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A Global View of Translation in Vesicular Stomatitis Virus Infected Cells 

Abstract 

 Infection of mammalian cells with vesicular stomatitis virus (VSV) results in the 

inhibition of cellular translation, while viral translation proceeds efficiently. This host 

“shutoff” is mediated by multiple mechanisms. VSV infection alters the phosphorylation 

of cellular eIF4E-BP1, thereby sequestering the cap-binding protein eIF4E. The viral 

matrix protein, M, blocks nuclear export of host mRNPs, and inhibits cellular 

transcription, suppressing the host mRNA pool. VSV replicates within the cytoplasm, 

and during transcription the viral polymerase transcribes 5 mRNAs that are structurally 

identical to cellular mRNAs with respect to their 5¢ cap-structure and 3¢-polyadenylate 

tail. We employed the global approach of massively parallel sequencing cytoplasmic, 

monosome, and polysome-associated mRNA to interrogate the impact of VSV infection 

of HeLa cells on translation. Analysis of sequencing reads in the different fractions 

shows > 60% of the cytoplasmic and polysome-associated reads map to the 5 viral 

mRNAs by 6 hours post-infection (hpi), which corresponds with host shutoff. Consistent 

with the overwhelming abundance of viral mRNA on polysomes, reads mapping to 

cellular genes were reduced after infection, although a subset exhibited increased 

polysome association. Analysis of viral and cellular mRNA distributions within polysome 

profiles by quantitative PCR supports a redistribution of cellular mRNAs to smaller 

polysomes and monosomes in infected cells. To test the contribution of blocking nuclear 

mRNA export to shutoff, we infected cells with a viral mutant in M (M51R), which is 
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defective in blocking nuclear export. This analysis reveals > 50% of cytoplasmic and 

polysome-associated reads map to viral mRNAs by 6 hpi, confirming the role of viral 

mRNA abundance in host shutoff. Furthermore, interferons were differentially expressed 

6 hpi with M51R. Interferons were not upregulated at 2 hpi, or during infections with 

VSV harboring wild-type M, indicating viral replication is required for innate immune 

sensing, and that blocking nuclear export principally inhibits interferon gene expression. 

These results provide a global view of host mRNA translation in response to VSV, 

supporting a model in which viral mRNA abundance is a key determinant of host 

shutoff, with inhibiting mRNP export and eIF4E sequestration contributing additional 

effects. 
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Vesicular stomatitis virus 

Replication Cycle 

 Vesicular stomatitis virus is the prototype of the Rhabdoviridae family of non-

segmented, negative strand RNA viruses.[1] The single-stranded negative sense 

genome encodes for the five viral proteins: nucleocapsid (N), which encapsidates the 

genomic RNA; the phosphoprotein (P) the cofactor of the viral polymerase; the matrix 

protein (M) which is important for mediating host shutoff as well as virion assembly; the 

glycoprotein (G) which is responsible for fusing viral membranes with cellular 

membranes; and the large protein (L) which is the viral RNA-dependent RNA 

polymerase. The VSV polymerase (L) is responsible for both transcription and 

replication of the viral genome. The replication cycle of VSV is summarized in Figure 

1.1. VSV gains entry to a cell via clatherin mediated endocytosis.[2, 3] The dimensions 

of the viral particle dictate a requirement for actin to successfully mediate 

internalization.[4, 5] Endosomal acidification leads to a pH-dependent conformational 

change in the viral glycoprotein resulting in the fusion of the viral envelope with the host 

cell membrane of the late endosome, Figure 1.1.[3, 6] The viral core, consisting of the 

negative sense genomic RNA coated in N, and associated with L and P is competent for 

all additional steps of replication.[7-9] Indeed, transfection of viral cores alone is 

sufficient for replication and the production of infectious progeny virus.[10] Upon escape 

from the endosomal compartment, the viral polymerase initiates a primary round of 

transcription to produce the five viral messenger RNAs (mRNAs), Figure 1.1.[11-13]  

 The VSV mRNAs are transcribed by L via a start-stop mechanism that results in 

the production of 5 individual mRNAs, Figure 1.2A.[14-18] These transcripts are  
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Figure 1.1. Vesicular stomatitis virus replication cycle. Schematic of principle steps 

during VSV replication in a mammalian cell. After attachment (1) and endocytosis (2), 

pH-dependent fusion in the late endosome deposits the viral core into the cytoplasm (3). 

Viral N-RNA cores associated with L and P undergo an initial round of primary 

transcription, producing the five individual viral mRNAs (4). Viral mRNAs are translated 

in the cytoplasm, and translation by membrane-bound ribosomes leads to the G protein 

being cotranslationally inserted into the endoplasmic reticulum (5). G then traffics 

through the Golgi and secretory pathway and is ultimately deposited in microdomains 

on the plasma membrane. The other four viral mRNAs are translated by soluble 

ribosomes in the cytoplasm, and the production of new proteins leads to replication of 

the viral genome through a positive sense antigenome intermediate (6). Newly 

replicated and encapsidated genomic RNAs can then be transcribed to amplify the viral 

mRNAs, so-called “secondary transcription” (7), and/or trafficked to the plasma 

membrane where they bud out through G-rich microdomains from the infected cell (8-9).
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Figure 1.1 (Continued). Vesicular stomatitis virus replication cycle.
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Figure 1.2. Structure and function of the large protein (L), the RNA-dependent 

RNA polymerase of vesicular stomatitis virus. (A) Organization of the VSV genomic 

RNA. The five viral genes, shown to scale, are transcribed in a cascade of abundance 

related to their position on the viral genome such that N>P>M>G>L. (B) Cryo-EM 

structure of VSV L with the RdRp domain colored in blue, the capping domain in pink, 

and the methyltransferase domain in green. The C-terminal domain and the linker 

region are both colored in gray. The figure is based on the structure 5a22 deposited in 

the Protein Data Bank (PDB). (C) Cap structure of VSV mRNAs from infected cells. N-7 

cap methylation (green) and 2¢-O methylation (cyan) of the first adenosine residue A1 

are performed by the methyltransferase domain of L. This activity can be reconstituted 

in vitro. Additional N6 methylations at A1 and A2 (red), as well as 2¢-O at A2 (cyan) have 

been observed only in mRNA isolated from infected cells. At the 3¢ end of VSV mRNA is 

a polyadenylate tail added by the polymerase through reiterative copying of a 7 residue 

polyU tract. (D) Host shutoff during VSV infection. HeLa cells infected with VSV at MOI 

3 were incubated with 35S methionine and cysteine to label newly synthesized proteins 

at the indicated times post infection. Between 2 and 6 hpi cellular protein synthesis is 

inhibited while initiation continues on viral transcripts.
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Figure 1.2 (Continued). Structure and function of the large protein (L), the RNA-
dependent RNA polymerase of vesicular stomatitis virus.
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present in a cascade of abundance corresponding to their position on the viral genome, 

Figure 1.2A.[19-21] Attenuation of transcription at the gene junctions results in an ~30% 

decrease in abundance between each transcript, with N being the most abundant 

transcript, followed by P, M, G, and L.[18, 22] 

 Translation of viral mRNAs occurs in the cytoplasm, and for all viral mRNAs with 

the exception of G, translation occurs on soluble cytosolic ribosomes, Figure 1.1.[23-25] 

G is translated predominantly by membrane-bound ribosomes.[24-26] Co-translational 

insertion of G into the endoplasmic reticulum leads to its trafficking through the 

secretory pathway, and ultimate deposition in microdomains on the plasma 

membrane.[27, 28] Viral cores of N-RNA  are transported with P and L to the plasma 

membrane where they are condensed by M and bud from the cell through G-containing 

microdomains.[29] Budding of viral particles is facilitated by the late-domain motifs of M, 

which recruit the cellular endosomal sorting complex required for transport 

(ESCRT).[30] Viruses with mutations in the M late-domain motifs assemble viral 

particles, but the mature virions fail to pinch off from the plasma membrane.[30-32] 

 

Structure and function of L 

 The viral polymerase (L) is a multifunctional protein responsible for all steps of 

viral transcription and genome replication.[8, 11] Core enzymatic activities of the 

polymerase, as well as the architecture of the protein are summarized in Figure 1.2. The 

polymerization domain contains a classical finger and palm structure characteristic of 

many RNA and DNA polymerases, Figure 2B.[33] L cannot directly engage the template 

N-RNA, but relies on its co-factor, the phosphoprotein P, to bridge the interaction 
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between L and the N-RNA.[34-37] Association of L with the template RNA requires the 

transient dissociation of 2-3 molecules of N from the N-RNA complex.[33, 38] L initiates 

transcription from a single entry point on the 3¢ end of the viral RNA, producing a short 

leader RNA with a 5¢ terminal triphosphate before sequentially transcribing the 5 viral 

mRNAs, which all begin with the conserved transcriptional start sequence 

“AACAGnnAUC”.[19, 21, 39, 40] This sequence is required for proper mRNA 

processing and gene expression.[41, 42] Evidence exists for a second entry site at the 

first gene start sequence of N in vivo, but this observation has not yet been fully 

reconciled with in vitro results supporting a single entry site.[39, 43, 44]  

Once nascent transcripts have reached 31 nucleotides in length, they are capped 

by the viral capping domain, Figure 1.2B, via an unusual covalent enzyme-RNA 

intermediate.[45, 46] This classifies the VSV capping enzyme as a polyribonucleotidyl 

transferase (PRNTase), rather than the typical guanylyl transferases used during the 

capping of cellular mRNAs.[45, 47] The caps are then sequentially methylated at the 2¢-

O and N-7 positions by the L methyltransferase domain, with 2¢-O cap methylation 

preceding and facilitating N-7 methylation.[48-56] The structure of VSV mRNA caps is 

depicted in Figure 1.2C. L terminates transcription at the end of each mRNA, and 

through reiterative copying of a 7 residue polyU tract adds a polyA tail of variable 

length.[41, 57-64] The capped, methylated, and polyadenylated viral mRNAs are 

structurally identical to cellular mRNAs, and can be further modified by cellular 

methyltransferases at the first two adenosine residues of the transcription start 

sequence A1A2CAG contained in all viral 5¢ untranslated regions (UTRs) to form a 5¢ 

end with the structure m7Gppp(m6)A1mp(m6)A2(m)pCpApG-, Figure 1.2C.[49, 65, 66]  
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During genome replication, L enters at the 3¢ end of the viral RNA and ignores all 

signals for gene start-stop junctions to synthesize a full-length complementary, positive 

sense antigenome.[67-69] This antigenome then serves as a template for genome 

replication. Genome replication is dependent upon N protein synthesis for encapsidation 

of genomic RNA.[70, 71] Genome replication produces additional negative strand 

genomes which are transcribed during secondary transcription, thereby amplifying viral 

mRNA levels, Figure 1.1. New genomes can also be packaged into budding virions. 

 

Translation of VSV mRNAs 

 Consistent with the structural identity between fully processed eukaryotic mRNA 

and VSV mRNAs, translation of viral messages is thought occur through the canonical 

initiation pathway. In support of this hypothesis, b-elimination of the methylated caps of 

viral mRNAs in vitro led to decreased association of the de-capped mRNAs with 

ribosomes following incubation in wheat germ translation extracts.[72-75] Furthermore, 

VSV mRNAs do not contain an IRES. In fact, the viral mRNAs all have 5¢ UTRs 

significantly shorter than the average cellular 5¢ UTR, which ranges from ~100-200 

nucleotides across species.[76] The viral N, P and L mRNAs have 5¢ UTRs of 14 

nucleotides or less, and all the viral mRNAs are AU-rich, suggesting complex secondary 

RNA structures do not drive translation initiation.[40, 57, 77] While VSV translation is 

thought to be cap-dependent, it exhibits an unusual hypersensitivity to depletion of the 

large ribosomal subunit protein, rpl40.[78]    

 Rpl40 is synthesized as an C-terminal fusion peptide to ubiquitin. The ubiquitin is 

cleaved off, contributing to the pool of free ubiquitin in the cell, and rpl40 is incorporated 
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into the 60S ribosomal subunit.[79, 80] Incorporation of rpl40 into the ribosome occurs 

late during assembly, after the subunits are localized to the cytoplasm.[81] Structural 

data indicates rpl40 is surface exposed, and sits in close proximity to the GTPase 

stimulating eIF5B factor, suggesting it may play a role in regulating subunit joining.[82] It 

has also been postulated that rpl40 may prevent translation initiation by immature 

ribosomes, indicating rpl40 may function as a quality control checkpoint during ribosome 

processing and maturation.[82] Consistent with this, deletion of rpl40 is lethal in yeast, 

but both yeast and mammalian cells can be depleted of rpl40 with minimal effects on 

polysome formation and rRNA processing.[78, 81, 83] 

 The precise mechanism by which rpl40 contributes to VSV translation is 

unknown, but depletion of rpl40 in HeLa cells using siRNA prevents GFP expression 

from an eGFP containing reporter virus.[78] This block to infection is downstream of 

entry as transfected viral cores are also defective in gene expression, but occurs after 

primary transcription, which is unaffected by rpl40 depletion.[78] In vitro translation 

extracts prepared from yeast cells depleted of rpl40 are unable to translate exogenous 

reporter mRNA containing the VSV UTRs, indicating the phenotype is evolutionarily 

conserved, and dependent on a cis-acting element in the viral UTRs.[78] Deep 

sequencing of polysome-associated mRNAs in wild-type yeast cells, and cells depleted 

of rpl40 identified cellular mRNAs that also exhibited sensitivity to rpl40, but did not 

identify any sequence elements or structural similarities with viral mRNA.[78] 
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Host Shutoff in VSV-infected Cells 

 Infection of mammalian cells with VSV results in the rapid inhibition of host cell 

gene expression, Figure 1.2D.[84] In HeLa cells labeled with 35S-methionine, which is 

incorporated into newly synthesized proteins, synthesis of host cell proteins is rapidly 

inhibited between 2 and 6 hours post infection, Figure 1.2D. Translation of cytoplasmic 

viral transcripts, which are structurally indistinct from cellular messages, continues 

unabated, Figure 1.2D. The decrease in 35S labeling of cellular proteins during infection 

is concomitant with the collapse of large polysomes, and a corresponding increase in 

80S monosomes, indicative of a defect in translation initiation.[14, 85] Consistent with 

this, it was demonstrated that rates of elongation were unchanged during VSV 

infection.[86]  

Despite the profound inhibition of cellular mRNA translation, and global 

suppression of polysome formation, the rate of total 35S-methionine incorporation in 

VSV-infected cells decreases only ~35% by 4.5 hours post infection.[87] This is due to 

the robust synthesis of viral proteins. The discrepancy between continued initiation on 

capped and methylated viral mRNAs during a profound inhibition of cellular cap-

dependent translation has been the focus of intense study for decades. Cumulatively, 

these studies have demonstrated that the inhibition of host cell gene expression is 

mediated by 1) the pleiotropic effects of the viral matrix protein (M), which inhibits 

transcription from all cellular polymerases and blocks nuclear export of cellular mRNPs, 

and 2) decreased translation initiation through activation of eIF4E-BP1 and subsequent 

sequestering of the cap-binding protein, eIF4E. 

 



	 12	

Eukaryotic Translation Initiation 

Overview 

 Canonical translation in eukaryotic cells initiates with recognition of the 5¢ ends of 

mRNAs by the eIF4F complex, summarized in Figure 1.3. The eIF4F complex consists 

of the scaffolding protein eIF4G, the cap-binding protein eIF4E, and the helicase 

eIF4A.[88-90] The cap-binding protein eIF4E recognizes the 5¢ methylguanosine cap of 

eukaryotic mRNAs and has long been considered the rate-limiting factor for initiation, 

although recent work suggests physiological levels are in excess of the amount required 

for development and tumorigenesis.[91-93] Recruitment of the eIF4F complex to the 5¢ 

end of mRNAs allows for interactions between eIF4G and polyA-binding protein (PABP) 

bound to the polyA tails of cellular messages.[89, 90, 94] These interactions lead to the 

circularization of mRNAs forming a “closed-loop” structure, which is thought to enhance 

initiation and may facilitate translational control by 3¢ mRNA elements.[88, 89, 95] 

 Activation of an mRNA by eIF4F binding leads to recruitment of the 40S subunit 

of the ribosome in association with eIFs 1, 1A, 3, and 5 as well as the ternary complex 

composed of eIF2 and the initiating methionine tRNA.[88-90] This pre-initiation complex 

(43S PIC) then scans the 5¢ UTR of the mRNA until a start codon within a suitable 

context is identified. Scanning and start codon recognition are facilitated by the eIF1 

and eIF1A proteins.[96] Upon start codon recognition, eIF1 dissociates from the PIC, 

and the GTPase-activating factor eIF5 stimulates eIF2 to hydrolyze GTP and release 

Pi.[88-90] 60S ribosome subunit joining is then catalyzed by eIF5B, forming an 

elongation competent 80S ribosome.[97]
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Figure 1.3. Eukaryotic translation initiation and viral subversion. Overview of the 

recruitment of ribosomes to a canonical mammalian mRNA, beginning with cap 

recognition by eIF4F. Interactions between the 5¢ and 3¢ ends of the mRNA lead to 

circularization and loading of the small 40S subunit of the ribosome in complex with 

initiation factors, called the “43S PIC”. The 43S PIC scans the 5¢ UTR until a suitable 

start codon is recognized, at which point the energy from GTP hydrolysis leads to 60S 

joining and the formation of an elongation competent 80S ribosome. Steps in the 

initiation pathway that are targeted by viruses with diverse replication strategies are 

highlighted in blue boxes.
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Figure 1.3 (Continued). Eukaryotic translation initiation and viral subversion.
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 For cellular mRNAs on which initiation is efficient, multiple ribosomes may bind 

and translate the message simultaneously, leading to polyribosome formation. 

Ribosome density on an mRNA is often used as a surrogate for the translation 

efficiency of a given message. RNAs with three or more ribosomes bound are generally 

considered well translated, while messages bound by a single ribosome, or monosome, 

are considered poorly translated.[98]  

 Because eukaryotic translation initiation requires the coordinated functions of 

over a dozen initiation factors, it is a prime target for the regulation of cellular protein 

synthesis. Indeed, initiation is the primary step of protein synthesis targeted for 

regulation both by the cell, and by viruses that infect eukaryotic organisms.[99] Cap 

binding by eIF4E is regulated by phosphorylation.[100, 101] An additional level of 

regulation is conferred by a family of eIF4E-binding proteins (eIF4E-BPs), which are 

also regulated by phosphorylation, Figure 1.3.[90, 100, 101] Hypophosphorylation of 

eIF4E-BPs leads to their activation and binding to eIF4E, thereby decreasing the rate of 

cellular cap-dependent translation initiation. Phosphorylation levels of eIF4E-BPs are 

controlled by the mammalian target of rapamycin (mTOR) signaling pathway, which 

coordinates multiple homeostatic input signals such as amino acid availability and 

growth factor signaling.[102] Activation of the mTOR pathway results in sequential 

eIF4E-BP hyperphosphorylation and the release of eIF4E, allowing the cap-binding 

complex to initiate protein synthesis and leading to an increase in cellular cap-

dependent translation.[90, 100, 101]  

 In particular, eIF4E is thought to be important for the translation of mRNAs with 

long, structured 5¢ UTRs. This effect is thought to be mediated through eIF4E’s ability to 
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recruit and stimulate the activity of the eIF4A helicase.[89, 90] Additionally, the 

translation of mRNAs with a 5¢ terminal oligopyrimidine (TOP) motif has been shown to 

be hypersensitive to the inhibition of the mTOR. Genetic studies have indicated this 

effect is dependent on the eIF4E-BPs, but the precise mechanism leading to decreased 

translation efficiency and polysome association of TOP mRNAs following mTOR 

inhibition has not been defined.[103, 104] 	

Downstream of cap recognition, additional levels of translation initiation 

regulation are conferred by eIF3 and eIF2.[89, 90] Regulation of eIF2 occurs through 

phosphorylation of its alpha subunit. Phosphorylation of eIF2a in response to stresses 

such as endoplasmic reticulum stress or the detection of viral nucleic acids, results in 

eIF2a tightly binding the guanine nucleotide exchange factor eIF2b, inhibiting its 

activity.[88, 94] This prevents ternary complex recycling and leads to a global inhibition 

of canonical translation initiation.[88, 94] However, the translation of eIF2a stress 

response mRNAs such at ATF4 and ATF5 is enhanced, allowing the cells to respond 

and recover from stress.[88, 89]  

The initiation factor eIF3 is itself composed of over a dozen independent subunits 

that associate along the mRNA entrance channel of the 40S ribosome, and make 

extensive contacts with the 5¢ UTRs of cellular mRNAs.[89, 90] This allows eIF3 to 

serve as a platform for regulating the translation of subsets of cellular mRNAs. Recent 

work has identified mRNAs regulated by an eIF3-specific mechanism during 

transformation and tumorigenesis.[105] Additionally, eIF3d has been shown to exhibit 

cap-binding activity, suggesting that eIF3d could potentially substitute for eIF4E during 

non-canonical translation initiation.[106] During the cellular response to heat shock, 
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heat shock protein mRNAs are co-transcriptionally modified with N6-methyladenosine in 

their 5¢ UTRs. This methylation results in non-canonical translation initiation through 

eIF3 recognition of the epigenetic mark, and direct recruitment of the ribosome by eIF3, 

independent of eIF4E.[107-109]      

 

Structure and Function of eIF4E 

 The cap-binding protein eIF4E, and its preference for binding m7G, were first 

identified through crosslinking studies of 5¢ radiolabeled reovirus mRNA.[110] 

Subsequent crystallographic studies demonstrated the protein forms a cup around the 

m7G moiety via eight anti-parallel beta sheets.[111, 112] The complex is stabilized by 

the aromatic stacking of two tryptophan residues with the guanosine cap, and additional 

stability is conferred by a third tryptophan interacting with the positive charge of the N-7 

methyl group.[111, 112] Consistent with these structural data, rate constants of purified 

eIF4E for variously modified cap analogues determined that eIF4E exhibits the highest 

affinity for m7GTP.[113]  

Measurements of eIF4E abundance suggest that there are 0.2-0.3 molecules per 

ribosome in mammalian cells, leading to the generally accepted hypothesis that eIF4E 

is the rate-limiting factor for cellular translation initiation.[90-92, 114, 115] Consistent 

with this model, increased eIF4E activity has been linked to oncogenesis, and 

overexpression of eIF4E alone is sufficient to transform NIH-3T3 cells.[100, 101, 116] 

That eIF4E is limiting has been contradicted by work claiming that estimates of free 

eIF4E levels in rabbit reticulocyte lysates vastly underestimate the amount of total 

eIF4E.[117] Furthermore, overexpression of eIF4E does not increase global protein 
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synthesis rates but instead increases the translational efficiency of specific mRNAs 

involved in oncogenesis.[100] More recently, a mouse model of eIF4E haploinsufficient 

mice suggested that physiological levels of eIF4E in mammals are in excess of the 

levels needed for normal development or tumorigenesis.[93]     

In addition to cap binding, eIF4E contains a binding site for eIF4G, the 

scaffolding protein of the canonical eIF4F initiation complex. A recurring theme from the 

study of eukaryotic initiation factors is that cooperative binding between factors leads to 

synergy and enhanced mRNA recognition. Binding of Saccharomyces cerevisiae eIF4G 

to eIF4E increases the association rate of the complex with RNA.[118] Within the eIF4F 

complex, eIF4E stimulates the helicase activity of the DEAD-box helicase eIF4A, and 

the interaction of eIF4A with eIF4G and eIF4B increases the helicase’s processivity to 

allow unwinding of cap-proximal RNA duplexes.[119, 120] This activity is thought to be 

particularly important for translation initiation on mRNAs with long, highly structured 5¢ 

UTRs. Ectopic overexpression of eIF4E enhanced translation of reporter mRNAs with 

increased 5¢ UTR structures, likely through its ability to recruit and stimulate eIF4A.[121, 

122] In yeast, ribosome profiling experiments indicated that the functions of eIF4A and 

its cofactor eIF4B were important for the translation efficiency of cellular RNAs with a 

propensity for more structured 5¢ UTRs.[123, 124] In mammalian cells, chemical 

inhibition of eIF4A helicase activity confirmed a role for the initiation factor in stimulating 

the translation of RNAs with structured 5¢ UTRs.[125-128] However, diminished eIF4E 

levels in haploinsufficient mice had no measurable effect on the polysome association 

of mRNAs with structured 5¢ UTRs.[93] Beyond enhancing eIF4A activity, the interaction 
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between eIF4E and eIF4G may stimulate translation by contributing to the 

circularization of cellular mRNAs.[129, 130]  

Eukaryotic eIF4G contains a binding domain for PABP, and thereby acts as a 

bridge between 5¢ end recognition through eIF4E and 3¢ end recognition by PABP, 

Figure 1.3.[129, 131, 132] This “closed-loop” model of translation has been studied 

primarily in the yeast system. Consistent with the model, deletion of the PABP-binding 

motifs in eIF4G leads to decreased rates of protein synthesis in vitro and slower cell 

growth.[131, 133, 134] Furthermore, inhibition of translation initiation by cap analogs 

appears to be more difficult once translation has commenced on an RNA.[135, 136] In 

HeLa cells, cleavage of eIF4G appears to have less of an impact on mRNAs already 

engaged in translation and minimally affects the translation of ribosomal protein 

mRNAs.[137, 138] Notably, housekeeping genes such as ribosomal proteins exhibit 

high ribosome density and tend to have short open reading frames, suggesting that they 

have a high potential to form closed-loop structures.[95, 139-143] 

Circularization of mRNA may enhance translation efficiency by increasing the 

probability that a terminating ribosome could re-initiate translation on the same molecule 

due to the proximity of the 3¢ and 5¢ ends. Indeed, re-initiation appears to occur more 

efficiently than de novo initiation.[144] This may be in part due to a higher local 

concentration of initiation factors around a closed-loop mRNA.[95] However, the nature 

of the secondary structures adopted by mammalian RNAs within a cell remain 

controversial. 
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Regulation of eIF4E 

 eIF4E function is regulated by phosphorylation, both by direct phosphorylation of 

eIF4E at serine 209, and by the phosphorylation of a family of eIF4E-binding proteins 

(eIF4E-BPs).[100, 101] Direct phosphorylation of eIF4E is performed by the MAPK-

interacting serine/threonine kinases (MNKs), which associate with the C-terminal HEAT 

domains of eIF4G.[145-150] Studies into the functional consequence of this 

posttranslational modification have produced conflicting results. While there are reports 

that bulk translation increases as a result of serine 209 phosphorylation, biochemical 

assays have demonstrated that serine 209 phosphorylation leads to a decreased affinity 

of eIF4E for the cap.[151-154] However, the magnitude of this effect was measured to 

be less than five-fold, suggesting it may have only a modest impact in a setting of 

redundant, synergistic interactions such as those that occur during eIF4F mRNA 

activation and 43S PIC recruitment. While it is known that the phosphorylation of eIF4E 

at serine 209 is required for transformation in mouse models, the precise mechanism by 

which this occurs remains unknown.[152, 155, 156] The regulation of eIF4E by the 

activation of eIF4E-binding proteins has been more clearly elucidated.  

 The eIF4E-BP family consists of three members in mammals, eIF4E-BP1, BP2, 

and BP3 that bind eIF4E via a conserved YXXXXLΦ motif also present on eIF4G.[157-

160] As this would suggest, the binding sites for eIF4G and eIF4E-BPs on eIF4E are 

overlapping. Inactivation of cap-dependent translation by eIF4E-BPs therefore occurs 

through competitive inhibition with eIF4G.[161, 162] Regulation of eIF4E-BP function is 

coordinated by mTOR, which phosphorylates eIF4E-BPs in response to changes in 

cellular homeostasis.[163-168] Hypophosphorylated eIF4E-BPs are active and can bind 
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eIF4E thereby preventing eIF4G association and inhibiting cap-dependent translation 

initiation.[157] The active forms of eIF4E-BPs can dissociate eIF4E-eIF4G complexes in 

vitro, a property that is abrogated by their sequential phosphorylation.[169] 

Phosphorylation of eIF4E-BPs by mTOR at threonines 37 and 46 is thought to be a pre-

requisite for their inhibition, and modifications at these sites are followed by 

phosphorylations at serine 65 and threonine 70 that completely abrogate eIF4E-BP 

binding to eIF4E.[167, 168] Once released from eIF4E-BPs, eIF4E can associate with 

eIF4G and stimulate cap-dependent translation.  

 

Host Shutoff During Viral Infection 

Viruses with Diverse Replication Cycles Induce Host Shutoff 

 Viruses are entirely dependent on cellular ribosomes for the translation of viral 

proteins.[99] To direct synthesis of viral proteins, viruses frequently manipulate the 

canonical translation initiation pathway, often at the expense of host cell protein 

synthesis, Figure 1.3. This shut down in cellular cap-dependent translation is termed 

“host shutoff”.[99] VSV is not the only virus that inhibits cellular protein synthesis, and 

viruses with widely divergent replication cycles induce host shutoff in infected cells. 

 Herpesviruses are DNA viruses that replicate in the nucleus of infected cells.[1] 

Comprehensive studies on the manipulation of cellular processes by virus-encoded 

factors have been published for the prototype alphaherpesvirus, herpes simplex virus 1 

(HSV-1). HSV-1 does not encode an RNA polymerase, therefore it depends on cellular 

polymerases for the transcription of viral mRNAs. Consistent with RNA processing by 

cellular factors, viral messages are capped, methylated, and polyadenylated by cellular 
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machinery.[170] Following export to the cytoplasm, the viral mRNAs initiate translation 

through the canonical cap-dependent pathway and bind host ribosomes. Paradoxically, 

infection with HSV-1 results in the collapse of polysomes and a profound inhibition of 

cellular cap-dependent translation.[171, 172] 

In contrast to the nuclear life-cycle of herpesviral replication, large DNA viruses 

of the poxvirus family, such as vaccinia virus (VACV), replicate in the cytoplasm of 

infected cells.[173] Because VACV mRNAs do not have access to nuclear localized 

factors, they are capped, methylated, and polyadenylated by virus-encoded enzymes in 

the cytoplasm.[174-183] Consistent with the structural identity between viral and cellular 

transcripts, translation of viral mRNAs is believed to be cap-dependent. As with 

herpesviruses, VACV infection also results in a profound inhibition of cellular gene 

expression, and the collapse of polysomes.[184-187] 

In addition to DNA viruses, RNA viruses of both positive and negative sense, and 

that replicate in either the nucleus or the cytoplasm of infected cells are known to induce 

host shutoff. Coronaviruses (CoV) are positive-strand RNA viruses that contain the 

largest known RNA genomes.[188] The genomic and subgenomic viral RNAs are 

capped, methylated, and polyadenylated.[189-196] It is thought that the capping 

reaction is performed by virus-encoded enzymes because severe acute respiratory 

syndrome-CoV (SARS-CoV) nsp13 has a RNA 5¢-NTPase activity. However, a virus-

encoded RNA guanylyltransferase has not yet been identified.[188, 197, 198] N-7 cap 

methylation of viral transcripts is catalyzed by CoV nsp14, which uses S-adenosyl 

methionine (SAM) as the methyl donor.[199-201] The 2¢-O methyltransferase nsp16 

then modifies the first adenine of the genomic and subgenomic mRNAs producing a 
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fully methylated cap structure.[202-207] The enzyme(s) catalyzing the polyA tail 

reaction are currently unknown, but it has been observed that tail length on viral 

transcripts changes during infection, implying that tail length may be regulated.[208, 

209] 

 Consistent with the capped, methylated, and polyadenylated structure of viral 

genomic and subgenomic RNAs, the translation of coronavirus transcripts is thought to 

occur by a cap-dependent mechanism. Constitutively active eIF4E-BP1 that harbors 

alanine mutations at all four possible phosphorylation sites restricts coronavirus gene 

expression when overexpressed in infected cells.[210] Furthermore, small molecule 

inhibition of the eIF4E-eIF4G interaction completely inhibits the replication of HCoV-

229E, at a concentration that only inhibits cellular translation by ~40%, suggesting that 

coronaviruses may have a greater dependency on the cellular eIF4F complex than 

cellular mRNAs.[211] Despite the sensitivity of coronaviruses to manipulation of the 

cap-binding complex, infection with coronaviruses is usually associated with a profound 

inhibition of cellular cap-dependent translation.[212-215] Large polysomes collapse and 

the number of 80S monosomes increases during infection, suggesting that translation 

initiation is inhibited.[216]  

In contrast, during infection with influenza virus, host cell gene expression is 

profoundly inhibited, despite polysome integrity being maintained.[217] Influenza is a 

single-stranded RNA virus with a negative sense genome, that replicates in the nucleus 

of infected cells.[218] Infection with influenza results in host shutoff that is driven in part 

by virus-mediated inhibition of splicing, accumulation of cellular mRNA in the nucleus, 

and the degradation of cellular mRNA.[219-228] Although the mRNAs of influenza have 
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cellular m7G caps, the translation of viral proteins in infected cells is insensitive to 

depletion of eIF4E by siRNA, overexpression of hypophosphorylated and therefore 

active eIF4E-BP1, or inactivation of mTOR by rapamycin.[210] While the function of the 

cap in recruiting ribosomes to influenza virus mRNAs is unclear, picornavirus mRNAs 

are able to recruit the ribosome in the absence of an m7G cap. 

