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Abstract 
In the following document, I will describe two distinct strategies that poliovirus 

(PV) deploys to manage host antiviral responses. In the first section, I report on a role of 

the constitutive repressor of eIF2α phosphorylation (CReP) in translation of PV and the 

endoplasmic reticulum (ER)-resident chaperone binding immunoglobulin protein (BiP) 

at the ER. Functional, proximity-dependent labeling and cell fractionation studies 

revealed that CReP, through binding of the eukaryotic translation initiation factor eIF2α, 

anchors translation initiation machinery at the ER and enables protein synthesis in this 

compartment. This ER site was protected from the suppression of cytoplasmic protein 

synthesis by acute stress responses. I propose that partitioning of translation initiation 

machinery at the ER enables cells to maintain active translation of PV during stress.  

In the second section, I report that PV 2A protease cleaves all three members of 

the YTHDF protein family, cytosolic N6-methyladenosine (m6A) ‘readers’ that regulate 

target mRNA fate. These cleavages occurred early during infection, and preemptive 

YTHDF3 depletion enhanced viral replication. This corresponded with diminished type-

I interferon (IFN) receptor (IFNAR) expression and IFN-stimulated gene induction, 

while IFN production was not significantly changed. I propose that 2A protease cleaves 

YTHDF proteins, in part, to interfere with IFNAR expression and antagonize the host 

antiviral response. 
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1. Introduction  
1.1 PVSRIPO 

PVSRIPO is a virus encoding the Sabin live-attenuated poliovirus vaccine that 

replicates under the control of a heterologous internal ribosomal entry site (IRES) of 

human rhinovirus type 2 (HRV2) (Fig. 1) (Gromeier et al., 1996; Gromeier et al., 2000). 

Exchange of the Sabin IRES for that of HRV2 inhibits this virus’s capacity to replicate in 

normal neurons, while still permitting replication in neoplastic cells. PVSRIPO has 

shown potential in Phase-I clinical trials in patients with recurrent glioblastoma (GBM), 

an extremely lethal indication with limited therapeutic options (Desjardins et al., 2018a). 

While this virus is extremely cytotoxic to cancer cells in vitro, clinical and laboratory 

observations indicate that the efficacy of PVSRIPO stems from its ability to stimulate an 

anti-tumor immune response. Specifically, PVSRIPO’s predominant mechanism of 

initiating an anti-tumor immune response is via direct infection and repolarization of 

macrophages and dendritic cells in the tumor milieu (Brown et al., 2017).  While the 

initial clinical results are promising, further understanding of how this virus operates on 

a molecular level could provide crucial insights on how to improve this treatment in 

patients.  

1.1.1 Poliovirus 

Poliovirus and rhinovirus are in the family Picornaviridae, encoding (+)-sense 

single-stranded RNA genomes of ~7.5-8.5 kb. For poliovirus, the virion binds to the 
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cellular receptor, cluster of differentiation 155 (CD155) (Mendelsohn et al., 1989), which 

induces a conformational change in the virion (He et al., 2000) and promotes virion 

uptake by receptor-mediated endocytosis, followed by the release of its 7.5 kb genomic 

positive-sense RNA (gRNA) into the cytoplasm (Ohka et al., 2004). Thereafter, the gRNA 

must outcompete host mRNAs to recruit the ribosome and initiate synthesis of its 

polyprotein via IRES-mediated recruitment of translation initiation factors (Pelletier and 

Sonenberg, 1988). This single polyprotein is the processed autocatalytically by its two 

encoded cysteine proteases, 2Apro and 3Cpro into ~14 mature proteins (Toyoda et al., 

1986).  

These proteins are subdivided, and co-regulated, by their precursor peptides, of 

which there are three (De Jesus, 2007): P1, which encodes the capsid proteins VP2, VP4, 

VP1, and VP3; P2, which encodes 2Apro, the soluble predominantly host-directed 

protease that cleaves a single site in the polypeptide between P1 and P2; and 2BC, 2B 

and 2C, proteins that reorganize secretory pathway membranes to create “replication 

complexes” which serve as locales where viral replication and translation can occur in 

concert (Egger et al., 2000); and P3, which encodes 3AB, 3A, 3B/VPg (also involved in 

formation of replication complexes derived from host membranes); 3Cpro/3CDpro, the 

proteases responsible for the processing of all other sites in the polypeptide; and 3Dpol, 

the RNA-dependent RNA polymerase that synthesizes the complementary negative-
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sense strand, which serves as a template for further 3Dpol-dependent production of 

positive-sense gRNAs that can be translated and packaged into virions.  

The lifecycle of poliovirus is cytotoxic for host cells in culture and leads to rapid 

lysis via a combination of host apoptotic responses and general cellular damage 

imposed through the viral replication process (Agol et al., 2000). While it was long 

thought that this lysis was critical for the release of virions, recent studies have called 

this model into question (Bird et al., 2014; Mutsafi and Altan-Bonnet, 2018). Rather, 

poliovirus may be secreted by cells in an unconventional manner that is dependent on 

autophagic machinery. Thus, while poliovirus is lytic in cell culture, the fact that virions 

can be released from cells without lysis indicates that this cytotoxicity is not a critical 

feature in the viral replication cycle, and may be more of a cell culture artifact observed 

in cells that promote high levels of viral replication (such as HeLa cells).  

Figure 1: The attenuation of WT poliovirus type 1 (Mahoney) to PVSRIPO.  
Figure from (Brown et al., 2014); used with permission (see appendix). 

1.2 Principles of virus-host interactions 

As an immunotherapy, molecular understanding of PVSRIPO therapeutic 

efficacy should focus on the cellular antiviral innate immune response, which ultimately 
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leads to the organismal adaptive immune response (Steinman and Hemmi, 2006). 

Picornaviruses like PVSRIPO are simple viruses that do not contain a nuclear or DNA 

stage in their lifecycles (Reich et al., 1962), and must utilize host cytoplasmic contents, 

particularly derived from components of the secretory pathway, in order to replicate 

during the host cell antiviral response (Hsu et al., 2010; Schlegel et al., 1996). 

Alternatively, these viruses also encode sophisticated strategies to block these responses 

from ever occurring (Etchison et al., 1982; Gustin and Sarnow, 2002). This back-and-forth 

between host and picornaviruses (and more broadly, all viruses) yields a fast-evolving 

battlefield via natural selection and is often referred to as the “host-pathogen arms race” 

(Daugherty and Malik, 2012).   

1.2.1 Antiviral innate immune response 

The intracellular innate immune response can be divided into three stages (Fig. 

2) (Hoffmann et al., 2015): (1) the sensing of a foreign pathogen via foreign molecular 

patterns; (2) the subsequent production of interferons; and (3) the interferon-dependent 

autocrine and paracrine induction of interferon stimulated genes, which act as the 

ultimate antiviral effector molecules in this cascade. 

Pattern recognition receptors (PRRs) recognize foreign molecular features, 

present in pathogens or elicited by stress, that are not present under normal physiologic 

conditions. The most well-defined PRRs relevant to viral infection are the Rig-I- like 

receptors (RLRs), including retinoic acid-inducible gene 1 (RIG-I), melanoma 
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differentiation-associated protein 5 (MDA5), and cyclic GMP-AMP (cGAMP) synthase 

(cGAS) (Gao et al., 2013; Kato et al., 2006; Sun et al., 2013). Each of these receptors 

recognizes different foreign patterns, presumably allowing for discrimination between 

virus types.  

RNA helicases RIG-I and MDA5 recognize distinct PAMPs present in viral RNA. 

RIG-I recognizes 5’-diphosphates and 5’-triphosphates on ssRNA viral RNA molecules 

(Goubau et al., 2014; Hornung et al., 2006; Pichlmair et al., 2006). Because cellular 

mRNAs are capped in the nucleus, this pattern is specific to RNA viruses that remain in 

the cytosol throughout the course of infection. RIG-I also recognizes short double-

stranded RNA (dsRNA) formed during the viral replication process (Kato et al., 2008). 

Alternatively, MDA5 recognizes long dsRNA and potentially large sophisticated viral 

RNA structures present in internal ribosomal entry sites (IRES) (Peisley et al., 2012; 

Peisley et al., 2011). The importance of these sensors is different across viral families, 

with RIG-I being essential for the initiation of the antiviral response for a large fraction 

of viruses; MDA5, however, may only be essential in response to infection with select 

families of viruses, including picornaviruses (Feng et al., 2012; Gitlin et al., 2006; Kato et 

al., 2005). 

Sensing of foreign patterns leads to activation of ATPase activity and 

conformational change in these helicases, which promotes homodimerization and 

interaction with mitochondrial antiviral-signaling protein (MAVS) (Kawai et al., 2005; 
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Meylan et al., 2005; Seth et al., 2005; Xu et al., 2005). This interaction ultimately leads to 

activation of TBK1, which subsequently phosphorylates IRF3 (and NF-kB) (Fitzgerald et 

al., 2003; Sharma et al., 2003). Phosphorylated IRF3 then translocates to the nucleus to 

induce transcription from the IFN-b promoter.  

IFN-b is then produced and secreted, thereafter binding in autocrine and 

paracrine fashion to the interferon a/b receptor (IFNAR), expressed on nearly every cell 

type (Hoffmann et al., 2015). The binding of interferon to IFNAR promotes activation of 

the Janus kinase (JAK) family of proteins on the cytoplasmic face of the cell surface. 

These JAK kinases then phosphorylate the signal transducer and activator of 

transcription (STAT) family of proteins, inducing STAT (homo- and hetero-) 

dimerization and nuclear translocation. In this active complex, STAT proteins then drive 

transcription of interferon-stimulated genes (ISGs) via IFN-stimulated response 

elements in the promoters of ISGs (Durbin et al., 1996; Ihle et al., 1994; Meraz et al., 

1996). These ISGs then serve as the effector molecules to coordinate the antiviral 

response and directly interfere with various steps in the viral lifecycle.  

This overview is a simplified version of the host response to viral infection; 

cGAS, another RLR mentioned above, recognizes cytosolic dsDNA and produces 

cGAMP, which binds directly to the stimulator of IFN genes (STING) (Ishikawa et al., 

2009; Sun et al., 2013). While it has been reported that STING is activated via RNA-virus 

induced mitochondrial damage and mtDNA leakage (Aguirre et al., 2017), cGAS is 
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predominantly a sensor for DNA virus infection. Additionally, while this overview has 

referred to IFN-b, there are actually three major subtypes of interferons: I (IFN-b, -

a, and -k), II (IFN- g), and III (l1-4). Each of these interferon subcategories vary in their 

tissue distribution, target receptor, and overall context. In relevant cell types, like gut 

epithelial cells, enterovirus infection leads to the production of predominantly type I 

and III interferons (Good et al., 2019). 

1.2.2 Viral resistance against the host innate response 

Due to the host response to viral infection, viruses must encode strategies to 

circumvent or antagonize this response at multiple levels. Given the relative simplicity 

of viruses compared to host cells, it is imperative that viruses essentially repurpose 

critical aspects of their biology in order to avoid host restriction. For example, (+)-strand 

RNA viruses universally encode proteases that process the viral polyprotein; however, 

these proteases serve a dual role in cleaving host proteins essential for the host response. 

Alternatively, DNA viruses, with larger genome sizes, encode entire proteins dedicated 

to blocking certain nodes in the antiviral response pathway. Additionally, DNA and 

RNA viruses of all sizes utilize distinct mechanisms to essentially mask themselves from 

the host innate immune system.    

Viral evasion of the host immune response has been reported from the molecular 

to organismal level. Some of the best-known examples of such a strategy are the latency 

of HIV and herpesviruses, through genomic integration and episomal tethering 
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respectively, which allows for these viruses to lie relatively dormant and maintain 

dynamic equilibrium with host antiviral immunity until conditions to re-activate are 

ideal (Lieberman, 2016). Furthermore, the interferon pathway is frequently targeted by 

viruses, with numerous examples of viral blockade of sensing (i.e, Influenza A Virus 

NS1-mediated inhibition of TRIM25-mediated RIG-I ubiquitination and activation (Gack 

et al., 2009)), IRF3 translocation/IFN transcription (i.e., Herpes Simplex Virus 1 Infected 

Cell Protein (ICP)0’s blockade of IRF3 nuclear translocation (Melroe et al., 2004)), and 

IFNAR/STAT activation (i.e., Ebolavirus VP24’s inhibition of STAT nuclear translocation 

(Reid et al., 2006)) (see Fig. 2).  

(+)-strand RNA viruses tend to have compact genomes, without room to encode 

for proteins that have a dedicated function of immune blockade. As such, these viruses 

tend to deploy multipurpose proteases that target multiple important host cell proteins 

in addition to processing the viral polyprotein. For example, Hepatitis C Virus encodes 

NS3/4A, a multifaceted serine protease that cleaves MAVS as a mechanism to block the 

production of interferon (Li et al., 2005). 2Aprotease, encoded by picornaviruses, is 

reported to cleave MAVS as well as MDA5 (Barral et al., 2007; Feng et al., 2014). 

However, these cleavages are notably late during the infectious cycle and may represent 

an outcome of cellular damage elicited by 2Aprotease activity and viral infection 

(Walton et al., 2018). The late timepoint of these cleavages calls into question whether 

this cleavage has a critical role on infection dynamics.  
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Additionally, viral proteases frequently target eukaryotic translation initiation 

factor 4G (eIF4G, described further in 1.3.1) (Etchison et al., 1982) (Ventoso et al., 2001). 

2Aprotease was first reported to cleave this translation factor. While the specific purpose 

of this cleavage is arguably still unclear, a consistent theme of targeting host protein 

synthesis machinery has emerged among viral strategies (Walsh et al., 2013). Viral 

targeting of protein synthesis may block the production of antiviral response proteins, 

but it could also free up cellular material (i.e., ribosomes) to enhance viral translation. 

These outcomes are not mutually exclusive, and future work should work to address the 

relative contribution of each to facilitating viral replication.  
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Figure 2: The antiviral innate immune response and viral strategies to antagonize it. 
Figures from (Hoffmann et al., 2015); used with permission (see appendix). 
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1.3 Eukaryotic Protein Synthesis 

Translation is the process by which cells decode mRNA sequences to produce 

cognate polypeptides. There are three major steps in this decoding process: (1) initiation; 

(2) elongation; and (3) termination (Jackson et al., 2010). Initiation is the rate-limiting 

step of translation, and as such, is the major target for cellular regulation in this cascade.  

Translation initiation is also a critical node of the host-virus interface. Viruses 

frequently target translation initiation machinery, such as eIF4G, for inactivation or 

degradation. Meanwhile, the host cell response entails the inhibition of translation 

initiation via modification of other factors, such as eukaryotic initiation factor 2a (eIF2a, 

described further below).  

Protein synthesis occurs in spatial context, as translating ribosomes on the 

endoplasmic reticulum (ER) are subject to distinct regulation and have distinct target 

mRNAs (those encoding membrane-bound and secreted proteins) from ribosomes in the 

cytosol. However, until recently, the spatial organization of translation initiation 

machinery, and how this partitioning contributes to the regulation of protein synthesis, 

has remained largely overlooked (Reid et al., 2018).  

