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CHAPTER I 

INTRODUCTION 

Replication Mechanisms of Double-Stranded RNA Viruses 

 

Background 

 Double-stranded RNA (dsRNA) viruses are a large group of viruses classified in 

eight unique families according to the International Committee for the Taxonomy of 

Viruses (ICTV) (Table I-1) (1). DsRNA viruses infect both prokaryotic and eukaryotic 

hosts, and many of these viruses are considered important pathogens of agricultural, 

medical, and veterinary relevance (Figure I-1) (2). Most of the pathogenic dsRNA 

viruses are members of the Reoviridae family. Some examples include rotavirus, which 

infects and replicates in the human intestine causing gastroenteritis and is responsible 

for approximately 200,000 deaths annually in children younger than 5 years old (3). 

Bluetongue virus (BTV) is a pathogen that infects ruminants, particularly sheep, and has 

caused more than 800,000 animal deaths in southern Europe (4). Rice black-streaked 

dwarf virus (RBSDV), which causes black-streaked dwarf disease in rice, is a major 

agricultural problem in China, Japan, and Korea (5). In general, dsRNA viruses show 

striking structural and functional similarities, likely due to conserved mechanisms of 

dsRNA genome replication. Understanding how these viruses replicate is important, and 

there are several gaps in knowledge regarding dsRNA virus replication that will be 

discussed later in this chapter.  
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Table I-1. Double-stranded RNA virus families and characteristics. 

   
 

Family Host Example 

Genome 

segment 

number 

Capsid 

size 

Capsid 

symmetry 
Envelope 

Birnaviridae 
Invertebrates 

and 

vertebrates 

Infectious bursal 

disease virus 
2 65 nm Icosahedral No 

Chrysoviridae Fungi 

Penicillium 

chrysogenum 

virus 

4 40 nm Icosahedral No 

Cystoviridae Bacteria 

(Pseudomona) 

Bacteriophage 

phi6 
3 85 nm Icosahedral Yes 

Endornaviridae Plants 
Vicia faba 

endornavirus 
1 

No true 

capsid 
None reported 

None 

reported 

Partitiviridae Fungi and 

plants 

Penicillium 

stoloniferum 

virus S 

2 
30-43 

nm 
Icosahedral No 

Picobirnaviridae Amniotes 
Human 

picobirnavirus 
2 

33–37 

nm 

Spherical 

triacontahedral 
No 

Reoviridae 
Fungi, plants, 

invertebrates, 

and 

vertebrates 

Orthoreovirus 9-12 
60-80 

nm 
Icosahedral No 

Totiviridae Fungi and 

protozoa 

Saccharomyces 

cerevisiae virus 

L-A 

1 
30-40 

nm 
Icosahedral No 
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Figure I-1. Schematic of the diversity of dsRNA virus pathogens. DsRNA viruses 

are pathogens with a high economic impact. Rotavirus is responsible for thousands of 

human deaths worldwide. Bluetongue virus (BTV) and avian reovirus (ARV) are 

important livestock pathogens. Infectious pancreatic necrosis virus (IPNV) and grass 

carp reovirus (GCRV) cause economic loses in the fish industry. Rice black-streaked 

dwarf virus (RBSDV) is a major infection of rice in Asia. Cypoviruses (CPV) are a 

significant threat to the silk industry.  
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Mechanisms of dsRNA replication 

Viruses with dsRNA genomes share mechanisms of viral replication. Common 

themes observed in the replication of these viruses include: (i) RNA-synthesis occurs 

inside a protein shell, (ii) genome replication and capsid assembly proceed in parallel, 

and (iii) cis-acting elements in the viral RNAs are important for template specificity (6).  

 All known dsRNA viruses confine their genomes, RNA-dependent RNA 

polymerases (RdRps), and auxiliary replication proteins inside a protein core (7). The 

dsRNA genome is used as a template for transcription, which occurs following entry into 

the cytoplasm during infection. In the cytoplasm, mRNAs are translated into viral 

proteins by host ribosomes, and newly synthesized proteins and transcribed mRNAs 

assemble into intermediate structures or replicase complexes. By a mechanism that is 

not understood, dsRNA synthesis follows (8). 

 The protein core and RdRps of different dsRNA viruses are similar (Figure I-2). 

Most cores organize in icosahedral structures that contain the RdRp either covalently 

linked to the core shell, as is the case of totivirus L-A (9), or positioned under the 

vertices, as seen for Cystoviridae and Reoviridae viruses (10, 11). Structurally, the 

polymerases of φ6 (12), infectious bursal disease virus (IBDV) (13), human 

picobirnavirus (14), rotavirus (15), and mammalian orthoreovirus (called reovirus in this 

thesis) (16) contain a core polymerase domain with a right-hand shape that includes 

fingers, palm, and thumb sub-domains, and an internally located active site (17). RdRps 

of dsRNA viruses can operate in a semi-conservative or fully-conservative manner (8). 

Before transcription, the positive-sense (+) RNA is separated from the negative-sense (-

) RNA that form the dsRNA genome. Semi-conservative polymerases, such as those 
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Figure I-2. Core components of three dsRNA viruses. DsRNA viruses share 

structural similarities. A protein shell contains the RdRp and auxiliary proteins. L-A 

virus, one of the simplest dsRNA viruses, has two copies of the RdRp covalently 

attached to the shell protein Gag.  Phage φ6 and reovirus contain 12 RdRp copies 

underneath the shell vertices. The shell is composed of the P1 protein, and λ1 and 

σ2, for φ6 virus and reovirus, respectively. Auxiliary proteins also are found within the 

cores.   
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from  φ6 and IBDV, shuttle out the (+) RNA from the core. This (+) RNA serves as a 

template for protein synthesis, while the (-) RNA inside the core is used as a template 

for a nascent (+) RNA strand. On the other hand, transcription by fully-conservative 

RdRps, such as those from reoviruses and rotaviruses, occurs by using the (-) RNA 

strand as a template for transcription of a nascent (+) RNA, which is shuttled from the 

core. The parental (+) RNA strand re-anneals with the (-) RNA strand to maintain the 

dsRNA genome. Thus, dsRNA viruses share mechanisms of dsRNA replication, 

although differences exist between evolutionary distant families.   

 Another feature of dsRNA virus replication is that genome synthesis and core 

assembly occur simultaneously. Considering that dsRNA is a potent inducer of the 

cellular antiviral response (18), protecting the dsRNA from the cellular environment is 

essential for viral fitness. Two models are proposed to explain the mechanism of 

genome replication and core assembly. A “core-filling” model suggests that a closed 

core without nucleic acid is assembled, followed by packaging of each gene segment 

inside the closed core and replication of the RNAs (Figure I-3) (19). A second model is 

called the “concerted model” and is based on the hypothesis that the RdRp and 

auxiliary proteins bind (+) RNAs before core formation, forming a replicase complex, or 

pre-core, that lacks polymerase activity. DsRNA synthesis occurs concomitant with the 

formation of a closed, mature core.  

Specific RNA-protein and RNA-RNA interactions must occur to ensure that 

equimolar amounts of each RNA are packed within virions. For most segmented RNA 

viruses, the specificity of assortment and packaging – or choosing the correct gene 

segment – has been attributed to cis-acting signals in the viral RNAs (6). φ6 RNAs form 
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Figure I-3. Genome replication models for dsRNA viruses. There are two models 

to explain genome replication for dsRNA viruses. A “core-filling” model indicates that 

the protein shell assembles in the absence of (+) RNA. RNAs are then shuttled inside 

with the assistance of nonstructural proteins (NSPs), followed by RNA replication to 

form dsRNA. A “concerted model” suggests that viral (+) RNAs interact with NSPs 

that fold RNA in the proper conformation to mediate RNA-RNA interactions with the 

different gene segments. Protein-RNA complexes interact with the components of the 

core, forming a replicase complex. Concomitant with the replication of the RNA, the 

core closes. (Figure adapted from McDonald et. al. 2011 (19)). 
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stem-loops that fold distinctively depending on the gene segment, and these RNA 

structures mediate packaging. The recognition of each gene segment is based on 

unique pac sequences located at the 5’-end of each gene segment, which have affinity 

for the φ6 core proteins (20).  

The specific packaging signals for Reoviridae viruses are less known, likely 

because of their complexity and larger number of gene segments. Packaging signals for 

reoviruses are thought to reside at the 5’- and 3’-ends of each (+) RNA (21-23). These 

sequences can form panhandle structures, which are hypothesized to be important for 

packaging (24). Rotavirus (+) RNA 5’- and 3’-untranslated regions (UTRs) have been 

suggested to form similar panhandle structures (25). It is thought that a stem-loop within 

these secondary structures acts as an assortment and packaging signal (26). Despite 

this knowledge, we still do not understand how between nine and twelve gene 

segments are specifically packed for the formation of progeny Reoviridae virions. 

 

Common problems dsRNA viruses encounter during replication 

 Viruses with dsRNA genomes have developed various strategies to overcome 

common problems, including the lack of a primer for RNA synthesis, sensing of 

replication intermediates by the host antiviral response, gene segment assortment, and 

the use of the same (+) RNA as template for translation and genome replication.  

 RdRps initiate RNA polymerization at the 3’-end of the RNA template. This 

process can occur in a primer-dependent or independent manner (27). In primer-

dependent initiation, a protein primer, a snatched-cap, or an oligonucleotide is used as 

a primer. The 3’-terminus of the template also can fold back and mimic a primer. In 
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primer-independent initiation, which is how dsRNA viruses initiate RNA polymerization, 

interactions between the RNA template and the incoming nucleotides occur to keep 

these nucleotides correctly positioned in the active site of the RdRp (28).  

 DsRNA viruses have RdRps with structural motifs that allow binding of a priming 

nucleotide for de novo initiation of RNA synthesis (6). The RdRp of φ6 has a four amino 

acid loop in a carboxyl terminal region referred to as the “initiation platform,” that 

stabilizes the first incoming nucleotides (29). The RdRps from reovirus and rotavirus 

have a “priming loop,” which is a flexible motif that binds the incoming nucleotides, 

supporting the formation of an initiation complex (15). Both the initiation platform of φ6 

RdRp and priming loop of reovirus and rotavirus RdRps shift their location following 

formation of the first phosphodiester bond to accommodate the elongating RNA duplex 

(17). Thus, RdRps from dsRNA viruses have overcome the lack of priming during RNA 

polymerization by expressing specialized RdRps with additional motifs.  

 DsRNA is a potent stimulator of the cellular antiviral response. This response is 

based on the recognition of viral components by host cell pattern-recognition receptors 

(PRRs), which trigger signaling pathways that lead to the production and secretion of 

interferons (IFNs) (30). IFNs are sensed by specific receptors on host cells, culminating 

in the induction of IFN-stimulated genes (ISGs). The expression of ISGs results in up-

regulation of PRRs and several signal-transducing molecules, reinforcing the IFN 

response. Additional ISGs encode proapoptotic proteins, leading to cell death and 

prevention of viral replication (31). 

 Mammalian hosts sense dsRNA using various mechanisms. Toll-like receptor 3 

(TLR3) engages viral dsRNA in endosomes after viral entry, inducing expression of 
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IFNs. Retinoic acid-inducible gene 1 (RIG-I) and melanoma differentiation-associated 

protein (MDA5) are cytoplasmic viral RNA sensors that are recruited to the outer 

membrane of the mitochondria as part of a macromolecular signaling complex that 

leads to IFN expression after detection of viral dsRNA (31). DsRNA is also sensed by 

protein kinase R (PKR), which autophosphorylates and activates following dsRNA 

binding. PKR phosphorylates eIF2α, inhibiting protein synthesis in infected cells (32).  

Mammalian dsRNA viruses have evolved to avoid the host antiviral response and 

express proteins that inhibit innate immunity. For example, reovirus prevents induction 

of IFN by disrupting the function of IRF9 (33) as well as by expressing dsRNA-binding 

proteins that prevent PKR activation (34). Rotavirus represses the IFN response by 

mediating the degradation of IRF3, IRF5, and IRF7 (35) and preventing nuclear 

translocation of STAT1 and STAT2, which are required for the induction of a cellular 

antiviral state (36).  

Mammalian dsRNA viruses also protect their RNA intermediates by replicating 

within neoorganelles called viral inclusions, factories, or viroplasms. Viral inclusions are 

intracellular compartments where viral replication and particle assembly take place. 

Formation of inclusions usually involves reorganization of cellular membranes and the 

cytoskeleton. Inclusions facilitate viral replication by confining necessary metabolites to 

increase their local concentration (37). Viral inclusions are studied using optical and 

electron microscopy and have been observed during infection with members of the 

Birnaviridae (38) and Reoviridae (39-41) families.  

 By localizing replication intermediates in the same place, viral inclusions facilitate 

genome assortment of segmented dsRNA viruses. The rotavirus nonstructural protein 
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NSP2, which locates to rotavirus inclusions (40), binds to (+) RNAs and promotes their 

remodeling, which leads to the formation of stable and specific RNA-RNA interactions 

that might be required for assortment (42). Assortment of gene segments might follow a 

specific order, as in vitro transcribed rotavirus RNAs interact specifically with each other 

in a process initiated by small gene segments (43). Sequential packaging of gene 

segments also has been shown for BTV (44) and it is thought to be mediated by the 3’-

UTRs of each gene segment, as the packaging signals reside in this region (45). Much 

less is known for reovirus. However, experiments using chimeric (+) RNAs, in which an 

open reading frame (ORF) is flanked by 5’- and 3’-UTRs from different gene segments, 

suggest that the 5’-UTRs are important for recognition of each gene segment (23). By 

introducing mutations in the S3 gene and attempting to recover viable virus using the 

reovirus reverse genetics system (46), it was determined that the 5’-UTR and immediate 

18 nucleotides in the ORF could not be mutated to recover viable virus, suggesting that 

the assortment and packaging signals for reovirus might extend beyond the UTRs (47). 

Collectively, these data suggest that RNA-protein and RNA-RNA interactions mediate 

Reoviridae genome assortment.  

  Lastly, it is not clear how dsRNA viruses modulate the use of (+) RNA as 

templates for translation and genome replication. There are no published studies that 

address this issue for dsRNA viruses, but there is evidence of different mechanisms 

used by viruses with (+) RNA genomes. Most of the non-template functions of RNAs for 

these viruses are mediated through the interaction between specific motifs in the RNAs 

with host or viral trans activating factors (48). For poliovirus, the RNA polymerase is 

unable to replicate templates undergoing translation. A region in the 5’-UTR of 
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poliovirus RNA folds into a cloverleaf-like structure and acts as a bifunctional element 

regulating translation and genome replication. The binding of cellular proteins to this 

region enhances viral translation, whereas the binding of a viral protein represses 

translation and facilitates genome replication (49). Thus, viruses use viral and host 

proteins as well as RNA-RNA interactions to modulate replication cycle events.   
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Reoviruses 

 

Background 

 The Reoviridae family is the largest of the dsRNA virus families. This family is 

divided into two subfamilies: Sedoreovirinae and Spinareovirinae, which include 15 

distinct genera comprising 91 assigned species and several to-be-assigned (Figure I-4) 

(1). These two subfamilies differentiate according to their surface appearance. 

Sedoreovirinae (Sedo: Latin for smooth) viruses have a smooth or spherical 

appearance. In contrast, Spinareovirinae (Spina: Latin for spike) viruses possess 

relatively large spikes or turrets situated at the 12 icosahedral virion vertices (50). 

 Mammalian orthoreovirus (or reovirus) is the type species for the genus 

Orthoreovirus. These viruses infect vertebrates and are spread by respiratory or fecal-

oral routes. Reoviruses were first isolated from stool samples from children during the 

1950s. The name is an acronym for respiratory enteric orphan virus, as infection of 

humans often involves the respiratory and intestinal tracts with minimal or no associated 

disease (51). There are four reovirus serotypes that have been isolated from a variety of 

hosts, each represented by a prototype strain: type 1 Lang (T1L), type 2 Jones (T2J), 

type 3 Dearing (T3D), and type 4 Ndelle (T4N) (1). 

 Despite the fact that reovirus infection of humans rarely causes disease, reovirus 

infection has been associated with loss of oral tolerance to food antigens in genetically 

susceptible individuals (52, 53). Reovirus is an oncolytic agent and is currently being 

used in clinical studies to determine its efficacy against a variety of human cancers 

(Table I-2) (54). Thus, understanding basic mechanisms of reovirus replication could 

improve therapeutics against celiac disease and cancer.  
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Figure I-4. Phylogenetic tree for the Reoviridae family. According to the amino 

acid sequences of putative RdRps for representative viruses, Reoviridae viruses are 

divided into two subfamilies: Sedoreovirinae and Spinareovirinae. Values at the nodes 

represent confidence levels. (Figure from ICTV 9th Report (2011) (1)). 
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Table I-2. Clinical trials using reovirus as an oncolytic agent.  
a 
NSCLC: Non-small cell lung cancer  

b 
IP: intraperitoneal, ITu: intratumoral, IV: intravenous, TL: translational study, Bev: 

bevacizumab, Caf: carfilzomin, Car: carboplatin, Cyc: cyclophosphamide, Dex; 

dexamethasone, Doc: docetaxel, Fol: FOLFIRI, Fol6: FOLFOX-6, Gen: gemcitabine, 

Pac: paclitaxel, Pem: pemetrexed, Pre: prednisone, Rad: radiation. (Figure adapted 

from Chakrabarty et. al. 2015 (54)). 

 
 

Type of cancer Treatment 
b 

Phase 

Various ITu I 

Prostate ITu TL 

Various gliomas  ITu I 

Various IV I 

Various IV I 

Various ITu I 

Various gliomas ITu I/II 

Various ITu + Rad II 

Advanced malignancies IV + Gem I 

Advanced malignancies IV + Doc I 

Head & neck IV + Pac, Car I/II 

Advanced malignancies IV + Cyc I 

Colorectal IV TL 

Brain IV I 

Bone & soft tissue carcinoma IV II 

Head & neck IV + Pac, Car II 

Lung – NSCLC
a 

IV + Pac, Car II 

Pancreatic IV + Gem II 

Head & neck IV + Pac, Car III 

Melanoma IV + Pac, Car II 

Lung – NSCLC
a 

IV + Pac, Car II 

KRAS mutant colorectal IV + Fol I 

Melanoma IV II 

Ovarian IV and IP I/II 

Multiple myeloma IV I 

Pancreatic IV + Pac, Car II 

Solid tumors IV + Cyc I 

Ovarian, fallopian tube IV + Pad II 

Prostate IV + Doc, Pre II 

Colorectal IV + Fol6, Bev II 

Lung - NSCLC
a
 IV + Doc, IV + Pem II 

Breast IV + Pac II 

Multiple myeloma IV + Caf, Dex TL 
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Genome organization and virion structure  

 The reovirus genome is divided into ten linear dsRNA segments with a total size 

of ~23.5 kb, which constitutes approximately ~11.5% of the virion mass (24). The ten 

gene segments are classified according to their size, and they are grouped into three 

classes: large (L1–L3, ~3.9–3.8 kb/each), medium (M1–M3, ~2.3–2.2 kb/each) and 

small (S1–S4, ~1.4–1.2 kb/each) (Figure I-5A). The three large gene segments (L1, L2, 

and L3) encode the λ3, λ2, and λ1 proteins, respectively. The three medium gene 

segments (M1, M2, and M3) encode the μ2, μ1, and μNS proteins, respectively. The 

four small gene segments (S1, S2, S3, and S4) encode the σ1 and σ1s, σ2, σNS, and 

σ3 proteins, respectively (Table I-3). Reovirus gene segments have 5’-UTRs that are 

shorter than the 3’-UTRs, and both regions contain conserved 5′- and 3′-terminal 

sequences (Figure I-5B) (24).   

The reovirus virion is composed of two concentric protein shells with icosahedral 

symmetry that surround the dsRNA genome (Figure I-6). The inner capsid is formed by 

a shell of λ1 decamers that are stabilized by σ2. This shell is ~60 nm in diameter and 

has T=1 symmetry. Inside this inner capsid, the λ3 RdRp and μ2 polymerase co-factor 

reside at the base of the icosahedral vertices (Figure I-6). The outer capsid is formed by 

200 μ1-σ3 heterohexamers. This shell is ~85 nm in diameter and has T=13 symmetry. 

The λ2 protein forms a pentameric turret at each icosahedral vertex from which the 

trimeric σ1 attachment protein is anchored (24). Both protein layers make reovirus 

remarkably stable to extreme ionic conditions, high temperature, variations in pH, and 

detergents (1). 
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Figure I-5. The reovirus genome. (A) The reovirus genome is composed of ten gene 

segments, which are classified according to their size. There are three large, three 

medium, and four small segments, with different electrophoretic mobilities depending 

on the serotype. (B) Structure of reovirus gene segments. Each ORF is framed by 

UTRs, which are conserved among different segments and serotypes (Figure adapted 

from Fields Virology (24)). 
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Table I-3. Reovirus gene segments and their proteins. 

 

Gene segment Protein Mass (kDa) 
Copy number  

per virion 

L1   λ3 142.3 12 

L2 λ2 144 60 

L3 λ1 142 120 

M1 μ2 83.3 24 

M2 μ1 76.3 600 

M3 μNS 80 NSP 

S1 σ1/ σ1s 
51.4 (T1L), 49.2 (T3D) 

/14 
36/NSP 

S2 σ2 47.2 150 

S3 σNS 41 NSP 

S4 σ3 41.5 600 
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Figure I-6. The reovirus virion. Reoviruses are composed of two concentric protein 

shells that surround the dsRNA genome. The outer capsid is formed by 200 μ1-σ3 

heterohexamers, while the inner capsid is formed by a shell of λ1 decamers that are 

stabilized by σ2. The λ3 RdRp and μ2 co-factor locate underneath the vertices. At 

each vertex, the λ2 protein forms a pentameric turret. σ1 is attached to these turrets. 

(Figure adapted from Nason et. al. 2001 and Dietrich et. al. 2018 (55, 56)). 
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Replication cycle 

The reovirus life cycle begins with attachment of the virus to cell-surface 

receptors (Figure I-7). There are two known proteinaceous receptors that mediate 

reovirus attachment. Junctional adhesion molecule A (or JAM-A) is a member of the 

immunoglobulin superfamily (IgSF) involved in regulation of tight junction formation. 

This receptor is engaged by the S1-encoded reovirus σ1 protein (57-59). Nogo receptor 

NgR1 is a glycosylphosphatidylinositol (GPI)-anchored, leucine-rich repeat (LRR) 

protein expressed on the surface of neurons. It is not clear what viral components 

mediate engagement of this receptor (60). Reovirus also interacts with glycans on the 

cell surface through low-affinity, high-avidity interactions, facilitating initial attachment 

events (61-63). 

 Following attachment, reovirus is endocytosed using multiple pathways (64-67) 

and undergoes acid-dependent proteolytic disassembly within endosomes (68, 69). 

Cathepsin proteases in the lumen of these organelles are responsible for uncoating the 

reovirus virion, forming infectious subvirion particles (ISVPs) (70). ISVPs are 

characterized by cleavage of the  μ1 protein to form fragments  δ and Φ. They also lack 

σ3, and their σ1 protein undergoes a conformational change. ISVPs mediate endosomal 

membrane penetration through formation of pores to access the cytoplasm (71-73). This 

process occurs concomitantly with the total loss of the outer capsid. The particle that 

reaches the cytoplasm is the reovirus core. 

 In the cytoplasm, reovirus cores become transcriptionally active, and the λ3 

RdRp and its co-factor μ2 transcribe mRNAs for the 10 gene segments (Figure I-8) (74, 

75). The mRNAs exit the cores simultaneously at each of the vertices. As the mRNAs  
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Figure I-7. Reovirus cell entry. Reovirus enters cells through receptor-mediated 

endocytosis. Reovirus binds high-affinity receptors, such as JAM-A and NgR1, and 

low-affinity ones such as sialic acid. Within endosomes, reovirus undergoes acid-

dependent proteolytic disassembly, which allows it to penetrate membranes. The 

particle that reaches the cytoplasm is the reovirus core. 
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Figure I-8. Post-entry reovirus replication cycle steps. In the cytoplasm, reovirus 

cores undergo primary transcription. These mRNAs are capped and are translated 

into viral proteins. RNA-RNA and protein-RNA interactions are thought to mediate 

assortment. Transcripts, core proteins, and nonstructural proteins form replicase 

complexes prior to genome replication. Nascent cores are transcriptionally active, 

synthesizing uncapped mRNAs that are translated. Several rounds of transcription, 

translation, and genome replication take place within inclusions. Secondary 

transcription is terminated by assembly of the outer capsid onto cores.  
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 pass through the λ2 channels, they are capped and 2’-O-methylated (76, 77). These 

mRNAs are used for translation of the eleven viral proteins. Prior to the replication of the 

genome, assortment of the individual gene segments must occur to obtain equimolar 

amounts. It has been hypothesized that replicase or pre-core complexes form, which 

contain λ3, core components, auxiliary proteins, and each reovirus mRNA. The 

replicase complex synthesizes (-) RNA for each reovirus mRNA to form dsRNA in a 

process that appears to occur at the same time as the core forms (24). Nascent cores 

are transcriptionally active and release uncapped mRNAs. These mRNAs are not 

capped because λ2 must be proteolytically cleaved to be active, a process that occurs 

during entry (78). Transcription, translation, and genome replication occur until 

transcription is silenced through the coalescence of the outer-capsid proteins onto 

nascent cores. Mature reovirus particles are released from cells through at least two 

mechanisms, one that disrupts cellular membrane permeability and one that does not 

(79, 80).    

 

Viral inclusions 

 Most reovirus replication cycle steps occur within viral inclusions. Viral inclusions 

concentrate reovirus components to ensure proper genome replication and particle 

assembly. They also provide protection from the cellular antiviral response by masking 

replication intermediates from innate immune proteins (81). Viral inclusions form early in 

the replication cycle. They are highly dynamic and move and fuse with each other in a 

microtubule-dependent manner (39, 82-84). Ultrastructurally, reovirus inclusions 

organize as paracrystalline arrays of particles that arrange virions in a parallel manner 

along microtubules (82, 85). 
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Although the morphogenesis of reovirus inclusions is not clear, stress granules 

may be involved in their nucleation. Stress granules are aggregates of proteins and 

RNA that form in a reversible manner following cellular stress (86). Stress granules 

appear shortly after infection, but disappear before viral inclusions are formed (87). 

When expressed alone, the viral nonstructural protein µNS, thought to be responsible 

for viral inclusion nucleation (88), localizes to sodium arsenite-induced stress granules 

(89). In addition, stress granule proteins such as G3BP1 are found within inclusions 

(90), further supporting the idea that stress granules are involved in inclusion 

morphogenesis. The cellular protein dynein functions in the assembly and structural 

maintenance of reovirus inclusions (91). Other host proteins are found in inclusions, 

such as TRiC (92), Hsc70 (93), and clathrin (94), although it is not known whether they 

function in the morphogenesis of these neorganelles.  

 

Nonstructural proteins 

 For productive infection of a host, viral genomes must be replicated at sites of 

primary infection and packaged into new virions for dissemination to susceptible cells at 

local or distant sites. Viruses encode proteins that are not packaged into virions to aid in 

these post-entry replication steps. These proteins are called nonstructural proteins. 

Nonstructural proteins participate in multiple viral replication steps, including translation 

of viral mRNAs (95), replication of viral genomes (96), construction of sites for particle 

assembly (97), and inhibition of innate immune responses (98). Due to constraints on 

viral genome size (99), most nonstructural proteins serve multiple roles during infection 

(100). Consequently, teasing out individual activities of viral nonstructural proteins is 

challenging.  
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Reovirus encodes three nonstructural proteins: σ1s, µNS, and σNS. σ1s is a 

protein encoded by the S1 gene segment. The σ1s ORF is located within the coding 

sequence of σ1, but in a different reading frame. σ1s is important for viral translation, as 

wild-type (WT) viruses produce higher protein levels than σ1s-null viruses (95). These 

findings correlate with other studies, which have defined σ1s as essential for reovirus 

bloodstream dissemination after infection of mice (101). These studies suggest that 

dissemination might be enhanced by high levels of viral proteins. σ1s also appears to 

be required for cell cycle arrest (102, 103), which occurs soon after infection (104). 

The µNS protein forms the structural matrix of viral inclusions (105, 106) and can 

arrange in viral-like inclusions in uninfected cells when expressed alone (88). µNS is 

also responsible for recruiting core proteins µ2, λ1, λ2, λ3, and σ2, and the nonstructural 

protein σNS to viral inclusions (107). Additionally, µNS recruits Hsc70 (93) and clathrin 

(94) to these structures. µNS might also bind single-stranded RNA (ssRNA), as 

antibodies against µNS co-immunoprecipitate viral ssRNA (108). Additionally, µNS 

could have a function enhancing transcription, as it binds transcribing cores, preventing 

the coalescence of the outer capsid (109). 

Another nonstructural protein relevant for reovirus inclusion formation is σNS. 

During infection, the σNS protein is found within reovirus inclusions and co-localizes 

with the µNS protein in the periphery of these structures (110). σNS-µNS interactions 

appear to be moderately dependent on the presence of RNA, as treatment with RNase 

A reduces their interaction in co-immunoprecipitation studies (111). σNS does not 

nucleate inclusions, but it appears to aid in their development (112). In vitro, σNS is a 

ssRNA-binding protein (113). The specific function of σNS during the viral life cycle is 
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not known, but due to its ssRNA-binding capacity, it has been suggested that σNS 

might aid in stabilizing viral transcripts within inclusions.  

In summary, reovirus nonstructural proteins aid in post-entry replication steps. 

σ1s appears to have functions required for dissemination in the host, while µNS and 

σNS are important for inclusion formation. 
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Reovirus nonstructural protein σNS 

 

Background 

 The nonstructural protein σNS is a 41 kDa protein encoded by the S3 gene. σNS 

was initially called essential noncapsid protein σ2A (114), and it was incorrectly defined 

as a polycytidylate (poly[C])-dependent RNA polymerase (115). Soon after, studies 

using σNS derived from reovirus-infected cells identified it as a nucleic acid-binding 

protein (113), and this function was corroborated using baculovirus-derived σNS (116). 

In terms of amino acid sequence, σNS is highly conserved among different reovirus 

serotypes (117). When analyzing the nucleotide sequence of the σNS-encoding S3 

gene from different field isolates, the 5’- and 3’- UTRs and the first 15 nucleotides of the 

ORF are more conserved than the rest of the gene (118).  

 As a nonstructural protein, σNS is not a component of mature reovirus virions 

and is only translated after reovirus entry. σNS is one of the first viral proteins translated 

(24) and can be detected by immunofluorescence microcopy in infected cells at ~6-10 

hours post-infection (hpi), depending on the infected cell type (110). σNS is recruited to 

reovirus inclusions through its interaction with μNS (107). When expressed alone, σNS 

appears diffuse in the cytoplasm (111). Residues 1 to 11 of σNS are important for 

localization to inclusions, as co-transfection of cells with μNS and a ∆1-11 σNS 

construct changes σNS localization from inclusion-like structures to being diffuse in the 

cytoplasm (111). The precise role of the amino terminal region of σNS during the 

reovirus replication cycle is not clear.  
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Functions of σNS 

 Studies using cells expressing an siRNA targeting the σNS-encoding S3 gene 

have determined that σNS expression is required for production of viral progeny (119). 

The mechanism by which σNS promotes viral replication is unknown, but it may 

enhance genome synthesis. A temperature-sensitive reovirus mutant, tsE320, has a 

lesion in the S3 gene (120) and is impaired in dsRNA synthesis when incubated at the 

restrictive temperature (121). A nonsynonymous mutation in the S3 gene of tsE320 

encodes a σNS protein with a M260T mutation (117).  

 It also has been hypothesized that σNS has a function in viral protein synthesis, 

although a direct function for σNS in translation has not been reported. Reovirus 

inclusions contain actively-translating ribosomes, 40S and 60S ribosomal subunits, and 

translation initiation, elongation, termination, and recycling factors (122). In 

immunofluorescence studies of infected cells, σNS co-localizes with eIF3A, RiboP, 

pS6R, and rpS3 in reovirus inclusions, suggesting that σNS is responsible for recruiting 

the translation machinery to these neoorganelles (122). In co-immunoprecipitation 

studies, σNS precipitates with eIF3A and pS6R in infected cells, further suggesting that 

σNS has a function in viral protein synthesis (122).  

 σNS also might aid in translation by disassembling stress granules. Stress 

granule formation impairs translation, as these structures recruit the 40S ribosomal 

subunit, translation initiation factors, and various RNA-binding proteins, impeding their 

function in protein synthesis (123). Their disassembly is required for viral translation 

(87) and it is thought that σNS is responsible for that function, as this protein interacts 

with G3BP1 during infection (90). G3BP1, or Rad-GAP SH3-binding protein 1, is an 

ubiquitously expressed cytosolic protein required for stress granule formation (124). 
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σNS binding to G3BP1 occurs independently of the amino-terminal 11 amino acids of 

σNS (77), suggesting that different domains in σNS mediate various functions. Thus, 

σNS likely is important for stress granule disassembly and efficient viral protein 

synthesis.  

 The σNS protein localizes to viral inclusions in a mechanism dependent on the 

amino-terminal 40 amino acids of μNS (97). However, it is not clear whether σNS has a 

function in inclusion structural integrity or mediates other inclusion-associated 

replication activities. σNS localization to viral inclusions appears to be necessary for 

viral replication. Infection of cells with tsE320 at the restrictive temperature yields 

reduced viral titers, which is associated with a diffuse intracellular distribution of σNS. 

These results suggest that localization of σNS to inclusions is required for optimal 

formation of viral progeny (110).  

 σNS is a nucleic-acid-binding protein (113, 125) that preferentially binds single-

stranded vs. double-stranded nucleic acids and shows slightly higher affinity for ssRNA 

than single-stranded DNA (ssDNA) (126). Interestingly, in vitro studies indicate that σNS 

shows no preference for binding viral RNA over nonviral RNA (126), although it has 

been suggested that σNS has specificity for certain regions of reovirus mRNAs (127). 

There is a preferred order of addition of RNAs to achieve maximal binding, as addition 

of mRNAs derived from small or medium gene segments facilitates the formation of 

larger σNS-RNA complexes than does the initial addition of large mRNAs (127). In 

nuclease protection assays using σNS and viral RNAs, the 3’-ends of each gene 

segment are protected from nuclease digestion (127). These results suggest that σNS 

has higher affinity for certain gene segments and certain regions within the viral RNAs.  
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 In electrophoretic mobility shift assays (EMSAs), in which increasing 

concentrations of σNS were incubated with a 121-nucleotide fragment derived from the 

viral s4 RNA, it was determined that σNS-RNA binding occurs with positive cooperativity 

(126). Using similar assays, each σNS unit covers ~25 nucleotides of RNA at saturation 

(126). Although the mechanism is unknown, increasing concentrations of GTP impair 

σNS-RNA binding (128).  

 A σNS-deletion mutant lacking residues 2 to 11 does not bind poly(A)-sepharose 

beads (116). WT σNS forms oligomers, whereas ∆2-11 σNS is unable to oligomerize 

(116). These data indicate that the amino terminal region of σNS is required for optimal 

RNA-binding and oligomerization. The amino terminal region of σNS is conserved 

among different reovirus field isolates (118) and has been predicted to form an 

amphipathic α-helix (116, 129). Several basic amino acids exist in this region, and they 

could mediate RNA-binding. RNA-binding proteins that bind RNAs without apparent 

sequence specificity often do so using electrostatic interactions between the negatively 

charged RNA phosphates and positively charged side chains (130). Although untested, 

this region could be a target for post-translational modifications that could neutralize its 

overall positive charge. 

 In studies using increasing concentrations of σNS and DNA-RNA hybrids, σNS 

has strand-displacement activity (126). Importantly, this activity does not require a 

source of ATP or cations, suggesting that σNS is not a canonical helicase. Instead, 

strand displacement activity in the absence of ATP is a property of RNA chaperones. 

RNA chaperones are proteins that bind transiently and nonspecifically to RNA to resolve 

kinetically trapped misfolded structures (131). RNA chaperones are encoded by various 
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RNA viruses and help in different steps in their replication cycles (132). Interestingly, 

avian σNS acts as an RNA chaperone (133). 

 

Possible functions of σNS  

Since reovirus only encodes eleven proteins, it is likely that each serves multiple 

roles during infection. σNS is required for reovirus replication (119), although the 

specific functions during the viral life cycle are unclear. It is possible that σNS has 

functions that are conserved across Reoviridae family viruses. Thus, information 

derived from functional homologs could shed light on possible roles for σNS during 

reovirus replication (Table 1-4). As a nonstructural protein, σNS is synthesized after 

primary rounds of transcription. Once translated, σNS could modulate translation of viral 

proteins, as it interacts with the preinitiation machinery and ribosomal proteins, and 

possibly disrupts stress granules (90, 122).  

σNS has a function in dsRNA synthesis, although is unclear whether σNS 

interacts directly with the RdRp or promotes dsRNA synthesis through an indirect effect. 

Other Reoviridae nonstructural proteins have also been suggested to mediate dsRNA 

synthesis. Rotavirus NSP2, a functional σNS homolog, has been hypothesized to be 

important for dsRNA synthesis, as temperature-sensitive viruses with mutations in 

NSP2 fail to synthesize dsRNA after infection at their restrictive temperature (134). 

Although the mechanism by which NSP2 mediates rotavirus genome replication is 

unknown, it is thought that this protein acts as a motor and uses NTP hydrolysis to 

package the viral genome (135). The carboxy-terminal domain of NSP2 folds similar to 

histidine triad (HIT) proteins, which are cellular proteins with nucleotidyl hydrolase and 
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Table I-4. Reoviridae σNS homologs.  
a
 The reovirus σNS protein has functional homologs in rotavirus, bluetongue virus 

(BTV), and black rice streaked dwarf virus (RBSDV). 
b 
Post-translational modification 

 

Virus
a 

Protein 

Inclusion-

like 

structures 

Catalytic 

activities 
Oligomers PTMs

b 
Functions 

Reovirus σNS 

No, 

requires 

μNS 

? Yes - ? ? 

Binds ssRNA, 

strand-

displacement 

Rotavirus NSP2 

No, 

requires 

NSP5 

NTPase 

Autokinase 

Yes - 

octamer 

Phospho-

rylation 

Binds ssRNA 

and RdRp, 

strand-

displacement 

BTV NS2 Yes 
Nucleotidyl 

phosphatase 
Yes - ? 

Phospho-

rylation 

Binds ssRNA 

and core 

proteins 

RBSDV P9-1 Yes ATPase 
Yes – 

octamer 
? Binds ssRNA 
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transferase activities (136). Both NTP hydrolysis (137) and nucleoside diphosphate 

(NDP) kinase (138) are enzymatic activities demonstrated for NSP2. It is unknown 

whether σNS has NTPase activity. If σNS promotes genome replication through an 

indirect effect, it likely does so in a step immediately before dsRNA synthesis. It is 

possible that σNS mediates RNA-related functions as a result of RNA-binding, such as 

proper RNA folding during assortment or protection of RNAs from nucleases.  

Viral mRNAs are templates for protein synthesis and viral replication. 

Considering that σNS is a ssRNA-binding protein and likely a translation regulator, it is 

possible that σNS has a function in the transition between translation and dsRNA 

synthesis. There are no known proteins in Reoviridae viruses that have this activity, 

although it must be necessary for efficient viral replication. 

The role of σNS in reovirus inclusion morphogenesis is not known. Due to its 

function as an ssRNA-binding protein, it is possible that σNS functions by retaining viral 

mRNAs and facilitating assortment and packaging. σNS also might serve a function 

regulating μNS, as they both co-localize in the periphery of inclusions. Post-translational 

modifications regulate interactions between NSP2 and NSP5 (40), the latter being a 

rotavirus μNS homolog. Host proteins are recruited to inclusions, and some are required 

for replication, as such the TRiC chaperone (92). σNS might be responsible for 

sequestering some of these proteins, as has been observed for G3BP1 (90). σNS also 

could remodel membranous organelles to scaffold viral inclusions, as has been 

observed for viral nonstructural proteins of (+) ssRNA viruses (139, 140).  

In summary, there are three main gaps in knowledge regarding σNS functions: 

(1) What are the functions of σNS during the replication cycle? (2) What biochemical 



 

34 

activities does σNS have? and (3) How does σNS interact with the host to facilitate 

inclusion formation? 
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Hypothesis 

 The nonstructural protein σNS promotes the replication of the reovirus genome 

by stabilizing viral mRNAs. 

 

Significance 

Following infection, viruses synthesize nonstructural proteins that mediate viral 

replication and promote dissemination. Viruses from the Reoviridae family encode 

nonstructural proteins that are required for the formation of progeny viruses. Although 

nonstructural proteins of different Reoviridae family viruses are divergent in primary 

sequence, these proteins are functionally homologous and appear to facilitate 

conserved mechanisms of dsRNA virus replication. Understanding how σNS functions 

will contribute new knowledge about basic mechanisms of dsRNA virus replication. 
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CHAPTER II 

σNS PROMOTES REPLICATION OF THE REOVIRUS GENOME 

Introduction 

 The σNS protein is a nonstructural protein encoded by the reovirus S3 gene. As 

a nonstructural protein, σNS is produced after virus entry. σNS is required for virus 

replication, as viruses incapable of expressing σNS do not produce progeny (119). In 

infected cells, σNS localizes to viral inclusions and is required for their development 

(105, 107, 141). Studies using temperature-sensitive reoviruses with mutations in σNS 

suggest that this protein is essential for dsRNA synthesis in infected cells (117, 120, 

121, 142). However, these studies have not determined the role of σNS in individual 

reovirus replication steps. To enhance knowledge about the activities of σNS during 

reovirus replication, I assessed several post-entry replication steps in time courses of 

infection using an experimental system that prevents σNS expression.  
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Results 

 

Developing a system to study σNS function 

 To study functions of σNS during reovirus replication, I used HEK293T cells 

engineered to stably express an siRNA targeting the reovirus σNS-encoding S3 gene. 

These cells were previously engineered in the Dermody laboratory by transfecting cells 

with a pSUPER plasmid encoding 19 nucleotides from the T3D S3 gene (119). The 

pSUPER RNA interference (RNAi) system is based on the expression of a small hairpin 

RNA (shRNA) under control of an H1-RNA promoter. The plasmid also encodes a 

puromycin-resistance gene, and cells stably express the shRNA when maintained in 

antibiotic-containing media. Although these cells can diminish σNS expression after 

infection with T3D reovirus (119), I observed a high-degree of biological variability in 

their knockdown efficiency. Therefore, I sorted these cells using flow cytometry to obtain 

a homogenous population and propagated them for two weeks, after which time, cells 

were divided into two plates: one was maintained in cell culture, and the other was 

infected with reovirus T3D. After 18 h, infection was scored by fluorescent focus assay 

(Figure II-1). Clones that showed the highest knockdown efficiency were selected and 

passaged. These cells were termed σNS-siRNA cells. 