Poliovirus is the prototype enterovirus of the Picornaviridae family.[1] The 

positive sense viral genome is uncapped, and yet it directs robust viral protein synthesis 

during host shutoff.[229, 230] Consistent with the inhibition of cellular translation, 

polyribosomes rapidly collapse in infected cells.[231, 232] Poliovirus mRNAs are 

actively translated during cellular cap-dependent shutoff through the use of an internal 

ribosome entry site (IRES).[233] The poliovirus IRES is a complex mRNA structural 

element that directs ribosome loading with a reduced dependence on cellular initiation 

factors and a 5¢ m7G RNA cap.[229, 230, 234] Such structures have since been 

identified in Pestivirus and Hepacivirus, of which hepatitis C virus is the prototype. In 

their most extreme form, the IRES of Dicistroviridae, a family of arthropod pathogens, is 

able to directly bind eukaryotic ribosomes and assemble 80S ribosomes to initiate 

protein synthesis in the absence of any cellular initiation factors.[235-239]  

Despite the profound inhibition of cellular translation following poliovirus infection, 

microarray studies of polysome-associated mRNAs identified a subset of cellular 

mRNAs that remained ribosome-associated during infection.[240] These mRNAs 

included proto-oncogenes and members of the MAPK pathway, and it was proposed 

that many may contain cellular IRES elements.[240] Despite the identification and 
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characterization of multiple elements within cellular mRNAs resembling IRESes, their 

ability to function as bona fide IRES elements has remained controversial.[240-244] 

Although diverse virus families induce host shutoff, there are two common 

themes that emerge with regards to the mechanisms used by viruses to suppress 

cellular gene expression. In general, viruses suppress host cell gene expression by, 1) 

altering the pool of cytoplasmic mRNA, and 2) regulating the assembly of the cap-

binding complex, eIF4F. In addition to promoting the translation of viral mRNAs, host 

shutoff enhances viral replication by preventing the expression of interferon (IFN) and 

interferon-stimulated genes (ISGs) in infected cells.  

 

Targeting the Cap 

 The essentiality of the m7G cap of cellular mRNAs for efficient recruitment of 

ribosomes suggests that it would be an ideal target for viruses that inhibit host cell gene 

expression. Indeed, both the DNA virus vaccinia virus, and the RNA virus influenza 

virus, directly target the caps of cellular mRNAs, Figure 1.3.  

 VACV encodes two decapping enzymes, D9 and D10, that remove the m7G cap 

of cellular mRNAs, targeting them for degradation by cellular exonucleases.[245-250] 

The depletion of cellular messages coincides with robust viral transcription, allowing 

viral messages to dominate the mRNA pool.[251] 

The influenza virus polymerase associates with the C-terminal domain of cellular 

RNA polymerase II (Pol II), where it has access to newly synthesized cellular pre-

mRNAs.[252-254] Influenza polymerase is a heterotrimeric complex composed of the 

PA, PB1, and PB2 subunits. The PB2 subunit recognizes the m7G cap of cellular pre-
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mRNAs, binds the cap, and positions the cellular pre-mRNAs for cleavage by the PA 

subunit endonuclease.[255-261] PA cleaves the cellular pre-mRNAs ~10-13 nucleotides 

downstream from the cap.[259, 260, 262-264] This host cell-derived capped and 

methylated oligo then serves as a template for viral mRNA transcription, producing viral 

mRNAs with cellular m7G caps and heterogeneous 5¢ terminal sequences.[255] The 

viral polymerase further modifies the transcripts by adding a polyadenylate tail, making 

them structurally indistinguishable from cellular transcripts.[265, 266]  

  

Targeting eIF4F 

The importance of eIF4F assembly to translation initiation on cellular mRNAs is 

highlighted by the diverse mechanisms by which viruses target and manipulate the 

assembly of this complex, Figure 1.3. HSV-1 targets the eIF4F complex for dual 

functions in infected cells; 1) to target cellular mRNAs for degradation, and 2) to 

stimulate translation of viral messages. Herpesvirus host shutoff is achieved primarily 

through degradation of capped, cytoplasmic mRNAs.[267-270] This degradation is 

nonspecific, and capped viral mRNAs are degraded as well.[271, 272] The virus host 

shutoff (vhs) protein, which is deposited in cells as a component of the infecting virion, 

contains ribonuclease activity responsible for degrading mRNA.[273-279] Vhs has been 

shown to bind eIF4H and eIF4A, and it associates with the eIF4F cap-binding complex, 

providing it with access to fully processed mRNAs.[280-283] Although it has been 

shown that the cleavage of mRNAs may occur in polysomes, ribosome association 

does not seem to be required for degradation by vhs.[284, 285] It is believed that high 
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rates of transcription of viral genes prevent depletion of viral mRNA levels, allowing for 

their continued translation during host shutoff. 

HSV-1 also modifies and regulates components of eIF4F to stimulate translation 

of viral proteins. In quiescent HSV-1 infected cells, eIF4E becomes phosphorylated at 

serine 209.[286] Although the precise mechanism by which eIF4E phosphorylation 

functions to stimulate translation remains poorly defined, it appears to be important for 

the formation of eIF4F complexes in HSV-1 infected cells, because preventing the 

phosphorylation of eIF4E through Mnk1 inhibits viral replication.[286] To further aide in 

assembly of functional eIF4F complexes, the viral ICP6 protein physically interacts with 

the eIF4G scaffolding protein and enhances the association of eIF4G with eIF4E.[287] 

Vaccinia virus infection also leads to eIF4E phosphorylation at serine 209, 

suggesting that larger pools of activated eIF4E may be available during infection.[288] 

Furthermore, eIF4E, PABP, and the scaffolding protein eIF4G are re-localized during 

vaccinia infection to sites of active viral replication called viral factories.[288, 289] It is 

thought that this redistribution of initiation factors contributes to host shutoff by limiting 

the availability of initiation factors to cellular transcripts, while increasing the local 

concentration of factors around viral mRNAs. This appears to be an active re-

localization by the virus, as the virus-encoded ssDNA-binding phosphoprotein I3 has 

been shown to bind eIF4G and recruit it to the viral factories.[290] 

While eIF4GI and eIF4A are thought to be essential for influenza protein 

expression, eIF4E is actually dephosphorylated during infection, suggesting that the 

cellular cap-binding complex may be remodeled.[291, 292] Similar observations that 

eIF4E is dephosphorylated have been made during VSV infection.[293] However, the 
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contribution of eIF4E phosphorylation to translation during RNA virus infection remains 

unclear, as dephosphorylation may reflect the dissociation of the eIF4F complex, and 

not be a driving mechanism in host shutoff. Consistent with the importance of eIF4G 

during influenza virus infection, it has been observed that the viral polymerase PB2 

domain and NS1 protein can interact with eIF4GI and PABP and recruit them to viral 

mRNAs.[210, 294-296] However, the precise contributions of these interactions to 

translation initiation is unclear, given that NS1 is not absolutely required for viral protein 

synthesis or host shutoff.[297] 

 Picornaviruses such as poliovirus encode a 2A protease that cleaves the eIF4G 

scaffolding protein, thereby preventing interactions between the 5¢ and 3¢ end of cellular 

mRNAs.[298-300] Proteolysis of PABP has also been observed during poliovirus 

infection, and the cleavage of these cellular initiation factors coincides with a profound 

inhibition of cellular cap-dependent translation.[298, 301, 302] There are also reports 

that eIF4E is re-distributed to the nucleus following eIF4G cleavage, and that eIF4E-

BP1 becomes hypophosphorylated and activated during poliovirus infection.[303, 304] 

However, the contribution of these effects to host shutoff beyond eIF4G cleavage are 

unclear. Consistent with host shutoff in poliovirus infected cells being driven by eIF4F 

alterations, cellular mRNAs are depleted from polysomes but are not degraded during 

infection.[305, 306] 

 

Targeting eIF4E-Binding Proteins 

 The regulation of eIF4E function by eIF4E-binding proteins represents a powerful 

node of translational regulation. Consistent with the importance of this regulatory 



	 29	

pathway, diverse virus families manipulate the phosphorylation status of eIF4E-BP1, 

Figure 1.3. HSV-1 infection in quiescent cells leads to increased eIF4E-BP1 

phosphorylation, suggesting eIF4E is liberated and able to bind viral transcripts.[286] 

Furthermore, the HSV-1 US3 kinase inactivates a negative regulator of mTOR, leading 

to proteasomal degradation of hyperphosphorylated eIF4E-BP1.[307] A similar situation 

occurs during vaccinia virus infection, where eIF4E-BP1 becomes hyperphosphorylated 

and is subsequently degraded by the proteasome.[288] 

Not all viral infections are associated with decreased eIF4E-BP1 activity. Indeed, 

infection with the DNA virus, SV40, as well as the RNA viruses poliovirus, EMCV, and 

VSV all lead to dephosphorylation of eIF4E-BP1, coincident with the appearance of host 

shutoff.[293, 303, 308] Although the precise mechanism by which VSV activates eIF4E-

BP1 is unknown, it appears to involve the Akt pathway.[309] It is thought that 

dephosphorylation of eIF4E-BP1 leads to binding and sequestration of eIF4E during 

infection, leading to a global decrease in eIF4F activation of cellular mRNAs and a 

decrease in cap-dependent translation. Poliovirus and EMCV translation is unaffected 

by eIF4E-BP1 activation because both viruses initiate translation via an IRES, however, 

how VSV mRNAs continue to direct translation initiation under conditions of eIF4E-BP1 

dephosphorylation remains to be resolved.  

 

Targeting eIF2 

 As previously mentioned, eIF2 function can be regulated by phosphorylation of 

its alpha subunit in response to a variety of cellular stresses, including viral infection. 

Detection of double-stranded RNA produced during infection activates RNA-dependent 
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protein kinase (PKR), which phosphorylates eIF2a and leads to a global inhibition of 

translation initiation.[310] Although PKR is activated during HSV-1 infection, the virus 

counteracts eIF2a phosphorylation through the viral g34.5 phosphatase, which binds 

cellular protein phosphatase 1a (PP1) and maintains eIF2a in an unphosphorylated, 

functional state.[311-313] Late during infection, the viral gene US11 interacts with PKR 

and inhibits its activation.[314-318] HSV further maintains eIF2a functionality by 

preventing the activation of PKR-like ER kinase (PERK), which is an effector of the 

unfolded protein response that also phosphorylates eIF2a, through associations 

between PERK and the viral glycoprotein gB.[319]  

 Vaccinia virus also counteracts PKR and PERK activation. The viral E3L gene 

product binds double-stranded RNA to prevent activation of PKR.[320-326] An 

additional gene product, K3L, serves as a pseudosubstrate for both PKR and PERK, 

thereby preventing phosphorylation of eIF2a and permitting translation initiation to 

continue.[327-329]    

 Among RNA viruses, influenza virus utilizes multiple mechanisms to antagonize 

PKR activation. Influenza recruits the cellular inhibitor of PKR, P58(IPK) to dampen the 

response to infection.[330-332] Additionally, the virally-encoded NS1 protein interacts 

with PKR and inhibits the phosphorylation of eIF2a.[333-335] Infection of cells with 

poliovirus and VSV results in eIF2a phosphorylation at later times post-infection, with 

differential impacts on viral translation.[336-338] In the case of poliovirus, at late times 

post-infection the virus exhibits a reduced requirement for eIF2 to initiate translation, 

potentially as a result of a viral protease cleaving eIF5B.[339-342] This allows poliovirus 

to continue to direct IRES-mediated viral protein synthesis.[340-342] In contrast, eIF2a 
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phosphorylation late during infection with VSV is thought to suppress translation of viral 

proteins.[338] However, this occurs after alterations to eIF4E and eIF4E-BP1 that are 

thought to be responsible for suppressing cellular translation.[293, 338] 

 

Targeting mRNA Export and Stability 

 Targeting assembly of the eIF4F complex allows viruses to subvert the cellular 

translation initiation pathway at the expense of host cell translation. In addition to 

manipulating translation initiation, many viruses also modulate the pool of available 

mRNA in infected cells. While this clearly contributes to host cell shutoff in some cases, 

it also serves to abrogate the expression of interferons (IFNs) and interferon-stimulated 

genes (ISGs).  

As previously described, infection with the DNA virus HSV-1 results in the 

degradation of capped, cytosolic mRNA.[267-270] De-capping by VACV enzymes likely 

leads to degradation of cellular mRNA by the host cell Xrn1 pathway, although this has 

not yet been definitively shown.[343, 344] Additionally, transcription from cellular 

polymerases is inhibited during VACV infection, also potentially contributing to host cell 

shutoff and the inhibition of IFN gene expression.[185, 345, 346] Beyond DNA viruses, 

multiple RNA viruses encode endonuclease domain-containing proteins that target 

mRNA for cleavage and degradation. 

One of these is the multifunctional nsp1 protein of coronaviruses. SARS-CoV 

nsp1 binds directly to 40S ribosomal subunits and inhibits 80S ribosome formation, 

while the virus S protein has been shown to bind eIF3f and inhibit translation later in 

infection.[347, 348] The viral 7a protein has also been suggested to inhibit cellular 
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translation, but the precise mechanism remains unknown.[349] In addition to inhibiting 

translation directly, coronaviruses degrade cellular mRNAs.[216, 350-352] The SARS-

CoV nsp1 protein induces endonucleolytic cleavage of cytoplasmic cellular mRNAs that 

results in their degradation by the cellular Xrn1 5¢-3¢ exonuclease pathway.[285, 347, 

352] Viral mRNAs escape cleavage, allowing for their efficient association with cellular 

ribosomes.[353, 354] The Middle East respiratory syndrome-CoV (MERS-CoV) nsp1 

protein induces degradation of actively transcribed nuclear mRNAs during infection, 

while the cytoplasmic pool of cellular RNAs remains unaltered.[355] Additionally, 

infection with mouse hepatitis virus (MHV) has been shown to lead to cleavage of 

ribosomal 28S rRNA in the cytoplasm starting ~5 hours post infection.[356] While this 

slightly precedes the timing of host shutoff, viral protein synthesis continues 

unabated.[356] 

In addition to “cap-snatching” the m7G caps of cellular pre-mRNAs, influenza 

specifically targets cellular mRNAs for degradation. Ribosome frameshifting during 

translation of the PA mRNA leads to production of a protein containing the PA 

endonuclease domain, with a C-terminal X-ORF domain.[357] This PA-X gene product 

suppresses cellular gene expression by targeting and degrading Pol II-transcribed 

cellular mRNAs.[357, 358] Viral mRNAs escape degradation by PA-X.[358] 

Although it has been observed that cytoplasmic cellular mRNAs are not 

degraded during picornavirus infection, transcription from all three cellular DNA-

dependent RNA polymerases is inhibited.[359-366] Mechanistically, the viral 3C 

protease cleaves the cellular TATA-binding protein (TBP) inhibiting cellular transcription, 

although some RNAs activated by NF-kB appear to be resistant to this inhibition.[367-
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370] It has also been reported that the poliovirus 2A protein degrades components of 

the nuclear pore, such as Nup98.[371, 372] The effect of this degradation on the 

nuclear export of cellular mRNAs has produced conflicting data, but regardless, 

inhibition of nuclear mRNA export and cellular transcription would serve redundant 

functions.[371, 372] The matrix protein of VSV has also been reported to inhibit 

transcription from cellular polymerases through interactions with TFIID, as well as block 

the directed export of mRNPs out of the nucleus by interacting with Rae1•Nup98.[373-

375] 

 

Inhibition of Cellular Gene Expression during VSV Infection 

 As outlined above, viruses have evolved multiple mechanisms to shut off host 

cell gene expression, and this shut off is often achieved through the simultaneous action 

of multiple effectors. During VSV infection, the activation of eIF4E-BP1 and subsequent 

sequestration of eIF4E is thought to suppress cellular translation. Additional 

contributions to host shutoff are mediated by the viral matrix protein, M, which inhibits 

transcription by cellular polymerases, and blocks the nuclear export of cellular mRNPs.   

The first evidence that VSV inhibited transcription by cellular polymerases was 

from experiments demonstrating that the incorporation of tritiated uridine into cellular 

mRNA was blocked during infection.[376, 377] Although transcription was found to be 

inhibited from all three cellular RNA polymerases, the greatest effect was observed on 

Pol II.[378, 379] Subsequent work identified M as the viral component responsible for 

inhibiting cellular transcription.[380-385] This inhibition seems to depend on an 

interaction between M and TFIID, the cellular transcription factor containing, among 
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other factors, the TATA-binding protein.[373] Although M is distributed throughout the 

nucleus as well as the cytoplasm, a large fraction of the protein is localized to the 

nuclear periphery.[375, 386, 387] The current model for how M mediates inhibition of 

endogenous transcription is that through interactions with components of the nuclear 

pore, M is able to associate with sites of active transcription and repress the activity of 

cellular polymerases.[388] These interactions include the well-documented ability of M 

to associate with the Rae1•Nup98 nuclear pore complex and block the nuclear to 

cytoplasmic export of mRNP complexes.  

 Crystallographic data indicates M interacts with the Rae1•Nup98 nuclear export 

complex at a 1:1:1 stoichiometry.[389] The Rae1 binding site on M, termed the finger 

region, interacts with a groove on Rae1 that is thought to make contacts with the 

phosphate backbone of mRNA on its export out of the nucleus.[389, 390] This suggests 

that the interaction between Rae1 and M sterically occludes the binding of cellular 

mRNAs to Rae1, inhibiting their export. Consistent with this, M can outcompete ssRNA 

for Rae1 binding in vitro, and a naturally occurring viral mutant containing a methionine 

to arginine mutation at residue 51 (M51R) in the finger region is defective in host 

shutoff.[389, 391] In Xenopus oocytes injected with recombinant wild-type M protein, but 

not M51R, M was observed to localize to the nuclear periphery, and the directed 

transport of snRNAs and mRNAs was blocked.[386] The transport of tRNAs was 

unaffected by M, suggesting not all nuclear export is inhibited by M.[392] Consistent 

with this finding, the Rae1•Nup98 axis is not the only mechanism for RNA export from 

the nucleus to the cytoplasm.[393, 394]  
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 If a primary function of M were to inhibit nuclear export of mRNPs, and not 

abolish transcription by cellular polymerases, it would follow that a nuclear accumulation 

of cellular polyA mRNA should be observed following infection with VSV. Indeed, there 

have been several reports that transfection of M alone, or infection with VSV leads to 

the nuclear accumulation of polyA mRNA in HeLa cells, BHK-T7 cells, and mouse 

embryonic fibroblasts.[374, 375, 387, 395, 396] However, attempts to replicate this 

result in other labs have not always been successful. This may reflect the presence of 

alternative export pathways, nuclear degradation of RNA triggered by export stress, or 

cell-type dependent variations in the contributions of M to host shutoff. It is possible that 

in certain cell types, the inhibition of mRNA transcription by M plays a more significant 

role than the inhibition of nuclear mRNP export.  

Underscoring the importance of M-mediated inhibition of transcription and 

nuclear export to infection, is the observation that these functions are conserved among 

vesiculoviruses. The matrix proteins of the closely related vesiculoviruses Chandipura 

and spring viremia carp virus, have also been shown to localize to the nuclear periphery 

in transfected HeLa cells, and block the cytoplasmic transport of mRNA when injected 

into Xenopus oocytes.[397] Additionally, the matrix protein of Chandipura virus can 

inhibit expression of a chloramphenicol acetyl transferase (CAT) reporter transfected 

into 293 cells, providing indirect evidence that it may also have inhibitory effects on 

transcription by cellular polymerases.[398] Notably, although the sequence identity 

between VSV and Chandipura or spring carp viremia virus M protein is only ~50%, a 

methionine, at position 51 in VSV, is conserved in a comparable position between all 
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three, and is essential for the transport blocking ability of VSV, Chandipura, and spring 

carp viremia virus M.[397] 

 Although the functions of M in blocking cellular transcription and nuclear mRNP 

export contribute to inhibiting host cell gene expression, they do not fully explain the 

suppression of cellular translation observed during VSV infection. It is well established 

that VSV does not target cellular mRNAs for degradation, and that the inhibition of 

cellular protein synthesis occurs before significant turnover of cellular mRNA.[87, 399] 

Indeed, host cell mRNA can be extracted from infected cells and translated in vitro, 

demonstrating the mRNA is intact and competent to direct protein synthesis.[87, 400] 

Rather, VSV infection is thought to inhibit cap-dependent translation initiation on cellular 

mRNAs through modulating the availability of the cap-binding complex eIF4F. During 

VSV infection both dephosphorylation of eIF4E at serine 209 and dephosphorylation of 

eIF4E-BP1 at serine 65 have been observed.[293] Pulldown experiments using m7G 

sepharose demonstrated that as eIF4E-BP1 became hypophosphorylated during 

infection, the levels of eIF4G associated with the cap-binding complex diminished by 6 

hours post-infection to ~50% of the levels pulled down in uninfected cells.[293] 

Simultaneously, the level of eIF4E-BP1 pulled down with m7G sepharose increased, 

suggesting eIF4E-BP1 was disrupting eIF4F complexes and sequestering eIF4E.[293] 

Consistent with this, addition of ribosomal salt washes containing eIF4F, among other 

factors, stimulated translation in extracts prepared from infected cells.[401] 

Although the precise mechanism leading to eIF4E-BP1 activation is unknown, it 

appears that M can affect the activation of the Akt pathway.[309] However, expression 

of M alone actually stimulates translation in HeLa cells, suggesting either another viral 
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component is necessary to affect eIF4E-BP1 activation, or that the effects on eIF4E-

BP1 are the result of a cellular response to infection.[402] Regardless of the mechanism 

leading to modulation of the eIF4F complex, translation of viral mRNAs continues during 

eIF4E-BP1 hypophosphorylation.  

Although the translation of VSV mRNAs is thought to be cap-dependent, multiple 

lines of evidence suggest it may not be eIF4E-dependent. VSV can replicate during 

conditions when canonical cap-dependent translation is suppressed, such as during 

rapamycin treatment, hypoxia, eIF4E depletion by siRNA, and eIF4G cleavage by the 

poliovirus 2A protease.[293, 395, 403] Furthermore, infection proceeds despite 

activation of eIF4E-BP1.[293] These discrepancies could be reconciled if eIF4F 

complex formation is not actually rate-limiting in cells, as has been suggested. 

Alternatively, it is possible that initiation on VSV mRNAs may be more efficient than 

canonical cellular initiation due to the short 5¢ UTRs of viral messages. The continued 

transcription of viral mRNAs throughout the course of infection has also been proposed 

to play a role.[404, 405] However, a unifying model for how VSV induces host shutoff 

while capped and methylated viral mRNAs are translated has not emerged. 

 

Models to explain viral mRNA translation during host shutoff  

 The first model to reconcile the robust translation of VSV mRNAs with cap-

dependent translation shut down, was proposed by Harvey Lodish and Mary Porter in 

1980. They hypothesized that an overabundance of viral mRNA led to competition for a 

limiting pool of cellular ribosomes.[87] Due to abundance, viral mRNAs were better able 

to compete for ribosome binding, leading to a redistribution of ribosomes from cellular 
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messages onto viral transcripts.[87] This model elegantly explained why polysomes 

collapsed and monosomes increased during infection, despite only modest suppression 

of the total rate of translation as measured by 35S incorporation. 

 They presented evidence that the total amount of translatable mRNA in infected 

BHK, Vero, and L cells increased 2-3 fold during infection.[87] By performing polysome 

profiling and then quantifying the amount of specific cellular proteins translated in vitro 

from polysome fractions, they demonstrated that the majority of cellular mRNA 

remained polysome-associated in infected cells, but was shifted towards smaller 

polysomes.[87] Crucially, they used this method to show that viral and cellular 

messages of similar sizes were translated on polysomes containing similar numbers of 

ribosomes.[87] This demonstrated that viral mRNAs were not preferentially translated, 

but rather that ribosomes were equally likely to bind cellular or viral transcripts. 

Therefore, they concluded that robust viral protein synthesis and decreased cellular 

protein synthesis was due to viral mRNA overabundance. This result validated earlier 

studies of the molar ratios of viral proteins and mRNAs that indicated VSV protein levels 

were regulated at the level of transcription.[22] A follow-up study by Lodish and Porter 

utilizing VSV temperature sensitive mutants defective in mRNA transcription, supported 

their initial conclusions by demonstrating a correlation between the level of viral mRNA 

transcription and the level of host shutoff.[400]  

Notably, Lodish and Porter also described the presence of sub-ribosomal 

mRNPs during VSV infection, and postulated that these could be explained by a cellular 

factor required for initiation that becomes limiting after infection.[87] However, in 

general, they found that no more than ~25% of cellular and viral mRNAs were 
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associated with non-translating mRNPs during infection.[87] This is in contrast to a 

subsequent study reporting the presence of a puromycin-resistant mRNP particle in 

VSV infected CHO cells.[406] The authors reported that the particle co-sedimented with 

polysomes on a sucrose gradient, and contained the five viral mRNAs complexed with 

the N protein.[406] By dissociating polysomes with puromycin and then isolating the 

mRNP, they showed that by 4.5 hours post infection, ~97% of the total VSV mRNA was 

associated with the particle, and that the particle was translationally inactive in wheat 

germ extracts.[406] Because only 3% of the viral mRNA remained bound by polysomes, 

the authors concluded that competition for ribosome binding cannot explain host 

shutoff.[406] Subsequent work by a different group using puromycin treatment followed 

by northern blotting of polysome fractions from HeLa cells concluded that only ~18% of 

the viral mRNA is ribosome-associated, and that it is associated with large 

polysomes.[404] The results from these studies, interpreted with results obtained using 

defective-interfering particles (DI particles) to modulate viral mRNA levels, led to the 

competition model falling out of favor. However, the presence of an N-viral mRNA 

mRNP is incompatible with experiments that immunoprecipitated N from infected cells 

and found only genomic viral RNA associated with immune complexes.[407] 

It is also worth mentioning that the interpretation of the experiments using 

defective-interfering particles to modulate viral mRNA transcription are confounded by 

the use of high multiplicities of infection (MOI). In this study, the infectious VSV MOI 

used was 5, and DI particles were added up to a MOI of 56.[408] Considering that the 

particle to pfu ratio for the infectious stock is unknown, and even more particles were 

added in conditions with high DI particle MOIs, the target cells were likely exposed to a 
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high dose of M protein. The incoming M from both infectious and defective particles will 

immediately act to block nuclear export and inhibit cellular transcription. Additionally, 

there will likely be higher levels of defective nucleic acids and abortive transcription 

products that could serve as potent activators of innate immunity, further complicating 

the interpretation of the experiments. However, in response to the challenges to the 

competition model, the consensus in the field has been that the effects of infection on 

eIF4F complex formation drives the inhibition of host cell translation.  

 While this model is not necessarily mutually exclusive to the competition model, it 

also does not provide a sufficient explanation for all of the observations regarding VSV 

host shutoff and viral gene expression.  

  

Innate immunity and the discrimination of self vs. non-self RNAs 

 RNA viruses that replicate in the cytoplasm of eukaryotic hosts must evade 

detection by host cell sensors of foreign nucleic acids. This pressure becomes 

particularly acute during replication, when there is the possibility that uncapped RNA, or 

double-stranded RNA intermediates may be formed.[409] These substrates are potent 

activators of the cytosolic innate immune sensors of foreign RNA, RIG-I and MDA5. 

RIG-I recognizes short, triphosphate RNAs, and MDA5 recognizes longer, double-

stranded RNA molecules.[410-414] Detection of foreign nucleic acids by RIG-I or MDA5 

leads to activation and association of the molecules with their adaptor protein MAVS, 

which is localized to the outer mitochondrial membrane.[409, 415, 416] Activation of 

MAVs by RIG-I or MDA5 initiates a downstream signaling cascade resulting in the 

expression of interferons (IFNs) and interferon-stimulated genes (ISGs) that establish a 
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cellular antiviral state.[409, 415, 416] To evade detection by RIG-I and MDA5, positive 

sense RNA viruses induce alterations to host cell membranes forming compartments 

that physically separate viral replication from the cytoplasm.[417] Negative strand RNA 

viruses do not sequester their replication in membrane-bound compartments but have 

evolved other mechanisms to counter host defenses. Many of these strategies involve 

disassembly of signaling cascades downstream of detection by RIG-I and MDA5.[409, 

415, 416]  

 RIG-I is the cytosolic RNA sensor believed to be responsible for recognizing VSV 

RNA, as IFN is not induced when RIG-I knockout MEFs are infected with VSV, and VSV 

replicates to higher titers in RIG-I knockout mice.[411, 418] The viral M protein is 

believed to antagonize the innate immune response and ablate the expression of IFN 

and ISGs by blocking transcription from cellular polymerases, and inhibiting nuclear 

mRNP export. Studies comparing the effects of wild-type VSV infection with infection by 

the M51R mutant in M, support that blocking nuclear export may be the primary 

mechanism by which M antagonizes the innate immune system.  

 

The M51R mutant in M 

 A mutation in M at methionine 51, M51R, was identified in two separate strains of 

temperature sensitive VSV mutants defective in host shutoff, tsO82 and ts1026RI.[382, 

384, 419-423] The tsO82 virus is temperature sensitive in chicken cells, but neither the 

tsO82 virus nor a recombinant virus containing only the M51R mutation exhibit 

temperature sensitivity in most cell lines used for the study of VSV, such as BHK and 

HeLa cells.[391, 422] Crystallographic studies of M in complex with the Rae1•Nup98 
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nuclear export complex localize methionine 51 to a region of M making extensive 

contacts with Rae1. Therefore, even a conservative amino acid substitution such as 

arginine, may be sufficient to disrupt the interaction between M and Rae1.[389] 

Consistent with this, recombinant M51R protein does not localize to the nuclear 

periphery when microinjected into Xenopus oocytes, and does not inhibit directed 

transport within those same cells.[386] Similarly, wild-type M localizes to the nuclear rim 

in HeLa or MEF cells transfected with M alone, or infected with a GFP containing 

reporter virus, and leads to the accumulation of nuclear polyA mRNA in these cells.[374, 

375, 387] A mutant in residues 52-54 of M, where each residue has been substituted for 

alanine, M(D), exhibits a more diffuse cellular localization compared with wild-type M, 

and is unable to mediate nuclear accumulation of polyA mRNA when transfected into 

HeLa cells.[375] 

 Because M blocks cellular transcription and nuclear mRNP export, one potential 

consequence of M-mediated functions is that the expression of interferons and 

interferon-stimulated genes is inhibited in VSV-infected cells. Consistent with this 

hypothesis, cells transfected with a luciferase reporter gene drive by the IFN-b promoter 

and either co-transfected, or infected, with wild-type M were unable to activate 

luciferase expression.[384, 391] However, cells transfected with M containing the M51R 

mutation, or infected with VSVM51R, were able to activate luciferase expression, 

demonstrating that the inhibition of host cell gene expression by wild-type M abrogates 

interferon signaling in infected cells.[384, 391] Indeed, wild-type M appears to be 

sufficient to inhibit interferon signaling in these cells. This is likely through M’s ability to 

block transcription and the nuclear export of mRNPs. Notably, infection of MEFs with 
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VSV led to an accumulation of IFN-b RNA in the nucleus of wild-type infected cells as 

assessed by microarray and RT-qPCR, but equal distributions of IFN-b RNA between 

the nucleus and cytoplasm in cells infected with a mutant virus harboring the M51R 

mutation.[424] Additionally, Nup98 is an interferon-stimulated gene, and overexpression 

of Nup98/Nup96 or addition of IFN-g in M transfected cells can overcome the nuclear 

retention of cellular polyA mRNA.[387]  

The papers reporting IFN induction during infection with VSVM51R did not identify 

the stimulatory molecule recognized by the innate immune system, and a convincing 

demonstration of the physiological ligand detected during VSV infection has not been 

put forth.[425] Initial reports suggested that viral genomic RNA could activate the innate 

immune response, but the relevance of purified and transfected RNAs to the 

physiological ligand is unclear.[412] Although the viral genomic and antigenome RNA 

have a 5¢-terminal triphosphate, as do the short, uncapped leader and trailer products 

produced during transcription and replication, these RNAs are coated in the viral 

nucleocapsid protein (N) and are therefore shielded from detection.[38, 67, 426-430]  

Viral mRNA is likely not a significant source of immune activation, because it is 

capped and methylated at the 2¢-O position.[49, 66] While methylation at the N-7 

position is thought to facilitate cap recognition and translation efficiency, methylation at 

the 2¢-O position has been shown to be a determinant of self vs. non-self discrimination 

by IFIT1 (ISG56) and IFIT2 (ISG54).[431-434] The precise function of the methylations 

added by L to VSV mRNA remains enigmatic, as a viral mutant defective in all 

methyltransferase activity in vitro retains the ability to induce host shutoff, directs viral 

protein synthesis and is pathogenic in mice.[435] While these studies do not definitively 
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rule out compensatory methylations by a cellular methyltransferase, they suggest that 

the inhibitory effects of M on cellular gene expression are sufficient to counteract host 

defense strategies.  

However, VSV replication produces large numbers of defective-interfering 

particles (DI particles). Copy-back DI particles, which have complementary 3¢ and 5¢ 

ends are potent activators of the interferon response.[436] Indeed, infection with a 

single copy-back DI particle is capable of inducing a quantum yield of interferon, 

suggesting that the release of such particles may account for the robust induction of 

interferon in a VSV infected animal.[436] 

 

Addressing lingering questions in VSV biology 

 In the studies presented here, we have interrogated the mechanism of VSV-

induced host cell shutoff by massively parallel sequencing cytoplasmic and polysome-

associated mRNA. We found that viral mRNA abundance is a key determinant of host 

shutoff, but cannot fully explain the movement of cellular mRNAs out of large polysomes 

towards smaller polysomes and monosomes. This reconciles the viral mRNA 

abundance model proposed by Lodish and Porter with observations that the cellular 

cap-binding complex, eIF4F, is remodeled during VSV infection. We specifically tested 

the contribution of blocking cellular nuclear mRNP export to host shutoff by sequencing 

cytoplasmic and polysome-associated mRNA from cells infected with VSV harboring the 

M51R mutation in M. Our results indicate that blocking nuclear export of cellular mRNAs 

does not contribute significantly to the translational suppression of the host. Rather, we 

identify the function of M in blocking nuclear export as a key factor in suppressing the 
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cellular antiviral response. These results expand our understanding of host-pathogen 

interactions and underscore the robustness of the activity of the VSV polymerase.
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Abstract 

 Infection of mammalian cells with vesicular stomatitis virus (VSV) results in the 

inhibition of cellular translation while viral translation proceeds efficiently. The VSV 241 

kDa large protein (L) which contains an RNA-dependent RNA polymerase (RdRp) 

transcribes 5 mRNAs in the cytoplasm. The mRNAs are structurally indistinct from those 

of the cell as two additional enzymatic activities of L – a polyribonucleotidyl transferase 

and a dual specificity cap methyltransferase – add and methylate the 5¢ cap-structure. A 

3¢ polyadenylate tail is added through a pseudotemplated mechanism of RdRp 

stuttering on a U7 tract. Here we employed the global approach of massively parallel 

sequencing cytoplasmic, monosome- and polysome-associated mRNA to interrogate 

the impact of VSV infection of HeLa cells on translation. Analysis of relative sequence 

reads in the different fractions shows > 60% of cytoplasmic and polysome-associated 

reads map to the 5 viral mRNAs by 6 hours post-infection, which corresponds to the 

time point at which robust host shutoff is observed. Consistent with this overwhelming 

abundance of viral mRNA in the polysome fraction, the reads mapping to cellular genes 

were reduced. Analysis of a subset of viral and cellular mRNA distributions within 

polysomes using quantitative PCR shows a redistribution of cellular mRNAs to smaller 

polysomes and monosomes in infected cells. These results underscore the importance 

of viral mRNA abundance in VSV infected cells as a key determinant of host cell shutoff. 

