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Abstract 

Our group has pioneered the development of a live-attenuated poliovirus, called 

PVSRIPO, for the purpose of targeting cancer. Despite clinical progress, the cancer 

selective cytotoxicity and immunotherapeutic potential of PVSRIPO has not yet been 

mechanistically dissected. Defining such mechanisms may inform its clinical application. 

  Herein I describe the discovery of a mechanism by which the MAP-Kinase 

Interacting Kinases (MNKs) regulate PVSRIPO cytotoxicity in cancer. In doing so, I 

delineate a novel, intricate network connecting the MNK and mTOR signaling pathway 

that regulates activity of a splicing kinase called the Ser-Arg Rich Protein Kinase (SRPK), 

and define SRPK as an impediment to IRES mediated translation. Moreover, I 

demonstrate that MNK inversely regulates mTORC1 association with the mTOR 

inhibitor DEPTOR and accessory factors TelO2 and DDB1, and clarify a molecular role 

of DEPTOR as impeding mTORC1 association with its substrates. In a collaborative 

effort, we found that PVSRIPO oncolysis produces antigen specific, cytolytic anti-tumor 

immunity in an in vitro human system and that much of the observed adjuvancy is due 

to the direct infection of dendritic cells (DCs) by the virus itself; implicating PVSRIPO as 

a potent adjuvant. In summary, oncogenic signaling in part through MNK leads to 

cancer specific cytotoxicity by PVSRIPO that engages an inflammatory environment 

conducive to DC activation and antigen specific T cell antigen immunity.  
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1. Introduction 

1.1 Eukaryotic Protein Synthesis 

In eukaryotes, after a mature mRNA is exported from the nucleus, there are a 

number of factors that determine its longevity as well as its ultimate 

expression/translation. These regulatory mechanisms expand the plasticity and 

complexity of life by determining when a given mRNA or set of mRNAs are expressed 

and in what quantities; for example, allowing for rapid responses to nutrient 

deprivation, temperature fluctuations, or growth factors. Depending upon cellular 

conditions, a given mRNA could face varying outcomes; for example, immediate 

degradation, storage for future usage, or association with translation machinery to 

produce one or several copies of the encoded protein. The ultimate fate of an mRNA can 

be determined by a number of factors including sequence specific microRNAs that 

signal the degradation of their target mRNAs and/or RNA binding proteins that can 

influence mRNA stability, localization, and translation. An additional, but coordinated 

layer of regulation exits at the level of protein synthesis   

 Protein synthesis is the most energy consuming cellular process (Buttgereit and 

Brand 1995) that allows for rapid adjustments in gene expression in response to both 

intracellular and extracellular cues. Protein synthesis is tightly regulated at several 

layers, allowing for dramatic changes in gene expression that are independent of mRNA 

abundance (Kristensen, Gsponer et al. 2013). At the heart of translation is the ribosome, a 
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multi-subunit macromolecule comprised of RNA and protein. The ribosome harbors 

“A”, “P”, and “E” sites that (I) align the proper complementary aminoacyl-tRNA with 

the mRNA in frame (A site), (II) facilitate peptide bonding with the nascent polypeptide 

chain to produce a peptidyl-tRNA (P site), and (III) release of the uncharged tRNA (E 

site). According to its functional importance in coordinating tRNA recruitment and 

polypeptide synthesis, the regulation of translation has evolved with ribosomes to 

regulate: the quantity and identity of mRNA templates that will gain access to it 

(initiation), the pace and efficiency of polypeptide synthesis (elongation), and the release 

of the ribosome following translation at the stop codon by release factors (termination). 

While all of these stages are coordinated to determine protein synthesis output in both 

template specific and nonspecific manners, the most expansive and rigorous level of 

regulation is that of translation initiation (Sonenberg and Hinnebusch 2009).  

1.2 Translation Initiation  

1.2.1 Translation initiation mechanisms 

  Several mechanisms have evolved to regulate how, when, and where RNA 

templates achieve ribosome association in eukaryotes. Beyond RNA stability, 

localization, and abundance, there are factors that determine whether a given mRNA 

will be capable of recruiting the ribosome.  
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1.2.2.1 Canonical, Cap-Dependent Translation 

All eukaryotic mRNAs (except mitochondrial RNAs) contain a 

5’m7G(5’)ppp(5’)N cap added co-transcriptionally and most mRNAs contain a 3’-poly-

Adenine (A) tail added immediately following transcription. Canonically, translation 

commences through the cap-binding protein, eukaryotic initation factor- (eIF-) 4E 

contacting the mRNA m7G cap structure. eIF4E recruits eIF4G; a large scaffold protein 

that also contacts eIF3, the helicase eIF4A and its cofactor eIF4B, and the poly-A binding 

protein (PABP). eIF4G facilitates the circularization of the mRNA through binding PABP 

by bringing the mRNA poly-A tail to eIF4G (at the cap due to eIF4E association), and 

also recruits the 43S ribosomal subunit containing the 40S ribosome (with eIF1 and 

eIF1A) and the ternary complex (eIF2-GTP-Met-tRNAMet) via eIF3. The helicase eIF4A 

and its cofactors eIF4B and eIF4H, as well as other ribosome and eIF4G associated 

helicases, serve to unwind secondary structure to enable 43S ribosomal scanning of the 

5’ UTR in search of the correct translation start codon. Upon recognition of the proper 

start codon, most commonly AUG within the context of GCC(A/G)CCAUGG (Kozak 

1991), the 40S ribosome changes confirmation enabling eIF5 to hydrolyze  eIF2α-GTP to 

GDP; leading to the partial release of eIF2α from the ribosome. eIF5B and the 60S 

ribosome are then able to join the 40S ribosome, displacing the remaining initiation 

factors. (Jackson, Hellen et al. 2010). This results in the full elongation-ready 80S 

ribosomes which then enables the opening of the “A” site of the ribosome to allow for 
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association with the next tRNA; which will be covalently attached to the methionine 

located in the P site (Fig. 1).  
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Figure 1: Canonical cap-dependent translation mechanism. See text for details, 

figure from (Jackson, Hellen et al. 2010) with permission from publisher (see appendix 

for license).  



 

6 

1.2.2.2 Cap-Independent Translation and the IRES 

An alternative mechanism of translation that bypasses the canonical cap/eIF4E-driven 

mechanism relies instead upon complex 5’UTR structures known as internal ribosomal 

entry sites (IRES) to recruit initiation machinery and the ribosome. These structures are 

most notably used by +-stranded RNA viruses to directly recruit host translation 

machinery without the rate limiting factor eIF4E, and in some cases without other 

initiation factors. The IRES was first discovered in the encephalomyocarditis virus 

(EMCV), a murine picornavirus (Jang, Krausslich et al. 1988).  Since this first discovery, 

several picronavirus IRESes have been found in other (+)-stranded RNA viruses 

including hepatitis viruses A and C, cricket paralysis virus (CrPV) and Foot and Mouth 

Disease Virus (FMDV); as well as DNA viruses that encode IRES-containing RNAs 

including Human Immunodeficiency Virus (HIV) and Karposi’s Sarchoma Herpes Virus 

(KSHV). Although contentious, cellular mRNAs have also been proposed to have 

IRESes, including c-MYC, cyclin D1, VEGF, XIAP, eIF4G, p53, apaf-1 and several others 

(Pestova, Kolupaeva et al. 2001; Jackson 2013).    

Although there are no known specific sequences that are attributable to IRES 

activity, certain binding sites for RNA binding proteins are common between many of 

them--typically referred to as IRES trans-activating factors (ITAFs); for example the 

polypyrimidine tract binding protein (PTB).  Furthermore the exact mechanisms of IRES 

mediated ribosomal recruitment remains somewhat mysterious. Accordingly, different 
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IRESes have varying mechanisms of recruiting the ribosome; with the one commonality 

that they do not require eIF4E. Picornaviruses (discussed in more detail below), for 

example, generally bind eIF4G to recruit the ribosome. However, HCV IRES mediated 

translation functions by displacing eIF3 from the ribosome and binding directly to the 

40S ribosome at the same site (Hashem, des Georges et al. 2013). Recently it has been 

demonstrated that some viruses, like the discistrovirus, mimic tRNA to interact directly 

with the ribosome (Au, Cornilescu et al. 2015). Whether this is done by other IRES-

containing viruses is contentious and yet to be determined. 

1.2.2.3 eIF4G directed translation and Enterovirus IRESes 

Enteroviruses are (+)-stranded RNA viruses in the picornaviridae family; of 

which include polio-, rhino-, and coxsackie- viruses. Many of these viruses have served 

as workhorses to dissect translation mechanisms because they are essentially a long 

mRNA delivered directly to the cytoplasm whose pathogenic success relies upon co-

opting host cell translation. The mechanism by which polio and other enteroviruses 

recruit ribosome machinery is through eIF4G1/3 and the helicase eIF4A binding directly 

to the viral IRES to bridge eIF3 and the ribosome to viral RNA (Sweeney, Abaeva et al. 

2014). During the initial rounds of infection, eIF4G1 and 3 are both cleaved, separating 

the eIF4E binding domain from the C-terminal eIF3 and RNA binding domains. The 

resulting C-terminal domain potently enhances IRES mediated translation and also leads 

host translation shut down (Hambidge and Sarnow 1992). It is tempting to hypothesize 
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that the direct binding of the viral IRES to eIF4G is a mechanism to out-compete cellular 

cap-dependent translation initially. However, this is not the case because eIF4E 

overexpression greatly impedes IRES translation, indicating that eIF4G is not recruited 

to the viral IRES more efficiently than eIF4E (Svitkin, Herdy et al. 2005). Rather, it likely 

serves as a mechanism for viral translation to persist following eIF4G cleavage. 

Intriguingly, IRES directed translation may also function to target a specific cellular 

milieu, almost like a tropism, that favors such a mechanism of translation.  

Beyond eIF4G, most enteroviral IRESes also rely on a series of co-factors called 

IRES Trans-activating Factors or ITAFs that stimulate or enable IRES mediated 

translation, although their molecular mechanism(s) remain enigmatic. It is conceivable 

that ITAFs may modulate eIF4G-viral RNA association, facilitate ribosome recruitment, 

or provide proper confirmation for scanning and translation.  To date, the most evidence 

points towards the poly-(rC) binding protein-2 (PCBP2) as an essential ITAF regulating 

the initiation of polio and other enteroviral IRESes (Sweeney, Abaeva et al. 2014). Of 

note SRp20, which associates with PCBP2, and PTB are also prominent ITAFs proposed 

to play roles in stimulating enterovirus IRES initiation (Bedard, Daijogo et al. 2007).  

Lastly, it has been shown that many cellular IRESes have a similar mode of 

translation initiation, because they have been shown to be stimulated by C-terminal 

(RNA binding and eIF3 bridging competent, but lacking eIF4E binding) versions of 

eIF4G (Kaiser, Dobrikova et al. 2008) and/or have been shown to associate with or 
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require eIF4G (Thoma, Fraterman et al. 2008; Komar and Hatzoglou 2011). However, the 

mechanistic function of eIF4G has come into question, implicating eIF4G independent 

modes of translation and in some circumstances attributing a more auxiliary role of 

eIF4G in translation. Interestingly there are three isoforms of eIF4G [I, II (also called 

Dap-5) and III] that can be individually and co-depleted with only moderate effects on 

global translation (Ramirez-Valle, Braunstein et al. 2008) 

1.2.3 Mechanisms of Translation Regulation 

1.2.3.1 5’UTR complexity  

The complexity of a template’s secondary structure is one of the most intriguing 

cis regulators of translation initiation. The majority of cellular mRNAs contain short 

5’UTRs that require only moderate scanning of the 43S ribosome to find the correct 

AUG. However, a considerable subset of eukaryotic mRNAs contain highly structured 

5’UTRs that require additional effort from helicases and other RNA binding proteins for 

ribosomal association and scanning. These encumbered UTRs enable more nodes of 

translation initiation regulation.  

One mechanism by which this increases translation regulation is used by a subset 

of mRNAs that contain alternative start sites in the 5’UTR that can produce different 

protein isoforms from the same transcript depending upon cellular conditions. An 

example of this is the MAVs protein responsible for transducing antiviral signals 

following detection of intracellular double stranded ds-RNA by MDA5 or RIG-I. Two 
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AUGs used to initiate translation can produce a long and short isoform. Interestingly, 

the short isoform of MAVs lacks the CARD domain necessary for signaling, and may 

serve as a dominant negative version of MAVs to attenuate or control anti-

viral/interferon responses (Ivanov and Anderson 2014). A similar mechanism relies on 

upstream open reading frames (uORFs) that contain both upstream start and stop 

codons, which can determine how efficiently a transcript will be translated in response 

to varying cellular conditions. For example, ATF4, a transcription factor that responds to 

stress, contains a complex 5’UTR with 2 uORFs that during normal conditions prevent 

its translation. During stress, specifically mediated by eIF2α phosphorylation, the 

inhibitory second uORF is no longer initiated because of a lack of available ternary 

complex, making translation at the correct ATF ORF more likely (Barbosa, Peixeiro et al. 

2013). The mechanism(s) by which uORFs and eIF2α-p impact translation is only 

beginning to be understood.  

Perhaps more intuitively, 5’UTR complexity also enables translation regulation 

by requiring cofactors that unwind and/or optimize the structure of these templates for 

ribosomal recruitment and scanning. A correlation between proto-oncogenes and 5’UTR 

complexity has long been noted (Davuluri, Suzuki et al. 2000), and as one might suspect, 

greater 5’UTR complexity generally reduces translation. It is possible that this serves as a 

function to prevent overexpression of potentially ‘dangerous’ templates. Two recently 

identified examples of this are N-RAS and adrenomedullin, both deemed facilitators of 
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tumorigenesis, that have complex and high energy structure to diminish their 

translation (Brenet, Dussault et al. 2006; Kumari, Bugaut et al. 2007).  Thus as the trend 

of higher order vertebrates having longer and more complex 5’UTR structures would 

suggest (Davuluri, Suzuki et al. 2000), the 5’UTR is a major determinant of translation 

competence for both cap-dependent and -independent mechanisms that enables more 

sophisticated gene regulation.  

1.2.3.2 Initiation factor availability and activity  

As presented in the translation mechanisms chapter (1.2.1), initiation factors play 

a critical role in determining translation initiation. Not surprisingly these factors are 

tightly regulated in their abundance, localization, and activity. The dysregulation of 

initiation factor expression in cancer is a testament to the homeostatic importance of 

regulating their abundance (Table 1). A prominent example of fine tuning of translation 

initiation factor availability is that of eIF4E and its inhibitors, the 4E binding proteins 

(4EBPs). The 4EBPs function to inhibit eIF4E association with eIF4G, thus reducing cap-

independent translation and upregulating cap-independent translation (Lin, Kong et al. 

1994). This mechanism serves as a regulator of global translation to respond to 

conditions of nutrient availability and growth factor stimuli via mTOR signaling 

(described in Chapter 1.3.2) which phosphorylates the 4EBPs to diminish their affinity 

for eIF4E. Another example by which initiation factor availability is regulated is through 
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PDCD4, which sequesters eIF4A from eIF4G to prevent unwinding of secondary 5’UTR 

structure (Yang, Jansen et al. 2003).  

Perhaps the most impactful mode of translation initiation factor activity is that of 

cell signaling. Virtually all initiation factors have phosphorylation sites that are 

regulated by growth and nutrient conditions, stress, and cell cycle. Many of these 

phosphorylation events have been shown to regulate the translation activity of initiation 

factors. For example, eIF4G has several phosphorylation sites that regulate its 

associations with eIF4A, eIF3, RNA, and the ribosome (Dobrikov, Dobrikova et al. 2013; 

Dobrikov, Shveygert et al. 2014). Another well-defined example is phosphorylation of 

eIF4B, a cofactor of eIF4A that greatly enhances its helicase activity, which occurs during 

growth factor and nutrient availability to stimulate its activity (Shahbazian, Roux et al. 

2006). Determining the mechanisms by which cell signaling regulates initiation factor 

activity is far from complete, with many phosphorylation sites being uncharacterized 

and unstudied. A general description of relevant cell signaling mechanisms and 

pathways will be described in more detail in Chapter 1.3  
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Table 1. Translation Initation factor dysregulation in cancer.  From (Silvera, Formenti 

et al. 2010) with permission from publisher (see Appendix for license).  

  

1.2.3.3 RNA binding proteins 

RNA binding proteins (RBPs) represent one of the most biologically interesting 

and perplexing classes of proteins. These proteins are among the most functionally 
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flexible biological players in the cell. They coordinate mRNA export, slicing, stability 

and translation; and despite decades of research many still remain mysterious in their 

biological role. As their name suggests, RBPs are defined by their RNA binding 

potential, many of which bind at specific or semi-specific RNA sequences, most 

commonly through ~80 amino acid long RNA recognition motif domains [RRMs; 

(Query, Bentley et al. 1989)]. These proteins associate with mRNAs to form mRNPs that 

are essential mediators in regulating the life of an mRNA from transcription to 

translation (Keene 2001).  The understanding of how they regulate translation is limited, 

in part because separating their roles in translation apart from their other roles is almost, 

if not completely, impossible. 

 However, a crude mechanistic understanding of some RBP’s roles in translation 

has been realized. In general terms, an RBP may function to regulate translation by 

manipulating RNA secondary structure to influence ribosomal recruitment, block 

negative or positive regulators (i.e. initiation factors, RBPs, or miRNAs) of translation 

from binding, or possibly even function to bypass canonical translation routes by 

directly recruiting the ribosome (Spriggs, Bushell et al. 2005).  A template specific 

example of such regulation is the TGF-β 5’UTR which is bound by the YB-1 RBP with 

high affinity to prevent eIF4G association, thus negatively regulating TGF-β initiation 

(Nekrasov, Ivshina et al. 2003). With relevance to this work are a class of RBPs known as 

the Ser/Arg rich splicing factors that have roles in mRNA export, splice site selection, 
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and translation. For example, the ASF/SF2 (also called SRSF1) protein has been shown to 

be associated with polysomes and stimulate the translation of transcripts when tethered 

to them in an in vitro translation system (Sanford, Gray et al. 2004). It remains to be 

determined how SRSF proteins, or SR proteins as commonly referred to, may influence 

translation. Intriguingly, the exon junction complex and other splicing associated factors 

have been shown to enhance the translation of templates independent of mRNA export 

and stability (Nott, Le Hir et al. 2004). Thus within every level of gene expression, 

including protein synthesis, RBPs are in many cases modulating specific mRNA classes 

or ‘regulons’, to enable coordinated gene expression (Keene 2007). 

1.3 Cell Signaling 

Undoubtedly one of the most critical elements of life is the ability to adapt in 

response to nutrient availability, stress, temperature, etc. One of the vital mechanisms by 

which cells achieve this is through signaling. Signal transduction events are typically 

exerted through kinases that phosphorylate a myriad of proteins in a coordinated, 

contextually dependent fashion to alter gene expression patterns. However, it must be 

noted that several other signaling mechanisms are also employed including acetylation, 

methylation, ubiquitination, and many others. This work focuses on kinase (an enzyme 

that catalyzes the addition of a phosphate group on a protein substrate) driven cell 

signaling and how it regulates translation, and thus, will be the focus of the description 

of cell signaling here. Moreover given the humbling sophistication of these pathways, 



 

16 

this introduction will only focus on pathways, proteins, and examples relevant to the 

work discussed. It also cannot be emphasized enough that while these signaling events 

are presented as “pathways”, my work and the work of countless others have shown 

these are far from linear, contained events. Signaling is accomplished differently in both 

intensity and mechanism in context-dependent manners, and depicting/comprehending 

the interconnectedness of these pathways and their various contexts may very well be 

impossible. 

1.3.1 PI3K/AKT/mTOR Signaling 

One of the most well studied signaling pathways is that of the PI3K-mTOR 

pathway because of its relevance to several human diseases including cancer, diabetes, 

and other metabolic disorders. While signal initiating events for this pathway originate 

from a number of receptors [including G-coupled protein receptors and receptor 

tyrosine kinase (RTK) receptors], activation occurs by the production of 

phosphatidylinositol (3,4,5) triphosphates (PIP3) at the plasma membrane by the 

phosphoinositide 3-kinase (PI3K). PIP3 acts as a plasma membrane docking site for 

pleckstrin-homology (PH) domain containing proteins, including the kinases PDK1 and 

AKT. Following their binding to PIP3, PDK1 phosphorylates AKT at threonine 308 

(T308). AKT is also phosphorylated by the mTORC2 kinase (which is also independently 

activated by PIPs) at Serine 473 (S473). This leads to the full activation of AKT which 

transduces a number of signals within the cell. A regulator of this pathway frequently 
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deleted in cancer cells is the phosphatase and tensin homology (PTEN) protein that 

serves as the phosphatase for PIP3 to attenuate PI3K signaling. An overview of PI3K 

signaling that includes the downstream regulation of mTOR and other key signal 

transducers downstream of PI3K signaling, see Figure 2.  

1.3.1.1 AKT and Ser-Arg Rich Protein Kinase (SRPK) signaling 

 AKT is a master regulator of cell survival [in part by inactivating the pro-

apoptotic FoxO transcription factors (Zhang, Tang et al. 2011)], cell cycle progression, 

metabolism, and immune cell activation. AKT also directly influences several other 

kinase networks, including some relevant to this work: mTOR (discussed in the next 

section), and the Ser/Arg Rich Protein Kinases (SRPK1/2) (Zhou, Qiu et al. 2012). The 

SRPKs are generally constitutive, but are sequestered from their substrates by Heat 

Shock Protein 70 (HSP70). AKT activation leads to SRPK auto-phosphorylation that 

relieves its inhibitory association with HSP70 and enables its translocation to the 

nucleus. The SRPKs phosphorylate “SR proteins”, named for their long stretches of SR 

dipeptide repeats, to regulate the several functions of these RBPs. To date it has been 

shown that the activation of SRPK downstream of AKT serves to activate alternative 

splicing through phosphorylation of the SR proteins (Zhou, Qiu et al. 2012). 

Furthermore, activated SRPK in the cytoplasm has been shown to induce SF2 (SRSF1) 

dissociation from RNA and import into the nucleus; indeed the transportin-S2 

(responsible for nuclear import of all SR proteins) specifically recognizes and imports 
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phosphorylated versions of the SR proteins (Lai, Lin et al. 2001). This is one of countless 

examples by which AKT influences another kinase network. It is through such 

coordinated regulation of several kinase networks that AKT accomplishes its many 

downstream effects.  

 

Figure 2: PI3K/AKT signaling pathway.  Illustration reproduced courtesy of Cell 

Signaling Technology, Inc. (www.cellsignal.com) 
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1.3.1.2 Mechanistic (Mammalian) Target of Rapamycin (mTOR) 

mTOR is the major homeostatic nutrient and energy sensor and regulator for the 

cell. TOR was discovered in yeast using a growth inhibiting, immunosuppressive 

compound found on Easter Island called rapamycin (Vezina, Kudelski et al. 1975), that 

was determined to be a specific allosteric inhibitor of TORC1 by binding the FKBP12 

protein to TOR (Heitman, Movva et al. 1991). This led to the discovery of the 

mammalian homolog mTOR (Sabatini, Erdjument-Bromage et al. 1994).  

mTOR is catalytically active in two separate complexes, mTOR complex 1 and 2 

(mTORC1 and mTORC2; see Fig. 2). mTORC1 contains mTOR, Raptor, GβL, and 

PRAS40; whereas mTORC2 contains mTOR, Rictor, Sin1, and GβL. Notable substrates of 

mTORC1 are the p70-S6 kinase (S6K), the 4EBPs, and Unc-51 like autophagy activating 

kinase 1 (ULK1); whereas notable substrates of mTORC2 are AKT, PKC isoforms, and 

SGK1. Several proteins interplay with the formation and activity of these complexes 

including the mTORC1 inhibitor PRAS40, which binds to Raptor and through an 

unknown mechanism inhibits mTORC1. DEPTOR also serves as an inhibitor of both 

complexes (more detail in section 1.3.1.2), whereas Protor1/2 associates with Rictor in 

mTORC2 to stimulate mTORC2 activity against its substrates (Pearce, Sommer et al. 

2011). GβL (also referred to as mLST8) is proposed to bind to the kinase domain of 

mTOR to stimulate its function (Kim, Sarbassov et al. 2003) and mSIN1 stabilizes the 

interaction of Rictor with mTOR (Yang, Inoki et al. 2006). More recently identified 
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regulators of mTOR stability and complex formation are TelO2 and TTI, which function 

to regulate mTOR stability and mTOR complex formation (Kaizuka, Hara et al. 2010), 

and may actually be regulated differentially depending on whether they are associated 

with Raptor or Rictor (Fernandez-Saiz, Targosz et al. 2013). For an overview of the vast 

functions attributed to mTORC1 and C2 and the components described here, please see 

Figure 3; note that mTORC1 functions are more broadly understood than mTORC2 to 

date.  
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Figure 3: mTORC1 and C2 functions.  From (Laplante and Sabatini 2012) with 

permission from publisher (see license in appendix) 

 

mTORC1 is activated through growth factor stimulation (the most prominent 

example being insulin) transduced through AKT, wherein AKT phosphorylates the 

Tuberin Sclerosis Complex-2 (TSC2). TSC2 serves as a GTPase activating protein (GAP) 

of the Rheb GTPase; hydrolyzing Rheb-GTP to Rheb-GDP. Rheb-GTP binding to mTOR 

is essential for mTOR function, although the mechanism is enigmatic (Long, Lin et al. 
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2005). Furthermore, AKT phosphorylates PRAS40 to release its inhibition on Raptor, 

further enhancing mTORC1 function. Not surprisingly there are several other 

mechanisms by which mTORC1 is stimulated during growth factor signaling including 

RAS-MEK-Erk mediated inactivation of TSC2 (Ma, Chen et al. 2005) and WNT signaling 

inactivation of the mTORC1 negative regulator GSK-3β (Metcalfe and Bienz 2011). 

Equally important are the energy and amino acid availability inputs that dictate 

mTORC1 activation. One such mechanism is that of the AMP-Kinase, which senses AMP 

(the uncharged version of ATP) to become active upon high concentrations of AMP. This 

leads to the phosphorylation of Raptor to inhibit mTORC1, inducing autophagy and 

diminishing global translation. Similarly amino acids are recognized by several adapter 

proteins of mTOR that, through currently unknown mechanisms, alter mTORC1 

function (Laplante and Sabatini 2012). 

mTORC2 is best known for its role in phosphorylating AKT. While many of its 

functions remain elusive, it has several interesting differences with mTORC1. One of 

which is that it is stimulated upon association with the ribosome and can co-

translationally phosphorylate AKT (S473, S450) (Zinzalla, Stracka et al. 2011). Most of 

the functions of mTORC2 to date have been attributable to its phosphorylation of AKT, 

however, it is speculated that its association with the ribosome and co-translational 

mode of phosphorylation may point towards a much larger substrate repertoire and 

homeostatic importance. 
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1.3.1.3 DEPTOR  

As briefly mentioned above, DEPTOR is capable of inhibiting both mTOR 

complexes by associating with mTOR directly.  The molecular function of DEPTOR 

remains elusive; however, some insights into its regulation of mTOR have recently been 

illuminated. DEPTOR has several phosphorylation sites that have been demonstrated to 

be phosphorylated by mTORC1, mTORC2, and several other kinases to regulate its 

ubiquitination and stability; however, upon overexpression of DEPTOR mTORC1 

signaling is diminished while mTORC2 and AKT signaling is enhanced. It remains 

unknown why DEPTOR preferentially inhibits mTORC1 [it hypothesized that mTORC2 

phosphorylates, and thus inactivates, DEPTOR more efficiently than mTORC1 

(Peterson, Laplante et al. 2009)] despite its binding to both complexes. Importantly, 

specific inhibition of mTORC1 through rapamycin, DEPTOR overexpression, or PRAS40 

overexpression has all been shown to activate AKT (Wan, Harkavy et al. 2007; Peterson, 

Laplante et al. 2009). This is due to negative feedback loops by which mTORC1 

attenuates AKT and mTORC2 signaling; including the phosphorylation of sin1 to 

attenuate mTORC2 (Liu, Gan et al. 2013) function and the phosphorylation of IRS-1 by 

S6K (an mTORC1 target) to reduce PI3K activation downstream of several RTKs (Shah, 

Wang et al. 2004). Indeed, it is hypothesized that because of its ability to induce AKT 

hyperactivity, DEPTOR is overexpressed in some cancer types and is required for their 

survival (Peterson, Laplante et al. 2009). 
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A considerable effort has been made to understand how DEPTOR stability is 

regulated; particularly because it appears to be its major mode of regulation. One 

mechanism of DEPTOR degradation occurs through the SCF (Skp-Cullin-F-box 

complex) β-transducin repeats containing protein; or SCFβ-TRCP, which functions to 

ubiquinate DEPTOR in a phosphorylation dependent manner (Gao, Inuzuka et al. 2011). 

In this complex, β-TRCP is a protein that bridges the cullin E3 ubiquitin ligase to its 

targets. Alternatively, it has been shown that during starvation the DDB1-cullin4 

ubiquitin ligase degrades AMBRA, an inhibitor of the cullin5 ubiquitin ligase. This 

relieves cullin5 mediated degradation of DEPTOR to inhibit mTOR signaling; leading to 

the induction of autophagy (Antonioli, Albiero et al. 2014). Indeed DDB1 and the 

proteasome have been shown to be positive regulators of mTORC1 signaling, possibly 

through this mechanism (Ghosh, Wu et al. 2008); however, it was also demonstrated that 

DDB1 controlled Raptor ubiquitination to positively regulate mTORC1 function 

(Hussain, Feldman et al. 2013). Thus, several pathways exist by which DEPTOR is 

regulated, indicating its importance in mediating mTOR regulation.  

1.3.2 Ras/Mitogen Activated Protein Kinase (MAPK) Signaling 

Another prominent signaling pathway rooted in countless cellular processes is 

that of the Ras-MAP-kinase driven cascade. There are three Ras isoforms in humans (H-

Ras, N-Ras, and K-Ras) that are well known for the functions in oncogenesis. Ras 

proteins toggle between “on” and “off” confirmations depending upon their association 
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with GTP or GDP, respectively. The Ras proteins are regulated by guanine nucleotide 

exchange factors (GEFs) and guanine activating proteins (GAPs) that either accelerate 

exchange of GDP for GTP (GEFs) or stimulate the intrinsic GTPase activity of Ras to 

hydrolyze GTP to GDP (GAPs). Similar to the PI3K pathway, the Ras proteins transduce 

signals from several receptor sources, including the prototypical example of the 

epidermal growth factor receptor (EGFR).   

Upon activation of EGFR and other RTKs through binding of their extracellular 

ligands, the receptors dimerize, leading to the auto-phosphorylation the intracellular C-

terminal domains of the receptor. The adapter proteins Grb2 and Sos associate with the 

phosphorylated receptor, which enables Sos to recruit Ras-GDP, leading to GDP 

exchange for GTP. Ras-GTP then phosphorylates Raf1, which in turn phosphorylates 

Mek1/2 to lead to the subsequent activation of the Erk1/2. It must also be noted that the 

EGFR and other RTKs also recruit PI3K subunits following auto-phosphorylation, 

leading to the activation of the PI3K/AKT pathway as well. These pathways are typically 

regulated together, particularly in the context of growth factor signaling. For a schema 

of the described cascade please see Figure 4.  

The functions of the Ras-MAPK pathway are vast and in many ways 

phenotypically similar to that of the PI3K pathway. Indeed, both PI3K and Ras-MAPK 

pathways are capable of regulating cell survival, oncogenic signaling, proliferation, 

translation, and general homeostasis; albeit through independent mechanisms in many 
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cases. Thus, while both pathways generally promote growth and proliferation, they do 

so in a complementary and coordinated fashion.  