 I also engineered T3D reovirus strains containing synonymous mutations within 

the S3 gene siRNA target site, one of them containing two mutations, and the other one 

containing four (Figure II-2A). These viruses were used to infect σNS-siRNA cells, and 

expression of the σNS protein was assessed by immunoblotting (Figure II-2B). σNS 

expression in cells infected with the virus expressing four mutations was greater than 
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Figure II-1. Selecting σNS-siRNA cells. Cells expressing an siRNA targeting the 

σNS-encoding S3 gene (119) were sorted using flow cytometry. After two weeks in 

culture, cell clones were divided into two plates, one was maintained in cell culture, 

and the other was infected with reovirus T3D at an MOI of 100 plaque forming units 

per cell (PFU/cell). After 18 hours (h), cells were fixed and stained for fluorescent 

focus assay using polyclonal serum specific for σNS. Clones that showed the greatest 

knockdown efficiency, as determined by percentage of infected cells and mean 

fluorescence intensity, were selected and passaged.  
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Figure II-2. Engineering of T3D-R virus. (A) Reverse genetics was used to engineer 

viruses containing two or four synonymous S3 gene mutations (2 SM and 4 SM, 

respectively) in a T3D background. Synonymous mutations are shown in red. (B) 

σNS-siRNA cells were adsorbed with either T3D or T3D-R virus at an MOI of 10 

PFU/cell and incubated for 24 h. Cell lysates were resolved by SDS-PAGE and 

immunoblotted using antibodies specific for σNS and α-tubulin. 
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that in cells infected with the virus encoding two mutations, suggesting that the virus 

containing four synonymous mutations more efficiently escapes the RNAi machinery in 

σNS-siRNA cells. I termed this virus T3D-Resistant (R).     

 To confirm that T3D-R escapes RNAi in σNS-siRNA cells, I adsorbed these cells 

with either T3D or T3D-R and quantified σNS protein abundance by immunoblotting 

(Figure II-3A and 3B). Infection of σNS-siRNA cells with T3D resulted in 96% reduction 

of σNS protein levels relative to infection with T3D-R, indicating that σNS-siRNA cells 

effectively knockdown T3D σNS and confirming that T3D-R is not targeted by the siRNA 

expressed in σNS-siRNA cells. To check whether σNS knockdown in T3D-infected 

σNS-siRNA cells is specific, I adsorbed HEK293T cells expressing a nontargeting 

siRNA (GFP-siRNA cells) with either T3D or T3D-R and quantified levels of σNS by 

immunoblotting (Figure II-3A and 3B). T3D- and T3D-R-infected GFP-siRNA cells 

expressed comparable amounts of σNS, indicating that the σNS protein of T3D is 

produced in 293T cells expressing a nontargeting siRNA.  

To test whether the synonymous mutations introduced in the S3 gene of T3D-R 

alter the production of viral progeny, I adsorbed GFP-siRNA and σNS-siRNA cells with 

either T3D or T3D-R and quantified viral yields at 24 h post-adsorption by plaque assay 

(Figure II-3C). T3D and T3D-R viruses produced comparable yields at 24 h post-

adsorption in GFP-siRNA cells, suggesting that the mutations introduced in T3D-R do 

not alter its replication capacity. In contrast, T3D replication was impaired in σNS-siRNA 

cells. Thus, σNS-siRNA cells effectively and specifically diminish σNS expression when 

infected with T3D but not T3D-R.    

 



 

41 

 

 
Figure II-3. T3D virus is specifically knocked down in σNS-siRNA cells. (A) σNS-

siRNA cells or control cells expressing a non-targeting siRNA (GFP-siRNA cells) were 

adsorbed with either T3D or T3D-R virus at an MOI of 10 PFU/cell and incubated for 

24 hours (h). Cell lysates were resolved by SDS-PAGE and immunoblotted using 

antibodies specific for σNS and α-tubulin. (B) Pixel intensity analysis of the ratio of 

σNS to α -tubulin in T3D- and T3D-R-infected σNS-siRNA and GFP-siRNA cells for 

triplicate experiments. (C) σNS-siRNA and GFP-siRNA cells were adsorbed with 

either T3D or T3D-R virus at an MOI of 1 PFU/cell. Viral yields at 24 h post-adsorption 

were determined by plaque assay. Results are presented as mean ± standard 

deviation (SD). *, P < 0.05; ****, P < 0.0001 as determined by Student's t test. 
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 Reovirus T3D does not replicate in σNS-siRNA cells 

 To assess whether σNS is required for formation of progeny virions over a longer 

interval, I adsorbed σNS-siRNA cells with either T3D or T3D-R and quantified progeny 

virus at various times post-adsorption by plaque assay (Figure II-4A). T3D was 

incapable of forming new progeny when infecting σNS-siRNA cells at all intervals 

tested. In contrast, T3D-R yields increased throughout the time course of infection, 

reaching ~70-fold by 16 h and ~220-fold by 48 h, indicating that σNS is required for 

progeny particle production. T3D and T3D-R replicated with similar kinetics and reached 

comparable titers in cells lacking any siRNAs (Figure II-4B), confirming that the 

synonymous mutations introduced in T3D-R do not provide a replication advantage. 

 To determine whether σNS is required for inclusion formation, I adsorbed σNS-

siRNA cells with either T3D or T3D-R, stained cells at 24 h with polyclonal serum 

specific for the reovirus nonstructural protein μNS to visualize inclusions, and imaged 

cells by confocal microscopy (Figure II-5). T3D-infected σNS-siRNA cells contained few 

small inclusions (< 1 µm), similar to those detected early in infection (110). In contrast, 

T3D-R-infected σNS-siRNA cells were filled with globular inclusions, some of which 

were larger than 10 µm in diameter. These results suggest that σNS is required for 

replication steps leading to the maturation of reovirus inclusions. 

 

Viral RNA levels are diminished in T3D-infected σNS-siRNA cells 

 To estimate the timing at which primary and secondary rounds of transcription 

occur in HEK293T cells, I adsorbed σNS-siRNA cells with either T3D or T3D-R and 

quantified s4 RNA by RT-qPCR (Figure II-6). Levels of s4 RNA in T3D- and T3D-R- 
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Figure II-4. Reovirus T3D does not replicate in σNS-siRNA cells. σNS-siRNA cells 

(A) or human brain microvascular endothelial cells (B) were adsorbed with either T3D 

or T3D-R virus at an MOI of 1 PFU/cell. Viral titers at 0, 16, 20, 24, and 48 h post-

adsorption were determined by plaque assay. Results are presented as mean viral 

titers ± SD for three independent experiments. Values that differ significantly from the 

value at 0 h by one-way ANOVA with Tukey’s multiple comparisons test are indicated 

(**, P < 0.01; ***, P < 0.001; ****, P < 0.0001). 
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Figure II-5. Inclusion formation is impaired in T3D-infected σNS-siRNA cells. 

σNS-siRNA cells were adsorbed with either T3D or T3D-R virus at an MOI of 100 

PFU/cell. Cells were fixed at 24 hpi, stained using µNS-specific antiserum (red) and 

DAPI (blue) to visualize nuclei, and imaged using confocal microscopy. Insets depict 

enlarged areas from boxed regions. Scale bars, 10 µm. 
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Figure II-6. Total s4 RNA levels are diminished in T3D-infected σNS-siRNA cells. 

σNS-siRNA cells were adsorbed with either T3D or T3D-R virus at an MOI of 1 

PFU/cell. Cells were lysed at the intervals shown, and s4 RNA was quantified by RT-

qPCR. Results are presented as mean RNA levels normalized to the RNA levels at 0 

h for at least three independent experiments. Error bars indicate SD. Values that differ 

significantly between T3D- and T3D-R-infected σNS-siRNA cells at each time point by 

two-way ANOVA followed by Sidak’s multiple comparisons test are indicated (*, P < 

0.05; **, P < 0.01). 
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 infected σNS-siRNA cells increased at a similar rate until 6 h post-adsorption. At later 

times, s4 RNA levels increased at higher rates in T3D-R-infected σNS-siRNA cells 

relative to T3D-infected cells. These results suggest that secondary rounds of 

transcription do not begin until after 6 h post-adsorption as previously observed (143) 

and that late rounds of gene expression are impaired in T3D-infected σNS-siRNA cells.  

 To test whether steady-state levels of viral RNAs are altered by σNS disruption, I 

quantified RNA levels for the L (large), M (medium), and S (small) gene segments by 

NanoString analysis during a time course of infection in T3D- and T3D-R-infected σNS-

siRNA cells. NanoString technology is based on fluorescent probes that, following 

hybridization with their target RNA, allow direct quantification of RNAs in a sample 

without the requirement of reverse transcription or amplification (Figure II-7) (144). I 

adsorbed σNS-siRNA cells with either T3D or T3D-R and quantified RNA levels 

corresponding to the ten reovirus gene segments at various intervals post-adsorption 

using unique probes targeting each reovirus positive-sense RNA (Table II-1 and Figure 

II-8). Levels of all viral RNAs increased comparably in cells infected with T3D or T3D-R 

until 4-6 h post-adsorption, after which time RNA levels in T3D-infected cells increased 

modestly. In contrast, levels of viral RNAs in cells infected with T3D-R increased 

exponentially, with levels at 12 h post-adsorption elevated ~250-fold for the L-class 

RNAs, ~340-fold for the M-class RNAs, and ~550-fold for the S-class RNAs relative to 

the respective levels of these RNAs at the 0 h time point. Because secondary 

transcription does not occur until after 6 h post-adsorption (Figure II-6) (143), these 

results indicate that σNS is dispensable for primary but not secondary rounds of 

transcription.  
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Figure II-7. NanoString technology overview. NanoString technology is based on 

(1) hybridization of target RNAs with two probes: a reporter probe containing a unique 

combination of fluorophores (barcode) and a capture probe containing a biotin moiety 

that mediates immobilization. (2) After hybridization, samples are transferred to an 

nCounter instrument to remove excess probe. Purified RNA-probe complexes are 

immobilized to the surface of an nCounter cartridge. (3) An automated fluorescence 

microscope scans the cartridge and each barcode is counted (144). 
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Table II-1. Custom designed probes used for NanoString. 
a 
Protein 

 

 

Gene Prota Target sequence (5’ à 3') 

L1 λ3 
GAGCTCAGTCGTCGGTGAGCTTCGTAAACGGACAAAGACGTATGTTAAACATGACTTTGCTTCAG

TGAGGTACATTCGTGACGCTATGGCATGTACTAGC 

L2 λ2 
TGGACGAAGGCGATCTGATGGTTAGTCGGCTTACGCAACTCCCGTTACGTCCTGATTATGGTAAT

ATCTGGGTCGGCGATGCGCTATCCTATTATGTGGA 

L3 λ1 
CCAACGCGCATGGGAACGCCGAATGTATCCAAAATATGTAATTTCGTCGCCTCTTGTGTGCGAAA

TCGGGTTGGACGGTTTGATCGAGCACAGATGATGA 

M1 µ2 
ACGTTTGAGCAGGCGGTTATGGAGATATACAAAGGGATTGCTGGCGTTGACTCGCTGGATGATCT

CATCAAGTGGGTGCTGAACTCGGATCTCATTCCGC 

M2 µ1 
GCTGGGATCCAAACGGCAAGAAGGTCGGATTCATCGTTTTTCAATCGAAGATACCATTCGAACTT

TGGACTGCTGCTTCACAGATCGGTCAAGCCACGGT 

M3 µNS 
GTGTCGTATGACGTTACGCTCACTCATGAAGACCGGACGCGACGTTGATGCACACAGAGCTTTTC

AGCGAGTCCTCTCTCAAGGATACACATCGCTAATG 

S1 σ1 
ACTTGCAGAGCTACGCGTTGATCACGACAATCTCGTTGCGAGAGTGGATACTGCAGAACGTAACA

TTGGATCATTGACCACCGAGCTATCAACTCTGACG 

S2 σ2 
GCTTTGCAAGCACAGGCAGATCGAGTGTACGACTGCGATGATTATCCATTTCTAGCGCGTGATCC

AAGATTCAAACATCGGGTGTATCAGCAATTGAGTG 

S3 σNS 
TGGCCACGTCATCTTTAAGTATTTCCCTGGACCGGGGTCGATGGGTGGCGGCTGACGCCAGTGA

TGCTAGACTGCTGGTTTTTCCGATTCGCGTGTAATG 

S4 σ3 
CTGCTCACTGGAAGCGGGGTATGCTGTCCTTCGTTGCGCAGATGCACGAGATGATGAATGACGT

GTCGCCAGATGACCTGGATCGTGTGCGTACTGAGGG 
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Figure II-8. Levels of all reovirus transcripts are reduced in T3D-infected σNS-
siRNA cells. σNS-siRNA cells were adsorbed with either T3D or T3D-R virus at an 

MOI of 1 PFU/cell. Cells were lysed at the intervals shown, and RNAs were quantified 

by NanoString technology using custom designed probes (Table II-1) specific for each 

reovirus gene segment. Results are presented as mean RNA levels normalized to the 

RNA levels at 0 h for three independent experiments. Error bars indicate SD. Values 

that differ significantly between T3D- and T3D-R-infected σNS-siRNA cells at each 

time point by two-way ANOVA followed by Sidak’s multiple comparisons test are 

indicated (**, P < 0.01; ***, P < 0.001; ****, P < 0.0001).  
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 Reovirus T3D protein synthesis is diminished in infected σNS-siRNA cells 

 I hypothesized that the reduction in abundance of viral RNAs observed in T3D-

infected σNS-siRNA cells would diminish viral protein levels. To test this hypothesis, 

σNS-siRNA cells were adsorbed with either T3D or T3D-R, and expression of the RNA-

dependent RNA polymerase λ3 and nonstructural proteins μNS and σNS was quantified 

by SDS-PAGE followed by immunoblotting at various intervals post-adsorption (Figure 

II-9A and 9B). Newly synthesized viral proteins were detected at 12 h post-adsorption in 

T3D-R-infected σNS-siRNA cells, and levels of the three immunoblotted viral proteins 

increased over time. In contrast, viral protein synthesis was impaired in T3D-infected 

σNS-siRNA cells. These results suggest that σNS is required for replication steps 

leading to viral protein synthesis.  

 

Reovirus σNS is required for genome replication 

 To elucidate whether σNS is required for replication of the reovirus genome, I 

used a modified qPCR assay to quantify s4 negative-sense ssRNA (143). In this assay, 

s4 RNA is reverse transcribed using a primer that binds to the negative-sense strand of 

the S4 dsRNA gene segment. Once the S4 negative-sense cDNA is synthesized, a 

complementary primer is added, and quantification by qPCR proceeds. As the genome 

is the only source of negative-sense viral RNA, this assay allows genome copies to be 

quantified. I adsorbed σNS-siRNA cells with either T3D or T3D-R and quantified s4 

negative-sense RNA at various intervals post-adsorption (Figure II-10). By this analysis, 

genome replication appeared to initiate at 9 h post-adsorption in T3D-R-infected σNS-

siRNA cells, and by 12 h, T3D-R S4 dsRNA levels were ~10-fold higher than those at 

the initiation of infection. T3D-R S4 dsRNA levels continued to increase over time, and  
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Figure II-9. T3D protein synthesis is diminished in T3D-infected σNS-siRNA 
cells. σNS-siRNA cells were adsorbed with either T3D or T3D-R virus at an MOI of 1 

PFU/cell. (A) Cell lysates were collected at the intervals shown and analyzed by 

immunoblotting using antibodies specific for the λ3, µNS, and σNS proteins. (B) Pixel 

intensity analysis of the ratio of λ3, µNS, and σNS proteins to α-tubulin. Results are 

presented as mean pixel intensity ± SD for three independent experiments. Values 

that differ significantly between T3D- and T3D-R-infected σNS-siRNA cells at each 

time point by two-way ANOVA followed by Sidak’s multiple comparisons test are 

indicated (*, P < 0.05; ***, P < 0.001; ****, P < 0.0001).  
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Figure II-10. Reovirus T3D does not synthesize dsRNA in σNS-siRNA cells. σNS-

siRNA cells were adsorbed with either T3D or T3D-R virus at an MOI of 1 PFU/cell. 

Cells were lysed at the intervals shown, and negative (-) sense s4 RNA was 

quantified by single-strand RT-qPCR. Results are presented as mean RNA levels at 

each timepoint normalized to the RNA levels at 0 h for at least three independent 

experiments. Error bars indicate SD. Values that differ significantly between T3D- and 

T3D-R-infected σNS-siRNA cells at each time point by two-way ANOVA followed by 

Sidak’s multiple comparisons test are indicated (***, P < 0.001; ****, P < 0.0001).  
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 by 24 h, these levels were ~20-fold higher than those at 0 h. In contrast, T3D S4 

dsRNA was undetectable throughout most of the time course of infection and, by 24 h, 

T3D S4 dsRNA levels had only increased ~1.5-fold in σNS-siRNA cells compared with 

the initiation of infection. These results indicate that σNS functions at a step leading to 

the replication of the reovirus genome. Thus, by examining the kinetics of individual 

replication steps, I conclude that σNS mediates a process immediately prior to reovirus 

genome replication, following primary but before secondary rounds of transcription. 
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Discussion 

 

 In this study, I found that the mammalian reovirus σNS protein, a nonstructural 

protein expressed early in reovirus infection (24, 110), is required for a process leading 

to viral genome replication (Figure II-11). In the absence of σNS, reovirus infection 

progressed through primary transcription. However, subsequent replication steps 

including protein synthesis, genome replication, secondary transcription, formation of 

reovirus inclusions, and generation of progeny were impaired. Considering the kinetics 

of the individual replication steps, I found that the first function of σNS must occur 

between 6 and 9 h post-adsorption. 

 During reovirus infection, σNS could function in several processes that are 

thought to occur after primary translation and before dsRNA synthesis, including 

promotion of the translation process itself, stabilization of viral RNAs, facilitation of RNA-

RNA interactions throughout genome assortment, or direct interaction with the RdRp to 

enhance its polymerization capacity (Figure II-11). In addition, these processes could be 

aided by the formation of viral inclusions, which also could be augmented by σNS. 

 σNS recruits the host translational apparatus to viral inclusions likely to enhance 

viral translation (122). σNS also could augment translation by disrupting stress granules 

(90). Stabilization of viral RNAs is a process that has not been reported for σNS, but 

considering that multiple copies of σNS bind ssRNA (126), it is possible that σNS 

protects viral transcripts by hindering nuclease-target sites. Promotion of RNA-RNA 

interactions has been shown for avian σNS and rotavirus NSP2. Avian σNS facilitates 

RNA annealing between different RNAs upon helix unwinding (133), whereas rotavirus  
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Figure II-11. Model of σNS function during reovirus replication. Reovirus enters 

cells by receptor-mediated endocytosis, and following acid-dependent proteolytic 

disassembly, the inner-capsid or core is released into the cytoplasm. Cores transcribe 

viral mRNAs corresponding to each gene segment, which are subsequently translated 

to yield each viral protein. I hypothesize that σNS mediates genome replication 

through multiple possible mechanisms, including promotion of translation, stabilization 

of viral RNAs, facilitation of RNA-RNA interactions throughout genome assortment, or 

interaction with the RdRp to enhance RNA polymerization. After synthesis of the 

negative-sense strand and formation of new cores, secondary rounds of transcription 

occur. The outer capsid assembles, silencing secondary transcription, and particles 

are released from infected cells by an unknown mechanism 
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 NSP2 remodels RNA after binding and facilitates specific RNA-RNA contacts between 

different gene segments (42). 

The mechanisms mentioned above imply an indirect effect of σNS in genome 

replication, but it is possible that σNS directly interacts with  λ3 to promote dsRNA 

synthesis. During packaging,  λ3 must bind the 3’-ends of each viral mRNA to initiate 

RNA polymerization. RNA folding predictions suggest that the ends of the viral mRNAs 

form panhandle structures (145), suggesting that the 3’-ends might be inaccessible to 

the polymerase. σNS could unwind these structures to allow polymerase binding. Other 

Reoviridae nonstructural proteins interact with their respective polymerases. NSP2 

interacts with the rotavirus RdRp, VP1. The importance of this interaction is not known, 

but it has been suggested that NSP2 acts as a motor to recruit ssRNAs to VP1 for 

dsRNA synthesis (146). 

Collectively, data gathered in this chapter provide evidence for a function of σNS 

in promoting the replication of the reovirus genome and establish a foundation for future 

studies to determine the mechanism by which σNS acts prior to dsRNA synthesis.  
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CHAPTER III 

THE σNS PROTEIN ACTS AS AN RNA-STABILITY FACTOR 

Introduction  

 

The nonstructural protein σNS is a ssRNA-binding protein (113, 116, 127) 

required for the replication of the reovirus genome. σNS binds RNA in multiple copies, 

and each binding unit covers a length of 25-27 nucleotides at saturation (126). Binding 

to RNA appears to occur without sequence specificity and with positive cooperativity 

(126).  

During reovirus replication, it has been hypothesized that viral RNAs are 

protected from cytoplasmic nucleases and RNA-modifying enzymes by sequestration 

within inclusions. However, reovirus inclusions are only detectable after 6 to 10 h post-

adsorption (110). In addition, viral inclusions are dynamic structures that allow diffusion 

of proteins and metabolites (122). Thus, if reovirus inclusions were the only source of 

RNA-protection, viral transcripts would be unprotected at early times. Viral mRNAs are 

nonpolyadenylated and uncapped through most of the replication cycle, which should 

make them unstable (147-149). Therefore, I hypothesized that reovirus has additional 

mechanisms to protects its transcripts to ensure successful replication.  

  RNA-stability factors are RNA-binding proteins that increase RNA half-life, 

resulting in a net increase in gene expression (150). These proteins regulate RNA 

stability through binding to different regions in their target RNAs, forming 

ribonucleoprotein complexes, and delaying RNA decay (151).  
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To better understand σNS RNA-binding properties, I used in vitro and cell-culture 

approaches to investigate the biochemistry of σNS-RNA complexes. Some of the 

experiments described in this chapter include purified, recombinant WT and mutant 

σNS, and rotavirus NSP2, which were engineered by Liya Hu and Anish 

Thachangattuthodi in BVV Prasad’s laboratory at Baylor College of Medicine. Liya Hu 

and Rodolfo Moreno, also from BVV Prasad’s laboratory, conducted the cryo-EM 

experiments. EMSAs were performed with the help of Roni Lahr from Andrea Berman’s 

laboratory at the University of Pittsburgh. Jonathan Knowlton from our laboratory 

conducted the in vitro translation experiments using rabbit reticulocyte lysates.  
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Results 

 

Expression of the reovirus σNS protein increases mRNA levels during infection 

 To examine the effect of σNS overexpression on mRNA levels during infection, I 

developed an experimental system in which baby hamster kidney (BHK) cells were 

engineered to stably express σNS using lentiviruses. I chose BHK cells because of their 

ease of transduction (152) and susceptibility to reovirus infection (153). To obtain a 

homogeneous population, I conducted a cell-sorting protocol similar to that described in 

Figure II-1. We selected and passaged clones with the highest σNS expression. These 

cells were termed BHK-σNS cells. 

 To test whether σNS overexpression affects reovirus replication, I adsorbed BHK 

or BHK-σNS cells with T3D and quantified viral progeny by plaque assay at 24 h post-

adsorption (Figure III-1A). Viral yields in BHK- and BHK-σNS-infected cells were 

comparable, suggesting that overexpression of σNS does not affect viral replication.  

 To assess whether σNS overexpression alters steady-state levels of viral RNA 

during infection, I adsorbed BHK and BHK-σNS cells with T3D and quantified s4 RNA at 

various intervals post-adsorption by RT-qPCR (Figure III-1B). s4 RNA levels in BHK- 

and BHK-σNS-infected cells increased at a similar rate over the time course of infection. 

Between 3 and 6 h post-adsorption, which corresponds to the interval of primary 

transcription (Figure II-6) (143), mRNA levels increased at a lower rate compared with 

the rate between 6 and 12 h post-adsorption, which likely reflects secondary rounds of 

transcription (Figure II-6) (143). From 12 to 24 h post-adsorption, viral s4 RNA levels  
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Figure III-1. Overexpression of σNS does not alter reovirus replication. BHK and 

BHK-σNS cells were adsorbed with T3D at an MOI of 10 PFU/cell. (A) Viral yields at 

24 h post-adsorption were determined by plaque assay. Results are presented as 

mean ± SD for triplicate experiments. (B) Cells were lysed at the intervals shown, and 

s4 RNA was quantified by RT-qPCR. Results are presented as mean RNA levels 

normalized to the RNA levels at 0 h for three independent experiments. Error bars 

indicate SD. 
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 were maintained. These results suggest that overexpression of σNS does not alter 

steady-state levels of viral RNA.  

 To determine the influence of σNS on viral mRNA levels during infection, I 

conducted similar experiments as those described above but in the presence of 

cycloheximide (CHX). CHX is an inhibitor of protein synthesis that acts by blocking 

translation elongation (154). BHK and BHK-σNS cells were treated with 5 µg/ml of CHX 

for 2 h, followed by adsorption with T3D in the absence of CHX for 1 h, and incubation 

in the presence of CHX for various intervals. s4 RNA levels were assessed by RT-

qPCR (Figure III-2B). To confirm translation inhibition, σNS protein levels were 

assessed by immunoblotting at 24 h (Figure III-2A). In the presence of CHX, incoming 

virions enter cells and mediate primary transcription (Figure I-8 and II-11), but any 

further replication cycle steps would be impaired. s4 RNA levels increased comparably 

in CHX-treated BHK and BHK-σNS cells until 9 h post-adsorption. However, infected-

BHK-σNS cells produced increased levels of s4 RNA later in infection. As primary 

transcription likely is constantly occurring throughout the experiment, these results 

suggest two possibilities: (1) σNS improves the stability of viral RNAs or (2) σNS 

increases primary transcription rates.  

 

The σNS protein protects viral RNA from degradation 

 To test the effect of σNS on viral RNA stability, I used an infection-independent 

cell-based assay to quantify RNA half-life. HEK293T cells were transfected with a 

plasmid encoding σNS. At 20 h post-transfection, cells were transfected again with a 

plasmid encoding σ3, incubated for 4 h, and treated with actinomycin D to inhibit further  
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Figure III-2. σNS expression increases viral RNA levels during infection. BHK 

and BHK-σNS cells were treated with 5 µg/ml of cycloheximide (CHX) for 2 h, 

followed by adsorption with T3D at an MOI of 10 PFU/cell. Cells were incubated in 

medium containing CHX. (A) Cells were lysed at 24 h post-adsorption, resolved by 

SDS-PAGE and immunoblotted using antibodies specific for σNS and α-tubulin. 

Representative immunoblots from triplicate experiments are shown. (B) Cells were 

lysed at the intervals shown, and s4 RNA was quantified by RT-qPCR. Results are 

presented as mean RNA levels normalized to the RNA levels at 0 h for at least three 

independent experiments. Error bars indicate SD. 
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transcription. Transcription derived from the σ3-encoding plasmid produces RNAs that 

are capped and polyadenylated (155). At various times following actinomycin D 

treatment, I quantified total σ3-encoding s4 RNA by RT-qPCR (Figure III-3). As 

actinomycin D inhibits transcription, this approach allowed me to determine RNA half-

life. Transfection of cells with σNS led to the maintenance of s4 RNA levels throughout 

the time course of actinomycin D treatment. At 8 h after treatment initiation, I detected 

only a 10% reduction in s4 RNA levels. These results suggest that expression of σNS 

increases the half-life of a viral RNA. 

 As a control, I used a σNS construct lacking the first 38 amino acids (Δ38 σNS). 

Δ38 σNS was identified in a limited proteolysis assay, in which purified WT σNS was 

incubated with trypsin. Digestion products were identified using mass spectrometry. 

This deletion mutant was anticipated to be impaired in RNA binding, as it lacks a series 

of positively-charged residues predicted to be required for this activity (116, 129). Using 

the same assay system, I observed that transfection of cells with a plasmid encoding 

Δ38 σNS did not increase s4 RNA half-life (Figure III-3). Thus, σNS requires its amino-

terminal 38 amino acids to increase RNA stability. 

To test in a more direct manner whether σNS protects RNA from degradation, I 

developed an in vitro cell-free RNA protection assay. I incubated purified, recombinant 

WT or Δ38 σNS with internally radiolabeled uncapped and nonpolyadenylated s4 RNA. 

σNS-RNA complexes were incubated with HeLa S100 cytoplasmic lysates for various 

intervals. RNA was resolved by electrophoresis and quantified by phosphorimaging 

(Figure III-4A and 4B). Incubation with WT σNS protected RNA from degradation in a  
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Figure III-3. The σNS protein protects viral RNA from degradation in transfected 
cells. HEK293T cells were transfected with plasmids encoding either WT or Δ38 σNS 

and incubated for 20 h, followed by a second transfection with a σ3-encoding plasmid 

and incubation for 4 h. Cells were treated with 10 µg/ml of actinomycin D, lysed at the 

intervals shown, and σ3-encoding s4 RNA was quantified by RT-qPCR. Results are 

presented as mean RNA levels normalized to the RNA levels at 0 h for at least three 

independent experiments. Error bars indicate SD. Values that differ significantly from 

the values at the start of the time course by one-sample t test for each time point are 

indicated (*, P < 0.05; ***, P < 0.001). 
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Figure III-4. The σNS protein protects viral RNA from degradation in a cell-free 
assay. (A) and (B) Radiolabeled uncapped and nonpolyadenylated s4 RNA was 

incubated without protein (no prot) or with 1 or 10 µM of purified, recombinant WT or 

Δ38 σNS at RT for 10 minutes, followed by addition of HeLa S100 lysates. RNA was 

purified at the intervals shown, resolved by electrophoresis, and visualized by 

phosphorimaging. (B) Pixel intensity analysis of the s4 RNA bands. Results are 

presented as mean RNA levels normalized to the RNA levels at 0 min for three 

independent experiments. Error bars indicate SD. Values that differ significantly from 

the values at the start of the time course by one-sample t test for each time point are 

indicated (*, P < 0.05; **, P < 0.01; ***, P < 0.001). 
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concentration-dependent manner. At a concentration of 1 µM, σNS did not protect s4 

RNA from degradation in HeLa S100 lysates, and similar results were obtained in the 

presence of Δ38 σNS or in the absence of any additional protein. However, 10 µM σNS  

protected the s4 RNA such that by 40 min of incubation, only 10% of the input s4 RNA 

was lost. Thus, σNS protects viral RNA from degradation. 

 

σNS and RNAs organize in filamentous structures 

 To better understand how σNS interacts with RNA, we used cryo-EM to visualize 

σNS-RNA complexes. We incubated purified, recombinant WT or Δ38 σNS with 

uncapped and nonpolyadenylated s4 RNA at a molar ratio of 50:1 on ice for 1 h and 

imaged σNS-RNA complexes by cryo-EM (Figure III-5). In the absence of RNA, WT 

σNS appears to form higher-order structures, as demonstrated by large electron-dense 

configurations. In contrast, Δ38 σNS appeared smaller and scattered throughout the EM 

grids. Following incubation with s4 RNA, WT σNS organized into long, filamentous 

structures approaching 200 nm in length. As expected, we did not observe interactions 

of Δ38 σNS with s4 RNA. These data suggest that WT σNS coats RNA and that these 

complexes arrange into long, filamentous structures. 

 

The σNS protein forms higher-order complexes with viral and nonviral ssRNAs 

 To examine σNS-RNA complexes in detail, I sought to determine whether σNS 

exists in an RNA-bound complex in infected cells. I adsorbed HEK293T cells with 

reovirus T3D and, at 24 h post-adsorption, I lysed cells using mild conditions to 

preserve protein-RNA interactions. Samples were treated with RNase A and resolved 

by native and SDS-PAGE followed by immunoblotting using σNS-specific polyclonal  
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Figure III-5. The σNS protein forms filamentous structures in the presence of 
RNA. Uncapped and nonpolyadenylated s4 RNA was incubated with 50X molar 

excess of purified, recombinant WT or Δ38 σNS on ice for 1 h followed by plunge-

freezing. Frozen specimens were imaged at 40,000X magnification with defocus 

levels ranging from -2.0 μm to -3.5 μm. Representatives images for WT σNS, WT 

σNS complexed with s4 RNA, inset of WT σNS and s4 RNA filaments, Δ38 σNS, Δ38 

σNS incubated with s4 RNA, and s4 RNA alone are shown. Scale bars, 200 nm. 
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Figure III-6. The σNS protein exists as an RNA-bound complex in infected cells. 

HEK293T cells were adsorbed with reovirus T3D at an MOI of 100 PFU/cell and 

incubated for 24 h. Cells were lysed and treated with 0.25 μg/ml of RNase A at 30ºC 

for 1 h. Proteins were resolved by native PAGE (A) or SDS-PAGE (B), followed by 

immunoblotting using antibodies specific for σNS and α-tubulin (SDS-PAGE only). 

Representative immunoblots from triplicate experiments are shown. Pixel intensity is 

depicted in a rainbow scale (native-PAGE only).  
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serum (Figure III-6A and 6B). In the absence of RNase A treatment, σNS migrated 

predominantly as a high-molecular weight complex of ~500 kDa to 1 MDa. Following  

RNase A treatment, levels of these high-molecular weight complexes diminished. Thus, 

σNS appears to exist as a complex with RNA in infected cells.  

We next tested the effect of RNase A treatment on the electrophoretic mobility of 

WT and Δ38 σNS from reovirus strains type 1 Lang (T1L) and T3D produced by 

coupled in vitro transcription and translation using rabbit reticulocyte lysates in the 

presence of 
35

S-methionine. Transcription derived from these σNS-encoding plasmids 

yields RNAs that are uncapped and nonpolyadenylated. Following translation, samples 

were treated with RNase A, denatured with SDS and heat, or left untreated, resolved by 

native and SDS-PAGE, and imaged by phosphorimaging (Figure III-7A, 7B, 7C and 7D). 

In the absence of RNase A, WT σNS migrated as higher-order structures ranging from 

~250 kDa to ~900 kDa, suggesting that several distinct oligomeric forms of σNS bind 

RNA. The migration pattern appeared to be regularly spaced, suggesting a specific 

stoichiometry of σNS-RNA binding. Treatment with RNase A disassembled σNS-RNA 

complexes. Intermediate molecular weight bands became undetectable, and bands with 

estimated sizes of ~900 kDa and ~80 kDa predominated. SDS and heat also disrupted 

higher-order structures. As expected, Δ38 σNS did not form higher-order species with 

RNA. Lastly, we did not observe differences in the migration patterns of T1L and T3D 

σNS, suggesting that the σNS proteins of both strains interact similarly with RNA. Thus, 

multiple subunits of σNS bind RNA with an apparent defined stoichiometry. 

In a complementary approach, we used electrophoretic mobility shift assays 

(EMSAs) to examine σNS-RNA complexes. Purified, recombinant WT and Δ38 σNS  
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Figure III-7. The σNS protein forms higher-order complexes when incubated 
with RNA. (A and C) T1L and (B and D) T3D WT and Δ38 σNS were translated in 

vitro in the presence of 
35

S-methionine and incubated with 0.25 μg/ml of RNase A at 

30ºC for 1 h after translation, heated at 95 ºC for 10 min in SDS-PAGE sample buffer, 

or left untreated. Samples were resolved by native PAGE (A and B) or SDS-PAGE (C 

and D), and visualized by phosphorimaging. Representative gels from triplicate 

experiments are shown.  
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Figure III-8. The σNS protein binds viral and nonviral ssRNAs. (A and B) 

Increasing concentrations of purified, recombinant WT (A) or Δ38 σNS (B) were 

incubated with radiolabeled uncapped and nonpolyadenylated 7SK stem I RNA at RT 

for 10 minutes, followed by native electrophoresis and visualization by 

phosphorimaging. Arrowhead indicates RNA that fails to enter the gel. (C) Increasing 

concentrations of purified, recombinant WT σNS protein were incubated with 

radiolabeled uncapped and nonpolyadenylated s4 RNA at RT for 10 minutes. σNS-

RNA complexes were spotted onto nitrocellulose membranes, and unbound free RNA 

was collected on nylon membranes. Membranes were visualized by 

phosphorimaging. Representative gels from experiments replicated at least three 

times are shown.  
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were equilibrated with terminally radiolabeled uncapped and nonpolyadenylated stem I 

7SK small nuclear RNA (snRNA). The 7SK snRNA is a highly-structured RNA that 

functions to regulate transcription in metazoans (156). Stem I of the 7SK snRNA 

encompass the first 108 nucleotides, which organize as a GC-rich stem-loop (157). We 

chose this RNA as a surrogate for a nonviral RNA. Increasing concentrations of WT and 

Δ38 σNS were incubated with 7SK stem I RNA, and σNS-RNA complexes were 

resolved by native electrophoresis and quantified by phosphorimaging (Figure III-8A 

and 8B). WT σNS slowed the migration of the 7SK stem I RNA in a concentration-

dependent manner, whereas Δ38 σNS was unable to form detectable σNS-RNA 

complexes. We observed at least four distinct σNS-RNA complexes following incubation 

of RNA with WT σNS, suggesting that each σNS unit binds ~27 nucleotides at 

saturation. Langmuir isotherm curve-fitting yielded an estimated KD value of 260 nM for 

the interaction of σNS and 7SK stem I RNA (Figure III-9A and 9B). Increasing 

concentrations of WT σNS decreased the amount of free RNA and, at a concentration 

of 3 µM, no free RNA was detected, suggesting that at this concentration, the 7SK stem 

I RNA is saturated with σNS. Increasing concentrations of σNS also decreased the 

amount of aggregated RNA incapable of entering a polyacrylamide gel (Figure III-8A, 

arrowhead), suggesting that σNS has a function in unwinding RNAs.  

To determine the affinity of σNS for viral RNA, we conducted a filter-binding 

assay using purified, recombinant WT σNS and terminally radiolabeled uncapped and 

nonpolyadenylated s4 RNA. Increasing concentrations of WT σNS were incubated with 

s4 RNA. σNS-RNA complexes were spotted on a nitrocellulose membrane, and the 

unbound RNA was collected on a nylon membrane. The radiolabeled RNA on each 
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membrane was quantified by phosphorimaging (Figure III-8C). Increasing 

concentrations of σNS increased the levels of RNA retained on the nitrocellulose 

membrane and decreased the free RNA collected on the nylon membrane. Langmuir 

isotherm curve-fitting yielded a KD value of 290 nM for the σNS-s4 RNA interaction, 

which is comparable to the estimated KD value for the σNS-stem I 7SK RNA interaction 

(Figure III-9A and 9B). Collectively, these data indicate that σNS binds a viral RNA with 

similar affinity as a nonviral RNA, suggesting that σNS does not recognize a specific 

RNA sequence.  

 

The σNS protein impairs translation of viral and nonviral RNAs 

As σNS is an ssRNA-binding protein, I hypothesized that it might alter the 

translation of RNAs. To test whether σNS affects translation, I co-transfected HEK293T 

cells with increasing concentrations of plasmids encoding either WT or Δ38 σNS and a 

fixed concentration of a luciferase-encoding plasmid (Figure III-10A). Transcription 

derived from these plasmids yields RNAs that are capped and polyadenylated (155). 

Increasing concentrations of WT σNS plasmid decreased luciferase activity, a marker 

for luciferase translation. In contrast, transfection of Δ38 σNS did not decrease 

luciferase activity. These data indicate that σNS impairs translation of a nonviral, 

capped and polyadenylated RNA and that this inhibition depends on the amino-terminal 

38 amino acids of σNS.  

 To test whether σNS displays a broad-spectrum inhibitory effect on translation, I 

conducted in vitro translation assays using an uncapped and polyadenylated RNA in the 

presence or absence of σNS. Increasing concentrations of purified, recombinant 
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Figure III-9. The σNS protein binds viral and nonviral ssRNAs with similar 
affinity. (A) KD, SD, and R2 values for WT σNS and 7SK stem I (Figure III-8A) or s4 

RNA (Figure III-8C) were determined using KaleidaGraph. (B) Langmuir isotherm 

curve fitting for WT σNS and 7SK stem I (left) or s4 RNA (right). Results are 

presented as mean percentage shift at each concentration of σNS for at least three 

independent experiments. Error bars indicate SD. 
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Figure III-10. The σNS protein diminishes translation of nonviral RNAs. (A) 

HEK293T cells were transfected with increasing amounts of plasmids encoding either 

WT or Δ38 σNS and a fixed amount of renilla luciferase-encoding plasmid, and 

incubated for 24 h. Cells were lysed, and luciferase levels were quantified. Results 

are presented as mean luminescence percentage normalized to luciferase levels in 

the absence of σNS plasmid for at least three independent experiments. Error bars 

indicate SD. (B) Firefly luciferase uncapped and polyadenylated RNA was incubated 

with increasing concentrations of purified, recombinant WT or Δ38 σNS or BSA at RT 

for 10 min. Protein-RNA complexes were added to wheat germ extracts and 

incubated at 25 ºC for 1 h. Luciferase synthesis was quantified by luciferase assay. 

Results are presented as mean luminescence percentage normalized to luciferase 

levels in the absence of protein for at least three independent experiments. Error bars 

indicate SD. Values that differ significantly from the no protein condition values by 

one-sample t test for each time point are indicated (*, P < 0.05; **, P < 0.01; and ****, 

P < 0.0001). 
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 WT or Δ38 σNS or bovine serum albumin (BSA) as a control were incubated with 

uncapped and polyadenylated luciferase RNA prior to incubation with wheat germ 

extracts to initiate translation. Wheat germ extracts were chosen for these experiments  

instead of rabbit reticulocyte lysates because of their higher stringency and dependency 

on the type of RNA and reaction conditions for efficient translation (114). After 

incubation, I quantified luciferase activity (Figure III-10B). WT σNS at a concentration of 

10 µM (~100:1 molar excess) decreased translation of luciferase RNA by 67%, 

corroborating the observations made in experiments using HEK293T cells. In contrast, 

Δ38 σNS and the BSA control did not diminish translation efficiency.  

I examined the effect of σNS on translation of a viral RNA. I incubated increasing 

concentrations of purified, recombinant WT or Δ38 σNS with capped, 2’O-methylated 

and nonpolyadenylated s4 RNA prior to incubation with wheat germ extracts to initiate 

translation in the presence of 
35

S-methionine. Protein products were resolved by SDS-

PAGE and quantified by phosphorimaging (Figure III-11A and 11B). Similar to findings 

made in the luciferase experiments, 10 µM WT σNS (~80:1 molar excess) significantly 

impaired translation of the s4 RNA. Thus, when present at high concentrations, σNS 

inhibits translation of different types of RNAs. 

 

The σNS protein does not have NTPase activity 

The σNS homolog NSP2 from rotavirus has been hypothesized to mediate 

genome replication by acting as a motor using NTP hydrolysis to package RNAs (135). 