Viral induced suppression of cellular pools of the rate-limiting factor for translation 

initiation – the cap-binding protein eIF4E – likely enhances this effect by shifting cellular 

mRNAs to smaller polysomes and monosomes. 
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Introduction 

 Nonsegmented negative-strand (NNS) RNA viruses share a common strategy of 

mRNA synthesis, our understanding of which has largely come from studies of vesicular 

stomatitis virus (VSV). The template for mRNA synthesis comprises the viral genomic 

RNA completely encased within a viral encoded nucleocapsid protein (N) sheath. The 

N-RNA template is transcribed by the viral encoded RNA-dependent RNA polymerase 

(RdRp) which resides within the 241 kDa L protein.[8, 11] The L protein contains two 

additional enzymatic activities that catalyze 5¢ mRNA cap-structure formation through 

unconventional mechanisms.[45, 54, 56] The viral mRNAs contain a 3¢ polyadenylate 

tail that is added in a pseudotemplated manner of reiterative copying of a polyU-tract by 

the viral RdRp.[57, 61] 

The L protein contains all of the enzymatic activities required for formation of a 

mature mRNA, but cannot engage the N-RNA template directly. The viral encoded 

phosphoprotein (P) bridges interactions between N-RNA and L allowing the polymerase 

access to the RNA template.[9, 34, 35, 38] Two additional genes in the viral genome 

encode the matrix protein (M) that is essential for budding of viral particles, and a single 

transmembrane glycoprotein (G) that mediates attachment of virus to cells, and 

catalyzes fusion of viral and cellular membranes during entry. The arrangement of those 

5 genes on the template is 3¢-N-P-M-G-L-5¢, and during L-catalyzed mRNA synthesis a 

localized transcriptional attenuation occurs at each gene-junction resulting in a gradient 

of mRNA where N>P>M>G>L.[18, 19, 21, 22] 

The 5 viral mRNAs are transcribed in the cytoplasm and are structurally identical 

to those generated by the host. Infection of mammalian cells by VSV results in a 
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profound shut off of host gene-expression as evidenced by metabolic labeling of protein 

synthesis.[84] The viral and cellular mRNAs are, however, structurally indistinct and 

translated in the cytoplasm. Consequently, the mechanism responsible for this host 

shutoff must account for ongoing viral translation. Eukaryotic mRNA translation typically 

involves binding of the 43S pre-initiation complex (PIC) comprising the small ribosomal 

subunit and eukaryotic initiation factors (eIF) near the m7G cap of mRNA.[88, 90, 94] 

The recruitment of the small subunit requires the recognition of the mRNA cap structure 

by the eIF4F complex comprising a scaffolding protein eIF4G, the eIF4A helicase, and 

the cap-binding protein eIF4E, which is the rate-limiting factor for initiation.[88, 90, 94] 

Following binding to the mRNA, the small ribosomal subunit then undergoes scanning 

to the initiating methionine where the large 60S subunit joins to form the elongation 

competent 80S complex, which is accompanied by the release of the initiation 

factors.[88, 90, 94] 

For VSV, multiple mechanisms have been proposed to account for the observed 

shut off of host protein synthesis. Early work led to the model that viral mRNA 

abundance in the cytoplasm resulted in competition for ribosome binding between 

cellular and viral transcripts.[87, 400] The viral M protein also inhibits host gene-

expression through multiple mechanisms. Those mechanisms include the 

hypophosphorylation of the eIF4E-binding protein eIF4E-BP1, which sequesters eIF4E 

thereby reducing the pool of the rate-limiting factor for translation initiation.[293, 309] 

The M protein also suppresses host gene-transcription by inhibition of RNA polymerase 

II.[381, 382, 385] A further onslaught on host gene expression is accomplished by the 

M-mediated block of mature mRNP export from the nucleus to the cytoplasm by direct 
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binding to the Rae1•Nup98 nuclear export complex.[374, 375, 389] In addition to those 

mechanisms, evidence indicates that ongoing transcription of viral mRNAs plays a role 

in efficient viral protein synthesis.[404, 405] In a genome wide RNAi screen, we 

previously reported that viral translation was hypersensitive to the loss of the large 

ribosomal protein L40, providing further evidence of differential recognition of the viral 

mRNAs from those of the host.[78, 437] 

We now interrogate global mRNA translation in VSV infected cells using RNA 

sequencing of the cytoplasmic mRNA transcriptome, and parallel sequencing of 

polysome-associated mRNAs. The results provide strong support of the importance of 

the abundance of viral mRNA in contributing to host shutoff by leading to a redistribution 

of cellular ribosomes onto viral messages. By combining this RNAseq analysis with 

examining the distribution of specific viral and cellular mRNA within polysomes, we also 

demonstrate that cellular mRNAs shift to smaller polysomes and monosomes consistent 

with a reduction in the pool of eIF4E. We conclude that the overwhelming abundance of 

viral mRNA plays a key role in the shut off of host protein synthesis, a strategy that has 

recently been recognized for other highly cytopathic RNA viruses. 
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Results 

Viral RNA comprises 60% of the cytoplasmic mRNA 6 hours post-infection. 

To interrogate the impact of VSV infection on global translation we isolated 

cytoplasmic, monosome- and polysome-associated mRNAs from HeLa cells at 2 and 6 

hpi and compared the relative sequence reads obtained by deep-sequencing (Figure 

2.1A). As evident from the polysome profiles, VSV infection results in a small but 

reproducible increase in monosomes and large polysomes by 2 hpi, followed by a 

collapse in the pool of large polysomes and an increase in monosomes by 6 hpi (Figure 

2.1B). Analysis of the reproducibility of sequencing reads between biological replicates 

of each fraction yields Pearson correlations >0.97 for cytoplasmic, monosome- and 

polysome-associated mRNA pools, validating reproducibility between the replicates. 

Mapping of the sequence reads to the viral and cellular genomes highlights that 

by 6 hpi > 60% of reads in the cytoplasmic and polysome fractions are viral (Figure 

2.1C). This increase from the <1% observed at 2 hpi (Figure 2.1C) emphasizes the 

impact of the exponential phase of viral RNA replication and secondary transcription of 

the viral genome on viral mRNA production. The viral sequence reads cover all 5 

mRNAs, with clear dips in coverage that map to gene-junctions (Figure 2.2A). 

Consistent with the order of transcription of the viral genome, and the localized 

transcriptional attenuation at gene-junctions, the relative reads that map to each viral 

gene typically diminish with distance from the single 3¢ promoter (Figure 2.1D and 

Figure 2.2B & 2.2C). 

Similar analysis of the sequencing reads that map to cellular genes supports that 

like the viral mRNAs, the level of reads in the polysome fraction mirrors that in the 
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Figure 2.1. Viral RNA comprises 60% of the cytoplasmic mRNA at 6 hours post-

infection. (A) Schematic representation of the experimental design. Where indicated, 

HeLa cells were infected at MOI 10 with VSV for 2 or 6 hours. At 2 or 6 hpi cytoplasmic 

extracts were prepared and used directly for RNA isolation, or were subject to polysome 

profiling. RNA was isolated from fractions corresponding to 80S monosomes, or 

polysomes containing 3 or more ribosomes, and mRNA was used to make deep 

sequencing libraries. (B) Polysome profiles from uninfected (black) or VSV (red) 

infected HeLa cells. Cytoplasmic extracts were sedimented through a 10-50% sucrose 

gradient, and 0.5 ml fractions were collected while continuously monitoring absorbance 

at UV254nm. (C) Results of fragment mapping to the concatenated hg38 (human) and 

VSV genomes for cytoplasmic, monosome, and polysome samples at 2 and 6 hpi. 

Trimming and mapping was performed in CLC Genomics Workbench. (D) Cytoplasmic 

gene cascade for the 5 viral mRNAs at 2 and 6 hpi, respectively. Expression level is 

presented as Transcripts per Kilobase Million (TPM) to normalize for gene length and 

library size, error bars denote standard deviation. 
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Figure 2.1 (Continued). Viral RNA comprises 60% of the cytoplasmic mRNA at 6 

hours post-infection.
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Figure 2.2. The viral gene cascade at 2 and 6 hpi. (A) Mapping coverage to the viral 

genome in the cytoplasm or on polysomes at 6 hpi. Mapping and coverage analysis was 

performed in CLC Genomics Workbench. (B) Gene cascade on monosomes and 

polysomes for the 5 viral mRNAs at 2 hpi. Expression level is presented as Transcripts 

per Kilobase Million (TPM) to normalize for gene length and library size, error bars 

denote standard deviation. (C) Gene cascade on monosomes and polysomes for the 5 

viral mRNAs at 6 hpi, presented as in B.
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Figure 2.2 (Continued). The viral gene cascade at 2 and 6 hpi.
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cytoplasmic fraction in uninfected cells and at 2 and 6 hpi (Figure 2.1C). An 

overwhelming abundance of viral mRNA produced by the viral polymerase thus 

competes with the pool of cellular mRNA for polysome association, supporting the 

model first proposed by Lodish and Porter. We note that viral mRNAs are, however, 

underrepresented (49%) and cellular mRNAs overrepresented (51%) in the monosome 

fraction at 6 hpi compared to their total abundance (Figure 2.1C). This finding is 

consistent with a differential effect on viral versus host mRNA due to the suppression of 

the cellular pool of eIF4E. Such suppression should result in reduced ribosome loading 

on mRNA and could account for the shift of some cellular mRNAs out of the polysome 

pool. Thus, multiple mechanisms including viral mRNA abundance and eIF4E 

inactivation contribute to translational inhibition of the host. 

 

The relative abundance of individual cellular mRNAs in the cytoplasm and on 

polysomes decreases between 2 and 6 hpi.  

To determine how VSV infection affects the distribution of each individual mRNA 

within the respective pools, we plotted the TPM for each mRNA mapped to the human 

and viral genome in uninfected and infected cells in all 3 fractions (Figure 2.3). At 2 hpi, 

the relative reads of viral mRNAs are similar to that of highly expressed cellular mRNAs 

in each fraction (Figure 2.3A). The reads that map to each individual cellular mRNA 

were largely unaffected early during infection (Figure 2.3B). This analysis shows that at 

2 hpi the polysome association of cellular mRNA reflects cytoplasmic abundance. 

By 6 hpi, reads that map to 4 of the 5 viral genes, N, P, M and G exceed those of 

any cellular mRNA, and reads mapping to the L gene were exceeded by only a few 
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Figure 2.3. The relative abundance of cellular mRNAs in the cytoplasm and on 

polysomes decreases between 2 and 6 hpi. (A) Scatter plots of Transcripts per 

Kilobase Million (TPM) for exonic regions at 2 hpi. The TPM in uninfected cells for a 

given cellular mRNA is graphed on the bottom x-axis, and the TPM for a given cellular 

mRNA in either uninfected (black circles), or VSV infected cells (red circles) is graphed 

on the left y-axis. The relative abundance of viral mRNAs in TPM is plotted on the top x-

axis and right y-axis. (B) Density plots of the log2 fold change in TPM for cellular mRNAs 

between uninfected or VSV infected cells at 2 hpi. C, M, and P denote “cytoplasm”, 

“monosome”, and “polysome”, respectively. (C) Scatter plots of TPM for individual 

mRNAs at 6 hpi, presented as in A. (D) Density plots of the log2 fold change in TPM at 6 

hpi, presented as in B.
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cellular genes (Figure 2.3C). This is concurrent with a 2-fold or greater decrease in the 

cytoplasmic and polysome abundance of the majority of cellular mRNAs (Figure 2.3C & 

2.3D). Some cellular transcripts show increased monosome association at 6 hpi, 

indicating a non-uniform response to viral infection (Figure 2.3D). This may reflect a 

shift of cellular mRNAs out of the large polysomes toward smaller polysomes and 

monosomes. 

 

The translation efficiency of cellular mRNAs is differentially impacted by VSV infection. 

We next mined our sequence data to address the question; Are cellular mRNAs 

subject to differential translation regulation following VSV infection? For each individual 

mRNA, we divided the polysome TPM by the cytoplasmic TPM as a measure of 

potential translation efficiency (TE). We also performed a similar analysis for the 

monosome TPM divided by the cytoplasmic TPM to identify whether specific cellular 

mRNAs are differentially present in the monosome pool. We are cognizant of the fact 

that this measure cannot account for shifts of any given mRNA from large to small 

polysomes and thus likely represents an underestimate of the extent of regulation. 

The fold change in TPM was plotted at 2 and 6 hpi with the subset of mRNAs 

that change >2 standard deviations of the mean (highlighted by blue and green dots) as 

mRNAs undergoing the most translational regulation (Figure 2.4A-D). Using this 

approach, we observe evidence of translational regulation at 6 hpi consistent with the 

timing of host cell shutoff (compare Figure 2.4C & 2.4D). This analysis demonstrates 

that the majority of monosome- or polysome-associated reads for cellular mRNAs are 

not significantly changed at 2 hpi, although we note that 433 cellular mRNAs exhibit an 
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Figure 2.4. The translation efficiency of cellular mRNAs is differentially impacted 

by VSV infection. (A) Density plots of the log2 fold change in translation efficiency (TE) 

between uninfected cells and cells infected for 2 hours for both monosome and 

polysome fractions. Individual density plots are shown to the right. The region of the 

density within the 95% confidence interval of the mean is shaded gray. Magenta lines 

denote ± 2 standard deviations of the mean. Regions with increased TE relative to the 

mean are shaded blue, and regions with decreased TE are shaded green. (B) Analysis 

at 6 hpi, presented as in A. Downstream analyses were performed on genes in the 

green or blue regions. (C) Plots of log2 fold changes in TE at 2 hpi plotted against 

cytoplasmic abundance in infected cells. Magenta lines denote ± 2 standard deviations 

of the mean log2 fold change. Genes outside the 95% confidence interval are denoted 

by blue (increased) or green (decreased) dots. (D) The log2 fold changes in TE at 6 hpi 

as presented in C. (E) Gene ontology analysis on mRNAs with decreased translation 

efficiency, analysis was performed using GOseq in R. (F) Gene ontology analysis for 

mRNAs under positive translational control, as determined using GOseq in R.
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Figure 2.4 (Continued). The translation efficiency of cellular mRNAs is 

differentially impacted by VSV infection.
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increase in monosome association (Figure 2.4A & 2.4C). The number of cellular 

mRNAs exhibiting translational regulation at 2 hpi is likely overestimated, given that 

most mRNAs with increased translation efficiency increase less than 2-fold (Figure 2.4A 

& 2.4C). At 6 hpi this analysis reveals evidence of increased reads of 172 cellular 

mRNAs in the monosome fraction, 364 in the polysome fraction and 138 with a larger 

reduction in polysome association (Figure 2.4B & 2.4D). It is important to interpret these 

results in light of the fact that globally at 6 hpi 49% of the monosome-associated reads 

are viral; thus, the 172 cellular mRNA represent those that are most shifted into the 

monosome pool. Overall, 5,297 cellular mRNAs are enriched >2-fold in monosomes at 

6hpi (Figure 2.4B & 2.4D). Similarly, at 6 hpi almost 70% of the polysome-associated 

reads are viral; thus, the enhanced polysome association of the 364 cellular mRNAs is 

likely an underestimate (Figure 2.4B & 2.4D). 

Gene ontology analysis indicates that the 364 mRNAs with increased polysome 

association are enriched for proteins involved in RNA binding, and the 138 mRNAs with 

decreased polysome association are enriched for proteins involved in cellular response 

to stimuli and signaling cascades (Figure 2.4E & 2.4F). In the graph presented, the 

majority (95%) of cellular mRNAs show an alteration within 2 standard deviations of the 

average change in polysome association (Figure 2.4B & 2.4D), but this analysis is 

based on TPM and therefore does not take into account shifts of any given mRNAs 

position within polysomes. Consequently, the graphs shown are presented to draw 

attention to the transcripts that are most altered as a starting point to identify whether 

specific transcript features correlate with translation efficiency. 
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Targets of positive translational regulation are longer and more AU-rich.  

We next mined our sequence data to determine whether cellular mRNAs with 

enhanced or suppressed polysome-associated reads share any common features. The 

prime determinant of polysome-associated reads related to the cytoplasmic reads for 

any given transcript, consistent with mRNA abundance being a major determinant of 

translatability (Figure 2.5A & 2.5B). We extracted mRNA sequences and annotations 

from the UCSC Genome browser for the subset of cellular mRNAs that exhibit the 

largest increase or decrease in polysome-associated reads and examined whether their 

size, GC content, polyA tail length or half-life correlated with increased or decreased 

sequence reads (Figure 2.5C-F, Figure 2.6).[438, 439] This analysis revealed that 

cellular mRNAs with reduced reads in the polysome fraction in general have higher GC 

content (Figure 2.5D, Figure 2.6B-D). By contrast those cellular mRNAs associated with 

increased reads in the polysome fraction were typically longer and have a lower GC 

content (Figure 2.5C-F, Figure 2.6A-D). 

Further examination of the correlation between transcript length and enhanced 

polysome-associated reads indicated that the correlation corresponds to longer coding 

regions in these mRNAs, as opposed to 5¢ or 3¢ UTR (Figure 2.5C, E-F, Figure 2.6A). 

The correlation between lower GC content and increased polysome-associated reads 

was not related to localized GC content of the UTRs or coding region (Figure 2.5D, 

Figure 2.6B-D). We did not observe a correlation between poly(A) tail length and 

polysome-associated reads (Figure 2.6F). Enhanced polysome-associated reads 

trended towards longer mRNA half-life which would relate directly to mRNA abundance 

(Figure 2.6E).
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Figure 2.5. Targets of positive translational regulation are longer and more AU-

rich. (A) Analysis of translation efficiency in uninfected cells for mRNAs with high 

cytoplasmic abundance (purple) or low cytoplasmic abundance (orange) as compared 

to mRNAs with cytoplasmic abundance within 2 standard deviations of the mean 

abundance (gray). Cytoplasmic abundance by TPM is from the data set published with 

this paper. ***p< 2.2 x 10-16; **p< 5.0 x 10-5; *p< 0.05; all others p> 0.05 as determined 

by the Wilcoxon rank sum test compared to mRNAs with relative abundance levels 

within the 95% confidence interval of the mean. Hinges correspond to the 25th-75th 

percentiles, and whiskers denote 1.5 times the inter-quartile range. (B) Analysis as in A 

for cytoplasmic abundance in infected cells. (C-F) mRNA characteristics for mRNAs 

with increased translation efficiency (blue) or decreased translation efficiency (green) at 

6 hpi as compared to mRNAs with translation efficiency measurements within 2 

standard deviations of the mean. CDS is defined as the coding region of the gene 

sequence, and size is the number of nucleotides. Analysis was performed as in A.
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Figure 2.5 (Continued). Targets of positive translational regulation are longer and 

more AU-rich.
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Figure 2.6. Lower GC content is a general, and not localized feature, of mRNAs 

under positive translational regulation. (A-F) Analysis of mRNA characteristics for 

RNAs with increased (blue) or decreased (green) translation efficiency as compared to 

mRNAs with translation efficiency measurements at 6 hpi within 2 standard deviations 

of the mean. ***p<2.2 x 10-16, **p<5.05 x 10-5, *p<0.05; all other p>0.05 as determined 

by the Wilcoxon rank sum test compared to the translation efficiency of mRNAs within 

the 95% confidence interval. Hinges correspond to the 25th-75th percentiles, and 

whiskers denote 1.5 times the inter-quartile range. CDS is defined as the coding region 

of the gene sequence, and size is the number of nucleotides. RNA half-life data are 

from Tani et al., 2012; and poly(A) tail length was determined by Chang et al., 

2014.[438, 439]
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Figure 2.6 (Continued). Lower GC content is a general, and not localized feature, 

of mRNAs under positive translational regulation.
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Altered distribution of cellular mRNA within polysomes following infection.  

Our analysis of translation efficiency of cellular mRNAs at 6 hpi identified 502 

cellular mRNAs with altered polysome association. However, our sequencing data 

cannot discriminate between transcripts associated with large or small polysomes and 

viral infection reduces large polysomes. We selected a subset of viral and cellular 

mRNAs and interrogated the distribution of mRNA across polysome profiles by RT-

qPCR (Figure 2.7). We selected the viral N and G mRNAs as representative transcripts 

translated in the cytoplasm by soluble or endoplasmic reticulum-associated ribosomes, 

respectively. We examined the cellular transcripts COL4A2 and TGIF with reads that 

show a fold change >2 standard deviations of the mean fold change, and ACTN4 and 

UBE2B which exhibit altered polysome-associated reads >2-fold, but were within the 

95% confidence interval. GAPDH and ACTB were selected because their polysome-

associated reads did not change significantly at 6 hpi. 

Consistent with the robust production of viral proteins at 6 hpi, the VSV N and G 

mRNAs were localized in fractions corresponding to 3 or more ribosomes (Figure 2.7A). 

The distribution of ACTN4 and COL4A2 shifted towards polysome fractions containing 3 

or more ribosomes compared with their distribution in uninfected cells (Figure 2.7B). 

The distribution of ACTB and GAPDH mRNA shifted towards smaller polysomes by 6 

hpi when compared to uninfected cells, and we observe an increase in the fraction of 

mRNA associated with free subunits (Figure 2.7C). This shift was not captured by the 

translation efficiency measurements due to pooling polysome fractions for sequencing. 

UBE2B and TGIF mRNAs were redistributed out of polysome fractions by 6 hpi (Figure 

2.7D). These qPCR data are therefore consistent with our RNAseq results. Dissociation 
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Figure 2.7. Altered distribution of cellular mRNA within polysomes following 

infection. (A-D) The distribution of mRNA in polysome profiles from uninfected or 

infected HeLa cells at 6 hpi. A representative polysome trace from infected cells at 6 hpi 

is shown in light gray, and the mRNA polysome distribution in uninfected cells is shown 

in black, and infected cells in red. The RNA distribution is presented as the fraction of 

the total amount of a given RNA recovered. Error bars denote the standard deviation 

from three independent replicates. (A) Polysome distributions of VSV N and G. (B) 

RNAs with increased translation efficiency by RNAseq. (C) RNAs with unchanged 

translation efficiency following infection. (D) mRNAs with decreased translation 

efficiency.
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Figure 2.7 (Continued). Altered distribution of cellular mRNA within polysomes 

following infection.
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of ribosomal complexes by treating lysates with EDTA prior to polysome profiling, 

released mRNA from polysomes and shifted the distribution towards fractions 

containing free subunits, indicating that RNAs found in the polysome fractions are 

associated with ribosomal complexes (Figure 2.8). In VSV infected cells, the shift 

towards smaller polysomes identified for several cellular mRNAs, highlights that in 

addition to viral mRNA abundance, the redistribution of cellular mRNAs to smaller 

polysomes will correlate with a reduction in translation and thus also contribute to host 

shutoff (Figure 2.7C & 2.7D). 

 

Cap methylation on viral mRNA is not required for polysome association at 6 hours 

post-infection. 

	 Our results indicate that viral mRNAs are associated with large polysomes at a 

time post-infection when many cellular mRNAs are shifted from large to small 

polysomes (Figure 2.7). To interrogate the role of cap methylation in mediating the 

polysome association of viral RNA, we infected HeLa cells with VSV mutants defective 

in methylating the caps of viral mRNAs in vitro and performed polysome profiling and 

qPCR (Figure 2.9). The VSV mutant G1670A is defective in performing N-7 cap 

methylation, but retains the ability to methylate viral mRNA caps at the 2¢-O position.[54] 

Analysis of the distribution of VSV N and G mRNA within polysomes at 6 hpi revealed 

that the majority of viral mRNA was bound by large polysomes in G1670A infected cells, 

similar to what was observed during wild-type infection (Figure 2.9A & 2.9B). This is 

consistent with the robust production of viral proteins that has previously been observed 

in G1670A infected cells, and suggests that N-7 cap methylation is not required for 
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Figure 2.8. RNAs are ribosome-associated at 6 hours post-infection. (A-E) the 

distribution of mRNA in polysome profiles from uninfected or infected HeLa cells at 6 hpi 

in the presence or absence of EDTA. EDTA was added to a final concentration of 50mM 

and lysates were incubated for 5 minutes on ice. Lysates were spun through gradients 

containing EDTA. A representative polysome trace from infected cells at 6 hpi following 

EDTA treatment is shown in light gray. The mRNA polysome distribution from untreated, 

uninfected lysates is shown in black; and untreated, infected cells in red. RNA 

distributions from EDTA treated, uninfected lysates are shown in dark gray; and EDTA 

treated, infected lysates in pink. The RNA distributions are presented as the fraction of 

the total amount of a give RNA recovered. Error bars denote the standard deviation 

from at least two independent replicates. Polysome distributions of (A) ACTN4, (B) 

ACTB, (C) UBE2B, (D) VSV N, and (E) VSV G.
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Figure 2.8 (Continued). RNAs are ribosome-associated at 6 hours post-infection.
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Figure 2.9. RNA produced by viral mutants defective in cap methylation is 

polysome-associated in infected cells. (A) Polysome distribution of VSV N and G 

mRNA at 6 hpi with wild-type VSV. Results of qPCR for each individual polysome 

fraction are presented as a fraction of the total VSV N or VSV G mRNA recovered, in 

red. Error bars denote standard deviation from two independent replicates, and a 

representative polysome trace from infected cells is shown in gray. (B) Polysome 

distribution of VSV N and G mRNAs at 6 hpi with a VSV mutant deficient in performing 

N-7 cap methylation, G1670A, presented as in A. (C) Polysome distribution of VSV N 

and G mRNAs at 6 hpi with a VSV mutant, G4A, defective in both N-7 and 2¢-O cap 

methylation, presented as in A. 
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Figure 2.9 (Continued). RNA produced by viral mutants defective in cap 

methylation is polysome-associated in infected cells.
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translation initiation on viral transcripts.[54] The VSV mutant G4A is entirely deficient for 

cap methylation in vitro, performing neither N-7 nor 2¢-O methylation on viral mRNA 

caps.[54] At 6 hpi, polysome profiling of G4A infected cells revealed and increased ratio 

of sub-polysome to polysome mRNA, although a large fraction of viral RNA is 

associated with large polysomes (Figure 2.9C). Both viruses were able to drive host 

shutoff as evidenced by large polysome collapse and increased monosomes (Figure 

2.9). These results indicate that cap methylation on viral transcripts is not absolutely 

required for efficient polysome formation, consistent with the observation that VSV 

RNAs are translated when eIF4E is depleted.[395]  
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Discussion 

Viral RNA abundance as a general host shutoff mechanism. 

We applied a global, unbiased RNAseq approach to address the question of how 

VSV inhibits host cell translation, while maintaining robust synthesis of viral proteins? 

Our results support a model first proposed by Lodish and Porter in 1980, that an 

overwhelming abundance of viral mRNA leads to a redistribution of ribosomes onto viral 

messages.[87, 400] At a global level, we found that >60% of the cytoplasmic mRNA 

maps to viral sequences by 6 hpi, and that this corresponds to ~70% of the total 

polysome-associated mRNA being of viral origin (Figure 2.1C). This suggests that a 

major mechanism by which VSV inhibits host cell translation relates to the power of the 

241kDa viral polymerase.  

Consistent with the abundance model, we also find a correlation between 

abundance and translation efficiency for cellular mRNAs at 6 hpi (Figure 2.5A & 2.5B). 

We also found a strong correlation between increased translation efficiency and long 

open reading frame length (Figure 2.5E). In a situation of RNA competition, we would 

expect that abundant, long mRNAs would exhibit increased likelihood for ribosome 

association. We note, however, that although such longer mRNAs remain polysome-

associated, the number of ribosomes on the mRNAs would likely decrease owing to the 

sequestration of eIF4E. 

Recent work on a mouse coronavirus, a positive-strand RNA virus, influenza 

virus, a negative strand RNA virus with a segmented genome, and vaccinia virus, a 

DNA virus, have also observed that >50% of the bulk mRNA in infected cells maps to 

the viral genome.[217, 440, 441] This suggests that overwhelming viral RNA abundance 
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may be a common mechanism used by highly cytopathic viruses that shut off host cell 

gene expression. In contrast to VSV, influenza, coronaviruses, and vaccinia all target 

cellular mRNAs for cleavage and degradation.[245, 249, 250, 260, 285, 347, 352, 357, 

358] Thus, VSV represents the first case in which viral dominance of the cytoplasmic 

mRNA pool is achieved without degrading cellular mRNA. This highlights the 

robustness of the viral polymerase, and the exponential amplification of viral mRNA as a 

result of genome replication and secondary transcription. 

 

Inhibitory effects of eIF4E-BP1 on eIF4E during VSV infection. 

The profound inhibition of cellular translation that occurs during VSV infection is 

also impacted by the activation of eIF4E-BP1 and sequestration of eIF4E.[293] Although 

our sequencing experiment was not designed to specifically test the contribution of 

eIF4E sequestration to host shutoff, mining our dataset did not identify specific features 

associated with eIF4E dependence on cellular mRNAs with decreased translation 

efficiency after infection. It remains unclear why VSV translation is relatively insensitive 

to eIF4E sequestration, despite the presence of a 5¢ cap structure on the viral mRNAs, 

but our results demonstrate that a fully methylated cap structure is not required for 

loading ribosomes onto viral mRNAs (Figure 2.9). Additional mechanisms beyond viral 

RNA abundance may account for the reduced requirement of VSV mRNA on the 

presence of cap methylation or eIF4E to direct efficient protein synthesis.  

The underrepresentation of viral mRNA and overrepresentation of cellular mRNA 

in monosomes at 6 hpi (Figure 1), is consistent with the timing and consequences of 

eIF4E sequestration. This helps move cellular mRNAs out of polysomes into 
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monosomes, and likely explains the shift of cellular mRNAs from large to small 

polysomes (Figure 2.7). The identification of classes of cellular mRNAs that are 

differentially shifted within polysomes, further suggests that although sequestration of 

eIF4E impacts translation, this likely augments the competition provided by viral mRNA 

abundance on translation. 

 

Characteristics of cellular mRNAs exhibiting increased translational efficiency. 

VSV mRNAs are AU-rich, have short UTRs, and are generally thought to be 

relatively unstructured in cells.[40, 57, 77] These characteristics would predict that viral 

mRNAs should be less sensitive to eIF4E inhibition, thereby giving the virus an 

advantage when eIF4E-BP1 is activated. Indeed, viral RNAs are less dependent on N-7 

cap methylation for directing efficient polysome association (Figure 2.9). We note that 

the cellular mRNAs with increased translation efficiency at 6 hpi also had lower GC 

content (Figure 2.5 & 2.6). The length of cellular UTRs did not correlate with translation 

efficiency and thus does not help explain how the short UTR viral transcripts are 

translated (Figure 2.5 & 2.6). 

The mRNAs identified as having increased translation efficiency after VSV 

infection were enriched in RNA binding and poly(A) RNA binding annotations by gene 

ontology analysis (Figure 2.4). This may reflect a cellular response to the disruption of 

mRNA homeostasis due to robust viral transcription and an increased mRNA burden. 

How the cell would sense this stimulus, and the mechanisms coordinating the response, 

remain unexplored. We also note that the terms enriched in the transcripts whose reads 

were reduced on viral infection are associated with signaling. 
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Based on our global analysis of polysome-associated mRNAs in a VSV infected 

cell, we propose that an overwhelming abundance of viral mRNA leads to competition 

for cellular ribosomes in agreement with a model first proposed by Lodish and Porter. 

We have extended this model by reconciling it with the observation that eIF4E-BP1 is 

activated following VSV infection, through our finding that cellular mRNAs are 

overrepresented in monosome fractions at 6 hpi. We propose that viral mRNA 

abundance is the key determinant driving host shutoff during efficient viral protein 

synthesis, but that additional contributions are provided by eIF4E sequestration which 

differentially shifts cellular mRNAs into smaller polysomes and monosomes.  
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Materials and Methods 

Cells and Viruses 

HeLa cells were maintained in Dulbecco’s modified Eagle medium (DMEM; 

Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS; Tissue 

Culture Biologicals, Tulare, CA). Viral stocks were grown on Syrian golden hamster 

kidney BSRT7 cells (a gift from K. Conzelmann), and purified on linear 15-45% sucrose 

gradients prepared in NTE (10mM Tris pH 7.4, 100mM NaCl, 1mM EDTA). Viral titers 

were determined by plaque assay on African green monkey kidney Vero cells (ATCC, 

CCL-81), as previously described.[32] For infections, HeLa cells were first washed with 

Hanks’ Balanced Salt Solution (HBSS) and then infected at a MOI of 10 for 1 hour at 

37°C in serum free DMEM. At 1 hour post-infection, the inoculum was removed, the 

cells were washed again with HBSS, and the infection was allowed to continue for the 

indicated time in DMEM containing 10% FBS. 