1.3.1 Mechanisms of translation initiation 

Translation initiation is the process by which eukaryotic initiation factors (eIFs) 

prepare target mRNAs for translation elongation. Initiation is mediated by two major 

complexes (Fig. 3): (1) the eIF4F complex, consisting of eIF4E, eIF4G, and eIF4A; and (2) 
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the 43S complex, consisting of the 40S ribosome bound to eIF3, eIF1, eIF1A eIF5, and 

eIF2-GTP-Met-tRNAiMet (known as the ternary complex (Levin et al., 1973)). These two 

complexes coordinate initiation to ensure that the mRNA’s initiation codon (AUG) is 

base-paired with Met-tRNAiMet in the P-site of the 80S ribosome. After this occurs, the 

ribosome is primed to begin the elongation process.    

eIF4F, the RNA-binding complex in the translation initiation complex, has 

multiple roles in preparing target mRNAs for translation (Fig. 3). eIF4E binds to the 5’-

terminal 7-methylguanosine (m7G) cap, deposited on cellular mRNAs in the nucleus. 

eIF4A is a DEAD-box ATPase and ATP-dependent RNA helicase that mediates 

unwinding of structured regions in the 5’ untranslated region (5’UTR). Notably, eIF4A 

function is enhanced by two proteins, eIF4B and eIF4H, whose cellular roles are not yet 

fully appreciated. eIF4G, a frequent target for degradation by viruses, serves as the 

scaffold for eIF4F and the 43S complex, as it directly binds to eIF4E, eIF4A, and eIF3 

(bound to the 40S ribosome). eIF4G also directly interacts with poly-A binding protein 

(PABP), facilitating mRNA circularization and translation efficiency via ribosome 

recycling. There is an order to these interactions during the initiation cascade, with 

eIF4G first binding to eIF4E and eIF4A, then facilitating recruitment of the target mRNA 

to the 43S ribosomal subunit via direct interaction with eIF3. After 43S recruitment, this 

ribosome-eIF4F complex “scans” the mRNA from 5’ to 3’ in search of a start codon in 

proper Kozak context.  
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The 43S ribosome and its components play a critical role in translation initiation, 

with a complex series of events ultimately leading to the formation of an 80S ribosome 

properly positioned on the start codon. Initiation at the improper start codon may lead 

to defective or deleterious products, and it is becoming increasingly appreciated that 

this high-dimensional regulation is critical for proper start-codon selection. The central 

player in this process is eIF2, a trimeric initiation factor that, when active, is bound to 

GTP-Met-tRNAiMet. As the initiation codon is recognized, eIF2-bound GTP is 

hydrolyzed, and eIF2 dissociates from the ribosome along with factors eIF5, eIF1, and 

eIF3. This release of initiation factors occurs simultaneously with recruitment of eIF5B 

and the joining of the 40S and 60S ribosomal subunits (Pestova et al., 2000). After 

subunit joining, the 80S ribosome is properly positioned over the start codon, poised to 

produce the proper polypeptide from its cognate mRNA. Because eIF2 plays such a 

critical role in this start site selection process, it is frequently a target for modulation in 

response to stress, which will be discussed further in 1.3.2.  
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Figure 3: Canonical translation initiation cascade.  

Figure from (Jackson et al., 2010); used with permission (see appendix). 
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1.3.1.1 Noncanonical mechanisms of translation initiation 

While translation initiation consists of these well-characterized steps, there are 

certain contexts where this cascade is modified, or in extreme cases, skipped altogether. 

In fact, (+)-sense ssRNA viruses frequently utilize distinct mechanisms of translation 

initiation that do not require eIF4E or the presence of a m7G moiety on the 5’ terminus of 

their genomic RNAs. Due to the absence of this requirement, this mode of translation 

has been termed “cap-independent,” and the RNA structure that recruits the ribosome 

in this context is dubbed the internal ribosomal entry site (IRES) (Jang et al., 1988; 

Pelletier and Sonenberg, 1988). Viral IRESs can be further subdivided into 4 types based 

on their structure and initiation factor requirements. Type 1 and 2 IRESs are present in 

picornaviruses such as poliovirus and encephalomyocarditis virus, respectively, and 

require all the core initiation machinery with the exception of eIF4E (Pestova et al., 

1996). Importantly, type 1 IRESs categorically require eIF2 in their translation initiation 

cascade (Sweeney et al., 2014). Type 3 IRESs, such as the hepatitis C virus (HCV) IRES, 

recruit the 43S ribosome directly to the initiation codon without eIF4F, eIF4B, eIF1, and 

eIF1A (Pestova et al., 1998). Finally, type 4 IRESs, such as that found in the cricket 

paralysis virus, shockingly recruit the ribosome without any eIFs or initiator tRNA, due 

to this structure’s imitation of codon-anticodon base pairing in the ribosomal P-site 

(Schuler et al., 2006; Wilson et al., 2000). The divergence between these viral strategies 

and the canonical translation initiation cascade, as well as the diversity in structure and 
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initiation factor requirements among viral IRESs themselves, highlights the complex 

nature of translation initiation. 

IRESs for several cellular mRNAs have been proposed (Johannes and Sarnow, 

1998). However, due to a lack of structural consistency among these proposed IRESs and 

small size relative to viral IRESs, it is difficult to specifically classify the translation of a 

majority of these mRNAs as “IRES-driven” (Gilbert, 2010; Kozak, 2005). It is important 

to note that poliovirus dedicates 450 nucleotides of its 7.5 kB genome to the IRES; the 

dedication of this large of a proportion of its genome to a regulatory element emphasizes 

the importance of the structural complexity required to accomplish internal ribosomal 

recruitment.  

The presence of the ubiquitously and highly expressed cellular translation factor 

eIF4G2/DAP5, a homolog of eIF4G1 lacking the eIF4E-binding domain, points to a 

subset of cellular translation being cap-independent (Imataka and Sonenberg, 1997). 

DAP5 has many context-dependent roles, and uniquely directly binds to the 

eIF2b subunit of eIF2 (Bryant et al., 2018), but the requisite structural mRNA elements of 

DAP5-driven ribosome recruitment and translation remain largely a mystery. Studies 

have addressed the question of cellular cap-independent translation by analyzing 

cellular mRNAs that are translated while cells are infected with poliovirus (Johannes et 

al., 1999; Johannes and Sarnow, 1998; Sarnow, 1989). While these studies have yielded a 
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list of putative mRNAs driven by cap-independent translation, these cellular RNAs 

often lack the large, sophisticated 5’UTR structural elements observed in viral IRESs.  

Common to viral and reported cellular IRESs is the critical role of IRES trans-

acting factors (ITAFs). These factors are RNA-binding proteins that facilitate recruitment 

of initiation factors to RNAs and add another layer of complexity to the landscape of 

translation initiation. The complex nature of this process lends itself to multiple layers of 

regulation and allows for rapid and specific alterations in protein production when 

homeostatic conditions are disrupted.  

The upstream open reading frame (uORF) is a great example of this type of 

rapid-response regulation. uORFs are short sequences in the 5’UTR of mRNAs that 

contain an in-frame start and stop codon, and thus encode an intact open reading frame. 

While there are likely diverse utilities of the uORFs (Starck et al., 2016), within the best-

characterized uORF-containing mRNA, Activating Transcription 4 (ATF4), the uORF 

serves as a regulator of initiation at the major protein coding ORF (Vattem and Wek, 

2004). While this mechanism is arguably still poorly understood, uORF regulation of 

ATF4 is characterized by basal translation of the first uORF, followed by re-initiation at a 

second, longer uORF that is out of frame with the major ORF. When eIF2/ternary 

complex levels become limiting, as is the case during stresses that elicit the 

phosphorylation of eIF2a (discussed further in the next section), re-initiation at the 

second uORF no longer occurs, and 40S subunits continue scanning. After downstream 
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scanning to the major start codon, initiation can then occur, resulting in the production 

of the ATF4 protein product. Because ATF4 is a critical transcription factor for restoring 

homeostatic conditions under stress (Wek et al., 2006), its uORF essentially serves as a 

switch, where its production can be rapidly turned on under these conditions.  

1.3.2 The Integrated Stress Response 

When cells encounter a wide range of stresses, from amino acid deprivation to 

viral infection, they must rapidly alter the production of proteins to restore homeostasis. 

A major cellular mechanism to accomplish this shift in gene expression is termed the 

“Integrated Stress Response” (ISR) and is characterized by the phosphorylation of eIF2a 

on serine 51 by one of four kinases that respond to distinct stressors (Fig. 4) (Wek et al., 

2006). These kinases, protein kinase R (PKR); PKR-like endoplasmic reticulum kinase 

(PERK); heme-regulated inhibitor (HRI); and general control nonderepressible 2 

(GCN2), sense double-stranded RNA (typically associated with viral infection), 

unfolded protein accumulation in the endoplasmic reticulum, heme deficiency (and 

more recently proposed, cytosolic protein aggregates (Abdel-Nour et al., 2019)), and 

amino acid deprivation, respectively.   

Mechanistically, the phosphorylation of eIF2a on serine 51 enhances its binding 

to eIF2B, the guanine exchange factor (GEF) that catalyzes the exchange of GDP for GTP 

on eIF2, blocking eIF2 from becoming “charged,” the state in which it is bound to the 

initiator methionine tRNA (Sudhakar et al., 2000). This limits the available pool of active 



 

19 

eIF2/ternary complex, thereby inhibiting global cellular translation. Under these 

conditions, certain mRNAs with uORFs, such as ATF4 (discussed above), and Growth 

Arrest And DNA Damage-Inducible Protein (GADD34) (Lee et al., 2009) are induced to 

high levels. These proteins coordinate the stress response, and in the case of GADD34, 

promote the de-phosphorylation of S51 on eIF2a via protein phosphatase 1 (PP1) 

(Novoa et al., 2001). Importantly, beyond its role as a negative regulator within this 

feedback loop, GADD34-mediated de-phosphorylation of eIF2a during stress conditions 

is also critical for the reprogramming of gene expression (Novoa et al., 2003).  
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Figure 4: The Integrated Stress Response.  
Figure from (Pakos-Zebrucka et al., 2016); used with permission (see appendix). 

 

1.3.2.1 The Unfolded Protein Response 

The best characterized stress condition that initiates the ISR is the accumulation 

of misfolded or unfolded proteins in the ER, termed “ER stress”. Due to the 

determinantal effects that this state can impose on cells, via oxidative stress or the 
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secretion of inappropriately modified proteins, cells have a highly coordinated set of 

responses, including the ISR, initiated by three distinct ER-resident sensors. This broader 

response is termed the Unfolded Protein Response (UPR) (Walter and Ron, 2011). PERK 

initiates the ISR and promotes ATF4 induction. Inositol Requiring Enzyme 1 (IRE1) 

directly mediates the noncanonical cytoplasmic splicing of the mRNA of a key 

transcription factor, X-box Binding Protein 1 (XBP1), to promote its nuclear translocation 

(Cox and Walter, 1996). Activating Transcription Factor 6 (ATF6) is itself a transcription 

factor. Under basal conditions ATF6 resides embedded in the ER membrane but is 

released upon ER stress and traverses to the Golgi Apparatus, where it is cleaved by 

site-1 and site-2 proteases. The cytosolic domain of ATF6 then translocates to the nucleus 

(Haze et al., 1999).  

This response coordinates the transcriptional induction of a large host of 

chaperones and redox modulators, such as ER-resident heat shock protein 70 family 

member binding-immunoglobulin protein (BiP) and nuclear factor erythroid 2-related 

factor 2 (NRF2) (Cullinan et al., 2003; Rutkowski et al., 2006). If these responses are not 

sufficient to alleviate this stress, these three branches coordinate to initiate cell death 

programs via C/EBP homologous protein (CHOP), death receptor 5 (DR5), and caspase-8 

(Lu et al., 2014). 

In addition to being induced upon ER stress, BiP is also considered a master 

regulator of this response. Conventional models propose that BiP binds to the ER 
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luminal domain of all three sensors under homeostatic conditions; when misfolded 

proteins build-up within the ER, BiP is released from these sensors to assist with the 

increased demand of protein folding, thereby initiating sensor activation via distinct 

mechanisms (Walter and Ron, 2011). Notably, this model has recently been called into 

question as IRE1 oligomerization and activation can occur in a BiP-independent manner 

(Karagoz et al., 2017).  

 1.3.2.2 PKR 

Upon viral infection, dsRNA accumulates within viral replication intermediates 

that are subsequently recognized by PKR, which in-turn phosphorylates eIF2a and 

initiates the ISR (Roberts et al., 1976; Weber et al., 2006). Beyond coordinating the 

cellular response to infection, PKR-mediated eIF2a phosphorylation is also a critical 

mechanism to inhibit eIF2a-dependent viral translation directly. As such, DNA viruses 

like herpes simplex virus (HSV) and poxviruses encode specific proteins to counteract 

this process. HSV1’s ICP 34.5 is a homolog of GADD34 and actively suppresses p-eIF2a 

after PKR-mediated phosphorylation (He et al., 1997). Poxvirus protein K3L, however, 

mimics eIF2a itself and acts as a pseudo-substrate for PKR, thereby blocking PKR-

mediated p-eIF2a induction altogether (Kawagishi-Kobayashi et al., 1997). These 

examples, among many others, underscore the detrimental nature of p-eIF2a for viral 

translation.  
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  1.3.2.3 CReP 

Often overlooked, the constitutive repressor of eIF2a phosphorylation (CReP) is 

a homolog of the C-terminal region of GADD34 and ICP34.5 (where both the PP1 and 

eIF2a binding sites reside) and thus can facilitate the de-phosphorylation of eIF2a via 

PP1 (Jousse et al., 2003). However, unlike GADD34, CReP is constitutively expressed at 

high levels. While the prevailing model for CReP’s role in the cell describes CReP as 

maintaining low levels of p-eIF2a under basal conditions, many features of CReP call 

this model into question.  

First, CReP has an extremely high turnover rate of ~1.5 hours (Hulsmann et al., 

2018; Jousse et al., 2003; Loveless et al., 2015). Second, while GADD34 is both 

cytoplasmic and ER-localized, its ER-localization enhances its turnover by the 

proteasome (Zhou et al., 2011). Alternatively, CReP is strictly localized to the 

cytoplasmic face of the ER, and more broadly, secretory pathway membranes via its N-

terminal amphipathic helix (Kloft et al., 2012). Third, people with inherited, 

homozygous missense mutations in the eIF2a-binding region (R658C) of the CReP gene, 

PPP1R15B, have microcephaly, short stature, and impaired glucose metabolism 

(Abdulkarim et al., 2015; Kernohan et al., 2015). Finally, Ppp1r15b knockout mouse 

embryos survive gestation, but are substantially hindered developmentally and have 

severe anemia (Harding et al., 2009). While these deficiencies can be rescued by 

homozygous eIF2a S51A mutations, this mutation almost completely rescues the growth 
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defects and only partially rescues the fetal anemia phenotype. Furthermore, due to the 

lethality shortly after birth in homozygous eIF2a S51A mice, the rescue of CReP 

deficiency by this mutation is impossible to address in postnatal mice. This issue is 

particularly notable given that the phenotypes associated with the human mutation 

strongly implicate a role for CReP in postnatal development (particularly of secretory 

tissues). Together, these data challenge the current model and suggest that CReP may 

play critical roles beyond promoting basal de-phosphorylation of eIF2a. 

1.3.2.4 4EBP-1 as another target in the regulation of translation initiation 

In addition to eIF2a phosphorylation, there are other major cellular mechanisms 

that modulate translation initiation in response to stress. In actively dividing cells, as is 

the case in the context of development or cancer, the mammalian target of rapamycin 

(mTOR) is activated as a mechanism to promote anabolic processes and cell growth 

(Saxton and Sabatini, 2017). Under limiting nutrient conditions, mTOR is inhibited and 

these processes are paused.  

A major node in this transition from an anabolic to catabolic state is the mTOR-

mediated phosphorylation of eIF4E binding protein 1 (eIF4EBP-1) on serine 65 and 

threonine 70 (Thoreen et al., 2012). Phosphorylation of these sites on eIF4EBP-1 

sequesters this protein away from its major molecular target, eIF4E (Pause et al., 1994). 

However, when mTOR is inhibited under nutrient-limiting conditions, these sites are 

de-phosphorylated, which promotes eIF4EBP-1/eIF4E interactions. This interaction then 
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inhibits eIF4E binding to eIF4G, ultimately impeding cellular translation dependent on 

this interaction (Haghighat et al., 1995). This block in protein synthesis allows for the cell 

to conserve cellular building blocks, particularly nucleotides, until the nutrient 

limitation subsides (Ben-Sahra et al., 2016).  