To test whether σNS has NTPase activity, I conducted thin-layer chromatography (TLC) 

assays and assessed GTP hydrolysis. Purified, recombinant WT σNS or rotavirus NSP2 

was incubated with radiolabeled GTP and varying concentrations of MgCl2 at 37°C for 1  
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Figure III-11. The σNS protein diminishes translation of viral RNAs. (A) Capped, 

2’O-methylated and nonpolyadenylated s4 RNA was incubated with increasing 

concentrations of purified, recombinant WT or Δ38 σNS at RT for 10 min. Protein-

RNA complexes were added to wheat germ extracts and incubated at 25ºC for 1 h in 

the presence of 35S-methionine. Samples were resolved by SDS-PAGE and 

visualized by phosphorimaging. (B) Pixel intensity analysis of the σ3 protein band for 

at least three independent experiments. Error bars indicate SD. Values that differ 

significantly from the no protein condition values by one-sample t test for each time 

point are indicated (***, P < 0.001). 
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Figure III-12. The σNS protein does not have detectable NTPase activity. 

Recombinant, purified NSP2 and σNS protein (2 µg of protein per reaction) were 

incubated with α-
32

P[GTP] and 0, 0.5, and 5 µM MgCl2 at 37ºC for 0 or 60 min. 

Reactions were terminated with 1 N formic acid, spotted onto PEI-cellulose sheets, 

and resolved by TLC using 1.2 M LiCl. Sheets were dried and visualized by 

phosphorimaging. GTP, GDP, and GMP species were detected by UV shadowing. 

Representative TLC sheets from experiments replicated at least three times are 

shown.  
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h. Reactions were terminated by adding formic acid and resolved using TLC (Figure III-

12). Rotavirus NSP2 hydrolyzed GTP when the incubation conditions included MgCl2,  

as previously described (135, 137). In contrast, reovirus σNS did not hydrolyze GTP, 

suggesting that σNS has activities that differ from those of NSP2.   
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Discussion 

 

 Using in vitro and cell-based approaches, we discovered that σNS forms 

complexes with RNA that organize into long, filamentous structures. In addition, I 

observed that σNS increases RNA half-life and protects RNA from degradation. These 

results suggest a function for σNS as an RNA-binding protein that prepares RNA 

transcripts for dsRNA replication. This preparation could include increasing RNA 

stability (Figures III-3 and III-4), protecting RNAs from RNases (126), or folding RNAs 

into a conformation required for assortment (42). 

 In experiments using purified σNS and stem I 7SK RNA, a nucleic acid that is 

108 nucleotides in length, we observed that at least four units of σNS bind stem I 7SK 

RNA at saturation (Figure III-8A). These data suggest that σNS covers a length of ~27 

nucleotides, consistent with previous results (126). Residues 2 to 11 of σNS contribute 

to RNA-binding, although Δ2-11 σNS mutants retain the capacity to bind RNA, albeit 

poorly (116). Using a σNS mutant lacking the amino-terminal 38 amino acids, we found 

that these residues are absolutely required for RNA-binding (Figure III-8B). 

Previous competition assays indicate that σNS does not preferentially bind viral 

over nonviral RNA (126). Our findings corroborate these results, as we calculated 

similar KD values for σNS binding to viral s4 RNA and nonviral stem I 7SK RNA (290 nM 

and 260 nM, respectively) (Figure III-9A and 9B). Studies to quantify the affinity of a 

protein for RNA are usually conducted in vitro, and it is possible that during infection, 

other factors contribute to the affinity and specificity of σNS-RNA interactions. For 

example, sequestration of σNS in discrete cellular environments (110) might account for 

increased specificity for viral RNAs. In addition, µNS and µ2, which each interact with 
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σNS in reovirus inclusions (105, 107, 111, 158), also display affinity for RNA (108, 159). 

A complex of these proteins and σNS might be responsible for binding viral RNAs. It 

also is possible that σNS binds cellular RNAs to promote the translation of cellular 

proteins within these structures (122), as several host proteins are found within 

inclusions, for example Hsc70 (93) and the TRiC chaperonin (92). 

In the EMSA experiments conducted in our study, we observed an interesting 

feature of σNS-RNA interactions (Figure III-8A, arrowhead). Increasing concentrations 

of σNS resulted in a reduction of aggregated RNA that did not enter the gel. These 

results suggest that σNS binding to RNA leads to RNA rearrangements allowing the 

RNA to migrate through the gel matrix. RNA remodeling proteins that resolve RNA 

structures are called RNA chaperones (131), which are encoded by some RNA viruses 

(132). There are three lines of evidence from our study and others suggesting that σNS 

is an RNA chaperone. First, RNA chaperones differ from other RNA-folding proteins by 

binding nucleic acids nonspecifically (Figure III-8 and III-9) and acting in an ATP-

independent manner, which has been demonstrated for σNS in strand-displacement 

experiments (126). Second, the avian reovirus σNS protein, which is functionally 

homologous to mammalian reovirus σNS (160, 161), acts as an RNA chaperone in vitro 

(133), as does the rotavirus NSP2 nonstructural protein (42, 132). Third, our cryo-EM 

analysis demonstrates that σNS coats RNAs and forms filamentous structures (Figure 

III-5). Coating of RNAs by viral proteins has been suggested to mediate the activity of 

some viral RNA chaperones, and this activity ensures protection and folding of their 

target RNAs. This is the case for HIV-1 NCp7 (162, 163), poliovirus 3AB (164), and 

tomato bushy stunt virus p33 (165). Therefore, it is likely that Reoviridae family viruses 
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encode RNA chaperones to resolve kinetically trapped RNA conformations and facilitate 

replication. 

Coating of RNAs also might account for the impairment in translation observed 

when σNS is incubated with RNAs at molar excess, as it might sterically hinder effective 

ribosome scanning (Figure III-10 and III-11) (166). In this regard, I envision a bimodal 

function for σNS in the regulation of translation. At low concentrations of σNS before 

RNAs become saturated, translation is enhanced, as our in vitro luciferase translation 

experiments suggest (Figure III-10B). It is possible that σNS directly stimulates 

translation of viral mRNAs via interactions with a domain that differs from that 

responsible for RNA-binding, as our experiments also showed a tendency for Δ38 σNS 

to increase translation (Figure III-10B). At high concentrations of σNS, translation is 

impaired in a mechanism dependent on the amino-terminal 38 amino acids of the 

protein (Figure III-10). Concentration-dependent inhibition of translation is a property of 

other viral proteins, like HIV Gag, which inhibits translation of its own RNA at high 

concentrations (167), and the coat protein from potato virus A (168). 

Collectively, our findings indicate that σNS functions as an RNA-binding protein 

that increases viral RNA half-life. Additionally, our research suggests that the 

mechanism by which σNS promotes genome replication differs from that hypothesized 

for NSP2. Future studies will aim to translate our in vitro findings, including the 

importance of the amino terminal domain of σNS in RNA-stability, to the context of 

reovirus infection.  
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CHAPTER IV 

REOVIRUS σNS INDUCES REMODELING OF THE ENDOPLASMIC RETICULUM 

Introduction 

 

Viruses that replicate in the cytoplasm use neoorganelles called inclusions, 

factories, or viroplasms. To build these organelles, viruses remodel host membranes 

using specific viral proteins. Most of the knowledge regarding viral inclusions comes 

from imaging studies using (+) RNA viruses (81, 169).  Depending on the virus, host 

membranes that are used to build replication organelles are derived from the 

endoplasmic reticulum (ER), mitochondria, Golgi, peroxisomes, or other vesicular 

compartments such as autophagosomes (170). The only evidence of cellular 

reorganization during dsRNA virus infection comes from studies using rotavirus, for 

which nonstructural proteins are used to recruit lipid droplets and scaffold inclusions 

(171, 172). To enhance knowledge about the morphogenesis and architecture of 

inclusions formed during mammalian dsRNA virus infection, we used reovirus to 

understand organelle remodeling during infection.  

The following experiments in this chapter involved optical and electron 

microscopy and were conducted in collaboration with Cristina Risco’s laboratory at the 

National Center for Biotechnology in Madrid, Spain. I conducted the experiments shown 

in Figure IV-1, made reagents, and assisted in the experimental design and 

interpretation for the experiments shown in Figures IV-2, IV-3 and IV-4. 
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 Results 

 

Reovirus infection induces ER reorganization  

 Considering that the ER is the largest organelle in the cell (173) and is 

remodeled during infection with several (+) RNA viruses (170), we aimed to investigate 

rearrangements of this organelle during reovirus infection. HeLa cells were adsorbed 

with a reovirus reassortant strain, T3-T1M1, which is a type 3 reovirus containing the 

M1 gene from reovirus strain type 1 Lang. In some cell lines, T3-T1M1 replicates more 

efficiently than its counterpart T3D, likely due to events that occur within inclusions that 

favor replication of T3-T1M1 vs. T3D (143). At 24 h post-adsorption, cells were fixed 

and processed for confocal microscopy (Figure IV-1). The ER was detected by staining 

cells using antibodies specific for protein disulfide isomerase (PDI). PDI is an enzyme 

expressed in the lumen of the ER that catalyzes the formation of disulfide bonds. In 

infected cells, the ER localized around inclusions and appeared expanded compared 

with uninfected cells. Some regions of the ER co-localized with σNS. These data 

suggest that ER is reorganized during infection.  

 To confirm that the membrane rearrangements are specific to the ER, I tested 

whether reovirus rearranges the Golgi during infection (Figure IV-1). Cells were stained 

with antibodies specific for giantin, a protein that resides in the cis and medial Golgi and 

functions in its organization and biosynthetic trafficking (174). Trans-Golgi was marked 

using fluorescently-labeled wheat germ agglutinin (WGA), a lectin that binds sialic acids 

and N-acetylglucosaminyl residues, which are abundant in the Golgi. The Golgi was not 

associated with inclusions during infection, and the staining pattern did not differ 

between infected and uninfected cells. These results suggest that reovirus specifically 
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Figure IV-1. ER reorganization during reovirus infection. HeLa cells were infected 

with T3-T1M1 for 24 h. Cells were fixed, permeabilized, stained for σNS (green), PDI 

(red), giantin (red), WGA (red), or nuclei (blue), and visualized by confocal 

microscopy. Boxes indicate enlarged regions. Arrows point to inclusions associated 

with the ER. Scale bars, 10 µm. 
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hijacks the ER during infection.  

 

Reovirus inclusions are embedded with membranes  

 As ER membranes are reorganized during infection and appear to surround viral 

inclusions, we hypothesized that these neoorganelles have a membranous nature. To 

define the ultrastructure of reovirus inclusions, we conducted three-dimensional (3D) 

image reconstructions of transmission electron microscopy (TEM) micrographs of HeLa 

cells infected with T3-T1M1 at 12 h post-adsorption (Figure IV-2). We used 3D image 

reconstructions because previous studies using conventional TEM had not detected 

membranes associated with inclusions (24). The 3D reconstructions showed that viral 

inclusions are membranous webs surrounded by mitochondria. The membranes derived 

from the RER were notable and contacted viral inclusions. Empty and full viral particles 

were present inside the membranous network, indicating that viral inclusions contain 

membranes.  

 To better understand the membrane rearrangements occurring within inclusions, 

we conducted electron tomography of Tokuyasu cryosections. Tokuyasu cryosectioning 

is a methodology in which cryosections are processed without dehydration, providing 

optimal preservation of intracellular membranes (175, 176). HeLa cells infected with T1 

M1-P208S were imaged at 14 h post-adsorption (Figure IV-3). Reovirus T1 M1-P208S 

is a strain identical to the prototype T1L strain except for a proline-to-serine substitution 

at position 208 of the μ2 protein (M1 gene). This mutation changes inclusion 

morphology from filamentous to globular (83). The tomographic volumes of infected 

cells revealed that viral inclusions consist of groups of thin tubules and vesicles, with 

mitochondria and ER adjacent these structures. These results confirm that membranes 
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Figure IV-2. Reovirus inclusions are membranous webs. HeLa cells were infected 

with T3-T1M1 for 12 h. (A) TEM of viral inclusion (white asterisk) surrounded by 

mitochondria (mi) and ER membranes (RER). Some RER elements close to the 

inclusions (arrow on the right) appear to be connected to a sheet of cubic membranes 

(black asterisk). (B) 3D model of reovirus inclusions. Mitochondria (red) surround a 

membranous web (yellow). RER (brown) and nuclear envelope (blue) are adjacent to 

the inclusions. Filled particles (black) and empty particles (white) are integrated in the 

membranous network.  
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Figure IV-3. Reovirus inclusions are formed by thin tubules and vesicles. HeLa 

cells were infected with T1 M1-P208S for 14 h. Cells were frozen and sectioned at -

120°C. Thawed cryosections were processed for electron tomography. RER (yellow) 

and mitochondria (red) surround the inclusion. Viral particles (light blue) appear 

attached to tubules (brown) and vesicles (orange) inside the inclusion. 
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are present inside reovirus inclusions and suggest that a viral determinant is 

responsible for the reorganization of the ER.  

 

The nonstructural proteins σNS is responsible for ER remodeling 

 As viral nonstructural proteins are often responsible for the formation of viral 

inclusions and reorganization of cellular organelles (97), we hypothesized that σNS 

modulates changes in ER morphology. To test this hypothesis, we transfected HeLa 

cells with plasmids encoding either σNS or mCherry-KDEL (Figure IV-4). KDEL is a 

peptide sequence that localizes a protein to the ER. Cells were processed for confocal 

microscopy at 24 h post-transfection. Cells transfected with σNS exhibited disrupted ER 

morphology compared with cells transfected with mCherry-KDEL alone. The ER 

appeared thin and branched when σNS was present. σNS concentrated in the gaps 

between the tubules, generating a ring-like pattern. These results indicate that σNS is 

capable of inducing ER rearrangements and suggest that this viral protein contributes to 

the membrane reorganization observed during infection.  
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Figure IV-4. The σNS protein modifies ER morphology. HeLa cells were 

transfected with plasmids encoding mCherry-KDEL and σNS. At 24 h post-

transfection, cells were processed for confocal microscopy. σNS was detected using a 

σNS-specific antibody. Cells expressing σNS show alter ER morphology, with long, 

separated, branched thin tubules (yellow arrows). σNS concentrates in the gaps 

between the tubules, producing a ring-like pattern (white arrows).     
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Discussion 

 

 In this chapter, I showed data suggesting that reovirus infection induces 

remodeling of the ER. In infected cells, the ER expands and reorganizes around 

reovirus inclusions (Figure IV-1). We also found that inclusions are membranous webs 

surrounded by RER and mitochondria (Figure IV-2 and IV-3). Although multiple viral 

components could be responsible for the membrane reorganizations that occur during 

infection, σNS likely is one of them, as cells transfected with σNS-expression plasmids 

show altered ER morphology (Figure IV-4). 

 Our study is the first report indicating that reovirus inclusions are associated with 

membranes. Previous studies failed to demonstrate the presence of membranes 

associated with these structures. This difference is probably because of the different 

techniques used. In conventional TEM, images are taken from ultrathin sections. These 

two-dimensional (2D) images represent single planes from larger volumes, limiting an 

analysis of the cellular architecture. In our experiments, consecutive serial sections 

were obtained, oriented, and aligned, providing 3D visual information of the cell.  

 Several viruses reorganize the ER to build their replication organelles. For 

example, flaviviruses form clusters of vesicles derived from the ER. These clusters are 

embedded in a membranous matrix inside their replication factories (177). 

Coronaviruses and picornaviruses also remodel the ER to form neoorganelles called 

double-membrane vesicles, which are sites of viral RNA replication (178). Considering 

that the ER is the largest organelle in the cell (173), it is not surprising that viruses use 

ER membranes to anchor replication machinery.  
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 During this research, we also discovered that σNS functions as a membrane 

remodeler. We still do not understand the mechanism by which σNS alters the ER. σNS 

does not have reported or predicted transmembrane domains or any known post-

translational modifications that could account for membrane interactions. Thus, we 

hypothesize that σNS modulates the function of ER-shaping proteins to produce 

changes in the ER. Some of these proteins could be reticulons, which are important for 

inducing tubules and vesicles of positive curvature (179), atlastins, proteins that mediate 

fusion of ER tubules (180), and lunapark, which stabilizes ER three-way junctions (181). 

Future studies will determine the mechanism by which σNS tubulates the ER, including 

specific domains or motifs of the protein responsible for this function.  

 Collectively, our results indicate that reovirus remodels the ER, likely through the 

function of σNS. These data enhance our understanding of how reovirus interacts with 

its host and reveal a new function for σNS.  
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CHAPTER V 

SUMMARY AND FUTURE DIRECTIONS 

Thesis Summary 

 

 Viruses with dsRNA genomes share mechanisms of replication. All known 

dsRNA viruses confine their genomes inside a protein shell, which also contains the 

RdRp and polymerase cofactors. These viruses use (+) RNA as a template for 

translation and genome replication. Members of the Reoviridae family have large 

genomes divided in 9 to 12 segments (1), which distinguishes them from other dsRNA 

virus families. Having a segmented genome offers some advantages, including 

reassortment capacity during co-infection with different strains. However, a segmented 

genome confers a problem in terms of packaging of genetic material. How Reoviridae 

viruses ensure that equimolar quantities of each gene segment are found within 

progeny particles is a question that remains unanswered. Viruses that infect vertebrates 

encounter additional difficulties. How do these viruses protect their transcripts from the 

host antiviral response and RNA decay machinery? Reoviruses are a tractable model to 

test hypotheses related to these questions. These viruses have a wide host range and 

varied tropism, replicate at high titers in mammalian cells, and can be manipulated 

using reverse genetics.  

 Most viruses encode proteins that are not packaged into virions but have 

functions in post-entry replication steps. These proteins are called nonstructural 

proteins. Reovirus encodes three nonstructural proteins: σ1s, µNS, and σNS. σ1s 
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enhances viral translation (95), reovirus-induced cell death (103), and dissemination in 

the host (182). µNS and σNS have functions in reovirus inclusion formation (110). σNS 

binds ssRNAs and displays nonclassical helicase activity (126). Additionally, 

temperature-sensitive viruses with mutations in σNS are impaired in dsRNA synthesis 

(117, 120, 121, 142).      

 In this thesis, I aimed to increase our understanding of functions of σNS during 

reovirus infection. I used HEK293T cells stably expressing an siRNA against the σNS-

encoding S3 gene (σNS-siRNA cells) and a virus expressing synonymous mutations 

within the S3 gene siRNA target site of T3D (T3D-R) and tested how the absence of 

σNS expression affected various replication cycle steps. I found that infection of σNS-

siRNA cells with T3D results in σNS knockdown, whereas infection with T3D-R yields 

σNS levels compared to those following infection of cells expressing a nontargeting 

siRNA (Figure II-3). I concluded that σNS-siRNA cells effectively and specifically 

diminish σNS expression when infected with T3D but not T3D-R.    

 By conducting time courses of infection, in which I adsorbed σNS-siRNA cells 

with either T3D or T3D-R, quantified viral titers by plaque assay, and evaluated 

inclusion morphology by confocal microscopy, I confirmed that σNS is required for 

progeny particle production (Figure II-4) and maturation of viral inclusions (Figure II-5). 

In similar infection courses, I determined that σNS is required for replication steps 

leading to viral protein synthesis (Figure II-9). In particular, σNS functions at a step in 

replication that occurs immediately before dsRNA synthesis (Figure II-10), suggesting 

that σNS is dispensable for primary but not secondary rounds of transcription (Figures 

II-6, II-7, II-8, and II-11). 
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 Due to the pleiotropic nature of nonstructural proteins, teasing out individual 

activities poses challenges, especially in the context of a viral infection, in which 

different steps are interconnected. Therefore, in Chapter III, I used infection-

independent systems to study σNS functions. I focused on understanding the 

biochemistry of σNS-RNA interactions, and I hypothesized that at least one of the 

mechanisms by which σNS promotes dsRNA synthesis is by increasing RNA stability. 

As a control, I used a mutant version of σNS lacking the first 38 amino acids, which are 

required for RNA-binding (Figure III-8). In collaboration with Liya Hu, this region was 

identified using limited proteolysis, suggesting that the first 38 amino acids fold as an 

independent domain within the structure of σNS. Using secondary structure prediction 

algorithms, the amino terminal region of σNS is predicted to form an α-helix with 

amphipathic character (Figure V-1), similar to other RNA-binding proteins (183).  

 To study the function of σNS in RNA stability, I determined the half-life of a viral 

RNA in cells transfected with either WT or Δ38 σNS and a plasmid encoding s4 RNA 

(Figure III-3). I found that cells expressing WT σNS had higher s4 RNA levels than cells 

expressing Δ38 σNS over an 8 h interval, suggesting that WT σNS increases viral 

mRNA half-life. I confirmed these results using an in vitro cell-free degradation assay, in 

which σNS-RNA complexes were incubated with cytoplasmic extracts from HeLa cells 

(Figure III-4). These extracts contain multiple cellular nucleases and are used to study 

RNA processing (184). A concentration of 10 µM WT σNS protected the s4 RNA from 

HeLa extracts, whereas smaller concentrations or any tested concentration of Δ38 σNS 

did not confer protection. These data indicate that σNS protects RNA from degradation. 
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Figure V-1. Secondary structure prediction for the amino-terminal region of 
σNS. (A) Sequence of the first 38 amino acids of σNS and its predicted secondary 

structure are shown in a ribbon trace diagram. Amino acid colors indicate properties 

(green: hydrophobic, orange: small/polar, red: charged, purple: aromatic or cysteine). 

Approximately 74% of this region is predicted to fold as α-helix, and 13% folds as β-

strands; 39% is predicted to be disordered. (B) Model of the amino-terminal region of 

σNS, including 21 residues of the protein showing 63.5% sequence identity with 

maltose-binding periplasmic protein, a lipid-binding protein. Rainbow colors depict N 

→ C terminus. (C) Helical-wheel projection for amino acids 1-14 of σNS, which are 

predicted to fold as an α-helix with amphipathic character. Circles highlight basic 

residues. (Figure adapted from Gillian et. al. 1998 (116), predictions were generated 

in Phyre2 (185)).  
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 σNS binds viral and nonviral RNAs with similar affinity (Figure III-8 and III-9) and 

coalesces on RNAs to form long, filamentous structures (Figure III-5). Several units of 

σNS bind RNA, resulting in high-molecular weight complexes (Figure III-7) (126). Large 

complexes also are observed in infected cells (Figure III-6). T1L and T3D σNS proteins 

interact similarly with RNAs (Figure III-7), which is predictable considering that these 

proteins share 97% identity in protein sequence.  

 In our EM images, σNS covers viral RNA, and I thought that σNS might protect 

RNAs from degradation by masking nuclease target sites. If so, I hypothesized that 

σNS-RNA complexes would be impaired in translation, as ribosome scanning would be 

blocked. I used three assays to test σNS functions in translation: a luciferase cell-based 

assay, an in vitro luciferase translation assay, and an in vitro σ3 translation assay using 

radioactive methionine (Figures III-10 and III-11). I found in all assays that high 

concentrations of σNS decreased luciferase translation, whereas Δ38 σNS did not. 

Thus, when present at high concentrations, σNS inhibits translation of different types of 

RNAs. 

In the last data chapter of my thesis, I described experiments to study inclusion 

morphogenesis and interactions of σNS with the host. These experiments were 

conducted in collaboration with Dr. Cristina Risco’s laboratory and were based on 

confocal and electron microscopy. During infection, the ER expands and interacts with 

inclusions (Figure IV-1), whereas the Golgi remains unaltered. Inclusions are 

surrounded by mitochondria and localize close to the nuclear envelope (Figure IV-2). 

Using 3D reconstructions, we discovered that reovirus inclusions are membranous 

webs, in which particles are attached to tubules (Figure IV-3). To identify the viral 
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components responsible for the membrane rearrangements, we conducted experiments 

to test whether σNS is capable of remodeling the ER (Figure IV-4). Although σNS does 

not have transmembrane domain or post-translational modifications, its amino-terminal 

domain is predicted to fold similarly to lipid-binding proteins (Figure V-1). Cells 

transfected with plasmids encoding σNS and mCherry-KDEL displayed changes in ER 

morphology to produce thinner ER tubules and ring-like structures that are absent in 

cells transfected with mCherry-KDEL alone. These findings suggest that σNS 

contributes to reovirus inclusion morphogenesis.  

Collectively, my thesis contributes new knowledge about functions of σNS in the 

reovirus life cycle. It also provides new information about σNS biochemical properties 

and sheds light on σNS contributions to viral inclusion scaffolding. These findings 

enhance our understanding of Reoviridae nonstructural proteins and mechanisms of 

dsRNA virus replication and provide a foundation for future studies to determine the 

mechanism by which σNS influences assortment and the replication of the reovirus 

genome. 
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Future Directions 

 

Elucidating the function of the amino-terminal region of σNS during infection 

 In Chapter II, I provided evidence about a function of σNS leading to genome 

replication. In Chapter III, I demonstrated using a series of in vitro assays that σNS 

increases mRNA stability, whereas a mutant lacking the amino-terminal 38 amino acids 

does not. For next steps, my in vitro observations about a function for σNS in RNA-

stability should be tested in the context of viral infection. To examine the function of the 

amino-terminal 38 amino acids of σNS in infected cells, we will engineer viruses 

encoding point mutations in this region using reverse genetics. Charged residues will be 

mutated to alanine or residues with polar side chains if the alanine mutations are too 

disruptive and the resultant viruses are not viable. If these strategies are not successful, 

the mutant viruses might be recovered using cells expressing σNS in trans. If the latter 

also are not viable, virus recovery efficiency can be increased by transfecting cells with 

plasmids encoding vaccinia capping enzyme and FAST protein, which increase the 

efficiency of rotavirus reverse genetics (186). Using these viruses, we will study 

replication cycle steps over time courses of infection to identify the steps at which these 

viruses are impaired. Thus, results from these experiments will shed light on the 

function of the amino-terminal σNS domain in reovirus replication.  

 

Determining sequence specificity between σNS and viral RNAs 

 Although EMSA experiments suggest that σNS has similar affinity for viral and 

nonviral RNAs (Figure III-8 and III-9), σNS must selectively bind viral RNAs during 

infection to ensure genome replication and particle formation. Therefore, I hypothesize 
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that σNS binds viral RNAs in infected cells and has higher affinity for certain regions of 

viral RNAs. To test whether σNS binds predominantly viral RNAs, RNA sequences 

bound by σNS in infected cells should be identified using high-throughput sequencing of 

RNA purified by cross-linking immunoprecipitation (HITS-CLIP). HITS-CLIP is a 

technique in which RNA-protein complexes are UV-crosslinked and immunoprecipitated 

(187, 188). The RNA is then extracted from the complexes, reverse-transcribed, and 

deep-sequenced to identify bound sequences (Figure V-2).  

Cells should be infected with T3D reovirus for 9 and 24 h. These time points 

reflect the times at which I first detected a function for σNS (Chapter II) and a late time 

point, respectively. Protein-RNA complexes in cells can be crosslinked using UV 

irradiation. Cells will be lysed, and protein-RNA complexes will be immunoprecipitated 

using a monoclonal antibody specific for σNS. Linkers will be added to the ends of the 

RNAs, σNS-RNA complexes will be resolved by SDS-PAGE, and isolated. Protein will 

be digested using proteinase K, RNA will be precipitated and reverse transcribed. 

cDNAs will be gel purified, PCR-amplified, and HTS adapters will be ligated, followed by 

high-throughput sequencing using an Illumina instrument. Data will be analyzed by 

aligning reads to the reovirus genome. These experiments will determine whether σNS 

has higher affinity for certain sequences within reovirus RNAs and contribute to our 

understanding of the functions of σNS in reovirus assortment and dsRNA replication.  

 

Developing an in vitro genome replication assay 

 The major hypothesis of my thesis work was related to a function for σNS in 

genome replication. However, because we lack an in vitro genome replication assay, I  
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Figure V-2. HITS-CLIP strategy. Infected cells will be irradiated with UV light to 

induce protein-RNA crosslinks. Cells will be lysed, and RNAs will be partially digested 

using RNase A. σNS-RNA complexes will be immunoprecipitated using a monoclonal 

antibody specific for σNS (cite), followed by alkaline phosphatase treatment (3’-deP) 

to remove 3’-hydroxil groups and allow 3’-linker ligation. 5’- and 3’-linkers will be 

added, the latter being radiolabeled. Complexes will be eluted from beads and 

separated by SDS-PAGE. After transfer to nitrocellulose membranes, complexes will 

be visualized using phosphorimaging. Complexes will be isolated from the membrane 

and proteinase K (Prot K) treated to remove proteins, RNA will be precipitated (Pp 

RNA) and reverse transcribed (RT). cDNAs will be resolved in TBE-urea gels and 

size-selected. These cDNAs will be ligated to a 5’-primer (primer lig) and amplified. 

Sequencing primers will be ligated (Primer lig HTS) in a second PCR step, and 

samples will be sequenced using an Illumina platform. (Figure adapted from Moore et. 

al., 2014 (188))  
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was unable to directly test whether the σNS increases dsRNA synthesis. Therefore, we 

plan to develop an in vitro genome replication assay. There are three major lines of 

evidence suggesting that an in vitro genome replication assay is feasible for reovirus. 

First, synthesis of reovirus dsRNA in cell-free system is possible when lysates derived 

from infected cells are used (189, 190). However, these lysates only are active for 10 

minutes. In addition, entire cell lysates are used in these assays, making it difficult to 

precisely alter the experimental conditions. Second, synthesis of dsRNA has been 

observed in crystalized λ3, suggesting that polymerase activity can be recapitulated in 

vitro (16). Third, a rotavirus genome replication assay exists that supports de novo 

synthesis of genomic RNA from exogenous RNA templates, making it the ideal in vitro 

system because the experimental conditions can be controlled. In this system, rotavirus 

cores are dialyzed in hypotonic buffer, resulting in the disruption of the VP2 shell (λ1 

homolog). This treatment causes the dsRNA to be released from cores. Viral (+) RNA 

and NTPs are supplemented to these “open cores”, and dsRNA replication occurs 

(191).  

 Systems analogous to the rotavirus system have not been successful for 

reovirus. Although cores of both viruses are structurally similar, reovirus cores are 

turreted at the vertices, whereas rotavirus cores are not. Thus, it is likely that reovirus 

capsomeres are unstable relative to those of rotavirus, and the hypotonic treatment 

might dissociate these structures. To develop an in vitro reovirus genome replication 

assay, reovirus core proteins should be translated using rabbit reticulocyte lysates, and 

formation of capsomeres should be analyzed using native-PAGE. If capsomeres are 

formed, reactions can be supplemented with viral (+) RNAs, nonstructural proteins, and 
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radiolabeled nucleotides. Synthesis of dsRNA will be quantified following by TCA 

precipitation of reovirus cores and scintillation counting. A reovirus genome replication 

assay will allow us to directly test hypotheses related to σNS functions in synthesis of 

dsRNA. 

 

Studying interactions between λ3 and σNS 

My thesis shows that σNS promotes genome replication likely by increasing viral 

mRNA stability. However, σNS also could directly interact with λ3 to enhance its 

polymerization capacity. In preliminary studies conducted in collaboration with a 

graduate student in our laboratory, Christopher Lee, we determined that σNS co-

immunoprecipitates with λ3 in infected cells (Figure V-3). To determine whether σNS 

and λ3 can directly interact, we will conduct similar co-immunoprecipitation studies 

using cell lysates derived from cells transfected with σNS, λ3, and μNS, the latter to 

nucleate inclusion-like structures (88). Additionally, we will study whether σNS-λ3 

interactions are dependent on RNA by conducting similar experiments but in the 

presence of RNase A. These studies should be complemented with proximity-ligation 

assays in infected cells. If we determine that both proteins interact, KD values should be 

defined for their interaction using surface plasmon resonance in collaboration with BVV 

Prasad’s laboratory at Baylor College of Medicine. Results from these experiments will 

determine whether σNS can directly interact with λ3 and provide mechanistic 

information about σNS contributions to reovirus genome replication.  
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Figure V-3. Co-immunoprecipitation of σNS and λ3. HEK293T cells were adsorbed 

with T3D at an MOI of 100 PFU/cell. At 24 h post-adsorption, cells were lysed using 

NP-40 buffer, and σNS protein complexes were immunoprecipitated using a 

monoclonal antibody specific for σNS (σNS
Mon

) (110). Immunoprecipitated proteins 

were resolved by SDS-PAGE, transferred to nitrocellulose membranes, and 

immunoblotted using polyclonal antibodies specific for σNS (σNS
Pol

), λ3, or μ1, the 

latter being immunoblotted as a control for the specificity of the σNS and λ3 

interaction.  
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Elucidating the mechanism by which σNS induces ER-membrane remodeling 

 When transfected alone, σNS induces thinning of the ER. However, σNS does 

not contain any predicted transmembrane domain or post-translational modifications. 

Therefore, I hypothesize that σNS engages ER-shaping proteins to mediate membrane 

reorganization and aid in viral inclusion formation. The most important proteins that 

regulate ER tubulation are reticulons, atlastins, and lunapark (Figure V-4). Reticulons 

are proteins that have hydrophobic hairpin domains that shape high-curvature ER 

tubules and mediate intramembrane protein interactions (179, 192). Atlastins are a 

family of dynamin-related GTPases that mediate homotypic fusion of ER 

membranes(180, 192). Lunapark proteins have several hydrophobic domains and 

regulate the function of reticulons and atlastins (181, 193). Besides these proteins, there 

are several others that regulate ER-organelle contact sites, including proteins involved 

in the regulation of cholesterol metabolism such as Niemann-Pick disease, type C 

(NPC1), oxysterol-binding protein-related protein 1L (ORP1L), and oxysterol-binding 

protein 1 (OSBP) (194). Thus, there are several candidate proteins that σNS could 

coopt to remodel the ER.  

 To test whether σNS interacts with ER-shaping proteins, it would be fruitful to use 

an unbiased approach based on mass spectrometry. Host proteins that interact with 

σNS can be identified using proximity-dependent biotin identification (BioID). We will 

engineer cells to stably express a σNS construct consisting of the σNS ORF and biotin 

ligase (BirA) from Escherichia coli. BirA is a 35-kD DNA-binding biotin protein ligase that 

biotinylates proteins that are in a proximity of 10 nm or less to the target protein (195). 

Cells will be lysed, and σNS-interacting partners will be precipitated with streptavidin 

followed by identification using mass spectrometry. We will conduct similar experiments  
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Figure V-4. ER-shaping proteins in tubules. The shape of the ER is maintained by 

several proteins, including reticulons, atlastins, and lunapark. Reticulons are a family 

of proteins that stabilize the high-curvature of tubules by forming wedges in the 

cytoplasmic leaflet of the lipid bilayer and oligomerizing into arc-like scaffolds around 

the tubules (196). Atlastins are GTPases of the dynamin family that mediate 

homotypic fusion of ER membranes (180). They fuse opposing ER membranes using 

GTP hydrolysis. Lunapark is component of a ubiquitin ligase complex that localizes 

and stabilizes three-way junctions (193). Other proteins involved in maintaining ER 

morphology are Climp-63, kinectin, p180, protrudin, Rab10, and Rab18 (194). These 

proteins interact to modulate ER-shape. (Figure adapted from Chen et. al., 2013 

(192)).  
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in the presence of co-transfected μNS to nucleate inclusion-like structures (88). This 

technique has been used to identify HIV-1 Gag-interacting partners, among others 

(197). 

 Once σNS-interacting protein candidates are identified, we will validate them in 

several assays using infected cells, including colocalization by confocal microscopy, co-

immunoprecipitation, and proximity-ligation assays. Results from these studies will 

provide information about the function of σNS in reovirus inclusion formation.  

 Collectively, these new approaches, based on the foundation provided by my 

thesis research, will begin to link σNS biochemical properties with known function in 

viral replication.  
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Conclusions 

 Viruses encode nonstructural proteins that aid in post-entry replication steps. 

Reoviridae viruses replicate their genomes within viral inclusions using a mechanism 

that is not understood. Viruses from this family divide their genomes in multiple 

segments, which must be assorted prior to genome replication. My thesis work defines 

σNS as a protein necessary for reovirus replication that functions at a step leading to 

genome replication. I provide evidence that σNS is required for viral transcript stability. 

Our studies establish a foundation for future work to determine mechanisms by which 

σNS interacts with viral transcripts to promote genome replication in the context of 

infection. This work sets the stage to better understand reovirus RNA assortment and 

packaging.  
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CHAPTER VI 

MATERIALS AND METHODS 

Cells and viruses 

 

 HEK293T cells engineered to express an siRNA against the σNS-encoding S3 

gene of reovirus strain T3D (119) were single-cell sorted at the Vanderbilt University 

Medical Center Flow Cytometry Shared Resource. Single-cell sorting was conducted by 

resuspending ~2.5 x 10
6 
cells in PBS supplemented to contain 2% fetal bovine serum 

(FBS) (Gibco) in a volume of 500 µl. Propidium iodide (Sigma) was added at a 

concentration of 1 µg/ml, and single cells were sorted into wells of a 96-well plate and 

maintained in 100 µl of Dulbecco's Modified Eagle Medium (DMEM) (Life Technologies) 

supplemented to contain 5% FBS, 2 mM L-glutamine (Life Technologies), 100 U/ml of 

penicillin, 100 µg/ml of streptomycin (Life Technologies), 0.25 mg/ml of amphotericin B 

(Sigma), and 5 µg/ml of puromycin (Sigma). Cell clones were propagated for 

approximately two weeks, after which time, cells were divided into two plates: one was 

maintained in supplemented DMEM, and the other was infected with reovirus T3D for 

18 h. Infection was scored by fluorescent focus assay using guinea pig σNS polyclonal 

antiserum (141) as described (198). Clones with high knockdown efficiency were 

selected and passaged. HEK293T cells (ATCC CRL-3216), HEK293T cells expressing 

an S3-specific siRNA (σNS-siRNA cells), HEK293T cells expressing a GFP-specific 

siRNA (GFP-siRNA cells) (119), HeLa CCL2 cells, and BHK cells were maintained in 

DMEM supplemented to contain 5% FBS, 2 mM L-glutamine, 100 U/ml of penicillin, 100 
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µg/ml of streptomycin, 0.25 mg/ml of amphotericin B, and 5 µg/ml of puromycin (for 

σNS-siRNA and GFP-siRNA cells). Spinner-adapted murine L929 fibroblast cells were 

maintained in Joklik’s modified Eagle’s minimal essential medium (JMEM) (Lonza) as 

described (62). HBMECs were provided by Kwang Sik Kim (199) (Johns Hopkins 

University) and cultured in RPMI 1640 medium (Gibco) as described. 

 Reoviruses were recovered using plasmid-based reverse genetics (49, 87) and 

purified as described (46, 200). For generation of T3D-R virus, plasmid pT7-S3T3D 

(Addgene #33284) was altered by QuikChange (Stratagene) site-directed mutagenesis 

to contain synonymous mutations C632T, A635C, A642G, and, A649G using 

T3D_R_QC primers (Table VI-1). Primers T3D_2_QC were used to engineer the virus 

contain mutations A635C and A642G. To confirm mutations, viral RNA was extracted 

from purified virions and subjected to OneStep RT-PCR (Qiagen) using T3D_S3 

primers (Table VI-1). Purified PCR products were analyzed by Sanger sequencing. Viral 

titers were determined by plaque assay using L929 cells (201). 

 

Plasmid cloning, DNA transfections, and lentivirus generation 

 

 Plasmids for in vitro translation of the T3D s4 mRNA were engineered by 

introducing an EagI restriction site at the 3’-end of the S4 cDNA in pT7-S4T3D 

(Addgene #33285) using QuikChange site-directed mutagenesis and primers 

T3D_S4_EagI (Table VI-1). Plasmids for coupled in vitro transcription and translation of 

strain T1L σNS were generated by subcloning the ORF of the T1L S3 cDNA into 

pcDNA3.1+ using PCR amplification and primers T1L_S3_RS (Table VI-1). T1L S3 Δ38 
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Table VI-1. List of PCR primers. 
 

Name F Primer (5’ à 3') R primer (5’ à 3') 

T3D_R_QC 
AGATATCCATGCATGCCAATCCCTTGAGG

CCATCGTCCAGAAGCTGTTCCG 

CGGAACAGCTTCTGGACGATGGCCTCAAG

GGATTGGCATGCATGGATATCT 

T3D_T7S4 GCGGGTTAATACGACTCACTATAGCTATT GATGAATGAAGCCTGTCCCACGT 

T3D_S3 CCTGATGCGCCAATGTCTAA CTGTCTCCTCGCAATACAACTC 

T3D_S4 GAAGCATTTGCCTCACCATAG GATCTGTCCAACTTGAGTGTATTG 

human_GADPH CCCATCACCATCTTCCAG ATGACCTTGCCCACAGCC 

T3D_S4_EagI 
AGATGCCATGCCGACGGCCGATGAATGAA

GCC 

GGCTTCATTCATCGGCCGTCGGCATGGCA

TCT 

T1L_S3_RS 
CGACGGATCCATGGCTTCCTCACTCAGGG

C 

ATCACAGGCGGCCGCTTACACGCGAATTG

GAAACACCAGC 

T1L_S3del38 AACGTTGTTGAGTATCAAATCCGTACAGG CATGGATCCGAGCTCGGTACCAA 

T3D_S3_GA 
TTGGTACCGAGCTCGGATCCATGGCTTCC

TCACTCAGAG 

TCTAGACTCGAGCGGCCGCCTTACACGCG

AATCGGAAAAAC 

pcDNA3.1_GA GGCGGCCGCTCGAGTCTA GGATCCGAGCTCGGTACC 

T3D_S3del38_GA CATGGATCCGAGCTCGGTACC 
TTGGTACCGAGCTCGGATCCATGAATGTG

GTTGAGTATCAAATTCG 

T3D_S4_qPCR CGCTTTTGAAGGTCGTGTATCA CTGGCTGTGCTGAGATTGTTTT 
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plasmid was engineered by PCR amplification of the S3 cDNA from pcDNA3.1+ T1L S3 

plasmid using primers T1L_S3del38. Plasmids for coupled in vitro transcription and 

translation and transient expression of strain T3D WT and Δ38 σNS were generated by 

subcloning the full-length ORF and Δ38 ORF of the T3D S3 cDNA into pcDNA3.1+ by 

Gibson assembly (New England Biolabs) using primers T3D_S3_GA, pcDNA3.1_GA, 

and T3D_S3del38_GA (Table VI-1). Plasmids for bacterial expression of WT and Δ38 

σNS were engineered by Epoch Life Science, Inc. T7-FLuc plasmid encoding firefly 

luciferase was purchased from New England Biolabs, and SV40-RLuc plasmid 

encoding renilla luciferase, pVSVG, pCMV Lenti 8.92 Gag/Pol, and pBABE-puro-σNS 

were provided by Bernardo Mainou (Emory University). mCherry-KDEL was purchased 

from Addgene (Addgene # 55041). 

 Plasmids for transient protein expression were transfected using FuGene 6 

transfection reagent (Promega) according to the manufacturer’s instructions. Plasmids 

for recovering viruses using reverse genetics were transfected using TransIT-LT1 

transfection reagent (Mirus) as described (46, 200). 

