)
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and then suspended in a further 100 pi of 2X Binding buffer. Filter sterile deionised water 

was used to increase the volume of 50 pg of total cellular RNA to 100 pi. After heating the 

RNA solution at 65°C for 2 min, it was combined with the bead suspension. The RNA was 

bound to the beads by continuously mixing the solution at room temperature for 5 min. 

Following which, the beads were collected using the magnet provided and the supernatant was 

removed. Unbound material was removed by washing the beads twice with 200 pi of wash 

solution (10 mM Tris-HCl, pH 7.5, 0.15 M LiCl, 1 mM EDTA). Finally, 10 pi of elution 

solution (2 mM EDTA, pH 8.0) was added to the beads and the poly[A]+ mRNA was eluted 

by heating at 65°C for 2 min.

2.4.27 In vitro run-off transcription

10 pg 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 extraction 

and following ethanol precipitation, the DNA was resuspended in 10 pi of filter sterile 

deionised water. To synthesise uncapped transcripts, a reaction was set up containing IX 

Transcription buffer (80 mM Hepes-KOH, pH 7.5, 24 mM MgCk, 2 mM spermidine, 40 mM 

DTT), 80 mM KOH, 40 units of recombinant RNasin ribonuclease inhibitor, 10 mM of each 

NTP, 1.5 pg of DNA template, and 40 units of T7, T3, or SP6 RNA polymerase in a final 

volume of 50 pi. After incubation at 37°C for 2 hours, the DNA template was digested with 

10 units of RNase-free DNase I for 15 min at 37°C. Immediately following 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 7.5 M NH4AC and 2.5 volumes of ethanol. After incubation at -  

70°C for 30 min, the RNA was collected by centrifugation and washed with 75% ethanol. The 

pellet was resuspended in 30 pi of filter sterile 0.1X TE and the concentration was determined 

using the absorbance at 260 nm. In addition, 0.5 pi of the RNA was subjected to agarose gel 

electrophoresis to ensure the product was not degraded.

Capped transcripts were synthesised in a reaction containing IX Transcription buffer, 7 mM 

KOH, 40 units of RNasin, 1 mM ATP, 1 mM UTP, 1 mM CTP, 0.5 mM GTP, 2 mM 

m7G(5’)ppp(5’)G, 1 pg of DNA template and 20 units of T7, T3, or SP6 RNA polymerase in a 

final volume of 50 pi. After incubating the reaction for 1 hour at 37°C, the RNA was isolated 

as described above.
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Radiolabelled transcripts were synthesised in a reaction containing IX Transcription buffer, 6 

mM KOH, 20 units of RNasin, 50 |lCi of [a-32P]CTP (400 Ci/mmol), 1 mM of ATP, UTP and 

GTP, 1 fig of template DNA and 20 units of T3 RNA polymerase in a final volume of 10 fil. 

For the radiolabelled transcripts used in UV cross-linking assays, a combination of 0.75 mM 

UTP and 0.25 mM 4-thioUTP was used instead of 1 mM UTP. After incubation for 1 hour at 

37°C, the template DNA was removed as described previously and the protein was extracted 

using phenol/chloroform. The RNA was precipitated by incubating the sample at -70°C for 

30 min with 0.5 volume of 7.5 M NH4AC and 2.5 volumes of ethanol. After collecting the 

RNA by centrifugation, it was resuspended in 10 |il of loading dyes (80% deionised 

formamide, 10 mM EDTA, 0.1% SDS, 0.1% Xylene cyanol IT, 0.1% Bromophenol blue) and 

the sample was heated at 85°C for 5 min. Subsequently, transcripts were fractionated on a 4% 

polyacrylamide/7 M urea gel and detected by exposure to Fuji medical 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 incubating with 0.5 ml of extraction buffer (0.5 M NH4AC, 1 mM 

EDTA, 0.2% SDS) for 16 hours at 4°C. Radiolabelled RNA was precipitated from the 

supernatant using 0.1 volume of 7.5 M NH4AC and 2.5 volumes of ethanol, collected by 

centrifugation, washed with 75% ethanol and resuspended in 50 pi of filter sterile deionised 

water. RNA concentrations were then determined by Cerenkov scintillation counting in a Tri- 

Carb 2000CA scintillation counter (Packard).

2.4.28 Reverse transcription of total cellular RNA

RNA was isolated by the method described previously and 1 pg was diluted into a total 

volume of 5 pi using filter sterile deionised water. The sample was heated at 65°C for 3 min 

and then incubated on ice for 5 min. The RNA was then added to a 15 pi reaction containing 

IX Superscript reaction buffer (Gibco-BRL), 1 mM of each dNTP, 160 ng/pl of random 

hexanucleotides, 40 units of RNasin and 200 units of Superscript reverse transcriptase (Gibco- 

BRL). After which, the sample was incubated at 20°C for 15 min to allow annealing to occur. 

Subsequently, reverse transcription was performed at 42°C for 1 hour and the enzyme was 

inactivated by heating at 95°C for 5 min. The sample was either used immediately to amplify 

a DNA fragment or stored at -20°C.
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2.4.29 RNase protection

The RNA samples were combined with 5x10s cpm of radiolabelled riboprobe and precipitated 

with 2.5 volumes of ethanol for 30 min at -20°C. After the RNA was collected by 

centrifugation, washed with 75% ethanol, and briefly dried, it was resuspended in 30 pi of 

hybridisation buffer (80% deionised formamide, 40 mM PIPES, pH 6.4, 0.4 M NaCl, 1 mM 

EDTA). Samples were then heated at 85°C for 5 min and subsequently incubated at 45°C for 

16 hours to allow annealing to occur. 300 pi of RNase digestion buffer (10 mM Tris-HCl, pH 

7.5, 5 mM EDTA, 200 mM sodium acetate) were then added to each sample and the single 

stranded RNA was digested with RNase ONE™ (Promega) at a concentration of 1 unit/pg of 

RNA. The reaction was terminated by the addition of 10 pi of 20%(w/v) SDS and proteins 

were digested with 2.5 pi of 20 mg/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 10 pg of carrier tRNA. RNA was precipitated by incubating the sample with 825 

pi of 100% ethanol at -20°C for 30 min. After collecting the insoluble material by 

centrifugation and washing the pellet with 75% ethanol, the sample was dried and 

resuspended in 5 pi of formamide RNA loading dye. RNA was denatured by heating at 85°C 

for 5 min and fractionated by electrophoresis through a 4% polyacrylamide/7 M urea gel. 

Finally, radiolabelled RNA fragments were detected by analysing the dried gel using a 

Molecular Dynamics phosphorimager.

2.4.30 Denaturing RNA agarose gel electrophoresis and Northern blotting

Samples of RNA were denatured by incubation in IX Gel buffer (20 mM MOPS, pH 7.0, 5 

mM NaAc, and 1 mM EDTA), 6.5% formaldehyde, and 50% deionised formamide at 55°C for 

15 min in a final volume of 20 pi. Denatured RNA was fractionated by electrophoresis 

through a 1% agarose gel containing IX Gel buffer and 6% formaldehyde. The gel was 

submerged in IX Gel buffer and run at 100 V for 3-4 hours. After electrophoresis was 

complete, the portion of gel containing the RNA markers (Gibco-BRL) was removed, stained 

with ethidium bromide (5 pg/ml) for 10 min and destained for 10 min using filter sterile 

deionised water. The markers were visualised using a UV transilluminator and photographed 

for later reference. The remainder of the gel was soaked in filter sterile deionised water for 15 

min to remove any formaldehyde. After which, the gel was incubated in 20X SSC (3 M NaCl,

0.3 M tri-sodium citrate) for 20 min. The RNA was transferred from the gel to a Zetaprobe™
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nitrocellulose membrane (Biorad) using capillary blotting. After transferring for 16 hours, the 

RNA was fixed to the membrane by baking at 80°C for 2 hours. The filter was then ready for 

hybridisation with a random-primed radiolabelled probe.

2.4.31 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 as described previously. To prepare a random primed radiolabelled 

DNA probe, 30 ng of the DNA fragment was heated at 95°C for 5 min in 10 pi of sterile 

deionised water. After the DNA was denatured, 3 pi of OLB, 0.5 pi of 10 mM BSA, 1 pi of 

[ a -32P]dCTP (800 Ci/mmol) and 5 units of Klenow DNA polymerase were added and the 

reaction was incubated at 37°C for 1-2 hours. Unincorporated nucleotides were then removed 

by passing the probe through a Sephadex G-50 column.

The nitrocellulose filter containing the RNA was pre-hybridised with 10 ml of Church-Gilbert 

buffer (0.25 M Na2HP04, pH 7.2, 7%(w/v) SDS) supplemented with 0.2 mg/ml of denatured 

Salmon sperm DNA and 50 pg/ml of 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 hybridisation buffer. Hybridisation was then performed at 65°C for lb- 

24 hours after which the filter was washed twice for 30 min at 65°C with Church buffer 1 ( 20 

mM Na2HP04, pH 7.2, 5%(w/v) SDS) and Church buffer 2 (20 mM Na2HP04, pH 7.2, 

l%(w/v) SDS ), respectively. Further washes using Church buffer 2 were performed if the 

background counts on the filter remained high after the initial washes. Excess moisture was 

then removed from the filter and radiolabelled probe was detected by phosphorimager 

analysis.

2.5 Biochemical Techniques

2.5.1 In vitro translation reactions

In vitro translation reactions were performed using a standard reticulocyte lysate system 

(Promega) with minor modifications to the manufacturer’s recommendations. Briefly, a 

reaction contained 8.25 pi of reticulocyte lysate, 0.25 pi of RNasin (40 units/pl), 1 pi of 1 mM 

amino acid mixture (minus methionine), 1 pi of [35S]methionine (1,200 Ci/mmol) and RNA
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substrate (0.125-20 ng/pl) in a final volume of 12.5 \i\. The reaction was incubated at 30°C 

for 1 hour and terminated by the addition of 1 volume of 2X GSB (100 mM Tris-HCl, pH 6.8, 

8%(w/v) SDS, 20%(v/v) glycerol, 10%(v/v) p-mercaptoethanol, 5 mM EDTA, 0.02% 

Bromophenol blue). The radiolabelled proteins were then fractionated according to their 

molecular mass by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The resulting gel 

was stained with Coomassie brilliant blue, dried at 80°C for 1 hour and subjected to 

phosphorimager analysis.

2.5.2 SDS-PAGE

Protein extracts were denatured by the addition of an equal volume of 2X SDS sample buffer 

and, with the exception of in vitro translation products, were heated at 95°C for 5 min prior to 

loading onto a 10% SDS-polyacrylamide gel. Proteins were separated according to standard 

procedures (Laemelli, 1970). Typically, vertical gels were run at a constant current of 35 mA 

until the Bromophenol blue dye front reached the bottom of the gel.

2.5.3 Coomassie staining of SDS-polyacrylamide gels

Gels were stained in a solution of methanol, acetic acid, and water at a ratio of 5:1:5, 

respectively, containing 0.1% Coomassie Brilliant Blue R-250 for 30 min at room 

temperature. Subsequently, a solution of 10%(v/v) acetic acid was used to destain the gel for 

between 3-5 hours. Gels were then incubated in deionised water for 30 min to remove acetic 

acid before drying.

2.5.4 Nuclear extracts

Nuclear extracts were prepared according to the method of Dignam et al. (Dignam et al., 

1983) and were a kind gift from Dr. I. C. Eperon.

2.5.5 Protein concentration determination-Bradford Assay

Nuclear extracts were diluted by 5 and 10-fold in sterile deionised water. Likewise, stock 

BSA (2 mg/ml) was diluted to concentrations of between 0.1-1.5 mg/ml. Bradford reagent 

was added according to the manufacturers instructions (Pierce and Warriner) and the
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absorbance at 630 nm was monitored using a microtitre plate reader (Bio-tek instruments). 

The concentration of the extracts was typically between 5-10 mg/ml.

2.5.6 U V-cross-linking reactions

Samples containing 30 jig of nuclear extract were incubated with 4-thioUTP-containing 

radiolabelled transcripts (5xl05 cpm) in the absence or presence of unlabelled competitor 

RNAs for 15 min at 30°C. The reaction was performed in a final volume of 30 |il in IX UV 

cross-linking buffer (10 mM Hepes-NaOH, pH 7.4, 3 mM MgC^, 1.3 mM ATP, 5 mM 

creatine phosphate, 1 mM DTT, 100 mM KC1, 6%(v/v) glycerol and 0.1 pg/fil yeast tRNA). 

The reaction mixes were then irradiated at 302 nm using a UV source (UVP) at a distance of 5 

cm for 30 min at 4°C. After irradiation, the samples were digested with 0.2 mg/ml pancreatic 

RNase A (Sigma) for 20 min at 37°C. An equal volume of 2X SDS sample buffer was added 

to each sample. The cross-linked RNA-protein complexes were analysed after separation on a 

10% SDS polyacrylamide gel using a phosphorimager.

2.5.7 Preparation of cell lysates from transfected cells

After transfection, the medium was aspirated and the adherent cells were washed twice with 

phosphate buffered saline (PBS). Cells were lysed by the addition of 800 |xl of either IX 

Reporter lysis buffer (Promega) or IX Passive lysis buffer (Promega) and plates were scraped 

with a “rubber policeman”. The lysate was transferred to a tube and the insoluble matter was 

collected by centrifugation. The supernatant was removed to a fresh tube and either enzyme 

activity was assayed or the lysate was stored at -70°C.

2.5.8 Luciferase assays

The activity of Firefly luciferase in lysates prepared from cells transfected with pGL3 or 

pGL3utr was measured using a luciferase reporter assay system (Promega). Lysates were 

prepared using IX Reporter lysis buffer as described in section 2.5.7. 5 jxl of lysate was added 

to 25 pi of luciferase assay reagent and light emission was measured over 1 second using a 

1253 luminometer (Bio-Orbit) or over 10 seconds using an OPTOCOMP I luminometer 

(MGM instruments). The activity of both Firefly and Renilla luciferase in cell lysates 

transfected with dicistronic luciferase plasmids was measured using a Dual-luciferase reporter
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assay system (Promega). Cell lysates were prepared using IX Passive lysis buffer and 5 jxl of 

lysate was used for each assay. Assays were performed according to the manufacturers 

recommendations except that only 25 pi of each reagent was used. Light emission was 

measured in the manner described previously.

2.5.9 (3-Galactosidase assays

The activity of (3-galactosidase in lysates prepared from cells transfected with 

pcDNA3.1/HisB//<2cZ was measured using a Galactolight plus assay system (Tropix). 5 pi of 

cell lysate was added to 100 pi of Galactolight reagent (1:100 dilution in Galactolight buffer) 

and incubated at room temperature for 1 hour. After which, 150 pi of Accelerator was added 

and the reaction was incubated at room temperature for 30 seconds. Enzyme activity was then 

determined by measuring the light emission from the reaction in a luminometer, as previously 

described.

2.5.10 Chloramphenicol acetyltransferase (CAT) assays

Lysates were prepared from cells transfected with either pCAT3 (Promega), pRCAT or 

pRMCAT using IX Passive lysis buffer and were subsequently heated at 60°C for 10 min to 

inactivate endogenous deacetylase activity. Reactions were set up containing 100 pi of cell 

lysate, 0.15 pCi of [14C]chloramphenicol (0.05 mCi/ml), and 5 pi of n-butyrlCoenzyme A (5 

mg/ml) in a final volume of 233 pi. After incubating the samples at 37°C for 20 hours, the 

reaction was terminated by the addition of 300 pi of mixed xylenes (Sigma). The samples 

were mixed thoroughly using a vortex and the inorganic phase was transferred to a fresh tube. 

Contaminating [14C]chloramphenicol was removed from the solvent by extracting twice with 

100 pi of 0.25 M Tris-HCl, pH 8.0. The amount of butyrylated [14C]chloramphenicol in the 

xylene phase was measured by scintillation counting using Emulisifer-Safe™ scintillant 

(Packard) in an Tri-Carb 2000CA scintillation counter (Packard). In addition, to confirm the 

results visually, the samples were subjected to thin layer chromatography (TLC) on a Baker- 

flex® silica gel TLC plate (Baker Inc.) in a 97:3 mix of chloroform/methanol. After 

separation, the radioactive products were detected using phosphorimager analysis.
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Chapter 3

The role of the c-myc 5’ untranslated region

3.1 Introduction

Previous studies have demonstrated that the translational efficiency of c-myc mRNAs in 

rabbit reticulocyte lysate (RRL) and Xenopus oocytes is significantly reduced by structural 

elements within the 5’ UTR (Darveau et al., 1985; Parkin et al., 1988). However, in Burkitt’s 

lymphoma cell lines, endogenous c-myc mRNAs are translated efficiently, irrespective of the 

presence or absence of the 5’ UTR (Nilsen and Maroney, 1984). In addition, when expressed 

in established cell lines, the translation of heterologous mRNAs is not impaired by c-myc 

upstream sequences (Butnick et al., 1985; Parkin et al., 1988). These conflicting data could 

reflect differences in the capacity of these systems to relieve structural inhibition. 

Alternatively, c-myc translation may require non-canonical trans-acting factors not present in 

either Xenopus oocytes or RRL (Parkin et al., 1988). Interestingly, in cell lines derived from 

patients with multiple myeloma, c-myc expression is deregulated by a translational 

mechanism. Moreover, a single point mutation was identified in the 5’ UTR of c-myc 

mRNAs isolated from these cell lines (Paulin et al., 1996). These observations prompted a 

further investigation into the effect of the 5’ UTR on the translation of c-myc mRNAs.

3.2 The effect of the 5’ UTR on a heterologous reporter mRNA expressed in cell lines

A 360 nt segment of the murine c-myc 5’ UTR did not affect the translational efficiency of a 

heterologous mRNA when expressed in a variety of cell lines (Parkin et al., 1988). Likewise, 

the translation of a human c-myc mRNA was not influenced by a 502 nt region of the 5’ UTR 

(Butnick et al., 1985). However, in the latter report the mRNA was expressed in a COS 

system under the control of the powerful RSV promoter/enhancer at levels vastly in excess of 

the endogenous transcript. It has been suggested that such overexpression may saturate the 

translational capacity of these cells (Parkin et al., 1988). Consequently, any differences in 

translational efficiency would not be observed. Accordingly, the effect of the human c-myc 5’ 

UTR on the translation of a heterologous mRNA was analysed in various cell lines using the 

considerably weaker SV40 promoter/enhancer. The strategy for the construction of the
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reporter plasmids used to determine the effect of the 5’ UTR on translation is shown in 

figures 3.1 and 3.2.

3.2.1 Construction of pGL3 and pGL3utr

When transfected into cell lines, the plasmid pGL3con (Promega) expresses firefly luciferase 

under the control of the SV40 promoter/enhancer elements. In order to transform this 

plasmid into a more powerful tool for the analysis of the effects of 5’ UTRs, a small 

polylinker region was engineered between the promoter and the translation initiation codon. 

The primers ECLuc5 and ECLuc3 were used to amplify pGL3con by long-PCR (Barnes, 

1994) and consequently introduce an EcoRl site at the 5’ and 3’ ends of this fragment. 

Digestion of this product with EcoKL followed by self-ligation created the plasmid pGL3E 

(fig. 3.1). Subsequently, an oligonucleotide cassette containing the EcoRV, SpeI and PvmII 

sites was blunt-end ligated into pGL3E at the EcoRl site. Thus, the new plasmid, pGL3, has 

unique HindUl, EcoRV, Spe I, PvmII, EcoKL  and Ncol sites in the region immediately upstream 

of the luciferase coding region (fig. 3.1).

The principle c-myc promoter (P2) has been mapped to a TATA box 437 nt upstream of the 

AUG initiation codon (Watt et al., 1983; Saito et al., 1983). The 5’ end of the P2 mRNA is 

located between 31 and 43 nt downstream of the TATA box; thus, the predominant 5’ UTR is 

in the range of 406-395 nt long. The small variation in the length of the leader may reflect 

the difficulty in mapping the transcription initiation site accurately, or the different cell lines 

used in each study. Furthermore, it is possible that the synthesis of a proportion of mRNAs is 

initiated downstream of this region indicating that a certain heterogeneity exists at the 5’ end 

of the P2 transcripts (fig. 3.20b).

The DNA sequence encoding the 5’ UTR of the P2 mRNA was obtained from the plasmid 

pSKutr2 (fig. 3.2). This contains 394 bp of authentic 5’ UTR sequence immediately followed 

by an Ncol site at the 3’ end. Therefore, the sequence from 1114 to 719 bp in the plasmid 

pSKutr2 is identical to the endogenous human c-myc 5’ UTR sequence, with the exception of 

a single G to C transition introduced by the Ncol site. PSKutr2 was digested with BamHl and 

the 3’ recessed ends were filled in using Klenow DNA polymerase. Subsequently, a DNA 

fragment was excised from pSKutr2 by digesting this product with Ncol. After purification, 

the 403 bp fragment was ligated into pGL3 at the Ncol and PvmII sites, thus creating pGL3utr.
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3.2.2 An analysis of luciferase expression from pGL3 and pGL3utr in various cell lines

The mRNA transcribed from pGL3utr has a 5’ UTR composed of 104 nt of luciferase leader 

sequence followed by 396 nt of the c-myc 5’ noncoding region. Whilst the control plasmid, 

pGL3, generates a transcript with only 120 nt of luciferase leader sequence. Thus, a 

comparison of the amount of luciferase synthesised from these reporter mRNAs when 

expressed in vivo reveals the effect of the 5’ UTR on translational efficiency.

The plasmids pGL3 and pGL3utr were co-transfected with the (3-galactosidase expression 

plasmid, pcDNA3.1/HisB//acZ, into HeLa (epithelial), HepG2 (hepatocyte), HK293 

(embryonic kidney) and COS7 (epithelial) cells. Cell lysates were prepared two days post

transfection and the activities of both luciferase and p-galactosidase enzymes were 

determined. Luciferase expression was corrected for variations in transfection efficiency by 

normalising luciferase to p-galactosidase activity. Figure 3.3 shows a comparison of the 

average luciferase expression from pGL3 and pGL3utr in the four cell lines. It is clear that 

luciferase expression was not reduced by the c-myc 5’ UTR in vivo (fig. 3.3; compare -UTR 

to +UTR). In fact, luciferase expression was enhanced 1.6, 1.3, 1.4, and 1.1-fold by this 

element in HeLa, HepG2, HK293, and Cos-7 cells, respectively.

3.2.3 Northern analysis of monocistronic luciferase mRNAs

Northern analysis of RNA isolated from HeLa, HK293, and COS7 cells transfected with 

pGL3 and pGL3utr was performed to determine the size and relative abundance of the 

transcripts generated from these plasmids. Total RNA was isolated from transfected cells and 

treated with DNase I to remove plasmid DNA. After fractionation using denaturing agarose 

gel electrophoresis, the RNA was transferred to a nitrocellulose membrane. A radiolabelled 

DNA probe, complementary to the luciferase coding region, was used to detect the luciferase 

transcripts. The representative northern blots shown in figure 3.4 demonstrate that one major 

species of either 2 kB or 2.4 kB was synthesised in cells transfected with pGL3 or pGL3utr, 

respectively (fig. 3.4; pGL3 and pGL3utr). Since the predicted length of these transcripts 

(minus poly [A] tail) is 1923 and 2302 bp, both plasmids expressed mRNAs of the expected 

size. Furthermore, both mRNAs accumulated to an equivalent level demonstrating that the 5’ 

UTR does not affect either the rate of transcription or the stability of the luciferase mRNA.
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Figure 3.3: The effect of the human c-myc P2 5’ UTR on luciferase expression. 
HeLa, HepG2, HK293, and COS7 cells were transfected with pGL3 (-UTR) or 
pGL3utr (+UTR). Firefly luciferase activity was measured using a luciferase 
assay system (Promega) and normalised to the transfection control, (3- 
galactosidase.



Two minor species also hybridised to this probe: a species of 3.5 kB that may represent 

plasmid DNA not digested by DNase I treatment, and a smaller species of approximately 1.3 

kB. The latter may arise through aberrant transcriptional or RNA processing events since it 

can also be isolated using oligo(dT) magnetic beads (see fig. 3.17).

Thus, the expression of approximately equivalent amounts of luciferase from both pGL3 and 

pGL3utr coupled with the Northern analysis indicated that the 5’ UTR from the P2 transcript 

does not significantly alter the translational efficiency of a heterologous reporter mRNA.

3.3 Dicistronic mRNAs-an analysis of the effect of the c-myc 5’ UTR

Secondary structure in the 5’ UTR can reduce the rate of protein synthesis by impeding both 

ribosome binding and ribosome scanning (Kozak, 1989). However, the structured 5’ UTRs 

of the picomavirus RNA genomes promote efficient translation through internal initiation 

(Jackson et al., 1995). In this mechanism, an internal ribosome entry segment (IRES) located 

in the upstream leader sequence directs ribosomes to a site at the 3’ end of the 5’ UTR. The 

great majority of cellular mRNAs are translated by the cap-dependent mechanism, however it 

has become clear that a group of mRNAs exist that utilise the alternative mechanism of 

internal initiation (Iizuka et al., 1995).

The 5’ UTR of the human c-myc gene is 67% GC rich and is predicted to have a highly 

ordered secondary structure (Saito et al., 1983; Nanbru et al., 1997; Stoneley et al., 1998). 

Furthermore, its nucleotide sequence is well conserved between species. The efficient 

translation of heterologous mRNAs bearing the c-myc 5’ UTR in vivo suggested that this 

sequence could contain an IRES. Direct evidence of the presence of an IRES is obtained 

using dicistronic mRNAs. The downstream cistron of a dicistronic mRNA is translated 

inefficiently, however an IRES promotes efficient translation of the downstream cistron when 

inserted into the intercistronic region (see chapter 1; fig 1.5). Thus, to test the hypothesis that 

the c-myc 5’ UTR contains an IRES, plasmids were constructed that express dicistronic 

reporter mRNAs when transfected into cell lines.
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Figure 3.4: Northern analysis o f the mRNAs transcribed from pGL3 and pGL3utr. 
Northern blotting was performed using 10 pg of total RNA isolated from a. COS7, 
b. HK293, and c. HeLa cells, transfected with pGL3 or pGL3utr. Luciferase 
transcripts were detected using a randomly-primed radiolabelled firefly luciferase 
probe (see text). The sizes of complementary species were determined using RNA 
markers (Gibco-BRL) and are indicated with arrows



3.3.1 Construction of the dicistronic reporter plasmids pGL3R and pGL3Rutr

In previous studies, the firefly luciferase (Flue) and bacterial chloramphenicol 

acetyltransferase (CAT) genes have been used to construct dicistronic reporter plasmids 

(Pelletier and Sonenberg, 1988; Macejak and Samow, 1991; Gan and Rhoads, 1996). 

However, recently reagents for assaying the activity of both firefly and Renilla luciferase 

(Rluc) have become commercially available that allow the expression of both genes to be 

monitored consecutively in a single tube. Therefore, reporter plasmids were constructed that 

express dicistronic mRNAs containing the Rluc and Flue open reading frames, as upstream 

and downstream cistrons, respectively. The cloning strategy for the assembly of the plasmid 

pGL3R is shown in figure 3.5. The Rluc coding sequence was obtained from the plasmid 

pRLCMV by restriction digestion with NheI and Pstl. The protruding termini were converted 

to blunt ends using T4 DNA polymerase and the fragment was inserted into pSK+ at the 

HindQi site. Subsequently, a fragment containing the Rluc coding region was excised from 

pSK+Rluc by digesting the plasmid with EcoRV and Xhol. In effect, this step extends the 

sequence at the 3’ end of the Rluc open reading frame and consequently increases the length 

of the intercistronic region in pGL3R. The recessed 3’ end produced by Xhol digestion was 

filled in and the fragment was ligated into the EcoKV site of pGL3 generating pGL3R.

After transfecting HeLa cells with pGL3R, the expression of Renilla and firefly luciferase 

was monitored by assaying enzyme activity and correcting for transfection efficiency (fig. 3.6; 

-Splice). Surprisingly, the number of light units produced by Renilla luciferase was only 

approximately 2.5-fold greater than the value measured for firefly luciferase (compare RL to 

FL). Using the Dual-luciferase assay system (Promega), the light output/fig of enzyme is 

approximately 2-fold higher for firefly luciferase when compared to Renilla luciferase. 

Therefore, in cells transfected with pGL3R, the actual upstream cistron expression was only 

approximately 5-fold greater than that from the downstream cistron. There are two possible 

explanations for the apparently high level of expression from the downstream cistron: 1) 20 

% of ribosomes were able to reinitiate at the downstream start codon or 2) nuclear processing 

events resulted in the expression of transcripts truncated at the 5’ end. In support of the latter 

argument, it has been reported that cryptic 5’-donor splice sites may reside in the Renilla 

luciferase gene sequence (Huang and Gorman, 1990). Thus, to prevent the use of these 

putative splice sites a chimeric intron was inserted upstream of the Rluc coding sequence. A 

DNA fragment containing the intron was excised from pRLCMV by digesting the plasmid
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Figure 3.5: Construction of the dicistronic luciferase reporter plasmid pGL3R. The Rluc 
gene was obtained from the plasmid pRLCMV (Promega) and inserted into pSKbluescript. 
It was then excised from pSKRL, thus extending the 3’ UTR, and inserted into pGL3 
upstream of the Flue open reading frame (see text). PGL3R expresses a dicistronic mRNA 
containing both Rluc and Flue cistrons under the control of the SV40 promoter.
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assay system (Promega).
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Figure 3.10: Construction of the dicistronic reporter plasmid pRCAT. The plasmid 
pGL3R was digested with Ncol and BamHI and the larger fragment containing the Rluc 
cistron was isolated. A fragment containing the CAT open reading frame, the SV40 
polyadenylation signal and enhancer was excised from pCAT3 (Promega) by digesting 
with Ncol and BamHI. Ligation of the two fragments created pRCAT. This plasmid 
expresses an Rluc-CAT mRNA under the control of the SV40 promoter.



with the enzymes Nhel and Pstl and was blunt-end ligated into pGL3R at the HindUl site (fig. 

3.7).

Transfection of the modified pGL3R into HeLa cells revealed that the chimeric intron 

dramatically increased the expression of Renilla luciferase (fig. 3.6; +Splice). The number of 

light units produced by Renilla luciferase was 14.2-fold higher than that produced by firefly 

luciferase (compare RL to FL). Therefore, the Renilla luciferase expression in HeLa cells 

transfected with pGL3R was approximately 28-fold greater that firefly luciferase expression.

Having constructed the control dicistronic reporter plasmid, pGL3R, the sequence encoding 

the c-myc 5’ UTR was inserted between the two cistrons. As described previously, the 

BamHI/Ncol fragment from pSKutr2 was positioned directly upstream of the firefly luciferase 

coding region at the PvuWNcol sites, thus creating pGL3Rutr (fig. 3.8).

