
The Pennsylvania State University 

The Graduate School 

Intercollege Graduate Program in Cell and Developmental Biology 

THE ROLES OF LARGE (L) GENE OF PARAINFLUENZA VIRUS 5 IN THE HOST 

SIGNALING PATHWAYS 

A Dissertation in 

Cell and Developmental Biology 

by 

Priya Luthra 

© 2011 Priya Luthra 

Submitted in Partial Fulfillment 

of the Requirements 

for the Degree of 

Doctor of Philosophy 

 

August 2011



 

 

 
The dissertation of Priya Luthra was reviewed and approved* by the following: 

    
 

       Biao He 
Professor of Infectious Diseases 
University of Georgia 
Dissertation Advisor 
Co-Chair of Committee and Special Member 

 

Anthony P. Schmitt 
Associate Professor of Molecular Immunology and Infectious Diseases 
Co-Chair of the Committee 

 

Avery August 
Distinguished Adjunct Professor of Immunology 

 

Katsuhiko Murakami 
Associate Professor of Biochemistry and Molecular Biology 

 

Kumble S. Prabhu 
Associate Professor of Immunology and Molecular Toxicology 

 
 

Zhi-Chun Lai 
Head of the Intercollege Graduate Program in Cell and Developmental 
Biology 
 
 
 
 
 
 
 
 

*Signatures are on file in the Graduate School



iii 

 

 
ABSTRACT 

 

   The innate immune responses play critical roles in combating viral infection. A 

key feature of this response is production of type I interferons (IFNs) which induce an 

antiviral and anti-proliferative state in the cells.  This process requires activation of 

transcription factors, such as nuclear factor-κB (NF-κB) and interferon regulatory factor-

3 (IRF-3). It has been reported that paramyxovirus infection can activate expression of 

cytokines such as IFN-β, a type I IFN. However, the mechanism of the activation by 

virus is not well understood. The cytoplasmic viral sensors, the RNA helicases, RIG-I or 

MDA5, play critical roles in induction of interferon signaling through detection of 

specific viral components in the infected cells.  However, the origin and molecular 

identity of these viral RNA ligands is not well characterized. Intriguingly, viruses have 

strategies to evade this host defense response.  This interplay between innate immunity 

and virus infections, is not only crucial to understand virus-host relationships, but also 

may lead to development of novel antiviral therapeutics.  

 

In this work, we have studied the activation and modulation of innate immune 

responses by viruses, focusing on the NF-κB and the interferon signaling pathways using 

parainfluenza virus 5 (PIV5), a prototypical paramyxovirus as our model system. 

Paramyxoviruses are enveloped nonsegmented negative stranded (NNS) RNA viruses 

that include many important human and animal pathogens. PIV5 is a poor inducer of the 

antiviral responses. However, a recombinant PIV5 lacking the conserved region of the V 
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protein (rPIV5VΔC) activates expression of cytokines IFN-β and IL-6 through a NF-κB 

dependent pathway.  

 

We investigated the role of viral proteins in this activation and determined that the  

large (L) polymerase protein of PIV5 can activate NF-κB leading to activation of IFN-β 

and IL-6. The L protein of PIV5 is the main component of viral RNA-dependent RNA 

polymerase and is about 250 kDa. It contains six domains that are conserved among all 

NNS RNA viruses. We analyzed the mechanism of the activation of NF-κB by the L 

protein and found that AKT1, a serine/threonine kinase plays a critical role in activation 

of NF-κB by L. We found that the L protein interacts with AKT1 and enhances its 

phosphorylation. We further mapped the region within the L that is sufficient to activate 

NF-κB to domain II and discovered its role in activation of IFN-β. Surprisingly, we 

found that the RNA transcribed from domain II of the L gene is sufficient to activate NF-

κB in an AKT independent pathway and can also induce interferon expression. We have 

further evaluated the mechanism of this activation and have determined that this viral 

RNA activates IFN-β through MDA5 and endoribonuclease, RNase L dependent 

pathway.  

 

 Our study has revealed novel roles of the L gene in the host signaling pathways. 

Our work is the first report identifying a natural ligand for MDA5 that can induce 

interferon expression and can serve as a possible prototype for the development of broad 

antiviral therapeutics. 
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Chapter 1 

 

Literature Review 

1.1 Paramyxovirus Classification  

 

Paramyxoviruses belongs to Mononegavirales and are pleomorphic, enveloped 

nonsegmented negative stranded RNA viruses (NNSV), which are divided into two 

subfamilies: Paramyxovirinae and Pneumovirinae (173). Each subfamily is further 

classified into different genera based on their genomic organization, morphology, 

sequence similarity and protein functions. Paramyxovirinae is divided into five genera 

namely Respirovirus, Rubulavirus, Morbillivirus, Avulavirus and Henipavirus (216). The 

subfamily Pneumovirinae consists of two genera, Pneumovirus and Metapneumovirus. 

The current taxonomic classification is summarized in Figure 1.1. Due to the genetic 

diversity of paramyxoviruses, some viruses remain unclassified such as Mossman virus, 

Menangle virus, Salem virus, Ferde-lance virus, Tupaia paramyxovirus, J paramyxovirus 

(JPV, 18,954 nt) which was isolated from moribund mice (Mus musculus) in Queensland, 

Australia, during the early 1970s (144) and Beilong virus which was isolated from the 

human mesangial cell line as a contaminant and is identified to possess the largest 

genome of 19,212 nts (189). The family of paramyxoviruses consists of many human and 

animal pathogens that can cause severe diseases such as measles, mumps, respiratory 
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syncytial virus (RSV), Newcastle disease virus (NDV) as well as emerging viruses such 

as Nipah and Hendra viruses (103, 173). 

 

Parainfluenza virus 5 (PIV5), formerly known as simian virus 5 (SV5) is a 

member of Rubulavirus genus of the family Paramyxoviridae. Although PIV5 was 

originally isolated from cultured primary monkey cells, its natural host is dog in which it 

causes kennel cough (219). PIV5 can infect humans (62) and its isolates have been 

obtained from human sources, but no known symptoms or diseases in humans have been 

associated with PIV5 (53). It is speculated that PIV5 may cause non-symptomatic 

persistent infection in humans (136). 

 

1.2 PIV5: Virion  

 

The Paramyxoviridae viruses generally have a spherical structure of about 150-

350 nm in diameter and consists of lipid bilayer envelope containing two glycoproteins, 

which mediate the entry and exit of the virus (58). The viral envelope is derived from the 

host cell membrane during the budding process. The glycoproteins present in PIV5 virion 

are the hemagglutinin-neuraminidase (HN) and the fusion (F) proteins (303). Their spikes 

extend about 8-12 nm from the surface and can be visualized by electron microscopy 

(289). The PIV5 envelope also contains the small hydrophobic (SH) protein (124). Inside 

the viral envelope, there is the helical ribonucleoprotein complex containing the RNA 

genome of negative polarity that is encapsidated by viral nucleocapsid (NP) protein, 

phospho (P) protein and the large (L) protein (176). Between the envelope and 
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nucleocapsid structure, there is a layer of matrix (M) protein, which is important for the 

formation of virus particle (306). The V protein is a structural component of the virion 

and interacts with soluble NP (270). It also binds to the RNA through a basic region in its 

N-terminal domain (194). 

 

The PIV5 has a genome of 15,246 nucleotides in length and contains a series of 

tandemly linked genes separated by non-transcribed sequences (Figure 1.2) (176). The 

NP-encapsidated RNA genome serves as a template for synthesis of mRNA and 

antigenome (+) strand (176). Paramyxoviridae encodes its own viral RNA-dependent 

RNA polymerase (vRdRP) minimally consisting of P and L protein which transcribes the 

nucleocapsid protein (NP or N)-encapsidated genome into 5’ capped and 3’ 

polyadenylated mRNAs (93). It is thought that the vRdRP binds to the genomic RNA at 

3’ entry site and transcribes the genome in a sequential and polar process (1). The vRdRP 

is also responsible for replication of the viral RNA genome (1, 17, 93, 142) 

 

1.3 PIV5: Viral Proteins 

 

The PIV5 genome consists of seven genes in the order of NP-V/P-M-F-SH-HN-L 

but encode for eight viral proteins (Figure 1.2) (173). The V/P gene is transcribed into 

two mRNAs, V mRNA and P mRNA through a process of pseudo-templated addition of 

nucleotides commonly called “RNA editing” (344). The V mRNA is the faithful 

transcription of the V/P gene by the vRdRP. The vRdRP recognizes a specific RNA 

sequence in the V/P gene and inserts two non-templated G residues at the site to generate 
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P mRNA. This process of RNA editing occurs 50% of the time and hence results in equal 

abundance of V and P mRNAs, which are translated into two proteins, V and P which 

share identical N-termini but have different C-termini. The RNA editing at a specific site 

is a common feature among all members of Paramyxovirinae subfamily (173). However, 

the faithful transcription of the V mRNA is characteristic of Rubulaviruses while in 

Respiroviruses and Morbilliviruses, the P mRNA is faithfully transcribed from the RNA 

genome and the V mRNA is a result of addition of pseudo-templated G nucleotide(s) 

(145). Even though the V proteins are produced differently in Paramyxovirinae, the 

sequences of the C-terminal domain of the V proteins are highly conserved among the 

paramyxoviruses. 

 

1.3.1 The Large Protein 

 

The Large (L) protein, phosphoprotein (P) and nucleocapsid (NP) protein are 

important for transcription and replication of viral RNA genome (42). The L protein 

encodes for the polymerase activity and is responsible for transcribing (NP)-encapsidated 

RNA into 5’ capped and 3’ polyadenylated mRNA (142) and for replicating the viral 

RNA genome (1, 93). The L protein of paramyxoviruses is about 220-250 kDa in mass 

(254). Sequence comparison of L of paramyxoviruses and rhabdoviruses indicates that it 

consists of six highly conserved regions (“domains”) (Figure 1.3) whose functions are 

not clearly defined (266). Each of these conserved regions are postulated to be involved 

in different enzymatic functions that are associated with the polymerase complex 

including transcription initiation, elongation, termination, viral RNA synthesis and 
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replication, polyadenylation, 5’ mRNA capping and methylation (214). It has been 

suggested that these conserved regions are involved in insertion of non-templated G 

residues for transcription of the V/P gene. It was also suggested that domain II and III 

contain the polymerase function. The domain II has a highly conserved region (aa 532-

574), which is proposed to be involved in template recognition. Domain III contains a 

highly conserved peptide sequence GDN which is involved in RNA synthesis (266). A 

specific mutation at residue 1488 between the region of domain V and VI of VSV L 

protein causes polyadenylation defect (128). The L protein also has methyltransferase 

activities (112). Studies have shown that interactions between PIV5 L and P are domain-

based, suggesting PIV5 L has structural domains (254). It has been reported that Sendai 

virus L protein forms oligomers and mutations in different regions of the L are trans-

complementary (48). Till date, no structural information is available about the full length 

L or any of its conserved regions. However, the multifunctional role of the L protein has 

been supported by mutational and computational analysis studies, which have revealed 

that by performing targeted amino acids substitution in the different conserved regions of 

the L protein results in inactivation of the respective polymerase function (182, 183, 242-

244). 

 

 It is not known whether L is phosphorylated, but there are reports indicating that 

the L protein of some viruses may have intrinsic kinase activity (20, 21, 92) while other 

reports indicate that the L-associated kinase activity may come from a host kinase that is 

associated with L (104, 213). In VSV, protein kinase activity associated with the L 

protein (295) has been reported and two putative ATP binding sites at amino acid 
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residues 754-778 and 1332-1351, which are similar to those recognized in certain protein 

kinases, Gly-X-Gly-X-X-Gly-(X )10-22 Lys, have been identified (114). But it is not clear 

whether this protein kinase activity associated with the L protein is of cellular or viral 

origin (21, 213). In Sendai virus, it has been reported that the L protein possesses protein 

kinase activity and this putative kinase activity is involved in phosphorylation of viral 

nucleocapsid proteins, P and NP in vitro (92). 

 

1.3.2 The P Protein 

 

 The P protein is thought to be the regulatory protein of P-L complex without its 

own enzymatic activity. The P protein forms a tetramer and binds to the L protein 

through its C-terminus. A region in the C-terminus is required to interact with the NP in 

N:RNA template complex (50). The P protein of paramyxoviruses is heavily 

phosphorylated, hence it is named as phosphoprotein. The exact role of the P 

phosphorylation is still elusive. However, it has been proposed that the phosphorylation 

of the P protein might be important for RNA synthesis of nonsegmented negative-

stranded RNA viruses but there is lack of conclusive data (173). The two most well 

studied host kinases related to the P phosphorylation of paramyxoviruses are the 

serine/threonine kinase, CKII and PKC-ζ. The role of CKII has been identified in 

respiratory syncytial virus (RSV) (218, 358) and measles virus (72) while for PKC-ζ in 

human parainfluenza virus 3 (HPIV3) (76) and Sendai virus (SeV) (137). Using 

minigenome system, the role of putative phosphorylation sites of CKII in the RSV P 

protein was identified in the viral RNA synthesis, however mutating these sites in the 
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viral genome had no effect on the virus replication, suggesting phosphorylation of P 

protein by CKII is not critical for viral RNA synthesis (217). Recently, role of another 

host kinase, AKT has reported in the replication of paramyxoviruses, where it was 

demonstrated that AKT interacts and phosphorylate the P protein of PIV5 in vitro (329). 

A recombinant PIV5 virus, CPI- (Canine Parainfluenza virus 5, rPIV5-CPI-) containing 

six mutations in the shared P/V region elevates viral gene expression, induces apoptosis 

in infected cells and activates the expression of antiviral responsive genes (IL-6 and IFN-

β) (362). These phenotypes have been reported to be associated with the P protein not the 

V protein as Pcpi- protein elevates viral gene expression and Vcpi- protein maintains its 

ability to inhibit viral RNA synthesis in the minigenome system (346). The critical 

residue in the P protein responsible for this elevated gene expression has been mapped to 

a single serine position 157 (S157), which consists of SSP motif (346). A 

serine/threonine kinase, Polo like kinase (PLK1) which plays important role in the cell-

cycle progression has been reported to interact with the P protein at residue S157 via SSP 

motif and phosphorylates it at residue S308 (328). The phosphorylation of S308 residue 

by PLK1 was demonstrated both in vitro and in infected cells. This phosphorylation of P 

protein by PLK1 has been shown to downregulate the viral RNA synthesis (328). These 

recent reports demonstrate that phosphorylation of the P protein plays important role in 

viral gene expression. 

 

1.3.3 The Nucleocapsid Protein 

 

It has been shown that the NP protein is the most abundant protein of 
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paramyxoviruses-infected cells and forms a RNase resistant nucleocapsid (254). The NP 

protein plays a critical role in encapsidation of the viral genome and the nascent 

antigenome RNA. This forms a helical structure that is used as a template for RNA 

dependent RNA polymerase. The NP protein is important for the formation of virus like 

particle (VLP) along with the HN and the F protein for PIV5 (306). Studies have defined 

the functional domains of nucleocapsid proteins which comprise of highly structured N-

terminal core region and a C-terminal tail (19, 39, 40). The N-terminal is shown to be 

important for RNA binding and the encapsidation process while the C-terminal mediates 

interaction with viral and host proteins. The nucleocapsid protein forms a complex with 

the P protein. The nucleocapsid protein of measles virus interacts with the P protein (167) 

and host protein Hsp72 (385, 386) through its C-terminal tail domain. For human RSV 

(324), henipaviruses (50) and SeV (39, 40, 71), the C-terminal domain is critical for 

mediating interaction with the P protein. However, in some other viruses including 

Newcastle disease virus (NDV) and mumps, the N-terminal core domain of nucleocapsid 

protein is involved in direct interaction with the P protein. The nucleocapsid protein of 

paramyxoviruses also interacts with the viral matrix (M) protein, which allows efficient 

genome assembly for virus release (68). For measles (143) and SeV, the C-terminal 

domain has been reported to be critical for this NP-M interaction. A region at the end of 

the C-terminal of PIV5 NP protein has been defined which is critical for the VLP 

production and interaction with the M protein (307). 

 

 

 



9 

 

1.3.4 The V Protein 

 

 The V protein of PIV5 consists of about 222 amino acids residues and is a 

component of PIV5 virion. It is a multifunctional protein and plays important roles in the 

viral pathogenesis (125, 330). Its N-terminal domain is about 164-residues which is 

shared with the P protein (392 amino acids residues) and a distinct cysteine rich C-

terminal domain (containing seven conserved cysteine residues) (125, 155). The V 

protein interacts with a cellular protein (DDB1), the 127 kDa subunit of the damage-

specific DNA-binding protein (192). The V protein of PIV5 interacts with the soluble NP 

(270) and the N-terminal domain of V binds RNA through a basic region (193). The V 

protein also inhibits the interferon-β (IFN-β) production by sequestering IRF-3 in the 

cytoplasm (125, 268) through its interaction with MDA5, an IFN inducible RNA helicase 

(10). It has been shown that the V protein plays an important role in inhibition of IL-6 

expression (197) and in blocking the apoptosis in PIV5 infected cells (330). The V 

protein regulates viral RNA synthesis (191) and has been reported to inhibit viral RNA 

synthesis in minigenome system (196). The V protein is thought to exert this effect likely 

through its interaction with host kinase, AKT1 (serine/threonine kinase) (329). 