 

Polysome Profiling 

For polysome profiling, HeLa cells were treated with DMEM containing 100ug/ml 

cycloheximide at 37°C for 3 minutes. Cells were washed twice with 1X ice-cold 

phosphate buffered saline (PBS) containing 100ug/ml cycloheximide, and kept on ice or 

at 4°C for the remainder of the protocol. Cells were scraped into a 1.5 ml 

microcentrifuge tube in 1X PBS with 100ug/ml cycloheximide, and pelleted at 300 � g 

for 10 minutes. Cells were resuspended in a hypotonic buffer of 5mM Tris (pH 7.4), 

2.5mM MgCl2, 1.5mM KCl, and RNAsin (Promega, Madison, WI). Cycloheximide and 

DL-Dithiothreitol (DTT) were added sequentially to 100ug/ml and 3uM, respectively. 
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Triton X-100 and sodium deoxycholate were then added sequentially to 0.5% 

(volume/volume), cells were briefly vortexed, and incubated for 15 minutes on ice. 

Polysome extracts were clarified by spinning for 2 minutes at 12,000 � g. Sucrose 

gradients were prepared with a Gradient Master Station (Biocomp, Fredericton, 

Canada) using 10% and 50% w/v sucrose dissolved in 15mM Tris (pH 7.4), 15mM 

MgCl2, and 150mM NaCl. RNAsin and 100ug/ml cycloheximide were added immediately 

before gradient preparation. Gradients were subjected to centrifugation for 2 hours at 

40,000 � g in a Beckman Coulter ultracentrifuge using an SW40Ti rotor, and 500ul 

fractions were collected while monitoring UV254 on a Gradient Master Station.  

 

RNA Extraction, Library Preparation, and RNAseq 

RNA was extracted from total cytoplasmic RNA fractions, polysome fractions, or 

monosome fractions using LS Trizol (Invitrogen) following the manufacturer’s protocol. 

Equal amounts of RNA as determined by spectrophotometry using a Nanodrop 2000 

(Thermo Fisher, Waltham, MA) were used for library preparation using the Illumina 

TruSeq vII RNA Library Preparation Kit (Illumina, San Diego, CA), and sequenced at the 

Whitehead Institute (Cambridge, MA) on an Illumina HiSeq2500 system. Reads were 

trimmed and mapped to the concatenated hg38 and VSV genomes using CLC 

Genomics Workbench (Qiagen, Redwood City, CA). 

 

Translation efficiency and differential gene expression analysis 

Translation efficiency measurements used Transcripts per Kilobase Million (TPM) 

as determined by co-mapping to the human and viral genomes in the following formula: 
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Translation Efficiency (TE) =    TPM from Polysome Library 

           TPM from Cytoplasmic Library 

 

This ratio was determined for uninfected and infected cells, and presented as the log2 

fold change. 

 Differential gene expression analysis was performed using DESeq2, and gene 

ontology analysis was performed in R using GOseq.  

 

mRNA Characteristics and Statistical Analysis 

UTR and CDS sequences were downloaded from the UCSC table browser using 

“KnownCanonical” mRNA identifiers. Non-protein coding RNAs were excluded from the 

analysis. Poly(A) tail length and mRNA half-lives were pulled from published data 

sets.[438, 439] Graphs and statistical analyses were performed in R using the built-in 

“wilcox_test” statistical test, and “geom_boxplot” or “geom_density” functions in ggplot 

and cowplot.  

 

RT-qPCR 

 Total RNA was recovered from polysome fractions using LS Trizol (Invitrogen) 

using the manufacturer’s protocol, and 500ng total RNA as determined by 

spectrophotometry from each polysome fraction was reverse-transcribed using 

oligod(T)20 priming and Superscript III Reverse Transcriptase (Thermo Fisher) at 50°C 

for 1 hour. cDNA was treated with RNAseA and RNAseH for 15 min at 37°C, and diluted 
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1:5 for cellular gene-specific qPCR or 1:125 for viral gene-specific qPCR using Power 

Sybr Green (Thermo Fisher). Relative quantitation was determined by ΔΔCt using the 

following primer pairs: 

 ACTB      Forward: 5¢ ACCCAGCACAATGAAGATCA 3¢ 

      Reverse: 5¢ CTCGTCATACTCCTGCTTGC 3¢ 

 ACTN4   Forward: 5¢ ACATCTCCGTGGAAGAGACC 3¢ 

      Reverse: 5¢ GGAAGTTCTGCACATTGACG 3¢  

 COL4A2 Forward: 5¢ AACGGGATTCCATCAGACAC 3¢ 

      Reverse: 5¢ ATGCCTCTTATTCCTGGTTCC 3¢ 

 GAPDH  Forward: 5¢ AGCCTCAAGATCATCAGCAATG 3¢ 

      Reverse: 5¢ ATGGACTGTGGTCATGAGTCCTT 3¢ 

 TGIF      Forward: 5¢ CACCGTTACAATGCCTATCC 3¢ 

      Reverse: 5¢ GATTTGGATCTTTGCCATCC 3¢ 

UBE2B   Forward: 5¢ CAATTCAGTCTCTGCTGGATG 3¢ 

      Reverse: 5¢ AACAATGGCCGAAACTCTTT 3¢ 

 VSV G    Forward: 5¢ GTGGGATGACTGGGCTCCAT 3¢ 

      Reverse: 5¢ CTGCGAAGCAGCGTCTTGAA 3¢ 

VSV N    Forward: 5¢ GAGTGGGCAGAACACAAATG 3¢ 

      Reverse: 5¢ CTTCTGGCACAAGAGGTTCA 3¢ 

Polysome distribution is presented as the fraction of the total recovered RNA for each 

individual polysome fraction. 
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Abstract 

Infection of mammalian cells with vesicular stomatitis virus (VSV) results in the 

inhibition of cellular protein synthesis. An overwhelming abundance of viral mRNA, and 

sequestration of the rate-limiting factor for translation initiation (eIF4E) accomplish this. 

The viral matrix protein (M) also contributes through inhibition of host RNA 

polymerases, and separately by blocking nuclear export of cellular mRNPs. This 

combined assault on the host translation, transcription and mRNP export machinery 

shuts off the host cell. VSV is exquisitely sensitive to interferon, and this multi-pronged 

assault on the cell helps evade the innate immune system. A virus containing a 

mutation in the matrix protein gene, VSVM51R, is defective in blocking mRNP export and 

fails to inhibit interferon-b gene expression. To determine how blocking mRNP export 

influences mRNA translation we performed a global analysis of cytoplasmic, 

monosome- and polysome-associated mRNAs using massively parallel sequencing. 

Following infection of HeLa cells with VSVM51R >50% of the cytosolic and polysome-

associated mRNA reads map to the 5 viral genes by 6 hpi, compared to >60% in cells 

infected with wild-type virus. This result demonstrates that the inhibition of cellular 

transcription and mRNP export by M play relatively modest roles in global inhibition of 

host protein synthesis. We detect a significant upregulation in transcripts corresponding 

to interferons and interferon-stimulated genes (ISGs) by 6 hpi in cells infected with 

VSVM51R but not VSVWT, and demonstrate that they are associated with polysomes and 

are actively translated. These results indicate that viral replication is necessary for 

activation of the innate immune system and demonstrate that M protein suppresses 
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cytosolic interferon gene expression in the primary infected cell by blocking host gene 

expression.  
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Introduction 

RNA viruses that replicate in the cytoplasm have evolved to contend with 

surveillance by cytosolic innate immune sensors of foreign nucleic acids. The cytosolic 

sensor RIG-I recognizes short, triphosphate RNA, and MDA5 recognizes longer dsRNA 

molecules.[409, 415, 416] Those molecules likely arise through errors of viral 

replication, thus providing the ligands for RIG-I and MDA5 leading to interferon gene 

expression and the establishment of an antiviral state.[409, 415, 416] To evade 

detection by these sensors, positive sense RNA viruses induce alterations in cellular 

membranes, thereby providing physically distinct compartments in which replication 

occurs.[416, 417] Negative sense RNA viruses sequester their replication machinery in 

non-membrane bound liquid compartments that form through phase separation.[442-

445] Like many positive sense RNA viruses, they also encode accessory proteins that 

antagonize innate immune signaling.[409, 415, 416]  

Transcription and replication of negative strand viruses has been studied 

extensively for vesicular stomatitis virus (VSV), the prototype of the Rhabdoviridae 

family. In contrast to positive sense viruses, where the infecting genome can 

immediately be translated by host ribosomes, negative-strand viruses must initiate a 

primary round of transcription to produce viral mRNAs.[12, 13, 417] The viral mRNAs 

are then translated by host ribosomes, producing proteins that replicate the negative-

sense genome through a positive sense antigenome intermediate.[67-69] New 

genomes can serve as templates for transcription, thereby amplifying the viral mRNA 

pool and enhancing protein production, or are assembled into new virions.[446] VSV 
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replicates exclusively the cytoplasm of infected cells, and must shield its RNAs from 

detection by RIG-I and MDA5.[23]  

VSV mRNAs are capped and methylated by the viral large protein (L) which 

contains both a capping domain, and a methyltransferase domain responsible for 

sequentially modifying the 5¢ guanosine cap through addition of methyl groups at the 2¢-

O and N-7 positions.[45, 48-50, 54, 56] Evidence from stalling transcription reactions in 

vitro demonstrates that those reactions can occur at a nascent chain length of 31-nt, a 

strategy that may help avoid the production of RNA ligands for RIG-I and MDA5.[46] 

The viral genome and antigenome RNAs, however, are not capped and have a 5¢ 

terminal triphosphate moiety.[447, 448] Both genome and antigenome RNA are 

completely encased in a sheath of viral nucleocapsid protein (N), the most abundant 

protein produced in infected cells, and are never exposed to the cytosolic milieu.[38, 67, 

70, 429, 430, 449] Two additional RNA products are synthesized in infected cells, a 47 

and 45-nt triphosphate leader RNA copied from the 3¢ end of the genome and 

antigenome, respectively.[426] In addition to modifying viral mRNAs and sequestering 

genomic RNA in a protein coat, VSV subverts cellular immunity by inducing a profound 

inhibition of cellular gene expression upon infection.  

Viral mRNA abundance is a key determinant of host shutoff, leading to 

competition for cellular ribosomes and the redistribution of the translational apparatus 

onto predominately viral messages.[87, 400] The viral matrix protein, M, does not have 

any known enzymatic activity, but inhibits host cell transcription by interacting with 

TFIID, and nuclear export of cellular mRNPs by interacting with the Rae1•Nup98 

nuclear export complex.[373-375, 381, 382, 385, 386, 389, 392] A viral mutant in M 
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harboring a single amino acid change at position 51, M51R, is defective in inhibiting 

nuclear mRNA export.[386, 397] Furthermore, M51R is unable to inhibit expression from 

a transfected reporter driven by the interferon-beta (IFN-b) promoter.[384, 391] Infection 

of mouse embryonic fibroblasts with VSVM51R, results in the cytoplasmic appearance of 

IFN-b, suggesting that inhibiting nuclear export blunts the innate immune response to 

VSV.[424]  

It is thought that RIG-I detects VSV infection, because RIG-I knockout MEFs 

support higher viral replication, and knockout mice are more susceptible to VSV.[411, 

418] However, the viral nucleic acid sensed by infected cells and how M blockade of 

nuclear export directly contributes to host shutoff and immune evasion remain 

unclear.[415, 425] To interrogate the role of blocking nuclear mRNA export on host 

shutoff and immune evasion, we infected HeLa cells with wild-type VSV and VSVM51R 

and performed a global analysis by massively parallel sequencing cytoplasmic, 

monosome- and polysome-associated mRNA. These results extend our previous work 

demonstrating that viral mRNA abundance is a key determinant driving host shutoff. By 

combining our RNAseq analysis with quantitative PCR, we demonstrate that blockade 

of nuclear mRNA export prevents the cytoplasmic expression of interferons and 

interferon-stimulated genes (ISGs). We conclude that viral replication is necessary for 

innate detection of VSV in an infected cell, but that during wild-type infection M nuclear 

blockade ablates cellular activation of the interferon pathway.  
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Results 

Viral RNA comprises 50% of the cytoplasmic mRNA at 6 hours post-infection.  

To interrogate the role of nuclear mRNP export blockade on translation, we 

infected HeLa cells with VSVM51R and deep-sequenced the cytoplasmic, monosome-, 

and polysome-associated mRNA (Figure 3.1A). As evident by polysome profiling, M51R 

infection does not affect bulk polysomes at 2 hpi, but by 6 hpi results in increased 

monosomes and polysomes (Figure 3.1B). This is consistent with the inability of M51R 

to completely inhibit host cell gene expression (Figure 3.1B). Analysis of the 

reproducibility of sequencing reads mapped to a concatenated hg38 and M51R 

genome, yields Pearson correlation values >0.97, demonstrating reproducibility 

between cytoplasmic, monosome, and polysome replicates.  

Mapping sequencing reads to the human and viral genomes demonstrates that 

>50% of the reads are viral at 6hpi (Figure 3.1C). The increase from <1% at 2 hpi is 

consistent with our previous observations from wild-type VSV infected HeLa cells, and 

indicates that defective nuclear blockade plays only a minor role in viral dominance of 

the cellular mRNA pool. The sequence reads mapping to the viral genome cover all 5 

mRNAs, with clear drops in coverage at gene-junctions (Figure 3.2A). Relative reads 

mapping to each viral gene diminish with increasing distance from the 3¢ leader, 

consistent with the sequential polar transcription of the viral genes (Figure 3.1D).  

Analysis of sequencing reads that map to cellular genes at 2 and 6 hpi supports 

that the level of cellular genes in the polysome fraction mirrors that in the cytoplasm 

(Figure 3.1C). For wild-type VSV, we observed that 60-70% of the cytoplasmic and 

polysome reads were viral, supporting that an overwhelming abundance of viral mRNA 
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Figure 3.1. Viral RNA comprises 50% of the cytoplasmic mRNA at 6 hours post-

infection. (A) Schematic representation of the experimental design. HeLa cells were 

uninfected, or infected at MOI 10 with M51R for 2 or 6 hours at 37°C. At 2 or 6 hpi 

cytoplasmic extracts were prepared and used directly for RNA isolation, or were 

subjected to polysome profiling. RNA was isolated from fractions corresponding to 

monosomes, or polysomes containing 3 or more ribosomes, and mRNA was used to 

make deep sequencing libraries. (B) Polysome profiles from uninfected (black) or M51R 

(blue) infected HeLa cells. Cytoplasmic extracts were spun through a 10-50% sucrose 

gradient and fractionated into 0.5 ml fractions while continuously monitoring absorbance 

at UV254nm. (C) Results of fragment mapping to concatenated hg38 (human) and 

M51R genomes for cytoplasmic, monosome, and polysome samples at 2 and 6 hpi. 

Trimming and mapping were performed in CLC Genomics Workbench. (D) Cytoplasmic 

gene cascade for the 5 viral mRNAs at 2 and 6 hpi, respectively. Expression level is 

presented as Transcripts per Kilobase Million (TPM) to normalize for gene length and 

library size, error bars denote standard deviation.



	 92	

Figure 3.1 (Continued). Viral RNA comprises 50% of the cytoplasmic mRNA at 6 

hours post-infection.
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Figure 3.2. The M51R gene cascade at 2 and 6 hpi. (A) Mapping coverage to the 

M51R genome from a representative replicate at 6 hpi. Coverage analysis and 

visualization was performed in CLC Genomics Workbench. (B) Gene cascade in 

monosome and polysome fractions for the 5 viral mRNAs at 2 hpi. Expression level is 

presented as Transcripts per Kilobase Million (TPM) to normalize for gene length and 

library size, error bars denote standard deviation. (C) Gene cascade in monosome and 

polysome fraction at 6 hpi, presented as in B.
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Figure 3.2 (Continued). The M51R gene cascade at 2 and 6 hpi. 
Supplemental Figure 1. The M51R gene cascade at 2 and 6hpi. (A) Mapping coverage to the M51R genome from a 
representative replicate at 6 hpi. Coverage analysis and visualization was performed in CLC Genomics Workbench. (B) Gene 
cascade in monosome and polysome fractions for the 5 viral mRNAs at 2 hpi. Expression level is presented as Transcripts per
Kilobase Million (TPM) to normalize for gene length and library size, error bars denote standard deviation. (C) Gene cascade 
in monosome and polysome fractions at 6 hpi, presented as in B. 
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leads to inhibition of host translation. In VSVM51R infected cells, we note an 

underrepresentation of viral mRNAs (30%) and an overrepresentation of cellular 

mRNAs (70%) in the monosome fraction at 6 hpi compared to their cytoplasmic 

abundance (Figure 3.1C). This indicates that additional mechanisms contributing to host 

shutoff, such as eIF4E inactivation, may affect the association of some cellular mRNAs 

with monosomes.  

 

Cytoplasmic abundance determines polysome association during M51R infection.  

 To determine how M51R infection affects the distribution of individual mRNAs 

within the cytoplasmic, monosome, and polysome pools, we plotted the TPM for each 

mRNA in uninfected and infected cells for all 3 fractions (Figure 3.3A & Figure 3.4A). At 

2 hpi the relative abundance of viral mRNAs is similar to that of highly expressed 

cellular mRNAs (Figure 3.3A). The relative reads mapping to individual cellular mRNAs 

were largely unaffected at 2 hpi (Figure 3.3B). However, by 6 hpi the reads mapping to 

each of the 5 viral genes, with the exception of L, was greater than any cellular mRNA 

in the cytoplasm and polysome fractions (Figure 3.4A). Concurrently, we observed a 2-

fold or greater decrease in the cytoplasmic and polysome abundance of the majority of 

cellular mRNAs (Figure 3.4A & 3.4B). We note that some cellular mRNAs show 

increased monosome association at 6 hpi, consistent with the non-uniform response to 

viral infection we previously observed in wild-type infected cells (Figure 3.4B). 

We then mined our data set to address whether cellular mRNAs are subject to 

translation regulation during M51R infection. For each individual mRNA, we divided the 

polysome TPM by the cytoplasmic TPM as a measure of potential translation efficiency.
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Figure 3.3. Cytoplasmic abundance determines polysome association at 2 hpi. (A) 

Scatter plots of Transcripts per Kilobase Million (TPM) for exonic regions of uninfected 

cells (black) or cells infected with VSVM51R for 2 hours (blue). TPM of M51R viral 

mRNAs are denoted in magenta triangles. The TPM for each cellular mRNA in 

uninfected cells is graphed on the bottom x-axis, and the TPM for each cellular mRNA 

under the different conditions is graphed on the left y-axis. The relative abundance of 

viral mRNAs is plotted on the top x-axis and the right y-axis. (B) Density plots of the log2 

fold change in TPM between uninfected or M51R infected cells at 2 hpi. C, M, and P 

denote “cytoplasm”, “monosome”, and “polysomes”, respectively. (C) The log2 fold 

change in the polysome to cytoplasmic or monosome to cytoplasmic TPM ratio is 

plotted against cytoplasmic abundance at 2 hpi with VSVM51R for individual mRNAs. 

Magenta lines denote ± two standard deviations from the mean log2 fold change, and 

mRNAs outside the 95% confidence interval are highlighted in blue. 



	 97	

Figure 3.3 (Continued). Cytoplasmic abundance determines polysome 

association at 2 hpi.
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Figure 3.4. Cytoplasmic abundance, and not translation regulation, is a key 

determinant of cellular gene expression during M51R infection. (A) Scatter plots of 

Transcripts per Kilobase Million (TPM) for exonic regions of uninfected cells (black) or 

cells infected with VSVM51R for 6 hours (blue). TPMs of M51R viral mRNAs are denoted 

in magenta triangles. The TPM for each cellular mRNA in uninfected cells is graphed on 

the bottom x-axis, and the TPM for each cellular mRNA under the different conditions is 

graphed on the left y-axis. (B) Density plots of the log2 fold change in TPM for cellular 

mRNAs between uninfected or M51R infected cells at 6 hpi. C, M, and P denote 

“cytoplasm”, “monosome”, and “polysome”, respectively. (C) Analysis of translation 

efficiency (TE) for the least abundant and most abundant cytoplasmic mRNAs in M51R 

infected cells at 6 hpi. The most abundant mRNAs (purple) or least abundant mRNAs 

(orange) were compared to mRNAs with abundance measurements within two standard 

deviations of the mean abundance (gray). Translation efficiency is defined as the 

polysome expression level divided by the cytoplasmic expression level. Cytoplasmic 

TPM is from the data set published along with this paper. ***p< 2.2 x 10-16; **p< 5.0 x 

1010-5 as determined by the Wilcoxon rank sum test compared to mRNAs within the 

95% confidence interval. Hinges correspond to the 25th-75th percentiles, and whiskers 

denote 1.5 times the inter-quartile range. (D) The log2 fold change in the polysome to 

cytoplasmic or monosome to cytoplasmic TPM ratio is plotted at 6 hpi with VSVM51R for 

individual cellular mRNAs. Magenta lines denote ± two standard deviations from the 

mean log2 fold change, and mRNAs outside the 95% confidence interval are shown in 

blue.
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Figure 3.4 (Continued). Cytoplasmic abundance, and not translation regulation, is 

a key determinant of cellular gene expression during M51R infection.
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We performed a similar analysis on the monosome-associated mRNA pool to identify 

cellular mRNAs differentially shifted to monosomes following infection. We first 

examined overall cytoplasmic abundance in M51R infected cells as a predictor of 

translation efficiency and confirmed that cytoplasmic abundance correlates with 

translatability for cellular mRNAs during M51R infection (Figure 3.4C).  

We then plotted the fold change in translation efficiency at 2 and 6 hpi, with 

mRNAs exhibiting a fold change greater than two standard deviations of the mean 

highlighted in blue (Figure 3.3C & Figure 3.4D). This analysis revealed potential 

candidates for translation regulation at 2 and 6 hpi. However, we note that for the 

majority of genes at 2 hpi the fold change is <2-fold (Figure 3.3C). At 6 hpi we identified 

160 candidates of negative translation regulation and 349 candidate mRNAs under 

positive translation regulation. However, as with the 2 hpi results, the majority of 

candidate mRNAs under positive translation regulation change <2-fold (Figure 3.4D). In 

contrast, in the monosome fraction at 6 hpi we identified 446 cellular mRNAs 

differentially shifted to monosomes, and observed an increase of >2-fold in monosome 

association for 4,459 cellular mRNAs (Figure 3.4D). These results are consistent with 

our previous observations during wild-type VSV infection, indicating that translation 

regulation does not account for differential abilities to inhibit cellular gene expression 

between wild-type and M51R VSV. 

	

Interferon mRNAs are expressed and loaded on polysomes during M51R infection. 

 To address whether nuclear export of cellular mRNAs remains intact after 

infection with M51R, we performed differential expression analysis on sequencing reads 
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from all three fractions using DESeq2. Using this analysis, we found that interferons, 

and interferon-stimulated genes were the most upregulated cellular genes in the 

cytoplasm and on polysomes at 6 hpi (Figure 3.5A & 3.5C). There were no cellular 

genes identified as differentially expressed in the cytoplasm at 2 hpi, consistent with 

detection and response to viral infection being concurrent with replication. These data 

confirm that M51R is indeed defective in blocking nuclear mRNA export (Figure 3.5A). 

We validated the induction of the most highly upregulated cellular gene, IFN-l by 

quantitative PCR (Figure 3.5B). IFN-l mRNA was first detected at 4 hpi with M51R, 

representing a delay relative to viral gene expression, providing further support for the 

hypothesis that replication is required for immune activation (Figure 3.5B). Infection with 

VSV containing wild-type M did not induce IFN-l at any time post-infection (Figure 

3.5B).  

Furthermore, in a single-round infection assay a VSV mutant, G4A, which is 

defective in performing both N-7 and 2¢-O cap methylation, but retains a wild-type M 

protein, did not activate interferon at 6 hpi (Figure 3.6). The methylation of cellular 

mRNA caps at the 2¢-O position is thought to aid in discriminating cellular “self” mRNA 

from viral “non-self” RNA.[431] Wild-type M is thus sufficient to block innate immune 

gene expression even in the presence of viral nucleic acids that are potent activators of 

innate immunity (Figure 3.6). 

 Consistent with interferons and interferon-stimulated genes being the most highly 

upregulated cellular genes in the cytoplasm of M51R infected cells, we found they were 

also the most highly upregulated mRNAs on polysomes at 6 hpi (Figure 3.5C). This 

provides further support for our conclusion that cytoplasmic abundance is a key
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Figure 3.5. Interferon mRNAs are expressed and loaded on polysomes during 

M51R infection. (A) Top ten upregulated genes in the cytoplasm of M51R infected 

HeLa cells at 6 hpi. Differential expression analysis was performed in R using DESeq2. 

(B) RT-qPCR for VSV N, ACTB, and IFNL1 at indicated times post infection with VSVWT 

(red) or VSVM51R (blue). Reverse transcription was carried out on total RNA using 

oligod(T)20 primers. Error bars denote SEM from three independent replicates. (C) Top 

ten results from differential expression analysis on polysome-associated mRNAs at 6 

hpi with M51R. Genes are ordered by largest log2 fold change. Differential expression 

analysis was performed as in A. (D) RT-qPCR across polysome gradients to determine 

the distribution of VSV N and IFNL1 mRNAs. Equal amounts, 500ng, of total RNA 

recovered from polysome fractions was reverse transcribed using oligod(T)20 and 

subject to gene-specific qPCR. The fraction of the total mRNA recovered in the 

individual polysome fractions for each gene is plotted on the y-axis. Error bars denote 

the SEM from three independent biological replicates. A representative polysome profile 

of M51R infected HeLa cells at 6 hpi is shown in gray.
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Figure 3.5 (Continued). Interferon mRNAs are expressed and loaded on 

polysomes during M51R infection.
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Figure 3.6. A VSV mutant defective in 2¢-O cap methylation does not induce 

interferon when wild-type M is present. IFNL1 expression at 6 hpi from cells infected 

with G4A, WT, or M51R VSV. Results are presented as fold induction of IFL1 over 

uninfected cells. Error bars denote standard deviation from two independent replicates.
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determinant of polysome association (Figure 3.1C & Figure 3.4A). We next determined 

the polysome distribution of IFN-l and found that it is polysome-associated by 6 hpi, but 

in smaller polysomes than viral transcripts (Figure 3.5D). 

 

IRF1 mRNA is induced during M51R infection, and is associated with actively 

translating ribosomes at 6 hpi. 

 We extended our analysis by identifying an additional cellular gene upregulated 

in our DESeq2 data sets, IRF1. Our sequence read data indicated that while there is a 

basal level of cytoplasmic and polysome-associated IRF1 in uninfected cells, the mRNA 

is induced >2-fold in both fractions at 6 hpi with M51R. We confirmed this observation 

by quantitative PCR for IRF1 mRNA following infection with M51R or wild-type VSV 

(Figure 3.7A & 3.7B). IRF1 mRNA was re-localized to small polysome fractions and 

sub-polysome fractions during wild-type infection but remained associated with large 

polysomes at 6 hpi with M51R (Figure 3.7B). We should note that this analysis only 

interrogates the polysome distribution of the mRNA and does not account for the 

increase in total mRNA level. Therefore, it underrepresents the induction of IRF1 in 

polysomes during M51R infection (Figure 3.7B). 

 Western blotting for IRF1 confirmed a basal level of IRF1 expression in 

uninfected cells (Figure 3.7C). In wild-type infected cells, IRF1 protein was absent, 

indicating the protein had been turned over and that no new protein was synthesized 

due to VSV-induced host shutoff (Figure 3.7C). In contrast, we observed IRF1 protein at 

6 hpi with M51R (Figure 3.7C). Although western blots measure steady protein levels, 



	 106	

Figure 3.7. IRF1 mRNA is induced during M51R infection, and is associated with 

actively translating ribosomes. (A) RT-qPCR for IRF1 at different times post-infection 

with VSVM51R (blue) or VSVWT (red). Total RNA was used for reverse transcription using 

oligod(T)20. (B) Polysome distribution of IRF1 mRNA in uninfected cells (black) or cells 

infected for 6 hours with VSVM51R (blue) or VSVWT (red). Total RNA from each individual 

polysome fraction was reverse transcribed using oligod(T)20 and probed for IRF1. The 

fraction of the total IRF1 mRNA recovered in each polysome fraction is presented on 

the y-axis. Error bars denote SEM from three independent biological replicates. A 

representative polysome profile at 6 hpi with M51R is shown in gray. (C) Representative 

western blot for IRF1 levels in uninfected HeLa cells, or cells infected with VSVWT or 

VSVM51R for 6 hours. Dynein levels are used to show equal loading.
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the half-life of IRF1 protein has been measured to be ~30-40 minutes, suggesting that 

IRF1 mRNA is associated with active ribosomes during M51R infection.[450-452]  
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Discussion 

Activation of innate immunity when viral antagonism of host cell gene expression is 

disrupted. 

  The results presented here expand upon previous work seeking to understand 

the mechanism of host shutoff during VSV infection. Our principal finding confirms that 

viral mRNA abundance contributes to host cell shutoff. We also obtained evidence that 

inhibition of host transcription and nuclear export of mRNPs blunts the innate immune 

response. We found that during infection with VSVM51R, but not VSVWT, the most highly 

upregulated cellular mRNAs in the cytoplasm were interferons and interferon-stimulated 

genes (Figure 3.5A). This result confirms crystallographic data suggesting that residue 

51 in VSV M is critical to inhibiting nuclear mRNP export.[389] The appearance of IFN 

and ISG gene transcripts in the cytoplasm of infected cells by 6 hpi demonstrates 

functional nuclear export of mRNPs during M51R infection. Interferons and ISGs were 

not differentially expressed at 2 hpi, but our qPCR results demonstrate an increase 

between 2 and 4 hours (Figure 3.5B). One hypothesis for why immune activation lags 

behind viral transcription is that stimulatory ligands must accumulate past a certain 

threshold to trigger detection. However, we observed that viral mRNA abundance was 

similar to the most highly expressed cellular mRNAs by 2 hpi. This indicates that the 

viral polymerase makes few mistakes during transcription or that the threshold for innate 

immune activation is very high (Figure 3.3A). 

 We did not observe cytoplasmic interferons and ISGs during infection with 

VSVWT, which we interpret to reflect the inhibitory effect of M on nuclear export of 

cellular mRNAs. This is consistent with the observation that infection of HeLa cells with 
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VSV containing wild-type M leads to nuclear retention of poly(A) mRNA.[374] Infection 

of MEFs with VSV containing wild-type M, but not M51R, also led to the nuclear 

accumulation of IFN-b mRNA.[424] However, we cannot formally rule out effects of the 

M51R mutation on the ability of M to inhibit cellular transcription as being responsible for 

this observation. Regardless, the role of M in inhibiting transcription and blocking 

nuclear export likely represents functionally redundant mechanisms to ensure innate 

immune genes are suppressed in infected cells. 

 

The PAMP detected in VSV infected cells 

 The timing of the innate immune response to infection suggests that genome 

replication is required for activation. RIG-I is clearly important in detecting VSV infection, 

but the physiologically relevant ligand remains unclear.[411, 418] The genome and 

antigenome have 5¢ terminal triphosphates but are completely encased in a 

proteinaceous, nucleocapsid sheath that is added concomitant with their synthesis.[38, 

67, 425-427] Our results indicate that VSV N is one of the most abundant mRNAs on 

polysomes by 2 hpi, suggesting there is large supply of N produced early during 

infection to support this encapsidation (Figure 3.3A). The two short leader RNAs contain 

triphosphate but are not significantly structured which may render them less effective 

ligands for RIG-I.[426] During mRNA synthesis, the coupling of mRNA cap addition to 

transcription elongation would also suppress production of triphosphate ligands for RIG-

I. Clearly ligands are produced, as wild type M suppresses the downstream 

consequences of RIG-I activation, but the timing of interferon induction suggests that 

their production is a rare event and depends upon RNA replication. 
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 This interpretation is consistent with the idea that defective-interfering (DI) 

particles produced during RNA replication may well serve as source for such PAMPs. DI 

particles are known to induce a potent interferon response, and they are made at high 

frequency during VSV infection.[436] Therefore, secondary infection of bystander cells 

with DI particles and detection in those cells, is likely the source of the IFN response in 

VSV infected animals. 

 

Viral mRNA abundance and host shutoff. 

 We previously demonstrated support for the hypothesis proposed by Lodish and 

Porter in 1980, that viral mRNA abundance contributes to host shutoff by leading to 

competition for ribosome binding, and a redistribution of ribosomes onto viral 

messages.[87] The results described here support and extend this conclusion. We 

found that >50% of the cytoplasmic and polysome-associated mRNA was viral by 6 hpi 

with M51R, despite nuclear export of mRNPs remaining intact (Figure 3.1C and Figure 

3.5A). This indicates that blocking nuclear export of cellular mRNPs does not contribute 

significantly to inhibiting bulk cellular translation during VSV infection.  

Furthermore, polysome formation was enhanced following M51R infection, 

despite the translation efficiency of >90% of cellular mRNAs remaining unchanged 

(Figure 3.1B and Figure 3.4D). These results do not support a significant contribution to 

host cell shutoff by translational regulation, and they suggest that additional 

mechanisms beyond mRNA abundance contribute to modulation of cellular gene 

expression. We interpret the increased monosome association of many cellular mRNAs 

to reflect a subtle role for eIF4E-BP1 activation in shifting cellular mRNAs out of 



	 111	

polysomes (Figure 3.1C & 3.4D). We propose that the only mechanism which can 

reasonably explain the inhibition of host cell translation during M51R infection is viral 

mRNA abundance.  

 Further support for this hypothesis comes from the induction of IFNs and ISGs 

during M51R infection. We confirmed that two of these transcripts, IFN-l and IRF1, are 

expressed following infection, and become polysome-associated, and at least one, 

IRF1, is associated with translating ribosomes (Figure 3.5 and Figure 3.7). This is direct 

evidence that cytoplasmic availability determines polysome association, because the 

cytoplasmic appearance of IFN-l results in polysome association (Figure 3.5). 