3.3.2 The c-myc 5’ UTR stimulates downstream cistron expression in cultured cells

The plasmids pGL3R and pGL3Rutr were co-transfected into HeLa, HepG2 and HK293 cells 

with pcDNA3.1/HisB//acZ. The level of expression from both the Renilla and firefly 

luciferase cistrons was determined and normalised according to the transfection efficiency. 

Figure 3.9 shows the average activity of both the upstream and downstream gene products 

after three separate transfections with pGL3R and pGL3Rutr. In the cells transfected with 

pGL3R, the Renilla luciferase activity was significantly higher than that of firefly luciferase 

(pGL3R; compare RL to FL). In fact, the number of light units produced by Renilla 

luciferase was 14.39, 37.47, and 41.01-fold greater in HeLa, HepG2, and HK293 cells, 

respectively. Thus, the downstream cistron of this construct was translated inefficiently in 

these three cell lines. However, in the cells transfected with pGL3Rutr, expression from the 

downstream cistron was greatly enhanced (compare pGL3Rutr FL to pGL3R FL). The 

presence of the 5’ UTR-encoding sequence in this construct increased the firefly luciferase 

activity by 48.77, 51.81, and 23.79-fold in HeLa, HepG2 and HK293 cells, respectively. 

Thus, the sequence encoding the 5’ UTR promotes efficient translation of the downstream 

cistron when inserted into the intercistronic region of a dicistronic reporter plasmid in these 

cell lines.

78



Cell line

G
P

■t—<
XS

■t—<

u
<u
C/3cdWh

<4-t

o
P

pp
4-*X2
tNO

«dLh
,0-)

op

C
P
X3&£>

4-*
]>
’+ 3Ocd
a)C/3
2
l§o
>3

HeLa

HepG2

HK293

RL FL RL FL

pGL3R pGL3Rutr

Luciferase

Plasmid

Figure 3.9: The c-myc 5’ UTR stimulates downstream cistron expression from a 
dicistronic mRNA in human cell lines. HeLa, HepG2, and HK293 cells were 
transfected with the control dicistronic plasmid, pGL3R, and the 5’ UTR containing 
plasmid, pGL3Rutr. Renilla luciferase (RL) and firefly luciferase (FL) activities were 
determined as described previously.



It is also noteworthy that expression from the Renilla luciferase cistron was decreased in cells 

transfected with pGL3Rutr by 15, 15, and 12% in HeLa, HepG2 and HK293 cells, 

respectively (fig. 3.9; compare pGL3Rutr RL to pGL3R RL). Although this decrease is 

relatively small, it was consistently observed. A similar reduction in the synthesis of the 

upstream gene product occurs when the eIF4G, BiP and poliovirus IRESes are inserted into 

the intercistronic region of a dicistronic mRNA (Macejak and Samow, 1991; Gan and 

Rhoads, 1995). This effect is believed to represent a competition between cap-dependent and 

IRES-directed mechanisms of translation initiation.

3.3.3 The effect of the 5’ UTR on an alternative dicistronic reporter mRNA

Since the dicistronic reporter plasmids used in this study were novel, it seemed prudent to 

ensure that the c-myc 5’ UTR-encoding sequence could enhance the expression of the 

downstream cistron using a different dicistronic reporter construct. Accordingly, the firefly 

luciferase cistron of pGL3R was replaced with the chloramphenicol acetyltransferase (CAT) 

coding region. Thus, the new plasmid retains the Renilla luciferase gene as the upstream 

cistron, and expression from the downstream cistron can be monitored by measuring CAT 

activity.

1. Construction of pRCAT and pRMCAT

The construction of pRCAT is detailed in figure 3.10. A DNA fragment of 1170 bp was 

excised from the plasmid pCAT3 using the restriction enzymes Ncol and BamHI and 

subsequently purified. This sequence contains the CAT coding region, the SV40 late 

polyadenylation signal and the SV40 enhancer. The corresponding sequence was released 

from the plasmid pGL3R by digestion with Ncol and BamHI and the 4335 bp fragment was 

purified. Finally, the 1170 bp fragment was ligated to the 4335 bp fragment, thus creating the 

control dicistronic reporter plasmid, pRCAT.

The sequence encoding the c-myc 5’ UTR was then inserted between the Renilla luciferase 

and CAT coding regions to produce the plasmid pRMCAT (fig. 3.11). Restriction digestion 

of pGL3utr with the enzymes Spel and Ncol released a DNA fragment containing the 5’ 

UTR-encoding sequence. Following purification, this fragment was inserted into pRCAT 

between the Spel and Ncol restriction sites.
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Figure 3.10: Construction of the dicistronic reporter plasmid pRCAT. The plasmid 
pGL3R was digested with Ncol and BamHI and the larger fragment containing the Rluc 
cistron was isolated. A fragment containing the CAT open reading frame, the SV40 
polyadenylation signal and enhancer was excised from pCAT3 (Promega) by digesting 
with Ncol and BamHI. Ligation of the two fragments created pRCAT. This plasmid 
expresses an Rluc-CAT mRNA under the control of the SV40 promoter.
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2. Analysis of upstream and downstream cistron expression from pRCAT and 

pRMCAT

In order to determine whether the 5’ UTR alters the expression of the reporter cistrons on 

Renilla luciferase-CAT dicistronic mRNAs, the plasmids pRCAT and pRMCAT were co

transfected into HeLa cells with pGL3. Expression from the upstream cistron was measured 

as before and normalised to firefly luciferase activity. Whilst, the CAT activity in transfected 

cell lysates was determined by measuring the quantity of butyrylated [,4C]-chloramphenicol 

produced from the enzyme substrates butyrl-Coenzyme A and [14C]-chloramphenicol.

Figure 3.12a(i) shows that insertion of the 5’ UTR-encoding sequence between the Renilla 

luciferase and CAT cistrons reduced Renilla luciferase expression by 27% (compare 

pRMCAT to pRCAT). Unfortunately, the level of CAT expressed from the control 

dicistronic plasmid, pRCAT, was outside the range of detection using liquid scintillation 

counting. However, this does suggest that reinitiation at the downstream initiation codon is 

inefficient (fig. 3.12a(ii); pRCAT). Nevertheless, the average number of counts measured in 

lysates made from pRMCAT-transfected cells was 1383 cpm above background (fig. 

3.12a(ii); pRMCAT). Thus, the 5’ UTR-encoding sequence enhanced downstream cistron 

expression when positioned between the Renilla luciferase and CAT cistrons. Nonetheless, 

the relative increase, when compared to the expression due to readthrough-reinitiation on the 

control mRNA, cannot be determined.

Visual confirmation of the enhanced expression from the downstream cistron in cells 

transfected with pRMCAT was provided by separating the products of the CAT assays using 

thin layer chromatography (TLC). This approach allows the butyrylated [14C]- 

chloramphenicol to be detected using phosphorimager analysis (fig. 3.12b). HeLa cells were 

transfected with the monocistronic reporter construct, pCAT3, which expresses CAT under 

the control of the SV40 promoter/enhancer (fig. 3.10). Lysate from these cells was used as a 

positive control; indicating the distance that the butyrylated [14C]-chloramphenicol migrated 

after TLC (fig. 3.12b; lane 4). The CAT activity in both mock-transfected HeLa lysate and 

lysate from cells transfected with pRCAT was almost undetectable and approximately 

equivalent. This demonstrates that CAT expression resulting from readthrough-reinitiation is 

indeed very low (fig. 3.12b; lanes 1 and 2). However, the CAT activity in lysates from 

pRMCAT-transfected cells produced considerably more butyrylated [14C]-chloramphenicol
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Figure 3.12: The c-myc 5’ UTR stimulates expression from the downstream cistron 
on a Renilla-CAT  dicistronic mRNA. A) HeLa cells were transfected with the 
plasmids pRCAT and pRMCAT. (i) Upstream cistron activity, Renilla luciferase, was 
measured using the Dual-luciferase assay system, (ii) Downstream cistron activity, 
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transfected HeLa cells, lane 2, pRCAT-transfected cells, lane 3, pRMCAT- 
transfected cells, and lane 4, pCAT3-transfected cells. The position of butyryl- 
chloramphenicol (BtCm) is indicated.



(fig. 3.12b; lane 3) supporting the results achieved using liquid scintillation counting. Taken 

together, these data demonstrate that the presence of the 5’ UTR between the Renilla 

luciferase and CAT cistrons results in increased expression from the downstream cistron. 

Thus, the 5’ UTR can stimulate downstream cistron expression irrespective of the nature of 

the coding region. Furthermore, a reduction in upstream cistron expression was observed 

using both Renilla luciferase-firefly luciferase and Renilla luciferase-CAT mRNAs. This 

concomitant increase in expression from the downstream cistron and decreased expression 

from the upstream cistron suggested that the c-myc 5’ UTR might promote internal initiation. 

Nevertheless, although the previous data can be interpreted as evidence for the presence of an 

IRES in the c-myc 5’ UTR it was possible that these effects were a result of other 

mechanisms.

3.4 Ribosomal readthrough-reinitiation

After translating the first cistron, only a small proportion of ribosomes initiate protein 

synthesis at the downstream cistron on the control dicistronic mRNA (see fig. 3.9; pGL3R 

FL). Although little is know about this mechanism, known as readthrough-reinitiation, 

translation initiation at the downstream cistron is believed to be accomplished by 40S 

subunits that remain associated with the mRNA following termination. It has been 

demonstrated that increasing the intercistronic length augments translation from the 

downstream cistron. In fact, synthesis from the second cistron can be as efficient as if the 

upstream cistron did not exist (Kozak, 1987). Based on this evidence, it has been suggested 

that when 80S ribosomes finish translating the upstream cistron, the 60S subunits detach 

whilst all 40S subunits resume scanning. Nevertheless, only some are competent to reinitiate 

when they reach the downstream start site (Kozak, 1987). By increasing the intercistronic 

length, the 40S subunits are more likely to acquire a new ternary complex and consequently 

reinitiate translation (Kozak, 1987; Grant et al., 1994).

Thus, one potential explanation for the increased synthesis of firefly luciferase from the 

dicistronic mRNA was that the 5’ UTR increased the intercistronic length and consequently 

stimulated reinitiation at the downstream translation start site. Accordingly, to investigate the 

effect of the 5’ UTR on ribosomal readthrough-reinitiation, an RNA hairpin structure with a 

calculated free energy of -55 kcal/mol was introduced into the 5’ leader sequence of the 

mRNA transcribed from pGL3Rutr (fig. 3.13b). It has been demonstrated that a secondary
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structure motif with a free energy of -50 kcal/mol is sufficient to inhibit the migration of the 

40S ribosomal subunit (Kozak, 1989). Therefore, this stem-loop should reduce the rate of 

translation of the Renilla luciferase cistron. However, its effect on expression of the 

downstream cistron depends on the mechanism by which it is translated. Reinitiation at the 

downstream initiation codon is dependent on ribosome scanning. Hence, if the 5’ UTR 

stimulates readthrough-reinitiation, the stem-loop motif will reduce expression from the 

upstream and downstream cistrons by an equivalent amount (fig 3.13a(i)). Alternatively, if 

the expression of the downstream cistron is due to internal initiation, the translation of the 

upstream and downstream cistrons are independent and the hairpin will have no effect on 

firefly luciferase expression (fig. 3. 13a(ii)).

3.4.1 Construction of pGL3RutrH

The plasmid pGL3RutrH was constructed as shown in figure 3.14. An oligonucleotide 

cassette of 33 bp was ligated into pGL3Rutr at the EcoRV site recreating this site at either the 

5’ or 3’ end of the insert. The same oligonucleotide cassette was digested with the restriction 

enzyme Pstl, generating a 25 bp DNA fragment with an overhanging 3’ terminus. This 

sequence was then introduced into the new plasmid between the Pstl and EcoRV sites. 

Consequently, the resulting plasmid, pGL3RutrH, has a 60 bp palindromic sequence upstream 

of the Renilla luciferase coding region.

3.4.2 The effect of an RNA hairpin on c-myc 5’ UTR directed translation

HeLa and HK293 cells were co-transfected with either pGL3Rutr or pGL3RutrH and 

pcDNA3.1/HisB//tfcZ. The average expression from the Renilla and firefly luciferase 

cistrons in these transfected cells is shown in figure 3.15. The hairpin structure in the mRNA 

transcribed from pGL3RutrH reduced Renilla luciferase expression by 3.45 and 4.23-fold in 

HeLa and HK293 cells, respectively (compare utr RL to utrH RL). Thus, the stem-loop was 

sufficiently stable to impede ribosome scanning. However, the expression of firefly 

luciferase in cells transfected with pGL3RutrH was comparable to that in cells transfected 

with pGL3Rutr (89 and 104 %) (compare utrH FL to utr FL). Therefore, the hairpin structure 

did not reduce the translational efficiency of the downstream cistron despite its ability to 

inhibit ribosome migration. Since the translation of the downstream cistron was clearly
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Figure 3. 13: Alternative models demonstrating the effect of an upstream hairpin on the 
expression of the downstream cistron of a dicistronic mRNA. (A(i)) In the readthrough- 
reinitiation model, the hairpin reduces translation from both upstream and downstream 
cistrons by an equivalent amount. (A(ii)) In the internal initiation model, the hairpin 
only reduces upstream cistron expression. The arrows represent the movement of 
ribosomes. (B) The predicted structure of the hairpin formed by the 60 bp palindromic 
sequence.
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Figure 3.14: Construction of the hairpin-containing dicistronic plasmid pGL3RutrH. An 
oligonucleotide cassette constructed from the oligonucleotides, loopl and loop2, was 
inserted into pGL3Rutr upstream of the Rluc cistron at the EcoRV  site. The same 
oligonucleotide cassette was digested with Psfl and inserted into the new plasmid 
between the Pstl and EcoRV  sites. The resulting plasmid, pGL3RutrH, contains a 60 bp 
palidromic sequence upstream of the Rluc cistron.
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independent of the upstream cistron, the 5’ UTR of c-myc does not contain an element 

capable of enhancing ribosomal readthrough-reinitiation.

3.5 Analysis of the mRNAs expressed by the dual-luciferase dicistronic plasmids

It was possible that the enhanced expression of the downstream cistron and its independent 

translation were due to the fragmentation of the dicistronic mRNAs. Figure 3.16 illustrates 

the potential mechanisms that could result in the production of functional monocistronic 

firefly luciferase mRNAs. A cryptic promoter in the 5’ UTR could direct the transcription of 

truncated mRNAs encoding firefly luciferase (fig. 3.16a). Alternatively, the 5’ UTR could 

contain a cryptic 3’ acceptor splice site which together with a 5’ donor splice site upstream of 

the Renilla luciferase coding region would remove the upstream cistron from the mature 

mRNA (fig. 3.16b). Finally, the insertion of the 5’ UTR could introduce a specific RNA 

cleavage site into the sequence between the two cistrons (fig. 3.16c). This is the least likely 

mechanism as the resulting mRNA would be uncapped and therefore translated inefficiently.

3.5.1 Northern analysis of dicistronic luciferase mRNAs

In preliminary experiments, Northern analysis was performed on total cellular RNA isolated 

from HeLa cells transfected with pGL3R and pGL3Rutr. A region of the firefly luciferase 

coding sequence was used to generate a radiolabelled DNA probe and detect the dicistronic 

mRNAs. However, this probe failed to identify any complementary transcripts, either in 

mock-transfected cells or in cells transfected with the dicistronic plasmids. Since the same 

probe hybridised to the monocistronic mRNAs transcribed from pGL3 and pGL3utr (fig. 3.4), 

it was assumed that the dicistronic mRNAs accumulate to a considerably lower level. Indeed, 

the firefly luciferase activity produced by the dicistronic constructs is approximately an order 

of magnitude lower than the expression from the monocistronic plasmids. Accordingly, HeLa 

and HK293 cells were transfected with pGL3R and pGL3Rutr and Northern analysis was 

performed on polyadenylated mRNA purified from 50 jxg of total RNA. The probe 

hybridised to species of approximately 3.1 kB or 3.5 kB in the RNA from cells transfected 

with pGL3R or pGL3Rutr, respectively (fig. 3.17a and b; lanes 3 and 4). Since the predicted 

sizes of the dicistronic transcripts (minus poly [A] tail) are 3 and 3.4 kB, the predominant 

mRNAs synthesised from both plasmids were of the correct size. In addition, all four 

constructs expressed a smaller mRNA of approximately 1.3 kB that may represent an 

aberrantly processed luciferase transcript. However, more importantly the construct
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Figure 3.16: Potential mechanisms that could result in the production of functional 
monocistronic firefly luciferase transcripts. (A) A cryptic promoter is present in the 
5’ UTR. (B) An intron is formed from the 5’ donor splice site in the leader sequence 
and a 3’ acceptor splice site in the 5’ UTR. (C) The dicistronic mRNA is cleaved at 
a specific site in the 5’ UTR.
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Figure 3.17: Northern analysis o f the dicistonic mRNAs transcribed from pGL3R 
and pGL3Rutr. RNA was isolated from (a) HK293 and (b) HeLa cells transfected 
with pGL3 (lanel), pGL3utr (lane 2), pGL3R (lane 3) and pGL3Rutr (lane 4). 10 pg 
of total RNA (pGL3 and pGL3utr) or poly[A]+ RNA isolated from 50pg of total 
RNA (pGL3R and pGL3Rutr) was subjected to denaturing agarose gel 
electrophoresis. Northern blots were probed with a randomly-primed radiolabelled 
probe generated from a 1058 bp firefly luciferase DNA fragment.



pGL3Rutr also expressed an mRNA of approximately 1.8 kB. This transcript is marginally 

smaller than the monocistronic luciferase mRNA (2.0 kB) transcribed from pGL3 (fig. 3.17a 

and b; lane 1). Nevertheless, since the 5’ leader sequence of the mRNA transcribed from 

pGL3 is 120 nts long, the 1.8 kB transcript could potentially include the entire firefly 

luciferase open reading frame.

Interestingly, in both HeLa and HK293 cells the truncated mRNA was approximately 4-fold 

less abundant than the intact mRNA transcribed from pGL3Rutr. Hence, if the production of 

this transcript was responsible for the 5* UTR-mediated stimulation of firefly luciferase 

expression, we might expect Renilla luciferase activity to be greater than that of firefly 

luciferase. However, the opposite situation was observed in HeLa cells transfected with 

pGL3Rutr. Moreover, the synthesis of firefly luciferase was enhanced approximately 2-fold 

more in HeLa cells than in HK293 cells, but the ratio of intact transcript to truncated 

transcript was equivalent in these cells. Therefore, the lack of correlation between the 

abundance of this transcript and the expression of firefly luciferase implied that its production 

is unlikely to underlie the increased synthesis of the downstream cistron. Notwithstanding, 

RNase protection analysis was performed to determine whether the 1.8 kB transcript encodes 

the entire firefly luciferase open reading frame.

3.5.2 RNase protection analysis of the mRNAs transcribed from pGL3Rutr

The anti-sense riboprobe employed in the RNase protection analysis is illustrated in figure 

3.18. If no alterations occur during the nuclear processing of the transcript, the dicistronic 

mRNA containing the 5’ UTR will protect a 624 nt fragment of this probe (fig. 3.19a). In 

addition, if the 5’ end of the 1.8 kB transcript is located within this region a smaller fragment 

will be protected. If the 1.8 kB transcript contains the entire firefly luciferase open reading 

frame this additional product must be at least 101 nts in length (fig. 3.19b).

1. Construction of pSKRNase

A DNA fragment of 624 nt, spanning the region from the 3’ end of the Renilla luciferase 

cistron to the 5’ end of the firefly luciferase cistron, was amplified from the plasmid 

pGL3Rutr using a polymerase chain reaction (fig. 3.19). The 3’-5’ exonuclease activity of the 

Klenow fragment of E. coli DNA polymerase I was used to remove the single unpaired
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length dicistronic transcript would result in a 624 nt product after RNase protection. (B) 
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Figure 3.19: Construction of the plasmid pSKRNase. A 624 bp fragment was amplified 
from pGL3Rutr using the primers RNaseF and Luc3’ (see Materials and Methods). The 
fragment was inserted into pSK+bluescript at the Smal site creating pSKRNase. An 
antisense riboprobe was synthesised in vitro from the T3 promoter using X/zoI-digested 
pSKRNase as a template.



nucleotide, added by Taq DNA polymerase, at the 3’ termini of these fragments (Clarke, 

1988). Subsequently, the sequence was blunt-end ligated into the plasmid pSK+ at the Smal 

site, producing the plasmid pSKRNase (fig. 3.18). A radiolabelled riboprobe was generated 

in a run-off transcription reaction on a X/zoI-linearised pSKRNase template using T3 RNA 

polymerase. Figure 3.18 demonstrates that the riboprobe is 723 nt long, of which 624 nt are 

complementary to the dicistronic mRNA whilst the 5’ terminal 59 nt and the 3’ terminal 40 nt 

will not hybridise to this sequence.

2. RNase protection

The riboprobe was labelled with [32P]CTP and purified by polyacrylamide gel electrophoresis 

to avoid the use of prematurely terminated RNA fragments in the protection assay. 

Polyadenylated mRNA isolated from both mock-transfected and pGL3Rutr-transfected HeLa 

cells was hybridised to an excess of the riboprobe. In addition, the probe was incubated with 

yeast tRNA to demonstrate that any protected products were not the result of incomplete 

digestion. After hybridisation, the single stranded RNA was then digested with the 

exonuclease, RNase ONE™ (Promega), and the protected products were fractionated 

according to their size on a denaturing polyacrylamide gel.

The results of this analysis are shown in figure 3.20. The undigested probe (lane 4) migrated 

as a discrete product of 723 nt demonstrating that only the full-length probe was used in the 

assay. In addition, the lack of radiolabelled products after digestion of the yeast tRNA sample 

indicates that RNase treatment removed any unhybridised probe (lane 1). Thus, any 

radiolabelled products in lanes 2 and 3 were not the result of incomplete RNase digestion.

The mRNA from mock-transfected and pGL3Rutr-transfected cells protected two species of 

394 and 362 nt. Since these products appeared in both samples, it is likely that they are the 

result of hybridisation between the endogenous human c-myc mRNAs and the complementary 

sequence in the riboprobe. Interestingly, when these products were resolved further it became 

clear that endogenous c-myc mRNAs protect three fragments of the riboprobe (fig. 3.20b). 

These data suggest that in addition to the previously defined transcription start sites there are 

minor initiation sites downstream of this site.

85



A. B.
Lane 1 2 3 4 Lane 1 2

Markers (nt)
INK

m i -----622

 527

 404
m i  mim

  309 309 —

  242/238 242/238 —

 217 217 —
 201
  190
  180

  160

  147

 122
  110

 90

 76

Figure 3.20: RNase protection analysis o f the mRNAs transcribed from pGL3Rutr. 
(A) A 723 nt radiolabelled antisense riboprobe (lane 4) was hybridised with 10 pg of 
yeast tRNA (lane 1), poly[A]+ RNA isolated from mock-transfected HeLa cells (lane 
2), and poly[A] + RNA isolated from pGL3Rutr-transfected HeLa cells (lane 3). After 
RNase treatment with RNase ONE™ (Promega), protected fragments were subjected 
to denaturing polyacrylamide gel electrophoresis and detected by phosphorimager 
analysis. Fragment sizes were determined using radiolabelled pBR322 Hpal 
fragments. (B) lOpg o f total RNA isolated from HeLa cells was hybridised to a 624 nt 
riboprobe. Protected species were detected as described above. Lane 1, undigested 
probe and lane2, HeLa RNA.

Markers (nt)

622 — , 
527 —

404 —



More importantly, the mRNA isolated from pGL3Rutr-transfected cells protected a fragment 

of 624 nt (fig. 3.20a; lane 4). This product did not appear in the mock-transfected sample and 

consequently must be due to hybridisation between the riboprobe and the exogenously 

expressed dicistronic mRNA. Since this species migrated at the predicted size, this suggests 

that the dicistronic transcript is unaltered by nuclear processing in this region. Furthermore, 

no smaller fragments were detected in the pGL3Rutr-transfected sample indicating that the 

1.8 kB transcript did not anneal to the RNA probe. A fragment of at least 101 nt would be 

protected if the truncated mRNA contained the entire firefly luciferase coding region. 

However, the absence of any smaller products suggests that the 1.8 kB mRNA must lie 

approximately 100 nt or further into the luciferase coding region. In conclusion, the RNase 

protection analysis demonstrated that a region that includes the 3’ end of the Renilla 

luciferase cistron, the intercistronic region, and the 5’ end of the firefly luciferase cistron is 

unaltered in the pGL3Rutr-derived transcript. Moreover, it confirmed that a functional firefly 

luciferase polypeptide cannot be translated from the 1.8 kB mRNA expressed by pGL3Rutr, 

since the 5’ end of this transcript is located within the coding region. Hence, the enhanced 

expression of firefly luciferase mediated by the c-myc 5’ UTR must occur on intact dicistronic 

mRNAs.

3.6 Summary

Previous studies examining the effect of the 5’ UTR on the translation initiation of c-myc 

mRNAs have proved somewhat inconclusive. Although, sequences within exon 1 reduce the 

translational efficiency of c-myc mRNAs in some translation systems, this effect is not 

observed in a variety of cultured cell lines (Nilsen and Maroney, 1984; Butnick et al., 1985; 

Darveau et al., 1985; Parkin et al., 1988). The data presented above reassess the function of 

the 5’ UTR and provide evidence that c-myc mRNAs can be translated by the alternative 

mechanism of internal initiation.

3.6.1 The c-myc 5’ UTR does not reduce the translational efficiency of a heterologous 

mRNA

The 5’ UTR of the predominant c-myc mRNA did not reduce the translational efficiency of a 

heterologous reporter mRNA expressed in four cell lines of different origins (fig. 3.3). In 

fact, in HeLa cells the synthesis of luciferase was stimulated to a small extent by the 5’ UTR.
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Furthermore, Northern analysis demonstrated that this element had little effect on the steady- 

state levels of these heterologous mRNAs (fig. 3.4). Thus, the secondary structure motifs 

within the c-myc 5’ UTR that inhibit translation initiation in RRL and Xenopus oocytes do not 

repress translation in vivo (Stoneley et al., 1998; see chapter 5). The simplest explanation for 

this disparity is that translation initiation in cell lines is more refractory to inhibition by 

secondary structure. In this respect, it has been reported that structural elements located in 

the 5’ UTR have a greater effect in RRL than in a translation extract derived from HeLa cells 

(Parkin et al., 1988). Furthermore, a hairpin structure of -20 kcal/mol was reported to reduce 

the translational efficiency of an mRNA by approximately 10-fold in RRL, but the same 

structure had relatively little effect in vivo (Pelletier and Sonenberg, 1985). However, in 

similar study a hairpin structure of -30 kcal/mol had no effect on translation initiation, in 

either RRL or in vivo. In the light of these conflicting data, a more detailed analysis of the 

effects of secondary structure in both systems is necessary to support this contention. An 

alternative hypothesis suggests that the translation of c-myc mRNAs requires non-canonical 

fra/zs-acting factors not present in either RRL or Xenopus oocytes (Parkin et al., 1988). 

However, there is no direct evidence for the existence of such factors.

3.6.2 Evidence for an IRES in the c-myc 5’ UTR

Recently, it has become clear that the structured 5’ UTRs of some cellular mRNAs contain a 

specific RNA element capable of directing ribosomes to a site within the 5’ leader sequence 

(Iizuka et al., 1995). These internal ribosome entry segments, as they have become known, 

are able to efficiently drive the translation of the second cistron on a dicistronic mRNA 

(Pelletier and Sonenberg, 1988). Thus, to determine whether the c-myc 5’ UTR contains an 

IRES, reporter plasmids were constructed that express dicistronic mRNAs in cultured cell 

lines. Insertion of the 5’ UTR into the intercistronic region stimulated the synthesis of the 

downstream cistron and marginally reduced upstream cistron expression (fig. 3.9). 

Furthermore, the enhanced downstream cistron expression was not a peculiar feature of one 

dicistronic mRNA as it occurred using both Renilla luciferase-firefly luciferase and Renilla 

luciferase-CAT mRNAs (fig. 3.9 and 3.12).

Analysis of the mRNAs transcribed from the dicistronic reporter plasmids revealed that they 

were of the expected size (fig. 3.17). In addition, a small amount of a truncated mRNA was 

expressed by the 5’ UTR-containing construct. However, RNase protection analysis
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confirmed that the 5* end of this mRNA is located some distance within the firefly luciferase 

coding region and hence this mRNA is unlikely to encode a functional polypeptide (fig. 3.20). 

It is possible that the existence of this mRNA is due to the presence of transcription factor 

binding sites located within the 5’ UTR that activate a cryptic promoter in the firefly 

luciferase coding region. Thus, the 5’ UTR-mediated stimulation of firefly luciferase 

synthesis occurs only on intact dicistronic mRNAs.

An RNA hairpin structure (-55 kcal/mol) was inserted into the 5’ leader sequence of the 

dicistronic mRNA containing the 5’ UTR. Although this structure reduced the synthesis of 

the first cistron, it had no effect on the translation of the downstream cistron (fig. 3.15). 

Therefore, translation of second cistron is independent of initiation occurring at the upstream 

cistron start codon. Consequently, the stem-loop motif demonstrated that the 5’ UTR does 

not stimulate downstream cistron expression by enhancing reinitiation at the downstream start 

codon. However, the autonomous translation of the downstream cistron is consistent with the 

presence of an IRES within the 5’ UTR.

Taken together, these data suggest that the c-myc protein can be translated by the mechanism 

of internal initiation (this thesis; Stoneley et al., 1998). Furthermore, a similar study 

performed by other workers using a CAT-based dicistronic reporter system also supports this 

hypothesis (Nanbru et al., 1997). However, these studies do not discount the involvement of 

both cap-dependent and internal initiation mechanisms of translation in the synthesis of 

endogenous c-myc protein.
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Chapter 4

Mechanistic analysis of the c-myc IRES 

4.1 Introduction

The 5’ UTRs of the Picomaviridae RNA genomes all contain IRES structures extending over 

approximately 450 nt (Jackson and Kaminski, 1995; Jackson et al., 1996). Phylogenetic 

analysis and direct biochemical probing have demonstrated that these sequences form a 

complex secondary and presumably tertiary structure. The current model for internal 

initiation suggests that the IRES structure provides a three dimensional array of conserved 

sequence elements. Interactions between these elements and the translational apparatus are 

believed to result in the recruitment of the 40S ribosomal subunit to the 3’ end of the IRES 

(Jackson et al., 1995). In contrast, little is know about the mechanism of ribosome binding to 

eukaryotic IRESes. The few examples identified to date show no sequence homology and are 

of varied length. Furthermore, the analysis of these elements has been hampered by the lack 

of a suitable in vitro assay. Data from the previous chapter suggested that an IRES is located 

within the 5’ UTR of the c-myc proto-oncogene. Thus, the function of this cis-acting element 

was analysed in vivo to gain some understanding of the underlying mechanism.