 

1.3.5 The Fusion Protein  

 

The fusion (F) protein in paramyxoviruses mediates virus to cell and cell to cell 

fusion in a pH independent manner (173). It has also been shown that the F protein is also 

involved in virus budding (304). The F protein is a class I viral membrane glycoprotein 
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which exists in trimeric form and is synthesized as an inactive precursor (F0) that is 

cleaved by cellular protease (289). This cleavage results in a biologically active form of 

the F protein, consisting of disulfide-linked peptides of membrane-bound subunit- F1 and 

membrane-distal subunit- F2 (54).  In most of the class 1 membrane fusion proteins, the 

distal subunit consists of the receptor-binding domains (67, 318) but in the case of 

paramyxoviruses, they take assistance from other viral proteins that are involved with 

receptor-binding for the fusion activation process (174). The membrane proximal subunit 

consists of two hydrophobic domains, the fusion peptide and the transmembrane domain 

(67). The fusion peptide is highly conserved domain within a virus family (133). The role 

of conserved glycine residues in the F protein of paramyxoviruses has been identified in 

regulation of fusion activation (286). The fusion peptide is present on the N-terminal of 

membrane-proximal subunit and once fusion is triggered either by receptor binding or the 

low pH, the fusion peptide is inserted into the cell membrane (67, 318). The 

transmembrane domain supports the binding of ectodomain to viral membrane and helps 

in fusion pore formation (13). The ectodomain consists of two heptad repeats, one present 

proximal to the fusion peptide (heptad repeat A, HRA) and the other proximal to the 

transmembrane domain (heptad repeat B, HRB) (67, 174, 287). Once fusion is activated, 

the HRA mediates insertion of the active fusion peptide into the cellular membrane and 

forms a prehairpin intermediate, while HRB initiates binding with HRA grooves which 

forms a hairpin structure to bring the fusion peptide and transmembrane domain close 

together (67, 174, 287). This protein folding allows fusion of the viral and the target cell 

membrane and entry of the viral RNP inside the cytoplasm of the host cell. The F protein 

of paramyxoviruses has about 250 residues long linker region between the two HR 
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regions which is proposed to act as scaffold to prevent the refolding and release of the 

fusion peptide and the HR regions (54). The cytoplasmic tails of viral fusion proteins are 

suggested to regulate virus assembly and activation of the ectodomain (361). For 

paramyxoviruses, the fusion occurs at neutral pH and requires additional support from 

hemagglutinin-neuraminidase protein for this process (287, 288). 

 

1.3.6 The Hemagglutinin-Neuraminidase Protein 

 

  The hemagglutinin-neuraminidase (HN) is involved in virus entry and release of 

the virus (361). The HN is a type II membrane integral protein, consisting of a short N-

terminal cytoplasmic tail (17 residues), a single N-terminal transmembrane (TM) domain 

(19 residues) and an ectodomain comprising of a stalk region (82 residues) and a globular 

head (447 residues) (345). This ectodomain confers receptor binding and neuraminidase 

activities of the protein and its hydrophobic transmembrane domain is responsible for 

targeting the HN to ER membrane. The HN exists as a tetramer on the surface of virus-

infected cells, consisting of two disulfide-linked dimers that are associated with 

noncovalent interactions (234). The HN protein serves three important functions: the 

attachment to cells by binding to sialic acid residues on cell surface, encoding sialidase 

activity, and activation of the F protein leading to efficient membrane fusion process 

(174). The sialidase activity is essential in separating the newly formed virions from the 

infected cells, thus allowing budding and release of virus. The mechanism by which HN 

is involved in the membrane fusion is poorly understood. There are reports that suggest 

that the binding of the HN protein to sialic acid receptors may result in alterations of HN 
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and F interactions that can activate conformational changes in F, thus initiating 

membrane fusion (176, 339, 383).  

 

1.3.7 The Matrix Protein 

 

The matrix (M) protein is highly abundant and plays an important role in virus 

assembly and budding (303, 306). It forms a link between viral envelope and the 

ribonucleoprotein core. The M protein for most of the paramyxoviruses are capable of 

forming virus like particles (VLPs) when expressed alone. However, the M protein of 

PIV5 lacks this ability and requires other viral proteins such as nucleocapsid protein for 

efficient VLP production (118, 306). The late domain near N-terminus of the M protein is 

critical for the budding process (305). The M protein has also been shown to interact with 

host proteins, such as Angiomotin like 1 (258), caveolin-1 (273) and 14-3-3 (259). 

 

1.3.8 The Small Hydrophobic Protein 

 

The small hydrophobic (SH) protein is a 44 amino acid type II integral membrane 

protein and is oriented in membranes with its N-terminus in the cytoplasm (127). It 

consists of a predicted C-terminal ectodomain of 5 residues, a transmembrane domain of 

23 residues and a N-terminal cytoplasmic tail of 16 residues.  The SH gene is situated 

between the HN and the F genes. The SH gene is not commonly found among 

paramyxoviruses, only a close member of Rubulavirus genus, mumps virus (MuV) and 

recently identified J paramyxovirus (JPV) consisting of one of the largest genome in 
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Paramyxoviridae family, has been shown to have this SH gene (188). In Pneumovirus 

RSV, an integral protein SH has been identified but it is larger than PIV5. A recombinant 

PIV5 virus with deletion of the SH gene (rPIV5ΔSH) grows similar to wild type virus in 

vitro suggesting the SH protein is dispensable for virus viability in tissue culture (123).  

However, rPIV5ΔSH virus has been reported to cause cytopathic effect and induces 

apoptosis in tissue culture cells through the tumor necrosis factor (TNF)-α mediated 

extrinsic apoptotic pathway (370). The MuV SH protein is found in all the strains of 

mumps and is type I membrane protein consisting of 57 residues (337). The SH protein of 

MuV was not found to be essential for virus growth in tissue culture cells (336).  The 

recombinant MuV with deletion of the open reading frame of SH gene has been shown to 

interfere with TNF-α signaling and playa a role in the viral pathogenesis (373). The 

recombinant RSV lacking the SH gene also grows similar to the wild type virus, causes 

syncytium formation and causes more apoptosis in L929 and A549 cells (103). The JPV 

SH protein is a type I membrane protein consisting of 69 amino acid residues with 

predicted N-terminal ectodmain (5 residues), a transmembrane domain (23 residues) and 

a C-terminal cytoplasmic tail (41 residues) (144). The SH protein of JPV has been 

reported to inhibit TNF-α pathway and apoptosis of the cell that might be important for 

efficient virus spread (188). There is no sequence similarity among PIV5 SH, MuV SH, 

RSV SH or JPV SH but these SH proteins of paramyxoviruses appear to exhibit similar 

functions. A common role of SH proteins of paramyxoviruses have been identified in 

blocking the TNF-α mediated signaling pathway (124, 195, 370). 
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1.4 Virus Entry 

 

Infection of the host cells by paramyxoviruses requires adsorption of the viruses 

to the cellular surface followed by fusion of viral and cellular membranes. The 

attachment protein HN binds to the sialosides on the cell surface (383). This interaction 

triggers a conformational change in the F protein and activates membrane fusion at the 

cell surface in a pH independent manner and releases the viral helical nucleocapsid core 

into the cellular cytoplasm (177). It is unclear how the HN induces activation of the 

fusion protein but the mechanism is proposed to involve either a conformational change 

or oligomerization of the HN protein (89). The process of membrane fusion is not a 

spontaneous process but occurs in discrete steps that involve rearrangement of the lipid 

bilayer (376). The F protein is a class I viral fusion protein which initiates fusion by 

refolding into α-helical coiled-coil hairpin structures (375). These class I proteins consist 

of a hydrophobic fusion peptide, two 4-3 heptad repeat regions (HRA and HRB) and a 

transmembrane domain (287). The F protein is synthesized as an inactive precursor 

protein, F0 and through a proteolytic cleavage, it forms a stable fusion capable complex 

F1+F2 (287-289). Once activated, the F protein inserts its fusion peptide into the host 

membrane and is triggered to refold HRA and HRB into a hairpin loop structure through 

binding of HN to its receptor (257). Since the fusion peptide is contiguous to HRA and 

the transmembrane domain is adjacent to HRB, formation of the hairpin structure brings 

the viral and host membrane together and allows entry of the RNP into the cell (289).  
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1.5 Virus Transcription 

 

The vRdRP transcribes viral RNA using the negative sense genomic RNA in the 

RNP complex as a template. The vRdRP begins RNA synthesis at the 3’-end of the leader 

sequence and transcribes the viral RNA genome into mRNAs consisting of a 5’-cap and a 

3’-poly(A) tail in a sequential manner (177). This process of mRNA synthesis follows a 

“stop-start” model involving termination and reinitiation at each gene junction, resulting 

in a transcription gradient. Failure to reinitiate transcription at a downstream gene start 

site results in gradient of mRNA production. The genes closer to the 3’-end of the 

genome are transcribed more abundantly than the genes closer to the 5’-end (368). Thus, 

the mRNA production is inversely proportional to the distance of the gene form the 3’- 

end. For example, the NP gene being closest to the 3’-end leader sequence is the most 

abundantly transcribed while the L gene which is the farthest from the leader sequence is 

the least transcribed. The vRdRP is also responsible for capping the viral mRNA. 

 

Each gene junction consists of three nucleotide sequence elements: gene end 

(GE), intergenic sequence (IGS) and gene start (GS) (368).  At the GE sequence, 

polyadenylation occurs through stuttering on a copying of four to seven- uriyl (U) 

residues tract and transcription terminates with release of the polyadenylated RNA. The 

vRdRP either leaves the template, resulting in attenuation or passes over the IGS region 

which is not present in mRNA and reinitiates the RNA synthesis at the downstream GS 

sequence (176). The Figure 1.4 illustrates the mechanism of the RNA synthesis by PIV5. 
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1.6 Virus Replication 

 

The vRdRP starts viral genome replication of the virus at the 3’-end of the leader 

sequence generating a complementary copy of the negative strand RNA genome called 

antigenome  (cRNA or antigenomic RNA, positive sense) and subsequently produces 

negative sense RNA genome from the antigenome starting from the trailer sequence 

(168). The antigenome is an intermediate for the replication process. The mechanism of 

the switch from transcription to replication is not clear. This process is thought to start 

after transcription and translation of primary transcripts. The encapsidation of the genome 

and antigenome occurs at the same time of the replication. The efficiency of RNA 

synthesis for paramyxoviruses is affected by many factors: the number of nucleotides in 

viral RNA template, the leader sequences and the trailer sequences (229).  The replication 

has found to be most effective when the total number of nucleotides is a multiple of six 

(“rule of six”) (43, 168). This rule suggests that the optimal replication of the viral 

genome requires the 3’ end nucleotides of the template to be completely encapsidated by 

NP or alternatively it is important for recognition of cis-acting sequences (230). This 

“rule of six” requirement varies among different paramyxoviruses. For SeV, this rule is 

an absolute requirement for efficient RNA replication (43) while for RSV this rule has no 

obvious advantage (293). PIV5 and HPIV3 have an intermediate requirement, complying 

“the rule of six” does results in an optimal replication for these viruses but is not 

absolutely required (88, 230). 

 

The leader and the trailer sequences affect the efficiency of the RNA synthesis by 
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paramyxoviruses. In PIV5, two important regions have been identified: conserved region 

I (CRI) which consists of 19 nucleotides at the 3’ terminal and conserved region II (CRII) 

which is present between 72 and 90 nucleotides from the 3’ end of the genome and the 

antigenomic RNA within the coding region of the L gene (229). The sequences of CRII 

consists of three copies of the conserved 5’-CGNNNN-3’ motif (231). 

 

The space between the discontinuous regions of the viral antigenomic promoter 

also has a role in the viral RNA synthesis (163). In the case of PIV5, the spacing between 

CRI and CRII is critical for RNA replication irrespective of the “rule of six” (229). This 

region has been reported to consists of cis-acting signals between bases 51 and 66 from 

the 3’ end of the antigenome which is important for replication of the virus (163).  

 

1.7 Virus Assembly and Egress 

 

Viral proteins and RNP assemble together at the selected sites of the infected cell 

plasma membrane and form particles that are mainly spherical in shape. After the 

assembly of the viral structural components, the infectious virus particles bud out. The 

parameters that influence budding are not well defined. The matrix (M) protein plays a 

critical role in the budding process (267). The M protein acts as a scaffold to bring the 

viral components together during the assembly process (143). Studies with the 

recombinant viruses lacking the M proteins show that these viruses lose their ability to 

bud (306). In some paramyxoviruses such as Nipah (255), Newcastle disease virus 

(NDV) (250), measles (267) and SeV (338), the M protein expressed in absence of any 
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other viral protein is sufficient to release virus like particles (VLP) and this production is 

enhanced in the presence of other viral proteins such as glycoproteins and nucleocapsid 

protein. While for PIV5 and mumps (184), the M protein lacks the ability to form VLP by 

itself and requires other viral proteins for VLP formation. In the case of PIV5, the 

glycoproteins, HN and F assemble with the M protein at the viral plasma membrane to 

form a platform for the efficient budding of the virus (306). The recombinant viruses with 

truncations in cytoplasmic tails of the F or the HN proteins bud poorly, indicating that the 

tails of glycoproteins play an important role in virus budding. A schematic of virus life 

cycle is shown in Figure 1.5. 

 

1.8 Viruses and Innate Immune Responses  

 

 The innate immune response is the hallmark of the cellular response that is 

triggered by invasion of pathogens including viruses. This involves initiation of multiple 

signaling cascades leading to blockade of the virus replication to clear the infection and 

also to help with establishment of an effective adaptive immunity against the virus 

infection. The virus infection can trigger these signaling pathways by activation of 

transcription factors, such as IRF-3 and NF-κB (120). The activation of these 

transcription factors is a critical step for innate immune signaling pathways, resulting in 

production of interferons and establishing an antiviral state (171). The activation of NF-

κB pathways and interferons can be initiated by different mechanisms by viruses which 

involve the expression of viral protein, and/or recognition of viral molecular patterns 

(PAMPs, viral nucleic acids) by the pathogen recognition receptors (PRRs) including 
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TLR-like receptors and RIG-I-like receptors (5, 25, 171).  

 

1.9 NF-κB Signaling Pathway 

 

Nuclear factor kappa B (NF-κB) plays an important role in regulation of immune 

response pathways by controlling the expression of antiviral cytokine (such as, 

interferon-β), and major pro-inflammatory cytokines such as TNF-α and IL-6 (121). NF-

κB is one of the critical transcription factors for establishment of an antiviral innate 

immune response (121, 122). The NF-κB family of transcription factors consists of five 

members, p65 (RelA), RelB, c-Rel, p50/p105 (NF-κB 1) and p52/p100 (NF-κB 2) (122). 

They consist of a N-terminal DNA binding/dimerization domain called Rel homology 

domain (RHD) (120). Through this domain, NF-κB family members exist as homo or 

heterodimer and bind to DNA sequences. The RelA, cRel and RelB consist of a C-

terminal transcription activation domain that is involved in activating target gene 

expression. The p50 and p52 lack this domain and form heterodimers with either of the 

other three family members (RelA, cRel and RelB) (120).  

 

In an uninfected cell, NF-κB family members exist in an inactive form in the 

cytoplasm due to their association with the IκB family of proteins which also prevent the 

translocation of NF-κB to the nucleus (122). The activation of NF-κB can be triggered 

through different stimulatory signals including virus infections. This process requires the 

activation of specific protein kinase, “inhibitor of IκB kinase (IKK) complex”, which 
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subsequently phosphorylates IκB and culminates in degradation of IκB through 

ubiquitin-proteasomal pathway (120). 

 

 IKK complex consists of two catalytically active kinases, IKKα, IKKβ scaffold 

protein NEMO. NF-κB signaling is generally considered to be mediated by either a 

classical (canonical) or an alternative (non-canonical) pathway. The classical pathway is 

simulated by pro-inflammatory cytokines and requires action of IKKβ and NEMO to 

activate RelA and cRel complexes. While in the alternative pathway, IKKα alone is 

sufficient to phosphorylate p100. Once IκB is phosphorylated, it is polyubiquitinated and 

subsequently degraded. The active NF-κB dimers translocate in the nucleus and activate 

the expression of target genes (Figure 1.6) [reviewed in (120-122, 131)].  

 

Both these pathways are triggered in response to a variety of stimuli, including 

viral and bacterial infections, stress inducing agents and cytokines (248). NF-κB is 

activated by different families of viruses such as HIV-1, HTLV-1, hepatitis B virus, 

influenza virus, Sendai virus and respiratory syncytial virus (129-131). Viruses have 

developed strategies to modulate NF-κB activation to facilitate their own replication, to 

inhibit virus-induced apoptosis and to evade immune responses (130).  It is known that 

viruses can regulate this innate immune signaling pathway by utilizing their viral 

components, proteins or nucleic acids (129). The molecular mechanisms of virus 

regulation of innate immune responses are unclear.   
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1.10 Host Protein kinase - AKT 

 

AKT, a serine/threonine kinase, also known as protein kinase B (PKB) is a 

cellular homolog of viral oncogene, AKT8 oncovirus (v-Akt). It is ubiquitously 

expressed in most cells and has three isoforms PKBα/AKT1, PKBβ/AKT2 and 

PKBγ/ΑKT3 [reviewed in (38)]. AKT1 and AKT2 are constitutively expressed in many 

organs and cell types (374) but AKT3 is mostly but not exclusively expressed in neuronal 

cells. All the threes isoforms of AKT are highly conserved (117) and share some 

redundant functions but also have some distinct roles that are discovered through studies 

using knockout mice and siRNA (323). 