However, we have not formally ruled out that IRF1 protein is stabilized during M51R 

infection. Additionally, despite the upregulation of IRF1 mRNA at 6 hpi, its polysome 

distribution is shifted towards smaller polysomes, likely reflecting a shift in cellular 

mRNAs out of large polysomes as was observed with wild-type VSV infection (Figure 

3.7A & 3.7B).  

Together, these results suggest that successful pathogenesis by VSV depends 

primarily on the robustness of transcription by the viral polymerase, and the ability of M 

to block nuclear export of interferon response genes. This may help explain the ability of 

VSV to replicate in a broad array of cell types, and because VSV naturally cycles 

through insect vectors, comparing our results from infected mammalian cells with viral 

replication in insect cells will be of significant interest.  

  



	 112	

Materials and Methods 

Cells and Viruses 

HeLa S3, Vero, and BSRT7 cells were grown at 37°C in Dulbecco’s modified 

Eagle medium (DMEM; Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine 

serum (FBS; Tissue Culture Biologicals, Tulare, CA). Viral stocks were grown on Syrian 

golden hamster kidney BSRT7 cells (a gift from K. Conzelmann), and titered on African 

green monkey kidney Vero cells (ATCC, CCL-81), as previously described.[32] 

 

Infections and Polysome Profiling 

For polysome profiling, 12 x 106 HeLa S3 cells were plated on a 15cm dish 24 

hours prior to infection with VSV. Cells were washed once with Hank’s balanced salt 

solution (HBSS) and infected in 5 ml serum free DMEM at MOI 10 for 1 hour at 37°C. At 

1 hour post-infection the inoculum was removed, cells were washed again with HBSS, 

and 20 mL of DMEM supplemented with 10% FBS was added for 2 or 6 hours. At the 

indicated time post-infection the medium was removed and replaced with fresh media 

containing 100 µg/ml cycloheximide, and the cells incubated at 37°C for 3 minutes. 

Cells were then washed once with ice cold 1X phosphate buffered saline (PBS) 

containing 100 µg/ml cycloheximide, and all subsequent steps were performed at 4°C or 

on ice. Cells were scraped into 1 ml 1X PBS with 100 µg/ml cycloheximide and pelleted 

at 300 � g for 10 minutes. Cell pellets were resuspended in 300 µl hypotonic lysis 

buffer containing 5mM Tris (pH 7.4), 2.5mM MgCl2, 1.5mM KCl, and RNAsin (Promega, 

Madison, WI). Cycloheximide and DL-Dithiothreitol (DTT) were added sequentially to 

100ug/ml and 3uM, respectively. The resuspended cells were briefly vortexed, and 
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Triton X-100 and sodium deoxycholate were added sequentially to 0.5%. Cells were 

pulse vortexed and incubated on ice for 15 min. Polysome extracts were clarified by 

centrifugation for 2 minutes at 12,000 � g. Lysates were layered on a 10-50% w/v 

sucrose gradient prepared using a Gradient Master Station (Biocomp, Fredericton, 

Canada). Sucrose was dissolved in a buffer containing 15mM Tris (pH 7.4), 15mM 

MgCl2, and 150mM NaCl. RNAsin and 100ug/ml cycloheximide were added immediately 

before gradient preparation, and prepared gradients were cooled to 4°C before loading. 

Gradients were centrifuged for 2 hours at 40,000 � g in a Beckman Coulter 

ultracentrifuge using an SW40Ti rotor, and 500 µl fractions were collected while 

monitoring UV254 absorbance on a Gradient Master Station. 

 

RNA Extraction, Library Preparation, and RNAseq 

 RNA was extracted using Trizol LS Reagent (Invitrogen), following the 

manufacturer’s protocol. Equal amounts of total RNA as determined on a Nanodrop 

2000 (Thermo Fisher, Waltham, MA) were used for library preparation using the Illumina 

TruSeq vII RNA Library Preparation Kit (Illumina, San Diego, CA). Samples were 

sequenced at the Whitehead Institute (Cambridge, MA) on an Illumina HiSeq2500 

system. Reads were mapped to a concatenated hg38 and M51R genome using CLC 

Genomics Workbench (Qiagen, Redwood City, CA).   
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Translation Efficiency and Differential Gene Expression Analysis 

 Translation efficiency for cellular mRNAs was calculated using the expression 

value Transcripts per Kilobase Million (TPM) as determined from co-mapping to the 

human and viral genomes using the following formula: 

  Translation Efficiency (TE) =  TPM from Polysome Library 

                  TPM from Cytoplasmic Library 

The change in this ratio following infection was presented as the log2 fold change.  

 Differential gene expression analysis was performed using DESeq2. 

 Statistical analysis of TE and mRNA abundance was performed using the 

calculated TE and cytoplasmic TPM from the data sets presented here. Translation 

efficiency of mRNAs with high or low abundance (determined as genes with abundance 

measurements outside 2 standard deviations of the mean abundance) was compared to 

mRNAs with abundance measurements within the 95% confidence interval of the mean 

abundance using the Wilcoxon rank sum test in R. Analysis of log2 fold change density 

was performed using the “geom_density” function in cowplot in R. 

 

RT-qPCR 

 RNA was recovered from polysome fractions using Trizol LS Reagent 

(Invitrogen), per the manufacturer’s instructions. For reverse transcription, 500ng total 

recovered RNA as determined on a Nanodrop 2000 (Thermo Fisher) was reverse 

transcribed using Superscript III Reverse Transcriptase (Invitrogen) and oligod(T)20 

priming at 50°C for 1 hour. The resulting cDNA was treated with RNAseA and RNAseH 

for 15 minutes at 37°C and diluted for qPCR using gene specific primers and Power 
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Sybr Green (Thermo Fisher). Relative quantitation was determined by the ΔΔCt method 

using the following primer pairs: 

 ACTB    Forward: 5¢ ACCCAGCACAATGAAGATCA 3¢ 

    Reverse: 5¢ CTCGTCATACTCCTGCTTGC 3¢ 

 IFNl    Forward: 5¢ CACATTGGCAGGTTCAAATC 3¢ 

    Reverse: 5¢ AAGCCTCAGGTCCCAATTC 3¢  

 IRF1   Forward: 5¢ CCAAGCATGGCTGGGACATC 3¢ 

    Reverse: 5¢ TGCTTTGTATCGGGCCTGTGTG 3¢ 

 VSV N  Forward: 5¢ GAGTGGGCAGAACACAAATG 3¢ 

    Reverse: 5¢ CTTCTGGCACAAGAGGTTCA 3¢ 

VSV N  Forward: 5¢ CTCTGCCGACTTGGCACAAC 3¢ 

    Reverse: 5¢ TTCAAACCATCCGAGCCATTCG 3¢ 

VSV G  Forward: 5¢ GTGGGATGACTGGGCTCCAT 3¢ 

    Reverse: 5¢ CTGCGAAGCAGCGTCTTGAA 3¢ 

Polysome distribution is presented as the fraction of the total amount of a given mRNA 

recovered in each polysome fraction. 

For time courses of interferon and ISG induction, HeLa cells in 60mm dishes 

were infected with VSV and harvested at the indicated time post infection by scraping 

into 1X PBS. Cells were pelleted at 4°C, for 2 minutes at 845 � g and resuspended in 

Trizol LS Reagent. Total RNA was extracted using Trizol LS Reagent following the 

manufacturer’s protocol and treated with 5U RQ1 DNAse (Promega) for 30 minutes at 

37°C. RNA was re-extracted using the phenol:chloroform method and precipitated by 
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ethanol precipitation overnight at -20°C. cDNA synthesis and qPCR were performed as 

described above except 100ng total RNA was used as the input for cDNA synthesis. 

 

Western Blots 

 For western blots, 10cm dishes of HeLa S3 cells were infected for 6 hours, 

washed with 1X PBS and lysed in Rose Lysis Buffer (10mM Tris-HCl, pH 7.4, 66mM 

EDTA, 1.0% v/v NP-40, and 0.4% w/v sodium deoxycholate) containing Pierce EDTA-

Free Protease Inhibitor (Thermo Fisher) on ice for 15 minutes. Lysates were clarified by 

centrifugation for 1 minute at 4°C at 16,363 � g. Protein input was normalized by 

Bradford assay and separated on a 10% SDS-PAGE gel. Proteins were transferred to 

nitrocellulose membranes at 100v for 1.5 hours, washed in 1X PBS for 2 minutes, and 

blocked in Odyssey Blocking Buffer (LI-COR Biosciences) for 1 hour at room 

temperature. Membranes were incubated with the following primary antibodies diluted in 

Odyssey Blocking Buffer (LI-COR Biosciences) overnight at 4°C; anti-IRF1 1:1000 (Cell 

Signaling, 8478) and anti-Dynein 1:2,000 (Millipore, MAB1618). Membranes were 

washed 3 times with 1X PBS with 0.1% Tween, and incubated with the following 

secondary antibodies; goat anti-mouse 1:10,000 (LI-COR Biosciences, 925-68070) and 

goat anti-rabbit 1:10,000 (LI-COR Biosciences, 925-32211) diluted in Odyssey Blocking 

Buffer (LI-COR Biosciences). Membranes were washed 3 times with 1X PBS with 0.1% 

Tween, and washed a final time with 1X PBS without tween. Detection was by the LI-

COR fluorescent based system.



	

Chapter 4: Discussion
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Summary of Results 

 We have reported here a time-resolved, global analysis of ribosome-associated 

mRNA during VSV infection. These results demonstrate that viral mRNA dominates the 

pool of cytoplasmic and polysome-associated mRNA by 6 hours post-infection. This 

supports the overwhelming abundance model first proposed by Lodish and Porter to 

describe the mechanism by which VSV shuts off host cell protein synthesis, while 

maintaining efficient viral translation. Our finding that cellular mRNAs are differentially 

shifted to monosomes during infection reconciles the model of Lodish and Porter with 

observations that the activity of the cellular initiation factor cap-binding complex is 

modified during the course of infection.  

We also tested the specific contribution of the viral matrix protein in blocking 

nuclear export of cellular mRNPs to host shutoff. The findings from these experiments 

provide further evidence that viral mRNA abundance is a key determinant of host 

shutoff, and highlight the function of the matrix protein in blunting the innate immune 

response to viral replication. The contribution of these studies to our understanding of 

VSV replication and viral-host interactions is discussed below. 

     

Model for VSV-mediated host shutoff 

 The mechanism by which VSV shuts off host cell protein synthesis, while 

maintaining efficient viral protein synthesis has remained an unresolved question. To 

interrogate this question, we took the global approach of massively parallel sequencing 

cytoplasmic and ribosome-associated mRNA at early and late times post-infection. We 

found that >60% of the cytoplasmic mRNA mapped to the 5 viral mRNAs at 6 hours 
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post-infection, and that this corresponded with viral mRNA abundance on polysomes. 

We observed an underrepresentation of viral mRNA in monosome fractions compared 

with the abundance of viral mRNA in the cytoplasm and on polysomes and an 

overrepresentation of cellular mRNA in monosome fractions. This suggests that 

additional factors may account for the shifting of cellular mRNAs into monosomes. 

Finally, we tested the contribution of the viral matrix protein in blocking nuclear export of 

cellular mRNPs to mRNA abundance and innate immune activation. These results have 

led us to propose a model, depicted in Figure 4.1 that unifies the observations of Lodish 

and Porter with roles for the modulation of translation initiation machinery and the 

functions of the matrix protein in suppressing cellular gene expression. 

 In our model, the exponential amplification of viral mRNA levels resulting from 

genome replication and secondary transcription that occurs between 2 and 6 hours 

post-infection leads to competition for limiting pools of cellular ribosomes and the 

redistribution of ribosomes from cellular transcripts onto viral messages, Figure 4.1. 

This follows the model framed by Lodish and Porter, but with a few 

accommodations.[87] We found that viral mRNAs were underrepresented in 

monosomes compared with their cytoplasmic and polysome abundance. If competition 

for ribosomes were the sole factor determining ribosome occupancy, we would expect 

to see similar levels of viral mRNA across all 3 fractions. Because we did not observe 

this, additional mechanisms must contribute to host shutoff. We have interpreted the 

overrepresentation of cellular mRNAs in the monosome fraction to reflect the effects of 

eIF4E-BP1 activation and subsequent eIF4E sequestration during infection.[293]
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Figure 4.1. Model of VSV-mediated host shutoff during efficient viral protein 

synthesis. In uninfected cells (top panel), fully processed cellular mRNAs are exported 

out of the nucleus and translated in the cytoplasm. Translation is initiated by eIF4E 

recognition of the m7G cap on cellular transcripts. The negative regulator of eIF4E, 

eIF4E-BP1 is maintained in a phosphorylated and inactive state. At early time points 

post-infection with VSV (middle panel) viral mRNAs, depicted in red, may be translated 

in an eIF4E-dependent manner. The regulator of eIF4E, eIF4E-BP1 is still 

phosphorylated and inactive. A fraction of the viral matrix protein that enters with the 

infecting virion, in addition to newly synthesized matrix, associates with the nuclear pore 

complex and sterically blocks the export of cellular mRNAs. At late times post-infection 

with VSV (bottom panel) viral mRNA overabundance leads to competition and a 

redistribution of ribosomes onto viral messages. Activation of eIF4E-BP1 leads to its 

association with eIF4E, thereby sequestering and inactivating the cellular cap-binding 

protein. This differentially shifts cellular mRNAs into monosomes. Viral mRNAs, which 

exhibit a reduced requirement for eIF4E remain associated with large polysomes. The 

ability of viral mRNAs to utilize additional initiation strategies dependent on rpl40 or m6A 

may contribute to this effect. The continued synthesis of matrix protein blocks all nuclear 

export of cellular mRNAs. While this leads to the natural decay of mRNAs with short 

half-lives (black dotted line), it principally serves to suppress the expression of 

interferons and interferon-stimulated genes.    
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Figure 4.1 (Continued). Model of VSV-mediated host shutoff during efficient viral 

protein synthesis.
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 Further mining of our data set revealed that cellular mRNAs with high translation 

efficiency at 6 hours post-infection were more abundant and had longer open reading 

frames than mRNAs with low translation efficiency. These results directly follow the 

predictions of the Lodish and Porter model. In a competition setting, we would expect 

long, abundant mRNAs to be bound by more ribosomes. A comparison of these data 

with the results we obtained by infecting cells with the viral mutant M51R enhances and 

extends our understanding of the competition model. 

 We found that viral mRNA dominates the cytoplasmic mRNA pool under 

conditions where host cell export of mRNA to the cytoplasm remains intact. We interpret 

these results to mean that the blocking of nuclear mRNP export by the viral matrix 

protein does not contribute significantly to the translational shutoff of the host. However, 

wild-type matrix protein was completely able to ablate the cytoplasmic expression of 

interferons, even during infection with viral mutants defective in performing mRNA cap 

methylation. Therefore, we propose that a principal function of M, aside from its 

established role in viral assembly, is to inhibit interferon gene expression. This function 

of M likely precedes its role in virion assembly during infection, and could be initiated by 

M that enters with the infecting particle, and amplified by M synthesized from primary 

viral transcripts. 

 One prediction from our model is that viral mutants producing less mRNA should 

be less capable of inducing host shutoff. Although such viral mutants have been 

described, we have not tested those mutants directly. We did, however, use a mutant 

G4A whose kinetics of replication are substantially impaired, and levels of mRNA 

reduced 4-fold. This mutant was able to shut off cellular translation as evidenced by the 
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collapse of large polysomes during infection. Based on our sequencing results, we 

predict that transcript levels would need to be reduced >10-fold to observe an impact on 

host shutoff. The results we presented were obtained using infection of mammalian 

cells. However, VSV naturally infects insect cells as part of the virus transmission 

cycle.[1] In cultured insect cells, VSV does not induce host shutoff.[453] This may be 

due, in part, to temperature because increasing the incubation temperature of mosquito 

cells infected with VSV from 28°C to 34°C increases viral mRNA production and protein 

synthesis.[454] The effect of raising the temperature of the insect cells on host shutoff is 

less clear, because cells cultured in serum rapidly shut down both viral and cellular 

translation at 34°C, likely through eIF2a phosphorylation.[454, 455] How the insect RNA 

interference pathway relates to these observations is currently unknown. A global 

analysis of cytoplasmic and polysome-associated mRNA during VSV infection of insect 

and HeLa cells at 28°C would provide a useful comparison to interrogate how viral 

mRNA abundance relates to differential host shutoff between species, as well as 

differences in the transcriptional and/or translational responses to infection between the 

species.  

 

Viral RNA abundance as a conserved mechanism of host shutoff 

 During the course of this study, work with influenza A, a segmented negative 

strand RNA virus; a mouse coronavirus, a positive sense RNA virus; and vaccinia virus, 

a DNA virus found evidence in support of a similar competition model.[217, 440, 441] 

Those studies performed ribosome footprinting, instead of polysome profiling, and they 

concluded from sequencing ribosome-protected fragments and cytoplasmic mRNA that 
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viral RNA dominates the cytoplasmic pool of mRNA during infection.[217, 440, 441] 

Similar to VSV, these viruses all induce host shutoff in infected cells, but in contrast to 

VSV, influenza, coronaviruses, and vaccinia virus target cellular mRNAs for 

endonucleolytic cleavage and degradation.[216, 245-247, 249, 250, 255, 259, 260, 350-

352, 357, 358] So, while viral mRNA abundance may represent a common strategy 

used by diverse viruses to overwhelm the host, VSV appears to be the only virus so far 

that is known to accomplish this feat solely through the enzymatic activities of the viral 

polymerase. This underscores the robustness of VSV polymerase activity and the 

exponential amplification of viral RNA as a result of genome replication and secondary 

transcription. Furthermore, VSV, influenza, coronaviruses, and vaccinia virus all 

manipulate the cellular translation initiation pathway, so viral mRNA abundance 

represents one of multiple mechanisms by which these viruses subvert host cell gene 

expression. 

 During infection with influenza virus, cellular mRNAs encoding for genes involved 

in oxidative phosphorylation were found to be more resistant to host shutoff.[217] This 

was correlated with decreased mRNA length, and higher GC content, leading the 

authors to conclude that reduced RNA secondary structure is correlated with efficient 

degradation.[217] RNAs encoding for genes involved in oxidative phosphorylation were 

found to be translationally upregulated during vaccinia virus infection. [441] Further 

experiments demonstrated that this was dependent on shorter 5¢ UTR length, although 

a precise mechanism for how shorter 5¢ UTR length confers enhanced translation 

efficiency during vaccinia infection remains unknown.[441] The authors speculate that 

because many vaccinia virus mRNAs have short 5¢ UTRs, this may also help explain 
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their efficient association with ribosomes.[441]  These studies highlight the importance 

of cellular energy production for efficient viral replication and suggest that the shorter 

mRNA length in genes enriched for this function confers an advantage during host 

shutoff and competition for cellular ribosomes.  

 In contrast to these two studies, we identified longer, AU-rich mRNAs as having 

increased polysome association during VSV infection. An analysis of the functional 

categories for translationally enhanced RNAs identified RNA-binding functions, but not 

functions in oxidative phosphorylation. This suggests that not all viruses differentially 

manipulate mRNAs encoding genes involved in oxidative phosphorylation. This may 

reflect the kinetics of the VSV replication cycle, which is fast even compared to other 

highly cytopathic viruses. These results may also reflect differences in the techniques 

used. We sequenced pooled polysome fractions corresponding to large polysomes, so 

we may not have been able to resolve the shifting of shorter mRNAs, which due to 

length constraints cannot be bound by as many ribosomes.  

 Our results support the hypothesis that while some features may be shared 

between efficiently translated cellular and viral mRNAs such as AU content during VSV 

infection, or 5¢ UTR length during vaccinia virus infection, there is not a single mRNA 

feature that predicts translatability. This highlights that we still do not entirely understand 

what defines efficient translatability, although it is somehow correlated with mRNA 

abundance. Furthermore, influenza, vaccinia, and coronaviruses all induce additional 

alterations to cellular translation machinery that likely affect the translation of subsets of 

mRNAs after infection. 
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Role of eIF4E-BP1 and eIF4E during VSV infection 

 The inhibition of cellular protein synthesis during VSV infection has been 

attributed to sequestering of the eIF4E cap-binding protein by activated eIF4E-

BP1.[293] This hypothesis would predict that eIF4E target mRNAs should be 

differentially depleted from polysomes during VSV infection. Our analysis of cellular 

mRNAs with decreased translation efficiency at 6 hours post-infection did not identify 

classical features associated with eIF4E dependence such as long, structured 5¢ 

UTRs.[121] This could reflect our use of UTR annotations from published databases, 

which may not accurately predict authentic UTR usage in our cells. Future experiments 

should be designed to intersect the results of our deep sequencing with published gene 

annotations, to more accurately map the UTRs expressed in our cells.  

 However, the generality of 5¢ UTR length and propensity to form secondary 

structure as defining features of eIF4E sensitive RNAs has been questioned by several 

recent genome-wide studies.[93, 456] The results of analyses from eIF4E-depleted cells 

did not find a correlation between long, structured 5¢ UTRs and eIF4E susceptibility.[93, 

456] While some of these studies have identified putative sequence elements that may 

define eIF4E target mRNAs, the mechanism by which these elements direct eIF4E is 

unclear.[93, 103, 104] Our results are therefore consistent with additional determinants 

beyond 5¢ UTR length and structure leading to differential eIF4E sensitivity. Indeed, our 

results are entirely consistent with cellular mRNAs exhibiting a wide range of eIF4E 

sensitivities. 

 We identified differential shifting of cellular mRNAs out of polysomes and into 

monosome fractions, which could reflect a range of eIF4E requirements for cellular 
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mRNA. Further support for this comes from individual distributions of cellular mRNAs 

across polysome profiles, where we observed that some cellular mRNAs are shifted 

more towards smaller polysomes than other mRNAs. Viral mRNAs, which are known to 

be less sensitive to eIF4E depletion, remain associated with large polysomes, as do 

some cellular mRNAs.[293, 395, 403] This occurs despite the collapse of large 

polysomes. While abundance and coding length are correlated with increased polysome 

association after VSV infection, we believe the range of polysome and monosome 

distributions indicates that differential sensitivities to eIF4E also contribute to the 

movement of cellular mRNAs within polysomes following infection.      

Although we did not observe a correlation between long, GC-rich 5¢ UTRs and 

reduced translatability during VSV infection, we did identify AU enrichment as a general 

feature among translationally enhanced cellular mRNAs. VSV mRNAs are AU-rich, and 

are thought to be relatively unstructured in the cell. Viral mRNAs are also efficiently 

translated during infection. One implication of this is that translation initiation proceeds 

efficiently on viral mRNAs because there is a reduced propensity to form hairpins and 

stem loops that could impede ribosome movement. We have now extended this 

observation to cellular mRNAs and suggest that for cellular mRNAs with enhanced 

translation efficiency during VSV infection, AU enrichment contributes to efficient 

translation in a similar manner by reducing the likelihood that secondary RNA structures 

impede ribosome movement.   
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The role of matrix protein during VSV infection 

 The matrix protein of VSV has multiple functions during infection, including 

inhibiting transcription from cellular polymerases, blocking nuclear export of cellular 

mRNA, and promoting assembly and budding of virions.[30, 31, 374, 375, 380-386, 392, 

424] We tested the specific contribution of blocking nuclear export to host shutoff by 

using the mutant in M, M51R, which is defective in blocking nuclear export of cellular 

mRNPs.[386] We found that >50% of the cytoplasmic and polysome-associated mRNA 

was viral, indicating that continued export of cellular mRNA did not impact viral mRNA 

dominance in the cytoplasm and on polysomes. Furthermore, we observed that 

polysomes remained intact in M51R infected cells at 6 hpi. This is consistent with 

observations by multiple groups that bulk protein synthesis increases in cells infected 

with viruses containing the M51R mutation.[420, 421] Although bulk protein synthesis 

increases, cellular translation is inhibited, albeit to a lesser extent than in wild-type 

infected cells.[293, 338, 391, 421] Viral protein synthesis must account for the 

difference. Although multiple mechanisms likely contribute to this effect, we believe it 

predominantly reflects the overwhelming abundance of viral mRNA in the cytoplasm, 

and its corresponding abundance on polysomes during M51R infection.  

 The increase in monosomes and polysomes at 6 hours post-infection with M51R 

is reminiscent of the increase in monosomes and polysomes we observed in wild-type 

infected cells at 2 hours post-infection. One interpretation of these results is that they 

reflect a kinetic delay in host shutoff during M51R infection. Despite M51R being 

defective in shutting off host cell protein synthesis, the published literature shows that it 
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progressively inhibits cellular translation with increasing time post-infection.[293, 338, 

391, 420, 421] Therefore, we propose that the M51R polysome profiles at 6 hours post-

infection, may reflect what polysome traces in wild-type infected cells would look like 

between 2 and 3 hours post-infection. Collectively, these results highlight that the 

function of M in blocking nuclear export does not play a major role in inhibiting cellular 

protein synthesis. We identified a key function of M in inhibiting interferon and 

interferon-stimulated gene expression. 

 

Evasion of innate immune sensors and the interferon response 

 VSV employs at least two mechanisms to evade detection by cytosolic sensors 

of foreign nucleic acids, 1) viral mRNAs are modified by VSV L such that they are 

structurally indistinguishable from cellular transcripts, and 2) by encasing the viral 

genome and antigenome RNAs in a proteinaceous nucleocapsid sheath. Despite these 

mechanisms, we found that interferons and interferon-stimulated genes were 

upregulated at 6 hours post-infection in the cytoplasm of M51R infected HeLa cells. 

Interferons and interferon-stimulated genes were not upregulated in cells infected with a 

virus harboring wild-type M. These observations indicate that VSV does not evade 

detection by cytosolic cellular sensors during infection, but rather that the cellular 

response to infection is impeded in wild-type infected cells. Because the M51R mutant 

is impaired for blocking nuclear export of cellular mRNPs, we conclude that a principal 

function of M is to prevent the transport of interferon and interferon-stimulated gene 

mRNAs out of the nucleus following cellular sensing of VSV.  
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One implication of this model is that wild-type VSV is still sensed, but interferon 

mRNAs are sequestered in the nucleus. We did not sequence the nuclear fraction from 

infected cells, but further experiments should address this possibility. Complementary to 

sequencing, quantitative PCR for interferon mRNAs in the nuclear fraction would reveal 

whether the mRNAs are transcribed, but subsequently sequestered by M. Results from 

MEFs infected with VSV harboring the M51R mutation suggest that this is the 

case.[424] To confirm that wild-type VSV is sensed, the phosphorylation and nuclear 

translocation of the cellular transcription factors IRF3, IRF7, and NF-kB could be 

investigated by western blotting and immunofluorescence at different times post-

infection. Based on our finding that type III interferons are detected at 4 hours post-

infection, we would predict that activation and nuclear translocation of IRF3, IRF7 or 

NF-kB would occur between 2 and 4 hours post-infection.  

 The timing of interferon induction during M51R infection at 4 hours post-infection 

suggests that viral replication is the source of ligands responsible for activating innate 

immune sensors. We did not find interferons expressed in the cytoplasm of M51R 

infected cells at 2 hours post-infection, a time when viral mRNAs are as abundant as 

highly expressed cellular mRNAs in the cytoplasm and on polysomes. These results 

suggest that primary transcription by infecting viral cores is not a significant source of 

stimulatory ligands. What then is the ligand recognized by cytosolic sensors during 

replication in a VSV infected cell? 

 Several RNA molecules produced during VSV replication have been proposed to 

be ligands for detection by RIG-I, including double-stranded RNA and the 5¢ leader.[412, 

415] Although the 5¢ leader is a short RNA with a terminal triphosphate and thus seems 
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an ideal RIG-I ligand, it has a low propensity to form RNA structure. The viral genome 

and antigenome are completely coated with N, and thus not accessible for recognition 

by cytosolic sensors.[38, 67, 426-430] Our sequencing results also indicate that 

nucleocapsid (N) is already one of the most abundant mRNAs on polysomes at 2 hours 

post-infection, so it is difficult to reconcile the abundance of N protein with incomplete 

encapsidation. Moreover, it is established that inhibiting N protein expression arrests 

replication and releases aborted encapsidated partial genomes.[457, 458] The 

encapsidation of genome and antigenome RNA also prevents any potential for 

hybridization between complementary RNA sequences. The viral polymerase itself 

requires a cofactor P to allow it to copy the bases of the template RNA, because they 

are inaccessible otherwise. It is therefore difficult to envision how significant levels of 

virus-derived double-stranded RNA could accumulate in infected cells.[459] 

Alternatively, the RNA species detected may not be viral RNAs, but cellular RNAs 

released by dying cells late during infection. Further experimentation is required to 

resolve these possibilities. 

While our results cannot definitively identify any viral RNA species as the 

molecule detected by the innate immune system, we propose that the timing of 

interferon induction suggests improperly capped viral mRNA species are a potential 

source of RIG-I ligands. Capping by VSV L occurs when transcripts have reached 30 

nucleotides in length.[46] Failure to cap viral mRNAs results in premature termination of 

transcription, which would produce a short, improperly processed RNA molecule 

harboring a terminal triphosphate and capable of potently activating RIG-I.[42, 460-462] 
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The production of aberrant, uncapped mRNAs would be expected to increase 

concurrent with the amplification of transcription as a result of replication.  

Aberrant products from viral transcription seem unlikely candidates to activate 

innate immunity during infection of an animal with VSV. If a principal function of M is to 

indeed block interferon gene expression, we expect that it will carry out this function in 

the cells of an infected animal. This means the interferon response observed in infected 

animals does not originate from the primary infected cell. Rather, we propose that it is 

the production of defective-interfering particles that is responsible for initiating an 

interferon response in an infected animal. It is known that defective-interfering particles 

are produced at high frequency during VSV infection and that they can potently 

stimulate the innate immune response.[436] It therefore seems probable that secondary 

infection of bystander cells with defective-interfering particles leads to detection of DI 

genomes by RIG-I and the induction of interferon gene expression.   

  

The function of viral mRNA cap methylation  

 Our observation that viral mRNA transcribed by VSV mutants defective in N-7 

only or both N-7 and 2¢-O cap methylation remains associated with large polysomes at 6 

hours post-infection, suggests that N-7 cap methylation is not required for efficient viral 

protein synthesis. This result contradicts previous results obtained from in vitro 

experiments that reported N-7 methylation on viral mRNAs was required for binding to 

cellular ribosomes.[72, 73, 433, 434] This apparent discrepancy can be explained by the 

excess of viral mRNA transcribed in an infected cell, which could compensate for 

reduced eIF4E affinity. Furthermore, given the apparent insensitivity of VSV to eIF4E 
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levels, N-7 methylation may serve a more mediatory, rather than obligatory role in an 

infected cell. How a failure to perform N-7 cap methylation would affect the polysome 

association of viral mRNAs earlier than 2 hours post-infection has not been addressed 

directly, but our results, interpreted with previous results published for these mutants 

suggest there is not a significant delay in viral protein expression by 6 hours post-

infection.[54] One caveat to these studies, is that the methylation status of viral mRNAs 

from N-7 mutant infected cells has not been confirmed, so it cannot be ruled out that a 

cellular methyltransferase compensates for the loss of VSV methyltransferase 

activity.[54] 

 Previous work on VSV mutants defective in performing cap methylation 

demonstrated differential restriction to viral replication among cell lines from varying 

species.[463, 464] Viruses which capped, but failed to methylate the caps, were highly 

restricted in cell lines of human origin but retained the ability to replicate in Syrian 

hamster kidney (BHK) cells.[463, 464] Viral mRNAs isolated from infected BHK, but not 

the human HEp-2 cell line were found to contain N-7 cap methylation, suggesting that a 

cellular methyltransferase present in BHK cells was at least partially active on viral 

mRNAs.[465] HeLa cells were also found to be restrictive to methylation-defective 

viruses, but not to the same extent as HEp-2 cells.[463] Future experiments should 

determine the methylation status of the viral mRNAs from HeLa cells infected with our 

methylation-defective viruses. 

 The presence of 2¢-O cap methylation is thought to distinguish cellular “self” 

mRNAs, from pathogen-derived “non-self” mRNAs.[431] The cellular IFIT family of 

proteins is responsible for this discrimination, and replication of vaccinia and 
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coronavirus mutants defective in 2¢-O cap methylation is impaired in cells expressing 

these proteins.[431] These proteins were highly upregulated in our differential gene 

analysis of VSV M51R infected cells, consistent with their categorization as ISGs. 

However, our results demonstrate that wild-type VSV M efficiently blocks interferon 

gene expression during infection, suggesting that 2¢-O methylation may be redundant to 

the function of M. Indeed, the viral mutant G4A, which is defective in both N-7 and 2¢-O 

cap methylation, retains pathogenicity in mice.[54, 435] If viral mRNA abundance can 

compensate for N-7 effects on ribosome association and 2¢-O methylation is redundant 

with M inhibition of interferon expression, what selective pressure imposed the 

requirement for a methyltransferase domain in VSV L? 

 Our experiments were performed in HeLa cells using 10 plaque forming units 

(PFUs) per cell, as determined by plaque assay on Vero cells. PFU does not account 

for the ratio of particles to plaque forming units, and the particle to PFU ratio for the 

methylation mutant viruses is currently unknown. Therefore, we could be challenging 

cells with significantly higher numbers of methylation mutant particles than we did with 

wild-type or even VSVM51R. If this is the case, it would suggest that viral mRNA 

methylation is important for establishing productive infection. 

 

Towards a unifying model for VSV mRNA translation 

 We deep-sequenced mRNA from VSV-infected cells at 2 hours post-infection 

and found that viral mRNAs were already as abundant on polysomes as highly 

expressed cellular mRNAs. This indicates that the association of viral mRNA with 

polysomes is efficient at early times post infection, and we have hypothesized that this 
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may depend on the proper methylation of the transcripts. One challenge to presenting a 

unified model for translation in a VSV infected cell is incorporating multiple observations 

that VSV mRNA translation has unusual dependencies and insensitivities relative to 

canonical cellular transcripts.  

