
  ABSTRACT 

STEBBING, RACHAEL ELIZABETH. An ITAM in a Non-enveloped Virus (Reovirus) 
Regulates Activation of NF-ĸB, Induction of Interferon-β, and Viral Spread. (Under the 
direction of Dr. Barbara Sherry). 
 

 Immunoreceptor tyrosine-based activation motifs (ITAMs) are signaling domains 

located within the cytoplasmic tails of many transmembrane receptors and within the 

subunits of multi-component receptor complexes. ITAMs are widely expressed throughout 

the immune system where they mediate activation of intracellular signaling by key 

immunoreceptors and have been identified in myeloid and NK cell-associated adaptor 

proteins DNAX-activating protein (DAP12) and Fc receptor-associated γ chain (FcRγ) in 

myeloid and NK cells. Furthermore, several enveloped viruses have evolved to encode 

ITAM-containing sequences within their genomes that participate in viral pathogenesis and 

oncogenesis. Here, we identified ITAM sequences in three mammalian reovirus proteins, μ2, 

σ2, and λ2. We demonstrate for the first time that µ2 undergoes extensive tyrosine 

phosphorylation, contains a functional ITAM, and activates NF-ĸB. Specifically, µ2 recruits 

the well-known ITAM-associated signaling intermediate Syk to cytoplasmic viral factories 

and the µ2 ITAM is required for this translocation. Moreover, both the µ2 ITAM and Syk are 

required for maximal µ2 activation of NF-ĸB. Reverse genetics was used to engineer mutant 

T3D reoviruses in which the two critical tyrosines in ITAMs of σ2, μ2, and λ2 were replaced 

with phenylalanine residues (YYFF). Tyrosine‐to‐phenylalanine substitutions were chosen to 

prevent the phosphorylation required for ITAM function and to minimally alter protein 

structure given the similarity of the tyrosine and phenylalanine side chains. Reovirus mutant 

µ2-YYFF activates less NF-ĸB and induces less of the downstream antiviral cytokine 

interferon (IFN)-β than wild type virus despite similar replication. Notably, the consequences 



of these µ2 ITAM effects are cell type-specific. In non-specialized L929 cells where NF-ĸB 

is required for reovirus-induced apoptosis, the µ2 ITAM is advantageous for viral spread and 

enhances viral fitness. Conversely, in cardiac myocytes where the IFN response is critical for 

antiviral protection and NF-ĸB is not required for apoptosis, the µ2 ITAM stimulates cellular 

defense mechanisms and thereby diminishes viral fitness. These results suggest that the cell 

type-specific impact of the µ2 ITAM on viral spread likely reflects the cell type-specific 

functions of NF-ĸB and IFN-β. This first evidence for a functional ITAM in a non-enveloped 

virus presents a novel mechanism for viral ITAM-mediated signaling with likely organ-

specific consequences in the host.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Copyright 2013 by Rachael Stebbing 

All Rights Reserved



An ITAM in a Non-enveloped Virus (Reovirus) Regulates Activation of NF-ĸB, 
Induction of Interferon-β, and Viral Spread 

 

 

by 
Rachael Elizabeth Stebbing 

 

 

A thesis submitted to the Graduate Faculty of 
North Carolina State University 

in partial fulfillment of the  
requirements for the degree of 

Master of Science 
 

Comparative Biomedical Sciences 

 

 

Raleigh, North Carolina 

2013 

 

APPROVED BY:  

 

 

_______________________________  ______________________________ 
Dr. Barbara Sherry     Dr. Jeffrey A. Yoder 
Committee Chair 
 
 
 
________________________________   
Dr. Fred J. Fuller       



 

ii 

DEDICATION 

 

To Grandmother and Honey- my grandparents, role models, and guardian angels.  

I wouldn’t be who I am today without you.  

 

 



 

iii 

BIOGRAPHY 

 

 Rachael Elizabeth Stebbing was born and raised in Richmond, Virginia with her 

sister, Sarah, and brother, Todd, by their parents, Todd and Dottie Stebbing. Her 

grandparents, Harry and Ida Stebbing, and Barbara Waters, have also played a large role in 

her life. After graduating from high school in 2005, Rachael continued her education at 

Louisiana State University where she majored in microbiology with a minor in chemistry. 

Not only did she discover a passion for science, she instantly fell in love with the culture, 

food, and people of Louisiana, not to mention the football. A die-hard fan of both the LSU 

Tigers and New Orleans Saints, Rachael was lucky enough to see her teams win both a 

National Championship and a Superbowl during her time spent in southern Louisiana. 

Working in a research lab under the direction of Dr. Fred Rainey, and at the Louisiana 

Animal Disease Diagnostic Laboratory located at the LSU School of Veterinary Medicine, 

influenced Rachael to pursue a graduate degree in biomedical sciences. After graduating 

from LSU in 2009, she began her Master’s degree at North Carolina State University under 

the direction of Dr. Barbara Sherry. Once in Raleigh, Rachael fell in love with another city 

where she spends her free time enjoying local beer and live music downtown with friends. 

After completing her Master’s degree, Rachael plans to pursue a career in industry within the 

virology field.           



 

iv 

ACKNOWLEDGMENTS 

 

 I would like to start by thanking my graduate advisor, Dr. Barbara Sherry. Her 

guidance and support made this work possible, and her passion and drive have been an 

inspiration. To all the members of the Sherry Lab, past and present, thank you for sharing 

late nights, invaluable discussions on our work, and for your endless encouragement. To my 

committee members, Dr. Jeffrey Yoder and Dr. Fred Fuller, thank you for your helpful 

suggestions and input on this project. I would also like to thank my undergraduate advisor, 

Dr. Fred Rainey, whose guidance and direction has greatly influenced the scientist I am 

today.  

 To the CVM graduate students, faculty, and staff, thank you for your constant support 

and for helping to make our campus feel like a home away from home. To Susan Bowman 

and Kelsey Poorman, thank you for not only for being there to vent to when experiments 

aren’t working, but for reminding me that grad students can still have fun. To all my friends 

in Virginia, Louisiana, and North Carolina, thank you for always being just a phone call 

away, the memorable weekend trips and nights downtown, and for life-long friendships that 

can get us through anything.   

 I would especially like to thank my family. Their continuous love and support have 

helped me turn my dreams into reality. And to Carey Van, my partner in crime and the love 

of my life, thank you for being there with me throughout this entire process. I couldn’t have 

done it without you.  

  



 

v 

TABLE OF CONTENTS 

 

LIST OF FIGURES …………………………………………………………………….. vi 
   
CHAPTER 1: Literature Review ………………………………………………………. 1 
            Reovirus ………………………………………………………………………….. 2 
            Reovirus Protein μ2 ………………………………………………………………. 10 
            Nuclear Factor-Kappa B (NF-ĸB) ………………………………………………... 15 
            Immunoreceptor Tyrosine-Based Activation Motifs (ITAMs) …………………... 19 
            References ………………………………………………………………………... 30 
            Figures ……………………………………………………………………………. 41 
  
CHAPTER 2: An ITAM in a Non-enveloped Virus Regulates Activation of NF-ĸB 
Induction of Interferon-β, and Viral Spread ………………………………………….. 45 
            Abstract …………………………………………………………………………... 46 
            Introduction ………………………………………………………………………. 47 
            Materials and Methods …………………………………………………………… 50 
            Results ……………………………………………………………………………. 58 
            Discussion ………………………………………………………………………... 65 
            Acknowledgments ………………………………………………………………... 71 
            References ………………………………………………………………………... 72 
            Figures ……………………………………………………………………………. 78 
 
  

 

  



 

vi 

LIST OF FIGURES 

 

CHAPTER 1: Literature Review  
            Figure 1.1   Reovirus infection induces apoptosis through both the intrinsic and 
                                extrinsic pathways …………………………………………...……… 41 
            Figure 1.2   Reovirus protein μ2, encoded by the M1 gene segment ...…………... 42 
            Figure 1.3   Reovirus NF-ĸB activation requires components of both the classical  
                               and alternative NF-ĸB signaling pathways …………….………...….   43 
            Figure 1.4   ITAM-mediated cellular signaling ………………………………….. 44 
              
CHAPTER 2: An ITAM in a Non-enveloped Virus Regulates Activation of NF-ĸB 
Induction of Interferon-β, and Viral Spread   
            Figure 2.1   ITAM sequences identified in three reovirus proteins …………...…. 78 
            Figure 2.2   µ2 is phosphorylated on multiple tyrosine residues ………………… 79 
            Figure 2.3   NF-ĸB is activated by µ2 and maximal activation requires the µ2  
                                ITAM ……………………………………………………………….. 80 
            Figure 2.4   µ2 requires Syk for maximal activation of NF-ĸB ………………….. 81 
            Figure 2.5   µ2 recruits Syk to viral factories and recruitment requires the µ2  
                                ITAM ……………………………………………………………….. 82 
            Figure 2.6   The µ2 ITAM regulates activation of NF-ĸB during viral infection ... 84 
            Figure 2.7   The μ2 ITAM regulates induction of IFN‐β ………………………… 85 
            Figure 2.8   The impact of the µ2 ITAM on viral titer after multiple cycles of  
                                replication is cell type-specific and is determined by the IFN-β  
                                response ……………………………………………………………... 86 
            Figure 2.9   The µ2 ITAM effect on cytopathic effect after multiple cycles of  
                                replication is cell type-specific ……………………………………... 87 

 

 



 

1 
 

 

 

 

 

 

 

 

 
CHAPTER 1 

 

Literature Review 
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Reovirus 

 

 Mammalian orthoreoviruses, commonly referred to as reoviruses, are nonenveloped 

double-stranded RNA (dsRNA) viruses belonging to the Reoviridae family. The name 

reovirus is derived from an acronym for respiratory enteric orphan virus since human 

infections typically involve the respiratory and intestinal tracts and are not associated with 

severe disease (33). Three reovirus serotypes have been identified by neutralization and 

hemagglutination-inhibition assays. Prototypical laboratory strains of each serotype were 

isolated from children in the 1950s and are designated type 1 Lang (T1L), type 2 Jones (T2J), 

type 3 Abney (T3A), and type 3 Dearing (T3D) (1, 33, 89, 92).  

 Reoviruses serve as highly tractable experimental models for studies of viral 

replication, pathogenesis, and virus-host interactions. Following infection of neonatal mice, 

reoviruses disseminate systemically, inducing pathology in a variety of organs including the 

central nervous system, heart, and liver. Notably, tissue damage resulting from reovirus 

infection in this model is not attributed to immune-mediated effects, but to direct viral 

cytopathic effects mediated by virus-induced apoptosis and necrosis (8, 27, 33). Coinfection 

in mice or cultured cells allows for gene segment exchange among reovirus strains and 

results in a collection of reassortant viruses. Studies using reovirus reassortants have been 

used to correlate biological polymorphisms displayed by different reovirus strains with 

specific virus gene segments, and to identify viral determinants of tropism and disease in the 

central nervous system and heart (33, 98). More recently, a plasmid-based reverse genetics 

system for mammalian reoviruses was developed. Using this system, specific mutations can 
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be engineered into virion capsid and nonstructural proteins to create viruses containing 

specific sequence modifications. Reverse genetics has provided the necessary tool to enhance 

studies of viral replication and pathogenesis, and can be exploited to engineer recombinant 

viruses for vaccine and oncolytic applications (10, 33, 59).   

Reoviruses form icosahedral virions consisting of two concentric protein shells, the 

inner core and outer capsid, surrounding a 23.5kb genome encoded by 10 discontiguous 

segments of dsRNA (28, 33). The genome segments are named by size according to their 

migration on polyacrylamide gels. There are three large segments (L1, L2, and L3), three 

medium segments (M1, M2, and M3), and four small segments (S1, S2, S3, and S4) (28, 33, 

97). The 10 segments of the Reovirus genome encode 12 proteins which are denoted by a 

Greek symbol corresponding to the large (λ), medium (μ), and small (σ) genome segments; 

however, the numbering of the gene segments does not always correspond to the numbering 

of the proteins. Each dsRNA segment encodes a single protein, except for the S1 and M3 

gene segments which encode a second protein as a product of alternative translation. Of the 

12 reovirus proteins, eight are structural (λ1, λ2, λ3, μ1, μ2, σ1, σ2, and σ3) and four are 

nonstructural (μNS, μNSC, σ1s, and σNS) (33). In addition to genomic dsRNA segments, 

reovirus virions contain short, single-stranded RNA oligonucleotides. These RNA oligos are 

a result of aborted transcription and while there is evidence they are dispensable for 

infectivity, their significance is still not entirely understood (7, 36, 96).   

Viral Entry 

 Viral attachment protein σ1, encoded by the S1 gene segment, mediates binding to 

cell-surface receptors and influences distinct disease patterns of reovirus serotypes (33, 91). 
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Additionally, σ1 has been identified as the viral protein responsible for hemagglutination 

(15). The trimeric protein complex is composed of a globular carboxy-terminal tail, a central 

body, and a filamentous amino-terminal tail. σ1 is anchored at each of the icosahedral 

vertices and extends from pentameric turrets formed by the L2-encoded λ2 protein. Reovirus 

attachment proceeds via a two-step adhesion-strengthening mechanism. The σ1 body engages 

widely distributed cell-surface glycans with low affinity, and is followed by high affinity 

binding of the σ1 head to immunoglobulin superfamily member, junctional adhesion 

molecule-A (JAM-A) (4, 5, 55, 91). Following receptor binding, reovirus utilizes β1 integrins 

to mediate internalization of the particle, most likely through clathrin-dependent endocytosis 

(69, 71). During the entry process, reovirus particles are sorted into vacuoles resembling 

endosomes and lysosomes where they undergo proteolytic disassembly. Studies have found 

that both NPXY motifs in the β1 integrin cytoplasmic tail and Src kinase play a role in 

targeting reovirus particles to endocytic organelles containing GTPases Rab7 and Rab9 (70-

72) . It was also recently reported that reovirus virions colocalize with microtubules and 

microtubule motor dynein 1 following internalization, and that functional microtubules are 

required for proper sorting of reovirus virions (73). Within minutes of internalization, 

reovirus virions undergo stepwise disassembly to form well defined intermediates, the first 

being the infectious subvirion particle (ISVP). ISVPs are characterized by the loss of S4-

encoded, outer capsid protein σ3 and cleavage of M2-encoded, outer capsid protein µ1 to 

form µ1δ and φ (28, 70). The rate-limiting step in reovirus disassembly is the proteolytic 

removal of σ3, which in fibroblasts is dependent on acidic pH and the endosomal cysteine-

containing proteases, cathepsins B and L (35, 70, 100). A recent study has implicated 
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interferon-inducible transmembrane protein IFITM3 in restriction of reovirus entry through 

alteration of endosomal function either by delaying acidification or modulating proteolytic 

processing of virions (3). Following ISVP formation, σ1 is shed and the µ1δ fragment 

undergoes conformational rearrangement to yield ISVP*. During ISVP* formation, the 

autocatalytic cleavage of µ1δ also occurs, generating the N-terminal myristoylated peptide 

µ1N (2, 27). Both µ1N and φ are released from the ISVP*s and play a role in pore formation 

(49). While transition to ISVP* is associated with membrane penetration, the mechanism for 

the release of viral cores into the cytoplasm is not fully understood. The timing remains 

unclear, however, molecular chaperone Hcs70 has been found to play a role in the release of 

the δ fragment from ISVP* to complete outer capsid disassembly and generate a 

transcriptionally active reovirus core (48).    