 

AKT contains a pleckstrin homology (PH) domain, a catalytic domain, and a 

regulatory domain and is activated by phosphorylation (Figure 1.7A). The plecktrin 

domain is involved in interaction with membrane lipids such as phosphorylated 

phosphatidylinositides (PI-3,4-P2, phosphatidylinositol-3,4-biphosphate and PI-3,4,5-P3, 

phosphatidylinositol-3,4,5-triphosphate). The catalytic or kinase domain consists of two 

major phosphorylation sites within AKT, amino acid residue Thr308 and Ser473, which 

are phosphorylated by PDK1 (phosphoinositide-dependent kinase 1) and the rictor-

mTOR complex respectively (49, 296). PDK1 is a 63 kDa serine/threonine kinase and it’s 

a regulator of AKT. The Ser473 residue of AKT is phosphorylated by the rictor-mTOR 

complex which facilitates phosphorylation of the Thr308 site by PDK1 (296). Mutating 

these residues to alanine results in loss of kinase activation while mutating these residues 

to acidic residues renders constitutive activation of the kinase. The C-terminal regulatory 
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domain of AKT consists of a proline rich region and a hydrophobic motif with a 

conserved sequence where the phosphorylation of serine or threonine residues is 

important for activation of AKT.  

 

AKT is activated by different stimuli such as growth factors, phosphatase 

inhibitors and cellular stress via the phosphoinositide 3-kinase (PI3K) signaling pathway 

(49).  PI3K is activated after binding to phosphorylated receptor tyrosine kinases which 

leads to a conformational change in the catalytic domain of PI3K and consequent kinase 

activation. Once activated, PI3K generates PI-3,4-P2 and PI-3,4,5-P3 in the cell 

membrane that bind to the amino-terminal pleckstrin homology (PH) domain of AKT. PI-

3,4-P2 and PI-3,4,5-P3 also activate PDK1 which then phosphorylates Thr308 of 

membrane-bound AKT (Figure 1.7B)  [reviewed in (38, 208)].  

 

AKT is a key regulator in the PI3K signaling pathway and plays an important role 

in many cellular processes such as cell survival, metabolism, growth, proliferation and 

mobility. Many viruses have also shown to utilize this pathway to facilitate their 

replication and growth. AKT has many downstream targets, including BAD, CREB, 

GSK-3, p21 CIP1 and IκB kinase α (IKKα) (87). AKT is reported to be in involved in 

phosphorylation of IKKα and thus can lead to activation of NF-κB (87). In the case of 

RSV, it has been reported that it induces NF-κB activation through the PI3K-AKT 

pathway in A549 cells to inhibit apoptosis during initial infection, thus resulting in cell 

survival and creating a favorable environment for RSV growth (343). It has been reported 

that AKT plays a critical role in replication of nonsegmented negative single stranded 
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RNA viruses (NNSV), possibly through its role in phosphorylation of the P protein (329). 

Activated AKT has also been found in many cancers, and targeting AKT using small 

molecules inhibitors has resulted in reduction of tumor growth in some cases (276, 377). 

 

1.11 Interferon 

 

Interferons (IFN) are a family of cytokines that play an important role in 

establishing an antiviral state in the host cells to prevent virus infections (210, 297) and 

therefore, controlling the virus spread. They are grouped in three classes comprising of 

type I, II and III according to their amino acid sequences.  Type I interferon, discovered 

in 1957 by work of Isaacs and Lindenmann (140, 141), comprise of a large group of 

cytokines encoded by IFN-α and IFN-β genes which are induced directly in response to 

viral infection. Type II IFN consists of a single member called IFN-γ, which is induced in 

response to mitogenically activated T lymphocytes and natural killer cells (15, 16). Type 

III IFN the most recently identified group of cytokines which consists of IFN λ1, -λ2 and 

-λ3 also referred as IL-29, IL-28A and IL28B, respectively and are also induced in 

response to virus infection (11, 12). The IFNs play an important role in modulation of the 

immune responses that are exerted through binding of the IFN molecules to distinct 

cellular receptors. This binding triggers signal transduction pathways leading to 

activation of interferon stimulated genes (ISG) or interferon–inducible genes and hence 

establishment of an effective antiviral state (272). 
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The type I IFNs bind to common hetrodimeric receptors which are ubiquitously 

expressed in human cells and are composed of two subunits, IFNAR1 and IFNAR2. 

These subunits are associated with the Janus activated kinases (JAKs) tyrosine kinase 2 

(TYK2) and JAK1, respectively [reviewed in (241, 354)]. The type II IFN, IFN-γ binds a 

distinct cell-surface receptor known as the type II IFN receptor which is also composed 

of two subunits, IFNGR1 and IFNGR2 and is associated with JAK1 and JAK2, 

respectively (15, 264). Type III IFNs are also secreted and bind to receptors such as IL-

28 receptor which comprise of a heterodimer of IL10R2 and IFNLR1 and are reported to 

elicit an antiviral response through a similar mechanism as type I IFN (221, 245, 353), 

but unlike type I IFN receptors, type III receptor show limited tissue distribution (392). 

The precise role of type III IFN for the host protection in response to virus infection still 

needs to be established. 

 

1.12 Viral Inducers 

 

 The process of interferon induction is initiated by recognition of specific 

pathogen-associated molecular pattern (PAMPs) motifs, generated during the virus 

infection by pathogen recognition receptors (PRRs). These PAMPs are viral components 

that are produced during virus replication, comprising of viral nucleoproteins or single 

(uncapped with 5’ triphosphate) or double stranded RNA (5). The dsRNA from bacteria, 

reovirus, vaccinia virus and synthetic polyinosinic:polycytidylic acid [poly(I):poly(C)], 

have all been shown as potent activators of interferon (63-66, 96, 178, 347) but till now 

the biochemical basis of the induction by dsRNA remains unclear. The role of dsRNA as 
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a viral trigger of interferon induction is widely accepted despite the fact that 

paramyxoviruses restrict the exposure of their RNA during infection. Also the studies 

using dsRNA-specific antibodies have shown that negative sense RNA viruses do not 

produce detectible amounts of dsRNA (365). However, this conundrum has been 

resolved by explanation that the dsRNA can be exposed as a defect or error by virus 

during its replication process. The detection by dsRNA antibodies can be limited by the 

amount of dsRNA available in the cells or length of dsRNA molecule.  

 

The other potent inducer of the IFN response is RNA with a 5’-triphosphate 

group. The RNA polymerase synthesizes RNA with a triphosphate moiety at its 5’-end 

(132, 260). The cellular RNA are generally processed either through capping, 

methylation and RNA folding, thus the likelihood of a 5’-triphosphate containing cellular 

RNA in the cytoplasm is highly uncommon. This makes 5’-triphosphate RNA a distinct 

viral detection motif. The RNA viruses are known to synthesize this 5’-triphosphate RNA 

but the question is how are these molecules being exposed in the cells considering the 

genome of paramyxoviruses is highly encapsidated.  

 

In addition to viral RNA, the roles of viral ribonulceoprotein (RNP) and viral 

proteins have been identified in the IFN induction. The purified RNP complexes have 

been shown to induce the IFN response in the cells but it remains unclear if intact RNP is 

introduced into the cells (341, 342). The NS5A protein of hepatitis C virus has been 

shown to induce activation of NF-κB (363). The F protein of RSV has been reported to 

trigger activation of pro-inflammatory cytokines through TLR4 (172). 
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1.13 Cellular Receptors 

 

The two distinct virus sensors that induce interferon include surface/endosomal 

Toll-like receptors (TLRs) and the cytoplasmic Retinoic acid inducible gene I (RIG-I)-

like receptors (RLRs). The secreted interferons establish immunity by alerting bystander 

cells through triggering signaling cascades that express IFN-stimulated genes.  

 

1.13.1 TLR Signaling Pathway 

 

 The TLRs are type I transmembrane glycoproteins that consist of leucine rich 

repeats and a cytoplasmic Toll/IL-1 receptor homology (TIR) domain (3). These 

receptors encounter the pathogens either on the cell surface or on lysosomes/endosomes 

as a result of endocytosis or autophagy of cytoplasmic material (335). Different receptors 

recognize distinct viral nucleic acids. At present, 13 mammalian TLRs have been 

identified, of which TLR3, TLR7 and TLR8, located intracellularly in the endosomal 

compartments have been reported to be viral RNA sensors while the other members are 

involved in detection of bacteria, fungi and DNA viruses which are commonly located on 

cell surfaces (4, 335). TLR3 is involved in detection of double stranded (ds) RNA present 

on the cellular membrane or endosomal compartments of macrophages, fibroblasts, 

conventional dendritic cells (cDCs) and epithelial cells (7). In plasmacytoid dendritic 

cells (pDCs), TLR3 can also respond to dsRNA presented in the phagocytosed apoptotic 

cells. TLR7 and TLR8 are involved in recognition of single stranded (ss) RNA that are 
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rich in G/U residues (126) while TLR9 recognizes unmethylated DNA with CpG motifs 

(27). TLR7 is widely found in endosomal compartments of pDCs while TLR8 in myeloid 

dendritic cells (mDCs) (82). After the recognition of the ligand, the TLR mediated 

signaling pathways are activated by Toll-interleukin (IL)-1-resistance (TIR) domain 

containing adaptor molecules, TRIF (recruited by TLR3) or MyD88 (recruited by 

TLR7/8 or TLR9). This stimulates activation of kinases further leading to activation of 

the transcription factors, IRF-3 and NF-κB (161) which further leads to activation of 

IFN-β gene. The optimal induction of IFN-β also requires binding of ATF-2/c-jun on the 

promoter leading to recruitment of co-factors such as CREB-binding protein (CBP)/p300 

and RNA polymerase II (223). 

 

 In NF-κB mediated activation of IFN, TRIF acts as a scaffold to recruit tumor 

necrosis factor (TNF) receptor-associated factor 6 (TRAF6) and receptors-interacting 

protein 1 (RIP1). TRAF6 initiates polyubiquitination of itself and RIP1 which is 

recognized by TAK-1 binding proteins and recruits transforming growth factor β-

activated kinase 1 (TAK1). This complex then recruits IKK complex (IKKα, β, γ) which 

results in phosphorylation of IKKβ by TAK-1 and leads to activation of NF-κB by 

phosphorylation and degradation of IκB.  

 

 In the interferon regulatory factor 3 (IRF-3) mediated signaling pathway, TRIF 

recruits TRAF3 which interacts with the TRAF family member-associated NF-κB 

activator (TANK) which is associated with TANK-binding kinase 1 (TBK-1). The 
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activated TBK1/IKKε phosphorylates IRF-3 leading to its dimerization and translocation 

of IRF-3 into the nucleus. In pDCs, TLR7 and TLR8 are activated in response to ssRNA 

and recruit myeloid differentiation factor 88 (MyD88), that activate a complex of kinases 

consisting of interleukin-1 receptor-associated kinase 4 (IRAK4)/IRAK1/TRAF6 and 

leads to IRF-7 activation (349). TRAF6 activation can also stimulate NF-κB signaling 

pathway through IKK. TLR9 are localized on the endosomes that can activate IFN 

production through MyD88 and TRAF6 mediated pathways in response to unmethylated 

DNA. These signaling cascades results in production of type I interferons and pro-

inflammatory cytokines (Figure 1.8) [reviewed in (272, 350)]. However, the roles of 

TLRs involved in recognition of extracellular viral dsRNA are dispensable for IFN 

response in cell types except plasmacytoid dendritic cells. 

 

1.13.2 RLR Signaling Pathway 

 

Retinoic acid-inducible gene-I (RIG-I), melanoma differentiation associated gene-

5 (MDA5), and laboratory of genetics and physiology 2 (LGP2) belongs to the RLR 

family of RNA helicases involved in cytoplasmic sensing of some RNA viruses (5).  

These cytoplasmic sensors play an essential role in activation of IFN expression in most 

cell types, including epithelial, fibroblastic and conventional dendritic cells. Both RIG-I 

and MDA5 act in parallel to activate signaling cascade for IFN production after being 

triggered by the viral PAMPs (378). Following the binding of RIG-I and MDA5 with 

their respective RNA ligands, they homo-oligomerize to expose their CARD domains 

(157) and recruit a CARD domain containing adaptor protein which is located on the 
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outer mitochondrial membrane called as interferon-β promoter stimulator protein-1 (IPS-

1) [also known as mitochondrial antiviral signaling protein (MAVS), virus-induced 

signaling adaptor (VISA) or CARD adaptor inducing IFN-β (Cardiff)]. As a consequence 

of this association, IPS-1 initiates a downstream signaling cascade which involves 

activation of serine kinases [IκB kinase (IKK)–related kinases, IKK-I and TBK1], 

resulting in activation of the transcription factors, NF-κB and IRF-3 and subsequently, 

leading to production of IFN-β and pro-inflammatory cytokines (Figure 1.8) (5, 158, 

379). IFN-β binds to its receptors on the uninfected cells and induces the expression of 

interferon stimulated genes which establishes an antiviral state.  

 

A. RIG-I 

 

RIG-I was identified as a key sensor of viral RNA and as an inducer of interferon 

production through a cDNA screen for its ability to induce IRF reporter upon 

poly(I):poly(C) treatment (379). Studies have demonstrated the role of RIG-I as a key 

receptor for different RNA viruses including negative stranded RNA viruses such as 

Sendai virus, influenza A and B, Newcastle disease virus, rabies virus, measles virus, 

respiratory syncytial virus (RSV), vesicular stomatitis virus (VSV) and some positive 

stranded RNA viruses such as hepatitis C virus (157, 201, 327). 

 

RIG-I consists of three basic domains, the N-terminal terminal caspase activation 

and recruitment domains (CARD), a central DExD/H-Box RNA helicase domain and C-

terminal regulatory domain (378) (Figure 1.9A). RIG-I contains two copies of CARD, 
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which are involved in its interaction with the IPS-1 CARD domain and thus transducing 

signals for IFN production (160). The CARD1 of RIG-I is required for its interaction 

with IPS-1, and CARD2 undergoes ubiquitination which is important for RIG-I 

activation. The RIG-I constructs lacking either or both of the CARD domains have been 

reported to act as dominant negative (291). Interestingly, the CARD domain itself is 

sufficient to induce IFN induction without any virus stimulus for its activation. But this 

function of CARD domain is only observed when expressed in cells with wild type RIG-I 

cells but not in RIG-I deficient cells (291).  The native conformation of RIG-I is an 

inactive state and requires an appropriate signal for its activation (378). 

 

 The helicase domain consists of six conserved DExD/H helicase motifs and 

exhibits two important enzymatic functions, ATPase and helicase activity (379). Like 

other DExD/H-Box proteins, RIG-I also requires ATP hydrolysis function for 

translocating and unwinding the RNA (18). The in vitro biochemical studies have also 

shown that while ATP hydrolysis is critical for RIG-I signaling but it is not sufficient for 

inducing IFN production. It has been demonstrated that many in vitro transcribed RNA or 

synthetic double stranded RNA molecules exhibiting ATPase activity in vitro, were failed 

to induce IFN production when transfected into the cells (301, 302, 334). Some studies 

have suggested that the regulatory domain of RIG-I can also be important for ATP 

hydrolysis function thus complementing the ATPase activity by helicase domain (70). 

The helicase domain is also involved in RNA binding. The in vitro binding assays and 

competition experiments have suggested that the helicase domain has a preference for 
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binding to dsRNA with 5’-OH groups than any RNA with 5’ triphosphate (ss or ds), 

which are recognized by regulatory domain of RIG-I (18, 302, 334). 

 

 The carboxy-terminal domain (CTD) also known as the repressor domain (RD) is 

responsible for self inhibition of RIG-I signaling. This repression is likely initiated 

through the association of RD with both CARD and helicase domain. Upon RNA 

binding, a conformational change occurs in RIG-I that allows it to unfold and thus 

exposes the CARD to initiate downstream signaling. The role of RD has also been 

identified as the RNA recognition domain of RIG-I (70, 334). The structural studies of 

RD have identified a basic groove on one side and acidic region located on the opposite 

side. It has been suggested that the basic groove can serve as a site for 5’-triphosphate 

RNA recognition (334) while the acidic surface provide suitable region for interaction 

with the CARD domain of RIG-I. The RD has also been reported to be important for 

RIG-I dimerization. In vitro studies have revealed that like full length RIG-I, the RD 

alone is sufficient to form dimer in presence of 5’ppp-RNA (70, 291, 379).   

 

The role of RIG-I as a viral sensor is well established in the innate antiviral 

immunity. The RNA detection by RIG-I is dependent on substrate specificity and many 

studies have highlighted the key features of RNA recognized by RIG-I. The studies with 

in vitro transcribed (IVT) RNA have demonstrated that RNA, single or double stranded 

with an uncapped terminal 5’-triphosphate (5’-ppp) of at least 19 nucleotides in length, 

act as potent inducers of the RIG-I mediated IFN pathway (132, 260). The importance of 

the 5’-ppp was discovered by the studies using treatment of the IVT RNA with calf 
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intestinal alkaline phosphotase (CIP), which rendered the RNA refractory to detection by 

RIG-I. Interestingly, a synthetic ssRNA of the same sequence as IVT RNA with a 5’-OH 

group was not able induce any IFN production (157). The physiological relevance of 5’-

ppp RNA as a RIG-I PAMP was established using viral genomic RNA. The RNA 

isolated from influenza A or rabies virus, did not stimulate IFN activation upon treatment 

with CIP and also no IFN production was detected upon transfection of viral RNA in 

RIG-I deficient MEFs (157). The single or double stranded 5’-ppp RNA is widely 

accepted as a RIG-I ligand. This concept is interesting as in the case of most 

paramyxoviruses the 5’-ppp is present on the genome and the antigenome which makes 

them an inherent part of the virus life cycle and less likely to be mutated. However, 

viruses have evolved strategies to hide these immune response stimulants through tightly 

encapsidating the viral genome. The 5’-ppp also serve as a distinguishing factor between 

viral and cellular RNA, as in the case of the cellular RNAs 5’-end are processed either by 

capping, methylation, cleavage and base modifications [(233), reviewed in (28, 300).   

 

Interestingly, it has been reported that the 5’-ppp end also requires a dsRNA 

complementarity region of at least 10-18 nucleotides for induction of RIG-I mediated 

IFN activation (302). It was shown that a chemically-synthesized 5’ppp ssRNAs were 

unable to activate RIG-I-mediated IFN production but if these RNAs were first 

hybridized to complementary RNA oligos, they could activate RIG-I (301, 302). 