1.3.3 Localized translation 

While the biochemical components of translation are critical for understanding of 

how protein synthesis may be regulated, these processes also occur in space and time. 

As such, there are cellular systems that promote the synthesis of proteins in a specific 

subcellular locale. Within these systems, proteins are synthesized and folded where they 

are needed in the cell, as opposed to being produced in one site and then trafficked to 

another. Two prime examples of such systems are the partitioning of ribosomes between 

cytosol and the ER and the local synthesis of synaptic and dendritic proteins in neurons.  

1.3.3.1 ER-localized translation 

It has long been noted that cells contain ribosomes localized to the cytosol as well 

as the ER (Palade, 1955a, b; Palay and Palade, 1955). ER-localized ribosomes are critical 

for the synthesis of secretory and membrane-bound proteins (Palade, 1975). The signal 

recognition particle (SRP) model proposes that these ribosomes traverse to the ER after 

translation initiation on membrane and secretory protein-encoding mRNAs (Fig. 5). This 

localization is driven by the N-terminal hydrophobic signal sequences that emerge in the 

early stage of elongation, which ultimately recruits these mRNA-ribosome complexes to 



 

26 

the ER-bound SRP complex (Walter and Blobel, 1981a, b; Walter et al., 1981). These 

emerging polypeptides are then inserted into the translocon, through which they 

traverse into the ER (Gorlich and Rapoport, 1993; High et al., 1993). The signal peptide 

sequence is then cleaved, and these proteins can be properly modified and folded before 

being secreted or topologically inserted into a membrane.  

However, recent evidence suggests that ER-localized protein synthesis may be 

more complex than this model suggests. For instance, ER-localized mRNAs may encode 

secretory/membrane proteins as well as cytosolic proteins (Jagannathan et al., 2014). The 

ER also serves a critical regulatory role in protein synthesis during stressors including 

hypoxia and viral infection and is subject to distinct regulation from the cytosol (Lerner 

and Nicchitta, 2006; Negrutskii and Deutscher, 1992; Staudacher et al., 2015; Stephens et 

al., 2005; Stephens and Nicchitta, 2008). Finally, ER/cytosol fractionation studies have 

revealed that translation initiation factors are localized to the ER, bringing the model of 

translation initiation being strictly cytosolic into question (Jagannathan et al., 2014). In 

line with this observation, large-scale ribosome-profiling studies have intimated that 

translation re-initiation can occur at the ER (Fig. 5) (Chartron et al., 2016). Overall, these 

recent observations call into question the overall SRP model and suggest that, in 

addition to serving as the site for secreted and membrane-bound proteins, the ER may 

serve a broader regulatory role in cellular protein synthesis.  
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Figure 5: Schematic of SRP-dependent targeting of ribosomes to the ER. 

Figure from (Chartron et al., 2016); used with permission (see appendix). 

 

1.3.3.2 Local translation in neurons 

Neurons are the largest cells in vertebrates, with some axons reaching up to over 

a meter long. During synaptic transmission, these cells must sense and respond to 

activation rapidly. This involves the reprogramming of the proteome within these 

neurons, both in axon terminals, as well as dendritic projections, also located at a far 

distance from the cell body. To accomplish this physiological feat, neurons have poised 

translation machinery in these cellular projections, prepared to produce the correct 
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proteins in the correct place (Holt et al., 2019). The mechanisms governing these 

processes are just beginning to be elucidated, with specific RNA-binding proteins, such 

as nucleolin, playing a critical role (Terenzio et al., 2018). While the principle of local 

translation in neurons is widely established, this sort of mechanism in other tissues/cell 

types has largely been overlooked, in part due to the lack of the distinct cellular 

compartments that exist in neurons.   

1.4 YTHDF Proteins 

The YT521-B homology domain-containing family (YTHDF) proteins are 3 recently-

described highly-homologous RNA-binding proteins that recognize and bind 

preferentially to mRNAs containing the N6-methyladenosine (m6A) modification (Fig. 6) 

(Zhang et al., 2010). Although m6A was first identified in the 1970s , only recently have 

technologic developments in epitranscriptomic mapping allowed researchers to 

elucidate the dynamic roles of this prevalent mRNA modification (Desrosiers et al., 1974; 

Dominissini et al., 2012; Lavi and Shatkin, 1975).    
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Figure 6: YTHDF protein architecture. 
Figure from (Ries et al., 2019); used with permission (see appendix). 

 

1.4.1 The biology of N6-methyladenosine  

m6A is the most common modification in eukaryotic mRNAs, present in 0.1%-0.4% 

of all adenosines in cellular RNAs across over 7,000 genes. This mark is often found in 

DRACH consensus sequences, where D = A/G/U, R = A/G, and H = A/C/U, around stop 

codons and 3’UTRs, hinting at a potential regulatory role for m6A in RNA stability, 

localization, and translational regulation (Meyer et al., 2015; Meyer et al., 2012; Schwartz 

et al., 2014). As such, there exists dedicated cellular machinery to depositing (“writers”), 

removing (“erasers”), and recognizing (“readers”) m6A. 

The “writer” complex consists of Methyltransferase Like 3 (METTL3), METTL14, 

WT1 Associated Protein (WTAP), and RNA Binding Motif Protein 15 (RBM15) (Liu et al., 

2014; Patil et al., 2016). As the catalytic subunit, METTL3 mediates the transfer of the 

methyl group from the major methyl donor, S-adenosylmethionine (SAM), to adenosine 



 

30 

in RNA. In addition to WTAP and RBM15, multiple other regulatory components of the 

methyltransferase complex have been described (Zaccara et al., 2019). Alpha-

ketoglutarate-dependent dioxygenase FTO and AlkB Homolog 5 (ALKBH5) act as m6A 

erasers and catalyze the removal of this mark (Jia et al., 2011; Zheng et al., 2013). These 

processes predominantly occur in the nucleus and are coordinated with transcription and 

splicing.   

There are multiple proteins that can bind to, and dynamically regulate, m6A-

containing mRNAs. YTH domain-containing protein 2 (YTHDC2) and the YTHDF 

proteins (YTHDF1-3) are cytoplasmic “readers,” while YTHDC1 binds to m6A-containing 

mRNAs in the nucleus (Zaccara et al., 2019). As their names suggest, these proteins are 

homologous in their RNA-binding YTH domains, while YTHDC1 and 2 lack homology 

to one another and to the YTHDF proteins beyond this domain. The YTHDF proteins 

contain a ~350 amino acid region of low complexity in their N-terminus, with multiple 

P/Q/N patches; this region is critical for the YTHDF proteins’ promotion of phase-

separated stress granule formation (Fig. 6) (Ries et al., 2019).  

As the nuclear-localized reader, YTHDC1 is critical for the regulation of splicing 

of m6A-containing mRNAs (Xiao et al., 2016). Additionally, it plays important roles in X-

chromosome inactivation via binding to methylated long non-coding RNA X-inactive 

specific transcript (XIST) (Patil et al., 2016). Alternatively, the cytoplasmic YTHDF 

proteins have been recently reported to have completely overlapping functions (Zaccara 
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and Jaffrey, 2020). This seems unlikely, and multiple reports have implicated these 

proteins in distinct cellular processes. This discrepancy can be reconciled by the model 

that these highly conserved paralogs are in the process of diverging evolutionarily, and 

can compensate for one another, while also mediating specific processes in a context-

dependent manner.  

Within the “different functions” model, YTHDF proteins bind to slightly different 

sequence contexts surrounding m6A-modified adenosines. YTHDF1 and 3 mediate 

translation of these templates, while YTHDF2 plays a critical role in decay of its targets 

(Du et al., 2016; Li et al., 2017; Shi et al., 2017; Wang et al., 2014; Wang et al., 2015). These 

proteins likely act coordinately to influence turnover and translation of target mRNAs. 

Additional reader proteins, such as IGF-2 mRNA-binding proteins (IGF2BP) and 

heterogenous ribonucleoproteins hnRNP2B1 and hnRNPC, have also been identified and 

serve similar roles in regulating m6A-containing RNA fate (Alarcon et al., 2015; Huang et 

al., 2018; Liu et al., 2015). Unfortunately, likely due to the cell-type specificity of 

epitranscriptomic marks and machinery, there are many conflicting reports about the 

specific role of m6A reader proteins in the regulation of RNA dynamics.  

m6A is critical for a number of biological processes. These processes include, but 

are not limited to, autophagy, circadian rhythms, adipogenesis, immune system 

development, neuronal development, memory formation and testosterone synthesis 

(Chen et al., 2020; Han et al., 2019; Jin et al., 2018; Shi et al., 2018; Wang et al., 2020; Yoon 
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et al., 2017; Yu et al., 2018; Zhao et al., 2014; Zhong et al., 2018). Notably, Ythdf1 knockout 

mice are viable, and display abnormal resistance to tumors via myeloid dysregulation and 

enhanced cross-presentation within this cellular compartment due to downregulated 

lysosomal cathepsin expression and activity (Han et al., 2019). Furthermore, Ythdf3 

knockout mice are also viable and show remarkable resistance to multiple viruses, 

presumably via increased basal ISG expression due to loss of expression of the negative 

regulator forkhead box protein O3 (FOXO3) (Zhang et al., 2019). It is important to note 

that these knockout mice may lead to misleading conclusions about the role of these 

proteins in vivo, as the m6A system is critical for development, and the endpoint 

phenotypes of these knockout mice may be the outcome of dysregulated development 

and biologic compensation. Another caveat in these studies, of course, is that m6A in mice 

may play a very different role from this mark in humans.  

1.4.2 N6-methyladenosine in virus-host interactions 

It has become increasingly clear that m6A plays a crucial role in the interaction 

between viruses and their host cells. Although the m6A writing machinery is 

predominantly nuclear, there exists a pool in the cytoplasm, as (+)-ssRNA viruses with 

strictly cytoplasmic lifecycles such as Hepatitis C Virus (HCV), Zika virus, and 

Enterovirus 71 (EV71) contain the m6A mark in their genomic RNAs, albeit in relatively 

low proportions (EV71 m6A modification is estimated to be present in ~0.08% of all viral 

adenosines) (Gokhale et al., 2016; Hao et al., 2019). Additionally, lentivirus human 
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immunodeficiency virus (HIV) and (-)-sense ssRNA virus influenza A virus (IAV) contain 

the m6A modification on their vRNAs (Courtney et al., 2017; Kennedy et al., 2016; 

Tirumuru et al., 2016).  

The impact of m6A modification machinery on the viral lifecycle varies greatly 

among viruses. For EV71, METTL3 noncanonically enhances viral replication through its 

interaction with 3DPol, leading to its enhanced sumoylation, ubiquitination, and activity 

(Hao et al., 2019). During HCV infection, m6A writers and readers are strongly inhibitory 

to viral production, in part due to YTHDF protein inhibition of viral assembly (Gokhale 

et al., 2016). Mutation of mapped methylation sites in the HCV genome strongly enhances 

particle production without enhancing RNA replication, further emphasizing the 

importance of m6A in the packaging of HCV virions. m6A sites in the IAV viral RNA, 

however, enhance viral replication through promoting viral gene expression in cis, and 

overexpression of YTHDF2 leads to a substantial increase in IAV protein production and 

replication during infection (Courtney et al., 2017). For HIV, there are directly conflicting 

reports of what role m6A modification machinery plays in the infection lifecycle. One 

report showed significant enhancement of viral reverse-transcription and gene expression 

upon interference with the YTHDF proteins, while the conflicting report implicated 

YTHDF proteins in the promotion of viral gene expression in a similar manner to what 

occurs during IAV infection (Kennedy et al., 2017; Tirumuru et al., 2016). Further work 

will be needed to reconcile these conflicting reports with regards to HIV, but overall these 
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studies emphasize a crucial role m6A and related machinery in the lifecycle of RNA 

viruses. 

For DNA virus infections, two studies focusing on human cytomegalovirus 

(HCMV) have reported that the m6A writer machinery, as well as YTHDF2, are critical 

for suppressing IFNb mRNA stability at baseline and in response to cytosolic dsDNA 

via direct m6A modification in the IFNb message (Rubio et al., 2018; Winkler et al., 2019). 

These studies, in light of the reports discussed above, pose an important contrast in that 

direct methylation of viral genomes, while important, occurs in parallel with host 

cellular mRNA methylation and gene expression, which can then impinge on viral 

replication dynamics. This model has been substantiated by studies on host-transcript 

m6A dynamics during flavivirus infection (Gokhale et al., 2020). While infection with 

these viruses lead to consistent changes in m6A status of specific host mRNAs, the effects 

of these targets on viral replication, between the targets as well as among the viruses, 

was variable. Adding another layer of complexity, multiple reports implicate m6A 

modification of various ISG- and PRR-encoding mRNAs in the facilitation of their 

nucleocytoplasmic transport and subsequent expression (Wang et al., 2019; Zheng et al., 

2017). Taken together, the role of m6A in viral lifecycles is complex and likely involves 

effects in cis on viral RNAs in combination with dynamic changes in host factors that 

ultimately influence infection dynamics.  
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1.5 Introduction to Dissertation Chapters 

Poliovirus has been a fundamental tool to probe cellular systems since the advent 

of molecular biology. Within the following chapters, we outline our work using the 

virus for this purpose. First, we address the question of how translation of certain 

mRNAs is maintained during a major stress response, the phosphorylation of eIF2a on 

serine 51, which results in a global shutdown of protein synthesis. PV requires eIF2a to 

be translated, but its synthesis is maintained even when global levels of eIF2a 

phosphorylation are elevated. This contradicts the prevailing thought that translation 

under these conditions is strictly eIF2a-independent. Using the virus as a cellular probe 

and model target, we were able to uncover that the virus accesses a CReP-anchored, ER-

localized pool of eIF2a that evades phosphorylation and maintains eIF2a-dependent 

translation while p-eIF2a is induced during infection. 

 Second, we sought to discover putative targets of PV 2A protease as a potential 

lead towards critical antiviral response proteins. By performing a proteome-wide search 

for host proteins that contain the conserved 2A autocatalytic cleavage motif and follow-

up biochemical characterization, we uncovered that the virus targets all three YTHDF 

proteins for 2A-mediated proteolysis during infection. While these proteins have been 

reported to be pro-viral and antiviral, we have uncovered that YTHDF3 positively 

regulates IFNAR expression, potentially explaining why it is targeted for degradation by 
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PV. The following chapters detail the rationale, experiments, and data that have led us 

to these conclusions. 

Chapter 2 outlines the materials and methods used to complete this research.  

Chapter 3 highlights the rationale and results from the first study. The results are 

adapted from (Kastan et al., 2020). In Section 3.1, we detail the information and 

prevailing questions that lead into our Chapter 3 studies. In Section 3.2, we assess the 

relationship of poliovirus with eIF2a phosphorylation, as well as the responsible kinase 

for this cellular response during PV infection. In Section 3.3 we identify CReP as a 

critical protein for viral translation, BiP expression, and cellular protein synthesis that is 

maintained during the virus-induced translation shutoff. In Section 3.4, we determine 

that CReP’s binding to eIF2a is necessary and that CReP protects PV from the inhibitory 

effects of eIF2a phosphorylation. In Section 3.5, using cell fractionation approaches, we 

uncover that CReP is critical for the localization of eIF2a to the ER, where it promotes 

translation in an eIF2a-dependent fashion. Section 3.6 outlines the discovery that CReP 

is pivotal for maintaining translation during another cellular stress response that inhibits 

global cellular translation (mTOR inhibition). Finally, in Section 3.7, we use proximity-

dependent labeling to identify the CReP “interactome” and identified multiple 

translation initiation factors that may be involved in ER-localized translation initiation.  

Chapter 4 highlights the rationale and results from the second study. In Section 

4.1, we introduce the prevailing information and rationale for pursuing our studies in 
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Chapter 4. Section 4.2 details the discovery and biochemical characterization of YTHDF 

proteins as a PV 2A protease target. Section 4.3 highlights that YTHDF3 is inhibitory to 

viral translation and replication in cell lines that mount robust antiviral responses. In 

Section 4.4, we identify that IFNAR downregulation is a critical outcome of YTHDF3 

depletion.  