4.2 Deletion analysis of the c-myc 5’ UTR

4.2.1 Construction of a 5’ UTR deletion series in pGL3R

To define the element responsible for internal initiation within the c-myc 5’ UTR, the 5’ and 

3* boundaries of the minimum sequence required for full activity were delimited by deletion 

analysis. A deletion series was created by inserting portions of the sequence encoding the c- 

myc 5’ UTR into the intercistronic region of the dicistronic reporter plasmid, pGL3R. The 

construction of these plasmids is illustrated in figure 4.1. DNA fragments were excised from 

the plasmid pSKutr2 by digestion with Ncol and Neil, AccIII, or Aval. Insertion of these 

sequences into pGL3R between the Pvull and Ncol sites generated the constructs pGL3R(- 

340/1), pGL3R(-298/l) and pGL3R(-162/1). In addition, a further 5’ truncated sequence was 

amplified using the primers FP2760 and MS4519. This fragment was digested with Ncol and 

inserted into pGL3R at the same position to produce the plasmid, pGL3R(-226/l). The
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sequences for 3’ deletion series were generated by digesting pSKutr2 with BamHl and PvuU, 

Eco09011, or Aval and a larger deletion was created by amplifying the sequence from -396 to 

-276 using the primers FP2501 and JLQ1. These fragments were inserted into pGL3R at the 

PvuTL site generating the plasmids pGL3R(-396/-57), pGL3R(-396/-85), pGL3R(-396/-158), 

and pGL3R(-396/-277).

4.2.2 Analysis of the activity of truncated 5’ UTR sequences

The dicistronic deletion constructs, along with the plasmids pGL3R and pGL3Rutr, were co

transfected into HeLa cells with pcDNA3.\/HisB/lacZ. Lysates were prepared from the 

transiently transfected cells in the usual manner and the activity of Renilla luciferase, firefly 

luciferase and p-galactosidase was determined. After normalising the luciferase activities to 

that of P-galactosidase, the stimulation of the downstream cistron activity was calculated 

relative to the activity produced from the control, pGL3R, for each plasmid (fig. 4.2). 

Interestingly, in these experiments the presence of the whole 5’ UTR upstream of firefly 

luciferase enhanced expression from this cistron by 104.5-fold. This value is approximately 

2-fold greater than the value previously observed and further experiments revealed that the 

IRES-driven expression was consistently higher in these cells. One possibility is that the 

length of time that the cells were kept in culture is responsible for this increase in internal 

initiation. A deletion of 56 nt from the 5’ end of the 5’ UTR reduced the increase in 

downstream cistron activity to 70-fold (see fig. 4.2, (-340/1)). Furthermore, this trend 

continued since the removal of larger portions from the 5’ end resulted in a corresponding 

decrease in the stimulation of firefly luciferase expression (fig. 4.2, (-298/1), (-226/1) and (- 

162/1)). At the 3’ end of the 5’ UTR, a deletion of 56 nt had little effect on the activity of the 

downstream gene product (fig. 4.2, compare (-396/-57) to UTR). However, a 5’ UTR lacking 

84 nt of the 3’ end only enhanced the downstream cistron expression by 62.9-fold. Thus, 

deletion of the sequence between -57 and -85 nt decreased the downstream cistron activity 

by approximately 40%. Finally, deletions from the 3’ end extending further into the 5’ UTR 

resulted in an additional diminution of firefly luciferase activity (fig. 4.2, (-396/-158) and (- 

396/-277)).

In summary, deletions of 56 nt and 84 nt from the 5’ end and 3’ end, respectively, reduced 

the activity of the putative IRES. Thus, the minimum element required for maximum activity 

is located between nucleotides -396 and -57. Furthermore, at 340 nt in length the c-myc 

IRES is somewhat shorter than those of the picomaviruses. It is also noteworthy that
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Figure 4.1: Construction of 5’ UTR deletion series in the dicistronic reporter plasmid 
pGL3R. (A) To create the 5’ deletion series, truncated sequences were inserted 
between the Renilla luciferase and firefly luciferase cistrons using the Pvull and Ncol 
restriction sites. (B) To create the 3’ deletion series, blunt-ended fragments were 
inserted into pGL3R at the Pvull site.
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Figure 4.2: Analysis of the downstream cistron expression directed by truncated 5’ UTR 
sequences. (A) HeLa cells were transfected with pGL3R, pGL3Rutr, pGL3R(x/-l) (5’ 
deletions), and pGL3R(-396/x) (3’ deletions) and the expression from the Renilla and 
firefly luciferase cistrons was determined. After normalising firefly luciferase activity to 
p-galactosidase activity, the stimulation of expression from the downstream cistron was 
calculated relative to the expression from the pGL3R. (B) Downstream cistron 
expression from the deletion constructs relative to pGL3Rutr.



deletions within the IRES did not completely ablate its activity. Similar deletions within the 

poliovirus and EMCV IRESes have a more dramatic effect on internal initiation (Pelletier and 

Sonenberg, 1988; Jang and Wimmer, 1990).

4.3 A potential role for a conserved non-AUG initiation codon

Translation initiation on the poliovirus IRES is dependent on the presence of a conserved 

AUG triplet that lies upstream of the authentic initiation codon. Mutation of this codon or the 

surrounding sequence resulted in a reduction in translational efficiency and adverse effects on 

the phenotype of the virus (Pelletier et al., 1988b; Pilipenko et al., 1992). It is believed that 

the 40S ribosomal subunit interacts with the RNA at or near this codon (Pestova et al., 1994). 

In comparison, mammalian c-myc genes have a CUG initiation codon at the 3’ end of exon 1, 

in addition to the AUG start codon located within exon 2 (see fig. 4.15; boxed region). Thus, 

by analogy to the poliovirus IRES, it seemed possible that this CUG codon was involved in 

the interaction between the ribosome and the mRNA. In the human c-myc mRNA this 

translation start site is found 45 nt upstream of the major initiation codon and consequently 

lies outside of the putative IRES. However, since the 3’ deletion fragments were inserted 

into the PvuU site of pGL3R, they are located immediately upstream of a CUG codon. 

Furthermore, the context of this initiation codon could be enhanced by G and A residues at 

positions +4 and +5, respectively (Griinert and Jackson, 1994; Boeck and Kolakofsky, 1994; 

Kozak, 1997). Therefore, in theory this sequence could substitute for the authentic CUG 

codon in the (-396/-340) deletion mutant and mask the effect produced by the loss of this 

element.

4.3.1 Construction of a dicistronic plasmid containing a mutant 5’ UTR

To assess the potential contribution of the CUG codon towards the function of the c-myc 

IRES it was mutated to CUC, a triplet that is not recognised by the initiator-methionyl tRNA. 

Initially, a DNA fragment was amplified from pSKutr2 by asymmetric PCR using the 

mutagenic primer 5’CUG as the 5’ primer and KS as the 3’ primer. The product of this 

reaction is a 111 bp fragment that encodes 56 bp of the c-myc 5’ UTR and contains the CUG 

to CUC mutation. A second amplification was then performed using the previous fragment 

as a 3’ megaprimer and FP2501 as the 5’ primer. The resulting fragment contains the 

sequence coding for the 5’ UTR with a single base change at nucleotide -45. The mutant 5’ 

UTR sequence was released from this fragment by digestion with Ncol and was subsequently
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inserted into pGL3Rutr at the Pvull and Ncol sites. The new plasmid, pGL3Rcuc, contains 

the mutant 5’ UTR sequence between the two luciferase cistrons.

4.3.2 Analysis of the function of the conserved CUG codon

The plasmids pGL3R, pGL3Rutr and pGL3Rcuc were co-transfected into HeLa cells with the 

p-galactosidase expression construct. The activity of each enzyme in the transfected cells 

was determined as described previously and luciferase expression was normalised to that of 

p-galactosidase (fig. 4.3). Insertion of the 5’ UTR in the intercistronic region of the 

dicistronic reporter mRNA stimulated firefly luciferase expression and marginally reduced 

Renilla luciferase expression (fig. 4.3, compare -UTR to +UTR). In addition, the mutant 5’ 

UTR sequence had a similar effect on the expression of both luciferases (fig. 4.3, compare -  

UTR to +CUC). A comparison of the magnitude of these effects reveals that the wild-type 

and mutant sequences activated firefly luciferase expression by 89.3-fold and 98.5-fold, 

respectively, whilst Renilla luciferase expression was reduced by 0.85-fold and 0.83-fold, 

respectively. Thus, it appears that mutation of the CUG initiation codon to a CUC triplet has 

no effect on internal initiation.

The results of this experiment indicate that the conserved CUG initiation codon probably 

does not play a significant role in recruiting the ribosome to the c-myc mRNA. Thus, a 

model in which the ribosome interacts with the mRNA at or near this upstream initiation 

codon followed by scanning to the authentic start site, as suggested for the poliovirus IRES, 

is not supported by these data. Furthermore, since the loss of the CUG codon did not effect 

internal initiation it is likely that the 3’ boundary of the IRES, as determined by deletion 

analysis, is correct.

4.4 A comparison of 5’ UTR-mediated internal initiation in various cell lines

In the previous chapter, the ability of the c-myc 5’ UTR to promote translation of the 

downstream cistron on a dicistronic mRNA was examined in three cell lines, HeLa, HepG2 

and HK293. It was apparent that internal initiation mediated by the c-myc 5’ UTR in HK293 

cells was less efficient than in either of the other two cell lines. Consequently, it seemed 

conceivable that the activity of this element could vary in a cell-type specific manner. To test 

this hypothesis the efficiency of the c-myc IRES was examined in three more cell lines.
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Figure 4.3: Analysis of the effect of the CUG initiation codon on 5’ UTR-directed 
internal initiation. HeLa cells were transfected with the plasmids pGL3R (-UTR), 
pGL3Rutr (+UTR) and pGL3Rcuc (+CUC). Expression from the Renilla luciferase 
(RL) and firefly luciferase (FL) cistrons was determined as before.



4.4.1 Analysis of the IRES-driven translation in COS7, MCF7 and Balb/c-3T3 cells

Accordingly, the cell lines COS7, MCF7, Balb/c-3T3 and HeLa were co-transfected with 

either pGL3R or pGL3Rutr and pcDNA3.1/HisB/lacZ. The expression from both Renilla and 

firefly luciferase cistrons was assayed and normalised to the transfection control, p- 

galactosidase. In each cell line, the presence of the 5’ UTR in the mRNA did not 

significantly alter Renilla luciferase expression (fig. 4.4, compare -UTR RL to +UTR RL). 

Indeed, the largest difference was observed in HeLa cells, in which the 5’ UTR reduced 

Renilla luciferase activity by approximately 11%. In contrast, analysis of the firefly 

luciferase activity revealed that it was consistently greater in those cells transfected with 

pGL3Rutr (fig. 4.4, compare -UTR FL to +UTR FL). However, the magnitude of the 

stimulation varied between the cell lines. In HeLa cells, the 5’ UTR enhanced downstream 

cistron expression by approximately 85-fold. Whilst in MCF7, COS7 and Balb/c-3T3 cells, a 

lesser stimulation of 12-fold, 10-fold or 6-fold, respectively, was observed. Therefore, it 

appears that the efficiency of internal initiation driven by the c-myc IRES is dependent on the 

cell-type.

The 5’ UTR appeared to enhance the translation of the downstream cistron in COS7 and 

MCF7 cells to a similar extent. However, in COS7 cells the level of readthrough-reinitiation 

that occurred on the control mRNA was 4.4-fold higher than in MCF7 cells (fig. 4.4). 

Consequently, the stimulation of downstream cistron expression does not represent an 

absolute measure of 5’ UTR-directed internal initiation in each cell line. To eliminate the 

effect of variation in readthrough-reinitiation, the activity of the IRES can also be assessed by 

comparing the firefly and the Renilla luciferase expression from the dicistronic mRNA 

containing the 5’ UTR (i. e. Fluc/Rluc). By interpreting the data in this manner, it is clear 

that the activity of the c-myc IRES was 3.6-fold higher in COS7 cells than in MCF7 cells (fig. 

4.5). Furthermore, these data demonstrate that the efficiency of c-myc IRES-driven 

translation varies widely between cell lines (fig. 4.5).

4.4.2 The effect of the 5’ UTR on heterologous gene expression in MCF7 and Balb/c-3T3 

cells

Interestingly, in comparison to HeLa cells the c-myc IRES was 22 and 24-fold less active in 

the Balb/c-3T3 and MCF7 cell lines, respectively (fig. 4.5). Moreover, the 5’ UTR did not 

significantly affect the translation of a heterologous mRNA in HeLa cells. Therefore, in
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Figure 4.4: Analysis of the efficiency of 5’ UTR-directed internal initiation in cell 
lines of different origin. (A) MCF7, (B) Balb/c-3T3, (C) COS7 and (D) HeLa cells 
were transfected with the plasmids pGL3R (-UTR) or pGL3Rutr (+UTR). Expression 
from the upstream cistron (RL) and downstream cistron (FL) was determined as 
described previously.
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MCF7 and Balb/c-3T3 cells the inefficient internal initiation could potentially reduce the 

translational efficiency of an mRNA bearing this element. Hence, the monocistronic reporter 

constructs pGL3 and pGL3utr (see chapter 3; fig. 3.1 and 3.2) were transfected into these 

cells along with the transfection control plasmid. The firefly luciferase activities produced 

from both the control luciferase mRNA (-UTR) and the mRNA bearing the c-myc 5’ UTR 

(+UTR) are shown in figure 4.6. In both cell lines, higher luciferase expression was observed 

in the cells transfected with pGL3utr than with the control plasmid. However, the increase in 

expression was only 1.25 and 1.58-fold greater in Balb/c-3T3 and MCF7 cells, respectively. 

Thus, as previously observed in HeLa, HepG2, COS7, and HK293 cells the 5’ UTR does not 

dramatically alter the expression of a heterologous mRNA. Furthermore, the translational 

efficiency of the chimeric monocistronic mRNA did not vary in the same cell-type specific 

manner as the efficiency of internal initiation. If internal initiation were the only mechanism 

involved in the translation of an mRNA bearing the c-myc 5’ UTR, one would expect a direct 

correlation between these results. Thus, these data represent evidence that c-myc mRNAs 

could be translated by both cap-dependent and internal initiation mechanisms.

4.5 The effect of a strong viral promoter on the function of the c-myc IRES

One model that would explain the cell-type specific variation in the efficiency of c-myc 

IRES-driven translation posits that non-canonical trans-acting factors are required for the 

recruitment of the 40S ribosome to this element. In this scenario, the activity of one or more 

of these factors is considerably reduced in the Balb/c-3T3 and MCF7 cell lines. The 

expression of dicistronic mRNAs under the control of the very strong cytomegalovirus 

(CMV) promoter/enhancer region provided further circumstantial evidence in support of this 

model.

4.5.1 Construction of pRLuc and pRMLuc

Construction of the dicistronic dual-luciferase reporter plasmids, pRLuc and pRMLuc, is 

detailed in figure 4.7. Essentially, the plasmids pSKL and pSKLutr (see chapter 5, fig. 5.9) 

were digested with Hindlll and Xhol and the luciferase coding region fragments were 

isolated. After purification, the overhanging 5’ ends of these fragments were filled in using 

Klenow DNA polymerase. Subsequently, the plasmid pRLCMV was digested with Xbal and 

the ends were filled in with Klenow DNA polymerase, the luciferase coding region fragments 

were then inserted into this site. The new plasmids, pRLuc and pRMLuc, express dicistronic
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Figure 4.7: Construction of the CMV promoter/enhancer-based dicistronic plasmids 
pRLuc and pRMLuc. DNA fragments containing either the Flue open reading frame or the 
c-myc 5' UTR fused to Flue cistron were excised from pSKL or pSKLutr, respectively. 
After treatment with Klenow DNA polymerase, these fragments were inserted into 
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Rluc-Fluc or Rluc-5' UTR-Fluc dicistronic mRNAs, respectively, under the control of the 
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dual-luciferase mRNAs under the control of the CMV promoter/enhancer when transfected 

into mammalian cells. In the control mRNA, the Renilla luciferase cistron is separated from 

the firefly luciferase cistron by 88 nt of plasmid-derived sequence, whilst the mRNA 

transcribed from pRMLuc contains the c-myc 5’ UTR in the intercistronic region. Thus, 

these mRNAs are very similar to those transcribed from pGL3R and pGL3Rutr. However, 

since transcription is driven by the CMV promoter/enhancer they should be expressed at a 

considerably higher level. Previously, this transcriptional element has been shown to result 

in significantly higher levels of expression than the SV40 promoter/enhancer (Sutherland and 

Williams, 1997).

4.5.2 Analysis of luciferase expression from pRLuc and pRMLuc

To determine whether the c-myc 5’ UTR was capable of promoting internal initiation under 

these conditions, the activities of both Renilla and firefly luciferase were assayed after the 

transfection HeLa cells with pRLuc and pRMLuc (fig. 4.8; pRLuc and pRMLuc). In 

addition, the expression of upstream and downstream cistrons was monitored in HeLa cells 

transfected with the corresponding SV40 promoter/enhancer containing plasmids, pGL3R 

and pGL3Rutr (fig. 4.8; pGL3R and pGL3Rutr). The Renilla luciferase activity measured in 

cells transfected with the CMV-based control plasmid pRLuc was approximately 32-fold 

greater than that achieved with the analogous plasmid, pGL3R (fig. 4.8, compare pRLuc RL 

to pGL3R RL). Hence, as expected the use of the CMV promoter/enhancer region resulted in 

a much higher level of expression. However, a comparison of the firefly luciferase activity in 

cells transfected with pRLuc and pRMLuc revealed that the 5’ UTR stimulated the 

expression of the downstream cistron by only 2.9-fold (fig. 4.8, compare pRLuc FL to 

pRMLuc FL). In contrast, expression from the downstream cistron was enhanced by 93.6- 

fold using the equivalent SV40 promoter/enhancer plasmids (fig. 4.8, compare pGL3R FL to 

pGL3Rutr FL). Thus, one can conclude that employing the powerful CMV 

promoter/enhancer to drive the synthesis of the dicistronic mRNAs abrogates the 5’ UTR- 

driven enhanced expression of the downstream cistrons.

These data appear to contradict the previous evidence that an IRES is located within the c- 

myc 5’ UTR. However, one possible explanation is that the high level of mRNA expressed 

from these constructs reduced the efficiency of internal initiation by interfering with the 

function of a trans-acting factor. Borman et ah have reported a similar observation for the 

entero- and rhinovirus IRESes. The efficiency of translation mediated by these IRESes was
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considerably reduced when dicistronic mRNAs were expressed at high levels in vivo 

(Borman et al., 1997). This phenomenon correlates with a requirement for non-canonical 

factors, since it was not observed for either cap-dependent translation or translation driven by 

the cardio- and aphthovirus IRESes.

4.6 A comparison of the efficiency of the c-myc and the human rhinovirus IRESes

The previous data provided indirect evidence that the function of the c-myc IRES could 

depend on a non-canonical trans-acting factor. In this respect, it would be analogous to the 

IRESes of the entero- and rhinoviruses (see Belsham and Sonenberg, 1996). However, in 

studies performed in collaboration with Belsham and co-workers, the c-myc IRES was 

extremely inefficient at promoting downstream cistron expression on dicistronic mRNAs 

expressed in the cytoplasm. In these experiments, the plasmids pGL3R and pGL3Rutr were 

transfected into human TK143 cells previously infected with a recombinant vaccinia virus 

that expresses the T7 RNA polymerase (vTF7-3) (Fuerst et al., 1986). The presence of a T7 

RNA polymerase promoter upstream of the Renilla luciferase cistron in pGL3R and 

pGL3Rutr results in the transcription of dicistronic mRNAs in the cytoplasmic compartment. 

Furthermore, these RNAs are posttranscriptionally modified by the vaccinia encoded capping 

and polyadenylation enzymes. Whilst the Renilla luciferase cistron of both dicistronic 

mRNAs was translated efficiently, the activity of firefly luciferase in these cells was 

approximately 300-fold lower and independent of the presence of the c-myc 5’ UTR sequence 

(data not shown). Thus, the c-myc 5’ UTR did not promote internal initiation on mRNAs 

transcribed in the cytoplasm using the T7/vaccinia system. In contrast, the IRESes of the 

entero- and rhinoviruses have been shown to function efficiently using dicistronic mRNAs 

expressed in this manner (Borman et al., 1997).

These data appeared to suggest a fundamental difference between the function of the entero- 

and rhinovirus IRESes and that of c-myc. Nevertheless, it was possible that these results 

were a consequence of the very high level of expression achieved using the T7/vaccinia 

system. Indeed, a previous study demonstrated that the expression of a heterologous reporter 

gene was approximately 650-fold higher when compared to that accomplished with the SV40 

promoter/enhancer (Fuerst et al., 1986). Furthermore, existing data implied that the function 

of the c-myc IRES could be compromised by the use of a strong promoter (fig. 4.8). 

Consequently, the efficiency of internal initiation driven by the c-myc and human rhinovirus
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(HRV) IRESes was compared using dicistronic mRNAs either expressed in the nucleus or 

introduced directly into the cytoplasm by RNA transfection.

4.6.1 Construction of the plasmid pGL3Rhrv

The plasmid, pGL3Rhrv, was constructed to assess the efficiency of internal initiation 

mediated by the HRV IRES on transcripts synthesised in the nucleus by RNA polymerase II. 

A diagrammatic representation of the assembly of pGL3Rhrv is shown in figure 4.9. The 

plasmid pXLJ( 10-605) (Borman and Jackson, 1992) was digested with Sail and the 

overhanging 5’ ends were filled in with Klenow DNA polymerase. A fragment containing 

the HRV2 IRES was released from the plasmid by digestion with Ncol. Subsequently, this 

DNA fragment was inserted into pGL3R at the PvuQ. and Ncol sites creating the plasmid 

pGL3Rhrv. The mRNA expressed in cells transfected with this construct contains the 

sequence for the HRV2 IRES in the intercistronic region.

4.6.2 An analysis of the activity of the c-myc and HRV IRESes in transcripts with a 

nuclear origin

To compare the efficiency of the c-myc and HRV2 IRESes, HeLa cells were transfected with 

the plasmids pGL3R, pGL3Rutr and pGL3Rhrv. The activities of Renilla and firefly 

luciferase were determined and normalised to that of the transfection control, p-galactosidase 

(fig. 4.10). Expression of the upstream cistron, Renilla luciferase, was not greatly affected by 

the presence of the either the HRV or the c-myc IRES in the intercistronic region (fig. 4.10, 

compare Con RL to +HRV RL and +UTR RL). More importantly, a comparison of the 

downstream cistron activities revealed that both of these elements stimulated firefly 

luciferase expression (fig. 4.10, compare Con FL to +HRV FL and +UTR FL). However, the 

extent to which expression from the downstream cistron was enhanced differed widely 

between these IRESes. In fact, the c-myc IRES elevated firefly luciferase activity by 70.8- 

fold, whilst the HRV IRES caused a lesser stimulation of 9.6-fold. Thus, these data suggest 

that the HRV IRES is able to promote internal initiation on dicistronic transcripts synthesised 

in the nucleus, however it does so approximately 7-fold less efficiently than the c-myc IRES.
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Figure 4.9: Construction of the dicistronic reporter plasmid, pGL3Rhrv, containing the 
HRV IRES. The plasmid pXLJ( 10-605) was digested with Sail and after filling in the 
recessed 3’ ends, a fragment containing the HRV IRES was released by digesting with 
Ncol. This sequence was inserted into the multiple cloning site between the Rluc and Flue 
cistrons of pGL3R at the PvuII and Ncol sites. The resulting plasmid pGL3Rhrv expresses 
a dicistonic mRNA with the HRV IRES in the intercistronic region.
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4.6.3 Construction of pSP64RL Poly(A), pSP64R(utr)L Poly(A) and pSP64R(hrv)L 
Poly(A)

RNA transcripts synthesised in vitro can be introduced directly into the cytoplasmic 

compartment of a cell using cationic liposome-mediated RNA transfection (Malone et al., 

1989). These transcripts are translated efficiently provided they are capped and have a 3’ 

terminal polyadenylate tail (Dwarki et al., 1993). Thus, in order to synthesise dual-luciferase 

dicistronic transcripts that can be used in RNA transfections, the plasmid series pSP64 R(x)L 

Poly(A) was generated (where x is either no insert or the sequence encoding the c-myc and 

HRV2 IRESes).

The polylinker region of the plasmid pSP64 Poly(A) is flanked by an SP6 RNA polymerase 

promoter sequence and a run of 30 consecutive A residues. Thus, capped and polyadenylated 

transcripts can be generated by run-off transcription using a template linearised by digestion 

with EcoRl (fig. 4.11). Initially, the sequence encoding the Renilla luciferase cistron was 

isolated from pRLCMV by digesting the plasmid with Nhel and Xbal. This fragment was 

then inserted into pSP64 Poly(A) at the Xbal site, thus creating the plasmid pSP64R Poly(A) 

(fig. 4.11).

To generate the control dicistronic plasmid pSP64RL Poly(A), the sequence coding for firefly 

luciferase was excised from pGL3 using the enzymes EcoRl and Xbal and subsequently 

blunt-end ligated into the Smal site of pSP64R Poly(A) (fig. 4.11). Whilst the plasmids 

pSP64RutrL Poly(A) and pSP64RhrvL Poly(A) were constructed by inserting the Spel/Xbal 

fragments of pGL3utr and pGL3Rhrv, respectively, into the Smal site of pSP64R Poly(A) 

(fig. 4.12).

4.6.4 An analysis of the efficiency of the c-myc and HRV IRESes in transcripts 

introduced directly into the cytoplasm

Dicistronic transcripts containing an m7GpppG cap structure and a polyadenylate tail at the 5’ 

and 3’ termini, respectively, were synthesised from each of the plasmids in the pSP64 R(x)L 

Poly(A) series by in vitro run-off transcription on a DNA template linearised with EcoRL 

The resulting mRNAs, denoted Rluc, RutrL and RhrvL are illustrated diagrammatically in 

figure 4.13a. Cationic liposomes were used to encapsulate equimolar quantities of each 

transcript and introduce them into the cytoplasm of HeLa cells. After a period of 8 hours, the
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Figure 4.11: Construction of the control dicistronic plasmid pSP64RL Poly(A). Briefly, 
this plasmid was constructed using a two-stage protocol. In the first stage, a DNA 
fragment, containing the Rluc open reading frame (ORF), was excised from pRLCMV by 
digesting with Nhel and Xbal. This fragment was then inserted into pSP64 Poly(A) at the 
Xbal site creating pSP64R Poly(A). Subsequently, pGL3 was digested with EcoRl and 
Xbal and the fragment containing the Flue ORF was isolated. After treatment with 
Klenow DNA polymerase, this fragment was inserted into pSP64R Poly(A) at the Smal 
site. PSP64RL Poly(A) was digested with EcoRl and used as a template to synthesise 
Rluc-Fluc dicistronic mRNAs terminating with a Poly(A) tail.
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6057 bp

SP6 promoter
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expression from the upstream and downstream cistrons was monitored (fig. 4.13b and c). In 

cells transfected with the control dicistronic transcript, Rluc, the Renilla luciferase cistron 

was translated efficiently, whilst little expression of the downstream cistron was observed 

(fig. 4.13b and c, compare Rluc RL to Rluc FL). Insertion of the HRV2 IRES between the 

two cistrons resulted in a 52-fold stimulation of firefly luciferase activity when compared to 

the expression due to readthrough-reinitiation (fig. 4.13c, compare RhrvL FL to Rluc FL). 

This figure compares favourably with the 100-fold activation of downstream cistron 

expression observed in TK143 cells using the HRV 14 IRES (Roberts et al., 1998). In 

contrast, the expression of the downstream cistron was only enhanced by 1.4 fold on the 

RutrL transcript (fig. 4.13b, compare RutrL FL to Rluc FL). Thus, the c-myc 5’ UTR cannot 

stimulate the translation of the downstream cistron on a dicistronic mRNA introduced 

directly into the cytoplasm.

In summary, both the HRV and c-myc IRESes are able to promote internal initiation on 

transcripts expressed in the nucleus, however only the HRV element is capable of performing 

this task on mRNAs that do not originate in this compartment. The high level of expression 

achieved with the T7/vaccinia system represented one possible reason why the c-myc IRES 

failed to stimulate downstream cistron activity in the cytoplasm. However, the use of RNA 

transfection, which results in the accumulation of considerably less RNA in this 

compartment, produced very similar results. Hence, these data suggest that a nuclear event 

could be a pre-requisite for efficient c-myc 5’ UTR-driven internal initiation.

4.7 A preliminary investigation of the c-myc 5’ UTR-binding proteins located in the 

nuclear compartment

One model that would satisfy the data accumulated thus far on the function of the c-myc 

IRES posits that a nuclear trans-acting factor may influence the activity of this element. 

Interestingly, using gel shift and ultraviolet crosslinking assays two predominantly nuclear 

proteins, La and PTB, have been identified as picomavirus RNA binding proteins 

(Meerovitch et al., 1989; Borman et a/., 1993; Hellen et al., 1993). Furthermore, these 

factors have been shown to alter the efficiency of certain IRESes (Meerovitch et al., 1993; 

Kaminski et al., 1995). However, neither of these proteins interacts specifically with the c- 

myc 5’ UTR (Paulin, 1997). Therefore, an ultraviolet crosslinking assay was employed to 

identify nuclear proteins that could form specific complexes with the c-myc 5’ UTR.
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Figure 4.13: A comparison of the efficiency of c-myc 5’ UTR and HRV IRES-directed 
internal initiation on mRNAs introduced directly into the cytoplasm. (A) A 
diagrammatic representation of the control dicistronic mRNA, Rluc, the c-myc 5’ UTR- 
containing mRNA, RutrL, and the HRV IRES-containing mRNA, RhrvL. (B) HeLa 
cells were transfected with Rluc or RutrL by lipofection. After 8 hours Renilla and 
firefly luciferase expression was determined (RL and FL, respectively). (C) Similarly, 
HeLa cells were transfected with Rluc or RhrvL and luciferase activity was measured.



A radiolabelled transcript containing the entire c-myc P2 5’ UTR was synthesised in vitro 

using pSKutr2 linearised by digestion with EcoRl as a template. In addition, 4-thiouridine 

triphosphate was included in the reaction since UV-induced RNA-protein cross-linking is 

enhanced on transcripts containing this derivative (Ali and Siddiqui, 1997). The transcript 

was incubated with nuclear extract in the presence of a 0, 10, 25, or 100-fold molar excess of 

cold competitor RNA and complexes were cross-linked by irradiation at 302 nm. Finally, 

after RNase digestion and fractionation on an SDS polyacrylamide gel the cross-linked 

proteins were visualised by phosphorimager analysis (fig. 4.14). Numerous proteins present 

in the nuclear fraction were cross-linked to the c-myc 5’ UTR (fig. 4.14a, lane 1). However, 

the interaction of the majority of these proteins with the 5’ UTR was unaffected by a 100-fold 

molar excess of competitor 5’ UTR RNA (fig. 4.14a, lanes 2-4) or HRV IRES RNA (fig. 

