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Abstract 

Signaling pathways converge on the translation machinery and influence protein 

synthesis globally or specifically on certain classes of transcripts. The 

experiments described in this thesis focus on regulation of translation initiation 

through the cap-binding protein eIF4E.  

Aberrant regulation of eIF4E has important roles in several pathologies and, most 

notably, in tumorigenesis.  Nevertheless, the understanding of the molecular con-

sequences of changes in eIF4E activity remains incomplete. We employ a cell-

free system to demonstrate that eIF4E function is required for efficient cap-

dependent translation but inhibitory for translation of both cellular and viral RNAs 

relying on cap-independent mechanisms. Furthermore, we show that 

phosphorylation of eIF4E favors cap-independent translation in vitro.  

To test if our findings in the cell-free system are representative of an in vivo 

system, we also analyzed growth of an oncolytic poliovirus, relying purely on cap-

independent translation, in the context of varying activity of signaling pathways. 

Data obtained from this virus helps to confirm that phosphorylation of eIF4E does 

indeed result in increased cap-independent translation. Additionally, these 

experiments provide important information for the clinical application of this 

oncolytic poliovirus, as they help to explain virus specificity and might allow for 

rational patient selection, based on activity of signaling pathways. 
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1. Introduction 

1.1 Translation 

Translation describes the process of converting genetic information from 

messenger RNAs (mRNAs) into functional molecules in the form of proteins. 

After messenger mRNA synthesis in the nucleus (transcription) and export to the 

cytosol through specialized channels, proteins are synthesized from mRNA 

templates by high molecular weight complexes called ribosomes (Lackner and 

Bahler 2008). Ribosomes, which are composed of proteins and non-coding 

RNAs, catalyze all eukaryotic protein synthesis from mRNA templates (Varani 

1997) (Figure 1.1).  

 

Translation is functionally divided into three distinct steps: initiation, elongation 

and termination (Figure 1.1) (Merrick 1992). Initiation describes the recruitment of 

ribosomal subunits to the mRNA. This is followed by elongation, during which 

amino acids are added to the nascent peptide. Finally, in the termination step, 

the ribosomal subunits dissociate and protein and mRNA are released. These 

processes involve a seemingly static, ubiquitous set of protein factors (Merrick 

1992). In the past, this fact has contributed to a widespread but erroneous 

neglect of the impact of gene regulation at the level of translation control on 

physiology or pathology (Moore 2005). It has now been firmly established that in 

eukaryotes, translation is a tightly controlled process with enormous 

consequences for cell or organ function. This regulation is most forcefully 
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exercised at the step of translation initiation, as even partial synthesis of non-

functional or unwanted proteins constitutes a waste of energy at best and could 

produce harmful products at worst (Sonenberg and Hinnebusch 2009).  Also, 

translation initiation competes with cellular processes designed to degrade 

mRNAs, such as de-adenylation-mediated mRNA decay (Bernstein et al. 1989) 

or mechanisms of post-transcriptional gene regulation associated with targeted 

mRNA degradation, like miRNA-mediated mRNA decay (Eulalio et al. 2007). 

Thus the decision to degrade or translate an mRNA is predominately made at the 

stage of translation initiation.  For these reasons, my work focuses on the tightly 

controlled event of translation initiation and the subsequently described studies 

are designed to enhance our understanding of this crucial step. 
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Fig 1.1 Life-cycle of mRNAs:  
mRNAs are synthesized in the nucleus from DNA, exported to the cytosol and translated 
or degraded. Bold labels describe compartments, cursive- processes, and plain labels- 
cellular components 
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 1.2 Translation initiation mediators  

Translation initiation encompasses the binding of ribosomes to mRNA. Efficient 

ribosomal recruitment to eukaryotic mRNAs relies on cis-acting elements within 

the mRNA sequence (Muthukrishnan et al. 1975), and trans-acting proteins, 

called eukaryotic initiation factors (eIFs) (Miller et al. 1968), (Prichard et al. 

1970), (Weissbach and Ochoa 1976),  (Gingras et al. 1999b).   

 

1.2.1 Cis-acting mRNA elements 

 

1.2.1.1 7-Methyl-guanosine cap 

All eukaryotic mRNAs are appended at their 5’ end with a 7-methyl-gunosine 

(m7G)-pppX structure, with X signifying the first nucleotide of the mRNA chain 

(Perry and Kelley 1975) (Fig 1.2A). This guanidine moiety is connected to the 

first base via an unusual pyrophosphate linkage (Cory et al. 1976) and is 

methylated by a direct methyl-transferase reaction, following attachment to the 

mRNA in the nucleus (Wei and Moss 1977). The cap-structure has been shown 

to significantly enhance translation from reporter constructs in vitro and is thus 

considered a pivotal cis-acting element for the majority of eukaryotic mRNAs 

(Both et al. 1975). Apart from being crucial for translation initiation, in vivo, the 

cap also facilitates nuclear export and protects from cytosolic degradation 

pathways  (Varani 1997). 
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1.2.1.2 Untranslated regions  

The coding region of eukaryotic mRNAs is flanked by untranslated regions (UTR) 

on the 5’ and the 3’ termini (Fig 1.2 A). These UTRs may contain primary 

sequence motifs or structural elements that influence translation efficiency and/or 

stability of the transcript. Of particular interest for my thesis work are UTR 

elements located in the 5’ UTR of mRNAs involved in translation initiation. As we 

will discuss in detail in chapter 1.3.3.1, information embedded in the structure 

and sequence of 5’UTRs may determine a preference for distinct translation 

(Caponigro and Parker 1995) mechanisms for certain eukaryotic mRNAs.  

  

All eukaryotic mRNAs, except histone mRNAs (Adesnik et al. 1972), carry poly-

adenosine [poly(A)] tails (Fig 1.2 A), which are co-transcriptionally added to the 

nascent mRNA. Poly(A) is a key determinant of transcript stability and enhances 

translation of mRNAs. The poly(A) tail is recognized by the poly(A) binding-

protein (PABP) (Ullrich et al. 1988) and PABP bound to poly(A) on mRNAs acts 

in synergy with the cap structure to increase translation (see chapter 1.2.2.1) 

(Kahvejian et al. 2005), (Sachs 1990). 

 

1.2.2 Trans-acting factors 

At least 12 protein factors have been identified that assist in recruiting ribosomes 

to mRNAs (Merrick 1992). At the core of this process is a tri-partite complex, 

termed eIF4F. eIF4F serves as the central connection between cis-acting 
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features of mRNAs and ribosomes and, therefore, co-determines translation 

rates of specific mRNAs. The discovery of eIF4F was aided by empirical 

observations in cell extracts from poliovirus-infected cells. Poliovirus infection 

causes a shut-down of m7G-cap-dependent host protein synthesis due to 

proteolytic degradation of initiation factors (Ehrenfeld and Lund 1977). Addition of 

the eIF4F complex, purified with oxidized m7G caps (Sonenberg et al. 1978), 

rescued cap-dependent translation in these extracts (Helentjaris and Ehrenfeld 

1978). The individual subunits of eIF4F were subsequently purified and termed 

eIF4G, eIF4E and eIF4A (Grifo et al. 1983).  

 

1.2.2.1 eIF4G    

eIF4G, a highly modular protein, provides the binding sites for multiple partners 

and thus coordinates the assembly of the translation machinery on the 5’UTR of 

mRNAs (Prevot et al. 2003). The most import binding partners of eIF4G, as far 

as translation initiation is concerned, are the partner components of eIF4F, eIF4E 

and eIF4A; as well as the 40S ribosomal subunit binding protein complex eIF3, 

PABP and RNA itself.   

 

eIF4G was initially purified as a large 220kDa component of the cap-binding 

complex (Tahara et al. 1981). Mammalian cells express two functionally similar 

eIF4G isoforms, called eIF4G 1 and 2. They are 46% identical at the amino acid 

level, and display the highest degree of similarity through amino acids 682-1600. 
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Functional homologs have been identified in a wide range of eukaryotic 

organisms including yeast (Goyer et al. 1993), wheat (Browning et al. 1987) and 

Drosophila (Zapata et al. 1994). Knock-out of both eIF4G isoforms in 

Saccharomyces cerevisiae, TIF4631 and TIF4632, has been shown to be lethal 

while single knock-out of TIF4631 produces a slow growth phenotype (Goyer et 

al. 1993).  

 

Early clues about eIF4G’s function were first obtained by identifying it as the 

target of the poliovirus protease [later identified as 2Apro (Toyoda et al. 1986)], 

responsible for shut-off of host protein synthesis (Etchison et al. 1982).  eIF4G 

can be roughly divided into three parts: N-terminal (1-680), middle (681-1100) 

and C-terminal (1100-1600) regions and cleavage by poliovirus 2Apro separates 

the N-Terminal fragment from the remainder of eIF4G (Lamphear et al. 1993) 

(Fig 1.2 B). The crystal structure of these individual fragments has been solved 

and provides important hints about their possible function.   

 

The N-terminus of eIF4G consists of five α-helices forming a helical ring 

structure, available for protein interaction (Gross et al. 2003). The eIF4E binding 

site was originally mapped to the N-terminus of eIF4G with the help of viral 

proteases (Lamphear et al. 1995).  More sophisticated binding and deletion 

mutant studies identified the highly conserved amino acid sequence YDREFLL at 

position 572-578 in the fourth α-helix as the exact eIF4E binding site (Mader et 
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al. 1995). However all five N-terminal helices have been proposed to facilitate 

eIF4E binding by forming a right-handed helical ring, wrapping around the N-

terminus of eIF4E (Gross et al. 2003). eIF4G also binds to PABP through an N-

terminal site. This site spans amino acids 172-200 (Imataka et al. 1998) and 

PABP binding is facilitated by a poorly conserved basic stretch of amino acids 

(Tarun and Sachs 1996). As eIF4G is anchored to the 5’UTR of mRNA via eIF4E 

interaction, simultaneous association with PABP on the 3’poly(A)-tail may create 

a closed-loop mRNA ribonucleoprotein (RNP) complex (Sachs 1990), which has 

been proposed to enhance translation efficiency and  (Kahvejian et al. 2001). 

 

Five Huntingtin, Elongation 3, A subunit of protein phosphatase 2A, Target of 

rapamycin (HEAT) repeats have been identified in the middle fragment of eIF4G 

(Marcotrigiano et al. 2001). HEAT repeats, created through stacking of anti-

parallel α-helices, are characteristic for proteins involved in the assembly of large 

multi-protein complexes. Therefore the structure of eIF4G’s middle part is ideally 

suited to form the core of the translation initiation machinery organizing 

sequential recruitment of various binding partners. eIF4G binds to eIF4A at a not 

fully defined region in its the middle-part. No agreement exists over its exact 

binding site with various amino acids suggested to be involved in the region 

between 650-1000 (Morino et al. 2000), (Korneeva et al. 2001), (Li et al. 2001). 

The binding site for eIF3, a large protein complex consisting of multiple subunits, 

weighing roughly 600kDa (Grosfeld and Ochoa 1980), and serving as the 
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connection between 40S ribosomal subunits and eIF4F, has also been mapped 

eIF4G’s the middle region. Its precise location involves amino acids 975-1065, 

placing it in direct proximity to the eIF4A binding site. Indeed, binding of eIF3 to 

eIF4G is enhanced by parallel interaction of eIF4G with eIF4A 2001 (Korneeva et 

al. 2001). eIF4G also interacts with RNAs through a domain in its middle region. 

This RNA interaction is complex and not fully understood. Mammalian eIF4G1 

can bind to a structural element of the encephalomyocarditis virus (EMCV) RNA 

at a defined binding site in its middle region confined to position 746-949 

(Lomakin et al. 2000). RNA-recognition motif (RRM)-like domains have been 

proposed for the yeast TIF4631 and TIF4632 proteins. Since these domains 

reside in the corresponding RNA-binding region of eukaryotic eIF4G, the 

possibility was raised that eIF4G functions as a classic RNA binding protein 

(Goyer et al. 1993). Yet, mutations in the putative mammalian RRMs had 

confounding effects on RNA binding. Indeed, the available empirical evidence 

suggests that the RNA-binding region of eIF4G does not contain a classic RRM, 

suggesting a unique RNA-protein interaction mechanism. Furthermore, eIF4G 

binding to RNAs appears to be selectively enhanced by eIF4A, which increased 

affinity of eIF4G for the EMCV RNA but not for the mRNA of β-globin  (Lomakin 

et al. 2000). The RNA-binding capability of eIF4G has been proposed to stabilize 

the binding of the eIF4F complex to mRNAs (Yanagiya et al. 2009).  
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Three atypical HEAT domains are located in eIF4G’s C-terminus (Bellsolell et al. 

2006). A second eIF4A binding site has been identified in this region (Lamphear 

et al. 1995) and its location has been mapped to amino acids 1201–1411 (Morino 

et al. 2000). Controversy still remains regarding the exact binding ratio of eIF4G 

to eIF4A. Separate studies have reported eIF4G simultaneously interacting with 

two eIF4A molecules, (Korneeva et al. 2001), or binding of both eIF4A 

recognition sites concomitantly to one eIF4A moiety (Li et al. 2001).    

 

Two additional members of the ‘eIF4G-superfamily’ of proteins, with sequence 

homology through the eIF3 and eIF4A binding sites, are expressed in 

mammalian cells. PABP interacting protein-1 (Paip-1) and death- associated 

protein-5 (Dap-5) (Prevot et al. 2003). Paip-1 stimulates translation initiation by 

interacting with eIF3 and stabilizing eIF4G-PABP interactions (Martineau et al. 

2008). Conversely, Dap-5 has been shown to be inhibitory for cap-dependent 

translation initiation, most likely by sequestering eIF4G in inactive complexes, 

which do not contain eIF4E (Imataka et al. 1997). 

 

1.2.2.2 eIF4E 

eIF4E was identified as the 24kDa component of the cap-binding protein 

complex, crosslinking specifically with the m7G structure (Sonenberg et al. 

1978). Furthermore, chromatography experiments containing m7G-matrix 

revealed that eIF4E is the subunit responsible for direct cap-binding (Sonenberg 
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et al. 1979). Supporting the biochemical evidence for direct binding of eIF4E to 

the m7G-cap comes from functional studies, finding that depletion of eIF4E from 

cellular extracts dramatically reduces cap-dependent translation. These 

experiments strongly support a model under which eIF4E recruits the eIF4F 

complex to the m7G cap. Accordingly, x-ray crystallography analysis of eIF4E 

revealed a structure perfectly appropriate for this task (Marcotrigiano et al. 1997).  

eIF4E is often likened to a baseball catcher’s glove, displaying a ventral cupped 

binding pocket, consisting of eight anti-parallel β-sheets and  a dorsal side, 

available for protein-protein interaction, composed of three α-helices 

(Marcotrigiano et al. 1997). 

 

Interestingly, while eIF4E is highly conserved both in structure and sequence 

across eukaryotes (Marcotrigiano et al. 1997), no human paralogs have been 

identified. Considering the centrality of eIF4E in protein synthesis from capped 

mRNA templates, a lack of redundancy is quite striking. By comparison, the 

genome of Drosophila melanogaster contains seven eIF4E genes and expresses 

eight eIF4E isoforms (Hernandez et al. 2005) and Caenorabditis elegans express 

three distinct eIF4E-like proteins which bind, with varying affinity, to differentially 

methylated cap-structures (Jankowska-Anyszka et al. 1998).  It is possible that 

the complexity of cis-acting mRNAs elements, e.g. variable 5’ UTR structure, 

compensates for a lack of redundant eIF4E isoforms in mammals.  
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eIF4E interacts with various partners through well-defined binding sites. The 

binding site for eIF4G, in eIF4E, has been identified in its dorsal region and more 

specifically to residue W73. A W73A mutant displays practically non-existent 

eIF4G affinity suggesting that this residue is necessary and sufficient to allow 

incorporation of eIF4E into eIF4F complexes (Marcotrigiano et al. 1997).  Not 

surprisingly, taking into consideration the importance of the eIF4F complex, 

eIF4E:eIF4G binding is regulated. This regulation is most prominently enforced 

by a group of small binding proteins called eIF4E-binding proteins (eIF4E-BPs). 

Three isoforms of eIF4E-BPs have been identified (Poulin et al. 1998). The 

eIF4E-BP-isoforms display the greatest sequence homology in their middle 

region (74%) which has been shown to be required for eIF4E interaction. This 

region contains the YXXXXXL sequence identified in eIF4G as responsible for 

eIF4E interaction. eIF4E-BPs thus compete with eIF4G for eIF4E binding and 

disrupt formation of the eIF4F complex (Mader et al. 1995) and consequentially 

inhibit cap-dependent translation (Pause et al. 1994). Binding of the eIF4E-BPs 

to eIF4E is controlled by signaling via the mammalian target of rapamycin 

(mTOR), leading to phosphorylation of the eIF4E-BPs (Gingras et al. 1999a), 

which will be discussed below.  

 

Binding of the m7G-cap to eIF4E occurs at the cupped ventral side of eIF4E. 

Structural analysis of eIF4E-cap crystals identified an aromatic stack of two 

Tryptophans (56 and 102) responsible for interaction with the aromatic guanosine 
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in the m7G element (Fig 1.3 C) (Marcotrigiano et al. 1997). A W56A mutant 

displays no affinity for eIF4E and cannot be purified on an m7G matrix. The cap-

interaction is strongly enhanced by additional amino acids, which serve a 

coordinating function (E103, W166, and R112, R157 and R162).  Interestingly, 

interaction of eIF4E with eIF4G appears to dramatically enhance its cap-affinity 

(Ray et al. 1983). In fact, cross-linking of eIF4E to the m7G cap alone is very 

inefficient, especially at low concentrations of the protein. This has been 

attributed to a conformational change in eIF4E following eIF4G binding, which 

reduces the dissociation constant (KD) of eIF4E for the cap (Hershey et al. 1999). 

As we will discuss in detail below, binding of eIF4E to the cap has recently been 

shown to be regulated by direct phosphorylation of eIF4E (Scheper et al. 2002).  
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Fig 1.2 Schematic structures of mRNA, eIF4G and eIF4E. 

(A) mRNAs carry a 7-methyl-guanosin structure on their 5’UTR. Structural and 
sequential elements in the 5’ and 3’ UTR determine the translation efficiency. (B) Binding 
sites in eIF4G are marked with orange boxes, phosphorylation sites with pink boxes and 
protease sites with red boxes. Boxes are approximately drawn to scale. (C) Binding and 
phosphorylation sites ineIF4E 
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1.2.2.3 eIF4A 

eIF4A is the 46kDA founding member of the Aspartate-Glutamine-Alanine-

Aspartate (DEAD)-box family. As such, it possesses NTPase activity catalyzing 

the hydrolysis of ATP to ADP and is involved in RNA processing. The energy 

produced by ATP hydrolysis is employed by eIF4A to unwind RNA structure, 

classifying eIF4A as a bidirectional RNA helicase and making eIF4A the only 

member of eIF4F displaying catalytic activity (Parsyan et al. 2011).  