 

Figure 4: Ras-Raf-Mek-Erk1/2 Pathway. Illustration reproduced courtesy of Cell 

Signaling Technology, Inc. (www.cellsignal.com) 

 

 

http://www.cellsignal.com/
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1.3.2.1 Erk1/2 and p38 MAPKs 

Downstream of the Ras pathway are the Erk1/2 and p38 MAPK pathways; 

serving vast and powerful functions analogous to the role of AKT in the PI3K pathway. 

These kinases are capable of being activated independently of Ras as well, particularly 

for p38 MAPK, and have hundreds of protein substrates. With particular interest for this 

work, Erk1/2 has major implications for translation regulation. For example, Erk1/2 

phosphorylates several translation factors including: the ribosomal S6 protein kinase 

(RSK), eIF4G1, and the oncogenic MAPK-Interacting Kinase (MNK)—a central focus in 

this study discussed in the next section. Similar to AKT, Erk is also capable of imparting 

cell survival by inhibiting the FoxO proteins while also driving cell proliferation/cell 

cycle progression.  

In its inactive state, Erk1/2 is anchored in the cytoplasm by microtubules, Mek, 

and/or phosphatases (Reszka, Seger et al. 1995; Fukuda, Gotoh et al. 1997; Karlsson, 

Mathers et al. 2004). Upstream activation of Erk leads to its nuclear translocation where 

it phosphorylates several critical factors including: Elk1, a transcription factor that 

induces expression of the proto-ongogene c-fos;,  c-MYC, causing its stabilization 

(Escamilla-Powers and Sears 2007); and STAT3, promoting its pro-growth and 

oncogenic functions (Chung, Uchida et al. 1997; Gough, Koetz et al. 2013). Erk’s 

phosphorylation/activation is tightly regulated by the phosphatase MKP3 and other 
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phosphatases, which is expressed quickly after its activation as a negative feedback loop 

(Owens and Keyse 2007).  

1.3.2.2 The MAP-Kinase Interacting Kinases 1/2 (MNK1/2) 

MNK1/2 receive signals directly downstream of both Erk and p38 MAPKs. The 

MNKs are well known for their role in mediating cell survival (Chrestensen, 

Eschenroeder et al. 2007), oncogenesis (Ueda, Sasaki et al. 2010), and regulation of 

protein synthesis (Grzmil, Huber et al. 2014). Accordingly, MNK inhibitors have been 

proposed as anti-cancer therapeutics (Ramalingam, Gediya et al. 2014); however, the 

enthusiasm for such approaches is tempered by a lack of mechanistic explanation for 

MNK’s oncogenic mechanism(s).  

There are two genes encoding MNK isoforms that are each alternatively spliced 

to produce “a” and “b” isoforms. These isoforms differ in their C-termini; with “a” 

isoforms harboring a MAPK binding domain and for MNK1a, a nuclear export signal; 

whereas both “b” isoforms lack MAPK binding domains and, along with MNK2a, lack a 

nuclear export signal.  Thus, MNK1 is predominantly cytoplasmic and highly 

responsive to MAPK signaling, while all other isoforms are generally thought to be 

focused in the nucleus. MNK2 only responds to Erk stimulation and has high basal 

activity—attributed to its more stable binding/association with Erk (Scheper, Morrice et 

al. 2001). MNKs are best known for their role in being the only physiologic kinase for the 

cap binding protein eIF4E at Serine 209 (S209) (Ueda, Watanabe-Fukunaga et al. 2004). 
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Phosphorylation of two threonines in the activation loop of MNK induces a 

conformational change that facilitates eIF4G1 binding and subsequent eIF4E 

phosphorylation (Shveygert, Kaiser et al. 2010). Thus MNK activity towards eIF4E is 

regulated by its eIF4G interaction, enabling sophisticated contextual regulation of eIF4E 

phosphorylation by MNK; for example PKC-α phosphorylates eIF4G1 to enhance MNK1 

association (Dobrikov, Dobrikova et al. 2011). 

The significance of MNK mediated phosphorylation of eIF4E remains disputed, 

with some reports indicating that eIF4E phosphorylation enhances cap-dependent 

translation (Bianchini, Loiarro et al. 2008) while others indicate the opposite (Knauf, 

Tschopp et al. 2001). An alternative function of eIF4E phosphorylation may be the 

regulation of mRNA export from the nucleus (Topisirovic, Ruiz-Gutierrez et al. 2004). 

Regardless, phosphorylation of eIF4E by MNK is associated tumorigenesis and/or 

unfavorable outcomes in several cancer contexts (Wendel, Silva et al. 2007; Furic, Rong 

et al. 2010; Zheng, Li et al. 2014). Unfortunately, much of the MNK literature attributing 

phenotypes to eIF4E phosphorylation synonymize MNK activity with eIF4E 

phosphorylation, which assumes that MNK’s only role is phosphorylating eIF4E. More 

recently, eIF4E phospho-mutant approaches have indicated a more template and context 

specific role for eIF4E phosphorylation, for example IκBα translation (Herdy, Jaramillo 

et al. 2012). Additionally, in recent years it has become apparent that MNK plays 

physiologic roles beyond phosphorylation of eIF4E.  
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A few additional MNK substrates have been proposed to date including the 

RNA binding proteins hnRNPA/1 (Buxade, Parra et al. 2005) and PSF (Buxade, Morrice 

et al. 2008); as well as a negative regulator of RTK signaling, Sprouty (DaSilva, Xu et al. 

2006). MNK phosphorylation of hnRNPA/1 and PSF are both proposed to enhance TNF-

α mRNA stability, raising the intriguing possibility that MNK may function to regulate 

RNA binding proteins at the nexus of mRNA stability and translation initiation. Several 

specific phenotypes have also been attributed to MNK independently of its role in 

phosphorylating eIF4E including mitotic abscission (Rannou, Salaun et al. 2012), c-MYC 

upregulation in response to mTORC1 inhibition (Shi, Frost et al. 2013), and interferon 

responses (Sharma, Joshi et al. 2012). Of particular interest to this work is MNKs 

apparent role in driving cap-independent translation relative to cap-dependent 

translation (Knauf, Tschopp et al. 2001; Korneeva, Song et al. 2015). The understanding 

of how this occurs has not yet been defined, although the breadth of IRESes responsive 

to MNK suggests it is a degenerate mechanism regulating translation more globally.  

Perhaps the most prominent observation to date about MNK signaling is that it is 

somehow linked with mTORC1 signaling. Following inhibition of mTORC1 with 

rapamycin, eIF4E phosphorylation is enhanced in a variety of cancer types (Wang, Yue 

et al. 2007). Several groups have confirmed this and have also found that MNK 

inhibition synergizes with Rapamycin to inhibit cancer cell growth (Marzec, Liu et al. 

2011). However, MNK inhibition does not synergize with mTOR catalytic inhibitors, 
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suggesting that the MNK feedback loop may somehow function to enhance cell 

survival/proliferation through an mTOR dependent mechanism (Eckerdt, Beauchamp et 

al. 2014). Furthermore, two groups have shown that MNK signaling impacts 4EBP-

phosphorylation at sites that have previously been shown to be mTORC1 targets 

(Grzmil, Huber et al. 2014; Teo, Yu et al. 2015). Interestingly, it was recently 

demonstrated that MNK2 interacts with mTORC1, and was proposed to be a novel 

regulator of SRPK (see section 1.3.1.1 for information on SRPK) through this interaction 

(Hu, Katz et al. 2012).  

How MNK mediates its survival and oncogenic functions as well as its roles in 

cap-independent translation remain elusive, but important, questions. Some of these 

functions may be elicited through eIF4E phosphorylation; whereas, others have been 

shown undeniably to not. Future investigation is warranted as the understanding of 

MNK signaling may provide opportunity for therapeutic targeting in cancer, 

autoimmunity, and other diseases.  

1.4 Cancer and the Immune System 

The beginning of the age of cancer immunotherapy has been marked by 

unprecedented clinical success in the treatment of cancer, particularly melanoma 

(Larkin, Chiarion-Sileni et al. 2015). The underlying rationale for using the immune 

system to target cancer is based upon key basic science discoveries linking immune 

deficiency with cancer. Indeed, immunosuppression and/or immune subversion is now 
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recognized as a hallmark of cancer; designating it as a universal requirement for the 

survival/existence of a malignancy(Hanahan and Weinberg 2011).   

1.4.1 Cancer Immunoediting  

Immunoediting describes the evolutionary process by which cancer cells evade 

restrictive host immune responses. This hypothesis of immune system mediated 

selective pressure on tumors is an effective way to present how the tumor and immune 

system interact throughout oncogenesis. However, as with the previous section, it must 

be noted that many of these processes are more fluid and complex than presented here. 

1.4.1.1 Elimination 

Following carcinogenesis, neoepitopes (an antigen no longer recognized as ‘self’ 

by the immune system due to mutation or aberrant expression) and distress ligands on 

the surface of cancer cells are recognized by NK cells, T cells, and other populations that 

restrict or even completely abolish the malignant lesion. This is the first step of 

immunoediting, called the elimination phase (Fig. 5). Studies in mice wherein 

components of the immune system are compromised or knocked-out have most 

eloquently demonstrated the concept that the immune system is capable of restricting 

tumor formation. Table 2 from Dunn, Old and Schreiber summarize studies that have 

shown compromised immunity leads to increased tumorigenesis.  
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Table 2. Immundodeficient mice are more susceptible to tumorigenesis.  Adapted 

from (Dunn, Old et al. 2004). References for individual studies listed in this table and 

links to them can be found in the original publication. 

 

One prominent example of this is in mice lacking the IFN-γ gene, a cytokine important 

for T cell function and immune activation, wherein mice more frequently form tumors 

following mutagen exposure or in genetic models of cancer (Street, Cretney et al. 2001). 

Several specific mechanisms have been identified that help explain how the immune 

system may recognize and target cancer including: NK cell activation due to down 

regulation of MHC class-I in tumors; MICA/B, activating NK cell and γδT cells ligands, 

expressed on tumor cells as a consequence of oncogenic and genotoxic stress (Groh, 

Rhinehart et al. 1999); fusion proteins that produce neoepitopes like EGFR variant III, a 
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constitutively active EGFR; differentially glycosylated Mucin1 in cancer cells that can be 

recognized as a neoepitope (Tarp and Clausen 2008); aberrantly expressed cancer/testis 

antigens like MART1 in melanoma and CEA in a wide variety of cancer types (Simpson, 

Caballero et al. 2005); and lastly through viral antigens resulting from either 

opportunistic viral infection in cancer like that of CMV in glioblastoma (Lucas, Bao et al. 

2011) or antigens from oncogenic viruses that are responsible for driving tumorigenesis 

(i.e. HPV in cervical cancers). The understanding of these processes has led to 

revolutionary anti-cancer therapeutics that will be discussed in Chapter 1.4.3.  

1.4.1.2 Equilibrium 

In some cases, even in a fully immunocompetent background, populations of 

cancer cells are able to survive despite immune responses; by pruning of their 

neoepitope/distress ligand signature, through inhibition of the immune responses that 

recognize them, or by skewing inflammation towards a microenvironment that enables 

their survival. This constitutes the equilibrium phase of immunoediting (Fig. 5).   This 

stage can last decades, and may re-enter the elimination phase as the tumor becomes 

established and the host system changes over time. During this phase spontaneous 

tumor elimination could occur depending on the fluctuations in the immune 

environment, or the cancer cells could progress either because of weakened immune 

responses and/or because of successful immune evasion by the cancer cells themselves.  
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1.3.1.3 Escape 

Next the escape phase follows whereupon the tumor is able to evade productive 

immune responses and grow relatively unabridged (Fig. 5). This phase describes the 

development of cancer as it is most commonly clinically manifested, ranging from 

isolated tumors to malignant and invasive tumors. There are numerous mechanisms by 

which tumors accomplish immune escape, that are only beginning to be understood. A 

critical component of the escape phase is the skewing or interruption of inflammation at 

the tumor microenvironment.  For example, hypoxic tumors prevent immune activation 

and cancer cell targeting by generally inhibiting immune responses through a myriad of 

avenues. Additionally, tumors may express ligands and cytokines that inhibit immune 

responses. Examples of this include tumor expression of the Programmed Death 

Ligands (PD-L1/2) which prevent T cell function; skewing of inflammation away from 

Th1 promotion through secretion of IL-6, 8 and TGF-β; and expression of IL-10 an 

inhibitory cytokine in most contexts. Another important mechanism that affords escape 

via the tumor microenvironment is the recruitment of macrophages. Tumor associated 

macrophages are generally polarized to inhibit anti-tumor immune responses by 

producing cytokines that prevent tumor elimination like TGF-β, IL-6, IL-10; in part by 

preventing cytolytic and anti-cancer Th1 phenotypes and supporting Th2 T cell 

phenotypes. A testament to their pro-tumor role is the observation that high tumor 

associated macrophage density correlates with unfavorable clinical outcome (Pollard 
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2004). Furthermore, as Figure 5 also depicts, the escape from anti-tumor immune 

responses does not mean that immune cell populations are absent or even completely 

quiescent during this phase, as in fact, many tumors contained T cells, NK cells, and 

antigen presenting cells.  

 

Figure 5. The three Es of immunoediting.  From (Dunn, Old et al. 2004) 

Thus, it is not sufficient for a cancer cell to harbor driving PI3K and RAS 

activating mutations in the presence of tumor suppressor inactivation as has been the 

focus of cancer research in previous decades. Rather, successful tumors must also 

navigate and survive the selective pressure of the immune system as well. To 

accomplish this, tumors employ several sophisticated mechanisms that involve not only 

cancer cells but also stromal cells, like macrophages and regulatory T cells, to avoid 

tumor rejection by the immune system. Importantly, a major potential therapeutic 
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strategy recently being translated to the clinic is removing or targeting the tumors 

mechanism(s) to subvert host cell anti-tumor immune responses.  

1.4.2 Antigen Presentation 

A prerequisite for any adaptive, antigen specific immune response is antigen 

presentation. This process involves both stromal cells and professional antigen 

presenting cells (APCs) that present peptides to T cells for recognition and expansion of 

antigen specific T cells to produce cytolytic and antibody responses against foreign 

antigen-bearing cells and/or pathogens. This is accomplished by T cell receptors that are 

specific to a given epitope. The restriction of T cell recognition epitopes to foreign, non-

self-antigens is accomplished during their development; thus favoring T cell receptors 

that recognize foreign peptides. Antigen presentation is the mechanism by which these 

T cells are expanded and activated only when appropriate (i.e. during infection). It is 

also the mechanism by which already activate CD8 T cells can recognize infected/target 

cells for killing. Antigens are presented through the Major Histocompatablity 

Complexes (MHCs), of which there are MHC class I and II. These complexes are loaded 

with intracellular and extracellular derived peptides and presented on the cell surface of 

the cell. T cell receptors (TCR) are able to bind to and recognize their specific epitope 

peptide in the MHC context.  



 

38 

1.4.2.1 MHC Class I mediated presentation 

Every nucleated cell in the body expresses MHC class I. Cells constitutively 

producing peptides that are representative of their intracellular proteomes through 

proteosomeal degradation of proteins to peptides in the nucleus and cytoplasm.  These 

peptides are translocated into the Endoplasmic Reticulum (ER) by the transporter 

associated with antigen presentation (TAP) proteins where they are loaded onto ER 

membrane bound MHC class I. Empty MHC class I molecules are anchored in the ER by 

the chaperone proteins calreticulin, protein disulphide isomerase and tapasin. Tapasin 

interacts with TAP to deliver peptides onto MHC class I (Neefjes, Jongsma et al. 2011). 

Loading of a peptide onto an MHC class I molecule leads to dissociation from its 

chaperones and translocation to the cell surface where it is exposed for recognition by T 

cell receptors.   

As one might suspect, during innate activation such as interferon/antiviral 

responses during infection, MHC class I and the co-factors necessary for peptide 

production and loading are upregulated. While in most circumstances MHC class I is 

loaded with intracellular derived peptides, professional APCs may also load MHC class 

I with extracellular peptides in certain contexts, to activate CD8 cytotoxic T cells.  In the 

case of non-APCs, MHC class I presentation serves only to allow CD8 T cells to 

recognize and kill them if they present the TCR specific antigen rather than activating T 

cells. However, during a process called cross-presentation that occurs exclusively in 
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APCs, MHC class I can activate CD8 T cells to produce de novo responses in the proper 

context. MHC class I is only recognized by CD8 T cells, and cross presentation by APCs 

is the only mechanism by which they can be fully activated as explained further in 

Chapter 1.4.2.3. 

1.4.2.2 MHC Class II mediated presentation 

MHC class II expression is restricted to ‘professional’ APCs including 

macrophages; B cells; and the most efficient antigen presenters, dendritic cells (DCs). 

The most stark difference between MHC class I and II presentation is that peptides 

loaded onto MHC class II originate from an endocytic (extracellular) origin. MHC class 

II molecules are also assembled in the ER where they are also associated with an 

invariant chain that binds to the MHC peptide binding cleft. MHC class II with the 

invariant chain is translocated to an endosome, where the invariant chain is cleaved, 

leaving a peptide from the invariant chain in the peptide binding pocket of MHC class 

II. The invariant chain peptide is then replaced with peptide to be presented with the 

assistance of HLA-DM. The antigen peptide loaded MHC class II is then transported to 

the membrane where it is similarly presented to CD4 T cells to induce adaptive 

responses from other T cells and B cells (Neefjes, Jongsma et al. 2011).  

1.4.2.3 The immunological synapse and T cell activating signals 

The next step in engaging antigen specific T cell, and indirect B cell, immunity 

requires not only MHC class I or II presentation as a first signal for activation, but also a 
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second, co-stimulatory signal that ensures adaptive immunity is only activated in the 

appropriate contexts. This requires professional antigen presenting cells. Upon TCR 

recognition of an epitope peptide bound to MHC molecule on MHC class I or II of an 

antigen presenting cell, the T cell also contacts other proteins through receptors 

including (1) the CD28 receptor binding to the B7 proteins CD80 and -86, (2) CD4/8 co-

receptor docking to the MHC molecule. Other interactions facilitate the formation and 

stability of the synapse including the CD2-CD48 interaction and the ICAM-LFA 

interaction [Fig. 6 (Huppa and Davis 2003)]. The contact between MHC and the TCR as 

well as CD28 and the B7 proteins activate PI3K signaling, which in part, leads to the 

activation of the T cell.  
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Figure 6: The immunological synapse Figure from (Huppa and Davis 2003) with 

permission from publisher. 

 

Lastly, a third signal is required to fully activate T cells in the form of secreted 

cytokines, the most potent of which identified to date are type-I interferon (IFN-α/β) and 

IL-12 (Curtsinger and Mescher 2010). These cytokines are important for determining the 

intensity and the type of response by activated T cells. For example, type I interferon in 

the presence of an immunological synapse favors a Th1 polarization, characteristic of 

IFN-γ producing, cytolyic CD8 T cells—typically needed to respond to intracellular 

pathogens as well as cancer cells. Most importantly, the proliferation, survival, and 

memory of naïve T cells in a synapse depend upon the presence of cytokines. Thus, the 

cytokine milieu during synapse formation determines the difference between immune 
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tolerance and a productive immune response. Cytokines other than type I interferon and 

IL-12 also play roles in this process including IL-1β, TNF-α, IFN-γ, TGF-β, IL-4, IL-6, and 

many others. 

1.4.2.4 Antigen presentation and the generation of effector T cells against cancer 

A de novo cytolytic T cell response against tumor neoantigens and cancer testis 

antigens is accomplished through APCs via the indirect CD4 T cell route, through direct 

activation of specific CD8 T cells, or a combination thereof. CD4 T cells can be activated 

through MHC class II in concert with co-stimulatory molecules and the proper cytokine 

milieu. Antigen specific CD4 T cells activated in this manner are then capable of 

differentiating to: (1) effector CD4 T cells that produce cytokines that engage other T 

cell/innate immune cells, (2) memory T cells to maintain a population poised for antigen 

re-exposure in the future, or (3) regulatory T cells that mediate antigen tolerance. 

Effector T cells can either differentiate to several phenotypes including Th1, -2, -9,-17, -

22, and fh; of which lead to different outcomes. Th1 cells function primarily by 

producing IFNγ, which locally induces CD8 T cell activation, antigen presentation, 

opsonizing antibody responses, and innate immunity activation. Th2 cells function by 

producing several interleukins including IL- 4, 5, 6, 10, and 13; thereby inducing B cell 

maturation and differentiation to plasma cells to produce antibodies. The other Th 

phenotypes also lead to B-cell maturation, responses to extracellular pathogens, and 

autoimmune/allergic responses. CD8 T cells, cytolytic T cell populations considered 
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most effective at restricting tumor growth, recognize MHC class I and following cross 

presentation by APCs with the correct co-stimulation can become activated directly to 

kill cells presenting their recognized antigen on MHC class I. It is through this process 

by which CD8 T cells can kill cancer cells directly. NKT cells similarly only they 

recognize glycoplipid antigens presented on an MHC-class I like protein CD1d. Lastly, 

γδT cells can recognize phospho-antigens and function similarly to CD4 T cells in 

producing effector cytokines. Th1 CD4 T cells can also engage CD8 and other T cell 

subsets by providing a cytokine context to lead to their activation (Janeway 2005). Thus, 

the Th1 phenotype is regarded as the most effective anti-tumor T cell phenotype.  

In the context of anti-cancer immune responses, antigen presentation serves as a 

critical link. However, as mentioned in the cancer immunoediting section above, tumors 

evolve to skew inflammation away from the cytolytic Th1 phenotype that is capable of 

killing them. Furthermore they manipulate antigen presentation to prevent the 

activation of tumor specific T cell populations. Aside from skewing inflammation, 

cancer cells as well as associated antigen presenting cells may upregulate molecules that 

prevent an activating immunological synapse. For example, PD-L1 (B7-H1) binds to PD1 

on T cells to inhibit activating PI3K signals; the same signals activated by the TCR; thus 

PD1 activation attenuates the TCR and CD28 mediated activation of PI3K.  

An additional roadblock to successful T cell engagement in the tumor 

microenvironment is the automatic negative feedback caused by T cell activation, 
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presumably in place to prevent overzealous T cell responses. One mechanism by which 

this occurs is through the upregulation of CTLA4, a receptor that also binds to the B7 

proteins (CD80 and CD86), but with much higher affinity than that of CD28. This 

essentially interrupts the CD28-B7 interaction to temper CD28 activation while also 

potentially initiating inhibitory signals to the T cell (Egen, Kuhns et al. 2002).  

 

1.4.3 Clinical strategies to target cancer using the immune system 

Much excitement currently surrounds the cancer immunotherapy field largely 

because of its clinical success. Several strategies have been devised to unmask tumors 

and/or kick-start immune responses against tumors. These therapies differ from 

chemotherapy, radiation, and small molecule inhibitor approaches because when 

patients do respond, their responses are often far more durable (Larkin, Chiarion-Sileni 

et al. 2015). 

1.4.3.1 Empowering pre-existing anti-tumor immunity  

Currently the most successful immunotherapies are centered on reactivating 

anti-tumor T cell subsets to overcome the tumor microenvironment. One of the earliest 

attempts to accomplish this was through the usage of the T cell proliferation inducing 

cytokine IL-2. This cytokine has been administered systemically for patients with a 

variety of tumors (Rosenberg, Lotze et al. 1985). Soon after, adoptive T-cell therapies 

were employed by taking patient’s T-cells, expanding them ex-vivo with IL-2 and other 
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cytokines, following by re-injection of the T cells into the patient (Rosenberg, Packard et 

al. 1988). These therapies documented impressive responses in some patients. Since 

then, advances in adoptive T cell therapy have led to more impressive responses, 

particularly by recent efforts to specifically expand anti-tumor/tumor infiltrating T cells 

or to expand tumor antigen specific T cells prior to re-infusion (Rosenberg, Yang et al. 

2011; Restifo, Dudley et al. 2012).  

Alternatively, the most recent clinical advances in immunotherapy have focused 

on removing roadblocks to productive T cell activation at the APC synapse interface. 

Checkpoint blockade using PD1 inhibitory antibodies relieve the PD1: PDL1 ligand 

interaction; and CTLA4 inhibitory antibodies function to deplete regulatory T cells and 

also to prevent inhibitory CTLA4 effects on T cells (Larkin, Chiarion-Sileni et al. 2015). 

Other antibody drugs that block inhibitory effects on T cells at the APC interface are 

currently being developed and clinically tested including antibodies targeting other B7-

H molecules (B7-H3, B7-H4), the inhibitory VISTA protein, as well as activating 

antibodies to CD40 on APCs which stimulate their activity (Mahoney, Rennert et al. 

2015). All of the aforementioned strategies ultimately seek to enhance anti-tumor T cell 

function, presumably by enabling cytolytic T cells to kill cancer cells. 

1.4.3.2 Generation of de novo anti-tumor immune responses 

Strategies are desperately needed to induce de novo anti-tumor immune 

responses that also relieve inhibition of pre-existing anti-tumor T cell responses, because 
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not all patients harbor poised anti-tumor immunity capable of responding to checkpoint 

inhibition (Spranger, Spaapen et al. 2013). A clinically emerging, but long proposed, 

strategy to enhance anti-tumor immunity is to broadly activate inflammation favoring 

the Th1 milieu. One prominent approach to accomplish this is through the usage of 

double stranded RNA (dsRNA) analogs, poly I:C. Poly I:C mimics dsRNA and activates 

TLR3 outside the cell, while activating the Rig I like receptor (RLR) pathway—consisting 

of MDA5 that recognizes long, dsRNA and RIG-I that recognizes uncapped RNA and 

short dsRNA—when delivered inside the cell (Pollack, Jakacki et al. 2014). The 

mechanism by which these approaches may function is by activating innate signaling to 

bolster APC function in the site of the tumor, and thus, T cell function.  

Beyond broad APC stimulation, antigen specific approaches are also being 

developed. One strategy is to deliver a peptide vaccine in the context of an adjuvant; for 

example EGFRvIII for the treatment of glioblastoma (Choi, Archer et al. 2009). 

Alternatively, a more sophisticated strategy involves the electroporation of autologous 

DCs with tumor antigen RNA re-infused into the patient after exposure to a maturation 

cytokine cocktail; for example using the CMV antigen p65 for glioblastoma (Mitchell, 

Batich et al. 2015). The first large scale attempts to accomplish such dendritic cell 

vaccines was using prostate antigen electroporated DCs for prostate cancer (Burch, 

Croghan et al. 2004).  
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Another potential avenue to induce de novo immune responses while re-

polarizing the tumor microenvironment to favor a Th1 phenotype is that of oncolytic 

viruses (OVs). OVs capable of properly targeting malignancy promise anti-tumor effects 

of an extent and range that are difficult to match with other therapeutic modalities. 

Viruses can simultaneously cause tumor cytotoxicity, elicit immunogenic forms of tumor 

cell death, present powerful pathogen- and danger associated molecular patterns (P/D-

AMPs), induce innate antiviral type 1 interferon (IFN) responses within the tumor, 

evoke pro-inflammatory signals in tumor stroma and/or recruit adaptive immune 

responses directed against the infected tumor. The demands on a successful OV 

platform, however, are enormous. Such viruses must (1) be categorically non-

pathogenic; (2) be genetically stable upon intratumoral replication; (3) target/infect 

notoriously heterogeneous tumors; (4) elicit efficient killing of infected tumor cells; (5) 

act in the presence of neutralizing antibodies and innate, anti-viral immune responses; 

(6) reverse the immune-repressive tumor/stromal micro-environment; and (7) be capable 

of recruiting immune effector arms against the tumor target. Theoretically, the two most 

critical features of a successful OV are the ability to target and infect the tumor 

microenvironment and generate Th1-skewing inflammation. 

Several such OVs have been proposed to date including a Herpes virus platform 

recently FDA approved for melanoma (Andtbacka, Kaufman et al. 2015). Our group has 

pioneered the development of a recombinant oncolytic poliovirus for this purpose, 
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currently being used to target glioblastoma and showing promise in a phase-I clinical 

trial (Desjardins A). This will be introduced immediately below as it is the primary focus 

of this dissertation. 

1.5 A recombinant oncolytic poliovirus: cytotoxic cancer 
immunotherapy. 

1.5.1 Development of PVSRIPO 

Polio is best known for its role in causing poliomyelitis, a devastating paralytic 

disease resulting from the viral mediated killing of motor neurons. Polio is a +-stranded 

RNA virus in the picornaviridae family with a relatively simple life cycle (outlined in 

Fig. 7) harboring tropism to the gut to be propagated through fecal-oral transmission, 

but coincidental tropism for neurons. The initial observation that ultimately led to the 

proposal and development of a recombinant poliovirus was the finding that substitution 

of the poliovirus IRES with that of the HRV2 IRES eliminates neuropathogenicity in 

mice (Gromeier, Alexander et al. 1996). Soon after it was found that the HRV2 IRES-

polio open reading frame (ORF) chimeric virus maintained cytotoxicity in cancer cells 

and was capable of mediating tumor regression in xenograft glioma models (Gromeier, 

Lachmann et al. 2000). A driving rationale for pursuing such an agent was the 

accumulating evidence that the poliovirus receptor, CD155, is overexpressed in several 

cancer contexts (Masson, Jarry et al. 2001; Nakai, Maniwa et al. 2010; Bevelacqua, 

Bevelacqua et al. 2012).  
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Figure 7: The poliovirus lifecycle.  Figure from (Whitton, Cornell et al. 2005) 

with permission from publisher (see appendix for license). The poliovirus lifecycle 

begins through association with  its receptor CD155 [also known as poliovirus receptor 

(PVR) and Necl-5] which leads to conformational changes in the capsid to facilitate 

releasing of the viral + stranded RNA genome into the cytoplasm. The viral genome 

serves as a template for translation via the 5’UTR IRES as described in section 1.2.2.3, 

producing a single polyprotein. This polyprotein is auto-proteolytically cleaved by the 

viral proteases 2A and 3C to produce functional effector proteins, including an RNA 

dependent RNA polymerase that commences viral genome replication and structural 

proteins to produce capsids. Progeny virons containing sense RNA in icosahedral 

capsids that are released following cell lysis.  

 

Thus, it was possible to produce a neuroattenuated poliovirus that still exhibited 

aggressive cytotoxicity in cancer. The eventual agent developed based upon these 

studies was named the Poliovirus Sabin Rhinovirus IRES Polio Open reading frame 

(PVSRIPO), as the live-attenuated vaccine strain (Sabin) was used for the backbone in 

which the HRV2 IRES replaced the Sabin IRES. This virus was found to be genetically 
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stable with regards to neuropathogenesis in mice and also in humans using a neuron-

like cell line, HEK 293 cells (Dobrikova, Broadt et al. 2008). A mechanism was also 

identified by which HRV2 IRES translation was restricted in neuron-like cells through 

the cytoplasmic localization of the negative regulator of HRV2 IRES mediated 

translation, DRBP76 (Merrill and Gromeier 2006). Interestingly, DRBP76 was found to be 

exclusively nuclear in glioblastoma cells, potentially explaining why HRV2 IRES 

translation is unrestricted in glioma cells (Neplioueva, Dobrikova et al. 2010).  

Based upon these and other studies, PVSRIPO was manufactured for clinical 

usage and tested in monkeys for neuropathogenicity and was found to be safe for 

administration intracerebrally in a Phase I clinical trial. A dose escalation phase I clinical 

trial began in the spring of 2012. Since that time several patients have been treated, and 

several encouraging responses have been observed. The results from this trial have 

inspired further clinical investigation, making a mechanistic understanding of PVSRIPO 

therapy critical for proper clinical application. 