We hypothesize that the initial rounds of viral mRNA translation following 

infection require proper cap methylation and are likely eIF4E-dependent. Additional 

modifications on viral mRNAs may further increase the chance of productive ribosome 

association. These modifications identified on viral mRNAs from infected cells include 

N6-methyladenosine at the first two nucleotides of viral UTRs.[49, 65, 66] The m6A 

mark has been shown to directly recruit eIF3 and bypass the requirement for eIF4E 

when present in the 5¢ UTR of some cellular transcripts.[107-109] It is possible that 

these modifications in VSV UTRs are also capable of directing eIF4E-independent 

translation, providing the virus with additional mechanisms through which ribosomal 

complexes can be assembled. The flexibility to initiate translation through eIF4E, or 

through eIF3 would increase the efficiency with which viral mRNAs associate with 

polysomes early during infection, and aide the establishment of productive infection.    

Once infection is established, viral mRNA levels rise quickly, and cellular eIF4E 

is sequestered. A reduced dependency for viral mRNAs on eIF4E through m6A 

modifications would ensure efficient viral protein synthesis until viral mRNA abundance 

reaches a sufficient level to drive host shutoff and maintain robust polysome 

association. Our results from infected HeLa cells at 6 hours post-infection support that 

viral mRNA abundance contributes to host shutoff and efficient viral protein synthesis, 

but they do not exclude effects from the relative eIF4E insensitivity of viral transcripts. 
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Work from our laboratory previously reported that VSV mRNAs are 

hypersensitive to RNAi-mediated depletion of rpl40, and also to the loss of eIF3 

subunits.[78, 437] The relationship between those observations and the present work is 

unclear. Rpl40 is a solvent-exposed protein on the large ribosomal subunit, and through 

its localization it may be able to contact mRNA or RNA-binding proteins, and direct 

initiation on select transcripts from the ribosome.[78, 82] An alternative hypothesis is 

that the proposed function of rpl40 in regulating large subunit joining renders rpl40 

depleted ribosomes defective in assembling 80S complexes. This phenotype may 

cause mRNAs with short, unstructured UTRs to exhibit hypersensitivity to rpl40 

depletion if stabilizing interactions between the mRNA, initiation factors and ribosomes 

are modified or unable to occur due to short 5¢ UTR length. This may result in 80S 

ribosomal complexes forming less efficiently, or exhibiting a greater propensity to 

dissociate. As the loss of rpl40 dramatically suppresses viral gene expression, it would 

be of interest to compare the transcriptomes and polysome-associated mRNAs from 

cells depleted of rpl40 and infected with VSV. 

Our results from deep-sequencing cytoplasmic and polysome-associated mRNAs 

at early and late time points post-infection with VSV have allowed us to build a model 

for the early events required to establish productive infection. In addition, they have 

provided two fundamental insights into the mechanism by which VSV inhibits host cell 

gene expression, 1) viral mRNA abundance is a key determinant for the inhibition of 

cellular translation, and 2) the viral matrix protein plays a critical role in blocking the 

innate immune response to viral infection. This expands the mechanisms by which 
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highly cytopathic viruses dominate the cytoplasmic mRNA pool and highlights the robust 

activity of the VSV polymerase. 

  



	 138	

References 

 
1. Fields, B.N., D.M. Knipe, and P.M. Howley, Fields virology. 6th ed. 2013, 

Philadelphia: Wolters Kluwer Health/Lippincott Williams & Wilkins. 

2. Matlin, K.S., et al., Pathway of vesicular stomatitis virus entry leading to infection. 
J Mol Biol, 1982. 156(3): p. 609-31. 

3. Superti, F., et al., Entry pathway of vesicular stomatitis virus into different host 
cells. J Gen Virol, 1987. 68 ( Pt 2): p. 387-99. 

4. Cureton, D.K., et al., Vesicular stomatitis virus enters cells through vesicles 
incompletely coated with clathrin that depend upon actin for internalization. PLoS 
Pathog, 2009. 5(4): p. e1000394. 

5. Cureton, D.K., et al., The length of vesicular stomatitis virus particles dictates a 
need for actin assembly during clathrin-dependent endocytosis. PLoS Pathog, 
2010. 6(9): p. e1001127. 

6. Heine, J.W. and C.A. Schnaitman, Entry of vesicular stomatitis virus into L cells. 
J Virol, 1971. 8(5): p. 786-95. 

7. Emerson, S.U. and R.R. Wagner, Dissociation and reconstitution of the 
transcriptase and template activities of vesicular stomatitis B and T virions. J 
Virol, 1972. 10(2): p. 297-309. 

8. Emerson, S.U. and R.R. Wagner, L protein requirement for in vitro RNA 
synthesis by vesicular stomatitis virus. J Virol, 1973. 12(6): p. 1325-35. 

9. Emerson, S.U. and Y. Yu, Both NS and L proteins are required for in vitro RNA 
synthesis by vesicular stomatitis virus. J Virol, 1975. 15(6): p. 1348-56. 

10. Szilagyi, J.F. and L. Uryvayev, Isolation of an infectious ribonucleoprotein from 
vesicular stomatitis virus containing an active RNA transcriptase. J Virol, 1973. 
11(2): p. 279-86. 



	 139	

11. Baltimore, D., A.S. Huang, and M. Stampfer, Ribonucleic acid synthesis of 
vesicular stomatitis virus, II. An RNA polymerase in the virion. Proc Natl Acad Sci 
U S A, 1970. 66(2): p. 572-6. 

12. Huang, A.S. and E.K. Manders, Ribonucleic acid synthesis of vesicular stomatitis 
virus. IV. Transcription by standard virus in the presence of defective interfering 
particles. J Virol, 1972. 9(6): p. 909-16. 

13. Perrault, J. and J.J. Holland, Absence of transcriptase activity or transcription-
inhibiting ability in defective interfering particles of vesicular stomatitis virus. 
Virology, 1972. 50(1): p. 159-70. 

14. Huang, A.S., D. Baltimore, and M. Stampfer, Ribonucleic acid synthesis of 
vesicular stomatitis virus. 3. Multiple complementary messenger RNA molecules. 
Virology, 1970. 42(4): p. 946-57. 

15. Morrison, T., et al., Translation of vesicular stomatitis messenger RNA by 
extracts from mammalian and plant cells. J Virol, 1974. 13(1): p. 62-72. 

16. Both, G.W., S.A. Moyer, and A.K. Banerjee, Translation and identification of the 
mRNA species synthesized in vitro by the virion-associated RNA polymerase of 
vesicular stomatitis virus. Proc Natl Acad Sci U S A, 1975. 72(1): p. 274-8. 

17. Knipe, D., J.K. Rose, and H.F. Lodish, Translation of individual species of 
vesicular stomatitis viral mRNA. J Virol, 1975. 15(4): p. 1004-11. 

18. Iverson, L.E. and J.K. Rose, Localized attenuation and discontinuous synthesis 
during vesicular stomatitis virus transcription. Cell, 1981. 23(2): p. 477-84. 

19. Ball, L.A. and C.N. White, Order of transcription of genes of vesicular stomatitis 
virus. Proc Natl Acad Sci U S A, 1976. 73(2): p. 442-6. 

20. Ball, L.A., Transcriptional mapping of vesicular stomatitis virus in vivo. J Virol, 
1977. 21(1): p. 411-4. 

21. Abraham, G. and A.K. Banerjee, Sequential transcription of the genes of 
vesicular stomatitis virus. Proc Natl Acad Sci U S A, 1976. 73(5): p. 1504-8. 



	 140	

22. Villarreal, L.P., M. Breindl, and J.J. Holland, Determination of molar ratios of 
vesicular stomatitis virus induced RNA species in BHK21 cells. Biochemistry, 
1976. 15(8): p. 1663-7. 

23. Follett, E.A., et al., Virus replication in enucleate cells: vesicular stomatitis virus 
and influenza virus. J Virol, 1974. 13(2): p. 394-9. 

24. Grubman, M.J., E. Ehrenfeld, and D.F. Summers, In vitro synthesis of proteins by 
membrane-bound polyribosomes from vesicular stomatitis virus-infected HeLa 
cells. J Virol, 1974. 14(3): p. 560-71. 

25. Knipe, D.M., D. Baltimore, and H.F. Lodish, Separate pathways of maturation of 
the major structural proteins of vesicular stomatitis virus. J Virol, 1977. 21(3): p. 
1128-39. 

26. Grubman, M.J., J.A. Weinstein, and D.A. Shafritz, Studies on the mechanism for 
entry of vesicular stomatitis virus glycoprotein G mRNA into membrane-bound 
polyribosome complexes. J Cell Biol, 1977. 74(1): p. 43-57. 

27. Knipe, D.M., D. Baltimore, and H.F. Lodish, Maturation of viral proteins in cells 
infected with temperature-sensitive mutants of vesicular stomatitis virus. J Virol, 
1977. 21(3): p. 1149-58. 

28. Brown, E.L. and D.S. Lyles, Organization of the vesicular stomatitis virus 
glycoprotein into membrane microdomains occurs independently of intracellular 
viral components. J Virol, 2003. 77(7): p. 3985-92. 

29. Newcomb, W.W. and J.C. Brown, Role of the vesicular stomatitis virus matrix 
protein in maintaining the viral nucleocapsid in the condensed form found in 
native virions. J Virol, 1981. 39(1): p. 295-9. 

30. Obiang, L., et al., Phenotypes of vesicular stomatitis virus mutants with mutations 
in the PSAP motif of the matrix protein. J Gen Virol, 2012. 93(Pt 4): p. 857-65. 

31. Jayakar, H.R., K.G. Murti, and M.A. Whitt, Mutations in the PPPY motif of 
vesicular stomatitis virus matrix protein reduce virus budding by inhibiting a late 
step in virion release. J Virol, 2000. 74(21): p. 9818-27. 



	 141	

32. Soh, T.K. and S.P. Whelan, Tracking the Fate of Genetically Distinct Vesicular 
Stomatitis Virus Matrix Proteins Highlights the Role for Late Domains in 
Assembly. J Virol, 2015. 89(23): p. 11750-60. 

33. Liang, B., et al., Structure of the L Protein of Vesicular Stomatitis Virus from 
Electron Cryomicroscopy. Cell, 2015. 162(2): p. 314-327. 

34. Mellon, M.G. and S.U. Emerson, Rebinding of transcriptase components (L and 
NS proteins) to the nucleocapsid template of vesicular stomatitis virus. J Virol, 
1978. 27(3): p. 560-7. 

35. Emerson, S.U. and M. Schubert, Location of the binding domains for the RNA 
polymerase L and the ribonucleocapsid template within different halves of the NS 
phosphoprotein of vesicular stomatitis virus. Proc Natl Acad Sci U S A, 1987. 
84(16): p. 5655-9. 

36. La Ferla, F.M. and R.W. Peluso, The 1:1 N-NS protein complex of vesicular 
stomatitis virus is essential for efficient genome replication. J Virol, 1989. 63(9): 
p. 3852-7. 

37. Green, T.J. and M. Luo, Structure of the vesicular stomatitis virus nucleocapsid in 
complex with the nucleocapsid-binding domain of the small polymerase cofactor, 
P. Proc Natl Acad Sci U S A, 2009. 106(28): p. 11713-8. 

38. Green, T.J., et al., Structure of the vesicular stomatitis virus nucleoprotein-RNA 
complex. Science, 2006. 313(5785): p. 357-60. 

39. Emerson, S.U., Reconstitution studies detect a single polymerase entry site on 
the vesicular stomatitis virus genome. Cell, 1982. 31(3 Pt 2): p. 635-42. 

40. Rose, J.K., Complete intergenic and flanking gene sequences from the genome 
of vesicular stomatitis virus. Cell, 1980. 19(2): p. 415-21. 

41. Stillman, E.A. and M.A. Whitt, Mutational analyses of the intergenic dinucleotide 
and the transcriptional start sequence of vesicular stomatitis virus (VSV) define 
sequences required for efficient termination and initiation of VSV transcripts. J 
Virol, 1997. 71(3): p. 2127-37. 



	 142	

42. Stillman, E.A. and M.A. Whitt, Transcript initiation and 5'-end modifications are 
separable events during vesicular stomatitis virus transcription. J Virol, 1999. 
73(9): p. 7199-209. 

43. Whelan, S.P. and G.W. Wertz, Transcription and replication initiate at separate 
sites on the vesicular stomatitis virus genome. Proc Natl Acad Sci U S A, 2002. 
99(14): p. 9178-83. 

44. Morin, B., A.A. Rahmeh, and S.P. Whelan, Mechanism of RNA synthesis 
initiation by the vesicular stomatitis virus polymerase. EMBO J, 2012. 31(5): p. 
1320-9. 

45. Ogino, T. and A.K. Banerjee, Unconventional mechanism of mRNA capping by 
the RNA-dependent RNA polymerase of vesicular stomatitis virus. Mol Cell, 
2007. 25(1): p. 85-97. 

46. Tekes, G., A.A. Rahmeh, and S.P. Whelan, A freeze frame view of vesicular 
stomatitis virus transcription defines a minimal length of RNA for 5' processing. 
PLoS Pathog, 2011. 7(6): p. e1002073. 

47. Ogino, T. and A.K. Banerjee, An unconventional pathway of mRNA cap formation 
by vesiculoviruses. Virus Res, 2011. 162(1-2): p. 100-9. 

48. Rhodes, D.P., S.A. Moyer, and A.K. Banerjee, In vitro synthesis of methylated 
messenger RNA by the virion-associated RNA polymerase of vesicular stomatitis 
virus. Cell, 1974. 3(4): p. 327-33. 

49. Moyer, S.A., et al., Methylated and blocked 5' termini in vesicular stomatitis virus 
in vivo mRNAs. Cell, 1975. 5(1): p. 59-67. 

50. Abraham, G., D.P. Rhodes, and A.K. Banerjee, The 5' terminal structure of the 
methylated mRNA synthesized in vitro by vesicular stomatitis virus. Cell, 1975. 
5(1): p. 51-8. 

51. Testa, D. and A.K. Banerjee, Two methyltransferase activities in the purified 
virions of vesicular stomatitis virus. J Virol, 1977. 24(3): p. 786-93. 



	 143	

52. Grdzelishvili, V.Z., et al., A single amino acid change in the L-polymerase protein 
of vesicular stomatitis virus completely abolishes viral mRNA cap methylation. J 
Virol, 2005. 79(12): p. 7327-37. 

53. Li, J., E.C. Fontaine-Rodriguez, and S.P. Whelan, Amino acid residues within 
conserved domain VI of the vesicular stomatitis virus large polymerase protein 
essential for mRNA cap methyltransferase activity. J Virol, 2005. 79(21): p. 
13373-84. 

54. Li, J., J.T. Wang, and S.P. Whelan, A unique strategy for mRNA cap methylation 
used by vesicular stomatitis virus. Proc Natl Acad Sci U S A, 2006. 103(22): p. 
8493-8. 

55. Galloway, S.E., P.E. Richardson, and G.W. Wertz, Analysis of a structural 
homology model of the 2'-O-ribose methyltransferase domain within the vesicular 
stomatitis virus L protein. Virology, 2008. 382(1): p. 69-82. 

56. Rahmeh, A.A., et al., Ribose 2'-O methylation of the vesicular stomatitis virus 
mRNA cap precedes and facilitates subsequent guanine-N-7 methylation by the 
large polymerase protein. J Virol, 2009. 83(21): p. 11043-50. 

57. Mudd, J.A. and D.F. Summers, Polysomal ribonucleic acid of vesicular stomatitis 
virus-infected HeLa cells. Virology, 1970. 42(4): p. 958-68. 

58. Ehrenfeld, E. and D.F. Summers, Adenylate-rich sequences in vesicular 
stomatitis virus messenger ribonucleic acid. J Virol, 1972. 10(4): p. 683-8. 

59. Villarreal, L.P. and J.J. Holland, Synthesis of poly(A) in vitro by purified virions of 
vesicular stomatitis virus. Nat New Biol, 1973. 246(149): p. 17-9. 

60. Banerjee, A.K. and D.P. Rhodes, In vitro synthesis of RNA that contains 
polyadenylate by virion-associated RNA polymerase of vesicular stomatitis virus. 
Proc Natl Acad Sci U S A, 1973. 70(12): p. 3566-70. 

61. Schubert, M., et al., Site on the vesicular stomatitis virus genome specifying 
polyadenylation and the end of the L gene mRNA. J Virol, 1980. 34(2): p. 550-9. 



	 144	

62. Hunt, D.M., E.F. Smith, and D.W. Buckley, Aberrant polyadenylation by a 
vesicular stomatitis virus mutant is due to an altered L protein. J Virol, 1984. 
52(2): p. 515-21. 

63. Barr, J.N., S.P. Whelan, and G.W. Wertz, cis-Acting signals involved in 
termination of vesicular stomatitis virus mRNA synthesis include the conserved 
AUAC and the U7 signal for polyadenylation. J Virol, 1997. 71(11): p. 8718-25. 

64. Barr, J.N. and G.W. Wertz, Polymerase slippage at vesicular stomatitis virus 
gene junctions to generate poly(A) is regulated by the upstream 3'-AUAC-5' 
tetranucleotide: implications for the mechanism of transcription termination. J 
Virol, 2001. 75(15): p. 6901-13. 

65. Rose, J.K., Heterogneeous 5'-terminal structures occur on vesicular stomatitis 
virus mRNAs. J Biol Chem, 1975. 250(20): p. 8098-104. 

66. Moyer, S.A. and A.K. Banerjee, In vivo methylation of vesicular stomatitis virus 
and its host-cell messenger RNA species. Virology, 1976. 70(2): p. 339-51. 

67. Soria, M., S.P. Little, and A.S. Huang, Characterization of vesicular stomatitis 
virus nucleocapsids. I. Complementary 40 S RNA molecules in nucleocapsids. 
Virology, 1974. 61(1): p. 270-80. 

68. Wertz, G.W., Isolation of possible replicative intermediate structures from 
vesicular stomatitis virus-infected cells. Virology, 1978. 85(1): p. 271-85. 

69. Testa, D., P.K. Chanda, and A.K. Banerjee, In vitro synthesis of the full-length 
complement of the negative-strand genome RNA of vesicular stomatitis virus. 
Proc Natl Acad Sci U S A, 1980. 77(1): p. 294-8. 

70. Patton, J.T., N.L. Davis, and G.W. Wertz, N protein alone satisfies the 
requirement for protein synthesis during RNA replication of vesicular stomatitis 
virus. J Virol, 1984. 49(2): p. 303-9. 

71. Peluso, R.W. and S.A. Moyer, Initiation and replication of vesicular stomatitis 
virus genome RNA in a cell-free system. Proc Natl Acad Sci U S A, 1983. 80(11): 
p. 3198-202. 



	 145	

72. Both, G.W., A.K. Banerjee, and A.J. Shatkin, Methylation-dependent translation 
of viral messenger RNAs in vitro. Proc Natl Acad Sci U S A, 1975. 72(3): p. 1189-
93. 

73. Muthukrishnan, S., et al., Influence of 5'-terminal m7G and 2'--O-methylated 
residues on messenger ribonucleic acid binding to ribosomes. Biochemistry, 
1976. 15(26): p. 5761-8. 

74. Rose, J.K. and H.F. Lodish, Translation in vitro of vesicular stomatitis virus 
mRNA lacking 5'-terminal 7-methylguanosine. Nature, 1976. 262(5563): p. 32-7. 

75. Lodish, H.F. and J.K. Rose, Relative importance of 7-methylguanosine in 
ribosome binding and translation of vesicular stomatitis virus mRNA in wheat 
germ and reticulocyte cell-free systems. J Biol Chem, 1977. 252(4): p. 1181-8. 

76. Pesole, G., et al., Structural and functional features of eukaryotic mRNA 
untranslated regions. Gene, 2001. 276(1-2): p. 73-81. 

77. Rose, J.K., Complete sequences of the ribosome recognition sites in vesicular 
stomatitis virus mRNAs: recognition by the 40S and 80S complexes. Cell, 1978. 
14(2): p. 345-53. 

78. Lee, A.S., R. Burdeinick-Kerr, and S.P. Whelan, A ribosome-specialized 
translation initiation pathway is required for cap-dependent translation of 
vesicular stomatitis virus mRNAs. Proc Natl Acad Sci U S A, 2013. 110(1): p. 
324-9. 

79. Finley, D., B. Bartel, and A. Varshavsky, The tails of ubiquitin precursors are 
ribosomal proteins whose fusion to ubiquitin facilitates ribosome biogenesis. 
Nature, 1989. 338(6214): p. 394-401. 

80. Monia, B.P., et al., Gene synthesis, expression, and processing of human 
ubiquitin carboxyl extension proteins. J Biol Chem, 1989. 264(7): p. 4093-103. 

81. Fernandez-Pevida, A., et al., Yeast ribosomal protein L40 assembles late into 
precursor 60 S ribosomes and is required for their cytoplasmic maturation. J Biol 
Chem, 2012. 287(45): p. 38390-407. 



	 146	

82. Fernandez, I.S., et al., Molecular architecture of a eukaryotic translational 
initiation complex. Science, 2013. 342(6160): p. 1240585. 

83. Poll, G., et al., rRNA maturation in yeast cells depleted of large ribosomal subunit 
proteins. PLoS One, 2009. 4(12): p. e8249. 

84. Mudd, J.A. and D.F. Summers, Protein synthesis in vesicular stomatitis virus-
infected HeLa cells. Virology, 1970. 42(2): p. 328-40. 

85. David, A.E., Size distributions of vesicular stomatitis virus-specific polysomes. J 
Gen Virol, 1978. 39(1): p. 149-60. 

86. David, A.E., Control of vesicular stomatitis virus protein synthesis. Virology, 
1976. 71(1): p. 217-29. 

87. Lodish, H.F. and M. Porter, Translational control of protein synthesis after 
infection by vesicular stomatitis virus. J Virol, 1980. 36(3): p. 719-33. 

88. Jackson, R.J., C.U. Hellen, and T.V. Pestova, The mechanism of eukaryotic 
translation initiation and principles of its regulation. Nat Rev Mol Cell Biol, 2010. 
11(2): p. 113-27. 

89. Hinnebusch, A.G. and J.R. Lorsch, The mechanism of eukaryotic translation 
initiation: new insights and challenges. Cold Spring Harb Perspect Biol, 2012. 
4(10). 

90. Fraser, C.S., Quantitative studies of mRNA recruitment to the eukaryotic 
ribosome. Biochimie, 2015. 114: p. 58-71. 

91. Duncan, R. and J.W. Hershey, Identification and quantitation of levels of protein 
synthesis initiation factors in crude HeLa cell lysates by two-dimensional 
polyacrylamide gel electrophoresis. J Biol Chem, 1983. 258(11): p. 7228-35. 

92. Duncan, R., S.C. Milburn, and J.W. Hershey, Regulated phosphorylation and low 
abundance of HeLa cell initiation factor eIF-4F suggest a role in translational 
control. Heat shock effects on eIF-4F. J Biol Chem, 1987. 262(1): p. 380-8. 



	 147	

93. Truitt, M.L., et al., Differential Requirements for eIF4E Dose in Normal 
Development and Cancer. Cell, 2015. 162(1): p. 59-71. 

94. Hinnebusch, A.G., The scanning mechanism of eukaryotic translation initiation. 
Annu Rev Biochem, 2014. 83: p. 779-812. 

95. Thompson, M.K. and W.V. Gilbert, mRNA length-sensing in eukaryotic 
translation: reconsidering the "closed loop" and its implications for translational 
control. Curr Genet, 2017. 63(4): p. 613-620. 

96. Pestova, T.V., S.I. Borukhov, and C.U. Hellen, Eukaryotic ribosomes require 
initiation factors 1 and 1A to locate initiation codons. Nature, 1998. 394(6696): p. 
854-9. 

97. Pestova, T.V., et al., The joining of ribosomal subunits in eukaryotes requires 
eIF5B. Nature, 2000. 403(6767): p. 332-5. 

98. Heyer, E.E. and M.J. Moore, Redefining the Translational Status of 80S 
Monosomes. Cell, 2016. 164(4): p. 757-69. 

99. Gale, M., Jr., S.L. Tan, and M.G. Katze, Translational control of viral gene 
expression in eukaryotes. Microbiol Mol Biol Rev, 2000. 64(2): p. 239-80. 

100. Pelletier, J., et al., Targeting the eIF4F translation initiation complex: a critical 
nexus for cancer development. Cancer Res, 2015. 75(2): p. 250-63. 

101. Siddiqui, N. and N. Sonenberg, Signalling to eIF4E in cancer. Biochem Soc 
Trans, 2015. 43(5): p. 763-72. 

102. Saxton, R.A. and D.M. Sabatini, mTOR Signaling in Growth, Metabolism, and 
Disease. Cell, 2017. 168(6): p. 960-976. 

103. Thoreen, C.C., et al., A unifying model for mTORC1-mediated regulation of 
mRNA translation. Nature, 2012. 485(7396): p. 109-13. 

104. Hsieh, A.C., et al., The translational landscape of mTOR signalling steers cancer 
initiation and metastasis. Nature, 2012. 485(7396): p. 55-61. 



	 148	

105. Lee, A.S., P.J. Kranzusch, and J.H. Cate, eIF3 targets cell-proliferation 
messenger RNAs for translational activation or repression. Nature, 2015. 
522(7554): p. 111-4. 

106. Lee, A.S., et al., eIF3d is an mRNA cap-binding protein that is required for 
specialized translation initiation. Nature, 2016. 536(7614): p. 96-9. 

107. Zhou, J., et al., Dynamic m(6)A mRNA methylation directs translational control of 
heat shock response. Nature, 2015. 526(7574): p. 591-4. 

108. Meyer, K.D., et al., 5' UTR m(6)A Promotes Cap-Independent Translation. Cell, 
2015. 163(4): p. 999-1010. 

109. Coots, R.A., et al., m6A Facilitates eIF4F-Independent mRNA Translation. Mol 
Cell, 2017. 

110. Sonenberg, N., et al., A polypeptide in eukaryotic initiation factors that crosslinks 
specifically to the 5'-terminal cap in mRNA. Proc Natl Acad Sci U S A, 1978. 
75(10): p. 4843-7. 

111. Marcotrigiano, J., et al., Cocrystal structure of the messenger RNA 5' cap-binding 
protein (eIF4E) bound to 7-methyl-GDP. Cell, 1997. 89(6): p. 951-61. 

112. Matsuo, H., et al., Structure of translation factor eIF4E bound to m7GDP and 
interaction with 4E-binding protein. Nat Struct Biol, 1997. 4(9): p. 717-24. 

113. Niedzwiecka, A., et al., Biophysical studies of eIF4E cap-binding protein: 
recognition of mRNA 5' cap structure and synthetic fragments of eIF4G and 4E-
BP1 proteins. J Mol Biol, 2002. 319(3): p. 615-35. 

114. Hiremath, L.S., N.R. Webb, and R.E. Rhoads, Immunological detection of the 
messenger RNA cap-binding protein. J Biol Chem, 1985. 260(13): p. 7843-9. 

115. Goss, D.J., et al., Fluorescence study of the binding of m7GpppG and rabbit 
globin mRNA to protein synthesis initiation factors 4A, 4E, and 4F. Biochemistry, 
1990. 29(21): p. 5008-12. 



	 149	

116. Lazaris-Karatzas, A., K.S. Montine, and N. Sonenberg, Malignant transformation 
by a eukaryotic initiation factor subunit that binds to mRNA 5' cap. Nature, 1990. 
345(6275): p. 544-7. 

117. Rau, M., et al., A reevaluation of the cap-binding protein, eIF4E, as a rate-limiting 
factor for initiation of translation in reticulocyte lysate. J Biol Chem, 1996. 
271(15): p. 8983-90. 

118. O'Leary, S.E., et al., Dynamic recognition of the mRNA cap by Saccharomyces 
cerevisiae eIF4E. Structure, 2013. 21(12): p. 2197-207. 

119. Feoktistova, K., et al., Human eIF4E promotes mRNA restructuring by stimulating 
eIF4A helicase activity. Proc Natl Acad Sci U S A, 2013. 110(33): p. 13339-44. 

120. Garcia-Garcia, C., et al., RNA BIOCHEMISTRY. Factor-dependent processivity 
in human eIF4A DEAD-box helicase. Science, 2015. 348(6242): p. 1486-8. 

121. Koromilas, A.E., A. Lazaris-Karatzas, and N. Sonenberg, mRNAs containing 
extensive secondary structure in their 5' non-coding region translate efficiently in 
cells overexpressing initiation factor eIF-4E. EMBO J, 1992. 11(11): p. 4153-8. 

122. Svitkin, Y.V., et al., The requirement for eukaryotic initiation factor 4A (elF4A) in 
translation is in direct proportion to the degree of mRNA 5' secondary structure. 
RNA, 2001. 7(3): p. 382-94. 

123. Sen, N.D., et al., Genome-wide analysis of translational efficiency reveals distinct 
but overlapping functions of yeast DEAD-box RNA helicases Ded1 and eIF4A. 
Genome Res, 2015. 25(8): p. 1196-205. 

124. Sen, N.D., et al., eIF4B stimulates translation of long mRNAs with structured 5' 
UTRs and low closed-loop potential but weak dependence on eIF4G. Proc Natl 
Acad Sci U S A, 2016. 113(38): p. 10464-72. 

125. Wolfe, A.L., et al., RNA G-quadruplexes cause eIF4A-dependent oncogene 
translation in cancer. Nature, 2014. 513(7516): p. 65-70. 

126. Rubio, C.A., et al., Transcriptome-wide characterization of the eIF4A signature 
highlights plasticity in translation regulation. Genome Biol, 2014. 15(10): p. 476. 



	 150	

127. Liu, T., et al., Synthetic silvestrol analogues as potent and selective protein 
synthesis inhibitors. J Med Chem, 2012. 55(20): p. 8859-78. 

128. Cencic, R., et al., Antitumor activity and mechanism of action of the 
cyclopenta[b]benzofuran, silvestrol. PLoS One, 2009. 4(4): p. e5223. 

129. Tarun, S.Z., Jr. and A.B. Sachs, Association of the yeast poly(A) tail binding 
protein with translation initiation factor eIF-4G. EMBO J, 1996. 15(24): p. 7168-
77. 

130. Wells, S.E., et al., Circularization of mRNA by eukaryotic translation initiation 
factors. Mol Cell, 1998. 2(1): p. 135-40. 

131. Tarun, S.Z., Jr., et al., Translation initiation factor eIF4G mediates in vitro poly(A) 
tail-dependent translation. Proc Natl Acad Sci U S A, 1997. 94(17): p. 9046-51. 

132. Imataka, H., A. Gradi, and N. Sonenberg, A newly identified N-terminal amino 
acid sequence of human eIF4G binds poly(A)-binding protein and functions in 
poly(A)-dependent translation. EMBO J, 1998. 17(24): p. 7480-9. 

133. Park, E.H., et al., Depletion of eIF4G from yeast cells narrows the range of 
translational efficiencies genome-wide. BMC Genomics, 2011. 12: p. 68. 

134. Park, E.H., et al., Multiple elements in the eIF4G1 N-terminus promote assembly 
of eIF4G1*PABP mRNPs in vivo. EMBO J, 2011. 30(2): p. 302-16. 

135. Amrani, N., et al., Translation factors promote the formation of two states of the 
closed-loop mRNP. Nature, 2008. 453(7199): p. 1276-80. 

136. Asselbergs, F.A., et al., Diminished sensitivity of re-initiation of translation to 
inhibition by cap analogues in reticulocyte lysates. Eur J Biochem, 1978. 88(2): p. 
483-8. 

137. Novoa, I. and L. Carrasco, Cleavage of eukaryotic translation initiation factor 4G 
by exogenously added hybrid proteins containing poliovirus 2Apro in HeLa cells: 
effects on gene expression. Mol Cell Biol, 1999. 19(4): p. 2445-54. 



	 151	

138. Cardinali, B., et al., Resistance of ribosomal protein mRNA translation to protein 
synthesis shutoff induced by poliovirus. J Virol, 1999. 73(8): p. 7070-6. 

139. Arava, Y., et al., Genome-wide analysis of mRNA translation profiles in 
Saccharomyces cerevisiae. Proc Natl Acad Sci U S A, 2003. 100(7): p. 3889-94. 

140. Eisenberg, E. and E.Y. Levanon, Human housekeeping genes are compact. 
Trends Genet, 2003. 19(7): p. 362-5. 

141. Costello, J., et al., Global mRNA selection mechanisms for translation initiation. 
Genome Biol, 2015. 16: p. 10. 

142. Guo, J., et al., Length-dependent translation initiation benefits the functional 
proteome of human cells. Mol Biosyst, 2015. 11(2): p. 370-8. 

143. Thompson, M.K., et al., The ribosomal protein Asc1/RACK1 is required for 
efficient translation of short mRNAs. Elife, 2016. 5. 

144. Nelson, E.M. and M.M. Winkler, Regulation of mRNA entry into polysomes. 
Parameters affecting polysome size and the fraction of mRNA in polysomes. J 
Biol Chem, 1987. 262(24): p. 11501-6. 

145. Waskiewicz, A.J., et al., Mitogen-activated protein kinases activate the 
serine/threonine kinases Mnk1 and Mnk2. EMBO J, 1997. 16(8): p. 1909-20. 

146. Morley, S.J. and L. McKendrick, Involvement of stress-activated protein kinase 
and p38/RK mitogen-activated protein kinase signaling pathways in the 
enhanced phosphorylation of initiation factor 4E in NIH 3T3 cells. J Biol Chem, 
1997. 272(28): p. 17887-93. 

147. Wang, X., et al., The phosphorylation of eukaryotic initiation factor eIF4E in 
response to phorbol esters, cell stresses, and cytokines is mediated by distinct 
MAP kinase pathways. J Biol Chem, 1998. 273(16): p. 9373-7. 