 HEK293T cells were co-transfected with pVSVG, pCMV Lenti 8.92 Gag/Pol, and 

pBABE-puro-σNS using FuGene 6. The culture medium was replaced 24 h post-

transfection and cells were incubated at 37°C for 48 h. Medium containing packaged 

lentiviral particles was clarified by centrifugation and stored at -80°C. BHK cells were 

transduced using 2 ml of lentivirus-containing cell culture medium combined with 2 µl of 

polybrene (Millipore). After incubation overnight, the culture medium was supplemented 

to contain 1 µg/ml puromycin. Expression of σNS was confirmed by immunoblotting.  
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Preparation of rabbit λ3-specific polyclonal antiserum 

 

 T3D λ3 was expressed in Sf21 cells using a recombinant baculovirus (16)at the 

Baculovirus/Monoclonal Antibody Advanced Technology Core Laboratory at Baylor 

College of Medicine and purified as described (16). A rabbit was immunized with 100 µg 

of λ3 protein in complete Freund’s adjuvant at Cocalico Biologicals. Antigen boosts 

containing 50 µg of λ3 protein in incomplete Freund’s adjuvant were administered at 

days 14, 21, 49, and 134 following the initial inoculation. Antigen boosts containing 100 

µg of λ3 protein in incomplete Freund’s adjuvant were administered at days 120, 183, 

and 211 following the initial inoculation. Serum samples were obtained at days 35, 56, 

148, and 197 following the initial inoculation and tested for reactivity against purified 

T3D virions by immunoblotting. Final exsanguination was conducted 225 days after the 

initial inoculation. 

 

Immunoprecipitations 

 

 Samples for immunoprecipitation were obtained by lysing cells in lysis buffer 

containing 20 mM Tris-HCl pH 8, 137 mM NaCl, 1% Nonidet-P40, 2 mM EDTA, and 

protease inhibitor (Sigma). Samples were precleared to remove nonspecific interactions 

by incubating with 1 µg of isotype control (mouse IgG2a, Invitrogen) at 4ºC for 1 h, 

followed by incubation with Protein G Dynabeads (ThermoFisher) for 30 min and 

immunoprecipitation. To immunoprecipitate σNS and its interacting partners, 2 µg of 

mouse 3E10 σNS monoclonal antibody (110) were added to precleared lysates and 

incubated at 4ºC for 16 h. Protein G Dynabeads were added 4ºC for 4 h, followed by 
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immunoprecipitation. Samples were washed 5 times in TBS including 0.05% of NP-40 

with protease inhibitor, resuspended in 5X SDS-PAGE sample buffer, incubated at 95°C 

for 10 min, and eluted proteins were collected and stored at -20°C. 

 

Native-PAGE, SDS-PAGE, immunoblotting, and phosphorimaging 

 

 Samples for native PAGE were diluted in 4X Native-PAGE Sample Buffer 

(ThermoFisher) and resolved in 4-16% Native-PAGE Bis-Tris acrylamide gels 

(ThermoFisher) using the Blue Native-PAGE Novex Bis-Tris Gel System 

(ThermoFisher) as described (92). 

 Samples for denaturating SDS-PAGE were diluted in 5X SDS-PAGE sample 

buffer, incubated at 95°C for 5 min, and resolved in 10% Mini-Protean TGX gels 

(BioRad). 

 Native-PAGE and SDS-PAGE gels were transferred to PVDF and nitrocellulose 

membranes, respectively (92). The following antibodies were used for immunoblotting: 

guinea pig σNS polyclonal antiserum (141), chicken µNS polyclonal antiserum (122), 

mouse 8H6 µ1/µ1δ monoclonal antibody (202), mouse 3E10 σNS monoclonal antibody 

(110), rabbit λ3 polyclonal antiserum, and mouse α-tubulin monoclonal antibody (Cell 

Signaling Technology). The following antibodies were used as detection reagents: 

IRDye®800CW donkey anti-guinea pig, IRDye®680RD donkey anti-chicken, 

IRDye®800CW goat anti-rabbit, and IRDye®680LT goat anti-mouse (LI-COR). 

 Membranes were scanned using an Odyssey CLx imaging system (LI-COR). 

Pixel intensity of bands for all gels and membranes was quantified using Image Studio 

Software (LI-COR). 
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 Native-PAGE and SDS-PAGE gels containing radiolabeled products were 

incubated in 40% methanol, 10% acetic acid at room temperature (RT) for 1 h, washed, 

and dried. Dried gels were exposed on a phosphorimaging screen and imaged using a 

Perkin Elmer Cyclone Phosphor System Scanner. 

 

Purification of recombinant σNS protein 

 

 BL21(DE3)pLysS Escherichia coli (Promega) cultures were transformed with 

T3D WT or Δ38 σNS-encoding plasmids and induced with 0.5 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) (Sigma) after reaching an optical density (600 nm) of 0.6–

0.7. Cells were resuspended in 50 mM Tris-HCl (pH 8), 500 mM NaCl, 10 mM 

imidazole, and 1 mM DTT, and supplemented with protease inhibitor cocktail (Roche). 

Cells were lysed using a microfludizer, followed by removal of cell debris by 

centrifugation. Clarified cell lysates were loaded onto Ni-NTA columns (Qiagen), and 

σNS was eluted using a gradient of 50 mM Tris-HCl (pH 8), 0.5 M NaCl, 0.5 M 

imidazole, and 1 mM DTT. Elution fractions were dialyzed against 20 mM Tris-HCl (pH 

8), 100 mM NaCl, 10 mM imidazole, 1 mM EDTA, and 1 mM DTT. Eluted protein was 

incubated with thrombin (1 U per 100 g of recombinant protein) at 4ºC for 12 h to 

remove the His-tag. Protein samples were re-loaded onto a Ni-NTA column to remove 

uncleaved His-tagged σNS. The flow-though was loaded onto a Superose 6 10/300 GL 

column (GE Healthcare) in 10 mM Tris-HCl (pH 7.4), 100 mM NaCl, and 1 mM DTT. 

Eluted fractions were concentrated using a 30 kDa centrifugal filter unit (Millipore). 
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Immunofluorescence microscopy  

 

 Transfected or infected cells (MOI 100 PFU/cell) were fixed in 4% 

paraformaldehyde (PFA) (Electron Microscopy Sciences) in PBS at RT for 20 min, 

permeabilized with 1% Triton X-100 in PBS at RT for 5 min, blocked with 0.5% BSA, 

0.1% glycine, and 0.05% Tween 20, and stained with chicken µNS polyclonal 

antiserum, guinea pig σNS polyclonal antiserum, PDI-specific antibody DL-11 (Sigma), 

giantin-specific antibody ab24586 (Abcam), or WGA conjugated with Alexa Fluor555 

(Invitrogen), Alexa-Fluor secondary antibodies (Invitrogen), and 4’,6-diamidino-2-

phenylindole (DAPI) (Invitrogen) to visualize nuclei. Images were captured using a Zeiss 

LSM 710 laser scanning confocal microscope and analyzed using Zeiss LSM5 Series 

Image Browser.   

 

Transmission electron microscopy and image reconstructions 

 

 In the Risco laboratory, HeLa cells were adsorbed at an MOI of 20 PFU/cell. 

Following incubation at 37°C for 12 h, cells were fixed at RT for 1 h with a mixture of 4% 

paraformaldehyde and 1% glutaraldehyde in PBS (pH 7.4), post-fixed with 1% osmium 

tetroxide, dehydrated in increasing concentrations of acetone, and processed for 

embedding in epoxy resin EML-812 (TAAB Laboratories) as previously described (203, 

204).  Ultrathin (~60 to 70 nm) sections were collected on uncoated 300-mesh copper 

grids (TAAB Laboratories), stained with uranyl acetate and lead citrate, and imaged by 

TEM. Images were acquired with a JEOL JEM 1011 electron microscope operating at 

100 kV. To generate 3D models, Images were aligned by selected tracers between two 
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consecutive sections with the free editor for serial section microscopy Reconstruct 

(205). Segmentation and 3D visualization were performed with Amira.  

 

RNA extraction and purification 

 

 To purify cellular RNA, cells were lysed using TRIzol reagent (ThermoFisher), 

and RNA was extracted with chloroform. To purify RNA from in vitro transcription 

reactions, samples were combined with an equal volume of lysis buffer (ThermoFisher) 

supplemented to contain 1% β-mercaptoethanol (BME).  

 An equal volume of 70% ethanol was added, and RNA was purified using a 

PureLink RNA Mini Kit (ThermoFisher) according to the manufacturer’s instructions.   

 

S4 quantitative reverse transcription (RT)-PCR 

 

 Total and single-strand negative-sense s4 RNA was quantified using qScript XLT 

One-Step RT-qPCR ToughMix, Low ROX (Quanta Bioscience), and primers 

T3D_S4_qPCR (Table VI-1) according to the manufacturer’s instructions. The following 

RT-qPCR cycling protocol was used: cDNA synthesis (50°C for 10 min), initial 

denaturation (95°C for 1 min), and 40 PCR cycles (95°C for 10 s followed by a data 

collection step at 60°C for 1 min). S4 cDNA was detected using a fluorogenic probe (5′-

dFAM-AGCGCGCAAGAGGGATGGGA-BHQ-1-3′, Biosearch Technologies). For the 

single-strand RT-qPCR, the following modifications were included: RNA was incubated 

at 95°C for 3 min and immediately placed on ice. Reverse transcription was conducted 
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using only the forward primer T3D_S4_qPCR, and for the quantitative PCR step, the 

reverse T3D_S4_qPCR primer was included (143). 

 

NanoString RNA quantification and analysis 

 

 Probes specific for each reovirus gene segment positive-sense RNA were 

designed by NanoString Technologies using proprietary software (Table III-1) (144). 

RNA was purified from infected cells and incubated with probes in hybridization buffer 

according to the manufacturer’s instructions. Following hybridization, excess probe was 

removed using a nCounter Prep Station automated liquid handler. Probe-target 

complexes were transferred to an nCounter cartridge for immobilization and loaded onto 

an nCounter Digital Analyzer for imaging and quantification of each target RNA. 

Quantified expression data were analyzed using nSolver analysis software, including 

image quality controls and background subtraction (206). Counts for each probe were 

normalized using the geometric mean of four cellular transcripts (GUSB, HPRT, 

SARM1, and RSP6).   

 

In vitro transcription reactions 

 

 Templates for in vitro transcription of the T3D S4 gene segment were generated 

from pT7-S4T3D by PCR amplification using primers T3D_T7S4 (Table VI-1). 

Templates were transcribed in vitro using a HiScribe T7 High Yield RNA Synthesis Kit 

(New England Biolabs) according to the manufacturer’s instructions with the following 

modifications. For synthesis of radiolabeled RNA, 125 ng of PCR product was used in 
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the presence of radiolabeled [α-32P]-UTP (PerkinElmer) in 20 μl reactions at RT for 2 h. 

For synthesis of non-radiolabeled RNA, 2 μg of plasmid DNA template was used in 40 

μl reactions at 37°C for 2 h. DNA templates were degraded by on-column incubation 

with PureLink® DNase (ThermoFisher). For some experiments, RNA was capped using 

vaccinia capping enzyme (New England Biolabs) and 2’-O-methyltransferase (New 

England Biolabs) in one-step reactions according to the manufacturer’s instructions. 

 Stem I of 7SK RNA (5’-GGAUGUGAGGGCGAUCUGGCUGCGACAUCUGUCA 

CCCCAUUGAUCGCCAGGGUUGAUUCGGCUGAUCUGGCUGGCUAGGCGGGUGU

CCCCUUCCUCCCUCACCGCUCC-3’) was synthesized using T7 RNA polymerase 

from PCR-generated DNA templates. The RNA was gel purified on a 7M urea/1X 

TBE/6% 29:1 polyacrylamide gel. 

 

In vitro cell-free RNA degradation assay and electrophoresis 

 

 s4 RNA transcripts (<10 pM; 5 x 10
5
 cpm) were incubated with various 

concentrations of σNS in a volume of 10 µl at RT for 10 min. σNS-RNA complexes were 

incubated with 26 µl of a 6 mg/ml stock of HeLa S100 cytoplasmic extracts (Speed 

Biosystems). At various intervals, RNA was purified from 8 µl aliquots of the treatment 

mixtures. RNA was diluted in 2X Novex TBE-urea sample buffer (ThermoFisher), 

resolved in 6% TBE-urea gels (ThermoFisher), exposed on a phosphorimaging screen, 

and visualized using a Perkin Elmer Cyclone Phosphor System Scanner. 
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RNA degradation assay in cells 

 

 HEK293T cells seeded in 12-well plates were transfected using FuGene 6 with 

500 ng of plasmid encoding either WT or Δ38 σNS and incubated for 20 h. Cells were 

transfected a second time using FuGene 6 with 50 ng of pCAG_S4T3D plasmid (46) 

and incubated for 4 h. Cells were treated with 10 µg/ml of actinomycin D (Sigma) and 

lysed at various intervals prior to RNA extraction. Expression of s3, s4, and human 

GADPH RNA was confirmed by RT-PCR amplification using primers T3D_S3, T3D_S4, 

and human_GADPH. 

 

In vitro translation reactions 

 

 RNAs were translated in vitro using wheat germ extracts (Promega) according to 

the manufacturer’s instructions with the following modifications. RNAs at a 

concentration of 10 µg/ml were incubated at 65°C for 3 min, placed immediately on ice, 

and incubated with various concentrations of WT or Δ38 σNS at RT for 10 min. Protein-

RNA complexes were incubated with wheat germ extracts supplemented with 80 µM of 

Amino Acid Mixture Minus Methionine (Promega) and 0.8 U/µl of RNasin (Promega). To 

synthesize nonradioactive and radioactive proteins, 80 µM of Amino Acid Mixture Minus 

Leucine (Promega) or 0.7 µCi/µl of [35S]-methionine (PerkinElmer) was added, 

respectively. Translation reactions were incubated at 25°C for 1 h, followed by freezing 

at -20°C. 
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Coupled in vitro transcription and translation reactions 

 

 Coupled in vitro transcription and translation reactions were conducted using the 

TNT coupled rabbit reticulocyte lysate system (Promega) according to the 

manufacturer’s instructions. Reactions were incubated at 30°C for 1 h and terminated 

by four-fold dilution in stop buffer (20 mM HEPES-KOH (pH 7.4), 100 mM potassium 

acetate, 5 mM magnesium acetate, 5 mM EDTA, 2 mM methionine) supplemented to 

contain a final concentration of 1 mM DTT and 2 mM puromycin. Protein samples were 

incubated with RNase A (Qiagen) in variable treatment conditions depending on the 

experiment.   

 

5’-labeling of RNA 

 

 RNAs were dephosphorylated using calf intestinal alkaline phosphatase (CIP) 

(New England Biolabs) according to the manufacturer’s instructions with the following 

modifications. CIP was used at a concentration of 0.5 U per 1 µg of RNA in 20 μl 

reactions. Following incubation at 37°C for 30 min, RNA was precipitated using 

phenol/chloroform (s4 RNAs) or gel-purified (7SK stem I RNA) and labeled using T4 

polynucleotide kinase (New England Biolabs) and [γ
32

P]-ATP (PerkinElmer). RNAs were 

purified using a G25 desalting column (GE Healthcare). 
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Luciferase assays 

 

 To quantify RLuc activity in transfected cells, HEK293T cells seeded in 96-well 

plates were transfected with increasing amounts of WT or Δ38 σNS plasmids (0 to 150 

ng), decreasing amounts of a non-coding plasmid (pT7-S2T3D, Addgene #33283) (150 

to 0 ng), and 50 ng of SV40 renilla luciferase plasmid, achieving a final DNA amount of 

200 ng/well and incubated for 24 h. Cells were lysed with 20 µl of Renilla Luciferase 

Lysis Buffer (Promega) at RT for 20 min, followed by addition of 50 µl of Renilla 

Luciferase Assay Reagent (Promega) to each well.  

 To quantify FLuc activity in in vitro translation reactions, 10 ng of luciferase RNA 

was incubated with various concentrations of either WT or Δ38 σNS at RT for 10 min, 

followed by incubation with wheat germ extracts at 25°C for 1 h. Two and a half µl 

aliquots from the translation reaction mixtures were added to 50 µl of Luciferase Assay 

Reagent (Promega) in 96-well plates. 

 For FLuc and RLuc reactions, luminescence was quantified immediately 

following addition of the respective luciferase assay reagent with a Synergy H1 BioTek 

plate reader.  

 

Electrophoretic mobility shift assays (EMSA) 

 

 Snap-cooled 7SK stem I RNA (<10 pM; 500 cpm) was incubated with increasing 

concentrations of either WT or Δ38 σNS in 100 mM NaCl, 50 mM HEPES (pH 7.2), 10% 

glycerol, and 1 µg BSA at RT for 10 min as described (207, 208). Reactions were 

loaded into wells of 0.5% native TBE polyacrylamide gels and resolved at 120V at 4°C 
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for 45 min. Gels were dried, exposed to phosphorimaging screens, visualized using 

ImageQuant TL (GE), and graphed using KaleidaGraph (Synergy Software). 

 

Filter binding assay 

 

 s4 RNA (<10 pM; 500 cpm) was incubated with increasing concentrations of WT 

σNS in 100 mM NaCl, 50 mM HEPES (pH 7.2), 10% glycerol, and 1 µg BSA at RT for 

10 min. Pre-soaked nitrocellulose (top) and nylon (bottom) membranes (GE) were used 

in a 96-well hybrid dot manifold assembly as described (209). After filtration, 

membranes were air-dried, exposed to phosphorimaging screens, visualized using 

ImageQuant TL (GE), and graphed using KaleidaGraph (Synergy Software). 

 

GTP hydrolysis assay 

 

 Purified recombinant WT σNS or NSP2 (2 µg per reaction) was incubated with 10 

µCi [α
 32

P]-GTP (PerkinElmer) in buffer containing 10 mM Tris-HCl (pH 7.4) and 1 mM 

DTT. MgCl2 was supplemented at 0.5, or 5 µM, or was not included. Samples were 

incubated at 37°C for 0 or 60 min. At each time, 10 µl of the reaction mixture were 

combined with 5 µl of 1 N formic acid. PEI-cellulose (GE Healthcare) sheets were 

spotted with 1.5 µl of each sample. After drying, sheets were positioned in TLC 

developing chambers pre-equilibrated with 1.2 M LiCl. Samples were resolved using 1.2 

M LiCl as mobile phase solvent until the solvent reached 1-1.5 cm from the top of the 

plate. Sheets were air-dried and exposed to phosphorimaging screens.  
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Electron microscopy of σNS-RNA complexes 

 

 s4 RNA was incubated with either WT or Δ38 σNS at a molar ratio of 50:1 on ice 

for 1 h before plunge-freezing using a Vitribot (MIV). The frozen specimens were 

imaged at 40,000X magnification with defocus levels ranging from −2.0 to −3.5 μm 

using a JEM2010 (200 KV) cryo-electron microscope equipped with a CCD camera at 

the CryoEM Center at Baylor College of Medicine.  

 

Electron Tomography of Tokuyasu Cryosections 

 Semi-thick (� 300nm) Tokuyasu cryosections of reovirus-infected cells were 

collected on copper grids with parallel bars. Four single axis tilt series were obtained 

automatically between −63° to +60° with an angular interval of 1.5°. Images were 

recorded on an Eagle 4k x 4k slow-scan charged coupled device (FEI) using FEI 

software and a Tecnai G2 microscope (FEI) operating at 200 kV. Images were aligned 

and tomograms reconstructed using the IMOD software package. The tomogram with 

best contrast was segmented and processed for 3D visualization with Amira. 

Tomograms were subjected to noise filtering and automated segmentation to visualize 

membranes. 

Statistical methods 

 

 All experiments were conducted independently at least three times. Data are 

presented as the mean ± SD. All statistical analyses were conducted using GraphPad 

Prism 7.00 data analysis software.   
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Reovirus Cell Entry Requires Functional Microtubules
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ABSTRACT Mammalian reovirus binds to cell-surface glycans and junctional adhesion molecule A and enters cells by receptor-
mediated endocytosis in a process dependent on !1 integrin. Within the endocytic compartment, reovirus undergoes stepwise
disassembly, allowing release of the transcriptionally active viral core into the cytoplasm. To identify cellular mediators of reovi-
rus infectivity, we screened a library of small-molecule inhibitors for the capacity to block virus-induced cytotoxicity. In this
screen, reovirus-induced cell killing was dampened by several compounds known to impair microtubule dynamics. Microtubule
inhibitors were assessed for blockade of various stages of the reovirus life cycle. While these drugs did not alter reovirus cell at-
tachment or internalization, microtubule inhibitors diminished viral disassembly kinetics with a concomitant decrease in infec-
tivity. Reovirus virions colocalize with microtubules and microtubule motor dynein 1 during cell entry, and depolymerization of
microtubules results in intracellular aggregation of viral particles. These data indicate that functional microtubules are required
for proper sorting of reovirus virions following internalization and point to a new drug target for pathogens that use the endo-
cytic pathway to invade host cells.

IMPORTANCE Screening libraries of well-characterized drugs for antiviral activity enables the rapid characterization of host pro-
cesses required for viral infectivity and provides new therapeutic applications for established pharmaceuticals. Our finding that
microtubule-inhibiting drugs impair reovirus infection identifies a new cell-based antiviral target.
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The interplay between viruses and host cells regulates each step
of the virus-host encounter. Viral tropism is restricted by the

availability of cell-surface receptors and host molecules that pro-
mote viral internalization, replication, assembly, and release. Un-
derstanding the cellular components that underlie productive vi-
ral infection can illuminate new targets for development of
antiviral therapies, improve viral vector design, and enhance an
understanding of cellular processes at the pathogen-host inter-
face.

Mammalian orthoreovirus (called reoviruses here) are nonen-
veloped, double-stranded RNA viruses that are formed from two
concentric protein shells (1). Reoviruses infect most mammalian
species, and although most humans are exposed during child-
hood, infection seldom results in disease (1, 2). The reovirus ge-
nome can now be engineered using reverse genetics, leading to the
recovery of viable viruses with targeted alterations (3). Coupled
with the capacity to elicit mucosal immune responses (1, 4) and
natural attenuation in humans (1), this technology provides an
opportunity to develop reovirus as a vaccine vector. Moreover,
reovirus is currently being tested in clinical trials for efficacy as an
oncolytic agent against a variety of cancers (5).

Reovirus attaches to host cells via interactions with cell-surface
glycans (6, 7) and junctional adhesion molecule A (JAM-A) (8–
10). Following attachment to JAM-A, reovirus is internalized in a
!1 integrin-dependent manner via receptor-mediated endocyto-

sis (11). Following internalization, reovirus activates Src kinase
(12) and traverses through early and late endosomes (13). In late
endosomes, virions undergo stepwise acid-dependent proteolytic
disassembly catalyzed by cysteine cathepsin proteases to form in-
fectious subvirion particles (ISVPs). ISVPs are characterized by
the loss of outer-capsid protein "3 and cleavage of outer-capsid
protein #1. The #1 cleavage fragments mediate endosomal mem-
brane penetration and release of the transcriptionally active viral
core into the cytoplasm (14–16). ISVPs also can be generated in
vitro by treatment of virions with a variety of proteases (14, 16).
These particles bind JAM-A to initiate infection but are thought to
penetrate at or near the cell surface (8, 17, 18), bypassing a require-
ment for acid-dependent proteolytic disassembly (16, 18). Host
factors that mediate internalization and endosomal transport of
reovirus virions are not completely understood.

Microtubules are long, filamentous protein polymers com-
posed of $-tubulin and !-tubulin heterodimers (19). These struc-
tures regulate a wide variety of cellular functions, including mito-
sis, maintenance of cell shape, and intracellular transport (19).
Posttranslational modifications of tubulin subunits and the inter-
action of microtubule-associated proteins with microtubules reg-
ulate polymerization dynamics (20). Because of the essential role
in cell division, microtubules are targets for several anticancer
chemotherapeutic agents (20, 21). For example, paclitaxel was
originally developed for use against ovarian cancer but also is used
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to treat other cancers, including metastatic breast cancer (20–22).
Vinca alkaloids, including vindesine sulfate, are used to treat non-
small-cell lung cancer, leukemia, lymphoma, and breast cancer
(20, 21, 23). Microtubule-inhibiting compounds are classified
into two groups based on whether the drug stabilizes or destabi-
lizes microtubules. Stabilizing agents, such as taxanes, enhance
microtubule polymerization, whereas destabilizing agents, such as
vinca alkaloids and colchicine, inhibit microtubule polymeriza-
tion by directly binding to microtubule subunits (20). Microtu-
bule motors are used for bidirectional transport of cargo (24).
Minus-end motors (dyneins) transport cargo toward the cell in-
terior, whereas plus-end motors (kinesins) move cargo toward the
cell periphery (24). It is not known whether microtubules or mi-
crotubule motors are required for reovirus entry.

In this study, we identified microtubule inhibitors in a high-
throughput screen of small molecules for blockade of reovirus-
mediated cell death. These drugs do not impede reovirus attach-
ment or internalization but delay the intracellular transport of
incoming virions, with a concomitant decrease in viral infectivity.
Diminished expression of the dynein 1 heavy chain by RNA inter-
ference (RNAi) decreases reovirus infection. These findings indi-
cate that reovirus uses microtubules and dynein 1 to efficiently
enter and infect host cells, providing a potential new therapeutic
option for viruses that penetrate deep into the endocytic pathway
to establish infection.

RESULTS
Identification of microtubule inhibitors using a high-
throughput small-molecule screen. To identify cellular factors
required for reovirus cytotoxicity, we performed a high-
throughput screen using small molecules from the NIH Clinical
Collection (NCC), a library that contains 446 compounds that
have been used in phase I, II, and III clinical trials in humans (see
Fig. S1A in the supplemental material). Small molecules in the
NCC were initially developed for use against a variety of diseases,
including central nervous system, cardiovascular, and gastrointes-
tinal malignancies, as well as numerous anti-infectives. HeLa S3
cells, which undergo cell death following reovirus infection (25),
were incubated with dimethyl sulfoxide (DMSO) (vehicle con-
trol), 10 #M cysteine-protease inhibitor E64-d as a positive con-
trol (26), or a 10 #M concentration of each of the compounds in
the NCC, adsorbed with cytopathic reovirus strain T3SA! (6, 27),
and incubated for 48 h. Cellular ATP levels were assessed as a
proxy for cell viability. Z scores were calculated to identify com-
pounds that significantly diminished reovirus-induced cell death
(see Table S1 in the supplemental material). Eleven compounds
had Z scores of greater than 2.0, with Z scores in this group ranging
from 2.758 to 8.444 (Fig. S1B). Interestingly, 5 of the 11 com-
pounds identified are drugs that influence microtubule stability
and function (20) (Fig. S1C). Microtubule-inhibiting compounds
constitute "1% of the total number of small molecules in the
NCC, suggesting that the large number of microtubule inhibitors
identified does not reflect bias within the screen. Thus, these data
suggest that functional microtubules are required for reovirus-
induced cytotoxicity.

Microtubule inhibitors diminish reovirus-mediated cell
death and infectivity. To verify that microtubule-inhibiting drugs
block cytotoxicity induced by reovirus, HeLa S3 cells were incu-
bated with DMSO, E64-d, or NH4Cl as positive controls, or in-
creasing concentrations of microtubule-inhibiting drugs for 1 h

prior to reovirus adsorption. Cell viability was assessed by quan-
tifying cellular ATP levels 48 h after adsorption (Fig. 1A). Similar
to the observations made using the NCC screen, we observed a
dose-dependent decrease in reovirus-mediated cytotoxicity with
increasing concentrations of microtubule-inhibiting compounds,
E64-d, or NH4Cl. The observed inhibition was statistically signif-
icant at concentrations of 0.1 to 1.0 #M for all compounds tested
except for flubendazole, which inhibited at concentrations of 1.0
and 10 #M. These data confirm findings obtained from the small-
molecule screen and provide further evidence that microtubule
function is required for reovirus-induced cell death.

To determine whether microtubule function is required for
reovirus infectivity in epithelial and endothelial cells, we tested the
effect of microtubule-inhibiting compounds on reovirus infection
of CCL2 HeLa cells, HeLa S3 cells, and human brain microvascu-
lar endothelial cells (HBMECs). Both CCL2 and S3 HeLa cells are
highly susceptible to reovirus infection and have been used in
studies to understand cellular mediators of reovirus cell entry (12,
13). HBMECs are highly transfectable and provide a tractable
model cell line for studies of virus replication in endothelial cells
(28). Cells were treated with DMSO, E64-d, NH4Cl, or increasing
concentrations of microtubule inhibitors for 1 h prior to adsorp-
tion with reovirus T3SA!, incubated in the presence of inhibitors,
and scored for infection by indirect immunofluorescence
(Fig. 1B). For all cell lines tested, treatment with vindesine sulfate
yielded a statistically significant decrease in infectivity. While col-
chicine and docetaxel also decreased infectivity in the cell types
tested, the effects were not as pronounced as those observed with
vindesine sulfate. Interestingly, among the compounds from the
NCC, we identified three vinca alkaloid compounds, vindesine
sulfate, vincristine sulfate, and vinorelbine bitartrate, that im-
paired reovirus-mediated cytotoxicity. These data suggest that
vinca alkaloids are more potent as anti-infectives against reovirus
than other microtubule-inhibiting agents. Together, these data
indicate that microtubule function is required for maximal reovi-
rus infectivity and reovirus-mediated cell killing.

Vindesine sulfate blocks reovirus replication at early times of
infection. To define the temporal window in which microtubule
inhibitors act to impair reovirus infection, CCL2 HeLa cells were
treated with DMSO, NH4Cl, or 1 #M vindesine sulfate for 1 h
prior to reovirus adsorption or in 1-h increments up to 2 h post-
adsorption. Cells were then incubated in the presence or absence
of inhibitors and scored for infection by indirect immunofluores-
cence 20 h after adsorption (Fig. 2A). Since microtubules depoly-
merize at cold temperatures (29), virus was adsorbed at room
temperature to prevent microtubule depolymerization while also
allowing sufficient time for reovirus to attach to cells. For the
remainder of the descriptions of our studies, 0 min represents the
initiation of infection following adsorption at room temperature.
Vindesine sulfate treatment 1 h prior to or immediately following
adsorption substantially decreased reovirus infection. However,
addition of vindesine sulfate 1 h or more after adsorption de-
creased reovirus infection much less efficiently. These data indi-
cate that vindesine sulfate is most potent in diminishing reovirus
infection during the first hour of the infectious cycle, suggesting
that reovirus requires microtubule function during the interval
required for viral entry and uncoating. In addition, these findings
demonstrate that impairment of reovirus infection by vindesine
sulfate is not attributable to toxicity of the compound.

To determine whether vindesine sulfate impairs infection by
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ISVPs, which bind JAM-A at the cell surface but do not require
intracellular transport for infection (8, 16–18), CCL2 HeLa cells
were treated with DMSO, 20 mM NH4Cl, or increasing concen-
trations of vindesine sulfate for 1 h, adsorbed with reovirus virions
or ISVPs, and scored for infection by indirect immunofluores-
cence 20 h after adsorption (Fig. 2B). As observed previously,
treatment of cells with NH4Cl or vindesine sulfate diminished
infection following adsorption with virions. In contrast, treat-
ment of cells with NH4Cl or vindesine sulfate did not signifi-
cantly alter infection following adsorption with ISVPs. These
data indicate that vindesine sulfate blocks a step in reovirus repli-
cation following attachment to JAM-A but prior to viral protein
synthesis.

Microtubules are required for endocytic sorting of reovirus
during cell entry. To determine whether reovirus uses microtu-

bule tracks during cell entry, CCL2 HeLa cells were treated with
DMSO or 1 #M vindesine sulfate for 1 h, adsorbed with reovirus,
and incubated for 0, 20, or 120 min. Cells were stained for reovirus
and $-tubulin and imaged using confocal microscopy (Fig. 3). In
DMSO-treated cells, virions were detected on microtubule tracks
at 0, 20, and 120 min, with an increasing number of particles
observed in the perinuclear area at 120 min. The perinuclear dis-
tribution of reovirus virions is consistent with access to late endo-
somes for disassembly by cathepsin proteases to allow productive
infection (13). In vindesine sulfate-treated cells, virions were as-
sociated with depolymerized microtubules at 0 and 20 min, but by
120 min, particles appeared to form clusters in the cytoplasm.
Treatment of HBMECs with vindesine sulfate also resulted in ag-
gregation of viral particles at 120 min postadsorption, although
the clusters were not as prominent as those observed in vindesine

FIG 1 Microtubule-inhibiting compounds diminish reovirus-mediated cytotoxicity and inhibit reovirus infectivity. (A) HeLa S3 cells were incubated with
DMSO, increasing concentrations of docetaxel, flubendazole, nocodazole, vindesine sulfate, colchicine, or NH4Cl, or 2 #M E64-d, adsorbed with T3SA!, and
incubated for 48 h. Cell viability was quantified using an ATP-dependent luminescence assay. Results are presented as total luminescence intensity values from
experiments performed in quadruplicate. Error bars indicate standard deviations. (B) CCL2 HeLa cells, HeLa S3 cells, or HBMECs were incubated with DMSO
or increasing concentrations of colchicine, docetaxel, vindesine sulfate, E64-d, or NH4Cl and adsorbed with T3SA! at an MOI of either 5 PFU/cell for HeLa S3
cells and HBMECs or 1 PFU/cell for CCL2 HeLa cells. Cells were incubated in the presence of inhibitors for 20 h and scored for infection by indirect
immunofluorescence. Results are presented as percent mean fluorescence intensity compared with DMSO, normalized to cell number and background fluores-
cence, for quadruplicate experiments with CCL2 HeLa cells and triplicate experiments with HeLa S3 cells and HBMECs. Error bars indicate standard errors of
the mean. ***, P " 0.05 in comparison to DMSO by one-way ANOVA with Dunnett’s multiple-comparison test.
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sulfate-treated CCL2 HeLa cells (data not shown). These observa-
tions suggest that depolymerization of microtubules by vindesine
sulfate leads to missorting of reovirus virions during cell entry.

Vindesine sulfate does not affect internalization of reovirus
into cells. Since depolymerization of microtubules impairs reovi-
rus intracellular transport and infectivity, we sought to determine
whether vindesine sulfate inhibits internalization of viral particles
from the cell surface. CCL2 HeLa cells were treated with DMSO or
1 #M vindesine sulfate for 1 h, adsorbed with Alexa 546-labeled
reovirus, and incubated for 0, 60, or 120 min. Cells were stained
for extracellular virus using reovirus-specific antiserum under
nonpermeabilizing conditions, and the ratio of extracellular to
internalized reovirus particles was quantified by flow cytometry
(Fig. 4A). Over the course of the infection, we observed a decrease

in extracellular virus in the presence and absence of vindesine
sulfate. These results suggest that vindesine sulfate does not sig-
nificantly impede internalization of reovirus, at least up to
120 min after adsorption. Consistent with this finding, vindesine
sulfate treatment did not diminish cell-surface expression of
JAM-A or !1 integrin (data not shown). These results suggest that
microtubule function is not required for reovirus attachment or
internalization.

Vindesine sulfate impairs reovirus access to intracellular
acidified compartments. To determine whether vindesine sulfate
alters transport of reovirus to acidified compartments during cell
entry, CCL2 HeLa cells were treated with DMSO or 1 #M vin-
desine sulfate for 1 h, adsorbed with reovirus labeled with a pH-
sensitive dye (pHrodo), and incubated for 0, 60, or 120 min. The
fluorescence intensity of intracellular virus was quantified by flow
cytometry (Fig. 4B). In DMSO-treated cells, mean fluorescence
intensity increased over time, indicating that virions gain access to
an acidified compartment between 60 and 120 min after adsorp-
tion, consistent with prior studies of the kinetics of reovirus deliv-
ery to acidified endosomes (13, 30). In contrast, mean fluores-
cence intensity was dampened during the interval of reovirus
entry into vindesine sulfate-treated cells. Importantly,
microtubule-inhibiting drugs do not affect the intraluminal pH of
endosomes (31). These data suggest that vindesine sulfate impairs
reovirus infection by impeding transport of virions to acidified
intracellular organelles.

During cell entry, reovirus traverses through Rab5-marked
early endosomes en route to Rab7- and Rab9-marked late endo-
somes for proteolytic disassembly (12). To determine whether
vindesine sulfate treatment leads to retention of reovirus particles
in early endosomes, CCL2 HeLa cells were transfected with en-
hanced green fluorescent protein (EGFP)-Rab5A, incubated with
DMSO or 1 #M vindesine sulfate for 1 h, adsorbed with Alexa-
labeled reovirus, incubated for 120 min, and imaged by confocal
microscopy. Analysis of the spectral overlap of fluorescently la-
beled virions and Rab5A-positive compartments showed no sta-
tistically significant difference in the percentages of virions in early
endosomes in cells treated with either DMSO or vindesine sulfate
(Fig. 4C). These data suggest that inhibition of microtubule func-
tion by vindesine sulfate does not lead to an accumulation of re-
ovirus particles in early endosomes.

In a complementary experiment, CCL2 HeLa cells were incu-
bated with DMSO or 1 #M vindesine sulfate for 1 h, adsorbed with
Alexa-labeled reovirus, and incubated for 60 or 120 min. Cells
were stained for lysosomal-associated membrane protein 1
(LAMP1) to identify late endosomes and lysosomes (Fig. 4D).
Analysis of the spectral overlap of fluorescently labeled virions and
LAMP1-positive compartments revealed a higher percentage of
viral particles distributed to LAMP1-positive endosomes in
control-treated cells than in those treated with vindesine sulfate
(Fig. 4E). Concordant with these observations, vindesine sulfate
decreased reovirus colocalization with Rab7-marked endosomes
compared to that seen with control-treated cells (data not shown).
Together, these data indicate that although vindesine sulfate does
not inhibit reovirus internalization or lead to retention of virus in
early endosomes, the drug impedes efficient transport of virions to
acidified intracellular compartments where viral disassembly
takes place.

Reovirus requires dynein 1 to efficiently infect cells. To de-
termine whether reovirus uses minus-end microtubule motor dy-

FIG 2 Vindesine sulfate blocks reovirus replication at early times of infection.
(A) CCL2 HeLa cells were incubated with DMSO, 20 mM NH4Cl, or 1 #M
vindesine sulfate, adsorbed with T3SA! at an MOI of 5 PFU/cell, and incu-
bated in the presence of inhibitors for 20 h. Alternatively, cells were incubated
with 1 #M vindesine sulfate immediately following adsorption or at 1-h inter-
vals after adsorption. Cells were scored for infection by indirect immunofluo-
rescence. (B) CCL2 HeLa cells were incubated with DMSO, NH4Cl, or vin-
desine sulfate, adsorbed with T3SA! virions or ISVPs at an MOI of 1.63 # 103

particles/cell, and incubated in the presence of inhibitors for 20 h. Cells were
scored for infection by indirect immunofluorescence. Results are presented as
percent mean fluorescence intensity compared with DMSO, normalized to cell
number and background fluorescence, for triplicate experiments. ***, P "
0.05 in comparison to DMSO by one-way ANOVA with Dunnett’s multiple-
comparison test.
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nein 1 for transport into the cell interior, HBMECs were trans-
fected with small interfering RNAs (siRNAs) specific for the
dynein 1 heavy chain, adsorbed with reovirus strains type 1 Lang
(T1L) or type 3 Dearing (T3D), incubated for 48 h, and scored for
infection by indirect immunofluorescence (Fig. 5A). Of the cell
lines used in this study, diminished expression of dynein 1 caused
by RNAi treatment is most efficient in HBMECs (data not shown).
Consistent with a requirement for microtubule function for effi-
cient reovirus infection, diminished dynein 1 heavy chain expres-
sion caused by RNAi treatment decreased infection by both T1L
and T3D. To further define the role of dynein 1 in reovirus cell
entry, cells were adsorbed with T1L, incubated for 20 min, stained
for reovirus and dynein 1 heavy chain, and imaged by confocal
microscopy. Virions were observed in close proximity to dynein 1
in both HBMECs (Fig. 5B) and CCL2 HeLa cells (Fig. 5C), sug-
gesting that reovirus uses dynein 1 to promote cell entry. To-
gether, these data indicate that reovirus requires the microtubule
minus-end motor dynein 1 to efficiently infect cells.

CHKV does not require microtubules to infect cells. Chikun-
gunya virus (CHKV), a mosquito-transmitted alphavirus that

causes epidemics of arthritis (32), requires acidification to effi-
ciently enter cells, but unlike reovirus, CHKV does not require
access to late endosomes (33). To determine whether vindesine
sulfate inhibits CHKV infection, BHK-21 cells, which are suscep-
tible to CHKV, were treated with DMSO or 1 #M vindesine sulfate
for 1 h, adsorbed with CHKV vaccine strain 181/25 or virulent
strain SL15649, incubated for 10 h, and scored for infection by
indirect immunofluorescence (Fig. 6A and B). In contrast to find-
ings made in our studies of reovirus, vindesine sulfate did not
impair CHKV infection, suggesting that CHKV does not require
microtubule function to efficiently enter cells. These results are in
agreement with a requirement for microtubules in the maturation
of early to late endosomes (34) and provide additional evidence
that the drug does not impair reovirus infection by nonspecific
cytotoxic effects.

Vindesine sulfate alters reovirus disassembly kinetics. As a
final experiment to define the step in reovirus replication blocked
by microtubule inhibitors, we tested whether inhibition of micro-
tubule function alters the kinetics of reovirus disassembly. CCL2
HeLa cells were treated with DMSO or 1 #M vindesine sulfate for

FIG 3 Reovirus uses microtubules to enter cells. CCL2 HeLa cells were adsorbed with T3SA! at an MOI of 2 # 104 particles/cell at room temperature and
incubated at 37°C for 0, 20, or 120 min. Cells were fixed in methanol, stained for reovirus (red) or $-tubulin (green), and imaged by confocal microscopy. Single
sections from a Z-stack as well as a merged image are shown for each stain. Insets depict enlarged areas from boxed regions. Scale bars, 10 #m.
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1 h, adsorbed with reovirus, and incubated from 0 to 120 min.
Whole-cell lysates were resolved by SDS-PAGE and immunoblot-
ted using a reovirus-specific antiserum to detect viral capsid pro-
tein #1 and its major cleavage fragment, % (Fig. 6C). In control-
treated cells, % was detected by 20 min, with increasing band
intensity noted over the experimental time course. In vindesine
sulfate-treated cells, % was not detected until 60 min after adsorp-
tion. Densitometric analysis of three independent experiments
showed delayed #1-to-% conversion at all times tested in vindesine
sulfate-treated cells in comparison to control cells (Fig. 6D). We
conclude that inhibition of microtubule function leads to ineffi-
cient access to acidified endosomal compartments, which in turn
delays the disassembly of internalized virions.

DISCUSSION
In this study, we found that reovirus colocalizes with microtubule
tracks during cell entry and requires microtubule function and
microtubule motor dynein 1 to efficiently traverse the endocytic
pathway. Microtubule function is not required for internalization
of reovirus virions but rather facilitates targeting of reovirus to
acidified endosomes for viral disassembly. Treatment of cells with
microtubule inhibitors blocks reovirus infection in a temporal

window in which the virus transits from early to late endosomes.
These results highlight a new function for microtubules in reovi-
rus replication and suggest that impairment of microtubule activ-
ity might diminish infection by viruses that require access to late
endosomes to establish productive infection.