 

1.5.2 RAS-Erk-MNK1/2 signaling as a determinant of PVSRIPO cancer 
cytotoxicity 

Among the most critical attributes of an oncolytic virus is its selective affinity to 

malignant tissue. The focusing of viral pathogenicity is required for limiting toxicity and 

ensuring that antitumor immunity is raised against tumor specific antigens. Achieving a 

durable antitumor immune response through tumor specific infection/cytotoxicity is the 
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therapeutic goal for PVSRIPO therapy, enabling the immune system to recognize local 

and distant malignant lesions even after the viral propagation is blocked by antibodies, 

antiviral responses, etc. 

Strikingly, neuron-like 293 cells that are resistant to PVSRIPO cytolysis became 

sensitive to PVSRIPO following overexpression of constitutively active H-RAS (Goetz, 

Everson et al. 2010). This was not due to an increase in receptor expression level but 

rather was accomplished through Erk signaling downstream of RAS. Interestingly, the 

MNKs (described in detail in section 1.3.2.2) downstream of Erk were found to be 

responsible for enabling PVSRIPO translation and cytotoxicity. Thus PVSRIPO focusing 

in glioma cells (rather than neurons) relies, in part, upon overactive RAS-MEK-Erk-

MNK signaling that enables translation of the viral RNA. 

1.5.3 Immunogenicity of PVSRIPO 

 Despite progress on identifying mechanisms regulating PVSRIPO cytotoxicity 

and translation of PVSRIPO to the clinic, very little has been done to determine how 

PVSRIPO therapy achieves efficacy in vivo. It is known that cytotoxicity is required, as a 

UV inactivated virus does not achieve efficacy in athymic rats (Ochiai, Moore et al. 

2004). However, PVSRIPO has yet to be thoroughly tested in syngeneic mouse models of 

cancer; and the likely possibility that PVSRIPO oncolysis functions through the immune 

system to achieve efficacy, as many other OVs have been shown to do (Kaufman, 

Kohlhapp et al. 2015), has not been tested. However, insights from poliovirus research 
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suggest that, not surprisingly, polio infection efficiently produces CD8, CD4 and B cell 

mediated immune responses in humans (Wahid, Cannon et al. 2005). Intriguingly, 

coxsackievirus B3 (CVB3), an enterovirus related to polio, has been linked to 

autoimmune, or type-I diabetes (Yeung, Rawlinson et al. 2011); wherein viral infection of 

pancreatic β-cells is hypothesized to lead to the production of T cell responses that target 

and kill β-cell by breaking immunotolerance (Lincez, Shanina et al. 2015). Such breaking 

of immunotolerance and production of “self” recognizing T cells may indicate the 

potential that enteroviruses (like polio) have in generating efficient anti-tumor T cell 

responses as well. 

1.6 Introduction to the thesis chapters 

The cytotoxicity exhibited by PVSRIPO in cancer relies upon activated Ras-

Erk1/2-MNK signaling that drives translation at the HRV2 IRES (Goetz, Everson et al. 

2010). The MNKs remain elusive in how they accomplish their survival and oncogenic 

phenotypes, as well as how they determine PVSRIPO translation. Identifying such 

mechanisms would not only elucidate how the PVSRIPO IRES is selectively translation 

competent in cancer cells, but would also contribute to the understanding of oncogenic 

cell signaling. Cancer selective cytotoxicity is critical in driving initial tumor destruction 

and focusing viral mediated inflammation to the site of the tumor where antigen 

presenting cells can become active with MHC-loaded tumor antigens. Additionally, 

identifying the immunological consequences of PVSRIPO is of high priority as it most 
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likely contributes to the efficacy of such OVs in the clinic. Chapters 3.1, 3.2, 3.3, and 3.4 

will address the following issues related to these overarching problems: 

A. Chapter 3.1: To further identify the mechanisms by which MNK enhances 

PVSRIPO cytotoxicity in cancer, I focus on the molecular function of MNK with 

regards to PVSRIPO, and in the process describe a novel MNK function in 

controlling SRPK. Chapter 3.1 is published in its entirety in The Journal of 

Virology: (Brown, Bryant et al. 2014) and is reused here in accordance with the 

publisher’s agreement. 

B. Chapter 3.2: Inspired by the role of MNK in driving PVSRIPO cytolysis as well as 

driving oncogenesis, I continue to define the molecular mechanisms of MNK 

regulation of SRPK, and PVSRIPO translation, through mTORC1 mediated AKT 

regulation. Chapter 3.2 is published in its entirety in The Journal of Virology: 

(Brown, Dobrikov et al. 2014) and is reused here in accordance with the 

publisher’s agreement. 

C. Chapter 3.3: Based upon findings in the preceding chapters, I further define 

MNK’s role in supporting mTORC1 signaling as inversely regulating mTORC1 

association with DEPTOR and its substrates. Suggestively, these phenotypes 

coincide and correlate with TelO2 and DDB1 associations with mTORC1. 

D. Chapter 3.4: Next, in a collaborative effort with Dr. Smita Nair, Dr. Eda Holl, and 

David Boczkowski, I focus on defining the immunological consequences of 
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PVSRIPO oncolysis on DCs and antigen presentation in an in vitro human 

system. Through this work we demonstrate that PVSRIPO oncolysis enhances 

antigen presentation activity and anti-cancer T cell responses. 

12. Materials and Methods 

2.1 Cell lines and viruses 

Du54 and 43 cell lines were a generous gift of Darell Bigner.  DM6 and DM440 

cell lines were a generous gift of Douglas Tyler (University of Texas Medical Branch, 

Galveston, TX, USA). U87, DU145, LNCaP, SUM149, MDA-MB231, and THP1 cell lines 

were obtained through the Duke Cancer Institute Cell Culture Facility cell line 

repository (Durham, NC, USA). Wildtype (Wt), MNK1 Knockout (KO), MNK2 KO, or 

double KO MEFs (Ueda, Watanabe-Fukunaga et al. 2004) were a gracious gift of Rikiro 

Fukunaga (University of Osaka, Japan).  Du54, 43, U87, DM6, DM440, LNCaP, Du145, 

MDA-MB231, and all MEF cell lines were grown in DMEM containing 10% FBS. The 

SUM149 cell line, was grown Ham’s DMEM-F12 medium (Lonza) supplemented with 

10% FBS. THP1 monocytes were grown in RPMI containing 0.05mM β-mercaptoethanol 

(Sigma-Aldrich) and 10% FBS; differentiation to macrophages was achieved by treating 

with 100nM 12-O-tetradecanoylphrobal-13 acetate (Tocris Biosciences) for 2 days. Stable 

doxycycline (dox)-inducible HeLa (Kaiser, Dobrikova et al. 2008) and HEK293 

(Shveygert, Kaiser et al. 2010) cell lines were grown in DMEM supplemented with 10% 

FBS, blasticidin S (2.5µg/mL; Sigma-Aldrich), and hygromycin B (100µg/mL; Invitrogen). 
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PVSRIPO was described in (Dobrikova, Goetz et al. 2012). PVSRIPO, CBV3, and CHICO 

were propagated in HeLa cells as described previously (Goetz, Everson et al. 2010) and 

concentrated by centrifugation through a 100kDa cutoff spin column (Millipore) after 

filtration through a 0.45μM syringe filter (Pall). HRV16 was obtained from Y. Bochkov, 

Univ. of Wisconsin, and propagated as described previously (Hall, Bates et al. 2005).   

2.2 Expression plasmids  

CHICO virus was cloned by Robert Walters and Shelton Bradrick as follows: the 

HCV IRES was amplified from a full-length HCV genomic cDNA (Bradrick, Walters et 

al. 2006) using primer pair 1/2 (Table 1), digested with MluI and SacI, and ligated into 

corresponding sites of an infectious CBV3 cDNA (Dobrikova, Florez et al. 2003); virus 

was derived as previously described (Dobrikova, Florez et al. 2003). To reduce spurious 

exogenous MNK expression before dox-induction and/or blatant MNK overexpression, 

the pcDNA5-FRT/TO vector (Invitrogen) was modified as follows. First, a MluI-HinDIII 

fragment containing the CMV promoter was replaced with its promoter-less counterpart 

generated by PCR with primers 3 and 4 (Table 1). Second, 4 added tetracycline (tet) 

operator sequences (TetO) were inserted into a SalI site adjacent to the existing TetO2 

element using complementary oligonucleotides 5 and 6 (Table 1) generating 

pcDNA5/FRT/TO6. The T334D mutation in HA-tagged MNK1 was introduced by PCR 

using primer pairs 7, 8 and 9, 10 (Table 1) and wt MNK1 as a template. The resulting 

overlapping fragments were fused by PCR using primers 8 and 9 (Table 1), digested 
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with Bsu36I and NotI, and ligated into Bsu36I/NotI digested pcDNA3.1 wt MNK1 

plasmid. HA-tagged MNK1, MNK1(D191A), MNK1(∆MAPK), MNK2 (Shveygert, Kaiser 

et al. 2010), and MNK1(T334D) fragments were sub-cloned into pcDNA5/FRT/TO6 using 

AflII and XhoI sites. A myc-tagged Wt eIF4E expression plasmid (Bradrick and Gromeier 

2009) was used to generate myc-eIF4E(S209A) with primer pair 11, 12 (Table 1) and 

Quick-Change Kit 2 (Stratagene). Both wt and S209A myc-tagged eIF4E sequences were 

subcloned into pcDNA5/FRT/TO. The myc-eIF4G1(∆MNK)-flag construct lacks 15 amino 

acids of the C-terminus and was cloned by PCR using primer pair 13, 14 (Table 1) and 

myc-eIF4G1-flag (Dobrikov, Dobrikova et al. 2013) as a template. The resulting fragment 

was cleaved with Acc65I/XhoI and ligated into the Acc65I/XhoI-digested myc-eIF4G1-flag 

vector. The (endogenous) eIF4G1 knockdown/(exogenous) knock-in cell line system 

(Dobrikov, Shveygert et al. 2014) was used for reconstitution with pcDNA5 (mock), wt 

myc-eIF4G1-flag or myc-eIF4G1(∆Mnk)-flag. pCI-flag-Dap5 vector (a generous gift of 

Dr. Martin Holcik; Univ. of Ottawa, Canada) was digested with XhoI, followed by 

treatment with Klenow fragment and NotI digestion, and the resulting flag-Dap5 

fragment was inserted into EcoRV/NotI sites of pcDNA5/FRT/TO. 

 HA-tagged MNK1/2 plasmids were previously described (Shveygert, 

Kaiser et al. 2010). To clone Flag-MNK1, D191A, and T334D, we effectively replaced the 

HA tag with the flag tag using primer pair 15/16. Primers were annealed and inserted 

into AflII and BamHI digested HA-tagged MNK constructs and confirmed by 
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sequencing. The following plasmids were obtained from Addgene (Cambridge, MA, 

USA): pcdna3-flag mTOR was a gift of Jie Chen [Addgene # 26603 (Vilella-Bach, Nuzzi 

et al. 1999)], pRK-HA Raptor was a gift from David Sabatini [Addgene plasmid # 8513 

(Kim, Sarbassov et al. 2002)], pRK5 flag-DEPTOR was a gift from David Sabatini 

[Addgene plasmid # 21334 (Peterson, Laplante et al. 2009)], pcDNA3-FLAG-DDB1 was a 

gift from Yue Xiong [Addgene plasmid # 19918 (Hu, Zacharek et al. 2008)], and 

p3xFLAG-CMV10-hTel2 was a gift from Noboru Mizushima [Addgene plasmid # 30214, 

(Kaizuka, Hara et al. 2010)]. To subclone mTOR into pCDNA5 to produce a stable dox 

inucible cell line, the pCDNA3 flag-mTOR construct was digested with NotI, the mTOR 

fragment was gel purified, and inserted into NotI digested pCDNA5.1. To subclone 

Raptor into pCDNA5, the pRK-Raptor construct was digested with SalI, followed by 

Klenow treatment (NEB), purified, and then digested with NotI. The Raptor fragment 

was gel purified and inserted into EcoRV and NotI digested pCDNA5. All plasmids 

either sub-cloned or used in their original context were confirmed by sequencing.  
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Table 3: Primers used in this study 

Oligo name No. Sequence 

chico-5’ 1 5’-agcacgcgtcccctgtgaggaactactg-3’ 

chico-3’ 2 5’-cgccgagctccatatgttgtgagacctttgatgaccttacccaaattacgcg-3’ 

DCMV-5’ 3 5’-ttacgcgtgggcggtaggcgtgtacg-3’ 

DCMV-3’ 4 5’- ccaagcttaagtttaaacgctagag-3’ 

TO-5’ 5 5’phos-tcgactccctatcagtgatagagatctccctatcagtgatagagatcg-3’ 

TO-3’ 6 5’phos-tcgacgatctctatcactgatagggagatctctatcactgatagggag-3’ 

MNK(T334D)-1-5’ 7 5’-tccccgatccgcaagtcctccag-3’ 

MNK(T334D)-1-3’ 8 5’-gataatgcggccgctcagatgctgtgggcggg-3’ 

MNK(T334D)-2-5’ 9 5’-gaacctgaggtagtggaggtcttcacgg-3’ 

MNK(T334D)-2-3’ 10 5’-gcggatcggggagtcccttttc-3’ 

eIF4E(S209A)-5’ 11 5’-tactaagagcggcgccaccactaa-3’ 

eIF4E(S209A)-3’ 12 5’-ttagtggtggcgccgctcttagta-3’ 

Myc-eIF4G1(∆MNK)-5’ 13 5’-gcggtacccacagaaagcacagataatag-3’ 

Myc-eIF4G1(∆MNK)-3’ 14 5’-gcctcgagggctgtgacagatttaagggcc-3’ 

Flag-MNK-5’ 15 5'Phos-ttaagatggactacaagacgatgacgacaagg 

Flag-MNK-3’ 16 5'Phos-gatcctgtcgtcatcgtctttgtagccatc 

 

2.3 siRNA and Reporter RNAs. 

For siRNA transfections, 1x105 cells were seeded in 35mm dishes (MNK 

depletion) or 2x104 cells/well were seeded in a 24-well plate (all other depletions) and 

transfected the following day. All-Stars non-targeting control (Ctrl) siRNA or siRNA 

targeting MNK1, eIF4E, Dap5, Raptor, Rictor, SRPK1/2 (Qiagen) or hnRNP A1 (Thermo-

Dharmacon) were transfected (50pmol/35mm dish, or 12.5pmol/well for a 24-well plate) 

using lipofectamine 2000 (Invitrogen) following the manufacturer’s protocol. The cells 

were used 60-72 hours (h) post transfection for further experiments. For MNK 
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overexpression assays, dox was added at the time points (h prior to harvest) denoted in 

the figures. Assays were normalized by dividing IGF1+/siSRPK and IGF1+/siCtrl ratios 

by IGF1-/siCtrl ratios. Capped β-globin reporter RNA was synthesized in vitro using the 

T7 Message Machine (Ambion) and un-capped viral IRES-driven reporters were 

synthesized using the T7 Megascript kit (Ambion) (Bradrick, Dobrikova et al. 2007). In 

vitro transcribed RNA was purified using the RNeasy Kit (Qiagen) and analyzed by 

agarose gel electrophoresis and nanodrop UV spectrophotometry. For reporter 

translation assays, 0.5µg of renilla luciferase (rluc; IRES-driven) RNA and 0.5µg of capped 

firefy luciferase (fluc) RNA were co-transfected per well using DMRIE-C following the 

manufacturer’s protocol (Invitrogen). Four h post transfection, the cells were harvested 

with passive lysis buffer (Promega) and rluc/fluc values were measured using the dual 

luciferase assay kit (Promega) (Goetz, Everson et al. 2010). Rluc values were divided by 

fluc values to correct for transfection efficiency. For reporter assays with dox-induced 

MNK overexpression, 3x105 cells/well were plated in 6-well plates (-/+dox); fold-

stimulation was determined by dividing values obtained for (+)dox by (-)dox. HRV2, 

CVB3, HCV, and β-globin reporter plasmids (Bradrick, Dobrikova et al. 2007) were used 

for in vitro transcription, transfection, and analysis as described in (Brown, Bryant et al. 

2014); only scaled down to a 24-well plate format. For reporter assays in IGF1/siSRPK-

treated cells, the IRES (renilla luciferase; rluc) vs. m7G-cap (firefly luciferase; fluc) ratios 

were determined. 
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2.4 Inhibitors and Stimulants 

Inhibitors of MEK (UO126; Promea), MNK (CGP57380; Tocris), mTORC1 

(rapamycin, Sigma), PI3K (PI103; Tocris), mTORC1/C2 (torin2; Tocris), and SRPK 

(SRPin340; Millipore) were dissolved in DMSO and used as described in the 

figures/figure legends. Doxycycline (dox; Sigma) was dissolved in sterile water and used 

at a final concentration of 1g/mL. 12-O-Tetradecanoylphorbol-13-acetate (TPA; Tocris), 

was dissolved in DMSO; insulin and insulin-like growth factor-1 (IGF1; Sigma) were 

dissolved in sterile water. Poly I:C and LPS (sigma) were dissolved in water and used as 

described in  figure legends.  

2.5 Virus infections and cytotoxicity assays 

In section 3.1, unless otherwise noted 5x105 cells were seeded in 6-well plates the 

day before infection and treated with TPA (200nM), UO126 (20μM), or CGP57380 (10, 

30μM) 30-60min prior to infection or with SRPin340 (1-10μM) at the time of infection. 

After growth medium was replaced with pre-warmed, serum-free DMEM (Invitrogen) 

containing virus at a multiplicity of infection (MOI) of 5, inhibitors were added to 

maintain signal blockade whereas TPA was removed with addition of virus. Viral 

progeny/one-step growth curves were determined as previously described (Gromeier, 

Alexander et al. 1996), except that a 30min virus attachment step at room temperature 

was replaced by incubation with pre-warmed medium at 37°C for 60min. For ATP-
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release assays, 5x104 glioma cells (U87, Du54, 43) were seeded in 24-well plates, 

mock/PVSRIPO-infected, and treated as described in the figure legends. Supernatants 

were harvested at the designated intervals after infection (MOI of 2 for U87/Du54; MOI 

of 4 for 43) and analyzed by the Enliten ATP Assay System (Promega) according to the 

manufacturer’s instructions.  For cancer cell line and human DC sensitivity assays, 5 x 

105 were plated in a 35mm dish. Cells were infected at the designated multiplicity of 

infection (MOI) by directly adding virus to the medium; lysates were prepared at the 

designated time points. For cellular protein and dsRNA release assays, the same 

procedure was followed except that prior to infection the cells were washed with serum 

free DMEM 5 times to remove traces of FBS and other debris before infection. 

Oncolysate for DC assays and T cell stimulation assays were prepared similarly with 

AIM-V medium (Invitrogen) used for the infection (48 hours, MOI 0.1), followed by 

centrifugation to remove cellular debris.  

2.6 Antibodies, immunoblots, cell fractionation, 
immunofluorescence (IF).  

Immunoblots were performed as previously described (Dobrikov, Dobrikova et 

al. 2013) using antibodies specific to poliovirus 2C/2BC (Goetz, Everson et al. 2010); 

CBV3 3D/3CD (a generous gift from K. Klingel, Univ. of Tübingen, Germany); p-Erk1/2, 

Erk1/2, p-RSK(S380), RSK, p-S6K(T389), S6K, MNK1, p-eIF4E(S209), eIF4E, eIF4A, HA, 

hnRNP A1, eIF4G1, eIF3A, PARP, GAPDH, Dap5 (Cell Signaling) , p-AKT(S473), p-

AKT(T308), AKT, rpS6, p-rpS6(SS240/4), MNK1, HA, Raptor, Rictor, p-ULK1 (S757), 
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ULK1, p-4EBP (S65) and (T37), 4EBP, DEPTOR, p-MNK1 (T197/202) to detect MNK2, 

mTOR, p-PRAS40 (T246), PRAS40, GβL, DDB1, ATM, HSP90, βTRC, Cul4A, RBX1, 

DDB2, Sin1, CD155, p-eIF2α, eIF2α, HMGB1, CEA, HSP60, Na+/K+ ATPase, MDA5, p-

Stat1, Stat1, IFIT1, ISG15, PD-L1 PD-L2, B7-H3, B7-H4, VISTA, TAP1,  (all Cell Signaling 

Technologies);  MART1, Tubulin, HA tag, myc tag, and Flag tag antibodies (Sigma-

Aldrich); TelO2 (Proteintech); TTI1 (Santa-Cruz Biotechnology); DCAF6, WDR26, 

WDR42A, CDT2, and eIF3f (Bethyl Labs); Cul4B (Genetex), SF2 (Novus); SRPK1, SRPK2, 

CD80, CD83, CD86, MHC-class I, MHC-class II (BD biosciences); dsRNA (clone J2, 

Scicons). For Raptor/rictor depletion assays, the immunoblots for viral protein 2C (Fig. 

8C) were analyzed in a manner to permit comparison of viral IRES competency in cells 

with uneven baseline viral propagation (due to viability effects of the Raptor/rictor 

depletions). The filters were subjected to 10 different exposures used from a 

representative experiment and the DMSO vehicle control values were measured by 

densitometry using image J (imagej.nih.gov/ij/). Exposures with equal control 2C levels 

were used for each siRNA. As for all other immunoblots, the quantitated bar graph data 

(Fig. 24C) were obtained using a Licor Odyssey with all samples on the same blot for 

each independent experiment. For fractionation, cells were processed with the NE-PER 

fractionation kit (Thermo Pierce); whole-cell lysates were collected by lysing cells in LDS 

buffer (Invitrogen) containing benzonase (Sigma) and 5% β-mercaptoethanol (Sigma). 

For IF, cells were grown on poly-d-lysine (Invitrogen) coated, UV-crosslinked coverslips, 
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transfected with siRNA or treated with inhibitors as described above and fixed using 

methanol at -20˚C (15min). After blocking with 5% goat serum (1h; Invitrogen) in PBS-

triton X-100 (0.3%) buffer, SRPK1 or SF2 antibodies (1:500) were added in PBS-triton 

with 1% BSA and incubated (1h) at room temperature. Cells were washed and incubated 

with FITC-conjugated goat anti-mouse (1:250; Invitrogen) and TRITC-conjugated goat 

anti-rabbit (1:250; Invitrogen) diluted in blocking buffer (1h). Cells were washed and 

pro-gold anti-fade DAPI (Invitrogen) mounting medium was used to mount coverslips 

and the slides were photographed using an Olympus IX71 fluorescent microscope. 

2.7 Immunoprecipitations (IPs) 

Dap5/eIF4G1(682-1600)-expressing cells were dox-induced (24h) and co-IPs were 

performed as described previously (Shveygert, Kaiser et al. 2010). For chapter 3.3 IPs, 

confluent 150mm dishes of cells treated as described in figure legends were lysed 

CHAPs buffer (Kim, Sarbassov et al. 2002) that was modified to contain: 40 mM HEPES 

[pH 7.5], 120 mM NaCl, 10 mM glycerophosphate, 0.3% CHAPs detergent (Sigma-

Aldrich), 15mM MgCl2, 1mM DTT (Sigma Aldrich), and 1x EDTA free proteinase & 

phosphatase inhibitor (Thermo-Fisher). We found that the addition of MgCl2 without 

chelation of Mg resulted in more specific binding of kinases, including MNK and ULK1. 

IPs were performed using CHAPs lysis buffer as follows: (1) protein concentrations 

within a set of lysates for an IP were normalized using Bradford; (2) corrected lysates 

were pre-cleared using protein A/G agarose beads (Thermo-Fisher) for 1 hour at 4oC; (3) 
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meanwhile anti-HA or anti-M2 Flag agarose (Thermo-Fisher or Sigma-Aldrich, 

respectively) was blocked in CHAPs lysis buffer containing 5% BSA (Sigma-Aldrich) for 

1 hour at 4oC; (4) after which protein A/G beads were removed by centrifugation, 

supernatant was retained for IP, 50μL of each sample was retained for input, and 50μL 

of pre-blocked HA or Flag affinity agarose beads were added to each sample; (5) lysate 

samples were tumbled overnight at 4oC. For HA-IPs, beads were washed 5x in CHAPs 

lysis buffer, HA-bead associated proteins were eluted with LDS buffer (Invitrogen) by 

heating to 95oC for 10mins, LDS supernatant was retained, β-mercaptoethanol (Sigma-

Aldrich) was added, and resulting samples were heated at 95oC for 10mins for SDS-

PAGE. For flag IPs, beads were washed 3x in CHAPs lysis buffer, followed by 2x washes 

in low-CHAPs buffer (CHAPs lysis buffer with 0.03% CHAPs), and flag peptide (Sigma-

Aldrich) elution in low-CHAPs buffer for 1 hour at 4oC following manufacturer’s 

instructions. Flag affinity beads were removed from the eluted sample using 30μM pore 

size chromatography columns (Thermo-Fisher), and flag peptide eluted proteins were 

concentrated using a 3 KDa cutoff protein concentration column (Millipore) to also 

remove flag peptide. LDS buffer containing β-mercaptoethanol was added and samples 

were prepared for SDS-PAGE. 

2.8 RNA transfections and Dendritic Cells (Performed by Nair 
and colleagues) 

Generation of pSP73-Sph/A64 was done by adding oligonucleotides containing 

64 A-T bp followed by an SpeI restriction site placed between the EcoRI and NarI sites of 
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pGEM4Z (Promega) to create the plasmid pGEM4Z/A64. The HindIII–NdeI fragment of 

pGEM4Z/A64 was cloned into pSP73 (Promega) digested with HindIII and NdeI to create 

pSP73/A64. The plasmid pSP73-Sph was created by digesting pSP73/A64 with SphI, 

filling in the ends with T4 DNA polymerase and re-ligating. pSP73-Sph/A64/Not contains 

a NotI restriction site adjacent to the SpeI site. The genes encoding the full-length tumor 

antigen (EGFR, PSA, MART and CEA) were inserted into the pSP73-Sph/A64 plasmid 

using PCR and standard molecular biological techniques (Nair, De Leon et al. 2014). 

Plasmids were digested with SpeI for use as a template for in vitro transcription reactions 

using the mMESSAGE mMACHINE T7 kit (Ambion, Austin, TX) according to the 

manufacturer’s protocol (Lee, Boczkowski et al. 2013). mRNA was purified with the 

RNeasy mini kit (Qiagen). Generation and RNA electroporation of DCs 

Frozen PBMCs were thawed, washed in PBS and resuspended at 2 x 108 cells in 

30 ml AIM-V media (Invitrogen) in T-150 tissue culture flasks (Nair, Archer et al. 2012). 

Cells were incubated for 1 h at 37°C, 5% CO2 in a humidified incubator. The non-

adherent cells were harvested by rocking the flask from side to side to dislodge them. 

The adherent cells were replenished with 30 ml AIM-V supplemented with 800 U/ml 

human GM-CSF and 500 U/ml human IL-4, then incubated at 37°C. DCs were harvested 

on day 6, by collecting all non-adherent cells, followed by a cold PBS wash. Cells that 

were still adherent were dissociated with cell dissociation buffer (Invitrogen), 37°C for 

20 min. DCs were washed, counted and maintained on ice until use. DCs were 
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electroporated in 2-mm cuvettes (200 µl) at 300 V for 500 µs using an Electro Square 

Porator (ECM 830, BTX, San Diego, CA). Tumor antigen mRNA was used at 3 µg/106 

DCs (Lee, Boczkowski et al. 2013). RNA-electroporated DCs were matured for 8-10 h in 

AIM-V media containing GM-CSF (800 U/ml), IL-4 (500 U/ml) and the maturation 

cytokine cocktail of TNF- (10 ng/ml), IL-1ß (10 ng/ml), IL-6 (1000 U/ml), and PGE2 (1 

µg/ml) (Nair, Archer et al. 2012) to generate mature DCs. Recombinant human 

granulocyte macrophage colony stimulating factor (GM-CSF) was clinical-grade Leukine 

(sargramostim) from Berlex Laboratories. All cytokines were obtained from R&D 

Systems. PGE2 was purchased from Sigma. 

2.9 PBMCs, T cell stimulation, and T cell cytotoxicity assays 
(Performed by Nair and colleagues)  

PBMCs were obtained by leukapheresis of healthy individuals using standard 

protocols. Cells were obtained from human subjects following written informed consent 

using protocols approved by the Duke University Institutional Review Board. PBMCs 

were frozen in a freezing mixture containing 90% autologous plasma and 10% DMSO at 

5 x 107 cells/ml and 2 ml per cryovial.  Frozen cells were maintained in a liquid N2 

freezer. 

PBMCs were thawed and resuspended in PBS and treated with DNase I (Sigma) 

at 200 U/ml for 20 min at 37°C. DNase I-treated PBMCs were incubated for 1 h at 37°C, 

5% CO2 in a humidified incubator. Non-adherent cells were harvested and stimulated 

with DCs loaded with poliovirus-induced tumor lysate at a responder cell to stimulator 
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DC ratio of 10:1 in the presence of 25 ng/ml IL-7. All stimulations were done in RPMI 

1640 with 10% FCS, 2 mM L-glutamine, 20 mM HEPES, 1 mM sodium pyruvate, 0.1 mM 

MEM non-essential amino acids, 100 IU/ml penicillin, 100 µg/ml streptomycin and 5 x 

10-5 M ß-mercaptoethanol (CTL stimulation medium). The responder T-cell 

concentration was 2 x 106 cells/ml. IL-2 was added at 100 U/ml on day 3 and every 4-5 

days for 12-14 days. T cells were maintained at 1-2 x 106 cells/ml in CTL stimulation 

medium. Alternatively, on day 7, the T cells were restimulated with RNA-electroporated 

DCs at a responder to stimulator ratio of 10:1 in complete RPMI-10% FCS in the presence 

of 50-100 U/ml IL-2, with the T cells at 1-2 x 106 cells/ml in CTL stimulation medium. T 

cells were harvested on day 12-14, counted and used as effector T cells in a europium-

release CTL assay.  Autologous DCs transfected with tumor antigen-encoding mRNA 

were used as targets.   

Autologous DCs transfected with tumor antigen-encoding mRNA were used as 

targets. mRNA-electroporated target cells were harvested, washed to remove all traces 

of media and labeled with europium (Eu). The Eu-labeling buffer (1 ml per target) 

contains 1 ml HEPES buffer (50 mM HEPES, 93 mM NaCl, 5 mM KCl, 2 mM MgCl2, pH 

7.4), 10 µl Eu (10 mM EuCl3.6H2O in 0.01 N HCl), 5 µl DTPA (100 mM 

diethylenetriamine pentaacetate in HEPES buffer) and 4 µl DS (1% dextran-sulfate) 

(Blomberg, Granberg et al. 1986). 5 x 106 target cells were resuspended in 1 ml of the 

europium-labeling buffer very gently and incubated on ice for 20 minutes. 30 µl of 
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CaCl2 solution (100 mM) was then added to the labeled cells, mixed and the cells were 

incubated for another 5 minutes on ice. 30 ml of Repair buffer (HEPES buffer with 10 

mM glucose, 2 mM CaCl2) was added to the cells and the cells were centrifuged at 1000 

rpm for 10 minutes. Cells were counted and 5 x 106 cells were washed 4 times with 

Repair buffer. After the final wash the cells were resuspended in CTL stimulation 

medium with no penicillin-streptomycin at 105 cells/ml. 1 x 104 europium-labeled targets 

(T) and serial dilutions of effector cells (E) at varying E:T ratios were incubated in 200 µl 

of CTL stimulation medium with no penicillin-streptomycin in 96-well V-bottom plates. 