 

eIF4A binds to eIF4G through its C-terminal recombinase A-like domain adjacent 

to the RNA- and ATP-interacting regions. eIF4G binding to eIF4A increases its 

RNA processivity by forming a soft clamp to stabilize the closed interdomain 

orientation of eIF4A (Oberer et al. 2005). eIF4A activity is regulated through 

binding to the tumor suppressor programmed-cell-death 4-protein (PDCD4) 

(Yang et al. 2001). PDCD4 binds to eIF4A and inhibits its helicase activity and 

eIF4G-eIF4A interaction, disturbing the formation of the eIF4F complex. This has 

been reported to inhibit both cap- as well as IRES-dependent translation (Yang et 

al. 2001).  

 

eIF4A helicase activity is assisted by eIF4B, a 69kDa protein that binds to eIF4A 

and enhances its ability to unwind longer and more structured 5’UTRs (Rogers et 

al. 2001). 

 



 

16 

1.3 Translation initiation mechanisms 

 

1.3.1 The cap-dependent, scanning mechanism of tran slation 
initiation 

Considering the structures and functions of the cis-acting RNA elements and the 

components of eIF4F (described above) a model for cap-dependent translation 

initiation emerges. In this model, the eIF4F complex is anchored at capped 

mRNAs through the interaction of eIF4E with the m7G cap structure, assisted by 

RNA binding sites in eIF4G (Grifo et al. 1983), (Yanagiya et al. 2009). eIF4G also 

attracts eIF4A and through interaction with eIF3, the 40S ribosomal subunit to the 

5’UTR of mRNAs (Morino et al. 2000), (Korneeva et al. 2001) (Fig 1.3). This 

results in an unstable recruitment of the 43S pre-initation complex, containing the 

ternary complex [eIF2-GTP and the initiator t-RNA (Met-tRNAi)] and the 40S 

ribosomal subunit (Pestova et al. 1998), to the 5’ end of capped mRNAs. 

Contingent upon additional initiation factors (eIF1 and 1A), and using a poorly 

defined mechanism, this complex scans along the 5’ UTR of mRNAs utilizing the 

helicase activity of eIF4A, until the start codon in the correct context is identified 

(Kozak 1989).  A stable 48S complex is formed at this site (Pestova et al. 1998). 

The 48S complex is primed for joining of the 60S ribosomal subunit, and 

formation of the functional 80S ribosome with the Met-tRNAi in the ribosomal P 

site. Successful formation of the 80S complex allows commencement of 

elongation and protein synthesis until a stop codon is encountered.  
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1.3.1.1 5’UTR elements determine the efficiency of cap-dependent 
translation 

The above described mechanism, often called the canonical mechanism of 

translation initiation, is available for all cellular mRNAs (Merrick 1992). However 

cis-acting elements in the UTRs of mRNAs (see above) determine its relative 

efficiency. In particular four elements located in the 5’UTR affect ribosome 

recruitment. These are (a) the primary sequence or context surrounding the AUG 

codon; (b) the position of the AUG codon, i.e., whether it is the first AUG in the 

message; (c) leader length; and (d) secondary structure both upstream and 

downstream from the AUG codon (Kozak 1991).   Efficiently translating mRNAs 

possess short 50-100 nucleotide (nt) 5’UTRs that contain a single AUG codon in 

near perfect consensus sequence (GCC/CCAUGG). Conversely, mRNAs that 

contain long and structured 5’UTRs, with multiple start codons, and the utilized 

start codon often in poor context, are referred to as ‘translationally encumbered’ 

(Kozak 1991).  Because mRNAs that contain these ‘challenging’ 5’ UTRs often 

encode key growth factors, transcription factors or other regulatory proteins with 

profound biological implications, it has been suggested that they might be 

deliberately designed to translate poorly (Kozak 1991). Most importantly, some 

eukaryotic mRNAs of the translationally encumbered group contain elements in 

their 5’UTR that provide an intriguing alternative to the scanning mechanism of 

translation initiation. 
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1.3.2 IRES dependent mechanism of translation initi ation 

A cap-independent mechanism of translation initiation was first defined for the 

naturally uncapped +strand RNA genome of poliovirus (Pelletier and Sonenberg 

1988). Poliovirus infection results in proteolytic degradation of eIF4G, separating 

the eIF4E-binding motif from the eIF3 binding site (Lamphear et al. 1995), which 

contributes to shut-off of host cell cap-dependent translation (Etchison et al. 

1982). However poliovirus RNA translation is stimulated under these conditions, 

indicating that it is conducted under a mechanism that does not require intact 

eIF4F, eIF4E or the m7G-cap. eIF4E-, cap-independent translation initiation at 

poliovirus RNAs has been mapped to an approximately 400nt long, highly 

structured element in the viral 5’UTR which was subsequently termed internal 

ribosome entry site (IRES) (Pelletier and Sonenberg 1988). Toeprinting 

experiments have recently revealed that for group 1 IRESes, like poliovirus, 

translation relies on direct recruitment of eIF4G, or a C-terminal eIF4G fragment 

generated by 2Apro cleavage, to a defined region within the IRES, thus bypassing 

the need for the m7G-cap, eIF4E or eIF4E:eIF4G binding for 40S ribosomal 

subunit recruitment (Fig 1.2 B) (de Breyne et al. 2009). This may also suggest 

that poliovirus translation templates compete with host cell mRNAs for eIF4G, 

which might explain why host-protein shut off stimulates the translation of viral 

polypeptides. This translation mechanism is similar to the one described for 

group 2 IRESes, represented by EMCV, which binds to eIF4G as described 

above (1.2.2.1), (Lomakin et al. 2000). Indeed, a similar RNA biding site in eIF4G 
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appears to be responsible for protein:IRES interaction in both cases (de Breyne 

et al. 2009).  

 

Interestingly, eIF4E-independent mechanisms of translation are not restricted to 

viral RNAs as certain cellular mRNAs remain associated with polysomes, and 

thus translationally active, after poliovirus infection and eIF4G cleavage 

(Johannes and Sarnow 1998). These cellular mRNAs also contain structural 

elements in their 5’UTRs that are capable of recruiting translation factors 

independent of the m7G-cap or eIF4E (Kaiser et al. 2008), (Hundsdoerfer et al. 

2005). Strikingly all mRNAs identified to contain IRES elements encode proteins 

with decisive and biologically consequential functions, such as the c-Myc 

oncogene (Nanbru et al. 1997), the vascular endothelial growth factor (VEGF) 

(Stein et al. 1998) and ornithine-decarboxylase (ODC) (Pyronnet 2000). 

 

This raises the question why two separate ways of ribosomal recruitment have 

evolved for eukaryotic mRNAs. The simplest explanation is that m7G-cap-, 

eIF4E-independent translation may permit ongoing protein synthesis under 

conditions where the scanning mode of initiation is physiologically obstructed. 

This is the case for mitosis, (Pyronnet et al. 2000) cell-stress  (Holcik et al. 1999), 

or apoptosis (Bushell et al. 2006), where IRES-mediated translation is key to a 

carefully orchestrated program of post-transcriptional gene regulation. 
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The exact mechanism of translation initiation remains to be established for 

cellular IRESes. However, several observations support the assumption that 

direct recruitment of eIF4G, in analogy to group 1and 2 viral IRESes, facilitates 

protein synthesis from cellular mRNAs containing IRES elements as well. First 

IRES containing mRNAs of c-Myc and Bip remain associated with polysomes 

after eIF4G cleavage during Poliovirus infection (Johannes and Sarnow 1998). 

Second, just as with the EMCV IRES, the middle domain of eIF4G, containing 

the eIF3, eIF4A and mRNA interaction sites, is sufficient for translation of the c-

Myc-IRES in vitro (Hundsdoerfer et al. 2005), (Kaiser et al. 2008).  Third, gel-shift 

analyses with C-terminal eIF4G fragments suggested direct interactions of eIF4G 

with the 5’UTRs of both c-Myc and VEGF (Kaiser et al. 2008).Fourth, ectopic 

expression of a C-terminal eIF4G fragment stimulates translation from reporters 

relying on the c-Myc- and the VEGF-IRES in vivo (Kaiser et al. 2008). 
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Fig 1.3 Translation initiation mechanisms.  
(A) eIF4E binds to eIF4G and the m7G cap. eIF4G attracts the 40S ribosomal subunit 
through binding to eIF3 and circularizes the RNA by binding to PABP. It also attracts 
eIF4A which facilitates RNA structure unwinding (B) Direct recruitment of eIF4G and 
associated ribosomal subunits to an IRES element.   
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1.4 Regulation of translation initiation 

Translation of mRNAs is by no means a static process, but rather, receives input 

from several sources, constantly adjusting to cellular demand for specific proteins 

(Sonenberg and Hinnebusch 2009). This regulation is rapid and direct as pre-

existing mRNAs can be quickly translated into new proteins, or ongoing protein 

synthesis can be shut down exigently. eIF4F is at the center of this regulation 

and several mechanisms have been described to adjust the activity of the 

subunits of this complex. This is utilized in physiologic situations under which 

canonical cap-dependent translation initiation is impeded, favoring mRNAs 

relying on cap-independent means of recruiting ribosomes.    

  

1.4.1 Translation during mitosis  

Studies in Chinese hamster ovary (CHO) cells arrested in metaphase 

demonstrated a reduction in global protein synthesis by about 30% (Fan and 

Penman 1970). This reduction was, in part, attributed to a defect in translation as 

a reduced formation of polysomes was observed in mitotic cells. Importantly, low 

concentrations of the elongation inhibitor cycloheximide restored polysomes, 

suggesting that reduced translation rates are the consequence of a defect in 

translation initiation (Fan and Penman 1970). Subsequent studies in HeLa cells 

pinpointed the reduction of translation rates to events subsequent to formation of 

the 43S complex (Tarnowka and Baglioni 1979), implying that anchoring of the 

43S complex to mRNAs could be responsible for lower levels of translation 
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during mitosis. This was corroborated by experiments, demonstrating that 

reduced translation levels in extracts from mitotic cells could be rescued by 

addition of purified cap-binding-complexes (eIF4F + eIF4B). Interestingly, cells 

arrested in metaphases displayed no defect in translation of Poliovirus RNA 

(Bonneau and Sonenberg 1987), indicating that reductions in protein synthesis 

are restricted to mRNAs relying on a cap-dependent method of translation 

initiation.  

 

The physiological importance of the preferential translation of IRES dependent 

mRNAs during mitosis was later demonstrated by studying the regulation of 

translation of the ODC mRNA (Pyronnet et al. 2000).  ODC is a critical enzyme 

for polyamine biosynthesis and displays two clearly defined peaks of expression 

during the cell-cycle, one during G1/S- and the other during G2/M transition 

(Fredlund et al. 1995). This temporarily regulated expression of ODC has been 

shown to be primarily controlled at the level of translation (Shantz and Pegg 

1999), (Pyronnet et al. 2000). Considering the down-regulation of protein 

synthesis during mitosis (Fan and Penman 1970), the second peak of ODC 

expression is inversely correlated to cellular translation rates. Therefore, ODC 

mRNA, like Poliovirus mRNA, is able to recruit ribosomes in an environment 

(G2/M transition point) under which cap-dependent translation is inhibited. 

Indeed, the up-regulation of ODC levels at the G2/M point is insensitive to 

inhibition by eIF4E-BPs and translation of a reporter mRNA relying on the ODC 
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5’UTR was enhanced after 2Apro mediated eIF4G degradation. These 

experiments confirm that mitotic translation of ODC occurs in an eIF4E-, m7G-

cap independent mechanism (Pyronnet et al. 2000). 

 

Analyzing the structure of the ODC 5’UTR is informative in this context. ODC 

contains two distinct elements, a highly structured hairpin (nts 1-150) followed by 

a moderately structured stretch of nts surrounding the start codon (nts 151-303). 

Nts 1-150 have been shown to dramatically repress cap-dependent translation of 

the ODC mRNA as scanning through nts 1-150 is highly inefficient. Conversely, 

nts 151-303 mildly stimulate cap-independent translation of the ODC mRNA. This 

helps to explain how ODC expression is inhibited when the predominant 

mechanism of translation is cap-dependent, but stimulated when internal 

ribosomal recruitment to nts 151-303, circumventing scanning through the stable 

hairpin, is favored (Pyronnet et al. 2000). 

 

Interestingly, translation of many IRESes appears to be specifically up-regulated 

in situations that are associated with inhibited cellular translation rates, e.g. 

VEGF during hypoxia (Stein et al. 1998), XIAP during cell-stress (Holcik et al. 

1999) and c-myc during apoptosis (Stoneley et al. 1998). Thus the mechanism 

described for ODC might be applicable for all eukaryotic mRNAs capable of cap-

independent translation initiation.     
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The mechanism of the switch from cap-dependent to cap-independent translation 

initiation during mitosis has been attributed to various factors. 

Hyperphosphorylation of mTORC1 (see chapter 1.4) has been detected during 

mitosis and reportedly allows cap-independent translation to persist during 

inhibited cap-dependent translation (Ramirez-Valle et al. 2010). Additionally, 

reduced cap-dependent translation appears to rely on the tumor suppressor 14-

3-3σ. Expression of the p53 responsive 14-3-3σ protein is specifically up-

regulated during and immediately after mitosis. It interacts with a variety of 

initiation factors, including eIF4B and eIF2. Forced expression of 14-3-3σ has 

been shown to be sufficient to cause preferential IRES translation of p58 

PITSLRE and its knock-down resulted in aberrant mitotic products, i.e. fused 

cells (Wilker et al. 2007).  Also, changes in RNA affinity of IRES-trans-acting 

factors (ITAFs) during mitosis has been proposed to upregulate IRES activity at 

the G2/M transition point. ITAFs are RNA-binding proteins that help to regulate 

IRES activity of mRNAs. Specifically, replacement of the inhibitory polypyrimidine 

protein by the stimulatory hnPNPC1/2 proteins on the 5’UTR of p58 PITSLRE 

has been shown to stimulate IRES dependent translation from the p58 PITSLRE 

IRES (Schepens et al. 2007).  

 

1.4.2 Alterations of eIF4F composition in tumors 

Overexpression of eIF4E has been observed in several types of cancers 

(Flowers et al. 2009), (De Benedetti et al. 2004). Furthermore, eIF4E 
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overexpression in NIH3T3 cells has transformative properties (Lazaris-Karatzas 

et al. 1990) and cooperates with expression of immortalizing genes like c-myc 

(Lazaris-Karatzas et al. 1992). This places eIF4E in the same functional category 

as mitogenic growth factors, which also enhance transformation cooperatively 

with immortalizing genes. Also, microinjection of eIF4E into quiescent NIH3T3 

cells has been reported to restart DNA synthesis, allowing exit of the G0 stage. 

eIF4E overexpression has been directly linked to increased Ras activity (Lazaris-

Karatzas et al. 1992), and eIF4E-phosphorylation has been shown to be 

responsive to Ras (Frederickson et al. 1992). eIF4G overexpression has also 

been observed in various tumors and ectopic over-expression can transform 

CHO cells (Bauer et al. 2002), (Silvera et al. 2009), (Fukuchi-Shimogori et al. 

1997). Interestingly, knock-down of eIF4G 1 in inflammatory breast cancer cells 

selectively reduced expression of mRNAs that contain IRES elements in their 

5’UTRs. This has been shown to critically reduce p120 expression and 

subsequently E-cadherin’s association with the plasma membrane (Silvera et al. 

2009). Regulation of eIF4E:eIF4G interactions via the eIF4E-BPs has also been 

linked to tumorigenesis and both, over-expression or loss of eIF4E-BP 

expression have been shown to occur in tumors (Armengol et al. 2007) (Silvera 

et al. 2009).  

   

The tumorigenic properties of increased or decreased levels of translation 

initiation factors have been explained with enhanced translation of distinct 
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subsets of mRNAs, and potential mRNA targets affected by changes in eIF4F 

abundance have been identified. However, these studies generally lack 

mechanistic evidence for the effects of upregulating eIF4E (or eIF4G) on 

translation of individual mRNAs (Mamane et al. 2007). Thus, it remains to be 

established how overexpression of initiation factors affects the translation of 

certain classes of mRNAs.   

  

In addition to modulation of translation factor abundance, translation is also 

regulated via signal transduction to translation factors involved in ribosome 

recruitment.  

 

1.4.3 Signaling pathways converging on eIF4F 

While translation is regulated by signaling in a myriad of ways at every 

conceivable level [reviewed in (Morley and Thomas 1991)], for the sake of 

simplicity, we will focus exclusively on components of the eIF4F complex and 

signal transduction through the key mitogenic signaling pathways. The eIF4F 

complex is a major convergent recipient of the main mitogenic signal 

transduction pathways (Fig 1.4). 
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Fig 1.4 Signaling Pathways phosphorylating components of eIF4F:  
Growth Factors activate the Ras; the PI3K; and, in conjunction with calcium, the PKCα 
pathway. Ras culminates in enhanced Mnk activity and association of Mnk1 with eIF4G 
and subsequent eIF4E phosphorylation. eIF4E phosphorylation can also be achieved by 
Mnk1 activation through p38 following cellular stress. eIF4G affinity for Mnk1 is also 
determined by phosphorylation of eIF4G by PKCα.  PI3K causes phosphorylation of 4E-
BPs, allowing 4G-4E interaction. Also, mTORC1 causes phosphorylation of eIF4G 
indirectly with unknown consequences.  
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1.4.3.1 The PI3K/AKT Pathway: 

Phosphatidylinositol-3 Kinase (PI3K) is stimulated by a variety of growth factors 

and hormones. Once activated, PI3K phosphorylates phosphatidylinositol-(4,5)-

bisphosphate  (PIP2), producing phosphatidylinositol-(3,4,5)-triphosphate (PIP3) 

on the plasma membrane (Whitman and Cantley 1989). Hydrolysation of PIP3 is 

catalyzed by the tumor suppressor gene Phosphatase and tensin homolog 

(PTEN) (Fruman et al. 1998). PIP3 recruits AKT through its Pleckstrin homology 

domain and positions it for phosphorylation by phosphoinositide dependent 

protein kinase 1 (PDK1) at T308. This allows Akt to phosphorylate and inhibit 

tuberoses sclerosis complex (TSC) protein 2. TSC 2 is a GTPase activating 

protein (GAP) for the small GTPase Ras homologue enriched in brain (Rheb); 

therefore, its inhibition causes accumulation of GTP-Rheb.  GTP-Rheb activates 

mTOR and enables it to phosphorylate its target molecules.  

 

mTOR can be found in two specific complexes: mTORC1 and mTORC2. In the 

rapamycin sensitive mTORC1 complex, associated with raptor, mTOR has been 

implicated most directly in the control over translation initiation and we will restrict 

our discussion to this complex  (Ruggero and Sonenberg 2005).   

 

Apart from activation by growth factors, mTORC1 is also activated in response to 

nutritional signals. It is indeed considered to be the predominant connection 

between metabolism and translation, adjusting translation levels to intracellular 
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energy and amino acid levels. This is achieved by receiving inputs from the AMP-

activated protein kinase (AMPK) sensory system as well as through activation by 

branched- chain amino acids by way of an unclear mechanism (Memmott and 

Denis 2009), (Stipanuk 2007). 