Chapter 5 details the discussion of these results, as well as specific future 

directions that directly address how to pursue the questions that stem from these 

studies.  
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2. Materials and Methods 
2.1 Cell lines, transfections, and expression plasmids 

HeLa cells, Sum149, A375, T3M4 (American Type Culture Collection) were 

grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS) and nonessential amino acids. Transfections were performed 

36 hours before infection at ~50% confluency with 50 pM siRNA and 5 µl of 

Lipofectamine RNAiMax (Invitrogen) per well (six-well plate) in serum-free media.  

Myc-/FLAG-tagged CReP and Myc-/FLAG-tagged YTHDF3 were purchased 

from OriGene. The CReP open reading frame was polymerase chain reaction (PCR)–

amplified with corresponding primer pair 5′-cgaaagcttgagcc ggggacaggcggatc-3′/5′-

cgactcgagacattgcttgagaacattaagtcc-3′ and cloned into pcDNA5 FRT/TO (Invitrogen) in-

between c-myc and flag epitopes similar to what has been described previously with 

eIF4G (Dobrikov et al., 2014). The E655Stop mutation eliminating the eIF2 binding 

domain [CReP(DeIF2)] was introduced by a QuikChange Lightning Site-Directed 

Mutagenesis kit (Agilent) using primer pair 5′-

ctgagtattatataagtggtgattaggatcgcaaaggacca-3′/5′-

tggtcctttgcgatcctaatcaccacttatataatactcag-3′.  

The Y90A/G91A mutations eliminating the 2Apro cleavage site in YTHDF3 was 

introduced by QuickChange Lightning Site Directed Mutagenesis kit (Agilent) using 

primer pair 5’-atgttctccattactcatttgtgcagcggtt gtcagatatggcataggc-3’/5’-
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gcctatgccatatctgacaaccgctgcacaaatgagtaatggagaacat-3’. These YTHDF constructs were 

then transfected (6h) with Lipofectamine 2000 (Invitrogen) into cells at 90% confluency 

according to manufacturer’s protocol, 24h prior to infection. The 2Apro WT and C109A 

mutant constructs have been described previously (Dobrikova et al., 2006). These 

constructs were in vitro transcribed using the mMESSAGE mMACHINE T7 

Transcription kit (Invitrogen). This capped RNA was then transfected (3 µg; 12h) with 

DMRIE-C (Invitrogen) according to manufacturer’s protocol. 

2.2 Stable cell lines, puromycylation assays, viral infections, 
inhibitors, and amino acid deprivation 

Stable HeLa cell lines with dox-inducible CReP depletion were established using 

procedures previously used for dox-inducible eIF4G1 knockdown cell lines (Dobrikov et 

al., 2014). Briefly, the miR-4G sequence in pcDNA3.1/ TO was replaced with CReP-

specific microRNAs designed according to validated shRNA clones: 5′-

gcctcgagatctgcgcggcctg tctgtgttaggctaaagtgaagccacagatg-3′/5′-gcctcgaggatccgcatggcctgt 

ctatgttaggctaaacatctgtggcttcac-3′. CReP knockdown cell lines were selected and 

maintained in DMEM containing 10% FBS, nonessential amino acids, G418 (800 µg/ml), 

blasticidin (5 µg/ml), and zeocin (100 µg/ml) (Invitrogen). Reconstitution cell lines were 

established with WT CReP, CReP(DeIF2), and BirA-CReP expression plasmids. The dox-

inducible flag-DAP5 cell line has been described previously (Bryant et al., 2018). 

Reconstitution cell lines were maintained in the same media as above, with hygromycin 

B (100 µg/ml; Corning) rather than zeocin selection.  
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For puromycylation assays, 10 µM puromycin (Sigma-Aldrich) dissolved in 

dimethyl sulfoxide (DMSO) was added to the cells 8 min before lysis. PVSRIPO and 

CBV3 infections were carried out at an MOI of 10, unless indicated otherwise, in DMEM 

supplemented with 2% FBS (1% FBS for the YTHDF studies) and nonessential amino 

acids. ISRIB, cycloheximide (Sigma-Aldrich), tunicamycin, thapsigargin, Z-VAD-FMK, 

Ruxolitinib, and Torin2 (Tocris) were dissolved in DMSO and used at the concentration 

indicated. Cells were amino acid starved by being placed in DMEM without serum, d-

glucose, l-histidine, l-leucine, or sodium pyruvate (Gibco) for the indicated amount of 

time.  

 One-step growth curves were performed by infecting cells as above, rocking for 

30 min at room temperature, prior to 2x washes in serum-free media. Afterwards, cells 

were placed in DMEM with 1% FBS and nonessential amino acids, and the infection 

stopped by freezing at the indicated intervals. Samples were freeze-thawed (2x) prior to 

centrifugation and collection of supernatants. The viral titer in each of these samples was 

then assessed by plaque assay.  

2.3 Immunoprecipitation, immunoblotting, reverse transcription 
quantitative PCR analyses, and LEGENDplex cytokine analysis 

Cell lysate preparation, immunoprecipitation (IP) with anti-c-Myc agarose beads 

(Thermo Fisher Scientific), and immunoblotting were performed as described previously 

(Dobrikov et al., 2018a, b). For IPs, 70% confluent cultures grown in 150-mm dishes were 

treated with dox (4 µg/ml; 36 hours) and lysed with radioimmunoprecipitation assay 
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(RIPA) buffer (Sigma-Aldrich) and Halt Protease-Phosphatase Inhibitor Cocktail 

(Thermo Fisher Scientific). After overnight incubation for Myc IP, beads were washed 

four times in RIPA buffer and processed for immunoblotting. Streptavidin pulldown 

was performed with the same protocol using anti-streptavidin agarose beads (Thermo 

Fisher Scientific) and elution with 200 mM NaCl, 100 mM tris (pH 8.0) (Sigma-Aldrich), 

2% SDS, and 1 mM Biotin (Sigma-Aldrich) at 60°C (30 min). Lysates from noninduced 

cells were used as a negative IP control. Before IP, all cell lysates were analyzed by 

immunoblot to ensure equal loading. Total protein stains were performed with Revert 

Total Protein Stain (Li-COR) following manufacturer’s protocol. All signal 

quantifications were normalized to total protein unless indicated otherwise. Antibodies 

against CReP, GADD34, Sec61B, eIF2A, YTHDF1, YTHDF2, and YTHDF3 (Proteintech), 

GRP94 (C. Nicchitta, Duke University), eIF2b (Novus), puromycin (Millipore), PV 2C 

(Dobrikov et al., 2018a), CVB3 3D (a gift from K. Klingel, University of Tübingen), FLAG 

(Sigma-Aldrich), PKR, PERK, p-eIF2a, eIF2a, PARP, ATF4, BiP, p-4EBP1 (s65) 4EBP1, 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), rpS6, p27 Kip1, eIF4AI, eIF4A 

all, eIF4G1, DAP5, eIF4B, p-ERK1/2 (p44/42), ERK1/2, Tubulin, NCK1, eIF4E, and p-rpS6 

(S240/4), G3BP1, PABP, p-STAT1(Y701), p-IRF3(S396), IRF3, STAT1, MDA5, IFIT1, ISG15 

(all from Cell Signaling Technology) were used in these studies. Immunoblots were 

developed with SuperSignal West Pico or Femto (Thermo Fisher Scientific) or 

WesternBright (BioExpress) chemiluminescence (ECL) kit.  
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For reverse transcription quantitative PCR (RT-qPCR), whole-cell RNA was 

isolated using TRIzol (Invitrogen) and deoxyribonuclease-treated before cDNA 

synthesis (Invitrogen SuperScript III) following manufacturer’s protocol. RT-qPCR was 

performed on a QuantStudio3 machine (Thermo Fisher Scientific) using SYBR green 

(Thermo Fisher Scientific). BiP Primers: 5′-gaaagaaggttacccatgc agt-3′/5′-caggcca 

taagcaatagcagc-3′; GAPDH primers: 5′-ggggccatccacagtcttct-3′/5′- atgcctcctgcaccaccaac-3′. 

IFNb primers: 5’-ctttgctattttcagacaagattca-3’/5’-gccaggaggttctcaacaat-3’; IFNl1 primers: 

5’-cttccaagcccaccacaact-3’/5’-ggcctccaggaccttcagc-3’; IFNAR primers: 5’-

acaccatttcgcaaagctca-3’/5’-aaaccatccaaagcccacat-3’. For cytokine release assays, the 

LEGENDplex human antiviral is described in detail (Mosaheb et al., 2020). 

2.4 Sequential detergent fractionation, confocal microscopy 

Detergent fractionations were performed on ice with cells at 50 to 75% 

confluence. Cytosol fractions were extracted for 8 min with permeabilization buffer 

[0.03% digitonin (Sigma-Aldrich)] in 110 mM KCl, 25 mM MgCl2, 1 mM dithiothreitol 

(DTT), and Halt Protease-Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific). 

After recovery of the cytosolic fraction, the cells were washed in the same buffer 

supplemented with 0.008% digitonin. The wash fraction was combined with the 

cytosolic extract. The digitonin-extracted cells were then lysed for 8 min in a buffer 

containing 2% dodecylmaltoside (Sigma-Aldrich) in 200 mM KCl, 25 mM Hepes (pH 

7.4), 10 mM MgCl2, 1 mM DTT, and Halt Protease-Phosphatase Inhibitor Cocktail 
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(Thermo Fisher Scientific) [adapted from (Jagannathan et al., 2011)]. Subcellular fractions 

were loaded at equal volumes for immunoblot, resulting in a 2:1 ER: Cytosol cell 

equivalency ratio.  

For confocal microscopy, knockdown/ WT-CReP reconstitution cells were plated 

on coverslips, treated with dox for 24 hours before infection (MOI, 10; 4.5 hours). Cells 

were then washed with phosphate-buffered saline (PBS) and fixed in ice-cold methanol 

(5 min). After several PBS washes, cells were blocked with 5% goat serum (2 hours, 

20°C) and then placed in primary antibody [CReP (Proteintech); J2 (SCICONS)] at a 

dilution of 1:500 overnight in blocking solution at 4°C. Cells were once again washed 

and incubated with secondary antibody (1:500; 1 hour, 20°C). In the final 15 min of 

secondary incubation, 4′,6-diamidino-2-phenylindole (DAPI) stain (Thermo Fisher 

Scientific; 1:1000) was added. Coverslips were then imaged on a confocal microscope 

(Leica SP8) at 64× magnification. 

2.5 Statistical analysis 

Quantification of immunoblot signals was performed using the Li-COR Odyssey 

FC2 imaging system and Image Studio software. All experiments were repeated at least 

three times, unless indicated otherwise. Quantified immunoblot data were normalized 

between experiments as described in the figure legends and were represented as 

averages and SEM. The Student’s t-test was used unless indicated otherwise. 

Significance was defined as a P value of <0.05 and the tests used for each data group are 
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described in the figure legends. GO (gene ontology) analysis with the proteomic dataset 

was performed with the Panther Classification system “molecular function” annotation 

dataset. 

2.6 Proteomics 

Proteomic analysis was performed by the Duke University Proteomic Core 

Facility and is described in detail in (Kastan et al., 2020). 
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3. Results (Part one) 
3.1 Introduction 

Cells respond to environmental stress with coordinated transcriptional, 

translational, and posttranslational gene expression changes. The pivotal event in the 

integrated stress response (ISR) is phosphorylation of serine-51 of the a subunit of 

eukaryotic initiation factor (eIF) 2 (Wek et al., 2006). The ISR globally curtails translation 

initiation via the eIF2–guanosine triphosphate (GTP)–initiator methionyl transfer RNA 

(tRNA) in the ternary complex by inhibiting eIF2B-mediated exchange of guanosine 

diphosphate for GTP on eIF2 (Sudhakar et al., 2000). Coincident with this suppression of 

global protein synthesis is the induction of transcription factor ATF4 and eIF2a–protein 

phosphatase 1 (PP1) scaffold GADD34, which coordinate downstream ISR programs to 

restore homeostasis or, with unrelenting stress, activate programmed cell death (Walter 

and Ron, 2011).  

Double-stranded RNA (dsRNA) intermediates generated during viral infection 

induce p-eIF2a(S51) via the dsRNA-activated protein kinase R (PKR), one of four 

eIF2a(S51)-directed kinases (Wek et al., 2006). eIF2a(S51) phosphorylation is detrimental 

to most human viral pathogens, triggering the evolution of elaborate viral 

countermeasures, e.g., the g34.5 phosphatase scaffold of type 1 herpes simplex viruses 

that reverses p-eIF2a(S51) in infected cells (He et al., 1997). Enteroviruses require eIF2 

for translation initiation at their (+)-strand RNA genomes (Sweeney et al., 2014); yet, 
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they maintain viral translation in the face of robust eIF2a(S51) phosphorylation (Brown 

et al., 2017; White et al., 2011). They achieve this without specific mechanisms to counter 

PKR activation or eIF2a(S51) phosphorylation.  

Enteroviruses reorganize the secretory pathway into replication complexes 

consisting of components derived from endoplasmic reticulum (ER), Golgi, and 

lysosomes (Schlegel et al., 1996), where they concentrate cofactors required by their 

RNA-dependent RNA polymerases (Hsu et al., 2010). How this locale may be exploited 

to provide protection from cellular antiviral responses remains largely unexplored. Our 

studies of p-eIF2a(S51)’s role in shaping poliovirus:host relations uncovered that CReP, 

an ER-localized PP1-eIF2a scaffold (Jousse et al., 2003), determines partitioning of 

translation initiation factors at the ER and defines a spatially and functionally distinct 

translation initiation compartment at this site. We found that CReP promotes the 

expression of BiP, an HSP70-type chaperone in the ER and major regulator of the cellular 

unfolded protein response (Pobre et al., 2018). BiP translation, like poliovirus (PV), is 

maintained during the ISR (Novoa et al., 2003), and we posit that PV and BiP translation 

evades inhibitory effects of p-eIF2a(S51) via CReP:eIF2a at the ER. This phenomenon 

explains earlier seminal findings that BiP translation is maintained during the host 

protein synthesis shutoff elicited by PV (Sarnow, 1989). Overall, our investigations 

demonstrate that CReP engages canonical translation initiation machinery at the ER, 



 

47 

allowing for ongoing local protein synthesis in the presence of global translation 

repression mediated by the ISR. 

3.2 PV-induced eIF2α(S51) phosphorylation is not inhibitory to 
viral translation 

3.2.1 Results 

Infection with wild-type (WT) PV (White et al., 2011), or the highly attenuated 

derivative PVSRIPO (Brown et al., 2017), induces prodigious eIF2a(S51) 

phosphorylation (Fig. 7A). To unravel the source kinase of this response, we depleted 

either PKR or PKR-like ER kinase (PERK), both of which are eIF2a(S51) kinases 

plausibly engaged by viral replication at the ER (Fig. 7A) (Wek et al., 2006). Depletion of 

PKR, but not PERK, reduced eIF2a(S51) phosphorylation but had no effect on viral 

translation (expression of viral proteins P2, 2BC, and 2C), the dynamics of host protein 

synthesis shutdown (assayed by puromycylation), or host cell cytopathogenicity 

[poly(ADP-ribose) polymerase (PARP) cleavage] upon PVSRIPO infection (Fig. 7A). In 

addition, ISRIB, a small molecule that abrogates the ISR (Sidrauski et al., 2013), had 

minimal effects on viral translation and the host translation shutoff (Fig. 7, B and C). 