Furthermore, these studies analyzed the true nature of 5’-ppp in vitro transcribed T7 

ssRNA transcripts by separating them on polyacrylamide gel and found that the RNA 

transcripts consist of mixture of dsRNA and ssRNA products and purifying the RNA 
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fragment corresponding to ssRNA did not induce any IFN production upon transfection 

(301, 302). It still remains unclear whether short dsRNAs require a 5’ppp or if a 

monophosphate is sufficient to induce RIG-I activation (300). The more insightful 

information about dsRNA as RIG-I ligand was provided by the study that utilized short 

poly(I):poly(C) about 30-1000 bp, where the IFN induction was found to be solely 

dependent on RIG-I (156). Another feature of the RIG-I ligand has been demonstrated is 

the sequence composition of RNA, if it is rich in homopolyuridine or 

homopolyriboadenosine motifs, it induces more efficient IFN response than without it 

(260, 290, 292).  

 

B. MDA5 

 

Similar to RIG-I, MDA5 is also DExD/H helicase family member consisting of 

two N-terminal CARD domains, a central helicase domain with dsRNA dependent 

ATPase motif and a C-terminal regulatory domain (Figure 1.9A) (153). MDA5 was first 

identified in a screening of genes that were upregulated with IFN treatment and involved 

in growth suppression of melanoma cells (153). The role of MDA5 as an antiviral protein 

was implicated in studies with PIV5, where it was reported that MDA5 is involved in 

interaction with interferon antagonist, the V protein (10). This interaction of MDA5 has 

been demonstrated with the V proteins of all paramyxoviruses which prevent the binding 

of dsRNA and self-association of MDA5, thus inhibiting the downstream signaling for 

IFN activation (57). Similar to RIG-I, overexpression of MDA5 stimulates IFN 

production in the presence of synthetic double stranded RNA (dsRNA), poly(I):poly(C) 



34 

 

(10). Like in RIG-I, the CARD domain of MDA5 alone is sufficient to induce IFN 

expression while the helicase domain exhibits a dominant negative phenotype when 

expressed alone (10). However, unlike RIG-I, the RD of MDA5 does not have an 

autoinhibitory activity as the MDA5 construct lacking the RD is capable of IFN induction 

(291). The binding efficiency of RD is very poor to dsRNA or in vitro transcribed RNA 

(70, 333, 334). The dsRNA is known as a potent inducer of MDA5 stimulated IFN 

production but considering that MDA5 has a weak binding efficiency for dsRNA, it 

remains unclear how MDA5 recognizes dsRNA and activates the IFN production in 

response to dsRNA . 

 

The studies with knockout MDA5 mice show that MDA5 is an important receptor 

for in vivo recognition of poly(I):poly(C) and picornaviruses (encephalomyocarditis virus 

(EMCV), mengo virus) (108, 157, 201, 327), Calciviridae (murine Noravirus-1 in 

dendritic cells) (220) and coronavirus, Mouse Hepatitis Virus (MHV) in brain 

macrophages (280). MDA5 has been reported to recognize stable, long, double stranded 

RNA structures greater than 2 kilobase pairs (kb) generated during RNA virus infection 

which are not typical of cellular RNA) (156). Long synthetic dsRNA polymers of 

poly(I):poly(C) are often used as a surrogate for the putative activator of MDA5 (108). A 

natural ssRNA trigger for MDA5 has not been identified.  

 

The picornaviruses do not conatin 5’-triphosphate RNA which make them less 

likely to be recognized by RIG-I, however a recent study has identified role of 

picornavirus proteinase 3C(pro) which specifically cleaves RIG-I, thus suggesting RIG-I 



35 

 

can also be important for detection of picornavirus infections (24). While some RNA 

virus infections such as West Nile virus, Dengue virus type 2 (DENV2) and type 3 

Dearing (T3D) reovirus, type1 Lang (TIL) reovirus can be recognized by both RIG-I and 

MDA5 (101, 201), suggesting these two receptors have overlapping functions. The 

variable recognition by these two receptors is attributed to the specificity of the viral 

nucleic acid generated during infection and also to the cell type. For instance, in the case 

of Sendai virus infection which expresses inhibitors for both RIG-I and MDA5 (326), it is 

shown to be sensed by RIG-I in MEFs (157) but in dendritic cells, it is primarily 

recognized by MDA5 (382). This suggests that the differential recognition by RIG-I and 

MDA5 can be due to differences in the presence of distinct viral PAMPs. It remains 

unclear what is responsible for this cell type specificity of the virus whether it is the 

differential expression of the viral sensors or differences in the virus replication.  

 

C. LGP2 

  

 The third member of the RLR family is LGP2 which posseses a DexD/H-

Box helicase domain and a C-terminal regulatory domain, similar to RIG-I and MDA5, 

however it lacks the CARD domain hence, it is incapable of signaling through IPS-1 for 

IFN induction (Figure 1.9A) (378). The RD of LGP2 is structurally and functionally very 

similar to RIG-I (262). It is involved in RNA binding and dimer formation in vitro (228). 

The RD expression by itself is sufficient to inhibit RIG-I-mediated signaling, however 

this is not as efficient as full length LGP2 (228). The RD of all three receptors, RIG-I, 

MDA5 and LGP2, have a very similar structure that consists of conserved cysteine 
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residues which play roles in RD function (70, 185, 228, 333, 334). The RNA binding 

feature is exhibited by the basic surface present on RD for all the receptors (70, 262, 

334). LGP2 can also bind to any dsRNA without any requirement of a 5’-triphosphate 

(228, 262). 

 

LGP2 activity has been reported to be specific to the RLR signaling as its 

expression does not affect TLR induced IFN production (378). It is known to be a 

negative regulator of RIG-I and a positive regulator of MDA5 (298, 378). Its role as 

negative regulator of the RIG-I pathway has been identified in Lgp2 deficient mice 

infected with VSV (357). The mechanism of LGP2 interference of the RIG-I pathway is 

not clear but some studies have suggested few possibilities for this inhibition. It has been 

suggested that LGP2 can inhibit RIG-I-mediated viral RNA recognition likely by 

sequestering the viral RNA due to the fact that LGP2 possesses a strong binding affinity 

to dsRNA (378). The LGP2 can likely interfere with RIG-I and IPS-I binding through its 

regulatory domain as LGP2 and RIG-I forms a complex in the infected cells (281, 291). 

LGP2 can also possibly exert RIG-I inhibition by competing with the kinases recruited by 

IPS-1 to suppress the RLR signaling (169). This probable mechanism is supported by the 

study which has shown that LGP2 can compete with IKKε for IPS-1 binding (169).  

 

 Apart from its negative role, LGP2 also acts as a positive regulator of MDA5- 

mediated IFN induction. This role has been identified in studies with picornavirus 

infections. LGP2 interacts with MDA5 in the infected cells. Its role as a regulator of 

MDA5 signaling was recognized in studies utilizing in vivo models of Lgp2 deficient 
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mice and mice with an inactive ATPase activity in the DExD/H-box RNA helicase 

domain. In these studies, the IFN response to EMCV infections was found to be severely 

impaired (291). The same animals were found to be resistant to RIG-I specific virus such 

as SeV or NDV, which supported the differential role of LGP2 in regulation of RIG-I and 

MDA5 mediated signaling. In accordance with the in vivo model, the LGP2 knockout 

MEFs have also been reported to have poor IFN production after poly(I):poly(C) 

transfection (357). It has also been demonstrated that MDA5 dependent activation of IFN 

in response to poly(I):poly(C) reached to its maximal level in the presence of an equal 

amount of LGP2 (262). Interestingly, it has been shown that the paramyxovirus V protein 

interact with both LGP2 and MDA5, but not with RIG-I, demonstrating a unique link 

between these two proteins (251). The helicase domain of LGP2 and MDA5 mediates 

this interaction with the V protein which dampens the ATPase activity of both receptors 

(251). The role of LGP2 as a negative or positive regulator of RIG-I and MDA5 mediated 

signaling still remains perplexing, as the two receptors act in parallel for IFN induction. 

However, the relative abundance and differences in the kinetics profiles of these three 

receptors in various cell types may account for their differential activities.  

 

D. RNase L and the Antiviral Response 

 

The endoribonuclease RNase L is important for activating the antiviral immune 

response to RNA virus infection or dsRNA stimulation (389). RNase L is one the major 

components of the IFN regulated pathway known as the 2-5A system. The 2-5A pathway 

is an antiviral pathway, other than dsRNA dependent protein kinase (PKR) which is 
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stimulated by IFNs and dsRNA (224). The human RNase L is ubiquitously expressed in 

almost every mammalian cell type. It is an unusual nuclease enzyme which requires 

binding with a small oligonucleotide, 2-5A for its activation (59). The 2-5A are 5’-

triphosphorlated oligoadenylates with 2’-5’ phosphodiester bonds (60). The activation 

pathway of RNase L is stimulated by IFN. The IFN can stimulate transcription of several 

2-5A synthetase (59, 275). The 2’-5’ oligoadenylate synthetase (OAS) is activated 

through direct recognition of viral dsRNA (viral replication intermediates or viral 

mRNA) and produces 5’-triphosphorylated 2’-5’ oligoadenylate (2-5A) species from 

ATP (235, 275). Several viral RNAs that can activate 2-5A synthetase have been 

identified including, TAR RNA of HIV-1 (204), EBER-1 RNA of Epstein-Barr virus 

(310) and the adenoviral VAI RNA (79). These 2-5A species specifically bind to RNase 

L and activate it. Once RNase L is activated, it leads to cleavage of single stranded 

regions of cellular and viral RNA at 3’UpUp and UpAp sequences, resulting in duplex 

RNA (99, 116, 205, 236). The viral mRNA cleavage by RNase L has been shown in 

treatment of VSV infected cells with 2-5A (134), HIV-1 and EMCV infected cells (186, 

211). These duplex RNA structures can also be recognized by the helicases and thus 

stimulate the signaling pathways to activate IFN gene expression.  

 

The 2-5A species are very unstable and are generally dephosphorylated by 

phosphatases at their 5’-end and can also be degraded by 2’-phosphodiesterase making it 

incapable to activate RNase L (170). The specific features of 2-5A species have been 

characterized which are essential for RNase L activation. These oligomers require the 

presence of at least two adenylates, 5’-monophosphate, 2’-5’-phosphodiester bonds and 
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3’-hydroxly groups of the second adenosine (from the 5’ terminus) to activate RNase L 

(313, 316). The 5’-terminal adenine base is important for binding with RNase L while the 

adenine of 2’-terminal adenosine is essential for the nuclease function of RNase L (86).  

 

The RNase L was first identified in a 185kDa complex by gel filtration (319) and 

then as a 78-80kDa protein under denaturing gel conditions (100). RNase L is found to 

exist in two forms that can bind to 2-5A, depending on the cell type (29, 34). In the case 

of mouse spleen and liver and in Ehrlich ascites tumor (EAT) cells, a small proteolytic 

cleavage product of RNase L, about 40-46kD was identified that can bind to 2-5A and 

also performs 2-5A dependent nuclease activity (29, 100). The human RNase L is a 741-

amino acid protein with a molecular mass of 83.539 kDa (389). It consists of three 

domains: the N-terminal ankyrin repeat domain which serves as a regulatory domain 

facilitating its interaction with 2-5A, a protein kinase homology domain and a C-terminal 

ribonuclease domain (Figure 1.9B) (340). The N-terminal domain consists of eight 

complete and one partial ankyrin motifs (R1-R9) with two walker A motifs (ATP or GTP 

fixation) within R7 and R8 (119, 226). The ankyrin motifs are involved in mediating 

protein-protein interactions and also interact with 2-5A (226). The C-terminal half of the 

protein is responsible for the ribonuclease activity of RNase L (84, 86). The interaction of 

2-5A with the ankyrin domain of RNase L mediates a conformational change which 

exposes the C-terminal domain and leads to homodimerization and nuclease activation of 

RNase L (83-86, 232).  
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RNase L is a very fascinating enzyme which is reported to cleave not only viral 

mRNA and rRNA but also the cellular mRNA, thus playing an important role in 

regulation of various biological activities (186, 205, 317, 371). The role of RNase L as an 

antiviral protein has been clearly demonstrated in cells infected with EMCV (369), 

vaccinia virus (278), reovirus (237), West Nile virus and herpes simplex virus 1. It has 

been shown that transfection of 2-5A confers resistance to EMCV (364) and in vivo the 

antiviral role of the 2-5A pathway was demonstrated using RNase L knockout mice 

which were unable to stimulate IFN activation (32, 390). These knockout mice were 

found to be highly susceptible to virus infections including, West Nile virus, EMCV, 

herpes simplex virus and also showed reduced IFN production (97, 294, 299, 387).  

 

The viruses have also evolved strategies to counteract this antiviral activity of 2-

5A/RNase L pathway. In some virus infections, despite presence of the 2-5A species, the 

activation of RNase L is not detected. In case of herpes simplex virus 1 and 2 infection, 

2-5A analogues are synthesized which compete with authentic 2-5A for RNase L binding 

and preventing activation of RNase L (47). The NS1A protein of influenza virus A can 

sequester dsRNA and thus inhibits 2-5A activation (225). The EMCV and HIV-1 can 

recruit a host protein, ribonulcease L inhibitor (RL1) to inhibit RNase L activity (33, 211, 

212).  Interestingly, HCV can also escape RNase L activity by introducing mutation at 

RNase L recognition sites (115, 116). The mRNA of IFN resistant genotypes of HCV 

(HCV 1a and 1b) consist of less UA and UU dinucleotides which are the cleavage sites of 

RNase L than IFN sensitive genotypes of HCV (HCV 2a, 2b, 3a and 3b) (115). It is 

speculated that the interferon therapy is not effective for the patients infected with HCV 
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1b viruses than to HCV genotype 2, as HCV 1b virus is able to escape the RNase L 

activity by introducing silent mutations in mRNA at UA and UU dinucleotides.  

 

RNase L is also implicated in regulation of translation and stability of cellular 

mRNA, thus it is important for maintaining cellular processes (181). For instance, MyoD 

mRNA stability is found to be regulated by RNase L which is important for muscle cell 

differentiation (35). It also regulates mitochondrial mRNA stability which can contribute 

to anti-proliferative activity of IFNs (180). RNase L is also implicated to be important for 

PKR mRNA stability and interferon stimulated genes: ISG43 and ISG15 (164, 187). The 

role of RNase L has also been identified in apoptosis in response to virus infections (45, 

46). RNase L expression can degrade mitochondrial mRNA and induce IFNα mediated 

apoptosis which requires caspase-3 activity and results in elimination of virus infected 

cells (51, 285). RNase L has also been shown to have tumor suppressive activities and 

has been linked to prostate cancer (200). The RNase L gene was reported to be one of the 

genes linked to Hereditary prostate cancer (HPC) (44, 372). Several germline mutations 

or variants in HPC1/RNASEL have been identified and the cases with mutations in one or 

more copies on RNase L gene have found to possess higher risk of prostate cancer (314). 

RNase L is a unique nuclease enzyme with diverse functions involved in regulation of 

innate immunity and cellular processes but its exact mechanism of action still remains to 

be defined. 
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1.14 Significance of the study 

 

The early innate response to intrusion of pathogens is characterized by expression 

of pro-inflammatory chemokines and antiviral cytokines. This host defense mechanism is 

responsible for detecting and clearing the virus infections. The most critical antiviral 

response is the interferon system which involves a series of signaling events for its 

activation. The innate immune responses help in combating virus infection and also aid in 

shaping up an effective adaptive immune response. The proteins responsible for 

recognition of virus infections to initiate these immune responses have been identified 

and their roles in this intricate signaling are now starting to be characterized. The TLRs 

and RLRs, along with Protein Kinase R (PKR) and RNase L form a wide group of viral 

sensors (205, 352). They are involved in initiating antiviral responses which are marked 

by activation of transcription factors such as NF-κB and IRF-3 and ultimately leads to 

production of interferons. It is possible that these viral sensors are working in accordance 

with each other in the infected cells to combat virus infection but depending on the cell 

type, virus and infection conditions, one sensor is more active than the other. The studies 

using the knockout mice and cells have clearly established the roles of these viral sensors 

in the innate immunity but it also insinuates the possibility of the existence of other 

unidentified sensors. The other piece of the puzzle is formed by the viral recognition 

motifs that can stimulate an antiviral response through recognition by these sensors. Even 

though the dsRNA and 5’-ppp RNA are now accepted as paradigm molecules for virus 

detection, still the actual molecular nature of the viral signature molecules and their 

physiological roles in triggering interferon activation need to be characterized.  
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Our study has been focused on understanding the molecular mechanisms and 

identifying viral components that can lead to the activation of these innate immune 

responses.  In this study, we discuss a novel role of the L protein in activation of NF-κB 

through a host kinase protein, AKT and also identified the RNA sequence of the L gene 

that can induce innate immune responses through RNase L and MDA5 suggesting a 

possible natural ligand for MDA5. 
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Figure 1-1. Classification of Nonsegmented Negative Stranded RNA Viruses. This 
chart represents the current classification of Mononegavirales with the new genera 
Henipavirus and Avulavirus. The highlighted boxes represent the Family, Subfamily and 
the Genus of PIV5. Modified from Wang et. al. (360). 
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Figure 1-2. Schematic representation of Parainfluenza Virus 5 genome and particle 
structure. PIV5 (genome size 15,246 nucleotides) is an enveloped nonsegmented 
negative stranded RNA virus which has seven genes but encodes for eight proteins. The 
RNA genome of the virus is bound by the nucleocapsid (NP) protein to form helical 
structures called ribonucleoprotein (RNP) complex. The L (Large) polymerase protein 
and the P protein are important part of RNA dependent RNA polymerase which is 
responsible for transcribing the NP (nucleoprotein)-encapsidated RNA genome into 5’-
capped and 3’-polyadenylated mRNA and replicates the virus in the cytoplasm. The F 
(fusion) is responsible for mediating virus entry by promoting cell-cell and virus-cell 
fusion in a pH independent manner. The HN (hemaglutinin–neuraminidase) protein is  
involved in virus entry by attachment of virus-cell and release from the host cells by 
removing sialic acid. The M (matrix) protein is important in virus assembly and 
budding. The SH (small hydrophobic) protein is a 44 amino acid integral membrane 
protein with its N-terminal in the cytoplasm which plays role in blocking the TNF-α 
mediated extrinsic apoptotic pathway. The V/P is transcribed into V and P mRNA 
though RNA editing. The V is a multifunctional protein, important for viral 
pathogenesis and virus replication. The leader and the trailer sequences are important for 
viral RNA synthesis (transcription and replication). Modified from Lamb and 
Kolakofsky (173) 
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Figure 1-3. Schematic illustration of L protein. L is 250 kDa protein consisting of six  
domains (marked I-VI) that are conserved among paramyxoviruses. Modified from 
Higuchi et. al. and Poch et. al. (128, 266). 
 