Viral Replication 

 Reovirus core particles contain the genome and enzymatic machinery required for 

synthesizing and exporting viral mRNA into the cytoplasm of infected cells. Core protein λ1, 

encoded by the L3 gene, is a major component of the shell surrounding the viral genome, and 

defines the symmetry and size of the reovirus core particle (90). Evidence that λ1 contains a 

putative nucleotide-binding motif, exhibits an affinity for nucleic acids, and mediates 

helicase activity, support the idea that it plays a role in transcription of the viral genome (9). 

The second major core protein σ2, encoded by the S2 gene, binds at three locations within 

each icosahedral asymmetric unit, serving as a stabilizing clamp (90). L1-encoded, minor 

core protein λ3 is the RNA-dependent RNA polymerase (RdRp) and has been localized 

beneath the λ1 shell at each of the five-fold axes (99, 110). The specific role and location of 
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M1-encoded, minor core protein µ2 within viral cores remain unclear. Evidence for µ2 

binding RNA, exhibiting NTPase and RTPase activities, and interacting with the λ3 

polymerase suggests µ2 plays a role in viral mRNA synthesis (12, 54, 81). The role of µ2 in 

reovirus infection will be discussed in greater detail in a subsequent section of this literature 

review. Projecting from the λ1 shell, core spike protein λ2 forms turrets around each of the 

icosahedral five-fold axes (90). During primary transcription within the core, positive-sense 

ssRNA is synthesized from negative-strand templates of the genomic dsRNA. Nascent 

ssRNA is extruded through the λ2 turrets, where guanylyltransferase and methyltransferase 

activity mediate the addition of a 5’ cap before release of the transcript into the cytosol (21, 

33). Following extrusion into the cytoplasm, the primary transcripts serve as both mRNA for 

translation of viral proteins, and as templates for negative-strand synthesis (78). The 

replication and assembly of reovirus progeny occurs within cytoplasmic structures termed 

viral factories (VFs), also known as viral inclusion bodies. The inclusions lack a delimiting 

membrane and contain viral proteins, dsRNAs, and particles at various stages of 

morphogenesis (77, 83). VFs are hypothesized to mediate progeny virus replication and 

assembly by sequestering and concentrating viral RNA and proteins. It is also possible that 

VFs function to mask viral RNA from recognition by intracellular pattern-recognition 

receptors (33). Studies of both VFs in infected cells and viral factory-like structures formed 

by ectopically expressed protein have implicated the M3-encoded, nonstructural protein µNS 

in viral factory formation. µNS initiates VF formation by establishing a structural matrix and 

acting as a scaffolding protein for recruitment of µ2, S3-encoded nonstructural protein σNS, 

and core structural proteins λ1, λ2, and λ3 (13, 77, 78). Studies using siRNA found that viral 
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proteins µ2, µNS, and σNS are each involved in VF formation and maturation and are 

indispensable components of reovirus replication (16, 57). VFs become tethered to the 

cellular cytoskeleton via µNS associations with the microtubule-associated viral protein µ2. 

This association allows VFs to travel toward the nucleus and merge with other VFs, 

ultimately forming the large perinuclear inclusions characteristic of reovirus infected cells 

(77, 86). The final step in virion assembly is completed by the addition of outer capsid 

proteins to core particles. While the specific mechanism is unclear, the release of newly 

synthesized reovirus particles from infected cells is likely facilitated by cellular lysis and 

reovirus-induced apoptosis (33).  

Apoptosis 

 Programmed cell death, or apoptosis, is induced by the activation of caspases through 

either the intrinsic or extrinsic pathway. The intrinsic pathway is initiated when Bcl-2 family 

members sense cellular stress and insert into the mitochondrial membrane (26). Following 

insertion, cytochrome c and Smac/DIABLO are released from the mitochondria into the 

cytosol, and caspase-9 is activated. Cytochrome c, caspase-9, and Apaf-1 form a large 

protein complex termed the apoptosome. Finally, the apoptosome activates caspase-3 and 

caspase-7 to execute the final stages of the apoptotic response (26). In contrast, the extrinsic 

pathway is activated by ligation of extracellular ligands to transmembrane receptors 

containing death domains (26). Receptor activation results in the formation of a death 

inducing signaling complex (DISC) and subsequent activation of caspase-8. Depending on 

cell type, caspase-8 either directly activates caspase-7 and caspase-9, or requires further 

amplification of death signals through Bid stimulation of the mitochondrial pathway (26).  
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 Reovirus infection leads to the induction of apoptosis in a variety of cell types, and 

correlates with pathology in vivo as the mechanism of virus-induced tissue injury. Studies 

suggest that both death receptor and mitochondrial pathways play an essential role in 

mediating reovirus-induced apoptosis (Fig. 1.1) (60). Additionally, reovirus-induced 

apoptosis is regulated by the activation of transcription factor NF-ĸB, and requires both IRF-

3 and IPS-1 for efficient induction of apoptosis following infection (24, 44). The role of NF-

ĸB in reovirus infection will be discussed in greater detail in a subsequent section of this 

literature review.  

 Defined mechanisms by which reovirus infection triggers apoptosis are unknown; 

however, genetic studies have identified the µ1-encoding M2 gene as a viral determinant of 

apoptosis (27, 30). Reovirus strains differ in their ability to induce apoptosis, with T3D 

inducing significantly higher levels of apoptosis than TIL. When originally investigating 

strain-specific differences in induction of apoptosis, the σ1-encoding S1 gene was 

hypothesized to be the primary determinant of apoptotic (23, 24, 103). It was later found that 

signaling pathways activated by binding of σ1 to JAM-A and sialic acid are dispensable for 

reovirus-mediated apoptosis, and that µ1 is the principal viral factor for stimulation of 

cellular apoptotic machinery (29). The importance of µ1 in reovirus-induced apoptosis has 

been demonstrated in both genetic and in vivo studies. Small, defined regions within the C-

terminal portion of µ1 were identified as key determinants for induction of apoptosis, and in 

both reovirus infected and transfected cells, µ1 was found to localize to lipid droplets, ER, 

and mitochondria (22). In another study, the µ1 φ domain was identified as a key regulator in 

membrane penetration and subsequent stimulation of apoptosis (27). Furthermore, mutant 
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viruses harboring a membrane-penetrative defective µ1 protein were found to have an 

attenuated capacity to produce encephalitis and resulted in decreased activation of NF-ĸB 

and IRF-3 (30).  

 As part of the extrinsic pathway, reovirus induces the release of tumor necrosis factor 

(TNF)-related apoptosis-inducing ligand (TRAIL) and upregulation of TRAIL-associated 

death receptors (DRs) DR4 and DR5 in infected cells. Reovirus-induced apoptosis can be 

blocked with anti-TRAIL antibody or with soluble forms of DR4 and DR5, demonstrating 

that signaling via death receptors is required for execution of apoptosis (19). DR activation is 

followed by activation of caspase-8 and subsequent cleavage of the pro-apoptotic Bcl-2 

family member, Bid, into its truncated form, tBid (60). tBid translocates to the mitochondria 

and triggers the release of cytochrome c, effectively linking the extrinsic apoptotic pathway 

and the mitochondrial amplification loop of the intrinsic pathway. Studies have found that 

while Bid is dispensable for reovirus replication, NF-ĸB-dependent cleavage of Bid is 

required for reovirus-induced apoptosis (31).  

 Demonstrating the use of the intrinsic pathway, reovirus infection induces the release 

of cytochrome c and Smac/DIABLO from the intermitochondrial space, and the activation of 

caspase-9 (60). Mirroring reovirus-induced apoptosis, ectopic expression of µ1 stimulates the 

release of cytochrome c and Smac/DIABLO into the cytosol, and the activation of both 

caspases 8 and 9 (Fig. 1.1) (106). Furthermore, reovirus-induced apoptosis was found  to 

occur independently of the proapoptotic Bcl-2 family members Bax and Bak, suggesting 

additional BH3-only proapoptotic proteins may be involved in reovirus-induced cytochrome 

c release. Insertion of tBid into the mitochondrial membrane is mechanistically similar to that 
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of Bax and Bak, supporting the hypothesis that tBid can substitute for Bax and Bak to 

permeabilize mitochondrial membranes for the subsequent release of cytochrome c and 

Smac/DIABLO. It is also possible that µ1 itself can directly permeabilize mitochondrial 

membranes (106). Additionally, the proapoptotic BH3-only protein NOXA was found to be 

upregulated following reovirus infection in an IRF-3 and NF-ĸB dependent manner. In cells 

lacking NOXA, the level of reovirus-induced apoptosis was significantly diminished, 

indicating a critical function for NOXA in efficient induction of apoptosis by reovirus (56). 

 

 

Reovirus Protein μ2 

 

 The reovirus M1 genome segment is 2,304 base pairs in length and contains a single 

long open reading frame encoding the 736 amino acid protein µ2 (Fig. 1.2) (111). The 83-

kDa µ2 protein is a structurally minor component of the reovirus core, found in low copy 

numbers (~20 copies per viral particle) near the icosahedral fivefold vertices. Being the only 

structural protein for which no crystal structure is available, µ2 is the most functionally and 

structurally enigmatic of the reovirus proteins (54, 108). M1 genome segment sequences 

have been determined for the three prototypic reoviruses T1L, T3D, and T2J. The M1 gene 

of strains T1L and T3D demonstrate a high degree of conservation, sharing ~98% nucleotide 

sequence homology and ~99% amino acid sequence homology, one of the highest values 

seen between reovirus genome segments from distinct isolates (108, 111). In contrast, the 

T2J strain shares only ~71% nucleotide sequence homology and ~80% amino acid sequence 
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homology with T1L and T3D (108). Sequence comparisons of 12 reovirus isolates identified 

eight highly conserved regions within µ2, each containing at least 15 consecutive amino 

acids identical in all isolates. The regions are further clustered in two larger areas spanning 

amino acids 1-250 and 400-610 (108). The same study also suggests that the μ2 protein can 

be divided into four regions distinguished by varying patterns of predicted secondary 

structure. A highly conserved amino-terminal region spans amino acids 1 through 157 and is 

predicted to contain six α-helices and three β-sheets (108). A variable region, spanning amino 

acids 157 through 450, is predicted to be the most structurally complex region, consisting of 

multiple interspersed α‐helices and β‐sheets (108). A second highly conserved region 

referred to as a helix rich region spans amino acids 450 through 606 and contains seven α-

helices (108). The carboxyl-terminal region spans remaining amino acids 606 through 736 

and is the least conserved region as it varies across all three reovirus serotypes (108). The 

overall predicted composition of μ2 is 48% α‐helix and 14% β‐sheet, classifying it as an α‐β 

protein (108). Computer-based comparisons of the highly conserved regions of µ2 with 

sequences in protein data banks fail to show significant homology to other proteins, 

substantiating the uniqueness of this viral protein. Matching with less than 90% certainty, the 

SH2 domain of tyrosine kinases received the highest score, with four of five motifs in the 

SH2 domain matching the µ2 sequence (108). Interestingly, most tyrosine kinases with SH2 

domains are also classified as α‐β proteins. Given that SH2 domains mediate protein-protein 

interactions, these results suggest that µ2 may function similarly (108).  It is important to 

note that Src family kinases and Syk family kinases also contain SH2 domains, as they will 

be discussed further in a subsequent section of this literature review.  
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 The specific role of minor core protein µ2 in reovirus replication remains poorly 

defined; however, siRNA studies have found that inhibition of µ2 substantially diminishes 

viral dsRNA synthesis, protein production, and VF formation, indicating µ2 functions as a 

critical component of the viral replication machinery (16, 57). As previously mentioned, μ2 

is able to bind ssRNA and dsRNA and exhibits both nucleoside and RNA triphosphatase 

activities that are enhanced by the presence of RdRp λ3 (12, 54, 81). Investigation of µ2 

functional domains revealed a dependence of viral replication on µ2 NTPase/RTPase 

functionality as a result of intact Walker A- and B-like motifs (58). The same study also 

identified a functional nuclear localization motif within a cluster of N-terminal basic residues 

as critical for viral replication and suggest that nuclear targeting of µ2 is required for 

completion of the infectious cycle (58).  

 Providing additional evidence for a role of µ2 in transcription, studies using 

reassortant viruses have demonstrated that the M1 gene segment segregates with strain-

specific differences in the temperature optimum of transcription in vitro as well as the total 

number of transcripts produced (107). A cell type-specific role for the M1 gene in reovirus 

replication efficiency has been demonstrated in cardiac myocytes and L929 cells. In cardiac 

myocytes, the difference in the capacity for different viral strains to grow was mapped to the 

M1, L1, and L3 genes, while in L929 cells only the L1 and L3 genes were implicated (75). 

Furthermore, µ2 has been identified as the primary determinant for strain-dependent 

replication efficiency in bovine aortic endothelial cells and in Madin-Darby canine kidney 

(MDCK) cells (74, 84). Upon further investigation it was determined that a sequence 

polymorphism at amino acid position 347 was found to regulate µ2-mediated reovirus 
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growth in MDCK cells in a temperature-dependent manner, and that regulation occurs 

subsequent to inclusion development and prior to formation of genomic dsRNA . These 

observations suggest that virion particle assembly is a µ2-regulated step and may represent 

an unidentified role for µ2 in virion morphogenesis (83, 84).  

 Following primary transcription and translation, µ2 is recruited in high concentrations 

to viral factories. VF morphology is reovirus strain-dependent with T1L forming filamentous 

inclusions and T3D forming globular inclusions (86). Strain-dependent differences in the 

kinetics of inclusion formation and inclusion morphology are determined by the M1 gene, 

specifically amino acid 208 (76, 86). Recent studies have also implicated amino acid 383 in 

modulation of VF morphology (58). As previously described, nonstructural protein µNS 

initiates VF formation and recruitment of viral proteins, including µ2. Neither µ2 nor µNS 

can form mature filamentous inclusions in the absence of the other, indicating a requirement 

for additional protein(s) to form mature inclusions (13). Studies found that µ2 proteins from 

reoviruses that induce filamentous inclusions bind to and stabilize microtubules (MTs) as 

indicated by hyperacetylation of α-tubulin, implicating µ2 as a viral MT-associated protein 

(MAP) (13). Colocalization of µNS and µ2 is independent of reovirus strain-specific 

differences; however, µNS-µ2 association with MTs, and ultimately VIB morphology, is 

dependent on strain-specific differences in reovirus protein µ2 (13). In T3D infected cells, 

µNS binds to viral cores and incorporates them into inclusions to form globular VFs. In T1L 

infected cells, cores bound by µNS are recruited to MTs through the µNS-µ2 association to 

form filamentous VIBs (13). Evidence that µ2 from reovirus strains that generate globular 

VFs form aggregates with little association with MTs in the absence of other viral proteins 
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suggest it may misfold (86). Upon investigation, it was found that µ2 proteins from strains 

generating globular VFs display higher levels of ubiquinated µ2 than those from strains 

generating filamentous VFs, and that strains that form globular VFs at 37°C shows increased 

formation of filamentous VFs and decreased colocalization with ubiquitin at 31°C (79). 