148. Waskiewicz, A.J., et al., Phosphorylation of the cap-binding protein eukaryotic 
translation initiation factor 4E by protein kinase Mnk1 in vivo. Mol Cell Biol, 1999. 
19(3): p. 1871-80. 



	 152	

149. Pyronnet, S., et al., Human eukaryotic translation initiation factor 4G (eIF4G) 
recruits mnk1 to phosphorylate eIF4E. EMBO J, 1999. 18(1): p. 270-9. 

150. Bellsolell, L., et al., Two structurally atypical HEAT domains in the C-terminal 
portion of human eIF4G support binding to eIF4A and Mnk1. Structure, 2006. 
14(5): p. 913-23. 

151. Gingras, A.C., B. Raught, and N. Sonenberg, eIF4 initiation factors: effectors of 
mRNA recruitment to ribosomes and regulators of translation. Annu Rev 
Biochem, 1999. 68: p. 913-63. 

152. Furic, L., et al., eIF4E phosphorylation promotes tumorigenesis and is associated 
with prostate cancer progression. Proc Natl Acad Sci U S A, 2010. 107(32): p. 
14134-9. 

153. Scheper, G.C., et al., Phosphorylation of eukaryotic initiation factor 4E markedly 
reduces its affinity for capped mRNA. J Biol Chem, 2002. 277(5): p. 3303-9. 

154. Zuberek, J., et al., Phosphorylation of eIF4E attenuates its interaction with mRNA 
5' cap analogs by electrostatic repulsion: intein-mediated protein ligation strategy 
to obtain phosphorylated protein. RNA, 2003. 9(1): p. 52-61. 

155. Topisirovic, I., M. Ruiz-Gutierrez, and K.L. Borden, Phosphorylation of the 
eukaryotic translation initiation factor eIF4E contributes to its transformation and 
mRNA transport activities. Cancer Res, 2004. 64(23): p. 8639-42. 

156. Wendel, H.G., et al., Dissecting eIF4E action in tumorigenesis. Genes Dev, 2007. 
21(24): p. 3232-7. 

157. Pause, A., et al., Insulin-dependent stimulation of protein synthesis by 
phosphorylation of a regulator of 5'-cap function. Nature, 1994. 371(6500): p. 
762-7. 

158. Poulin, F., et al., 4E-BP3, a new member of the eukaryotic initiation factor 4E-
binding protein family. J Biol Chem, 1998. 273(22): p. 14002-7. 

159. Mader, S., et al., The translation initiation factor eIF-4E binds to a common motif 
shared by the translation factor eIF-4 gamma and the translational repressors 
4E-binding proteins. Mol Cell Biol, 1995. 15(9): p. 4990-7. 



	 153	

160. Altmann, M., et al., A novel inhibitor of cap-dependent translation initiation in 
yeast: p20 competes with eIF4G for binding to eIF4E. EMBO J, 1997. 16(5): p. 
1114-21. 

161. Haghighat, A., et al., Repression of cap-dependent translation by 4E-binding 
protein 1: competition with p220 for binding to eukaryotic initiation factor-4E. 
EMBO J, 1995. 14(22): p. 5701-9. 

162. Marcotrigiano, J., et al., Cap-dependent translation initiation in eukaryotes is 
regulated by a molecular mimic of eIF4G. Mol Cell, 1999. 3(6): p. 707-16. 

163. Beretta, L., et al., Rapamycin blocks the phosphorylation of 4E-BP1 and inhibits 
cap-dependent initiation of translation. EMBO J, 1996. 15(3): p. 658-64. 

164. von Manteuffel, S.R., et al., 4E-BP1 phosphorylation is mediated by the FRAP-
p70s6k pathway and is independent of mitogen-activated protein kinase. Proc 
Natl Acad Sci U S A, 1996. 93(9): p. 4076-80. 

165. Hara, K., et al., Regulation of eIF-4E BP1 phosphorylation by mTOR. J Biol 
Chem, 1997. 272(42): p. 26457-63. 

166. Burnett, P.E., et al., RAFT1 phosphorylation of the translational regulators p70 
S6 kinase and 4E-BP1. Proc Natl Acad Sci U S A, 1998. 95(4): p. 1432-7. 

167. Gingras, A.C., et al., Regulation of 4E-BP1 phosphorylation: a novel two-step 
mechanism. Genes Dev, 1999. 13(11): p. 1422-37. 

168. Gingras, A.C., et al., Hierarchical phosphorylation of the translation inhibitor 4E-
BP1. Genes Dev, 2001. 15(21): p. 2852-64. 

169. Peter, D., et al., Molecular architecture of 4E-BP translational inhibitors bound to 
eIF4E. Mol Cell, 2015. 57(6): p. 1074-87. 

170. Glaunsinger, B.A., Modulation of the Translational Landscape During 
Herpesvirus Infection. Annu Rev Virol, 2015. 2(1): p. 311-33. 

171. Sydiskis, R.J. and B. Roizman, Polysomes and protein synthesis in cells infected 
with a DNA virus. Science, 1966. 153(3731): p. 76-8. 



	 154	

172. Sydiskis, R.J. and B. Roizman, The disaggregation of host polyribosomes in 
productive and abortive infection with herpes simplex virus. Virology, 1967. 32(4): 
p. 678-86. 

173. Kates, J.R. and B.R. McAuslan, Messenger RNA synthesis by a "coated" viral 
genome. Proc Natl Acad Sci U S A, 1967. 57(2): p. 314-20. 

174. Wei, C.M. and B. Moss, Methylation of newly synthesized viral messenger RNA 
by an enzyme in vaccinia virus. Proc Natl Acad Sci U S A, 1974. 71(8): p. 3014-
8. 

175. Wei, C.M. and B. Moss, Methylated nucleotides block 5'-terminus of vaccinia 
virus messenger RNA. Proc Natl Acad Sci U S A, 1975. 72(1): p. 318-22. 

176. Ensinger, M.J., et al., Modification of the 5'-terminus of mRNA by soluble 
guanylyl and methyl transferases from vaccinia virus. Proc Natl Acad Sci U S A, 
1975. 72(7): p. 2525-9. 

177. Martin, S.A. and B. Moss, Modification of RNA by mRNA guanylyltransferase and 
mRNA (guanine-7-)methyltransferase from vaccinia virions. J Biol Chem, 1975. 
250(24): p. 9330-5. 

178. Martin, S.A., E. Paoletti, and B. Moss, Purification of mRNA guanylyltransferase 
and mRNA (guanine-7-) methyltransferase from vaccinia virions. J Biol Chem, 
1975. 250(24): p. 9322-9. 

179. Boone, R.F. and B. Moss, Methylated 5'-terminal sequences of vaccinia virus 
mRNA species made in vivo at early and late times after infection. Virology, 
1977. 79(1): p. 67-80. 

180. Venkatesan, S., A. Gershowitz, and B. Moss, Modification of the 5' end of mRNA. 
Association of RNA triphosphatase with the RNA guanylyltransferase-RNA 
(guanine-7-)methyltransferase complex from vaccinia virus. J Biol Chem, 1980. 
255(3): p. 903-8. 

181. Kates, J. and J. Beeson, Ribonucleic acid synthesis in vaccinia virus. II. 
Synthesis of polyriboadenylic acid. J Mol Biol, 1970. 50(1): p. 19-33. 



	 155	

182. Moss, B., E.N. Rosenblum, and E. Paoletti, Polyadenylate polymerase from 
vaccinia virions. Nat New Biol, 1973. 245(141): p. 59-63. 

183. Nevins, J.R. and W.K. Joklik, Poly (A) sequences of vaccinia virus messenger 
RNA: nature, mode of addition and function during translation in vitra and in vivo. 
Virology, 1975. 63(1): p. 1-14. 

184. Shatkin, A.J., Actinomycin D and Vaccinia Virus Infection of Hela Cells. Nature, 
1963. 199: p. 357-8. 

185. Becker, Y. and W.K. Joklik, Messenger Rna in Cells Infected with Vaccinia Virus. 
Proc Natl Acad Sci U S A, 1964. 51: p. 577-85. 

186. Moss, B., Inhibition of HeLa cell protein synthesis by the vaccinia virion. J Virol, 
1968. 2(10): p. 1028-37. 

187. Pennington, T.H., Vaccinia virus polypeptide synthesis: sequential appearance 
and stability of pre- and post-replicative polypeptides. J Gen Virol, 1974. 25(3): p. 
433-44. 

188. Nakagawa, K., K.G. Lokugamage, and S. Makino, Viral and Cellular mRNA 
Translation in Coronavirus-Infected Cells. Adv Virus Res, 2016. 96: p. 165-192. 

189. Lai, M.M. and S.A. Stohlman, Comparative analysis of RNA genomes of mouse 
hepatitis viruses. J Virol, 1981. 38(2): p. 661-70. 

190. Yogo, Y., et al., Polyadenylate in the virion RNA of mouse hepatitis virus. J 
Biochem, 1977. 82(4): p. 1103-8. 

191. Lai, M.M. and S.A. Stohlman, RNA of mouse hepatitis virus. J Virol, 1978. 26(2): 
p. 236-42. 

192. Wege, H., A. Muller, and V. ter Meulen, Genomic RNA of the murine coronavirus 
JHM. J Gen Virol, 1978. 41(2): p. 217-27. 

193. Macnaughton, M.R. and M.H. Madge, The genome of human coronavirus strain 
229E. J Gen Virol, 1978. 39(3): p. 497-504. 



	 156	

194. Lai, M.M., et al., Mouse hepatitis virus A59: mRNA structure and genetic 
localization of the sequence divergence from hepatotropic strain MHV-3. J Virol, 
1981. 39(3): p. 823-34. 

195. Wege, H., et al., Characterisation of viral RNA in cells infected with the murine 
coronavirus JHM. Adv Exp Med Biol, 1981. 142: p. 91-101. 

196. Lai, M.M., C.D. Patton, and S.A. Stohlman, Further characterization of mRNA's of 
mouse hepatitis virus: presence of common 5'-end nucleotides. J Virol, 1982. 
41(2): p. 557-65. 

197. Ivanov, K.A., et al., Multiple enzymatic activities associated with severe acute 
respiratory syndrome coronavirus helicase. J Virol, 2004. 78(11): p. 5619-32. 

198. Ivanov, K.A. and J. Ziebuhr, Human coronavirus 229E nonstructural protein 13: 
characterization of duplex-unwinding, nucleoside triphosphatase, and RNA 5'-
triphosphatase activities. J Virol, 2004. 78(14): p. 7833-8. 

199. Chen, Y., et al., Functional screen reveals SARS coronavirus nonstructural 
protein nsp14 as a novel cap N7 methyltransferase. Proc Natl Acad Sci U S A, 
2009. 106(9): p. 3484-9. 

200. Chen, Y., et al., Structure-function analysis of severe acute respiratory syndrome 
coronavirus RNA cap guanine-N7-methyltransferase. J Virol, 2013. 87(11): p. 
6296-305. 

201. Ma, Y., et al., Structural basis and functional analysis of the SARS coronavirus 
nsp14-nsp10 complex. Proc Natl Acad Sci U S A, 2015. 112(30): p. 9436-41. 

202. Snijder, E.J., et al., Unique and conserved features of genome and proteome of 
SARS-coronavirus, an early split-off from the coronavirus group 2 lineage. J Mol 
Biol, 2003. 331(5): p. 991-1004. 

203. von Grotthuss, M., L.S. Wyrwicz, and L. Rychlewski, mRNA cap-1 
methyltransferase in the SARS genome. Cell, 2003. 113(6): p. 701-2. 

204. Decroly, E., et al., Coronavirus nonstructural protein 16 is a cap-0 binding 
enzyme possessing (nucleoside-2'O)-methyltransferase activity. J Virol, 2008. 
82(16): p. 8071-84. 



	 157	

205. Bouvet, M., et al., In vitro reconstitution of SARS-coronavirus mRNA cap 
methylation. PLoS Pathog, 2010. 6(4): p. e1000863. 

206. Chen, Y., et al., Biochemical and structural insights into the mechanisms of 
SARS coronavirus RNA ribose 2'-O-methylation by nsp16/nsp10 protein 
complex. PLoS Pathog, 2011. 7(10): p. e1002294. 

207. Decroly, E., et al., Crystal structure and functional analysis of the SARS-
coronavirus RNA cap 2'-O-methyltransferase nsp10/nsp16 complex. PLoS 
Pathog, 2011. 7(5): p. e1002059. 

208. Wu, H.Y., et al., Regulation of coronaviral poly(A) tail length during infection. 
PLoS One, 2013. 8(7): p. e70548. 

209. Shien, J.H., Y.D. Su, and H.Y. Wu, Regulation of coronaviral poly(A) tail length 
during infection is not coronavirus species- or host cell-specific. Virus Genes, 
2014. 49(3): p. 383-92. 

210. Burgui, I., et al., Influenza virus mRNA translation revisited: is the eIF4E cap-
binding factor required for viral mRNA translation? J Virol, 2007. 81(22): p. 
12427-38. 

211. Cencic, R., et al., Blocking eIF4E-eIF4G interaction as a strategy to impair 
coronavirus replication. J Virol, 2011. 85(13): p. 6381-9. 

212. Anderson, R., S. Cheley, and E. Haworth-Hatherell, Comparison of polypeptides 
of two strains of murine hepatitis virus. Virology, 1979. 97(2): p. 492-4. 

213. Siddell, S.G., et al., Coronavirus JHM: cell-free synthesis of structural protein 
p60. J Virol, 1980. 33(1): p. 10-7. 

214. Narayanan, K., et al., Severe acute respiratory syndrome coronavirus nsp1 
suppresses host gene expression, including that of type I interferon, in infected 
cells. J Virol, 2008. 82(9): p. 4471-9. 

215. Siddell, S., et al., Coronavirus JHM: intracellular protein synthesis. J Gen Virol, 
1981. 53(Pt 1): p. 145-55. 



	 158	

216. Hilton, A., et al., Translational control in murine hepatitis virus infection. J Gen 
Virol, 1986. 67 ( Pt 5): p. 923-32. 

217. Bercovich-Kinori, A., et al., A systematic view on influenza induced host shutoff. 
Elife, 2016. 5. 

218. Herz, C., et al., Influenza virus, an RNA virus, synthesizes its messenger RNA in 
the nucleus of infected cells. Cell, 1981. 26(3 Pt 1): p. 391-400. 

219. Lazarowitz, S.G., R.W. Compans, and P.W. Choppin, Influenza virus structural 
and nonstructural proteins in infected cells and their plasma membranes. 
Virology, 1971. 46(3): p. 830-43. 

220. Skehel, J.J., Polypeptide synthesis in influenza virus-infected cells. Virology, 
1972. 49(1): p. 23-36. 

221. Katze, M.G. and R.M. Krug, Metabolism and expression of RNA polymerase II 
transcripts in influenza virus-infected cells. Mol Cell Biol, 1984. 4(10): p. 2198-
206. 

222. Katze, M.G., D. DeCorato, and R.M. Krug, Cellular mRNA translation is blocked 
at both initiation and elongation after infection by influenza virus or adenovirus. J 
Virol, 1986. 60(3): p. 1027-39. 

223. Garfinkel, M.S. and M.G. Katze, Translational control by influenza virus. 
Selective and cap-dependent translation of viral mRNAs in infected cells. J Biol 
Chem, 1992. 267(13): p. 9383-90. 

224. Garfinkel, M.S. and M.G. Katze, Translational control by influenza virus. 
Selective translation is mediated by sequences within the viral mRNA 5'-
untranslated region. J Biol Chem, 1993. 268(30): p. 22223-6. 

225. Fortes, P., A. Beloso, and J. Ortin, Influenza virus NS1 protein inhibits pre-mRNA 
splicing and blocks mRNA nucleocytoplasmic transport. EMBO J, 1994. 13(3): p. 
704-12. 

226. Satterly, N., et al., Influenza virus targets the mRNA export machinery and the 
nuclear pore complex. Proc Natl Acad Sci U S A, 2007. 104(6): p. 1853-8. 



	 159	

227. Nemeroff, M.E., et al., Influenza virus NS1 protein interacts with the cellular 30 
kDa subunit of CPSF and inhibits 3'end formation of cellular pre-mRNAs. Mol 
Cell, 1998. 1(7): p. 991-1000. 

228. Beloso, A., et al., Degradation of cellular mRNA during influenza virus infection: 
its possible role in protein synthesis shutoff. J Gen Virol, 1992. 73 ( Pt 3): p. 575-
81. 

229. Hewlett, M.J., J.K. Rose, and D. Baltimore, 5'-terminal structure of poliovirus 
polyribosomal RNA is pUp. Proc Natl Acad Sci U S A, 1976. 73(2): p. 327-30. 

230. Nomoto, A., Y.F. Lee, and E. Wimmer, The 5' end of poliovirus mRNA is not 
capped with m7G(5')ppp(5')Np. Proc Natl Acad Sci U S A, 1976. 73(2): p. 375-
80. 

231. Darnell, J.E., Jr. and L. Levintow, Poliovirus protein: source of amino acids and 
time course of synthesis. J Biol Chem, 1960. 235: p. 74-7. 

232. Penman, S., et al., Polyribosomes in Normal and Poliovirus-Infected Hela Cells 
and Their Relationship to Messenger-Rna. Proc Natl Acad Sci U S A, 1963. 
49(5): p. 654-62. 

233. Pelletier, J. and N. Sonenberg, Internal initiation of translation of eukaryotic 
mRNA directed by a sequence derived from poliovirus RNA. Nature, 1988. 
334(6180): p. 320-5. 

234. Wimmer, E., Sequence studies of poliovirus RNA. I. Characterization of the 5'-
terminus. J Mol Biol, 1972. 68(3): p. 537-40. 

235. Wilson, J.E., et al., Initiation of protein synthesis from the A site of the ribosome. 
Cell, 2000. 102(4): p. 511-20. 

236. Fernandez, I.S., et al., Initiation of translation by cricket paralysis virus IRES 
requires its translocation in the ribosome. Cell, 2014. 157(4): p. 823-31. 

237. Petrov, A., et al., Multiple Parallel Pathways of Translation Initiation on the CrPV 
IRES. Mol Cell, 2016. 62(1): p. 92-103. 



	 160	

238. Pestova, T.V. and C.U. Hellen, Translation elongation after assembly of 
ribosomes on the Cricket paralysis virus internal ribosomal entry site without 
initiation factors or initiator tRNA. Genes Dev, 2003. 17(2): p. 181-6. 

239. Pestova, T.V., I.B. Lomakin, and C.U. Hellen, Position of the CrPV IRES on the 
40S subunit and factor dependence of IRES/80S ribosome assembly. EMBO 
Rep, 2004. 5(9): p. 906-13. 

240. Johannes, G., et al., Identification of eukaryotic mRNAs that are translated at 
reduced cap binding complex eIF4F concentrations using a cDNA microarray. 
Proc Natl Acad Sci U S A, 1999. 96(23): p. 13118-23. 

241. Macejak, D.G. and P. Sarnow, Internal initiation of translation mediated by the 5' 
leader of a cellular mRNA. Nature, 1991. 353(6339): p. 90-4. 

242. Johannes, G. and P. Sarnow, Cap-independent polysomal association of natural 
mRNAs encoding c-myc, BiP, and eIF4G conferred by internal ribosome entry 
sites. RNA, 1998. 4(12): p. 1500-13. 

243. Andreev, D.E., et al., Differential contribution of the m7G-cap to the 5' end-
dependent translation initiation of mammalian mRNAs. Nucleic Acids Res, 2009. 
37(18): p. 6135-47. 

244. Weingarten-Gabbay, S., et al., Comparative genetics. Systematic discovery of 
cap-independent translation sequences in human and viral genomes. Science, 
2016. 351(6270). 

245. Rice, A.P. and B.E. Roberts, Vaccinia virus induces cellular mRNA degradation. 
J Virol, 1983. 47(3): p. 529-39. 

246. Guerra, S., et al., Cellular gene expression survey of vaccinia virus infection of 
human HeLa cells. J Virol, 2003. 77(11): p. 6493-506. 

247. Brum, L.M., et al., Microarray analysis of A549 cells infected with rabbitpox virus 
(RPV): a comparison of wild-type RPV and RPV deleted for the host range gene, 
SPI-1. Virology, 2003. 315(2): p. 322-34. 



	 161	

248. Parrish, S. and B. Moss, Characterization of a vaccinia virus mutant with a 
deletion of the D10R gene encoding a putative negative regulator of gene 
expression. J Virol, 2006. 80(2): p. 553-61. 

249. Parrish, S., W. Resch, and B. Moss, Vaccinia virus D10 protein has mRNA 
decapping activity, providing a mechanism for control of host and viral gene 
expression. Proc Natl Acad Sci U S A, 2007. 104(7): p. 2139-44. 

250. Parrish, S. and B. Moss, Characterization of a second vaccinia virus mRNA-
decapping enzyme conserved in poxviruses. J Virol, 2007. 81(23): p. 12973-8. 

251. Boone, R.F. and B. Moss, Sequence complexity and relative abundance of 
vaccinia virus mRNA's synthesized in vivo and in vitro. J Virol, 1978. 26(3): p. 
554-69. 

252. Mahy, B.W., N.D. Hastie, and S.J. Armstrong, Inhibition of influenza virus 
replication by -amanitin: mode of action. Proc Natl Acad Sci U S A, 1972. 69(6): 
p. 1421-4. 

253. Engelhardt, O.G., M. Smith, and E. Fodor, Association of the influenza A virus 
RNA-dependent RNA polymerase with cellular RNA polymerase II. J Virol, 2005. 
79(9): p. 5812-8. 

254. Lukarska, M., et al., Structural basis of an essential interaction between influenza 
polymerase and Pol II CTD. Nature, 2017. 541(7635): p. 117-121. 

255. Plotch, S.J., et al., A unique cap(m7GpppXm)-dependent influenza virion 
endonuclease cleaves capped RNAs to generate the primers that initiate viral 
RNA transcription. Cell, 1981. 23(3): p. 847-58. 

256. Blaas, D., E. Patzelt, and E. Kuechler, Identification of the cap binding protein of 
influenza virus. Nucleic Acids Res, 1982. 10(15): p. 4803-12. 

257. Fodor, E., et al., A single amino acid mutation in the PA subunit of the influenza 
virus RNA polymerase inhibits endonucleolytic cleavage of capped RNAs. J Virol, 
2002. 76(18): p. 8989-9001. 

258. Hara, K., et al., Amino acid residues in the N-terminal region of the PA subunit of 
influenza A virus RNA polymerase play a critical role in protein stability, 



	 162	

endonuclease activity, cap binding, and virion RNA promoter binding. J Virol, 
2006. 80(16): p. 7789-98. 

259. Dias, A., et al., The cap-snatching endonuclease of influenza virus polymerase 
resides in the PA subunit. Nature, 2009. 458(7240): p. 914-8. 

260. Yuan, P., et al., Crystal structure of an avian influenza polymerase PA(N) reveals 
an endonuclease active site. Nature, 2009. 458(7240): p. 909-13. 

261. Reich, S., et al., Structural insight into cap-snatching and RNA synthesis by 
influenza polymerase. Nature, 2014. 516(7531): p. 361-6. 

262. Krug, R.M., B.A. Broni, and M. Bouloy, Are the 5' ends of influenza viral mRNAs 
synthesized in vivo donated by host mRNAs? Cell, 1979. 18(2): p. 329-34. 

263. Dhar, R., R.M. Chanock, and C.J. Lai, Nonviral oligonucleotides at the 5' 
terminus of cytoplasmic influenza viral mRNA deduced from cloned complete 
genomic sequences. Cell, 1980. 21(2): p. 495-500. 

264. Caton, A.J. and J.S. Robertson, Structure of the host-derived sequences present 
at the 5' ends of influenza virus mRNA. Nucleic Acids Res, 1980. 8(12): p. 2591-
603. 

265. Luo, G.X., et al., The polyadenylation signal of influenza virus RNA involves a 
stretch of uridines followed by the RNA duplex of the panhandle structure. J Virol, 
1991. 65(6): p. 2861-7. 

266. Poon, L.L., et al., Direct evidence that the poly(A) tail of influenza A virus mRNA 
is synthesized by reiterative copying of a U track in the virion RNA template. J 
Virol, 1999. 73(4): p. 3473-6. 

267. Nishioka, Y. and S. Silverstein, Degradation of cellular mRNA during infection by 
herpes simplex virus. Proc Natl Acad Sci U S A, 1977. 74(6): p. 2370-4. 

268. Nishioka, Y. and S. Silverstein, Requirement of protein synthesis for the 
degradation of host mRNA in Friend erythroleukemia cells infected wtih herpes 
simplex virus type 1. J Virol, 1978. 27(3): p. 619-27. 



	 163	

269. Inglis, S.C., Inhibition of host protein synthesis and degradation of cellular 
mRNAs during infection by influenza and herpes simplex virus. Mol Cell Biol, 
1982. 2(12): p. 1644-8. 

270. Nakai, H., I.H. Maxwell, and L.I. Pizer, Herpesvirus infection alters the steady-
state levels of cellular polyadenylated RNA in polyoma virus-transformed BHK 
cells. J Virol, 1982. 42(3): p. 1131-4. 

271. Kwong, A.D. and N. Frenkel, Herpes simplex virus-infected cells contain a 
function(s) that destabilizes both host and viral mRNAs. Proc Natl Acad Sci U S 
A, 1987. 84(7): p. 1926-30. 

272. Strom, T. and N. Frenkel, Effects of herpes simplex virus on mRNA stability. J 
Virol, 1987. 61(7): p. 2198-207. 

273. Fenwick, M.L. and M.M. McMenamin, Early virion-associated suppression of 
cellular protein synthesis by herpes simplex virus is accompanied by inactivation 
of mRNA. J Gen Virol, 1984. 65 ( Pt 7): p. 1225-8. 

274. Schek, N. and S.L. Bachenheimer, Degradation of cellular mRNAs induced by a 
virion-associated factor during herpes simplex virus infection of Vero cells. J 
Virol, 1985. 55(3): p. 601-10. 

275. Read, G.S. and N. Frenkel, Herpes simplex virus mutants defective in the virion-
associated shutoff of host polypeptide synthesis and exhibiting abnormal 
synthesis of alpha (immediate early) viral polypeptides. J Virol, 1983. 46(2): p. 
498-512. 

276. Oroskar, A.A. and G.S. Read, A mutant of herpes simplex virus type 1 exhibits 
increased stability of immediate-early (alpha) mRNAs. J Virol, 1987. 61(2): p. 
604-6. 

277. Krikorian, C.R. and G.S. Read, In vitro mRNA degradation system to study the 
virion host shutoff function of herpes simplex virus. J Virol, 1991. 65(1): p. 112-
22. 

278. Zelus, B.D., R.S. Stewart, and J. Ross, The virion host shutoff protein of herpes 
simplex virus type 1: messenger ribonucleolytic activity in vitro. J Virol, 1996. 
70(4): p. 2411-9. 



	 164	

279. Everly, D.N., Jr., et al., mRNA degradation by the virion host shutoff (Vhs) protein 
of herpes simplex virus: genetic and biochemical evidence that Vhs is a 
nuclease. J Virol, 2002. 76(17): p. 8560-71. 

280. Feng, P., D.N. Everly, Jr., and G.S. Read, mRNA decay during herpesvirus 
infections: interaction between a putative viral nuclease and a cellular translation 
factor. J Virol, 2001. 75(21): p. 10272-80. 

281. Feng, P., D.N. Everly, Jr., and G.S. Read, mRNA decay during herpes simplex 
virus (HSV) infections: protein-protein interactions involving the HSV virion host 
shutoff protein and translation factors eIF4H and eIF4A. J Virol, 2005. 79(15): p. 
9651-64. 

282. Sarma, N., et al., Small interfering RNAs that deplete the cellular translation 
factor eIF4H impede mRNA degradation by the virion host shutoff protein of 
herpes simplex virus. J Virol, 2008. 82(13): p. 6600-9. 

283. Page, H.G. and G.S. Read, The virion host shutoff endonuclease (UL41) of 
herpes simplex virus interacts with the cellular cap-binding complex eIF4F. J 
Virol, 2010. 84(13): p. 6886-90. 

284. Taddeo, B., W. Zhang, and B. Roizman, The virion-packaged endoribonuclease 
of herpes simplex virus 1 cleaves mRNA in polyribosomes. Proc Natl Acad Sci U 
S A, 2009. 106(29): p. 12139-44. 

285. Gaglia, M.M., et al., A common strategy for host RNA degradation by divergent 
viruses. J Virol, 2012. 86(17): p. 9527-30. 

286. Walsh, D. and I. Mohr, Phosphorylation of eIF4E by Mnk-1 enhances HSV-1 
translation and replication in quiescent cells. Genes Dev, 2004. 18(6): p. 660-72. 

287. Walsh, D. and I. Mohr, Assembly of an active translation initiation factor complex 
by a viral protein. Genes Dev, 2006. 20(4): p. 461-72. 

288. Walsh, D., et al., Eukaryotic translation initiation factor 4F architectural alterations 
accompany translation initiation factor redistribution in poxvirus-infected cells. 
Mol Cell Biol, 2008. 28(8): p. 2648-58. 



	 165	

289. Katsafanas, G.C. and B. Moss, Colocalization of transcription and translation 
within cytoplasmic poxvirus factories coordinates viral expression and subjugates 
host functions. Cell Host Microbe, 2007. 2(4): p. 221-8. 

290. Zaborowska, I., et al., Recruitment of host translation initiation factor eIF4G by 
the Vaccinia Virus ssDNA-binding protein I3. Virology, 2012. 425(1): p. 11-22. 

291. Yanguez, E., et al., Functional impairment of eIF4A and eIF4G factors correlates 
with inhibition of influenza virus mRNA translation. Virology, 2011. 413(1): p. 93-
102. 

292. Feigenblum, D. and R.J. Schneider, Modification of eukaryotic initiation factor 4F 
during infection by influenza virus. J Virol, 1993. 67(6): p. 3027-35. 

293. Connor, J.H. and D.S. Lyles, Vesicular stomatitis virus infection alters the eIF4F 
translation initiation complex and causes dephosphorylation of the eIF4E binding 
protein 4E-BP1. J Virol, 2002. 76(20): p. 10177-87. 

294. Aragon, T., et al., Eukaryotic translation initiation factor 4GI is a cellular target for 
NS1 protein, a translational activator of influenza virus. Mol Cell Biol, 2000. 
20(17): p. 6259-68. 

295. Burgui, I., et al., PABP1 and eIF4GI associate with influenza virus NS1 protein in 
viral mRNA translation initiation complexes. J Gen Virol, 2003. 84(Pt 12): p. 
3263-74. 

296. Yanguez, E., et al., Influenza virus polymerase confers independence of the 
cellular cap-binding factor eIF4E for viral mRNA translation. Virology, 2012. 
422(2): p. 297-307. 

297. Salvatore, M., et al., Effects of influenza A virus NS1 protein on protein 
expression: the NS1 protein enhances translation and is not required for shutoff 
of host protein synthesis. J Virol, 2002. 76(3): p. 1206-12. 

298. Etchison, D., et al., Inhibition of HeLa cell protein synthesis following poliovirus 
infection correlates with the proteolysis of a 220,000-dalton polypeptide 
associated with eucaryotic initiation factor 3 and a cap binding protein complex. J 
Biol Chem, 1982. 257(24): p. 14806-10. 



	 166	

299. Krausslich, H.G., et al., Poliovirus proteinase 2A induces cleavage of eucaryotic 
initiation factor 4F polypeptide p220. J Virol, 1987. 61(9): p. 2711-8. 

300. Gradi, A., et al., Proteolysis of human eukaryotic translation initiation factor 
eIF4GII, but not eIF4GI, coincides with the shutoff of host protein synthesis after 
poliovirus infection. Proc Natl Acad Sci U S A, 1998. 95(19): p. 11089-94. 

301. Joachims, M., P.C. Van Breugel, and R.E. Lloyd, Cleavage of poly(A)-binding 
protein by enterovirus proteases concurrent with inhibition of translation in vitro. J 
Virol, 1999. 73(1): p. 718-27. 

302. Kerekatte, V., et al., Cleavage of Poly(A)-binding protein by coxsackievirus 2A 
protease in vitro and in vivo: another mechanism for host protein synthesis 
shutoff? J Virol, 1999. 73(1): p. 709-17. 

303. Gingras, A.C., et al., Activation of the translational suppressor 4E-BP1 following 
infection with encephalomyocarditis virus and poliovirus. Proc Natl Acad Sci U S 
A, 1996. 93(11): p. 5578-83. 

304. Sukarieh, R., N. Sonenberg, and J. Pelletier, Nuclear assortment of eIF4E 
coincides with shut-off of host protein synthesis upon poliovirus infection. J Gen 
Virol, 2010. 91(Pt 5): p. 1224-8. 

305. Willems, M. and S. Penman, The mechanism of host cell protein synthesis 
inhibition by poliovirus. Virology, 1966. 30(3): p. 355-67. 

306. Kaufmann, Y., E. Goldstein, and S. Penman, Poliovirus-induced inhibition of 
polypeptide initiation in vitro on native polyribosomes. Proc Natl Acad Sci U S A, 
1976. 73(6): p. 1834-8. 

307. Chuluunbaatar, U., et al., Constitutive mTORC1 activation by a herpesvirus Akt 
surrogate stimulates mRNA translation and viral replication. Genes Dev, 2010. 
24(23): p. 2627-39. 

308. Yu, Y., S.B. Kudchodkar, and J.C. Alwine, Effects of simian virus 40 large and 
small tumor antigens on mammalian target of rapamycin signaling: small tumor 
antigen mediates hypophosphorylation of eIF4E-binding protein 1 late in 
infection. J Virol, 2005. 79(11): p. 6882-9. 



	 167	

309. Dunn, E.F. and J.H. Connor, Dominant inhibition of Akt/protein kinase B signaling 
by the matrix protein of a negative-strand RNA virus. J Virol, 2011. 85(1): p. 422-
31. 