Endocytic uptake of macromolecular cargo requires the coor-
dinated action of several host factors, including receptors, Rab
GTPases, and enzymes that regulate endocytic transport by mod-
ifying targets at specific intracellular sites. For some cargo, micro-
tubules and microtubule-associated motors are required for
transport to and from the cell surface. Importantly, the matura-
tion of early to late endosomes is dependent on microtubule func-
tion (34). Rab-interacting lysosomal protein (RILP), a Rab7
adapter, recruits dynactin and dynein to late endosomes, promot-
ing late endosome movement toward the cell interior (35). Reo-
virus is transported to Rab7-marked endosomes during cell entry
(13), and expression of dominant-negative RILP inhibits reovirus
infection (13). Thus, disruption of microtubule function appears
to delay reovirus disassembly by slowing the maturation of the
reovirus-containing endosomal fraction. This model is supported
by the observed decrease in colocalization of reovirus with
LAMP1-marked endosomes. Additional support comes from the

FIG 4 Vindesine sulfate impairs transport of reovirus in the endocytic pathway. (A) CCL2 HeLa cells were incubated with DMSO or 1 #M vindesine sulfate,
adsorbed with A546-labeled T3SA! at an MOI of 5 # 103 particles/cell, and incubated with DMSO or 1 #M vindesine sulfate for the times shown. Cells were
stained with reovirus-specific antiserum using nonpermeabilizing conditions. Mean fluorescence intensity (MFI) was assessed by flow cytometry. Results are
presented as a ratio of extracellular to total mean fluorescence intensity for triplicate samples. Error bars indicate standard deviations. (B) CCL2 HeLa cells were
incubated with DMSO or 1 #M vindesine sulfate, adsorbed with pHrodo-labeled T3SA! at an MOI of 5 # 103 particles/cell, and incubated with DMSO or 1 #M
vindesine sulfate for the times shown. MFI was assessed by flow cytometry. Error bars indicate standard deviations. (C) CCL2 HeLa cells were transfected with
EGFP-Rab5A, incubated with DMSO or 1 #M vindesine sulfate, adsorbed with A546-labeled T3SA! at an MOI of 104 particles/cell, and incubated with DMSO
or 1 #M vindesine for 120 min. Cells were fixed and imaged by confocal microscopy. Results are expressed as percent colocalization of reovirus particles with
Rab5A-positive endosomes (n $ 8 cells per condition). Error bars indicate minimum and maximum values. (D) CCL2 HeLa cells were incubated with DMSO
or 1 #M vindesine sulfate, adsorbed with A546-labeled T3SA! (red) at an MOI of 104 particles/cell, and incubated with DMSO or 1 #M vindesine sulfate for 60
or 120 min. Cells were fixed, stained with a LAMP1-specific antibody (green), and imaged by confocal microscopy. Representative images from 120 min shown.
Insets depict enlarged areas of boxed regions. Scale bars, 10 #m. (E) Percent colocalization of reovirus particles with LAMP-1-positive endosomes (n $ 10 cells
per condition). Error bars indicate minimum and maximum values. *, P " 0.05 in comparison to DMSO by Student’s t test.
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observation that vindesine sulfate does not diminish infection af-
ter adsorption of ISVPs, which are uncoated in vitro and thus do
not require access to cathepsin-containing organelles to establish
infection (16–18). As an important control, vindesine sulfate does
not inhibit infection by CHKV, which uncoats in early endosomes
(33). Impairment of endosomal maturation might be responsible
for the aggregates of reovirus particles observed in vindesine
sulfate-treated cells. Interestingly, reovirus virions do not accu-
mulate in early endosomes in cells treated with vindesine sulfate
(Fig. 4C). Instead, viral particles in vindesine sulfate-treated cells
aggregate in clusters in the cytoplasm. These observations suggest
that in the absence of microtubule function, viral particles are
missorted during cell entry and not trapped in early endosomes.

Our report highlights the potential for drugs that inhibit endo-
somal maturation for use as broadly active anti-infectives. Such
drugs could inhibit viruses, bacteria, bacterial toxins, and para-
sites that require access to late endosomes and lysosomes to me-
diate pathological effects. Avian reovirus, a fusogenic reovirus
that, unlike mammalian reovirus, enters cells via caveolin-1 and
causes infected cells to form syncytia (36, 37), also uses microtu-
bules to enter cells (36). This finding suggests that employment of
microtubules by fusogenic and nonfusogenic reoviruses is a con-
served cell entry mechanism despite the use of different endocytic
uptake pathways. Adenovirus (38) and Borna disease virus (39)
also use microtubules and microtubule motors during cell entry
(40). Enterococcus faecalis requires microtubules for efficient in-
ternalization into cells (41). Cytotoxic necrotizing factor 1
(CNF1), a toxin produced by some pathogenic Escherichia coli
strains, requires microtubule function to access late endosomes
for the processing required for cytotoxicity (42). Flubendazole, a
compound identified in our screen as impairing reovirus cytotox-
icity, inhibits infection by nematodes (43). While currently avail-
able microtubule-inhibiting compounds are associated with sig-
nificant adverse effects (21), it is possible that safer agents could be
developed for anti-infective therapies that transiently inhibit en-
dosomal maturation.

Reovirus strain T3D, which has been trademarked as Reolysin,
is being evaluated in clinical trials for efficacy as an oncolytic agent
in combination with various chemotherapeutic drugs, including
the microtubule inhibitor docetaxel (5). Our findings suggest that
pairing reovirus with microtubule-inhibiting agents during onco-
lytic therapy may limit virus-induced cell killing. Cancer treat-
ment regimens that use reovirus and microtubule-inhibiting
drugs may be more efficacious if the administration of virus and
chemotherapeutic is not simultaneous. We found that addition of
vindesine sulfate to reovirus-infected cells at up to 1 h after infec-
tion fails to significantly diminish infection. Thus, we think it
important to assess the effects of pharmacological agents on viral
infectivity when these treatments are used in combination.

The NCC screen yielded six candidate compounds that do not
target microtubules. Procarbazine, which promotes DNA damage
(44), and 6-azauridine, which inhibits pyrimidine synthesis (45),
likely impair reovirus replication by affecting viral transcription
or genome replication. The identification of nicotinic acetylcho-
line receptor and serotonin receptor agonists as drugs that impair
reovirus-induced cytotoxicity points to interesting cellular tar-
gets. The nicotinic acetylcholine receptor is expressed in the brain
(46), and serotonin receptors are expressed in both the brain and
gastrointestinal tract (47). Both of these organs are sites for reovi-
rus replication in the infected host (1). Finally, the identification
of indomethacin, which inhibits cyclooxygenase 1 and 2 (48), sug-
gests a yet-uncharacterized function for cyclooxygenases in reovi-
rus replication. Further studies are required to determine whether
these drugs inhibit reovirus replication and to define the antiviral
mechanisms by which they act.

The identification of host molecules that regulate steps in viral
replication enhances an understanding of how viruses use basic
cellular processes to propagate and disseminate. These studies also
yield new knowledge about cellular functions and illuminate new
targets for antiviral drug development. In this study, we used a
high-throughput screening approach to identify microtubules
and microtubule motor dynein 1 as host factors required for reo-
virus cell entry, initiation of infection, and consequent cell death.

FIG 5 Reovirus uses microtubule motor dynein 1 to efficiently infect cells.
(A) (Left panel) HBMECs were transfected with a nonspecific siRNA (scram-
bled) or an siRNA specific for dynein 1 heavy chain (dynein 1), adsorbed with
reovirus strains T1L or T3D at an MOI of 15 PFU/cell, and incubated for 24 h.
Cells were scored for infection by indirect immunofluorescence. Results are
presented as mean fluorescence intensity normalized to cell number and back-
ground fluorescence for triplicate wells. Error bars indicate standard devia-
tions. (Right panel) Whole-cell lysates of HBMECs transfected with nonspe-
cific or dynein 1-specific siRNAs were analyzed by immunoblotting using
dynein 1 heavy chain (HC)-specific or actin-specific antibodies. (B and C)
HBMECs (B) or CCL2 HeLa cells (C) were adsorbed with T1L at an MOI of 104

particles/cell and incubated for 20 min. Cells were stained for reovirus (red)
and dynein 1 heavy chain (green) and imaged by confocal microscopy. A single
section from a Z-stack is shown. Insets depict enlarged areas from boxed re-
gions. Scale bars, 10 #m.
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Findings made in this study should contribute to the development
of improved strategies for use of reovirus as an oncolytic and es-
tablish a platform for testing microtubule inhibitors as anti-
infective agents.

MATERIALS AND METHODS
Cells, viruses, chemical inhibitors, and antibodies. Spinner-adapted
murine L929 cells, CCL2 HeLa cells, HeLa S3 cells, and HBMECs were
cultivated as previously described (13, 28). BHK-21 and Vero81 cells were
cultivated in Alpha minimal essential medium (MEM) (Sigma) supple-
mented to contain 5% fetal bovine serum (FBS) (Vero81) or 10% FBS
(BHK-21) and L-glutamine. Medium for all cells was supplemented with
penicillin-streptomycin (Invitrogen) and amphotericin B (Sigma).

Purified virions of reovirus strains T1L, T3D, and T3SA! were pre-
pared by plaque purification and passage using L929 cells as previously
described (12, 13, 28). ISVPs were generated by treating particles with
$-chymotrypsin (Sigma) as previously described (12). Reovirus virions
were labeled with succinimidyl ester Alexa Fluor 546 (A546) or pHrodo
SE (pHrodo) (Invitrogen) as previously described (13).

CHKV strain 181/25 was provided by Robert Tesh (University of
Texas Medical Branch). Viral RNA was isolated from a plaque-purified
isolate, and cDNA was generated using random hexamers. Overlapping
fragments were amplified, cloned into pCR2.1 TOPO (Invitrogen), and
sequenced. The 5= untranslated region was sequenced using 5= rapid am-
plification of cDNA ends. An infectious clone was synthesized by Gen-
Script (Piscataway, NJ) in four fragments. Genome fragments were as-
sembled and subcloned into pSinRep5 low-copy-number plasmid. The
CHKV strain SL15649 infectious clone was provided by Mark Heise (Uni-
versity of North Carolina at Chapel Hill) (49). Infectious clone plasmids
for 181/25 and SL15649 were linearized and transcribed in vitro using an
mMessage mMachine SP6 transcription kit (Ambion). BHK-21 cells were
electroporated with viral RNA and incubated at 37°C for 24 h. Superna-
tants containing progeny virus were harvested from electroporated cells
and stored at %80°C. All experiments using SL15649 were performed
using biosafety level 3 conditions.

Ammonium chloride (NH4Cl; Gibco) was resuspended in water.

E64-d, colchicine, nocodazole (Sigma), docetaxel, flubendazole, and vin-
desine sulfate (Sequoia Research Products) were resuspended in DMSO.
The immunoglobulin G (IgG) fraction of a rabbit antiserum raised against
T1L or T3D was purified as previously described (6). LAMP1-specific and
dynein heavy chain-specific monoclonal antibodies (Abcam), $-tubulin-
specific monoclonal antibody (Cell Signaling Technology), actin-specific
polyclonal antiserum (Santa Cruz Biotechnology), and CHKV-specific
antiserum (ATCC) were used for indirect immunofluorescence experi-
ments, infectivity assays, and immunoblot analyses. Alexa Fluor-
conjugated antibodies (Invitrogen) were used as secondary antibodies.

Cell viability assay. HeLa S3 cells were incubated with OMEM-1 (In-
vitrogen) medium containing DMSO, E64-d, NH4Cl, or microtubule in-
hibitors at 37°C for 1 h and adsorbed with T3SA! at a multiplicity of
infection (MOI) of 200 PFU/cell in the presence of DMSO, E64-d, NH4Cl,
or microtubule inhibitors in OMEM-I medium at 37°C for 48 h. Cell
viability was quantified using the Cell Titer Glo assay.

Quantification of reovirus infectivity. Reovirus infectivity was as-
sessed by indirect immunofluorescence (50). Cells were incubated with
complete medium containing DMSO or chemical inhibitors at 37°C for
1 h, adsorbed with reovirus at room temperature for 1 h, and incubated
with complete medium containing DMSO or chemical inhibitors at 37°C
for 20 h. Cells were fixed and stained with reovirus-specific antiserum and
goat anti-rabbit IRDye 800 (Li-COR), DRAQ5 (Cell Signaling), and Sap-
phire700 (Li-COR). Immunofluorescence was detected using a Li-COR
Odyssey infrared imaging system (Li-COR). Infectivity was quantified
using the In-Cell Western feature of the Odyssey software suite.

Confocal microscopy of reovirus-infected cells. Confocal micros-
copy of reovirus-infected cells was performed as previously described (12,
13). HeLa CCL2 cells were incubated with complete medium containing
DMSO or vindesine sulfate at 37°C for 1 h. Cells were adsorbed with
reovirus at an MOI of 2 # 104 particles/cell and either fixed with ice-cold
methanol or incubated in complete medium containing DMSO or vin-
desine sulfate at 37°C for 120 min followed by fixation with ice-cold meth-
anol. Cells were incubated with reovirus-specific polyclonal and
$-tubulin-specific antiserum followed by Alexa Fluor IgG A488 or A546.

FIG 6 Vindesine sulfate does not affect CHKV infection but alters reovirus disassembly kinetics. (A) BHK-21 cells were incubated with DMSO or 1 #M
vindesine sulfate, adsorbed with CHKV strain 181/25 or SL15649 at an MOI of 1 PFU/cell, and incubated with DMSO or vindesine sulfate for 10 h. Cells were
stained with CHKV-specific antiserum and DAPI to detect nuclei. Infection was quantified by indirect immunofluorescence. Results are presented as percent
infected cells from triplicate wells. Error bars indicate standard deviations. (B) Images of DMSO- or vindesine sulfate-treated BHK-21 cells infected with CHKV
strain 181/25 or SL15659 and stained with CHKV-specific antiserum. (C) CCL2 HeLa cells were incubated with DMSO or 1 #M vindesine sulfate, adsorbed with
T3SA! at an MOI of 10 PFU/cell, and incubated with DMSO or 1 #M vindesine sulfate for the times shown. Whole-cell lysates were immunoblotted using
reovirus-specific antiserum. (D) Densitometric analysis of the % cleavage fragment of reovirus #1 protein from triplicate experiments. Error bars indicate
standard errors of the mean. The key indicates times in minutes.
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Coverslips were placed on slides using aqua-Poly/Mount mounting me-
dium (Polysciences, Inc.).

Colocalization of reovirus particles with Rab5A-positive endosomes
was assessed by transfecting CCL2 HeLa cells with EGFP-Rab5A (13)
using Fugene 6 (Roche). Cells were incubated at 37°C for 24 h, incubated
with medium containing DMSO or vindesine sulfate at 37°C for 1 h,
adsorbed with A546-labeled reovirus at an MOI of 104 particles/cell, in-
cubated with complete medium containing DMSO or vindesine sulfate
for 120 min, fixed for 20 min with 10% formalin, quenched with 0.1 M
glycine, washed with phosphate-buffered saline (PBS), and placed on
slides using aqua-Poly/Mount mounting medium.

Colocalization of reovirus particles with LAMP1-positive endosomes
was determined by incubating CCL2 HeLa cells with complete medium
containing DMSO or vindesine sulfate at 37°C for 1 h followed by adsorp-
tion with A546-labeled reovirus at an MOI of 104 particles/cell and incu-
bation with complete medium containing DMSO or vindesine sulfate for
various intervals, after which the cells were fixed and stained with LAMP1-
specific antibody. Colocalization of reovirus particles with dynein 1 was
determined by adsorbing HBMECs or CCL2 HeLa cells with reovirus at an
MOI of 104 particles/cell, after which the cells were incubated with com-
plete medium for 20 min, fixed in methanol, and stained with reovirus-
specific antiserum and dynein heavy chain-specific antibody.

Images were captured using a Zeiss LSM 510 Meta laser scanning
confocal microscope and a 63#/1.40 numerical aperture (NA) Plan-
Apochromat oil objective. Pinhole sizes were identical for all fluors. Im-
ages were normalized for pixel intensity, brightness, and contrast. Single
sections of 0.39 #M thickness from a Z-stack are presented. Colocaliza-
tion was determined using the Profile function of LSM Image software
(Zeiss) (12, 13).

Flow cytometric analysis of reovirus internalization. CCL2 HeLa
cells were treated with DMSO or vindesine sulfate in complete medium at
37°C for 1 h and adsorbed with A546-labeled reovirus at an MOI of 5 #
103 particles/cell at room temperature for 1 h. The inoculum was re-
moved, and cells were incubated with complete medium containing
DMSO or vindesine sulfate for various intervals. Cells were detached with
Cellstripper (Cellgro) at 37°C for 15 min, quenched with fluorescence-
activated cell sorter (FACS) buffer (PBS with 2% FBS), and stained with
reovirus-specific polyclonal antiserum in FACS buffer at 4°C for 30 min.
Cells were washed with FACS buffer, stained with Alexa Fluor-conjugated
antibodies in FACS buffer at 4°C for 30 min, and fixed in PBS with 1%
electron microscopy (EM)-grade paraformaldehyde (FACS Fix; Electron
Microscopy Sciences).

Flow cytometric analysis of reovirus acidification was performed as
previously described (13). Cells were treated with DMSO or vindesine
sulfate in complete medium at 37°C for 1 h, adsorbed with pHrodo-
labeled reovirus at an MOI of 5 # 103 particles/cell, incubated in complete
medium containing DMSO or vindesine sulfate for various intervals, and
fixed in FACS Fix. Cell staining was assessed using a BD LSRII flow cy-
tometer and quantified using FlowJo software.

Knockdown of dynein 1 heavy chain by RNAi. HBMECs were trans-
fected with 10 nM nonspecific siRNA or an siRNA specific for the dynein
1 heavy chain using Lipofectamine RNAi Max (Invitrogen) according to
the manufacturer’s instructions. Cells were incubated at 37°C for 48 h,
adsorbed with reovirus at an MOI of 15 PFU/cell at room temperature for
1 h, and incubated at 37°C for 24 h. Cells were fixed with methanol and
scored for infection by indirect immunofluorescence.

Immunoblotting for dynein 1 heavy chain. Immunoblot analysis of
cell lysates was performed as previously described (12). Total cell lysates of
HBMECs transfected with nonspecific or dynein 1 heavy chain-specific
siRNAs were resolved by SDS-PAGE and immunoblotted with primary
antibodies specific for dynein 1 heavy chain and actin. Membranes were
scanned using an Odyssey imaging system, and band intensity was quan-
tified using the Odyssey software suite.

CHKV infectivity assay. BHK-21 cells were incubated with DMSO or
vindesine sulfate in complete medium at 37°C for 1 h and adsorbed with

CHKV strain 181/25 or SL15649 at an MOI of 1 PFU/cell in the presence
of DMSO or vindesine sulfate at 37°C for 1 h. The inoculum was removed,
and cells were incubated with complete medium containing DMSO or
vindesine sulfate at 37°C for 10 h. Cells were fixed with ice-cold methanol
and incubated with CHKV-specific polyclonal antiserum, A488-labeled
IgG, and 4=,6-diamidino-2-phenylindole (DAPI; Invitrogen). Cells were
visualized using an Axiovert 200 fluorescence microscope (Zeiss). CHKV-
positive cells were enumerated in three fields of view for triplicate samples
and normalized to total cells per field.

Assessment of reovirus disassembly kinetics. CCL2 HeLa cells
were treated with DMSO or vindesine sulfate in complete medium at
37°C for 1 h, adsorbed with reovirus at an MOI of 10 PFU/cell at room
temperature for 1 h, and incubated in complete medium with DMSO
or vindesine sulfate for various intervals. Total cell lysates were re-
solved by SDS-PAGE and immunoblotted with reovirus-specific poly-
clonal antiserum. Immunoblots were quantified by densitometry anal-
ysis using Odyssey software.

Statistical analysis. Mean values for at least triplicate experiments
were compared using one-way analysis of variance (ANOVA) with Dun-
nett’s multiple-comparison test (Graph Pad Prism). P values of "0.05
were considered to be statistically significant. Alternatively, samples were
compared using an unpaired Student’s t test (Graph Pad Prism). P values
of "0.05 were considered to be statistically significant.
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ABSTRACT Most viruses that replicate in the cytoplasm of host cells form neo-organelles that serve as sites of viral genome repli-
cation and particle assembly. These highly specialized structures concentrate viral replication proteins and nucleic acids, prevent
the activation of cell-intrinsic defenses, and coordinate the release of progeny particles. Despite the importance of inclusion
complexes in viral replication, there are key gaps in the knowledge of how these organelles form and mediate their functions.
Reoviruses are nonenveloped, double-stranded RNA (dsRNA) viruses that serve as tractable experimental models for studies of
dsRNA virus replication and pathogenesis. Following reovirus entry into cells, replication occurs in large cytoplasmic structures
termed inclusions that fill with progeny virions. Reovirus inclusions are nucleated by viral nonstructural proteins, which in turn
recruit viral structural proteins for genome replication and particle assembly. Components of reovirus inclusions are poorly
understood, but these structures are generally thought to be devoid of membranes. We used transmission electron microscopy
and three-dimensional image reconstructions to visualize reovirus inclusions in infected cells. These studies revealed that reovi-
rus inclusions form within a membranous network. Viral inclusions contain filled and empty viral particles and microtubules
and appose mitochondria and rough endoplasmic reticulum (RER). Immunofluorescence confocal microscopy analysis demon-
strated that markers of the ER and ER-Golgi intermediate compartment (ERGIC) codistribute with inclusions during infection,
as does dsRNA. dsRNA colocalizes with the viral protein !NS and an ERGIC marker inside inclusions. These findings suggest
that cell membranes within reovirus inclusions form a scaffold to coordinate viral replication and assembly.

IMPORTANCE Viruses alter the architecture of host cells to form an intracellular environment conducive to viral replication. This
step in viral infection requires the concerted action of viral and host components and is potentially vulnerable to pharmacologi-
cal intervention. Reoviruses form large cytoplasmic replication sites called inclusions, which have been described as membrane-
free structures. Despite the importance of inclusions in the reovirus replication cycle, little is known about their formation and
composition. We used light and electron microscopy to demonstrate that reovirus inclusions are membrane-containing struc-
tures and that the endoplasmic reticulum (ER) and the ER-Golgi intermediate compartment interact closely with these viral or-
ganelles. These findings enhance our understanding of the cellular machinery usurped by viruses to form inclusion organelles
and complete an infectious cycle. This information, in turn, may foster the development of antiviral drugs that impede this es-
sential viral replication step.
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The replication and assembly of many viruses occur in special-
ized intracellular compartments known as virus factories, viral

inclusions, or viroplasms. These neo-organelles formed during
viral infection concentrate viral replication proteins and nucleic
acids, prevent the activation of cell-intrinsic defenses, and coordi-
nate the release of progeny particles (1–3). Many RNA viruses
build factories by remodeling host membranes and creating new
interorganelle contacts (4). Interestingly, membrane rearrange-
ments are induced by both enveloped and nonenveloped viruses,

suggesting that viral replication requires the physical support of
cell membranes, even for those viruses that do not incorporate
membranes into progeny particles (5). The growing interest in
understanding how virus factories form, coupled with technical
advances in genomics, proteomics, and cell imaging, has advanced
our knowledge of the biogenesis and architecture of these unique
structures. However, for many viruses, it is not known how these
structures form and mediate their functions.

Mammalian orthoreoviruses (reoviruses) are nonenveloped,
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double-shelled viruses that contain a genome of 10 double-
stranded RNA (dsRNA) segments (6). Following the entry of re-
ovirus into cells, the outer capsid is removed within the endocytic
compartment (7–9), which allows the release of transcriptionally
active core particles into the cytoplasm (10–13). These particles
initiate a primary round of transcription to produce full-length,
message-sense, single-stranded RNAs (ssRNAs) corresponding to
each viral gene segment (14, 15). Reovirus ssRNAs can be trans-
lated and also serve as templates for minus-strand synthesis to
generate nascent genomic dsRNA within replicase particles (16).
These particles initiate a secondary round of transcription that
fuels most viral protein synthesis (17). Particle assembly is com-
pleted by the addition of outer-capsid proteins onto nascent cores.

Viral RNA assortment, genome replication, secondary tran-
scription, and particle assembly occur within specialized virus-
derived neo-organelles, termed inclusions, which form in the host
cell cytoplasm (14, 16, 18–22). Inclusions can be detected by con-
focal microscopy as early as 4 h postinfection (hpi) and contain

viral proteins and dsRNA, as well as particles at various stages of
morphogenesis (23–26). Mature viral progeny are arranged in
paracrystalline arrays at late times postinfection prior to viral re-
lease (18, 21, 27). It is not thought that reovirus inclusions require
membrane for their formation or function.

Most cell lines are readily infected by numerous reovirus
strains (6). However, Madin-Darby canine kidney (MDCK) cells
are susceptible to infection by reovirus strain type 1 Lang (T1) but
not strain type 3 Dearing (T3) (28, 29). The primary determinant
of this replication difference is the viral M1 gene (29), which en-
codes !2, a multifunctional replication protein. The critical !2-
dependent function in the replication cycle in MDCK cells occurs
at a postentry step in the viral life cycle, following primary tran-
scription and translation but prior to dsRNA synthesis (29). Fur-
ther characterization of T3 replication in MDCK cells revealed
that particle assembly is defective (30). These studies indicate that
events within the inclusion involving the interaction of viral pro-
teins and cell-type-specific factors promote the development of

FIG 1 Ultrastructure of reovirus inclusions in HeLa cells. HeLa cells were infected with reovirus strain T3-T1M1 (A to C) or T3 (D to F) and fixed at 8, 12, or
24 hpi. Ultrathin (~60- to 70-nm) sections were imaged by TEM. Inclusions are marked with white asterisks, RER cisternae are marked with black arrows, smooth
membranes inside inclusions are marked with white arrowheads, and coated microtubules are marked with white arrows. T3-T1M1 inclusions at 8 (A), 12 (B),
and 24 (C) hpi and T3 inclusion at 8 (D), 12 (E), and 24 (F) hpi are shown. LD, lipid droplet; mi, mitochondria; N, nucleus. Scale bars: 0.5 !m.
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inclusions with the capacity to generate fully assembled infectious
virions. Thus, the formation of reovirus inclusions is a determi-
nant of virus cell tropism.

In this study, we used transmission electron microscopy
(TEM), three-dimensional (3D) image reconstructions, and im-
munofluorescence confocal microscopy to study the composition
and organization of reovirus neo-organelles. Surprisingly, we
found that reovirus inclusions formed in HeLa cells are membra-
nous webs in which viral particles are embedded. Using organelle
markers, we found that the endoplasmic reticulum (ER) and ER-
Golgi intermediate compartment (ERGIC) are remodeled during
infection and codistribute with inclusions. Membrane recruit-
ment also occurs during reovirus infection of MDCK cells, sug-
gesting a function for cellular membranes in reovirus replication
in different cell types. These results suggest that reovirus inclu-
sions are complex structures that recruit cell membranes to house
functions required for viral replication.

RESULTS
Reovirus inclusions are surrounded by membranes and mito-
chondria. To define the organization of reovirus inclusions, we
performed ultrastructural studies of infected cells. HeLa cells were
infected with reovirus strain T3-T1M1 or T3, each of which estab-
lishes productive infection of this cell line (data not shown), and
imaged by TEM. We observed that inclusions formed by either
strain were partially surrounded by ER membranes (Fig. 1). Mi-
tochondria and rough ER (RER) cisternae surrounded and at-
tached to inclusions at 8 and 12 hpi (Fig. 1A and B and D and E).
Quantification of imaging data from 53 randomly selected inclu-
sions showed that RER elements associated with all of them.

Smooth membranes were frequently observed to be connected
with the interior of inclusions (white arrowheads in Fig. 1A).
Thick, coated microtubules were detected inside and adjacent to
the inclusions formed by both strains at 12 and 24 hpi but were not
observed at 8 hpi (Fig. 1B and C and 2). At 24 hpi, inclusions
developed into large structures that occupied extensive areas of
the cytosol (Fig. 1C and F and 2A and C) with mitochondria and
RER cisternae remaining closely apposed. No significant changes
in mitochondrial morphology or integrity were observed during
infection. Most of the viral particles within inclusions at early
times (8 and 12 hpi) exhibited mature morphology, as demon-
strated by dark staining inside the viral particle surrounded by
lighter staining (Fig. 1A and B and D and E). However, at 24 hpi,
empty particles were more numerous (Fig. 2B and D).

Imaging of cells at higher magnification showed details of the
membranes and microtubules contained within reovirus inclu-
sions (Fig. 3). RER elements were observed attached at discrete
points to the inclusion periphery, but characteristic RER cisternae
were rarely observed inside these structures. However, the smooth
membranes associated with cytosolic viral particles and seen in-
side inclusions appeared to be connected to RER (Fig. 3A and B).
Occasionally, RER elements on the periphery of inclusions were
joined with cubic membrane sheets (Fig. 3C) reminiscent of the
membranous platforms assembled by other viruses (5, 31).
Coated microtubules were found to fill the inclusions at 24 hpi
(Fig. 3D). Both filled and empty viral particles appeared to attach
to coated microtubules but not to uncoated microtubules
(Fig. 3E).

Cell membranes are associated with inclusions during non-
productive T3 infection in MDCK cells. In contrast to HeLa cells,

FIG 2 TEM of HeLa cells infected with reovirus strain T3-T1M1 or T3 at 24 hpi. Low (A) and high (B) magnifications of cells infected with T3-T1M1 are shown.
(A) Perinuclear inclusion (black arrows). (B) Enlargement of highlighted area in panel A. The inclusion contains filled viral particles (black arrowhead), empty
viral particles (white arrowhead), and coated microtubules (white arrows). (C, D) Low (C) and high (D) magnifications of cells infected with T3. In panel C,
perinuclear inclusions are marked with black arrows. Panel D is an enlargement of the boxed area in panel C. The inclusion contains filled (black arrowhead) and
empty (white arrowhead) particles. Scale bars: 3 !m in panels A and C, 0.25 !m in panels B and D.
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reovirus strains T3 and T3-T1M1 differ in the capacity to com-
plete a replication cycle in MDCK cells (28, 29). Although T3 can
infect MDCK cells and form inclusion-like structures, yields of
viral progeny in these cells are markedly less than those produced
by T3-T1M1 (29, 30). To determine whether membranes are as-
sociated with the inclusions formed by reovirus in another cell
type and to gain insight into the elements required for the biogen-
esis of functional inclusions, we imaged MDCK cells infected with
either T3-T1M1 (permissive) or T3 (nonpermissive) reovirus (see
Fig. S1 in the supplemental material). Inclusions formed in
MDCK cells infected with T3-T1M1 at 8, 12, and 24 hpi were
similar to those observed in HeLa cells. In contrast, inclusion for-
mation was delayed in T3-infected MDCK cells, consistent with
previous observations (29; data not shown). Accordingly, inclu-
sions in T3-infected MDCK cells were scarce at 8 and 12 hpi but
numerous and large at 24 hpi (data not shown). ER membranes
and mitochondria were associated with inclusions formed in cells
infected with either virus strain (see Fig. S1A, D, and E). Vacuoles
containing fibers and a few viral particles were observed in inclu-
sions assembled by T3 reovirus (see Fig. S1E). However, microtu-
bules were observed only in the inclusions assembled by T3-T1M1
(see Fig. S1A and B). Inclusions formed in T3-T1M1-infected cells
contained numerous mature virions and few empty particles (see
Fig. S1C), whereas in cells infected by T3, the inclusions contained
numerous empty particles and few mature virions (see Fig. S1F).
These data corroborate previous TEM studies of reovirus infec-

tion of MDCK cells (29, 30). In addition, T3 inclusions were filled
with many smaller particles, which appeared to be subassemblies
of macromolecules containing nucleic acid, as shown by a density
darker than that in empty particles. These particles were irregular
in size and did not have a shell (see Fig. S1F). These findings
suggest that reovirus recruits membranes to the inclusions formed
in HeLa and MDCK cells.

Reovirus inclusions associate with ERGIC and ER elements.
To elucidate the cellular source of the inclusion-associated mem-
branes, we stained T3-T1M1-infected HeLa and MDCK cells with
different organelle markers (Fig. 4; see Fig. S2 in the supplemental
material). Viral inclusions were marked with an antibody specific
for the "NS protein, which is an essential reovirus inclusion com-
ponent (23, 25, 32). ER marker protein disulfide isomerase (PDI)
distributed with inclusions in both HeLa cells (see Fig. S2A to C)
and MDCK cells (data not shown). Golgi compartment markers
giantin and wheat germ agglutinin (WGA) were not associated
with inclusions during infection, and the staining patterns of each
did not differ between infected and uninfected cells (see Fig. S2D
to I). These findings make it unlikely that the Golgi compartment
serves as a source of membranes associated with reovirus inclu-
sions. Higher-magnification images showed ER marker PDI in
close apposition to viral inclusions at early and late times after
infection (Fig. 4A to F), whereas the PDI staining was mostly pe-
rinuclear in uninfected cells (see Fig. S2A to C). Type I transmem-
brane protein ERGIC-53, which has been used in previous studies

FIG 3 TEM of viral inclusions in T3-T1M1-infected HeLa cells. Inclusions are marked with white asterisks. (A) Viral particles (arrows) in small inclusions
attached to membranes in a region containing RER and the Golgi compartment at 8 hpi. (B) Smooth membranes (white arrowheads) inside an inclusion
surrounded by RER at 8 hpi. (C) Inclusion at 12 hpi surrounded by mitochondria and ER membranes. Some RER elements close to the inclusion (arrow on the
right) appear to be connected to a sheet of cubic membranes (black asterisk). (D) Inclusion at 24 hpi filled with coated microtubules (white arrows). (E) Higher
magnification of a different inclusion with viral particles attached to coated (~60 nm, white arrows) but not uncoated (~30 nm, black arrows) microtubules. N,
nucleus; C, centriole. Scale bars: 0.25 !m.
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to mark the ERGIC (33), localized within inclusion structures in
both HeLa and MDCK cells (Fig. 4G to L), as does the KDEL
receptor (see Fig. S2J to L), which marks the ERGIC and Golgi
compartment. Collectively, these observations suggest that the
ERGIC, a membranous system that functionally links the ER and
the Golgi compartment, is a source of inclusion-associated mem-
branes, consistent with our TEM studies.

To confirm that inclusions localizing with ERGIC-53 support
viral replication, T3-T1M1-infected HeLa and MDCK cells were
stained with a dsRNA-specific antibody (Fig. 4G to L). Staining for
dsRNA codistributed with inclusion marker "NS and ERGIC-53
inside the inclusions. These data suggest that membrane-filled
inclusions are sites of reovirus RNA replication.

Serial sections and 3D reconstructions reveal that reovirus
inclusions are membranous webs that contain microtubules. To
understand the global architecture of inclusions and the contribu-
tion of cell membranes and specific organelles to the construction
of these structures, we generated 3D reconstructions of reovirus
inclusions. Oriented serial sections of reovirus-infected cells were
imaged by TEM and processed for 3D reconstruction (see Fig. S3
and 4 in the supplemental material). The resulting 3D reconstruc-
tions showed that inclusions in HeLa cells are membranous webs
surrounded by mitochondria (Fig. 5; see Fig. S3A and B and Fig. S5
in the supplemental material). Smooth membranes of the inclu-
sions were observed to contact mitochondria in a variety of orien-
tations (arrows in Fig. 5; see Movie S1 in the supplemental mate-

FIG 4 Reovirus inclusions codistribute with ER and ERGIC elements. (A to F) HeLa cells were infected with T3-T1M1 for 12 h (A to C) or 24 h (D to F). Cells
were fixed; permeabilized; stained for "NS (green), PDI (red), or nuclei (blue); and visualized by confocal microscopy. Arrows indicate viral inclusions associated
with RER elements on the periphery. (G to L) HeLa cells (G to I) and MDCK cells (J to L) were infected with T3-T1M1 for 12 h; fixed; permeabilized; stained for
dsRNA (red), ERGIC-53 (magenta), "NS (green), or nuclei (blue); and visualized by confocal microscopy. Arrows indicate viral inclusions that contain dsRNA,
the ERGIC, and "NS. Scale bars: 10 !m.
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rial). RER cisternae also were observed to contact the inclusion
membranes and adjacent mitochondria (see Fig. S5 and
Movie S2). Microtubules and viral particles were embedded in the
inclusion membranous webs (Fig. 5; see Fig. S5A, and B). As de-
tected by 3D TEM, viral particles appeared to be attached to mi-
crotubules (see Fig. S5C and D). These features were observed in
all of the 3D reconstructions prepared from serial sections of
reovirus-infected cells (data not shown).

To analyze the morphology of inclusions formed by reovirus
strains that vary in the capacity to complete an infectious cycle,
TEM images were processed to generate 3D reconstructions of
inclusions formed in MDCK cells infected with strain T3-T1M1 or
T3 (Fig. 6). Numerous mitochondria and RER cisternae were ob-
served to surround the inclusions formed in T3-T1M1-infected
cells (Fig. 6A). RER membranes appeared to contact the smooth
membranes of the inclusions at 24 hpi, which are filled with ma-
ture virions, empty particles, and microtubules (Fig. 6A; see
Movie S3 in the supplemental material). However, inclusions
formed in T3-infected cells do not contain microtubules. In addi-
tion, most of the viral particles inside the membranous web in
T3-infected cells were empty, and fewer filled particles were ob-
served (Fig. 6B; see Movie S4). RER and mitochondria sur-
rounded the inclusions formed by T3 reovirus. Inclusions assem-
bled during T3-T1M1 infection were frequently observed close to
the plasma membrane at 24 hpi. Image reconstructions of those
inclusions showed viral particles adjacent to the plasma mem-
brane and attached to smooth membranes, RER cisternae, and
microtubules (Fig. 6C to E; see Movie S5). Together, our data
indicate that reovirus inclusions are associated with ER and ER-
GIC membranes and mitochondria, highlighting these cellular or-
ganelles as important constituents of viral replication factories.

DISCUSSION
In this study, we demonstrated that inclusions formed by reovirus
are associated with cell membranes. The participation of cell
membranes within inclusions is a new finding for reoviruses,

which previously had been thought to form inclusion complexes
devoid of membranes. However, other Reoviridae viruses require
membranes to replicate. Hyposoter exiguae reovirus (a reovirus of
the parasitoid wasp H. exiguae) is released from infected cells ex-
clusively by budding (34). Orbiviruses are variously described as
being membranophilic (35), pseudoenveloped (36), or transiently
enveloped (37). Rotavirus morphogenesis requires penetration of
the ER to acquire outer-shell proteins VP4 and VP7 (38, 39).
Therefore, the use of cell membranes to promote replication, as-
sembly, or release may be a general feature of dsRNA viruses.

Previous studies of the ultrastructure of reovirus inclusions
clearly demonstrate the presence of microtubules, but membranes
in association with inclusions have not been described (18, 30).
The discordance between our results and those obtained previ-
ously might be attributable to differences in the time postinfection
chosen for analysis and the strategies used for TEM. In conven-
tional TEM, samples must be thin, !100 nm, for electrons to be
able to traverse them and generate a projection image. These ul-
trathin sections of eukaryotic cells are single planes of much larger
volumes. Moreover, when analysis is restricted to random sections
of cells, scarce or nonrandomly distributed elements can be
missed. Oriented serial sections and 3D reconstructions avoid
these limitations and allow imaging of whole cells and a compre-
hensive analysis of intracellular contacts (5, 40, 41). This analysis
was instrumental in our finding that reovirus inclusions are em-
bedded in membrane.

Our 3D image reconstructions have revealed the complex or-
ganization of reovirus inclusions and the participation of cell
membranes (most likely derived from the ERGIC), mitochondria,
and microtubules in inclusion structure. Confocal microscopy
studies confirmed an association of the inclusions with the ER and
ERGIC and suggest that the Golgi complex does not contribute to
inclusion formation. Viral particles appear to attach to coated
microtubules and membranes inside the inclusion and remain
attached when reaching the plasma membrane. Microtubule coats
are likely to contain the viral !2 protein, which associates with

FIG 5 3D model of reovirus inclusions in HeLa cells. HeLa cells were infected with T3-T1M1 and fixed at 12 hpi. The inclusion was visualized by TEM of serial
sections, 3D reconstruction, and image processing. (A) Mitochondria (red) surround a network of membranes (yellow). RER (brown) and nuclear envelope
(blue) are adjacent to the inclusion. Filled viral particles (black), empty viral particles (white), and microtubules (green) are integrated into the inclusion
membrane network. (B) Rotation of the same reconstruction showing contacts between the inclusion membranes and mitochondria (arrows). The volume has
been superimposed onto the 2D image of one of the sections in the series.
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microtubules (42), as well as other viral and perhaps cellular pro-
teins. When a complete analysis is performed with serial sections
and 3D reconstructions, all of the inclusions identified in both
HeLa and MDCK cells are associated with mitochondria, ER ele-
ments, and membranous webs. We think that the cell membranes
within inclusions serve as a physical scaffold for inclusion forma-
tion and organize the reovirus nonstructural and structural pro-
teins required for viral genome replication and progeny particle
assembly. In this regard, RER cisternae make numerous contacts
with reovirus inclusions but do not surround them completely.
The association of RER with reovirus inclusions is reminiscent of
the structures of rubella virus replication organelles (43). In ru-
bella virus factories, RER cisternae provide a framework for newly

synthesized viral proteins to incorporate into viral replication
complexes (43).

Mitochondria are recruited to factories assembled by many
viruses (5). In keeping with this general feature of viral replication,
our 3D image reconstructions showed numerous contacts be-
tween reovirus inclusion membranes and mitochondria. More-
over, new interorganelle contacts have been visualized within re-
ovirus factories. For example, attachment of mitochondria to
ERGIC, the Golgi compartment, or lysosomes is not observed in
uninfected mammalian cells (5). Mitochondria may be used as an
energy source to power viral replication and also supply host fac-
tors required for viral genome synthesis and particle assembly, as
reported for rubella virus and tombusviruses (5, 43). In reovirus-

FIG 6 3D model of reovirus inclusions in MDCK cells. MDCK cells were infected with T3-T1M1 (A and C to E) or T3 (B) and fixed at 24 hpi. Membranes
(yellow), mitochondria (red), RER (light brown), microtubules (green), filled viral particles (black), and empty viral particles (white) are shown. (A) Image
reconstruction of an inclusion formed in T3-T1M1-infected cells. RER membranes surround and incorporate into the inclusion membrane network that
contains numerous mature virions, fewer empty particles, and microtubules. (B) Image reconstruction of an inclusion formed in T3-infected cells. Most of the
viral particles inside the membranous web are empty. No microtubules were observed inside or around the inclusion. Mitochondria, RER, and lipid droplets
(large white structures) surround the inclusion, which is in contact with the nuclear envelope (blue). (C) Image reconstruction of an inclusion close to the plasma
membrane (brown) in a cell infected with T3-T1M1. The plasma membrane from another cell is colored blue. The inclusion contains membranes (yellow) and
filled (black) and empty (white) viral particles. Peripheral RER elements, microtubules, and viral particles are in contact with the cytosolic face of the plasma
membrane. Enlargements of this region are shown in panels D and E. Viral particles attached to RER, microtubules, and the plasma membrane (arrows) are
visible.
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infected cells, the transfer of energy and host factors likewise
might be mediated by the physical contacts between mitochondria
and the inclusion membranous webs. RER also might serve as the
source of viral and cellular proteins required for inclusion activi-
ties.