These results suggest that µ2 from globular reovirus strains is prone to temperature-

dependent misfolding which leads to increased aggregation, increased ubiquitination, and 

decreased association with MTs. Strain-specific differences in ubiquitination were mapped to 

amino acid 208, providing further evidence for a key role of residue 208 in influencing 

reovirus protein µ2 (79). 

 The M1 gene has also been implicated in viral subversion of the interferon response 

(47, 112). Reovirus represses the interferon (IFN)-α/β signaling pathway in a strain specific 

manner that correlates with induction of myocarditis through a novel mechanism involving 

TIL µ2-induced accumulation of interferon regulatory factor 9 (IRF9) in the nuclear fraction 

(112). It was recently reported that µ2 amino acid 208 is the primary determinant for strain-

specific repression of IFN-β signaling (47). Additionally, µ2 amino acid 208 was identified 

as a determinant of viral spread and tissue damage in cardiac myocytes and reovirus-induced 

myocarditis (47). Chapter 2 of this thesis will address a novel role of reovirus protein µ2 as 

an ITAM containing protein.  
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Nuclear Factor-Kappa B (NF-ĸB) 

 

 The nuclear factor-kappa B (NF-ĸB) family of transcription factors play an 

evolutionarily conserved role in the immune system and broadly influence genes involved in 

cell differentiation, proliferation, and death. Belonging to the Rel domain-containing protein 

family, there are five mammalian NF-ĸB subunits: RelA/p65, RelB, c-Rel, p105/NF-ĸB1 

which is cleaved into p50, and p100/NF-ĸB2 which is cleaved into p52 (43, 88). NF-ĸB 

proteins exist as homodimers or heterodimers, with subunit dimerization supported by the 

binding of conserved N-terminal Rel homology domains (RHDs). RHDs are also responsible 

for DNA binding and possess a nuclear localization signal (NLS). Additionally, NF-ĸB 

proteins RelA/p65, c-Rel, and RelB contain a C-terminal transactivation domain (TAD) that 

mediates transcription initiation (17, 43). NF-ĸB dimers are held in an inactive state within 

the cytoplasm through association with members of the inhibitory IĸB protein family. The 

IĸB family consists of eight proteins with IĸBα being the prototypical and most well studied 

member of the family (34, 43). Phosphorylation of IĸBα on conserved destruction box serine 

residues S32 and S36 by IĸB kinases (IKKs) leads to IĸBα polyubiquitination, degradation, 

and subsequent release of NF-ĸB. Release from IĸB reveals the NF-ĸB NLS, allowing NF-

ĸB to accumulate in the nucleus and bind to DNA ĸB sites in promoters and enhancers of 

target genes (34, 43, 109).  

 NF-ĸB signaling occurs through two pathways depending on the activation of IKK 

subunits (Fig. 1.3). In the classical or canonical pathway, cell stimulation through ligand 

recognition by cytokine receptors (ie. TNF receptor), pattern recognition receptors (ie. Toll-



 

16 
 

like receptors), and antigen receptors (ie. T cell receptor), among other stimuli, trigger 

activation of IKKβ. IKKβ associates with IKKα and the IKKβ regulatory protein 

NEMO/IKKγ to form a functional cytokine-responsive IKK complex. Subsequent 

phosphorylation of IĸBα and p105/NF-ĸB1 results in IĸBα degradation and cleavage of 

p105/NF-ĸB1 to form the NF-ĸB subunit p50 (43, 88, 109). In the alternative or 

noncanonical pathway, stimulation of specific immune cytokine receptors (ie. CD40) activate 

IKKα and signaling is independent of NEMO/IKKγ. Instead, NF-ĸB inducing kinase (NIK) 

activates IKKα, resulting in phosphorylation and cleavage of p100/NF-ĸB2 to form the NF-

ĸB subunit p52. NF-ĸB subunits p50 and p52 associate with NF-ĸB subunits RelA/p65 and 

RelB, respectively, and translocate to the nucleus where NF-ĸB can both positively and 

negatively regulate gene transcription (43, 88, 109). Microbial pathogens stimulate NF-ĸB 

activation and subsequent induction of antimicrobial pro-inflammatory cellular response 

genes; however, the NF-ĸB signaling cascade is frequently targeted by pathogens for 

subversion of immune mediators and continued survival (88). The remainder of this section 

will address the activation and outcome of NF-ĸB signaling and mediation during reovirus 

infection.  

 Reoviruses stimulate cellular responses leading to the activation of NF-ĸB via 

recognition by RIG-I-like receptors. Following receptor engagement, signaling through the 

adaptor protein MAVS (also known as IPS-1, VISA, and Cardif) leads to activation of IKKs 

(44). Additionally, it has been demonstrated that reovirus activation of NF-ĸB can occur 

independent of RIG-I and MAVS. In the same study, reovirus protein µ1 was found 

sufficient to induce apoptosis when ectopically expressed, suggesting µ1 plays a role in 
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reovirus-induced NF-ĸB activation (22). It has been hypothesized that reovirus µ1 φ domain 

may contribute to NF-ĸB activation through direct or indirect stimulation of IKKs in a 

fashion similar to that seen during human T-lymphotropic virus (HTLV) infection, where the 

HTLV Tax protein stimulates IKK activity though direct interaction with NEMO/IKKγ (27). 

An additional mechanism of reovirus-induced NF-ĸB activation will be discussed in Chapter 

2.  

   During reovirus infection, select components of both the classical and alternative 

NF-ĸB signaling pathways are required for NF-ĸB activation, which occurs in a biphasic 

pattern. Implicating use of the classical pathway, nuclear translocation of NF-ĸB complexes 

containing p50 and RelA/p65 subunits are detectable 2-8  hours post infection, followed by 

complexes containing p50 and c-Rel subunits detectable 8  hours post infection (24, 41). The 

alternative pathway of NF-ĸB signaling is engaged 16-24 hour post infection as detected by 

nuclear localization of NF-ĸB complexes containing p52 and RelB subunits, though it is 

unlikely this delayed response contributes to primary apoptotic signaling (41). Consistent 

with findings of nuclear translocation of NF-ĸB subunits p50 and RelA/p65, IĸBα levels are 

significantly reduced by 4 hours post infection, indicating IĸBα as a primary cellular target of 

reovirus (41). Furthermore, studies using siRNA and cells deficient in specific IKK subunits 

found that IKKα but not IKKβ is required for reovirus-induced NF-ĸB activation. 

Surprisingly, NF-ĸB activation and subsequent apoptosis was attenuated in cells lacking 

IKKβ regulatory subunit NEMO/IKKγ, while NIK, the protein typically responsible for 

IKKα activation, was found to be dispensable (41). These data support the idea that reovirus 

infection triggers NF-ĸB activation through a novel mechanism involving IKKα and 



 

18 
 

NEMO/IKKγ, IĸBα proteolytic degradation, and nuclear translocation of NF-ĸB complexes 

containing p50 and RelA/p65 subunits (Fig. 1.3) (41).   

 The requirement for NF-ĸB activation in reovirus-induced apoptosis has been 

demonstrated by evidence that reovirus-induced apoptosis is significantly diminished in the 

presence of a proteosome inhibitor, in cells expressing a form of IĸB that constitutively 

represses NF-ĸB, and in cells deficient for either p50 or RelA/p65 subunits (24). 

Additionally, a second phase of NF-ĸB regulation, in which NF-ĸB activity is inhibited, was 

found to be essential for efficient induction of apoptosis during reovirus infection (20). This 

inhibition phase occurs at late times post-infection and is characterized by a block in NF-ĸB 

activation as a result of decreased IĸBα degradation. NF-ĸB inhibition sensitizes cells to 

TRAIL-mediated apoptosis, allowing both TRAIL and reovirus-induced apoptosis to occur in 

TRAIL-resistant cells, and links NF-ĸB activation to the extrinsic pathway of apoptosis (20). 

The reovirus S1 gene segment determines the ability of reovirus strains to initiate the NF-ĸB 

inhibition phase. This phase is also associated with apoptosis following reovirus infection of 

HEK293 cells and primary cardiac myocytes, and therefore contributes to viral pathogenesis 

(18). Additional studies implicate NF-ĸB as an essential mediator of the intrinsic pathway of 

apoptosis during reovirus infection. NF-ĸB activation is required for cleavage of Bcl-2 

family member Bid to generate tBid. tBid translocates to the mitochondria where it amplifies 

the mitochondrial loop of the intrinsic pathway (31). Furthermore, proapoptotic BH3-domain 

only protein NOXA is strongly induced 36-48 hours post infection in a manner dependent on 

IRF-3 and NF-ĸB. Apoptosis is significantly diminished in cells lacking NOXA, indicating it 

as a key molecule in reovirus-induced apoptosis (56).  
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 NF-ĸB mediates reovirus-induced apoptosis and subsequent pathogenesis in an 

organ/cell type-specific manner by either enhancing or preventing cell death signaling. 

Specifically, NF-ĸB subunit p50 was identified to play an essential role in the development 

of encephalitis and myocarditis in reovirus-infected mice (82). NF-ĸB plays a proapoptotic 

role in the brain. Wild-type mice exhibit significant neuronal apoptosis following reovirus 

infection, while despite replicating to equivalent titers, mice lacking NF-ĸB subunit p50 

display a minimal apoptotic response (82). Following reovirus infection of the heart, NF-ĸB 

activation leads to induction of innate immune mediators, importantly IFN-β, and attenuation 

of viral replication. Apoptosis and disease are subsequently diminished, suggesting NF-ĸB 

mediates a protective response again reovirus infection in the heart (82). The cell type-

specific roles of NF-ĸB during reovirus infection will be examined further in Chapter 2.  

 

 

Immunoreceptor Tyrosine-Based Activation Motifs (ITAMs) 

 

 The primary focus of my contribution to the work presented in Chapter 2 pertains to a 

newly identified immunoreceptor tyrosine-based activation motif (ITAM) within reovirus 

protein µ2 (Fig. 1.2). In this section I will discuss ITAM-mediated cellular signaling and the 

functions of previously described viral ITAMs.  

 ITAMs are characterized by two critical tyrosine (Y) residues within the canonical 

motif YxxI/Lx6-12YxxI/L, where two repeats of tyrosine-containing sequences are separated 

by a span of any six to twelve amino acids (x), and each tyrosine is separated by any two 
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amino acids from a conserved isoleucine (I) or leucine (L). Often found in multiples, ITAMs 

are characteristically located within the cytoplasmic tail of transmembrane receptors and 

within the subunits of multi-component receptor complexes (63, 104). ITAMs are widely 

expressed throughout the immune system where they mediate activation of intracellular 

signaling by key immunoreceptors including T cell receptors (TCRs), B cell receptors 

(BCRs), and Fc receptors (FcRs) (45, 104). In myeloid and natural killer (NK) cells, this 

highly conserved motif has been identified in adaptor proteins DNAX-activating protein 

(DAP12) and Fc receptor-associated γ chain (FcRγ). These ITAM-containing signaling 

chains associate through charged amino acid residues with various myeloid and NK-specific 

receptors to form multi-subunit complexes and initiate signaling cascades involved in cell 

differentiation, maturation, activation, and survival (45, 64, 101).  

 Engagement of ITAM-associated receptors leads to phosphorylation of ITAM 

tyrosine residues by Src family kinases (Fig. 1.4). Src family kinases include Src, Lck, Lyn, 

Fgr, Hck, Fyn, and Yes (104). Src kinases are localized to the plasma membrane through a 

motif within an acetylated N-terminal domain, and also contain an SH3 domain, an SH2 

domain, a kinase domain, and a regulatory C-terminal tail domain. Src is held in an inactive 

state through phosphorylation of a C-terminal tyrosine by C-terminal kinase (Csk), which 

stimulates an intramolecular interaction between the tail domain and the SH2 domain of Src. 

The mechanism of Src activation remains poorly understood; however, removal of the 

phosphate by cellular phosphatases and autophosphorylation of the kinase domain prepare 

Src for association with stimulated receptors (11, 104). Phosphorylation of ITAM tyrosine 

residues leads to recruitment of spleen tyrosine kinase (Syk) (Fig. 1.4). The 72 kDa tyrosine 
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kinase is highly expressed in hematopoietic cells and has also been shown to be expressed in 

nonhematopoietic cells including fibroblast, epithelial cells, hepatocytes, neuronal cells, and 

vascular endothelial cells. Mammals also express the Syk homologue ZAP-70; however, 

expression is confined to T cells and NK cells (11, 80). Syk contains two tandem SH2 

domains separated by an inter-SH2 domain linker, a kinase-SH2 domain linker, and a C-

terminal kinase domain. Phosphorylation of Syk tyrosine residues 348/352 within the SH2 

domain and 525/526 within the activation loop of the kinase domain have been identified to 

regulate Syk activity and serve as docking sites for other proteins. Interaction of Syk SH2 

domains with ITAM phosphotyrosines stimulates Syk autophosphorylation and initiates 

downstream signaling cascades that result in a variety of cellular responses (Fig. 1.4) (80, 94, 

102). Effector molecules and transcription factors of importance activated during or in 

response to ITAM-mediated signaling include phospholipase-Cγ (PLCγ), protein kinase C 

(PKC), phosphatidylinositide 3-kinase (PI3K), mitogen-activated protein kinases (MAPKs), 

activator protein 1 (AP-1), nuclear factor of activated T cells (NFAT), and NF-ĸB (Fig. 1.4) 

(42, 50).   