 

mTORC1 activity culminates in phosphorylation of several residues in the eIF4E-

BPs in a hierarchical manner. This reduces the affinity of the eIF4E-BPs for 

eIF4E, allowing eIF4E to partake in the eIF4F complex and stimulating cap-

dependent translation (Gingras et al. 1999), (Mamane et al. 2006). Inhibition of 

mTORC1, by knock-down of raptor, or small molecule inhibitors reduces cell size 

and proliferation in tissue culture. Elegant eIF4E-BP knock-out studies have 

shown that reduced proliferation rates but not cell size, subsequent of mTORC1 

inhibition, can be directly attributed to de-phosphorylation of eIF4E-BPs (Dowling 

et al. 2010). Interestingly, while inhibition of mTORC1 activity results in reduced 

cap-dependent translation, translation and proliferation of EMCV relying on cap-

independent means of translation initiation, have been shown to be stimulated  

(Beretta et al. 1996). This might be explained by increased availability of eIF4G 

for IRES-dependent translation initiation when eIF4E is engaged in inactive 

complexes with unphosphorylated eIF4E-BP (Goetz et al. 2010) (Figure 4.1). 

High levels of eIF4E-BP in vitro have recently been reported to specifically 

increase IRES-dependent translation, while concomitantly reducing translation 

from cap-dependent mRNAs (Svitkin et al. 2005).    
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Phosphorylation of several sites in eIF4G (S1108, 1148, and 1192) has been 

identified to be up-regulated by serum or insulin, and inhibited by the PI3K 

inhibitor LY294002 and the mTORC1 inhibitor Rapamycin (Raught et al. 2000). 

Yet, mTORC1 cannot phosphorylate these sites directly and the consequence of 

eIF4G phosphorylation at these sites remains enigmatic.   

 

1.4.3.2 The Ras/MAPK Pathway: 

The Ras protein is activated through a GDP/GTP switch following stimulation by 

growth factors. Ras is inactive in its GDP-bound form and several growth factor 

responsive guanine nucleotide exchange factors (GEFs) catalyze the exchange 

of GDP for GTP. Activation of Ras entails sweeping changes in several cellular 

functions, including translation initiation. This is achieved through activation of 

the mitogen-activated protein kinase (MAPK) pathway. ERK1/2, downstream of 

Mek, phosphorylate MAPK-signal-integrating kinase 1 (Mnk1) at position T209 

and T214 (Mnk1) (Waskiewicz et al. 1997). Mnk1 and Mnk2 are the only eIF4E 

kinases and they catalyze phosphorylation of S209 in eIF4E (Ueda et al. 2004). 

Mnk1 is believed to be more responsive to MAPK stimuli while Mnk2 establishes 

a basal eIF4E-phosphorylation level within cells (Ueda et al. 2004). eIF4E 

phosphorylation through Mnk is unusual as the kinase does not bind directly to its 

target. Instead Mnk is recruited by eIF4G to eIF4E (Pyronnet et al. 1999). Binding 

of Mnk to eIF4G has been mapped to the most C-terminal HEAT domain 

(chapter 1.2.2.1) in eIF4G and has been shown to be contingent on two aromatic 
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and acidic boxes (Bellsolell et al. 2006) (Fig 1.3). Mnk:eIF4G interaction, is highly 

regulated and has been reported to be stimulated by phosphorylation of both 

eIF4G as well as Mnk. Phosphorylation of Mnk1 by ERK1/2 causes a 

conformational change that not only activates the kinase activity of Mnk, but also 

displaces an inhibitory C-Terminal loop from the eIF4G binding site in Mnk1 

(Shveygert et al. 2010) (Fig. 1.5).  Furthermore phosphorylation of S1186 in 

eIF4G by PKC-α stimulates eIF4G’s affinity for Mnk1 (Dobrikov et al. 2011). This 

might be accomplished by releasing the flexible link between HEAT domains 1 

and 2 in eIF4G’s C-Terminus from its intramolecular interaction with the Mnk 

binding acidic box in HEAT domain 3 (Fig. 1.5). Therefore the PKC- α pathway is 

an additional determinant of eIF4E phosphorylation (Dobrikov et al. 2011).  

 

Once in contact with eIF4E, Mnk phosphorylates S209, the only known 

phosphorylation site in eIF4E. In spite of this apparent simplicity, phosphorylation 

of eIF4E has been linked to a variety of biological functions that are often in 

direct opposition with each other (Joshi-Barve et al. 1990), (McKendrick et al. 

2001). There are a number of reasons for this. Early studies, relying on phospho-

peptide mapping, identified the incorrect phosphorylation site at Ser53. A 

Ser53Ala mutant displayed severely reduced association with 48S initiation 

complexes, suggesting that phosphorylation might be required for cap- or eIF4G-

binding (Joshi-Barve et al. 1990). This was later resolved by studies suggesting 

that the cap-binding pocket of eIF4E, composed of two Tryptophans (56 and 
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102), is located in the same area as the Ser53 residue. Serine to Alanine 

mutation of 53 thus disturbs cap-affinity of this pocket independently of 

phosphorylation events (Marcotrigiano et al. 1997). Nevertheless this structural 

study suggested that phosphorylation at the correct site, S209, might still 

increase cap-affinity through formation of a salt-bridge-cage locking in the cap-

structure in the binding pocket. This was supported by correlative evidence 

demonstrating increased cap-dependent translation after growth factor 

stimulation (Rosenwald et al. 1995). Increased cap-affinity after phosphorylation 

was later refuted by sophisticated plasmon-surface resonance binding - and 

stopped flow-kinetic assays demonstrating that phosphorylation at S209 reduces 

cap-affinity. Addition of the phosphate group at the 209 position more than 

doubles the KD of eIF4E for the cap (from 260 to 610 nM). Interestingly, 

decreased cap affinity could not be recapitulated with eIF4E phospho-mimic 

mutants, suggesting that both Aspartate and Glutamate are poor phospho-mimics 

in eIF4E. The mechanism of reduced cap affinity is believed to rely on 

electrostatic repulsion of the negatively charged phosphate-group with the first 

RNA nucleotide (Scheper et al. 2002), (Slepenkov et al. 2006), (Zuberek et al. 

2003). Also, functional studies indicated that Mnk activity decreases cap- and 

increased IRES-dependent translation (Knauf et al. 2001). 

 

Further, detailed functional studies of the physiological role of eIF4E 

phosphorylation have been discouraged by results from a knock-out mouse 
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study, which revealed no distinguishable phenotype for Mnk1:Mnk2 double 

knock-outs. (Ueda et al. 2004). However, there is a recent resurgence in interest 

into Mnk, the phosphorylation of eIF4E and their role in translation regulation, 

due to experiments that suggest that Mnk activity and subsequent eIF4E 

phosphorylation critically contribute to tumorigenesis after transformation with 

several oncogenes. eIF4E acts as powerful oncogene in the Eµ-Myc mouse 

lymphoma model. Yet, a S209A mutant, incapable of being phosphorylated, only 

produces a marginally larger tumor burden than a GFP control in this model. 

Thus, the tumorigenic potential of eIF4E overexpression in the Eµ-Myc model 

can be almost completely abolished if eIF4E phosphorylation is prevented 

(Wendel et al. 2007).  Similarly, the occurrence of prostate tumors mice with loss 

of PTEN function could be severely reduced by replacing wt eIF4E with the 

S209A mutant utilizing a knock-out, knock-in approach. Analysis of mRNA 

populations lost from polysomes after S209A knock-in revealed that the IRES-

containing mRNA of VEGF was specifically lost from polysomes fractions in 

prostate cells incapable of eIF4E phosphorylation (Furic et al. 2010). 

Furthermore, crossing of Mnk 1/2 knockout mice with Lck-PTEN mice severely 

reduced the occurrence of lymphomas and the severity of the arising cancers. 

This observation was further supported by experiment showing reduced 

tumorigenic potential of U87G Glioma cells in nude mice after stable knock-down 

of Mnk1 and 2 (Ueda et al. 2010). 
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While these functional studies have unequivocally linked eIF4E phosphorylation 

to aberrant translation of certain oncogenic mRNAs, the molecular effects of 

eIF4E phosphorylation remained unresolved. One of the major goals of my work 

was to mechanistically explain the functional role of eIF4E phosphorylation in 

translation regulation (Thesis chapter 3.1).  

 

Mnk is also activated following extracellular stress through the p38 pathway 

(Waskiewicz et al. 1997), (Morley and McKendrick 1997). This results in an 

interesting situation in which both growth and stress responses lead to eIF4E 

phosphorylation. As stress or growth situations require activation of very different 

programs, it is possible that the consequences of eIF4E-phosphorylation are 

context dependent. 

 

Considering the regulatory networks discussed above, it is evident that eIF4E, 

and eIF4E phosphorylation by Mnk, constitutes a critical node in a complex 

system that controls translation initiation. This node is constituted by the system 

that controls eIF4E:eIF4G interactions (the PI3K/mTOR-responsive eIF4E-BPs), 

events that exert control over Mnk activity and Mnk:eIF4G binding (Shveygert et 

al. 2010), a complex system controlling eIF4G phosphorylation (Dobrikov et al. 

2011), and, lastly, eIF4E binding to the m7G-cap  (Fig 1.5). 
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Fig 1.5 Regulation of eIF4E phosphorylation: 
Top : Phosphorylation of Mnk by p38 or Erk removes inhibitory C-terminal loop, allowing 
Mnk-eIF4G interaction. Bottom left : Phosphorylation of eIF4E-BP by mTORC1 releases 
eIF4E allowing it to bind to eIF4G. Bottom right : Phosphorylation of eIF4G by PKC-α 
removes flexible loop, connecting HEAT domain 1 and 2 in the C-terminus from the Mnk-
binding pocket in HEAT domain 3. Middle : Described phosphorylation events allow for 
Mnk-eIF4E interaction and phosphorylation.   
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1.5 Introduction of the central question addressed in this thesis 

This work is focused on elucidating the physiological consequences of eIF4E 

phosphorylation by Mnk for translation regulation in general and its role in 

controlling the balance of m7G-cap-dependent vs. –independent initiation, in 

particular.  First, we describe a novel cell-free system that I used to 

systematically analyze the effect of eIF4E levels and eIF4E phosphorylation on 

the translation of distinct reporter RNAs with defined translation initiation modes 

(chapter 3.1). Second, I discuss results obtained from the analysis of the effects 

of MAPK signaling to protein synthesis machinery on the translation, proliferation 

and cytotoxicity of the prototype oncolytic poliovirus (chapter 3.2). Both studies 

revealed a role for MAPK-signaling to the translation apparatus, and eIF4E 

phosphorylation in particular, through controlling the balance of m7G-cap-

dependent vs. –independent translation initiation. 
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2. Material and Methods 

 

2.1 In vitro translation extracts and eIF4E depleti ons. 

The preparation of in vitro translation extracts generally followed previously 

established procedures (Bergamini et al. 2000), (Bradrick et al. 2007). Briefly, 

HeLa cells were grown in suspension at 37˚C and 5% CO2 to a concentration of 

2 x 106/ml. Cells were pelleted at 4˚C and 2,000 rpm and washed three times 

with cold PBS. The cell pellets were resuspended in equal volume of hypotonic 

buffer [10mM HEPES, pH 7.4, 10mM KOAc, 0.5 mM Mg(OAc)2], supplemented 

with Complete EDTA-free Protease Inhibitor (Roche) and 5 mM DTT, and 

incubated on ice for 30 min. The resulting cell suspension was dounce-

homogenized on ice with 16 strokes, freeze-thawed and the cell debris was 

removed by centrifugation at 11,000 rpm for 10 min. The total protein 

concentration in supernatants was determined by Bradford assay (Bio-rad) and 

adjusted to 15 µg/µl with hypotonic buffer. Sepharose beads (GE Healthcare) 

used for depletions were washed twice with NT2 Buffer (50 mM Tris HCl, pH 7.5, 

150 mM NaCl, 1 mM MgCl2, 0.05% NP40), pre-blocked with 1% bovine serum 

albumin (BSA; Sigma) in NT2 for 30 min at 4˚C and washed twice with hypotonic 

buffer. To produce ‘cap-depleted’ extract (Fig. 3.1 A), 1.5 ml (22.5 mg total 

protein) of translation extract was incubated with 75 µg recombinant, purified 

GST-4EBP1-Flag at 37˚C for 10 min. Then, 100 µl m7G-sepharose beads (GE 

Healthcare) were added to the extract and the slurry was rotated end-over-end 
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for 1 hr at 4˚C. The beads were then pelleted at 4,000 rpm for 30 sec and the 

supernatant was collected. Two rounds of Flag-immunoprecipitation (IP) were 

performed on supernatant by adding 100 µl of Flag-affinity agarose gel (Sigma), 

incubating for 2 hrs at 4˚C tumbling end-over-end and centrifugation for 30 sec at 

4,000 rpm. The resulting supernatant was labeled ‘cap-depleted’ extract. To 

generate ‘IP-depleted extract’ (Fig. 3.1A), the protocol for cap-depleted extract 

was used, except that instead of m7G-sepharose beads (100 µl), 100 µl protein 

G beads were added to the extract. To produce ‘mock-depleted’ extract (Fig. 

3.1A), instead of GST-4EBP1-Flag, an equal volume of hypotonic buffer was 

added to the extract and incubated at 37˚C for 10 min. In place of m7G-

sepharose beads, 100 µl protein G beads (GE Healthcare) were added to the 

extract. The extract was then subjected to the same two Flag-IPs performed with 

cap-depleted extract. Thus, mock-depleted extract was generated with the 

identical series of procedures and manipulations as cap-depleted extract. All 

three extracts were adjusted prior to use to 13 µg/µl total protein with hypotonic 

buffer.   

 

2.2 DNA plasmids and recombinant proteins.  

eIF4E cDNAs and the respective W73, W56 or S209 mutants were generated as 

follows. For expression in bacteria, GST-eIF4E cDNAs were generated by RT-

PCR amplification of the eIF4E ORF from HeLa total RNA using primer pair [1] 
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5’-gcggatccgcgactgtcgaaccggaaacc/5’-gagcggccgcttaaacaacaaacctatttttagt. The 

PCR fragment was digested with BamH1/Not1 endonucleases and cloned into 

the corresponding sites of the pGex 6p2 plasmid (Stratagene) in frame with the 

GST-tag. eIF4E mutations were introduced using the Quick-Change II Kit  

(Stratagene) according to the manufacturer’s instructions and the following 

primer sets. W73A: [2] 5’-gaagactttgcggctctgtac/5’-gtacagagccgcaaagtcttc; 

S209A:  [3] 5’-tactaagagcggcgccaccactaa/5’-ttagtggtggcgccgctcttagta; S209E: [4] 

5’-gctactaagagcggcgacaccactaaaaat/5’-atttttagtggtgtcgccgctcttagtagc; S209R: [5] 

5’-tactaagagcggccgcaccactaa/5’-ttagtggtgcggccgctcttagta. The cDNA plasmid 

encoding GST-4EBP1-Flag was a generous gift from Dr. P. Febbo, UCSF. The 

ORFs of Mnk1(T334D) and (D191A) were excised from existing pcDNA3 vectors 

(Shveygert et al. 2010) with BamH1/Not1 endonucleases and cloned into the 

pGex 6p2 plasmid. To generate recombinant proteins, standard procedures for 

bacterial expression of GST-fusion proteins were applied. Briefly, competent 

BL21 E.coli (Stratagene) were transformed with pGex 6p2 expression constructs. 

Transformed colonies were grown overnight in 5 ml of LB medium (containing 

100 µg/ml ampicillin) at 37˚C. Four ml of the cultures were added to 250 ml 

LB/ampicillin medium and grown at 37˚C for approx. 4 hrs to a cell density 

(OD600) of 0.5-0.8. Then, the growing temperature was lowered to 25˚C and 

expression of recombinant proteins was induced with 300 µM isopropyl-D-1-

thiogalactopyranoside. The cultures were grown for 3 hrs at 25˚C and pelleted at 

5,000 rpm for 15 min at 4˚C. The bacterial pellets were resuspended in 20 ml 
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PBS and sonicated at 700W in 6 bursts of 15 sec interspersed by 20 sec rests on 

ice followed by a freeze thaw cycle. The cell debris was removed by 

centrifugation at 10,000 rpm for 5 min and recombinant proteins were purified 

from supernatants at 4˚C by affinity chromatography using 1 ml GSTrap FF-

columns (GE Healthcare) according to the manufacturer’s instructions. Un-

tagged eIF4E and Mnk1 proteins were released from the column using 

Precission Protease (GE Healthcare) according to the manufacturer’s 

specifications. GST-4EBP1-Flag was released by washing the column with 

20mM reduced glutathione solution. All recombinant proteins were concentrated 

using centrifugal filter units (10k; Millipore) and dialyzed against hypotonic buffer 

using the Slide-A-Lyzer dialysis system (Pierce) at 4˚C. The proteins 

concentration was determined by Bradford assay and adjusted to 0.5 µg/µl with 

hypotonic buffer. Proteins were subjected to electrophoresis in 4-12% NuPAGE 

gels (Invitrogen) and analyzed by immunoblot and Coomassie stain. 

 

2.3 Reporter RNAs. 

The RNA reporters used in this study (Fig. 3.1D) have been described previously 

(Kaiser et al. 2008). Briefly, in vitro transcription was carried out from reporter 

constructs containing T7 promoters. The cDNA templates were linearized by 

endonuclease cleavage and purified using a PCR Cleanup Kit (Qiagen) 

according to the manufacturer’s instructions. In vitro transcriptions of uncapped 
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reporters were carried out using the T7 Megascript Kit (Ambion) and m7G-

capped RNAs were synthesized using the T7 Message Machine Kit (Ambion) 

according to the manufacturer’s specifications. RNA reporters were DNase 

treated (Ambion), purified with an RNeasy Kit (Qiagen), quantified in a nano-drop 

spectrometer and adjusted to 100 ng/µl with H2O. The integrity of in vitro 

transcribed RNAs was confirmed by agarose gel analysis. 

 

2.4 In vitro translation reactions and in vitro pho sphorylation of 
eIF4E.  

For in vitro translation reactions, the extracts were pre-incubated with the 

recombinant protein of interest at the concentrations indicated in the figures or 

legends, or equal volumes of hypotonic buffer for 10 min at 37˚C. Translation 

was induced by adding 12 µl of translation buffer to 8 µl of extract with or without 

recombinant protein yielding final concentrations of HEPES (16 mM), spermidine 

(0.05 mM), ATP (0.8 mM), GTP (0.1 mM), amino acids (0.06 mM), 

phosphocreatine (20 mM), creatine phospho-kinase (CPK; 0.04 mg/ml), in vitro 

transcribed RNA (4 ng/µl), KOAc (100 mM), Mg(OAc)2 (3 mM). All reactions 

were performed in 200 µl PCR tubes in a Thermocycler (Eppendorf) for 

maximum temperature fidelity. The reactions were allowed to proceed for 45 min 

at 37˚C and stopped by addition of EDTA to a final concentration of 5 mM and 

transfer to ice. Ten µl of the reaction mix was read in a 20/20n Luminometer 

(Promega) using a Dual Luciferase Reporter Assay Kit (Promega). All reactions 
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were performed in at least duplicates and with at least two separately prepared 

extracts. All values were at least 10-fold over background established with 

extract containing no reporter RNAs. Phosphorylation of eIF4E in vitro was 

achieved by adding the amounts of recombinant Mnk1(T334D) and recombinant 

eIF4E indicated in the legends to Fig. 3.8 to IVT extracts. Functional studies with 

in vitro phosphorylated eIF4E in IVT extracts were conducted after prior 

incubation at 37˚C for 45 min. Mnk1 inhibitor CGP57380 (30 µM; Cell Signaling) 

was added to the reaction at the same time as the recombinant proteins. 