The plates were centrifuged at 500xg for 3 minutes and incubated at 37°C for 4 hours. 50 

µl of the supernatant was harvested and added to 150 µl of enhancement solution 

(Wallac, PErkin-Elmer) in 96-well flat-bottom plates and europium release was 

measured by time resolved fluorescence using the VICTOR3 Multilabel Counter 

(PErkin-Elmer). Specific cytotoxic activity was determined using the formula: % specific 

release = [(experimental release - spontaneous release)/(total release - spontaneous 

release)] x 100. Spontaneous release of the target cells was less than 25% of total release 

by detergent. Spontaneous release of the target cells was determined by incubating the 

target cells in medium without T cells. All assays were done in triplicate. 
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3. Results 

3.1 Induction of viral, m7G-cap-independent translation and 
oncolysis by MAPK interacting kinase (MNK)-mediated effects 
on the Ser-Arg rich protein kinase, SRPK 

3.1.1 Introduction 

Mammalian mRNAs have starkly diverse 5’ untranslated regions (UTRs), 

ranging from simple <50nt leaders preceding a single initiation AUG to vast (>1,000nt), 

intricate structures with multiple upstream AUGs. The physiologic purpose of 5’UTR 

complexity is to impede the scanning phase of protein synthesis initiation (Kozak 1991). 

Scanning occurs when 43S pre-initiation complexes (PICs), containing 40S ribosomal 

subunits/eIF3 and the eIF2/GTP/met-tRNA ternary complex, connect with mRNA. The 

PIC:mRNA link is eIF4G, which binds PICs via eIF3, engages the translation initiation 

helicase eIF4A, and propels PICs toward the initiation AUG (Marintchev, Edmonds et al. 

2009). Conventionally, eIF4G binds to eIF4E, tethering PICs to the 5’ m7G-cap of 

mRNAs. Alternatively, certain templates can recruit PICs to 5’UTRs internally, 

independent of a 5’ end, m7G-cap or eIF4E (Sweeney, Abaeva et al. 2014). This requires 

an IRES, a concept first described with enteroviruses [EV; (Pelletier and Sonenberg 

1988)] and cardioviruses (Jang, Krausslich et al. 1988). EV (type-1) and cardiovirus (type-

2) IRESs initiate translation by recruiting the eIF4G:4A translation initiation helicase (Yu, 

Abaeva et al. 2011; Sweeney, Abaeva et al. 2014), a mechanism that may be shared by 

eukaryotic, IRES-competent mRNAs (Hundsdoerfer, Thoma et al. 2005; Kaiser, 
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Dobrikova et al. 2008).  

Translation initiation at IRESs is tightly restricted in cells, as unbridled cap-

independent PIC recruitment would derail global protein synthesis control. Such 

restraints affect viral pathogens that rely on IRESs, because translation of incoming viral 

genomes must occur promptly, prior to virus-induced host cell rearrangements that 

favor viral protein synthesis. PV IRES competence is reduced by point mutations in IRES 

stem-loop domain V of the live-attenuated (Sabin) vaccines (Wimmer, Hellen et al. 1993) 

that impair eIF4G/PIC engagement (Ochs, Zeller et al. 2003; de Breyne, Yu et al. 2009). 

Similarly, a deficit for PIC recruitment in PVSRIPO (Merrill, Dobrikova et al. 2006; 

Merrill and Gromeier 2006) maps to HRV2 IRES stem-loop domains V/VI (Gromeier, 

Bossert et al. 1999) in a region harboring the eIF4G:4A helicase complex footprint (de 

Breyne, Yu et al. 2009). PV is sensitive to such IRES impediments specifically in neuron-

like cells (Campbell, Lin et al. 2005), e.g. in the primate CNS (Dobrikova, Goetz et al. 

2012), but is unaffected in less differentiated cancer cells (Gromeier, Lachmann et al. 

2000). This suggests fundamentally different conditions for IRES competency in post-

mitotic neurons vs. mitotically active tumor cells.  

Protein synthesis responds to PI3K/mTOR and Raf-Erk1/2 signal transduction 

pathways that converge on translation machinery. Thus, inappropriate cooption of such 

signaling, a hallmark of cancer, may enable unfettered IRES activity. For example, 

PVSRIPO translation defects in (neuron-like) HEK293 cells (Campbell, Lin et al. 2005) 
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are fully restored upon transformation with oncogenic Ras, due to activation of Raf-

Erk1/2-MNK signaling (Goetz, Everson et al. 2010). MAPK-mediated activation of MNK 

and simultaneous PKC-Raf-Erk1/2 signals to eIF4G (Dobrikov, Dobrikova et al. 2011) 

lead to MNK-eIF4G binding (Shveygert, Kaiser et al. 2010) and phosphorylation of 

eIF4E(S209) (Waskiewicz, Flynn et al. 1997). Although MNK facilitates mitogen-induced 

protein synthesis, tumorigenesis (Ueda, Sasaki et al. 2010), and tumor chemoresistance 

(Grzmil, Huber et al. 2014), the mechanisms of MNK-mediated post-transcriptional gene 

regulation remain obscure.  

In this work, we deciphered MNK-centered signaling networks that control 

PVSRIPO IRES-mediated translation, cytotoxicity and cancer cell killing. Two genes give 

rise to MNK1 and 2 isoforms that occur in two splice variants (MNK1/2a and -b), each. 

The ‘b’ isoforms lack MAPK activation domains and nuclear export signals and only the 

‘a’ isoforms respond to upstream MAPK signals (thus, ‘MNK1/2’ in this text refer to the 

latter). Our studies revealed novel MNK functions, independent of MNK-eIF4G 

binding/phosphorylation of eIF4E(S209), that substantiate major unrecognized roles for 

MNK in post-transcriptional gene control. Our findings suggest that MNK regulates 

SRPK and its prime substrates, the Ser-Arg (SR)-rich proteins, key factors of constitutive 

and alternative splicing, mRNA export, stability and translation (Blaustein, Pelisch et al. 

2005), including translation initiation at type 1 picornavirus IRESs (Bedard, Daijogo et al. 

2007). These signals permit rampant IRES activity, viral translation and tumor-specific 
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cytotoxicity of PVSRIPO in cancerous cells with constitutively active Raf-Erk1/2 MAPK 

signal transduction networks.  

3.1.2 Results 

3.1.2.1 PVSRIPO translation and cytotoxicity in GBM cells respond to the MEK-Erk1/2 

status 

Polio host cell killing is irrevocably linked to viral protein synthesis, because 

instant translation of incoming viral RNA yields a set of highly cytotoxic viral proteins. 

To mechanistically unravel the role of Raf-MEK-Erk1/2 signals in PVSRIPO tumor-

specific translation, we tested PVSRIPO translation, propagation and cytotoxicity in 

GBM cells treated with the MEK inhibitor UO126 or the phorbol ester TPA (Fig. 8); see 

signaling schema (Fig. 2A). Since PSVRIPO has similar growth characteristics in all GBM 

cell lines tested (Gromeier, Lachmann et al. 2000), we chose 3 well-studied, 

representative models at random: Du54 [(Bullard, Schold et al. 1981); ex-vivo passage 18], 

43 [(Sarkaria, Carlson et al. 2006); ex-vivo passage 23] and U87 [(Ponten and Macintyre 

1968); ex-vivo passage >100]. The cells were not serum-starved and displayed significant 

intrinsic p-Erk1/2. UO126 (added 30min before infection and throughout the assay) 

diminished p-Erk1/2 levels; TPA (added 30min before infection and removed with the 

addition of virus) increased p-Erk1/2 for at least 8h (Fig. 8A). The cells were lysed at the 

indicated intervals post infection (p.i.) to assess viral translation (Fig. 8A), propagation 

(Fig. 1B), and cytotoxicity (ATP release; Fig. 8C). These parameters were reduced in 

UO126-treated GBM cells and enhanced in TPA-stimulated cultures (correlating with the 
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p-Erk1/2 status), suggesting that MEK-Erk1/2 signals drive PVSRIPO translation and, 

thus, cytotoxicity in GBM. 

 

Figure 8: Erk1/2 signals control PVSRIPO translation, proliferation and cytotoxicity in 

GBM cells.(A) U87, Du54 or 43 GBM cells were treated with DMSO (mock), UO126 

(20µM) or TPA (200nM; 30min), infected with PVSRIPO, and harvested at the 

designated intervals. UO126 was maintained after infection; TPA was not. Immunoblots 

track viral protein (2C); quantitation represents the average of 3 experiments normalized 

to the first control value for each series. (B) Supernatants from cells treated and infected 

as described (A) were collected to determine viral progeny (plaque forming units; pfu); 
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the averages of two experiments are shown. (C) ATP release was measured in 

supernatants from experiments in (B). The ATP concentration was determined using a 

standard curve; the average of two assays is shown. (A)-(C) Error bars represent SEM; 

asterisks on top of a data bar represent a significant ANOVA protected t-test. 

3.1.2.2 Erk1/2-responsive PVSRIPO translation depends on MNK 

Since it has been implicated in PVSRIPO IRES competence before (Goetz, 

Everson et al. 2010), we investigated whether MNK controls TPA-responsive PVSRIPO 

tumor cytotoxicity. MNK inhibition with CGP57380 (Fig. 9A) decreased p-eIF4E(S209) 

and reduced viral translation, propagation and cytotoxicity in GBM cell lines (Fig. 9B).  
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Figure 9: MNK inhibition reduces PVSRIPO translation, proliferation and 

cytotoxicity in GBM cells (A) Schema of signaling pathways to translation initiation 

factors investigated in this study. (B) U87, Du54 and 43 GBM lines were pretreated (1h) 

with DMSO or CGP57380 (10 or 30µM) followed by infection in the presence of 

DMSO/CGP57380. Cells were harvested (6h p.i.) and viral protein (2C) was assessed by 

immunoblot. Supernatants were collected (12h p.i.) to determine viral progeny and ATP 

release as indicated. Data bars represent the average of 3 experiments normalized to the 

control (DMSO) values. Asterisks denote a significant ANOVA protected t-test. 
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To buttress our results with a rigorous MNK depletion/reconstitution assay, we 

combined MNK1 depletion with dox-inducible reconstitution of several MNK variants. 

We only depleted MNK1 (and not MNK2) because it is more abundant then MNK2 

(Nagaraj, Wisniewski et al. 2011), and because MNK2 lacks auto-inhibitory structural 

features (Jauch, Cho et al. 2006) resulting in high basal activity in the absence of Erk1/2 

signaling (Scheper, Morrice et al. 2001). Thus, MNK2 is less likely involved in TPA-

induced PVSRIPO tumor cytotoxicity. 

We reconstituted with exogenous, HA-tagged wild type (wt) MNK1, kinase-dead 

MNK1(D191A) (Shveygert, Kaiser et al. 2010), MAPK-unresponsive MNK1(MAPK) or 

wt MNK2 (Fig. 10). This achieved efficient endogenous MNK1 depletion with 

reconstitution of HA-tagged MNK1 (Fig. 10). MNK1 depletion reduced eIF4E 

phosphorylation and PVSRIPO translation (Fig. 10; ln. 3, 7, 11, 15). Reconstitution with 

wt HA-MNK1 compensated the MNK1-depletion effect on both p-eIF4E and TPA-

stimulated PVSRIPO translation (Fig. 10; ln. 1-4). Reconstitution with kinase-dead (Fig. 

10; ln. 5-8) or MAPK-unresponsive MNK1 (Fig. 10; ln. 9-12) did not. The D191A 

mutation (in the metal-binding coordinating site) abolishes MNK1 kinase activity, but 

not MAPK activation. Therefore, MNK1(D191A) responds to MAPK activation with 

constitutive eIF4G-binding (Shveygert, Kaiser et al. 2010). In contrast, MNK1(MAPK) 

cannot assume a MAPK-induced conformation required for eIF4G binding (Shveygert, 

Kaiser et al. 2010). Failed reconstitution with MNK1(D191A) indicates that MNK-
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binding to eIF4G is not sufficient for TPA-stimulation of PVSRIPO translation. 

Exogenous MNK2 rescued TPA-stimulation of PVSRIPO in MNK1 depleted cells (Fig. 

10; lane 13-16), suggesting that MNK1 and 2 exert similar effects on PVSRIPO 

translation. PVSRIPO translation was consistently more resistant to MNK1 depletion in 

mock-induced cells harboring wt MNK1/2 transgenes (Fig. 10; compare ln. 2, 3/ln. 14, 15 

with ln. 6, 7/ln. 10, 11), likely because of leaky HA-MNK1/2 expression in the absence of 

dox. Our findings suggest that TPA-mediated stimulation of PVSRIPO translation and 

cytotoxicity rely on catalytically active MNK1. 
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Figure 10: TPA-mediated stimulation of viral translation depends on 

catalytically active MNK. Dox-inducible cells expressing wt HA-tagged MNK1, 

MNK1(D191A), MNK1(∆MAPK), or MNK2 (see text for details) were used for mock- or 

TPA-stimulation after siCtrl (mock) or siMNK (MNK1) depletion. Dox-induced 

expression of the corresponding, HA-tagged MNK (lanes 4,8,12,16) was detected by HA-

immunoblot. The MNK1 antibody used does not recognize MNK1(MAPK) or MNK2. 

Viral translation was assayed at 4h p.i. Percent reconstitution of viral translation was 

calculated as follows: [siMNK+dox+TPA - siMNK+TPA] divided by [siCtrl+TPA - 

siMNK+TPA] and represents the average of 3 experiments; SEM is shown, asterisks 

indicate p<0.05 by student’s t-test comparing to 0% reconstitution. 

 

3.1.2.3 MNK broadly stimulates viral cap-independent translation. 

MNK could affect host:virus interactions that precede translation, i.e. entry. We 

previously found that Raf-MEK-Erk1/2 activation does not alter transfer of viral RNA 

into host cytoplasm (Goetz, Everson et al. 2010). Subsequent analyses [see below (Fig. 

25); (Brown, Dobrikov et al. 2014)] implicate a signal transduction network with 
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preeminent roles in post-transcriptional gene regulation and no plausible involvement 

in PV entry processes. Also, MNK could influence HRV2 IRES competency specifically, 

e.g. through sequence-specific RNA-binding trans-acting factors; or generally, by 

broadly promoting generic conditions for cap-independent initiation. We tested these 

possibilities, assessing MNK’s effect on several IRESs in diverse viral contexts (Fig. 11A) 

and conducting translation assays by transfecting corresponding viral 5’UTR-driven 

RNA reporters (Fig. 11B-E). MNK-dependent TPA-stimulation occurred equally with 

PV1S (the PVSRIPO backbone) and with HRV16 (representing an HRV IRES in authentic 

context; data not shown). We observed MNK-dependent TPA-stimulation of viral 

translation equally with Coxsackievirus B3 (CBV3) and with CBV3(CHICO) containing a 

foreign hepatitis C virus (HCV) IRES (Fig. 11A). 
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Figure 11: MNK activity selectively enhances viral, IRES-mediated translation. (A) 

HeLa cells were treated with control (siCtrl) or MNK1-targeting (siMNK) siRNA 24h 

prior to TPA/mock stimulation. PVSRIPO (left panel) or CBV3/CHICO (right panel) 

infection and subsequent analyses were carried out as in Fig. 1. The assays were 

repeated 3 times; representative series are shown. (B) Cells with dox-inducible 

expression of wt MNK1, MNK1(D191A), MNK1(T334D), or MNK2 were mock-/dox-

induced (12h) and infected with PVSRIPO. Viral translation was quantitated and fold-

stimulation of viral translation was calculated by dividing the dox- by mock-induced 

values for 3 independent tests. (C) Structure of RNA reporters used (Bradrick, 

Dobrikova et al. 2007). (D) Un-capped, in vitro transcribed rluc RNA reporters driven by 

the HRV2, CBV3, or HCV 5’UTRs were co-transfected with m7G-capped -globin leader 

fluc reporters into dox-/mock-induced MNK1(T334D) or -(D191A) expressing cells (4h). 

IRES-driven (rluc) values were divided by -globin 5’UTR firefly values to correct for 

transfection differences. Dox-induced values were then divided by mock-induced values 

for each cell line to calculate fold-stimulation of IRES-mediated translation due to 

MNK1(T334D)/(D191A) expression. The data represent 3 independent assays done in 

triplicate for each cell line and 5’UTR. (E) Pooled -globin 5’UTR fluc values and IRES-

driven rluc values in MNK1(T334D)-expressing cells. (B, D, E) Error bars represent SEM 

and asterisks indicate p<0.05 by student’s t-test. 
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To confirm a role for MNK catalytic activity in PVSRIPO translation without the 

possible off-target effects of TPA or siRNA transfections, we used dox-inducible 

expression of (MAPK-dependent) HA-MNK1 and MNK2 or kinase-dead MNK1(D191A) 

compared to (MAPK-independent) constitutively-active MNK1(T334D) (Fig. 11B-E). 

Expression of wt MNK1 and MNK1(D191A) failed to induce eIF4E(S209) 

phosphorylation (Fig. 11B; ln. 2, 4)]. In contrast, expression of MNK1(T334D) and MNK2 

enhanced p-eIF4E(S209) levels (Fig. 11B; ln. 6, 8), due to their constitutive- or intrinsic 

basal activity, respectively. Increased p-eIF4E(S209) in the absence of dox is likely due to 

cryptic expression of MNK(T334D)/MNK2 (Fig. 11B; ln. 5, 7). Wt MNK1 expression 

alone (in the absence of MAPK stimulation) did not increase PVSRIPO translation, due 

to the lack of catalytic MNK activity (Fig. 11B). In accordance with eIF4E(S209) 

phosphorylation (indicating MNK catalytic activity), at 3.5h p.i., PVSRIPO translation 

was stimulated ~3.5-4-fold with MNK1(T334D)/MNK2 expression.  

3.1.2.4 MNK stimulation of PVSRIPO translation is independent of eIF4E(S209) 

phosphorylation.  

 

MNK control over viral, IRES-mediated translation could implicate its ‘classic’ 

substrate, eIF4E(S209). While viral IRES-mediated translation does not require eIF4E, 

effects of eIF4E phosphorylation on translation machinery at large could affect PIC 

recruitment to IRESs. To assess this possibility, siRNA-mediated depletion of 

endogenous eIF4E was combined with dox-induced reconstitution of myc-tagged wt 
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eIF4E or mutant eIF4E(S209A) (Fig. 12). This created knock-down/knock-in cell lines 

with near-exclusive expression of myc-tagged wt eIF4E or eIF4E(S209A) at physiological 

levels (Fig. 12A). Basal and TPA-stimulated eIF4E(S209) phosphorylation occurred with 

wt eIF4E (Fig. 12A, ln. 3, 4), but not with the S209A mutant (Fig. 12A, ln. 7, 8). The 

PVSRIPO infection/TPA stimulation assay showed equal stimulation of viral translation 

caused by TPA, excluding eIF4E(S209) phosphorylation as a factor in PVSRIPO 

translation competence (Fig. 12B). We also evaluated a possible involvement of hnRNP 

A1, because it is a proposed HRV IRES trans-acting factor (Lewis, Veyrier et al. 2007) and 

MNK substrate (Buxade, Parra et al. 2005). SiRNA-mediated depletion of hnRNP A1 had 

no influence on PVSRIPO translation upon TPA-stimulation (Fig. 12C). 

 

Figure 12: eIF4E(S209A) substitution and hnRNP A1 depletion do not affect 

TPA-stimulation of PVSRIPO translation.  (A) Dox-inducible cell lines expressing wt 

myc-eIF4E or myc-eIF4E(S209A) were treated with siCtrl (lanes 1,5) or eIF4E-targeting 

siRNA (lanes 2-4,6-8). Dox-induction reconstituted wt eIF4E or eIF4E(S209A) to roughly 

endogenous levels. (B) The assay conditions from ln. 3-4 and 7-8 in (A) were used to 

track viral translation after TPA stimulation in the presence of wt myc-eIF4E or myc-

eIF4E(S209A) at 3.5 and 4h p.i. (C) HeLa cells were mock- or TPA-stimulated following 

siCtrl or hnRNP A1 siRNA as shown. The cells were infected and viral protein was 
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analyzed by immunoblot (3.5 and 4h p.i.). The experiments were performed in triplicate 

(B) or duplicate (C); representative series are shown.  

 

3.1.2.5 MNK stimulation of PVSRIPO translation does not require MNK-binding to 

eIF4G.  

To reach its substrate eIF4E, MNK must bind to eIF4G (Pyronnet, Imataka et al. 

1999; Shveygert, Kaiser et al. 2010) (Fig. 9A). Since eIF4E(S209) phosphorylation is not 

involved in MNK-stimulation of PVSRIPO, we tested if MNK-eIF4G binding is required. 

We used a dox-inducible (endogenous) eIF4G1 knock-down/(exogenous) myc-eIF4G1-

flag knock-in system previously described in (Dobrikov, Shveygert et al. 2014). Dox-

induction (96h) yielded >90% depletion of endogenous eIF4G1 with reconstitution to 

roughly native levels (Fig. 13A). Mammalian cells express 3 eIF4G isoforms, eIF4G1, -2 

(uniprot name eIF4G-3) and death-associated protein 5 (Dap5; uniprot name eIF4G-2), 

which were all reported to bind MNK (Pyronnet, Imataka et al. 1999). We focused on 

MNK-binding to eIF4G1 because it is significantly more abundant than eIF4G2 [~70:1 in 

HeLa cells; (Nagaraj, Wisniewski et al. 2011)] and because we have evidence that Dap5 

does not bind MNK (Fig. 14A). Dox-inducible expression of flag-tagged Dap5 or 

eIF4G1(682-1600), the structural homolog of Dap5, followed by flag-IP led to co-IP of 

endogenous MNK1 with eIF4G1(682-1600), but not with Dap5 (Fig. 7A). Our findings 

are at variance with earlier reports (Pyronnet, Imataka et al. 1999), which may be due to 

significant MNK1 and Dap5 over-expression in that study. Confirming a dominant role 



 

84 

for eIF4G1 in MNK-binding, there was almost complete abolition of p-eIF4E(S209) upon 

eIF4G1 depletion alone (Fig. 13A, C).  

 

Figure 13: MNK1 stimulation of viral translation does not require MNK1 

binding to eIF4GI.  (A) Dox-inducible endogenous eIF4G1 knock-down with 

simultaneous mock-reconstitution (pcDNA5) or reconstitution with wt myc-eIF4G1-flag 

or myc-eIF4G1(MNK)-flag. (B) Flag-IP of lysates from the three cell lines after dox-

induction (96h). MNK1 co-IP only occurred with wt eIF4G1-reconstituted cells. (C) 

MNK1-/mock-depletion, TPA-/mock-stimulation and PVSRIPO infection of the three cell 

lines as described above (Fig. 4A). Prior to infection, all cells were dox-induced (96h) 

followed by siCtrl/siMNK1 treatment and TPA/mock stimulation as shown. Note 

deficient eIF4E(S209) phosphorylation in mock-/eIF4G(∆MNK)-reconstituted cells. Viral 

protein 2C levels were quantitated (4h p.i.) and values represent the average of 3 

experiments normalized using the corresponding siCtrl-mock lanes. Error bars indicate 

SEM. 

 

We generated cell lines reconstituted with pcDNA5 (mock), wt myc-eIF4G1-flag 

(reconstitution to the native state), or myc-eIF4G1(MNK)-flag (reconstitution with 

eIF4G1 incapable of binding MNK; Fig. 13C). eIF4G1(MNK) lacks 15 C-terminal aa and 
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cannot bind MNK (Dobrikov, Dobrikova et al. 2011); flag co-IP confirmed eIF4G1-MNK1 

interaction only in wt-reconstituted cells (Fig. 13B). Absent eIF4G1-MNK binding in 

MNK-reconstituted cells is evident as decreased p-eIF4E(S209) with and without TPA 

stimulation (compare p-Erk1/2 to p-eIF4E), at levels similar to mock-reconstituted cells 

(Fig. 13C). eIF4G1-depletion reduced viral translation by ~75%, reflecting eIF4G’s critical 

role in picornavirus IRES-mediated initiation (Fig. 13C). The response of viral translation 

to TPA was indistinguishable in wt eIF4G1 and eIF4G1(MNK)-reconstituted cells (Fig. 

6C). This shows that MNK-eIF4G1 binding is not required for the TPA-stimulatory effect 

on PVSRIPO translation. Co-depletion of DAP5 in eIF4G1(MNK)-reconstituted cells 

did not affect PVSRIPO translation either (Fig. 13C), confirming that DAP5 (which does 

not bind MNK; Fig. 14A) does not compensate for eIF4G1(MNK) in our assay. In 

accordance with other assays in this study, PVSRIPO translation in wt eIF4G1 and 

eIF4G1(MNK)-reconstituted cells dropped ~8-fold in response to MNK1 depletion 

(Figs. 13C; 14B). In aggregate, these results suggest a role for MNK1 in protein synthesis 

control, independent of its relationship with eIF4G and eIF4E. 
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Figure 14: Dap5 does not interact with MNK and does not affect MNK-

dependent PVSRIPO translation competence.  (A) HEK293 cells with dox-inducible 

expression of Dap5-flag or eIF4G1(682-1600)-flag [Ct;  (Kaiser, Dobrikova et al. 2008)] 

were treated with dox (24h) and subsequently mock (DMSO) or TPA (200nM) 

stimulated (2h). Flag-IP of Dap5/eIF4G1(682-1600) and co-IP of MNK1, eIF4A and eIF3a 

is shown. The experiment was repeated ten times; a representative series is shown. A 

shift in MNK1 electrophoretic mobility after TPA stimulation likely reflects 

phosphorylation. (B) HeLa (endogenous) eIF4G1 knockdown/(exogenous) wt eIF4G1 or 

eIF4G1(∆MNK) knock-in cells were treated as described (see Fig. 5). In addition the cells 

were treated with siCtrl or siDap5 (72h) prior to infection. PVSRIPO translation was 

assayed for each condition alongside relevant controls. The assay was repeated twice 

and a representative series is shown. 

 

3.1.2.6 MNK1 activation alters SRPK activity 

Surprisingly, our data suggest that neither of MNK’s direct links to translation 

factors account for its effects on PVSRIPO translation and tumor cytotoxicity. We 

identified a possible mechanism, however, by examining a recently proposed regulatory 

relationship of MNK2 with SRPK (Hu, Katz et al. 2012). There are two homologous, 

ubiquitously expressed SRPK isoforms in mammals, which are constitutively active 

(Ngo, Chakrabarti et al. 2005) and are controlled by subcellular partitioning and heat 

shock protein association. Cytoplasmic retention of SRPK in complexes with molecular 

chaperones (Zhong, Ding et al. 2009) is reversed by upstream signals that result in 

nuclear translocation. Reversible phosphorylation of the SRPK’s principal substrates, the 

SR-proteins, is essential to their defining roles in post-transcriptional gene regulation, 

including translation control (Ding, Zhong et al. 2006). 
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Considering its mode of regulation, we first assessed SRPK partitioning upon 

MNK activation (by TPA) or MNK1 depletion (with TPA stimulation). HeLa cells were 

TPA-stimulated, MNK1-depleted and harvested to generate fractionated extracts. TPA 

and/or MNK1 depletion did not alter total SRPK1/2 levels, but did change their 

nucleocytoplasmic partitioning (Fig. 15A). TPA led to cytoplasmic accumulation and 

diminished nuclear presence of SRPK1/2 while MNK1 depletion (with TPA stimulation) 

had the opposite effect, reducing cytoplasmic SRPK2 ~5-fold, while increasing nuclear 

abundance (Fig. 15A). MNK1 depletion in TPA-stimulated cells altered SRPK 

partitioning patterns beyond baseline (-TPA) levels, indicating a role for MNK1 in basal 

control of SRPK function. To confirm these results we performed indirect 

immunofluorescence (IF) studies in fixed cells (Fig. 15B-U). SRPK partitioning is difficult 

to test directly, because the effects are subtle [Fig. 15A; see also (Zhou, Qiu et al. 2012)]. 

A function of SRPK activity is dissociation of nuclear speckles (Gui, Lane et al. 1994), 

which is readily detected. Therefore, we tested the SRPK substrate and speckle-

component SF2 (SRSF1, ASF) by indirect IF (Fig. 15G-L). SF2 nuclear speckle 

disassembly occurs with SRPK overexpression, suggesting that SRPK activity inversely 

correlates with SF2 nuclear speckle intensity (Gui, Lane et al. 1994; Colwill, Pawson et al. 

1996). Corroborating these findings, SRPK1 depletion (Fig. 15C) intensified nuclear 

speckle signals (Fig. 15H, S). A similar effect was achieved with TPA-stimulation (Fig. 

15J, T). MNK1 depletion -in the presence of TPA- abolished speckle signal in the sample 
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(Fig. 15K, U) in accordance with nuclear accumulation of SRPK1/2 (Fig. 15A, E). Our 

findings suggest that TPA stimulation leads to SRPK1/2 cytoplasmic retention, resulting 

in speckle stabilization. This effect is mediated by MNK1, because MNK1 depletion (in 

the presence of TPA) favors SRPK1/2 nuclear influx and speckle dissociation.  
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Figure 15: MNK1 depletion causes SRPK nuclear accumulation and SF2 

nuclear speckle dissociation.  (A) Whole cell, cytoplasmic, and nuclear lysates were 

prepared from cells treated with siCtrl -/+TPA (1h) or siMNK +TPA (1h). Immunoblots 

for SRPK2 were quantitated; average SRPK2 values for each fraction from two 

experiments are shown; the asterisk denotes an ANOVA protected t-test. (B-U) Indirect 

IF using cells treated with siCtrl (-/+TPA; 1h), siMNK (+TPA; 1h), or siSRPK1 were 

stained for SRPK1 (green), nuclear speckle marker SF2 (red), and DAPI (blue) as labeled. 

Individual staining for each group (B-Q) and merged tri-color staining (R-U) is shown. A 

negative staining (no primary antibody added) control for SRPK1 and SF2 is shown to 

the right (F, L, Q). The indirect IF experiment was performed three times and 

representative images are shown. 

 

3.1.2.7 MNK1 acts on PVSRIPO translation via SRPK 

Nucleo-cytoplasmic shuttling SR-proteins have been broadly implicated in 

translation (Sanford, Gray et al. 2004) and SRp20 has been specifically linked to PV IRES 

competence (Bedard, Daijogo et al. 2007). Therefore, SRPK-mediated phosphorylation of 

SR-proteins, leading to their nuclear import (Lai, Lin et al. 2001) and reduced affinity for 

RNA (Sanford, Gray et al. 2004), may negatively affect PVSRIPO translation and 

cytotoxicity. MNK1 activity leads to nuclear exclusion and cytoplasmic accumulation of 

SRPK and restricts nuclear SRPK activities, e.g. speckle dissociation. If such restrictive 

effects of MNK on SRPK are indeed responsible for PVSRIPO tumor cytotoxicity, then 

outright SRPK depletion should enhance viral translation and cytotoxicity. To test this, 

we assessed viral translation in SRPK-depleted cells (Fig. 16).  

SRPK1/2 depletion significantly elevated viral protein synthesis in the presence 

of TPA, ~4-5-fold beyond levels achieved with TPA-stimulation alone (Fig. 16A). 

Depletion of either, SRPK1 or -2, enhanced PVSRIPO translation almost as well as co-
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depletion of both (Fig. 16A), supporting recent evidence that proper SRPK activity relies 

on both kinase isoforms (Zhou, Qiu et al. 2012). One-step growth curve assays in 

SRPK1/2-depleted HeLa cells revealed ~20-fold and ~7-fold increases of PVSRIPO 

protein at 4h and 5h p.i., respectively (Fig. 16B). Viral progeny levels were ~200-fold and 

~120-fold elevated at the corresponding intervals (Fig. 16C). SRPK1/2 co-depletion had 

no effect on PVSRIPO adsorption to cells (even recovery of pfu at 1h p.i.) or on the 

eclipse of bound particles (at 3h p.i.), but profoundly altered the efficiency of PVSRIPO 

translation and progeny production (Fig. 16C).  