 Integrated crosstalk between ITAM signaling networks and other signal transduction 

pathways provide regulation and fine tune activation of specific cellular responses. Studies 

found that maximal activation of macrophages requires synergy between ITAM signaling 

intermediates and the IFN-α cytokine pathway. In IFN-γ primed macrophages, enhanced 

IFN-α-induced STAT-1 activation was found to be dependent on Syk (101). It is 

hypothesized that IFN-γ upregulates expression of STAT1 and induces expression of 

FcRγ/DAP12-coupled receptors that interact with the interferon-α/β receptor (IFNAR) to 
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mediate coupling of Syk to IFNAR. In the proposed model, IFNAR-associated Syk may 

maximize IFN-α-induced STAT-1 activation through direct phosphorylation of STAT1 or 

through phosphorylation of new STAT1 docking sites, subsequently increasing recruitment 

of STAT1 to the receptor (101). Activation of cellular networks through ITAM-mediated 

signaling cascades has been well documented; however, ITAMs can also mediate inhibitory 

signals and attenuate signaling of other receptors (40, 50). FcRγ has been shown to cross-

inhibit signaling from several other receptors including Fc receptors, tumor necrosis factor 

receptors (TNFRs), and toll-like receptors (TLRs). One study found FcRγ in association with 

IgA-specific Fc receptor (FcαRI) inhibits IgG-mediated phagocytosis in monocytes and IgE-

mediated degranulation in mast cells (40, 50). Additionally, preligation of ITAM-coupled β2 

integrins was found to inhibit TLR induction of the IFN-β-mediated autocrine loop as well as 

exogenous IFN-α signaling. Studies investigating the mechanisms involved in this inhibition 

found that IFN-induced janus kinase 1 (Jak1) tyrosine phosphorylation is suppressed through 

MAPK-dependent induction of IFNAR signaling inhibitors (46). Integrated signaling 

between ITAM-associated receptors and TLRs has also been found to activate downstream 

signaling intermediates in an additive fashion, resulting in enhanced cellular responses (50). 

In several experimental systems, ITAM-coupled receptors have been shown to generate both 

positive and negative signals, though the molecular basis for this switch is not well 

understood. Depending on the microenvironment, DAP12 association with triggering 

receptor expressed on myeloid cells (TREM) can either augment or inhibit TLR-mediated 

cytokine production (50). Furthermore, there is a growing body of evidence supporting the 

idea that ITAM-mediated signaling is self-regulated through association of phosphorylated 
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ITAMs with inhibitory proteins. FcRγ has been found in association with Src homology 

region 2 domain-containing phosphatase-1 (SHP-1) following FcαRI ligation, SHP-2 has 

been found in associate with the FcεRI β-chain following receptor clustering, and 

phosphopeptides based on known cellular ITAMs have been shown to immunoprecipitate 

SH2 domain-containing inositol 5'-phosphatase (SHIP) (104). 

Viral ITAMs 

    Interestingly, viruses have evolved to encode ITAM-containing sequences within 

their genomes that participate in viral pathogenesis and oncogenesis through mediation of 

traditional cellular ITAM signaling intermediates (63).  

 Epstein-Barr virus (EBV) is a widespread γ-herpesvirus capable of infecting both 

lymphoid and epithelial cells and is associated with the development of several human 

cancers including Burkitt’s lymphoma, Hodgkin’s lymphoma, gastric carcinoma (GC), and 

nasopharyngeal carcinoma (NCP) (37, 51, 95). EBV establishes latency in B cells, during 

which time latent membrane protein (LMP2) is expressed. LMP2 exists in two promoter-

dependent forms, LMP2A and LMP2B, that differ in only one exon comprising a noncoding 

region in LMP2B and an N-terminal region in LMP2A (95). LMP2A is a highly hydrophobic 

protein containing twelve transmembrane domains and is localized within aggregates to the 

plasma membrane of latently infected B cells. Extending into the cytoplasm, the LMP2A N-

terminal tail contains several signaling motifs including an ITAM surrounding tyrosine 

residues 74 and 85 (95). LMP2A has been implicated in maintenance of viral latency through 

interference of BCR signaling, which in turn blocks viral reactivation. LMP2A also 

contributes to the malignant phenotypes seen in both B cells and epithelial cells through 
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manipulation of cellular networks involved in transformation, migration, and differentiation 

(37). The recruitment of kinases to LMP2A ITAM residues for tyrosine phosphorylation is 

stimulated through cellular adhesion rather than ligand binding, and is cell type-specific. In B 

cells, LMP2A preferentially associates with Src family kinases Lyn and Fyn, while in 

epithelial cells tyrosine phosphorylation is mediated independently of Src by Csk (14, 95). 

Following ITAM phosphorylation, Syk is recruited and activated in a manner dependent on 

LMP2A tyrosine residues 74 and 85 (67). While investigating the role of LMP2A during 

EBV infection, Syk was found to promote LMP2A-induced epithelial cell migration through 

MAPK extracellular signal-regulated kinase (ERK) activation (67). Recent studies also 

identified the ITAM-bearing protein as essential for ERK-mediated reduction of anoikis, a 

type of apoptosis associated with cell detachment (51). Finally, LMP2A ITAM-mediated Syk 

autophosphorylation initiates Akt activation, a serine/threonine protein kinase involved in 

cellular survival and proliferation signaling cascades. Akt signaling contributes to B cell 

survival and is required for LMP2A-induced transformation of epithelial cells, further 

highlighting the importance of ITAM-mediated signaling in the development of EBV-

induced diseases (37).   

 Two additional human herpesviruses that encode ITAM-containing proteins are 

Kaposi’s sarcoma-associated herpesvirus (KSHV) and closely related rhesus monkey 

rhadinovirus (RRV) (25, 66). Based on epidemiological and histopathological evidence, 

KSHV is strongly suggested to be an etiological agent of Kaposi’s sarcoma (KS), a 

multifocal angiogenic neoplasm. Seroprevalence of the virus varies worldwide with the 

highest rates of infection found in the Mediterranean basin and Africa where up to half of the 
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population is infected and KS is often the most common form of cancer, especially in 

immunecompromised individuals (65, 87). KSHV is also implicated in primary effusion 

lymphoma (PEL) and multicentric Castleman’s disease, both rare B cell lymphoproliferative 

disorders. Unlike most cancers which are caused by clonal expansion of transformed cells, 

KS is a result of hyperplastic growth associated with local production of inflammatory 

cytokines. Over the course of infection, KSHV predominantly exists in a latent state, with 

lytic replication occurring in only a small subset of cells. Viral DNA and transcripts are 

present in KS spindle cells, endothelial cells identified as primary tumor cells, as well as in 

peripheral blood mononuclear cells (PBMCs) of infected individuals (61, 65). ITAMs have 

been identified within the cytoplasmic tails of KSHV transmembrane protein K1 and 

distantly related RRV transmembrane protein R1. Further investigation found that the K1 

ITAM is able to constitutively induce signal transduction through ligand-independent 

activation attributed to the K1 cysteine-rich extracellular domain (25, 62, 66). The Src family 

kinase Lyn is recruited to the K1 ITAM, resulting in subsequent ITAM tyrosine 

phosphorylation and recruitment of Syk. K1 ITAM-dependent signaling was found to be 

dispensable for viral reactivation in KS spindle cells which lack Syk, but can augment 

replication and signaling in cells competent for ITAM signaling such as B cells (61). 

Furthermore, the K1 ITAM interacts with additional cellular SH2-containing proteins 

including the p85α regulatory subunit of PI3K, PLCγ2, and Vav. Mutational analysis 

demonstrated that each K1 ITAM tyrosine residue targets distinct SH2-containing proteins. 

This leads to regulated augmentation of signal transduction activities involved in KS 

hyperplasia such as intracellular calcium mobilization, activation of NFAT and AP-1 



 

26 
 

transcription factors, and production of inflammatory cytokines and angiogenic growth 

factors (65). While the ITAM-containing sequence in RRV R1 is distributed over a longer 

stretch of cytoplasmic tail domain than seen in KSHV K1, both ITAM-bearing proteins 

utilize similar signal-inducing properties, mediate B cell activation events independent of 

traditional BCR engagement, and contribute to the oncogenic nature of these viruses (25).  

 Retroviruses have been found to encode ITAM-containing sequences within the 

subunits of viral envelope polyproteins. Bovine leukemia virus (BLV) is a B cell 

lymphotrophic retrovirus that causes chronic disease associated with non-neoplastic 

proliferation of B cells in cattle, and induces terminal B cell leukemia in sheep. The BLV 

envelope gene is initially synthesized as a 72 kDa glycoprotein (gp72) and is subsequently 

processed into a surface subunit (gp51) and a transmembrane subunit (gp30) (6, 105). While 

gp51 serves as a determinant of cellular tropism, gp30 serves to anchor the gp51-gp30 

complex within both the plasma membrane and virions for mediation of virus-cell fusion. 

The C-terminal cytoplasmic tail of gp30 contains three YXXL motifs, two of which together 

generate a functional ITAM. Studies using site-directed mutagenesis to create gp30 ITAMs 

containing tyrosine to alanine substitutions found that both tyrosines of the ITAM are 

important for BLV infection, propagation, and signal transduction (6, 105). Mouse mammary 

tumor virus (MMTV) is an additional oncogenic retrovirus containing an ITAM within its 

envelope protein. MMTV induces mammary carcinoma in mice and serves as a model for 

virus-induced cancer. In vivo, MMTV-induced transformation of mammary epithelial cells is 

partially mediated through proviral integration and insertional activation of cellular 

oncogenes, including members of the wnt and fibroblast growth factor (fgf) families (53, 93). 
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The MMTV envelope protein (Env) contains two subunits: a cell surface subunit (SU) and 

transmembrane subunit (TM). An ITAM within the SU domain was identified as a mediator 

of epithelial cell transformation during MMTV infection after it was demonstrated that 

ectopically expressed MMTV Env is sufficient for induction of transformation hallmarks in 

normal immortalized mammary epithelial cells. Further examination found that Env ITAM-

mediated signaling utilizes Syk, and that mutation of critical tyrosine residues abrogates Env 

signaling, resulting in altered mammary epithelial cell transformation and attenuated 

tumorigenesis (93). Recent studies also demonstrate that the MMTV Env ITAM activates Src 

to mediate suppression of apoptosis in mammary epithelial cells. The investigation of 

mechanisms driving MMTV ITAM-mediated transformation of nonhematopoetic cells is 

important for the identification of novel modes of breast cancer induction and effective 

treatment of cancers in which ITAM-mediated signaling has been implicated (53).  

 Currently, there are two non-oncogenic viruses reported to encode ITAM containing 

proteins: hantavirus and simian immunodeficiency virus (SIV). Hantaviruses are enveloped 

negative-stranded RNA viruses belonging to the Bunyaviridae family. Hantaviruses infect 

human endothelial and immune cells, causing hemorrhagic fever with renal syndrome 

(HFRS) and hantavirus pulmonary syndrome (HPS) (38, 39). The hantavirus M genome 

segment encodes surface glycoproteins G1 and G2. Amino acid alignment of the G1 

cytoplasmic tail of hantaviruses found that all HPS-causing viruses contain a conserved 

ITAM. The absence of this conserved motif in HFRS-causing and nonpathogenic hantavirus 

strains suggests an essential role for the ITAM-containing protein in hantavirus 

pathogenicity. The hantavirus G1 ITAM interacts with Src kinase Lyn, and Syk family 
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members Syk and Zap-70 to alter normal cell signaling responses and subsequently modulate 

immune and endothelial cell function. Conserved tyrosine residues within the cytoplasmic 

tail of G1 were also identified as determinants for polyubiquitination of the ITAM-bearing 

protein (38, 39). SIV, a primate lentivirus, induces a disease similar to human AIDS that is 

characterized by depletion of CD4+ T cells, opportunistic infections, and subsequent death of 

infected animals. Investigation into the acute pathogenesis displayed by a particular SIV 

isolate highlighted a novel ability of the isolate to replicate within and induce proliferation of 

unstimulated PBMCs (32, 68). The primary pathogenic-determinant of this highly virulent 

isolate was identified to be an arginine to tyrosine mutation within the viral protein Nef. 

Tyrosine substitution generates an ITAM in the N-terminal anchor domain which was shown 

to be functional for activation of downstream ITAM-signaling intermediates including Lck 

and Zap-70. Finally, the Nef ITAM was found to be necessary and sufficient for Lck 

activation of NFAT, a key downstream intermediate of T cell activation (32, 68). 

 As a final note, an ITAM-like sequence has been identified in only one non-

enveloped virus to date: coxsackievirus. However, substitution of critical tyrosine residues 

within the ITAM-like region of capsid protein VP2 attenuated the virus used in these studies, 

leaving interpretation of the results presented on ITAM function unclear (52). Coxsackievirus 

B3 (CVB3) is a single-stranded, positive sense RNA virus belonging to the family 

Picornaviridae and genus Enterovirus. CVB3 infection, while generally asymptomatic, can 

lead to myocarditis and inflammatory diseases associated with the pancreas and/or nervous 

system (52, 85). The 7.4kb genome encodes a single polyprotein. Following translation, viral 

proteases cleave the polyprotein into three fragments: P1, P2, and P3. The P1 fragment is 
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additionally cleaved to produce structural proteins VP0, VP1, and VP3. Autocleavage of VP0 

generates VP2 and VP4. Finally, the P2 and P3 fragments are further modified to generate 

seven non-structural proteins (52, 85). In ITAM-like sequence was identified within the C-

terminal region of VP2, and in an effort to identify a role for the putative ITAM, mutant 

CVB3 virus and protein constructs were generated in which VP2 tyrosines 240 and 254 were 

substituted with phenylalanine. VP2 was shown to be phosphorylated on tyrosine residues, 

and the ITAM-signaling intermediate Syk was found to be associated with wild-type CVB3 

VP0, but not the tyrosine-to-phenylalanine mutant VP0-YYFF. Furthermore, wild-type 

CVB3 and ectopically expressed VP2 were able to activate NF-ĸB while the YYFF mutant 

was not, and interlukin-6 (IL-6) secretion was abrogated in CVB3-YYFF infected cells. 

While these data support CVB3 V2 ITAM function, viral titers corresponding to the infection 

time points used for these experiments show that CVB3-YYFF is severely attenuated (52). 

Therefore, the lack of tyrosine phosphorylation, Syk association, NF-ĸB activation, and IL-6 

secretion observed with CVB3-YYFF could well be due to defective replication rather than 

defective ITAM function.  

 As discussed, viral ITAMs have been implicated in the mediation of a variety of viral 

and host cellular responses involving pathogenesis and oncogenesis. In Chapter 2, I will 

present studies investigating the role of a newly identified ITAM in determining the 

activation of essential cellular components and subsequent viral spread during reovirus 

infection.  
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Figure 1.1. Reovirus infection induces apoptosis through both the intrinsic and extrinsic 
pathways. Reovirus induces release of tumor necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL) and upregulation of TRAIL-associated death receptors (DRs) DR4 
and DR5 (19). DR activation is followed by activation of caspase-8 and subsequent cleavage 
of the pro-apoptotic Bcl-2 family member, Bid, into its truncated form, tBid (60). tBid 
translocates to the mitochondria and triggers the release of cytochrome c for apoptosome 
formation and activation of effector caspases, linking the extrinsic apoptotic pathway and the 
mitochondrial amplification loop of the intrinsic pathway (31). Reovirus infection also 
upregulates the proapoptotic BH3-only protein NOXA, which induces apoptosis through 
intrinsic pathway signaling intermediates (56). µ1 has been identified as the principal viral 
factor for stimulation of cellular apoptotic machinery (22, 27, 29). Ectopic expression of µ1 
stimulates the release of cytochrome c and Smac/DIABLO into the cytosol, and the 
activation of both caspases 8 and 9 (106). While many other cell proteins, such as Bax and 
Bak, can participate in apoptosis, the pathway in this figure has been simplified to indicate 
only those factors known to participate in reovirus-induced apoptosis.    
 