 

2.5 RNA stability assays.  

To assess reporter RNA stability, in vitro transcribed RNAs were added to mock- 

or cap-depleted IVT extracts and incubated at 37˚C for 0, 15, 45, or 60 min. 

Following the incubation step, the RNAs were isolated using Trizol reagent 

(Invitrogen) according to the manufacturer’s instructions. Synthesis of cDNA was 

performed with random hexamers using the TaqMan Reverse Transcription 

Reagents Kit (Applied Biosystems). The abundance of reporter cDNA was 

compared to IVT extract GAPDH cDNA abundance by Taqman PCR on an ABI 

7900HT (Applied Biosystems). Proprietary, custom-designed Rluc primers and 

probe and commercially available GAPDH primers and probe (all Applied 

Biosystems) were used. All samples were measured in triplicates. Percent 
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remaining RNA was calculated using the previously described method (Lowe et 

al. 2003), normalizing with GAPDH and then comparing to the zero time point.   

 

2.6 Immunoblots, kinase inhibitors, m7G-cap sepharo se pull-down 
and immunoprecipitation.  

Immunoblots were performed as described previously (Dobrikov et al. 2010). In 

brief Cells were washed with PBS and scraped in lysis buffer [10% Glycerol, 

50mM HEPES, 1mM EDTA, 5mM EGTA, 150mM NaCl, 0.5% NP40, protease 

inhibitor (complete EDTA free; Roche), HALT-phosphatase inhibitor (Thermo 

Scientific)]. Twenty µg total protein was loaded per well of 4-12% Bis-Tris gel 

(NuPage, Invitrogen) and separated at 150V for 75 min. Proteins were 

transferred to nitrocellulose membrane (Protran, Whatman) at 4ºC in transfer 

buffer (150mM Glycin, 20mM Tris-HCl, 20% methanol). Membranes were 

blocked o/n in blocking solution (Starting Block, Thermo Scientific) and incubated 

with primary antibody for 1 hr at room temperature (RT), washed three times with 

TPBS (PBS containing 0.5% Tween20) and incubated with secondary anti-

species antibody for 1 hr at RT. Membranes were washed again three times with 

TPBS and developed with reagent (Super Signal West Pico, Thermo Scientific) 

on HyBlot CL film (Denville).  Antibodies against Akt, p-Akt(Ser473), S6, p-

S6(Ser240/244), eIF4E, p-eIF4E(S209), eIF4G, p-eIF4G(Ser1108), Erk-1/2, p-

Erk1/2 (Thr202/Tyr204), p38-MAPK(Thr180/182), 4E-BP, p-4EBP (Thr36/47), 

Mnk1, and p-Mnk1 (Thr197/202) (Cell Signaling Technology) and c-myc (Sigma) 
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or against Flag epitope (Sigma) were used according to manufacturer’s 

specifications. m7G-cap sepharose pull-downs (Bradrick and Gromeier 2009) 

and Flag-IPs (Dobrikova et al. 2009) were performed as reported earlier. 

Kinase inhibitors in this study include LY294002, UO126 (Cell Signaling 

Technology) and CGP57380 (Calbiochem) used at the concentrations indicated 

in figures or figure legends. Tet induction was carried out with 1mg/mL tet in 

100% ethanol as 1:1000 stock solution for the indicated intervals. Inhibitors were 

added 2 hrs before cells were processed. 

 

2. 7 Viruses, cells, tet-inducible cell lines.  

PVSRIPO is the live attenuated poliovirus serotype 1 (Sabin) (GenBank 

accession no. V01150) containing a heterologous IRES of HRV2 (GenBank 

accession no. X02316). Construction of PVSRIPO as well as propagation and 

purification of PVSRIPO and PV1S stocks have been described previously 

(Gromeier 2000), (Campbell 2005). U-118 cells (ATCC, Manassas, VA) were 

propagated according to the provider’s instructions. Tet-inducible HEK-293Ras, 

HEK-293T332D, HEK-293T2A2 cells, based on the Flp-In TREx 293 line (Invitrogen), 

were grown in DMEM, 10% FCS (-tet) (Invitrogen), 100µg/ml Zeocin and 15µg/ml 

Blasticidin. HEK-293Ras cells were generated with a PCR fragment obtained with 

primers 5’-aaggatccgacaagacggaatataagctt and 5’-

aactcgagtcaggagagcacacacttgcag from V12 H-Ras cDNA and cloned in frame 
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into the FRP-Myc plasmid (Kaiser et al. 2008) placing it under CMV/TetO2 

promoter control and providing hygromycin resistance. The mutant Mnk1 ORFs 

were excised from pEBG-Mnk1(T332D/T2A2) (Waskiewicz et al. 1997) with 

BamH1 and cloned into the pcDNA5/FRT/TO plasmid creating FRP-T332D/-

T2A2. Flp-In TREx cells were co-transfected with 0.1µg FRP-myc-Ras, FRP-

T332D, FRP-T2A2 or vector (EF6) + 1µg pOG44 (expressing the Flp 

recombinase). Selection with hygromycin and blasticidin was performed 

according to the manufacturer’s instructions. All assays were performed with 

cells at passage <10. 

 

2.8 Cells, infections, and one-step growth curves. 

HEK-293 and U-118 cells were maintained in DMEM (Invitrogen), supplemented 

with 10% FCS at 37°C in 5% CO 2. To determine viral replication kinetics, ~90% 

confluent monolayers (consisting of approx. 5 x 105 cells) in 35mm dishes were 

overlaid with DMEM containing virus at an MOI as indicated. Subsequently, 

plates were rocked for 30 min at RT. Cells were then washed three times with 

serum-free DMEM to remove unbound virus particles and covered with DMEM 

supplemented with 2% FBS. Infected cells were incubated at 37°C and were 

lysed at the indicated intervals by two freeze/thaw cycles. Viral titers were 

quantified by plaque assay on HeLa cells as described before (Campbell et al. 

2005).  
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2.9 Cytotoxicity-Assay.  

Ten thousand U-118, HEK-293Ras or HEK-293T332D/T2A2 cells were plated in 100µl 

DMEM (-sodium pyruvate) (Invitrogen) in 96-well plates. PVSRIPO at various 

MOI was added to the wells and the cells were incubated for the indicated 

intervals at 37ºC. Cytotoxicity was analyzed with the LDH-cytotoxicity plus kit 

(Roche Diagnostics) and quantified with a Genios plate reader (Tecan) at 492nm. 

If required, tet/vehicle or kinase inhibitors were added 6 hrs or 2 hrs prior to the 

cells, respectively. To enable normalization of values, ‘low’ (native cells) and 

‘lysed’ (cells treated with the manufacturer-provided lysis buffer) standards were 

obtained and used in the following formula: [(value-low)/(lysed-low)] x 100. Due 

to instability of LDH released from infected cells, the extent of cell death might be 

significantly higher than suggested by this formula, especially after prolonged 

incubation. Values shown are representative for experiments performed in 

triplicate and repeated at least twice. 

 

2.10 Mouse xenograft studies, histology, virus reco very from 
xenografts.  

All vertebrate animal procedures were carried out with approval of the 

Institutional Animal Care and Use Committee Duke University. Flank U-118 

xenografts were established by depositing 6 x 106 cells subcutaneously in 8-

week old, female athymic Balb/c mice (bred in-house) as described before 

(Dobrikova et al. 2008). Intratumoral PVSRIPO/vehicle injections were carried 
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out as described in detail in Dobrikova 2008 . LY294002 was dissolved in DMSO 

and injected intraperitoneally at a dose of 25µg/g. The total volume of DMSO 

administered daily was 1µL/g. Tumors were measured by Vernier caliper in 5-day 

intervals and their size was calculated as follows: v = (length) x (width)2 x (π/6). 

Animals were euthanized with intraperitoneal pentobarbital (250mg/kg), perfused 

with PBS and their carcasses processed for dissection of xenograft tissues. 

Dissected tumor tissues were fixed in 4% neutral-buffered paraformaldehyde (in 

PBS) for 2 hrs at RT and processed for paraffin embedding, sectioning at 20µm 

and hematoxylin & eosin staining as described before5. For PVSRIPO recovery, 

xenograft tissues were immersed in 750µL DMEM and thoroughly dounced in 

micro-tissue grinders (Potter-Elvejhem). The resulting slurry was briefly 

centrifuged to remove large debris and the homogenate was serially diluted and 

used in a standard plaque assay as described (Campbell et al. 2005)).  

 

2.11 Cell fractionation and RT-PCR.  

To analyze virus entry, mock-/tet-induced HEK-293Ras cells were rinsed with 

PBS, scraped, pelleted and incubated in hypotonic buffer (25mM HEPES, 

400mM KOAc, 15mM Mg(OAc)2, 2% digitonin, 1mM DTT) for 5 min at 4°C. The 

lysate was dounce-homogenized and centrifuged to separate the membrane-

enriched pellet and supernatant comprising the cytosolic compartment. RT-PCR 

was performed as described before (Florez de Sessions et al. 2007). 
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3. Results 

 

3.1 eIF4E Phosphorylation balances cap- dependent a nd cap-
independent translation initiation mechanisms.   

 

3.1.1 Introduction 

In eukaryotes, protein synthesis initiation requires ribosome recruitment to 

mRNAs mediated by translation initiation factors (Gingras et al. 1999b) (chapter 

1.2). Conventionally, this occurs in a 5’ methyl-7-guanidine (m7G) ‘cap’-

dependent process, upon binding of the multi-partite eIF4F to the 5’ terminus of 

mRNAs. eIF4E, the cap-binding eIF4F subunit (Sonenberg et al. 1978), binds 

eIF4G, which in turn recruits the 43S pre-initiation complex via eIF3 (Gingras et 

al. 1999b). Alternatively, a cap-independent mechanism, first described for 

entero-/encephalomyocarditis virus RNAs (Pelletier and Sonenberg 1988) 

bypasses eIF4E for ribosome recruitment. Enterovirus (EV) infection leads to 

proteolytic cleavage of eIF4G, which splits the eIF4E- and eIF3-binding eIF4G 

domains and, hence, disrupts cap-dependent translation (chapter 1.3). Ongoing 

EV translation occurs via an internal ribosomal entry site (IRES) in the viral 

5’UTR. EV IRESes engage ribosomal subunits by direct interactions with eIF4G, 

or C-terminal eIF4G fragments that retain eIF3-binding (de Breyne et al. 2009). 
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The discovery of translation-competent host mRNAs in EV-infected cells 

indicates IRES competency for select cellular mRNAs (Johannes and Sarnow 

1998). This and mechanistic studies both in vitro and in vivo, suggest that cap-

independent translation initiation at such mRNAs occurs via direct recruitment of 

eIF4G, analogous to EV RNAs (Hundsdoerfer et al. 2005), (Kaiser et al. 2008) 

(chapter 1.3). In contrast to un-capped EV RNAs (Nomoto et al. 1976) that 

uniquely rely on IRESes for translation, cap-independent initiation at cellular 

mRNAs may be conditional, e.g. upon suppression of the scanning mode of 

initiation. The molecular mechanisms inducing IRES-mediated translation at 

eukaryotic mRNAs are not understood (chapter 1.3).  

 

Due to their decisive role in ribosome recruitment to mRNAs, eIF4E and -4G are 

obvious candidates for balancing cap-dependent vs. -independent translation. 

Both are at the receiving end of major mitogenic, stress and inflammatory 

response signaling pathways. Activation of the mammalian target of rapamycin 

(mTOR) leads to hyperphosphorylation of eIF4E-binding proteins (4EBPs), 

leading to their dissociation from eIF4E, thereby enabling eIF4E-eIF4G binding 

and stimulating cap-dependent translation (Nomoto et al. 1976) (chapter 1.4). It 

has been shown that blocking mTORC1 inhibits eIF4E-eIF4G binding and favors 

cap-independent translation initiation, presumably by re-directing eIF4G to 

IRESes (Svitkin et al. 2005).  
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Activation of the Erk1/2 and p38 mitogen-activated protein kinases (MAPKs) 

leads to phosphorylation of the MAPK signal-integrating kinase 1 (Mnk1), which 

phosphorylates S209 in eIF4E (Fukunaga and Hunter 1997), (Waskiewicz et al. 

1997). Intriguingly, Mnk1 does not directly interact with its substrate, but binds to 

eIF4G instead (Pyronnet et al. 1999). We recently reported that Mnk1-eIF4G 

interaction requires MAPK signals to Mnk1 (Shveygert et al. 2010) and is 

stimulated by phosphorylation of eIF4G by protein kinase C (PKC)-α(Dobrikov et 

al. 2011) (chapter 1.4) (Fig. 1.5). Thus, multiple signal transduction pathways 

converge on eIF4E and -4G directly, on their interactions with each other, on 

their binding to other translation factors [e.g. eIF3 (Harris et al. 2006) or, possibly, 

on their interaction with mRNAs at the m7G-cap eIF4E (Scheper et al. 2002), 

(Slepenkov et al. 2006) or at IRESes (eIF4G). It is compelling to hypothesize that 

signal transduction to translation machinery influences the balance of cap-

independent vs. dependent translation in cells. 

 

Here we describe in vitro translation studies to elucidate the effect of 

eIF4E(S209) phosphorylation on translation regulation in a system with targeted 

depletion/reconstitution of eIF4E. Our studies suggest that the charge of amino 

acid 209 in eIF4E contributes to control over alternative initiation at eukaryotic 

5’UTRs capable of cap-independent translation. Phosphorylation of S209 in 

eIF4E favored cap-independent translation in a competitive system, suggesting 
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that MAPK signal transduction to Mnk1 may participate in inducing cap-, eIF4E-

independent translation initiation at eukaryotic mRNAs 

 

3.1.2 Results 

3.1.2.1 Depletion of eIF4E and assay configuration 

To investigate the role of eIF4E phosphorylation in translation control, we 

devised cell-free in vitro translation (IVT) systems with targeted depletion of 

eIF4E. These were based on established methods to obtain cytoplasmic HeLa 

cell extracts that retain dependence on the m7G-cap, eIF4E and poly(A) tail for 

translation initiation at capped, poly-adenylated mRNA reporters (Bergamini et al. 

2000), (Bradrick et al. 2007). Specifically, we carried out a series of 

manipulations to deplete and/or reconstitute eIF4E while maintaining constant, 

endogenous levels of other translation initiation factors (Fig. 3.1A) (for details, 

see Materials & Methods). Our approach included three components: the 

addition of recombinant Flag-tagged GST-4EBP1 (Flag-4EBP; Fig. 3.1B) to 

cytoplasmic S10 HeLa cell extracts [to prevent eIF4E-eIF4G binding 

(Marcotrigiano et al. 1999)]; m7G-cap-sepharose pull-down (to precipitate eIF4E 

bound to cap-analogs); and Flag-IP (to remove excess Flag-4EBP; Fig. 3.1C). 

These components were used to achieve distinct levels of eIF4E depletion.  

 

For maximum eIF4E depletion, Flag-4EBP was added to HeLa cell extracts, 

followed by m7G-cap-sepharose pull-down and two rounds of Flag-IP. Extracts 
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generated in this manner (‘cap-depleted’ extracts; Fig. 3.1A) consistently 

achieved ~90% of eIF4E depletion without concomitant effects on eIF4A or 

eIF4G levels (Fig. 2A). For a moderate level of eIF4E depletion, m7G-sepharose 

beads were replaced with protein G beads for a ‘mock’ cap-pull down. This 

generated ‘IP-depleted’ extracts, consistently achieving modest eIF4E depletion 

of ~25% (Fig. 3.2A). ‘Cap-‘ and ‘IP-‘ depleted extracts were tested in parallel with 

‘mock-depleted’ extracts, which were prepared using the identical series of 

procedures (Materials & Methods).  Therefore, our assays are based on three 

types of extracts, which were subjected to the same manipulations to (i) achieve 

varying levels of eIF4E depletion; (ii) remove excess Flag-4EBPs; and (iii) 

maintain endogenous levels of eIF4A and eIF4G.  

 

Previous IVT studies suggest that proper investigation of eIF4E’s role in 

modulating cap-dependent vs. -independent translation requires retaining a 

competitive translation environment including endogenous cellular mRNAs 

present in IVT extracts (Svitkin et al. 2005). Therefore, we refrained from 

nuclease treatment of IVT extracts. To evaluate competition, all IVT studies 

included probing extracts with m7G-capped reporter RNAs translating Firefly 

luciferase (Fluc) under control of the β-globin leader (cap-globin-leader; Fig. 

3.1D) and IRES-containing 5’UTRs driving translation of Renilla luc (Rluc) in the 

same test tube. 
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Fig 3.1 Methods of eIF4E depletion and reagents used.  
(A) To produce ‘cap-depleted’ HeLa cell IVT extracts, lysates were incubated with GST-
eIF4E-BP1 (Flag-4EBP) to block eIF4E-eIF4G interactions and eIF4E was depleted by 
m7G-cap-sepharose pull-down. Excess Flag-4EBP was removed with two rounds of 
Flag-IP. For partial eIF4E depletion (‘IP-depleted’), extracts were generated by 
substituting m7G-sepharose beads for protein G beads relying on subsequent Flag-IP 
for eIF4E depletion. For mock-depleted extracts, equal volume of hypotonic buffer was 
substituted for Flag-4EBP and protein G for m7G-cap-sepharose. (B) Purification of 
recombinant Flag-4EBP was analyzed with COOMASSIE stain (ln 1-5) and anti-Flag 
immunoblot (ln 6-7). (C) Flag-4EBP levels through preparation steps of cap-depleted 
extract as assayed with anti-Flag immunoblot. (D) RNA reporters used in the study 
(numbers in parentheses indicate the length of the 5’UTR up to the initiation codon). 
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3.1.2.2 eIF4E depletion diminishes cap-dependent tr anslation and 
favors viral IRES-driven translation    

To determine the effects of eIF4E depletion on translation of diverse templates, 

IVT extracts were probed with various in vitro transcribed reporter RNAs. All 

reporter constructs used in this study are schematically represented in Fig. 3.1D. 

In IP-depleted extracts (with ~75% eIF4E levels; Fig. 3.2A), translation of cap-

goblin-leader reporters was unchanged compared to mock-depleted IVT extract. 

However, in cap-depleted extracts (with ~10% eIF4E levels; Fig. 3.2A) cap-

dependent translation was reduced to <50% (Fig. 3.2B). Meanwhile, translation 

via the un-capped human rhinovirus type 2 (HRV2) 5’UTR increased modestly 

but reproducibly with eIF4E depletion (Fig. 3.2B). Accordingly, the relative 

efficiency of IRES-mediated vs. cap-dependent translation (the ‘IRES:cap’ ratio) 

increased >~2.3-fold in cap-depleted compared to mock-depleted IVT extracts 

(Fig. 3.2B). Here, and in all subsequent assays, the IRES:cap ratio was 

established by dividing Rluc by Fluc values obtained from samples in the same 

reaction.  