 
 
 

 

 

Figure 1-4. RNA synthesis of PIV5. Synthesis of all viral mRNAs initiates at the 3’- 
end leader sequence and vRdRp (P and L complex) transcribes viral RNA genome 
(vRNA) into mRNAs containing a 5’-cap structure and a 3’-poly(A) tail in a sequential 
manner. The junctions between each gene consist of three-nucleotide sequence 
elements. At the gene-end (GE) sequence, polyadenylation occurs and transcription 
terminates releasing a polyadenylated RNA. At this juncture, the vRdRp either leaves 
the template (attenuation) or passes over an intergene sequence (IGS) not found in 
mRNAs, and then reinitiates mRNA synthesis at a downstream transcriptional gene-start 
(GS) sequence. A failure to reinitiate transcription at a downstream site results in a 
gradient of mRNA production inversely proportional to the distance from the 3’ end of 
the genome. Modified from Lamb and Kolakofsky (173). 
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Figure 1-5. Schematic of paramyxovirus life cycle. Paramyxovirus infections are 
initiated with the binding of the virus to the host cell surface receptors (Adsorption). 
This process involves the attachment protein, HN which binds to sialic acid receptors in 
the case of SeV, PIV5 or MuV while the H protein of measles virus and the G protein of 
Henipaviruses bind to the protein receptors. Following attachment, fusion proteins 
initiate fusion of viral membrane with the host cell membrane which allows the viral 
genetic material (RNP) to enter the cytoplasm. RNA dependent RNA polymerase starts 
the transcription process with negative sense RNA genome serving as the template for 
more mRNA production. RNA polymerase then switches to replication mode which 
allows production of positive sense antigenome and simultaneous production of negative 
sense genomes. The newly synthesized viral proteins and RNP complex are assembled 
together with help of M protein at the plasma membrane and buds from the cell surface 
which completes the virus life cycle. The V protein and other accessory proteins such as 
SH or C are involved in inhibiting host antiviral innate immune responses, allowing 
virus to replicate. Modified from Harrison, M.S. et. al. (118) 
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Figure 1-6. A model depicting classical (canonical) and Alternative (non-canonical) 
pathways for NF-κB activation. The classical pathway is mediated by IKKβ leading to 
phosphorylation of IκB. The alternative pathway is initiated by NIK activation of IKKα 
and leads to the phosphorylation and processing of p100, generating p52:RelB 
heterodimers. Modified from Gilmore, T.D. and Hayden, M.S. and Ghosh, S. (107, 120). 
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Figure 1-7. AKT signaling pathway (A) A schematic of AKT illustrating its 
domain architecture. AKT consists of three domains: a pleckstrin homology (PH) 
domain, a catalytic (kinase) domain, and a C-terminal regulatory domain. It is 
activated by phosphorylation. The two major phosphorylated sites are Thr308 and 
Ser473. (B) PI3K–AKT activation signaling pathway. Activated PI3K leads to 
synthesis of phosphoinositide triphosphates (PIP3). AKT translocates to the plasma 
membrane and binds to PIP3, where it undergoes phosphorylation at two sites Ser473 
and Thr308. The activated AKT translocates from plasma membrane to cytoplasm or 
nucleus where it can phosphorylate the effector proteins. Finally AKT is 
dephosphorylated by protein phosphatases (inositol polyphosphate phosphatases) 
which completes this activation cycle. Modified from Du, K. and Tsichlis, P.N. (87). 
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Figure 1-8. Innate Immune signaling pathways activated by virus infections.  
TLR Signaling. The TLR dependent signaling is activated in response to virus 
presented outside the cell membrane or on endosomes by endocytosis or by 
autophagocytosis. Activated TLR3 receptor recruits the adaptor TRIF that acts as the 
scaffold to activate the IRF-3 or NF-κB pathway. In pDCs, TLR7/8 and TLR9 are 
present on endosomal compartments, activated in response to ssRNA or DNA 
respectively. These TLRs engage in MyD88, an adaptor protein which further recruits 
IRAK4 and IRAK1 and leads to activation of the IRF7 or NF-κB pathway for 
promoting IFN expression. RLR signaling. RIG-I and MDA5 are the RNA helicases 
that recognize specific viral RNA motifs and undergo a conformational change for 
activation. While RIG-1 can be activated in response to 5’-ppp ssRNA or short 
dsRNA, MDA5 requires long dsRNA molecules for activation of the IFN signaling 
pathway. These helicases signal through a common adaptor protein called IPS-1 which 
involves interaction of their CARD domains. This results in activation of the 
downstream signaling cascade involving either of the two serine/threonine kinases 
(TBK- or IKK) which phosphorylates transcription factors, IRF-3 or NF-κB and leads 
to production of interferons. Modified from Basler, C.F., and Garcia-Sastre, A.; 
Randall, R. E., and Goodbourn, S. (26, 272).  
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Figure 1-9. Schematic representation of RIG-I like receptors and RNase L. (A) 
Schematic of RIG-I like receptors. The figure illustrates the primary structure and 
functional domains of MDA5, RIG-I and LGP2. CARD: Caspase activating 
recruitment domain, RD: Repressor domain. Modified from Barral, P.M. et.al. (25) 
(B) Schematic representation of RNase L structure. RNase L consists of a N-
terminal domain which is considered to be regulatory domain, a kinase domain and a 
C-terminal ribonuclease domain. The N-terminal domain consists of eight complete  
and one partial ankyrin motifs (R1-R9) and two walker A motifs which are located 
within R7 and R8. Binding of 2-5 A to ankyrin repeats on the N-terminal domain is 
proposed to induce conformational change, unmasking the C-terminal domain and 
thus activating the nuclease activity of RNase L. Modified from Bisbal, C. and 
Silverman, R.H. (36) 
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Chapter 2 
 

Materials and Methods 

2.1 Cells  

 

BSR T7 cells (41), a murine cell line, were maintained in Dulbecco’s modified 

Eagle’s medium (DMEM) (Invitrogen)–10% fetal bovine serum–10% tryptose phosphate 

broth–100 IU of penicillin/ml–100 µg of streptomycin/ml–400 µg of G418/ml at 37°C 

with 5% CO2. HeLa, Vero, and 293T cells were maintained at 37°C with 5% CO2 in 

DMEM supplemented with 10 % FBS, 100 IU/ml penicillin and 100 µg/ml streptomycin. 

For Huh 7.0 and Huh 7.5 cells, additional 1% nonessential amino acids were added. 

Mouse embryonic fibroblasts (MEF) cells, both wild-type (T antigen transformed) and 

RNase L–deficient (Tag transformed) cells were grown in RPMI 1640 media (Invitrogen) 

containing 10 % FBS, 100 IU/ml penicillin, 100 µg/ml streptomycin, 25 mM HEPES and 

L-glutamine (205). 

 

2.2 PLASMIDS  

 

 The plasmids containing LΔC (consisting of domains I to IV), LΔN (consisting of 

I and II), LI-III (consisting of domains I to III), L-II (consisting of domain II) and L-II 

mut (consisting of STOP codon instead of START codon in LII background) with an 

antigenic tag (hemagglutinin [HA]) in an expression vector pCAGGS (238) were 

generated by using standard molecular cloning techniques. Plasmids containing PIV5 NP, 
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V, P, M, F, SH, HN, L, and AKT1 with a Flag tag in pCAGGS were described before 

(194, 196, 197, 361, 370). phRL-TK containing a modified renilla luciferase gene under 

the control of a thymidine kinase (TK) promoter of herpes simplex virus was from 

Promega (Madison, WI).  

 

 Plasmids containing a firefly luciferase (F-luc) gene under the control of NF-κB 

binding sites (pNF-κB-TATA-F-Luc) (331), a F-Luc gene under the control of various 

IL-6 promoter mutants (pIL-6hwt-F-Luc, pIL-6-TATA-F-Luc, and phIL-6-NF-κBmut-F-

Luc) (197, 355, 356), and a F-Luc gene under the control of an IFN-β promoter (268) 

were described before. The dominant negative (DN) mutant of AKT, pMT2-AH-AKT1, 

which contains 1 to 147 residues of AKT with a myc antigen tag (165) and AKT DN, 

which contains three mutations at phosphorylation sites and an ATP binding site (AAA-

AKT1; K179A/T308A/S473A) with a HA tag, were described previously (322). 

 

Plasmids encoding wild-type RNase L, RNase L mutant (R667A), the RIG-I DN 

(Flag-tagged RIG-I consisting of residues 218-925), and the IPS-1 DN (with the deletion 

of the CARD domain) were previously described (198, 205). The plasmids were prepared 

using a maxi prep kit (Qiagen). The endotoxin concentration was measured using a LAL 

endotoxin assay kit (GenScript). The endotoxin concentrations of all plasmids were lower 

than 0.1 EU/µg of DNA. 
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2.3 Dual Luciferase Assay 

  

 Cells in 24-well tissue culture plates at about 80-90% confluency were 

transfected. For BSR T7 cells, the transfection was performed using Plus and 

Lipofectamine (Invitrogen), and for 293T or HeLa cells, transfections were performed 

using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. The 

vector pCAGGS was used to maintain a constant total amount of DNA in each well. The 

amounts of plasmids used were as follows: 2.5 ng of phRL-TK and 60 ng of pNF-κB-

TATA-F-Luc, pIL6wt-F-Luc, pIL-6-TATA-F-Luc, or pIL-6-κBmut-F-Luc, 120-240 ng 

of pIFNβ-F-Luc. The plasmids encoding NP, V, P, M, F, SH, HN and L were used in a 

concentration range of between 0 and 1,000 ng/ml. A range of concentrations up to 1,500 

ng of plasmids encoding all L mutants, AKT DN and pMT2-AH-AKT were used at 800 

ng and plasmid c-RIG (RIG-I DN) and IPS-1 DN were used at 500 ng. At 18-24 h after 

transfection, cells were lysed in 100 µl of passive lysis buffer (Promega) for 30-45 

minutes. 20 µl of lysate from each well was then used for a dual luciferase assay 

following manufacturer’s protocol (Promega). To examine the effect of AKT inhibitor on 

L-activated NF-κB, 0.5 µM of AKT inhibitor (IV) was added to BSR T7 cells, 4 hrs after 

transfection and a dual luciferase assay was performed at 18 to 20h posttransfection as 

described before. 
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2.4 Electrophoretic Mobility Shift Assay (EMSA) or Gel Shift Assay  

 

BSR T7 cells were transfected with plasmid expressing empty vector, L, V, L-I, 

L-I-II, L-II, L-II mut or LI-III. The nuclear extracts were prepared 18-20h after 

transfection using a nuclear extraction kit (Marligen Biosciences) following 

manufacturer’s instructions or alternatively, by using buffers A and C. The media was 

removed from the cell culture plate and cells were trypsinized and washed in cold PBS 

and were pelleted in an Eppendorf tube. The cells were resuspended in 500 µl of cold 

buffer A (10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl2, 0.1% NP-40, 0.1 mM 

DTT, 0.5 mM phenylmethylsulfonyl fluoride and 1X of protease inhibitor cocktail) for 15 

min on ice. The tubes were centrifuged at 10,000 g (Microfuge 18; Beckman Coulter) for 

10 minutes. The supernatant (cytoplasmic extract) was discarded, and the cells were 

resuspended again in 500 µl of the same buffer and centrifuged for additional 10 minutes. 

The pellet was resuspended in 50 µl of cold buffer C (20 mM HEPES [pH 7.9], 0.4 M 

NaCl, 0.2 mM EDTA, 1.5 mM MgCl2, 25% glycerol (v/v), 0.1 mM DTT, 1 mM 

phenylmethylsulfonyl fluoride and protease inhibitor cocktail) was added. The 

suspension was sonicated twice at 60% power on ice with a three seconds pulse and a 10 

seconds pause in between. The cell extract was centrifuged for 10 minutes at 10,000 g. 

The supernatant (nuclear extract) was collected and stored at -700C. TNF-α-treated BSR 

T7 cells (20 ng of TNF-α/ml for 2h) were used a positive control. The protein 

concentration was determined using a bicinchoninic acid (BCA) protein estimation kit 

(Thermo Scientific). An electrophoretic mobility gel shift assay (EMSA) was carried out 

as described by Wilson et al. (370). Briefly, double-stranded oligonucleotide containing 
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consensus sequences for NF-κB binding sites,  

 (5’AGCTCCTGGAAAGTCCCCAGCGGAAAGTCCCTT-3’) and  

             (5’-AGCTAAGGGACTTTCCGCTGGGGACTTTCCAGG-3’)  

were end-labeled with [32P]dCTP by use of Klenow fragments. To examine the NF-κB 

binding, 5 µg of nuclear extracts from transfected cells was used in a volume of 20 µl of 

reaction mixture containing 2 µl of 10X EMSA buffer (25 mM HEPES [pH 7.5], 60 mM 

NaCl, 9% glycerol, 1 mM EDTA, 7.5 mM dithiothreitol, 50 mM MgCl2)– polyd(I):poly 

d(C) and incubated at room temperature for 30 min. For controls, unlabeled NF-κB 

oligomers were used as a cold competitor at a 20-fold molar excess. Mutant NF-κB 

oligomers  

               (5’-AGCTAACTCACTTTCCGCTGCTCACTTTCCAGG-3’) and  

               (5’-AGCTCCTGGAAAGTGAGCAGCGGAAAGTGAGTT-3’),  

where the underlined sequences represent changed sequences within the NF-κB binding 

site) were used as a specificity control. The nuclear extract and oligomer mixture were 

resolved on a 6% polyacrylamide gel. The gels were analyzed using a PhosphorImager 

Storm system (Molecular Dynamics). 

 

2.5 Small Interfering RNA (siRNA) experiments 

 

 siRNA experiments were performed as previously described (329). Cells in 24-

well plates at about 30 to 50% confluency were transfected with 100 nM of siRNA 

purchased from Dharmacon [non-target siRNA pool (NT), AKT1 siRNA and control 
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siRNA; ATF3 or MDA5 siRNA] and Santa Cruz (RNaseL, RIG-I siRNA) with the use of 

Oligofectamine (Invitrogen). The cells were washed with Opti-MEM and incubated with 

400 µl of Opti-MEM at 37°C. For each well, 5 µl of siRNA (10 µM stock) was mixed 

with 95 µl of Opti-MEM for 5 min at room temperature and 2 µl of Oligofectamine was 

mixed with 10 µl of Opti-MEM. The two diluted mixtures of siRNA and Oligofectamine 

were combined and incubated for 15 min at room temperature. After the incubation, the 

siRNA-Oligofectamine mixture was added to the cells. A 250 µl volume of DMEM–30% 

fetal bovine serum was added to the cells after 6 h of incubation. 

 

 At 48h after siRNA transfection, the cells were transfected with empty vector, 

plasmids expressing L, L-II, or L-II mutant (1 µg/µl), or poly(I):poly(C) (500 ng/ml) 

using lipofectamine 2000 along with phRL-TK and pNF-κB-TATA-F-Luc or pIFN-Luc 

as previously described. At one day post-transfection, the dual luciferase assay, IFN-β 

ELISA and immunoblotting experiments were performed. 

 

2.6 Enzyme Linked Immunosorbent Assay (ELISA) for detecting NF-κB, 

phosphorylation of T308 of AKT1 and IFN-β  

 

To detect NF-κB activation, an enzyme-linked immunosorbent assay (ELISA)-

based experiment was performed according to the recommendations of the manufacturer 

(Active Motif, Carlsbad, CA). Nuclear extracts were prepared from cells transfected with 

plasmid encoding empty vector (pCAGGS), L-, or V- as described before. A 2.5 µg 



58 

 

volume of protein was used for the assay. 

 

To detect phosphorylation of AKT1 at T308, BSR T7 cells were transfected with 

plasmids: empty vector, LI, or LI-II. Cells subjected to platelet derived growth factor 

(PDGF) (50 ng/ml) treatment were used as positive control. Cells without PDGF 

treatment were used as a negative control. The cells were serum starved for 3h and were 

treated with PDGF for 10 min in DMEM without serum at 37°C before lysing of the 

cells. The cells were also left untreated and were maintained in Opti-MEM. The cells 

were lysed 18 to 21h posttransfection by the use of cell lysis buffer (Cell Signaling 

Technology), and the protein concentration was estimated using a bicinchoninic acid 

protein estimation kit (Thermo Scientific). The cell lysate (4 mg/ml) was used for the 

ELISA according to the manufacturer’s instructions by using a Pathscan Phospho-Akt 

(T308) sandwich ELISA kit (Cell Signaling Technology). 