Thus, PV infection-mediated eIF2a(S51) phosphorylation is due to PKR activation, and 

PV translation must circumvent p-eIF2a(S51)–mediated protein synthesis suppression, 

as enteroviruses categorically require eIF2 for translation initiation (Sweeney et al., 

2014). 
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Figure 7:  PVSRIPO translation persists in the presence of PKR-induced p-eIF2a(S51). 
(A) HeLa cells were transfected with control small interfering RNA (siRNA) or siRNAs 
targeting PKR or PERK (48 hours) and infected with PVSRIPO at a multiplicity of 
infection (MOI) of 10. At each interval shown, the cells were treated with puromycin (10 
µM; 8 min) and harvested for immunoblot analysis of eIF2a status, host translation 
(puromycylated polypeptides), viral translation (2C, 2BC, P2), or cell death (PARP 
cleavage; *, cleavage fragment). (n = 3) (hpi = hours post infection). (B) HeLa cells were 
infected with PVSRIPO and treated with vehicle or ISRIB (+), puromycylated as 
described for (A) and lysed at the indicated time points. (n = 3). (C) The biological effect 
of ISRIB in the assay shown in (B) was validated in HeLa cells treated with thapsigargin 
as shown. 
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3.3 CReP depletion inhibits viral and cellular translation without 
inducing eIF2α(S51) phosphorylation or its downstream 
response 

3.3.1 Results 

CReP is a peripheral ER membrane–targeted protein that modulates eIF2a 

phosphorylation (Jousse et al., 2003; Kloft et al., 2012). PV’s reliance on eIF2 for viral 

translation (Sweeney et al., 2014), and tethering of PV replication complexes to secretory 

pathway membranes (Hsu et al., 2010), suggested a role for CReP in viral translation. 

Preliminary analyses with transient small interfering RNA (siRNA)–mediated CReP 

depletion supported a role in promoting PVSRIPO translation (Fig. 8).  

 

 

 

 

 

 

 

 

 

 

Figure 8: siRNA-mediated CReP depletion reduces PVSRIPO translation in HeLa 
cells. HeLa cells were transfected with a control siRNA or 1 of 3 siRNAs targeting CReP; 
48h post transfection, the cells were infected with PVSRIPO (MOI 10) and lysed 6hpi to 
assess viral translation (viral protein 2C).  
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To avoid the confounding effects of siRNA transfection on (+)-strand RNA virus 

translation, and to enable CReP reconstitution without the need for multiple 

transfections, we generated HeLa cell lines expressing a doxycycline (dox)–inducible 

CReP-targeting short hairpin RNA (shRNA) (Fig. 9). Dox treatment of HeLa cells with 

dox-inducible CReP depletion yielded an ~50% decrease in CReP levels and reduced 

PVSRIPO translation to a similar degree (Fig. 9A, C). Dox-inducible CReP depletion had 

a similar effect on the translation of another enterovirus, Coxsackievirus B3 (Fig. 10). 

Incremental loss of CReP in PVSRIPO-infected cells (Fig. 9A) is due to the 

inherent instability of CReP [half-time (t1/2) ~ 1.5 hours; Fig. 11] and the cells’ inability 

to replenish CReP levels during virus-induced host protein synthesis shut-off. CReP 

depletion had a minor effect on global translation at baseline but considerably 

exacerbated the viral host protein synthesis shut-off at 4 to 6 hours post infection (hpi) 

(puromycylation assay; Fig. 9A). This effect occurred despite the ~50% reduced rate of 

viral translation in CReP-depleted cells, indicating that CReP facilitates a portion of 

global cellular translation that is maintained in the presence of the translation shutdown 

at 4 to 6 hpi in PVSRIPO-infected HeLa cells. By 8 hpi, due to the severity of the 

cytopathogenic effect and the extent of the host protein synthesis shut-off, this 

differential was no longer detected (Fig. 9A).  
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Figure 9: CReP depletion inhibits viral and cellular translation without inducing 
eIF2a(S51) phosphorylation or its downstream response. (A and C) HeLa cells 
expressing a dox-inducible shRNA targeting CReP were mock-treated or treated with 
dox (4 µg/ml; ~40 hours) and then infected with PVSRIPO. Cells were puromycylated 
(see Fig. 7) and harvested for immunoblot analysis with the indicated antibodies. (B and 
D) HeLa cells with dox-inducible CReP depletion were mock- or dox-treated as 
described in (A), infected with PVSRIPO at MOIs of 1, 0.1, or 0.01 and then lysed (24 hpi) 
for immunoblot analysis of viral protein and cell death (PARP cleavage). n/a, not 
applied. (E) The lysates analyzed in (A) were tested by immunoblot alongside lysate 
from cells treated with thapsigargin (250 nM) and probed for key components of the ISR. 
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(F) CReP dox-inducible knockdown cells were left untreated or treated with dox for 24 
or 48 hours, and total RNA was isolated to determine relative BiP/glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) mRNA levels by reverse transcription quantitative 
polymerase chain reaction (RT-qPCR). These values were then normalized to the no-dox 
sample and quantified. All quantifications and statistics were performed by Student’s 
two-tailed t test comparison at the indicated time point, comparing ± dox (n = 3). Bar 
graphs represent mean and SEM; *P < 0.05; **P < 0.005; ***P < 0.0005. 

 

Tests with PVSRIPO infection over a range of multiplicities of infection (MOIs) 

confirmed that CReP depletion reduced viral translation and protected cells from virus-

induced cell death (PARP cleavage) (Fig. 9B, D). Protection from viral cytopathogenicity 

upon CReP depletion demonstrated that the observed effects on PVSRIPO translation 

are not due to nonspecific toxicity associated with dox-inducible CReP depletion. 

CReP has been shown to counteract p-eIF2a(S51) accumulation at basal 

conditions (Jousse et al., 2003). Thus, our findings could be due to p-eIF2a(S51) build-up 

upon CReP depletion, thereby preemptively suppressing viral and host protein 

synthesis. At the ~50% CReP depletion range in our system, this was not the case, as p-

eIF2a(S51) levels did not change and the downstream ISR (ATF4/GADD34 induction) 

failed to materialize (Fig. 9E). Incidentally, we observed that CReP depletion 
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consistently was accompanied by reduced eIF2a levels, suggesting that CReP may play 

a role in global eIF2a homeostasis (Fig. 9E).  

Figure 10: Coxsackievirus B3 translation is inhibited by CReP depletion. Cells with 
dox-inducible CReP depletion were mock- or dox-treated (4µg/mL; ~40h), then infected 
with Coxsackievirus B3 (MOI 10). Cells were harvested for quantitative analysis of the 
viral 3D polymerase by immunoblot at the indicated intervals. Statistics were done with 
a student’s t-test comparison at the indicated time points, comparing -/+ dox (n=3). Bar 
graphs represent mean + SEM; *, **, *** corresponds to p < 0.05, 0.005, 0.0005, 
respectively.   

 

Serendipitously, our studies of the ISR in CReP-depleted cells revealed that 

levels of BiP, another marker of ER stress (Walter and Ron, 2011), were depressed to 

~35% of endogenous levels in dox-treated HeLa cells (Fig. 9E). Examining BiP levels in 

lysates from cells treated with siRNA-mediated CReP depletion confirmed this effect 

(Fig. 8). BiP mRNA levels remained unchanged upon dox treatment, indicating that 
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CReP depletion does not alter BiP transcript levels (Fig. 9F). Seminal earlier work with 

metabolic labeling in PV-infected HeLa cells demonstrated that BiP biosynthesis persists 

at high levels during the virus-induced host protein synthesis shut-off (Sarnow, 1989). 

Thus, the findings reported by Sarnow and our own observations suggested that CReP 

may be central to a translation compartment shared by PV and BiP. Like CReP, BiP is a 

high-turnover protein that is constantly replenished (t1/2 ~ 4.2 hours; Fig. 11). These 

findings suggest that CReP depletion affects translation of select templates, i.e., 

enteroviral genomic RNA and BiP, without broadly increasing p-eIF2a(S51) levels that 

would globally repress protein synthesis.  
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Figure 11: Half-lives of CReP and BiP determined in cycloheximide (CHX)-treated 
HeLa cells. (A) HeLa cells were subjected to CHX (20µg/mL) as shown, lysed, and 
subjected to immunoblot analysis. (B) Protein expression of CReP and BiP relative to 
GAPDH is quantified over time (graphs represent mean -/+ SEM; n = 3).  
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Figure 12:  CReP depletion specifically affects BiP upon ER stress. (A, B) Dox-
inducible CReP depletion cells were mock- or dox-treated (4µg/mL; ~40h), then treated 
with either Thapsigargin (250nM) (A) or Tunicamycin (10µg/mL) (B), and lysed at the 
indicated time points for immunoblot analysis and quantification (bar graphs represent 
mean +/- SEM; n=3). 

 

We systematically monitored the effects of CReP depletion on acute ER stress, by 

testing tunicamycin and thapsigargin-induced ER stress in cells with dox-inducible 

CReP depletion (Fig. 12). CReP depletion did not substantially affect GADD34 or ATF4 

induction under these conditions (Fig. 12). Moreover, BiP induction remained intact, 

albeit at reduced levels, likely due to IRE1- or ATF6-mediated transcriptional up-

regulation and/or GADD34 compensation (Fig. 12) (Walter and Ron, 2011). These data 

suggest that CReP is not involved in orchestrating the acute ER stress response. Last, we 

investigated a potential role for eIF2A, a 60-kD single-subunit functional homolog of 
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eIF2 previously implicated in BiP translation (Starck et al., 2016), in the observed effects 

of CReP knockdown. Depleting eIF2A had no impact on PVSRIPO translation or basal 

BiP expression (Fig. 13), eliminating it as a factor in our studies.  

 

 

Figure 13:  The effects of CReP depletion on PVSRIPO translation are eIF2A-
independent. Cells were transfected with either a control siRNA or an siRNA targeting 
eIF2A (48h), then infected with PVSRIPO (MOI 10), and harvested at the indicated time 
points for immunoblot analysis (n=2). BiP expression was modestly lower in PVSRIPO -
infected cells with eIF2A depletion, consistent with a role for eIF2A in promoting BiP 
translation during stress. 
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3.4 CReP’s influence over PV/BiP translation is due to eIF2α 
binding 

3.4.1 Results 

To mechanistically decipher CReP’s role in PV translation, we generated HeLa 

cell lines with dox-inducible depletion of endogenous CReP with simultaneous 

reconstitution of WT CReP or CReP(DeIF2) (lacking the eIF2a-binding motif; Fig. 14A). 

Reconstitution with WT CReP rescued the effects of CReP depletion on PVSRIPO and 

BiP translation (Fig. 14, B and D) and restored total eIF2a levels (Fig. 14B). Meanwhile, 

CReP(DeIF2) reconstitution exacerbated the effects of CReP depletion (compare 

Figs. 9, A and E and 14, C to E), possibly due to dominant-negative effects. This was 

particularly obvious in the puromycylation assay, testing global host cell protein 

synthesis in PVSRIPO-infected cells. CReP(DeIF2) reconstitution had a substantial, 

significant dampening effect on global host protein synthesis (Fig. 14D). As with CReP 

depletion (Fig. 9A), this effect was greater during infection, coinciding with the 

induction of PKR-mediated eIF2a phosphorylation (Fig. 14D). In contrast, WT CReP 

reconstitution eliminated the effect of CReP depletion on host protein synthesis in 

PVSRIPO-infected cells (Fig. 14D). This evidence corroborates our findings with dox-

inducible CReP depletion alone (Fig. 9A) and demonstrates a role for CReP:eIF2a in 

maintaining protein synthesis during PVSRIPO infection. These reconstitution 

experiments demonstrate that CReP’s effect on PVSRIPO/BiP translation is dependent 

on CReP’s capacity to bind to eIF2a. 
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3.4.1.1 CReP protects PV translation from PKR-mediated eIF2a(S51) phosphorylation 

One possible explanation for the observed effects of CReP on viral translation 

could be a role for CReP:eIF2a complexes in maintaining a repository of eIF2, accessible 

to PVSRIPO at its replication site at the ER, which is protected from PKR-mediated 

eIF2a(S51) phosphorylation. We tested this possibility by siRNA-mediated knockdown 

of PKR in cells with dox-inducible CReP depletion. PKR knockdown diminished p-

eIF2a(S51) accumulation and neutralized the effect of CReP depletion on viral 

translation (Fig. 14F). Because PKR depletion had no effect on PVSRIPO translation in 

cells with WT CReP levels (Fig. 7A), our findings indicate that CReP:eIF2 sustains viral 

translation in the presence of PKR-induced eIF2a(S51) phosphorylation. 
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Figure 14: The effects of CReP depletion on BiP/PVSRIPO translation are eIF2a 
dependent. (A) Cells with combined dox-inducible CReP depletion and WT 
CReP/CReP(DeIF2) reconstitution were treated with dox (36 hours) before lysis and IP 
with anti-Myc beads. Lysates were compared by immunoblot to assess eIF2a binding. (B 
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to E) HeLa cells with endogenous CReP depletion coupled with WT CReP (B) or 
CReP(DeIF2) (C) reconstitution were dox-induced, infected with PVSRIPO, and analyzed 
by immunoblot and puromycylation assay as described in Fig. 7. ND, not detected. (F) 
Cells with dox-inducible CReP depletion were mock- or dox-treated (36 hours), 
transfected with control siRNA or siRNA targeting PKR (36 hours), infected with 
PVSRIPO, and lysed for immunoblot analysis at the indicated intervals. (D to F) 
Statistical significance was assessed by Student’s two-tailed t test comparison at each 
time point between −/+ dox at each time point (D), relative compensation between the 
two cell lines [WT CReP versus CReP(DeIF2)] (E), or −/+ siRNA targeting PKR (F) for the 
indicated data (bar graphs represent mean and SEM; n = 3); *, **, *** corresponds to P < 
0.05, 0.005, and 0.0005, respectively). 

 

3.5 CReP anchors eIF2 to the ER and promotes translation 
during stress at this site 

3.5.1 Results 

CReP:eIF2, PV replication complexes, and the site of BiP biosynthesis (Stephens 

and Nicchitta, 2008) are localized on the cytoplasmic face of the ER. Thus, CReP:eIF2’s 

role in promoting translation in the presence of p-eIF2a(S51) accumulation suggests 

possible compartmentalization of translation machinery. CReP could promote 

PVSRIPO/BiP translation via local de-phosphorylation of p-eIF2a(S51) or local 

translation initiation through recruitment of eIF2a/the initiation apparatus to the ER. To 

investigate this, we carried out assays with dox-inducible CReP depletion followed by 

sequential detergent fractionation (Jagannathan et al., 2011). We used eIF4E-binding 

protein 1 (4EBP1) and glucose-regulated protein 94 (GRP94) as markers for the cytosolic 

compartment or ER, respectively [Fig. 15, A to C; (Kozutsumi et al., 1988; Zhang et al., 

2002)]. CReP and BiP, heavily enriched in the ER fraction as expected, diminished in 
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abundance with increasing dox exposure (Fig. 15A). This occurred in step with a loss of 

ER-bound eIF2a, without changes to cytosolic eIF2a levels (Fig. 15A). These events were  

accompanied by inhibition of global protein synthesis in both compartments, although 

ER-associated translation was affected more substantially (Fig. 15A).  

To test whether the observed effects on compartmentalization were dependent 

on CReP:eIF2a binding, we fractionated cells with dox-inducible CReP depletion plus 

WT CReP/CReP(DeIF2) reconstitution (Fig. 15, B and C). Reconstitution with WT CReP 

reversed the loss of BiP expression, ER-bound eIF2a, and ER-associated protein 

synthesis (Fig. 15, B and D). In contrast, reconstitution with CReP(DeIF2) exacerbated the 

effects of CReP depletion alone (Fig. 15, C and D), as in the reconstitution experiments in 

PVSRIPO-infected cells (see Fig. 14). These results implicate CReP (i) in controlling the 

local recruitment of eIF2a to the ER, (ii) in promoting ER-associated protein synthesis in 

a complex with eIF2a, and (iii) in determining BiP expression (at the ER). Also, these 

fractionation studies suggested that the depletion of total eIF2a levels observed with 

CReP depletion/ CReP(DeIF2) reconstitution are due to a loss of eIF2a from the ER 

without a concomitant increase in cytosolic eIF2a levels. 