The inclusions assembled in MDCK cells infected with strain
T3, which enters these cells but does not complete an infectious
cycle (28, 29), contain membrane but lack microtubules. This
finding suggests that microtubules are required for the functional
organization of inclusions and assembly of progeny particles.
Moreover, this finding provides a potential explanation for the
genetic linkage between the replication differences displayed by
reovirus strains in MDCK cells and the !2-encoding M1 gene (28,
29). The !2 protein interacts with microtubules and dictates in-
clusion morphology (42). Concordantly, microtubules are ob-
served in inclusions assembled by both T3 and T3-T1M1 in HeLa
cells, which support the replication of both strains (data not
shown). Microtubule function might be required to transport es-
sential components to inclusions, organize inclusion content, or
compartmentalize inclusion activities. Microtubules also might
be required to transport progeny particles to the plasma mem-
brane for subsequent release. It is not known whether microtu-
bules incorporate into small inclusions and enhance inclusion co-
alescence and growth, as reported for some other viruses (44, 45).
The delay in inclusion formation during T3 infection of MDCK
cells also could point to a defect in the recruitment or remodeling
of cell membranes. We observed membranes in association with
inclusions from the initial stages of inclusion assembly in HeLa
cells infected with either T3 or T3-T1M1, suggesting that mem-
branes could potentiate steps required for inclusion biogenesis.

An important question left unanswered by our study is the
mechanism by which progeny viral particles migrate from inclu-
sions to the cell periphery and exit infected cells. Reovirus exits
some cells by lysis (28, 46, 47). However, egress of virus from
polarized endothelial cells (48) and epithelial cells (49) is noncy-
tolytic. The mechanism by which nonenveloped viral particles are
released from infected cells without inducing cell lysis is not
known. ER membranes could be used by reovirus to traffic to the
cell periphery through some type of vesicular transport pathway
that bypasses the Golgi apparatus, as suggested by our 3D recon-
structions (Fig. 6). Unconventional vesicular trafficking has been
suggested for rotavirus egress, which also bypasses the Golgi ap-
paratus to reach the cell periphery (50). The rotavirus spike pro-
tein VP4 is particularly important for this process. Despite not
having transmembrane domains, VP4 interacts with lipids and is
enriched in lipid rafts (51). VP4 is essential for rotavirus release, as
it interacts with actin filaments in infected cells (52). A homolo-
gous reovirus protein responsible for interaction with lipids is not
known. All reovirus proteins lack transmembrane domains, and
posttranslational modifications are not completely defined, al-
though the !1 protein contains a myristoyl moiety (53). Lipida-
tion of reovirus proteins, specifically at late times after infection,
might be required for membrane recruitment and particle trans-
port to the cell periphery.

New technologies now offer access to the analysis of viruses in
cells in unprecedented detail. The complexity of the interaction
networks established in these contexts is changing our concept of
viruses from that of inert chemicals to living entities capable of
performing a wide variety of intracellular functions. Reovirus in-
clusions appear to assemble as membranous replication organ-

elles that are usually associated with mitochondria. However, it is
not known how the cellular organelles are recruited, how macro-
molecular transport operates inside the inclusions to connect viral
replication and morphogenesis, and how nonenveloped viruses
like reovirus exit the membranous scaffolds and leave the cell.
With the information provided by this study, we now can initiate
functional and mechanistic studies to identify the signals that reg-
ulate the biogenesis and activities of viral inclusions. This work
will enhance our knowledge of the cell biology of virus replication
and provide potential new therapeutic targets to ameliorate dis-
eases caused by pathogenic viruses.

MATERIALS AND METHODS
Cells and viruses. Spinner-adapted murine L929 fibroblast cells were
grown in either suspension or monolayer cultures as previously described
(54). HeLa CCL2 cells and MDCK cells were grown in Dulbecco’s modi-
fied Eagle’s medium containing 4.5 g/liter glucose, L-glutamine, and so-
dium pyruvate (Mediatech) supplemented to contain 10% fetal bovine
serum, 100 U/ml penicillin G (Gibco), 100 !g/ml streptomycin (Gibco),
and 0.25 !g/ml amphotericin B (Sigma). Reovirus strains T3 and T3-
T1M1 were recovered by using plasmid copies of gene segment cDNAs as
previously described (29). Virus was purified by cesium gradient centrif-
ugation as previously described (55). Viral titers were determined by
plaque assay with L929 cells (56).

TEM. Virus was allowed to adsorb to monolayers of HeLa and MDCK
cells at a multiplicity of infection (MOI) of 20 PFU/cell. Following incu-
bation at 37°C for 8, 12, or 24 h, cells were fixed at room temperature for
1 h with a mixture of 4% paraformaldehyde and 1% glutaraldehyde in
phosphate-buffered saline (pH 7.4), postfixed with 1% osmium tetroxide,
dehydrated in increasing concentrations of acetone, and processed for
embedding in epoxy resin EML-812 (TAAB Laboratories) as previously
described (57, 58). Osmium tetroxide is a lipid-staining agent used in
TEM to provide image contrast. Osmium(VIII) oxide binds phospholipid
head groups, thus providing contrast and allowing ultrastructural identi-
fication of membranes, which are apparent as dark, flexible lines with a
thickness of ~5 nm (59, 60). Ultrathin (~60- to 70-nm) sections were
collected on uncoated 300-mesh copper grids (TAAB Laboratories),
stained with uranyl acetate and lead citrate, and imaged by TEM. Images
were acquired with a JEOL JEM 1011 electron microscope operating at
100 kV.

Confocal microscopy. Virus at an MOI of 20 PFU/cell was allowed to
adsorb to HeLa CCL2 cells cultivated on untreated glass coverslips and
MDCK cells cultivated on poly-L-lysine (Sigma)-treated glass coverslips in
24-well plates. Following incubation at 37°C for 12 or 24 h, cells were fixed
with ice-cold methanol ("20°C), permeabilized with 1% Triton X-100,
and stained with "NS-specific antibody (25) and ERGIC-53-specific an-
tibody H-245 (Santa Cruz Biotechnology) or KDEL receptor-specific an-
tibody FL-212 (Santa Cruz Biotechnology) for ERGIC staining, anti-
giantin antibody ab24586 (Abcam) or WGA conjugated with Alexa Fluor
555 (Invitrogen) to mark the Golgi compartment, PDI-specific antibody
DL-11 (Sigma) to mark the ER, or K2 antibody (40) to mark dsRNA.
ToPro3 or 4=,6-diamidino-2-phenylindole (DAPI; Invitrogen) was used
to stain nuclei. Alexa Fluor-conjugated antibodies (Invitrogen) were used
as secondary antibodies. Images were acquired with Zeiss LSM 510 Meta
and 710 Meta inverted confocal microscopes.

3D image reconstructions. Consecutive ultrathin (~60- to 70-nm)
sections were collected on Formvar-coated copper slot grids (TAAB Lab-
oratories), stained, and imaged by TEM. A total of eight series of 15 were
selected and processed for 3D reconstruction as previously described (40,
61) (see Fig. S4 in the supplemental material). Photographs of reovirus
inclusions were taken at a nominal magnification of #10,000 or #12,000.
Plates were digitized as 8-bit images with a 3.39-nm final pixel size and a
600-dpi resolution with an Epson Perfection Photo 3170 scanner. Digital
images were aligned by selected tracers between two consecutive sections
with the free editor for serial section microscopy Reconstruct (62) (http:
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//synapses.clm.utexas.edu/tools/index.stm). Segmentation and 3D visu-
alization were performed with Amira (http://amira.zib.de). Movies were
prepared from the 3D reconstructions with the Camera Rotate and Movie
Maker applications of the Amira software suite.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBio.00931-13/-/DCSupplemental.

Movie S1, AVI file, 9.3 MB.
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Figure S2, TIF file, 3.1 MB.
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Figure S4, TIF file, 3 MB.
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Correction for Fernández de Castro et al., Reovirus Forms Neo-
Organelles for Progeny Particle Assembly within Reorganized Cell
Membranes
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Microbiology, and Immunology, Vanderbilt University School of Medicine, Nashville, Tennessee, USAb; Elizabeth B. Lamb Center for Pediatric Research, Vanderbilt
University School of Medicine, Nashville, Tennessee, USAc; Department of Macromolecular Structures, National Center for Biotechnology, National Research Council
(CNBCSIC), Campus UAM, Madrid, Spaind; Department of Pediatrics, Vanderbilt University School of Medicine, Nashville, Tennessee, USAe

P.F.Z. and L.O. contributed equally to this work.

In our article (1), we reported that smooth membranes con-
nected with rough endoplasmic reticulum (ER) cisternae are

incorporated within inclusion structures formed in reovirus-
infected cells using both two-dimensional and three-dimensional
electron microscopy (Fig. 1, 3, 5, and 6). Using rabbit polyclonal
antisera raised against ER-Golgi intermediate compartment 53
(ERGIC-53) (H-245) and the KDEL receptor (KDEL-R) (FL-
212), both of which were purchased from Santa Cruz Biotechnol-
ogy, we observed staining attributable to ERGIC-53 (Fig. 4G to L)
and KDEL-R (Fig. S2J to L) in reovirus inclusions in both HeLa
cells and MDCK cells. We concluded from these observations that
ERGIC, a membranous system that functionally links the ER and
Golgi compartment, is a source of inclusion-associated mem-
branes.

As part of our ongoing studies of the biogenesis of reovirus

inclusions, we performed immunofluorescence assays using two
monoclonal antibodies specific for ERGIC-53 (C-6 [Santa Cruz
Biotechnology] and G1/93 [Enzo Life Sciences]) and a monoclo-
nal antibody specific for KDEL-R (KR-10 [Thermo Scientific]).
With these antibodies, we were unable to detect distribution of
either ERGIC-53 or KDEL-R within viral inclusions. Immuno-
blotting experiments using either ERGIC-53 (H-245) or KDEL-R
(FL-212) polyclonal antiserum revealed multiple protein bands in
both uninfected and infected cells (Fig. 1). These new findings do
not alter the main conclusion of our paper, which is that reovirus
inclusions are embedded in membrane. The origin of the mem-
branous elements that build reovirus inclusions is a focus of our
current research.

Poor specificity of commercial antibodies has been reported
previously (2, 3). Our findings using the H-245 and FL-212 anti-
sera are most likely attributable to the nonspecific immunoreac-
tivity of these reagents. We apologize for the erroneous conclu-
sions made from the experiments using these antisera and alert
readers to potential problems with the use of polyclonal antisera
for immunohistochemical staining.
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FIG 1 ERGIC-53 (H-245) and KDEL-R (FL-212) polyclonal antisera from
Santa Cruz Biotechnology detect multiple protein bands. HeLa cells were in-
fected with reovirus at a multiplicity of infection (MOI) of 1 or 10 PFU/cell.
Cell lysates were prepared 24 h postinfection, resolved by SDS-PAGE, and
transferred to nitrocellulose membranes. Membranes were blocked with 5%
skim milk in TBS and immunoblotted using polyclonal antiserum H-245
(against ERGIC-53, left panel) or FL-212 (against KDEL-R, right panel). Anti-
rabbit secondary antibody (IRDye 800CW goat anti-rabbit IgG [LI-COR]) was
used for detection. Molecular mass markers (in kilodaltons) are indicated on
the left.
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ABSTRACT Chikungunya virus (CHIKV) is a reemerging alphavirus that has caused epidemics of fever, arthralgia, and rash
worldwide. There are currently no licensed vaccines or antiviral therapies available for the prevention or treatment of CHIKV
disease. We conducted a high-throughput, chemical compound screen that identified digoxin, a cardiac glycoside that blocks the
sodium-potassium ATPase, as a potent inhibitor of CHIKV infection. Treatment of human cells with digoxin or a related cardiac
glycoside, ouabain, resulted in a dose-dependent decrease in infection by CHIKV. Inhibition by digoxin was cell type-specific, as
digoxin treatment of either murine or mosquito cells did not diminish CHIKV infection. Digoxin displayed antiviral activity
against other alphaviruses, including Ross River virus and Sindbis virus, as well as mammalian reovirus and vesicular stomatitis
virus. The digoxin-mediated block to CHIKV and reovirus infection occurred at one or more postentry steps, as digoxin inhibi-
tion was not bypassed by fusion of CHIKV at the plasma membrane or infection with cell surface-penetrating reovirus entry in-
termediates. Selection of digoxin-resistant CHIKV variants identified multiple mutations in the nonstructural proteins re-
quired for replication complex formation and synthesis of viral RNA. These data suggest a role for the sodium-potassium
ATPase in promoting postentry steps of CHIKV replication and provide rationale for modulation of this pathway as a broad-
spectrum antiviral strategy.

IMPORTANCE Mitigation of disease induced by globally spreading, mosquito-borne arthritogenic alphaviruses requires the de-
velopment of new antiviral strategies. High-throughput screening of clinically tested compounds provides a rapid means to
identify undiscovered, antiviral functions for well-characterized therapeutics and illuminate host pathways required for viral
infection. Our study describes the potent inhibition of CHIKV and related alphaviruses by the cardiac glycoside digoxin and
demonstrates a function for the sodium-potassium ATPase in CHIKV infection.
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Chikungunya virus (CHIKV) is an arthritogenic alphavirus re-
sponsible for explosive epidemics throughout the world.

Since its reemergence in Kenya in 2004, millions of cases of
CHIKV have been reported in sub-Saharan Africa and Asia in
addition to regions in which CHIKV was not previously endemic,
including Europe and the Americas (1–6). Autochthonous, mos-
quito transmission of CHIKV continues to occur in many coun-
tries of the Caribbean basin and South America, and the presence
of CHIKV-competent mosquito vectors in these regions supports
the potential for further spread of the virus to new populations.

The vast majority of CHIKV-infected individuals develop chi-
kungunya fever, a disease characterized by debilitating polyar-
thralgia and arthritis, headache, and rash (7, 8). More severe dis-
ease and atypical symptoms also have been observed during recent
epidemics (9–11), including neurological and cardiac manifesta-
tions, which have been reported in neonates, the elderly, and those
with underlying comorbidities. Although most of the clinical signs

and symptoms resolve 7 to 10 days after infection, the arthritis and
polyarthralgia can recur for months to years after the initial diag-
nosis (2, 8, 12). To date, no licensed anti-CHIKV therapeutics or
vaccines are available. The chronic, incapacitating disease, in ad-
dition to the high attack rates of the virus in naive populations,
imposes a substantial burden on the quality of life of those infected
and the economies of affected countries (13–15).

CHIKV displays broad tropism in humans, but many of the
host factors required for infection are not fully understood. Fol-
lowing attachment to host cells via unidentified cell surface recep-
tors, CHIKV particles are internalized by clathrin-mediated endo-
cytosis (16–18). Acidification of endosomes triggers fusion of the
viral envelope with the host endosomal membrane, which allows
release of the nucleocapsid into the cytoplasm (19, 20). The
CHIKV genome consists of a single-stranded, positive-sense RNA
molecule approximately 12 kb in length that encodes four non-
structural proteins (nsP1 to 4) and three major structural proteins

RESEARCH ARTICLE

crossmark

May/June 2016 Volume 7 Issue 3 e00693-16 ® mbio.asm.org 1

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1128/mBio.00693-16&domain=pdf&date_stamp=2016-5-24
mbio.asm.org


(capsid, pE2, and E1) (21, 22). Together, the nonstructural pro-
teins mediate interactions with cellular membranes and other host
factors to form replication complexes that house synthesis of sub-
genomic RNA and additional copies of viral genomic RNA for
encapsidation into progeny virions (23–28). Host factors and
mechanisms involved in viral RNA synthesis of alphaviruses, par-
ticularly for CHIKV, are not well defined.

To identify host mediators of CHIKV replication, we screened
a library of small molecules for the capacity to augment or dimin-
ish infection of human osteosarcoma (U-2 OS) cells by CHIKV
replicon particles expressing an enhanced green fluorescent pro-
tein (eGFP) reporter. From this screen, we identified digoxin, a
cardiac glycoside that antagonizes the sodium-potassium ATPase,
as a potent inhibitor of CHIKV infection. Digoxin diminished
infection by replication-competent CHIKV in both U-2 OS cells
and primary human synovial fibroblasts. Ouabain, a related car-
diac glycoside, also blocked CHIKV infection. Increasing extracel-
lular concentrations of potassium alleviated CHIKV inhibition by
digoxin, suggesting that antagonism of the sodium-potassium
ATPase mediates the antiviral effect. Digoxin displayed antiviral
activity against alphaviruses other than CHIKV, including Ross
River virus (RRV) and Sindbis virus (SINV), and the unrelated
mammalian orthoreovirus (called “reovirus” here) and vesicular
stomatitis virus (VSV). Passage of CHIKV in digoxin-treated cells
selected mutations in genes encoding nonstructural proteins, sug-
gesting that digoxin impairs functions mediated by these replicase
proteins. These data suggest a role for the sodium-potassium AT-
Pase in CHIKV infection and highlight a new strategy for devel-
opment of therapeutics to limit CHIKV replication and disease.

RESULTS
Identification of digoxin as an inhibitor of CHIKV infection. To
identify host factors required for CHIKV infection, we screened
727 chemical compounds from the NIH Clinical Collection
(NCC) for the capacity to impede or augment infection by CHIKV
replicon particles (Fig. 1A). The NCC library consists almost en-
tirely of compounds that have been used in phase I, II, and III
clinical trials. U-2 OS cells were incubated with dimethyl sulfoxide
(DMSO) as a vehicle control, 100 nM bafilomycin A1 as a positive
control, or 1 !M NCC compound for 1 h. Treated cells were
adsorbed with CHIKV strain SL15649 replicon particles express-
ing eGFP and incubated for 20 to 24 h. The percentage of infected
cells was determined by GFP expression, and robust Z scores were
calculated for each compound from three independent experi-
ments. Seven compounds had average Z scores of "!2.0 (inhib-
ited infection), and 21 compounds had average Z scores of #2.0
(enhanced infection) (Fig. 1B). The largest class of compounds
that influenced CHIKV infection, both positively and negatively,
is that which affects steroid or hormone signaling and biosynthetic
pathways (Fig. 1C). CHIKV infection was also positively and neg-
atively affected by compounds that target ion transporters and
neurotransmitter receptors, such as dopamine and serotonin. Ho-
moharringtonine, a translation inhibitor and known antagonist of
CHIKV infection (29), had the largest negative Z score, !41.94.
Digoxin, a sodium-potassium ATPase inhibitor, had a negative
Z score of !26.67, suggesting a function for the sodium-
potassium ATPase in CHIKV infection.

Digoxin is a species-specific inhibitor of CHIKV infection.
To determine whether inhibition of the sodium-potassium AT-
Pase blocks infection by replication-competent CHIKV, we

treated a variety of cell lines with DMSO, 5-nonyloxytryptamine
(5-NT [a serotonin receptor agonist]) as a positive control (30), or
increasing concentrations of digoxin for 1 h prior to adsorption
with CHIKV. At 6 h postinfection, cells were scored for infection
by indirect immunofluorescence (Fig. 2). Relative to DMSO-
treated cells, treatment of U-2 OS cells with digoxin resulted in a
dose-dependent decrease in CHIKV infection with a half-
maximal effective concentration (EC50) of 48.8 nM (Fig. 2A).
Digoxin treatment similarly decreased CHIKV infection of pri-
mary human synovial fibroblasts (HSFs) and Vero African green
monkey kidney cells with EC50s of 43.9 nM and 67.3 nM, respec-
tively (Fig. 2B and data not shown). Incubation of virus with
digoxin prior to adsorption to cells had no effect on viral titers,
suggesting that the antiviral effect is not attributable to an altera-
tion in the virus (data not shown). Despite inhibition of CHIKV
infection in multiple primate cell types, digoxin treatment of mu-
rine stromal ST2 and Aedes albopictus C6/36 cells at doses suffi-
cient to block infection of primate cells did not decrease CHIKV
infection (Fig. 2C and D). Together, these data indicate that
digoxin is a potent inhibitor of CHIKV infection and that inhibi-
tion occurs in a host species-specific manner.

Species-specific inhibition by digoxin occurs via the sodium-
potassium ATPase. Cardiac glycosides inhibit the sodium-
potassium ATPase by binding to the catalytic $ subunit but do so
with less efficiency to specific murine isoforms relative to their
human counterparts (31–33). To determine whether higher doses
of digoxin are capable of inhibiting CHIKV infection of murine
cells, ST2 cells and myoblast C2C12 cells were treated with DMSO,
5-NT, or increasing concentrations of digoxin for 1 h prior to
adsorption with CHIKV. At 6 h postinfection, cells were scored for
infection by indirect immunofluorescence (Fig. 3A and B). At
higher concentrations, digoxin treatment significantly dimin-
ished CHIKV infection in these cell types, with EC50s of 16.2 !M
in ST2 cells and 23.2 !M in C2C12 cells, values 330 and 475 times
the EC50 of digoxin in U-2 OS cells, without a decrease in cell
viability (data not shown). These data indicate that digoxin can
inhibit CHIKV infection of murine cells, but at significantly
higher concentrations than in human cells.

We next assessed transcript levels of two $ subunit isoforms
($1 and $3) in the human and murine cells tested. Whereas the
human and murine $3 subunits are sensitive to cardiac glycosides,
the murine $1 isoform is significantly less sensitive to cardiac
glycoside treatment relative to the human isoform (31, 32). RNA
was isolated from mock-infected and CHIKV-infected U-2 OS
and ST2 cells and used as a template for reverse transcription-PCR
(RT-PCR) amplification of ATP1A1 ($1), ATP1A3 ($3), and
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (as a con-
trol) mRNAs (Fig. 3C). Expression of ATP1A1 was detected in
both U-2 OS and ST2 cells and did not differ significantly follow-
ing infection. In contrast, the ATP1A3 transcript was detected in
U-2 OS cells but not in ST2 cells. Thus, decreased expression of
ATP1A3 in murine cells correlates with reduced sensitivity to
digoxin-mediated inhibition of CHIKV.

To determine whether blockade of the sodium-potassium AT-
Pase is responsible for CHIKV inhibition, U-2 OS cells were
treated with increasing concentrations of digoxin or ouabain, a
related cardiac glycoside, for 1 h prior to adsorption with CHIKV.
At 6 h postinfection, cells were scored for infection by indirect
immunofluorescence (Fig. 4A). Again, treatment of cells with
ouabain led to a dose-dependent decrease in CHIKV infection,
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indicating that treatment of cells with two independent cardiac
glycosides results in decreased CHIKV infection. As the sodium-
potassium ATPase is the only known target of cardiac glycosides,
these data suggest that antagonism of this molecule is the mecha-
nism by which digoxin restricts CHIKV. To further test whether
inhibition of CHIKV by digoxin treatment occurs via changes in
ion concentrations, cells were pretreated with DMSO or digoxin
in the presence of increasing extracellular sodium or potassium
for 1 h prior to adsorption with CHIKV. At 6 h postinfection, cells
were scored for infection by indirect immunofluorescence
(Fig. 4B). Addition of extracellular NaCl in the presence of digoxin
enhanced inhibition of CHIKV by digoxin in a dose-dependent
manner (Fig. 4B, left). Furthermore, addition of extracellular KCl
in the presence of digoxin alleviated inhibition of CHIKV by

digoxin (Fig. 4B, right). These data indicate that alterations of ion
concentrations contribute to the antiviral activity of digoxin.

CHIKV inhibition by digoxin is not attributable to decreased
cell viability. The sodium-potassium ATPase is essential for ho-
meostasis in most multicellular organisms. As such, we sought to
determine whether inhibition of CHIKV infection by digoxin oc-
curs as a consequence of altered viability of treated cells. To assess
possible digoxin cytotoxicity, cells were incubated with either pro-
pidium iodide (PI) or PrestoBlue to assess plasma membrane in-
tegrity and mitochondrial metabolic activity, respectively, post-
treatment with DMSO, staurosporine (STS) (as an inducer of cell
death), or increasing concentrations of digoxin (Fig. 5). Incuba-
tion of U-2 OS cells with digoxin did not alter cell viability by 6 h
posttreatment (Fig. 5A and B). Moreover, cell viability was only

FIG 1 High-throughput screening to identify inhibitors of CHIKV infection. (A) U-2 OS cells were incubated with DMSO, 100 nM bafilomycin A1, or
compounds from the NIH clinical collection at a concentration of 1 !M at 37°C for 1 h. Cells were adsorbed with SL15649 eGFP replicon particles at an MOI of
~5 IU/cell and incubated with compound at 37°C for 20 to 24 h. Cells were incubated with Hoechst dye to stain nuclei and imaged by automated, high-content
fluorescence microscopy. (B) Robust Z scores were calculated for individual compounds. Shown are the average robust Z scores for compounds with robust
Z scores of "!2 or #2 median absolute deviations from the median of each plate identified in three independent screening experiments. (C) Distribution of
candidate compounds by known biological targets.
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modestly impaired at 24 h posttreatment with 1 !M digoxin, a
dose 20 times the digoxin EC50 for CHIKV antiviral activity in
these cells (Fig. 5B). Digoxin also did not significantly decrease
viability of HSFs and Vero cells following treatment with doses of
digoxin that inhibit CHIKV infection in these cells (data not
shown). These data suggest that digoxin inhibition of CHIKV is
not attributable to cytotoxic effects.

Digoxin treatment inhibits infection by diverse virus fami-
lies. To determine whether digoxin blocks infection by other
strains of CHIKV as well as related alphaviruses, we assessed the
effect of digoxin treatment on infection by CHIKV strains
SL15649 and 181/25, RRV strain T48, and SINV strain TRSB. U-2
OS cells were treated with DMSO, 5-NT, or digoxin for 1 h prior to
adsorption with CHIKV, RRV, or SINV at a multiplicity of infec-
tion (MOI) of 1, 10, or 5 PFU/cell, respectively, to adjust for in-
fectivity differences in these cells. At 6 h postadsorption, cells were
scored for infection by indirect immunofluorescence (Fig. 6A).
Digoxin treatment significantly diminished infection by all strains
tested, with EC50s of 108.9 nM for CHIKV strain SL15649,
100.9 nM for CHIKV strain 181/25, 126.5 nM for RRV, and
198.9 nM for SINV.

To determine whether digoxin displays inhibitory effects
against diverse virus families, we assessed the capacity of the drug
to inhibit mammalian reovirus, a nonenveloped, double-stranded
RNA virus. Human brain microvascular endothelial cells (HB-
MECs) were treated with DMSO, 5-NT, or digoxin prior to ad-
sorption with reovirus virions or infectious subvirion particles
(ISVPs). ISVPs are reovirus disassembly intermediates formed
following endocytosis and cleavage of the viral outer capsid by
intracellular cathepsins or in vitro following protease treatment
(34). ISVPs bind to cell surface receptors and internalize at the
plasma membrane, bypassing the disassembly requirements of vi-
rions, including acidic pH and protease activity (34–37). At 20 h
postadsorption with either reovirus virions or ISVPs, cells were
scored for infection by indirect immunofluorescence (Fig. 6B).
Treatment with digoxin impaired infection by both virions
(Fig. 6B, left) and ISVPs (Fig. 6B, right), with EC50s of 133.9 nM
and 434.7 nM, respectively. Decreased infectivity of ISVPs follow-
ing digoxin treatment suggests that digoxin inhibits reovirus in-
fection at one or more replication steps following internalization
and disassembly. We also tested the capacity of digoxin to inhibit
VSV, an enveloped, negative-sense RNA virus (Fig. 6C). Digoxin
treatment similarly inhibited infection by VSV, with an EC50 of
238.7 nM. These data indicate that digoxin inhibits infection by
plus-strand, minus-strand, and double-stranded RNA viruses.

Digoxin impairs CHIKV infection at postentry steps. We
next sought to define steps in CHIKV replication blocked by
digoxin. To determine the temporal window during which
digoxin acts to inhibit CHIKV infection, U-2 OS cells were treated
with DMSO or 1 !M digoxin at 15-min intervals for 1 h prior to
adsorption or at 15- or 60-min intervals for 4 h after adsorption.
As a control for inhibition of CHIKV entry, 20 mM NH4Cl was
added at the same intervals to block acidification of endocytic
compartments. Cells were fixed at 6 h postadsorption and scored
for infection by indirect immunofluorescence (Fig. 7A). Maximal
impairment of CHIKV infection by digoxin was achieved when
digoxin was added 60 min prior to adsorption. The magnitude of
inhibition gradually decreased when the drug was added at later
times, with only negligible effects observed when added 120 min
postadsorption. CHIKV bypassed digoxin inhibition with kinetics

FIG 2 Digoxin potently inhibits CHIKV infection of human cells. (A) U-2 OS
cells, (B) HSFs, (C) ST2 cells, or (D) C6/36 cells were incubated with DMSO,
10 !M 5-NT, or increasing concentrations of digoxin for 1 h prior to adsorp-
tion with CHIKV strain SL15649 at an MOI of 5 PFU/cell. After 1 h of incu-
bation, virus was removed, and cells were incubated with medium containing
DMSO or inhibitor for 5 h. Cells were stained with CHIKV-specific antiserum
and DAPI to detect nuclei and imaged by fluorescence microscopy. Results are
presented as percentages of infected cells normalized to DMSO-treated cells
for triplicate experiments. Error bars indicate standard errors of the means. *,
P " 0.05, **, P " 0.01, and ***, P " 0.001, in comparison to DMSO, as
determined by ANOVA followed by Tukey’s post hoc test.
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similar to the bypass of NH4Cl inhibition, suggesting that digoxin
restricts CHIKV infection at early steps in the replication cycle.
Alphavirus nonstructural proteins and double-stranded RNA
(dsRNA) accumulate at the plasma membrane of infected cells to
form replication complexes, as early as 45 min postadsorption,
and RNA synthesis can be detected by 1 h postadsorption (28, 38).
Thus, digoxin may inhibit these or earlier steps in CHIKV repli-
cation.

To determine whether digoxin blocks CHIKV infection by in-
hibiting viral entry (attachment, internalization, and membrane
fusion), cells were treated with DMSO, 5-NT, or digoxin for 1 h
prior to adsorption with CHIKV or SINV at 4°C to prevent inter-
nalization. At 1 h postadsorption, cells were exposed to acidic
medium (pH 5.5) to trigger viral fusion at the plasma membrane

or neutral medium (pH 7.4) as a control. Fused and unfused cells
were incubated with drug and NH4Cl at 37°C to block subsequent
rounds of replication and scored for infection at 18 h postadsorp-
tion by indirect immunofluorescence (Fig. 7B). Triggering fusion
at the plasma membrane partially bypassed inhibition of CHIKV
and SINV by 5-NT treatment, which inhibits viral entry steps (30).
However, fusion at the plasma membrane did not bypass digoxin-
mediated inhibition of CHIKV or SINV, except at the lowest con-
centrations used. The failure of fusion at the plasma membrane to
bypass digoxin-mediated inhibition was not due to decreased vi-
rus attachment, as the percentage of digoxin-treated cells bound
by CHIKV was similar to that of DMSO-treated cells (see Fig. S1 in
the supplemental material). Viral titers were similarly decreased
following electroporation of digoxin-treated cells with CHIKV

FIG 3 CHIKV resistance to digoxin in murine cells correlates with decreased expression of the $3 subunit of the sodium-potassium ATPase. (A) ST2 cells or
(B) C2C12 cells were incubated with DMSO, 10 !M 5-NT, or increasing concentrations of digoxin for 1 h prior to adsorption with CHIKV strain SL15649 at an
MOI of 5 PFU/cell. After 1 h, virus was removed, and cells were incubated with medium containing DMSO or inhibitor for 5 h. Cells were stained with
CHIKV-specific antiserum and DAPI to detect nuclei and imaged by fluorescence microscopy. Results are presented as the percentages of infected cells
normalized to DMSO-treated cells for triplicate experiments. Error bars indicate standard errors of the means. (C) U-2 OS and ST2 cells were mock infected or
infected with CHIKV 181/25 at an MOI of 5 PFU/cell. RNA was isolated and used for RT-PCR amplification of ATP1A1 ($1), ATP1A3 ($3), and GAPDH
transcripts with human- or murine-specific primer sets (see Table S1 in the supplemental material). Reaction products were resolved by electrophoresis in 1%
agarose gels (left). Band intensity was quantified by optical densitometry for four independent experiments (right). ***, P " 0.001, in comparison to DMSO, as
determined by ANOVA followed by Tukey’s post hoc test.
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RNA relative to those following electroporation of DMSO-treated
cells (see Fig. S2 in the supplemental material). Together, these
data suggest that CHIKV replication is impeded by digoxin at one
or more postentry steps of the viral replication cycle.

Polymorphisms observed in digoxin-resistant CHIKV pop-
ulations. To enhance an understanding of mechanisms underly-
ing the digoxin-mediated restriction of CHIKV infection, we pas-
saged CHIKV in cells treated with either DMSO or digoxin to
select digoxin-resistant viruses. U-2 OS cells were adsorbed with
CHIKV strain SL15649 for 1 h and incubated with medium con-
taining either DMSO or 100 nM digoxin until comparable cyto-
pathic effect (CPE) was observed. Supernatants from infected cells
were used to inoculate fresh cells, and this process was repeated
with increasing concentrations of digoxin until CPE was observed
with doses 5 times the EC50 in U-2 OS cells. To test whether su-
pernatants of digoxin-treated cells contained drug-resistant vi-
ruses, U-2 OS cells were pretreated with DMSO, 5-NT, or digoxin
prior to adsorption with passage 14 supernatants from DMSO-
treated (SL15649DMSO) and digoxin-treated (SL15649Digoxin)

cells. Infected cells were scored for infection by indirect immu-
nofluorescence at 6 h postinfection (Fig. 8A). Treatment of
cells with 5-NT prevented infection by both SL15649DMSO and
SL15649Digoxin supernatant stocks. In contrast, treatment of cells
with 500 nM digoxin completely inhibited infection by
SL15649DMSO (EC50 of 198.8 nM), but this dose resulted in only an
~50% inhibition of infectivity by SL15469Digoxin (EC50 of
521.4 nM). These data suggest that viral variants selected during
serial passage in digoxin-treated cells are less susceptible to the
inhibitory effects of digoxin.

To determine the genetic basis for digoxin resistance, we iso-
lated virus clones from the SL15649DMSO and SL15649Digoxin su-
pernatant stocks by plaque purification and assessed the sensitiv-
ity of these virus clones to digoxin treatment (Fig. 8B). In general,
virus clones isolated from the SL15649Digoxin stock were more re-
sistant to digoxin-mediated inhibition than those isolated from
the SL15649DMSO stock, but one clone (SL15649Digoxin clone 2)
was sensitive to digoxin treatment like that of the SL15649DMSO

clones. To identify polymorphisms displayed by these virus

FIG 4 Inhibition by digoxin occurs via the sodium-potassium ATPase. (A) U-2 OS cells were incubated with DMSO, 10 !M 5-NT, or increasing concentrations
of digoxin or the related cardiac glycoside, ouabain, for 1 h prior to adsorption with CHIKV SL15649 at an MOI of 5 PFU/cell. After 1 h, virus was removed, and
cells were incubated with medium containing DMSO or inhibitor for 5 h. Cells were scored for infection by indirect immunofluorescence. Results are presented
as percentage of infected cells normalized to DMSO-treated cells for triplicate experiments. Error bars indicate standard errors of the means. (B) U-2 OS cells were
incubated with DMSO or digoxin in standard medium or medium supplemented with increasing concentrations of NaCl (left) or KCl (right) for 1 h prior to
adsorption with CHIKV 181/25 at an MOI of 5 PFU/cell. After 1 h, virus was removed, and cells were incubated with medium containing DMSO or digoxin and
the concentration of NaCl or KCl shown for 5 h. Cells were scored for infection by indirect immunofluorescence. Results are presented as percentages of infected
cells normalized to DMSO-treated cells for triplicate experiments. Error bars indicate standard errors of the means. *, P " 0.05, **, P " 0.01, and ***, P " 0.001,
in comparison to DMSO, as determined by ANOVA followed by Tukey’s post hoc test.
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clones, we determined the full-length nucleotide sequences of
each clone (Table 1). Sequence analysis identified three unique,
nonsynonymous mutations in virus clones from DMSO-treated
cells and six unique, nonsynonymous mutations in virus clones
from digoxin-treated cells. The E2 S159R polymorphism was
identified in virus clones from both DMSO- and digoxin-treated
cells and likely was selected as a consequence of cell culture adap-
tation and increased glycosaminoglycan dependence (39). How-
ever, the unique mutations identified in virus clones from
digoxin-treated cells were contained in the nonstructural open
reading frame. Although the majority of the mutations were in
nsP3, these mutations did not segregate completely with digoxin
resistance, as digoxin-sensitive SL15649Digoxin clone 2 also en-
coded these changes. Instead, a mutation in the RNA-dependent
RNA polymerase (RdRp), nsP4 V209I, was the only coding change
that differed between SL15649Digoxin clone 2 (sensitive) and clones
3 and 4 (resistant). All 290 CHIKV strain sequences available in
the NIAID ViPR database encode a valine at residue 209 in nsP4
(40), suggesting that this residue or region of nsP4 serves an im-
portant, conserved function in CHIKV replication. These findings
indicate that multiple mutations are selected during passage of
CHIKV in digoxin-treated cells. Furthermore, selection of muta-
tions in the nonstructural proteins, particularly nsP4 V209I, sug-

gests that digoxin inhibits CHIKV replication by disrupting RNA
synthesis or replication complex formation.

DISCUSSION
CHIKV has reemerged to cause epidemics of fever, rash, and ar-
thritis throughout Africa, South and Southeast Asia, and the
Americas. The rapid, mosquito-borne transmission of CHIKV has
resulted in millions of cases of CHIKV disease in the last decade
alone. The high attack rate and global significance of CHIKV in-
fection warrant development of CHIKV-specific therapeutics and
vaccines. Thus far, none are available.

To enhance an understanding of the host factors required for
CHIKV replication, we screened a library of chemical compounds
for the capacity to diminish or enhance CHIKV infection in U-2
OS cells. We identified digoxin, a cardiac glycoside, as a host
species-specific inhibitor of CHIKV replication. We discovered
that digoxin impedes CHIKV infection at postentry steps of the
replication cycle via antagonism of the sodium-potassium AT-
Pase. Passage of CHIKV in digoxin-treated cells selected multiple
mutations in the nonstructural proteins, and one particular mu-
tation, nsP4 V209I, segregated with digoxin sensitivity. Taken to-
gether, these findings indicate that a functional sodium-
potassium ATPase is required for CHIKV infection.

Our results demonstrate that CHIKV inhibition by digoxin
occurs at an early but postentry step in the viral replication cycle.
The temporal window in which digoxin inhibition occurs mirrors
that of ammonium chloride, which supports an early block to
CHIKV infection (Fig. 7A). However, fusion of CHIKV or SINV at
the plasma membrane in an attempt to bypass the digoxin-
mediated defect was not sufficient to restore viral replication to
levels in untreated cells (Fig. 7B). In an analogous case, proteolytic
cleavage of reovirus virions to form ISVPs in vitro overcame re-
striction by an entry inhibitor, 5-NT, but was insufficient to com-
pletely circumvent inhibition by digoxin. ISVPs are thought to
enter cells at the plasma membrane and, therefore, are not suscep-
tible to inhibition by compounds that inhibit reovirus internaliza-
tion or disassembly (35, 36, 41). Selection of multiple mutations in
CHIKV nonstructural proteins following passage of virus in
digoxin-treated cells also points to inhibition of postentry viral
replication steps as a mechanism of digoxin action. Although the
majority of these mutations were selected in nsP3, a protein essen-
tial for formation of CHIKV replication complexes and modula-
tion of host stress responses (42–46), these mutations also were
observed in digoxin-sensitive variants (SL15649Digoxin clone 2). In
otherwise isogenic viruses (SL15649Digoxin clones 2 to 4), the nsP4
V209I polymorphism was sufficient to confer resistance to
digoxin treatment, but the digoxin-resistant phenotype may de-
pend on the presence of the nsP3 Stop524C mutation to enhance
levels of nsP4, suggesting that one or more functions of nsP4 are
impaired by digoxin. However, additional combinations of muta-
tions also may produce a digoxin-resistant virus (SL15649Digoxin

clone 1). We conclude that individual or combinatorial substitu-
tions within genes encoding nonstructural proteins can restore
replication efficiency to bypass digoxin inhibition, with the sub-
stitution in nsP4 playing a pivotal role.