 

For detection of IFN-β, 293T or HeLa cells were treated with siRNA targeting 

MDA5, RIG-I, RNase L or non-target as mentioned in section 2.5. After 48h, the cells 

were transfected with empty vector, plasmids expressing L, L-II, L-II mut (1 µg/µl) or 

poly(I):poly(C). Alternatively, the cells without siRNA treatment were transfected with 

the respective plasmids. The medium was collected 24h after transfection and centrifuged 

to remove cell debris. 50 µl of the cleared medium or the IFN-β standard were used in 

duplicate for detection of IFN-β using a human IFN-β ELISA kit (PBL Interferon Source, 

NJ) following manufacturer’s instructions. 
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2.7 Co-immunoprecipitation 

A. Radiolabel Immunoprecipitation 

 

BSR T7 cells were seeded in a 6-cm-diameter tissue culture plate and transfected 

with plasmid encoding AKT1. At 16 to 18h after transfection, cells were lysed with 

whole-cell extraction buffer (WCEB; 1 M Tris [pH8.0], 280 mM NaCl, 0.5% NP-40, 

2mM EGTA, 0.2 mM EDTA, 10% glycerol, protease inhibitor, 0.1 mM 

phenylmethylsulfonyl fluoride). Cell lysates were precleared with 40 µl of protein A-

labeled Sepharose beads. The lysates were then immunoprecipitated with 2 µl of anti-

AKT1 antibody (Cell Signaling) and Sepharose A beads for 2 to 3h at 4°C. The cell 

lysate were spun down and washed twice with WCEB. The precipitate was used for 

further immunoprecipitation with LI, LII or LI-II. The LI, LII or LI-II with a HA tag 

were synthesized in vitro using TNT-coupled transcription-translation systems 

(Promega). Templates for LI, LII or LI-II were generated using oligomers containing a 

T7 promoter and were purified with phenol-chloroform extraction. Manufacturer’s 

instructions were followed for in vitro transcription-translation. In vitro-synthesized LI, 

LII or LI-II were incubated with precipitated AKT1 with beads and antibody for 2 to 3h 

at 4°C. To examine the expression levels of in vitro-synthesized LI and LI-II, they were 

immunoprecipitated with anti-HA antibody. The samples were resolved on a 10% 

polyacrylamide gel and visualized using a PhosphorImager Storm system (Molecular 

Dynamics). 
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Cells infected (wt-PIV5) or transfected with plasmids encoding LI, LII, LI-II, or 

LII mutant with a HA tag, vector or plasmids encoding for the PIV5 viral proteins were 

metabolically labeled with [35S]Met and [35S]Cys for 3h. After 24h post-transfection or 

infection, the cells were lysed with WCEB. The lysates were then precipitated with anti-

HA antibody or with the respective antibody against the PIV5 viral proteins. The 

precipitated proteins were resolved by 15% or 10% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and visualized using a Storm 

PhosphorImager (Molecular Dynamics).  

 

B. Non-radiolabeled Immunoprecipitation 

 

 To examine phosphorylation of AKT1 by LI-II, 6-cm-diameter plates seeded 

with BSR T7 cells were transfected with empty vector (6 µg), AKT1-Flag (1 µg), L-I (5 

µg), LI-II (5 µg), and AKT-Flag (1 µg) plus LI-II (5 µg). A sample in which AKT1-Flag-

transfected cells were treated with PDGF (50 ng/ml) for 15 min in DMEM without serum 

before lysing of the cells was used as a positive control after serum starving them for 40 

min. At 18 to 21h after transfection, cells were lysed with WCEB and lysates were 

washed once with WCEB. The cell lysates were incubated with Flag antibody (Red anti-

Flag M2 Affinity Gel antibody, Sigma) (10 µl) and 40 µl of sepharose A beads slurry for 

2 to 3h at 4°C. The beads were washed with WCEB once. The samples were resuspended 

in sodium dodecyl sulfate loading buffer without dithiothreitol and were resolved on a 

10% polyacrylamide gel. The immunoprecipitated proteins were transferred onto an 

Immobilon P polyvinylidene difluoride transfer membrane (Millipore Corporation) in a 
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buffer consisting of 800 ml of 5X transfer buffer (60 g of Tris [Trizma base], 285 g of 

glycine), 800 ml of methyl alcohol, and 2.4 liters of distilled water by use of a wet-gel 

transfer apparatus. The membranes were blocked in 5% milk–phosphate-buffered saline 

containing 0.3% (vol/vol) Tween 20 (PBST) or in 3% bovine serum albumin (BSA)–

Tris-buffered saline containing 0.3% (vol/vol) Tween 20 (TBST) for phosphorylated 

AKT analysis. The membranes were incubated with mouse anti-AKT1 antibody diluted 

in 5% milk-PBST (Cell Signaling Technology), rabbit anti-phospho-AKT T308 antibody 

diluted in 1.5% BSA–TBST (Cell Signaling technology), or rabbit antiphospho-AKT-

S473 antibody diluted in 1.5% BSA–TBST (Cell Signaling Technology) overnight at 

4°C. The excess antibody was removed by three 10-min washes with the corresponding 

buffers. To analyze the bound antigen, mouse (in 5% milk–PBST) or rabbit (in 1.5% 

BSA–TBST) secondary antibodies conjugated with horseradish peroxidase were used. 

The bound secondary antibody was detected using ECL Plus Western blotting reagents 

(Amersham) and visualized using a PhosphorImager Storm system (Molecular 

Dynamics). 

 

2.8 Immunoblotting 

 

 The lysates from the luciferase assays were diluted (1: 1) with protein lysis buffer 

(2% sodium dodecyl sulfate, 62.5 mM Tris-HCl pH 6.8, 2% dithiothreitol) and sonicated. 

100 µl of the lysate was resolved in 10% SDS-PAGE and immunoblotting was performed 

using respective antibodies as described previously. 
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2.9 Yeast two-hybrid system 

 

 To examine the interaction between L and AKT1 by use of a yeast two-hybrid 

system, domains LI-III were placed at the N terminus of the LexA DNA binding domain 

in pHybLex/Zeo (Invitrogen, Carlsbad, CA) and AKT1 was placed at the C-terminus of 

the B42 activation domain in pYESTrp2 (AKT1-AD) (Invitrogen, Carlsbad, CA). 

Positive controls containing plasmids containing LI-III-BD plus pYESTrp2, AKT1-AD 

plus pHybLex/Zeo or LI-III-BD plus AKT1-BD as well as positive controls Fos-AD plus 

Jun-BD were transformed into strain L40 of Saccharomyces cerevisiae. Transformants 

were plated onto yeast minimal medium lacking tryptophan and uracil but containing 

Zeocin (YC-WU Z300) (300 mg/ml). Samples were then plated onto yeast minimal 

medium lacking histidine, uracil, and lysine but containing Zeocin (YC-HUK Z300) (300 

mg/ml) to examine whether LI-III-AD or AKT1-BD alone activated reporter gene 

expression and whether LI-III-AD and AKT1-BD together activated reporter gene 

expression. 

 

2.10 RNA purification and transfection 

 

 293T or Vero cells were transfected with empty vector, or a plasmid encoding L, 

LI, LII, LI-II or LII mut. Cells (HeLa or Vero) were infected with wild type PIV5 or 

rPIV5V∆C, or mock-infected. 18-20h after transfection or infection, total RNA was 

isolated using a Qiagen RNeasy kit, or mRNA was isolated using Qiagen Oligotex direct 

mRNA purification kit, following manufacturer’s instructions.  The purified total RNA (1 
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µg/µl per well of 24-well plate) or mRNA (200 ng/µl per well of 24-well plate) was 

transfected into 293T cells using lipofectamine 2000. Poly(I):poly(C) (500 ng/µl per well 

of 24-well plate)  was used as a positive control. At one day post-transfection, IFN-β 

production was determined using human IFN-β ELISA kit (PBL Interferon Source, NJ), 

following manufacturer’s instructions. 

 

2.11 Northern Blot Analysis 

 

The RNA samples purified from BSR T7 cells that were transfected with empty 

vector (pCAGGS), or a plasmid encoding LI, LII, or LII mut at 18h post-transfection 

were electrophoresed on a 1.2% agarose gel in the presence of 0.44 M formaldehyde, 

transferred to a positively charged nylon membrane (Roche Diagnostics), fixed by UV 

crosslinking, and analyzed by hybridization with DIG-labeled RNA probes that were 

generated by in vitro transcription using the DIG Northern Starter kit (Roche Applied 

Sciences). The hybridized probes were detected with anti-digoxigenin-AP Fab fragments 

and were visualized using chemiluminescence substrate CDP-Star (Roche Applied 

Sciences) on X-ray films. The DNA templates for generating DIG-RNA probes were 

prepared using PCR with gene-specific sense oligomer and antisense oligomer with T7 

RNA polymerase promoter sequence. The amplified PCR fragments were purified using 

a PCR purification column and gel purification kit (GenScript). A digoxigenin-labeled 

RNA molecular weight marker (Roche) was used to indicate the size of RNA. 
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2.12 RNase H treatment 

 

The purified RNA from L-II-transfected cells or infected cells was used for a 

reverse transcription reaction using L-II specific primer or NP-specific primer. The RT 

products were treated with RNase H and purified using a RNeasy column. The treated or 

untreated RT product or L-II RNA were transfected into 293T cells and at one day post-

transfection, the concentration of IFN-β was measured in the medium using ELISA. 

 

2.13 In vitro RNA transcription 

 

DNA containing the region I or II of the L gene were amplified by PCR with 

sequence-specific sense primer containing T7 polymerase promoter sequence and the 

antisense primer, using plasmid containing LI or LII as template. The LI or LII RNA 

fragments were in vitro synthesized using Riboprobe in vitro transcription systems 

(Promega). The synthesized fragments were treated with DNase I to remove the DNA 

template and were then purified using a RNeasy column (Qiagen). The in vitro 

synthesized RNA fragments were treated with calf intestinal phosphate (CIP) for two 

hours and were purified. The purified CIP-treated in vitro RNA transcripts (200 ng) were 

transfected into 293T cells using Lipofectamine 2000. At one day post-transfection, IFN-

β production was measured using a human IFN-β ELISA kit.  
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2.14 Real Time PCR 

 

 The 293T cells in 6-well plates were transfected with 1 µg of purified RNA 

(vector, LI or LII mut) or poly(I):poly(C) (250 ng) in OPTI-MEM using lipofectamine 

2000. Four hours after transfection, the media was changed to complete media with 

DMSO or cyclohexamide (CHX-20 µg/ml). After 16 hours incubation, the total RNA 

was isolated using RNeasy Mini kit (Qiagen). For each samples, 11 µl of total RNA was 

used for reverse transcription using Superscript III reverse transcriptase (invitrogen) with 

oligo (dT)15 according to manufacturer’s protocol. The cDNA (4 µl of 1:20 diluted 

cDNA) from each sample was used for a real time PCR reaction on Step one Plus Real 

Time PCR System (Applied Biosystems) using Taqman Universal PCR Master Mix 

(Applied Biosystems) and Taqman Gene Expression 1 Assays (Applied Biosystems) for 

IFN-β gene with FAM dye and β-actin gene with VIC dye. Results were analyzed to 

obtain Ct values. Relative levels of IFN mRNA and β-actin mRNA were determined by 

calculating ΔCT (comparative threshold) values. The expression of IFN-β gene was 

normalized to levels of β-actin mRNA. The normalized IFN-β expression levels of vector 

transfected cells was set to 1 to which expression levels of samples were compared and 

presented as fold changes.  Each sample was run in three replicates. 
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Chapter 3 

AKT1-Dependent Activation of NF-κB by the L Protein of Parainfluenza Virus 5 

 

This Chapter is partly a reprint of a paper originally published in The Journal of 
Virology. The co-authors are: Dengyun Sun, Matthew Wolfgang and Biao He. The 
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3.1 ABSTRACT 

 

 Innate immunity plays a critical role in controlling viral infections. The induction 

of innate immune responses requires activation of transcription factors. In particular, NF-

κB plays an essential role in activating the expression of cytokines involved in innate 

immunity such as beta interferon (IFN-β) and interleukin-6 (IL-6). However, the 

mechanisms by which viruses activate NF-κB are poorly defined. Infection by 

parainfluenza virus 5 (PIV5), a prototypical member of the Paramyxoviridae family of 

Mononegavirales, has been shown to activate the expression of IFN-β and IL-6. To 

examine how PIV5 induces this expression, we have examined the activation of NF-κB 

by PIV5 proteins. We have found that expression of PIV5 L protein alone is sufficient to 

activate NF-κB. The L protein of PIV5, the catalytic component of the viral RNA-

dependent RNA polymerase, contains six domains that are conserved among all negative-

stranded nonsegmented RNA viruses. We have mapped the region that activates NF-κB 

to the second domain, which is thought to be involved in RNA synthesis. The activation 

of NF-κB by L requires AKT1, a serine/threonine kinase, since AKT1 small interfering 

RNA, an AKT inhibitor as well as a dominant-negative mutant of AKT1, blocks this 

activation. Furthermore, we have found that L interacts with AKT1 and enhances its 

phosphorylation. 
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3.2 Background 

 

Viruses in the Paramyxoviridae family of Mononegavirales include many 

important human and animal pathogens such as the human parainfluenza viruses (PIVs), 

Sendai virus, mumps virus, Newcastle disease virus, measles virus, rinderpest virus, and 

human respiratory syncytial virus as well as emerging viruses such as Nipah virus and 

Hendra virus. PIV5, formerly known as simian virus 5 (9), is a prototypical member of 

the Rubulavirus genus of the family Paramyxoviridae (22). Although PIV5 was 

originally isolated from cultured primary monkey cells, its natural host is dog, in which it 

causes kennel cough (31). PIV5 can infect humans (10), but no known symptoms or 

diseases in humans have been associated with exposure to PIV5 (19). The single-stranded 

RNA genomes of members of the Mononegavirales family range from approximately 

11,000 to 19,000 nucleotides in length and encode a linear array of genes separated by 

nontranscribed sequences (22, 24). The viral RNA-dependent RNA polymerase (vRdRp) 

that is responsible for both transcription and replication of the nucleocapsid protein (NP 

or N)-encapsidated RNA genome minimally consists of two proteins, the phosphoprotein 

(P) and the large polymerase (L) protein (13). The 220 to 250 kDa L proteins of negative 

nonsegmented RNA viruses (NNSV) encode a number of functions in addition to RNA 

transcription and replication, including methyltransferase and guanyltransferase 

transcription, polyadenylation, and RNA editing activities. The sequence comparison of 

the L proteins and the other RNA polymerase indicate that the L proteins have six 

conserved domains (266, 312). 
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Innate immunity plays a critical role in controlling virus infection. Among the 

essential elements for the induction of innate immune responses is the activation of 

nuclear factor κB (NF-κB), which regulates the expression of anti-viral cytokines such as 

interferon-β, and major proinflammatory cytokines such as TNF-α and IL-6.  The NF-κB 

family of transcription factors includes NF-κB1 (p105), NF-κB2 (p100), Rel A (p65), Rel 

B and c-Rel, which can be divided into two classes dependent on their transactivation 

properties and mode of synthesis. p65, Rel B and c-Rel are translated as mature proteins 

and contain an N-terminal Rel-homology domain (RHD), essential for dimerization, 

interaction with IκBs and DNA binding, and a C-terminal transactivation domain. p105 

and p100 contain RHD domains at their N-termini and ankyrin repeats at their C-termini 

and are precursors for p50 and p52, respectively. The precursors undergo ubiquitin-

dependent proteolysis to remove the C-terminal domains to generate p50 and p52, which 

only have RHD domains enabling them to dimerize and bind DNA but not transactivate 

transcription. p65 has the strongest transactivation domain and is responsible for most 

NF-κB transcriptional activities. Pathways leading to activation of NF-κB family 

members have been well documented. In the classical pathway, NF-κB proteins form 

homodimers or heterodimers and are sequestered in the cytoplasm in association with 

inhibitor of κB (IκB) (30). Activation of NF-κB is dependent on the activity of the IκB 

kinase (IKK) complex, which consists of the IKKα, β and γ (NEMO, NF-κB essential 

modifier) subunits. Phosphorylation of IκB at two N-terminal serine residues by IKKβ 

complex results in its ubiquitin-dependent degradation, thus exposing nuclear localization 

signals in NF-κB and translocation of the NF-κB dimer to the nucleus, where it is further 
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modulated by phosphorylation (388).  Activation of the IKK complex can be triggered by 

a number of different signal transduction pathways.  Alternatively, in the non-canonical 

pathway, catalytic subunits of IKK, IKKα and another kinase, NIK, can be activated to 

remove the C-terminal domain of p100 to generate p52, allowing p52 dimers to 

translocate into the nucleus and bind to specific sequences of promoter or the enhancer 

regions of the target genes. The molecular mechanisms of the activation of many of these 

cytokines by virus are not clear. Previously, it has been shown that NF-κB factors and IL-

6 are activated by infection with a mutant parainfluenza virus 5 lacking a cysteine rich C-

terminus of the V protein (rPIV5VΔC) (197). In this study, we have investigated the 

mechanism of activation of NF-κB by PIV5 proteins. 