4.14b, lanes 2-4). Thus, these proteins were labelled as a result of non-specific interactions 

with the 5’ UTR. More interestingly, the cross-linking of a protein of approximately 98 kDa 

(indicated by the arrow) to the radiolabelled c-myc 5’ UTR was inhibited by the presence of 

cold competitor 5’ UTR (fig. 4.14a, compare lane 1 to lanes 2-4). Indeed, the addition of a 

10-fold molar excess of competitor appeared to abolish the formation of the complex between 

this protein and the labelled 5’ UTR (fig. 4.14a, compare lanes 1 and 2). In contrast, a 10- 

fold molar excess of the HRV IRES RNA had little effect on the formation of this complex 

(fig. 4.14b, compare lanes 1 and 2). Furthermore, 98 kDa complex was also detected in the 

presence of a both a 25 and a 100-fold molar excess of the HRV IRES RNA, albeit at reduced 

levels (fig. 4.14b, lanes 3 and 4). These data imply that the formation of the 98 kDa RNA- 

protein complex was a result of a specific interaction between the 5’ UTR and a nuclear 

factor. Moreover, a comparison of the amount of competitor RNA required to inhibit the 

formation of this complex suggests that the affinity of this protein is at least 10-fold greater 

for the c-myc 5’ UTR than for the HRV IRES.

In conclusion, the cross-linking experiments have identified a specific interaction between the 

c-myc 5’ UTR and a nuclear protein. However, these data only represent a preliminary 

investigation of potential 5’ UTR-nuclear protein complexes. Therefore, further studies will 

be required to assess whether the formation of this complex influences the activity of the c- 

myc IRES.
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Figure 4.14: RNA-protein complexes formed between the c-myc 5’ UTR and HeLa 
nuclear proteins. A radiolabelled 4-thioUTP-containing c-myc 5 ’ UTR transcript was 
incubated with HeLa nuclear extract in the presence of increasing amounts of either (A) 
c-myc 5 ’ UTR or (B) HRV IRES cold competitor RNA. Proteins were cross-linked by 
irradiation with UV light (302 nm). Following RNase treatment, labelled complexes 
were fractionated on SDS/polyacrylamide gels and detected using phosphorimager 
analysis. The position of the 98 kDa complex is indicated with an arrow.



4.8 Summary

In chapter 3, evidence was presented indicating that the c-myc P2 5’ UTR contains an internal 

ribosome entry segment. Therefore, the function of this putative IRES was examined to 

provide some insight into the mechanism of translation mediated by this element.

4.8.1 Mapping the c-myc IRES

Initially, dicistronic mRNAs containing truncated 5’ UTR sequences were expressed in HeLa 

cells to define the minimum element required to mediate internal initiation. Deletions of 56 

or 84 nt from the 5’ and 3’ ends, respectively, reduced the expression from the downstream 

cistron (fig. 4.2). Thus, the c-myc IRES is located between nucleotides -396 and -57. 

Interestingly, a conserved polypyrimidine tract, situated at the extreme 3’ end of the 5’ UTR 

(-40 to —33 in the human sequence), does not form part of this element (fig. 4.15, underlined). 

In some picomavirus IRESes a conserved polypyrimidine tract located 20-25 nt upstream of 

an AUG triplet is essential for efficient internal initiation (Pilipenko et al., 1992). 

Furthermore, an oligopyrimidine sequence at the 3’ end of the eIF4G 5’ UTR is necessary for 

IRES-driven translation (Gan et al., 1998). Nevertheless, the tract present in a similar 

position in the c-myc 5’ UTR does not appear to function in an analogous manner.

Mutation of a conserved upstream AUG codon at the 3’ end of the poliovirus IRES 

profoundly reduced the efficiency of internal initiation leading to the suggestion that it 

participates in ribosome binding (Pilipenko et al., 1992). Similarly, a conserved CUG 

initiation codon is located at the distal end of the c-myc 5’ UTR (fig. 4.15, boxed region). It 

was originally considered that this element could perform a comparable function to that of the 

AUG triplet in the poliovirus IRES. However, this hypothesis was not supported by the 

deletion analysis data, since the removal of the CUG triplet appeared to have no effect on 

downstream cistron expression. Nevertheless, it was possible that the function of this 

element was replaced by a CUG codon derived from the polylinker region of pGL3R. 

Furthermore, this triplet was surrounded by a similar sequence context to the original CUG. 

Consequently, to resolve this issue the authentic CUG-initiation codon was mutated to CUC. 

This mutant 5’ UTR was as effective as the wild-type sequence at promoting downstream 

cistron expression (fig. 4.3). Therefore, in conjunction with the deletion analysis this data 

indicates that the CUG-initiation codon is unlikely to play a significant role in c-myc 5’ UTR- 

mediated internal initiation.
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Figure 4.15: Alignment of the human c-myc 5’UTR encoding sequence with those of gibbon, marmoset, pig, cat, 
woodchuck, mouse, rat, and sheep performed using the program, clustalW (generated by J. P. C. le Quesne). Shaded areas 
represent conserved positions, whilst the position of the CUG initiation codon and polypyrimidine tract are indicated with a 
box and a line, respectively
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In conclusion, the deletion and mutational analysis revealed that elements within the -396 to 

-57 region are responsible for the stimulation of downstream cistron expression. 

Furthermore, unlike the picomavirus IRESes deletions within the c-myc element did not 

completely abolish internal initiation. However, whether a mechanistic distinction between 

the c-myc IRES and those of the picomaviruses underlies this observation is disputable. An 

alternative hypothesis suggests that readthrough-reinitiation could be responsible for the 

residual activity observed once IRES function has been ablated. Thus, these experiments 

must be repeated under circumstances where cap-dependent translation is downmodulated to 

distinguish between these possibilities.

4.8.2 Evidence for a nuclear event

Two distinct methods, RNA transfection and the T7/vaccinia system, were used to introduce 

dicistronic mRNAs into the cytoplasmic compartment and consequently bypass the nucleus. 

The experiments demonstrated that the c-myc 5’ UTR did not stimulate downstream cistron 

expression on mRNAs that lack a nuclear origin. In contrast, the ability of the HRV2 IRES 

to promote internal initiation appeared to be independent of the history of the mRNA 

(compare fig. 4.10 and 4.13). It is also interesting to note that in a cytoplasmic HeLa cell 

extract, the murine c-myc 5’ UTR does not direct efficient translation from the downstream 

cistron of a dicistronic mRNA (Pelletier and Sonenberg, 1988). These data are consistent 

with a model in which the activity of the c-myc IRES is dependent on a prior nuclear event. 

The nature of this event is unknown, however two different models can be envisaged. 

Transcription in the nucleus could result in the recruitment of trans-acting factors to the IRES 

that are subsequently involved in cytoplasmic translation initiation (Iizuka et al., 1995). 

Alternatively, nuclear processes could be essential to achieve a functional IRES structure.

Thus, the requirement for a nuclear event represents a fundamental difference between the 

function of the c-myc IRES and those of the picomaviruses. In addition, a direct comparison 

between the c-myc and HRV IRESes revealed that downstream cistron expression is 

enhanced approximately 7-fold more by the former than the latter (fig. 4.10). Therefore, it is 

clear that under these conditions the c-myc IRES is an efficient translational element.

102



4.8.3 Evidence for trans-acting factors

The activity of the c-myc IRES has been analysed in a variety of cultured cells from different 

origins. These experiments demonstrated that the efficiency of downstream cistron 

translation mediated by the 5’ UTR varies in a cell-type specific manner (fig. 4.5). 

Unfortunately, the range of cell lines investigated thus far limits the conclusions that can be 

drawn from these data. However, the fact that the IRES functioned inefficiently in both a 

human (MCF7) and a murine (Balb/c-3T3) cell line suggests that both the cell-type and/or the 

species from which the line was cultured could be determinants of IRES activity. In addition, 

the translational efficiency of a heterologous reporter mRNA bearing the 5’ UTR was 

examined in both MCF7 and Balb/c-3T3 cells. Despite, the poor function of the IRES in 

these cells, the 5’ UTR did not inhibit the translation of the transcript (fig. 4.6). These data 

support the contention that the c-myc P2 mRNA could be translated by both cap-dependent 

and internal initiation mechanisms.

The cell-type specific variation in IRES activity implied that a trans-acting factor could be a 

critical regulator of the function of this element. Indeed, the IRESes of the entero- and 

rhinoviruses, which are known to require non-canonical translation factors, also display a 

range of activity in cell lines from different origins (Borman et al., 1997; Roberts et al., 

1998). In addition, the expression of dicistronic mRNAs under the control of the powerful 

CMV promoter/enhancer region abolished the function of the c-myc IRES (fig. 4.8). One 

possible interpretation is that overexpression of dicistronic 5’ UTR-containing transcripts 

interfered with the activity of an essential factor. However, in order to confirm this 

hypothesis dicistronic mRNAs must be expressed using a range of promoters of increasing 

strength. These experiments will determine whether c-myc 5’ UTR-mediated internal 

initiation can be saturated in a similar manner to entero- and rhinovirus IRES-driven 

translation (Borman et al., 1997).

Finally, UV crosslinking experiments have identified a specific complex between a nuclear 

protein of approximately 98 kDa and the c-myc 5’ UTR. Although, this protein also binds to 

the HRV IRES, its affinity for the 5’ UTR is at least 10-fold greater. Clearly, these 

preliminary binding studies provide no information about the potential function of the 

complex. Therefore, it will be of great interest to determine whether this complex can be 

formed using nuclear extract derived from either MCF7 or Balb/c-3T3 cells. Furthermore,
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these cross-linking studies must be combined with a functional assay to determine the 

relevance of this complex to c-myc 5’ UTR-mediated internal initiation.
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Chapter 5

In vitro studies on the c-myc 5’ leader sequences

5.1 Introduction

Micrococcal nuclease-treated reticulocyte lysates (RRL) have been used successfully to 

analyse the effect of the murine c-myc 5’ UTR on translation initiation (Darveau et al., 1985; 

Parkin et al., 1988). However, only limited studies have been performed with the human 5’ 

leader sequences in this system (Parkin et al., 1988). Since evidence from the previous 

chapters suggested that c-myc protein synthesis could potentially involve both the cap- 

dependent and internal initiation mechanisms, the role of the human 5’ UTR was further 

investigated in vitro using RRL.

5.2 Analysis of internal initiation mediated by the c-myc 5’ UTR in vitro

The RNA genomes of the picomavirus family are translated by the mechanism of internal 

initiation (Jackson, 1995). However, not all picomavirus IRESes function efficiently in 

rabbit reticulocyte lysate (Jackson et al., 1995; Belsham and Sonenberg, 1996). 

Consequently, since there is evidence suggesting that an IRES is present within the 5’ UTR 

of the c-myc mRNA, it was of interest to determine whether the element could mediate 

internal initiation in this translation system.

The dicistronic reporter plasmids, pGL3R and pGL3Rutr, (see chapter 3; fig. 3.5 and 3.7) 

have a T7 RNA polymerase recognition sequence upstream of the Renilla luciferase cistron. 

These plasmids were digested with Hpall and used to generate dicistronic RNAs by in vitro 

run-off transcription. Figure 5.1a, shows a diagrammatic representation of these transcripts. 

The control RNA contains the Renilla luciferase and firefly luciferase open reading frames as 

upstream and downstream cistrons, respectively. As in previous experiments, the c-myc 5’ 

UTR is positioned in the intercistronic region to investigate its ability to mediate internal 

initiation.

In vitro translation reactions were performed as described in Materials and Methods using 5, 

10 and 20 ng/pl of these uncapped RNAs. The products of these reactions were separated by 

SDS/polyacrylamide gel electrophoresis and visualised using phosphorimager analysis.
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Lanes 1-3 of figure 5.1b show the polypeptides synthesised from the control dicistronic 

transcript. The major translation product, Renilla luciferase, migrated at 38 kDa. Whilst, 

three polypeptides of 62, 64 and 65 kDa were synthesised from the downstream cistron. The 

most abundant of these, the 62 kDa protein is the correct mass for firefly luciferase, whilst the 

two larger products may be a result of spurious initiation events. Taking into account the 

number of labelled amino acids in each polypeptide, approximately 10% of ribosomes 

reinitiated protein synthesis at the downstream AUG start site. Insertion of the c-myc 5’ UTR 

between the two cistrons had no effect on the synthesis of either the 38 kDa or 62 kDa 

polypeptide (figure 5.1b; lanes 4-6). Hence, translation of the downstream cistron was not 

stimulated by this element. This data suggests that the 5’ UTR does not mediate internal 

initiation in rabbit reticulocyte lysate.

The transcripts used in the previous experiment did not resemble eukaryotic mRNAs as they 

lacked both a 7-methylguanylic acid cap structure and a polyadenylate tail. Thus, the ability 

of the c-myc 5’ UTR to promote internal ribosome entry was determined on an RNA 

molecule with either a polyadenylate tail alone or both cap and polyadenylate tail. Control 

dicistronic transcripts and transcripts containing the 5’ UTR in the intercistronic region were 

generated using the plasmids pSP64Rluc Poly(A) and pSP64RutrLuc Poly(A), respectively 

(see fig. 4.11 and 4.12). A schematic of the RNAs used is shown in figure 5.2a. Lanes 1 and 

2 of figure 5.2b show the translation products synthesised using uncapped transcripts with a 

polyadenylate tail. On the control transcript, the upstream cistron was translated efficiently, 

whilst approximately 10% of ribosomes reinitiated at the firefly luciferase initiation codon 

(fig. 5.2, lane 1). However, the presence of the 5’ UTR had no effect on the translation of the 

downstream cistron (Flue) (fig. 5.2; compare lanes 1 and 2). A cap structure at the 5’ end of 

the transcript stimulated synthesis of the Renilla luciferase by 2.1 fold (s. d. 0.4) (fig. 5.2b; 

compare lanes 1 and 2 to lanes 3 and 4). Furthermore, capping also resulted in reduced 

translation of the firefly luciferase cistron compared to the Renilla luciferase cistron, with 

only 3.4 % (s. d. 0.4 %) of ribosomes reinitiating at the downstream cistron (fig. 5.2b, lane 3). 

Nevertheless, the 5’ UTR still did not enhance translation of the downstream cistron on the 

capped and polyadenylated transcript (fig. 5.2b, compare lane 4 to lane 3). In conclusion, the 

5’ UTR does not mediate internal initiation on dicistronic mRNAs in rabbit reticulocyte 

lysate.
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Figure 5.1: Analysis o f c-myc 5 ’ UTR-driven internal initiation in rabbit reticulocyte 
lysate (A) A diagrammatic representation o f the control and 5’ UTR-containing 
dicistronic transcripts. Transcripts were synthesised by in vitro transcription using 
pGL3R or pGL3Rutr linearised by digestion with Hpal. (B) The radiolabelled 
polypeptides synthesised from uncapped control (-UTR, lanes 1-3) or 5’ UTR- 
containing (+UTR, lanes 4-6) dicistronic RNAs were detected using phosphorimager 
analysis. The positions o f the 38 kDa Renilla luciferase polypeptide (Rluc) and the 62 
kDa firefly luciferase polypeptide (Flue) are indicated.
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Figure 5.2: The effect of a 5’ cap structure and a polyadenylate tail on c-myc 5’ UTR 
directed internal initiation in rabbit reticulocyte lysate. (A) A diagrammatic 
representation o f the control (-UTR) and 5’ UTR-containing (+UTR) dicistronic 
transcripts either uncapped and with a poly[A] tail (-cap +poly[A]) or capped and 
with a poly[A] tail (+cap +poly[A]). Transcripts were synthesised in vitro using either 
pSP64RL Poly[A] or pSP64RutrL Poly[A] linearised with EcoRl. (B) Radiolabelled 
polypeptides synthesised in rabbit reticulocyte lysates programmed with 10 ng/pl of 
uncapped control or 5’ UTR-containing transcripts (lane 1 and lane 2, respectively) or 
the equivalent capped transcripts (lane 3 and lane 4, respectively). The positions of 
the 38 kDa Renilla luciferase polypeptide (Rluc) and the 62 kDa firefly luciferase 
polypeptide (Flue) are indicated.



5.3 The effect of the P2 5’ UTR on the translational efficiency of a c-myc mRNA

The two major c-myc promoters, PI and P2, generate transcripts with 5’ leader sequences of 

approximately 400 and 570 nt (Marcu, 1992). A previous study demonstrated that a human 

c-myc leader reduces the translational efficiency of the c-myc mRNA in vitro (Parkin et al., 

1988). However, the 5’ UTR used in this study was 502 nucleotides long and hence 

contained approximately 100 nucleotides of the PI mRNA. Thus, since the P2 5’ UTR did 

not appear to reduce the translational efficiency of a heterologous mRNA in vivo, its effect on 

the translation of a c-myc mRNA was analysed in vitro.

5.3.1 Construction of the plasmids pSKM and pSKMAl

The c-myc cDNA sequence from -396 to +1320 was amplified by PCR and inserted into 

pSK+bluescript. Initial attempts to amplify this sequence from single-stranded DNA failed, 

possibly due to the structured nature of the RNA template. Therefore, two fragments, from - 

396 to +6 and from +7 to +1320, were amplified and inserted sequentially into 

pSK+bluescript.

RNA was isolated from the EBV-transformed normal lymphoblastoid cell line, GM03201, 

and a DNA fragment from -396 to +6 was amplified by reverse-transcription PCR using the 

primers FP2501 and MS4526. Subsequently, this sequence was blunt-end ligated into the 

Smal site of pSK+bluescript. The orientation of the insert was selected such that a CCC 

triplet at the 3’ end of the fragment recreated the Smal site. Figure 5.3 illustrates the 

construction of this plasmid, pSKM(-396-6). The remaining sequence, +7 to +1320, was 

amplified using the primers MS4527 and MS7216 from the plasmid pOTSmyc (Watt et al., 

1983). To facilitate the insertion of this fragment into pSKM(-396-6), the recognition site for 

the enzyme EcoRl was included in the 3’ primer sequence. Finally after digestion with 

ZscoRI, the PCR product was inserted into the plasmid pSKM(-396-6) between the Smal and 

ZscoRI restriction sites, thus creating the plasmid pSKM (fig. 5.4)

The control plasmid, pSKMAl contains the c-myc cDNA sequence from -56 to +1320 and 

consequently lacks the majority of exon 1. A 1381 bp DNA fragment was generated by 

partial digestion of pSKM with PvuII followed by complete digestion with EcoRl. Insertion
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Figure 5.3: Construction of the plasmid pSKM(-396-6). Initially, single stranded DNA 
was synthesised from total cellular RNA using reverse transcriptase. A fragment 
encoding nucleotides -396 to +6 of the c-myc mRNA was amplified by PCR using the 
primers FP2501 and MS4526 (see Materials and Methods). This sequence was then 
inserted into pSK+bluescript at the Smal site creating the plasmid pSKM(-396-6).
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EcoRl site. The resulting plasmid pSKM contains the human c-myc cDNA sequence from - 
396 to +1320. PSKM was digested with Hindlll and used as a template to synthesise c-myc 
transcripts in vitro from the T3 promoter.



Amp/
fl origin PvuII 529

ind lll 689 
coRI 701

ColEl
origin

pSKM
4668 bp

fl origin

Amp1̂
1 /  pSK+bluescript \

2961 bp V
■  myc coding
w region

(+1 to +1320)

■ PvuII 529

'H ind lll 689 
EcoRI 701 

.Smal 715

T3 promoter 

PvuII 977

PvuII 2685
T3 promoter

PvuII 1732 

PvuII 2082 ColEl origin

5’ UTR 
(-396 to -1)

1. Partially digest pSKM with PvuII
2. Digest with EcoRI
3. Isolate 1381 bp c-myc fragment

1. Digest pSK with Smal/EcoRI
2. Ligate to 1381 bp c-myc fragment

Ligate

I
f l  origin

Ampr

pSKMAl
4328 bp

PvuII 529 
Hindlll 689

EcoRI701

ColEl 
origin

PvuII 1732 
PvuII 2344^* 5 ’ UTR

T3 promoter (-5 6 to -l)

myc coding region 
(+1 to +1320)

Figure 5.5: Construction of the plasmid pSKMAl containing the human c-myc cDNA 
sequence from -56 to +1320. Initially, the plasmid pSKM was incompletely digested with 
Pvull. After which it was digested with EcoRI and a 1381 bp fragment was isolated. This 
fragment was inserted into pSK+bluescript between the Smal and EcoRI sites. The resulting 
plasmid, pSKMAl contains the human c-myc cDNA sequence from -56 to +1320. PSKMAl 
was digested with Hindlll and used as a template to synthesise wycAl transcripts from the 
T3 promoter.



of this sequence between the Smal and EcoRI sites of pSK+bluescript produced the plasmid 
pSKMAl (fig. 5.5).

5.3.2 Analysis of the effect of the P2 5’UTR on the translational efficiency of c-myc 
mRNAs

PSKM and pSKMAl were linearised at the HindUL site and used to generate the transcripts 

myc and mycAl, respectively. The 5’ leaders of the myc and the mycAl transcripts contain 

396 nt or 56 nt of the P2 5’ UTR sequence, respectively. Thus, comparing the quantity of c- 

myc proteins synthesised in a reticulocyte lysate, using equal amounts of these transcripts, 

indicates the effect that the P2 5’ UTR has on the translational efficiency of a c-myc mRNA. 

Accordingly, in vitro translation reactions were performed, using 1.25, 2.5, and 5 ng/pl of 

capped myc and mycAl transcripts, and the products were analysed as described previously.

Two major polypeptides of 64 and 66 kDa were synthesised from both the myc and mycAl 

transcripts (fig. 5.6a). The minor protein, Myc-1, is translated from a CUG initiation codon 

that lies 45 nt upstream of the AUG start site (Hann et al., 1988). Quantitation of the 

abundance of the c-Myc polypeptides demonstrated that the P2 5’ UTR reduced the synthesis 

of the major polypeptide, Myc-2 (fig 5.6b). A similar effect was observed at all 

concentrations of transcript, however a maximum inhibition of 50.85% occurred at 5 ng/pl 

(fig. 5.6c). Interestingly, translation of the non-AUG initiated polypeptide, Myc-1, was not 

reduced to the same extent. In fact, the degree of inhibition correlated with the RNA 

concentration. At a concentration of 1.25 ng/pl, Myc-1 synthesis was reduced by only 

9.14%, whilst at 5 ng/pl this increased to 22.41% (fig. 5.6c).

In the previous experiment, a linear relationship was observed between the amount of RNA 

in the reaction and the abundance of the translation products (fig 5.6b). However, a further 

set of in vitro translations using higher concentrations of the transcripts revealed a non-linear 

relationship for both the myc and the mycAl RNAs (fig. 5.7). Under these conditions one or 

more components of the translation reaction has become limiting. In addition, the effect on 

the two transcripts was not uniform, but was greater for the myc RNA. Thus, raising the 

mycAl RNA concentration from 10 to 20 ng/pl resulted in a 30% and 44% increase in Myc-2 

and Myc-1 synthesis, respectively. However, no change in the abundance of either Myc-1 or 

Myc-2 was observed with a similar increase in myc RNA concentration (fig. 5.7b).
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The results of these experiments demonstrate that the 5’ UTR reduced the translational 

efficiency of the c-myc transcript by approximately 50% in rabbit reticulocyte lysate. 

However, the synthesis of the CUG-initiated polypeptide was affected to a lesser extent than 

the major translation product. Furthermore, transcripts bearing the whole P2 leader sequence 

have a greater requirement for one or more components of the translational apparatus, 

resulting in saturation of the translation reaction at lower RNA concentrations than control 

transcripts.

5.3.3 The effect of the m7GpppG cap structure on c-myc translation

Extensive secondary structure within the 5’ UTR can reduce the translational efficiency of an 

mRNA by either interfering with the formation of the 48S preinitiation complex or impeding 

the progress of the scanning ribosome (Kozak, 1986a, 1989). During cap-dependent 

translation initiation, moderately stable secondary structural motifs can be unwound by the 

helicase activity of the eIF4F complex (Pause et al., 1994). Consequently, such structured 

mRNAs have a greater requirement for the presence of a 5’ cap structure.

The 5’ UTR of the c-myc P2 mRNA is GC rich and hence has a complex predicted secondary 

structure (Nanbru et al., 1997; Stoneley et al., 1998). These structural elements may be 

responsible for the reduced translational efficiency of the c-myc mRNA in vitro. One 

prediction of this model is that the translation of a c-myc mRNA preceded by this sequence 

will be strongly influenced by a 5* cap structure. Alternatively, since there is evidence 

suggesting that mRNAs bearing a eukaryotic IRES can be translated by a cap-independent 

mechanism in RRL, the presence of a cap structure may have little effect on the translation of 

c-myc mRNAs (Vagner et al., 1995; Teerink et al., 1995; Nanbru et al., 1997).

To determine the effect of the m7GpppG cap structure on the translation of the myc and 

mycAl RNAs, rabbit reticulocyte lysate was programmed with 5 ng/pl of uncapped or capped 

transcripts. The radiolabelled products of these reactions were analysed as described before 

(fig. 5.8a). As expected, capping the mycAl RNA stimulated the synthesis of Myc-2 and 

Myc-1 by 2.4 and 2.1 fold (s. d. 0.31 and 0.25), respectively (fig. 5.8; compare lanes 1 and 2). 

This modest increase is consistent with the previously reported values for relatively 

unstructured mRNAs (Muthukrishnan et al., 1976; Lodish and Rose, 1977; Svitkin et al., 

1996). The 5’ UTR inhibited the synthesis of the AUG and CUG-initiated polypeptides by

91.7 and 87.4 % (s. d. 5.2 % and 4.7 %), respectively, on uncapped transcripts (compare lanes

109



mycAl myc transcript
+ - + +/- cap

Myc-1
Myc-2

Lanes 1 2  3 4

B.

35 -

30 -

25 -

20  -

<D
o
•—

15 -
O h

10 -

cap + capcap + cap
i_______________ i i_______________ i

mycAl myc

Figure 5.8: The effect o f the 5 ’ cap structure on the translation of the c-myc P2 
transcript. (A) Uncapped (-) and capped (+) mycAl and myc transcripts were 
synthesised as described previously. Reticulocyte lysates were programmed with 5 
ng/pl o f uncapped or capped mycAl or myc RNA. Radiolabelled polypeptides 
synthesised in these reactions were fractionated using SDS/PAGE and detected using 
phosphorimager analysis. (B) Quantitation of the polypeptides in (A) using 
phosphorimager analysis. Unshaded and shaded areas refer to the abundance of Myc- 
2 polypeptides and Myc-1 polypeptides, respectively.



1 and 3). However, the presence of a cap structure on the myc RNA enhanced the translation 

of both Myc-2 and Myc-1 by 14.6 and 16.1 fold, respectively (fig. 5.8; compare lanes 3 and 

4). Thus compared to mycAl, the cap-dependent stimulation of translation on the myc RNA 

was significantly greater.

In summary, in the absence of a 5’ cap the translational efficiency of the myc transcript was 

strongly attenuated by the structured P2 5’ UTR. Nevertheless, much of this repression was 

relieved by the m7GpppG cap structure. Hence, translation initiation on the P2 c-myc 

transcript is strongly dependent on the 5’ cap.

5.4 The effect of the c-myc P2 5’ UTR on the translation of a heterologous mRNA

Having established that sequences within the 5’ UTR modulate the in vitro translational 

efficiency of the c-myc P2 transcript, it was of interest to determine whether elements within 

the coding region also participate in the formation of secondary structural motifs. Long range 

interaction between elements in the 5’ UTR and exon 2 were originally postulated by Saito et 

al. However, the disruption of these proposed interactions did not alleviate the 5’ UTR- 

mediated translational repression (Saito et al., 1983; Parkin et al., 1988). Nevertheless, the 

magnitude of translational inhibition due to a 240 nt element from the murine c-myc 5’ UTR 

was significantly greater when the c-myc coding region was replaced with that of CAT 

(Parkin et al., 1988). Hence, it seemed possible that sequences within the human c-myc 

coding region could also influence the secondary structure of the 5’ UTR and consequently 

alter the translational efficiency of the mRNA.

5.4.1 Construction of pSKL and pSKLutr

If the secondary structure of the 5’ UTR is modified by elements within exon 2 and 3 then 

substitution of the c-myc coding region for a heterologous open reading frame should alter the 

effect of this leader. Alternatively, the structure of the 5’ UTR may be independent of the 

coding region and consequently it should downmodulate the translation of a chimeric RNA to 

the same extent as the endogenous RNA. Thus, the plasmids pSKL and pSKLutr were 

created to investigate the role of the c-myc coding region (fig. 5.9). Essentially, a DNA 

fragment containing the firefly luciferase coding region was excised from pGL3 using the 

restriction enzymes Hindlll and Xbal. This sequence was inserted into pSK+bluescript at the 

Hindlll and Xbal sites creating pSKL. Likewise, a DNA fragment containing the firefly
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luciferase coding region preceded by the c-myc 5’ UTR-encoding sequence was removed 

from pGL3utr and inserted into pSK+bluescript in the same manner.

5.4.2 Analysis of the translational efficiency of a chimeric RNA bearing the 5’ UTR

PSKL and pSKLutr were linearised with Notl and used to generate the transcripts Luc and 

utrLuc, respectively. The Luc RNA has a 5’ leader sequence of 111 nt composed of plasmid- 

derived sequence, whilst the luciferase coding region in the utrLuc transcript is preceded by 

396 nt of c-myc noncoding sequence and 96 nt of plasmid-derived leader sequence. Rabbit 

reticulocyte lysate was programmed with a range of concentrations of capped Luc and utrLuc 

transcripts and the products of the reactions were analysed as described before. Figure 5.10a 

shows that a single polypeptide of 62 kDa was synthesised from the Luc RNA (lanes 1-5), 

whilst an additional minor product of 63 kDa was produced in reactions containing utrLuc 

(lanes 6-10). The larger polypeptide is initiated at the CUG start codon present in the c-myc 

5’ UTR. A linear relationship existed between RNA concentration and the abundance of 

translation products in the range of 1.25 to 5 ng/jil for both Luc and utrLuc transcripts. In 

this range, the synthesis of luciferase polypeptides from the utrLuc transcript was reduced by 

50.06 % (s. d. 3.02) compared to the Luc transcript (fig. 5.10b).