Inhibition of the sodium-potassium ATPase disrupts ion
transport and alters many cellular biosynthetic, signaling, and ve-
sicular sorting pathways (47). Although the precise alterations by
which digoxin restricts CHIKV infection are not known, we envi-
sion two possible mechanisms. First, CHIKV may require a spe-

FIG 5 CHIKV inhibition by digoxin is not attributable to cytotoxicity. (A)
U-2 OS cells were treated with DMSO, 10 !M STS, or increasing concentra-
tions of digoxin for 6 h. Cell viability was quantified by PI staining. Results are
expressed as percentages of viable cells normalized to DMSO-treated cells for
individual experiments. Horizontal black lines indicate mean percentages of
viability. (B) U-2 OS cells were treated with DMSO, 10 !M STS, or increasing
concentrations of digoxin for 6 or 24 h. Cell viability was quantified by Presto-
Blue fluorescence assay. Results are presented as percentages of viable cells
normalized to DMSO-treated cells for triplicate experiments. Error bars indi-
cate standard errors of the means. *, P " 0.05, and ***, P " 0.001, in compar-
ison to DMSO, as determined by ANOVA followed by Tukey’s post hoc test.
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cific ion composition to complete discrete steps in the viral repli-
cation cycle or coordinate the functions of specific viral proteins.
Evidence for such an ion requirement is supported by the function
of the alphavirus 6K protein in ion channel formation and the

sensitivity of alphavirus particle maturation to the ionic strength
of the culture medium (48, 49). The ion channels formed by 6K
are selective for Na#, K#, and Ca2# ions, which are specifically
altered during cardiac glycoside treatment (48). In support of this

FIG 6 Digoxin inhibits multiple alphaviruses, mammalian reovirus, and VSV. (A) U-2 OS cells were incubated with DMSO, 10 !M 5-NT, or increasing
concentrations of digoxin for 1 h prior to adsorption with CHIKV strains SL15649 and 181/25 at an MOI of 1 PFU/cell, RRV strain T48 at an MOI of 10 PFU/cell,
or SINV strain TRSB at an MOI of 5 PFU/cell. After 1 h of incubation, virus was removed, and cells were incubated with medium containing DMSO or inhibitor
for 5 h. Cells were stained with virus-specific antiserum and DAPI to detect nuclei and imaged by fluorescence microscopy. Results are presented as percentages
of infected cells normalized to DMSO-treated cells for triplicate experiments. Error bars indicate standard errors of the mean. (B) HBMECs were incubated with
DMSO, 10 !M 5-NT, or increasing concentrations of digoxin for 1 h prior to adsorption with reovirus virions (left) or ISVPs (right) at an MOI of 1,500
particles/cell (~15 PFU/cell). After 1 h of incubation, virus was removed, and cells were incubated with medium containing DMSO or inhibitor for 20 h. Cells
were scored for infection by indirect immunofluorescence. Results are presented as percentages of infected cells normalized to DMSO-treated cells for duplicate
experiments. Error bars indicate standard errors of the means. Insets show schematics of reovirus virions and ISVPs. (C) U-2 OS cells were incubated with DMSO,
20 mM NH4Cl, or digoxin at the concentrations shown for 1 h prior to adsorption with VSV-eGFP at an MOI of 10 PFU/cell. After 1 h, virus was removed, and
cells were incubated with medium containing DMSO or inhibitor for 5 h. Cells were incubated with Hoechst stain to detect nuclei and imaged by fluorescence
microscopy. Results are presented as percentages of infected cells normalized to DMSO-treated cells for triplicate experiments. Error bars indicate the standard
errors of the means. *, P " 0.05, **, P " 0.01, and ***, P " 0.001, in comparison to DMSO, as determined by ANOVA followed by Tukey’s post hoc test.
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possibility, we found that addition of extracellular potassium dur-
ing digoxin treatment restored infectivity to levels observed for
DMSO-treated cells (Fig. 4B). Second, digoxin may induce cellu-
lar stress responses to impede CHIKV replication. Cardiac glyco-
side treatment stimulates interactions between the sodium-
potassium ATPase and the inositol 1,4,5-trisphosphate receptor
(Ins[1,4,5]P3R) to elicit calcium oscillations and activate calcium-
dependent transcription factors, such as nuclear transcription fac-
tor %B (NF-%B) (50, 51). Activation of NF-%B enhances the ex-
pression of gene products involved in apoptosis and innate
immune responses that promote an antiviral state that could ulti-
mately restrict CHIKV infection (52). Although digoxin treat-
ment induced modest activation of NF-%B (see Fig. S3 in the sup-
plemental material), this increase was not statistically significant,
suggesting that other calcium-dependent host molecules contrib-

ute to the restriction of CHIKV by digoxin. For example, it is
possible that formation of CHIKV replication complexes and
functions of specific viral proteins require precise spatial and tem-
poral regulation of certain ion concentrations. Digoxin may di-
rectly perturb these viral activities to impede replication or trigger
host stress responses that, in turn, accomplish the same effect.
Digoxin-resistant viral variants may overcome this impairment by
altering residues in the nonstructural proteins, including nsP4
V209I, to enhance ion-regulated functions of these proteins.

The complexity of cardiac glycoside-mediated effects on cells
may contribute to multiple mechanisms of CHIKV inhibition,
which would make it difficult to select digoxin-resistant mutants.
Indeed, passage of CHIKV in digoxin-treated cells led to develop-
ment of drug resistance only after approximately 14, 72-h pas-
sages. Digoxin is currently FDA approved for the treatment of

FIG 7 Digoxin inhibits CHIKV at postentry steps of the replication cycle. (A) U-2 OS cells were incubated with DMSO, 20 mM NH4Cl, or 1 !M digoxin prior
to (!60 to !15 min), during (0 to #45 min), or after (#60 to #240 min) adsorption with CHIKV 181/25 at an MOI of 5 PFU/cell for 1 h. Cells were incubated
in the presence or absence of inhibitors for 5 h and scored for infection by indirect immunofluorescence. Results are presented as percentages of infected cells
normalized to DMSO-treated cells for triplicate experiments. Error bars indicate standard errors of the means. (B) U-2 OS cells were incubated with DMSO,
10 !M 5-NT, or digoxin at the concentrations shown for 1 h prior to adsorption with CHIKV strain 181/25 (left) or SINV strain TRSB (right) at an MOI of
100 PFU/cell at 4°C for 1 h. Unbound virus was removed, and cells were treated at 37°C for 5 min with either acidic medium (pH 5.5 [black bars]) to trigger viral
fusion at the plasma membrane or neutral medium (pH 7.4 [white bars]) as a control. Cells were incubated at 37°C for 18 h with medium containing DMSO or
inhibitor and NH4Cl to block subsequent rounds of infection. Cells were scored for infection by indirect immunofluorescence. Results are presented as
percentages of infected cells for triplicate experiments. Error bars indicate standard errors of the means. *, P " 0.05, and ***, P " 0.001, in comparison to DMSO,
as determined by ANOVA followed by Tukey’s post hoc test.
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congestive heart failure and cardiac arrhythmias, but clinically
significant toxicity of digoxin precludes its widespread use (53–
55). In patients treated with digoxin, acceptable serum concentra-
tions range between 1 and 2.5 nM, concentrations appreciable
lower than those required to inhibit CHIKV in vitro. Therefore,
additional work is required to develop drugs that more selectively
target steps within this pathway to limit toxicity. In this regard, less
toxic derivatives of digoxin are effective in inhibition of TH17 cell
differentiation in the treatment of autoimmune diseases (56). The
capacity of ouabain to inhibit CHIKV infection suggests that these
analogous compounds also would diminish CHIKV infection in a
similar manner.

Identification of CHIKV-specific therapeutics requires an im-

proved understanding of CHIKV replication and pathogenesis.
Findings presented in this report suggest that the sodium-
potassium ATPase serves an essential function in CHIKV infec-
tion. Antagonism of this ion transporter with digoxin inhibits
CHIKV infection of human cells. Digoxin inhibits one or more
postentry steps of the CHIKV replication cycle as evidenced by
time-of-addition and fusion-bypass experiments. Further studies
to delineate mechanisms by which blockade of the sodium-
potassium ATPase impedes CHIKV infection will illuminate host
factors and pathways required for CHIKV replication. Such fac-
tors may serve as additional drug targets to ameliorate CHIKV
disease.

MATERIALS AND METHODS
Cells, chemical inhibitors, antibodies, and plasmids. U-2 OS cells were
maintained in McCoy’s 5A medium (Gibco) supplemented to contain
10% fetal bovine serum (FBS [Gibco]). Primary HSFs were provided by
James W. Thomas (Vanderbilt University) and cultivated as described
previously (57). ST2 cells were provided by Julie A. Sterling (Vanderbilt
University) and maintained in RPMI 1640 medium supplemented to con-
tain 10% FBS. C2C12 cells were provided by David M. Bader (Vanderbilt
University) and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented to contain 10% FBS. Baby hamster kidney
(BHK-21), C6/36, and Vero cells were cultivated as described previously
(58). HBMECs were provided by Kwang Sik Kim (Johns Hopkins Univer-
sity) and cultured in RPMI 1640 medium as described previously (59).
L929 cells were maintained in Joklik’s minimum essential medium sup-
plemented to contain 5% FBS. All media for cell maintenance were sup-
plemented to contain 2 mM L-glutamine (Gibco), 100 U/ml penicillin,
100 !g/ml streptomycin (Gibco), and 25 ng/ml amphotericin B (Sigma).

Bafilomycin A1 (Sigma), digoxin (Sigma), 5-NT oxalate (Tocris),
ouabain octahydrate (Sigma), and STS (Cell Signaling Technology) were
resuspended in DMSO. Polyclonal antisera obtained from ATCC were
used for CHIKV (VR-1241AF), RRV (VR-1246AF), and SINV (VR-
1248AF) infectivity assays. Reovirus-specific polyclonal antiserum (60)
was used for reovirus infectivity assays.

FIG 8 Passage of CHIKV in the presence of digoxin enriches for drug-
resistant viruses. U-2 OS cells were incubated with DMSO, 10 !M 5-NT, or
increasing concentrations of digoxin for 1 h prior to adsorption with CHIKV
stocks that had been passaged 14 times in the presence of either DMSO
(SL15649DMSO) or digoxin (SL15649Digoxin) at an MOI of 5 PFU/cell. After 1 h,
virus was removed, and cells were incubated with medium containing DMSO
or inhibitor for 5 h. Cells were stained with CHIKV-specific antiserum and
DAPI to detect nuclei and imaged by fluorescence microscopy. Results are
presented as percentages of infected cells normalized to DMSO-treated cells.
Error bars indicate standard errors of the means. (B) U-2 OS cells were incu-
bated with DMSO or 500 nM digoxin for 1 h prior to adsorption at an MOI of
5 PFU/cell with virus clones that were plaque purified from either the
SL15649DMSO or SL15649Digoxin stock. After 1 h, virus was removed, and cells
were incubated with medium containing DMSO or digoxin for 5 h. Cells were
stained with CHIKV-specific antiserum and DAPI to detect nuclei and imaged
by fluorescence microscopy. Results are presented as percentages of infected
cells normalized to DMSO-treated cells for duplicate experiments. Error bars
indicate standard errors of the means. *, P " 0.05, **, P " 0.01, and ***, P "
0.001, in comparison to DMSO-treated or DMSO-passaged virus-infected
cells as determined by ANOVA followed by Tukey’s post hoc test.

TABLE 1 Polymorphisms identified by serial passage of CHIKV in cells
treated with either DMSO or digoxin

Virus clonea Digoxin sensitivity Viral gene product Polymorphism(s)b

SL15649DMSO

Clone 1 Sensitive E2 H170L
Clone 2 Sensitive nsP1 P249L

nsP3 S511R
E2 S159R

SL15649Digoxin

Clone 1 Resistant nsP2 T757A
nsP3 D31N, P464L,

Stop524_L525del
E2 S159R

Clone 2 Sensitive nsP3 D31N, Stop524C
E2 S159R

Clone 3 Resistant nsP3 D31N, Stop524C
nsP4 V209I
E2 S159R

Clone 4 Resistant nsP3 D31N, Stop524C
nsP4 V209I
E2 S159R

a Virus titers in supernatants from infected DMSO- or digoxin-treated cells were
determined by plaque assay, and viruses from individual plaques were amplified using
U-2 OS cells.
b RNA isolated from supernatants of infected U-2 OS cells was used as a template for
cDNA synthesis with random hexamers. Overlapping fragments covering the genome
were amplified using CHIKV-specific primers and sequenced by Sanger sequencing.
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Biosafety. Experiments involving the generation and testing of
CHIKV SL15649 replicon particles and replication-competent CHIKV
were conducted in a certified biological safety level 3 (BSL3) facility in
biological safety cabinets with protocols approved by the Vanderbilt Uni-
versity Department of Environment, Health, and Safety and the Vander-
bilt Institutional Safety Committee.

Generation of CHIKV replicon particles. The three-plasmid CHIKV
SL15649 replicon system was used as described previously (61). Plasmids
encoding CHIKV nonstructural proteins and eGFP, capsid protein, and
the envelope glycoproteins (E3 to E1) were linearized and transcribed in
vitro using mMessage mMachine SP6 transcription kits (Ambion).
BHK-21 cells were electroporated with viral RNAs generated from the
three plasmids and incubated at 37°C for 24 h. Supernatants containing
replicon particles were collected from electroporated cells, clarified by
centrifugation, and stored at !80°C. Replicon particles were tested for
propagation-competent recombinant virus by serial passage of replicon
stocks on monolayers of Vero cells. Stocks were removed from the BSL3
laboratory only if CPE was not detected 72 h after the second passage.

High-throughput screening of NCC. U-2 OS cells seeded in 384-well
plates (Corning) were treated with DMSO, 100 nM bafilomycin A1, or
compounds from the NCC at a concentration of 1 !M using a Bravo
automated liquid handling platform (Velocity 11/Agilent) and incubated
at 37°C for 1 h. CHIKV SL15649 eGFP-expressing replicon particles were
inoculated into wells of treated cells at an MOI of 5 infectious units (IU)/
cell and incubated at 37°C for 20 to 24 h. Medium was aspirated using an
ELx405 microplate washer (Biotek), and cells were incubated with
Hoechst dye to stain nuclei using a Multidrop Combi reagent dispenser
(Thermo Scientific). Cells and nuclei were visualized using an ImageX-
press Micro XL imaging system. Total cells and infected cells were quan-
tified using MetaXpress software in two fields of view per well. The plate
median and median absolute deviation (MAD) were calculated for each
well and used to calculate robust Z scores with the following equation:
Z score $ [log2(% infection) ! log2(median)]/[log2(MAD) % 1.486].
Candidates were considered positive if the robust Z score was "!2 or #2
in at least two of three independent replicates.

Generation of virus stocks. The CHIKV 181/25 and SL15649 infec-
tious clone plasmids were generated as described previously (62). Plas-
mids containing the full-length cDNA sequences of RRV strain T48
(pRR64) and SINV strain AR339 (pTRSB) were generated as described
previously (63, 64). CHIKV, RRV, and SINV infectious clone plasmids
were linearized and transcribed in vitro using mMessage mMachine SP6
transcription kits. BHK-21 cells were electroporated with viral RNA and
incubated at 37°C for 24 h. Supernatants containing progeny virus were
collected from electroporated cells, clarified by centrifugation, and stored
at !80°C. Viral titers were determined by plaque assay using Vero or
BHK-21 cells. All experiments with CHIKV SL15649 virus were per-
formed using BSL3 conditions.

Reovirus strain T1L M1 P208S (65) was generated using plasmid-
based reverse genetics (66). Purified virions were prepared as described
previously (67). The reovirus particle concentration was determined from
the equivalence of 1 U of optical density at 260 nm to 2.1 % 1012 particles
(68). Viral titers were determined by plaque assay using L929 cells (66).
ISVPs were generated by treating virion particles with $-chymotrypsin
(Sigma) as described previously (37).

VSV-eGFP was provided by Sean Whelan (Harvard University) and
propagated on BHK-21 cells as described previously (69). Viral titers were
determined by plaque assay using Vero cells.

CHIKV, RRV, and SINV infectivity assays. Vehicle- or compound-
treated U-2 OS, HSF, ST2, C2C12, and C6/36 cells seeded in 96-well plates
(Costar) were adsorbed with CHIKV, RRV, or SINV diluted in virus di-
luent buffer (VDB) (RPMI 1640 medium with 25 mM HEPES and 1%
FBS) at various MOIs at 37°C (U-2 OS, HSF, ST2, and C2C12) or 28°C
(C6/36) for 1 h. The inoculum was removed, complete medium contain-
ing DMSO or compound was added, and cells were incubated at 37°C or
28°C for an additional 5 h. Cells were fixed with ice-cold methanol,

washed with PBS, and incubated with PBS containing 5% FBS and 0.1%
Triton X-100 (TX) at room temperature for 1 h. Cells were incubated with
CHIKV-, RRV-, or SINV-specific polyclonal antiserum (1:1,500) in PBS
with FBS and TX at 4°C overnight. Cells were washed three times with PBS
and incubated with Alexa Fluor 488-labeled anti-mouse IgG (1:1,000) in
PBS with FBS and TX at room temperature for 2 h. Cells also were incu-
bated with 4=,6-diamidino-2-phenylindole (DAPI; Invitrogen) to stain
nuclei. Cells and nuclei were visualized using an ImageXpress Micro XL
imaging system in four fields of view per well. Percentage of infectivity was
determined by dividing the number of virus-infected cells by the total
number of cells per field of view. CHIKV infectivity following digoxin
treatment was determined in the presence of increasing concentrations of
sodium and potassium by pretreating U-2 OS cells with vehicle or digoxin
diluted in complete medium or in medium supplemented with NaCl or
KCl at 37°C for 1 h. Pretreated cells were adsorbed with CHIKV strain
181/25 at an MOI of 5 PFU/cell at 37°C for 1 h. The inoculum was re-
moved, complete medium or ion-supplemented medium containing
DMSO or digoxin was added, and cells were incubated at 37°C for an
additional 5 h. Cells were fixed, stained by indirect immunofluorescence
to detect CHIKV antigen and nuclei, and visualized as described above.

Expression of gene transcripts by RT-PCR. RNA was isolated from
U-2 OS and ST2 cells using a PureLink RNA minikit (Ambion). cDNA
was prepared with the SuperScriptIII first strand kit (Invitrogen) with
random hexamers to prime cDNA synthesis and used for PCR amplifica-
tion by KOD polymerase with primers specific for the human or murine
$1 and $3 isoforms of the sodium-potassium ATPase and GAPDH as a
control (for primer sequences, see Table S1 in the supplemental material).
Reaction products were resolved by electrophoresis in 1% agarose gels
(Life Technologies).

Assessment of cell viability. U-2 OS cells seeded in 60-mm-diameter
dishes were incubated with DMSO, 10 !M STS as an inducer of apoptosis,
or increasing concentrations of digoxin at 37°C for 6 h. Cells were washed
with fluorescence-activated cell sorter (FACS) buffer (PBS with 2% FBS)
and stained with PI (Sigma). Cell staining was quantified using a BD LSRII
flow cytometer and FlowJo software (Tree Star). Alternatively, U-2 OS
cells seeded in 96-well plates were incubated with DMSO, STS, or increas-
ing concentrations of digoxin at 37°C for 6 or 24 h. PrestoBlue reagent
(Molecular Probes) was added to supernatants of compound-treated
cells, and cells were incubated at 37°C for 30 min. Fluorescence as a sur-
rogate for cell viability was quantified using a Synergy H1 plate reader
(BioTek).

Reovirus infectivity assay. Vehicle- or compound-treated HBMECs
seeded in 96-well plates (Costar) were adsorbed with reovirus virions or
ISVPs at an MOI of 1,500 particles/cell at room temperature for 1 h. The
inoculum was removed, and cells were washed with PBS and incubated
with medium containing DMSO or compound at 37°C for 20 h. Cells were
fixed with ice-cold methanol, washed with PBS, and incubated with PBS
containing 5% bovine serum albumin at room temperature for 15 min.
Cells were incubated with reovirus-specific polyclonal antiserum (1:
1,000) in PBS with 0.5% TX at 37°C for 30 min. Cells were washed three
times with PBS and incubated with Alexa Fluor 488-labeled anti-rabbit
IgG (1:1,000) in PBS with 0.5% TX at 37°C for 30 min. Cells also were
incubated with DAPI to stain nuclei. Cells and nuclei were visualized
using an ImageXpress Micro XL imaging system in four fields of view per
well. The percentage of infectivity was determined by dividing the number
of virus-infected cells by the total number of cells per field of view.

VSV infectivity assay. Vehicle- or compound-treated U-2 OS cells
seeded in 96-well plates (Costar) were adsorbed with VSV-eGFP at an
MOI of 10 PFU/cell at 37°C for 1 h. The inoculum was removed, complete
medium containing DMSO or compound was added, and cells were in-
cubated at 37°C for an additional 5 h. Medium was removed, and cells
were incubated with Hoechst dye to stain nuclei. Cells and nuclei were
visualized using an ImageXpress Micro XL imaging system in four fields of
view per well. The percentage of infectivity was determined by dividing
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the number of GFP-positive cells by the total number of cells per field of
view.

Fusion-bypass assay. U-2 OS cells seeded in 96-well plates (Costar)
were incubated with DMSO, 5-NT, or increasing concentrations of
digoxin at 37°C for 1 h. Compounds were removed, and cells were washed
twice with ice-cold binding medium (RPMI 1640 medium with 25 mM
HEPES [pH 7.4], 1% FBS, and 20 mM NH4Cl) to prevent internalization
by endosomal fusion. Cells were adsorbed with CHIKV or SINV diluted in
binding medium at 4°C for 1 h, washed twice with binding medium to
remove unbound virus, and incubated at 37°C for 5 min with either pre-
warmed fusion medium (RPMI 1640 medium with 25 mM HEPES, 1%
FBS, and 30 mM succinic acid, pH 5.5) to trigger fusion at the plasma
membrane or prewarmed binding medium as a control. Medium was
removed, cells were incubated with complete medium containing vehicle
or inhibitor and 20 mM NH4Cl at 37°C, and infection was scored by
indirect immunofluorescence at 18 h postadsorption.

Selection of digoxin-resistant mutants. U-2 OS cells were adsorbed
with CHIKV SL15649 at an MOI of 0.01 PFU/cell in VDB at 37°C for 1 h.
Virus was removed, and complete medium containing either DMSO or
100 nM digoxin was added to cells. Cells were incubated at 37°C for 48 to
72 h or until the CPEs were comparable in DMSO- and digoxin-treated
cells. Cell culture supernatants were collected, and 0.5 ml was used to
inoculate a fresh flask of U-2 OS cells. The remaining supernatant was
stored at !80°C. Virus was passaged serially in this manner, gradually
increasing the concentration of digoxin until it reached a dose that was 5
times the EC50 for the drug in U-2 OS cells.

Sequence analysis of digoxin-resistant and -sensitive mutants. Vi-
ruses from cell-culture supernatants of DMSO- or digoxin-treated cells
were plaque purified using BHK-21 cells, and RNA was isolated using a
PureLink RNA minikit. cDNA was prepared with the SuperscriptIII first
strand kit with random hexamers to prime cDNA synthesis and subjected
to PCR amplification using KOD polymerase with CHIKV-specific
primer sets to enable amplification of fragments that collectively encom-
pass the entire viral genome. Amplicons were sequenced using Sanger
sequencing (GenHunter, Nashville, TN).

Statistical analysis. Mean values for at least duplicate experiments
were compared using a one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test (GraphPad Prism). P values of "0.05 were con-
sidered to be statistically significant.
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Viruses require cellular machinery to complete each step in a 
replication cycle. This machinery includes cell surface recep-
tors that mediate attachment, endosomal and cytoskeletal 

proteins involved in viral entry and uncoating, and the translational 
apparatus required for viral protein synthesis. Although progress 
has been made in understanding host proteins required for early 
events in viral infection, much less is known about the cellular 
machinery used by viruses to accomplish later replication steps.

Mammalian orthoreoviruses (reoviruses) infect most mam-
mals and have been implicated in coeliac disease pathogenesis in 
humans1. Reoviruses are non-enveloped and encapsidate a seg-
mented, double-stranded RNA genome within a particle formed by 
an inner core and an outer capsid2. Reovirus enters the cell following 
attachment to membrane-bound receptors3,4 and clathrin-depen-
dent endocytosis5, whereafter the particle is uncoated by cysteine 
proteases6, leading to delivery of the transcriptionally active core 
into the cytoplasm. In contrast to the well-characterized early infec-
tion steps, mechanisms governing genome assortment, assembly, 
transport and egress remain unclear. We conducted a two-step RNA 
interference (RNAi)-based screen to identify host proteins required 
for late steps in reovirus replication. Our screen uncovered three 
primary gene networks operating late in infection, including mul-
tiple components of the TRiC chaperonin.

TRiC is a ubiquitous, hetero-oligomeric complex formed by two 
eight-membered rings composed of paralogous subunits (CCT1–
CCT8)7. These rings form a barrel-shaped structure with a central 
cavity that mediates ATP-dependent folding of newly translated 
proteins8–10. TRiC substrates often exhibit complex β -sheet topol-
ogy, are aggregation prone and display slow folding kinetics11.  

Many TRiC substrates also are subunits that form higher-order 
structures, such as actin and tubulin12–14. A potential role for TRiC 
may exist in the replication of eukaryotic viruses. Certain viral pro-
teins interact with TRiC15–17, and gene-silencing studies suggest that 
TRiC is required for the replication of some viruses18–20. However, 
a mechanism for TRiC in viral protein folding or particle assembly 
has not been described.

Here, we show that TRiC is essential for reovirus replication. 
We discovered that TRiC forms a complex with the reovirus σ 3 
outer-capsid protein and folds σ 3 into its native conformation. We 
also provide evidence that TRiC renders σ 3 into a conformation 
that can coalesce onto mature particles, which is a critical step in 
viral assembly. These findings elucidate a dynamic pathway for 
the efficient folding of viral capsid components mediated by the 
TRiC chaperonin.

Results
RNA interference screen for cellular mediators of late steps in 
reovirus replication identifies the TRiC chaperonin. To iden-
tify host factors required for late steps in reovirus replication, we 
conducted a two-step RNAi-based screen to quantify reovirus 
replication after target gene knockdown (Fig. 1a). Human brain 
microvascular endothelial cells (HBMECs) were transfected with 
a small interfering (si)RNA library containing 7,518 siRNA pools, 
each targeting an individual human gene (step 1). After incuba-
tion for 48 h, cells were infected with reovirus and incubated for 
an additional 48 h to allow replication and release of progeny. 
Supernatants were transferred to new plates containing fresh 
HBMECs (step 2), which were incubated for 24 h. Step 1 and step 2  

The TRiC chaperonin controls reovirus replication 
through outer-capsid folding
Jonathan J. Knowlton! !1,2, Isabel Fernández de Castro3, Alison W. Ashbrook1, Daniel R. Gestaut4, 
Paula F. Zamora1,2, Joshua A. Bauer5, J. Craig Forrest6, Judith Frydman4, Cristina Risco3 and  
Terence S. Dermody! !2,7*

Viruses are molecular machines sustained through a life cycle that requires replication within host cells. Throughout the infec-
tious cycle, viral and cellular components interact to advance the multistep process required to produce progeny virions. Despite 
progress made in understanding the virus–host protein interactome, much remains to be discovered about the cellular factors 
that function during infection, especially those operating at terminal steps in replication. In an RNA interference screen, we 
identified the eukaryotic chaperonin T-complex protein-1 (TCP-1) ring complex (TRiC; also called CCT for chaperonin containing 
TCP-1) as a cellular factor required for late events in the replication of mammalian reovirus. We discovered that TRiC functions 
in reovirus replication through a mechanism that involves folding the viral σ 3 major outer-capsid protein into a form capable 
of assembling onto virus particles. TRiC also complexes with homologous capsid proteins of closely related viruses. Our data 
define a critical function for TRiC in the viral assembly process and raise the possibility that this mechanism is conserved in 
related non-enveloped viruses. These results also provide insight into TRiC protein substrates and establish a rationale for the 
development of small-molecule inhibitors of TRiC as potential antiviral therapeutics.

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology

https://doi.org/10.1038/s41564-018-0122-x
mailto:terence.dermody@chp.edu
http://orcid.org/0000-0002-1630-8734
http://orcid.org/0000-0003-1853-8741
http://www.nature.com/naturemicrobiology


© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. © 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

ARTICLES NATURE MICROBIOLOGY

cells were fixed, stained with a reovirus-specific antiserum and 
imaged to quantify infectivity.

As negative and positive controls for impaired virus release, 
HBMECs were transfected with a non-targeting (NT) scrambled 
siRNA or reovirus-specific siRNAs targeting the µ 2 structural or 

µ NS (non-structural) proteins. HBMEC transfection with an NT 
siRNA resulted in abundant infection of step 1 (81.7%) and step 
2 (67.4%) cells, whereas µ 2 or µ NS targeting substantially reduced 
step 2 cell infectivity (13.6% and 13.1%, respectively) with little 
effect on infectivity of step 1 cells (70.5% and 85.3%, respectively) 
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Fig. 1 | RNAi screen for cellular mediators of late steps in reovirus replication identifies the TRiC chaperonin. a, High-throughput screening schematic. 
b, Representative immunofluorescence images from reovirus-infected step 1 and step 2 cells transfected with an NT scrambled siRNA or reovirus-specific 
siRNAs (µ 2 or µ NS) and stained with DAPI (blue) and reovirus σ NS-specific antiserum (green). c, Venn diagram of the number of genes with robust  
Z-score < −  2.5 in each independent screen replicate. Overlapping regions indicate the number of genes with a robust Z-score < −  2.5 in multiple replicates. 
d, Top 20 candidate genes from the screen with Z-scores < −  2.5 in all three replicates. TRiC chaperonin genes (CCT) are highlighted in yellow. e, Median 
robust Z-scores from three independent screen replicates for individual target genes (black, n!= !7,418), NT siRNA (green, n!= !288), reovirus µ 2 siRNA 
(blue, n!= !240) and CCT siRNAs (red).
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(Fig. 1b). We hypothesized that any host factor required for a late 
step in viral infection would mirror the infectivity results observed 
with µ 2 and µ NS knockdown.

To identify candidate host genes, siRNA pools that compromised 
cell viability were excluded, and robust Z-scores for the siRNA 
library targets were calculated using step 1 and step 2 infectivity 
values. Negative robust Z-scores reflect diminished virus release. 
Seventy-four genes were at or below a predetermined robust Z-score 
threshold in each of the three independent screen replicates (Fig. 1c). 
STRING protein–protein interaction network analysis revealed an 
enrichment of Ras/MAPK, ubiquitin/proteasome and TRiC chap-
eronin gene networks (Supplementary Fig. 1). The top 20 candidates 
included chaperone components, kinases and phosphatases, mol-
ecule transporters and various enzymes (Fig. 1d). Remarkably, six 
of the eight subunits of the TRiC chaperonin (CCT1, CCT2, CCT3, 
CCT4, CCT5 and CCT8) displayed median robust Z-scores less than 
−  2.5, implicating this host chaperonin in viral replication (Fig. 1e).

The TRiC chaperonin is required for efficient reovirus replica-
tion, release and protein expression. To validate the RNAi screen 
findings, we repeated the screening procedure using HBMECs 
transfected with pools of four TRiC-specific siRNAs different 
from those used in the screen. Infectivity in step 1 cells transfected 
with TRiC-specific siRNAs was within 15% of infectivity in NT 
siRNA controls (Fig. 2a,b). However, TRiC disruption significantly 
reduced step 2 cell infectivity compared with NT controls (Fig. 2a,c). 
Thus, TRiC chaperonin knockdown decreases efficient release of  
infectious virus.

To determine the effect of TRiC disruption on reovirus replica-
tion, HBMECs were transfected with NT or TRiC-specific siRNAs 
and infected with reovirus. At 24 h post infection, reovirus titres 
were ~100-fold lower in cells transfected with CCT2-, CCT3- and 
CCT5-specific siRNAs compared with control cells (Fig. 2d). At 
48 h post infection, reovirus titres were ~100 to 1,000-fold lower 
in cells transfected with each TRiC-specific siRNA compared with 
control cells. Similar results were observed in experiments using 
human adenocarcinoma cells and human embryonic kidney cells 
(Supplementary Fig. 2). Importantly, TRiC disruption did not alter 
cell viability (Supplementary Fig. 3). Disruption of TRiC also did 
not affect the replication of chikungunya virus, an unrelated envel-
oped RNA virus that replicates in the cytoplasm21. Combined, these 
data indicate that TRiC function is required for efficient reovirus 
replication and that the requirement is not universal for all viruses.

To assess whether TRiC disruption alters reovirus protein expres-
sion, HBMECs were transfected with NT or TRiC-specific siRNAs 
and infected with reovirus. At 24 h post infection, cell lysates were 
prepared, resolved by SDS–PAGE and immunoblotted for reovirus 
proteins (Fig. 2f) or TRiC subunits and GAPDH (Fig. 2g). RNAi 
knockdown of each TRiC subunit substantially reduced the levels 
of intracellular reovirus proteins, providing evidence that TRiC is 
required for the production or stabilization of viral polypeptides.

TRiC redistributes to viral inclusions and is required for inclu-
sion morphogenesis. Reovirus forms inclusions in infected cells 
that serve as sites of progeny particle production22. To determine 
whether reovirus infection induces changes in the intracellular dis-
tribution of TRiC, we visualized TRiC in infected and uninfected 
cells by confocal and electron microscopy. The CCT1 and CCT3 
TRiC subunits displayed a diffuse staining pattern in uninfected 
HBMECs (Supplemental Fig. 4). By contrast, their distribution was 
substantially altered in reovirus-infected cells, localizing primarily 
to viral inclusions (Fig. 3a). Electron microscopy of immunogold-
labelled TRiC revealed sparse, diffuse staining in uninfected cells 
and concentrated, inclusion-associated staining in infected cells 
(Fig. 3b). These observations demonstrate that TRiC redistributes 
to sites of viral replication.

To determine the effect of TRiC disruption on viral inclusion 
morphogenesis, HBMECs were transfected with NT or TRiC-
specific siRNAs, infected with reovirus and imaged by confocal 
and electron microscopy. In contrast to cells transfected with an 
NT siRNA, cells transfected with siRNAs targeting TRiC subunits 
exhibited distorted inclusion morphology (Fig. 3c). Instead of 
forming large globular structures, inclusions appeared as puncta or 
diffuse throughout the cytoplasm. Electron microscopy of reovirus-
infected cells treated with an NT siRNA revealed electron-dense 
viral inclusions with numerous mature particles (Supplementary 
Fig. 4). In cells transfected with TRiC-specific siRNAs, viral inclu-
sions appeared abnormal, and virions were occasionally distorted. 
Thus, the TRiC chaperonin is required for formation of viral inclu-
sions and production of virions with normal morphology.

The TRiC chaperonin forms a complex with the reovirus σ3 
outer-capsid protein. The TRiC chaperonin folds newly translated 
polypeptides through an ATP-dependent mechanism8–10. To deter-
mine whether TRiC folds 1 or more of the 11 viral proteins during 
infection, TRiC was immunoprecipitated from reovirus-infected 
HBMECs after metabolically labelling newly translated proteins with 
35S-methionine/cysteine. SDS–PAGE of the input protein identified 
reovirus-specific large (λ ), medium (µ ) and small (σ ) polypeptides 
in infected cells (Fig. 4a, left). SDS−  PAGE of immunoprecipitated 
TRiC revealed known TRiC binding partners (actin and tubulin23) 
and an additional virus-specific band migrating at ~40 kDa (Fig. 4a, 
right). To confirm this interaction, TRiC was immunoprecipitated 
from reovirus-infected HBMECs, and co-immunoprecipitating pro-
teins were resolved by SDS–PAGE and immunoblotted for reovirus 
proteins. The same viral protein at ~40 kDa co-immunoprecipitated 
with the TRiC chaperonin (Supplementary Fig. 5). Using protein-
specific monoclonal antibodies, the 40 kDa band was identified as 
σ 3 (Fig. 4b, lane 4). Reovirus σ 3 is an essential structural compo-
nent that complexes with the viral µ 1 protein to form µ 13σ 33 hetero-
hexamers. These heterohexamers coalesce onto assembling virions 
to form the outer capsid24,25. The identification of an intracellular 
TRiC–σ 3 complex led us to hypothesize that TRiC functions in reo-
virus replication by folding σ 3 into its native state or contributing to 
its assembly into higher order structures.

To determine whether reovirus σ 3 is a TRiC substrate, σ 3 was 
translated in rabbit reticulocyte lysates (RRLs) in the presence of 
35S-methionine (met), resolved by native PAGE and visualized by 
phosphorimaging. RRLs are rich in chaperones, including TRiC, 
and have been used to identify putative TRiC substrates26,27. In addi-
tion to σ 3, human β -actin (a TRiC substrate13,28) and green-fluores-
cent protein (GFP) (folds independently of TRiC27) were translated 
as controls. GFP migrated as a low molecular weight monomer over 
the intervals of translation (Fig. 4c, lanes 1–3). β -Actin migrated in 
two primary forms: a low molecular weight monomer and a high 
molecular weight ~800 kDa species corresponding to a TRiC-actin 
complex (Fig. 4c, lanes 4–6). In vitro translated σ 3 from two pro-
totype reovirus strains (T1L and T3D) migrated almost exclusively 
as a high molecular weight species (Fig. 4c, lanes 7–12). A free σ 
3 monomer did not accumulate over time, suggesting that in vitro 
translated σ 3 remains bound to TRiC in a stable complex. To deter-
mine whether structurally-related viral outer-capsid proteins form 
a complex with TRiC, American grass carp aquareovirus (GCRV) 
VP7 and Colorado tick fever virus (CTFV, a coltivirus) VP11 were 
translated in RRLs. GCRV VP7 and CTFV VP11 migrated primar-
ily as high molecular weight complexes by native PAGE, as was 
observed with σ 3 (Fig. 4d). Therefore, homologous capsid proteins 
of Reoviridae members form a complex with the TRiC chaperonin.

For certain substrates, TRiC functions as a holdase, retaining 
the polypeptide in a quasi-native state until an interaction with a 
binding partner or co-chaperone mediates a final folding or release 
event29,30. To assess the stability of the complex formed between σ 3 

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology

http://www.nature.com/naturemicrobiology


© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. © 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

ARTICLES NATURE MICROBIOLOGY

and TRiC, σ 3 was translated in the presence of 35S-met for 5 min-
utes, incubated with cold met for 4 h, and resolved by native (Fig. 4e)  
and SDS–PAGE (Supplementary Fig. 5). Newly translated β -actin 
migrated in both TRiC-bound and TRiC-free forms (Fig. 4e, lane 3).  
After a 4 h chase, the high molecular weight TRiC–actin complex 
decreased in abundance with a corresponding increase in free, 
monomeric β -actin (Fig. 4e, lane 4). By contrast, in vitro translated 

σ 3 remained TRiC-bound throughout the duration of the cold met 
chase (Fig. 4e, lanes 5–8). These data indicate that the complex 
formed between TRiC and σ 3 is stable long after translation has 
completed, suggesting that TRiC functions as a holdase for σ 3.

To confirm that the high molecular weight species in the in vitro 
translation reactions corresponds to TRiC-bound substrate, σ 3 was 
translated in TRiC-immunodepleted RRLs and resolved by native 
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Fig. 2 | The TRiC chaperonin is required for efficient reovirus replication, release and protein expression. a, Representative immunofluorescence 
images of step 1 and step 2 T1L reovirus-infected HBMECs transfected with an NT luciferase-specific siRNA or TRiC subunit-specific (CCT) siRNAs 
and stained with DAPI (blue) and reovirus σ NS-specific antiserum (green). b,c, Quantification of step 1 (b) and step 2 (c) per cent infected cells from 
a. Data are presented as box-and-whisker plots of six technical replicates and are representative of three independent experiments (****P!< !0.0001; 
one-way ANOVA). d,e, Viral titres from T1L reovirus-infected HBMECs (multiplicity of infection (MOI) of one plaque forming unit (PFU) per cell) (d) 
or chikungunya virus-infected U-2 OS cells (MOI of 0.01 PFU per cell) (e) transfected with NT or TRiC subunit-specific siRNAs. An siRNA targeting the 
6V0C subunit of the vacuolar ATPase was used as a positive control to impair chikungunya virus replication61. Data are presented as mean!± !s.e.m. of three 
independent experiments (*P!< !0.05; **P!< !0.01; ***P!< !0.001; one-way ANOVA). f,g, Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–
PAGE) of HBMECs transfected with the indicated siRNAs, infected with T1L reovirus (MOI of 100 PFU per cell, 24!h post infection), and immunoblotted for 
reovirus proteins (f) or TRiC subunits and GAPDH (g). Immunoblots are representative of three independent experiments conducted with similar results.
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PAGE (Fig. 4f). TRiC was reproducibly immunodepleted to lev-
els 80–85% less than that of mock-depleted RRLs (Supplementary 
Fig. 5). The ~800 kDa form of σ 3 was substantially reduced in 
TRiC-depleted RRLs (Fig. 4f, lane 4). In addition, σ 3 translated in 
TRiC-depleted RRLs accumulated in a high molecular weight form 
that did not enter the native gel, indicative of protein aggregation 
(Fig. 4f, lane 4, asterisk). Reconstitution of immunodepleted RRLs 
with purified human TRiC (hTRiC) restored the intensity of the 
~800 kDa band (Fig. 4f, lane 5), providing evidence that the high 
molecular weight species constitutes a stable TRiC-σ 3 complex.

Since TRiC forms a complex with σ 3, we hypothesized that the 
defects in viral protein production (Fig. 2f) and viral inclusion for-
mation (Fig. 3c) with TRiC disruption are attributable to a failure in 
σ 3 biogenesis. We tested whether siRNA disruption of σ 3 mirrored 
the effect of TRiC disruption on viral inclusion formation. RNAi 
knockdown of σ 3 in reovirus-infected cells resulted in decreased 

viral protein expression and distorted viral inclusions that failed to 
mature into large globular structures (Supplementary Fig. 6), mim-
icking results observed with TRiC knockdown. We conclude that 
the observed effects of TRiC disruption on viral protein synthesis 
and inclusion morphology are a result of defects in σ 3 production.

The intracellular biogenesis of native σ3 conformers requires the 
TRiC chaperonin. To determine whether TRiC is required to fold 
σ 3 within infected cells, HBMECs expressing CCT2 or CCT5 short 
hairpin (sh)RNAs were infected with reovirus, and intracellular σ 3  
was visualized by confocal microscopy. Folded σ 3 was detected 
using a conformation-sensitive monoclonal antibody specific for 
the native form of the protein31. TRiC disruption substantially 
reduced the forms of σ 3 recognized by the conformation-specific 
antibody, whereas infected cells with intact TRiC produced abun-
dant folded σ 3 (Fig. 5a). To assess total levels of σ 3, cells were 
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stained with a σ 3-specific polyclonal antiserum capable of recog-
nizing folded and unfolded epitopes. Total σ 3 immunofluorescence 
(folded and unfolded) was substantially greater than folded σ 3 in 
TRiC-deficient cells (Fig. 5b). The average σ 3 staining area (Fig. 5c) 
and intensity (Fig. 5d) were significantly higher for total σ 3 rela-
tive to folded σ 3. Despite the increased levels of total σ 3 observed 
by confocal microscopy, the total amount of full-length, soluble σ 3 
detectable by immunoblotting was substantially reduced in TRiC-
deficient cells (Fig. 5e, lanes 7–12). Therefore, TRiC disruption 
results in accumulation of σ 3 conformers that are partially trans-
lated, proteolytically cleaved or aggregated and insoluble.