 

Next, we analyzed if the effects of eIF4E depletion could be recapitulated by 

blocking eIF4G recruitment to the m7G-cap through the addition of recombinant 

Flag-4EBP to mock-depleted IVT extract in our system (Fig. 3.2C). In accordance 

with previously published results (Svitkin et al. 2005), adding Flag-4EBP to IVT 

extracts increased the IRES:cap ratio by stimulating IRES-mediated translation 
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while reducing the relative efficiency of cap-dependent translation in a dose-

dependent manner (Fig. 3.2D). These experiments suggest that eIF4E 

abundance and function (in terms of eIF4G recruitment) (i) are critical for cap-

dependent translation and (ii) modulate the rate of cap-independent translation 

via a type-1 picornaviral IRES in a competitive environment. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

57 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.2 eIF4E depletion decreases m7G-cap-dependent translation, while 
stimulating HRV2 IRES-dependent translation.  
(A) Levels of translation factors in IVT extracts analyzed by immunoblot (top) and 
densitometric quantification (bottom). (B) Translation at cap-globin-leader and HRV2-
5’UTR reporters after eIF4E-depletion. All values were normalized to translation levels of 
corresponding RNA in mock-depleted extract. Error bars indicate standard deviations 
between replicates. The IRES:cap ratio was established by dividing Rluc (IRES):Fluc 
(m7G-cap) values obtained in the same sample. 
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Fig. 3.2 continued 
 (C) 4EBP levels after addition of recombinant Flag-4EBP to mock-depleted extract 
measured by 4EBP immunoblot. (D) Translation after addition of recombinant Flag-
4EBP to mock-depleted IVT extract. All translation values (B, D) were obtained from 
duplicate samples and repeated at least three times in three different IVT extract 
preparations and with different reporter RNA aliquots. All Rluc/Fluc values were at least 
20-fold above background. Representative series are shown.   
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3.1.2.3 Reconstituting eIF4E restores cap-dependent  translation in 
depleted IVT extracts 

Next, we tested if reconstituting eIF4E by adding purified recombinant eIF4E to 

cap-depleted IVT extract restores the IRES:cap ratio to the levels of mock-

depleted IVT extracts. To this end, we generated recombinant GST-eIF4E in a 

bacterial expression system and proteolytically released it from the GST-tag (Fig. 

3.3A). Purified, recombinant eIF4E was added on a scale of 1-50 ng/µl to achieve 

~0.1-fold, ~1-fold or ~5-fold eIF4E levels of mock-depleted IVT extracts (Fig. 

3.3B). Addition of recombinant eIF4E to cap-depleted IVT extracts significantly 

enhanced the efficiency of cap-dependent translation and, simultaneously, 

diminished IRES-mediated translation via the HRV2 5’UTR. At a concentration of 

10 ng/µl, restoring the eIF4E content of mock-depleted IVT extract (Fig. 3.3B), 

translation via the cap-globin-leader was returned to levels observed in mock-

depleted IVT extracts (Fig. 3.3C). Increasing eIF4E levels 5-fold produced an 

incremental 2.25-fold increase of cap-dependent translation (Fig. 3.3C). 

Reconstituting eIF4E had the opposite effect on translation initiation at the HRV2 

IRES (Fig. 3.3C). At 50 ng/µl recombinant eIF4E, cap-independent translation 

diminished ~4-fold and the IRES:cap ratio was >6-fold reduced compared to 

mock-depleted IVT extract (Fig. 3.3C).  
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Fig 3.3 eIF4E abundance controls the IRES:cap translation rate.  
A) Purified recombinant eIF4E was obtained by proteolytic release of eIF4E from the 
eIF4E-GST fusion protein generated in a bacterial expression system. (B) Levels of 
eIF4E and -4A determined by immunoblot.  Recombinant eIF4E was added to cap-
depleted extract to yield the approximate indicated final concentrations. (C) Translation 
of cap-globin-leader and HRV2 5’UTR reporters in eIF4E-depleted/reconstituted extracts 
normalized to mock-depleted extract. Numbers above represent the IRES:cap ratios. (D) 
Translation via the cap-globin-leader, myc-5’UTR and VEGF-5’UTR reporters in eIF4E-
depleted/reconstituted extracts (normalized to mock-depleted extract). The IRES:cap 
ratio was established by comparing translation of Rluc/Fluc reporters in the same 
sample. The graph depicts cap-globin-leader translation in the VEGF 5’UTR sample. (E) 
Translation via the cap-globin-leader, myc-5’UTR and VEGF-5’UTR reporters in mock-
depleted extract after addition of recombinant Flag-4EBP (the IRES:cap ratio was 
established by comparing translation of Rluc/Fluc reporters in the same sample; the 
graph depicts cap-globin-leader translation in the VEGF 5’UTR sample). All IVT assays 
shown were conducted in at least three independent series performed in duplicate with 
different extract preparations using different batches of recombinant proteins and 
reporter RNAs. A representative series is shown.    
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3.1.2.4 eIF4E levels control translation initiation  at eukaryotic 5’UTRs 
with IRES competence   

To investigate how translation of cellular mRNAs with confirmed IRES 

competence responds to eIF4E levels, we carried out tests of RNA reporters 

translating under control of the uncapped 5’UTRs of c-myc and vascular 

endothelial growth factor (VEGF) (Fig. 3.1D). These 5’UTRs contain IRESes that 

are functional upon EV eIF4G cleavage, implying IRES competency and a 

mechanism of ribosome recruitment involving direct eIF4G binding 

(Hundsdoerfer et al. 2005) (Kaiser et al. 2008).  

 

First, we used the same experimental parameters employed for prior tests of the 

HRV2 IRES (Fig. 3.3C). In these assays, cap-dependent translation at the cap-

globin-leader responded with a ~10% or ~50% decline in IP-depleted and cap-

depleted compared to mock-depleted IVT extracts, respectively, confirming 

earlier observations (Fig. 3.3D). Translation via the uncapped c-myc or VEGF 

5’UTRs, however, was significantly more responsive to eIF4E levels than the 

HRV2 IRES (Fig. 3.3D). In cap-depleted extracts the IRES:cap ratio was 

increased ~2.9 and ~5.5-fold with the c-myc and VEGF IRES, respectively (Fig. 

3.3D). Reconstitution with recombinant eIF4E dramatically reversed this effect. 

As observed before, at a reconstitution level of 10 ng/µl, cap-dependent 

translation was restored to levels detected in mock-depleted IVT extracts (Fig. 

3.3D). Compared to cap-depleted extract, the IRES:cap ratios at an eIF4E 
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reconstitution level of 50 ng/µl declined ~17-fold or ~31-fold for the c-myc and 

VEGF IRESes, respectively (Fig. 3.3D).  

 

The effect of eIF4E depletion on IRES-mediated translation at the un-capped c-

myc or VEGF 5’UTRs was recapitulated with addition of recombinant Flag-4EBP, 

causing an increase in the IRES:cap ratio similar to the trends observed with the 

HRV2 IRES reporter (Fig. 3.3E). As with the response to eIF4E depletion, the 

effect of Flag-4EBP addition to IVT extracts on c-myc/VEGF IRES-mediated 

translation was significantly more pronounced than on the performance of the 

HRV2 IRES (Fig. 3.3E).  

 

Our data indicate that cap-independent translation is strongly induced by eIF4E 

depletion or interception of eIF4E-eIF4G binding. They also suggest that 

translation initiation via uncapped cellular 5’UTRs with IRES competence is far 

more sensitive to eIF4E abundance and function (in terms of eIF4G recruitment) 

than translation via the HRV2 IRES.  

 

3.1.2.5 The structure and length of the 5’UTR influ ences eIF4E 
sensitivity for m7G-capped mRNAs with IRES capacity  

Next, we evaluated the effect of an m7G-cap structure on eIF4E sensitivity of the 

c-myc/VEGF 5’UTRs in our system. Adding an m7G-cap-structure to the c-myc 

RNA reporter reversed the response to eIF4E depletion/reconstitution. 
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Essentially, the cap-myc-5’UTR reporter behaved like its cap-globin-leader 

counterpart: translation diminished with increasing depletion and was 

incrementally stimulated after reconstitution with increasing amounts of 

recombinant eIF4E (Fig. 3.4A). Accordingly, the ratio of cap-myc-5’UTR vs. cap-

globin-leader mediated translation did not change significantly upon eIF4E 

depletion/reconstitution (Fig. 3.4A). To test the cap-myc-5’UTR response to 

eIF4E levels under conditions mimicking the repression of cap-dependent 

translation, we employed a previously described strategy to impede scanning at 

the c-myc 5’UTR (Hundsdoerfer et al. 2005), (Kaiser et al. 2008). Introduction of 

an artificial stable stem loop (SL) structure upstream of the c-myc IRES 

drastically impedes cap-dependent translation of capped c-myc 5’UTR reporters 

in vitro (Hundsdoerfer et al. 2005). Testing cap-SL-myc-5’UTR reporters (Fig. 1D) 

in cap-depleted IVT extracts with eIF4E reconstitution revealed a response 

pattern equivalent to the (un-capped) myc-5’UTR or the HRV2 IRES (Fig. 3.4A). 

This suggests that IRES-mediated translation via the c-myc 5’UTR is conditional 

and is induced upon repression of cap-dependent translation.  

 

Conversely, a cap-VEGF-5’UTR reporter construct responded to eIF4E 

depletion/reconstitution similar to its un-capped counterpart, albeit less drastically 

(Fig. 3.4B). While the IRES:cap ratio of cap-myc-5’UTR reporters remained little 

changed upon eIF4E depletion and reconstitution, cap-VEGF-5’UTRs displayed 

enhanced translation upon eIF4E depletion, which was reversed upon eIF4E 
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reconstitution (Fig. 3.4B). Although the magnitude of the effects on translation via 

cap-VEGF-5’UTRs was only ~1/3 of that detected with un-capped VEGF-5’UTR 

reporters, the response pattern suggests IRES activity in the presence of an 

m7G-cap and unimpeded conditions for m7G-cap-dependent translation (Fig. 

3.4B).  

 

As shown for the previous assays, the effect of eIF4E depletion/reconstitution on 

translation initiation at cap-myc/VEGF-5’UTRs was recapitulated with the addition 

of Flag-4EBP to IVT extracts (Fig. 3.4C, D). Translation via cap-myc was as 

responsive to Flag-4EBP as the cap-globin-leader, while cap-SL-myc-mediated 

translation showed a response characteristic for IRESes (e.g. the HRV2 5’UTR 

or the uncapped myc-5’UTR) (Fig. 3.4C). In contrast to the unchanged IRES:cap 

ratio with cap-myc-5’UTR reporters, their VEGF counterparts retained IRES-

typical responsiveness, despite the presence of an m7G-cap (Fig. 3.4D). 

 

Our evidence shows that despite a similar capacity for IRES-mediated 

translation, the c-myc and VEGF 5’UTRs display substantial differences in their 

response to the modulation of translation conditions, such as altered translation 

initiation factor function.  
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Fig 3.4 IRES-competence of the c-myc 5’UTR is conditional. 
 (A) Translation of cap-globin-leader, cap-myc-5’UTR and cap-SL-myc-5’UTR reporters 
normalized to mock-depleted extract after eIF4E depletion/reconstitution. (B) 
Comparison of the IRES:cap ratios for cap-myc-5’UTR and cap-VEGF-5’UTR reporters 
with eIF4E depletion/reconstitution. (C) Translation of cap-globin-leader, cap-myc-5’UTR 
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Fig3.4 cont.                                                                                                                     
and cap-SL-myc-5’UTR reporters after addition of recombinant Flag-4EBP to mock-
depleted extract. (D) IRES:cap ratios for the cap-myc-5’UTR and cap-VEGF-5’UTR 
reporters after addition of recombinant Flag-4EBP to mock-depleted extract. All IVT 
assays shown were conducted in at least three independent series performed in 
duplicate with different extract preparations using different batches of recombinant 
proteins and reporter RNAs. A representative series is shown.   
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3.1.2.6 Manipulation of IVT extracts has no influen ce on transcript 
stability in our system 

The distinct 5’ termini of RNA reporters used in our assays may cause inherently 

altered stability and/or manipulations carried out to deplete eIF4E may influence 

the relative stability of diverse in vitro transcribed RNA reporters in IVT extracts. 

To exclude a contribution of such effects to the results of RNA reporter 

translation assays, we evaluated the integrity of different RNA reporters in our 

extracts by quantitative RT-PCR (Fig. 3.5). Reporters containing the un-capped 

myc-5’UTR, the capped myc-5’UTR or a capped myc-5’UTR containing the SL 

(Fig. 3.1D) were incubated for varying intervals in mock- or cap-depleted IVT 

extracts at 37°C. Our analyses did not reveal significant effects of eIF4E 

depletion on reporter stability (Fig. 5). Although, RT-PCR amplification of 

uncapped reporters was reduced ~10% compared to capped RNAs at 60 min 

incubation (Fig. 5), this difference cannot account for the substantial differences 

in translation rate observed in our assays. This suggests that reporter RNA 

stability is not a significant factor determining translation rate in our system.  
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Fig 3.5 The stability of RNA reporters in IVT extracts is not significantly affected 
by the 5’ terminus or by eIF4E depletion.  
Stability of c-myc 5’UTR-containing RNA reporters with unprotected (myc), m7G-
cap (cap-myc) or m7G-cap-SL 5’ termini after addition to mock- or cap-depleted 
extracts and incubation for the indicated times at 37°C. The experiment was 
performed twice in triplicates. The averages of two experiments are shown; error 
bars depict standard deviations.  
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3.1.2.7 Recruitment of eIF4G to m7G-capped RNAs thr ough eIF4E is 
required for the observed effects  

Similar effects of eIF4E depletion or Flag-4EBP addition on the IRES:cap ratio in 

a competitive system suggests a decisive role for eIF4G recruitment, either 

directly to IRESes or via eIF4E to the m7G-cap. To confirm this, we performed 

eIF4E reconstitution studies with an eIF4E mutant (W73A) that retains wt m7G-

cap-affinity, but is unable to bind efficiently to eIF4G (Marcotrigiano et al. 1997) 

(Fig.3. 6A). Reconstituting cap-depleted IVT extracts with eIF4E(W73A) on a 

scale of 1 to 50 ng/µl only minimally restored cap-globin-leader-mediated 

translation and had no inhibitory effect on cap-independent translation via the 

uncapped c-myc, VEGF or HRV2 5’UTRs (Fig. 3.6B). Adding eIF4E(W73A) to a 

concentration of 100 ng/µl to mock-depleted IVT extract reduced translation via 

the cap-globin-leader to ~50%, suggesting competition with endogenous, wt 

eIF4E (Fig. 3.6C).  
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Fig 3.6 eIF4G binding is required for the effects of eIF4E reconstitution in cap-
depleted IVT extracts.  
(A) Levels of total eIF4A and eIF4E (determined by immunoblot) in cap- or mock-
depleted IVT extracts reconstituted with eIF4E(W73A). (B) Translation of cap-globin-
leader, HRV2 5’UTR-, myc-5’UTR- and VEGF-5’UTR reporters after eIF4E(W73A) 
reconstitution of cap-depleted IVT extracts. (C) Translation of the same reporters after 
addition of eIF4E(W73A) to mock-depleted IVT extracts. All IVT assays shown were 
conducted in at least three independent series performed in duplicate with different 
extract preparations using different batches of recombinant proteins and reporter RNAs. 
A representative series is shown. 
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3.1.2.8 The charge of amino acid 209 in eIF4E influ ences its effect on 
translation 

So far, our investigations focused on testing the influence of eIF4E abundance 

and function (in terms of eIF4G binding) on cap-dependent vs. IRES-mediated 

translation in vitro. A major potential factor in the regulation of eIF4E’s role in 

translation, however, is phosphorylation of S209 via MAPK-mediated activation 

of Mnk1.  

 

To test the influence of the charge at position 209 in eIF4E on translation of 

diverse RNA reporters, we purified recombinant eIF4E variants with different 

substitutions for S209. We generated eIF4E variants with S209�A (neutral 

charge), �E (negative charge), or �R (positive charge) (Fig. 3.7A). S209 

substitutions in eIF4E were previously shown devoid of m7G-cap binding defects 

(Scheper et al. 2002); accordingly, none of the eIF4E variants exhibited 

functional deficits upon reconstitution in cap-depleted IVT extracts (Fig. 3.7B). 

The eIF4E variants were used to reconstitute cap-depleted IVT extract on a ~0.1-

5-fold scale similar to previous assays (Fig. 3.7A). To establish the IRES:cap 

ratio, the reconstituted extracts were then probed with cap-globin-leader or 

uncapped VEGF-5’UTR reporter RNAs (Fig. 3.7B).   

 

Reconstitution of cap-depleted IVT extracts with wt eIF4E(S209) had similar 

effects in this assay as in previous tests. Compared to un-reconstituted extract, 
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addition of 50 ng/µl eIF4E increased translation via the cap-globin-leader ~1.7 

fold, while VEGF IRES-mediated translation was diminished ~3.5-fold (Fig. 3.7B). 

Accordingly, the resulting IRES:cap ratio of ~0.17 was similar to prior results (Fig. 

3.3D). Reconstitution with eIF4E(S209A) caused slightly, but reproducibly, 

enhanced translation via the cap-globin-leader with corresponding effects on 

VEGF IRES-mediated translation, yielding IRES:cap ratio of  ~0.14 with  50 ng/µl 

eIF4E (Fig. 3.7B). The modest difference of S209 vs. S209A eIF4E in this assay 

may be due to endogenous in vitro phosphorylation of recombinant eIF4E(S209), 

and diminished cap-mediated translation initiation (with corresponding elevated 

IRES-mediated translation) upon eIF4E phosphorylation (see below). 

Reconstitution with eIF4E(S209A), which cannot be phosphorylated, thus may 

have an enhanced effect on the IRES:cap ratio. The functional difference 

between S209 and S209A eIF4E may be due to scarce endogenous eIF4E 

phosphorylation in vitro (see below).  

 
Reconstitution with eIF4E(S209E) had similar effects on the IRES:cap ratio as 

with eIF4E(S209) (Fig. 3.7B). At first sight, this may suggest that a negative 

charge at position 209 (mimicked by S209E) has negligible effects on eIF4E 

function. However, we believe that this may be explained with evidence that 

E209 is a poor mimic for authentic phospho-S209. Surface plasmon resonance 

analyses of m7G-cap affinity revealed a substantial negative effect of in vitro 

phosphorylation of eIF4E, which was not recapitulated by S209D or -E (Scheper 

et al. 2002). Also, in engineered mouse tumor models with eIF4E knock-in, the 
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oncogenic effect of eIF4E(S209) was reduced to 29% with the S209A mutant. 

However, eIF4E(S209D) only achieved ~75% of wt eIF4E oncogenicity (Wendel 

et al. 2007). Only a portion of total eIF4E is phosphorylated upon Mnk1 activation 

in vivo [studies suggest phosphorylation of ~50% of total eIF4E upon MAPK 

activation (Morley and McKendrick 1997)]. If eIF4E(S209D) were a true phospho-

mimic, it should at least equal the functional effects of wt eIF4E -if not 

significantly exceed it. 