Hence, in agreement with data from the preceding experiments, the 5’ UTR reduced the 

translational efficiency of an mRNA. Furthermore, the extent of translational repression did 

not appear to be affected by the nature of the coding region. Therefore, it is unlikely that 

elements within exon 2 or 3 participate in the formation of inhibitory secondary structural 

motifs.

5.5 The translational efficiency of a PI c-myc transcript

Although the 5’ noncoding region reduced the in vitro translational efficiency of the c-myc P2 

transcript by approximately 50%, this effect is modest compared to the previously reported 

inhibition caused by a human c-myc 5’ UTR. In this study, a leader containing 502 nt of c- 

myc upstream sequence inhibited translation by approximately 90% (Parkin et al., 1988). 

The discrepancy between these data suggested that sequences upstream of the P2 

transcription initiation site could further reduce the translational efficiency of the PI 

transcript.
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5.5.1 Construction of pSKM(Pl)

The plasmid pSKM(Pl) was created to investigate the effect of the PI 5’ UTR on the 

translational efficiency of the c-myc mRNA (fig. 5.11). PSKwt contains the c-myc exonl 

sequence from -607 to -16. This plasmid was digested with Notl and AcclII and a DNA 

fragment of 249 bp, that encodes nucleotides -547 to -298 of the c-myc mRNA, was isolated. 

Insertion of this sequence into the plasmid pSKM, between the Notl and Accin sites, 

produced the plasmid pSKM(Pl). In vitro transcription was performed on a HindUl 

linearised pSKM(Pl) template using T3 RNA polymerase. The 5’ leader sequence of the 

resulting transcript, mycPl, contains nucleotides -549 to -1 of the PI 5’ UTR. Since the 5’ 

UTR of the endogenous PI mRNA is 568 nts long, mycPl lacks only the 5’ terminal 19 nts of 

this sequence.

5.5.2 Analysis of the translational efficiency of a PI transcript

To determine the effect of the PI 5’ UTR on the translational efficiency of a c-myc mRNA, 

rabbit reticulocyte lysate was programmed with 1.25, 2.5 and 5 ng/pl of either capped mycPl 

RNA or capped mycAl RNA. Subsequently, the translation products were visualised and 

quantitated by phosphorimager analysis. The results of one such experiment can be seen in 

figure 5.12a. A comparison of lanes 1-3 to lanes 4-6 clearly demonstrates that the 5’ UTR 

dramatically reduced the translational efficiency of the PI transcript. At the lowest RNA 

concentration, synthesis of the c-myc-1 and c-myc-2 polypeptides was reduced on average by

6.5 and 7.1 fold (s. d. 0.47 and 0.32), respectively (fig. 5.12c). Furthermore, the magnitude 

of this translational repression increased at higher RNA concentrations. The PI 5’ UTR 

inhibited the synthesis of Myc-2 and Myc-1 by 17.1 and 8.6 fold (s. d. 1.46 and 0.57), 

respectively, at 5 ng/pl.

Figure 5.12 also demonstrates that increasing the mycPl RNA concentration from 2.5 to 5 

ng/pl elevated the abundance of Myc-1 and Myc-2 by 1.44 and 1.05 fold, respectively. This 

observation suggests that a component of the translational apparatus was limiting at this 

concentration. In contrast, synthesis of the c-myc proteins from the control mRNA was 

directly proportional to the RNA concentration in this range (fig. 5.12a; lanes 1-3). 

Therefore, it follows that translation of the PI mRNA requires a higher concentration of this 

factor than the control mRNA. Moreover, the increased inhibition of translation caused by
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the PI 5’ UTR at higher RNA concentrations was a consequence this phenomenon (fig. 5.12b 
and c).

To summarise these results, the PI 5’ UTR reduced the translational efficiency of the 

transcript by approximately 7-fold. This is significantly greater than the repression mediated 

by the P2 leader and is comparable to the results of a previous study (Parkin et al., 1988). In 

addition, these data demonstrate that translation of the PI transcript was limited at 2.5 ng/pl 

by the availability of a component of the translational apparatus. A similar effect was 

observed with the P2 transcript but at a higher concentration of 10 ng/pl. Taken together, 

these results demonstrate that the PI 5’ UTR inhibits cap-dependent translation initiation to a 

greater extent than the P2 leader sequence.

5.6 Summary

5.6.1 Inefficient c-myc IRES-driven translation in reticulocyte lysate

The data presented in this chapter represents an analysis of the in vitro translation of the 

human c-myc mRNAs. Since recent evidence suggested that an IRES is present within the 5’ 

UTR of the P2 transcript, the ability of this sequence to promote internal initiation in a rabbit 

reticulocyte lysate was examined. The 5’ UTR was unable to stimulate the synthesis of the 

downstream cistron on a dicistronic RNA (fig. 5.1). Furthermore, the efficiency of 5’ UTR- 

mediated internal initiation was unaffected by the presence of either a polyadenylate tail or a 

5’ cap structure (fig. 5.2). Inefficient internal initiation in rabbit reticulocyte lysate is not 

unique to the c-myc IRES, since it is also a feature of the entero- and rhinovirus IRESes. 

Nevertheless, the function of these picomavirus leaders may be restored by supplementing 

the lysate with HeLa cell factors (Jackson and Kaminski, 1995; Belsham and Sonenberg, 

1996). Therefore, its possible that internal ribosome entry onto the c-myc 5’ UTR requires 

certain non-canonical factors that are lacking in reticulocyte lysate. Moreover, this may be a 

general feature of cellular IRESes, since none of the examples identified to date are able to 

function in this translation system.

5.6.2 The P2 and PI c-myc transcripts show reduced translational efficiency

In addition, the translational efficiency of the human PI and P2 c-myc transcripts was also 

determined in the reticulocyte lysate system. The P2 leader inhibited the translation of the c-
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myc mRNA by approximately 50% (fig. 5.6). Furthermore, a similar effect was observed 

when a heterologous open reading frame was fused to the P2 5’ UTR (fig. 5.10). Therefore, 

sequences within the 5’ UTR can modulate the translation efficiency of the P2 transcript. It 

is well established that there is an inverse correlation between the degree of secondary 

structure in the 5’ noncoding region and the translational efficiency of the mRNA (Pelletier 

and Sonenberg, 1985; Kozak, 1986; Koromilas et al., 1992). Since, the c-myc 5’ UTR is GC- 

rich and consequently is predicted to contain multiple secondary structural motifs, it seems 

likely that such structures reduce the rate of translation initiation on the mRNA. 

Interestingly, the equivalent murine 5’ UTR inhibits c-myc translation by 8-10 fold, despite a 

high degree of sequence conservation between these two elements (Darveau et al., 1985; 

Parkin et al., 1988). One possible explanation for the greater magnitude of inhibition is the 

existence of more stable structural elements within the murine 5’ UTR. Alternatively, the 

transcripts used in this study also differed at the 3’ end, which may account for the 

discrepancy (Parkin et al., 1988). A further distinction between the murine and human 

sequences was highlighted by their effect on the translational efficiency of heterologous 

mRNAs. Thus, the translational repression mediated by the murine 5’ UTR was more 

pronounced on a chimeric mRNAs than on c-myc transcripts (Parkin et al.t 1988). A 

plausible interpretation of these observations is that the structure of the murine 5’ UTR is 

modulated by elements in the coding region whilst the human P2 leader is not affected in the 

same manner.

The PI promoter is located 160 bps upstream of the major promoter, P2. A transcript bearing 

sequences from the PI 5’ UTR reduced the translational efficiency of the c-myc mRNA by 

approximately 7-fold (fig. 5.12). Thus, it follows that sequences upstream of the P2 

transcription initiation site must contribute further to translational attenuation. An analysis of 

this region reveals an 82 bp sequence that is 78% GC rich. However, the Gibb’s free energy 

of the most stable predicted structure formed from this element is only -33.6 kcal/mol. Since 

a synthetic RNA hairpin of -30 kcal/mol has no effect on translation initiation, this structure 

alone is unlikely to account for the reduced translational efficiency of the mRNA (Kozak, 

1989). An alternative hypothesis suggests that translational inhibition is a result of base- 

pairing between sequences upstream and downstream of the P2 cap site. Furthermore, this 

result is comparable with the previously reported inhibition of 10-fold attributed to the c-myc 

5’ UTR. Since the 5’ leader sequence used in this study was shorter by 48 nt, these data 

imply that the sequences involved lie between nucleotides -502 and -1 (Parkin et al., 1988).
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However, a more precise determination of the minimal element required to confer 

translational attenuation is required before further conclusions can be drawn.

5.6.3 c-myc translation is limited by the concentration of a factor in reticulocyte lysate

It is noteworthy that the translation of both the PI and P2 transcripts was limited by the 

availability of a factor in reticulocyte lysate (fig. 5.7 and 5.12). Furthermore, there was an 

inverse correlation between the translational efficiency of the mRNA and the amount of RNA 

required to saturate the lysate (10 ng/pl for P2 and 2.5 ng/|xl for PI). It has been 

demonstrated that a greater concentration of eIF4F is necessary for the efficient translation of 

mRNAs with highly structured 5’ terminal regions when compared to those transcripts with 

less structured 5’ UTRs (Sonenberg et al., 1981; Fletcher et al., 1990; Timmer et al., 1993). 

Therefore, it is possible that the translation of both the PI and P2 mRNAs is limited by the 

concentration of active eIF4F in reticulocyte lysate. An analysis of the effect of the 

m7GpppG cap structure on c-myc translation provided further evidence that the P2 transcript 

has a strong requirement for eIF4F. In the absence of a cap, the 5’ UTR inhibited the 

synthesis of the c-myc proteins by approximately 90%. Whilst on a capped transcript, this 

translational repression was largely relieved (fig. 5.8). Interaction of the eIF4F complex with 

the 5’ cap structure could facilitate the unwinding of inhibitory secondary structures within 

the c-myc 5’ UTR, thus promoting efficient translation initiation. Indeed, one can speculate 

that the availability of active eIF4F complexes could potentially modulate c-myc translation.

In direct contrast to the data presented herein, a recent study demonstrated that the translation 

of a heterologous transcript bearing the c-myc 5’ UTR was only moderately cap-dependent 

(Nanbru et al., 1997). Although these data are difficult to reconcile with the model presented 

above it is clear that certain differences exist between these studies. Firstly, the amount of 

RNA used in each study differs dramatically. Cap-independent translation was demonstrated 

at an RNA concentration of 0.03 ng/pl, whilst cap-dependent translation was observed at 5 

ng/pl. Since the abundance of general RNA binding proteins is low in reticulocyte lysate 

(Svitkin et al., 1996), it may be that the factors required for cap-independent translation are 

also underrepresented. Consequently, cap-independent translation can only proceed at low 

RNA concentrations. In addition, the nature of the transcripts used in these studies may have 

affected the results. Although the chimeric RNAs used to demonstrate cap-independent 

translation include 144 nt of c-myc coding sequence it remains possible that other sequences, 

not represented in these transcripts, influence the translation of c-myc mRNAs. Furthermore,
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it is noteworthy that this study failed to equate the cap-independent translation of transcripts 

bearing the 5’ UTR with efficient internal initiation mediated by this sequence. Nevertheless, 

these disparate results suggest that a more detailed analysis of the effects of the cap structure 

and the eIF4F complex on the translation of c-myc mRNAs is required before any 

conclusions can be drawn.
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Chapter 6

Discussion

6.1 Evidence for the translation of c-myc mRNAs by internal initiation

Initial experiments demonstrated that the human c-myc P2 5’ UTR did not reduce the 

translational efficiency of a heterologous mRNA when expressed in HeLa, HK293, HepG2 or 

COS7 cells. However, the c-myc 5’ UTR is GC-rich and predicted to contain secondary 

structural motifs (Saito et al., 1984; Parkin et al., 1988; Nanbru et al., 1997; Stoneley et al., 

1998). This property of the 5’ UTR is believed to be responsible for the reduced translational 

efficiency of mRNAs bearing this element in rabbit reticulocyte lysate and Xenopus oocytes 

(Darveau et al., 1985; Parkin et al., 1988; Nanbru et al., 1997; this thesis). Thus, the efficient 

translation of mRNAs bearing the c-myc 5’ UTR in vivo suggested that either the capacity of 

these systems to relieve RNA structure differs or that the c-myc 5’ UTR contains an internal 

ribosome entry segment.

6.1.1 The c-myc 5’ UTR stimulates the expression of a downstream cistron on a 

dicistronic mRNA

Dicistronic reporter plasmids were constructed to determine whether the c-myc 5’ UTR 

contains an internal ribosome entry segment (IRES). The downstream cistron of a control 

Renilla luciferase-firefly luciferase mRNA or a Renilla luciferase-CAT mRNA was translated 

inefficiently, as expected. However, insertion of the P2 5’ UTR sequence into the 

intercistronic region of these mRNAs resulted in enhanced expression of the downstream 

cistron. In the case of the Renilla-CAT mRNAs, this stimulation could not be quantified 

since CAT expression from the control mRNA was outside the range of detection. 

Nevertheless, a clear increase in CAT activity was observed in HeLa cells transfected with 

the 5’ UTR-containing plasmid, pRMCAT. In contrast, the sensitivity of the luciferase assay 

is approximately 30-1,000 times greater compared to the sensitivity of CAT assays (Pazzagli 

et al., 1992). Thus in HeLa and HepG2 cell lines, the 5’ UTR stimulated the expression of 

the downstream cistron on a Renilla-fircfiy dicistronic mRNA by approximately 50-fold. 

Whilst, a somewhat lesser stimulation of approximately 25-fold was observed in HK293 

cells. Interestingly, in later studies using HeLa cells the magnitude of this stimulation
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increased to 70-100-fold. It is possible that due to an extended period of growth in culture a 

more rapidly growing cell line was selected. Consequently, the efficiency of c-myc 

translation may have increased.

Eukaryotic IRESes have been reported to increase the expression from a downstream cistron 

by 20 to 240-fold (20 to 30-fold, 40-fold, 240-fold for BiP, eIF4G, and antennapedia, 

respectively) (Macejak and Samow, 1991; OH et al., 1992; Gan and Rhoads, 1996). 

Furthermore, the well-characterised poliovirus IRES enhances second cistron expression by 

20 to 30-fold (Macejak and Samow, 1991). Thus, the elevated expression obtained when the 

c-myc 5’ UTR was inserted between two cistrons compares favourably with these values. In 

addition, the 5’ UTR reduced the expression from the upstream cistron by approximately 15- 

30% on both types of dicistronic mRNA. This phenomenon has also been observed using the 

BiP, poliovirus, and eIF4G IRESes and is believed to be a consequence of competition 

between cap-dependent and IRES-driven translation (Macejak and Samow, 1991; Gan et al., 

1996). In combination, these results suggested that the c-myc P2 5’ UTR could contain an 

IRES.

6.1.2 The mechanism responsible for enhanced downstream cistron translation

Although, internal initiation provides a satisfactory explanation for the 5’ UTR-mediated 

increase in expression from a downstream cistron, it was possible that other mechanisms 

could be responsible for this effect. The production of functional monocistronic firefly 

luciferase transcripts by transcriptional, splicing, or RNA cleavage mechanisms was 

investigated. Northern analysis of the mRNAs transcribed from pGL3R and pGL3Rutr 

demonstrated that the majority of dicistronic transcripts were intact. However, a 1.8 kB 

mRNA that hybridised to the firefly luciferase probe was also produced from the 5’ UTR- 

containing construct. This transcript was 4-fold less abundant than the full-length dicistronic 

mRNA in HeLa and HK293 cells and its abundance did not correlate with the observed 

increase in firefly luciferase expression. In addition, RNase protection analysis demonstrated 

that the 5’ end of this mRNA lies within the luciferase coding region. Therefore, these data 

demonstrate that functional firefly luciferase can only be translated from the full-length 

dicistronic mRNAs.

An alternative mechanism that could account for the increased firefly luciferase expression is 

enhanced readthrough-reinitiation. It has been demonstrated that the translation of a cistron
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downstream of a small open reading frame can be dramatically stimulated by increasing the 

distance between the two cistrons (Kozak, 1987). Thus, the increased interval between the 

luciferase cistrons, resulting from the inclusion of the 5’ UTR in the dicistronic mRNA, could 

potentially stimulate reinitiation at the downstream start site. A hairpin structure of -55 

kcal/mol was introduced into the 5’ leader sequence of the 5’-UTR containing dicistronic 

mRNA to investigate this possibility. This structure reduced translation initiation at the 

upstream start codon by approximately 75%, whilst it had no effect of the synthesis of firefly 

luciferase. Hence, 5’ UTR-directed translation of the downstream cistron does not depend on 

ribosome scanning from the upstream cistron and consequently readthrough-reinitiation.

The foregoing results demonstrate that the c-myc 5’ UTR drives efficient translation of a 

downstream cistron on a dicistronic mRNA. Furthermore, this effect is not due to mRNA 

fragmentation and is independent of upstream cistron translation. In conclusion, these data 

represent strong evidence that the c-myc 5’ UTR contains an IRES and suggest that the c-myc 

mRNA may be translated by the mechanism of internal initiation.

6.2 Further studies on c-myc mRNA translation by internal initiation

Although the data accumulated thus far indicate that c-myc mRNAs could be translated by the 

mechanism of internal initiation, further studies are necessary to confirm this hypothesis. A 

mechanism in which the 43S complex binds to the 5’ end of the mRNA, and is then 

transferred to a site within the c-myc 5’ UTR cannot be discounted using the current data. 

The argument for authentic internal initiation driven by the c-myc 5’ UTR can be 

strengthened by demonstrating that the translation of mRNAs bearing this element is 

manifestly cap-independent.

Infection of mammalian cells with poliovirus results in the cleavage of eIF4G and the 

dephosphorylation of eIF4E-BPl, both of which contribute to the abrogation of cap- 

dependent translation (Etchison et al., 1982; Gingras et al., 1996). Thus, demonstration that 

c-myc 5’ UTR-directed stimulation of downstream cistron expression occurs in poliovirus- 

infected cells would strongly support the internal initiation model. In addition, the 

constitutive over-expression of eIF4E-BPl or BP2 has been demonstrated to downmodulate 

cap-dependent translation from the upstream cistron of dicistronic mRNAs, whilst having no 

effect on IRES-driven translation (Roberts et al., 1998). Therefore, if c-myc 5’UTR-mediated 

translation of a downstream cistron is independent of a 5’ cap structure, it should not be
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attenuated by the eIF4E-BPs. Finally, whilst transcripts lacking a 5’ cap structure are 

translated inefficiently in mammalian cells, an open reading frame preceded by an IRES is 

translated efficiently on an uncapped RNA (Hambridge and Samow, 1991). An uncapped 

transcript bearing the c-myc 5’ UTR would be expected to be translated significantly more 

efficiency than a transcript lacking this element. Thus, the effect of the c-myc 5’ UTR on 

translation initiation could be examined on uncapped mRNAs synthesised in the nucleus 

using RNA polymerase HI (Gunnery and Matthews, 1995).

It is noteworthy that the majority of the evidence for internal initiation on eukaryotic mRNAs 

has been accumulated using heterologous mRNAs. However, support for a cap-independent 

mechanism of translation has been provided for the endogenous BiP mRNA (Samow, 1989). 

It would be of interest to determine whether translation of the endogenous c-myc mRNAs can 

also proceed by a cap-independent mechanism, in vivo. This can be achieved by 

investigating the synthesis of endogenous c-myc proteins in poliovirus-infected mammalian 

cell lines. In addition, the translation of c-myc proteins could be analysed in cells expressing 

antisense eIF4E transcripts (De Benedetti et al., 1991) or overexpressing the eIF4E-BPs 

(Roberts et al., 1998).

6.3 Mechanistic analysis of the c-myc IRES

The model for picomavims internal initiation proposes that multiple sequence elements, 

arranged in a precise three-dimensional structure, recruit the ribosome to the 3’ end of the 

IRES. This process is believed to involved RNA-RNA and RNA-protein interactions 

between the IRES and the 43S preinitiation complex or alternatively in some instances a 

trans-acting factor may mediate the interaction between these components (Jackson and 

Kaminski, 1995; Jackson, 1996). In contrast, comparatively little is known about the 

mechanism of internal initiation on eukaryotic cellular mRNAs (Iizuka et al., 1995). Thus, 

the IRES in the c-myc P2 mRNA was characterised further.

6.3.1 Location of the c-myc IRES within the P2 5’ UTR

To locate the IRES within the c-myc P2 5’ UTR, truncated sequences were inserted into a 

dicistronic reporter plasmid, pGL3R. This deletion analysis demonstrated that maximum 

IRES-driven translation could be achieved using the sequence from -396 to -57. Hence, the 

c-myc IRES is approximately 340 nt in length and thus marginally shorter than those of the
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picomaviruses (-450 nt long). Few eukaryotic IRESes have been mapped in this manner, but 

it is interesting to note that the BiP, eIF4G and VEGF sequences are considerably shorter 

than the c-myc IRES (92, 101, and 163 nt, respectively) (Yang and Samow, 1997; Gan et al., 

1998; Stein et al., 1998). Thus, the c-myc IRES may represent a different class of this 

element. There is no striking sequence homology between the c-myc IRES and those derived 

from other eukaryotic mRNAs. However, a comparison of the c-myc and FGF2 elements has 

identified several conserved GC-rich stretches (Nanbru et al., 1997). It has been suggested 

that these sequences are involved in the formation of stem-loop structures in the predicted 

FGF2 and c-myc IRES structures. Nevertheless, the contribution of these stretches to IRES 

function remains to be determined experimentally.

The picomavirus paradigm has demonstrated that structure of the IRES is critical for the 

interaction of the ribosome with the RNA. The definition of the c-myc IRES is an essential 

pre-requisite for the construction of a structural model. Such a model is currently under 

investigation using a combination of direct biochemical probing, phylogenetic analysis and 

structure prediction algorithms (J. P. C. Le Quesne and A. E. Willis, pers. comm.). This 

model will permit an analysis of the role that structural motifs play in c-myc IRES-driven 

translation initiation and in addition may identify sequence elements essential for mRNA- 

ribosome interaction. Interestingly, the deletion analysis highlighted a potential difference 

between the c-myc IRES and those of the picomaviruses. Removal of sequences from the 3’ 

end of the c-myc IRES did not completely preclude the stimulation of expression from a 

downstream cistron. Whilst, similar deletions made in picomavims IRESes drastically 

reduce IRES-driven translation initiation (Pelletier and Sonenberg, 1988; Jang and Wimmer, 

1990; Kaminski et al., 1990; Borman and Jackson, 1992). It is possible that a mechanistic 

distinction underlies these observations. However, an alternative explanation suggests that 

once the function of the c-myc IRES is compromised, the increased intercistronic distance can 

stimulate readthrough-reinitiation at the downstream start site. In order to distinguish 

between these models, the deletion analysis should be performed in poliovirus-infected cells.

Finally, in some picomavirus IRESes and in the eIF4G IRES a polypyrimidine tract 

positioned upstream of a conserved AUG codon can profoundly influence translational 

efficiency (Pilipenko et al., 1992; Gan et al., 1998). However, a similar element in the c-myc 

5’ UTR (-40 to -33 in the human sequence) lies outside of the c-myc IRES. Nevertheless, the 

removal of an 84 nt sequence from the 3’ end of the 5’ UTR reduced internal initiation by 

40% and this region contains two further pyrimidine-rich elements (-85 to -75 and -61 to -
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68). Thus, the contribution of these sequences to c-myc internal initiation must be assessed 

using mutational analysis.

6.3.2 The role of a conserved CUG-initiation codon

The human c-myc 5’ UTR contains a conserved CUG triplet 45 nt upstream of the major start 

codon. In addition to its role as a minor translation initiation site (Hann et al., 1988), it was 

envisaged that this element could potentially contribute to ribosome binding. In this respect, 

its function would be analogous to that of a conserved upstream AUG codon found at the 3’ 

end of the poliovirus IRES. Studies have demonstrated that the ribosome lands at or very 

near to this triplet and that mutation of this codon profoundly reduces poliovirus translation 

initiation (Pelletier et al., 1988b; Meerovitch et al., 1991; Pilipenko et al., 1992; Pestova et 

al., 1994).

The location of this CUG codon outside of the c-myc IRES suggested that it does not 

participate directly in ribosome-mRNA complex formation. However, it remained possible 

that a CUG codon located in the intercistronic multiple cloning site of the dicistronic plasmid, 

pGL3R substituted for the deleted triplet. Thus, the authentic CUG triplet was mutated to 

CUC to analyse its contribution to c-myc IRES-driven translation initiation. The mutant 5’ 

UTR sequence promoted translation from a downstream cistron as efficiently as the wild type 

sequence. Hence, coupled with the deletion analysis these data indicate that the conserved 

CUG initiation codon does not influence c-myc 5’ UTR-mediated internal initiation.

Although the preceding data suggest that ribosome binding to the c-myc mRNA is 

independent of this CUG triplet they provide no information as to the actual location of the 

ribosome entry site. In picomaviruses, ribosome entry occurs at a conserved AUG codon at 

the 3’ end of the IRES (Jackson and Kaminski, 1995). In contrast, the position from which a 

ribosome commences to migrate along the mRNA has not been studied in detail in the 

cellular examples. However, evidence has been presented for ribosome entry at the distal end 

of the eIF4G IRES (Gan et al., 1998). Since there are two translation initiation sites in the c- 

myc mRNA, and the resulting polypeptides can perform opposing functions (Hann et al., 

1988; Hann et al., 1992), it would be of great interest to determine the position of ribosome 

entry on the c-myc mRNA. This could be achieved by introducing AUG triplets into the 5’ 

UTR out of frame with the authentic AUG codon. If the ribosome lands before such an AUG 

codon, initiation at the downstream reporter cistron will be abrogated. Whilst c-myc IRES-
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driven translation should not affected by out-of-frame initiation codons positioned upstream 

of the ribosome entry site. These experiments will determine whether both c-myc proteins 

are synthesised by the mechanism of internal initiation.

6.4 Evidence for the involvement of trans-acting factors in c-myc IRES-directed 

translation initiation

Several observations suggest that entero/rhinovirus IRES-driven translation initiation is 

dependent on host-derived fra/i5-acting factors. The addition of HeLa cytoplasmic extract to 

reticulocyte lysate dramatically enhances the efficiency of entero/rhinovirus internal 

initiation. Furthermore, a few trans-acting factors have been identified that are able to 

perform this function, including PTB, La, PCBP2 and p97/p38 (Borman et al., 1993; Hellen 

et al., 1993; Meerovitch et al., 1993; Jackson, 1996; Blyn et al., 1997). Finally, the ability of 

these IRESes to promote internal initiation varies widely in cell lines from different origins 

(Borman et al., 1997; Roberts et al., 1998). In comparison, although no direct evidence 

exists demonstrating that c-myc IRES-directed translation requires non-canonical trans-acting 

factors, much circumstantial evidence has accumulated supporting this hypothesis.

Firstly, expression from a downstream cistron directed by the c-myc IRES was found to vary 

in a cell-type specific manner. For example in HeLa cells an 85-fold stimulation of 

expression was observed, whilst only a moderate increase of 6-fold occurred in Balb/c-3T3 

cells. Moreover, inefficient c-myc IRES-driven translation was not restricted to murine cells, 

since it was also manifest in the human cell line MCF7 (a 12-fold increase). Several different 

reasons could account for the cell-type specific variation in c-myc IRES function. These 

include: the tissue or species from which the cell line originates, and the transformation status 

of the cell. However, since c-myc IRES activity has only been investigated in only a small 

sample of cell lines it is difficult to distinguish between these possibilities. Therefore, the 

activity of the c-myc IRES should be determined in a wider range of cell lines.

The variation in c-myc IRES function can be explained if the activity of a factor essential for 

c-myc internal initiation is much reduced in the Balb/c-3T3 and MCF7 cells. Such a factor 

may be present at a reduced concentration in these cell lines or alternatively, its activity may 

be mitigated by an inhibitor. The latter model has been suggested to account for the 

stimulatory effect of the Foot and mouth disease virus Lb and the poliovirus 2A protease on 

entero/rhinovirus IRES function. In cell lines in which these IRESes promote internal
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initiation inefficiently, the co-expression of either protease dramatically enhances IRES- 

directed protein synthesis (Borman et al., 1997; Roberts et al., 1998). It has been proposed 

that proteolysis may result in the loss of an inhibitor of IRES function. Thus, the effects of 

the Lb and 2A proteases on c-myc internal initiation of translation in Balb/c-3T3 and MCF7 

cells should be examined. These experiments may provide further insight into the potential 

role of trans-acting factors.

The expression of dicistronic mRNAs under the control of the powerful CMV 

promoter/enhancer provided further indirect evidence that c-myc IRES-mediated translation 

initiation may require non-canonical trans-acting factors. Compared to similar SV40 

promoter/enhancer-based dicistronic constructs, expression from the upstream cistron was 

increased by 32-fold after transfection of HeLa cells with the CMV promoter/enhancer-based 

plasmids. Nevertheless, since the c-myc 5’ UTR only enhanced expression from the 

downstream cistron by 2.9-fold, IRES-driven translation initiation was substantially reduced. 

One possible interpretation of these results is that the high level of dicistronic mRNAs 

expressed from these constructs interferes with the function of a trans-acting factor. Indeed, 

similar observations have been reported using entero/rhinovirus IRESes. In this case, it was 

found that IRES-driven translation can be saturated in HeLa cells, whilst higher levels of 

expression actually inhibited entero/rhinovirus translation initiation. It was concluded that 

the IRES-containing RNAs were in excess with respect to essential non-canonical factors 

(Borman et al., 1997). Thus, such a limiting factor may also be necessary for the function of 

the c-myc IRES. However, to provide support for this contention it must be shown that c-myc 

IRES-driven translation can be saturated.

Finally, it has been demonstrated that reticulocyte lysate does not support c-myc IRES- 

directed translation initiation. Hence, in this respect the c-myc IRES resembles those of the 

entero/rhinoviruses. However, unlike the picomavirus IRESes it has yet to be demonstrated 

that supplementing this translation system with cytoplasmic factors stimulates internal 

initiation. In fact, given that the activity of the c-myc IRES is very low when introduced 

directly into the cytoplasm of HeLa cells, it seems unlikely that this approach will result in 

the restoration of IRES function. In addition, it is noteworthy that the reticulocyte system has 

never been shown to support internal initiation using an IRES derived from a cellular mRNA. 

Thus, one can speculate that the requirement for non-canonical trans-acting factors is a 

feature common to many of these eukaryotic IRESes

6.5 Evidence for an essential nuclear event
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The introduction of dicistronic mRNAs directly into the cytoplasm, thus avoiding nuclear 

processing of the transcript, has provided evidence that a prior nuclear event is essential for 

efficient c-myc IRES activity. Preliminary experiments, performed in collaboration with 

Belsham and co-workers, demonstrated that the c-myc 5’ UTR did not stimulate downstream 

cistron expression on mRNAs synthesised in the cytoplasm using T7 RNA polymerase. 