 

AKT, also known as protein kinase B (PKB), was first discovered in the AKT8 

retrovirus as a viral proto-oncogene capable of transforming certain cells (reviewed in 

reference (38)). Identification and cloning of the AKT gene showed that it has high 

homology to genes encoding protein kinases A and C: hence the name PKB. Three 

mammalian AKT genes (AKT 1, -2, and -3, also known as PKB α, β and γ, respectively) 

have been identified, and all have serine/theronine kinase activity. AKT proteins contain 

a pleckstrin homology domain, a catalytic domain, and a regulatory domain and are 

activated by phosphorylation. There are two major phosphorylation sites within AKT, 

amino acid residues T308 and S473, which are phosphorylated by PDK1 (PI3K-

dependent kinase 1) and the rictor-mTOR complex, respectively (279, 296). AKT is a key 

regulator in the PI3K signaling pathway and plays an important role in many cellular 

processes such as cell survival, metabolism, growth, proliferation, and mobility. AKT has 
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many downstream targets, including IKK alpha (IKKα), whose phosphorylation by 

AKT1 can lead to activation of NF-κB (87). Recently, it was reported that AKT plays a 

critical role in replication of NNSV, possibly through phosphorylation of the P protein 

(329). In this study, we found that the viral L protein activates NF-κB through an AKT1-

dependent pathway. 
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3.3 RESULTS 

 

3.3.1 Activation of NF-κB by PIV5 proteins 

 

Previously, it has been shown that a recombinant PIV5 lacking the conserved 

region of the V protein (rPIV5VΔC) activates expression of IFN-β and IL-6 and that NF-

κB is activated in rPIV5V∆C-infected cells (125, 197). To investigate the mechanism of 

NF-κB activation, we examined the ability of viral protein expression to activate NF-κB-

dependent reporter gene expression. A reporter gene construct, pNF-κB-TATA-F-Luc, 

containing a firefly luciferase (F-Luc or FL) gene under the control of a promoter 

containing three NF-κB binding sites along with transfection control plasmid, phRL-TK 

which has renilla luciferase (R-Luc, or RL) under the control of a HSV TK promoter 

were transfected with a plasmid encoding PIV5 viral protein NP, V, P, M, F, SH, HN or 

L. The luciferase activities were determined one day post-transfection. Among the known 

PIV5 proteins, the L protein demonstrated the highest level of activation of NF-κB-

dependent reporter gene expression (Figure 3.1A), indicating that L is capable of 

activating NF-κB.  The expression levels of HN and L necessary for NF-κB activation 

was lower than in PIV5-infected cells while expression levels of the other proteins 

greater than those seen in infected cells were insufficient to induce NF-κB-dependent 

transcription (Figure 3.1B). To further confirm the activation of NF-κB by L, an 

electrophoretic mobility gel shift assay (EMSA) was performed. As expected, nuclear 
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extracts prepared from L-transfected cells at 1 day post transfection shifted the mobility 

of a 32P-labeled NF-κB probe (Figure 3.2A), whereas nuclear extract from mock or V-

transfected cells had no effect. This binding was competed away by excess “cold” 

competitor, but not a “cold” mutant NF-κB probe, confirming that the L protein 

specifically activates NF-κB.  

 

NF-κB consists of five subunits. To investigate which NF-κB factor is activated 

by L, an ELISA-based assay was carried as described before (103, 197).  As shown in 

Figure 3.2B, L expression activates the p50, p52 and p65 subunits of NF-κB, the same 

set of NF-κB factors that are activated in rPIV5V∆C-infected cells and to a lesser extent 

activated c-Rel and RelB (Figure 3.2C) (197).  Taken together these results, we suggest 

that L is capable of activating NF-κB and is the major player in NF-κB activation during 

infection.  

 

Previously it has been reported that the V protein expression can block the NF-κB 

activation in rPIV5V∆C-infected cells (197). We investigated the effect of the V protein 

expression on NF-κB activation by the L protein. A dual luciferase experiment was 

performed and we observed that the co-expression of the V protein with the L protein, 

results in significant reduction in NF-κB promoter activation (Figure 3.2D). This 

suggested that the V protein plays a role in blocking activation of NF-κB by L, as 

observed in the case of rPIV5V∆C-infected cells (197).  
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3.3.2 Activation of IFN-β and IL-6 Promoters by L 

 

It is known that NF-κB activation plays an important role in expression of 

cytokines, chemokines and growth receptors, thus playing an essential role in immune 

responses. To examine whether PIV5 L has a role in cytokine activation, its effect on IL-

6 and IFN-β activation was studied by reporter gene assay as above.  As shown in Figure 

3.3A, transfection of increasing amounts of L plasmid results in higher luciferase 

transcription from the IFN-β promoter, indicating that L plays a role in IFN-β activation. 

As expected, L activates IL-6-dependent reporter gene expression in a dosage-dependent 

manner, indicating that L can also activate the IL-6 promoter (Figure 3.3B). Mutating the 

NF-κB binding site within the IL-6 promoter as well as removing the regulatory 

sequences of the IL-6 promoter abolished activation of the IL-6 promoter by L, indicating 

that IL-6 promoter activation by L requires NF-κB binding.  

 

3.3.3 Mapping of the region within L essential for NF-κB activation 

 

The PIV5 L protein is ~250kD and consists of six domains that are conserved 

among all NNSVs. To investigate which domain(s) is involved in NF-κB activation, a 

series of L mutants was generated (Fig. 3.4A) and tested using the NF-κB-dependent 

reporter gene assay as described above. The L mutant plasmid consisting of N-terminal 

four domains of L (LΔC) was capable of activating NF-κB but LΔN did not (Figure 

3.4B). Further analysis of the L∆C indicated that domains I and II are sufficient to 
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activate NF-κB. Since the domain I alone does not activate NF-κB, domain II is likely 

the essential region of L for NF-κB activation. However, it is not clear whether the 

domain II is sufficient for activating NF-κB. 

 

To confirm this observation, a gel shift assay was conducted as described before 

with nuclear extracts prepared from L-, LI-, LI-II-, or LI-III- transfected cells. The NF-

κB-protein complex was observed in nuclear extracts from L-, LI-II-, or LI-III-

transfected cells, but not from that of vector or LI- transfected cells, confirming 

activation of NF-κB by L-I-II (Figure 3.4C).  The expression levels of LI and LI-II in 

this experiment were comparable as determined by immunoblotting (Figure 3.4D).   

 

3.3.4 AKT1 plays an essential role in NF-κB activation by L 

 

 To further elucidate the mechanism of NF-κB activation by PIV5 L protein, we 

examined the role of AKT1 in this process. We have focused on the role of AKT1 for two 

reasons. AKT1 is known to activate NF-κB through phosphorylation of IKKα (152, 247, 

279). It has been reported that AKT1 plays a critical role in replication of PIV5, a process 

for which L is also important (329). Therefore, we examined the ability of L to activate 

NF-κB dependent reporter gene expression in the presence of AKT inhibitor IV, a 

chemical compound which can inhibit all three isoforms of AKT.  As shown in Figure 

3.5A, AKT inhibitor treatment resulted in reduced luciferase activities in the presence of 

L, indicating that AKT is important in activation of NF-κB by L. To further confirm 
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these results, increasing amounts of a plasmid encoding a dominant negative mutant of 

AKT1 (AH-AKT1) were co-transfected with L and NF-κB-dependent transcription was 

assayed as above. Co-expression of AH-AKT1 inhibited L-activated NF-κB reporter 

activity in a dosage dependent manner (Figure 3.5B and Figure 3.5C), confirming that 

AKT1 plays a critical role in the activation of NF-κB by L. Similar results were obtained 

using a different AKT1 dominant negative (AAA-AKT1) that contains mutations at the 

phosphorylation sites (Thr308 and Ser473) and the ATP binding site (Figure 3.5D and 

Figure 3.5E). To test whether, AKT1 plays a critical role in activation of NF-κB, AKT1 

expression level was reduced by transfecting cells with siRNA (Figure 3.5F). As 

predicted, reducing AKT1 expression level results in the reduction of NF-κB-dependent 

reporter gene expression by L (Figure 3.5G), indicating that AKT1 plays an essential 

role in activation of NF-κB by L. 

 

3.3.5 Phosphorylation of AKT1 by PIV5 L protein 

 

AKT1 is activated through phosphorylation at specific sites: T308 and S473. The 

role of phosphoinositide 3-kinase (PI3K) signaling pathway has been identified in 

activation of AKT. To examine if PI3K signaling is critical for L-mediated activation of 

NF-κB, we used inhibitor against PI3K, wortamannin. Interestingly, we found that the 

activation of NF-κB by L was not affected in presence of the inhibitor suggesting that 

AKT is activated independent of PI3K (Figure 3.6A and Figure 3.6B). To investigate 

the mechanism of AKT1-dependent activation of NF-κB by L, the effect of L on 
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endogenous AKT1 phosphorylation was examined. BSR T7 cells were transfected with 

empty vector, or plasmids expressing AKT1, L-I or LI-II. The cells were lysed and the 

amount of phosphorylated AKT1 at residue T308 were measured using an ELISA kit. As 

shown in Figure 3.6C, the cells transfected with LI-II gives raise higher level of T308 

phosphorylation than the cells transfected with other plasmids. However, the level of 

T308 in LI-II-transfected cells is low compare with positive control, PDGF-treated cells. 

This is likely due to the fact that transfection only introduces a portion of cells with 

plasmids while AKT1 in all cells is activated with PDGF treatment. To further investigate 

phosphorylation of AKT1, a plasmid encoding Flag-tagged-AKT1 was co-transfected 

with LI-II plasmid or empty vector into cells.  AKT1 was immunoprecipitated using anti-

Flag antibody and total or phosphorylated AKT1 was detected by immunoblotting. As 

shown in Figure 3.6D, expression of LI-II enhanced phosphorylation of AKT1 at both 

T308 and S473. The level of the enhancement is comparable to the positive control, 

PDGF-treatment (Figure 3.6E).  

 

We next investigated whether L and AKT1 can interact using an in vitro 

transcription/translation system.  As shown in Figure 3.7A, AKT1 co-precipitated with 

both LI and LI-II, indicating that the domain I of PIV5 L can interact with AKT1. In 

addition, we confirmed this interaction by a yeast two-hybrid system (Figure 3.7B), 

using LI-III, which is sufficient for NF-κB activation (Figure 3.4B), as the bait and 

AKT1 as the prey. We found yeast grew on selective plates only when transformed with 

both LI-III and AKT1 plasmids, indicating that AKT1 interacts with the N-terminal three 

domains of L. 
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Figure 3-1. NF-κB activation by PIV5 proteins. (A) L activates NF-κB promoter  
activation.  A plasmid encoding a F-Luc under the control of NF-κB responsive 
elements was co-transfected into cells with increasing amounts (0, 250, 500, 750, and 
1,000 ng) of a plasmid encoding each PIV5 viral protein along with a plasmid 
encoding R-Luc as a transfection efficiency control. Empty vector was used to 
maintain a constant amount of DNA. Luciferase activities were measured at 1 day 
post-transfection and are expressed as the F-Luc/R-Luc ratio values normalized to 
vector-transfected cell results. All transfections were carried out in replicates of four; 
error bars represent standard errors of the means. (B) Expression of viral proteins.  
The BSR T7 cells were infected (wt-PIV5) or transfected (with plasmids encoding 
PIV5 viral proteins) and [35S]Met and [35S]Cys metabolic labeled 
immunoprecipitation experiment was performed. The precipitated proteins were 
resolved by SDS-PAGE and visualized using a Storm PhosphorImager (Molecular 
Dynamics). 
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Figure 3-2. Activation of NF-κB by L. (A) EMSA. Nuclear extracts were obtained 
from the transfected cells with appropriate plasmids for EMSA and incubated with 
32P-labeled NF-κB probe and appropriate competitors. TNF-α, nuclear extracts from 
cells were treated with 20 ng of TNF-α/ml for 2h. “Probe (-)”- NF-κB DNA primers 
labeled with 32P; “S (specific competitor)”-unlabeled NF-κB probe (20-fold excess); 
“NS (Non-specific competitor)”- unlabeled mutant NF-κB probe (20-fold excess). (B 
and C) ELISA. The nuclear extracts from the samples were analyzed for NF-κB 
factor activation by using an NF-κB transcription factor ELISA from Active Motif and 
following the manufacturer’s instructions. The positive control was nuclear extract 
from Raji cells provided by the manufacturer. P values are shown in the graph. OD, 
optical density. (D) V inhibits activation of NF-κB by L. A dual luciferase 
experiment was performed for NF-κB activation. Plasmids encoding for V (800 ng) 
and L (800 ng) along with luciferase plasmids were transfected into cells and the 
reporter assay was performed 20h after transfection as described before Fig 3.1A. 
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Figure. 3-3. Activation of IFN-β  and IL-6 promoters by L. (A) IFN-β  promoter 
activation. Dual luciferase reporter gene assays were performed similar to in Fig. 
3.1A with firefly luciferase under the control of the IFN-β promoter instead of a NF-
κB-responsive element. (B) IL-6 promoter activation. A luciferase assay was 
performed as described in 3.3A using plasmid constructs containing a firefly luciferase 
gene under the control of the wild-type IL-6 promoter (pIL6wt-F-Luc), an NF-κB 
binding site mutant of the IL-6 promoter (pIL6-κB mut), IL-6-TATA, which consists 
only of the TATA box of IL-6 promoter. Relative luciferase activity values represent 
ratios of F-Luc to R-Luc (transfection control). Graphs represent data from replicates 
of four experiments ± standard errors of the means. 
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Figure 3-4. Activation of NF-κB by L mutants. (A) Mapping of L sequences that 
are required for activation of NF-κB. Schematic of L mutants. All the mutants with 
an antigenic tag (HA) in pCAGGS expression vector were generated using standard 
molecular cloning techniques. (B) NF-κB activation. A dual luciferase assay was 
performed as described before by using the indicated amounts of expression plasmids. 
Relative luciferase activity values represent ratios of F-Luc to R-Luc. All transfections 
were carried out in replicates of four experiments; error bars represent standard errors 
of the means. (C) EMSA. Cells were transfected with empty vector and plasmids 
encoding L, LI, LI-II, or LI-III. Nuclear extracts were prepared using Marligen Kit and 
were incubated with 32P-labeled NF-κB probe and appropriate competitors and were 
resolved on 6% polyacrylamide gel. TNF-α, nuclear extracts from cells were treated 
with 20 ng/ml of TNF-α for 2h. “Probe (-)” - NF-κB DNA primers labeled with 32P; 
“s” - unlabeled NF-κB probe (20-fold excess); “ns” - unlabeled mutant NF-κB probe 
(20-fold excess). (D) Expression levels of L mutants. Immunoblotting with anti-HA 
antibody was used to analyze the expression of L mutants in transfected cell extracts. 
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Figure 3-5. AKT plays a critical role in activation of NF-κB by L. (A) Effect of 
AKT inhibitor on L-activated NF-κB. A dual luciferase assay was performed as 
described for Fig.3.1A in the presence of AKT IV inhibitor (0.5 µM) (Calbiochem) or 
vehicle (dimethyl sulfoxide [DMSO]). (B and D) Inhibition of L-activated NF-κB 
by DN AKT1. Reporter gene assays were carried out as described before in presence 
of dominant negative of AKT: AH-AKT or AKT1-AAA (800 ng/µl). (C and E) 
Expression levels of L in the presence of AKT1 DN. Lysates from the luciferase 
assay were used for western blotting with anti-Flag antibody to examine the 
expression of L in the presence of AH-AKT or AAA-AKT. (F) Reduction of NF-κB 
activation after AKT1 knockdown with siRNA. The cells were transfected with 
siRNA targeting AKT1 or with control siRNA. After 48h of siRNA transfection, the 
cells were transfected with plasmids encoding L along with reporter luciferase genes 
as described before. Luciferase activities were measured at 24h after plasmid 
transfection. (G) Expression levels of AKT1 in siRNA-transfected cells. The 
amounts of AKT1 and β-actin were examined using the lysates from luciferase for 
immunoblotting with anti-AKT1 and anti-β-actin antibodies. 
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Figure 3-6. L enhances phosphorylation of AKT1. (A) AKT activation is 
independent of PI3K. A dual luciferase experiment was performed as described in 
Fig. 3.5A, in presence of PI3K inhibitor -Wortamannin (1 µM) or vehicle DMSO. (B) 
Expression of L in presence of PI3K inhibitor. The lysates from luciferase assay 
were collected and were used for western blotting with anti-Flag antibody to examine 
the expression of L in the presence of PI3K inhibitor. (C) Expression of L enhances 
phosphorylation of endogenous AKT1. Cells were transfected with vector, LI, or LI-
II and then lysed at 1 day after transfection. The levels of phosphorylation at T308 
were examined using an ELISA kit (Cell Signaling) with T308 phosphorylation-
specific AKT1 antibody. PDGF, cells were treated with 50 ng/ml PDGF for 10 min in 
media without serum after serum starvation of cells for 3h. NC, negative control, 
untransfected cells without PDGF treatment. (D) Expression of L enhances 
phosphorylation of AKT1. Immunoprecipitation of cells transfected with Flag-
tagged AKT1 along with vector, LI, or LI-II followed by immunoblotting with AKT1 
antibody or phosphorylation-specific AKT1 antibodies was performed. Cells 
transfected with AKT1-Flag and treated with PDGF (50 ng/ml) for 15 min in DMEM 
without serum after serum starvation for 40 min were used as a positive control. (E) 
Quantification of phosphorylation of AKT1 by L. The average values for 
phosphorylation of AKT1 from the results of three independent experiments were 
graphed. The ratio of phosphorylated AKT (at T308 or S473) to total AKT from cells 
transfected by AKT1 alone was set at 1. Error bars represent standard errors of the 
means.  
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Figure 3-7. L interacts with AKT1. (A) Co-immunoprecipitation of L and AKT1. 
35S-labeled LI and LI-II were synthesized by in vitro transcription and translation kit. 
AKT1 was obtained from cells transfected with AKT1 expression plasmid. 35S-labeled 
LI or LI-II was mixed with cell lysate containing AKT1 and immunoprecipitated with 
anti-AKT1 antibody. NC, negative control containing no in vitro-synthesized 
fragment. (B) Interaction between LI-III and AKT1 in yeast two-hybrid system. 
The plasmids encoding BD or AD alone or hybrid proteins LI-III-BD or AKT1-AD 
were transformed into the L40 yeast strain that contains His as a reporter gene. The 
transformed yeast cells were grown on YC-WU Z300, which selects for the two 
plasmids encoding BD and AD. Interaction of LI-III-BD and AKT1-AD led to 
activation of His, resulting in growth in YC-WHUK Z300 His-deficient medium. Jun-
BD and Fos-AD, which are known to interact with each other, were used as positive 
controls. 
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3.4 DISCUSSION 

 

A critical factor in the control of virus infection is the induction of innate 

immunity, such as induction of the expression of antiviral (e.g., IFN-β) and pro-

inflammatory (e.g., IL-6) cytokines. Cytokine production requires the coordinated 

activity of a number of signal transduction molecules, leading to the activation of 

cytokine transcription by specific transcription factors such as IRF-3 and NF-κB.  