Figure adapted from P. Danthi (26).  
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Figure 1.2. Reovirus protein μ2, encoded by the M1 gene segment. The μ2 protein 
contains nuclear localization signal that is critical for viral replication, suggesting that 
nuclear targeting of μ2 is a required step in reovirus infection (58). We have recently 
identified an immunoreceptor tyrosine-based activation motif (ITAM) containing the 
canonical motif YxxI/Lx6-12YxxI/L. Amino acid 208 has been linked to strain-specific 
differences in μ2 uniquitination and stability, microtubule binding, viral factory (VF) 
morphology, interferon (IFN) repression, and induction of reovirus-induced myocarditis (47, 
79, 86). Amino acid 347 has been identified as a determinant of strain-dependent replication 
efficiency in Madin-Darby canine kidney (MDCK) cells (83). Amino acid 383 has been 
identified as an additional determinant of VF morphology (58). An NTPase domain 
containing Walker A- and B-like motifs has been identified in the amino-terminal region of 
the M1 gene segment and is critical for viral replication (58).        
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Figure 1.3. Reovirus NF-ĸB activation requires components of both the classical and 
alternative NF-ĸB signaling pathways. In the classical pathway, cell stimulation triggers 
activation of IKKβ. IKKβ associates with IKKα and the IKKβ regulatory protein 
NEMO/IKKγ. Subsequent phosphorylation of IĸBα and p105/NF-ĸB1 results in IĸBα 
degradation and cleavage of p105/NF-ĸB1 to form the NF-ĸB subunit p50. In the alternative 
pathway, stimulation induces NF-ĸB inducing kinase (NIK) activation of IKKα, resulting in 
phosphorylation and cleavage of p100/NF-ĸB2 to form the NF-ĸB subunit p52. NF-ĸB 
subunits p50 and p52 associate with NF-ĸB subunits RelA/p65 and RelB, respectively, and 
translocate to the nucleus (43, 88, 109). Reovirus infection triggers NF-ĸB activation through 
a novel mechanism involving IKKα and NEMO/IKKγ, but not IKKβ or NIK, which results 
in in IĸBα proteolytic degradation, and nuclear translocation of NF-ĸB complexes containing 
p50 and RelA/p65 subunits (41). 
 
Figure adapted from M. Rahman and G. McFadden (88).     
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Figure 1.4. ITAM-mediated cellular signaling. Engagement of ITAM-associated receptors 
leads to phosphorylation of ITAM tyrosine residues by Src family kinases, resulting in 
recruitment of Syk tyrosine kinase. Interaction of Syk SH2 domains with ITAM 
phosphotyrosines stimulates Syk autophosphorylation and initiates downstream signaling 
cascades that result in a variety of cellular responses (80, 94, 102, 104). Effector molecules 
and transcription factors of importance activated during or in response to ITAM-mediated 
signaling include phosphatidylinositide 3-kinase (PI3K), protein kinase B (AKT), 
phospholipase-Cγ (PLCγ), nuclear factor of activated T cells (NFAT), diacylglycerol (DAG), 
protein kinase C (PKC), NF-ĸB, mitogen-activated protein kinases (MAPKs), and activator 
protein 1 (AP-1) (42, 50).  
 
Figure adapted from L. Lanier (63).  
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ABSTRACT 

 

 Immunoreceptor tyrosine-based activation motifs (ITAMs) are signaling domains 

located within the cytoplasmic tails of many transmembrane receptors and associated adaptor 

proteins that mediate immune cell activation. ITAMs also have been identified in the 

cytoplasmic tails of some enveloped virus glycoproteins and play critical roles in viral 

pathogenesis and oncogenesis. Here, we identified ITAM sequences in three mammalian 

reovirus proteins: μ2, σ2, and λ2. We demonstrate for the first time that µ2 is phosphorylated, 

contains a functional ITAM, and activates NF-ĸB. Specifically, µ2 recruits the ITAM-

signaling intermediate Syk to cytoplasmic viral factories and the µ2 ITAM is required for 

this translocation. Moreover, both the µ2 ITAM and Syk are required for maximal µ2 

activation of NF-ĸB. A mutated virus lacking the µ2 ITAM activates less NF-ĸB and induces 

less of the downstream antiviral cytokine interferon (IFN)-β than wild type virus does despite 

similar replication. Notably, the consequences of these µ2 ITAM effects are cell type-

specific. In non-specialized L929 cells where NF-ĸB is required for reovirus-induced 

apoptosis, the µ2 ITAM is advantageous for viral spread and enhances viral fitness. 

Conversely, in cardiac myocytes where the IFN response is critical for antiviral protection 

and NF-ĸB is not required for apoptosis, the µ2 ITAM stimulates cellular defense 

mechanisms and thereby diminishes viral fitness. These results suggest that the cell type-

specific impact of the µ2 ITAM on viral spread likely reflects the cell type-specific functions 

of NF-ĸB and IFN-β. This first evidence for a functional ITAM in a non-enveloped virus 
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presents a novel mechanism for viral ITAM-mediated signaling with likely organ-specific 

consequences in the host. 

 

 

INTRODUCTION 

 

 Immunoreceptor tyrosine-based activation motifs (ITAMs) are characterized by two 

critical tyrosine (Y) residues within the canonical motif YxxI/Lx6-12YxxI/L. Often found in 

multiples, ITAMs are classically located within the cytoplasmic tail of transmembrane 

receptors and within the subunits of multi-component receptor complexes (32, 51). ITAMs 

are widely expressed throughout the immune system where they mediate activation of 

intracellular signaling by key immunoreceptors including T cell receptors (TCRs), B cell 

receptors (BCRs), and Fc receptors (FcRs). In myeloid and natural killer (NK) cells, this 

highly conserved motif has been identified in adaptor proteins DNAX-activating protein 

(DAP12) and Fc receptor-associated γ chain (FcRγ) (21, 32). 

 Engagement of ITAM-associated receptors leads to phosphorylation of ITAM 

tyrosine residues by Src family kinases and subsequent recruitment of spleen tyrosine kinase 

(Syk). Interaction of Syk SH2 domains with ITAM phosphotyrosines stimulates Syk 

autophosphorylation and activation, initiating downstream signaling cascades where effector 

molecules and transcription factors including PI3K, MAPKs, NFAT, and NF-ĸB stimulate an 

array of cellular responses involved in differentiation, cytokine release, proliferation, and 

survival (18, 23, 40, 51). 
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 Interestingly, numerous enveloped viruses including hantavirus, Epstein-Barr virus 

(EBV), and Kaposi’s sarcoma-associated herpesvirus (KSHV) encode ITAM-containing 

sequences within their genomes that participate in viral pathogenesis and oncogenesis 

through mediation of traditional cellular ITAM signaling intermediates (17, 32, 34, 44). To 

date, an ITAM-like sequence has been identified in only one non-enveloped virus, 

coxsackievirus, however evidence for ITAM function in that virus remains ambiguous (26).   

 Mammalian orthoreoviruses, commonly referred to as reoviruses, are nonenveloped 

double-stranded RNA (dsRNA) viruses belonging to the Reoviridae family. Reoviruses serve 

as highly tractable experimental models for studies of viral replication, pathogenesis, and 

virus-host interactions. Following infection of neonatal mice, reoviruses disseminate 

systemically, inducing strain-specific pathology in a variety of organs including the heart, 

central nervous system, and liver (10).  

In primary murine cardiac myocytes, the capacity to induce myocarditis correlates 

with virus strain-specific differences in induction of and sensitivity to the antiviral cytokine 

interferon-β (IFN-β). Concordantly, nonmyocarditic reovirus strains induce cardiac lesions 

when the IFN response is disrupted (19, 41, 48). The reovirus M1 gene, which encodes minor 

core protein µ2, is the primary determinant of reovirus myocarditic potential (46, 47). 

Recently, sequence polymorphisms at µ2 amino acid 208 were found to be both required and 

sufficient for strain-specific differences in repression of IFN-β signaling, and µ2 amino acid 

208 was identified as a determinant of the IFN-β response, viral spread and damage in 

cardiac myocytes, and myocarditis in neonatal mice (22). This µ2-mediated repression of 

IFN signaling is accompanied by accumulation of interferon regulatory factor 9 (IRF9) in the 
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nuclear fraction (55). Differences in induction of and sensitivity to IFN‐β also segregate with 

the S2 and L2 genes, which encode the σ2, and λ2 proteins, respectively (48). 

 Reoviruses induce IFN by activating RIG-I-like pathogen recognition receptors (20, 

25, 35). Following receptor engagement, signaling through the adaptor protein MAVS (also 

known as IPS-1, VISA, and Cardif) leads to activation of IFN transcription factors IRF3 and 

NF‐ĸB. NF-ĸB mediates reovirus-induced apoptosis and subsequent pathogenesis in an 

organ/cell type-specific manner by either enhancing or preventing cell death signaling (19, 

41). While reovirus activation of IRF3 is dependent on MAVS, NF‐ĸB activation does not 

require this signaling intermediate (20). Reovirus protein µ1 is sufficient for induction of 

apoptosis when ectopically expressed, suggesting µ1 plays a role in reovirus-induced NF-ĸB 

activation (6). Additional mechanisms of reovirus-induced NF-ĸB activation have yet to be 

defined. 

 In this study, we found that minor core protein μ2 in reovirus strain type 3 Dearing 

(T3D) contains a functional ITAM that signals through Syk and regulates the activation of 

NF‐ĸB and induction of IFN‐β in a cell type specific manner. In L929 cells, where NF‐ĸB is 

required for reovirus-mediated apoptosis, the µ2 ITAM is advantageous for viral spread, 

while in cardiac myocytes, where IFN‐β is critical for protection against reovirus replication and 

cytopathic effects, the μ2 ITAM stimulates cellular defense mechanisms(41). These results 

suggest the μ2 ITAM has a cell type‐specific role in reovirus replication and cytopathology, 

and provide evidence of a novel mechanism for ITAM-mediated signaling by a 

nonenveloped virus.  
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MATERIALS and METHODS 

 

Cell lines. Mouse L929 cells were maintained in minimal essential medium (MEM) 

(SAFC Biosciences) supplemented with 5% fetal calf serum (FCS) (Atlanta Biologicals) and 

2 mM L‐glutamine (Mediatech). L929 cells were plated at 1.25 x 104 cells per well in 96‐

well clusters or at 5 x 105 cells per well in 24‐well clusters. Cells were allowed to adhere 3 

hours (h) prior to infection or transfection. HEK-293 cells (ATCC, CRL-1573) and AD‐293 

cells (Agilent Technologies), a derivative of HEK‐293 cells with improved adherence, were 

maintained in Dulbecco’s MEM (DMEM) (Gibco) supplemented with 10% FCS, and 110 

mg/L sodium pyruvate (Mediatech). AD‐293 cells were plated at 1.875 x 104 cells per well in 

96‐well clusters or at 4 x 105 cells per well in 6‐well clusters. HEK‐293 cells were plated at 

3.5 x 104 cells per well in 96‐well clusters or at 4 x 105 cells per well in 6‐well clusters. 

HEK-293 and AD-293 cells were allowed to adhere at least 3 h prior to transfection or 

overnight before infection. Vero cells (ATCC, CCL-81 ) were maintained in DMEM (Gibco) 

supplemented with 10% FCS. Vero cells were plated at 5 x 104 cells per well in 8-well 

collagen-coated chamber slides (BD BioSciences) on the day before transfection.  

Primary cardiac myocyte cultures. Timed‐pregnant Cr:NIH(S) mice from the 

National Cancer Institute were maintained as a colony in a facility accredited by the 

Association for Assessment and Accreditation of Laboratory Animal Care. All animal 

procedures were approved by the North Carolina State University Institutional Animal Care 

and Use Committee. Primary cardiac myocyte cultures were generated from 1‐day‐old 

neonatal or term fetal Cr:NIH(S) mice resulting from timed pregnancies. Neonatal or term 
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fetal mice were euthanized, and the apical two‐thirds of hearts were excised and trypsinized 

(1). To separate cardiac myocytes from rapidly adherent cardiac fibroblasts, cells were plated 

at 1.25 x 105 cells per well in 6‐well clusters and incubated for 2 h at 37°C. Cardiac myocytes 

were resuspended in DMEM (Gibco) supplemented with 7% FCS (Atlanta Biologicals), 

0.06% thymidine (Sigma‐Aldrich), and 10 μg per ml of gentamicin (Sigma-Aldrich). 

Myocyte cultures contained ≤ 5% contamination with fibroblasts and were never passaged 

prior to use (54). Myocyte cultures were plated at 1.5 x 105 cells per well in 96‐well clusters 

or 5 x 105 cells per well in 48‐well clusters, and incubated for 2 days prior to infection. 

Viruses. Wild‐type reovirus strain T3D and mutant recombinant viruses were 

generated using plasmid‐based reverse genetics (28). Tyrosine‐to‐phenylalanine mutations in 

the ITAMs were introduced into plasmids containing the T3D S2, M1, or L2 genes (28, 55) 

using the QuikChange Site‐Directed Mutagenesis Kit (Agilent Technologies) according to 

the manufacturer’s instructions with the following primers:  

σ2 Y130F forward 5’‐GTACGACTGCGATGATTTTCCATTTCTAGCGCGTG‐3’  

and reverse 5’‐CACGCGCTAGAAATGGAAAATCATCGCAGTCGTAC‐3’; 

 σ2 Y144F forward 5’‐GATTCAAACATCGGGTGTTTCAGCAATTGAGTGCTGTAAC‐3’ 

and reverse 5’‐GTTACAGCACTCAATTGCTGAAACACCCGATGTTTGAATC‐3’;  

μ2 Y118F forward 5’‐CTCAGGAAAGATGATGAATTCAATCAGCTAGCGCGTGC‐3’ 

and reverse 5’‐GCACGCGCTAGCTGATTGAATTCATCATCTTTCCTGAG‐3’;  

μ2 Y131F forward 5’‐CAAGATATCGGATGTCTTCGCACCTCTCATCTCATCC‐3’  

and reverse 5’‐GGATGAGATGAGAGGTGCGAAGACATCCGATATCTTG‐3’;  

λ2 Y671F forward 5’‐CTTGGACATCTGGAGTGTTCTTCTTCTTGGTGGACC‐3’ 
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and reverse 5’‐GGTCCACCAAGAAGAAGAACACTCCAGATGTCCAAG‐3’; 

 λ2 Y681F forward 5’GGTGGACCATTTTTATCGTTTTGAGACTTTATCTACGATCTCA 

CG‐3’ and reverse 5’-CGTGAGATCGTAGATAAAGTCTCAAAACGATAAAAATGGTC 

CACC‐3’. Monolayers of BHK‐T7 cells at 90% confluency (3 × 106 cells) seeded in 60‐mm 

dishes were co‐transfected with plasmids representing the cloned reovirus genome using 3 μl 

of TransIT‐LT1 transfection reagent (Mirus) per μg of plasmid DNA (29). Following 1–5 

days of incubation, recombinant virus was isolated from transfected cells by plaque 

purification using monolayers of L929 cells. To confirm sequences of the mutant viruses, 

viral RNA was extracted from purified virions, subjected to Onestep RT‐PCR (Qiagen) using 

gene‐specific primers (sequences available upon request), and sequenced. Recombinant 

viruses were plaque purified, amplified using L929 cells, purified using CsCl‐gradient 

centrifugation, and stored as diluted aliquots at ‐80°C (49). 