To link the observed role of SRPK in control over viral translation and 

cytotoxicity to the effects of MNK catalytic activity, we first tested PVSRIPO translation 

with combined MNK1- and SRPK1/2 co-depletion (Fig. 16D). At 4h p.i. MNK1 depletion 

reduced viral translation to ~40% (Fig. 16D). This effect was mitigated by co-depletion of 

SRPK1/2, although the SRPK1/2 knock-down efficiency was reduced in this assay (likely 

due to triple-depletion in a single sample; Fig. 9D). Next, we tested PVSRIPO translation 

in cells with combined MNK (CGP57380) and SRPK (SRPin340) blockade (Fig. 16E). As 

is the case for SRPK1/2 co-depletion (Fig. 16D), combining SRPin340 inhibition reversed 

the effect of MNK1 inhibition with CGP57380 on PVSRIPO translation. We recapitulated 

this effect in the GBM cytotoxicity experiment (ATP release assay; see Fig. 9B), by 

combining the repressive effects of CGP57380 with SRPK inhibition (Fig. 16F). SRPin340 

restored the loss of PVSRIPO cytotoxicity with MNK inhibition in 43, Du54 and U87 
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GBM cells (Fig. 16E). Our findings are in line with a suppressive role of SRPK activity on 

picornavirus type-1 IRES-mediated translation initiation, which is alleviated through 

MNK activity.   
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Figure 16: SRPK depletion enhances PVSRIPO translation and propagation, 

counters the MNK depletion/inhibition effect, and increases viral translation and 

cytotoxicity in GBM. (A) HeLa cells were treated with siCtrl (-/+TPA) or siRNA 

targeting SRPK1 and/or SRPK2 (all +TPA) prior to infection with PVSRIPO 

(4h).  Quantitation represents the average viral protein 2C levels normalized for the 

siCtrl/+TPA sample from 2 assays. (B) HeLa cells were treated with siCtrl or siRNA 

targeting SRPK1 and 2 and assessed for viral 2C expression by immunoblot at 4 and 5h 

p.i. Average quantitations from 3 tests, normalized for the control values for each 

interval, are shown. Asterisks denote significant paired student t-test. (C) Viral titers 

from HeLa cells treated as in (B) and infected at an MOI of 10 were determined for the 
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designated intervals; the average of two experiments is shown normalizing between 

experiments using the siCtrl values. (D) HeLa cells were co-transfected with siCtrl or 

siRNA targeting SRPK1/2 followed by transfection with siCtrl or MNK1 siRNA as 

shown and infected as in (B). Quantitation represents the average viral protein 2C levels 

normalized between experiments by setting siCtrl values to 1. (E) HeLa cells were 

treated with DMSO (mock), CGP57380 (10µM), SRPin340 (10µM) or combined inhibitors 

coincident with PVSRIPO infection (4h p.i.). Cells were harvested and analyzed for viral 

protein by immunoblot. Quantitation of viral protein 2C is shown for 3 assays 

normalized by setting the (-CGP57380) controls to 1. The asterisk indicates significant 

paired student’s t-test comparing DMSO to SRPin340-pretreated/+CGP57380 values.  (F) 

U87, Du54, and 43 GBM cells were treated with DMSO, CGP57380, or CGP57380 + 

SRPin340 at the concentrations indicated at the time of infection. Supernatants were 

harvested (12h p.i.) and the average ATP concentration was determined for 3 (Du54) or 2 

(U87, 43) assays. (A, C, D, E) Asterisks denote significant paired student’s t-test 

comparing CGP57380 and CGP57380+SRPin340 values; error bars represent SEM. 

 

3.1.3 Conclusions and Discussion 

Translation machinery is under tight control of Raf-MEK-Erk1/2 and PI3K-AKT-

mTOR signal transduction networks in cells. Advanced invasive and treatment-

refractory cancers invariably exhibit inappropriate cooption of such signaling cascades, 

contributing to an environment of broadly unhinged protein synthesis control. A 

mechanistic understanding of translation regulation in cancer is incomplete at best. 

Targeting GBM (or other cancer types) with PVSRIPO is based on the observation that 

type 1 IRES-driven translation is favored in a cancer setting (Gromeier, Lachmann et al. 

2000). Unfettered IRES-driven translation of PV polypeptides in malignant cells 

produces rapid and drastic cytotoxicity, leading to the presentation of combined 

pathogen- and danger-associated molecular patterns with a potential for recruiting host 

immunogenic responses (Brown, Dobrikova et al. 2014). Because IRES competency is a 
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decisive factor in PVSRIPO oncolytic efficacy, we set out to unravel the signal 

transduction network that controls viral, m7G-cap-independent translation and viral 

cytotoxicity in tumor cells.  

The present and previous (Goetz, Everson et al. 2010) investigations pointed 

toward a role for Raf-MEK-Erk1/2 signals and the Erk1/2-activated protein kinase MNK, 

in particular. Much evidence links MNK to important gene regulatory processes, e.g. 

oncogenesis (Ueda, Sasaki et al. 2010). Yet, few of MNK’s functions are mechanistically 

understood. We discovered that MNK affects viral IRES-mediated translation 

independent of its best known roles as eIF4G-binding partner or the eIF4E(S209) kinase. 

Rather, our data suggest that MNK broadly influences post-transcriptional gene 

regulation via SRPK, a ‘master’ regulator of the SR-proteins, key factors of alternative 

and constitutive splicing, mRNA export, mRNA stability and translation (Huang and 

Steitz 2005). Activation of MNK was associated with SRPK cytoplasmic retention and 

reduced SRPK nuclear activity; consistent with a recent report that MNK2 activity 

prevents eIF4G(S1148) phosphorylation downstream of SRPK (Hu, Katz et al. 2012). 

SRPK depletion had substantial stimulatory effects on PVSRIPO replication, even in 

HeLa cells that naturally support rampant viral IRES-mediated translation and 

propagation. The fact that siRNA-mediated SRPK depletion enhanced viral dynamics 

eliminates the possibility of off-target suppression due to the RNA transfection 

procedure or host viability effects, which can skew analyses of host factor involvement 
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in virus susceptibility studies. Combined SRPK depletion/inhibition reversed the 

repressive effects of MNK depletion/inhibition on PVSRIPO translation competence and 

cytotoxic potential in HeLa cells or GBM cells.    

A role for SRPK in control over viral, IRES-mediated translation very likely 

involves its prime substrates, the SR-proteins. This is because most SR-proteins shuttle 

‘rapidly and continuously’ (Caceres, Screaton et al. 1998) between nucleus and 

cytoplasm, associate with translating ribosomes and stimulate translation of reporter 

mRNAs in vitro and in vivo (Sanford, Gray et al. 2004). They equally induce translation of 

spliced and intron-less mRNAs, indicating that their effect on translation is independent 

of a prior splicing event (Sanford, Gray et al. 2004). Most importantly, a particular 

shuttling SR-protein (SRp20) was implicated in PV translation before (Bedard, Daijogo et 

al. 2007). The mechanism of SRp20 involvement in EV IRES-mediated translation is 

unknown, but may occur through contacts with the poly(rC) binding protein 2 (PCBP2) 

(Bedard, Daijogo et al. 2007), a host IRES trans-acting factor (ITAF) implicated in PIC 

recruitment (Sweeney, Abaeva et al. 2014) and EV IRES-mediated translation initiation 

(Blyn, Swiderek et al. 1996; Sweeney, Abaeva et al. 2014). A possible explanation for 

their contribution to alternative initiation may involve SR-protein-aided tethering of 

PICs to mRNA. This could be particularly important for templates that lack 

conventional recruitment of PICs to the 5’ m7G-cap by eIF4E, e.g. PVSRIPO RNA. The 

broad effects of SRPK on cap-independent translation shared between very diverse 
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IRESs of HCV and EVs may be explained by the relatively degenerate RNA sequences 

recognized by SR-proteins and/or by the common regulation of all SR-proteins by SRPK. 

Although HCV IRES-mediated initiation is fundamentally different from type 1 

picornaviral IRESs, because PIC recruitment is independent of eIF4F (Spahn, Kieft et al. 

2001), it similarly involves PCBP2 (Wang, Jeng et al. 2011). 

MNK1-mediated effects on SRPK partitioning/activity, evident as increased 

nuclear speckle intensity and cytoplasmic retention, is in accordance with previously 

described effects of SRPK on the SR-proteins’ role in cytoplasmic functions, e.g. 

translation. For example, SRPK-mediated SR-protein phosphorylation causes them to 

loose RNA affinity (Sanford, Gray et al. 2004) and enhances their nuclear import (Lai, 

Lin et al. 2001). A key question emerging from our studies is the mechanism underlying 

MNK-mediated control over SRPK, since SRPK is not a plausible MNK substrate. This 

question is addressed in a companion report, which revealed important information on 

an unexpected broad and deep involvement of MNK in mitogenic signal transduction 

networks impinging on post-transcriptional gene regulation (Brown, Dobrikov et al. 

2014). Given their apparent critical role as host pathogenesis factors, elucidating the 

precise mechanism for the SR-proteins’/SRp20 involvement in IRES-mediated 

translation is mandated; however, this is beyond the scope of this study.    

Our research provides mechanistic support for a new experimental cancer 

therapy demonstrating early promise in clinical trials in recurrent GBM patients (Brown, 
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Dobrikova et al. 2014). PVSRIPO exerts forceful tumor cytotoxicity of a type and range 

difficult to achieve with other therapeutic modalities. In targeting Erk1/2-MNK 

signaling, PVSRIPO cytotoxicity is enabled by a basal, homeostatic survival mechanism 

that is critical for mitogenic-, genotoxic-, metabolic- or hypoxic stress-resilience and 

therapy resistance of many cancers (Sebolt-Leopold and Herrera 2004). Targeting such 

fundamental aspects of the malignant phenotype is key for the therapy of notoriously 

treatment-resistant and genetically heterogeneous cancers, such as recurrent GBM.  

3.2 MAPK-interacting kinase regulates mTOR/AKT signaling and 
controls SRPK-responsive type 1 IRES-mediated translation and 
viral oncolysis  

3.2.1 Introduction 

Translation of picornaviral RNAs occurs via cap-independent recruitment of pre-

initiation complexes (PICs; comprising 40S subunits, eIF2/GTP/tRNAiMet ternary 

complexes, eIF3, eIF1/1A) by type 1 [e.g. enterovirus; (Pelletier and Sonenberg 1988)] or 

type 2 [e.g. cardiovirus, aphthovirus; (Jang, Krausslich et al. 1988)] IRESs. Two 

(vertebrate host) virus IRES mechanisms with distinct translation factor involvement 

have been delineated: (i) direct, eIF4F-independent PIC engagement [e.g. at the hepatitis 

C virus (HCV) IRES (Spahn, Kieft et al. 2001)]; and (ii) recruitment of PICs via the 

eIF4G:4A:4B translation initiation helicase complex to type 1 (Sweeney, Abaeva et al. 

2014) or type 2 (Yu, Abaeva et al. 2011) IRESs. The eIF4G:4A:4B complex, a dynamic 

aggregate of three RNA-binding proteins (Parsyan, Svitkin et al. 2011), can associate 
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with viral (or select eukaryotic) RNAs independent of a 5’ terminus, a 5’ terminal 7-

methyl-guanidine (m7G)-cap or the cap-binding protein, eIF4E. Contact with IRESs is 

established by the ‘core’ region of eIF4G (in eIF4G1: ~aa712-970), the 

Huntingtin/Elongation factor 3/Protein phosphatase 2A/TOR (HEAT) domain 1, which 

interacts with eIF4A:4B and RNA (Pestova, Shatsky et al. 1996; Marcotrigiano, Lomakin 

et al. 2001). Non-canonical PIC tethering that lacks stabile recruitment of eIF4F (at the 

m7G-cap) may explain the involvement of RNA binding proteins (IRES trans-acting 

factors, ITAFs) in picornaviral type 1 IRES-mediated translation. While a number of 

RNA-binding proteins were shown to associate with type 1 IRESs in various 

contexts/assays, the strongest empirical support for ITAF activity exists for the poly(rC)-

binding protein 2 (PCBP2) (Blyn, Swiderek et al. 1996). This is because recent evidence 

directly implicates PCBP2 in PIC recruitment in vitro (Sweeney, Abaeva et al. 2014). The 

precise mechanism of PCBP2’s involvement remains unclear, but requires the SR-protein 

SRp20 (Bedard, Daijogo et al. 2007). 

All key factors involved in PIC recruitment to picornaviral type 1 IRESs are 

subject to regulatory adjustment through mitogenic signal transduction networks. This 

explains why viral IRES competence is influenced by the prevailing signaling status in 

host cells. PVSRIPO, the live-attenuated PV (Sabin) type 1 vaccine replicating under 

control of a foreign HRV2 IRES, is profoundly neuron-incompetent due to cell type-

specific deficits in PIC recruitment to its heterologous IRES (Merrill, Dobrikova et al. 

http://en.wikipedia.org/wiki/Huntingtin
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2006). Yet, PVSRIPO translation, cytotoxicity and cell killing are retained in malignant 

cells, e.g. those derived of glioblastoma (GBM) (Gromeier, Lachmann et al. 2000). We 

reported in a related study that type 1 IRES efficiency generally, and tumor competence 

of PVSRIPO specifically, is facilitated by Raf-Erk1/2 signals and the Erk1/2 substrate 

MNK in particular (Brown, Bryant et al. 2014). 

Our studies imply MNK in IRES competence independent of its classic functions 

as eIF4G binding partner (Pyronnet, Imataka et al. 1999; Shveygert, Kaiser et al. 2010) or 

eIF4E(S209) kinase (Waskiewicz, Flynn et al. 1997). Rather, viral translation responded to 

MNK-mediated effects on the Ser-Arg (SR) rich protein kinases (SRPK1/2), which 

regulate splicing, mRNA export and translation by phosphorylating the SR-proteins 

(Brown, Bryant et al. 2014). An important question raised by our investigations is the 

mechanism by which MNK controls SRPK (and its downstream substrates). Here we 

show that MNK1 activity modulates SRPK through negative regulation of mTORC2 and 

its substrate, AKT. Our results are consistent with recent reports ascribing a 

predominant role for AKT signals in control over SRPK partitioning and activity in post-

transcriptional gene regulation (Zhou, Qiu et al. 2012). In line with our findings, direct 

inhibition of mTORC2-mediated phosphorylation of AKT stimulated PVSRIPO 

translation and prevented the repression of PVSRIPO translation caused by MNK 

inhibition. Moreover, we present evidence suggesting that the inhibition of mTORC2-

AKT by MNK may be a consequence of (MNK-mediated) stimulation of mTORC1. Thus, 
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PVSRIPO translation competence is responsive to a signaling network centered on MNK 

that counters AKT phosphorylation and activity by regulating mTOR signaling. 

3.2.2 Results 

 3.2.2.1 MNK inhibition and AKT activation have similar effects on SRPK 

Prior investigations of SRPK/alternative splicing control via activation of the 

epidermal growth factor receptor tyrosine kinase, which signals to Raf-Erk1/2-MNK and 

PI3K-AKT, suggested a critical role for the PI3K-AKT signaling axis (Zhou, Qiu et al. 

2012). AKT, which was shown to bind SRPK1, induces its auto-phosphorylation, 

dissociates it from its cytoplasmic ‘anchor’ and promotes SRPK1 activity through 

nuclear influx (Zhou, Qiu et al. 2012). To avoid confounding effects of dual activation of 

Raf-Erk1/2-MNK and PI3K-AKT in our assays, we used selective induction of PI3K-AKT 

signaling with the insulin-like growth factor-1 (IGF1; see signaling scheme; Fig. 17). 

IGF1-treatment of cells induced strong PI3K-AKT activation, without concomitant 

effects on Erk1/2 (for at least 4-5h; Fig. 18A, B). 

In accordance with Zhou et al. (Zhou, Qiu et al. 2012), selective activation of 

PI3K-AKT led to nuclear speckle dissociation (Fig. 17J, O), indicating SRPK activation. 

The IGF1 effect was prevented by PI3K inhibition, implicating PI3K-AKT in this event 

(Fig. 17K, P). MNK’s influence on SRPK partitioning, evident as nuclear speckle 

dissociation upon MNK1 depletion (Brown, Bryant et al. 2014), is equally manifest with 

MNK inhibition with CGP57380 (Fig. 17G, M). CGP57380-mediated speckle dissociation 
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is due to MNK-mediated effects on SRPK, because adding the SRPK inhibitor SRPin340 

reverses the effect of CGP57380 (Fig. 17H, N). Thus, activation of PI3K-AKT (with IGF1) 

and MNK1 depletion (Brown, Bryant et al. 2014) or inhibition have similar effects on 

SRPK partitioning and activity.   
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Figure 17: Activation of PI3K-AKT has similar effects on SRPK as MNK 

inhibition.  (Top) Signaling scheme and inhibitors used. (Bottom) (A)-(P) IF of the 

nuclear speckle marker and SRPK substrate SF2 in HeLa cells treated with DMSO (A, F, 

L), CGP57380 (10M; B, G, M), CGP57380+SRPin340 (10µM and 3µM, respectively; C, H, 

N), IGF1 (10nM; D, J, O), IGF1+PI103 (10nM and 1µM, respectively; E, K, P) for 2h. 
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3.2.2.2 Activation of AKT represses IRES competence 

Our observations emerging from these tests and our prior findings (Brown, 

Bryant et al. 2014) suggest opposing effects on SRPK and its role in IRES-mediated 

translation competence: repression through activation of Raf-Erk1/2-MNK and 

activation through PI3K-AKT. If this is true, then outright activation of AKT may have 

opposite (repressive) effects on IRES competence compared to activation of MNK. To 

test this, we selectively activated PI3K-AKT signaling by treating cells with IGF1 (10nM) 

and assessing the effect on PVSRIPO/HRV2 IRES-mediated translation (Fig. 18A). 

Within the testing interval of the assay, IGF1 led to strong phosphorylation of 

AKT(S473/T308) without changing the Erk1/2 phospho-status (Fig. 18A). This was 

associated with an ~60% decrease of viral translation at 4.5h p.i. (Fig. 18A). The effect 

was over-compensated by PI3K inhibition (with PI103; Fig. 18A), but not by mTORC1 

inhibition with rapamycin (rapa), suggesting that it involves signaling upstream of 

mTORC1 or a rapa-insensitive function of mTORC1 (Fig. 18B). Inhibition of SRPK with 

SRPin340 abolished the repressive effect of IGF1 on viral translation, suggesting that 

PI3K-AKT activation acts on IRES competence via SRPK (Fig. 18B). These data further 

implicate SRPK in PVSRIPO translation competence/tumor cytotoxicity. They illustrate 

how activating (via PI3K-AKT) or repressing (via Erk1/2-MNK) SRPK exerts opposing 

effects on IRES competence, possibly through a common mechanism.    
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Figure 18: AKT signals negatively affect PVSRIPO translation and cytotoxicity 

through SRPK.  (A) Cells were treated with IGF1 (5 or 10nM) and PI103 (1nM) as shown 

1h prior to infection and throughout the assay. Cells were harvested at 3.5 and 4.5h p.i. 

and analyzed by immunoblot. Viral protein 2C was quantitated for 3 experiments and 

normalized by setting the IGF1(-) control to 100%. (B) Cells were pretreated with mock 

or IGF1 (5nM) in the presence of DMSO, rapa (250nM), or SRPin340 (3µM) 1h before 

infection and throughout the assay. Quantitation of viral protein 2C was determined 

from 3 assays and normalized by setting the IGF1(-) control for each condition to 100%. 

Asterisks indicated student’s t-test comparing to IGF treated lanes to DMSO treated 

controls for each pretreatment (p<0.05). (C) Cells were treated with siCtrl or siSRPK1/2 

(72h), pretreated with IGF1 (10nM; 1h), and then co-transfected with fluc/rluc reporters. 

IGF1 stimulation was maintained after transfection and cells were harvested at 4h for 

fluc/rluc measurements. The assay was performed in duplicate for 3 tests and the 

average fold-stimulation values were determined and normalized by setting siCtrl (-

IGF1) to 1. (D) Glioma cells were treated with mock or IGF1 in the presence of DMSO or 

SRPin340 (3µM), infected with mock or virus, and supernatants were collected at the 

designated intervals and tested for ATP release. (A, C, D) Asterisks represent ANOVA 

protected t-test (p<0.05). 
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To irrevocably link the observed signaling events to IRES-mediated translation of 

viral genomes, we tested the effect of AKT activation/concomitant SRPK inhibition on 

IRES-reporter translation in HeLa cells (Fig. 18C) and on PVSRIPO cytotoxicity and cell 

killing in GBM cells (Fig. 18D). In accordance with our findings on PVSRIPO translation 

upon IGF1 stimulation (Fig. 18A, B), translation of IRES-reporter RNAs (HRV2, CBV3, 

HCV) was depressed upon treatment of cells with IGF1 (Fig. 18C). This effect was 

reversed by concomitant depletion of SRPK1/2 (Fig. 18C). Indeed, SRPK depletion (in 

the presence of IGF1) produced IRES-reporter translation rates in excess of baseline, 

indicating a role for SRPK in control of basal viral, cap-independent translation (Fig. 

18C). A similar effect of IGF1 and IGF1 + SRPK inhibition was observed with PVSRIPO 

cytotoxicity in GBM cells (Fig. 18D). These findings and the observation that MNK 

inhibition effects on PVSRIPO translation are due -at least in part- to SRPK activation 

(Brown, Bryant et al. 2014), indicate that Erk1/2-MNK and PI3K/AKT signals regulate 

PVSRIPO translation through a common effector, SRPK. 

3.2.2.3 MNK acts on SRPK via AKT 

Our findings may be the result of separate, opposing effects on active MNK or 

AKT on the SRPK system, or they could suggest that MNK acts on SRPK by tempering 

AKT activity [consistent with reports linking AKT directly to SRPK1 (Zhou, Qiu et al. 

2012)]. To test these possibilities, we analyzed the effects of TPA stimulation/MNK1 

depletion on AKT activity (Fig. 19). Phosphorylation of both AKT(S473) by mTORC2, 
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and AKT(T308) by PDK1 (Sarbassov, Guertin et al. 2005) (Fig. 17; top panel) is required 

for full activation of the kinase. TPA stimulation of cells depressed p-AKT(S473) by 

~40% (Fig. 19A). However, in TPA-stimulated cells depleted of MNK1, p-AKT levels 

were elevated ~4-fold compared to non-depleted cells (Fig. 19A). To confirm these 

results without the potential off-target effects of signal inducers, inhibitors, or siRNAs, 

we used a dox-inducible MNK1 over-expression assay (Brown, Bryant et al. 2014). This 

permitted to evaluate the effects of selective MNK activation achieved with dox-

induction alone. Expression of constitutively-active MNK1(T334D) consistently 

depressed p-AKT(S473) levels to below 40%, while expression of kinase-dead 

MNK1(D191A) had no effect (Fig. 19B). Also, MNK inhibition in HeLa and U87 GBM 

cells with CGP57380 increased p-AKT(S473) levels (Fig. 19C). At later time points 

(>60min post CGP57380 treatment) p-AKT(S473) levels tapered, suggesting that 

feedback may restore equilibrium of the system after prolonged MNK inhibition (Fig. 

19C).  
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Figure 19: MNK1 activation leads to depression of AKT phosphorylation. (A) 

HeLa cells treated with siCtrl (-/+TPA) or siMNK (+TPA) were lysed, tested by 

immunoblot for p-AKT(S473/T308) and %phosphorylation was calculated from the 

average of 3 tests, setting siCtrl (- TPA) to 100%. (B) Constitutively-active MNK1(T334D) 

or kinase-dead MNK1(D191A) expression was dox-induced at the designated time 

points. P-AKT(S473) was quantitated from 3 independent assays, setting the 0h (+dox) 

time point to 100%. (C) HeLa and U87 glioma cells were treated with CGP57380 (10µM) 

for the indicated intervals and analyzed by immunoblot. P-AKT(S473) was quantitated 

and averaged between 3 experiments. Quantitation between experiments was 

normalized by setting 0min CGP57380 to 100%. (A-C) Error bars represent SEM and 

asterisks represent ANOVA protected t-test (p<0.05). 

 

For independent corroboration of these results in a different system (in cells with 

wild-type PTEN), we tested the response of MNK1/2 double knockout (dko) mouse 

embryo fibroblasts (MEF) to IGF1 and to CGP57380. Serendipitously, we found that 

AKT levels were increased relative to tubulin and other loading controls in dko MEFs 

(compared to wt companion MEFs; Fig. 20A). This may represent an increase in basal 
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signaling to AKT, as AKT(S450) is co-translationally phosphorylated by mTORC2 to 

stabilize nascent AKT protein (Oh, Wu et al. 2010). In the proceeding assay we 

stimulated wt or MNK1/2 dko MEFs with IGF1 (60min) in the presence of DMSO 

(60min) or CGP57380 (30, 60min) to compare (i) IGF1-mediated AKT activation in a 

context with and without MNK; and (ii) CGP57380-mediated p-AKT(S473/T308) 

modulation (Fig. 20B). First, we observed that overall responsiveness of p-AKT(S473), 

but not p-AKT(308), to IGF1 in MNK1/2 dko MEFs was significantly increased compared 

to wt MEFs (Fig. 20C; top panel). Furthermore, CGP57380, in the presence of IGF1, 

incrementally increased p-AKT(S473) levels in wt MEFs, but not in MNK1/2 dko MEFs 

(Fig. 20B; Fig. 20C; bottom panel). These observations suggest that MNK1 counters 

phosphorylation of AKT(S473), either by interfering with its upstream kinase 

(mTORC2), or through AKT-specific effects.  
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Figure 20: MNK1 activation leads to depression of AKT phosphorylation in 

MEFs.   (A) Wt or MNK1/2 double knockout MEFs (dko) lysates were compared by 

immunoblot for total AKT vs. tubulin content. Quantitation is shown below 

representing the AKT:tubulin ratio to correct for loading anomalies; the asterisk 

represents student’s t-test p<0.05. (B) Wt or dko MEFs were mock-treated or IGF1-

treated (60min) in the presence of DMSO (60min) or CGP57380 (10µM; 30 or 60min as 

shown) and analyzed for p-AKT(S473) and p-AKT(T308) by immunoblot. (C) Top: 

quantitation of p-AKT(S473) and p-AKT(T308) in wt and dko MEFs after treatment with 

IGF1 (10nM; 60min). Values were normalized by setting -IGF1 samples to 1. Bottom: 

quantitation of p-AKT(S473) from experiment (B). Values were normalized between 

experiments by setting IGF1+DMSO [lanes 2,6 of (B)] to 100%.  Error bars represent SEM, 

asterisks directly over bars represent ANOVA protected t-test (p<0.05), and the asterisk 

over a line represents student’s t-test (p<0.05). 

 

3.2.2.4 MNK inhibition enhances p-AKT(S473) and diminishes mTORC1 activity.  

In order to unravel MNK effects on AKT activity, we studied several relevant 

phosphorylation events in a time-course comparing MNK inhibition with CGP57380 and 

AKT stimulation with IGF1 (Fig. 21). As expected, both CGP57380 and IGF1 led to a 

significant increase in p-AKT(S473) (Fig. 21A, B). p-AKT(T308) weakly responded to 
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MNK inhibition, while IGF1 led to strong, sustained AKT(T308) phosphorylation (Fig. 

21A). Intriguingly, IGF1 spurred p-AKT(S473) after 1min, whereas CGP57380 did not 

until 10min (Fig. 21B). These data, combined with the observation that expression of 

constitutively active MNK1(T334D) suppressed p-AKT(S473) (Fig. 21B), suggest that 

MNK catalytic activity blocks phosphorylation of AKT(S473). Analysis of the 

phosphorylation status of the mTORC1 targets S6K [and its downstream substrate, 

ribosomal protein (rp) S6] and the eIF4E-binding proteins (4EBP) revealed that, while 

IGF1 enhanced mTORC1 activity ~8-fold by 10min (p-S6K; Fig. 21B), CGP57380 

diminished mTORC1 activity >2-fold by 15min (Fig. 21B). mTORC1 repression by 

CGP57380 occurred prior to the increase in p-AKT(S473) and coincided with the decline 

in p-eIF4E(S209), consistent with a primary effect of MNK.  



 

112 

 

Figure 21: CGP57380 and IGF1 treatment induce AKT(S473) phosphorylation, 

but have obverse effects on -mTORC1 substrates. HeLa cells treated with 10µM 

CGP57380 (left panel) or 10nM IGF1 (right panel) were harvested at the designated time 

points for immunoblot. (B) Quantitation of the ratios of p-AKT(S473)/AKT, p-

S6K(T389)/S6K, and p-4EBP(S65)/4EBP for CGP57380 (top panel) and IGF1 (bottom 

panel). (C) Lysates from cells expressing dox-inducible MNK1(T334D) or (D191A) (Fig. 

3B) were tested for phosphorylation of S6K(T389); the average of 3 independent assays 

with SEM is represented for p-S6K(T389) corrected by dividing by total S6K values. 

Asterisks denote ANOVA protected t-test (p<0.05) comparing dox-induction to no-dox 

control. 

 

It is possible that CGP57380 modulates mTORC1 or C2 activity through effects 

on kinases other than MNK. Thus, to confirm an apparent role for MNK in stimulating 

mTORC1 in a different system devoid of inhibitors or stimulants, we used lysates from 

cells with dox-induced constitutively active- (T334D) or kinase dead (D191A) MNK1 to 

assess the phospho-status of mTORC1 targets (Fig. 21C; the lysates used were those 
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analyzed in Fig. 19B). Constitutively active MNK(T334D) significantly enhanced p-

S6K(T389) and p-rpS6(SS240/4) while kinase-dead MNK1 had no effect (Fig. 21C). This 

confirms a role for MNK catalytic activity in stimulating mTORC1 (Fig. 21C) while 

simultaneously inhibiting mTORC2 (Fig. 19B). Thus, MNK either favors mTORC1 

formation/activation to inhibit mTORC2 [and, thus, AKT(S473) phosphorylation] or 

MNK may influence AKT(S473) phosphorylation independent of its apparent role in 

regulating mTOR signaling. 

3.2.2.5. MNK controls phosphorylation of AKT(S473) through modulation of 

mTORC2 activity. 

mTORC2 is believed to be a dominant kinase for AKT(S473) in most signaling 

contexts (Sarbassov, Guertin et al. 2005); however, other kinases were shown to be 

involved, e.g. integrin-linked kinase (McDonald, Oloumi et al. 2008). To test if MNK 

regulates p-AKT(S473) through effects on mTORC2, we studied a short time-course of 

CGP57380 inhibition/IGF1 stimulation in the presence of DMSO (vehicle control), rapa 

(selective mTORC1 inhibition), or torin2 (mTORC1/C2 co-inhibition) (Fig. 17, top panel; 

Fig. 22). Confirming data in Figs. 19 and 21, both CGP57380 and IGF1 induced 

AKT(S473) phosphorylation in the presence of DMSO (Fig. 22A, B). Rapa treatment prior 

to CGP57380/IGF1 permitted similar effects on p-AKT(S473), suggesting that MNK-

mediated effects on AKT occur independently of rapa-sensitive functions of mTORC1. 

Torin2, however, dramatically reduced p-AKT(S473) basal levels and prevented its 

stimulation by CGP57380/IGF1 (Fig. 22A, B). This indicates that MNK inhibition of 
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AKT(S473) phosphorylation either depends on mTORC2 or a rapa-insensitive function 

of mTORC1; and that, in the context of our assays, p-AKT(S473) levels are determined 

exclusively by mTORC2. 