3.5.1.1 ER-bound eIF2a is protected from PKR catalytic activity induced by PVSRIPO 
infection 

These data led us to interrogate the distribution of p-eIF2a(S51) during PVSRIPO 

infection (Fig. 15E and Fig. 16). Viral proteins 2C and 2BC were heavily enriched in the 

ER fraction, as previously shown (Schlegel et al., 1996). Yet, virus-induced p-eIF2a(S51) 
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exclusively occurred in the cytoplasm (Fig. 15E). This effect was evident before eIF2a 

loss from the ER in PVSRIPO-infected cells (Fig. 16). PKR was largely absent from the ER 

fraction, also in line with a previous report (Kim et al., 2018). There was substantial 

overlap between viral dsRNA and CReP staining as visualized by confocal microscopy, 

suggesting that CReP is present within or adjacent to viral “replication factories” where 

both viral replication and translation occur (Fig. 16F) (Egger et al., 2000). Thus, PV may 

evade PKR-induced p-eIF2a(S51) by accessing a pool of CReP-anchored, ER-localized 

eIF2a that is protected from S51 phosphorylation and/or subjected to instantaneous, 

CReP-dependent dephosphorylation. 
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Figure 15: CReP anchors eIF2a to the ER and promotes translation at this site. (A to C) 
Top: HeLa cells with dox-inducible depletion of: endogenous CReP (A); endogenous 
CReP plus reconstitution with WT CReP (B); or endogenous CReP plus reconstitution 
with CReP(DeIF2) (C) were lysed and processed into cytosolic and ER fractions at 
various intervals after dox induction. The fractionated lysates were analyzed by 
immunoblot with the indicated antibodies; ER fraction lysates were loaded at 2× cell 
equivalency of the cytosolic fraction lysates (see Materials and Methods for further 
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details). GRP94 and eIF4EBP-1 were used as ER and cytosolic markers, respectively. (A 
to C) Bottom: Quantifications for the partitioning of eIF2a and cytoplasmic/ER-bound 
protein synthesis (puromycylation assay) with CReP depletion (A), as well as CReP 
depletion with corresponding WT/DeIF2 CReP reconstitution (B and C). Statistical 
significance was assessed by two-tailed Student’s t-test comparison between each time 
point and time point 0 (graphs represent means ± SEM, n = 3; *, **, *** corresponds to P < 
0.05, 0.005, and 0.0005, respectively). (D) Relative BiP expression upon reconstitution 
with WT CReP or CReP(DeIF2) relative to time point 0; statistical significance was 
assessed as above but comparing the two reconstitutions at each time point. (E) HeLa 
cells were infected with PVSRIPO (MOI, 10), fractionated, and analyzed by immunoblot 
with the indicated antibodies (n = 3). (F) WT CReP cells were dox-treated for 24 hours 
before PVSRIPO infection (MOI, 10; 4.5 hpi); cells were analyzed by confocal microscopy 
for visualization of the indicated targets. DAPI, 4′,6- diamidino-2-phenylindole. 

 

 
Figure 16: The cytoplasm is the primary site of p-eIF2a(S51) induction in PVSRIPO 
infected cells. Cells were fractionated/analyzed as in Fig. 15E at 4.5 hpi with PVSRIPO. 
At this timepoint, loss of eIF2a from the ER (Fig. 15E) had not set in. This assay 
demonstrates that profuse PVSRIPO-induced eIF2a(S51) phosphorylation occurs in the 
cytoplasm but is restricted from the ER.  
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3.6 CReP promotes protein synthesis while mTOR is inhibited 

3.6.1 Results 

We examined another mode of protein synthesis control potentially affected by 

subcellular partitioning, based on our observation of complete exclusion of 4EBP1 from 

the ER (Fig. 15, A to C). Protein synthesis modulation via 4EBP1 involves mTOR-C1 

(mammalian target of rapamycin–complex 1), which phosphorylates 4EBP1(S65), 

thereby promoting eIF4E:eIF4G binding and cap-dependent translation initiation 

(Saxton and Sabatini, 2017). Since 4EBP1 is confined to the cytosol, CReP:eIF2a-

controlled translation may be resistant to mTOR-C1 blockade. Treatment of cells with 

dox-inducible CReP depletion and Torin2, a catalytic inhibitor of mTOR (Liu et al., 

2013), had additive inhibitory effects on global protein synthesis that increased from ~15 

to 20% at baseline to ~55% after 3 hours of Torin2 (Fig. 17A; see Fig. 18 for technical 

detail). This suggests that CReP-anchored protein synthesis at the ER remains active in 

the presence of Torin2, possibly due to exclusion of 4EBPs from the ER. This was evident 

with the cell cycle regulator p27Kip1 (CDKN1B), a template that is enriched on the ER 

and induced by amino acid starvation (Leung-Pineda et al., 2004; Reid and Nicchitta, 

2012). Amino acid starvation–induced p27Kip1 accumulation is unaffected in Torin2-

treated cells but diminished in response to CReP depletion (Fig. 17B). Thus, CReP:eIF2a 

may enable an ER-localized, stress-refractory mode of translation that is protected from 

mTOR status. 
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Figure 17: CReP depletion inhibits basal- and amino acid starvation–induced 
biosynthesis of p27, which is refractory to mTOR inhibition with Torin2. (A) HeLa 
cells with dox-inducible CReP depletion were mock- or dox-treated (~40 hours), treated 
with Torin2, puromycylated, and lysed at the indicated time points for immunoblot 
analysis with the indicated antibodies. Statistical significance was determined by two-
tailed Student’s t test comparison between the dox/no-dox at the indicated time point 
(graphs represent mean and SEM, n = 3; **P < 0.005; ***P < 0.0005). (B) Left: Cells with 
dox-inducible CReP depletion were placed in amino acid (aa)-deprived media (see 
Materials and Methods) in the presence or absence of Torin2 and lysed at the indicated 
time points for immunoblot analysis. (B) Right: Cells with dox-inducible CReP depletion 
were mock- or dox-treated (~40 hours) before being placed in amino acid–deprived 
media and lysed at the indicated time points for immunoblot analysis. Bar graphs 
represent mean comparing dox/no dox at indicated time points and SEM. n = 3; *, **, *** 
corresponds to P < 0.05, 0.005, 0.0005, respectively. 

 



 

68 

 

Figure 18: The effects of Torin2 treatment on global protein synthesis in mock- and 
CReP-depleted cells are not due to effects of linear range. Lysates from the experiment 
shown in Figure 5A, from cells treated -/+ dox, and -/+ Torin2 (2h; 100nM), were run at 
different volumes (16, 8, 4µL) for Li-COR Odyssey quantification (represented below the 
gel in blue letters) across 3 different sets of signal strength.  

 

3.7 Proximity-dependent labeling identifies CReP-controlled, ER-
localized translation initiation machinery 

3.7.1 Results 

Collectively, our findings suggest that eIF2a recruited to the ER (via CReP) is 

part of active initiation complexes, promoting localized translation that is recalcitrant to 

eIF2a(S51) phosphorylation (and other means of global protein synthesis suppression). 

To investigate this, we used Bio-ID/proteomics with dox-inducible endogenous CReP 

depletion with simultaneous overexpression of a BirA-CReP fusion construct, followed 

by streptavidin pull-down (Roux et al., 2013) and proteomic analysis (Fig. 19). We 
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confirmed that, as with WT CReP reconstitution, the BirA-CReP fusion rescues the 

effects of CReP depletion (Fig. 19). From the list of 265 hits (see Fig. 19 legend for details 

of the analytical approach; see (Kastan et al., 2020) for full table of hits), all eIF2 and PP1 

subunits were identified, in addition to valosin-containing protein and b- transducin 

repeat containing E3 ubiquitin protein ligase, previously implicated in CReP turnover 

(Table 1) (Hulsmann et al., 2018; Loveless et al., 2015). NCK1, another known interactor 

of CReP (Latreille and Larose, 2006), which was not identified by proteomics, was 

readily detected by immunoblot (Fig. 20A). The BirA-CReP construct also prominently 

labeled the viral polyprotein in PVSRIPO-infected cells (see (Kastan et al., 2020)).  

 

Figure 19:  Proximity-dependent labeling of the CReP ‘interactome’. (Left Panel) Cells 
with dox-inducible CReP-BirA expression were treated with dox for the indicated 
intervals, fractionated as described for Fig. 15A-C and analyzed by immunoblot with the 
indicated antibodies. GRP94 and 4EBP-1 were used as ER and cytosolic markers, 
respectively. (Right Panel) Proximity-dependent labeling of the CReP ‘interactome’. 
(Top) Diagram of the BirA-CReP fusion construct with the BirA moiety fused to the 
CReP N-terminus. The sequence and location of the PP1 (yellow) and eIF2α binding 
domains (pink) are shown in detail; both domains are >aa600 distant from the BirA 
moiety. The BirA-CReP construct was inserted into the HeLa cell line with dox-inducible 
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depletion of endogenous CReP. The cells were treated with dox and biotin (24h), left 
uninfected or infected by PVSRIPO (MOI 10; 6h), lysed, and subjected to Streptavidin 
bead pull-down and submitted for quantitative LC/MS/MS and statistical analysis. A set 
of 372 proteins were significantly enriched in either the (- dox) negative control or the 
+dox sample. Fifty-three of these hits were significantly enriched in the -dox negative 
control, and we used this number as a cutoff benchmark, and eliminated the bottom 53 
hits (by p-value) that were enriched in +dox sample, leaving 265 proteins.  

 

PANTHER analysis (Mi et al., 2010) revealed that the set of 265 hits was heavily 

enriched in genes encoding for translation and translation initiation factors 

(Fig. 21A, Table 2). We validated targets by immunoblot where suitable antibodies were 

available (fig. 20B). DAP5 (eIF4G2) is homologous with the C-terminal portion of 

eIF4G1; both assemble with eIF4B in the eIF4G:4A:4B translation initiation helicase 

(Jackson et al., 2010). eIF2 and eIF5 are components of the 43S preinitiation complex 

(PIC). Thus, CReP-BirA affinity ligation identified key members of both major 

assemblies involved in translation initiation, eIF4F and the PIC. We further corroborated 

these findings by coimmunoprecipitation of CReP with flag-tagged DAP5, which binds 

directly to the b subunit of eIF2 and was the top hit among initiation factors in our 

screen (Table 2 and Fig. 20C).  
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Table 1: Known CReP interactors identified in the BioID screen. 

 

 

 

 

 

 

 

Figure 20: Targeted verification of putative CReP interactors. (A, B) Cells with dox-
inducible CReP-BirA expression were left untreated or treated with dox and 50µM 
biotin (24h) prior to lysis and Streptavidin pull-down, as done for proteomic analysis. 
The samples treated with Streptavidin pull-down were run alongside input samples for 
the previously reported CReP binder NCK1 (A) and for immunoblot detection of the 
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identified translation initiation factors (B). (C) HEK293 cells with dox-inducible flag-
DAP5 were doxinduced (96h) prior to treatment with vehicle or 12-O-tetradecanoyl-
phorbol-13-acetate (TPA; 4h). Cell lysates were analyzed by Flag-IP and immunoblot. 
(n=3).  

 

The CReP-BirA proximity ligation assays suggested CReP-dependent association 

of translation machinery involved in initiation at the ER. To test this hypothesis, we 

screened canonical translation initiation factors in fractionated lysates from cells with 

dox-inducible CReP depletion. CReP depletion dissociated all translation factors 

identified in the proximity ligation screen from the ER (Fig. 21B). In addition, despite not 

being identified by the screen, eIF4A1 (a binding partner of eIF4G1/DAP5 and eIF4B in 

the translation initiation helicase) and eIF4E (the cap-binding protein) lost association 

with the ER upon CReP depletion (Fig. 21B). Collectively, these data indicate that 

CReP:eIF2 is associated with active translation initiation complexes, and loss of CReP 

leads to the elimination of ER-associated translation initiation machinery. 
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Figure 21:  CReP recruits the translation initiation apparatus to the ER. (A) Results 
from GO molecular function analysis of the top 265 genes that were identified by 
quantitative liquid chromatography–tandem mass spectrometry (LC-MS/MS) according 
to P value (n = 3). (B) Dox-inducible CReP depletion cells were mock- or dox-treated (40 
hours) before fractionation as described previously. Eukaryotic translation initiation 
factors in the cytosolic and ER fractions were interrogated by immunoblot and 
quantified. Statistical significance was determined by two-tailed Student’s t test 
comparison (black bars, cytosolic ratio + dox/−dox; blue bars, ER ratio + dox/−dox; 
graphs represent means and SEM; n = 3); *, **, *** corresponds to P < 0.05, 0.005, 0.0005, 
respectively. Sec61 and GRP94 were used as ER markers. GTPase, guanosine 
triphosphatase. 
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Table 2: Eukaryotic translation initiation factors identified in the BioID screen. 
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4. Results (Part two) 
4.1 Introduction 

N6-methyladenosine (m6A) modification of mRNAs influences diverse processes 

governing RNA metabolism including splicing, nucleocytoplasmic transport, template 

stability, and translation (Li et al., 2017; Meyer et al., 2015; Shi et al., 2017; Wang et al., 

2019; Wang et al., 2014; Wang et al., 2015; Zhao et al., 2014; Zheng et al., 2017; Zhou et 

al., 2015). The YT521-B Homology domain-containing proteins (YTHDF1-3), labeled 

‘m6A readers’ due to their affinity for m6A-modified RNA (Dominissini et al., 2012; 

Zhang et al., 2010), assume key roles in these processes that remain poorly understood. 

Positive sense single strand (+)-ssRNA viruses are a central focus for uncovering 

the biological significance of YTHDFs, because their genomes are m6A-

modified (Gokhale et al., 2016; Hao et al., 2019) and because m6A is implicated in 

controlling antiviral type I IFN (Rubio et al., 2018; Winkler et al., 2019) and IFN-

stimulated gene (ISG) responses (Wang et al., 2019; Zheng et al., 2017). If the YTHDF 

family of proteins is involved in orchestrating innate antiviral immunity, they may be 

targets of viral countermeasures.  

(+)-ssRNA viruses deploy viral proteases for processing of their polyproteins. In 

some instances, these proteases also execute targeted cleavage of host cell proteins as 

part of the viral replication strategy. Enteroviruses (EV) encode two cysteine proteases; 

3Cpro processes most polyprotein cleavages. Meanwhile, 2Apro targets only a single site in 
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the polyprotein at the P1-P2 junction (Toyoda et al., 1986), but degrades host proteins 

with vital functions in translation (eIF4G) and nucleocytoplasmic transport (nuclear pore 

complex) (Etchison et al., 1982; Gustin and Sarnow, 2001).  

An unbiased screen for human host cell targets of 2Apro yielded a small set of 

proteins containing the conserved poliovirus 2Apro auto-proteolytic cleavage motif 

(LTTY’G). Among them were YTHDF1 and YTHDF3. Here, we show that YTHDF1, 2, 

and 3 are cleaved in EV-infected HeLa cells at a rate similar to eIF4G, the emblematic 

host target for 2Apro (Etchison et al., 1982). YTHDF3 depletion in cell lines with robust 

innate antiviral responses significantly enhanced EV translation and replication. 

Functional studies with YTHDF3 depletion in EV-infected cells revealed elevated 

induction of IFN response factor 3 (IRF3) phosphorylation and IFNb/l1 mRNA 

expression, but similar levels of IFNb/l1 release and diminished IFN-stimulated gene 

(ISG) induction. Furthermore, YTHDF3 depletion significantly downregulated type-I 

IFN receptor (IFNAR) mRNA and protein expression, while specifically inhibiting 

IFNa-, but not IFNg-, induced phosphorylation of Signal Transducer and Activator of 

transcription 1 (STAT1). Indeed, our findings implicate YTHDF3 in the positive 

regulation of IFNAR expression.  
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4.2 Enterovirus 2Apro mediates cleavage of YTHDF proteins 

4.2.1 Results 

To establish a list of candidate host proteins that may be targeted by EV 2Apro for 

cleavage, we performed a proteome-wide BLAST search for the Leu-Thr-Thr-Tyr-Gly 

(LTTY’G) pentamer, the conserved 2Apro-targeted sequence context at the cleavage site 

separating the P1 and P2 viral precursor polypeptides of poliovirus (Toyoda et al., 1986). 