Plasmids. The luciferase reporter plasmid pNF‐ĸB-luc and internal control reporter 

plasmid pRenilla‐luc were previously described (20). The plasmid pISRE‐luc (Stratagene) 

encodes five tandem copies of the ISG54 interferon-stimulated response element (ISRE) 5’ to 

a gene encoding firefly luciferase. The plasmid pIFN‐β‐luc was provided by John Hiscott 

(McGill University, Montreal, Canada). A construct expressing T3D µ2 in a pCAGGs 

backbone was generated previously (55). To generate pcDNA3‐FLAG‐μ2, the T3D M1 gene 

was subcloned into the EcoRI and NotI restrictions sites of pcDNA3 (Invitrogen), and a C‐

terminal FLAG epitope tag was inserted using the NotΙ and XbaΙ restriction sites. To generate 

pcDNA3‐FLAG‐μ2‐YYFF, both tyrosine residues in the ITAM were substituted with 

phenylalanine using the QuikChange Site‐Directed Mutagenesis Kit. To maximize μ2 and 
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μ2‐YYFF expression (Figs. 2.2, 2.4 and 2.5), the upstream Kozak sequence was optimized 

by changing ACCATGG to GCCACCATGG. A plasmid expressing human Syk in a 

pcDNA3 backbone was a generous gift from Sheng Wei (H. Lee Moffitt Cancer Center and 

Research Institute, Tampa, Florida). A plasmid expressing T1L µNS in a pcDNA backbone 

was kindly provided by Takeshi Kobayashi while in the Dermody laboratory (Vanderbilt 

University School of Medicine, Nashville, Tennessee). A plasmid expressing FLAG-NS3/4A 

from Hepatitis C virus (HCV) in a pcDNA backbone was provided by Dr. Zhijian Chen 

(University of Texas Southwestern Medical Center, Dallas, Texas). 

 Transfections. For Fig. 2.2, each well of a 6-well cluster of AD-293 cells was 

transfected with all 100 μl of a reaction containing 3 μl FuGENE 6 and 1 μg of effector 

plasmid. For Fig. 2.3, each well of a 96-well (A) or 6-well cluster (B) of HEK‐293 cells was 

transfected with 5 μl (A) or 100 μl (B) of a 100 μl reaction containing 6 μl FuGENE 6, 0.1 μg 

pRenilla‐luc, 1 μg of reporter plasmid, and 1, 0.1, or 0.05 μg of effector plasmid. For Fig. 

2.4, Syk was inhibited by incubating AD-293 cells in 96-well (A) or 6-well (B) clusters with 

25 mM piceatannol (EMD Calbiochem) dissolved in DMSO (Sigma-Aldrich), or DMSO 

alone as a control (final 1% DMSO). After 1 h, AD-293 cells were transfected using 10 μl 

(96-well) or 100 μl (6-well) of a 200 μl reaction. For 96-well clusters, each 200 μl reaction 

contained 3 μl Lipofectamine 2000 (Life Technologies), 0.1 μg pRenilla‐luc, 1 μg reporter 

plasmid, and 0.1 ug of effector plasmid. For 6-well clusters, each 200 μl reaction contained 3 

μl Lipofectamine 2000, 1 μg pRenilla‐luc, and 1 ug of effector plasmid. For Fig. 2.5, each 

chamber of 8-chamber slides of Vero cells was transfected with 60 μl of a 100 μl reaction 

containing 3 μl FuGENE 6, 0.025 μg Syk, 1 μg pcDNA3-μNS, and 1 μg of effector plasmid. 
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For Fig. 2.6A, each well of a 96-well cluster of AD‐293 cells was transfected with 5 μl of a 

100 μl reaction contained 3 μl FuGENE 6, 0.1 μg pRenilla‐luc, and 1 μg pNF‐ĸB‐luc. At 24 h 

post‐transfection, AD‐293 cells were washed twice with media, infected, incubated for 1 h at 

37°C, supplemented with media, and incubated as indicated. 

 Luciferase assay. Transfected cells in 96‐well clusters were lysed, and luciferase 

activity was determined using a dual luciferase reporter assay system (Promega) according to 

the manufacturer’s instructions. Luciferase activity for each sample was normalized to the 

internal Renilla luciferase control, and replicate wells were averaged and standard errors of 

the mean were determined.   

 Antibodies for Western blot analysis. Antibodies were used at the indicated final 

dilutions and purchased from the following suppliers: mouse monoclonal anti-FLAG M2 

(1:1,000; Agilent Technologies, no. 200472-21) (Fig. 2.2), mouse monoclonal anti‐FLAG 

M2 (1:2,500; Sigma‐Aldrich, no. F3165) (Fig. 2.3), rabbit polyclonal anti-µ2 (1:500; 

generated against two μ2 peptides by Open Biosystems), mouse monoclonal anti-

phosphotyrosine 4G10 (1:1000; Millipore, no. 05-321), goat polyclonal HRP‐conjugated 

anti‐GAPDH (1:160; Santa Cruz Biotechnology, no. sc-20357-HRP), goat polyclonal HRP-

conjugated anti-Actin (1:500, Santa Cruz Biotechnology, no. sc-1615), polyclonal HRP‐ 

conjugated goat anti‐mouse (1:2,000; Millipore, no. 12-349), and polyclonal HRP‐conjugated 

goat anti‐rabbit (1:2,000; Millipore, no. AP132P).    

 SDS-PAGE and immunoblotting. Transfected cells in 6‐well clusters were lysed to 

generate total cellular protein extracts using RIPA lysis buffer (50 mM Tris HCl [pH 7.4], 

1% NP‐40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA) supplemented to 
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contain 1% sodium dodecylsulfate (SDS) and a cocktail of protease and phosphatase 

inhibitors (Sigma‐Aldrich). Cells were rocked on ice for 15 min and centrifuged at 10,000 x 

g for 10 min at 4°C to remove cellular debris. Protein concentrations were determined using a 

bicinchoninic acid protein assay (Thermo Fisher Scientific), and 10-30 μg of protein from 

each lysate was boiled for 5 min in 1x Laemmli sample buffer and resolved using 10% SDS‐ 

polyacrylamide gel electrophoresis (SDS‐PAGE). The resolved proteins were transferred to 

nitrocellulose (Whatman, Protran 0.45μm pore size) in transfer buffer (48mM Tris, 39mM 

glycine, 0.04% SDS, and 20% methanol) for 45 minutes at 15 volts in a semi‐dry transfer 

apparatus (Bio‐Rad; Trans‐Blot SD). Following protein transfer, membranes were blocked 

for 1 h with 3-5% milk or 5% BSA (Sigma-Aldrich) in Tris‐buffered saline (20 mM Tris 

HCL [pH7.6], 137 mM NaCl) containing 0.05-0.1% Tween 20 (TBS-T), and probed with the 

indicated primary antibodies overnight at 4°C. Membranes were washed three times with 

TBS‐T buffer, followed by 90 min incubation with the appropriate HRP‐conjugated, species‐

specific secondary antibodies at room temperature. Membranes were washed and proteins 

were visualized using Amersham enhanced chemiluminescence (ECL) or ECL Plus kits (GE 

Healthcare) according to the manufacturer’s instructions. Membranes were exposed to film 

and converted to digital format using an HP Scanjet G4050; quantification of the digitized 

bands was determined using UN‐SCAN‐IT software (Silk Scientific).  

 Immunoprecipitation. Transfected cells in 6-well clusters were lysed using Cell 

Lysis Buffer (Cell Signaling Technology) containing a cocktail of protease and phosphatase 

inhibitors (Sigma‐Aldrich). Cells were rocked on ice for 10 min, sonicated, and centrifuged 

at 14,000 x g for 10 min at 4°C to remove cellular debris. Protein concentrations were 
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determined using a bicinchoninic acid protein assay (Thermo Fisher Scientific). 600 µg of 

cell lysate was added to EZview Red anti-FLAG M2 Affinity Gel (Sigma-Aldrich) according 

to the manufacturer’s instructions and incubated overnight at 4° while rotating. After 

centrifugation at 8,200 x g for 1 min, the supernatant was removed and beads were washed 

three times with ice‐cold TBSX (20 mM Tris HCL [pH7.6], 137 mM NaCl, 2mM ETDA, 1% 

Triton-X 100). Following the final wash, beads were resuspended in 50 μl of 2X laemmli 

sample buffer, boiled for 5 minutes, and centrifuged at 8,200 x g for 1 min. The supernatant 

was removed and subjected to 7.5% SDS‐PAGE.  

Quantification of viral replication. . L929 cells, primary cardiac myocyte cultures, 

or AD-293 cells were plated in 96‐well clusters and infected at the indicated multiplicity of 

infection (MOI). After 1 h incubation at 37°C, additional medium with or without anti-IFN-β 

antibody (640 neutralizing units/ml; PBL, no. 32400-1) was added to each well, and cells 

were incubated for various intervals with or without additional anti-IFN-β antibody (640 

neutralizing units/ml at 2 days post-infection) before freezing at ‐80°C. Cells were subjected 

to two additional freeze‐thaw cycles and subsequently lysed in 0.5% NP‐40. Viral titers were 

determined by plaque assay using L929 cells (45).  

Assessment of cytopathic effect. L929 cells or primary cardiac myocyte cultures 

were plated in 96‐well clusters and infected at the indicated MOI. After 1 h incubation at 

37°C, additional medium was added to each well. At 24 h, 5 days, or 7 days post‐infection, 

cell viability was quantified using an MTT assay (48). Absorbance was determined by 

subtracting OD at 650 nm from OD at 570 nm using an automated microplate reader 

(TECAN Sunrise Microplate Reader). 
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Quantitative (real‐time) reverse transcription‐PCR (qRT‐PCR). Cells in 24‐well 

(L929 cells) or 48‐well (primary cardiac myocyte cultures) clusters were infected, incubated 

for 1 h, supplemented with media, and then incubated as indicated. Total RNA was harvested 

using an RNeasy kit (Qiagen) and treated with RNase‐free DNase Ι (Qiagen). One‐third of 

the RNA from each well was used to generate cDNA by reverse transcription in 100 μl 

containing 5 μM oligo(dT) (Invitrogen), 1X Taq buffer (Promega), 7.5 mM MgCl2 

(Promega), 1 mM dithiothreitol (Promega), 1 mM each deoxynucleoside triphosphate 

(Roche), 0.67 U/μl RNasin (Promega), and 0.20 U/μl AMV reverse transcriptase (Promega). 

Five percent of the resultant cDNA was amplified using an iCycler iQ Real‐Time PCR 

Detection System (Bio‐Rad Laboratories) in 96‐well plates. Each duplicate 25 µl reaction 

contained 1X Quantitech SYBR Green master mix (Qiagen), 10 mM fluorescein, and 0.3 μM 

of each forward and reverse primer. Primer sequences were as previously published (50). 

Relative abundance of IFN‐β and GAPDH mRNA was determined by comparison to a 

standard curve generated from serial dilutions of a DNA standard, and IFN‐β expression was 

normalized to GAPDH expression.   

 Indirect immunofluorescence and confocal microscopy. Transfected Vero cells in 

8-well collagen-coated chamber slides were fixed in 2% paraformaldehyde (Electron 

Microscopy Sciences) and permeabilized with 0.01% Triton X-100 in phosphate-buffered 

saline (PBS) for 5 min at room temperature. Slides were then rinsed in PBS and blocked with 

5% normal goat serum (Sigma-Aldrich) diluted in PBS for 30 min at room temperature. Cells 

were probed sequentially using a rabbit polyclonal anti-μ2 antibody (1:600) and a mouse 

monoclonal anti-Syk (1:500, Millipore, no. 05-434) diluted in 0.01% IgG- and protease-free 
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bovine serum albumin (BSA) (Jackson ImmunoResearch Laboratories, Inc.) for 30 min each. 

Samples were washed three times in PBS and sequentially incubated with Alexa 488-

conjugated goat anti-rabbit IgG (1:1,000; Invitrogen) and Alexa 594-conjugated goat anti-

mouse IgG (1:1,000; Invitrogen) secondary antibodies for 30 min each to detect μ2 and Syk, 

respectively. Samples were washed three times in PBS, and coverslips were mounted on 

slides using ProLong Gold reagent (Invitrogen). Images were obtained using a Zeiss Laser 

Scanning Confocal Microscope 710 equipped with a 40X C-apochromat / 1.1 NA water 

immersion objective. The pinhole was maintained at 1 AU (40 μm), and images were taken 

using sequential scanning. Alexa Fluor 488 was excited at 488 nm using a multiline argon 

laser and emission was detected in the 492 and 560 nm range. Alexa Fluor 594 was excited at 

561 nm with a 561 diode pumped solid state laser and emission was detected in the 593 and 

696 nm range. Images were processed and prepared for presentation using Adobe Photoshop 

CS4.  

 Statistical analysis. A Student’s two‐sample t test (pooled variance) was applied 

using Systat 9.0 software. Results were considered significant if the P value was < 0.05. 

 

 

RESULTS 

 

 ITAM sequences are identified in three reovirus proteins. The protein sequences 

encoded by each of the 10 reovirus gene segments were screened for potential ITAM 

sequences using the consensus motif YxxI/Lx(6‐12)YxxI/L (51). Remarkably, ITAM 
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sequences were identified in three reovirus proteins: σ2 (amino acids [aa] 130‐147), μ2 (aa 

118‐134), and λ2 (aa 671‐684) encoded by the S2, M1, and L2 gene segments, respectively 

(Fig. 2.1A). ITAM sequences were not identified in a search of the related Reoviridae virus, 

rotavirus. ITAM sequences in the reovirus σ2, μ2, and λ2 proteins were identical among 

prototype strains type 1 Lang (T1L), type 2 Jones (T2J), and type 3 Dearing (T3D). 

However, variability was evident in the T2J sequences immediately adjacent to the ITAM 

sequences. A clustal alignment of the µ2 ITAM sequence with corresponding motifs from 

DAP12, FcRγ, and CD3ζ family members demonstrated conservation of the ITAM as well as 

acidic residues in µ2 that are common to many cellular ITAMs (Fig. 2.1B). Conservation of 

critical residues in the motif across reovirus serotypes suggests a role for ITAMs in viral 

replication and pathogenesis. Given the previously established role of µ2 in modulating the 

IFN response and myocarditis in a mouse model, we focused on the ITAM sequence in µ2 

first (22, 55). 