 

 

Figure 22: CGP57380 and IGF1-mediated effects on p-AKT(S473) occur through 

mTORC2.  HeLa cells were pre-treated with DMSO, rapa (250nM), or torin2 (25nM) 

(2h). CGP57380 (10µM; A) or IGF1 (10nM; B) was added 0, 30, 60, or 90min prior to cell 

lysis and analysis by immunoblot. P-AKT(S473) was quantitated for 3 experiments for 

each time point and ‘fold-increase’ was determined by setting the 0 time point for each 

group to 1. Error bars represent SEM and asterisks represent ANOVA protected t-tests 

comparing +CGP57380 or +IGF1 samples to untreated controls.  
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3.2.2.6. MNK inhibition suppresses type 1 IRES activity through a rapa-insensitive, 

mTOR-dependent mechanism. 

Since MNK counters mTORC2-mediated phosphorylation of AKT(S473) (and, 

thus, suppresses AKT activity) and inhibition of the AKT-SRPK axis (e.g. with PI3K 

inhibitors) stimulates PVSRIPO translation and cytotoxicity, torin2 should mimic the 

stimulatory effect of MNK catalytic activity on PVSRIPO. Indeed, torin2 treatment 

enhanced PVSRIPO translation ~4-fold and significantly increased viral propagation in 

HeLa cells (Fig. 23A). We next asked whether MNK-induced effects on p-AKT(S473) 

explain the effects of MNK inhibition/depletion on PVSRIPO translation and 

cytotoxicity. To accomplish this, cells were pre-treated with DMSO, rapa or torin2 (2h) 

followed by DMSO or CGP57380 treatment and PVSRIPO infection (Fig. 23B). The 

CGP57380-induced increase of p-AKT(S473) is subtle in this assay, because the study 

interval was 4h after addition of the drug (Fig. 23B; see time-course in Fig. 19C). 

Analysis of viral 2C expression revealed that MNK inhibition decreased viral translation 

~4 fold (Fig. 23B). This effect was similar in mock (DMSO) and rapa pre-treated cells 

(Fig. 23B), suggesting that MNK inhibition does not act on viral, IRES-mediated 

translation via a rapa-sensitive function of mTORC1. Torin2 pretreatment, however, 

significantly reduced the effect of MNK inhibition on viral translation (Fig. 23B). These 

observations suggest that the repressive effect of MNK inhibition on PVSRIPO 

translation is either due to regulation of mTORC2-AKT or a rapa-insensitve mTORC1 

function. To confirm these relationships in a relevant context, we evaluated the effect of 
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mTORC1/C2 inhibition (with torin2) on PVSRIPO translation and cell killing in GBM cell 

lines (Fig. 23C). Torin2 treatment significantly enhanced PVSRIPO translation 

competence and GBM cytotoxicity (Fig. 23C). These data imply that MNK-mediated 

stimulation of PVSRIPO translation, propagation, and cytotoxicity depends on an mTOR 

function not prevented by rapa. 

 

 

Figure 23: mTORC1/2 co-inhibition synergizes with PVSRIPO oncolysis and 

prevents effects of MNK inhibition on PVSRIPO translation.  (A) HeLa cells were 
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infected with PVSRIPO and treated with either DMSO or torin2 (5nM; 1h p.i.). Cells 

were harvested (3.5, 4h p.i.) and analyzed for viral protein by immunoblot. Quantitation 

from 3 assays is shown below; control values were normalized to one experiment for 

each time point. Viral titers were determined from supernatants of cells; the experiment 

was repeated twice and control values were used to normalize between both assays. 

Error bars represent SEM; asterisks denote a student’s t-test (p<0.05). (B) HeLa cells were 

pretreated with DMSO, rapa (250nM) or torin2 (25nM) 1h prior to treatment with DMSO 

or CGP57380 (10µM) and infection with PVSRIPO. Inhibitors/DMSO were maintained 

during infection. Cells were harvested 3.5h p.i. and analyzed by immunoblot for viral 

protein and relevant controls. Quantitation is shown below from 3 assays normalized by 

setting control values (DMSO-treated for each inhibitor group) to 100%. Statistics were 

done by comparing groups to the DMSO+CGP57380-treated lane in an ANOVA 

protected t-test (p<0.05). (C) Top panel; GBM cells were infected and treated with DMSO 

(mock) or torin2 (1 or 5nM) at the time of infection. Lysates were prepared 6h p.i. and 

analyzed for viral protein by immunoblot. Viral 2C protein is quantitated for 3 tests. 

Bottom panel; GBM cells were infected with PVSRIPO and mock/torin2 (1 or 5nM)-

treated 4h p.i. Supernatants were collected 12h p.i. and analyzed for ATP concentrations 

in 2 assays. Error bars represent SEM and asterisks indicate an ANOVA protected t-test 

(p<0.05). 

 

3.2.2.7. MNK inhibition activates mTORC2 by attenuating mTORC1 activity. 

Our data with rapa and torin2 (Fig. 23) coupled with our observation that MNK 

activity exerts inverse effects on mTORC1 vs. mTORC2 activity (Fig. 21) raises the 

possibility that MNK represses mTORC2-p-AKT(S473) by activating mTORC1. 

mTORC1-mediated suppression of C2 has been reported to occur through several 

mechanisms; for example via (mTORC1-driven) S6K activation and downstream 

phosphorylation of rictor (Dibble, Asara et al. 2009). To test this possibility, we siRNA-

depleted cells of Raptor or rictor (essential components of mTORC1 and -C2, 

respectively; Fig. 25), treated them with DMSO (mock), CGP57380 (10µM) or IGF1 

(10nM), and measured p-AKT(S473) levels (Fig. 24). Two siRNAs targeting Raptor or 
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rictor, each, were independently used to account for possible off-target effects caused by 

any single siRNA. Two Raptor siRNAs consistently had opposite effects on basal p-

AKT(S473) levels; one increased (Fig. 24A; ln. 4-6) and the other reduced (Fig. 24A, ln. 7-

9) basal AKT(S473) phosphorylation. We ascribe these differences to distinct depletion 

efficiencies by the two siRNA, possibly analogous to what has been observed with mild 

vs. intense rapa treatment of cells (Sarbassov, Ali et al. 2006) (Fig. 24A). Raptor depletion 

reduced basal S6K(T389) phosphorylation in line with residual Raptor levels (Fig. 24A; 

compare ln. 1, 4, 7) suggesting mTORC1 inhibition. It also diminished the inhibitory 

effect of CGP57380 on p-S6K(T389) (Fig. 24A; compare ln. 2, 5). This is consistent with 

our finding that MNK inhibition (CGP57380) acts on p-S6K via mTORC1 (see Fig. 21). 

S6K phosphorylation upon IGF1 stimulation was resistant to Raptor depletion (Fig. 24A; 

ln. 3, 6, 9); likely because of the potent stimulation it exerts on mTORC1 signaling and 

the incomplete Raptor depletion. Intriguingly, CGP57380-mediated stimulation of 

AKT(S473) phosphorylation was reduced by both siRNAs (Fig. 24A). As anticipated, 

Raptor depletion did not affect the AKT phosphorylation response to IGF1, since IGF1 

activates AKT independently of mTORC1 (Fig. 24A). Depletion of rictor significantly 

reduced basal p-AKT(S473) and tempered the increase in p-AKT(S473) caused by both 

CGP57380 and IGF1 (Fig. 24B). This was expected, since mTORC2 is the kinase for 

AKT(S473) in most contexts (Sarbassov, Guertin et al. 2005). Taken together, our findings 

suggest that increased p-AKT(S473) in response to MNK inhibition requires both 
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mTORC1 and C2 activity and supports the hypothesis that MNK activates mTORC1, 

consequently diminishing mTORC2 mediated AKT(S473) phosphorylation.  

 

Figure 24: MNK inhibition affects AKT phosphorylation and PVSRIPO 

translation through mTORC1-mediated inhibition of mTORC2. HeLa cells were 

treated with siCtrl or one of two siRNAs targeting Raptor (A) or rictor (B) followed by 

treatment with DMSO, CGP57380, or IGF1 (60min). Cells were harvested and analyzed 

by immunblot for AKT phosphorylation. p-AKT(S473) levels were quantitated as shown 

for 4 tests each, normalizing between experiments by setting DMSO-treated samples to 

1. Asterisks denote ANOVA protected t-test (p<0.05) and error bars represent SEM. (C) 

HeLa cells were transfected with siCtrl or one of two different siRNAs targeting Raptor 
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or rictor as in (A, B), treated with CGP57380 (30min), infected with PVSRIPO, and 

harvested (3.5h p.i.). Lysates were assessed for viral protein (2C), which is quantitated 

below for 4 assays, normalizing between experiments by setting the DMSO control for 

each siRNA to 1 (see Materials and Methods). Asterisks indicate a significant ANOVA 

protected t-test as compared to the siCtrl +CGP57380 values; error bars represent SEM. 

 

3.2.2.8. Raptor and Rictor Depletion diminishes the effect of MNK inhibition on 

PVSRIPO translation. 

To test if MNK’s effect on PVSRIPO is exerted through mTORC1-mediated 

mTORC2-AKT suppression, we evaluated viral translation in cells treated with siCtrl or 

one of two siRNAs targeting Raptor or rictor (Fig. 24C). Raptor or rictor depletion 

mitigated the effect of MNK inhibition on PVSRIPO translation to varying degrees, in 

accordance with depletion efficiency (see Materials and Methods for test details; Fig. 

24C). These data suggest that MNK enhances PVSRIPO translation by acting on 

mTORC1 to impede mTORC2-AKT activation. The resulting negative regulation of AKT 

reduces SRPK activation and enables PVSRIPO translation and cytotoxicity (see a 

summary of the proposed mechanism in Fig. 25).   
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Figure 25: Proposed signal and functional relationships emerging from the 

present study.  (1) Constitutive Raf-MEK-Erk1/2 signals in GBM cause MNK activation. 

(2) MNK modulates mTORC1, possibly by intercepting inhibitory PRAS40-Raptor 

binding (Hu, Katz et al. 2012). (3) Our data suggest that MNK-mediated mTORC1 

activation represses mTORC2. (4) Inhibition of mTORC2 prevents phosphorylation of 

AKT(S473) and reduces mTORC2-AKT signaling to SRPK. (5) SRPK-mediated 

regulation of viral cap-independent translation may occur via SR-proteins, e.g. SRp20, a 

proposed PV ITAF (Bedard, Daijogo et al. 2007). Phosphorylation of SR-proteins by 

SRPK enhances their nuclear import (Lai, Lin et al. 2001) and decreases their affinity for 

RNA (Sanford, Gray et al. 2004). Thus, MNK stimulation of viral m7G-cap independent 

translation may be due to SRPK inhibition, favoring SR-protein cytoplasmic retention 

and viral RNA-binding. 

 

 

3.2.3 Conclusions and Discussion 

We deciphered a link between MNK and SRPK that broadly enhances cap-

independent translation initiation via type 1 picornavirus IRESs and, by extension, 

favors PVSRIPO oncolysis of GBM (Brown, Bryant et al. 2014). Unfettered PVSRIPO 

translation, cytotoxicity and killing in most tumor cells, including those derived of GBM 

(Gromeier, Lachmann et al. 2000), suggests that type 1 IRES competence benefits from 

the particular post-transcriptional gene regulatory conditions of the malignant state. 
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Indeed, MNK activity has been intricately associated with oncogenesis (Furic, Rong et al. 

2010; Ueda, Sasaki et al. 2010), which may involve eIF4E(S209) phosphorylation 

(Wendel, Silva et al. 2007), but the mechanisms of its involvement remain obscure (Ueda, 

Sasaki et al. 2010). In the present study, we unravel a novel intersection between Erk1/2-

MNK and mTOR-AKT signal transduction pathways that controls partitioning and 

activity of SRPK (Fig. 25). Ultimately, these signaling events explain how MNK 

facilitates type 1 IRES function and PVSRIPO oncolysis. They also delineate broad 

influence of MNK over post-transcriptional gene regulatory systems far beyond its 

classic role as the eIF4E(S209) kinase.  

We previously reported that PI3K inhibition enhances PVSRIPO oncolysis in a 

GBM xenograft model (Goetz, Everson et al. 2010). This was anticipated, because PI3K 

downstream signals to mTORC1 inactivate the 4EBPs, which in their active state 

enhance IRES-mediated translation (Svitkin, Herdy et al. 2005). However, given our 

finding that MNK represses SRPK [which is controlled by PI3K/AKT signaling; (Zhou, 

Qiu et al. 2012)] to stimulate PVSRIPO translation (Brown, Bryant et al. 2014), we tested 

whether PI3K-mediated effects on type 1 IRES-mediated translation are due to its role in 

regulating SRPK. We determined that, while 4EBP inactivation (with rapa) subtly 

enhances PVSRIPO translation rate, the IRES-suppressive effect of PI3K activation is 

attributable to SRPK. This implicates SRPK as a key determinant of picornaviral type 1 

IRES competence. 
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The central finding in this study, that MNK acts on SRPK by impeding 

AKT(S473) phosphorylation by mTORC2 (Fig. 25), supports earlier evidence that AKT 

has important roles in the regulation of SRPK partitioning and activity (Zhou, Qiu et al. 

2012). Intuitively, AKT signal-attenuation through MNK as a mechanism of PVSRIPO 

tumor-selective cytotoxicity seems implausible, given the frequency of PI3K up-

regulation in neoplasia. However, HeLa cells with very high intrinsic PI3K signaling 

respond to IGF1 with dissociation of nuclear speckles and strongly enhanced p-

AKT(S473/T308). In U87 glioma cells, which are PTEN-deleted, IGF1-mediated 

activation of AKT delayed PVSRIPO translation and cytotoxicity. MNK inhibition with 

CGP57380 produced AKT activation in HeLa and U87 cells, despite inherently high 

levels of PI3K-AKT signaling. Together, our observations suggest that downstream of 

overactive PI3K signaling (i.e. with PTEN-deletion or activating PIK3CG mutations), 

both AKT and SRPK maintain a level of adaptive plasticity that is accomplished through 

MNK (and, possibly, other signal connections). The balance between PI3K-AKT and Raf-

Erk1/2-MNK signaling necessary to prevent constitutive SRPK activation facilitates 

PVSRIPO oncolysis. The finding that MNK diminishes AKT(S473) phosphorylation (by 

mTORC2) adds to the rapidly accumulating evidence for extensive, multilayered Raf-

Erk1/2 crosstalk with PI3K-AKT (Mendoza, Er et al. 2011). Thus, in the malignant 

context, MNK, along with other signaling nodes, maintains homeostasis that prevents 

excessive activation of AKT signaling, such as overactive SRPK in the present study. 
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Such crosstalk is likely necessary to achieve a balance between PI3K and Raf-Erk1/2 

signaling commensurate with life, because chronic aberrant AKT activity is lethal in 

cancer cells (van Gorp, Pomeranz et al. 2006). 

Although the MNK-AKT-SRPK connection has been the primary focus of the 

present study because SRPK controls PVSRIPO IRES competence/cytotoxicity in 

malignancy, our observation that MNK regulates mTORC1 inversely to mTORC2 is of 

upmost biological significance. A relationship between MNK and mTOR signaling is in 

line with several recent findings including: (i) MNK activity correlated with enhanced p-

4EBP1(S65), an mTORC1 substrate (Grzmil, Huber et al. 2014); (ii) MNK2 binds to 

Raptor and prevents PRAS40 association with mTORC1, an endogenous inhibitor of 

mTORC1 activity (Hu, Katz et al. 2012); and (iii) rapa-induced survival feedback signals 

leading to MNK activation could represent a feedback loop for compensatory mTORC1 

stimulation (Sun, Rosenberg et al. 2005; Wang, Yue et al. 2007). Our studies indicate that 

MNK inhibition with CGP57380 activates mTORC2 [and AKT(S473) phosphorylation] 

while diminishing phosphorylation of mTORC1 targets. Accordingly, expression of 

constitutively active MNK1 enhanced mTORC1 activity while reducing p-AKT(S473). 

Accumulating evidence for key roles of MNK in pro-tumorigenic and pro-survival gene 

regulatory functions (Diab, Kumarasiri et al. 2014) may well be explained by its role in 

regulating mTORC1.  
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At this point, it remains unclear how MNK acts on mTOR. It was proposed that 

MNK2 specifically associates with the mTORC1 complex, thus preventing inhibitory 

PRAS40-mTORC1 interactions (Hu, Katz et al. 2012). This may result in activation of 

mTORC1 and consequently mTORC2 suppression. This is seemingly contradicted by 

our finding that rapa did not prevent AKT(S473) phosphorylation (by mTORC2) upon 

MNK inhibition with CGP57380 (Fig. 22A). However, rapa only affects phosphorylation 

of select mTORC1 substrates and does not prevent the formation of the mTORC1 

complex itself (Thoreen, Kang et al. 2009; Kang, Pacold et al. 2013).  

Our work described in this study revealed a network of surprisingly close 

integration of MNK and mTOR-AKT signals that impinge on SRPK and its role in post-

transcriptional gene regulation (Fig. 25). This network controls picornaviral type 1 IRES 

competence and, by extension, PVSRIPO cytotoxicity and tumor cell killing. Our data 

suggest that major signal-responsive elements in type 1 IRES-mediated translation may 

be RNA-binding proteins with ITAF roles, e.g. PCBP2/SR-proteins, which are controlled 

by the AKT-SRPK axis.   
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3.3 Inverse regulation of TelO2-DDB1 and DEPTOR associations 
with mTORC1 by the MAP-Kinase Interacting Kinases facilitates 
mTORC1 interaction with its substrates. 

3.3.1 Introduction 

 The MAP-Kinase Interacting Kinases (MNK1/2) are oncogenic kinases 

that mediate survival signaling (Chrestensen, Eschenroeder et al. 2007; Ueda, Sasaki et 

al. 2010; Adesso, Calabretta et al. 2013); however the mechanism(s) by which they 

accomplish this remain elusive. Much of the phenotypes associated with MNK have 

been presumed to be due to their role in phosphorylating the cap binding protein, eIF4E. 

However, few experiments have confirmed that eIF4E is responsible for these 

phenotypes directly, and some evidence suggests that there are MNK functions aside 

from this event (DaSilva, Xu et al. 2006; Rannou, Salaun et al. 2012; Brown, Bryant et al. 

2014).  We recently discovered that MNK1/2 broadly regulate cap-independent 

translation through an mTORC1 mediated mechanism that did not require eIF4E 

phosphorylation (Brown, Bryant et al. 2014; Brown, Dobrikov et al. 2014). Indeed, Raptor 

depletion and/or catalytic inhibition of mTOR prevented MNK mediated effects on cap-

independent translation of an oncolytic poliovirus (Brown, Dobrikov et al. 2014). Links 

between mTORC1 and MNK signaling is well documented: either by showing that 

mTORC1 inhibition activates MNK signaling (Wang, Yue et al. 2007), or by showing that 

MNK and mTORC1 signaling synergize in restricting cell growth and survival (Grzmil, 

Huber et al. 2014).  
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mTOR exists in two complexes, mTORC1 and C2; with mTORC1 being better 

characterized as the homeostatic nutrient sensor for the cell and mTORC2 being best 

known for its regulation over AKT, its role in regulating cytoskeletal organization, and 

possibly a role in co-translationally phosphorylating proteins (Zinzalla, Stracka et al. 

2011). mTORC1 is intricately associated with several signaling pathways to determine 

cell growth, proliferation, autophagy, and survival. According to its vast physiological 

roles, it is highly regulated through several inputs and co-factors. Among these co-

factors include the mTORC1 defining protein Raptor, which facilitates mTOR substrate 

association; GβL, which stimulates the kinetic activity of mTOR (Kim, Sarbassov et al. 

2003), PRAS40; an inhibitor of mTORC1 that binds to Raptor; and DEPTOR, an inhibitor 

of both mTORC1 and C2. mTORC1 is active in several contexts, but requires the 

association with Rheb-GTP at the lysosome which is negatively regulated by the TSC2 

(Saito, Araki et al. 2005). However, mTORC1 also associates with other docking proteins, 

such as eIF3f which enables its association with and phosphorylation of S6K (Holz, Ballif 

et al. 2005). mTORC1 contacts its substrates at a conserved TOS motif through Raptor 

(Nojima, Tokunaga et al. 2003) for phosphorylation. While PRAS40 has been shown to 

contain a TOS motif that blocks Raptor association with its substrates, possibly by acting 

as a decoy substrate or sponge (Oshiro, Takahashi et al. 2007), it is still unknown how 

DEPTOR regulates mTORC1 signaling  Indeed, DEPTOR regulates both mTORC1 and 

mTORC2 signaling but somehow preferentially inhibits mTORC1 signaling and 
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activates mTORC2 and AKT signaling when overexpressed; possibly because mTORC2 

phosphorylates and displaces DEPTOR (Peterson, Laplante et al. 2009). Lastly, recent 

evidence points towards additional auxiliary proteins that also regulate mTORC1 

signaling, including TelO2 and TTI1 which associate with mTOR to stabilize it (Kaizuka, 

Hara et al. 2010) and DDB1 which ubiquitinates Raptor to stabilize mTORC1 integrity 

and also regulates the mTORC1 inhibitor REDD1 (Katiyar, Liu et al. 2009; Hussain, 

Feldman et al. 2013). 

Herein we confirm that MNK1/2 positively regulates mTORC1 signaling in a 

constitutive manner. Abrogation of MNK signaling also results in DEPTOR 

overexpression. We define novel interactions of MNK with TelO2 and DDB1 as well as 

mTORC1, and determine that MNK stimulates mTORC1 association with its substrates 

but discourages DEPTOR association. Intriguingly, inhibition of MNK reduces TelO2-

DDB1 association with mTORC1, which is phenocopied by DEPTOR overexpression. 

Our data suggests that MNK regulates the TelO2 and DDB1 interactions with mTORC1 

either directly, or through DEPTOR, to enhance mTORC1 substrate association. 

Moreover, we propose a novel function of DEPTOR in displacing TelO2 from mTORC1 

and reducing mTORC1 substrate association. Several nuances in our data also suggest 

that TelO2 and DDB1 exist in a subcomplex and may coordinate in their regulation of 

mTORC1. From this work, we propose that MNK stabilizes mTORC1 and TelO2/DDB1 
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associations to facilitate mTORC1 substrate interactions, and we hypothesize that this 

prevents DEPTOR inhibition of mTOR-TelO2/DDB1 interactions. 

 

3.3.2 Results 

Previous reports have linked MNK signaling and mTORC1 signaling either by 

phenotypically showing that MNK and mTORC1 inhibitors synergize in restricting 

cancer cell growth and viability (Marzec, Liu et al. 2011; Eckerdt, Beauchamp et al. 2014), 

or by showing that MNK inhibition reduces phosphorylation of mTORC1 substrates, the 

4EBPs (Grzmil, Huber et al. 2014; Teo, Yu et al. 2015). Intriguingly, it has been shown 

that catalytic mTOR inhibitors (i.e. torins) do not synergize with MNK inhibition to 

reduce cancer cell viability, suggesting that MNK may function through mTOR to 

restrict cancer cell growth (Eckerdt, Beauchamp et al. 2014; Grzmil, Huber et al. 2014). 

Our recent work identified a novel connection between MNK and mTORC1 signaling, 

wherein MNK signaling stimulates mTORC1 and consequently reduced 

phosphorylation of AKT, particularly at (S473) by mTORC2 (Brown, Dobrikov et al. 

2014). This likely occurs through relieving negative feedback signaling from mTORC1 

on mTORC2, IRS1, and possibly other mechanisms (Shah, Wang et al. 2004; Liu, Gan et 

al. 2013).  
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3.3.2.1 Inhibition of MNK enhances rapamycin mediated mTORC1 inhibition in 

cancer cells. 

To address whether MNK mediated effects on mTORC1 may explain synergy 

between rapamycin (rapa) and MNK inhibition on restricting cancer cell growth, we 

began by looking at whether inhibition of MNK enhanced rapa inhibition of mTORC1 

signaling. To exclude any off target effects of CGP57380 up front, we tested the effects of 

rapa and CGP57380 co-inhibition in Wt MEFs compared to MNK1/2 double knockout 

(DKO) MEFs (Fig. 26A). We found that as expected, treatment of WT and DKO MEFs 

with rapa led to reduced mTORC1 signaling as shown by the rapa sensitive 

phosphorylation of S6K as well as relatively rapa insensitive substrates ULK1 and 4EBP. 

Testing co-inhibition of rapa + CGP57380, we found that MNK inhibition further 

diminished phosphorylation of ULK1 and 4EBP only in Wt MEFs. The lack of an effect 

of CGP57380 on mTORC1 signaling in MNK DKO MEFs suggested that mTORC1 

inhibition in Wt MEFs by CGP57380 was indeed due to inhibition of MNK, rather than 

off-target effects (Fig. 26A). In a similar fashion, we tested two glioma, melanoma, and 

breast cancer cell lines each (Fig. 26B). Similar to Wt MEFs, MNK co-inhibition with rapa 

enhanced mTORC1 inhibition of rapa insensitive substrates ULK1 and 4EBP. A previous 

study linked MNK signaling with the phosphorylation of 4EBP at serine 65 [S65; 

(Grzmil, Huber et al. 2014)], and in agreement we found this to be the most MNK-

responsive site.  
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Figure 26: Synergy between rapamycin and CGP57380 in inhibiting mTORC1 signaling.  (A) Wt and MNK1/2 DKO MEFs 

or (B) U87, Du54, DM6, DM440, MDA-MB231 and SUM149 cells were treated with DMSO, rapa (250nM), or rapa (250nM) with 

CGP57380 (10μM) for 1 or 3 hours. Cells were harvested and analyzed by western for mTORC1 signaling at 4EBP (S65) and ULK1 

(S757) with other relevant controls. Quantitation of 4EBP (S65) and ULK1 (S757) represents the average of two independent 

experiments normalized to the rapa only control, error bars indicate SEM.  
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3.3.2.2 MNK inhibition reduces basal mTORC1 signaling and DEPTOR abundance.  

Next we sought to test the effects of MNK inhibition alone on basal mTORC1 

signaling. Using a time course with CGP57380 treatment, we found that MNK inhibition 

reduced mTORC1 signaling towards all of its substrates in both HeLa and HEK 293 

cells, with 4EBP (S65) being the most responsive site (Fig. 27A). Interestingly, in HEK 

293 cells DEPTOR abundance was increased following MNK inhibition, possibly due to 

reduction of mTORC1 mediated destabilization of the DEPTOR protein (Peterson, 

Laplante et al. 2009). In the HeLa context, DEPTOR levels did not increase despite 

reduction in mTORC1 signaling, indicating that effects on DEPTOR stability do not 

explain MNK’s role in regulating mTORC1. Next we tested the effects of MNK1 and/or 

MNK2 depletion on mTORC1 signaling in HeLa cells (Fig. 27C). In contrast to the 

CGP57380 time course in Figure 27A, both MNK1 and 2 depletion (and co-depletion) led 

a striking increase in DEPTOR protein, with a marked decline in mTORC1 signaling 

(Fig. 27C).  
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Figure 27: MNK regulates mTORC1 signaling and DEPTOR abundance. HeLa (A) or 

HEK 293 (B) Cells were treated with CGP57380 (10μM) for the designated time points 

and analyzed by western for mTORC1 and AKT signaling. (C) Cells were treated with 

cntrl, MNK1, MNK2, or MNK1 and 2 siRNAs; harvested after 72 hours; and analyzed 

for mTORC1 and AKT signaling. Quantitation for (C) represents the average of two 

independent experiments normalized by setting sicntrl values equal to 1. Quantitation 

from A and B are from a representative experiment, setting time point 0 values to 1.  

 

3.3.2.3 Genetic deletion of MNK1/2 leads to DEPTOR overexpression and hyper-

activation of AKT. 

We next tested Wt, MNK1, 2 and DKO MEFs for changes in mTOR and its 

associated proteins. Confirming data in Figure 26B we found that MNK1, 2 and DKO 

MEFs expressed higher levels of DEPTOR relative to Wt MEFs (Fig. 28A). All other 
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relevant proteins were equal, with the exception of 4EBP which was consistently 

diminished in MNK1 KO MEFs, possibly due to decreased 4EBP phosphorylation or due 

to an adaptation mechanism to compensate for a lack of MNK signaling. Upon testing 

MNK KO MEFs for responsiveness to insulin, we found that rather than having 

insufficiency in mTORC1 signaling as expected MNK1, 2 and DKO MEFs exhibited 

hyper-activation of AKT at both S473 and T308 following insulin stimulation. AKT 

activity was enhanced in this context as the AKT substrate, PRAS40 was also hyper-

phosphorylated. However, despite increased AKT signaling, phosphorylation of 

mTORC1 targets S6K (T389) and 4EBP (S65) remained relatively equal (Fig. 28B).  

3.3.2.4 MNK constitutively stimulates mTORC1 signaling. 

mTORC1 signaling is responsive to a myriad of inputs that may be regulated 

independently or redundantly at several nodes; for example, through AKT during 

growth factor signaling vs AMP-kinase during energy/ATP depravation. To test 

whether MNK plays a more constitutive or inducible role in stimulating mTORC1 

signaling, we tested mTORC1 signaling in response to insulin and the phorbol ester TPA 

with and without MNK inhibition. During insulin stimulation Erk1/2 activation was 

modest and transient, and accordingly inducible eIF4E phosphorylation was not 

observed (Fig. 28C). In contrast, TPA induced potent Erk1/2 and eIF4E phosphorylation, 

indicating that MNK signaling was induced (Fig. 28D). In both contexts, pretreatment 

with CGP57380 diminished basal mTORC1 signaling and reduced overall stimulation by 
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both TPA and insulin. Moreover, despite apparent increase in MNK signaling by TPA 

relative to insulin, the reduction in stimulated mTORC1 activity by MNK inhibition was 

similar between insulin and TPA, indicating that inducible MNK activity does not 

appreciably contribute to MNK regulation of mTORC1 signaling in this context (Fig. 

28C,D). These data suggest that MNK stimulation of mTORC1 is relatively constitutive 

and less inducible than that of amino acid, growth factor, and ATP:AMP ratio inputs.  

 

Figure 28. Inhibition/lack of MNK signaling results in DEPTOR 

overexpression, hyper-activation of AKT, and/or reduction in mTORC1 signaling. (A 

and B) MNK WT, MNK1 KO, MNK2 KO, and MNK1/2 DKO cells (A) were used to 

prepare lysates at basal conditions and analyzed by western for mTORC1 components 

or (B) were stimulated with and without insulin to investigate mTORC1 and AKT 

signaling phenotypes when MNK signaling is compromised. Asterisk denotes a 

background band observed with anti mouse-DEPTOR antibody, true band was 

determined by size and also siRNA screening. (C) HeLa cells were pretreated with 

DMSO or CGP57380 (10μM) for 1 hour prior to treatment with insulin (left panel) or 

TPA (right panel) at the designated time points. Quantitation below western data in (D) 
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represents the average of two independent experiments normalized by setting DMSO 

controls to 1; error bars represent SEM.  

 

3.3.2.5 MNK2 binds to mTORC1 independent of its eIF4G binding domain  

Previous work has demonstrated that MNK, MNK2 in particular, interacts with 

mTORC1 (Hu, Katz et al. 2012). Based upon our findings that MNK enhances mTORC1 

signaling, we sought to confirm and expand these observations to determine whether 

MNK-mTORC1 interactions may explain MNK regulation of mTORC1. To confirm that 

MNK interacts with mTOR and to begin to dissect MNK:mTOR interaction 

determinants, we transfected flag-mTOR expressing 293 cells with HA-tagged MNK1/2a 

Wt or MNK1 mutants: D191A, catalytically inactive; Δ4G, lacking the polybasic region 

that binds to eIF4G; and T334D, a mutation that maintains MNK1 in an active 

conformation (Fig. 29A). All mutants have been previously characterized with regards to 

eIF4G association and kinetic activity towards eIF4E (Shveygert, Kaiser et al. 2010). 