310. Walsh, D. and I. Mohr, Viral subversion of the host protein synthesis machinery. 
Nat Rev Microbiol, 2011. 9(12): p. 860-75. 

311. Chou, J., et al., Association of a M(r) 90,000 phosphoprotein with protein kinase 
PKR in cells exhibiting enhanced phosphorylation of translation initiation factor 
eIF-2 alpha and premature shutoff of protein synthesis after infection with gamma 
134.5- mutants of herpes simplex virus 1. Proc Natl Acad Sci U S A, 1995. 
92(23): p. 10516-20. 

312. He, B., M. Gross, and B. Roizman, The gamma(1)34.5 protein of herpes simplex 
virus 1 complexes with protein phosphatase 1alpha to dephosphorylate the alpha 
subunit of the eukaryotic translation initiation factor 2 and preclude the shutoff of 
protein synthesis by double-stranded RNA-activated protein kinase. Proc Natl 
Acad Sci U S A, 1997. 94(3): p. 843-8. 

313. He, B., M. Gross, and B. Roizman, The gamma134.5 protein of herpes simplex 
virus 1 has the structural and functional attributes of a protein phosphatase 1 
regulatory subunit and is present in a high molecular weight complex with the 
enzyme in infected cells. J Biol Chem, 1998. 273(33): p. 20737-43. 

314. Mulvey, M., et al., A herpesvirus ribosome-associated, RNA-binding protein 
confers a growth advantage upon mutants deficient in a GADD34-related 
function. J Virol, 1999. 73(4): p. 3375-85. 

315. Poppers, J., et al., Inhibition of PKR activation by the proline-rich RNA binding 
domain of the herpes simplex virus type 1 Us11 protein. J Virol, 2000. 74(23): p. 
11215-21. 

316. Peters, G.A., et al., Inhibition of PACT-mediated activation of PKR by the herpes 
simplex virus type 1 Us11 protein. J Virol, 2002. 76(21): p. 11054-64. 

317. Cassady, K.A. and M. Gross, The herpes simplex virus type 1 U(S)11 protein 
interacts with protein kinase R in infected cells and requires a 30-amino-acid 
sequence adjacent to a kinase substrate domain. J Virol, 2002. 76(5): p. 2029-
35. 



	 168	

318. Mulvey, M., et al., Regulation of eIF2alpha phosphorylation by different functions 
that act during discrete phases in the herpes simplex virus type 1 life cycle. J 
Virol, 2003. 77(20): p. 10917-28. 

319. Mulvey, M., C. Arias, and I. Mohr, Maintenance of endoplasmic reticulum (ER) 
homeostasis in herpes simplex virus type 1-infected cells through the association 
of a viral glycoprotein with PERK, a cellular ER stress sensor. J Virol, 2007. 
81(7): p. 3377-90. 

320. Whitaker-Dowling, P. and J.S. Youngner, Vaccinia rescue of VSV from 
interferon-induced resistance: reversal of translation block and inhibition of 
protein kinase activity. Virology, 1983. 131(1): p. 128-36. 

321. Whitaker-Dowling, P. and J.S. Youngner, Characterization of a specific kinase 
inhibitory factor produced by vaccinia virus which inhibits the interferon-induced 
protein kinase. Virology, 1984. 137(1): p. 171-81. 

322. Watson, J.C., H.W. Chang, and B.L. Jacobs, Characterization of a vaccinia virus-
encoded double-stranded RNA-binding protein that may be involved in inhibition 
of the double-stranded RNA-dependent protein kinase. Virology, 1991. 185(1): p. 
206-16. 

323. Chang, H.W., J.C. Watson, and B.L. Jacobs, The E3L gene of vaccinia virus 
encodes an inhibitor of the interferon-induced, double-stranded RNA-dependent 
protein kinase. Proc Natl Acad Sci U S A, 1992. 89(11): p. 4825-9. 

324. Chang, H.W. and B.L. Jacobs, Identification of a conserved motif that is 
necessary for binding of the vaccinia virus E3L gene products to double-stranded 
RNA. Virology, 1993. 194(2): p. 537-47. 

325. Romano, P.R., et al., Inhibition of double-stranded RNA-dependent protein 
kinase PKR by vaccinia virus E3: role of complex formation and the E3 N-
terminal domain. Mol Cell Biol, 1998. 18(12): p. 7304-16. 

326. Sharp, T.V., et al., The vaccinia virus E3L gene product interacts with both the 
regulatory and the substrate binding regions of PKR: implications for PKR 
autoregulation. Virology, 1998. 250(2): p. 302-15. 

327. Davies, M.V., et al., The vaccinia virus K3L gene product potentiates translation 
by inhibiting double-stranded-RNA-activated protein kinase and phosphorylation 



	 169	

of the alpha subunit of eukaryotic initiation factor 2. J Virol, 1992. 66(4): p. 1943-
50. 

328. Carroll, K., et al., Recombinant vaccinia virus K3L gene product prevents 
activation of double-stranded RNA-dependent, initiation factor 2 alpha-specific 
protein kinase. J Biol Chem, 1993. 268(17): p. 12837-42. 

329. Sood, R., et al., Pancreatic eukaryotic initiation factor-2alpha kinase (PEK) 
homologues in humans, Drosophila melanogaster and Caenorhabditis elegans 
that mediate translational control in response to endoplasmic reticulum stress. 
Biochem J, 2000. 346 Pt 2: p. 281-93. 

330. Lee, T.G., et al., Purification and partial characterization of a cellular inhibitor of 
the interferon-induced protein kinase of Mr 68,000 from influenza virus-infected 
cells. Proc Natl Acad Sci U S A, 1990. 87(16): p. 6208-12. 

331. Lee, T.G., et al., Characterization and regulation of the 58,000-dalton cellular 
inhibitor of the interferon-induced, dsRNA-activated protein kinase. J Biol Chem, 
1992. 267(20): p. 14238-43. 

332. Melville, M.W., et al., The cellular inhibitor of the PKR protein kinase, P58(IPK), is 
an influenza virus-activated co-chaperone that modulates heat shock protein 70 
activity. J Biol Chem, 1999. 274(6): p. 3797-803. 

333. Katze, M.G., et al., Influenza virus regulates protein synthesis during infection by 
repressing autophosphorylation and activity of the cellular 68,000-Mr protein 
kinase. J Virol, 1988. 62(10): p. 3710-7. 

334. Tan, S.L. and M.G. Katze, Biochemical and genetic evidence for complex 
formation between the influenza A virus NS1 protein and the interferon-induced 
PKR protein kinase. J Interferon Cytokine Res, 1998. 18(9): p. 757-66. 

335. Li, S., et al., Binding of the influenza A virus NS1 protein to PKR mediates the 
inhibition of its activation by either PACT or double-stranded RNA. Virology, 
2006. 349(1): p. 13-21. 

336. O'Neill, R.E. and V.R. Racaniello, Inhibition of translation in cells infected with a 
poliovirus 2Apro mutant correlates with phosphorylation of the alpha subunit of 
eucaryotic initiation factor 2. J Virol, 1989. 63(12): p. 5069-75. 



	 170	

337. Black, T.L., et al., The cellular 68,000-Mr protein kinase is highly 
autophosphorylated and activated yet significantly degraded during poliovirus 
infection: implications for translational regulation. J Virol, 1989. 63(5): p. 2244-51. 

338. Connor, J.H. and D.S. Lyles, Inhibition of host and viral translation during 
vesicular stomatitis virus infection. eIF2 is responsible for the inhibition of viral 
but not host translation. J Biol Chem, 2005. 280(14): p. 13512-9. 

339. de Breyne, S., et al., Cleavage of eukaryotic initiation factor eIF5B by enterovirus 
3C proteases. Virology, 2008. 378(1): p. 118-22. 

340. Redondo, N., et al., Translation without eIF2 promoted by poliovirus 2A protease. 
PLoS One, 2011. 6(10): p. e25699. 

341. Welnowska, E., et al., Translation of viral mRNA without active eIF2: the case of 
picornaviruses. PLoS One, 2011. 6(7): p. e22230. 

342. White, J.P., L.C. Reineke, and R.E. Lloyd, Poliovirus switches to an eIF2-
independent mode of translation during infection. J Virol, 2011. 85(17): p. 8884-
93. 

343. Sivan, G., et al., Human genome-wide RNAi screen reveals a role for nuclear 
pore proteins in poxvirus morphogenesis. Proc Natl Acad Sci U S A, 2013. 
110(9): p. 3519-24. 

344. Abernathy, E. and B. Glaunsinger, Emerging roles for RNA degradation in viral 
replication and antiviral defense. Virology, 2015. 479-480: p. 600-8. 

345. Kit, S. and D.R. Dubbs, Biochemistry of vaccinia-infected mouse fibroblasts 
(strain L-M). I. Effects on nucleic acid and protein synthesis. Virology, 1962. 18: 
p. 274-85. 

346. Salzman, N.P., A.J. Shatkin, and E.D. Sebring, The Synthesis of a DNA-Like Rna 
in the Cytoplasm of Hela Cells Infected with Vaccinia Virus. J Mol Biol, 1964. 8: 
p. 405-16. 

347. Kamitani, W., et al., A two-pronged strategy to suppress host protein synthesis 
by SARS coronavirus Nsp1 protein. Nat Struct Mol Biol, 2009. 16(11): p. 1134-
40. 



	 171	

348. Xiao, H., et al., Coronavirus spike protein inhibits host cell translation by 
interaction with eIF3f. PLoS One, 2008. 3(1): p. e1494. 

349. Kopecky-Bromberg, S.A., L. Martinez-Sobrido, and P. Palese, 7a protein of 
severe acute respiratory syndrome coronavirus inhibits cellular protein synthesis 
and activates p38 mitogen-activated protein kinase. J Virol, 2006. 80(2): p. 785-
93. 

350. Tahara, S., et al., Effects of mouse hepatitis virus infection on host cell 
metabolism. Adv Exp Med Biol, 1993. 342: p. 111-6. 

351. Kyuwa, S., et al., Modulation of cellular macromolecular synthesis by 
coronavirus: implication for pathogenesis. J Virol, 1994. 68(10): p. 6815-9. 

352. Kamitani, W., et al., Severe acute respiratory syndrome coronavirus nsp1 protein 
suppresses host gene expression by promoting host mRNA degradation. Proc 
Natl Acad Sci U S A, 2006. 103(34): p. 12885-90. 

353. Huang, C., et al., SARS coronavirus nsp1 protein induces template-dependent 
endonucleolytic cleavage of mRNAs: viral mRNAs are resistant to nsp1-induced 
RNA cleavage. PLoS Pathog, 2011. 7(12): p. e1002433. 

354. Tanaka, T., et al., Severe acute respiratory syndrome coronavirus nsp1 facilitates 
efficient propagation in cells through a specific translational shutoff of host 
mRNA. J Virol, 2012. 86(20): p. 11128-37. 

355. Lokugamage, K.G., et al., Middle East Respiratory Syndrome Coronavirus nsp1 
Inhibits Host Gene Expression by Selectively Targeting mRNAs Transcribed in 
the Nucleus while Sparing mRNAs of Cytoplasmic Origin. J Virol, 2015. 89(21): 
p. 10970-81. 

356. Banerjee, S., et al., RNase L-independent specific 28S rRNA cleavage in murine 
coronavirus-infected cells. J Virol, 2000. 74(19): p. 8793-802. 

357. Jagger, B.W., et al., An overlapping protein-coding region in influenza A virus 
segment 3 modulates the host response. Science, 2012. 337(6091): p. 199-204. 



	 172	

358. Khaperskyy, D.A., et al., Selective Degradation of Host RNA Polymerase II 
Transcripts by Influenza A Virus PA-X Host Shutoff Protein. PLoS Pathog, 2016. 
12(2): p. e1005427. 

359. Fernandez-Munoz, R. and J.E. Darnell, Structural difference between the 5' 
termini of viral and cellular mRNA in poliovirus-infected cells: possible basis for 
the inhibition of host protein synthesis. J Virol, 1976. 18(2): p. 719-26. 

360. Holland, J.J., Depression of host-controlled RNA synthesis in human cells during 
poliovirus infection. Proc Natl Acad Sci U S A, 1963. 49: p. 23-8. 

361. Holland, J.J., Inhibition of DNA-primed RNA synthesis during poliovirus infection 
of human cells. Biochem Biophys Res Commun, 1962. 9: p. 556-62. 

362. Zimmerman, E.F., M. Heeter, and J.E. Darnell, RNA synthesis in poliovirus-
infected cells. Virology, 1963. 19: p. 400-8. 

363. Apriletti, J.W. and E.E. Penhoet, Cellular RNA synthesis in normal and 
mengovirus-infected L-929 cells. J Biol Chem, 1978. 253(2): p. 603-11. 

364. Schwartz, L.B., et al., Encephalomyocarditis virus infection of mouse 
plasmacytoma cells. II. Effect on host RNA synthesis and RNA polymerases. J 
Virol, 1974. 14(3): p. 611-9. 

365. Lawrence, C. and R.E. Thach, Encephalomyocarditis virus infection of mouse 
plasmacytoma cells. I. Inhibition of cellular protein synthesis. J Virol, 1974. 14(3): 
p. 598-610. 

366. Crawford, N., et al., Inhibition of transcription factor activity by poliovirus. Cell, 
1981. 27(3 Pt 2): p. 555-61. 

367. Clark, M.E., et al., Direct cleavage of human TATA-binding protein by poliovirus 
protease 3C in vivo and in vitro. Mol Cell Biol, 1993. 13(2): p. 1232-7. 

368. Yalamanchili, P., et al., Inhibition of basal transcription by poliovirus: a virus- 
encoded protease (3Cpro) inhibits formation of TBP-TATA box complex in vitro. J 
Virol, 1996. 70(5): p. 2922-9. 



	 173	

369. Kundu, P., et al., Shutoff of RNA polymerase II transcription by poliovirus 
involves 3C protease-mediated cleavage of the TATA-binding protein at an 
alternative site: incomplete shutoff of transcription interferes with efficient viral 
replication. J Virol, 2005. 79(15): p. 9702-13. 

370. Doukas, T. and P. Sarnow, Escape from transcriptional shutoff during poliovirus 
infection: NF-kappaB-responsive genes IkappaBa and A20. J Virol, 2011. 85(19): 
p. 10101-8. 

371. Park, N., et al., Differential targeting of nuclear pore complex proteins in 
poliovirus-infected cells. J Virol, 2008. 82(4): p. 1647-55. 

372. Castello, A., et al., RNA nuclear export is blocked by poliovirus 2A protease and 
is concomitant with nucleoporin cleavage. J Cell Sci, 2009. 122(Pt 20): p. 3799-
809. 

373. Yuan, H., B.K. Yoza, and D.S. Lyles, Inhibition of host RNA polymerase II-
dependent transcription by vesicular stomatitis virus results from inactivation of 
TFIID. Virology, 1998. 251(2): p. 383-92. 

374. Faria, P.A., et al., VSV disrupts the Rae1/mrnp41 mRNA nuclear export pathway. 
Mol Cell, 2005. 17(1): p. 93-102. 

375. von Kobbe, C., et al., Vesicular stomatitis virus matrix protein inhibits host cell 
gene expression by targeting the nucleoporin Nup98. Mol Cell, 2000. 6(5): p. 
1243-52. 

376. Huang, A.S. and R.R. Wagner, Inhibition of cellular RNA synthesis by 
nonreplicating vesicular stomatitis virus. Proc Natl Acad Sci U S A, 1965. 54(6): 
p. 1579-84. 

377. Wagner, R.R. and A.S. Huang, Inhibition of RNA and interferon synthesis in 
Krebs-2 cells infected with vesicular stomatitis virus. Virology, 1966. 28(1): p. 1-
10. 

378. Weck, P.K. and R.R. Wagner, Inhibition of RNA synthesis in mouse myeloma 
cells infected with vesicular stomatitis virus. J Virol, 1978. 25(3): p. 770-80. 



	 174	

379. Weck, P.K. and R.R. Wagner, Vesicular stomatitis virus infection reduces the 
number of active DNA-dependent RNA polymerases in myeloma cells. J Biol 
Chem, 1979. 254(12): p. 5430-4. 

380. Carroll, A.R. and R.R. Wagner, Role of the membrane (M) protein in endogenous 
inhibition of in vitro transcription by vesicular stomatitis virus. J Virol, 1979. 29(1): 
p. 134-42. 

381. Black, B.L. and D.S. Lyles, Vesicular stomatitis virus matrix protein inhibits host 
cell-directed transcription of target genes in vivo. J Virol, 1992. 66(7): p. 4058-64. 

382. Black, B.L., et al., The role of vesicular stomatitis virus matrix protein in inhibition 
of host-directed gene expression is genetically separable from its function in virus 
assembly. J Virol, 1993. 67(8): p. 4814-21. 

383. Paik, S.Y., et al., Inducible and conditional inhibition of human immunodeficiency 
virus proviral expression by vesicular stomatitis virus matrix protein. J Virol, 1995. 
69(6): p. 3529-37. 

384. Ferran, M.C. and J.M. Lucas-Lenard, The vesicular stomatitis virus matrix protein 
inhibits transcription from the human beta interferon promoter. J Virol, 1997. 
71(1): p. 371-7. 

385. Ahmed, M. and D.S. Lyles, Effect of vesicular stomatitis virus matrix protein on 
transcription directed by host RNA polymerases I, II, and III. J Virol, 1998. 72(10): 
p. 8413-9. 

386. Petersen, J.M., et al., The matrix protein of vesicular stomatitis virus inhibits 
nucleocytoplasmic transport when it is in the nucleus and associated with nuclear 
pore complexes. Mol Cell Biol, 2000. 20(22): p. 8590-601. 

387. Enninga, J., et al., Role of nucleoporin induction in releasing an mRNA nuclear 
export block. Science, 2002. 295(5559): p. 1523-5. 

388. Rajani, K.R., et al., Complexes of vesicular stomatitis virus matrix protein with 
host Rae1 and Nup98 involved in inhibition of host transcription. PLoS Pathog, 
2012. 8(9): p. e1002929. 



	 175	

389. Quan, B., et al., Vesiculoviral matrix (M) protein occupies nucleic acid binding 
site at nucleoporin pair (Rae1 * Nup98). Proc Natl Acad Sci U S A, 2014. 
111(25): p. 9127-32. 

390. Ren, Y., et al., Structural and functional analysis of the interaction between the 
nucleoporin Nup98 and the mRNA export factor Rae1. Proc Natl Acad Sci U S A, 
2010. 107(23): p. 10406-11. 

391. Ahmed, M., et al., Ability of the matrix protein of vesicular stomatitis virus to 
suppress beta interferon gene expression is genetically correlated with the 
inhibition of host RNA and protein synthesis. J Virol, 2003. 77(8): p. 4646-57. 

392. Her, L.S., E. Lund, and J.E. Dahlberg, Inhibition of Ran guanosine 
triphosphatase-dependent nuclear transport by the matrix protein of vesicular 
stomatitis virus. Science, 1997. 276(5320): p. 1845-8. 

393. Natalizio, B.J. and S.R. Wente, Postage for the messenger: designating routes 
for nuclear mRNA export. Trends Cell Biol, 2013. 23(8): p. 365-73. 

394. Yarbrough, M.L., et al., Viral subversion of nucleocytoplasmic trafficking. Traffic, 
2014. 15(2): p. 127-40. 

395. Welnowska, E., et al., Translation of mRNAs from vesicular stomatitis virus and 
vaccinia virus is differentially blocked in cells with depletion of eIF4GI and/or 
eIF4GII. J Mol Biol, 2009. 394(3): p. 506-21. 

396. Redondo, N., et al., Impact of Vesicular Stomatitis Virus M Proteins on Different 
Cellular Functions. PLoS One, 2015. 10(6): p. e0131137. 

397. Petersen, J.M., L.S. Her, and J.E. Dahlberg, Multiple vesiculoviral matrix proteins 
inhibit both nuclear export and import. Proc Natl Acad Sci U S A, 2001. 98(15): p. 
8590-5. 

398. Taylor, A., A.J. Easton, and A.C. Marriott, Matrix protein of Chandipura virus 
inhibits transcription from an RNA polymerase II promoter. Virus Genes, 1999. 
19(3): p. 223-8. 



	 176	

399. Nishioka, Y. and S. Silverstein, Alterations in the protein synthetic apparatus of 
Friend erythroleukemia cells infected with vesicular stomatitis virus or herpes 
simplex virus. J Virol, 1978. 25(1): p. 422-6. 

400. Lodish, H.F. and M. Porter, Vesicular stomatitis virus mRNA and inhibition of 
translation of cellular mRNA--is there a P function in vesicular stomatitis virus? J 
Virol, 1981. 38(2): p. 504-17. 

401. Dratewka-Kos, E., et al., Catalytic utilization of eIF-2 and mRNA binding proteins 
are limiting in lysates from vesicular stomatitis virus infected L cells. 
Biochemistry, 1984. 23(25): p. 6184-90. 

402. Black, B.L., G. Brewer, and D.S. Lyles, Effect of vesicular stomatitis virus matrix 
protein on host-directed translation in vivo. J Virol, 1994. 68(1): p. 555-60. 

403. Connor, J.H., et al., Replication and cytopathic effect of oncolytic vesicular 
stomatitis virus in hypoxic tumor cells in vitro and in vivo. J Virol, 2004. 78(17): p. 
8960-70. 

404. Whitlow, Z.W., J.H. Connor, and D.S. Lyles, Preferential translation of vesicular 
stomatitis virus mRNAs is conferred by transcription from the viral genome. J 
Virol, 2006. 80(23): p. 11733-42. 

405. Whitlow, Z.W., J.H. Connor, and D.S. Lyles, New mRNAs are preferentially 
translated during vesicular stomatitis virus infection. J Virol, 2008. 82(5): p. 2286-
94. 

406. Rosen, C.A., H.L. Ennis, and P.S. Cohen, Translational control of vesicular 
stomatitis virus protein synthesis: isolation of an mRNA-sequestering particle. J 
Virol, 1982. 44(3): p. 932-8. 

407. Pattnaik, A.K. and G.W. Wertz, Replication and amplification of defective 
interfering particle RNAs of vesicular stomatitis virus in cells expressing viral 
proteins from vectors containing cloned cDNAs. J Virol, 1990. 64(6): p. 2948-57. 

408. Schnitzlein, W.M., et al., Effect of intracellular vesicular stomatitis virus mRNA 
concentration on the inhibition of host cell protein synthesis. J Virol, 1983. 45(1): 
p. 206-14. 



	 177	

409. Chan, Y.K. and M.U. Gack, Viral evasion of intracellular DNA and RNA sensing. 
Nat Rev Microbiol, 2016. 14(6): p. 360-73. 

410. Hornung, V., et al., 5'-Triphosphate RNA is the ligand for RIG-I. Science, 2006. 
314(5801): p. 994-7. 

411. Kato, H., et al., Differential roles of MDA5 and RIG-I helicases in the recognition 
of RNA viruses. Nature, 2006. 441(7089): p. 101-5. 

412. Kato, H., et al., Length-dependent recognition of double-stranded ribonucleic 
acids by retinoic acid-inducible gene-I and melanoma differentiation-associated 
gene 5. J Exp Med, 2008. 205(7): p. 1601-10. 

413. Pichlmair, A., et al., RIG-I-mediated antiviral responses to single-stranded RNA 
bearing 5'-phosphates. Science, 2006. 314(5801): p. 997-1001. 

414. Schmidt, A., et al., 5'-triphosphate RNA requires base-paired structures to 
activate antiviral signaling via RIG-I. Proc Natl Acad Sci U S A, 2009. 106(29): p. 
12067-72. 

415. Kell, A.M. and M. Gale, Jr., RIG-I in RNA virus recognition. Virology, 2015. 479-
480: p. 110-21. 

416. Goubau, D., S. Deddouche, and C. Reis e Sousa, Cytosolic sensing of viruses. 
Immunity, 2013. 38(5): p. 855-69. 

417. Miller, S. and J. Krijnse-Locker, Modification of intracellular membrane structures 
for virus replication. Nat Rev Microbiol, 2008. 6(5): p. 363-74. 

418. Kato, H., et al., Cell type-specific involvement of RIG-I in antiviral response. 
Immunity, 2005. 23(1): p. 19-28. 

419. Stanners, C.P., A.M. Francoeur, and T. Lam, Analysis of VSV mutant with 
attenuated cytopathogenicity: mutation in viral function, P, for inhibition of protein 
synthesis. Cell, 1977. 11(2): p. 273-81. 

420. Dunigan, D.D., S. Baird, and J. Lucas-Lenard, Lack of correlation between the 
accumulation of plus-strand leader RNA and the inhibition of protein and RNA 



	 178	

synthesis in vesicular stomatitis virus infected mouse L cells. Virology, 1986. 
150(1): p. 231-46. 

421. Francoeur, A.M., L. Poliquin, and C.P. Stanners, The isolation of interferon-
inducing mutants of vesicular stomatitis virus with altered viral P function for the 
inhibition of total protein synthesis. Virology, 1987. 160(1): p. 236-45. 

422. Coulon, P., et al., Genetic evidence for multiple functions of the matrix protein of 
vesicular stomatitis virus. J Gen Virol, 1990. 71 ( Pt 4): p. 991-6. 

423. Desforges, M., et al., Different host-cell shutoff strategies related to the matrix 
protein lead to persistence of vesicular stomatitis virus mutants on fibroblast 
cells. Virus Res, 2001. 76(1): p. 87-102. 

424. Stojdl, D.F., et al., VSV strains with defects in their ability to shutdown innate 
immunity are potent systemic anti-cancer agents. Cancer Cell, 2003. 4(4): p. 
263-75. 

425. Gerlier, D. and D.S. Lyles, Interplay between innate immunity and negative-
strand RNA viruses: towards a rational model. Microbiol Mol Biol Rev, 2011. 
75(3): p. 468-90, second page of table of contents. 

426. Colonno, R.J. and A.K. Banerjee, A unique RNA species involved in initiation of 
vesicular stomatitis virus RNA transcription in vitro. Cell, 1976. 8(2): p. 197-204. 

427. Blumberg, B.M. and D. Kolakofsky, Intracellular vesicular stomatitis virus leader 
RNAs are found in nucleocapsid structures. J Virol, 1981. 40(2): p. 568-76. 

428. Blumberg, B.M., M. Leppert, and D. Kolakofsky, Interaction of VSV leader RNA 
and nucleocapsid protein may control VSV genome replication. Cell, 1981. 23(3): 
p. 837-45. 

429. Green, T.J., et al., Study of the assembly of vesicular stomatitis virus N protein: 
role of the P protein. J Virol, 2000. 74(20): p. 9515-24. 

430. Iseni, F., et al., Structure of the RNA inside the vesicular stomatitis virus 
nucleocapsid. RNA, 2000. 6(2): p. 270-81. 



	 179	

431. Daffis, S., et al., 2'-O methylation of the viral mRNA cap evades host restriction 
by IFIT family members. Nature, 2010. 468(7322): p. 452-6. 

432. Zust, R., et al., Ribose 2'-O-methylation provides a molecular signature for the 
distinction of self and non-self mRNA dependent on the RNA sensor Mda5. Nat 
Immunol, 2011. 12(2): p. 137-43. 

433. Muthukrishnan, S., et al., 5'-Terminal 7-methylguanosine in eukaryotic mRNA is 
required for translation. Nature, 1975. 255(5503): p. 33-7. 

434. Gillies, S. and V. Stollar, Translation of vesicular stomatitis and Sindbis virus 
mRNAs in cell-free extracts of Aedes albopictus cells. J Biol Chem, 1981. 
256(24): p. 13188-92. 

435. Ma, Y., et al., mRNA cap methylation influences pathogenesis of vesicular 
stomatitis virus in vivo. J Virol, 2014. 88(5): p. 2913-26. 

436. Marcus, P.I. and M.J. Sekellick, Defective interfering particles with covalently 
linked [+/-]RNA induce interferon. Nature, 1977. 266(5605): p. 815-9. 

437. Lee, A.S., R. Burdeinick-Kerr, and S.P. Whelan, A genome-wide small interfering 
RNA screen identifies host factors required for vesicular stomatitis virus infection. 
J Virol, 2014. 88(15): p. 8355-60. 

438. Tani, H., et al., Genome-wide determination of RNA stability reveals hundreds of 
short-lived noncoding transcripts in mammals. Genome Res, 2012. 22(5): p. 947-
56. 

439. Chang, H., et al., TAIL-seq: genome-wide determination of poly(A) tail length and 
3' end modifications. Mol Cell, 2014. 53(6): p. 1044-52. 

440. Irigoyen, N., et al., High-Resolution Analysis of Coronavirus Gene Expression by 
RNA Sequencing and Ribosome Profiling. PLoS Pathog, 2016. 12(2): p. 
e1005473. 

441. Dai, A., et al., Ribosome Profiling Reveals Translational Upregulation of Cellular 
Oxidative Phosphorylation mRNAs during Vaccinia Virus-Induced Host Shutoff. J 
Virol, 2017. 91(5). 



	 180	

442. Lahaye, X., et al., Functional characterization of Negri bodies (NBs) in rabies 
virus-infected cells: Evidence that NBs are sites of viral transcription and 
replication. J Virol, 2009. 83(16): p. 7948-58. 

443. Heinrich, B.S., et al., Protein expression redirects vesicular stomatitis virus RNA 
synthesis to cytoplasmic inclusions. PLoS Pathog, 2010. 6(6): p. e1000958. 

444. Hoenen, T., et al., Inclusion bodies are a site of ebolavirus replication. J Virol, 
2012. 86(21): p. 11779-88. 

445. Nikolic, J., et al., Negri bodies are viral factories with properties of liquid 
organelles. Nat Commun, 2017. 8(1): p. 58. 

446. Barr, J.N., S.P. Whelan, and G.W. Wertz, Transcriptional control of the RNA-
dependent RNA polymerase of vesicular stomatitis virus. Biochim Biophys Acta, 
2002. 1577(2): p. 337-53. 

447. Hefti, E. and D.H. Bishop, The 5' nucleotide sequence of vesicular stomatitis viral 
RNA. J Virol, 1975. 15(1): p. 90-6. 

448. Banerjee, A.K. and D.P. Rhodes, 3'-Terminal sequence of vesicular stomatitis 
virus genome RNA. Biochem Biophys Res Commun, 1976. 68(4): p. 1387-94. 

449. Hefti, E. and D.H. Bishop, The 5' sequence of VSV viral RNA and its in vitro 
transcription product RNA. Biochem Biophys Res Commun, 1975. 66(2): p. 785-
92. 

450. Watanabe, N., et al., Activation of IFN-beta element by IRF-1 requires a 
posttranslational event in addition to IRF-1 synthesis. Nucleic Acids Res, 1991. 
19(16): p. 4421-8. 

451. Pamment, J., et al., Regulation of the IRF-1 tumour modifier during the response 
to genotoxic stress involves an ATM-dependent signalling pathway. Oncogene, 
2002. 21(51): p. 7776-85. 

452. Moller, A., et al., Intracellular activation of interferon regulatory factor-1 by 
nanobodies to the multifunctional (Mf1) domain. J Biol Chem, 2010. 285(49): p. 
38348-61. 



	 181	

453. Wyers, F., et al., Vesicular stomatitis virus growth in Drosophila melanogaster 
cells: G protein deficiency. J Virol, 1980. 33(1): p. 411-22. 

454. Gillies, S. and V. Stollar, Conditions necessary for inhibition of protein synthesis 
and production of cytopathic effect in Aedes albopictus cells infected with 
vesicular stomatitis virus. Mol Cell Biol, 1982. 2(1): p. 66-75. 

455. Gillies, S. and V. Stollar, Protein synthesis in lysates of Aedes albopictus cells 
infected with vesicular stomatitis virus. Mol Cell Biol, 1982. 2(10): p. 1174-86. 

456. Joyce, C.E., et al., Differential Regulation of the Melanoma Proteome by eIF4A1 
and eIF4E. Cancer Res, 2017. 77(3): p. 613-622. 

457. Arnheiter, H., et al., Role of the nucleocapsid protein in regulating vesicular 
stomatitis virus RNA synthesis. Cell, 1985. 41(1): p. 259-67. 

458. Peluso, R.W. and S.A. Moyer, Viral proteins required for the in vitro replication of 
vesicular stomatitis virus defective interfering particle genome RNA. Virology, 
1988. 162(2): p. 369-76. 

459. Saito, T., et al., Innate immunity induced by composition-dependent RIG-I 
recognition of hepatitis C virus RNA. Nature, 2008. 454(7203): p. 523-7. 

460. Wang, J.T., L.E. McElvain, and S.P. Whelan, Vesicular stomatitis virus mRNA 
capping machinery requires specific cis-acting signals in the RNA. J Virol, 2007. 
81(20): p. 11499-506. 

461. Li, J., et al., A conserved motif in region v of the large polymerase proteins of 
nonsegmented negative-sense RNA viruses that is essential for mRNA capping. 
J Virol, 2008. 82(2): p. 775-84. 

462. Li, J., et al., Opposing effects of inhibiting cap addition and cap methylation on 
polyadenylation during vesicular stomatitis virus mRNA synthesis. J Virol, 2009. 
83(4): p. 1930-40. 

463. Simpson, R.W., J.F. Obijeski, and M.P. Morrongiello, Conditional lethal mutants 
of vesicular stomatitis virus. III. Host range properties, interfering capacity, and 
complementation patterns of specific hr mutants. Virology, 1979. 93(2): p. 493-
505. 



	 182	

464. Horikami, S.M. and S.A. Moyer, Host range mutants of vesicular stomatitis virus 
defective in in vitro RNA methylation. Proc Natl Acad Sci U S A, 1982. 79(24): p. 
7694-8. 

465. Horikami, S.M., F. De Ferra, and S.A. Moyer, Characterization of the infections of 
permissive and nonpermissive cells by host range mutants of vesicular stomatitis 
virus defective in RNA methylation. Virology, 1984. 138(1): p. 1-15. 

 
	
 