 

Therefore, to gather clearer information about the role of the charge of amino 

acid 209 in eIF4E, we constructed eIF4E(S209R). This construct had a dramatic 

effect on the IRES:cap ratio upon reconstitution of cap-depleted IVT extracts 

(Fig. 3.7B). At the 50 ng/µl level, cap-globin-leader driven translation increased 

~4.25-fold. Meanwhile, VEGF-IRES mediated translation was suppressed ~10-

fold, yielding an IRES:cap ratio of only ~0.02 (Fig. 3.7B). Thus, substituting 

eIF4E(S209R) for the wt protein induced 10-times higher suppression of the 

IRES:cap ratio.  

 

We confirmed our observations with parallel tests of the myc-5’UTR reporter 

construct, yielding similar responses to reconstitution with eIF4E variants (not 

shown). Our results suggest that (i) the charge at the 209 position in eIF4E is a 

crucial determinant of its activity in cap-dependent translation and its effect on 
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cap-independent protein synthesis; and (ii) S209D/E ‘phospho-mimics’ may be 

poor functional replacements for the natural phospho-protein. 
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Fig 3.7 The charge at position 209 determines eIF4E activity.  
(A) Immunoblot of eIF4A and eIF4E in cap-depleted/reconstituted IVT extracts shown in 
(C). (C) Translation of cap-globin-leader or VEGF-5’UTR reporter RNAs in cap-depleted 
IVT extracts reconstituted with eIF4E variants. The IRES:cap ratios for reconstituted IVT 
extracts are indicated above. All IVT assays shown were conducted in at least three 
independent series performed in duplicate with different extract preparations using 
different batches of recombinant proteins and reporter RNAs. A representative series is 
shown.   
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3.1.2.9 Phosphorylation of eIF4E reduces its activi ty in cap-
dependent translation in vitro  

Due to the functional inadequacies of eIF4E phospho-mimic variants, we 

embarked on studies using in vitro phosphorylated recombinant eIF4E for tests in 

eIF4E depletion/reconstitution assays.  

 

In vitro phosphorylation of eIF4E is notoriously difficult, as Mnk proteins do not 

bind directly to eIF4E but instead, are recruited by eIF4G (Pyronnet et al. 1999). 

Indeed, phosphorylation of eIF4E requires MAPK-induced Mnk1-eIF4G binding in 

vivo (Shveygert et al. 2010). Accordingly, adding a constitutively active, 

recombinant human Mnk1 variant (T334D) to recombinant eIF4E in vitro, does 

not result in significant amounts of phosphorylated eIF4E (Fig. 3.8A).  

 

To achieve phosphorylation of recombinant eIF4E in vitro, we added recombinant 

Mnk1(T334D) and recombinant eIF4E directly to cap-depleted IVT extracts and 

incubated the extract for various periods at 37˚C. This produced efficient 

eIF4E(S209) phosphorylation at 15 and 45 min, in a dose-dependent manner, at 

levels significantly above endogenous phospho-eIF4E (Fig. 3.8A). The same 

conditions failed to yield phosphorylation of eIF4E(S209A), as expected (Fig. 

3.8B). To control for the effects of Mnk1-eIF4G binding (in the absence of eIF4E 

phosphorylation) in our assays, we tested a Mnk1 kinase-dead mutant in our 

system (Fig. 3.8C). Mnk1(D191A) carries a mutation in the metal-coordinating 
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site, rendering it catalytically inactive. Importantly, because Mnk1(D191A) has an 

intact activation domain and responds normally to MAPK activation, it retains 

eIF4G binding (Shveygert et al. 2010). Addition of Mnk1(D191A) did not increase 

eIF4E phosphorylation in our system (Fig. 3.8C). Excess Mnk1(D191A) actually 

decreased in vitro phosphorylation of recombinant eIF4E (Fig. 3.8C; compare 

lane 1 with lanes 4, 5, 8, 9), presumably by displacing endogenous Mnk1 from 

eIF4G. 

 

For translation activity, IVT extracts require addition of ATP at a concentration of 

0.8 mM (Materials & Methods). To exclude aberrant eIF4E phosphorylation due 

to excess ATP, we compared Mnk1-induced eIF4E phosphorylation in vitro with 

or without addition of 0.8 mM ATP (Fig. 3.8C). These tests revealed similar levels 

of eIF4E phosphorylation with addition of Mnk1(T334D), but not (D191A), 

confirming that the specific conditions for Mnk1 activity are not altered in the 

environment of IVT extracts.  

 

Finally, we performed translation assays with cap-depleted IVT extract and 

exogenous Mnk1-induced in vitro phosphorylation of eIF4E (Fig. 3.8D, E). 

Addition of recombinant eIF4E (10 ng/µl) and recombinant Mnk1(T334D) (on a 

scale of 0 - 30 ng/µl) to cap-depleted IVT extract produced increasing levels of 

eIF4E phosphorylation (Fig.3. 8D). Phosphorylation of eIF4E(S209) resulted in 

markedly enhanced cap-independent translation initiation at the HRV2 IRES, the 
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myc-5’UTR and the cap-SL-myc-5’UTR compared to translation via the cap-

globin-leader (Fig. 3.8E). With maximum eIF4E phosphorylation efficiency 

[addition of 30 ng/µl Mnk1(T334D)] the IRES:cap ratio for myc-5’UTR and cap-

SL-myc-5’UTR was >3-fold higher than in the absence of eIF4E phosphorylation 

(Fig. 3.8E). Concordant with previous results, the effect of eIF4E phosphorylation 

was less pronounced on the HRV2 IRES, than the c-myc 5’UTRs. Addition of 

kinase-dead Mnk1(D191A) at the same concentration in the same assay had no 

effect on the IRES:cap ratio (Fig. 3.8E). Rather, at least for the HRV2 IRES, it 

actually decreased it significantly (Fig. 3.8E). Furthermore, adding the Mnk 

inhibitor CGP57380 prevented the effect of adding Mnk1(T334D) on the 

IRES:cap ratio (Fig. 3.8E). Again, the reversal was most pronounced for the 

HRV2 IRES (Fig. 3.8E). The fact that addition of 30 ng/µl Mnk1(D191A) or 

CGP57380 treatment of IVT extracts supplemented with Mnk1(T334D) did not 

enhance the IRES:cap ratio for any reporter construct, suggests that the effects 

observed are due to eIF4E phosphorylation and not to the presence of 

exogenous Mnk1. Adding either kinase-dead Mnk1(D191A) or CGP57380, 

induces Mnk1-eIF4G binding, presumably by preventing dissociation of 

catalytically inactive Mnk1 from eIF4G (Shveygert et al. 2010). This excludes 

Mnk1-eIF4G binding itself as a factor in the enhanced IRES:cap ratio observed 

upon in vitro phosphorylation of eIF4E (Fig. 3.8E).  
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Investigations of the myc-5’UTR and cap-SL-myc-5’UTR constructs suggested 

that their translation occurs via an m7G-cap-independent mechanism in vitro. 

This is based on the effect of eIF4E reconstitution in cap-depleted IVT extract 

and the effect of Flag-4EBP addition to mock-depleted extracts (Figs.3.3, 3.4). 

Thus, our results suggest that eIF4E(S209) phosphorylation favors cap-

independent translation initiation in a competitive IVT environment. 
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Fig 3.8 Phosphorylation of eIF4E favors m7G-cap-independent translation 
initiation. 
 (A) Recombinant eIF4E (at a concentration of 10 ng/µl) and Mnk1(T334D) (at the 
indicated concentrations) were mixed in buffer or added to cap-depleted IVT extract. 
Immunoblots show the relative levels of exogenous proteins and the levels of 
eIF4E(S209) phosphorylation. (B) Recombinant wt eIF4E or eIF4E(S209A) (at a 
concentration of 10 ng/µl) and Mnk1(T334D) (at the indicated concentrations) were 
added to cap-depleted IVT extract. Immunoblots show the levels of eIF4E 
phosphorylation before (0) or 45 min after incubation at 37°C. (C) Recombinant eIF4E 
(at a concentration of 10 ng/µl) and Mnk1(T334D) or Mnk1(D191A) (at the indicated 
concentrations) were added to cap-depleted IVT extract. Amounts of phosphorylated 
eIF4E after incubation of Mnk1(T344D) or Mnk1(D191A) with recombinant eIF4E in 
translation extracts with indicated concentrations of ATP. The Mnk1 immunoblot was 
deliberately over-exposed to document levels of endogenous Mnk1 (left-most lane). (D) 
Levels of phospho-eIF4E, Mnk1, total eIF4E and eIF4A in reconstituted, cap-depleted 
IVT extracts (D). Mnk1(T334D), Mnk1(D191A) or CGP57380 were added at the levels 
indicated. All IVT assays shown were performed in six independent series in duplicate 
with different extract preparations using several different batches of recombinant 
proteins and reporter RNAs. A representative series is shown. 
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3.1.3 Discussion 

Due to eIF4E’s prominent role in protein synthesis control, MAPK signal 

transduction to eIF4E is an obvious factor in adaptive responses of translation 

machinery to extra- or intracellular cues. This is documented in studies of 

eIF4E’s oncogenic properties (Lazaris-Karatzas et al. 1990), (Mamane et al. 

2004) in various mouse tumor models. The cooperative, oncogenic effect of 

eIF4E in an Eµ - myc transgenic   lymphoma model was contingent on S209 

phosphorylation (Wendel et al. 2007). Crossing Mnk1/2 double knock-out mice 

[which lack eIF4E phosphorylation (Ueda et al. 2004)] with T-cell-specific PTEN-

/- mice, suppressed the occurrence of lymphoma in offspring (Ueda et al. 2010). 

Similarly, tumorigenesis was reduced in the offspring of eIF4E(S209A) knock-in 

mice crossed with mice with prostate-specific PTEN ablation (Furic et al 2010). 

 

While these investigations indicate a role for eIF4E(S209) phosphorylation in 

oncogenesis (Furic et al. 2010), (Ueda et al. 2010), its effects at the molecular 

level are not understood. Functional studies of eIF4E phosphorylation in vitro are 

hindered by spontaneous phosphorylation of endogenous eIF4E in IVT extracts 

and the inadequacies of eIF4E(S209D/E) phospho-mimic variants (Scheper et al. 

2002). Therefore, we selected a depletion/reconstitution strategy that permits 

replacement of endogenous eIF4E with recombinant, non-phosphorylated protein 

synthesized in bacteria. In vitro phosphorylation of recombinant eIF4E was 

achieved by addition of constitutively active Mnk1 to IVT extracts. We evaluated 
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the effect of eIF4E phosphorylation in a system with competing translation via 

conventional, cap-globin-leader 5’UTRs and a series of engineered constructs 

with variable dependence on m7G-cap-independent translation. 

 

Our investigations suggest that eIF4E abundance, function (in terms of eIF4G 

binding) and phosphorylation are powerful determinants of cap-independent 

translation. Depleting eIF4E to ~10% of endogenous levels in vitro had a similar 

stimulatory effect on cap-independent translation as addition of 4EBP. 

Conversely, a 5-fold excess of eIF4E potently suppressed IRES-mediated 

translation, while stimulating cap-dependent protein synthesis. This effect was 

dependent on eIF4E-eIF4G binding, as reconstitution with an eIF4E mutant 

unable to associate with eIF4G had no effect on the IRES:cap ratio. Our 

observations suggest that eIF4E may be rate-limiting for translation via cap-

dependent and -independent mechanisms. For the 5’UTRs studied here, and 

potentially for most IRES-competent cellular mRNAs (Hundsdoerfer et al. 2005), 

eIF4E’s function may be due to its role in balancing variable eIF4G recruitment to 

distinct RNA structures (Svitkin et al. 2005).  

 

The addition of an m7G-cap to the c-myc 5’UTR abrogated IRES activity in IVT 

extracts. IRES-dependence of the c-myc 5’UTR, including a characteristic 

response to eIF4E abundance and function, was restored by introducing a 

scanning block. This suggests that the c-myc message responds to cap-
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dependent control of protein synthesis when conventional initiation is unimpeded, 

but assumes IRES-competency when it is suppressed. This is not the case for 

the VEGF 5’UTR, which displayed IRES-typical properties under all tested 

circumstances, even in the presence of an m7G-cap. Our data show that 

‘encumbered’ 5’UTRs (Kozak 1991), despite common IRES competency, 

respond variably to modulated translation factor function (e.g. excess eIF4E or 

active 4EBP). This may be a simple function of 5’UTR size and complexity 

(compare the c-myc and VEGF 5’UTRs; Fig. 3.1D) or may reflect discrete 

functional properties, e.g. eIF4G affinity. Eukaryotic cells cannot afford mRNAs 

encoding potent oncogenes (c-myc) or growth factors (VEGF) to contain IRESes 

with constitutive, high eIF4G affinity. In such mRNAs, a capacity for cap-

independent translation must be subjected to tight control, e.g. via signal 

transduction to translation machinery resulting in modulated ribosome 

recruitment via internal ribosomal entry.   

 

Our experiments show that a positive charge in amino acid 209 of eIF4E favors 

cap-dependent initiation, and that phosphorylation of S209 (implying a negative 

charge) enables IRES-mediated translation in a competitive environment. Our 

evidence is based on authentic, in vitro phosphorylated eIF4E, rather than eIF4E 

phospho-mimic mutants that poorly represent the natural state of phospho-

eIF4E. In vitro phosphorylation studies required the addition of excess 

Mnk1(T334D), which may influence translation globally or selectively at distinct 
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templates. We controlled for this by testing a kinase-dead Mnk1 mutant that 

retains eIF4G binding (Shveygert et al.2010) and by using Mnk1 inhibition with 

CGP57380. Both assays suggest that the effects of eIF4E phosphorylation of the 

IRES:cap ratio are due to the catalytic activity of Mnk1 and not non-specific 

effects of the presence of excess Mnk1 protein in IVT extracts. Our results are 

consistent with biochemical analyses that reported a reduced affinity of phospho-

eIF4E for the m7G-cap (Scheper and Proud 2002), (Zuberek et al. 2003). This 

would reduce eIF4F recruitment at the m7G-cap, potentially allowing its subunits 

to engage at IRESes instead. Such effects likely exert subtle changes in 

translation efficiency of select mRNAs encoding potent regulators of cell 

physiology, rather than sweeping all-or-nothing switches in-between distinct 

translation modes.  
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3.2 MAPK-Signal-Integrating-Kinase controls cap-ind ependent 
translation and cell-type specific cytotoxicity of an oncolytic 
Poliovirus 

 

3.2.1 Introduction  

Poliovirus has been engineered for selective replication in neoplastic cells by 

exchange of its cognate internal ribosomal entry site (IRES) with that of human 

rhinovirus type 2 (HRV2) (Gromeier et al. 2000). This diminishes replication 

potential in cells of neuronal derivation, e.g. neuroblastoma cell lines (Gromeier 

et al. 1996) or HEK-293 neuroblastic cells (Campbell et al. 2005), (Yang et al. 

2009) and eliminates poliovirus’ inherent neuropathogenicity. The prototype 

oncolytic PV/HRV chimera, PVSRIPO, was devoid of pathogenic properties after 

intracerebral inoculation of 5 x 109 tissue culture infectious doses in an 

investigational new drug (IND)-directed dose-range finding, toxicology and bio-

distribution study in M. fascicularis (unpublished data). Yet, despite neuronal 

incompetence of PVSRIPO, it is associated with significant cytotoxicity and 

progeny production in neoplastic cells, e.g. cell lines derived of malignant glioma 

(GBM) (Gromeier et al. 2000).  

 

This suggests that conditions restricting PVSRIPO in the normal CNS are absent 

in GBM and that the cell type-specific environment in GBM favors viral growth. 

Indeed, PVSRIPO retained its highly neuro-attenuated genotype after serial 

passage in GBM xenografts in vivo, suggesting optimal conditions for function of 
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the heterologous 5’ untranslated region (UTR) driving viral translation and 

propagation (Dobrikova et al. 2008). Unraveling the mechanism responsible for 

PVSRIPO cytotoxicity in GBM is of key interest. It constitutes a correlative 

marker for efficacy and, since PVSRIPO oncolysis categorically depends on 

IRES-mediated protein synthesis, may shed light on control of alternative, cap-

independent translation initiation in cancer. 

 

Translation initiation at picornaviral RNAs bypasses eIF4E and occurs upon 

recruiting 40S subunits via binding eIF4G directly to the IRES, instead (de 

Breyne et al. 2009), (Kaiser et al. 2008). Malignant transformation entails 

profound changes to protein synthesis machinery. Most immediately this means 

modification of translation factors controlling ribosome recruitment to mRNAs 

(see chapter 1.4 and 1.3.1.1). These signaling events could have profound 

effects on cap-independent translation of PVSRIPO and thus affect its 

proliferation and cell-type specific cytotoxic potential. Indeed, In vitro studies 

analyzing the effects of eIF4E-phosphorylation suggest that signaling pathways 

can shift the balance between cap-dependent and cap-independent translation 

mechanisms (Svitkin et al. 2005) (chapter 1.3.1).  

 

To provide correlative mechanistic support for PVSRIPO, we investigated the 

effect of oncogenic signaling on viral cancer cell killing. Apart from delivering 

insights into the specificity of PVSRIPO the experiments conducted in this study 
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also serve as a direct in vivo test of the conclusions drawn from the in vitro 

system described in chapter 3.1  

 

PVSRIPO translation, growth and cytotoxicity are responsive to both major 

mitogenic signaling pathways via PI3K/mTOR and Ras/MAPK. PVSRIPO 

oncolysis is enabled by Ras/MAPK signaling and the MAPK substrate Mnk1 in 

particular. Mnk1 is a convergence node for multiple major signal transduction 

pathways and is broadly activated in GBM, tumors with universally active Erk1/2 

and p38 MAPK signaling. Based on our findings we propose that signal 

transduction to Mnk1 favors viral, cap-independent translation, enabling efficient 

PVSRIPO propagation and cytotoxicity. This effect can be further enhanced by 

concomitant inhibition of PI3K, potentially due to stimulation of cap-independent 

translation via inhibition of the mammalian target of rapamycin (mTOR) and 

resulting de-phosphorylation of 4E-BPs (Svitkin et al. 2005).  

 

3.2.2 Results 

3.2.2.1 Oncogenic signaling modulates PVSRIPO cytot oxicity 

GBM is associated with alteration of genes encoding proteins involved in 

mitogenic signal transduction, producing widespread active PI3K/Akt and 

Ras/MAPK signaling (Cancer et al. 2008). Hence, U-118 glioma cells, grown in 

the presence of serum, exhibit phosphorylation of downstream PI3K and 

Ras/MAPK effectors (Fig. 3.9a). U-118, like other glioma cell lines, is highly 
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susceptible to PVSRIPO propagation and cytotoxicity (Dobrikova et al. 2008). 