Briefly, WT MNK binds very poorly to eIF4G without Erk/P38 MAP-Kinase induction, 

D191A and T334D MNK1 mutants bind strongly to eIF4G due to the lack of 

displacement of MNK from eIF4G following eIF4E phosphorylation (D191A) or due to a 

lack of auto-inhibitory regulation (T334D). MNK2 has high basal activity and exhibits 

strong basal eIF4G association (Scheper, Morrice et al. 2001; Shveygert, Kaiser et al. 

2010). We confirmed binding of exogenous HA-tagged MNK with flag-mTOR and 

surprisingly found that MNK1 Wt and D191A proteins bound equally to mTOR, 
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indicating that MNK mediated phosphorylation events do not lead to MNK dissociation 

from mTOR (Fig. 29A). Furthermore, MNK1 (Δ4G) bound much stronger to mTOR, 

suggesting that MNK associates with mTOR through a binding site different than that of 

eIF4G. MNK1 (T334D) bound with high affinity to mTOR, possibly because MNK binds 

much stronger when catalytically active (Fig. 29A). Confirming previous data that 

MNK2 associated with mTORC1, but MNK1: mTORC1 association was not detected 

(Hu, Katz et al. 2012), MNK2 co-IP with mTOR was much more efficient than that of 

MNK1 Wt (Fig. 29A).  

3.3.2.6 MNK binds to mTORC1, DDB1, and TelO2 complexes  

To further characterize the complex(es) that MNK1/2 associates with, we next 

pulled down flag-MNK variants and looked for their association with endogenous 

mTORC1 proteins, as well as candidate proteins that may regulate mTORC1 (Fig. 29B). 

MNK1 Wt, D191A, T334D, and MNK2 all interacted with mTOR and Raptor with 

similar affinities to that in Figure 29A. We were unable to detect Co-IP with Rictor or 

Sin1, indicating that MNK exclusively interacts with mTORC1 (Fig. 29B). Furthermore, 

Raptor and mTOR Co-IP was equal, suggesting that MNK interacts with an intact 

mTORC1 complex, and not either mTOR or Raptor individually. We were also unable to 

detect PRAS40, GβL, Rheb or DEPTOR suggesting that the primary point of contact was 

through either Raptor or mTOR (Fig. 29B). We tested several potential binding partners 

that may explain MNK association with mTORC1 and or regulation of mTORC1 
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signaling/DEPTOR (Figure 27). Previously, it was demonstrated that DEPTOR was 

regulated by the βTRC E3 ubiquitin ligase that recruited the Skp-cullin-FBX (SCF) 

ubiquitin ligases (Gao, Inuzuka et al. 2011). We were unable to detect MNK association 

with βTRC.   

DDB1 has been shown to be a factor in ubiquitinating Raptor to enhance 

mTORC1 signaling, an event antagonized by UCH-L1 (Hussain, Feldman et al. 2013), 

and its stimulatory role in mTORC1 signaling has been noted by several groups (Ghosh, 

Wu et al. 2008; Katiyar, Liu et al. 2009). We were unable to detect co-IP with UCH-L1, 

but were able to detect robust DDB1 association relative to mTOR and Raptor binding 

for all MNK variants, correlating with mTORC1 affinity (Fig. 29B). DDB1 is an E3 

ubiquitin ligase that is directed by DDB1-Cul4 associated factors (DCAFs, typically WD 

repeat containing proteins) that recruit the DDB1-CUL4 complex to their target proteins 

(He, McCall et al. 2006).  We next tested for DDB1 associated proteins and were able to 

detect DCAF6, but not other select known DCAFs (CDT2, WDR26, WDR42A; Fig 29B). 

We were also unable to detect MNK co-IP of CUl4A/B, RBX1 (a part of the DDB1-Cul4A 

complex), or DDB2 (which binds to DDB1 during DNA damage). It is at first tempting to 

suspect that DDB1 may coincidentally ubiquitinate MNK for degradation through 

DCAF6 recognition. However, DCAF6 only modestly co-immunoprecipitated with 

MNK and in fact could not explain DDB1 association with MNK1/2 because only T334D 

and MNK2 DCAF6 co-IP was above background levels, whereas MNK1 Wt and D191A 
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also consistently interacted with DDB1 much higher than background levels (Fig. 29B). 

Thus MNK binds to DDB1 or a DDB1 associated factor independently of the DCAF 

binding domain of DDB1, because detectable DCAF6 was pulled down indirectly. Since 

DDB1 associates with mTORC1, it is possible that MNK may associate with DDB1 

through mTOR, or vice versa.  

 

 

Figure 29. MNK1/2 associates with mTORC1 and mTOR regulatory cofactors 

DDB1 and TelO2.   (A) Stable, dox inducible flag-mTOR cells were transfected with HA-

Tagged: Wt MNK1, MNK1 (D191A), MNK1 (Δ4G), MNK1 (T334D), or Wt MNK2 

pretreated with or without doxycycline treatment to induce flag-mTOR expression. 

Lysates were prepared and flag-mTOR was immunoprecipitated and analyzed by 

western for MNK co-IP. Quantitation represents the average of three independent 

experiments, error bars represent SEM. (B) Empty vector (pcdna3.1) or flag tagged 
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MNK1 Wt, MNK1 (D191A), MNK1 (T334D), or MNK2 Wt were transfected in 293 cells. 

Lysates were subject to flag IP and western analysis was performed to detect 

associations with Raptor, mTOR, and other potential mTORC1 regulators. The 

experiment was repeated three times and a representative series is shown. 

 

 

TelO2 also regulates mTORC1 signaling by stabilizing mTOR and other 

phosphoinositide-3-kinase-related-kinases (PIKKs), including ATM (Takai, Wang et al. 

2007). TelO2 and its associated factor TTI1 are components of both mTORC1 and 

mTORC2 that support mTOR signaling (Kaizuka, Hara et al. 2010). Recently it was 

shown that Tel2 and TTI1 are targeted for degradation specifically when associated with 

mTORC1, and not mTORC2, following CK2 phosphorylation of TelO2 and TTI1 

(Fernandez-Saiz, Targosz et al. 2013). This led to the activation of mTORC2 and AKT 

signaling due to the reduction in mTORC1 negative feedback. Intriguingly, CK2 also 

phosphorylates eIF4G1 in the MNK1/2 binding site. These considerations inspired us to 

look for MNK association with TelO2, and we indeed detected association of both TelO2 

and TTI1 with MNK (Fig. 29B). TelO2 also interacts with HSP90 to stabilize the PIKKs, 

however we were unable to detect HSP90 co-IP. Furthermore, we found that MNK 

associates with ATM, another PIKK regulated by TelO2; correlating perfectly with TelO2 

association, but not DDB1 and mTOR associations (compare Wt and D191A binding 

with TelO2 and ATM vs Raptor, mTOR, and DDB1; Fig. 29B). Thus, MNK interacts with 

mTOR, Raptor, DDB1, and TelO2; with the strongest interaction (relative to background) 
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being DDB1. These interactions do not match associations with eIF4G, suggesting along 

with Figure 29A (in which the Δ4G mutant bound mTOR), that MNK binds to these 

proteins independent of eIF4G. Additionally, a consistent lack of association of TelO2 

with MNK1 Wt (below background) despite in-tact association with DDB1 suggests that 

MNK either binds to the two proteins independently or MNK binds to TelO2 through 

either mTORC1 and/or DDB1 (Fig 29B).  

3.3.2.7 MNK interactions with TelO2 and DDB1 are independent of mTORC1 and 

eIF4G1. 

We next wanted to confirm that as Figure 29 suggests, MNK binds to mTORC1, 

TelO2, and DDB1 independent of its canonical association with eIF4G. To accomplish 

this we employed a dox-inducible eIF4G1 shRNA expressing cell line previously 

described (Dobrikov, Shveygert et al. 2014). These cells were transfected with either flag-

Wt MNK1 or MNK2 and treated with dox to deplete eIF4G1 or without dox (no 

depletion). Using this approach we found that eIF4G1 depletion did not prevent MNK 

association with mTORC1, TelO2, or DDB1 (Fig. 30A). Next, we tested whether Raptor 

overexpression may change MNK association with its newly identified binding partners. 

Surprisingly, we found that Raptor overexpression abolished MNK interaction with 

Raptor and mTOR, but did not affect DDB1 and TelO2 associations (Fig. 30B). Raptor 

overexpression may reduce MNK-mTORC1 because it breaks the stoichiometric balance 

of Raptor and the other accessory factors that regulate it. For example, DDB1 

ubiquitiniation of Raptor is necessary to facilitate the association of Raptor with mTOR 
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(Hussain, Feldman et al. 2013). Thus, MNK interacts with TelO2 and DDB1 either more 

directly or independently of Raptor and mTOR. Furthermore, since Raptor 

overexpression led to dissolution of both Raptor and mTOR-MNK binding, it suggests 

that MNK interacts with mTOR through Raptor (Fig 30B).  

 

 

Figure 30: MNK binds to TelO2 and DDB1 independently of mTORC1 and eIF4G1.   

(A) Stable, dox-inducible eIF4G1 shRNA 293 cells were transfected with flag-MNK1 Wt 

or MNK2 Wt, without and without dox treatment (eIF4G1 depeltion) for three days. 

Lysates were subject to IP and interactions were determined by western. Quantitation 

represents the average of three experiments for MNK2 only, due to sensitivity issues, 

normalized to no dox treated =1; error bars denote SEM.  (B) HA Raptor cells were 

transfected with empty vector or flag-MNK1 (T334D) and treated with or without dox to 

induce Raptor overexpression. Lysates were subject to flag pull down and western was 

performed to determine relevant interactions. 
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3.3.2.8 MNK signaling reduces mTORC1 association with its substrates and increases 

association of DEPTOR with mTORC1. 

Next we sought to assess whether MNK signaling impacts mTORC1 stability. To 

accomplish this we used flag-mTOR expressing cell lines (Fig. 31A) or HA-tagged 

Raptor (Fig. 31B) with a time course of CGP57380 treatment compared to DMSO treated 

cells. We found that MNK inhibition did not alter mTORC1 or mTORC2 integrity, as 

shown by no changes in mTOR association with Raptor, GβL, PRAS40, Rictor, DDB1, 

TelO2, or sin1. There were also no changes in flag-mTOR association with DEPTOR (Fig. 

31A). However, eIF3f, which serves as a docking site for mTORC1 to phosphorylate S6K 

and regulate translation (Holz, Ballif et al. 2005; Harris, Chi et al. 2006), association with 

mTORC1 was diminished following CGP57380 treatment. Furthermore, ULK1, an 

mTORC1 substrate, association was also reduced following MNK inhibition (Fig. 31A). 

We were unable to detect S6K or 4EBP associations with mTOR above that of 

background in this assay. Using HA-Raptor IP we confirmed that MNK inhibition 

reduced Raptor association with ULK1 (specific eIF3f association was not detected in 

this IP, we generally found flag IPs to be cleaner and more specific than HA IPs). In 

contrast to the flag-mTOR IP data, MNK inhibition also led to an increase in DEPTOR 

association with Raptor (Fig 31B). This contradiction may be explained by the possibility 

that DEPTOR may bind to free flag-mTOR (non-Raptor or Rictor bound mTOR), or that 

DEPTOR may shift from mTORC2 to mTORC1 binding. We were unable to detect 

Raptor association with DDB1 or TelO2 beyond the background. To confirm the finding 
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that DEPTOR increases association with mTORC1 following MNK inhibition, we 

transfected cells with flag-DEPTOR, treated with DMSO or CGP57380, and performed a 

flag-IP. Indeed, we confirmed with this approach that following MNK inhibition, 

DEPTOR increases association with mTORC1, and not mTORC2 (Fig. 31C). Thus, MNK 

inversely regulates the association of mTORC1 with its substrates and DEPTOR.  

 

Figure 31: Inhibition of MNK increases DEPTOR association with mTORC1 

and reduces mTORC1 association with its substrates.  (A) Flag-mTOR cells treated 

with DMSO or CGP57380 (10μM) at the designated time points without dox (negative 
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control, first lane) or with dox induced flag-mTOR expression. Lysates were subject to 

flag IP and mTORC1 proteins were detected along with the substrate ULK1 and the 

docking protein, eIF3f. (B) quantation for (A). (C) HA-Raptor dox inducible cells were 

treated as in (A) and lysates were subject to anti-HA IP followed by western analysis for 

the mTORC1 substrate ULK1 and other relevant proteins. (D) Quantitation for C. (E) 

HEK 293 Cells were transfected with empty vector (PC3) or flag-DEPTOR, treated with 

DMSO or CGP57380 (10μM) for 3 hours and subject to flag IP and western to detect 

changes in mTORC1 interactions. (F) HA-Raptor dox-induicble 293 cells were treated 

with or without dox and transfected with empty vector (PC3) or flag-DEPTOR and HA-

Raptor was pulled down followed by western analysis. Quantitations of westerns 

represent the average of 3 independent experiments (B and D) and 2 experiments for (F) 

normalized to the DMSO, dox induced control, error bars represent SEM. 

 

3.3.2.9 DEPTOR overexpression reduces mTORC1 association with its substrates and 

TelO2.  

Based upon the inverse relationship between mTORC1: DEPTOR binding and 

mTORC1:substrate binding following MNK inhibition (Fig. 31: A, C, E), it could be that 

the reduction of mTORC1 binding to substrates is caused by an increase in 

DEPTOR:mTORC1 binding, or conversely, that a decrease in mTORC1 substrate binding 

leads to an increase in DEPTOR association. To test the first hypothesis, we transfected 

HA-Raptor expressing cells with either empty vector or flag-DEPTOR (causing DEPTOR 

overexpression; Fig. 31F) and performed an HA-Raptor IP to observe ULK1:Raptor 

association. We found that DEPTOR overexpression led to an increase in DEPTOR: 

mTORC1 association; and that DEPTOR overexpression led to a reduction in mTORC1 

association with its substrate ULK1 (Fig. 31F). Strangely, we detected TelO2 beyond 

background levels, possibly due to effects of transfection or other differences between 

this experiment and the experiments in Figure 31C. Nevertheless, we observed that 



 

146 

DEPTOR overexpression also displaced TelO2 from mTORC1. Raptor interactions with 

PRAS40 and mTOR were unchanged. Thus, DEPTOR inhibits the association of 

mTORC1 with its substrates, and also reduces TelO2 association with mTORC1. This 

might suggest that MNK functions by regulating DEPTOR association with mTORC1 

and in doing so, TelO2 association; or alternatively, DEPTOR and TelO2 may 

bidirectionally regulate each other’s association with mTORC1.  

 

3.3.2.10 MNK associations with TeLO2 and DDB1, but not mTOR or Raptor, are 

reduced by MNK inhibition.  

Previous work has shown that inhibition of MNK leads to a robust increase in its 

binding to eIF4G1, presumably because eIF4E phosphorylation mediates MNK 

dissociation from eIF4G (Shveygert, Kaiser et al. 2010). Furthermore, TPA induces 

eIF4G1 association by displacing MNK’s auto-inhibitory loop to enable eIF4G1 

association (Shveygert, Kaiser et al. 2010).  To see if these characteristics are maintained 

with MNK-mTORC1, TelO2, and DDB1 interactions, and to test whether MNK 

dynamically regulates these associations, we transfected cells with flag-Wt MNK1 or 

MNK2 and treated them with and without CGP57380 (Fig. 32A) or TPA and CGP57380 

together (Fig. 32B). Interestingly, inhibition of MNK led to a decrease in TelO2 and 

DDB1 associations, but not mTOR or Raptor associations with MNK (Fig. 32A); without 

stimulation, detection of Wt MNK1 co-IP with these proteins proved cumbersome. 

Using TPA stimulation followed by CGP57380, we found that MNK activation through 
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TPA led to an increase in all associations (Fig. 32B). As observed in Figure 32A however, 

we found that inhibition of MNK led to a decrease in MNK association with TelO2 and 

DDB1, but not mTOR or Raptor (Fig. 32B). These findings demonstrate that MNK 

associations with Raptor and mTOR do not occur through DDB1 or TelO2, but suggest 

that DDB1 and TelO2 associations may be regulated similarly or may represent the same 

interaction. The displacement of DDB1 and TelO2 from MNK may also allow the 

intriguing possibility that MNK signaling may bridge, facilitate, or stabilize DDB1 and 

TelO2 interactions with mTORC1 to enhance mTORC1 signaling.  
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Figure 32: MNK association with TelO2 and DDB1, but not mTORC1, correlates with 

MNK catalytic activity.  (A) HEK 293 cells were transfected with empty vector, flag-

MNK1 Wt, or flag MNK2 Wt; and treated with and without CGP57380. Flag IP was 

performed from lysates and western analysis was performed to determine changes in 

MNK associations defined in figure 4. (B) HEK 293 cells were transfected as in (A) and 

were treated with DMSO, TPA (200nM), or TPA and CGP57380 (200nM and 10μM, 

respectively). Flag IP was performed and MNK interactions were analyzed by western. 

Western quantitation represents the average of two experiments; error bars denote SEM. 

 

3.3.2.11 MNK regulates TelO2 and DDB1 association with mTORC1 

To test the hypothesis that MNK may regulate the associations of DDB1 and 

TelO2 with mTORC1, we transfected cells with flag-TelO2 (Fig. 33A) or DDB1 (Fig. 33B) 

and treated them with DMSO or CGP57380. We found as Figure 32 suggested, MNK 
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inhibition reduced TelO2 and DDB1 association with MNK. Intriguingly, we found that 

MNK inhibition also reduced TelO2 association with Raptor, but not mTOR or DDB1 

(Fig. 33A). Furthermore, TelO2 strongly interacted with DDB1, further supporting the 

possibility that TelO2 and DDB1 function as a complex. The finding that MNK inhibition 

specifically reduces TelO2 association with Raptor and not mTOR, suggests that this 

occurs locally at mTORC1. Suggestively, specific reduction in TelO2 association with 

mTOR-C1 and not -C2 has previously been shown for CK2 regulation of mTORC1 

signaling (Fernandez-Saiz, Targosz et al. 2013). Pull down of flag-DDB1 confirmed that 

TelO2 and DDB1 interact, and much like TeLO2, inhibition of MNK led to a specific 

decrease of DDB1-Raptor binding, relative to mTOR, CUL4A, DDB2, and TelO2 (Fig. 

33B). Thus, MNK signaling regulates DDB1-TelO2 association with mTORC1. These 

data suggest that TelO2 and DDB1 are in complex together, and lead to the hypothesis 

that TelO2 may serve as a bridge for DDB1:mTORC1 association. Moreover, MNK 

association and activity towards TelO2 and DDB1 functions to maintain or stabilize 

TelO2 and DDB1 association with mTORC1.  
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Figure 33 MNK inhibition reduces TelO2 and DDB1 association with 

mTORC1.  (A) HEK 293 cells were transfected with empty vector or flag-TelO2 and 

treated with DMSO or CGP57380 (10μM) for the designated time points. Lysates were 

subject to flag IP and interactions were detected by western. (B) 293 cells were treated as 

in (A) only with flag-DDB1 instead of flag-TelO2.  

 

3.4 Conclusions and Discussion 

Herein, we demonstrate that MNK1/2 signaling constitutively regulates 

mTORC1 signaling, and also either directly or indirectly regulates the stability of 

DEPTOR; although DEPTOR stability does not explain MNK mediated effects on mTOR. 

We hypothesize that DEPTOR stability changes with MNK signaling may reflect 

changes in DEPTOR association with mTORC1 or mTORC1 signaling status generally; 

as mTORC1 signaling itself regulates DEPTOR stability (Gao, Inuzuka et al. 2011). We 

define novel MNK1/2 interacting partners including Raptor and mTOR, as well as 

mTORC1 regulatory proteins TelO2 and DDB1. All of these interactions are independent 

of MNK’s canonical binding partner eIF4G1; and in fact, TelO2-DDB1 interactions are 

independent of mTORC1 association as well. We also uncover that MNK signaling 
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regulates mTORC1 association with its substrates and with the mTOR inhibitory protein 

DEPTOR. Suggestively, DEPTOR overexpression results in a similar reduction of 

mTORC1 association with its substrates, and also displaces MNK’s binding partner and 

mTOR-stabilizing protein TelO2. Furthermore, inhibition of MNK leads to a reduction of 

MNK association with TelO2 and DDB1, but not mTORC1; and also leads to reduction 

of TelO2-DDB1: mTORC1 association(s). Overall, these data indicate that MNK, through 

a mysterious mechanism, toggles the interaction of mTORC1 with TelO2/DDB1 versus 

DEPTOR. There are several hypotheses that may explain such a mechanism emerging 

from this study; some possible explanations are presented in Figure 34.  
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Figure 34: Hypotheses emerging from this study. (A) MNK associates with Raptor and 

a DDB1-TelO2 simultaneously to stabilize TelO2-DDB1 association with mTOR; thereby 

displacing DEPTOR by blocking its association or by enhancing mTORC1 activity 

against DEPTOR association. (B) MNK functions as in (A) through an unknown factor 

that bridges it with TelO2 and DDB1. (C) MNK interacts separately with mTORC1 and 

DDB1-TeLO2, either directly or through unknown factors, to regulate mTORC1 

signaling by enhancing TeLO2 association with mTORC1. In this case mTORC1 may 

associate with MNK as part of a feedback loop to control MNK signaling, thus indirectly 

regulating TelO2-DDB1 associations with mTORC1. TelO2 and DDB1 may either 

directly or indirectly (by promoting mTORC1 activity) lead to the displacement of 

DEPTOR (D) MNK interacts with and phosphorylates mTORC1 to reduce DEPTOR 

binding and enhances TelO2-DDB1 association with mTORC1; in this scenario MNK 

association with DDB1 and TelO2 may be complementary or inconsequential. 

 

 

The simplest explanation for our observations is that MNK regulates mTORC1 

within the context of a TelO2, DDB1, and mTORC1 complex (Figure 34A or B). 
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However, recent work determined that MNK2 is phosphorylated by mTORC1 to inhibit 

its activity (Stead and Proud 2013) and several groups have demonstrated that rapa 

treatment (mTORC1 inhibition) leads to the activation of MNK and eIF4E 

phosphorylation (Wang, Yue et al. 2007; Eckerdt, Beauchamp et al. 2014); which we also 

confirm here in Figure 26. Thus, it may be that MNK is part of a negative feedback loop 

where mTORC1 phosphorylates MNK, subsequently reducing its role in stimulating 

mTORC1 association with TelO2 and DDB1 while increasing mTORC1 association with 

DEPTOR. When mTORC1 is inhibited through rapamycin, mTORC1 mediated 

inhibitory phosphorylation of MNK does not occur, allowing MNK to stimulate TelO2-

DDB1 association with mTORC1 as well as reduction of DEPTOR-mTORC1 binding 

(Fig. 34C) 

Regardless of the specific mechanism and the responsible substrate(s), MNK 

controls mTORC1 signaling specifically. This finding may explain, in part or in full, 

several phenotypes attributed to MNK, including: the synergy between MNK and 

mTORC1 inhibitors in restricting cancer cell growth (Marzec, Liu et al. 2011; Eckerdt, 

Beauchamp et al. 2014; Grzmil, Huber et al. 2014), its supportive role in tumorigenesis 

(Ueda, Sasaki et al. 2010), its role in mediating cell survival (Chrestensen, Eschenroeder 

et al. 2007; Adesso, Calabretta et al. 2013), its positive regulation of c-myc (Shi, Frost et 

al. 2013), and its role in regulating translation (Korneeva, Song et al. 2015). Indeed, we 

previously demonstrated that MNK regulated translation of a recombinant oncolytic 
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poliovirus through its regulation of mTORC1 (Brown, Bryant et al. 2014; Brown, 

Dobrikov et al. 2014).  Furthermore, it has been demonstrated that TelO2 regulates 

survival in myeloma cells through its association with mTORC1 (Fernandez-Saiz, 

Targosz et al. 2013); which we have shown is regulated by MNK here.  

Our findings also suggest a function for an inhibitor of mTOR signaling, 

DEPTOR, in displacing substrate association; possibly by reducing TelO2 association 

with mTORC1. TelO2 and DDB1 associate specifically with each other and may be 

regulated cooperatively with respect of mTORC1 as they: (1) both dissociate from 

mTORC1 following MNK inhibition, (2) both associate with equal kinetics to MNK 

following manipulation of its kinetic activity, and (3) remain bound together equally 

despite dissociation from mTORC1 following MNK inhibition. Thus, the most 

parsimonious explanation is that TelO2 recruits DDB1 to mTOR, thereby enabling the 

ubiquitination of Raptor to maintain mTORC1 activity (He, McCall et al. 2006; Hussain, 

Feldman et al. 2013).  This assertion begs the question of whether TelO2 and DDB1 are 

involved throughout several functions in the cell, or whether their binding is specific to 

mTORC1. Another intriguing possibility is that MNK may regulate other TelO2 and/or 

DDB1 functions.  Indeed we detected association of MNK with TelO2 binding partners 

TTI1 and ATM (another PIKK whose stability is regulated by TelO2) and DDB1 binding 

partner DCAF6; but the significance of these interactions is beyond the scope of this 

study. With regards to DDB1 function, it has also been demonstrated that DDB1 
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regulates TSC2 through ubiquitination to enhance mTORC1 signaling (Hu, Zacharek et 

al. 2008). However, we distinctly note direct mTORC1 and TelO2 interactions with 

DDB1 that respond to MNK inhibition, with a direct effect on the mTORC1 complex. 

Thus, our data strongly support MNK regulating DDB1’s role in modifying mTORC1 

directly (Hussain, Feldman et al. 2013). Nevertheless, DDB1 is an emerging mTORC1 

regulator at several nodes; including TSC2 through direct ubiquitination; REDD1, which 

supports TSC2 function and is degraded by DDB1 (Katiyar, Liu et al. 2009); and lastly as 

a Raptor ubiquitin ligase that supports mTORC1 signaling (Hussain, Feldman et al. 

2013). 

Future studies are mandated to determine whether mTORC1 association with 

DDB1 is dependent upon TelO2 as we suspect. Additionally, determining how DEPTOR 

and TelO2-DDB1 associations are inversely regulated and whether this is specific to 

MNK signaling or other inputs is necessary. DEPTOR was detected in DDB1 co-IP, 

indicating that the binding sites do not overlap on mTOR. DEPTOR binding may 

respond to differential ubiquitination of Raptor or general mTORC1 inactivity, or 

alternatively TelO2 and/or DDB1 may serve to displace DEPTOR. Further studies are 

also needed to determine what MNK substrate is responsible for the observed effects, 

with TelO2 and DDB1 being prime candidates based upon this study. Lastly, current 

work is focusing on determining whether MNK signaling changes DDB1 mediated 
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ubiquitination of Raptor as we suspect. It may be that TelO2 functions to bridge DDB1 to 

mTORC1 in order to facilitate its interaction with substrates. 

 

3.4 Antigen presenting cell activation during polio oncolysis 
elicits anti-neoplastic immunity 

3.4.1 Introduction 

Cancer therapies empowering anti-tumor immunity capable of destroying both 

primary lesions and metastases have recently become realized in the clinic. However, 

the weaknesses of some currently available cancer immunotherapies, i.e. PD1 or CTLA4 

blockade, are that they rely upon preexisting anti-tumor immune responses and/or 

tumor inflammation (Spranger, Spaapen et al. 2013). Strategies that efficiently activate 

antigen presentation in the tumor microenvironment may hold promise in both reviving 

pre-existing anti-tumor immunity as well as initiating de novo responses, thereby 

increasing the anti-tumor immune repertoire. Tumor antigen specific approaches have 

been developed that accomplish de novo responses with clinical success, for example 

using activated dendritic cells (DCs) electroporated with cancer antigen encoding RNA 

or pulsed with epitope peptides (Burch, Croghan et al. 2004; Sharma, Koldovsky et al. 

2012; Mitchell, Batich et al. 2015). Other approaches focus on generating intratumoral 

innate inflammation; for example, poly I:C (Pollack, Jakacki et al. 2014). Alternatively, 

intracellular pathogens and/or oncolytic viruses are logical candidates for generating de 

novo responses because they: (i) in many cases have documented affinity towards 
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malignant tissue relative to normal tissue; (ii) lead to lytic destruction of tumor cells; (iii) 

and, perhaps most importantly, activate immune responses evolutionarily sharpened to 

recognize and respond to them-- including the production of lasting antigen specific 

immunity (Brown, Dobrikova et al. 2014). These cytolytic dominant responses, intended 

to stop proliferation of the virus by quickly killing virally infected cells, engage the same 

immune populations capable of killing cancer cells (i.e. T cells and NK cells). It follows 

that a virus’ ability to engage such immunity in the tumor bed may also be effective in 

generating anti-tumor immune responses. 

Our group has developed polio, a well-known and well-studied human 

pathogen, as a cancer therapeutic because of the nearly ubiquitous expression of CD155 

(the poliovirus receptor, required for entry) in cancer (Masson, Jarry et al. 2001; Ochiai, 

Moore et al. 2004; Nakai, Maniwa et al. 2010; Bevelacqua, Bevelacqua et al. 2012) and the 

rapid cytotoxicity it exhibits in various cancer types. We have devised a neuroattenuated 

poliovirus based upon the live-attenuated Sabin vaccine strain by replacing the Sabin 

Internal Ribosomal Entry Site (IRES) with the cognate HRV2 IRES; named PVSRIPO for 

Polio Virus Sabin Rhinovirus IRES Polio Open reading frame (Gromeier, Bossert et al. 

1999). Due to the oncogenic signaling dependency of PVSRIPO as well as specific 

mechanisms that inhibit neuronal HRV2 IRES translation [for a review see (Brown and 

Gromeier 2015)], PVSRIPO is not capable of being translated in neurons, and thus 

cannot kill them, but maintains cytotoxicity in malignant tissue. Previous studies 
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indicate that PVSRIPO requires lytic activity to mediate efficacy in murine models 

(Ochiai, Moore et al. 2004). Such cytotoxicity is not only necessary for the initial 

destruction of tumor tissue but also for the ensuing inflammation that may arouse host 

immunity.  PVSRIPO has primarily been tested in the context of glioblastoma 

multiforme (GBM) where it has been shown to lyse all GBM cell lines and explants 

tested to date ((Gromeier, Lachmann et al. 2000) and data unpublished). An ongoing 

clinical trial has shown promise in recurrent GBM, with several patients responding to 

therapy including durable complete responses (Desjardins A ; Brown, Dobrikova et al. 

2014); subsequent phase II/III trials are being planned for GBM as well as phase I trials 

for other indications 

Despite compelling clinical data and known toxicity to cancer cells in vitro, it has 

not been determined whether PVSRIPO oncolysis is capable of causing antigen specific, 

anti-tumor immunity; and if so, whether such immunity is capable of targeting and 

rejecting the tumor in a virus-independent fashion after treatment. Polio has evolved 

over millennia to humans and primates, remaining non-infectious to all other animals 

including mice. Therefore an accurate mechanistic understanding of PVSRIPO 

immunotherapy warrants testing in a human model, as opposed to mouse models, to 

ensure a proper context for the virus (i.e. proper recognition by the host and/or viral 

immune evasion strategies).  Herein we use human DCs and T cell assays to: (i) test the 

feasibility of PVSRIPO targeting other cancer types (melanoma, prostate, and breast), (ii) 



 

159 

determine the immunologic implications of PVSRIPO oncolysis on human antigen 

presenting cells, and to (iii) determine whether PVSRIPO oncolysis is capable of 

generating antigen specific, anti-neoplastic immunity in the presence of dendritic cells.  