However, since there was some concern over the high level of expression achieved with the 

vaccinia/T7 expression system, the activity of the IRES was assessed on transcripts 

introduced into the cytoplasm using RNA transfection (Fuerst et al., 1986; Malone et al.,

1989). Whilst, the HRV IRES stimulated downstream cistron expression by 52-fold under 

these conditions, translation initiation directed by the c-myc 5’ UTR was negligible. In 

comparison, the c-myc IRES was approximately 7-fold more efficient than the HRV IRES on 

mRNAs synthesised in the nucleus by RNA polymerase II. These data imply that a prior 

nucleus process is required for the efficient translation of c-myc 5’ UTR-bearing mRNAs by 

the mechanism of internal initiation. Furthermore, this phenomenon is not unique to the c- 

myc IRES since BiP IRES-directed translation initiation is also inefficient on mRNAs lacking 

a nuclear history (Iizuka et al., 1995). These data also indicate that the c-myc IRES is a more 

efficient translational element when compared to the HRV IRES. The HRV IRES has 

previously been shown to be one of the least efficient picomavirus IRESes in some cell lines 

(Borman et al., 1997; Roberts et al., 1998). In fact, the HRV14 IRES promotes internal 

initiation 4-5 times less efficiently that the EMCV or FMDV IRESes in HTK143 cells 

(Roberts et al., 1998). Thus, the efficiency of the c-myc IRES may be more comparable to 

those of the cardio/aphthoviruses. However, a direct comparison of relative stimulation of 

downstream cistron expression would be necessary to confirm this supposition.

It is not a novel concept that the translational efficiency of a transcript can be influenced by 

the processes involved in synthesis and maturation of the pre-mRNA. Indeed, it has recently 

been demonstrated that the presence of an intron at the 5’ end of a transcript can strongly 

enhance the translation of the mRNA (Matsumoto et al., 1998). One model that would 

account for the effects of nuclear history on c-myc IRES activity suggests that an essential 

trans-acting factor could be recruited to the IRES during the synthesis/processing of the pre- 

mRNA. Alternatively, the attainment of a functional c-myc IRES structure may depend on 

these nuclear processes.
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The predominantly nuclear proteins PTB, La and PCBP2 have all been shown to influence 

picomavirus IRES activity (Borman et al., 1993; Hellen et al., 1993; Meerovitch et al., 1993; 

Blynn et al., 1997). However, neither La nor PTB interacts specifically with the c-myc 5’ 

UTR (Paulin, 1997). Since nuclear processing appears to be essential for c-myc IRES 

function, the formation of complexes involving the 5’ UTR and nuclear proteins was 

investigated. Ultraviolet cross-linking studies identified a complex of approximately 98 kDa 

between a nuclear protein and a radiolabelled 4-thioUTP-containing c-myc 5’ UTR probe. 

The formation of this complex was prevented by the addition of a 10-fold molar excess of 

cold competitor 5’ UTR RNA. In contrast, the c-myc 5’ UTR-p98 complex could still be 

detected in the presence of a 100-fold molar excess of HRV IRES RNA. Thus, p98 appears 

to interact specifically with the c-myc 5’ UTR. This protein is an obvious candidate for a 

trans-octing factor involved in c-myc translational regulation. However, these preliminary 

studies provide no information about the function of this complex. Thus, the formation of the 

p98 complex should be assessed using cytoplasmic extracts and reticulocyte lysate since the 

c-myc IRES cannot function in either of these systems (Pelletier and Sonenberg, 1988; this 

thesis). In addition, two nuclear proteins of 60 and 95 kDa have been shown to bind to the 

BiP IRES (Yang and Samow, 1997). However, both proteins also interact with the HCV and 

EMCV IRESes. Since, these IRESes function efficiently in reticulocyte lysate and have 

different mechanisms it seems unlikely that p60 and p95 are the essential factors required for 

BiP internal initiation. Thus, the interaction of the c-myc 5’ UTR-binding protein, p98, with 

cardio/aphthovirus and HCV-like IRESes should also be investigated. Most importantly, 

nuclear fractions containing p98 should be tested for their ability to stimulate c-myc IRES 

activity in reticulocyte lysate.

6.6 Evidence for the translation of c-myc mRNAs by a cap-dependent mechanism

Although much of the data accumulated in this study suggests that c-myc mRNAs can be 

translated by the mechanism of internal initiation, evidence has also emerged implicating the 

involvement of a cap-dependent mechanism. In previous studies the c-myc 5’ UTR was 

shown to reduce the translation efficiency of an mRNA in rabbit reticulocyte lysate and 

Xenopus oocytes, but not in cultured cell lines (Butnick et al., 1985; Darveau et al., 1985; 

Parkin et al., 1988). One potential explanation for this discrepancy is that c-myc mRNAs are 

translated by internal initiation in vivo, but a cap-dependent mechanism operates in Xenopus 

oocytes and RRL. If internal initiation were the only mechanism involved in the translation 

of c-myc mRNAs in cultured cells, one would expect a direct correlation between c-myc
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IRES activity and the translational efficiency of an mRNA bearing the c-myc 5’ UTR. 

However, despite a significant variation in the efficiency of c-myc IRES-driven translation in 

cell lines from different origins, the c-myc 5’ UTR had little effect on the translation of 

heterologous monocistronic mRNAs in the same cells. Thus, it is likely that these 5’ UTR- 

containing mRNAs can be efficiently translated by a cap-dependent mechanism.

Since the c-myc IRES is not able to promote internal initiation in rabbit reticulocyte lysate, 

this system has been used to analyse the effects of the 5’ UTR on cap-dependent translation 

initiation. Both the PI and P2 5’ leader sequences reduced the translational efficiency of a c- 

myc mRNA, by approximately 7-fold and 2-fold, respectively. In addition, the synthesis of c- 

myc polypeptides from 5’ UTR-bearing c-myc mRNAs was saturated at lower RNA 

concentrations than the control transcript. Moreover, translation of the P2 c-myc mRNA 

demonstrated a strong dependence on the presence of a 5’ cap structure. In the absence of a 

cap the 5’ UTR reduced the translational efficiency of a c-myc mRNA by approximately 

90%. In contrast, this translational repression was largely relieved on a capped transcript. 

Taken together, these data suggest that c-myc mRNA translation can be modulated by the 

structured 5’ leader sequences and that the activity of translation initiation factors, such as 

eIF4F, may have a profound effect on c-myc mRNA translation. Indeed, it has been 

demonstrated that translation initiation occurring on mRNAs with more structured 5’ leader 

sequences has a greater requirement for eIF4F (Sonenberg et al., 1981; Fletcher et al., 1990; 

Timmer et al., 1993). Thus, a more detailed analysis of the effect of eIF4F activity on the 

translation of c-myc mRNAs is merited. In particular, since the murine c-myc P2 5’ UTR 

does not inhibit translation initiation in HeLa cell extracts the activity of eIF4F could be 

reduced in this system to determine the effect of this complex on c-myc translation. 

Additionally, reticulocyte lysate could be supplemented with eIF4F to determine whether this 

complex can overcome the translational inhibition mediated by the c-myc 5’ UTRs.

In some circumstances, c-myc protein synthesis may be regulated through alterations in the 

activity of translation initiation factors in vivo. For example, a reduction in eIF4F activity has 

been observed during heat shock and in serum starved cells (Duncan and Hershey, 1985; 

Duncan et al., 1987). Under these conditions, the c-myc mRNAs would compete poorly for 

eIF4F due to their structured leader sequences and consequently cap-dependent translation of 

these mRNAs may be effected by a greater extent than global protein synthesis. Furthermore, 

during Xenopus oogenesis the c-myc protein accumulates without a corresponding increase in 

mRNA. Thus, it has been suggested that a translational mechanism is responsible for the
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dissociation of protein and mRNA levels (Godeau et al., 1986; Taylor et al., 1986). 

Interestingly, hormone-induced meiotic maturation of Xenopus oocytes is associated with a 

general increase in translation initiation and enhanced phosphorylation of the eIF4F 

components, eIF4E and eIF4G (Morley and Pain, 1995). Therefore, the increased activity of 

eBF4F may relieve the translational repression caused by the structured 5’ UTR sequences. 

To provide support for this hypothesis, the translational efficiency of a heterologous mRNA 

bearing the c-myc 5’ UTR could be analysed under these conditions to determine whether this 

sequence modulates cap-dependent translation initiation of c-myc mRNAs in vivo. Finally, it 

has been demonstrated that c-myc protein synthesis is stimulated in Chinese Hamster ovary 

cells that overexpress eIF4E (De Benedetti et al., 1994). However, since the c-myc 5’ UTR 

does not repress translation initiation in cultured cell lines (Butnick et al., 1985; Parkin et al., 

1985; Stoneley et al., 1998) it is unlikely that this observation can be accounted for by the 

relief of structural inhibition. Nevertheless, since increased expression of eIF4E and eIF4G 

causes malignant transformation and has been associated with some tumour types, the effect 

of these factors on both cap-dependent and internal initiation mechanisms of c-myc 

translation may be critical to the attainment of a tumorigenic phenotype (Lazaris-Karatzas et 

al., 1990; Antony et al., 1996; Fukuchi-Shimogori etal., 1997).

In summary, there is evidence suggesting that c-myc mRNAs can be translated by a cap- 

dependent mechanism in vivo. Furthermore, in vitro analysis of the c-myc mRNAs indicates 

that the 5’ UTR may modulate the translational efficiency of the transcripts. However, the 

disparate effects observed in different translation systems suggest that this may only occur 

under some circumstances.

6.7 The evolution of two alternative mechanisms of c-myc translation initiation

If the mechanism of ribosome recruitment mediated by the c-myc IRES is comparable to that 

of the picomavirus IRESes, then structural motifs within the c-myc 5’ UTR will perform an 

essential role in c-myc IRES-driven internal initiation. In contrast, a ribosome scanning from 

the 5’ end of a c-myc mRNA would traverse the IRES and unwind any RNA structure. Thus, 

the cap-dependent and internal initiation mechanisms of translation on the c-myc mRNA 

would be mutually exclusive. This leads to the hypothesis that internal initiation can only 

occur on a c-myc transcript when cap-dependent translation initiation is blocked. Thus, a 

subset of c-myc mRNAs may exist on which cap-dependent translation initiation is extremely 

inefficient. Alternatively, c-myc IRES-mediated internal initiation could occur when the

128



activity of eIF4F is compromised. However, at present nothing is known about the cellular 

circumstances when the c-myc IRES operates. Nevertheless, one can speculate about the 

potential involvement of this mechanism in certain cellular processes.

6.7.1 c-myc protein synthesis and mitosis

Previous studies have demonstrated that the levels of c-myc mRNA and protein are invariant 

throughout the cell cycle (Hann et al., 1985; Thompson et al., 1985). Both c-myc proteins 

and mRNAs are very unstable with half-lives of 15-30 minutes and 10-20 minutes, 

respectively (Dani et al., 1984; Hann and Eisenman, 1984). Therefore, since c-myc 

expression does not vary in a cell cycle dependent manner, the mRNAs and proteins must be 

synthesised continuously in all phases of the cell cycle. However, during mitosis the activity 

of eIF4F is reduced as a consequence of the dephosphorylation of eIF4E (Bonneau and 

Sonenberg, 1987). Thus, since cap-dependent translation is diminished in M-phase, c-myc 

proteins may be synthesised by the mechanism of internal initiation during this period.

Although this hypothesis provides a function for the c-myc IRES it has recently been 

challenged by a study demonstrating that c-myc mRNA levels do fluctuate in a cell cycle 

dependent manner. A synchronous population of Swiss 3T3 cells exiting M-phase contained 

considerably lower levels of c-myc mRNA and transcripts accumulated rapidly during early 

Gi-phase (Cosenza et al., 1991). In the original studies, steady-state levels of c-myc mRNA 

and protein were analysed in the Gi, S, and G2/M-phases but the abundance of either species 

was not investigated specifically in M-phase. Therefore, it seems likely that c-myc mRNA 

levels do fall throughout mitosis. Nevertheless, it remains possible that c-myc protein 

synthesis occurs by a cap-independent mechanism during this period. In order to resolve this 

issue, the synthesis of the c-myc proteins and the association of c-myc mRNAs with the 

polysome fraction should be analysed in M-phase. Furthermore, the ability of the 5’ UTR to 

direct internal initiation in the different phases of the cell cycle should be investigated.

6.7.2 c-myc protein synthesis and heat shock

Heat shock results in a reduction in global protein synthesis in many cell types, but the 

synthesis of heat shock proteins is either unaltered or enhanced (see Rhoads and Lamphear, 

1995). This effect is achieved in part by a reduction in both the phosphorylation and activity 

of the eIF4 initiation factors (Duncan and Hershey, 1984; Duncan et al., 1989). In spite of

129



this decrease in cap-dependent translation initiation, the synthesis of c-myc proteins was 

found to increase between 1.5 to 2-fold in a lymphoma cell line following heat shock. 

Furthermore, no alteration in the abundance of c-myc mRNAs was detected during the same 

period suggesting that heat shock is able to enhance c-myc translation (Luscher and 

Eisenman, 1988). These observations may be explained if heat shock promotes the 

translation of c-myc mRNAs by the mechanism of internal initiation. However, c-myc 5’ 

UTR-driven internal initiation must be analysed during heat shock to support this hypothesis.

The continued synthesis of c-myc proteins after heat shock was accompanied by a delay in 

cell proliferation (Luscher and Eisenman, 1988). Therefore, under these conditions cell cycle 

progression is uncoupled from c-myc protein levels. Thus, it is possible that c-myc expression 

is essential for cell growth during the recovery from heat shock or alternatively for the 

reinitiation of cell proliferation.

6.7.3 Internal initiation and development

The expression of c-myc is essential for development of the early embryo and a c-myc null 

mutation causes lethality in homozygous murine embryos after 9.5 to 10.5 days (Davies et 

al., 1993). At the later stages of embryogenesis c-myc mRNA expression correlates with cell 

proliferation (Schmid et al., 1989). In contrast, only a limited set of dividing embryonic cells 

express c-myc mRNA during early human and murine development and high levels of c-myc 

mRNA can also be detected in some post-mitotic cells (Downs et al., 1989; Hirvonen et al.,

1990). However, little is know about c-myc protein synthesis during mammalian 

development. Given the variation in c-myc IRES-activity observed in cell lines from 

different origins, it is possible that c-myc internal initiation could be subject to tissue-specific 

and temporal regulation throughout development. In order to test this hypothesis, dicistronic 

mRNAs could be expressed in transgenic mice and the efficiency of c-myc IRES-driven 

internal initiation could be monitored during embryonic development. A similar study 

performed in Drosophila demonstrated that the activity of both the antennapedia and 

ultrabithorax IRESes is regulated in the developing embryo. Furthermore, in many cases the 

efficiency of IRES-driven translation in various tissues correlated with the levels of 

endogenous gene expression (Ye et al., 1997). These observations imply that internal 

initiation can contribute to the temporal and spatial regulation of gene expression during 

development.
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6.7.4 Internal initiation and tumorigenesis

In cell lines derived from patients with Bloom’s syndrome and multiple myeloma, the 

synthesis of c-myc proteins is de-regulated. In both cases an increased association of the c- 

myc mRNAs with the polysomes was observed suggesting that a translational mechanism is 

involved (West et al., 1995; Paulin et al., 1995). Thus, a model has been proposed in which 

c-myc protein synthesis contributes to de-regulated cell proliferation and consequently 

tumorigenesis. Furthermore, a single point mutation was identified in the 5’ UTR of the c- 

myc mRNAs isolated from the multiple myeloma cell lines (Paulin et al., 1995). This 

mutation lies within the c-myc IRES and consequently it is conceivable that it alters the 

efficiency of internal initiation. Interestingly, a number of cellular factors have been shown 

to interact with the c-myc 5’ UTR. The affinity of these factors appears to be greater for the 

mutant sequence and in addition, certain myeloma cell type-specific factors have been 

identified (Paulin et al., 1997, 1998). It has been suggested that the altered spectrum of 

binding proteins may be directly related to the increased c-myc protein synthesis in these cell 

lines. One mechanism that would account for these observations suggests that in multiple 

myeloma cells both the enhanced binding of trans-acting factors and the higher concentration 

of certain factors may stimulate the activity of the c-myc IRES. However, so far no function 

has been assigned to any of these RNA-protein complexes. The activity of the c-myc IRES, 

both mutant and wild type sequences, is currently under investigation in multiple myeloma 

cell lines to determine whether internal initiation is responsible for the increased synthesis of 

c-myc proteins. If this is the case, then the translation of c-myc mRNAs will be analysed in 

cell lines derived from various tumour-types, since it may represent a common mechanism 

involved in the development of neoplasia.

6.8 Concluding Remarks

The c-myc proto-oncogene is a critical regulator of many cellular processes including, cell 

growth, cell proliferation, differentiation and apoptosis. Consequently, c-myc gene 

expression is controlled at multiple levels, including both transcriptional and post- 

transcriptional (see Henriksson and Luscher, 1996). Previous evidence suggested that the 5’ 

UTR could reduce the translational efficiency of c-myc mRNAs and consequently contribute 

to the complex modulation of c-myc gene expression (Darveau et al., 1985; Lazarus et al., 

1988; Parkin et al., 1988). However, this study has increased our understanding of c-myc 

protein synthesis by providing evidence that the translation of c-myc mRNAs may occur by
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both the conventional scanning mechanism and the internal entry of ribosomes. Potentially, 

c-myc protein synthesis could be regulated using both of these mechanisms. In the cap- 

dependent mechanism, c-myc protein synthesis would be dependent on the activity of 

canonical translation initiation factors, most notably eIF4F. In addition, the IRES within the 

c-myc 5’ UTR may allow the translation of c-myc mRNAs to occur in a cap-independent 

manner. By employing both mechanisms, c-myc gene expression can be regulated at the 

level of translation under diverse conditions, such as during development and after heat shock 

or the withdrawal of growth factors. Moreover, c-myc protein synthesis may be de-regulated 

through either mechanism, thus contributing to a transformed phenotype. Given the 

significant position that this protein occupies in the determination of cellular fate and its role 

in tumorigenesis, it is of vital importance that we gain an understanding of the influence of 

both the cap-dependent and internal initiation mechanisms of translation on the regulation of 

c-myc gene expression.
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SHORT REPORT

C-Myc 5' untranslated region contains an internal ribosome entry segment

Mark Stoneley, Fiona EM Paulin, John PC Le Quesne, Stephen A Chappell and Anne E Willis

Department of Biochemistry University of Leicester, University Road, Leicester LEI 7RH, UK

Translation in eukaryotic cells is generally initiated by 
ribosome scanning from the 5' end of the capped mRNA. 
However, initiation of translation may also occur by a 
mechanism which is independent of die cap structure and 
in this case ribosomes are directed to the start codon by 
an internal ribosome entry segment (IRES). Picorna- 
viruses represent die paradigm for this mechanism, but 
only a few examples exist which show that this 
mechanism is used by eukaryotic cells. In this report 
we show data which demonstrate that the 5' UTR of the 
proto-oncogene c-myc contains an IRES. When a 
dicistronic reporter vector, with c-myc 5' UTR inserted 
between the two cistrons, was transfected into both 
HepG2 and HeLa cells, the translation of the down
stream cistron was increased by 50-fold, demonstrating 
that translational regulation of c-myc is mediated 
through cap-independent mechanisms. This is the first 
example of a proto-oncogene regulated in this manner 
and suggests that aberrant translational regulation of 
c-myc is likely to play a role in tumorigenesis.

Keywords: internal ribosome entry segment (IRES); 
c-myc 5' UTR; internal initiation; translation

The 5' untranslated region (UTR) of c-myc (which is 
well conserved amongst species) plays a significant role 
in modulating the steady state levels of the c-myc 
protein. A translational control mechanism residing in 
the first exon was originally postulated by Saito et al. 
arising from differential hypothetical secondary struc
tures as a result of chromosomal translocations (Saito 
et al., 1983). In addition, c-myc mRNAs lacking exon 1 
were found to be translated more efficiently in vitro 
when compared to full length transcripts (Darveau et 
al., 1985). Furthermore, a 240 nt restrictive element 
within exon 1 of murine c-myc was isolated and shown 
to inhibit translation of heterologous mRNAs in rabbit 
reticulocyte lysate and wheat germ extract (Parkin et 
al., 1988) demonstrating that the 5' UTR is highly 
structured and inhibitory to the scanning mechanism of 
translation. However, early studies in vivo examining 
translational efficiencies of c-myc mRNA in Burkitt’s 
lymphoma cell lines suggested that both truncated and 
full length transcripts were translated with equal 
efficiencies (Nilsen and Maroney, 1984). Moreover, 
when expressed in numerous cell lines or translated in 
HeLa cell extracts the 5' UTR does not inhibit 
translation of either c-myc or reporter genes (Butnick 
et al., 1985; Parkin et a l ,  1988). This disparity suggests 
that non-canonical factors, which are lacking in rabbit
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reticulolysate and wheat germ extract, facilitate c-myc 
translation through the 5' UTR in vivo (Parkin et a l,  
1988).

Translational regulation mediated through the 5' 
UTR is not unique to c-myc. Many cellular mRNAs 
encoding proto-oncogenes, growth factors, receptors 
and transcription factors possess long, highly struc
tured 5' UTRs which affect their regulation (Gray and 
Hentze, 1994). For the overwhelming majority of 
eukaryotic mRNAs, where initiation of protein 
synthesis occurs via a cap-dependent mechanism 
(involving binding of the eukaryotic initiation factor 
(elF) 4E, to the 7methyl G cap of the mRNA, for 
review see Hershey, 1991), such elements influence 
translation of the mRNA by repressing this cap- 
dependent mechanism. Alternatively, structured 5' 
UTRs may contain an internal ribosome entry 
segment (IRES) which allows cap-independent transla
tion. These IRESes are capable of directing ribosomes 
to an internal start codon which may be some 
considerable distance (600-1000 nts) from the 5' end 
of the message (for reviews see Jackson et a l,  1994, 
1995; Jackson and Kaminski, 1995). The eukaryotic 
mRNAs which have so far been demonstrated to 
contain IRESes include the human immunoglobulin 
heavy chain binding protein (Macejak and Samow,
1991), basic fibroblast growth factor (Vagner et a l,  
1995) and eukaryotic initiation factor 4G (Gan and 
Rhoads, 1996). These may exemplify a group of 
mRNAs whose translation is required even when cap- 
dependent activity is compromised. However, to date 
no mechanisms have been elucidated for these 
eukaryotic IRESes and the cellular circumstances 
under which internal ribosome entry is required have 
yet to be fully defined (Samow, 1989; Vagner et a l,
1995).

In cell lines derived from patients with Bloom’s 
syndrome and Multiple Myeloma we have shown that 
de-regulated c-myc expression occurred by a transla
tional mechanism (West et a l,  1995; Paulin et a l,
1996) and in the latter case a specific mutation was 
found in the 5' UTR of c-myc. In this paper we 
demonstrate that the 5' UTR of c-myc contains an 
IRES. This is the first example of a proto-oncogene 
which can utilise such a method to initiate protein 
synthesis and deregulation of c-myc via such a 
mechanism would have profound implications for 
tumorigenesis.

c-myc 5' UTR does not inhibit translation in cultured 
cells

Four promoters have been identified in the c-myc 
proto-oncogene; PI, P2, P3 and P0 which give rise to 
transcripts of approximately 2.4 kb, 2.25 kb, 2.0 kb
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and 3.1 kb respectively (Battey et al., 1983; Bentley 
and Groudine, 1986; Yang et al., 1985). P2 is the 
major promoter from which 75 -90%  o f  cellular 
transcripts originate, with PI producing only 1 0 -  
25% (Stewart et al., 1984). Transcripts initiated at P0, 
PI and P2 give rise to 5' untranslated regions o f  
approximately 1000, 600 and 400 nucleotides respec
tively. In vitro studies on the 5' UTR o f the P2 
transcript have demonstrated that this region is highly 
structured and inhibitory to ribosome scanning 
(Darveau et al., 1985; Parkin et al., 1988). To

a

determine the effect o f 5' UTR in vivo, we inserted 
a 396 bp segment into the plasmid pGL3 (Promega) 
directly upstream o f the coding region for firefly 
luciferase to create the plasmid construct pGL3utr 
(Figure la). The pGL3utr construct and the control 
vector pGL3 were transfected into HeLa and HepG2 
cells. The 5' UTR was not found to inhibit the 
downstream luciferase expression (Figure lb) hence 
the activity o f  luciferase produced from pGL3utr was 
1 .2 - 1.6-fold higher than that produced from the 
control vector pGL3 (Figure lb).
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Figure 1 (a) C onstru c tio n  o f  m onocistronic vectors. The c-myc 5' U T R  was amplified using the prim ers FP2501. 5'-
T A A T T C C A G C G A G A G G C A G A -3 ' and  MS4519 5 '-A T A C C A T G G T C G C G G G A G G C T G C T -3 '. Am plification resulted in a 
fragm ent o f  396 b p  w hich is con tained  within the region from  2501 -4 5 1 9  in  the genom ic sequence (W att et al., 1983). This sequence 
w as inse rted  in to  the con tro l vector pG L 3 (Prom ega) proxim al to  the firefly luciferase (FL) gene, using the PvuII and  Ncol sites 
c rea ting  the  vecto r p G L 3 u tr. (b) The effect o f  the c-myc 5' U T R  on a dow nstream  cistron. H eL a and H epG 2 cells were transfected 
w ith 2 0 /ig  o f  the  luciferase constructs (pG L3 o r pG L 3u tr) and  5 jig o f  the /J-galactosidase construct pcD N A 3.1/H isB /Lacz 
(Inv itrogen) by the  calcium  phospha te  m ethod (A usubel et al., 1987). Cells were harvested after 48 h and luciferase expression was 
determ ined  using  a  luciferase assay system (Prom ega) and  /J-galactosidase expression was determ ined using a  G alacto light plus 
system  (T ropix). B oth  activities were m easured in a 1253 L um inom eter (BioOrbit). V ariations in transfection efficiency were 
corrected  by  norm alising  luciferase activity to 0-galactosidase activity. The results presented are an  average o f  th ree independent 
experim ents
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Figure 2 (a) C onstru c tio n  o f  dicistronic vectors. T o create the vector pG L 3R  which contains two luciferase genes, the coding 
region o f  the Renilla luciferase (R L ) gene was ob tained  from  the vector pR L -C M V  (Prom ega) by digestion with Nhel and  Xbal. To 
extend the length o f  the 3' U T R , this fragm ent was b lun t end ligated in to  the Hindlll site o f  pSK Bluescript (Stratagene) and 
subsequently  excised using  EcoR V  and  Xhol. This D N A  segm ent was b lunt-end ligated in to  the EcoRV site o f  pG L3. Finally, a 
chim eric in tro n  from  pR L -C M V  was b lunt-end ligated in to  the Hindlll site to  minimise utilisation o f  cryptic splice sites. The 5' 
U T R  o f  c-myc (generated  as in F igure la )  was inserted in to  pG L 3R  a t Pvull and  Ncol sites to create the vector pG L 3R utr. (b) 
Expression o f  Renilla an d  firefly luciferase from  dicistronic m R N A s in H eLa and H epG 2 cells. The dicistronic constructs were 
transfected  in to  H eL a and  H epG 2  cells as before. B oth luciferase activities were m easured using the D ual-Luciferase reporter assay 
system  (Prom ega). T he values were norm alised to  0-galactosidase activity as in F igure 1 and luciferase activities obtained are 
expressed relative to  those ob ta ined  for pG L 3R . The results presented are an average from  three independent experim ents, (c) An 
o ligonucleotide cassette 5 -A G A T C T G G T A C C G A G C T C C C C G G G C T G C A G G A T -3 ' and 5-A T C C T G C A G C C C G G G G A C C - 
T C G G T A C C A G A T C T -3 ' con tain ing  an  in ternal Pstl site was inserted into the EcoRV site o f  pG L 3R utr. This vector was 
digested w ith  Pstl an d  EcoRV  an d  the sam e oligonucleotide cassette was excised with Pstl and ligated into these sites creating a 
60 bp  p a lind ron ic  sequence upstream  o f  the Renilla coding sequence. This results in the production  o f  a hairpin structure with an 
energy o f  — 55 K cal/m ol. T he vector was transfected in to  H eL a cells and  luciferase activity m easured as before. The luciferase 
activities w ere norm alised  to  /?-galactosidase and expressed relative to  those obtained from  vector pG L 3R utr. The results presented 
are an  average o f  th ree independent experim ents
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c-myc 5' UTR contains an internal ribosome entry seg
ment

The inability of the c-myc 5' UTR to inhibit translation 
in vivo compared to the previously demonstrated 
inhibition in vitro (Parkin et al., 1988 and our 
unpublished data) led us to test the hypothesis that it 
contains an IRES. We inserted the c-myc 5' UTR into a 
dicistronic reporter plasmid, pGL3R, in the spacer 
between the Renilla and firefly luciferase cistrons 
(Figure 2a). These plasmid constructs were then 
transfected into HeLa and HepG2 cells. The c-myc 5' 
UTR stimulated expression of the downstream cistron 
approximately 50-fold (Figure 2b) when compared to 
the control plasmids which lack this sequence. The 
apparent increase in the translation of the downstream 
cistron on the dicistronic message containing the c-myc 
5' UTR could result from various mechanisms. The 5' 
UTR may contain an element which stimulates read- 
through past the Renilla luciferase cistron and thus 
causes reinitiation of translation at the downstream 
cistron. Alternatively, monocistronic firefly luciferase 
mRNAs may be produced by transcriptional, RNA 
cleavage or splicing mechanisms. Finally, the c-myc 5' 
UTR may direct internal ribosome entry.

To determine whether the 5' UTR is capable of 
stimulating readthrough from the upstream to the 
downstream cistron, a palindromic sequence which 
forms a stable RNA hairpin ( — 55 Kcal/mol) was 
introduced into pGL3Rutr upstream of the Renilla 
luciferase coding sequence to inhibit ribosome scan
ning. The stem loop in the new vector, pGL3RutrH, 
reduced the renilla luciferase activity by 75% but the 
activity of the firefly luciferase was unaffected (Figure 
2c). If enhanced ribosomal readthrough was respon
sible for the 5' UTR dependent stimulation of firefly 
luciferase then this activity should be reduced by an 
equivalent amount.

To address the potential fragmentation of dicistronic 
mRNAs we performed RNase protection assays on 
RNA isolated from both HeLa cells transfected with 
pGL3Rutr and mock transfected cells. In transfected 
cells a 725 nt probe complementary to 624 nts of the 5' 
UTR containing dicistronic mRNA (see Figure 3a) 
protected a fragment of the expected size (Figure 3b, 
lane 3). In addition, protected fragments of 395 and 
382 nts were detected in both transfected and mock 
transfected samples resulting from hybridisation of the 
probe to endogenous c-myc transcripts (Figure 3b, 
lanes 2 and 3). The presence of functional monocis
tronic transcripts would result in smaller protected 
fragments of at least 101 nts in length, and since no 
products of this size were detected the increased 
expression of firefly luciferase must occur on intact 
discistronic mRNAs.