Serial passage of PVSRIPO in U-118 xenografts produced potent oncolysis 

without evidence for genetic adaptation of the virus, indicating proper function of 

the engineered 5’UTR in such cells (Dobrikova et al. 2008). To investigate the 

molecular mechanisms permitting optimal growth of PVSRIPO in glioma cells, we 

tested the influence of oncogenic signals on viral translation and growth. To this 

end, we used inhibitors of PI3K (LY294002), Mek1/2 (UO126) and its substrate 

Mnk1 (CGP57380) (Fig 3.9a). All inhibitors had the expected effects in U-118 

cells. UO126, while inhibiting phosphorylation of the Mek substrates Erk1/2 

effectively, failed to block eIF4E phosphorylation (Fig 3.9a), although the eIF4E 

kinase Mnk1 is an Erk1/2 substrate (Fig 3.9a). This is explained by active p38 

MAPK, which also feeds into Mnk1 signaling to eIF4E (Fig 3.9a). In contrast, 

CGP57380 inhibits Mnk1 directly, blocking all eIF4E phosphorylation in a dose-

responsive manner (Fig 3.9a). 

 

U-118 cells were vehicle-treated or treated with the appropriate compounds for 2 

hrs and infected with PVSRIPO at a multiplicity of infection (MOI) of 10 (Fig 

3.9b). Progeny (plaque forming units; pfu) and the viral non-structural proteins 

2C/2BC were analyzed at the indicated intervals. PI3K inhibition accelerated the 

onset of viral translation and growth slightly, but reproducibly by ~1 hr (Fig 3.9b). 

Interestingly, CGP57380 substantially repressed viral growth. The onset of viral 

translation was delayed by 2 hrs and peak production of progeny was reduced by 
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~60% (Fig 3.9b). Conversely, UO126 failed to significantly alter viral translation 

(Fig 3.9b). Correlation of PVSRIPO propagation and cytotoxicity with eIF4E 

phosphorylation in U-118 cells suggests involvement of the eIF4E kinase Mnk in 

virus susceptibility.  

 
As PVSRIPO is under consideration for clinical use because of its specific 

cytotoxic properties, we evaluated the effects of kinase inhibitors on infected 

glioma cells using a lactate-dehydrogenase (LDH) based cytotoxicity assay. U-

118 cells were infected at varying MOIs and treated with CGP57380 or 

LY294002 (Fig 3.9c). Tests of mock-infected cells showed that neither drug 

caused significant cytotoxicity on its own during the course of the assay (Fig 

3.9c). Mock-treated cells exhibited significant PVSRIPO cytotoxicity at all 

intervals (Fig 3.9c) and cell killing was complete before 48 hrs (Fig 3.9d). 

CGP57380 exhibited a marked cyto-protective effect, reducing virus-mediated 

cytotoxicity by ~70% at the highest MOI at the 72 hr interval (Fig 3.9c). 

Accordingly, CGP57380 prevented cytopathogenic changes of cell morphology 

typical for PVSRIPO. At an MOI of 1, cell killing was abrogated almost entirely 

(Fig 3.9d). PI3K inhibition modestly increased cytopathogenicity at MOIs >1 (Fig 

3.9) 
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Fig 3.9 Signaling pathways influencing PVSRIPO growth, proliferation and 
cytotoxicity  

(a) Immunoblots of kinase substrates in the PI3K- (Akt) and MAPK pathways (p38, Erk, 
eIF4E) 2 hrs after treatment with vehicle (-), UO126, CGP57380 or LY924002 
(concentrations in µM are shown atop). (b) Kinetics of viral growth (top) and translation 
(bottom) in mock- or inhibitor treated U-118 cells infected with PVSRIPO (MOI=10). 
Progeny was quantified by plaque assay and viral translation was measured by 
immunoblot of the viral non-structural proteins 2BC/2C. Viral propagation in mock- and 
UO126-treated cells was similar (data not shown). (c) PVSRIPO cytotoxicity in mock- or 
inhibitor-treated U-118 cells at the indicated intervals. (d) Photomicrographs of 
PVSRIPO-infected (MOI=1), vehicle- (Mock) or CGP57380 (CGP; 30µM)-treated U-118 
cells at the indicated intervals. 
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3.2.2.2 PI3K inhibition stimulates PVSRIPO prolifer ation 

Since PI3K inhibition promoted viral translation, accelerated virus propagation 

and stimulated PVSRIPO cytotoxicity (at MOIs >1), it may be used synergistically 

in clinical applications. Thus, we evaluated combination of PVSRIPO with 

LY294002 in vivo. We used a study template employed before, consisting of 

bilateral U-118 glioma xenografts in athymic mice treated with intratumoral (it) 

inoculation of PVSRIPO (Fig 3.10; top panels) (Dobrikova et al. 2008). Groups of 

4 xenografted athymic mice each received intratumoral (it) vehicle (PBS) or 

PVSRIPO (2.5 x 108 pfu) into subcutaneous ~200mm3 xenografts (Fig 3.10). On 

the day of virus injection, a regimen of daily intraperitoneal (ip) injections of 

25µg/g LY294002 dissolved in DMSO or DMSO alone was initiated (Fig 3.10). 

This dose/regimen has previously been shown to produce sustained PI3K 

inhibition in similar animal tumor models (Guha et al. 1997). At study days 5 and 

10, animals were euthanized and the excised tumors were used for histologic 

analyses and virus recovery, respectively. 

 

As reported before (Dobrikova et al. 2008), we observed modest reduction in 

tumor size in PVSRIPO-treated animals (Fig 3.10; top panel). In accordance with 

prior published work, LY294002 had no significant effect on tumor growth (Fan 

2003), (Liu 2007) (Fig 3.10; top panel). The oncolytic potential of PVSRIPO is 

best evaluated by histological analysis. Therefore, xenografts from all mice in the 

study were fixed, paraffin embedded, sectioned and H&E stained in their entirety 
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(Fig 3.10a-t). Tumors from group 1 (vehicle/DMSO control) displayed typical 

histology at days 5 and 10 (Fig 3.10a-d). PVSRIPO alone elicited widespread 

tumor cell killing (Fig 3.10e-l). At day 5, this was evident by interspersed tumor 

cell debris accompanied by the onset of host reactions resulting in tumor 

replacement by a scar (Fig 3.10e,f,i,j). LY294002 appeared to accelerate this 

effect, because tumor tissue removal and scar formation occurred earlier in 3 out 

of 4 animals in group 4. Tumor loss was near complete in one animal of the 

group (Fig 3.10m,n). At study day 10, all PVSRIPO-treated animals displayed 

prominent signs of tumor cell killing and tissue re-arrangement and a synergistic 

effect of LY294002 was less evident (Fig 3.10, right column). Xenograft extinction 

and scar formation beyond 10 days post PVSRIPO inoculation has been 

documented previously (Dobrikova et al. 2008) and tumor regress was not 

followed beyond 10 days in this study. 

 

Xenografts contralateral to the histologically analyzed tumors were homogenized 

and the lysate used to perform plaque assays to determine PVSRIPO content at 

study day 5. All xenografts from group 3 contained virus and the average titers 

recovered where 9.8 pfu/mg tumor. In contrast, tumors from group 4 were virus-

free in 2 cases and the average titers recovered were 0.97 pfu/mg. Since 

PVSRIPO recovery correlates with the presence of viable tumor in xenografts, 

~10-fold reduced titers in group 4 tumors indicate diminished live cells in the 

xenograft. The tumor lysates were also used to confirm PI3K inhibition, evident 
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through reduced phospho-S6 levels in group 2 and 4 tumors (data not shown). 

Our data suggest that, in accordance with tissue culture findings, LY294002 

synergistically accelerated PVSRIPO tumor cell killing and xenograft regression. 
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Fig 3.10 PI3K inhibition stimulates PVSRIPO cytotoxicity in vivo 
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Fig. 3.10 continued 
Experimental groups and the study regimen are indicated atop. U-118 xenografts were 
measured at study days 0 (when PVSRIPO/vehicle and LY294002/vehicle treatment 
was initiated), 5 and 10. Four animals of each group were euthanized at study days 5 
and 10 for histology and virus recovery.  The bottom panels show histology from 
xenografts recovered at day 5 (left columns) and 10 (right columns). Low-magnification 
images in the left columns are accompanied by higher magnification images from the 
same section (red inserts) in the column to their right. (a) - (d) Tumor histology of a 
representative xenograft from group 1 shows the characteristic dense arrangement of 
tumor cells. (e) - (l) Histology of two representative tumors from group 3 at study days 5 
and 10 as indicated. Note extensive tumor cell loss and ‘empty’ appearance of the 
former xenograft in all cases. Red arrows point to areas of intense tumor cell killing and 
active tissue rearrangement. (m) - (t) Histology of four representative tumors from group 
4 at study days 5 and 10 as indicated. (m) And (n) show complete tumor regress at 
study day 5. (n), (p) The area of the former tumor was invaded by cells with fibroblast 
morphology surrounded by dense extracellular matrix. Isolated viable tumor cells (n; 
arrow) may remain. (q) And (r) show active tumor (red arrow), which was still present in 
3 out of 4 animals of group 4. Note, however, the hypocellular outside the marginal area 
of remaining tumor.  
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3.2.2.3 H-Ras rescues PVSRIPO growth in a non-permi ssive cell line 

While PVSRIPO responds positively to inhibition of PI3K/mTOR signaling in vitro 

(Fig 3.9 b, c) and in vivo (Fig 3.10), a far more pronounced negative effect was 

achieved with inhibition of the Erk1/2 and p38 MAPK substrate Mnk (Fig 3.9b-d). 

The latter observation is of key importance, since MAPK activity may constitute a 

critical determinant for PVSRIPO tumor-specific growth and, thus, oncolytic 

efficacy. Unraveling signaling pathways that enable translation via the 

heterologous HRV2 IRES in PVSRIPO provide correlative mechanistic evidence 

for rational patient selection. 

 

To further delineate the potential role for MAPKs in viral oncolysis, we tested 

parameters for viral growth and cytotoxicity in a cell line naturally resistant to 

PVSRIPO. HEK-293 cells barely support PVSRIPO (Campbell et al. 2005) 

growth block polysome association of viral RNA (Merrill et al. 2006) and resist 

PVSRIPO cytotoxicity (Yang et al. 2009). To establish if this phenotype correlates 

with a distinct signaling status, we analyzed PI3K/Akt and MAPK signaling in 

HEK-293 cells (Fig 3.11). Compared to established GBM cell lines, e.g. DU54 or 

U-118, HEK-293 cells show relatively reduced Erk1/2 and p38 MAPK activity 

resulting in low levels of phospho-eIF4E (Fig 3.11). This implies inherently low 

Mnk1 activity. This was confirmed in a HEK-293 reference cell line (ATCC, 

Manassas, VA; Fig 3.11), a master HEK-293 cell bank used to establish an in 

vitro release assay for PVSRIPO at NCI (Yang et al. 2009) (Magenta Corp. 
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Rockville, MD) and a commercially available, tetracycline (tet)-regulated 

expression system (T-TREx; obtained from Invitrogen, Carlsbad, CA). 

Comparatively low Mnk1 activity in HEK-293 cells contrasts with rampant Erk1/2 

activity and eIF4E phosphorylation in GBM patients, implying universally active 

Mnk1 in these tumors (Fig 3.11). Detecting phospho-Mnk1 directly in patient 

samples is difficult due to high inherent background signal with the only available 

phospho(T197/202)-specific antibody. Since eIF4E phosphorylation categorically 

depends on Mnk , (Ueda et al. 2004)  it is a reliable marker for Mnk activity. 

 
To test if Mnk1 signals rescue PVSRIPO growth in HEK-293 cells, we 

constructed a tet-inducible HEK-293 cell line expressing myc-tagged oncogenic 

(V12) Harvey (H)-Ras (HEK-293Ras; Fig 3.11c). Tet-induction produced abundant 

phoshpo-Erk1/2 and -eIF4E without effects on the PI3K/Akt pathway (Fig 3.11c). 

PVSRIPO translation and growth in HEK-293Ras cells was potently stimulated 

upon tet induction. Expression of viral 2C protein was detected as early as 8 hrs 

and titers increased ~100-fold over 12 hrs compared to ~3.5-fold in mock-

induced cells (Fig 3.12a). The stimulatory effect of oncogenic Ras also occurred 

with the PVSRIPO parent, type 1 (Sabin) poliovirus vaccine (PV1S) in HEK-

293Ras cells (Fig 3.12b). PV1S propagation in plain HEK-293 cells is vastly 

superior to PVSRIPO (Campbell et al. 2005) and proportionally, PV1S growth 

was stimulated less than PVSRIPO. Thus, the effect of oncogenic Ras may be 

limited by the intrinsic capacity of host cells to support poliovirus replication.  
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To directly implicate MAPKs in PVSRIPO growth stimulation, tet-induced HEK-

293Ras cells were treated with kinase inhibitors before infection. UO126, 

CGP57380 and LY294002 had the anticipated effects on signaling (Fig 3.12c). 

Importantly, in contrast to U-118 cells, UO126 blocked PVSRIPO propagation in 

tet-induced HEK-293Ras cells almost completely (Fig 3.12d). Both UO126 and 

CGP57380 potently reduced viral translation and proliferation in tet-induced 

HEK-293Ras cells (Fig 3.12d). We also observed modestly enhanced early viral 

propagation with LY294002, previously noted in U-118 cells (Fig 3.12d). Our data 

show that Ras/MAPK signaling elevated deficient poliovirus growth mediated by 

a heterologous HRV2 IRES or cognate PV1S IRES in HEK-293 cells. Erk1/2 

inhibition blocked replication in HEK-293Ras cells, but did not affect PVSRIPO 

growth or translation in U-118 cells (Figures 3.9 b, 3.12d). This discordance 

correlates with UO126-resistant eIF4E phosphorylation in the latter (due to 

simultaneous activity of p38 MAPK; Fig 3.9a) and implicates Mnk1 in PVSRIPO 

growth stimulation. 
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Fig 3.11 MAPK activity in HEk-293 and Hek-293 Ras cells. 
(a) PI3K and Ras/MAPK pathways in HEK-293 cells. Erk1/2 signaling and phospho-
eIF4E in HEK-293 cells is reduced compared to DU54 and U-118 GBM cells. (b) 
Universally active Erk1/2 MAPK signal and eIF4E phosphorylation in GBM patients and 
absent signal in the normal primate brain. (c) Tet-induction of HEK-293Ras cells produces 
Erk1/2 and eIF4E phosphorylation and a signaling signature similar to U-118 GBM cells 
or GBM patient tissues. 
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Fig 3.12 Oncogenic H-Ras rescues PVSRIPO growth in non-permissive HEK-
293 cells  
(a) PVSRIPO growth (top) and translation (bottom) in mock- or tet-induced HEK-293Ras 
cells. Immunoblots confirm myc-Ras expression and Erk1/2 signaling. (b) PV1S progeny 
recovered from infected (MOI=10) mock- or tet-induced HEK-293Ras cells at the indicated 
intervals. (c) Protein kinase inhibitor profiles in tet-induced HEK-293Ras cells 
(concentrations in µM are shown atop). (d) Effect of kinase inhibitors on PVSRIPO 
translation and propagation in tet-induced HEK-293Ras cells. 
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3.2.2.4 Oncogenic Ras does not influence PVSRIPO en try 

Pleiotropic H-Ras may affect PVSRIPO propagation at multiple levels. In 

particular, studies with transfection of promoter reporters suggested that active 

Ras may up-regulate the poliovirus receptor, nectin-like molecule 5 (Necl-5) 

(Hirota et al.  2005). Stimulation of PVSRIPO entry by oncogenic Ras via 

enhanced receptor is unlikely, because Necl-5 is exceedingly abundant in plain 

HEK-293 cells and, since wt poliovirus or PV1S grow efficiently in these cells, is 

not a factor limiting susceptibility. Accordingly, analyses of Necl-5 levels in mock- 

and tet-induced HEK-293Ras cells did not reveal Necl-5 induction upon tet-

induced Ras expression (Fig 3.13a). Also, probing for viral RNA in membrane-

associated and cytoplasmic fractions of HEK-293Ras cells did not show any effect 

of oncogenic Ras on entry (Fig 3.13b).  
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Fig 3.13 Necl-5 and viral entry in HEK-293Ras cells 
(a) Expression of the poliovirus receptor Necl-5 in mock- or tet-induced HEK-293 cells. 
The asterisks indicate non-specific background bands. (b) Soluble cytoplasmic (s) and 
precipitated membranous (p) fractions from mock- or tet-induced HEK-293Ras cells at 30 
and 60 min post infection with PVSRIPO. Total RNA recovered from the cell fractions 
was subjected to RT-PCR analysis of PVSRIPO RNA, amplifying the heterologous IRES 
insert.  
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3.2.2.5 Active Mnk1 is sufficient to increase PVSRI PO susceptibility 

We were unable to test PVSRIPO cytotoxicity in tet-induced HEK-293Ras cells, 

because prolonged H-Ras expression caused significant toxicity on its own. To 

resolve this issue and to test directly whether MAPKs and their Mnk1 substrate 

control PVSRIPO cytopathogenicity in GBM, we constructed HEK-293 cell lines 

expressing constitutively active (T332D) or kinase dead (T2A2) Mnk1 mutatant 

(Waskiewicz et al. 1997) in a tet-inducible manner. Tet induction of HEK-293T332D 

cells greatly enhanced eIF4E phosphorylation (which also occurs in un-induced 

cells, presumably due to leaky transcription), while all eIF4E phosphorylation was 

absent in HEK-293T2A2 cells (Fig 3.14a). After PVSRIPO infection at MOIs of 0.1-

10, HEK-293T332D cells were significantly more susceptible to PVSRIPO 

cytotoxicity then HEK-293T2A2 cells (Fig 3.14b). Treatment of HEK-293T332D with 

CGP57380 nearly abolished this differential up to 48 hrs and significantly 

reduced viral cytotoxicity at 72 hrs post infection (Fig 3.14b). Partial recovery of 

cytotoxicity in the presence of CGP57380 may be due to degradation of the 

compound by 72 hrs. 
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Fig 3.14 Mnk1 activity determines PVSRIPO cytotoxicity in HEK-293 cells and 
stimulates IRES-dependent translation 
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Fig 3.14 continued 
(a) Mnk1 signaling to eIF4E in tet-induced HEK-293T2A2 and HEK-293T332D cells. (b) LDH 
cytotoxicity assay in tet-induced HEK-293T2A2 and HEK-293T332D cells in the presence or 
absence of CGP57380 as indicated. (c) RNA co-transfection of m7G-cap-leader (driving 
Fluc) or HRV2 IRES-driven (Rluc) reporters into mock- or tet-induced HEK-293T2A2 or 
HEK-293T332D cells. IRES-dependent Rluc units were normalized to cap-dependent Fluc 
values. (Bottom) Phospho-eIF4E immunoblot from RNA-transfected cells. Error bars 
correspond to standard deviation between triplicates. (d) Co-transfection of m7G-cap-
leader or PV1S/HRV2 IRES-dependent RNA reporters into mock- or tet-induced 
293T2A2/T332D cells treated with vehicle or kinase inhibitors as indicated. A representative 
series of an experiment performed 3 times is shown [p-values: T332D+tet vs. T2A2+tet 
(polio; HRV2)=0.017; 0.026]. 
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3.2.2.6 Mnk1 activity enhances viral, IRES-mediated  translation 

The only distinction between PV1S and PVSRIPO is the heterologous HRV2 

IRES in the latter. Virus attachment and entry events do not seem to respond to 

oncogenic Ras in HEK-293Ras cells and, thus, Mnk1 stimulation of PVSRIPO 

propagation most plausibly involves events following uncoating of the viral 

genome, i.e. cap-independent translation at the heterologous IRES. We 

investigated the effect of Mnk1 activity on viral translation by co-transfecting un-

capped, in vitro transcribed sub-genomic HRV2 IRES-driven Renilla Luciferase 

(Rluc) and conventional, m7G-cap β-globin leader-driven firefly Luc (Fluc) RNA 

reporters (Fig 3.14c). Rluc values were normalized to Fluc readings to account 

for changes in cell number or effects on global protein synthesis due to 

manipulation of transfected cells. Due to the added toxicities of sustained H-Ras 

and RNA transfection in HEK-293Ras cells and because transfection-induced 

stress signals to Mnk1 may interfere with our assay, we analyzed viral IRES-

dependent translation in cells with controllable Mnk1 activity (Fig 3.14a). 