3.4.2 Results 

3.4.2.1 PVSRIPO lyses melanoma, prostate and breast cancer cell lines. 

We first tested susceptibility of human melanoma, prostate, and breast cancer 

cell lines to PVSRIPO and also thoroughly examined the nature of its cytotoxicity. We 

present data from representative cell lines in which PVSRIPO infects and lyses as shown 

by: the production of viral protein, the cleavage of eIF4G (directly caused by the viral 

protease 2A) and PARP (an indicator of apoptosis), as well as the disappearance of 

cellular and viral protein that correlated with cell lysis (Fig. 35A). Furthermore, in 

SUM149 cells evidence of type-I interferon/antiviral responses was observed prior to 

lysis (IFIT and ISG15, both transcriptionally upregulated upon interferon signaling), 

demonstrating that PVSRIPO maintains some resistance to interferon responses 

mounted by cancer cells as previously suggested for PVSIRPO (Brown, Dobrikova et al. 

2014) and wildtype polio (Morrison and Racaniello 2009). Lastly, eIF2α phosphorylation 

increased in every line following infection, indicating shutdown of global cellular 

translation; possibly through a number of mechanisms that may conceivably include the 

activation of: PKR (recognition of viral dsRNA), PERK (unfolded protein response), or 

GCN2 (alterations in the metabolism/nutrient availability in the cell) [Fig. 35A]. We next 
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assessed surface expression of MHC class I, CD155, and PD-L1 on each tested cell line at 

basal conditions and post infection by FACs (Fig. 35B). As predicted by susceptibility of 

the lines to PVSRIPO in Figure 35A, CD155 was expressed basally by all lines and in 

some cases decreased in its expression following infection; possibly resulting from the 

shutdown of host translation. Accumulating evidence suggests type-I interferon may 

lead to the upregulation of PD-L1 and PD1 (Terawaki, Chikuma et al. 2011); making the 

combination of oncolytic viruses and PD1 inhibitors attractive (Zamarin, Holmgaard et 

al. 2014). Indeed, out of the six lines tested, we found that PD-L1 and also MHC-class I 

expression only increased in SUM149 cells after infection, the only cell line in which 

interferon responses were mounted (IFIT and ISG15, Fig. 35A). These data indicate that 

CD155 is expressed in a variety of cancer cell lines; a variety of cancer types are 

susceptible to PVSRIPO lysis; PVSRIPO is able to resist interferon responses; and in 

some cases PD-L1 may be upregulated in response to PVSRIPO, likely in cases where 

interferon is produced. 
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Figure 35. PVSRIPO cytotoxicity in cancer cell lines.  Melanoma, prostate and breast 

cancer cell lines were infected at multiplicities of infections (MOI) of 0.1 or 10 with 

PVSRIPO. A. Lysates were collected at the denoted time points and analyzed by western 

for markers of viral mediated cytotoxicity (eIF4G and PARP cleavage), viral replication 

(viral protein 2C), and antiviral responses (eIF2α-p, IFIT1, and ISG15); a subset of 

representative cell lines are shown (see table 1 for full summary). Loss of cellular 

proteins (i.e. tubulin) and viral protein at later time points correlates with lysis of  
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infected cells. B. Cells were infected at an MOI of 0.1 and harvested at 48hrs post 

infection for FACs analysis of MHC class I, CD155, and PD-L1. 

 

3.4.2.2 PVSRIPO cancer cell oncolysis releases the proteome, dsRNA, HMGB1, and in 

some cases type-I interferon. 

We defined potential inflammatory attributes of PVSRIPIO cancer cell lysis. We 

found that SUM149 and DM6 cell lines produced interferon-β out of four tested lines 

(Fig. 36A). To mimic and predict the inflammatory perturbations that may occur in the 

tumor microenvironment following lysis of cancer cells by PVSRIPO, we tested both the 

supernatant and cell lysates following infection. Following cytolysis, double stranded 

(ds-) RNA was present in the supernatants. This is likely attributable to the dsRNA 

replication intermediate of PVSRIPO since dsRNA was only detected in infected lysates 

(prior to lysis) and increased in step with infection (Fig. 36B). Intriguingly, TLR3 has 

been shown to be important in diminishing/controlling Wt polio pathogenesis in mice 

(Abe, Fujii et al. 2012) even though PVSRIPO RNA is not released endocytically 

(Brandenburg, Lee et al. 2007). These data possibly point towards a mechanism by 

which dsRNA release after cytolysis engages TLR3 singaling to uninfected cells. 

Analysis of cellular pellet lysates and supernatant by silver stain from the corresponding 

cultures revealed that PVSRIPO lysis of cancer cells leads to the release of the proteome 

(Fig. 36C). Western blotting was performed with the same lysates to determine that the 

inflammatory cytokine and nuclear histone associated protein HMGB1 in DM6 cells 

only, and tumor antigens including MART1 (DM6) and CEA (MDA-MB231) were 
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released into the supernatant following lysis (Fig 36C). Using subcellular organelle 

loading controls we found that antigens from nuclei (PARP), cytoplasm (tubulin), 

mitochondria (HSP60), and cell membrane (Na+/K+ ATPase) were present in the 

oncolysate and lost from the cellular pellet fraction (Fig. 36C). Strangely, HMGB1 was 

not detected even in cell pellets of MDA-MB231, possibly because of differential 

expression/lack of overexpression below the sensitivity of the assay (Lotze and Tracey 

2005). These data predict that PVSRIPO oncolysis leads to stromal TLR activation 

(dsRNA)/type-I interferon responses and increased availability of tumor antigens into 

the extracellular space/tumor microenvironment.  
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Figure 36 Polio oncolysis induces type I interferon and releases dsRNA, tumor 

antigens, and HMGB1.  A. Supernatants were collected from cells treated with mock or 

PVSRIPO (MOI 0.1, 48hrs) and IFN-beta was assessed by ELISA. B. dsRNA was 

measured in lysates and corresponding supernatants for DM6 and MDA-MB231 48 

hours after infection. C. (top) silver stain of lysates compared to supernatant of DM6 or 

MDA-MB231 collected at the designated time points post infection. (bottom) Analysis of 

specific proteins in lysates and supernatant post infection including HMGB1, tumor 

antigens (MART1 and CEA), tubulin (cytoplasmic), HSP60 (mitochondria), Na/K 

ATPase (membrane associated), and PARP (nuclear).  
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3.4.2.3 Activation of DCs by oncolysate occurs primarily through their direct infection 

by PVSRIPO 

The presence of such PAMPs and DAMPS in the oncolysate is likely to activate 

antigen presenting cells, innate cell populations, and possibly adaptive anti-tumor 

immunity. Since antigen presenting cells, particularly dendritic cells, are a critical link 

towards enabling tumor specific immunity (Mellman, Coukos et al. 2011), we tested the 

effects of oncolysis on dendritic cell activation. Lysates were collected by treating cells 

with mock or PVSRIPO (MOI 0.1) for 48 hours and treating human monocyte derived 

dendritic cells with the resulting oncolysate. As a control for any direct effects of 

PVSRIPO on DCs, especially necessary because polio has previously been shown to 

infect antigen presenting cells (Wahid, Cannon et al. 2005), lysate was also filtered 

through a 100 KDa filter to collect dsRNA, cytokines, HMGB1, and most proteins, but 

exclude the virus. Lastly, a maturation medium control was included as a positive 

control. Surprisingly, the majority, if not all, of the effects of the oncolysate on DCs were 

a result of the direct effect of the virus including the upregulation of co-stimulatory 

molecules CD80/83 and CCR7 upregulation (Fig. 37). 
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Figure 37: PVSRIPO oncolysate induces DC activation primarily through direct viral 

effects. DM6 melanoma cells were treated with mock or PVSRIPO  (MOI 0.1) for 48 

hours. Cellular debris was removed by centrifugation and sup was either added directly 

to DCs (iDC +PVSRIPO-tumor lysate and iDC +PVSRIPO-control lysate) or sent through 

a 100kD cutoff column (iDC + PVSRIPO-tumor lysate 100kD and iDC + control tumor 

lysate 100kD) to remove virus. DCs were incubated with lysates for 24 hours prior to 

FACs analysis. iDC=immature DC, mDC= mature DC (positive control). 
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3.4.2.4 Infection of DCs with PVSRIPO induces interferon responses, co-stimulatory 

molecule expression, cytokine production, and upregulation of PD-L1 and B7-H4. 

To delineate the effects of PVSRIPO on dendritic cells, we tested markers of 

cytotoxicity and activation/antigen presentation at multiple MOIs along a time course of 

direct infection of DCs with PVSRIPO. Interestingly, we found that despite the presence 

of viral protein 2C (Fig. 38A), cleavage of eIF4G or PARP was not observed, even at an 

MOI of 100. Furthermore, minimal LDH release was observed after infection relative to 

two cancer lines (DM6 and MDA-MB231) included for comparison (Fig. 38C). Likewise, 

no viral propagation was detected beyond background levels (Fig 38C). Thus, PVSRIPO 

infection of DCs is sublethal and not productive. A robust type-I interferon response 

was mounted as shown by a rapid increase in Stat1 phosphorylation (followed by Stat1 

expression) and ISG expression (IFIT and ISG15; Fig. 38A) as well as the production of 

interferon-β by ELISA (Fig. 38D). Other markers predicting an increase in antigen 

presentation activity included the upregulation of TAP1 and MHC class II, which have 

previously been shown to be produced downstream of interferon (Schiffer, Baron et al. 

2002; Simmons, Wearsch et al. 2012), as well as induction of cell surface co-stimulatory 

molecules (CD80, CD83, HLA, and CD86) and an increase in TNF-α and IL-12 (Fig. 38D). 

Lastly, we investigated how PVSIRPO infection of DCs impacts the expression of 

immune checkpoint proteins, as we hypothesized that PD-L1 upregulation would occur 

as a consequence of interferon responses. Indeed, we observed that PD-L1 expression 

was induced, coinciding with ISG expression/interferon responses. We also tested 
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VISTA (N.D.), B7-H3 (no change), PD-L2 (N.D.), and B7-H4 (increased following 

infection, albeit to a lesser extent that PD-L1; Fig. 38A). These data warrant further 

investigation into whether checkpoint upregulation, including PD1 and B7-H4, may 

impede the success of PVSRIPO therapy in the clinic.  

To confirm these findings in another antigen presenting cell (APC) system, we 

used mature THP1 human macrophages. Contrastingly we found that the virus did 

propagate and cause some cell lysis (~50% by LDH release, MOI 10) in THP1s. One 

explanation for this discrepancy with the human DC data is that THP1 monocytes are 

malignant cells that harbor activating RAS-MEK-Erk signaling necessary for favorable 

translation and cytotoxicity by the virus (Goetz, Everson et al. 2010; Brown, Bryant et al. 

2014; Brown, Dobrikov et al. 2014). Otherwise the THP1 infection and activation data 

mirrored that of the human DCs, exhibiting inflammatory activation, interferon 

responses, and also PD-L1 upregulation. Thus, PVSRIPO exerts an adjuvant effect on 

APCs that may contribute to therapy. 
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Figure 38: PVSRIPO infection of DCs is sublethal, nonproductive, and leads to 

DC inflammation and activation.  A. Analysis of PVSRIPO induced cytotoxicity and 

inflammation in human DCs by western at increasing MOIs. B. LDH release assay and 

(C) resulting viral progeny from infected DCs as compared to DM6 and MDA-MB231 

cell lines (MOI 1). D. FACs analysis of maturation/activation markers on DCs following 

PVSRIPO infection. E. Supernatants from DCs were evaluated for IFN-β, TNF-α and IL-

12 release by ELISA. 
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3.4.2.5 PVSRIPO produces prolonged Type I-interferon production/responses relative 

to TLR stimulation alone. 

We next addressed how PVSRIPO dendritic cell adjuvancy compares to TLR 

stimulation traditionally used to activate antigen presentation using poly IC and LPS as 

stimuli. Interestingly we found that in DCs, persistent interferon 

production/responsiveness was observed for five days post infection with PVSRIPO, 

whereas, following LPS or Poly I:C treatment interferon signaling diminished after 1 day 

of treatment (Fig. 39A). Not surprisingly, this led to a more durable production of pro-

inflammatory cytokines IL-12 and TNF-α over time than that of TLR activation; but also 

the inhibitory cytokine IL-10 (Fig, 39B). These data suggest that the mode of DC 

activation by PVSRIPO may provide a different cytokine profile in both intensity and 

character that may lead to differing responses in vivo.  
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Figure 39: PVSRIPO induces sustained, interferon-dominant DC activation.  DCs were 

treated with mock (M), virus (V, MOI 10), LPS (100ng/mL), poly I:C (10μg/mL), or 

maturation cytokine cocktail (see methods) and cells/sup were harvested at the 

designated time points post treatment. (A) Cell lysate was tested by western for IFN and 

activation markers. (B) Sups were analyzed by western. 

3.4.2.6 PVSRIPO oncolysate loaded DCs produce antigen specific cytolytic anti-tumor 

immunity in vitro.  

Thus, PVSRIPO induces cytotoxic, immunogenic cell killing that releases cancer 

cell proteomes while simultaneously infecting antigen presenting cells to induce their 

maturation and antigen presentation activity. To test the ultimate effects of these 
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processes on antigen presentation and T cell engagement, we employed a T cell assay, 

outlined in Figure 40A, wherein DCs were pulsed with mock (sup from cells without 

virus for 48hrs) or PVSRIPO induced oncolysate (sup from cells infected for 48 hours 

MOI 0.1) and then co-cultured with T cells. Following several days of co-culture, the T 

cells were then co-cultured with cells containing europium that were either: the cell line 

from which the lysates were prepared for loading by DCs, DCs transfected with RNA 

encoding a known tumor antigen expressed by the lysed cell line, or DCs transfected 

with RNA encoding irrelevant tumor antigen not expressed by the cell line as a control. 

Europium was used to measure lysis of the target cells following the short co-culture. A 

detailed outline of the targets and effectors in this assay is presented in Table 4. In these 

assays the mock control lysates did not lead to lysis of any of the targets for any lines. 

All of the T cells exposed to PVSRIPO induced oncolysate produced cytolytic T 

lymphocyte (CTL) responses in the original cancer line as well as the positive control, 

but not in the negative/irrelevant tumor antigen controls (Fig. 40B). These data indicate 

that PVSRIPO induces tumor antigen specific CTLs following oncolysis in the presence 

of dendritic cells.  
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Figure 40: PVSRIPO onco-lysate pulsed DCs generate tumor antigen specific 

cytotoxic T cell immunity in vitro.  Human DCs co-incubated with PVSRIPO-induced 

SUM149, MDA-MB231, LNCaP and DM6 cell lysate stimulate tumor antigen-specific T 

cell responses in an in vitro immunotherapy assay. A. outline of the experiment in B.  T 

cells prepared as described in A were co-cultured with the original PVSRIPO lysed 

tumor cells used to pulse DCs or as controls autologous DCs were transfected with RNA 

that encodes for CEA, EGFR, MART or PSA (see table 1 for details). 
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Table 4. CTL1 assay effectors and targets by cell lines 

 

 

Together, our findings point towards a concerted activity of the virus that lyses 

cancer cells in order to provide antigens for uptake by antigen presenting cells, while 

simultaneously infecting and activating antigen presenting cells to bolster co-

stimulatory molecule expression, antigen presentation, and cytokine production. 

Ultimately these processes shape the generation of anti-tumor T cell populations that are 

capable of lysing cancer cells directly (Fig. 41).  
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Figure 41: Drawing of events described in this study.  Courtesy of Matthias Gromeier 

 

3.4.3 Conclusions and Discussion 

The disruption of the immunological masking of tumors has become a prominent 

target for cancer therapeutics. The inspiration for using an attenuated poliovirus to this 

end was originally rooted in the cytotoxicity it exhibited towards cancer cells in vitro 

and in xenograft mouse models. However, much of the therapeutic potential of 

PVSRIPO may very well rest in its ability to activate an anti-tumor immune response. 
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The finding that PVSRIPO induces anti-tumor cytolytic immunity holds 

importance to its clinical application including whether all lesions must be injected with 

the virus for therapeutic benefit. However, we also uncover several interesting nuances 

into the mechanisms by which PVSRIPO induces such immunity. PVSRIPO quite 

impressively leads to the release of antigens from every cellular compartment tested into 

the extracellular space along with dsRNA. Remarkably, the observed activation of DCs 

in our assays is not reliant upon the DAMPs and PAMPs produced during lysis, but 

rather the direct infection of DCs by the virus. This sublethal, inflammatory infection of 

DCs and macrophages is significant, as monocytic lineage cells have been shown to 

comprise a large portion of the tumor microenvironment (Quail and Joyce 2013). The 

most logical mechanism by which PVSRIPO induced lethality is restricted in dendritic 

cells is that the rapid and persistent interferon response induced by infection halts viral 

replication. PVSRIPO translation does not seem to be impeded as in neuron-like cells 

(Campbell, Lin et al. 2005; Goetz, Everson et al. 2010), rather viral protein was detected 

early during infection and disappeared over time even though the cells survived. 

Perhaps most intriguing is the observation that although the viral protease responsible 

for cleaving eIF4G (the 2A protease; all polio proteins are produced from a single 

polypeptide chain, thus the presence of 2C signifies the presence of 2A) was expressed, 

eIF4G remained intact. The nonlethal infection of DCs by PVSRIPO also holds 

significant implications. For example, DCs have been proposed as carriers for other 
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oncolytic viruses to enable systemic administration (Willmon, Harrington et al. 2009). 

Indeed, our data indicates that this may also be possible for PVSRIPO therapy; 

particularly relevant because nearly everyone in the world has pre-existing neutralizing 

antibodies. 

Importantly, the direct infection of DCs by PVSRIPO providing the majority, if 

not all of the activation phenotype of DCs following oncolysis points towards a possible 

therapeutic synergism of PVSRIPO with DC chemotracting cytokines to the site of the 

tumor, i.e. Granulocyte macrophage-colony stimulating factor (GMCSF), FMS-like 

tyrosine kinase 3 ligand (Ftl3l) or macrophage inflammatory protein 1-α (MIP1-α) 

(Sumida, McKay et al. 2004). With regards to the immunogenicity of this interaction, 

PVSRIPO induction of interferon, an important cytokine for cross-presentation to CTLs 

(Schiavoni, Mattei et al. 2013), is more potent and prolonged than TLR stimulation with 

poly I:C and LPS, likely because of the persistence of intracellular viral dsRNA during 

viral genome replication. PD-L1 and B7-H4 upregulation following infection of DCs and 

PD-L1 upregulation in SUM149 cells points towards additional potential nodes of 

synergism with PVSRIPO. Of note, the production of type-I and II interferon by stromal 

cells, including DCs, in the site of a tumor may also cause interferon incompetent tumor 

cells to produce PD-L1 as well. While these checkpoints have likely evolved to prevent 

overzealous immunity, they likely prevent the persistence of anti-tumor immune 

responses in the context of PVSRIPO oncolysis as well. Future studies are focused on 
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PD1 inhibition in combination with PVSRIPO therapy. We also demonstrate that 

PVSRIPO adjuvancy is, indeed, sufficient to produce antigen specific immunity against 

cancer testis antigens CEA, MART1, EGFR, and PSA as well as other antigens 

presumably.   

Thus, PVSRIPO may be viewed not only as an oncolytic, but also as an adjuvant 

that may have utility beyond cancer immunotherapy. Choosing an adjuvant that 

engenders the appropriate and optimal response may prove difficult when using an 

agent that is either contextually or chemically artificial; however, most viral pathogens 

provoke inflammatory patterns tailored to produce rapid and potent antigen specific 

immunity. As TLR stimulation and/or cytokine cocktails are generally used as cancer 

vaccine adjuvants; our data implies that PVSRIPO and possibly other oncolytic 

viruses/intracellular pathogens may serve as effective CTL inducing cancer vaccine 

adjuvants. It seems logical that an intracellular pathogen would induce a stronger, more 

durable immune response to enable the infected cell to resist pathogen replication and 

death. This will be the focus of future in vivo investigations, and of relevance, an 

ongoing effort by our group is to develop cancer neo-epitope expressing PVSRIPO 

vectors based upon our previous innovations (Dufresne, Dobrikova et al. 2002; 

Dobrikova, Florez et al. 2003).  

While the delayed kinetics of tumor regression in patients (Desjardins A) and 

available mouse model data point towards the likelihood of the host immune system in 
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mediating efficacy following PVSRIPO therapy, understanding the extent to which 

PVSRIPO induced anti-tumor immunity contributes to overall efficacy necessitates 

studies beyond the scope of this work. However, future investigations will focus on how 

PVSRIPO induced anti-tumor immunity shapes overall efficacy and how it may be 

enhanced. Furthermore, the findings from the current study have inspired ongoing 

projects that may enhance the application of not only PVSRIPO, but other oncolytic 

viruses clinically. 
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4. Significance and Future Directions 

4.1 SRPK inhibition of cap-independent translation 

4.1.1 Significance 

The finding that SRPK inhibits PVSRIPO, HCV, and CVB3 IRES translation may 

offer insights into SRPK mediated translation at large. Based upon our findings, we 

predict that rather than exclusively regulating cap-independent translation, SRPK 

regulates translation globally, affecting the translation of mRNAs containing complex 

5’UTRs preferentially. Indeed preliminary investigations into global translation using 

puromycilation assays have revealed that SRPK inhibition broadly enhances global 

translation, and cell proliferation (data unpublished; Michael Laskowicz, Duke 

University undergraduate). However, these events are only observed with transient 

SRPK inhibition, as prolonged depletion of SRPK1/2 leads to cell stress and restricted 

growth. We posit that SRPK is essential in mediating RNA splicing and export roles, but 

also functions to redirect SR proteins that may stimulate translation back to the nucleus. 

Indeed phosphorylation of SR proteins facilitates their nuclear import and reduces their 

association with ribosomes (Lai, Lin et al. 2001; Sanford, Gray et al. 2004). In the case of 

polio/PVSRIPO IRES mediated translation, one SR protein SRp20 has previously been 

shown to be a critical factor as an ITAF (IRES Trans-Activating Factor) for polio (Bedard, 

Daijogo et al. 2007). For PVSRIPO, understanding how SRPK inhibits its translation may 
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offer insights into its clinical implication. For example, SRPK inhibitors could be used to 

enhance cytotoxicity or cancers that do not overexpress, but instead diminish SRPK 

signaling-- of which there are known subsets (Wang, Zhou et al. 2014)--, may respond 

better to PVSRIPO therapy.  

If it is discovered that SRPK functions through SRp20 to regulate cap-

independent translation, this may help predict or direct what cancers are more 

susceptible. For example, SRp20 is somehow coordinated with WNT signaling to 

promote tumorigenesis in colon cancer (Corbo, Orru et al. 2012). We have found that in 

glioblastoma, hyperphosphorylated SRp20 is overrepresented (Fig. 42B). Based upon 

our current knowledge we have proposed a hypothetical model of how SRPK may 

regulate PVSRIPO translation (Fig. 42A).  A competing hypothesis to the one presented 

here is the recent finding that SRPK may regulate AKT in a negative feedback loop 

(Wang, Zhou et al. 2014), indirectly regulating cap-independent translation. This is not 

supported by some of our findings, including that AKT activation inhibits the virus, and 

that SRPK inhibition prevents this [without increasing AKT phosphorylation (Fig. 18B)].  
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Figure 42: Hypothetical schema of the mechanism(s) by which MNK inhibition of 

SRPK regulates IRES translation.   A. With regards to PVSRIPO and type-I-IRES 

translation, it is likely that SRp20 is responsible for SRPK mediated effects since SRp20 

has been shown to be an important IRES Trans-activating Factor (ITAF) for polio by 

associating with PCBP2 and enhancing translation/ribosomal recruitment (Bedard et al). 

Thus it follows that SRPK prevents SRp20 from associating with viral and/or ribosomal 

RNA to mediate IRES translation and viral cytotoxicity. B. Eights lysates prepared from 

glioblastoma patient derived malignant tissue was compared to a normal brain control 

for SRp20 and SRPK1/2 protein expression and phosphorylation of SR proteins using a 

phospho-SR motif specific antibody. Note upregulation of SRp20, but in many cases, less 

SRp20 phosphorylation. This occurs despite apparent SRPK1/2 overexpression.  

 

4.1.2 Future Directions 

To test our hypotheses, future investigations will focus on whether SRp20 is 

responsible for driving PVSRIPO translation in an SRPK dependent manner. 

Furthermore, understanding the malignant context that PVSRIPO translation and 

cytotoxicity is favored with regards to SRPK signaling and SRp20 will be critical. 

Perhaps more intriguing, is the study of how SR proteins in general facilitate translation, 
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which they have previously been shown to do (Sanford, Gray et al. 2004). We intend to 

determine whether SR proteins associate with ribosomes in an eIF4G independent 

manner, using our eIF4G dox inducible shRNA cell line presented in the above studies. 

However, preliminary evidence suggests that they directly associate with ribosomes, 

possibly being capable of tethering mRNAs to ribosomes. We hypothesize that the SR 

proteins may represent an eIF4G independent mechanism of mediating translation, that 

may also explain why mRNAs that are spliced are translated better than those without 

(Nott, Le Hir et al. 2004).  

4.2 MNK regulation of mTORC1 

4.2.1 Significance  

While MNK regulation of PVSRIPO translation seems to be predominately 

explained by its role in regulating SRPK1/2, the identification of MNK as a novel 

mTORC1 regulatory factor is critical to the understanding of basic cell biology. As 

explained more thoroughly in Chapter 1.3, cell signaling affords rapid and forceful 

adaptations to constantly changing extracellular and intracellular conditions. These 

same pathways are involved in driving malignancy; however, attempts to target cancer 

with kinase inhibitors that block arms of signaling cascades have vastly underestimated 

the interconnectedness and plasticity of these pathways. For example, reactivation of 

mTORC1 signaling by MNK following rapa treatment as shown in this work. At this 

moment in the understanding of cell signaling it seems quite bleak for kinase inhibitor 
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approaches, but one day enough may be understood to enable their usage in a more 

informed fashion for cancer therapy. For this reason we do not believe MNK regulation 

of mTORC1 has any clinical application for cancer therapy currently. Without the 

complete picture of how signaling can adapt, how the immune system (most likely 

ultimately necessary to control metastases), and toxicity of combined or single inhibitor 

approaches; kinase inhibitors will most likely not see durable success in the clinic for 

advanced cancers.  However, the findings that MNK inhibition diminishes mTORC1 

signaling and enhances AKT signaling and particularly synergizes with rapa treatment 

may be useful for the treatment other pathologies. Among these include: controlling 

graft versus host disease, where rapa is already used; Type II diabetes, where AKT 

inactivity in response to insulin by β-cells in the pancreas is hypothesized to be the root 

problem (Frojdo, Vidal et al. 2009); obesity, where mTORC1 promotes adipogenesis 

(Yeh, Bierer et al. 1995; Zhang, Huang et al. 2009); and ageing, wherein mTORC1 has 

been shown to be linked to lifespan (Hands, Proud et al. 2009).  

4.2.2 Future directions 

While at this point MNK regulation of mTORC1 signaling is undeniable, based 

upon our research and emerging research from others; the molecular details still remain 

mysterious. The work in Chapter 3.3 is still an active area of investigation where we 

hope to at least prove or disprove our hypothesis that MNK regulates a novel TelO2-

DDB1 complex’s association with mTORC1 to enhance mTORC1 signaling.  While doing 
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so we hope to further define the role of DEPTOR in regulating mTORC1 substrate 

association and TelO2 association; as this phenocopies MNK signaling. Additional 

questions we hope to answer include the expansiveness of MNK mediate regulation of 

TelO2 and DDB1; for example, does MNK in some way regulate ATM signaling through 

TelO2 or DNA damage responses through DDB1? We also hope to address whether the 

function of TelO2 in the mTORC1 complex may actually be to enable DDB1 recruitment 

and ubiquitination of Raptor. Determining the answer to such questions will increase 

our understanding of mTORC1 regulation and may also explain MNK’s vast and 

diverse oncogenic signaling roles.  

4.3 PVSRIPO as a cancer immunotherapeutic and adjuvant. 

4.3.1 Significance 

As discussed briefly in Chapter 3.4.3, the finding that PVSRIPO directly infects 

and potently activates human dendritic cells has implications for its clinical application.  

Beyond potential synergies with DC recruiting therapies (i.e. GMCSF), PVSRIPO may 

also have utility as an adjuvant in other contexts including DC vaccines and peptide 

vaccines. Our data further indicate that with regards to interferon production, PVSRIPO 

is more durable than that of extracellular TLR stimulation (as many cancer adjuvants 

currently use). We propose that an interferon dominant form of adjuvancy may be more 

effective in generating antigen specific cell mediated immunity; indeed type-I interferon 

is critical in enabling cross presentation to CD8 T cells (Diamond, Kinder et al. 2011). 
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Beyond this, our findings indicate that PVSRIPO will likely be useful in the treatment of 

a variety of malignancies, not just gliomas. Our study also suggests that macrophage 

and DC rich tumors may benefit more from PVSRIPO therapy. Gliomas are well known 

for having high densities of macrophages that actually enhance tumor growth programs 

and immune evasion (Wei, Barr et al. 2010). Since PVSRIPO infects both DCs and 

macrophages to activate them, it is also possible that macrophage rich tumors may 

experience “repolarization” away from an immunosuppressive phenotype to an 

inflammatory phenotype. This could be a major player in successful PVSRIPO therapy, 

and strategies to enhance this process may prove useful for tumors that lack a monocytic 

presence. However, our findings also point towards a potential need to employ PD1 and 

B7-H4 blocking therapies to enhance anti-tumor immunity; particularly in APCs.  

4.3.2 Future Directions 

Several critical questions about PVSRIPO must be answered rapidly as it is 

currently being administered in the clinic. One of these urgent questions is whether 

checkpoint inhibitors-- particularly PD1, which blocks the PD-L1 and PD1 synapse—will 

synergize with PVSRIPO clinically. Our data indicate that PD-L1 was induced on APCS 

following infection with PVSRIPO and may also be induced on some cancer cells 

following treatment. We expect that inhibition of the effects of PD-L1 on T cells will 

enable better tumor cell killing by T cells after treatment. To test this in a research 
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setting, currently we are using murine models of glioma to test PVSRIPO efficacy and 

synergy with PD1 blockade. 

Another future direction key to the application of PVSRIPO is continuing to 

identify how PVSRIPO adjuvancy is achieved; and if it is indeed better at inducing anti-

tumor CTL activation than traditional TLR activating strategies. Currently we are 

working on testing human DCs treated with PVSRIPO versus LPS and Poly I:C to see if, 

as the THP1 data suggests (Fig. 39), PVSRIPO infection induces prolonged interferon 

responses. If indeed we confirm these findings, we intend to test the inflammatory 

profile of PVSRIPO induced DC activation versus TLR activation, and test whether 

PVSRIPO interferon dominant DC activation leads to more pronounced anti-tumor CTL 

generation. This is predicted by the literature since type-I interferon has long been 

known to induce CD8 T cell cytolytic immunity through APC mediated cross 

presentation (Diamond, Kinder et al. 2011). The next steps to define the potential of 

PVSRIPO adjuvancy will be to move to murine cancer models where bone marrow 

derived DCs are exogenously prepared, infected with PVSRIPO vs. TLR activation, 

loaded with tumor antigen, and reintroduced into tumor bearing mice. In performing 

these experiments we may learn the relative potency of PVSRIPO adjuvancy. These 

studies will also enable us to understand whether PVSRIPO therapy may be enhanced 

by recruiting DCs to tumors, and whether ex-vivo DC vaccine strategies may benefit 

from such an OV adjuvant.  
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Lastly, in a more general attempt to understand full picture of PVSRIPO therapy, 

we are using mouse models of brain and breast cancer to study the immunological 

consequences and/or determinants that shape PVSRIPO therapy. The current study will 

help in the understanding of more complex events in vivo, wherein we hope to discover 

the critical events that lead to therapeutic success.  
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