Thus we conclude that c-myc 5' UTR contains an 
IRES. The small, but reproducible, reduction in the 
expression of luciferase from the upstream cistron of 
between 15-20%  in the cells which contain the plasmid 
pGL3Rutr, is also consistent with this hypothesis 
(Figure 2b). This probably reflects a competition 
between cap-dependent and IRES-dependent transla
tion on the dicistronic mRNA and this phenomenon has 
also been observed for Bip, picornovirus and eIF4G 
IRESes (Macejak and Sarnow, 1991; Borman and 
Jackson, 1992; Gan and Rhodes, 1996).

76 396 101

R luc )  1 I * 1 * F Kjc

624 nts

1 2  3 4

— 624

—  101

Figure 3 R N ase protection  analysis o f  dicistronic m R N A s 
expressed in H eL a cells, (a) D iagram  o f  the 5' U T R  containing 
m R N A  hybridised to  the antisense R N A  probe used for R N ase 
protection  analysis. A  624 nucleotide D N A  fragm ent was P C R  
amplified from  pG L 3 R u tr using the prim ers 5 '-G C A A G A A - 
G A T G C A C C T G A T G -3 ' and  5 '-G C G T A T C T C T T C A G A G C - 
C TT-3 '. This was blunt-end ligated into the Smal site o f  p S K + 
Bluescript (Stratagene). A f 2P]C TP (800 C i/m m ol) labelled 
riboprobe was generated by run  off transcrip tion  on a Xhol 
restricted D N A  tem plate, followed by D N A se I digestion and  gel 
iso lation  on  a 4%  polyacrylam ide/7 M urea  gel. (b) Ribonuclease 
pro tection  assay. A 725 nucleotide R N A  p robe was used to 
p ro tec t com plem entary m R N A  fragm ents. Lane 1, 10 pg o f  yeast 
tR N A . L ane 2, po ly(A )+ m R N A  from  m ock transfected H eL a 
cells. Lane 3, po ly(A )+ m R N A  from  H eL a cells transfected with 
pG L 3R utr. Lane 4, undigested R N A  probe. T o ta l R N A  was 
isolated from  m ock transfected and transfected H eL a cells. 
P o ly(A )+ m R N A  was purified from  10 pg  o f  to ta l R N A  using 
oligo(dT) m agnetic beads (D ynatec Inc). R N A  sam ples were 
hybridised with 5 x l 0 s c.p.m . o f  riboprobe a t 45°C for 16 h  in 
hybrid isation  buffer (40 m M  PIPES pH  6.4, 400 m M  N aC l, 1 m M  
E D T A , 80%  deionised form am ide). Single stranded  R N A  was 
digested using R N ase O N E  (Prom ega). T he p roducts were size 
frac tionated  on a  4%  polyacrylam ide/7 M  urea gel and  visualised 
by phosphorim age analysis (M olecular D ynam ics). P roduct sizes 
were determ ined using 3 P-dC TP labelled pBR322 Hpall 
restriction fragm ents

Mapping the c-myc IRES

To define the boundaries of the c-myc IRES a series of 
plasmid constructs was generated containing decreasing 
lengths of the sequence coding for the 5' UTR. The 
ability of these truncated sequences to promote internal 
ribosome entry on a dicistronic mRNA was compared
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Figure 4 D o w nstream  cistron  activity  from  dicistronic m R N A s 
contain ing  fragm ents o f  the c-myc 5' U T R  in H eL a cells. T he 5' 
deletion series w as generated  by restricting the c-myc 5' U T R  with 
Neil, A cc lll  and  Aval giving fragm ents o f  340, 298 and  162 
respectively. A fragm ent o f  226 bp  was am plified using the 
o ligonucleotides F P  2670 5 '-T G C C A T C C A C G A A A C T T T -3' and  
M S4519 (see F igu re  1). These sequences were inserted in to  
p G L 3R  a t the  PvmII an d  Ncol sites. D eletions from  the 3' end 
were p roduced  by digesting the c-myc 5' U T R  with Pvull, 
£coR 0901I an d  Aval, generating  fragm ents o f  340, 312 and  
238 bp. F ragm en ts were inserted by b lunt-end ligation in to  the 
Pvull site o f  p G L 3 R . T h e  resulting constructs were then 
transfected  in to  H eL a cells an d  luciferase activity m easured and  
calcu lated  as before. T he reduction  in luciferase activity from  the 
d ow nstream  cistron  is expressed as percentage o f  the values 
o b ta ined  w ith p G L 3 R u tr
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Figure 5 M odel fo r the secondary structu re o f  the c-myc IR E S. 
Energy m inim ization analysis was perform ed using M Z uker’s 
‘m fo ld’ package (Zuker, 1989). Phylogenetic analysis was 
perform ed on  aligned sequences derived from  hum an, gibbon, 
m arm oset, w oodchuck, mouse, ra t, cat, sheep and  pig tissues. The 
m odel was draw n using the ‘C A R D ’ program  (W innenpenninckx 
et al., 1995)

to the full length 5' UTR. Removal of 56 nts from the 
5' end decreased the activity of the downstream cistron 
by 33% and larger deletions of 98, 170 and 234 nts 
resulted in a corresponding reduction in internal 
ribosome entry of 56, 74 and 91% respectively 
(Figure 4). Thus the 5' border of this translational 
element lies within 56 nts of the 5' end of exon 1.

At the 3' end, deletion of 56 nts had no effect on the 
activity of the downstream cistron. However, deletions 
further upstream removing 84 and 158 nts reduced the 
efficiency of the internal ribosome entry by 40 and 60% 
respectively (Figure 4). Hence the 3' end of the 
optimally effective IRES lies between 312 and 340 nts 
from the 5' end. Furthermore, this analysis suggests a 
mechanistic distinction between viral IRESes and the c- 
myc IRES. In various viral IRESes 3' end deletions that 
lie within the IRES completely ablate internal ribosome 
entry (Pelletier and Sonenberg, 1988; Borman and 
Jackson, 1992; Borman et al., 1995; Reynolds et al., 
1995), whereas c-myc IRES 3' end deletions result in a 
gradual loss of activity. This may reflect a structural 
difference between cellular and viral IRESes. We have 
performed phylogenetic and energy minimization 
analyses on the c-myc 5' UTR and obtained a model 
for the secondary structure (Figure 5). Noteworthy 
features include the high degree of foldback in the 
structure when compared to those predicted for viral 
IRESes, and the absence of cryptic AUGs in all 
sequences examined.

The preceding data demonstrate that the c-myc 5' 
UTR contains a translational element capable of 
directing internal ribosome entry and we propose that 
c-myc protein synthesis may therefore be initiated by 
such a mechanism. This suggests that the c-myc protein 
can be translated under situations where initiation 
from the 5' cap structure and ribosome scanning is 
reduced. There are a number of situations where 
modulation in the levels of c-myc protein via internal 
ribosome entry may be required including the onset of 
proliferation, during mitosis where cap-dependent 
translation is reduced (Jackson et al., 1995) and 
following DNA damage (Sullivan and Willis, 1989).

Deregulation of the c-myc proto-oncogene through 
enhanced internal ribosome entry could play a pivotal 
role in tumour development. We have described 
previously two cases where deregulation of c-myc by 
translational mechanisms occurs in cell lines derived 
from patients with Bloom’s syndrome (West et al., 
1995) and in multiple myeloma (Paulin et al., 1996).

Further work is merited to investigate the mechan
ism of action of this IRES, the pathophysiological 
circumstances under which it is used and the effects 
that the mutation in this region has on the aberrant 
translational regulation of c-myc in multiple myeloma.
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Translational induction of the c-myc oncogene via activation of the 
FRAP/TOR signalling pathway

Michelle J West12, M ark Stoneley1 and Anne E Willis1

1Department of Biochemistry, University of Leicester, Leicester, LEI 7RH, UK

Previous studies on the regulation of c-myc have focused 
on the transcriptional control of this proto-oncogene. We 
have investigated the signalling pathways involved under 
circumstances in which there is a translational up- 
regulation in the levels of c-myc protein. We have 
demonstrated an up to tenfold serum-dependent increase 
of c-myc protein levels in Epstein-Barr virus immorta
lized B-cell lines 2 -4  h after disruption of cellular 
aggregates, which is not accompanied by an equivalent 
increase in mRNA. Overall protein synthesis rates only 
increased threefold suggesting that the c-myc message 
was being selectively translated. We observed increases 
in the phosphorylation of p70 and p85 S6 kinases and of 
initiation factor eIF-4E binding protein 1 (4E-BP1) 1 -  
2 h after stimulation, suggesting activation of the FRAP/ 
TOR signalling pathway. The increased phosphorylation 
of 4E-BP1 led to a decrease in its association with elF- 
4E and an increase in its association with the eIF-4G 
component of the eIF-4F initiation complex. The 
signalling inhibitors rapamycin and wortmannin blocked 
the phosphorylation of 4E-BP1 and abolished die 
translational component of the c-myc response. Our 
data suggest that dissociation of eIF-4E from 4E-BP1, 
leading to an increase in the formation of the eIF-4F 
initiation complex, relieves the translation repression 
imposed on the c-myc mRNA by its structured 5'UTR.

Keywords: c-myc; eIF-4G; rapamycin; S6 kinase; TOR; 
translation

Introduction

The c-myc proto-oncogene belongs to a family of 
immediate-early genes, other members of which include 
c-fos, c-jun and egr-1, which are rapidly induced on 
exposure of quiescent cells to mitogens. Lipopolysac- 
charide-stimulated B-cells, Concanavalin A-treated T- 
cells and serum-starved fibroblasts exposed to EGF, 
PDGF, or serum, all induce c-myc mRNA levels up to 
40-fold 2 - 9  h after stimulation (Dean et al., 1986, 
Kelly et al., 1983, Nepveu et al., 1987, Waters et al.,
1991). There are data to suggest that these increases in 
c-myc mRNA levels cannot be completely accounted 
for by an increased transcription rate, and that post- 
transcriptional regulation, may also play a part 
(Blanchard et al., 1985).

Correspondence: AE Willis
2Current address, Laboratory o f Molecular Biology, MRC Centre, 
Hills Road, Cambridge, CB2 2QH, UK
Received 22 December 1997; revised 16 March 1998; accepted 20 
March 1998

There is evidence from other systems which 
demonstrates that c-myc protein expression can be 
modulated by translational control and that the 5' 
untranslated region of c-myc (encoded by exon 1), 
which is well conserved amongst species, has functional 
relevance in this process. Full length c-myc messages 
are translated less efficiently than those which lack the 
5' UTR (Darveau et al., 1985) and this negative 
regulation has been mapped to a 240 nt element 
(Parkin et al., 1988). Similarly, Xenopus c-myc 5'UTR 
contains a region, between the promoters P0 and PI, 
which is important in regulating translation (Lazarus,
1992). Data from our own laboratory have provided 
evidence for the translational regulation of c-myc 
protein expression in cell lines established from 
patients with the chromosome breakage disorder 
Bloom’s syndrome (West et al., 1995) and from 
individuals suffering from the B-cell neoplasia Multi
ple Myeloma (Paulin et al., 1996). In the latter case the 
5'UTR was shown to contain a specific mutation.

Translational regulation mediated through the 
5'UTR is not unique to c-myc, and indeed many 
cellular mRNAs encoding proto-oncogenes, growth 
factors and their receptors, and transcription factors, 
possess long highly structured 5'UTRs which affect 
their regulation (for review see Gray and Hentze, 
1994). For example, on mitogenic stimulation of a 
number of cellular systems, which causes a 2 -3-fold  
increase in the general rate of protein synthesis, there is 
an additional selective increase in the translation of a 
subset of mRNAs which are normally found in a 
translationally repressed state, including those mes
sages with a high degree of secondary structure in their 
5'UTRs and those with polypyrimidine tracts at their 5' 
termini (for reviews see Brown and Schreiber, 1996; 
Proud, 1994). Both general and specific increases in 
translation are mediated by changes in the activities 
and phosphorylation states of components of the 
translational apparatus. Messages with structured 
5'UTRs e.g. ornithine decarboxylase, are particularly 
dependent on the RNA helicase activity of the eIF-4A 
component of the eIF-4F initiation complex (which 
also comprises eIF-4E and eIF-4G), for their efficient 
translation and it has been shown that over-expression 
of the limiting component of this complex, eIF-4E, can 
specifically activate the translation of this class of 
mRNA (Koromilas et al., 1991). Increased activity of 
eIF-4F can also be achieved by the phosphorylation of 
eIF-4G and eIF-4E (Manzella et a l ,  1991; Morley et 
al., 1991; Morley and Traugh, 1989; Morley and 
Traugh, 1990) and the release of eIF-4E from a 
binding partner, typically 4E-BP1, with which it is 
normally associated (Lin et al., 1994; Pause et al., 
1994), thus increasing the amount of free eIF-4E that is 
available for 4F complex formation. The interaction of
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eIF-4E with 4E-BP1 is regulated by phosphorylation, 
with phosphorylation of 4E-BP1 leading to a dissocia
tion of this protein from eIF-4E (Lin et al., 1994; Pause 
et al., 1994). Specific increases in the translation of 
messages containing polypyrimidine tracts, e.g. 
mRNAs encoding translation factors and ribosomal 
proteins, are thought to be mediated through 
phosphorylation of the ribosomal protein S6 by p70 
S6 kinase (Jefferies et al., 1994; Terada et al., 1994).

The external signals which lead to mitogenic 
stimulation of cells have been extensively studied. The 
polypeptide growth factors which cause such a 
stimulation have been shown to activate two protein 
kinase cascades: the mitogen activated protein (MAP) 
kinase and FRAP/TOR pathways. The former appears 
to be mostly involved with up-regulation of transcrip
tion (for reviews see Jones, 1996; Marshall, 1996) 
whilst the latter is associated with an increase in 
translational activity (Lin et al., 1995; Mendez et al., 
1996; Von Manteuffel et al., 1996). Activation of the 
FRAP/TOR pathway results in the phosphorylation of 
both p70 S6 kinase and 4E-BP1 and specific inhibition 
of this pathway by rapamycin blocks both of these 
events (Beretta et al., 1996; Chung et al., 1992; Lin et 
al., 1995; Price et al., 1992).

On observation of a serum-dependent induction of 
c-myc protein in disaggregated B-cells, we assessed the 
contribution of translational mechanisms to this 
induction by quantifying RNA and protein levels in 
parallel during the time course of this response. We 
show that c-myc protein levels are induced more 
rapidly and to a greater extent than c-myc mRNA 
levels, and that this is not the result of increased 
protein stability. On investigation of the mechanisms 
involved in this process we demonstrate a selective 
translation of c-myc caused by liberation of eIF-4E 
from 4E-BP1 which is mediated via the FRAP/TOR 
pathway. This is the first demonstration that transla
tional regulation of c-myc in B-cells occurs through 
FRAP/TOR. The results presented herein differ from 
those where other genes e.g. ODC (Brown and 
Schreiber, 1996) have been shown to be regulated by 
translation, as c-myc translation regulation does not 
seem to involve an alteration in either the amount or 
the phosphorylation state of the cap binding protein 
eIF4E.

Results

c-myc protein levels are translationally induced in B-cells
Epstein-Barr virus immortalized B-cells form multi- 
cellular aggregates during their growth as a result of 
heterotypic interactions between the adhesion mole
cules LFA-1 and ICAM-1 on the cell surface (Gallie 
and Traugh, 1994; Gregory et al., 1988, 1990). We 
observed a large induction of c-myc protein levels in 
these B-cell lines following disruption of cellular 
clusters in existing cell cultures or by resuspension of 
cells in total fresh medium. To assess the mechanisms 
involved in this induction, we performed parallel 
Western and Northern blot analysis of protein and 
RNA samples taken over 48 h following resuspension 
of a population of exponentially growing cells in fresh 
medium (Figure la and b). The experiments were

performed on a minimum of three independent 
occasions and the representative Western blot shows 
that c-myc protein levels began to rise as early as 2 h 
after resuspension, increased to a peak approximately 
eightfold higher than original expression levels by 8 h 
and began to decline by 24-48 h (Figure la). In 
contrast to the induction of c-myc protein levels, the c- 
myc RNA levels did not start to increase until 4 h after 
the stimulus and reached a peak of only 1.8-fold after 
8 h (when compared to the control messages analysed, 
GAPDH, Figure lb and tubulin, data not shown), 
clearly showing that the majority of the increase in the 
level of the c-myc protein is occurring by a post- 
transcriptional mechanism. Hence, on comparison of c- 
myc protein and mRNA levels during the response 
(Figure lc) it can be seen that the small induction of c- 
myc mRNA levels observed is insufficient to account 
for the large increase in c-myc protein expression. 
Comparisons of the induction of c-myc protein and
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Figure 1 A com parison o f  c-myc p ro tein  and  m R N A  levels 
during  the induction  o f  c-myc expression in the EBV -LC L 0892A. 
(a) Cell extracts from  106 and  7 x 105 cells were separated  by 
S D S -P A G E , W estern blotted, and  analysed for c-myc and  a- 
tubulin  p ro tein  expression, respectively, (b) T ota l cellular R N A  
w as prepared from  samples taken in parallel and  then  analysed by 
N orthern  b lo tting  for levels o f  c-myc m R N A , and  levels o f  the 
con tro l message G A P D H  with specific probes, (c) The W estern 
b lo t shown in (a) was analysed by laser densitom etry  and the level 
o f  induction in c-myc p ro tein  (closed circles) com pared to  the 
increase in c-myc m R N A  (triangles) follow ing analysis o f  the 
N orthern  blot by phosphorim agery and  norm alization  o f c-myc 
m R N A  levels to  those o f  G A P D H . (d) D eterm ination  o f  the rate 
o f  degradation  o f  the c-myc p ro tein  in  cells treated  a t tim e 0 
(closed circles) and  a t 6 h post-stim ulation  (open circles) with 
cycloheximide, and  sam ples rem oved a t tim e points up  to  50 m in 
fo r analysis by W estern b lo tting  and densitom etry
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mRNA in two other EBV-immortalized B-cell lines 
demonstrated a similar and reproducible dissociation 
between protein and mRNA inductions, with in every 
case, the induction in c-myc protein being far greater 
than the induction in c-myc mRNA (data not shown).

Consistent with the intimate role of the c-myc gene 
product in the regulation of cellular proliferation and 
differentiation, the expression of this proto-oncogene is 
controlled at multiple levels (for review see Marcu et 
al., 1992). In the absence of a large induction of 
mRNA expression, it is evident that increased 
transcription rates and/or increased mRNA stability 
are not the key mechanisms involved in the induction 
of c-myc protein described here. Since c-myc protein 
expression has been shown to be subject to regulation 
at the level of both protein stability and translation 
(Liischer and Eisenmann, 1988; Shindo et al., 1993; 
Spotts and Hann, 1990) it was then necessary to 
distinguish between these two possibilities. Studies of 
the rate of degradation of the c-myc protein using the 
protein synthesis inhibitor cycloheximide revealed that 
there was no change in the stability of the protein 
during the peak of expression at 6 h (Figure Id). The 
rates of degradation of the c-myc protein prior to (time 
0) and 6 h post-stimulation were very similar; the time 
taken for the protein level to reach half of its original 
level in the presence of cycloheximide being 20 -  30 min 
at both time points, a value consistent with published 
data on the half-life of this protein (Hann and 
Eisenman, 1984).

Further experiments performed were aimed at 
determining the stimulus for the induction in c-myc 
translation.

The induction o f  c-myc protein is serum dependent

The time course in which we observed an increase in 
the levels of the c-myc protein (Figure la) is similar to 
that seen for c-myc mRNA induction in other systems 
(Kelly et al., 1983), in particular on serum stimulation 
of resting fibroblasts. However, in all the cases 
described previously, this up-regulation only occurred 
on stimulation of resting cells or cells made quiescent 
as a result of serum deprivation (Dean et al., 1986; 
Kelly et al., 1983; Nepveu et al., 1987; Waters et al.,
1991). In contrast, we observed an induction in c-myc 
protein when growing cultures of EBV-immortalized B- 
cells, 3 days after the addition of fresh medium (Figure 
2a), were pelleted and resuspended in either fresh or 
conditioned media. The level of c-myc induction was 
dependent on the concentration of serum to which the 
cells were exposed (Figure 2b and c), suggesting that 
this response occurs as a result of increased exposure 
of B-cells to serum due to disruption of the cellular 
aggregates.

The cell cycle distribution of cells during a serum 
induction was analysed by FACS using propidium 
iodide stained cells. The cell cycle distribution of cells 
taken at Day 4 (prior to disruption of cellular 
aggregates, see Figure 2a) from actively growing 
cultures showed 72% of cells in the G0/Gi phase of 
the cycle (Figure 2d). Cell cycle arrest induced by 
serum deprivation in fibroblasts for example is 
characterized by the presence of >90%  of cells in 
the G0 phase of the cell cycle and consequently a 
negligible number of cells in S phase, a profile which is

not evident in the cultures analysed here. It has 
however been reported (Allday and Farrell, 1994) that 
on reaching saturation density in culture, EBV-LCLs 
can become growth arrested in early Gi. In our 
experiments (Figure 2a), it is possible that the cells in 
the centre of cellular aggregates may be beginning to 
arrest in Gi. This would explain the relatively high 
proportion of cells in G0/G,, and the ability of these 
cells to respond to increased serum exposure, following 
the disruption of cellular aggregates, by the induction 
of c-myc. The relatively slow shift of cells into S phase 
during the time course of the c-myc induction, evident 
by 24 h (Figure 2d) is consistent with previously 
published data which suggests that the G, phase of 
the cell cycle in LCLs exceeds 12 h (Allday and Farrell,
1994). TTiese data suggest that this response differs 
from the response of G0-arrested fibroblasts to serum 
exposure as the LCLs under study are not completely
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Figure 2 The c-myc induction  occurs in exponentially growing 
cell cultures in response to  serum  exposure, (a) G row th  curve o f  
the G M 0892A  EBV-LCL. Viable cell counts were determ ined in 
the presence o f  trypan  blue stain  for up  to 5 days after addition  o f 
fresh m edium. C oun ts were perform ed in trip licate and  the m ean 
+  standard  deviation  is indicated, (b) W estern b lo t show ing the c- 
myc induction follow ing culture o f  cells in  10% , 1%, o r 0.1%  
FC S. Samples were rem oved a t the times indicated, (c) Laser 
densitom etric analysis o f  the b lo t show n in (b). Fold  inductions in 
the presence o f  10% FC S (closed circles), 1% FC S (squares), and 
0.1%  FC S (triangles) are shown, (d) P ropidium  iodide staining 
an d  fluorescence analysis o f  cells taken a t the indicated time 
po in ts following culture in 15% FC S to  determ ine cell cycle 
d istributions. The p ropo rtio n  o f  cells in G I , S and  G 2 +  M is 
indicated
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quiescent. Importantly, there is evidence to suggest that 
EBV-LCLs cannot in fact leave the cell cycle and re
enter G0 in the same manner as fibroblasts since, on the 
complete withdrawal of serum, LCLs do not growth 
arrest and apoptose, as is the case for fibroblasts, but 
continue to proliferate and die at various stages of the 
cell cycle as a result of the constitutive expression of c- 
myc (Cherney et a l, 1994). We conclude that the c-myc 
induction in EBV-LCLs observed here results from the 
increased exposure of cells to serum following the 
disruption of cellular aggregates.

General protein synthesis rates increase only 2 -3-fold
To assess the translational component of the c-myc 
induction described here, we investigated the response 
of the translational machinery to the increased 
exposure to serum. Polysomally and monosomally 
associated mRNA species were isolated by sucrose 
gradient density centrifugation. The relative distribu
tion of specific messages was determined by fractiona
tion of the gradients, extraction of RNA, and 
hybridization to specific probes. On comparison of 
the total mRNA from the absorbance profiles recorded 
during fractionation of the gradients (before and after 
treatment of cells), it is apparent that there is a shift in 
the relative distribution of a large number of messages 
by 8 h with an approximate 50% decrease in 
monosomally-associated mRNAs and a corresponding 
increase in the mRNAs associated with polysomes 
(Figure 3b). This is consistent with the 2 -3-fold 
increase in the general rate of protein synthesis which 
occurs 3 -8  h after stimulation (Figure 3a) and is 
similar to the response of starved rat epididymal fat 
cells to insulin (Lyons et a l, 1980) and quiescent 
fibroblasts to serum (Jefferies et al., 1994). The 
distribution of c-myc mRNA (Figure 3c), and that of 
the control mRNA species GAPDH (Figure 3d) also 
followed this general shift in message re-distribution, 
with the peak of monosomally-associated message 
observed at time 0 for c-myc being greatly dimin
ished. Analysis of a large number of polysome profiles 
from three different cell lines demonstrated that the c- 
myc message consistently showed this pattern of re
distribution to polysomes as did all individual messages 
examined (data not shown). Interestingly, not all of the 
gene products examined, e.g. eIF-4E and a-tubulin, 
showed increased expression at the protein level 
(Figures la, 4b and 7a). It is therefore possible that 
an increased association with polysomes does not result 
in increased expression levels of proteins such as elF- 
4E and a-tubulin since the translation of these 
messages is proceeding at a maximum level or is 
under further control at the level of translational 
elongation or protein degradation. Since the initiation 
of translation of the c-myc mRNA is repressed by the 
presence of its structured 5'UTR, under normal 
circumstances, it follows that the expression of c-myc 
protein will be particularly affected by the general 
increases in translation initiation observed after the 
stimulation of cells (Figure 3a and b). In addition, 
specific changes to the activity of the translation 
initiation complex, eIF-4F, would be required to 
facilitate the increased polysomal association of the c- 
myc mRNA observed in these experiments by 8 h. 
However, as a result of the general re-distribution of

messages to polysomes observed (Figure 3b), any 
component of the response which results from 
selective translation of the c-myc message, mediated 
through changes in initiation complex formation, can 
not be further defined using this technique. It is clear, 
however, that the 2-3-fold increase in general protein 
synthesis observed here (Figure 3a) cannot account for 
the 5.5-10-fold increase in c-myc protein expression 
observed in this cell line (Figure 1), and that the 
remaining translational component of the c-myc 
response must be the result of just such a selective 
translation mechanism.

Regulation o f translation initiation factors 4E and 2cl

There is evidence which suggests that the translation 
initiation factors 4E and 2a are downstream target 
genes of the c-myc protein (Jones et a l, 1996; 
Rosenwald et a l, 1993), yet despite the high level
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Figure 3 Increases in overall pro tein  synthesis rates and the 
association o f  messages with polysom es a fter serum  stim ulation, 
(a) The incorporation  o f  [ S]-m ethionine in to  pro tein  was 
determ ined by labelling cells for 1 h periods a t tim e 0 - 1  h, 3 -  
4 h and 7 - 8  h after serum  stim ulation. Sam ples were analysed in 
triplicate by scintillation counting  and  the fold-induction in 
protein  synthesis is show n ±  standard  deviation, (b) Sucrose 
gradient density centrifugation perform ed p rio r to (time 0) and 
8 h follow ing stim ulation  and  fractions collected w ith continuous 
m onitoring  a t 260 nm . A rrow s indicate the position  o f  the 80S 
m onosom e peak. R N A  was extracted from  each fraction and 
analysed using slo t-b lo t hybrid ization  w ith specific probes to 
detect levels o f  c-myc (c) and  G A P D H  (d) m R N A s across the 
gradient
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induction in c-myc protein levels evident during this 
time course (Figure la), we observed no increase in 
levels of either eIF-4E or 2a (Figure 4a and b). It does 
not appear therefore that the increased expression of c- 
myc in this system results in the transactivation of 
these genes. It has been shown that the expression of 
eIF-4E and 2a does not always correlate with the 
expression level of c-myc in certain transformed cell 
lines, and it has been suggested that in EBV- 
immortalized cell lines, increased expression of eIF-4E 
can occur in the absence of increased c-myc expression 
(Rosenwald, 1995). The lack of increased expression of 
these factors on higher level expression of c-myc 
protein observed in our previous studies with EBV- 
immortalized Bloom’s Syndrome lines (West et al.,
1995), and in the present study is consistent with these 
findings.

Conversely, these results also suggest that the 
selective translation of the c-myc protein does not 
result from an increase in the levels of these initiation 
factors. Since limited expression of the eIF-4E protein 
is believed to restrict levels of the eIF-4F initiation 
complex, increased expression of eIF-4E in particular 
can lead to the selective translation of messages with 
secondary structure in their leader sequences (Rousseau 
et al., 1996) which are particularly dependent on the 
helicase activity of eIF-4F. In addition, although 
increased expression of eIF-4E and 2a has been 
implicated in the translational response of cells to 
mitogens (Cohen et al., 1990; Mao et al., 1992) the 
general increases in translation observed here (Figure 
3a) do not seem to result from the increased expression 
of these proteins.

Since increases in the level of phosphorylation of 
eIF-4E and other components of the eIF-4F complex 
have been correlated with increases in the rate of 
translation initiation (Morley et al., 1991) we also 
examined the steady state phosphorylation level of elF-
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Figure 4 A nalysis o f  the in itia tion  factors eIF -4E  and  eIF -2a. 
Cell ex tracts (106 cells) w ere separa ted  by S D S -P A G E , W estern 
b lo tted  an d  p ro b ed  w ith  an tibod ies to  eIF -2a (a). T he b lo t was 
then stripped  an d  p ro b ed  w ith  antibodies to  eIF -4E  (b). T he 
phosphory lated  an d  dephosphory lated  form s o f  eIF -4E , in 
extracts p repared  in  th e  presence o f  phospha tase  inhib itors, w ere 
separa ted  by isoelectric focusing and  then  W estern b lo tted  and  
detected as for S D S -P A G E  (c)

4E during the time course of the c-myc induction, using 
isoelectric focusing techniques. Although increases in 
the phosphorylation of eIF-4E have been reported to 
occur in a number of systems in response to mitogens 
(Bu and Hagedorn, 1991; Flynn and Proud, 1996; 
Morley and Pain, 1995b; Morley and Traugh, 1990) we 
consistently observed no increase in the level of the 
phosphorylated form of the protein over the time 
course (Figure 4c). It appears therefore that the 
positive effects on translation, both at a general level 
(Figure 3a) and at a selective level (Figure la) are not 
mediated through increased phosphorylation of elF- 
4E.