 µ2 is phosphorylated on multiple tyrosine residues. Phosphorylation of critical 

tyrosine residues is a fundamental step in ITAM-mediated signaling (51). To determine 

whether the µ2 ITAM is equipped for similar signal transduction, we examined the 

phosphorylation status of µ2 tyrosine residues in FLAG-tagged µ2 and a derivative in which 

the two canonical ITAM tyrosine residues in μ2 were exchanged with phenylalanine residues 

(YYFF). Tyrosine‐to‐phenylalanine substitutions were chosen to prevent the phosphorylation 

required for ITAM function and to minimally alter protein structure given the similarity of 

the tyrosine and phenylalanine side chains. These substitutions did not compromise overall 

µ2 structure and function as evidenced by the replication-competence of similarly substituted 
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whole viruses (see below). AD-293 cells were transfected with plasmids expressing FLAG-

tagged μ2, FLAG-tagged μ2-YYFF, or FLAG-tagged NS3/4A, a negative control for 

tyrosine phosphorylation. Whole cell lysates were immunoprecipitated, and fractions 

resolved by SDS-PAGE were immunoblotted using anti-FLAG or anti-phosphotyrosine 

antibodies (Fig. 2.2). No antiphosphotyrosine-reactive bands were seen for FLAG-NS3/4A, 

though it was well expressed and immunoprecipitated. Notably, both FLAG-μ2 and FLAG-

μ2-YYFF were found to be phosphorylated on tyrosine residues, providing the first evidence 

that μ2 is a phosphorylated protein. However, µ2 contains 30 tyrosines, and the significant 

phosphorylation of FLAG-μ2-YYFF suggests that multiple residues outside of the ITAM 

sequence are phosphorylated. This abundant µ2 phosphorylation precluded detection of 

possible decreased phosphorylation in FLAG-µ2-YYFF relative to FLAG-µ2, leaving the 

status of tyrosine phosphorylation in the µ2 ITAM sequence unclear. 

 NF-ĸB is activated by μ2 and maximal activation requires the μ2 ITAM. NF-ĸB 

is a well-documented downstream target of ITAM-mediated signaling (18, 23). To determine 

the capacity of µ2 to activate NF-ĸB, HEK-293 cells were transfected with FLAG-µ2 or 

FLAG-µ2-YYFF, and after 24 h, NF-ĸB-stimulated luciferase reporter gene expression was 

quantified (Fig. 2.3A). Over-expressed FLAG-μ2 activated NF-ĸB, providing the first 

evidence that reovirus protein µ2 can activate NF-ĸB. In sharp contrast, FLAG-μ2-YYFF 

activation of NF-ĸB was minimal or undetectable, demonstrating a biochemical link between 

the μ2 ITAM and NF-ĸB activation. As a control, µ2 expression levels in cell lysates 

generated from replicate cultures were quantified (Fig. 2.3B). Even when levels of FLAG-

μ2-YYFF protein were greater than five-fold higher than those of FLAG-μ2 protein, FLAG-
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μ2-YYFF activation of NF-ĸB was undetectable or significantly less than that by FLAG-µ2 

(compare 1 μg μ2-YYFF to 0.1 µg μ2). Finally, neither FLAG-µ2 nor FLAG-µ2-YYFF 

induced IFN-β or the IFN-stimulated pathway as monitored by an ISRE reporter (Fig. 2.3A). 

These results are consistent with a requirement for viral activation of IRF3 for induction of 

IFN-β and highlight the specific effect of the µ2 ITAM on activation of NF-ĸB.  

 µ2 requires Syk for maximal activation of NF-ĸB. Activation of NF-ĸB through 

ITAM-mediated signaling requires Syk (or in T-cells, Zap-70) (3, 40). To determine whether 

µ2 signal transduction is mediated through classical ITAM signaling intermediates, we 

examined the requirement for Syk in µ2 activation of NF-ĸB (Fig. 2.4A). AD-293 cells were 

pretreated with DMSO alone or with the Syk-specific inhibitor piceatannol before 

transfection with plasmids encoding either FLAG-tagged or untagged µ2. After 24 h, NF-ĸB-

stimulated luciferase reporter gene expression was quantified. A 2.5-2.9-fold decrease in µ2 

activation of NF-ĸB was observed in the presence of piceatannol, demonstrating a 

requirement for Syk in µ2-mediated signal transduction. µ2 was expressed at equivalent 

levels in DMSO and piceatannol-treated lysates (Fig. 2.4B), demonstrating that reduced µ2 

activation of NF-ĸB was due to depletion of Syk rather than decreased µ2 expression. Thus, 

µ2 contains a functional ITAM that signals through an established ITAM-associated 

signaling intermediate to activate NF-ĸB.  

 µ2 recruits Syk to viral factories and recruitment requires the µ2 ITAM. 

Reovirus protein µ2 does not span membranes, suggesting it functions in a manner that 

differs from other viral and cellular ITAM-containing proteins (32, 51). While µ2 is found in 

low copy number within the viral core, µ2 is abundant and highly concentrated in reovirus 
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infected cells within cytoplasmic viral replication-associated structures known as viral 

factories (VFs, also known as viral inclusion bodies or VIBs) (10, 42). Though VFs are 

thought to lack a delimiting membrane, we hypothesized they may serve as intracellular sites 

for µ2 ITAM interaction with Syk. To determine the effect of the µ2 ITAM on Syk cellular 

localization, we employed confocal microscopy to visualize Vero cells cotransfected with 

plasmids expressing Syk, reovirus protein µNS to induce VF formation (4, 38), and either 

FLAG-pcDNA3, FLAG-µ2, or FLAG-µ2-YYFF (Fig. 2.5). We used Vero cells rather than 

AD-293 cells due to their larger cytoplasm and capacity to form more defined viral factories. 

In cells expressing FLAG-pcDNA3 or FLAG-µ2-YYFF, Syk remained diffuse throughout 

the cell, despite adequate formation of VFs in the latter. Conversely, in cells expressing 

FLAG-µ2, Syk was localized to VFs. Thus, µ2 recruits Syk to VFs and recruitment requires 

the µ2 ITAM, representing a novel mechanism for viral ITAM-mediated signaling. 

 The µ2 ITAM regulates activation of NF-ĸB during viral infection. Reovirus 

activates NF-ĸB during infection, mediating apoptosis in the brain and an antiviral IFN 

response in the heart (41). To investigate the role of ITAMs in reovirus infection, plasmid‐

based reverse genetics was employed to engineer wild‐type (WT) reovirus strain T3D and 

mutant viruses. Mutant viruses with altered ITAMs in the λ2 protein could not be recovered 

despite three independent rescue attempts. However, viruses with altered σ2 (σ2‐YYFF) or 

μ2 (μ2‐YYFF) ITAMs were readily isolated and formed plaques similar in size to WT virus 

(data not shown). To determine whether the µ2 ITAM regulates activation of NF-ĸB in the 

context of reovirus infection, AD-293 cells were cotransfected with the NF-ĸB-luciferase 

reporter plasmid and Renilla-luciferase plasmid as before, and then infected with WT T3D, 
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σ2-YYFF, or µ2-YYFF viruses. At 12 h post‐infection, WT T3D and σ2‐YYFF viruses 

activated NF‐ ĸB, but µ2‐YYFF did not (Fig. 2.6A). While μ2‐YYFF achieved titers 

intermediate to those of WT T3D and σ2‐YYFF viruses at 12 h post‐infection (Fig. 2.6B), it 

remained possible that differences in NF‐ĸB activation might reflect differences in 

replication. However, even at 24 h post‐infection when μ2‐YYFF achieved titers similar or 

equal to those of WT T3D and σ2‐YYFF (Fig. 2.6B), μ2‐YYFF failed to activate NF‐ĸB as 

efficiently as either virus (Fig. 2.6A). Therefore, decreased activation of NF‐ĸB by reovirus 

mutant μ2‐YYFF does not reflect diminished viral replication, but instead reflects the 

requirement for the µ2 ITAM for maximal activation of NF‐ĸB during reovirus infection.   

 The µ2 ITAM regulates induction of IFN-β. Viral activation of NF‐ĸB is required 

for maximal induction of IFN‐β, and the IFN-β response is a critical determinant of 

protection against reovirus-induced myocarditis in a mouse model (13, 22, 48). To determine 

whether the μ2 ITAM modulates reovirus induction of IFN-β, non-specialized L929 cells or 

primary cardiac myocyte cultures were infected with WT T3D and mutant reoviruses, and 

induction of IFN‐β mRNA was examined. In both L929 cells and primary cardiac myocyte 

cultures, μ2‐YYFF induced significantly less IFN‐β than did either WT T3D or σ2‐YYFF 

viruses (Fig. 2.7A), despite replicating to similar titers (Fig. 2.7B). Thus, the μ2 ITAM 

regulates the induction of IFN‐β.  

 The µ2 ITAM effect on viral spread is cell type-specific. Viral spread is 

determined by an overlapping network of virus and host cell interactions involving viral 

replication, virus-induced cytopathicity, and virus-induced anti-viral cytokines. To determine 

the effect of the µ2 ITAM on viral spread, L929 cells and primary cardiac myocyte cultures 
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were infected at a low MOI with WT T3D, σ2-YYFF, or µ2-YYFF viruses and incubated for 

5 to 7 days to allow multiple cycles of viral replication. In L929 cells, all three viruses 

achieved equivalent viral titers (Fig. 2.8A), however, μ2-YYFF was significantly less 

cytopathic than either WT T3D or σ2-YYFF viruses at both 5 and 7 days post-infection (Fig. 

2.9). These data suggest that in L929 cells, where NF‐ĸB is required for reovirus-mediated 

apoptosis (41), the µ2 ITAM is advantageous for viral spread. In contrast to L929 cells, μ2-

YYFF achieved a significantly higher titer than either WT T3D or σ2-YYFF viruses in 

primary cardiac myocyte cultures (Fig 2.8A). Inclusion of anti-IFN-β antibody during 

infection increased replication of both WT T3D and σ2-YYFF viruses to levels similar to µ2-

YYFF in cardiac myocyte cultures, but had no impact on viral titer in L929 cells (Fig 2.8B). 

Thus the effect of the µ2 ITAM on viral spread was mediated by the IFN-β response and was 

cell type-specific. Finally, again in contrast to L929 cells, μ2-YYFF was significantly more 

cytopathic than either WT T3D or σ2-YYFF in primary cardiac myocyte cultures (Fig. 2.9). 

Therefore, in cardiac myocytes, where the IFN response is critical to limit viral damage and 

NF-ĸB is not required for apoptosis (19, 41, 48), the µ2 ITAM stimulates cellular defense 

mechanisms, subsequently diminishing viral replication and spread. Thus the overall effect of 

the μ2 ITAM on reovirus replication and cytopathology is cell type-specific. 
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DISCUSSION 

 

In this study, we identify ITAM sequences in reovirus proteins μ2, σ2, and λ2 (Fig. 

2.1). We demonstrate that the ITAM in the M1 gene-encoded μ2 protein requires Syk for µ2-

mediated signal transduction, and regulates activation of NF-ĸB and induction of IFN-β in a 

cell type-specific manner. Furthermore, we provide evidence of a novel mechanism for viral 

ITAM-mediated signaling by a nonenveloped virus.  

The two critical tyrosine residues within the canonical ITAM motif YxxI/Lx6-

12YxxI/L must be phosphorylated for efficient recruitment of Syk tyrosine kinases and 

activation of ITAM-mediated signaling cascades (51). Here we demonstrate that μ2 

undergoes extensive tyrosine phosphorylation, providing the first evidence that µ2 is a 

phosphorylated protein (Fig. 2.2). However, phosphorylation of μ2-YYFF in the context of 

thirty tyrosine residues prevented concluding whether ITAM tyrosines are phosphorylated.  

 ITAM tyrosine phosphorylation is dependent on Src family kinase members including 

Src, Lck, Lyn, Fgr, Hck, Fyn, and Yes, some of which are expressed in only certain cell 

types. Furthermore, viral ITAMs have been shown to display cell type-specific kinase 

associations. The Epstein-Barr virus (EBV) LMP2A ITAM is phosphorylated by Csk in 

epithelial cells but preferentially associates with Lyn and Fyn in BJAB cells, a B cell line (5, 

44). Reovirus infects a wide variety of tissues in vivo, including the brain, heart, liver, 

intestine, and spleen (10). Future investigations will determine whether associations of Src 

family kinases with the μ2 ITAM varies between cell types and influences the capacity of the 

µ2 ITAM to modulate cell signaling.  
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 Here we demonstrate that NF- ĸB, a well-documented downstream target of ITAM-

mediated signaling (18, 51), is activated by μ2 and that maximal activation requires the μ2 

ITAM (Fig. 2.3). Additionally, ectopically expressed μ2 does not activate IFN‐β or ISRE 

luciferase reporters (Fig. 2.3), consistent with the expected requirement for MAVS-

dependent transcription factors such as IRF3 and confirming the specificity of the µ2 effect 

on NF‐ ĸB. While previous investigations have implicated reovirus protein µ1 in NF-ĸB 

activation, results presented here for µ2 suggest reovirus regulates NF-ĸB activation through 

multiple viral effectors (6). Reovirus NF-ĸB activation requires components of both the 

classical and alternative NF-ĸB signaling pathways in an integrated mechanism involving 

IKKα and the IKKβ regulatory protein NEMO/IKKγ, but not IKKβ or the IKKα activator 

NIK (20). It has been hypothesized that reovirus µ1 φ domain may contribute to NF-ĸB 

activation through direct or indirect stimulation of IKKs in a fashion similar to that seen 

during human T-lymphotropic virus (HTLV) infection, where the HTLV Tax protein 

stimulates IKK activity though direct interaction with NEMO/IKKγ (8). In the case of µ2, 

activation of NF-ĸB requires ITAM-mediated signaling intermediates.  

 We demonstrate that µ2 requires Syk for maximal activation of NF-ĸB (Fig. 2.4), 

providing evidence that µ2 contains a functional ITAM capable of signaling through an 

established ITAM-associated signaling intermediate. Syk tyrosine kinases have been found to 

mediate signal transduction for several viral ITAMs including EBV LMP2A (36), KSHV K1 

(30, 33), mouse mammary tumor virus (MMTV) envelope protein (Env) (43), Hantavirus G1 

(16, 17), and SIV Nef (9, 37). However, as a nonenveloped viral protein, reovirus protein µ2 

does not associate with cellular membranes, suggesting it stimulates Syk activation and 
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downstream signaling cascades in a manner that differs from other cellular and viral ITAM-

containing protein. LMP2A is a highly hydrophobic protein containing twelve 

transmembrane domains and is localized within aggregates to the plasma membrane of 

latently infected B cells. The recruitment of kinases to LMP2A ITAM residues for tyrosine 

phosphorylation is stimulated through cellular adhesion rather than ligand binding as 

classically demonstrated by ITAM-associated proteins (44). The KSHV K1 ITAM is located 

within the cytoplasmic tail of the transmembrane protein and is able to constitutively induce 

signal transduction through ligand-independent activation attributed to the K1 cysteine-rich 

extracellular domain (31, 34). In this study we provide evidence that µ2 ITAM signaling is 

stimulated through a novel mechanism involving recruitment of Syk to cytoplasmic viral 

replication-associated structures. The structure of µ2 has not been solved, but the ITAM 

identified here is located directly adjacent to a µ2 sequence predicted to have the greatest 

likelihood of localization to the protein surface, consistent with a model of direct interaction 

between the µ2 ITAM and the Syk SH2 domain (53).  