To determine the effect of TRiC disruption on the production 
of native intracellular σ 3, HEK-293T cells were transfected with an 
NT or TRiC-specific siRNA and transfected with expression plas-
mids or infected with reovirus (Fig. 5f). Cell lysates were resolved 
by native PAGE and immunoblotted for σ 3 (Fig. 5g) or TRiC  

(Supplementary Fig. 7). Expression of all proteins was confirmed by 
SDS–PAGE (Fig. 5h). When expressed alone, σ 3 migrated in two pre-
dominant forms: a low molecular weight complex at ~140 kDa, cor-
responding to a σ 3 homo-oligomer32,33, and a high molecular weight 
complex at ~800 kDa, corresponding to the TRiC-bound form of σ 3  
(Fig. 5g, lane 2). When co-expressed with its outer-capsid binding 
partner, µ 1, σ 3 migrated primarily at a molecular weight of ~400 kDa 
(Fig. 5g, lane 3), corresponding to the assembled µ 13σ 33 hetero-
hexamer34. In reovirus-infected cells, the forms of intracellular σ 3 
included the TRiC-bound species, µ 13σ 33 heterohexamer, and σ 3 
homo-oligomer, as well as an unknown band migrating at ~250 kDa 
(Fig. 5g, lane 4). RNAi disruption of TRiC resulted in a striking per-
turbation of the intracellular forms of σ 3. When expressed alone in 
TRiC-disrupted cells, σ 3 migrated as a single, low-intensity, high 
molecular weight band corresponding to a complex with residual 
intracellular TRiC (Fig. 5g, lane 6). When co-expressed with µ 1 
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in TRiC-disrupted cells, σ 3 exclusively migrated as a faint band at 
~400 kDa (Fig. 5g, lane 7). Finally, native intracellular σ 3 was virtu-
ally undetectable in reovirus-infected, TRiC-disrupted cells (Fig. 5g,  
lane 8). Importantly, overall levels of de novo translation were not 

affected by TRiC disruption, as GFP expression was equivalent in 
cells treated with NT or TRiC-specific siRNAs (Fig. 5h, lane 1,5). 
These data indicate that TRiC is required for the intracellular pro-
duction of the multiple native forms σ 3.
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The TRiC chaperonin folds σ3 into a native, assembly-compe-
tent conformation. To determine whether TRiC directly folds σ 3 
into its native conformation, σ 3 was translated in mock- or TRiC-
depleted RRLs (Fig. 6a). Translated σ 3 was immunoprecipitated 
using a conformation-specific antibody and resolved by SDS–
PAGE (Fig. 6a, i). Reovirus σ 3 was efficiently immunoprecipitated 
from mock-depleted RRLs (Fig. 6b, lane 3). By contrast, there was 
a 67% reduction in the amount of σ 3 immunoprecipitated from 
TRiC-depleted reactions (Fig. 6b, lane 6). Immunoprecipation of σ 3 
translated in TRiC-depleted RRLs reconstituted with hTRiC yielded 
levels similar to mock-depleted RRLs (Fig. 6b, lane 9, quantified in 
Supplementary Fig. 8). To identify the σ 3 species recognized by the 
conformation-specific antibody, we resolved the immunoprecipi-
tation flow-through containing unbound protein by native PAGE 
(Supplementary Fig. 8). The σ 3-specific antibody depleted the 
~800 kDa form of σ 3 from translation reactions, revealing that the 
antibody recognizes an exposed region of σ 3 bound to TRiC. These 
results provide evidence that TRiC directly folds and retains σ 3 in an 
exposed conformation capable of interacting with binding partners.

To further test whether TRiC directly folds σ 3, we quantified 
the protease sensitivity of σ 3 translated in mock- or TRiC-depleted 
RRLs (Fig. 6a, ii). Unfolded proteins often exhibit increased pro-
tease sensitivity because of the exposure of additional cleavage 
sites35,36. Reovirus σ 3 was translated in mock- or TRiC-depleted 
RRLs, digested with proteinase K for various intervals and resolved 
by SDS–PAGE. Compared with mock-depleted RRLs, σ 3 translated 
in TRiC-depleted RRLs displayed enhanced proteinase K sensitiv-
ity (Fig. 6c, Supplementary Fig. 8). Reconstitution of depleted RRLs 
with purified hTRiC decreased the sensitivity of translated σ 3 to 
protease digestion, providing further evidence that TRiC folds σ 3 
into its native conformation.

To determine whether TRiC renders σ 3 into a conformation 
capable of assembly, we tested whether reovirus infectious subvi-
rion particles (ISVPs) could be recoated with σ 3 translated in RRLs. 
(Fig. 6a, iii). ISVPs are naturally occurring reovirus disassembly 
intermediates formed during cell entry. These particles lack σ 3 and 
contain a cleaved form of the σ 3-binding partner, μ 1 (μ 1δ ) (Fig. 6d).  
ISVPs can be recoated with purified σ 3 to produce the mature 
outer capsid37. We translated σ 3 in mock or TRiC-depleted RRLs 
(Fig. 6e), incubated reactions with ISVPs and immunoprecipitated 
recoated particles with a μ 1δ -specific antibody. We confirmed that 
this antibody recognizes μ 1δ  and not σ 3 (Supplementary Fig. 8). 
TRiC depletion resulted in a 92% reduction in the efficiency of 
ISVP recoating (Fig. 6e, lane 6, quantified in Supplementary Fig. 8). 
Concordantly, reconstitution of RRLs with purified hTRiC restored 
recoating activity (Fig. 6e, lanes 9 and 12). Thus, TRiC folds σ 3 into 
a conformation capable of recoating ISVPs, providing evidence that 
TRiC functions in viral particle assembly by folding the σ 3 outer-
capsid protein.

Discussion
In this study, we used an RNAi-based screen to identify cellular 
factors required for late steps in reovirus infection and discovered 
that the TRiC chaperonin mediates reovirus capsid protein fold-
ing. Found within all eukaryotic cells, TRiC interacts with 5–10% 
of cytoplasmic proteins and exhibits substrate specificity, although 
no consensus TRiC-binding determinants have been identified11. 
Our data support a model in which TRiC binds and folds reovirus 
σ 3 into its native conformation, after which the folded protein is 
retained within TRiC, released as a stable homo-oligomer or incor-
porated into the µ 13σ 33 heterohexamer for assembly onto progeny 
virions (Fig. 6f). These observations enhance an understanding of 
the cell biology of reovirus infection and yield a new function for 
the TRiC chaperonin.

Presently no rules or patterns have been defined for viral  
substrates of the TRiC chaperonin. In certain cases, such as with  

reovirus σ 3, retroviral Gag15,38 and the hepatitis B virus core protein16, 
TRiC appears to fold capsid components, potentially directing their 
assembly into mature particles. For other viruses, TRiC interacts 
with less abundant non-structural proteins, such as Epstein–Barr 
virus EBNA-317 and hepatitis C virus NS5B18. In the case of capsid 
components, the requirement for TRiC-mediated folding might be 
due to the propensity of these proteins to rapidly misfold and form 
insoluble aggregates. As for viral non-structural proteins, the pres-
ence of multiple domains with independent folding requirements 
may dictate the need for TRiC. Why certain viruses require TRiC 
and others do not, and whether viral substrates of TRiC can be pre-
dicted, remain key unanswered questions.

Although we provide evidence that TRiC folds σ 3, we do not 
understand the biochemical features that render σ 3 an obligate 
TRiC substrate. A complex between TRiC and σ 3 may form during 
translation to prevent nascent chain misfolding. Alternatively, σ 3  
may be refractory to spontaneous folding after release from ribo-
somes, requiring the exploration of various intermediates before 
achieving a native conformation. The structure of σ 3 contains  
β -sheets that form via long-range intramolecular interactions32, and 
these secondary structures may not form spontaneously, requiring 
the iterative cycling of TRiC to complete the folding process. The 
σ 3 protein also harbours a hydrophobic amino-terminal domain 
that forms the binding interface between homo-oligomers and mol-
ecules of µ 1 in the µ 13σ 33 heterohexamer. This domain is likely to 
be insoluble and aggregation prone in the aqueous cytoplasm, and 
TRiC, like other chaperonins39, may function to provide a thermo-
dynamically favourable environment to allow the domain to fold. 
The combined effect of TRiC co-translational binding and iterative 
folding may be necessary for the efficient folding and assembly of  
σ 3 onto new virus particles.

After folding, TRiC substrates are usually released from the 
interior chamber and exit into the cytosol. However, for certain 
substrates, such as the Von Hippel–Lindau (VHL) protein, release 
is more complex. After an initial folding event, TRiC functions as 
a holdase for VHL, retaining the protein in a quasi-native confor-
mation competent for assembly into higher-order structures29. The 
complete folding and release of VHL occurs only after interaction 
with elongin-BC, the VHL binding-partner29. Our observation that 
σ 3 translated in RRLs forms a stable complex with TRiC (Fig. 4d) 
suggests that TRiC functions as a σ 3 holdase, stabilizing σ 3 in a 
form primed for assembly. Through its holdase activity, TRiC could 
sequester aggregation-prone domains of σ 3, such as the hydropho-
bic amino terminus, and maintain the protein in a conformation 
competent for assembly into homo-oligomers or heterohexam-
ers. Owing to similarities in the replication cycles of Reoviridae 
viruses, we predict that this TRiC-mediated folding mechanism 
operates broadly to stabilize and assemble aggregation-prone viral 
capsid components.

Despite its observed holdase function, TRiC must liberate native 
σ 3 for virus assembly. An interaction between TRiC-bound σ 3 and 
nascent µ 1 could trigger σ 3 release. Alternatively, an unknown host 
co-chaperone could facilitate the productive release of native σ 3 
from TRiC. There is precedent for such a mechanism, as certain 
substrate-specific co-chaperones function following the action of 
TRiC to aid in the folding and assembly of oligomers. The α /β  tubu-
lin co-chaperones function following TRiC to assemble microtu-
bules40, and phosducins participate in the assembly of the G-protein 
β γ  dimer after TRiC-mediated β -subunit folding41. In the case of 
reovirus σ 3, assembly into a complex with a host or viral protein  
is likely required for the release of the native protein following 
TRiC-mediated folding.

The different subunits in hetero-oligomeric TRiC have distinct 
binding specificities38 and, thus, substrate selection results from 
the combinatorial recognition of unique binding determinants in a 
substrate42,43. These binding determinants may associate with TRiC 
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as helical structures, such as in a 54 amino acid stretch in the p6 
domain of HIV Gag15,38, or in an extended state, as in a 6–9 amino 
acid sequence in Box 1 of VHL7,44. Our finding that outer-capsid 

proteins of mammalian orthoreovirus (σ 3), aquareovirus (VP7), 
and coltivirus (VP11) bind to TRiC suggests that certain shared 
biochemical features facilitate chaperonin binding. These viral 
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capsid proteins exhibit less than 20% amino acid identity but show 
similar hydrophobicity profiles in certain sequence regions45. These 
conserved hydrophobic regions may dictate TRiC binding and con-
stitute a shared substrate motif, which supports a potential new 
determinant of TRiC binding.

Our results establish a function for the TRiC chaperonin in the 
folding of a non-enveloped virus capsid component. The broad 
conservation of TRiC in eukaryotes and the common principles of 
assembly of non-enveloped viruses raise the possibility that TRiC 
folds capsid components of other viruses. Findings reported here 
establish a foundation to better understand the rules governing 
TRiC substrate selection and set the stage for development of TRiC 
inhibitors as potentially broad-spectrum antiviral therapeutics.

Methods
Cells and viruses. HBMECs were provided by Kwang Sik Kim46 (Johns Hopkins 
University) and cultured in RPMI 1640 medium as described. U-2 osteosarcoma 
(OS) (ATCC HTB-96) cells were maintained in McCoy’s 5A medium supplemented 
to contain 10% fetal bovine serum (FBS). HEK-293T (ATCC CRL-3216) cells were 
maintained in DMEM supplemented to contain 10% FBS and 1% sodium pyruvate. 
Caco-2 cells (ATCC HTB-37) were maintained in DMEM supplemented to contain 
10% FBS, 1% non-essential amino acids and 1% sodium pyruvate. Spinner-adapted 
murine L929 fibroblast cells were grown in either suspension or monolayer 
cultures as described47. Viral titres were determined by plaque assay using L929 
cells as described48. Cell viability was quantified by PrestoBlue assay (Thermo 
Fisher, A13261) according the manufacturer’s instructions. HBMECs were tested 
for mycoplasma contamination using the Venor GeM mycoplasma detection kit 
(Sigma, MP0025). No authentication was performed on the cell lines used in  
this study.

Reovirus strains T1L and T3D were recovered using plasmid-based reverse 
genetics49 and purified as described50. Reovirus T1L M1 P208S, which harbours a 
point mutation in the M1 gene allowing it to form globular, T3D-like inclusions51, 
was used in the RNAi screen to facilitate visualization of reovirus-infected cells by 
high-throughput automated microscopy. The chikungunya virus 181/25 infectious 
clone plasmid was generated as described52.

siRNA and DNA transfections, plasmid cloning and shRNA lentiviral 
transductions. Cells were reverse-transfected with siRNAs (Supplementary table 1)  
at a final concentration of 2.5 nM (HBMECs and U2-OS cells) or 5 nM (HEK-293T 
and Caco-2 cells) using Lipofectamine RNAiMax (Thermo Fisher, 13778075). 
Cells were used in viability, infection, imaging and immunoblotting assays 48 h 
post transfection. For transient DNA transfections of HEK-293T cells, 7.2 µ g of 
pcDNA3.1+  expression vectors were combined with FuGene 6 (Promega, E2691) 
in Opti-MEM and incubated at room temperature for 15 min. DNA/FuGene 
mixtures were added dropwise onto 5 ×  105 cells and incubated at 37 °C for 24 h.

To engineer plasmids for transient transfection and in vitro translation studies, 
open reading frames were amplified by PCR using primers containing 5′  KpnI and 
3′  NotI restriction sites (Supplementary table 2). PCR fragments were purified, 
digested and ligated into the corresponding KpnI/NotI restrictions sites in the 
pcDNA3.1+  vector. The following templates were used for PCR amplification: 
human β -actin (DNASU, HsCD00042977), American grass carp reovirus VP7 
(GeneScript, Gene ID: 6218809), Colorado tick fever virus VP11 (GeneScript, 
Gene ID: 993319), peGFP-N1 (Addgene, 6085-1), pT7-T1L S4 (σ 3) (Addgene, 
33295), pT7-T3D S4 (σ 3) (Addgene, 33285), pT7-T1L M2 (µ 1) (Addgene, 33290).

To propagate shRNA-encoding lentiviruses, 1 ×  107 HEK-293T cells were 
cotransfected with 0.6 µ g pVSVG, 3 µ g pCMV Lenti 8.92 Gag/Pol and 6 µ g of 
an empty shRNA control (Sigma, SHC201), CCT2-specific shRNA (Sigma, 
SHCLNG-NM_006431) or CCT5-specific shRNA (Sigma, SHCLNG-NM_012073) 
using the FuGene 6 transfection reagent. The culture medium was replaced 24 h 
post transfection with complete RPMI medium, and cells were incubated at 37 °C 
for 48 h. The medium containing packaged lentiviral particles was clarified by 
centrifugation at 4,000g at 4 °C for 10 min and stored at −  80 °C. For lentiviral 
transduction, 3 ml of lentivirus-containing cell culture medium was combined 
with 3 µ l of polybrene (Millipore, TR-1003-G), vortexed briefly, incubated at 
room temperature for 5 min and added to HBMECs. After incubation overnight, 
the culture medium was supplemented to contain 1 µ g ml− 1 puromycin. Target 
knockdown was confirmed by immunoblotting.

In vitro transcription, translation and 35S-metabolic labelling. Coupled in vitro 
transcription and translation reactions were conducted using the TNT coupled 
rabbit reticulocyte lysate system (Promega, L4610) according to the manufacturer’s 
instructions. Using pcDNA3.1+  templates for in vitro transcription and 
translation, reactions were incubated at 30 °C for variable intervals depending on 
the experimental conditions. Reactions were supplemented with [35S]-methionine 
(Perkin Elmer, NEG709A500UC) for radiolabelling and RNasin Plus RNase 
Inhibitor (N2611). Where indicated, reactions were chased with cold methionine 

added to a final concentration of 2 mM. Translation reactions were terminated by 
fourfold dilution in stop buffer (20 mM HEPES-KOH pH 7.4, 100 mM potassium 
acetate, 5 mM magnesium acetate, 5 mM EDTA, 2 mM methionine) supplemented 
with a final concentration of 1 mM dithiothreitol (DTT) and 2 mM puromycin. 
Samples were used for immunoprecipitation, ISVP recoating, proteinase K (Sigma, 
P4850) digestion (final concentration of 2.5 µ g ml− 1), or resolved by native and 
SDS–PAGE.

For metabolic labelling of de novo protein synthesis in cells, 4 ×  106 HBMECs 
were infected with reovirus for 20 h. Cells were incubated in methionine/cysteine‐
free medium for 20 min, labelled with medium supplemented with 35S-methionine 
and cysteine (0.4 mCi ml− 1) (Perkin Elmer, NEG772007MC) for 5 min and chased 
with medium supplemented with 50 mM cold methionine and cysteine for 1 min. 
Radiolabelled TRiC-bound proteins were isolated by immunoprecipitation and 
visualized by SDS–PAGE.

Native cell lysis, immunoprecipitations and immunodepletions. Native HEK-
293T cell lysates were prepared by suspending cells in ice-cold ATP depletion 
buffer (1 mM sodium azide, 2 mM 2-deoxyglucose, 5 mM EDTA and 5 mM 
cycloheximide in phosphate-buffered saline without calcium and magnesium 
(PBS−  /−  )), followed by centrifugation at 300g at 4 °C for 5 min. Cells were 
resuspended in lysis buffer A (50 mM HEPES pH 7.4, 100 mM KCl, 1.5 mM MgCl2, 
0.5% NP-40) supplemented to contain 2 mM phenylmethylsulfonyl fluoride (PMSF, 
Sigma, P7626), protease inhibitor cocktail (Sigma, P8340) and benzoase (Sigma, 
E1014) and incubated on ice for 10 min. Lysates were clarified by centrifugation 
at 20,000g at 4 °C for 10 min, and the protein concentration was quantified using 
a DC protein assay (BioRad, 5000112). DTT was added to each sample to a final 
concentration of 1 mM, and equal amounts of protein sample were diluted in 
4 ×  Native PAGE Sample Buffer and Native PAGE G-250 Sample Additive (0.125% 
final concentration, Thermo Fisher, BN2004).

To immunoprecipitate TRiC from reovirus-infected cells, HBMECs were 
harvested in ice-cold ATP-depletion buffer and collected by centrifugation at 
300g at 4 °C for 5 min. Cells were resuspended in lysis buffer B (50 mM HEPES-
KOH pH 7.5, 100 mM KCl, 5 mM EDTA, 10% glycerol) supplemented with 
protease inhibitor cocktail and lysed by dounce homogenization (70 strokes). 
Lysates were clarified by centrifugation at 20,000g at 4 °C for 10 min. Clarified cell 
lysates were combined with 2 µ g of a rabbit CCT2-specific monoclonal antibody 
(Abcam, ab92746) or an immunoglobulin (Ig)G isotype control antibody (Abcam, 
ab172730) and incubated at 4 °C for 30 min with rotation. Cell lysates were 
combined with Protein G Dynabeads (Thermo Fisher, 10004D) and incubated 
at 4 °C for 30 min with rotation. Bead-bound antibody–antigen complexes were 
washed four times with ice-cold TRiC wash buffer (50 mM HEPES-KOH pH 7.5, 
100 mM KCl, 5 mM EDTA, 10% glycerol, 0.05% NP-40), eluted with SDS sample 
buffer and resolved by SDS–PAGE.

To immunoprecipitate proteins translated in vitro in RRLs, 5 µ g of mouse  
10C1 σ 3 monoclonal antibody (for σ 3 immunoprecipitations), mouse 8H6 µ 1/µ 1δ   
monoclonal antibody (for recoated ISVP immunoprecipitations) or IgG isotype 
control antibody (mouse 2F5 σ NS monoclonal antibody53) were incubated with 
reactions at 4 °C for 1 h with rotation. Samples were added to Protein G Dynabeads 
and incubated at 4 °C for 1 h with rotation. The flow-through containing unbound 
protein was resolved by native PAGE. Dynabeads were washed four times with 
Tris-buffered saline (20 mM Tris-HCl pH 7.5, 150 mM NaCl) containing 0.1% 
Tween-20, eluted with SDS sample buffer and resolved by SDS–PAGE.

TRiC was immunodepleted from RRLs by incubating 75 µ l of RRLs with 8 µ g 
of a rabbit CCT2-specific polyclonal antiserum27 or an equivalent volume of resin 
wash buffer (10 mM Tris-HCl pH 7.5, 25 mM KCl, 0.5 mM magnesium acetate) 
and incubated at 4 °C for 2 h with rotation. Protein A-agarose fast flow resin 
(Sigma, P3476) was pre-washed four times with 1 ml of resin wash buffer. RRLs 
were incubated with protein A beads at 4 °C for 2 h, and bead-bound antibody/
TRiC complexes were collected by centrifugation at 2,000g at 4 °C for 5 min. This 
process was repeated twice with the supernatant to further deplete TRiC. Where 
indicated, RRLs were reconstituted with recombinant human TRiC (provided by 
the Frydman laboratory, Stanford University).

Native and SDS–PAGE, immunoblotting, phosphorimaging. Native PAGE. 
Samples for native PAGE were diluted in 4 ×  Native PAGE Sample Buffer (Thermo 
Fisher, BN2003) and loaded into wells of 4–16% Native PAGE Bis-Tris acrylamide 
gels (Thermo Fisher). Samples were electrophoresed using the blue native PAGE 
Novex Bis-Tris gel system (Thermo Fisher) at 150 V at 4 °C for 60 min, followed 
by 250 V at 4 °C for 40 min. Light blue anode buffer was supplemented with 0.1% 
L-cysteine and 1 mM ATP. Following electrophoresis, gels were incubated in 40% 
methanol, 10% acetic acid at RT for 1 h, washed three times with ddH2O, and dried 
on filter paper at 80 °C for 2 h using a BioRad model 583 gel dyer. Dried gels were 
exposed on a phosphorimaging screen for 12–36 h and imaged using a Perkin 
Elmer Cyclone Phosphor System Scanner (B431200). Protein bands labelled with 
35S-met were analysed using ImageJ software54. To immunoblot native cell lysates, 
samples were resolved by blue native PAGE with the following modification: 
DTT was added to the light blue cathode buffer to a final concentration of 
1 mM. Following electrophoresis, proteins were transferred to a polyvinylidene 
difluoride (PVDF) membrane (BioRad, 162-0177) at 25 V at 4 °C for 2 h. Following 
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transfer, the membrane was soaked in 8% acetic acid for 15 min, rinsed with 
ddH2O, and dried. The membrane was incubated with 100% methanol for 1 min, 
rinsed with ddH2O, blocked with 5% bovine serum albumin (BSA) diluted in 
PBS−  /−  , and incubated with antibodies for immunoblotting. All native gels were 
electrophoresed with the NativeMark Protein Standard (ThermoFisher, LC0725) 
for molecular weight estimation.

SDS–PAGE. Samples for denaturing PAGE were diluted in 5×  SDS–PAGE  
sample buffer and incubated at 95 °C for 10 min. Samples were loaded into  
wells of 10% acrylamide gels (BioRad, 4561036) and electrophoresed at 100 V 
for 90 min. Follow electrophoresis, gels were either stained with colloidal blue 
(ThermoFisher, LC6025) or transferred to nitrocellulose for immunoblotting. 
Immunoblots were scanned using an Odyssey CLx imaging system (Li-Cor)  
and analyzed as described55.

The following antibodies were used for immunoblotting: guinea pig σ NS 
polyclonal antiserum56, rabbit reovirus-specific polyclonal antiserum57, mouse 4F2 
σ 3 monoclonal antibody31, rabbit VU219 σ 3 polyclonal antiserum (this study), 
mouse 8H6 µ 1/µ 1δ  monoclonal antibody31, rat CCT1 monoclonal antibody 
(Enzo Life Sciences, ADI-CTA-123), rabbit CCT2 monoclonal antibody (Abcam, 
ab92746), rabbit CCT3 polyclonal antiserum (ABclonal, A6547), mouse CCT4 
monoclonal antibody (Santa Cruz, sc-137092), rabbit CCT5 monoclonal antibody 
(Abcam, ab129016), mouse CCT8 polyclonal antibody (Novus Biologicals, 
H00010694-B02P), mouse GAPDH monoclonal antibody (Sigma, G8795) and 
rabbit GFP polyclonal antiserum (Santa-Cruz, sc-8334).

Immunofluorescence microscopy, image analysis and quantification. Confocal 
microscopy was performed as described47 with the following modifications: cells 
were fixed in 4% paraformaldehyde (PFA, Electron Microscopy Sciences, 15712-s) 
diluted in PBS−  /−   at RT for 20 min and counterstained with 4′ ,6-diamidino-2-
phenylindole (DAPI, Invitrogen, D3571) to label nuclei. Confocal images were 
captured using a Zeiss LSM 710 laser scanning confocal microscope equipped with 
a 63×  oil objective. Images were processed using Zen 2012 and ImageJ software 
with the Fiji plugin54. Immunofluorescence images to quantify folded and unfolded 
reovirus σ 3 were captured using a Lionheart FX automated microscope (BioTek) 
equipped with a 20×  air objective. Images were processed and signals quantified 
using Gen5+  software (BioTek). The following antibodies were used: guinea pig σ 
NS polyclonal antiserum56, mouse 10C1 σ 3 monoclonal antibody (conformation-
specific antibody, used to label native σ 3 (ref. 31), rabbit VU219 σ 3 polyclonal 
antiserum (used to label total σ 3), rabbit anti-CCT1 polyclonal antiserum 
(NeoScientific, A1950), rabbit CCT3 polyclonal antiserum (ABclonal, A6547).

ISVP purification and recoating. To generate ISVPs, 2 ×  1012 purified T1L 
reovirus particles were incubated with chymotrypsin (Sigma, C3142) diluted to 
200 µ g ml− 1 at 37 °C for 60 min. Digestion was terminated by the addition of PMSF 
to a final concentration of 2 mM. ISVPs were purified by caesium chloride gradient 
(1.25 g ml− 1 to 1.45 g ml− 1) centrifugation with a Beckman Coulter Optima L-90K 
ultracentrifuge and SW-41 rotor at 25,000 rpm at 5 °C overnight. Purified ISVPs 
were dialysed in four 1 l volumes of virion storage buffer (10 mM Tris-HCl pH 7.5, 
150 mM KCl, 15 mM MgCl2) and stored at 4 °C. Virion-to-ISVP conversion was 
confirmed by SDS–PAGE and colloidal blue staining to assess the loss of σ 3 and 
cleavage of µ 1C to µ 1δ . For recoating experiments, ISVPs (5 ×  1010) or an equal 
volume of virion storage buffer were added to in vitro translated σ 3 and incubated 
at 37 °C for 2 h.

Electron microscopy. Cells were incubated with a mixture of 4% PFA and 1% 
glutaraldehyde in 0.4 M HEPES buffer, pH 7.4 at room temperature for 1 h. Cells 
were incubated with 1% osmium tetroxide and 0.8% potassium ferricyanide 
in water at 4 °C for 1 h and dehydrated in 5 minute steps with increasing 
concentrations of acetone (50%, 70%, 90% and twice in 100%) at 4 °C. Samples 
were incubated at room temperature overnight with a 1:1 mixture of acetone-
resin, infiltrated for 8 h in pure epoxy resin EML-812 (TAAB Laboratories)22 and 
polymerized at 60 °C for 48 h. Ultrathin (~60 nm) oriented serial sections were 
prepared using a UC6 ultramicrotome (Leica Microsystems), collected on uncoated 
300-mesh copper grids (TAAB Laboratories), stained with saturated uranyl acetate 
and lead citrate, and imaged by transmission electron microscopy (TEM). Images 
were acquired using a JEOL JEM 1011 electron microscope operating at 100 kv. 
Reovirus inclusion and particle morphology were assessed by imaging more than 
100 HBMECs reverse-transfected with non-targeting (luciferase siRNA) or TRiC 
subunit-specific siRNAs by TEM.

For immunogold labelling on thawed cryosections (Tokuyasu method58,59),cells 
were incubated with 4% PFA in PHEM buffer, pH 7.2 (60 mM piperazine-N,N′ -bis 
(2-ethanesulfonic acid), 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2) at RT for 2 h, 
followed by 50 mM NH4Cl to quench free aldehydes groups. Cells were collected 
by centrifugation, embedded in 12% gelatin (TAAB Laboratories) in PBS, and 
incubated on ice for 15 min. Pellets were divided into 1 mm3 cubes and incubated at 
4 °C overnight with 2.1 M sucrose in PBS. Blocks were mounted on metal pins and 
frozen in liquid nitrogen. Ultrathin cryosections (50–100 nm) were prepared using 
a diamond knife and a UC6 cryoultramicrotome (Leica Microsystems) operating 
at −  120 °C. Sections were collected using a mixture of 2% methylcellulose in H2O 

and 2.1 M sucrose in PBS (1:1) and transferred to 200-mesh grids with a carbon-
coated Formvar film. Grids were incubated with PBS at 37 °C for 25 min in a humid 
chamber. Free aldehydes were quenched with 50 mM NH4Cl (five times at 2 min 
each) before incubation with 1% BSA for 5 min. Cryosections were incubated with 
a rabbit CCT2-specific monoclonal antibody (Abcam, ab92746) diluted 1:20 in 
1% BSA for 1 h. After washes with 0.1% BSA (5 times at 2 min each) and 1% BSA 
(5 min), grids were incubated for 30 min with a secondary antibody conjugated 
with 10 nm colloidal gold particles (BB International) diluted 1:50 in 1% BSA. 
Cryosections were washed with 0.1% BSA (twice at 2 min each) and PBS (3 times 
at 2 min each) before incubation with 1% glutaraldehyde in PBS for 5 min. After 
washing with water (nine times at 2 min each), grids were incubated with uranyl 
acetate and methylcellulose (9:1) on ice for 5 min. Grids were collected, dried, and 
imaged using a JEOL JEM 1011 electron microscope operating at 100 kv. Images 
from immunogold-labelled Tokuyasu cryosections were selected from more than 
50 mock-infected and reovirus-infected cells.

High-throughput RNA interference screen. Day 1: reverse transfection of siRNA 
library (step 1). The Dharmacon human ON-TARGETplus druggable genome 
siRNA library (7,518 genes total with pools of four unique siRNAs targeting 
each gene) was aliquoted in triplicate into black, clear-bottom, 384-well plates 
(Greiner, 781091) for a final diluted siRNA concentration of 25 nM. Control 
siRNAs targeting JAM-A (receptor for reovirus), reovirus µ 2, reovirus μ NS and a 
non-targeting control were seeded into empty wells. As a control for transfection 
efficiency, wells also were seeded with the AllStars Cell Death control siRNA 
(Qiagen). Lipofectamine RNAiMax transfection reagent was diluted in Opti-MEM 
reduced-serum medium, and aliquoted into each well (0.07 μ l RNAiMax per well). 
Following a 15 min incubation at room temperature, the siRNA/lipid solution was 
combined with 5 ×  102 HBMECs per well in complete RPMI medium. Cells were 
incubated at 37 °C for 48 h to allow efficient target knockdown.

Day 3: reovirus infection. Previously transfected HBMECs were adsorbed with 
reovirus T1L M1 P208S at a MOI of 1,000 PFU per cell at 37 °C for 3 h. Cells were 
washed twice with PBS−  /−  , supplemented with complete RPMI medium, and 
incubated at 37 °C for 48 h.

Day 5: supernatant transfer and fixation of step 1 cells. The cell culture medium 
(30 µ l) covering step 1 infected cells was transferred to V-bottom 384-well plates 
using an Agilent Bravo automated liquid handling platform. The remaining 
medium covering step 1 cells was removed, and cells were incubated with ice-
cold 100% methanol and stored at −  20 °C. Supernatants in V-bottom plates 
were centrifuged at 1,000 r.p.m. at RT for 10 min to collect cellular debris. The 
supernatant was transferred to new (step 2) 384-well plates. HBMECs (2 ×  103 cells 
per well) were seeded on top of the transferred supernatants and cultured  
at 37 °C for 24 h.

Day 6: fixation of step 2 cells. The culture medium covering step 2 cells was 
aspirated, and cells were incubated with ice-cold 100% methanol and stored  
at −  20 °C.

Day 7: immunofluorescence staining. Step 1 and step 2 cells were brought to RT,  
the methanol fixative was aspirated, and cells were washed twice with PBS−  /−  . 
PBS−  /−   containing 5% BSA was added to each well and incubated at 37 °C for 
15 min. The BSA blocking solution was aspirated, and cells were incubated with 
a reovirus σ NS-specific guinea pig polyclonal antiserum diluted 1:2000 in PBS−  
/−   containing 0.5% Triton-X 100 (PBS-T) at 37 °C for 1 h. Cells were washed 
twice with PBS−  /−   and incubated with DAPI and a guinea pig-specific Alexa 488 
secondary antibody (diluted 1:1000) in PBS-T at 37 °C for 1 h. Cells were wash 
twice with PBS−  /−   and covered with H2O for imaging.

Day 8: high-content imaging. Fluorescent images were captured using an 
ImageXpress Micro XL (Molecular Devices) automated microscope equipped with 
a 20×  air objective. Four independent fields of view were acquired for each well.

Day 9: quantitative image analysis. Reovirus-infected HBMECs in step 1 and step 2  
plates were enumerated using MetaXpress image analysis software (Molecular 
Devices). Fluorescence intensity thresholds were defined to identify objects 
containing DAPI (total cell count) and objects containing DAPI and Alexa 488 
(infected cell count). The percentage of infected cells was calculated by dividing the 
infected cell count by the total cell count and multiplying by 100.

Data analysis. The efficiency of reovirus release from step 1 cells and subsequent 
infection of step 2 cells was determined by dividing the percentage of infected cells 
in step 2 plates by the percentage of infected cells in step 1 plates. We termed this 
calculation the egress ratio. The egress ratio for each siRNA pool was transformed 
to a log2 scale. Candidate genes were identified by calculating robust Z-scores using 
the log-transformed egress ratios. The log-transformed egress ratio values of the 
aggregate samples in each 384-well plate were used to calculate median and median 
absolute deviation values. The robust Z-scores for individual genes were then 
calculated using the formula below:
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=
−

. ×

*Robust Z score
Gene egress ratio Plate egress ratio median

1 486 Plate egress ratio median absolution deviation

All values are log2 transformed in the equation above.
As a viability filter, all siRNAs that reduced the step 1 cell count 2.5 standard 

deviations below the mean step 1 cell count for the aggregated wells in the entire 
screen, were removed from the analysis (102/7, 518 =  1.35% of genes). A median 
robust Z-score cutoff of −  2.5 was applied across the three replicates of the 
remaining 7,416 genes to identify candidate mediators of late steps in reovirus 
replication. All screening experiments were conducted in the Vanderbilt High 
Throughput Screening Core.

STRING protein–protein interaction prediction. STRING functional protein 
association network analysis60 was conducted using the 242 candidate genes with 
median robust Z-scores less than or equal to −  2.5. Of the candidate genes, 241 
were recognized in the analysis and assembled into an interactome map. The Kmeans 
clustering algorithm was used to group the genes into four clusters.

Statistical analysis. All experiments were performed with a minimum of three 
independent replicates. Data are presented as the mean ±  s.e.m. unless otherwise 
indicated. Two-tailed unpaired Student’s t-tests were used with an α  =  0.05. Where 
indicated, ordinary one-way ANOVA analyses were performed with Tukey’s 
multiple comparisons test (α  =  0.05). For all box-and-whisker plots, whiskers 
denote the minimum and maximal values, boxes denote the 25th and 75th 
percentiles and the centre denotes the median value. Exact P-values and confidence 
intervals are tabulated in Supplementary Table 3. All statistical analyses were 
conducted using GraphPad Prism 7.00 data analysis software.

Life Sciences Reporting Summary. Further information on experimental design is 
available in the Life Sciences Reporting Summary.

Data availability. The authors declare that the main data supporting the findings 
of this study are available within the article and its Supplementary Information 
files. Purified recombinant human TRiC is a limited resource that was provided 
by the Frydman Lab (Stanford University). Please contact Judith Frydman directly 
(jfrydman@stanford.edu) for inquiries related to purified human TRiC.
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Life Sciences Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life 
science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list 
items might not apply to an individual manuscript, but all fields must be completed for clarity. 

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research 
policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist. 

`    Experimental design
1.   Sample size

Describe how sample size was determined. All experiments were performed with a minimum of three independent replicates 
and included a minimum of three technical replicates within each independent 
experiment. A sample size of three was chosen to limit experimental bias or 
random error. This is convention for the field of virology.

2.   Data exclusions

Describe any data exclusions. In our RNAi screen for cellular mediators of late events in reovirus replication we 
applied a filter for viable cells and excluded non-viable cells from our data analysis. 
Non-viable cells were defined as step 1 cells with a mean cell count 2.5 standard 
deviations below the mean step 1 cell count for the aggregated wells in the entire 
screen. This was an arbitrary cut-off established before the screen was conducted.

3.   Replication

Describe whether the experimental findings were 
reliably reproduced.

All attempts at replication were successful.

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

No randomization was used in this study. For tissue culture and in vitro work, 
experiments were conducted with a minimum of three technical replicates with 
the appropriate positive and negative controls. 

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

No blinding was used in this study. When possible, automated machine-based 
methods were used for quantification to avoid observer bias. This included 
machine-based analysis of RNAi screen data, cell infectivity, 35S-labeled gels, and 
immunofluorescence images.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
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6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more 
complex techniques should be described in the Methods section)

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.

`   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

1. MetaExpress software (Molecular Devices, version 5.3.0.5) was used to analyze 
images from a high-throughput RNAi screen. 
 
2. ImageJ software (Schindelin et al., 2015, version 1.51t) was used to process 
immunofluorescence images and phosphorimaging files. 
 
3. Gen5+ software (BioTek, version 3.03) was used for automated image analysis of 
folded and unfolded protein by immunofluorescence microscopy. 
 
4. Image Studio software (Licor, version 5.2) was used to capture and process 
immunoblotted membranes and colloidal blue-stained gels. 
 
5. ZEN 2012 software (Zeiss, blue edition, version 1.1.2.0) was used to process 
confocal immunofluorescence images. 
 
6. STRING functional protein association network analysis software (Szklarczyk et 
al., 2015, version 10.5) was used to generate an interaction network for candidates 
identified in RNAi screen. 
 
7. Prism software (GraphPad, version 7.00) was used to analyze numerical data and 
generate charts and graphs. 
 
8. Microsoft excel (2016 edition) was used to process raw numerical data for entry 
into Prism software. 
 
 
 
 

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.



3

nature research  |  life sciences reporting sum
m

ary
June 2017

`   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a for-profit company.

Purified recombinant human TRiC is a limited resource that was provided by the 
Frydman Lab (Stanford University). Please contact Judith Frydman directly 
(jfrydman@stanford.edu) for inquiries directly related to purified human TRiC.

9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

1. Guinea pig σNS-specific polyclonal serum. Used for immunofluorescence  
microscopy and immunoblotting (1:2000 dilution). Produced and characterized by 
Becker et al. in 2001. Citation: Becker, M. M. et al. Citation: Becker, M.M., Peters, 
T.R. & Dermody, T.S. Reovirus sigma NS and mu NS proteins form cytoplasmic 
inclusion structures in the absence of viral infection. J Virol 77, 5948-63 (2003).  
2. Rabbit reovirus-specific polyclonal serum. Used for immunoblotting (1:1000 
dilution). Produced and characterized by Barton et al. in 2001. Citation: Barton, 
E.S., Connolly, J.L., Forrest, J.C., Chappell, J.D. & Dermody, T.S. Utilization of sialic 
acid as a coreceptor enhances reovirus attachment by multistep adhesion 
strengthening. J Biol Chem 276, 2200-11 (2001). 
3. Mouse reovirus σ3-specific monoclonal antibody (clone 4F2). Used for 
immunoblotting (1:1000 dilution). Produced and characterized by Virgin et al. in 
1991. Citation: Virgin, H.W.t., Mann, M.A., Fields, B.N. & Tyler, K.L. Monoclonal 
antibodies to reovirus reveal structure/function relationships between capsid 
proteins and genetics of susceptibility to antibody action. J Virol 65, 6772-81 
(1991). 
4. Mouse reovirus σ3-specific monoclonal antibody (clone 10C1). Used for 
immunofluorescence (1:1000 dilution) and immunoprecipitation (5 μg per 
immunoprecipitation reaction). Produced and characterized by Virgin et al. in 
1991. Citation: Virgin, H.W., Mann, M.A., Fields, B.N. & Tyler, K.L. Monoclonal 
antibodies to reovirus reveal structure/function relationships between capsid 
proteins and genetics of susceptibility to antibody action. J Virol 65, 6772-81 
(1991). 
5. Mouse reovirus μ1-specific monoclonal antibody (clone 8H6). Used for 
immunoprecipitation (5 μg of antibody per immunoprecipitation reaction). 
Produced and characterized by Virgin et al. in 1991. Citation: Virgin, H.W., Mann, 
M.A., Fields, B.N. & Tyler, K.L. Monoclonal antibodies to reovirus reveal structure/
function relationships between capsid proteins and genetics of susceptibility to 
antibody action. J Virol 65, 6772-81 (1991). 
6. Mouse reovirus σNS-specific monoclonal antibody (clone 2F5). Used as an 
isotype control for immunoprecipitation (5 μg of antibody per 
immunoprecipitation reaction). Citation: Becker, M. M. et al. Citation: Becker, 
M.M. et al. Reovirus sigma-NS protein is required for nucleation of viral assembly 
complexes and formation of viral inclusions. J Virol 75, 1459-75 (2001). 
7. Rabbit σ3-specific polyclonal antiserum (VU219). Produced by Cocalico 
Biologicals, Inc. First used in this study for immunofluorescence and 
immunoblotting (1:1000 dilution). Confirmed as σ3-specific by immunoblot and 
immunofluorescence (Supplementary figure 10). 
8. Rabbit CCT1-specific polyclonal antibody. Used in this study for 
immunofluorescence (1:100 dilution). (NeoScientific. Catalog number: A1950). 
Validated by manufacturer for immunoblotting, immunohistochemistry, and 
immunofluorescence. 
9. Rabbit CCT2-specific monoclonal antibody (clone EPR4048). Used in this study 
for immunoblotting (1:1000 dilution), immunoprecipitation (2 μg), and 
immunogold labeling (1:20 dilution). (Abcam. Catalog number: ab92746). Validated 
by manufacturer for immunoblotting, immunoprecipitation, 
immunohistochemistry, flow cytometry, and immunofluorescence. Cited in 4 
publications. 
10. Rabbit CCT2-specific polyclonal antibody. Used for immunodepletion of TRiC 
from rabbit reticulocyte lysates (8 μg per round of immunodepletion). Produced 
and characterized by the Frydman lab (Stanford University). Validated for 
immunodepletion by the following study4: Freund, A. et al. Proteostatic control of 
telomerase function through TRiC-mediated folding of TCAB1. Cell 159, 1389-403 
(2014). 
11. Rabbit CCT3-specific polyclonal antibody. Used in this study for immunoblotting 
(1:100 dilution) and immunofluorescence (1:100 dilution). (ABclonal. Catalog 
number: A6547) Validated by manufacturer for immunoblotting, 
immunohistochemistry, and immunofluorescence.  
12. Mouse CCT4-specific monoclonal antibody (clone H1). Used in this study for 
immunoblotting (1:200 dilution). (Santa Cruz. Catalog number: sc-137092). 
Validated by manufacturer for immunoblotting, immunoprecipitation, 
i fl d ELISA
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10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. Human brain microvascular endothelial cells (HBMECs) were provided by Kwang Sik 

Kim (Johns Hopkins University). 
U-2 OS human osteosarcoma cells were purchased from ATCC (ATCC HTB-96). 
HEK-293T cells were purchased from ATCC (ATCC CRL-3216). 
Caco-2 cells were purchased from ATCC (ATC HTB-37)

b.  Describe the method of cell line authentication used. No cell lines have been authenticated.

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

HBMECs were tested for mycoplasma contamination using a commercially 
available kit (Sigma, MP0025). U-2 OS cells, HEK-293T, and Caco-2 cells were not 
tested for mycoplasma contamination. 

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

No commonly misidentified cell lines were used in this study.

`    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide details on animals and/or animal-derived 
materials used in the study.

No animals were used in this study.

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

This study did not involve human research participants.