Activation o f the FRAP/TOR pathway

The FRAP/TOR pathway has been identified as a 
signalling pathway which on activation by growth 
factors can lead to the increased translation of specific 
subclasses of mRNAs. These include messages with 
extensive secondary structure in their 5'UTRs and 
those mRNAs containing polypyrimidine tracts at their 
immediate 5' terminus (for review see Brown and 
Schreiber, 1996). These selective increases in translation 
are thought to be mediated via phosphorylation of the 
the eIF-4E binding protein BP-1 and phosphorylation 
of ribosomal protein S6 by p70 and p85 S6 kinase, 
events which are both dependent on FRAP/TOR 
activity. Since the c-myc message is predicted to 
contain large double-stranded hairpins in its non
coding leader sequence, we investigated the possibility 
that activation of the FRAP/TOR pathway was 
responsible for the observed selective translation of 
this mRNA on serum stimulation of B-cells. The p70 
and p85 S6 kinases are themselves activated by 
phosphorylation, and thus it was possible to examine 
the degree of phosphorylation by virtue of the 
mobilities exhibited by the different phosphorylated 
forms of the proteins on SDS-polyacrylamide gels 
(Chung et al., 1992; Ming et al., 1994) (Figure 5a). The 
appearance of more slowly migrating phosphorylated 
forms of these kinases was evident by 1 h after 
disruption of cellular aggregates and reached maximal 
levels by 4 h. There was then a gradual decline in the 
levels of phosphorylation consistent with the decline in 
c-myc protein levels (Figure la). A similar experiment 
was performed to detect possible changes in phosphor
ylation of the eIF-4E binding protein 4E-BP1 (Figures 
5b and 7a). Changes in the ratio of phosphorylated to 
dephosphorylated 4E-BP-1 were evident from 1 h after 
stimulation with a reduction in the amount of 
dephosphorylated protein and then an increase again 
by 24 h (Figure 5b), consistent with the time scale of 
altered phosphorylation state observed for p70 and p85 
S6 kinases. These increases in the phosphorylation of 
p70 and p85 S6 kinases and 4E-BP1 are in accordance 
with activation of the FRAP/TOR pathway and both 
occur on a time scale suggestive of involvement of this 
pathway in the translational induction of c-myc protein 
expression.

Increases in the phosphorylation of 4E-BP1 have 
been shown to cause the dissociation of this protein 
from eIF-4E (Lin et al., 1994; Pause et al., 1994) a 
process which is postulated to affect the translation of 
growth-related translationally repressed messages, such 
as c-myc, by increasing the amount of active 4F
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complex. eIF-4E, and thus complexes containing elF- 
4E, can be partially purified by virtue of the fact that 
they bind to the m7GTP cap structure present at the 5' 
end of eukaryotic messages. We therefore examined the 
association of eIF-4E with 4E-BP1 and with eIF-4G 
using m7GTP Sepharose affinity column chromatogra
phy (Figures 5c and d and 6). Complexes bound to the 
m7GTP Sepharose column were eluted and proteins 
were analysed by SDS-PAGE and Western blotting.

Appropriate regions of the resulting blots were 
probed with antibodies to eIF-4E and 4E-BP1 or 
eIF-4E and eIF-4G. After 1 h there was a large 
decrease in the association of 4E-BP1 with eIF-4E 
and by 2 h the level of 4E-BP1 associated with 4E fell 
to almost undetectable levels (Figure 5c), consistent
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with the decrease in levels of the dephosphorylated 
form of the 4E-BP1, the form which associates with 
eIF-4E, observed in parallel samples (Figure 5b). The 
apparent molecular weight of the 4E-BP1 isolated by 
m7GTP Sepharose chromatography is consistent with 
this being the dephosphorylated form of the protein 
(compare Figure 5b and c). Similar experiments were 
then performed to determine the degree of association 
of 4E with 4G (Figure 6). Treatment of the cells 
resulted in a large increase in the amount of 4G 
associated with 4E and a representative Western blot is 
shown (Figure 6a and b). The results from three such 
experiments were averaged (Figure 6c) and show that 
the eIF4G that is associated with eIF4E increases to 12 
( +  2.2)-fold by 4 h and starts to return to the 
uninduced level by 24 h which is in accordance with 
the time scale of induction of c-myc (Figure la). This 
demonstrates clearly that the dissociation of 4E-BP1 
from eIF-4E following its phosphorylation results in 
increased 4F complex formation. These data support 
the hypothesis that the phosphorylation of 4E-BP1 and 
its subsequent dissociation from eIF-4E facilitates the 
translation of translationally repressed messages.

B

m7GTP Sepharose column

0 1 2 4 6 8 24

20  —

— —  e — 4E-BP1

D

n
■<r
o 6 -

<J2

8 2460 I 2 4

Time (hrs)

Figure 5 A ctivation  o f  the F R A P /T O R  pathw ay. Cells were 
lysed in the  presence o f  phospha tase  inh ib ito rs and  8 x 10s cells 
per lane se para ted  on  7 .5%  (a) and  15% S D S -P A G E  gels (b) 
which w ere then  p robed  w ith  antibodies to  p70 S6 kinase an d  4E- 
BP1, respectively. T he up p er p a rt o f  the b lo t show n in (a) has 
been overexposed to  show  the p85 form  o f  the kinase, (c) W estern 
b lo t show ing the degree o f  association o f  4E-BP1 w ith e IF -4E  in 
com plexes partia lly  purified by m 7G T P  Sepharose affinity 
ch ro m ato g rap h y  from  sam ples taken  in parallel to  those analysed 
in (b). Sam ples were eluted from  the  colum n in the presence o f  an  
excess o f  m 7G T P , precip ita ted  an d  analysed on a 15% S D S -  
P A G E  gel w hich w as then  W estern blo tted  and  the  relevant 
po rtio n  o f  the b lo t p ro b ed  w ith an tibod ies against e IF -4E  an d  4E- 
BP1 (c). (d) L aser densitom etric analysis o f  the W estern b lo ts 
show n in (c)

Both rapamycin and wortmannin block the 
phosphorylation o f 4E-BP1 and abolish the translational 
up-regulation o f c-myc
The immunosuppressant macrolide rapamycin has been 
shown to be a potent inhibitor of FRAP/TOR (Kunz 
et al., 1993; Sabatini et al., 1994) and binds to its target 
through interaction with FKBP12 (FK506-binding 
protein 12). Rapamycin therefore prevents the phos
phorylation of both p70 S6 kinase and 4E-BP1 (Beretta 
et al., 1996; Chung et al., 1992; Price et al., 1992). Since 
our data thus far suggested that activation of the 
FRAP/TOR pathway may be involved in the c-myc 
response, we attempted to block the activation of this 
pathway using rapamycin and assess the effect on the 
translation of the c-myc mRNA. In addition to the use 
of rapamycin as a signalling inhibitor, experiments 
were performed in parallel using the specific inhibitor 
of phosphoinositide 3-kinases (PI 3-kinases), wortman
nin, which is thought to block activation of the FRAP/ 
TOR pathway by inhibiting an event upstream of the 
FRAP/TOR kinase (for review see Proud, 1996). More 
recently wortmannin has been shown to inhibit the 
serine-specific autokinase activity of mammalian TOR 
in vitro (Brunn et al., 1996). To examine the effect of 
these agents on the translational response, cell samples 
incubated with either wortmannin or rapamycin or 
untreated were taken at predetermined time intervals, 
subjected to SDS-PAGE, transferred to nitrocellulose 
and probed with antibodies for c-myc, a-tubulin, p70 
S6 kinase or 4E-BP1 (Figure 7a). Exposure of cells to 
wortmannin and rapamycin decreased the induction of 
c-myc protein, by 39% and 36% respectively at 4 h 
and by 40% and 36% at 8 h (Figure 7a and b; 
representative blots are shown and these experiments 
were performed on at least three independent 
occasions). There was no corresponding change in the 
expression of the control protein a-tubulin (Figure 7a). 
In additional experiments performed we have observed 
inhibition of 50% or more by 4 -8  h with rapamycin 
(data not shown). A comparison of the induction of c- 
myc mRNA (determined by Northern blot analysis on
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parallel samples from the same experiment), with the 
induction of c-myc protein shown in Figure 7a showed 
that the dissociation between protein and mRNA 
observed as normal in the control experiment (Figure 
7c) was removed in the presence of both rapamycin 
and wortmannin (compare Figure 7b and c). Indeed, 
the c-myc protein induction was reduced to a level that 
can be accounted for by the increase in RNA 
expression alone. Thus, it appears that rapamycin 
and wortmannin remove the translational component 
of the c-myc induction. The inhibition of the c-myc 
response by these two compounds correlates directly 
with the inhibition of changes in the phosphorylation 
state of 4E-BP1 by both of these agents (Figure 7a, 
lanes 1 and 2, 5 and 6, 9 and 10). These results are 
consistent with the mechanism of this specific 
activation of translation of c-myc being mediated 
through the increase in availability of eIF-4E, through 
the dissociation of 4E-BP1 following its increased 
phosphorylation. The pre-treatment of cells with 
rapamycin resulted in the complete dephosphorylation 
of p70 and p85 S6 kinases (lanes 5 -8 ), whilst 
wortmannin had very little effect on the phosphoryla
tion state of these proteins (Figure 7a, lanes 9-12). 
This observation again implies that the increase in c- 
myc expression is augmented through the depho
sphorylation of 4E-BP1, and not through p70 and

m7GTP Sepharose column
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Figure 6 Increased association  o f  eIF -4G  with eIF -4E  results 
from  activation  o f  F R A P /T O R . Experim ents were perform ed as 
in F igure 5c an d  the relevant portions o f  the blots were p robed 
with antibod ies to eIF -4E  (a) and  eIF -4G  (b). (c) Laser 
densitom etric analysis o f  W estern blots from  th a t show n in (a) 
and  (b) an d  from  tw o o th e r  identical experim ents dem onstrating  
an increase in th e  eIF -4 G  to  eIF -4E  ratio  which is indicative o f  
increased fo rm ation  o f  active e IF -4 F  complex. Results show  the 
m ean o f  three independent experim ents an d  erro r bars indicate 
the stan d ard  deviation  from  the m ean. (The time p o in t a t 8 h 
shows the m ean o f  tw o experim ents only)

p85 S6 kinase phosphorylation, since the effects of 
wortmannin and rapamycin on the c-myc induction are 
identical whilst wortmannin, in this cellular system, 
does not block p70 S6 kinase action. It is interesting to 
note that while many authors have shown that 
inhibition of PI 3-kinase activity blocks the phosphor
ylation of p70 S6 kinase (Cheatham et al., 1994; Chung 
et al., 1994), the evidence presented here and evidence 
from other laboratories highlights situations where this 
is not in fact the case. In particular, it has been 
demonstrated using mutant PDGF receptors that 
activation of p70 S6 kinases can occur in the absence 
of PI 3-kinase activity (Ming et al., 1994), and that 
phorbol ester-mediated p70 S6 kinase activation cannot 
be inhibited by wortmannin (Chung et al., 1994). It 
seems likely therefore that in certain systems and with 
certain activators p70 S6 kinase can be activated by 
wortmannin-insensitive and thus probably PI 3-kinase- 
independent mechanisms. The role of PI 3-kinase in the 
activation of FRAP/TOR may therefore not be as 
straightforward as originally thought.

The reduction in the c-myc levels by rapamycin 
could in part be accounted for by the general effect on 
translation that this agent is known to have in B-cells. 
In some cellular systems it has been shown that 
rapamycin can block the shift of messages to 
polysomes in a selective manner (Jefferies et al., 1994; 
Nielson et al., 1995; Terada et al., 1994) with only 
slight effects on general protein synthesis rates, 
however, in the B-cell line Ramos a 30% decrease in 
general protein synthesis rates was apparent at 3 -6  h 
in the presence of rapamycin (Terada et al., 1994). In 
our experiments the incorporation of [35S]-methionine 
into protein during a time course of induction in the 
presence and absence of rapamycin shows that the 
induction in general protein synthesis was reduced by 
37% at 3 -4  h and by 46% at 7 -8  h in the presence of 
20 nM rapamycin (Figure 7d). Therefore, in our B-cell 
system, it is difficult to separate the general effects of 
rapamycin on protein synthesis from specific effects of 
this drug. However wortmannin had very little effect 
on general protein synthesis rates, decreasing the [35S]- 
methionine incorporation by only 7.5% at 3 -4  h and 
32% at 7 -  8 h when compared to the untreated control 
cells (Figure 7d). In contrast, the c-myc response was 
reduced by 39% at 4 h in the presence of wortmannin 
(Figure 7a and b). These results therefore show clearly 
that wortmannin selectively blocks the translational 
increase in the level of c-myc protein as a direct result 
of inhibiting the phosphorylation of 4E-BP1. It can 
therefore be concluded that a large part of the c-myc 
translational response is mediated through activation 
of the FRAP/TOR signalling pathway resulting in the 
increased phosphorylation of 4E-BP1. The subsequent 
dissociation of this protein from eIF-4E thereby leads 
to increased initiation complex assembly and relieves 
the translational repression imposed on c-myc by its 
structured 5'UTR.

Discussion

The results presented here demonstrate a serum- 
dependent translational induction of c-myc protein 
levels in EBV-immortalized B-cells mediated through 
activation of the FRAP/TOR signalling pathway and
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Figure 7 R apam ycin an d  w ortm annin  block the phosphory lation  o f  4E-BP1 and inhibit the c-myc response, (a) W estern b lo t 
analysis o f  c-myc and  a-tubu lin  protein  levels and the phosphorylation  states o f  p70 S6 kinase and  4E-BP1 du ring  the serum  
stim u la tion  o f  an  EBV -LCL. A nalysis was perform ed as described in Figures 1 and 5. Lanes 1 - 4  show  cells p retrea ted  for 30 m in in 
the presence o f  solvent alone (D M SO ), and  lanes 5 - 8 ,  and  9 - 1 2  show  cells pre-treated in the presence o f  20 nM  rapam ycin  and  200 
nM  w o rtm ann in , respectively, (b) Laser densitom etric analysis o f  the c-myc blots show n in (a), treated  w ith D M SO  alone (closed 
squares), w ith rapam ycin  (circles), and  with w ortm annin  (triangles), (c) A com parison o f  the c-myc p rotein (closed circles) and  R N A  
(open triangles) induction  fo r the contro l experim ent show n in (a). A nalysis was perform ed by W estern and  N orth ern  blo tting  as in 
the legend to  F igure 1. c-myc R N A  levels were norm alized to  the G A P D H  signal, (d) A com parison o f  the inco rpora tion  o f  [35S]- 
m eth ion ine in to  pro tein  (c.p.m .) during  a serum  induction  in the presence o f  solvent alone (closed squares) and in the presence o f  
rapam ycin  (circles) o r  w ortm annin  (triangles). T he experim ent w as perform ed as in F igure 3

phosphorylation of 4E-BP1. c-myc protein levels rise 
typically 5 .5 - 10-fold by 2 -4  h post-stimulation with 
increases in mRNA expression reaching less than two
fold. Although increases in the overall level of 
incorporation of [35S]-methionine into protein were 
also evident, these rises were insufficient to account for 
the induction in c-myc protein levels. We observed a 
decrease in the association of 4E-BP1 with eIF-4E 
following the phosphorylation of 4E-BP1 and a 
subsequent increase in the association of eIF-4E with

eIF-4G, and suggest that the selective translation of c- 
myc mRNA results from the increased availability of 
eIF-4E for initiation complex formation which in turn 
leads to the relief of the translational repression 
imposed on the c-myc message by its structured 
5'UTR. Moreover, inhibition of the phosphorylation 
of 4E-BP1 by the signalling inhibitors rapamycin and 
wortmannin led to a significant reduction in c-myc 
protein levels. These data are consistent with current 
hypotheses on the role of the FRAP/TOR pathway in
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the selective translation of messages with secondary 
structure in their 5'UTRs or which contain polypyr
imidine tracts (for review see Brown and Schreiber,
1996). Indeed, the selective translation of a number of 
messages in both of these classes has been shown to be 
reduced in the presence of the specific inhibitor of 
FRAP/TOR, rapamycin (Jefferies et al., 1994; Nielson 
et al., 1995; Terada et al., 1994). Although it has been 
suggested that the translation of c-myc would be a 
potential target for regulation by FRAP/TOR, our 
data provide the first study on the signalling pathways 
involved in the translation of this proto-oncogene.

We observed no increase in either the phosphoryla
tion of eIF-4E, or the overall level of this protein 
present during the response, although it has been 
proposed that the translational repression of messages 
which contain a structured 5'UTR is relieved by 
overexpression of eIF-4E (Koromilas et al., 1991). 
Moreover, it has been shown for a number of other 
systems that increases in both the levels of expression 
and phosphorylation of eIF-4E positively correlate 
with translation (Mao et al., 1992; Morley et al., 1991; 
Rosenwald, 1995). However, it is likely that the 
translation of messages with highly structured 
5' UTRs is dependent on the helicase activity o f the 
eIF-4F complex, o f which eIF-4E is a component. Our 
data suggest that an increase in the phosphorylation of 
4E-BP1 causes a liberation of eIF-4E and therefore an 
increase in the formation of active eIF-4F complex as 
judged by the large increase in the level of eIF-4G 
associated with eIF-4E. It appears therefore that a 
number of mechanisms exist to increase the activity of 
the eIF-4F complex and that these can occur 
independently. This effect is similar to events which 
occur after adenovirus infection of 293 cells where 
protein synthesis rates are inhibited (Feigenblum and 
Schneider, 1996). Following infection eIF-4E was 
dephosphorylated, an event consistent with a reduc
tion in translation, but in addition the level of 
phosphorylation of 4E-BP1 increased and caused its 
dissociation from eIF-4E. The antagonistic nature of 
these two events suggests that since eIF-4E and 4E-BP1 
phosphorylation are regulated by different signalling 
pathways, it is possible for these proteins to act 
independently or in concert to affect translation rates 
and that they are not always both phosphorylated in 
response to the same stimulus (Feigenblum and 
Schneider, 1996). The 2 -3-fold increase in general 
protein synthesis observed here clearly shows that 
translation initiation is activated even without increases 
in the phosphorylation of eIF-4E.

Serum induction of c-myc has been well documented 
at the level of mRNA (Dean et al., 1986; Kelly et al., 
1983; Nepveu et al., 1987). However, the contribution 
of a translational response to the induction of c-myc 
protein levels on exposure of quiescent cells to 
mitogens has been very difficult to quantify, since c- 
myc protein is undetectable by even sensitive ELISA 
techniques after the withdrawal of growth factors and 
the onset of quiescence (Waters et al., 1991). The 
serum response we have observed occurs in EBV- 
immortalized LCLs in the exponential phase of growth 
and appears to result from disruption of cellular 
clusters formed by these cells during their growth and 
subsequent increased exposure of these cells to serum. 
As these cells are continuously cycling they express

slightly higher levels of the c-myc protein than cells in a 
resting state, and this level of expression is detectable 
by sensitive Western blotting techniques allowing a 
detailed examination of the contribution of transla
tional responses to the induction of c-myc protein 
expression. The detection of endogenous levels of c- 
myc in this cellular system has allowed us to assess the 
translational regulation of this oncoprotein in a 
situation which is more physiologically relevant than 
many model systems, since in cell lines which are 
overexpressing large amounts of this oncoprotein there 
are likely to be additional cellular changes due to this 
over-expression. In our system, the activation of 
FRAP/TOR and consequently the phoshorylation of 
p70 S6 kinase and 4E-BP1 is much slower than on 
insulin stimulation of various cell types (Price et al.,
1992) and serum stimulation of quiescent fibroblasts 
(Beretta et al., 1996) where increases in the phosphor
ylation of p70 S6 kinase and 4E-BP1 were observed 
within 10-15 min. It is likely that the timing of these 
phosphorylation events is directly related to the nature 
of the serum response we have described. On serum- 
stimulation of cells still in a state of more active 
growth, it is entirely feasible that the time scale of 
signalling responses to this stimulation would be slower 
than in cells which have been serum-starved and re
stimulated.

The serum-dependent c-myc induction may well be 
relevant to B-cell growth in vivo. The ability of B-cells 
to form homotypic interactions with neighbouring cells 
is dependent on the expression the LFA-1 and ICAM-1 
cell adhesion molecules on the surface of these cells. 
The expression of these surface proteins is induced on 
activation of B-cells in vivo, and is important for the 
efficient function of a number of immune processes, 
including T-cell mediated killing, B-lymphocyte re
sponses and adherence to other cells of the immune 
system (see Springer, 1990). It is possible therefore that 
disruption of cellular aggregates in vivo would increase 
the exposure of these cells to growth factors and induce 
a similar c-myc response to the one described here and 
thus provide a positive growth signal. Since infection of 
resting B-cells with EBV induces the expression of 
these adhesion molecules (Aman et al., 1986, Kintner 
and Sugden, 1981), mimicking the normal processes 
involved in B-cell activation, the virus may be 
introducing a mechanism whereby disruption of the 
resulting cellular aggregates formed can provide a 
serum responsive growth-promoting c-myc induction. 
It is therefore possible that this response occurs in the 
EBV positive immunoblastic B-cell lymphomas which 
develop in immunosuppressed individuals, since the 
cells in these tumours display an LCL-like phenotype 
(Young and Rowe, 1992), and may even contribute to 
the progression of the disease.

It is clear that the c-myc induction in EBV-positive 
B-cells described herein, is selective, mediated largely at 
the level of translation, and the result of the activation 
of a signalling pathway known to play a role in the 
directed translation of translationally repressed mes
sages. We have demonstrated recently that the c-myc 
5'UTR contains an internal ribosome entry segment 
(IRES) implying that this mRNA can also be 
translated in cap-independent manner (Stoneley et al., 
1998). It would be interesting therefore to direct future 
work towards examining the role of the c-myc IRES in
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translational responses and the effect that this region 
has on the induction of c-myc expression. In addition it 
will be important to assess the effect of the activation 
of the FRAP/TOR pathway on the expression of other 
growth-related, translationally repressed and IRES 
containing genes in these systems.

Materials and methods

Cell culture
The cell lines GM0892A, GM03201 and GM1953 were 
obtained from the Human Genetic Mutant Cell Reposi
tory, Camden, New Jersey, USA, and represent Epstein- 
Barr virus immortalized B-cell lines established from 
normal healthy donors. Cells were maintained in suspen
sion culture at 37°C and 5% C 0 2 in RPMI 1640 medium 
(GIBCO-BRL) and 15% foetal calf serum (Advanced 
Protein Products). Serum stimulation experiments were 
performed by pelleting cells by centrifugation at 1300 
r.p.m. for 5 min and resuspending them in fresh media 
containing the appropriate concentration of serum at 
5 x 105 ml. For treatment with signalling inhibitors, cells 
were pre-incubated in serum-free media containing 
rapamycin (20 n M ), wortmannin (200 n M ), or an 
equivalent dilution of solvent (DMSO) for 30 min before 
the addition o f serum. Cell viability was determined using 
trypan blue exclusion by adding an equal volume o f 0.4% 
trypan blue stain to a cell suspension in PBS. For 
measurement o f the rate of degradation of the c-myc 
protein cells were treated in culture with cycloheximide 
(50 Mg/ml) and protein levels determined by SD S-PA G E  
and Western blotting. All experiments were performed on 
at least three independent occasions.

Determination of protein synthesis rates
For determination o f protein synthesis rates in the 
presence of signalling inhibitors, cells were pelleted, 
resuspended at a concentration of 5 x 105/ml in serum- 
free media and then incubated for 30 min in the presence 
of inhibitor before the addition of serum to 15%. Cells 
were then divided into 4.5 ml aliquots in duplicate in 6- 
well dishes and 25 p d  o f [35S]-methionine (NEN) added to 
the first time point for 1 h. [3SS]-methionine was added to 
the remaining cells at 3 h and 7 h and labelling performed 
for 1 h. For protein synthesis determinations in the 
absence of inhibitors, cells were pelleted, resuspended in 
media containing 15% serum and experiments performed 
as described above. At the end of the labelling periods 
cells were pelleted, washed twice in PBS and then 
resuspended in a final volume of 1 ml of PBS. Cell 
suspensions were then spotted in triplicates of 20 pi on to 
a piece of 3MM filter paper (Whatman) divided into 
squares and the filter paper dried. Filters were washed for 
3 x  15 min in 5% TCA and then 1 x 15 min in methanol 
before drying and cutting into squares. Radioactivity was 
measured by scintillation counting.

FACS analysis
Propidium iodide staining was performed to determine the 
cell cycle distribution of cell populations. Cells (2 x 106 per 
time point) were washed once in PBS and then resuspended 
in 200 p\ PBS. Cells were fixed by the addition of 2 ml of 
ice-cold 70% ethanol, 30% PBS and incubated at 4°C for 
at least 30 min and usually overnight. The cells were then 
pelleted by centrifugation, resuspended in 800 pi PBS, and 
100 pi o f propidium iodide (400 /zg/ml) and 100 pi o f  
RNase A (1 mg/ml) added. Cells were then incubated at 
37°C for 30 min before fluorescence analysis.

SDS-PAGE and Western blotting
For analysis of c-myc, a-tubulin, eIF-4E, eIF-4G and elF- 
2a proteins, cell pellets were solubilized in electrophoresis 
buffer (50 m M  Tris-HCl pH 6.8, 4% SDS, 10% 2- 
mercaptoethanol, 1 m M  EDTA, 10% glycerol and 0.01% 
bromophenol blue) by sonication. Cell extracts (10® cells 
per lane) were then analysed by SDS-polyacrylamide gel 
electrophoresis on 7.5% or 10% 16 cm gels (BioRad) and 
proteins transferred to nitrocellulose (Schleicher and 
Schuell) by electroblotting in transfer buffer (0.2 M 
glycine, 20 m M  Tris, 20% (v/v) methanol) for 1.5 h at 
85 V. For analysis of the phosphorylation states of the 
4E-BP1 and p70 S6 kinase proteins, cell pellets were 
solubilized in extraction buffer (50 m M  Na ^-glyceropho
sphate pH 7.4, 0.5 m M  Na orthovanadate, 1 m M  EDTA, 1 
m M  EGTA, 1 m M  DTT, 1% Triton-XlOO and 10% 
glycerol) with 1 pM microcystin, 10% aprotinin, 0.1 m M  
PMSF, 1 /zg/ml leupeptin and 1 /zg/ml N-ct-p-Tosyl-/-lysine 
chloromethylketone (TLCK) added immediately before 
use. Cell extracts were centrifuged at 13 000 r.p.m. for 
5 min to pellet cell debris and 0 .5 -1  x 106 cell equivalents 
of extract mixed with an equal volume of 2 x electro
phoresis buffer, boiled and analysed by SDS-polyacryla
mide electrophoresis. p70 S6 kinase proteins were analysed 
using 7.5% gels and transferred as described above. For 
analysis of 4E-BP1, samples were resolved on 15% gels, 
transferred for 2 h on to PVDF membrane (Gelman 
Sciences) and the membrane fixed in 0.05% glutaralde- 
hyde in Tris-buffered saline containing 0.1% Tween-20 
(TBS-T) for 30 min. Equal loading of protein was 
determined on all blots by staining with Ponceau S. 
Blots were blocked by incubation in 5% skimmed milk in 
TBST for 1 -  2 h and then probed with the relevant 
antibodies for 1 h at room temperature, c-myc protein was 
detected using the mouse monoclonal antibody 9E10 
(generated by Dr T Harrison) at 1:400 dilution and a- 
tubulin proteins were detected using a mouse monoclonal 
antibody (Sigma) at 1:10 000. Rabbit polyclonal anti
bodies used to detect eIF-4E, eIF-2a, p70 S6 kinase, 4E- 
BP1, and eIF-4G were provided by Dr S Morley (4E and 
4G), Dr N Redpath (p70 S6 kinase), Prof R Denton (4E- 
BP1), and Prof C Proud (eIF-2a) respectively, and were 
used at dilutions of 1 :7000, 1 :2000, 1:1000, and 1 :2000 
and 1:2000, respectively. Blots were then incubated with 
peroxidase-conjugated secondary antibodies raised against 
mouse or rabbit immunoglobulins and developed using the 
chemiluminescence reagent ‘Illumin 8’ (generated by Dr M 
Murray, Dept, o f Genetics, Leicester University).

Isoelectric focusing
To determine the phosphorylation state of eIF-4E, non- 
phosphorylated and phosphorylated forms o f the protein 
were separated using one-dimensional isoelectric focusing. 
Cell pellets were lysed in extraction buffer at a concentra
tion of 2 x l 0 7 cells/ml and prepared as for analysis by 
Western blotting. 20 pi of sample was mixed with the 
appropriate volume of 7 x isoelectric focusing sample buffer 
and urea added to a final concentration of 9M. Isoelectric 
focusing was performed essentially as described (Redpath,
1992), using a Biorad minigel apparatus with ampholytes 
in the pH range 3 -1 0  (BioRad), and 0.01 M glutamic acid 
and 0.05 M histidine at the anode and cathode, respec
tively. Focused gels were then Western blotted for 30 min 
and probed for eIF-4E as described above.

m7 GTP Sepharose affinity chromatography
eIF-4E containing protein complexes were isolated using 
an adaptation of a method previously described (Morley 
and Pain, 1995a). Cells (1 x 107 per time point) were 
pelleted by centrifugation, washed twice in PBS and then
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resuspended in homogenization buffer (50 m M  MOPS- 
KOH, pH 7.2, 50 m M  NaCl, 50 m M  NaF, 50 m M  Na /J- 
glycerophosphate, 5 mM  EDTA, 5 m M  EGTA, 14 m M  2- 
mercaptoethanol) containing freshly added 100 pM GTP, 
2 mM  benzamidine, 0.1 m M  PMSF, 1 jim  microcystin and 
1 fig/ml leupeptin and TLCK. NP40 was then added to 
0.5% and the cells lysed by vortexing. Cell debris was 
removed by centrifugation at 13000 r.p.m. for 5 min and 
the lysate loaded onto a 250 pi m7GTP Sepharose 
(Pharmacia) column equilibrated in buffer minus deter
gent. Following one wash of the column with 500 pi of 
buffer, bound complexes were eluted in 500 /d buffer 
containing 0.2 m M  m7GTP (Sigma). Proteins were then 
precipitated by the addition of 500 pi of 7% trichlor
oacetic acid in the presence of cytochrome c (10 /ig/ml) 
on ice. Precipitates were pelleted by centrifugation at 
13 000 r.p.m. for 10 min, washed three times in acetone, 
and dried. Samples were solubilized in electrophoresis 
buffer and analysed for eIF-4E, eIF4-G and 4E-BP1 
content by SDS-PAG E and Western blotting as 
described above

Northern blot analysis
Total cellular RNA was prepared and analysed by 
Northern blotting exactly as described previously (West 
et al., 1995). DNA probes used for the detection of c-myc 
and GAPDH mRNA species were also as described (West 
et al., 1995). In addition, a plasmid containing the a- 
tubulin cDNA (Villasante et al., 1986) was kindly provided 
by P Walden via Prof K Gull (University of Manchester), 
and an 839 and 738 bp region of the cDNA were isolated 
and used to detect the a-tubulin message.
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