A 5-aa sequence was chosen, as this is the minimal sequence context reported to be 

critical for 2Apro substrate recognition (Hellen et al., 1992). This approach yielded a list of 

only 11 putative 2Apro targets (Table 3). Notably, the list included YTHDF1 and -3, RNA-

binding proteins with preference for methylated RNA (Dominissini et al., 2012; Zhang et 

al., 2010). YTHDF2 was not picked up in our screen, because it contains a LTSY’G 

pentamer (Fig. 22A). Ser in position P2 of the 2Apro target sequence does not diminish 

proteolytic processing (Hellen et al., 1992); therefore, YTHDF2 was also deemed a 

plausible 2Apro target.  

Due to their implication in post-transcriptional regulation of viral genomic RNAs 

(Kennedy et al., 2016), in the life cycle of RNA viruses (Gokhale et al., 2020; Hao et al., 

2019) and in host innate anti-RNA virus immunity (Winkler et al., 2019; Zhang et al., 

2019), we decided to investigate YTHDF1-3 as putative 2Apro substrates and co-

determinants of the EV:host cell relationship.  
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To elucidate the dynamics of YTHDF protein expression/cleavage during PV 

infection, we infected HeLa cells with a highly attenuated poliovirus (Dobrikova et al., 

2012) containing a heterologous internal ribosomal entry site (IRES) of human 

rhinovirus type 2 (PVSRIPO) (Gromeier et al., 1996) or a related EV, Coxsackievirus B3 

(CBV3; Fig. 22B). This revealed that YTHDF1, -2, and -3 are cleaved over the course of 

infection, with rapid loss of full-length protein and the appearance of a ~50kD fragment 

corresponding to the predicted size of the C-terminal fragment produced by cleavage at 

LTT/SY’G. Notably, all of these antibodies recognize epitopes that are C-terminal of the 

predicted cleavage sites. Cleavage of YTHDF1 and -3 occurred at 3hpi in PVSRIPO-

infected cells (Fig. 22B). This was before viral translation was detected, with comparable 

kinetics to the signature 2Apro-mediated cleavage of eIF4G1 (Fig. 22B). In contrast, 

cleavages attributed to the poliovirus 3C protease, Ras-GAP SH3 domain-binding 

protein (G3BP) (White et al., 2007) and poly(A) binding protein (PABP) (Kuyumcu-

Martinez et al., 2004), did not occur before 5hpi in PVSRIPO infected cells, an interval 

with rampant viral translation (Fig. 22B).  

EV infection of HeLa cells produces profound cytotoxicity associated with 

generalized, indiscriminate proteolytic degradation of the host proteome at late intervals 

in the infectious cycle with the onset of morphologically evident cytopathogenic effects 

(CPE). Therefore, it is pivotal to distinguish early proteolytic events that occur prior to 

the onset of CPE, and that shape the virus:host relationship, from late, wholesale lytic 
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degradation. To eliminate a potential role of organized cell death programs in the 

cleavage of YTHDF1-3 in PVSRIPO-infected cells, we carried out infections in cells co-

treated with escalating concentrations of Z-VAD-fmk, a pan-caspase inhibitor (Fig. 22C). 

This reduced cleavage of PARP, a caspase substrate, even at the lowest concentration 

tested, but had no effect on YTHDF1-3 cleavage at any concentration (Fig. 22C).  

Next, to determine if 2Apro was sufficient for cleavage of YTHDF1-3, as suggested 

by the presence of the poliovirus 2Apro autocatalytic cleavage motif (Fig. 22A), we 

transfected in vitro transcribed RNA encoding WT poliovirus 2Apro or the catalytically 

inactive 2Apro(C109A) (Dobrikova et al., 2006) (Fig. 22D). WT 2Apro expression yielded 

YTHDF1-3 cleavage, while the catalytically inactive variant did not (Fig. 22D). Lastly, we 

transfected cells with constructs expressing WT Myc-YTHDF3-Flag or a tagged YTHDF3 

variant with the Tyr-Gly (Y’G) cleavage site mutated to Ala-Ala (Fig. 22E). These cells 

were then infected with PVSRIPO, lysed at 8hpi, and processed for Flag-

immunoprecipitation (Fig. 22E). This revealed the characteristic ~50kD cleavage 

fragment in cells expressing the WT YTHDF3 construct, but not the variant with the A’A 

substitution of the 2Apro cleavage site.   
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Table 3: Human proteins that contain the PV 2Apro LTTY’G motif as determined by 
BLAST search. 

 

 

In aggregate, our findings indicate that YTHDF1-3 are cleaved by EV 2Apro at 

predicted canonical 2Apro cleavage sites early during infection, prior to the onset of 

rampant viral translation and host CPE. This scenario suggests that viral cleavage of 

YTHDF1-3 may be a critical step in the EV:host relationship.  
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Figure 22: Enterovirus 2Apro executes early cleavage of all three YTHDF proteins in 
infected host cells. (A) Location and conservation of putative PV 2Apro cleavage sites in 
YTHDF1-3. (B) HeLa cells were infected with PVSRIPO or Coxsackievirus B3 (CBV3) 
(MOI 10) and lysed at the indicated hours post infection (hpi) for immunoblot analysis 
of the proteins indicated. (C) HeLa cells were infected with PVSRIPO (MOI 10; 8h) in the 
presence of increasing concentrations of Z-VAD-fmk and lysed for immunoblot analysis. 
(D) HeLa cells were transiently transfected with in vitro transcribed RNA (3µg) encoding 
either WT PV 2Apro or the catalytically inactive C109A 2Apro variant (Dobrikova et al., 
2006), and lysed for immunoblot analysis 12h post-transfection. (E) HeLa cells were 
transfected with Flag-YTHDF3 (WT) or Flag- YTHDF3 (Y90A/G91A) for 24h prior to 
PVSRIPO infection (MOI 10; 8h). Samples were then subjected to RIPA lysis, IP with 
anti-Flag beads, and anti-Flag immunoblot.  
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4.3 YTHDF3 antagonizes PVSRIPO replication and translation 

4.3.1 Results 

To decipher the physiologic significance of viral-mediated YTHDF1-3 cleavage 

for host-virus interactions, we decided to focus on YTHDF3, as it was most rapidly 

cleaved during PVSRIPO infection. Because innate antiviral immunity is a focal area of 

interest for deciphering m6A- and YTHDF biology, we employed a panel of four cell 

lines with diverse innate antiviral responses to PVSRIPO infection (Fig. 23A, B). 

PVSRIPO/EVs elicit classic type-I/III IFN responses, orchestrated by their cognate 

pattern recognition receptor (PRR) melanoma differentiation associated protein 5 

(MDA5) and downstream activation of TBK1-IRF3 transcriptional networks (Mosaheb et 

al., 2020). This is evident as phosphorylation of STAT1(Y701), downstream of the type-I 

IFN receptor (IFNAR), was induced during PVSRIPO infection (Fig. 23B).  

HeLa (cervical carcinoma, human papillomavirus 18 infected) and SUM149 

(breast cancer) cells do not mount an effective antiviral response to PVSRIPO (MOI 10). 

This is evident by a failure to induce p-STAT1(Y701) and an inability to protect cells 

from early virus-induced death (Fig. 23A). Accordingly, infection of HeLa and SUM149 

cells resulted in overt CPE by 8hpi. SUM149 did not respond with p-STAT1(Y701) 

induction; weak p-STAT1(Y701) immunoblot signal in PVSRIPO infected HeLa cells 

occurred at 8hpi, after CPE had set in (Fig. 23B). Depletion of YTHDF3 in HeLa- and 

SUM149 cells had no discernable effect on PVSRIPO translation or eIF4G1 cleavage (Fig. 
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24A, B). This indicated that YTHDF3 has no role in shaping the virus:host relationship in 

PVSRIPO-infected cells that do not mount a robust innate immune response.  

Since cell lines with intrinsic innate immune deficits are not representative EV 

hosts, we expanded our analyses to culture systems with active innate antiviral 

responses. A375 (melanoma) and T3M4 (pancreatic ductal adenocarcinoma) cell lines 

mount effective antiviral responses, evident as abundant p-STAT1(Y701) signaling after 

infection with PVSRIPO (MOI 10) (Fig. 23B). Also, the absence of morphologically overt 

CPE at 30hpi (and beyond) suggested that these cells were protected from PVSRIPO-

induced cell death (Fig. 23A). A375 cells had no baseline innate antiviral activity and 

responded with p-STAT1(Y701) induction to virus infection (Fig. 23B). In contrast, T3M4 

exhibited baseline p-STAT1(Y701) signal, indicating intrinsically active signaling 

through the type-I IFN receptor in the absence of virus challenge (Fig. 23B). 

YTHDF3 depletion profoundly affected PVSRIPO infection (MOI 10) of A375 or 

T3M4 cells (Fig. 24C, D). Viral translation and eIF4G1 cleavage were enhanced 

substantially. Virus propagation, which was surprisingly robust in the presence of an 

active innate antiviral response and absence of CPE, was propelled ~3-fold (A375) or ~9-

fold (T3M4) in YTHDF3 depleted cells (Fig. 24C, D). The extent of the effect of YTHDF3 

depletion on viral replication was consistent with the level of induction of viral 

translation (Fig. 24C, D). Together, these observations pointed towards a role for 
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YTHDF3 in shaping the PVSRIPO:host relationship through its influence on the innate 

antiviral immune response.  

 

 

Figure 23: Distinct responses to PVSRIPO among cell lines. 
HeLa, Sum149, A375 and T3M4 cells were infected with PVSRIPO (MOI 10) for 
the indicated times prior to being (A) photographed under a light microscope to 

assess CPE or (B) lysed for immunoblot analysis of p-STAT1(Y701) induction. 
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Figure 24: Preemptive YTHDF3 depletion stimulates PVSRIPO replication in cells 
with active innate antiviral immunity. (A) HeLa, (B) Sum149, (C; top panel) A375, or 
(D; top panel) T3M4 cells were transfected with ctrl siRNA or siRNA targeting YTHDF3 
48h prior to PVSRIPO infection (MOI 10) and lysis at the indicated intervals for 
immunoblot analysis. (C; bottom panel) A375 or (D; bottom panel) T3M4 cells were 
transfected with ctrl siRNA or siRNA targeting YTHDF3 48h prior to PVSRIPO infection 
(MOI 10) for one-step growth curve analysis. Plaque assays were performed to 
determine viral titers/sample (pfu/mL) at the indicated intervals (n=3). Graphs represent 
mean -/+ SEM; * and ** correspond to p <0.05 and 0.005, respectively. 

 

4.4 YTHDF3 facilitates the type-I IFN-driven response during EV 
infection 

4.4.1 Results 

To determine if YTHDF3 is a factor involved in the innate antiviral response, we 

depleted YTHDF3 in A375 and T3M4 cells prior to infection with PVSRIPO (MOI 10) or 
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transfection with high molecular weight (HMW) Poly(I:C) and examined innate 

activation cascades (Figs. 25, 26). Transfection with HMW Poly(I:C) synthetically mimics 

innate activation induced by RNA viruses via engaging Toll Like Receptor 3 (TLR3) and 

MDA5 (Alexopoulou et al., 2001; Kato et al., 2006). Our approach tested four stages of 

the innate response to PVSRIPO/Poly(I:C) in A375 cells: 1) IRF3(S396) phosphorylation, 

an immediate consequence of TBK1:IKKe activation after engaging MDA5 (Fig. 25A); 2) 

induction of type-I/III IFN mRNAs upon IRF3 activation (Fig. 26); 3) production and 

release of type-I/III IFN as a consequence of induced transcription (Fig. 26); and 4) 

induction of p-STAT1(Y701) and ISGs (STAT1, MDA5, IFIT1, ISG15, OAS1) downstream 

of the type-I IFN receptor IFNAR (Fig. 25A).  

A375 cells responded to PVSRIPO infection with induction of IRF3(S396) 

phosphorylation as early as 8hpi (Fig. 25A). This event was enhanced upon YTHDF3 

depletion throughout the observation period at 8, 24 and 30hpi (Fig. 25A). A global loss 

of immunoblot signal at 30hpi in cells treated with YTHDF3 siRNA (also evident in Fig. 

24C), likely is due to enhanced viral translation/propagation resulting in accentuated 

cytopathogenicity upon YTHDF3 depletion. Elevated levels of IRF3 activation 

corresponded with enhanced induction of type-I (b) and type-III (l1) IFN transcripts at 

30hpi (Fig. 26A). In contrast, YTHDF3 depletion non-significantly dampened PVSRIPO-

induced IFNb/l1 protein release (Fig. 26B). Moreover, the induction of ISGs was 

consistently diminished in YTHDF3-depleted cells (Fig. 25A). A375 cells did not respond 
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with detectable IRF3(S396) phosphorylation to Poly(I:C) transfection (Fig. 25B). Similar 

to PVSRIPO-infected cells, however, Poly(I:C)-induced ISG responses were diminished 

by YTHDF3 depletion at 24 and 30h post transfection (Fig.25B).  

 

Figure 25: Fig. 3. YTHDF3 depletion inhibits the type I/III interferon-driven ISG 
response. (A, B) A375 or (C, D) T3M4 cells were transfected with ctrl siRNA or siRNA 
targeting YTHDF3 48h prior to (A, C) PVSRIPO infection (MOI 10) and lysis at the 
indicated timepoint for immunoblot analysis or (B, D) Poly(I:C) transfection (1.25 
ng/mL) and lysis at the indicated timepoint for immunoblot analysis. 

 

In T3M4 cells—which exhibit readily detectable IRF3(S396) phosphorylation and 

ISG expression in the absence of PVSRIPO infection/Poly(I:C) transfection—the response 

to YTHDF3 depletion was distinct (Figure 25C, D). In YTHDF3-depleted T3M4 cells, p-

STAT1(Y701) and ISG expression were broadly reduced at baseline (0hpi) and at 8hpi 

after infection (Fig. 25C, D). This effect was overcome by additional innate activation 

upon PVSRIPO infection at 24 and 30hpi (Fig. 25C). As with A375 cells, Poly(I:C) 
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transfection replicated the effects of YTHDF3 depletion on the ISG response in T3M4 

cells (Fig. 25D).  

Our findings indicate that YTHDF3 depletion stimulates PVSRIPO translation 

and replication through impairment of the innate host response at a node that occurs 

after type-I/III IFN release. In A375 cells, YTHDF3 depletion significantly diminished 

ISG induction that was triggered by PVSRIPO infection. In T3M4 cells, with strong 

baseline antiviral signaling, YTHDF3 depletion diminished innate activation at 0-8hpi, 

during the early phase of PVSRIPO infection. The latter may explain the more robust 

stimulatory effect on viral translation/replication upon YTHDF3 depletion in T3M4 cells 

compared to A375 (Fig. 24C, D).  

These data suggested that YTHDF3 depletion affects the cellular response to 

PVSRIPO infection between IFN production and p-STAT1(Y701) induction, which 

points to a potential defect in IFNAR expression or signaling. To test whether there was 

a deficiency at this node in the pathway, we treated A375 cells with either IFNa or 

IFNg, which bind and signal through distinct cell surface receptors that utilize 

overlapping downstream kinases, after YTHDF3 depletion and assessed p-STAT1(Y701) 

induction (Fig. 27A, B). YTHDF3 depletion significantly impaired p-STAT1(Y701) 

induction upon treatment with IFNa, but not IFNg. Furthermore, IFNAR protein and 

mRNA expression were significantly impaired upon YTHDF3 depletion (Fig. 27A, C). 
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Together, these results demonstrate that YTHDF3 positively regulates IFNAR 

expression.  