 During reovirus infection, replication and assembly of reovirus progeny occurs within 

cytoplasmic viral factories (VFs), also known as viral inclusion bodies. Reovirus protein 

µNS initiates VF formation by establishing a structural matrix and acting as a scaffolding 

protein for recruitment of µ2, S3-encoded nonstructural protein σNS, and core structural 

proteins (4, 38, 39). VFs become tethered to the cellular cytoskeleton via µNS associations 

with the microtubule-associated µ2. This association allows VFs to travel toward the nucleus 

and merge with other VFs, ultimately forming the large perinuclear inclusions characteristic 

of reovirus infected cells (38, 42). Here we demonstrate that µ2, a major component of VFs, 
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recruits Syk to viral factories and that the µ2 ITAM is required for this translocation (Fig. 

2.5). While VFs are thought to lack a delimiting membrane, further investigation on the 

structural composition of VFs may identify properties of VFs that support µ2 ITAM-Syk 

interaction. Furthermore, Syk has been shown to phosphorylate microtubules (12). Given that 

reovirus protein µ2 binds microtubules (4), future investigations will address whether 

microtubules play a role in µ2 ITAM-Syk interactions.  

 During reovirus infection, NF-ĸB mediates reovirus-induced apoptosis and 

subsequent pathogenesis in a cell type-specific manner. NF-ĸB plays a proapoptotic role in 

the brain, stimulating neuronal apoptosis following reovirus infection, while in the heart NF-

ĸB is not required for apoptosis and activation leads to induction of innate immune mediators 

including IFN-β (41). Here, we found that the µ2 ITAM was required for maximal activation 

of NF-κB and induction of IFN‐β in both L929 cells and primary cardiac myocyte cultures 

(Fig. 2.7), but that the consequences to viral cytopathic effect and spread are cell type-

specific (Figs. 2.8, 2.9). Together, these data suggest that in L929 cells where NF-ĸB is 

required for reovirus-induced apoptosis, the µ2 ITAM is advantageous for viral spread and 

enhances viral fitness. In cardiac myocytes where IFN‐β is critical for protection against 

reovirus replication and cytopathic effects and NF-ĸB is not required for apoptosis, the µ2 

ITAM stimulates cellular defense mechanisms and thereby diminishes viral fitness (19, 41, 

48). 

Several enveloped viruses encode ITAM-bearing proteins that participate in viral 

pathogenesis and oncogenesis through mediation of traditional cellular ITAM signaling 

intermediates (32). During Epstein-Barr virus (EBV) infection, Syk regulates EBV LMP2A 
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ITAM-induced epithelial cell migration through activation of MAPK extracellular signal-

regulated kinase (ERK) (36). Recent studies also identified the ITAM-bearing protein as 

essential for ERK-mediated reduction of anoikis, a type of apoptosis associated with cell 

detachment (24). Finally, LMP2A ITAM-mediated Syk autophosphorylation initiates Akt 

activation, a serine/threonine protein kinase involved in cellular survival and proliferation 

signaling cascades that contributes to B cell survival and is required for LMP2A-induced 

transformation of epithelial cells (14). In the Kaposi’s sarcoma-associated herpesvirus 

(KSHV) K1 ITAM, each tyrosine residue targets distinct SH2-containing proteins including 

PI3K, PLCγ2, and Vav. This leads to regulated augmentation of signal transduction activities 

involved in KS hyperplasia such as intracellular calcium mobilization, activation of 

transcription factors NFAT and AP-1, and production of inflammatory cytokines and 

angiogenic growth factors (33). Additionally, the simian immunodeficiency virus (SIV) Nef 

ITAM was found to be necessary and sufficient for Lck activation of NFAT, a key 

downstream intermediate of T cell activation (9, 37). While presented results here 

demonstrated that the µ2 ITAM stimulates Syk activation of NF-κB, it remains entirely 

possible that µ2 stimulation of Syk activates other transcription factors as well. 

Viral ITAMs are most often associated with oncogenesis. In EBV, the ITAM-bearing 

viral protein LMP2A has been implicated in maintenance of viral latency through 

interference of B cell receptor signaling, which in turn blocks viral reactivation. LMP2A also 

contributes to the malignant phenotypes seen in both B cells and epithelial cells through 

manipulation of cellular networks involved in transformation, migration, and differentiation 

(14). Unlike most cancers which are caused by clonal expansion of transformed cells, 
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KSHV-induced Kaposi’s Sarcoma (KS) is a result of hyperplastic growth associated with 

local production of inflammatory cytokines. The KSHV K1 ITAM targets distinct SH2-

containing proteins leading to augmentation of specific signal transduction activities involved 

in KS hyperplasia such as intracellular calcium mobilization, activation of NFAT and AP-1 

transcription factors, and production of inflammatory cytokines and angiogenic growth 

factors (33). Activation of NFAT by another herpesvirus, rhesus monkey rhadinovirus 

(RRV), is also mediated by an ITAM, in this case, RRV R1 (7). The MMTV Env ITAM is a 

mediator of epithelial cell transformation, and mutation of critical tyrosine residues abrogates 

Env signaling, resulting in altered mammary epithelial cell transformation and attenuated 

tumorigenesis (27, 43). Finally, bovine leukemia virus (BLV) contains two ITAMs that are 

critical for BLV infection, propagation, and signal transduction (2, 52).  

Reovirus is not oncogenic. Currently, there are two non-oncogenic viruses reported to 

encode ITAM containing proteins: hantavirus and SIV. The hantavirus G1 ITAM is highly 

conserved in hantavirus strains causing hantavirus pulmonary syndrome but absent in those 

causing hemorrhagic fever with renal syndrome or nonpathogenic strains, suggesting that this 

viral ITAM is a determinant of pathogenesis. In SIV, the primary pathogenic-determinant of 

a highly virulent isolate was identified to be an arginine to tyrosine mutation within the viral 

protein Nef that caused Nef to express a functional ITAM (9, 37). The cell type-specific 

effects of the reovirus µ2 ITAM identified here suggest that it is likely to be a determinant of 

pathogenesis in vivo, and the capacity of reovirus to target a variety of organs in the mouse 

offers a tremendous opportunity for discovery. 
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As a final note, an ITAM-like sequence has been identified in only one non-

enveloped virus to date: coxsackievirus. However, substitution of critical tyrosine residues 

within the ITAM-like region of capsid protein VP2 attenuated the virus used in these studies, 

leaving interpretation of the results presented on ITAM function unclear (26). 

Results presented here define a new role for reovirus protein µ2 and enhance our 

understanding of reovirus-mediated activation of NF- ĸB and induction of IFN-β. 

Furthermore, we provide evidence for the first functional ITAM in a nonenveloped virus, and 

present a novel mechanism for viral ITAM-mediated signaling.  
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Figure 2.1. ITAM sequences identified in three reovirus proteins. (A) ITAMs in the 
reovirus σ2, µ2, and λ2 proteins. ITAMs of prototype reovirus strains T3D, T2J, and T1L are 
shown. Sequences are from (11,15, 53). (B) Reovirus µ2 ITAMs aligned with cellular 
ITAMs. Black indicates conserved ITAM residues. Grey indicates additional residues 
common to many ITAMs. Hs = Homo sapiens (human); Mm = Mus musculus (mouse); Dr = 
Danio rerio (zebrafish); Xl = Xenopus laevis; Gg = Gallus gallus (chicken). The extensions 
1, 2, and 3 following protein names distinguish between the three ITAMs in each of the 
indicated proteins. 
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Figure 2.2. µ2 is phosphorylated on multiple tyrosine residues. AD-293 cells were 
transfected with the indicated FLAG-tagged plasmid. At 40 h post-transfection, whole-cell 
lysates were immunoprecipitated using anti-FLAG beads and fractions from duplicate IPs 
were resolved by SDS-PAGE and immunoblotted using anti-FLAG (Agilent) or anti-
phosphotyrosine antibodies. Results are representative of at least two independent 
experiments. 
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Figure 2.3. NF-ĸB is activated by µ2 and maximal activation requires the µ2 ITAM. (A) 
HEK-293 cells were cotransfected with the indicated FLAG-tagged plasmid, a constitutively-
expressing Renilla-luciferase plasmid for normalizations, and a lucife rase reporter plasmid 
regulated by NF-ĸB, IFN-β, or ISRE promoters. At 24 h post-transfection, luciferase activity 
was quantified. Results are expressed as the mean ± standard error of the mean of 5 replicate 
samples and are representative of two independent experiments. (B) Whole-cell lysates 
corresponding to (A) were resolved by SDS-PAGE, transferred to a nitrocellulose membrane, 
and immunoblotted using anti-FLAG or anti-GAPDH antibodies. Gels were scanned, and 
band intensity was quantified. Results are representative of at least two independent 
experiments. *, significantly different from FLAG-pcDNA3 and FLAG-µ2-YYFF (P < 0.05). 

FLAG‐µ2 FLAG‐µ2‐YYFF FLAG‐µ2 FLAG‐µ2‐YYFF

1 µg DNA/well 0.1 µg DNA/well

1.00 0.10 0.05 1.00 1.00

µg effector plasmid / well

0.00

0.50

1.00

1.50

2.00

2.50

R
ep

or
te

r a
ct

iv
ity Mock

FLAG-pcDNA3
FLAG-µ2
FLAG-µ2-YYFF

NF-κB 
reporter

IFN-β 
reporter

ISRE 
reporter

*
*

*

*
*

*

GAPDH

FLAG

0

50

100

150

200

250

300

FL
A

G
 b

an
d 

in
te

ns
ity

A

B



 

81 
 

 
 
 

Figure 2.4. µ2 requires Syk for maximal activation of NF-ĸB. (A) AD-293 cells were 
treated for 1 h with DMSO alone or 25 µM of the Syk-specific inhibitor piceatannol and then 
cotransfected with the indicated effector plasmid, a constitutively-expressing Renilla-
luciferase plasmid for normalizations, and an NF-ĸB-luciferase reporter plasmid. At 24 h 
post-transfection, luciferase activity was quantified. Results are expressed as the mean ± 
standard error of the mean of six replicate samples and are representative of at least two 
independent experiments. (B) Whole-cell lysates corresponding to (A) were resolved by 
SDS-PAGE, transferred to a nitrocellulose membrane, and immunoblotted using anti-μ2 or 
anti-actin-HRP antibodies. Results are representative of at least two independent 
experiments. *, significantly different from μ2 and μ2-YYFF in piceatannol and FLAG-
pcDNA3 in either treatment (P < 0.05). 
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Figure 2.5. µ2 recruits Syk to viral factories and recruitment requires the µ2 ITAM. 
Vero cells were co-transfected with the indicated FLAG-tagged plasmid, µNS, and Syk. At 
24 h post transfection, cells were fixed and immunolabeled with an antibody against Syk 
(green) and an antibody against reovirus protein µ2 (red). Results are representative of three 
independent experiments. Scale bar, 20 μm; Inset scale bar, 10 μm. 
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Figure 2.6. The µ2 ITAM regulates activation of NF-ĸB during viral infection. (A) AD-
293 cells were transfected with an NF-ĸB-luciferase reporter plasmid and a constitutively-
expressing Renilla-luciferase plasmid for normalizations. At 24 h post-transfection, cells 
were infected with the indicated virus at an MOI of 10 PFU per cell. At 12 and 24 h post-
infection, luciferase activity was quantified. Results are expressed as the mean ± standard 
deviation of 4 or 5 replicate wells and are representative of at least 3 independent 
experiments. (B) AD-293 cells were infected with the indicated virus at an MOI of 3 PFU per 
cell. At 12 and 24 h post-infection, viral titers were determined by plaque assay. Results are 
expressed as the mean of quadruplicate samples ± standard deviation for a representative of 
at least two independent experiments. *, significantly different from WT T3D and σ2-YFF (P 
< 0.05); **, not significantly different from mock (P < 0.05). 
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Figure 2.7. The μ2 ITAM regulates induction of IFN‐β. (A) L929 cells or  primary cardiac 
myocyte cultures were infected at an MOI of 25 or 10 PFU per cell, respectively. At 8 or 12 
hr post‐infection, RNA was quantified by reverse transcription and quantitative RealTime 
PCR, and copy number was normalized to GAPDH. Fold induction of IFN‐β is expressed 
relative to mock-infected cultures. Results are expressed as the mean ± standard error of the 
mean of triplicate wells for a representative of three independent experiments. (B) L929 cells 
or primary cardiac myocytes cultures were infected with the indicated virus at an MOI of 3 
PFU per cell. At 8 h post infection, viral titers were determined by plaque assay. Results are 
expressed as the mean ± standard deviation for for two or three independent experiments 
each with triplicate wells. *, significantly different from WT T3D and σ2-YFF (P < 0.05). **, 
significantly different from σ2-YFF (P < 0.05). 
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Figure 2.8. The impact of the µ2 ITAM on viral titer after multiple cycles of replication 
is cell type-specific and is determined by the IFN-β response. (A) L929 cells and primary 
cardiac myocyte cultures were infected with the indicated virus at an MOI of 0.1 PFU per 
cell. At 5 days post-infection, viral titers were determined by plaque assay. Results are 
expressed as the mean ± standard deviation of triplicate wells for a representative of at least 
two independent experiments. (B) L929 cells and primary cardiac myocyte cultures were 
infected at an MOI of 0.1 or 0.3 PFU per cell, respectively. At 1 h post-infection, inocula 
were removed and replaced with either media alone or media containing anti-IFN-beta 
antibody. At 2 days post-infection, additional anti-IFN-beta antibody was added to 
appropriate wells. Results are expressed as the mean of quadruplicate samples ± standard 
deviation for a representative of at least two independent experiments. *, significantly 
different from WT T3D and σ2-YFF (P < 0.05). 
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Figure 2.9. The impact of the µ2 ITAM on cytopathic effect after multiple cycles of 
replication is cell type-specific. L929 cells or primary cardiac myocyte cultures were 
infected with the indicated virus at an MOI of 0.1 or 1 PFU per cell, respectively (cytopathic 
effect was undetectable in cardiac myocytes infected at 0.1 PFU per cell; data not shown). At 
5 and 7 days post-infection, cell viability was quantified by MTT assay. Results from a 
minimum of four replicate wells per infection are expressed as the mean ± standard error of 
the mean relative to mock-infected cultures for a representative of at least two independent 
experiments. *, significantly different from WT T3D and σ2-YYFF (P < 0.05). 
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