 

The cell lines were tet- or mock-induced and transfected with both reporter RNAs 

(Fig 3.14c). The Rluc: Fluc ratio 8 hrs post transfection suggested that relative 

efficiency of cap-independent translation via the HRV2 IRES correlates with 

Mnk1 activity, evident as eIF4E phosphorylation levels (Fig 3.14c). Tet-induced 

dominant negative Mnk1-T2A2 had no effect on the IRES:m7G-cap ratio, 

whereas Mnk1-T332D induction specifically favored cap-independent, IRES-
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driven translation. Phospho-eIF4E was detectable in mock-induced HEK-293T332D 

cells, indicating active Mnk1 due to leaky Mnk1-T332D expression (Fig 3.14c). 

Accordingly, the IRES:m7G-cap ratio suggested favorable conditions for cap-

independent translation even in un-induced HEK-293T332D vs. HEK-293T2A2 cells 

(Fig 3.14c). This trend was further enhanced with elevated Mnk1 activity in tet-

induced HEK-293T332D cells (Fig 3.14a). 

  

We tested if the same is true for the poliovirus IRES, which translates more 

efficiently in HEK-293 cells then its HRV2 counterpart, possibly mirroring 

enhanced proliferation of PV1S vs. PVSRIPO. Both IRESes exhibited 

comparable stimulation in tet-induced HEK-293T332D vs. HEK-293T2A2 cells (Fig 

3.14d). Overall, the degree of stimulation of cap-independent reporter translation 

by Mnk1 activity was modest. However, moderately enhanced performance of 

the PV1S IRES vs. its HRV2 counterpart (Fig 3.14d) corresponds to substantially 

improved viral propagation in mock-induced HEK-293Ras cells (Fig 3.13). Next, 

we examined the effect of kinase inhibitors on the IRES:m7G-cap translation 

ratio. LY294002, significantly favored cap-independent, IRES-mediated 

translation in HEK-293T2A2 cells, an effect that was further enhanced in tet-

induced HEK-293T332D cells (Fig 3.14d). This finding reflects the effects of PI3K 

inhibition on PVSRIPO translation, growth and cytotoxicity in U-118 cells and 

oncolysis in vivo (Fig 3.9b, 2) or in tet-induced HEK-293Ras cells (Fig 3.104d). In 

contrast, Mnk1 inhibition with CGP57380 abolished stimulation of IRES-mediated 
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translation in tet-induced HEK-293T332D cells, reducing the IRES:m7G-cap ratio to 

levels comparable to HEK-293T2A2 cells (Fig. 3.14d). Our data suggest that 

MAPK control over PVSRIPO translation and replication is mediated by Mnk1 

signaling and its effects on viral IRES-mediated translation. 

 

3.2.2.7 Overexpression of eIF4E affects cap-indepen dent translation 
of PVSRIPO 

To confirm that phosphorylation of eIF4E affects translation independently of Mnk 

activity, we constructed several eIF4E mutants (Fig 3.15 A). These mutants were 

overexpressed in HEK-293T2A2 cells to considerable levels and their effects 

compared to overexpression of the wild-type protein. Experiments were 

performed in T2A2 cells to prevent any endogenous eIF4E phosphorylation and 

compare unphosphorylated forms with each other. Overexpression of wild-type 

eIF4E causes increases in cap-dependent translation and concomitant decrease 

in IRES dependent translation for the Rhinovirus reporter (Fig 3.15 C). 

Interestingly, overexpression of an eIF4E mutant incapable of binding to the cap, 

behaves as the exact opposite compared to wild-type. This mutant decreases 

cap-dependent translation and increases IRES dependent translation (Fig 3.15 

C). We also evaluated a 73A mutant incapable of binding to eIF4G (chapter 3.1). 

Unfortunately, expression of this mutant was, for unknown reasons, significantly 

weaker than expression of the wt form, prohibiting us from deriving conclusions 

from this mutant (Fig 3.15 B, C). Next we evaluated a pospho-mimic form of 
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eIF4E substituting the S209 for an Aspartate. This mutant behaved like an 

intermediate between the wild-type eIF4E and the cap-binding mutant, again 

supporting evidence that a negative charge at the 209 position causes decreased 

cap-dependent translation (Fig 3.15 C). As described above (chapter 1.4, 

3.1.1.3) the 209D mutant is a poor substitute for phosphorylated eIF4E in vitro 

(Scheper et al. 2002). Thus interpretation of this result is difficult. It is possible 

that in vivo a 209D mutant behaves more similarly to p-eIF4E than in vitro, but 

we have not tested this possibility. Therefore firm conclusions can only be 

derived from comparing the wt eIF4E to the W56A mutant in this experiment.    
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Fig 3.15 eIF4E levels influence PVSRIPO translation: 
(A) eIF4E mutants and respective eIF4G and cap-binding used in study.(B) Cap- and 
eIF4G affinity of mutants and wt as determined by eIF4G co-IP (bottom), cap-sepharose 
pull down (middle). Top depicts input. (C) Expression levels of transfected eIF4Es (top), 
IRES/cap ratio of HRV2 IRES after expression of various forms of eIF4E at indicated 
levels.  
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3.2.3 Discussion 

Our studies implicate convergent Erk1/2 and p38 MAPKs signals to Mnk1 in 

PVSRIPO growth and cytotoxicity in GBM. PVSRIPO translation and replication 

in naturally susceptible U-118 glioma cells or in HEK-293 cells expressing 

oncogenic H-Ras strictly correlate with eIF4E phosphorylation. Similarly, only 

protein kinase inhibitors that block eIF4E phosphorylation inhibit PVSRIPO 

growth. Kinase inhibitors, such as CGP57380, are notorious for unintended 

effects on multiple targets, but we confirmed a role for Mnk1 in PVSRIPO growth 

and cytotoxicity directly in cells stably expressing mutant forms of Mnk1.  

 

Mnk1 phosphorylation of eIF4E has been implicated in translation control of DNA 

virus infections, e.g. herpes simplex (Walsh and Mohr 2004) or African Swine 

Fever, but its effect on translation of viral transcripts has not been defined. The 

role of mitogenic signals in viral propagation has also been investigated with 

oncolytic viruses. For example, Ras/Erk1/2 signaling may mediate tumor cell-

specific cytotoxicity of reovirus (Coffey et al. 1998), or vesicular stomatitis virus 

(VSV) (Noser et al. 2007). The latter is pertinent here, because VSV oncolysis -

like PVSRIPO- benefits from simultaneous mTOR inhibition (Alain et al. 2010). 

VSV, highly sensitive to interferon defenses, exhibits conditional replication in 

tumor cells with defective interferon response. Ras/MAPK and mTOR signals 

have been linked to suppressive and supportive roles in interferon signaling, 

respectively, explaining their role in VSV oncolysis. 
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Therefore, it is possible that PVSRIPO tumor cytotoxicity and its response to 

kinase inhibitors, like VSV reflects the status of the interferon system. We do not 

think this is the case for the following reasons. Poliovirus:host cell interactions 

are dominated by drastic, very early effects on host cell gene expression. These 

are due to two viral proteases, 2A and 3C, which target a range of critical host 

cell entities such as eIF4G (Etchison et al. 1982), the poly(A) binding protein 

(Kuyumcu-Martinez et al. 2004)  or the nuclear pore complex (Gustin and 

Sarnow 2001) . Thus, poliovirus counters innate immune responses by broadly 

disrupting host cell translation and nucleo-cytoplasmic transport early after 

uncoating. It can afford such radical measures, because the viral life cycle is 

intact in a severely compromised host cell environment. This strategy entirely 

depends on competitive viral, cap-independent translation immediately after 

release of the viral RNA into the host cytoplasm (Dobrikova et al. 2006). In other 

words, the success of the poliovirus life cycle depends on recruiting ribosomes to 

incoming viral RNA and, thus, its ability to co-opt eIF4G to interact with the viral 

IRES. 

 

The HRV2 IRES in PVSRIPO may be inherently deficient to carry out this critical, 

rate-limiting step in the normal CNS. Mapping the locus for HRV2 IRES 

incompetence in HEK-293 cells identified a discrete region within stem-loop 

domain (SLD) 5 (Campbell et al. 2005). Overlapping determinants for HRV2 

IRES CNS deficiency and eIF4G binding suggest a functional relationship. It also 
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suggests that PVSRIPO translation, growth and cytotoxicity in GBM may be 

enabled by an environment supporting eIF4G:IRES interaction. 

   

eIF4E, possibly a rate-limiting translation factor (Duncan et al. 1987), regulates 

initiation by anchoring eIF4G at the m7G-cap, enabling formation of the cap-

binding complex and 40S ribosomal subunit recruitment. By controlling initiation 

complex formation at the m7G-cap, eIF4E may in effect regulate the function of 

its binding partners, e.g. eIF4G, in cap-independent translation initiation. This 

would suggest that eIF4E phosphorylation by Mnk may alter translation initiation 

complex formation at select mRNAs, either through modulating eIF4F formation 

at the m7G-cap or eIF4G:IRES interaction. Such a role for Mnk has been difficult 

to establish, due to contradictory reported effects of eIF4E phosphorylation on 

m7G-cap interactions. eIF4E phosphorylation has been variably proposed to 

enhance (Marcotrigiano et al. 1997), (Minich et al. 1994) or reduce m7G-cap-

binding (Scheper and Proud 2002). Our data are consistent with reports 

suggesting reduced affinity of phospho-eIF4E for the m7G-cap. This may 

generate ‘free’ eIF4F not committed to the m7G-cap, thus enabling enhanced 

eIF4G:IRES association and improved PVSRIPO translation. Previous 

investigations of Mnk1 activation in HEK-293 cells suggested an IRES:m7G-cap 

ratio altered in favor of cap-independent initiation, similar to our findings (Knauf et 

al. 2001). Eukaryotic IRES-competent mRNAs may initiate translation via eIF4G 

binding (Kaiser et al. 2008) and, thus, respond to mitogenic signals similar to 
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PVSRIPO. We do not make such a claim, mainly because the exceeding 

structural complexity, heterogeneity and functional plasticity of eukaryotic 

mRNAs preclude such simple predictions. In its simplicity, PVSRIPO is a unique 

sensor of translation factor function in cancer, because the viral RNA lacks an 

m7G-cap and viral translation categorically depends on eIF4G:IRES interaction 

for cap-independent 40S subunit recruitment.  

 

We observed stimulation of viral, cap-independent translation, PVSRIPO growth 

and cytotoxicity upon PI3K inhibition. It has been reported previously that mTOR 

inhibition resulting in 4E-BP dephosphorylation stimulates viral IRES-mediated 

translation (Svitkin et al. 2005). Parallel to our hypothesis regarding the role of 

Mnk1 and eIF4E phosphorylation in PVSRIPO oncolysis, it has been proposed 

that ‘decommissioning’ eIF4G from m7G-cap binding (in this case by promoting 

4E-BP-mediated dissociation from eIF4E) stimulates cap-independent 

translation. Based on these findings, there is compelling molecular correlative 

evidence for synergistic combination of PVSRIPO with inhibitors of PI3K/mTOR. 

Indeed, our studies document accelerated tumor cell killing and xenograft 

regression when combining PVSRIPO with the PI3K inhibitor LY294002 in vivo. 

Recent dose-range finding, toxicology and bio-distribution studies of PVSRIPO in 

non-human primates confirmed the safety of this approach. The studies 

described here bode well for PVSRIPO anti-tumor activity in GBM, neoplasms 

with widespread active Mnk1. 
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4. Significance and Future Directions  

 

4.1 5’UTR structure determines variable translation  modes and 
efficiencies 

mRNAs with highly structured UTRs often encode proteins with pivotal biological 

functions. Previously, they were grouped into a general category of mRNAs 

assuming that they respond in a similar fashion to extracellular cues. Our studies 

emphasize the difference between structure and IRES, particularly as it pertains 

to eIF4E levels and activity. We cannot confirm predictions from models 

concluding that all structured mRNAs require high levels of eIF4E to allow 

scanning and efficient translation (Koromilas et al. 1992). Rather, we show, in 

particular for the cap-VEGF IRES, that high eIF4E levels are inhibitory for its 

effective translation (chapter 3.1.1). This differs for the cap-Myc IRES, which 

responds to increased eIF4E levels by enhanced translation (analogous to a cap-

globin dependent RNA). Thus, even members of a ’functionally homogeneous’ 

group of 5’UTRs, namely eukaryotic IRESes, react distinctly to alterations in 

eIF4E abundance, activity or phosphorylation. 

  

This result also puts the notion of eIF4E overexpression in cancer into 

perspective. Generally, this was believed to enhance translation of structured 

mRNAs like those encoding c-Myc and VEGF (Graff et al. 2008).  Our in vitro 

data suggest a more differentiated situation with similar mRNAs responding in 
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different ways to changing eIF4E levels. Tumors can form through a variety of 

potential avenues; haplo-insufficiency studies of ribosomal subunits suggest that 

globally enhanced translation may be sufficient to result in a cancer phenotype 

(Ruggero and Pandolfi 2003). It is thus possible that eIF4E’s overexpression in 

tumors does exert its effects by globally enhancing translation, rather than by 

specific up-regulation of certain mRNAs. Many recent studies showed a crucial 

connection between phosphorylation of eIF4E and its potential to act in 

tumorigenesis  (Wendel et al. 2007). Hence eIF4E’s role as an oncogene cannot 

be fully understood without also considering the effects of its phosphorylation.   

 

 

4.2. eIF4E phosphorylation and translation of mRNAs  with important 
roles in tumor biology:  

The discovery that eIF4E is a phospho-protein has been made more than 20 

years ago. Yet, no clear biological function has been assigned to this event and 

conflicting predictions have been made about its function (chapter 1.4). Various 

obstacles have hindered previous attempts to determine the consequences of 

eIF4E phosphorylation for translation initiation. In vivo data produced mixed 

results as eIF4E and its phosphorylation is likely involved in various steps in the 

mRNA lifecycle (Topisirovic et al. 2004). The overt inadequacies of 

eIF4E(S209D/E) phospho-mimic variants (Scheper et al. 2002) (Goetz et al. 

2010), which remain the main tool to investigate the mechanistic consequences 

of eIF4E phosphorylation, is adding to the confusion. Signal transduction 
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pathways that lead to the phosphorylation of eIF4E simultaneously affect its 

binding partner eIF4G, its kinase Mnk and, possibly, eIF4E:eIF4G interactions.  

 

To eliminate these confounding factors, we designed a simple in-vitro system to 

selectively and specifically modulate eIF4E levels and phosphorylation. My work 

revealed that eIF4E phosphorylation favors the translation of mRNAs relying 

primarily, or completely on cap-independent mechanisms of translation initiation. 

Thus, we support a model in which phosphorylation of eIF4E reduces its cap-

affinity, allowing eIF4F components to be recruited to IRES elements via eIF4G’s 

RNA binding capacity (Fig 4.1). Our in vitro data are supported by mechanistic 

investigations of cell type-specific translation initiation at a viral IRES in cell 

culture and in xenograft systems in vivo. Our studies attribute a distinct, 

mechanistic role for eIF4E phosphorylation in translation initiation and the control 

over alternative translation initiation mechanisms in particular. 
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Fig 4.1 Consequences of alterations in eIF4E function: 
From left to right: Blocking eIF4E-4G interaction by dephosphorylating or overexpressing 
4EBP blocks cap-dependent translation, allowing 4G to interact with the IRES. When 4E 
is released from 4EBP the high affinity of eIF4E for the cap and for eIF4G anchors the 
eIF4F complex at capped-mRNA severely reducing IRES activity. Phosphorylation of 
eIF4E reduces its cap-affinity allowing some eIF4F to be recruited to IRESes via eIF4G 
mildly increasing IRES dependent translation while simultaneously decreasing cap-
dependent translation.  
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4.3 The charge of amino acid 209 in eIF4E is crucia l for m7G-cap 
affinity 

Surprisingly, our studies conducted with the eIF4E S209R mutant suggest that 

wild-type eIF4E is not optimally designed to support cap-dependent translation. 

Rather, inserting a positive charge on position 209 in eIF4E is associated with a 

three-fold enhanced activity in cap-dependent translation. This suggests that 

optimal translation of capped mRNAs might not be in the best interest of 

eukaryotes. Since overexpression of eIF4E is associated with oncogenesis, 

inherent maximum eIF4E activity might be undesirable. Also, inherent high 

activity of eIF4E could overshadow other mechanisms of modulated translation 

initiation and, thus, reduce the adaptability of the protein synthesis apparatus.  

 

4.4 Clinical application of PVSRIPO 

As discussed earlier, PVSRIPO displays an eIF4G recruitment defect in 

untransformed cells, but not in transformed cells with constitutively active MAPK 

signaling to protein synthesis machinery. This results in impeded translation of 

viral RNA in healthy tissue but not in tumors, causing specific attenuation in the 

CNS (Merrill et al. 2006). My work has helped delineating the molecular 

mechanisms determining viral competency in CNS malignancy.   

 

PVSRIPO is FDA-approved (IND no. 14,735) and on schedule to commence 

clinical trials in patients with recurrent Glioblastoma in the fall of 2011.  
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4.5 Future Directions 

Post-transcriptional gene regulation is rapidly emerging as a major factor in most 

physiologic and pathologic processes. eIF4E, the m7G-cap binding protein, or its 

nuclear equivalents, associate with nascent pre-mRNAs and is not removed until 

the onset of de-adenylation and decay of mRNAs. It is thus a most obvious factor 

in any post-transcriptional regulatory event, e.g. translation initiation, miRNA-

mediated translation repression, mRNA stability, mRNA exonuclear export or 

subcellular distribution. It is astonishing that the role of phosphorylation of S209 

in eIF4E has not been mechanistically unraveled previously, given that there is 

only one eIF4E protein in mammalian cells, it has a single defined physiological 

role (cap-binding), it has one phosphorylation site only (S209), which is targeted 

by a single kinase, Mnk1 (Waskiewicz et al. 1997) (Fukunaga and Hunter 1997). 

Our studies provide the impetus to further investigate the role of MAPK signaling 

to translation factors in differential translation regulation, in particular during 

oncogenesis. As our example with the prototype oncolytic poliovirus, PVSRIPO, 

demonstrates, an intricate understanding of eIF4E and its role in cap-

independent translation initiation can help devise intriguing new therapeutic 

approaches targeting aberrant translation control in cancer. 
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