Moreover, to test the dependence of YTHDF3 depletion’s effects on JAK/STAT1 

pathway activation, we depleted YTHDF3 in A375 cells, in the presence or absence of 

Ruxolitinib, a specific JAK1/2 inhibitor (Fig. 27D). Ruxolitinib treatment stimulated viral 

translation while significantly dampening the stimulatory effect of YTHDF3 depletion. A 

slight positive effect of YTHDF3 depletion still remained, indicating that there may be 

additional mechanisms by which YTHDF3 inhibits viral translation/replication. These 

results bolster our hypothesis that YTHDF3 antagonism of EVs occurs, in part, through 

facilitation of signaling through the type-I/III IFN receptor.  



 

90 

 

Figure 26: YTHDF3 depletion does not significantly diminish Type I/III 
interferon release.  
A375 cells were transfected with ctrl siRNA or siRNA targeting YTHDF3 48h 
prior to PVSRIPO infection (MOI 10, 30h) and (A) lysed for qRT-PCR 
analysis of the indicated transcripts (n = 5) or (B) supernatants were 
analyzed for type-I/III IFN secretion by multiplex cytokine analysis (n = 7).   
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Figure 27: YTHDF3 depletion stimulates PVSRIPO via IFNAR downregulation. 
A375 cells were transfected with ctrl siRNA or siRNA targeting YTHDF3 48h prior to 
treatment with 200 U/mL of (A) IFNa or (B) IFNg and lysed at the indicated time point for 
immunoblot analysis. (C) Quantification of IFNAR RNA levels upon YTHDF3 depletion 
(n = 5). (D) A375 cells were transfected with ctrl siRNA or siRNA targeting YTHDF3 48h 
prior to PVSRIPO infection (MOI 10, 24h) in the presence or absence of Ruxolitinib (50 
nM), and the relative induction of viral protein expression upon YTHDF3 depletion was 
quantified for the two conditions. Graphs represent mean -/+ SEM; *, **, *** corresponds 
to p <0.05, 0.005, 0.0005, respectively. 
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5. Conclusions 
5.1 CReP mediates selective translation initiation at the 
endoplasmic reticulum 

5.1.1 Discussion 

Cells readily shut off protein synthesis when encountering stress to reduce 

energy consumption and readjust cellular activity toward regaining homeostasis. 

However, even the most severe challenges to cell survival categorically require some 

ongoing translation. We uncovered selective, protected translation in the presence of 

severe stress-induced protein synthesis repression, mediated by sequestration of 

translation initiation machinery via CReP:eIF2 at the ER. ER-localized CReP:eIF2 

enabled local translation in the presence of virus-induced eIF2a(S51) phosphorylation 

and 4EBP-1 activation by mTOR inhibition. 

Enteroviruses (e.g., PV/PVSRIPO) engage ribosomes through type 1 internal 

ribosomal entry sites (IRESs), recruiting eIF4G:eIF4A directly to viral RNA, independent 

of an m7 G-cap and eIF4E (Sweeney et al., 2014). A similar scenario has been proposed 

for BiP (Cho et al., 2007). However, the small size of the unencumbered BiP 5′UTR (90 

nt) and a problematic bicistronic reporter approach put this claim in doubt. We have no 

evidence that local translation at the ER is restricted to m7 G-cap-independent 

translation initiation; alongside all core translation initiation factors, the m7 G-cap-

binding protein eIF4E localizes at the ER in a CReP-dependent fashion. Enterovirus 

(type 1) IRESs are eIF2 dependent (Sweeney et al., 2014) and, hence, sensitive to 
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eIF2a(S51) phosphorylation. This indicates that the physiologic significance of ER-

resident translation initiation is isolation from p-eIF2a(S51) accumulation during 

infection rather than providing conditions conducive to cap-independent initiation.  

CReP is known as a scaffold that facilitates p-eIF2a(S51) dephosphorylation 

(Jousse et al., 2003). In this work, we identified a broader role for CReP in recruiting 

translation initiation machinery to the ER via eIF2 binding. Our proximity-dependent 

ligation investigations indicate that eIF2A, a single-subunit functional homolog of eIF2 

(Zoll et al., 2002), also may bind CReP. Further work must be performed to assess the 

role of eIF2A in CReP-dependent translation at the ER.  

A missense mutation in the CReP eIF2a-binding motif (R658C) is linked to 

microcephaly, short stature, and premature diabetes (Abdulkarim et al., 2015; Kernohan 

et al., 2015). The mechanisms defined here, implicating CReP in the cell’s coordination of 

protein synthesis upon acute stress, could well be at the root of this syndrome, as 

CReP:eIF2a binding may control rapid responses enabling homeostatic balance in the 

secretory pathway. In addition to its chaperone activity, BiP is a major regulator of ER 

calcium channel efflux (Higo et al., 2010; Schauble et al., 2012). In cells with high 

secretory capacity, such as neurons or b-islet cells, CReP:eIF2 may be critical for ER-

bound biosynthesis of BiP in response to homeostatic perturbations that require BiP 

activity.  
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Our findings resonate with prior reports of protein synthesis in the cytosol and 

ER compartments being subject to distinct and independent regulation (Stephens and 

Nicchitta, 2008), as well as with ER-compartmentalized aminoacyl-tRNA charging and 

hydrolysis (Negrutskii and Deutscher, 1991). Exploitation of this system by viruses to 

enable viral translation during host protein synthesis suppression further emphasizes 

the broad cellular significance of CReP-mediated, ER-localized translation. 

5.1.2 Future Directions 

Our data indicate that CReP is critical for the proper localization of eIF2, as well 

as the entire translation initiation apparatus, to the ER. These data raise a major set of 

questions regarding CReP, and more broadly, ER-localized translation initiation as a 

whole. It will be critical to address CReP’s major cellular roles in relevant cell types. 

Individuals with homozygous mutations in CReP’s eIF2-binding domain have 

microcephaly, short stature, and impaired glucose metabolism. This syndrome points to 

a critical role for CReP in the proper development of tissues, brain and pancreas, that are 

particularly dependent on the capacity to rapidly modulate the secretory pathway in 

response to external cues. These cell types rely heavily on calcium signaling to globally 

regulate these instantaneous responses that can coordinate secretory pathway dynamics 

with mitochondrial metabolism and other critical cellular processes. Notably, in our 

proximity-dependent labeling studies, we (perhaps not surprisingly due to its 

localization) identified multiple calcium channels. However, it was evident to us from 
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its ‘interactome’ that CReP may specifically interact with these channels, as well as other 

proteins, that reside in ER-mitochondrial contact sites. Furthermore, CReP was recently 

identified in another study as a constituent of these cellular locales (Cho et al., 2020). 

Thus, further understanding of CReP will likely stem from pursuing its function in these 

relevant cell types, in its relevant context.  

While we did not perform large-scale analyses of the targets for CReP-dependent 

translation, this would be the first question to ask in these relevant cell types. 

Particularly, is this CReP/ER initiation apparatus critical for the biosynthesis of insulin in 

beta cells of the pancreas or in the development of their precursor cells? Are there 

certain RNA-binding proteins that facilitate the targeting of mRNAs to be translated at 

the ER via this initiation apparatus? Can GADD34 compensate for CReP in these cell 

types? If GADD34 does fully compensate for CReP in these cell types, why do these 

homologs that are regulated by completely distinct mechanisms exist? Are there certain 

“calcium-sensory” roles for CReP, with its constitutive localization to the secretory 

pathway, that make it unique from GADD34?  

While none of these questions will be trivial to address, the targeted deletion or 

mutation of CReP (particularly modeling the missense mutation identified in the 

humans) in these tissues, at distinct points of postnatal development, would be a good 

starting point. This genetic approach, in combination with an in vivo proximity-

dependent labeling approach and whole-cell proteomics in these relevant cell types, 



 

96 

would allow us to begin to address these questions and more about CReP’s 

underappreciated role in mammalian physiology.  

5.2 Enterovirus 2Apro cleavage of the YTHDF m6A reader proteins 
blocks the type-I interferon-driven antiviral response 

5.2.1 Discussion 

Proteolytic targeting of the YTHDF proteins by EV 2Apro augments recent reports 

that the cellular methylation machinery, in the context of (+)-ssRNA virus infection, is 

antiviral in nature (Gokhale et al., 2016). While genomic RNAs of EVs (Hao et al., 2019) 

and other (+)-ssRNA viruses (Gokhale et al., 2016) are methylated, we focused on 

YTHDF proteins in the context of the innate response to infection, as a large number of 

host cell transcripts (>7,000) are m6A-modified (Dominissini et al., 2012). Proteolytic 

degradation of YTHDF proteins in EV-infected cells occurs very early, prior to 

detectable viral translation, and before CPE takes hold. Immediate early interference 

with YTHDF protein function implicates 2Apro-mediated cleavage as a viral ploy to 

oppose the antiviral host response. Indeed, YTHDF3 depletion enhanced viral 

translation and replication in cells with functional innate responses to PVSRIPO 

infection (A375), or with baseline active type-I IFN signaling (T3M4), but not in cells 

with deficient innate antiviral type-I IFN responses to PVSRIPO infection (HeLa, 

SUM149).   

Deciphering the effects of YTHDF3 depletion on the innate host response to 

PVSRIPO infection indicated that the YTHDF proteins act at a step after IRF3 activation, 
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transcriptional induction of type-I/III IFNs, and IFNb/IFNl1 release, but prior to ISG 

induction. Thus, our results implicate YTHDF proteins in the biosynthesis of the type-I 

IFN receptor, IFNAR. Notably, cleavage of 2Apro’s other early proteolytic target, eIF4G, 

blocks m7G-cap dependent translation. Concerted 2Apro cleavage of YTHDF proteins and 

eIF4G may cooperate to abrogate protein synthesis of key innate response modifiers, i.e. 

IFNAR. A role for YTHDF proteins in translation of critical innate antiviral proteins is 

compelling for several reasons. Cells harboring (+)-ssRNA virus infection face acute 

inhibition of host protein synthesis, e.g. due to activation of the dsRNA-dependent 

protein kinase (PKR), or engaging of RNase L (Donovan et al., 2017). Under these 

conditions of sudden-onset duress and global protein synthesis repression, cells must 

retain translation capacity for biosynthesis of critical host response factors such as type-

I/III IFNs and IFNAR. Indeed, it was reported that IFNb and IFNl1 translation is 

specifically protected from RNase L-mediated translation inhibition (Chitrakar et al., 

2019), and IFNAR biosynthesis might require similar protections during acute infection. 

YTHDF proteins may have a role in enabling high priority translation of select 

templates in acutely infected cells. This hypothesis is supported by well-documented 

m6A modification sites in the IFNb message (Rubio et al., 2018; Winkler et al., 2019) and 

evidence for YTHDF1 and 3 coordinately regulating protein synthesis (Li et al., 2017; Shi 

et al., 2017). The YTHDF m6A readers may act in circumstances of acute survival 

challenge, enabling translation induction of select mRNAs in a global environment of 
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protein synthesis suppression. Our discovery that EVs target YTHDF proteins for early 

cleavage underpins their putative role in such a function during the innate antiviral IFN 

response.   

A recent report suggested that YTHDF1 inhibits antigen cross-presentation in 

antigen presenting cells (APC) via regulation of cathepsin expression and antigen 

degradation (Han et al., 2019). PVSRIPO is in experimental use as a cancer 

immunotherapy agent in glioblastoma (Desjardins et al., 2018b). Polioviruses naturally 

target APCs for infection (Shen et al., 2017), and PVSRIPO sublethal infection and 

proinflammatory stimulation of tumor-associated APCs is implicated in instigating 

tumor antigen-specific antitumor immunity (Brown et al., 2017). Further studies must 

examine whether PVSRIPO 2Apro-mediated YTHDF cleavage occurs in this context in 

vivo, whether it can stimulate cross-presentation, and if it is involved in antitumor 

immunity elicited by PVSRIPO. 

5.2.2 Future Directions 

While our studies elucidating the relationship between YTHDF proteins and 

poliovirus are incomplete, we have a straightforward path to molding our existing data 

into a specific mechanism. First, while our initial data connecting YTHDF3 to IFNAR 

expression is solely in A375 cells, we must repeat these experiments in T3M4, where the 

effects of YTHDF3 knockdown on the virus are substantially more robust, to determine 

if there are similar expression declines in IFNAR mRNA and protein upon YTHDF3 
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knockdown. Furthermore, we can utilize RNA immunoprecipitation of YTHDF3 in these 

cell lines to determine if the IFNAR message is directly bound by YTHDF3. We can also 

use m6A sequencing techniques such as MeRIPSeq/ m6Aseq to functionally assess the 

methylation status, and potential m6A-modified adenosines in IFNAR mRNA. 

Additionally, the effects of YTHDF3 knockdown on IFNAR protein expression seems to 

be more substantial in comparison to the effects on IFNAR mRNA level. Thus, we will 

perform polysome profiling on IFNAR message in response to YTHDF3 knockdown in 

these cell lines to define whether YTHDF3 plays a role in IFNAR message stability, 

translation, or a combination of both.  

Due to YTHDF protein homology and potential functional redundancy, as well 

as viral cleavage of all three of these proteins, careful studies assessing the effects of the 

individual and combinatorial effects of YTHDF proteins, on IFNAR as well as other 

cellular processes that could affect enterovirus replication, will be critical. These types of 

questions could be asked in more relevant models; while the mouse models for 

poliovirus are suboptimal due to host range and receptor issues, there are mouse models 

that faithfully recapitulate human disease features for coxsackievirus B3 infection, which 

we show also targets YTHDF proteins for degradation (Robinson et al., 2017). Targeted 

mutation of this cleavage site in YTHDF3, -1 or -2, as well as all three, in mice, could 

provide a unique window into the biology of these proteins during viral infection. In 

particular, assessing viral replication, cardiac damage, IFNAR expression in infected 
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cells, and the innate immune response in these mutant mice would provide a good 

picture of the in vivo relevance of these cleavages.  

While we could potentially assess the role of these cleavages in the context of 

PVSRIPO immunotherapy, it is important to note the issues with such a study. Due to 

the nature of PVSRIPO’s mechanism of action, the proper relevant cell types to 

manipulate are macrophages and dendritic cells. While the virus infects and replicates in 

these cells, which are the major drivers of the outcome of PVSRIPO therapy, viral 

replication and translation are significantly dampened in these cells. As such, there is 

likely to be minimal cleavage driven by 2Apro, though there may be certain myeloid cell 

subtypes that do permit higher levels of viral replication before clearing the infection 

(Mosaheb et al., 2020).  

Using WT poliovirus or Sabin, which is more aggressive than PVSRIPO, in these 

mouse tumor experiments, as well as cell culture experiments with A375 and T3M4, 

could potentially circumvent these technical issues, but raises another question. Does the 

attenuation of viral translation actually enhance the virus’s capacity to stimulate an 

antiviral response? While PVSRIPO maintains the intrinsic capacity to replicate under 

stress (part one of this dissertation), this virus is still significantly attenuated from WT. 

This attenuation could potentially hamper anti-antiviral viral strategies, such as what we 

have uncovered in part two.  
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We hypothesize that Sabin or Mahoney would actually translate/replicate to high 

levels in A375 and T3M4 cells and act in a cytotoxic manner similar to what we observe 

with PVSRIPO in other cell lines. Indeed, we have begun experiments in this vein by 

infecting A375 cells with Coxsackievirus A21 (CAV21), another closely related 

enterovirus; while these viruses have similar kinetics of cytotoxicity in HeLa cells, 

CAV21 infection has a markedly distinct effect on A375 cells, with substantial cytoxocity 

and minimal induction of the innate immune response as compared to PVSRIPO. These 

data suggest that the mode of attenuation of PVSRIPO enhances its potential as a 

stimulator of innate immune responses.  
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