Recently, a great deal of progress has been made in elucidating the pathways that lead to 

IRF-3 activation after viral infection (reviewed in (272)).  However, stimulation of NF-

κB by viruses has been less well characterized. Previously, it has been reported that a 

mutant PIV5 (a recombinant PIV5 lacking the conserved C-terminus of the V protein, 

rPIV5V∆C) can activate expression of IFN-β and IL-6 (125, 197, 268).  Further studies 

indicated that IFN-β induction was the result of activation of IRF-3 by the RIG-like 

helicase pathway, specifically through MDA5 (9). While IL-6 expression by rPIV5V∆C 

infection requires NF-κB activation (197), the mechanisms by which this occurs are not 

clear.  Here, we provide evidence that the PIV5 L protein activates NF-κB through an 

AKT1-dependent pathway. To the best of our knowledge, this is the first report that a 

viral polymerase can activate NF-κB and that AKT1 plays a critical role in this activity.  

  

AKT1 is a serine/threonine kinase that plays a critical role in many cellular 

processes. Activation of AKT1 often involves  phosphorylation of two critical amino acid 

residues at position 308 (Threonine, T308) and 473 (Serine, S473). It is well established 
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that PDK1 and the rictor-mTOR complex can phosphorylate T308 and S473 respectively. 

Interestingly, the expression of the L protein alone caused enhanced phosphorylation at 

both sites of AKT1 and PI3K was not found to be important for this activation. In the 

case of PDGF activation of AKT1, it is thought that phosphorylation of the residue 308 

facilitates the phosphorylation of residue 473. How L stimulates AKT phosphorylation 

still remains to be determined.  

 

Previously, it has been reported that AKT1 plays a critical role in the replication 

of NNSVs (329). We speculate that AKT is important for NNSV replication due to its 

ability to phosphorylate the viral P protein, an essential co-factor of the vRdRp, whose 

function is regulated by extensive phosphorylation. Since AKT1 is not constitutively 

active in untransformed cells, we reason that the virus would need to activate AKT1 in 

order to replicate efficiently in vivo. Thus, L would not only provide the enzymatic 

functions for RNA synthesis, but would also stimulate transcription/replication by 

inducing the phosphorylation of P. Activation of NF-κB via the AKT1 pathway would 

therefore be a by-product of stimulating the kinase activity of AKT1. Interestingly, the V 

protein of PIV5 which is known to prevent IFN-β production and signaling can block the 

activation of NF-κB by the L protein. A proposed mechanism of L mediated activation of 

AKT and NF-κB is shown in Figure 3.8. 

 

The structure of the L protein is well conserved among all NNSVs. There are six 

conserved domains within L, though the functions of these domains are not well defined. 

Domain III contains a conserved region resembling catalytic center of polymerase and is 
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thus considered the catalytic domain (206, 321). Domain VI contains a methylase domain 

since mutations in the domain affect methylation of the 5’ viral mRNA (112, 182). The 

function of domain II has not been defined. Previous reports indicate that this region may 

contain a template-binding site and is involved in RNA synthesis (227, 320). In this 

study, we found that domain II is essential for stimulating the phosphorylation of AKT1, 

suggesting that the domain II may have intrinsic kinase activity or may be associated with 

a host kinase. Whether NNSV L proteins have kinase activity has been controversial. 

There are reports indicating that L of VSV (New Jersey serotype) and Sendai virus may 

have intrinsic kinase activity (20, 21, 91, 114, 295). However, other reports suggest that 

the L-associated kinase activity may come from a host kinase that interacts with L (105, 

213). In RSV, it has been reported that L does not have intrinsic kinase activity (22). Our 

results indicate that L interacts with AKT1 and enhances its phosphorylation. It is 

possible that L and AKT1 form a complex with a cellular kinase, which in turn, 

phosphorylates and activates AKT1.  

 

In summary, this work demonstrates that the L protein enhances phosphorylation 

of AKT1 and induces activation of NF-κB, suggesting that the L protein may play a role 

in viral pathogenesis in addition to its well-known roles in viral RNA synthesis. 
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Figure 3-8. Proposed mechanism for the activation of AKT in virus-infected cells 
and the roles of AKT in virus replication. Previously, it has been showed that AKT 
plays a critical role in phosphorylation of the P protein, which is an essential 
component of vRdRp (329). We propose that the L protein activates AKT by 
stimulating phosphorylation of AKT. The activated AKT contributes to the activation 
of the expression of cytokines such as IFN-β and IL-6 as well as phosphorylation of P. 
Since the V protein blocks expression of IFN-β and IL-6 and the V protein interacts 
with AKT, we speculate that the V protein can block the activation of NF-κB likely 
through its interaction with AKT. 
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Chapter 4 

 

Activation of Interferon-β  expression by a viral mRNA through RNase L and 
MDA5 

 

This Chapter is partly a reprint of a paper originally published in Proceedings of the 
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4.1 Abstract 

 

The innate immune response mediated by interferons (IFNs) is the frontline 

defense against viral infections in vertebrate animals. IFNs initiate signal transduction to 

antiviral genes that limit infections by many types of viruses. MDA5, a RNA helicase, is 

a key component in activating expression of type I IFNs in response to certain types of 

viral infections. It has been reported that MDA5 senses non-cellular RNA and triggers the 

signaling cascade that leads to IFN production. Short synthetic and viral double-stranded 

RNAs are known activators of MDA5. However, natural single-stranded RNAs have not 

been reported to activate MDA5. Here, we have serendipitously identified a viral mRNA 

encoded by the L gene of PIV5 that activates IFN expression through MDA5 and provide 

evidence that the signaling pathway includes the antiviral enzyme, RNase L. Our results 

indicate that a viral mRNA, with 5’-cap and 3’-poly (A), can activate IFN expression 

through an RNase L-MDA5 pathway.  
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4.2 BACKGROUND 

 

Interferon plays a critical role in the innate immune responses against viral 

infections. Viruses trigger expression of IFN-β in initially infected cells and IFN-β can 

lead to activation of IFN-α expression through phosphorylation of IRF-7 (210, 297).  

IFNs induce an antiviral state in cells that inhibits spreading infection. MDA5 (melanoma 

differentiation-associated gene 5), a RNA helicase, plays an essential role in the 

activation of IFN expression (10). MDA5 is involved in the cytoplasmic sensing of 

infections by some RNA viruses (5). Recognition of RNA molecules generated during 

viral infections by MDA5 leads to activation of IFN-β promoter stimulator (IPS)-1, NF-

κB and IFN expression (158).  

 

How MDA5 differentiates between self and non-self RNA is not clear but it has 

been reported that stable, long, double stranded (ds) RNA structures greater than 2 

kilobase pairs (kb) in size, presumably with 5’-triphosphates generated during RNA virus 

infection (not typical of self RNA) may serve as a distinguishing factor for MDA5 

specific recognition (156).  Long synthetic dsRNA polymers of poly(I):poly(C) are often 

used as a surrogate for the putative activator of MDA5 (108). However, Pichlmair et. al. 

reported that long dsRNA was not sufficient to activate IFN expression through MDA5-

dependent pathway and higher-order RNA structures containing both dsRNA and single 

stranded (ss) RNA are activators of MDA5-dependent IFN expression (261). The nature 
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of the higher-order RNA structure remains undefined and the actual molecular identity of 

the ligands is unclear. A natural RNA trigger for MDA5 has not been identified. 

 

The role of MDA5 in regulating IFN expression was first reported in the studies 

of parainfluenza virus 5 (PIV5) [formerly known as simian virus 5 (SV5)] (10, 53). PIV5 

is a prototypical paramyxovirus in a family of nonsegmented, negative-stranded RNA 

viruses that includes many important human and animal pathogens, including mumps 

virus, measles virus, Nipah virus, and respiratory syncytial virus (173). PIV5 was 

originally isolated from cultured primary monkey cells, its natural host is the dog in 

which it causes kennel cough (219). PIV5 can infect humans (61), but no known 

symptoms or diseases in humans have been associated with PIV5 (135). PIV5 has seven 

genes and encodes eight viral proteins (175). The viral RNA-dependent RNA 

polymerase, minimally consisting of the L protein and the P protein, transcribes the 

nucleocapsid protein (NP or N)-encapsidated viral genome RNA into 5′ capped and 3′ 

polyadenylated mRNAs (94).  

 

The V protein of PIV5, a component of PIV5 virions (~350 molecules per virion), 

is a multifunctional protein and plays important roles in viral pathogenesis. The V protein 

C-terminal domain contains seven cysteine residues, resembling a zinc finger domain, 

and binds atomic zinc (199, 256), which is conserved in all paramyxoviruses. The V 

protein of PIV5 interacts with the soluble NP protein (271) and the N-terminal domain of 

the V protein binds RNA through a basic region (193). The V protein regulates viral 

RNA synthesis (190) and interacts with a cellular protein (DDB1), the 127 kDa subunit 
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of the damage-specific DNA-binding protein (DDB) that is involved in damaged DNA 

repair. The V protein of PIV5 can cause degradation of STAT1 protein, an essential 

regulator of IFN signaling, through a proteasome-mediated pathway in human cells but 

not in mouse cells (81) by forming a complex with DDB1, Cul4A, STAT1 and STAT2, 

and V has an E3 ubiquitin ligase activity (253, 351). A recombinant virus lacking the C-

terminus of the V protein of PIV5 (rPIV5V∆C) induces a higher level of IFN expression 

than wild-type virus, indicating that the V protein plays an essential role in blocking IFN 

production in virus-infected cells (125, 268). Andrejeva et. al. found that the V protein 

interacts with MDA5, resulting in a blockade of activation of IFN-β expression (10). 

They also found that knocking down expression of MDA5 reduces IFN expression 

induced by poly(I):poly(C), indicating that MDA5 plays an essential role in induction of 

IFN expression by dsRNA.  The endoribonuclease RNase L has been reported to be 

important for activating the antiviral immune response to RNA virus infection or dsRNA 

stimulation (205). RNase L is activated by 2-5 oligoadenylate and results in production of 

small RNA cleavage products and hence initiation of interferon production. In this work, 

the activation of IFN by rPIV5V∆C infection has been investigated and a viral mRNA 

encoded by L gene of PIV5 with 5’-cap has been identified as an activator of IFN 

expression through MDA5-dependent pathway that includes RNase L.  

 



 

 

 

4.3 Results 

 

4.3.1 Region II of the L gene activated NF-κB independent of AKT1 

 Previously, it has been reported that rPIV5V∆C induces expression of IL-6, as 

well as activates NF-κB (197, 203), furthermore the L gene of PIV5 is sufficient to 

activate NF-κB (203). The L gene has six regions that are conserved among all the L 

proteins of negative stranded, nonsegmented, RNA viruses (265). The portion of the L 

gene containing the conserved regions I and II (L-I-II) together is sufficient to activate 

NF-κB (203). To further investigate the role of the L gene in activation of NF-κB, we 

performed deletion mutagenesis of the region within the L gene. We found that region II, 

which contains 144 amino acid residues, was sufficient for the activation of NF-κB using 

a reporter gene assay (Figure 4.1A) and the result was confirmed using electrophoretic 

mobility shift assay (EMSA) (Figure 4.1B). This result came as somewhat a surprise 

since previously we have shown that the activation of NF-κB by the L gene requires 

AKT1 and region I (L-I) which binds to AKT1 (203).  

We examined the interaction between AKT1 and L-II and confirmed that L-II did 

not bind to AKT1 (Figure 4.2A). Interestingly, this activation by L-II did not require 

AKT1 because an AKT1 inhibitor, AKTIV or an AKT1 dominant negative (DN) mutant, 

had no effect on activation of NF-κB by the L-II (Figure 4.2B and Figure 4.2C).  These 

results indicate that the L-II region activated NF-κB through a novel mechanism. 
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4.3.2 The RNA of region II of the L gene activated NF-κB 

 Because RNA can activate NF-κB (272), we speculated that the RNA sequence 

within the L-II region, not the amino acid residues encoded by the L-II region, might be 

responsible for NF-κB activation. We mutated the start codon of L-II into a stop codon 

(L-II mut) (Figure 4.3A) and found that L-II mut did not express protein although the 

expression levels of RNAs were similar between L-II and L-II mut (Figure 4.3B and 

Figure 4.3C).  Interestingly, this mRNA generated from the plasmid pCAGGS, which is 

under the control of a pol-II promoter (238), activated NF-κB (Figure 4.4A) and the 

result was confirmed by EMSA (Figure 4.4B), suggesting that a mRNA of viral origin 

can activate NF-κB. This activation was not inhibited by the AKT1 inhibitor, AKTIV or 

an AKT1 DN mutant (Figure 4.4C and Figure 4.4D) consistent with previous 

observations (Figure 4.2B and Figure 4.2C). 

4.3.3 The RNA of region II of the L gene activated IFN-β expression  

To investigate the ability of this RNA to activate IFN expression, a plasmid 

containing a reporter gene (F-Luc) under control of an IFN-β promoter was co-

transfected with a plasmid encoding the L-II or L-II mut. As shown in Figure 4.5A, the 

plasmid expressing the L-II RNA activated IFN-β promoter-driven reporter gene 

expression, suggesting that the RNA activated the IFN promoter. Further, the amount of 

IFN-β in the medium of cells transfected with plasmids L-II- or L-II mut-expressing 

respective mRNAs were measured using ELISA. The putative mRNA from the L-II mut 
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plasmid induced equivalent IFN-β production to the positive control, poly(I):poly(C) 

(500 ng/ml) (Figure 4.5B), suggesting that the mRNA indeed activated expression of 

IFN-β. To further confirm that it is the RNA that activated IFN-β expression, the RNAs 

from transfected cells were purified and transfected into fresh cells, and the levels of 

IFN-β in the medium of the RNA-transfected cells were measured after one day. As 

shown in Figure 4.5C, the RNA from the L-II mut-transfected cells produced a higher 

level of IFN-β than the RNAs from vector-transfected cells. The ability of RNA to induce 

IFN-β from virus-infected cells was also examined. Interestingly, both RNAs from wild-

type and rPIV5V∆C induced expression of IFN-β, indicating that RNAs capable of 

activating IFN-β expression exists in virus-infected cells as well (Figure 4.5C). To 

further confirm that the activation of IFN-β is due to the mRNA from the plasmid 

encoding the region II mRNA, mRNAs from the cells transfected with plasmids encoding 

L-II RNA were purified and transfected into fresh cells. The amounts of IFN-β in the 

medium of cells transfected with mRNA from cells transfected with a plasmid expressing 

L-II mRNA were similar to that of those stimulated with poly(I):poly(C). IFN-β was not 

detected in the medium from cells transfected with control RNA from vector-transfected 

cells (Figure 4.5D), indicating that the mRNA from region II plays a critical role in 

activating expression of IFN-β.  

The L-II RNA activated IFN-β transcription in the presence of a protein synthesis 

inhibitor cyclohexamide (CHX) (Figure 4.6A), indicating that the activation of IFN-β 

does not require protein synthesis and that the L-II RNA activated IFN-β expression at 

the RNA level. To validate the role of L-II mRNA in activating IFN-β expression, the 
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mRNA was removed from the total RNA purified from the L-II plasmid-transfected cells 

by carrying out a reverse transcription (RT) reaction using an L-II specific primer, 

followed by treating the RT products with RNase H, which digests RNA in a RNA-DNA 

hybrid. This L-II mRNA-depleted mRNA did not activate expression of IFN-β, 

indicating that L-II mRNA is essential for activation of IFN-β expression (Figure 4.6B). 

A similar experiment was carried out using RNA purified from virus-infected cells 

(Figure 4.6C). The reverse transcription using L-specific primer (region II) but not NP-

specific primer reduced induction of IFN-β expression, indicating that the L mRNA in 

virus infection is responsible for activating expression of IFN-β.  

To determine whether the L-II RNA is capable of activating IFN-β expression by 

itself, we generated a L-II RNA by in vitro transcription using T7 RNA polymerase, and 

we analyzed their sizes by using an agarose gel and also on RNA chip using AGILENT 

bioanalyzer (Figure 4.6D and Figure 4.6E). Both RNAs from the L-I and L-II region 

activated expression of IFN-β as expected (Figure 4.6F), since T7 RNAP transcripts 

have 5’-triphosphate, which is a known activator of IFN through RIG-I. Interestingly, 

while removing 5’-triphosphate with calf intestinal phosphatase (CIP) reduced activation 

of IFN-β by the L-I RNA, this had minimal impact on the effect of L-II RNA, confirming 

that the L-II RNA in its own right can activate IFN-β expression (Figure 4.6F). 

Furthermore, a plasmid expressing a mutant L gene with two stop codons placed 

downstream in-frame of its start codon induced activation of NF-κB and IFN-β, 

confirming that the L mRNA is capable of activating expression of IFN-β (Figure 4.7A 
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and Figure 4.7B). We also confirmed that this new L mut did not express any protein by 

performing immunobloting experiment (Figure 4.7C). 

4.3.4 The RNA of region II of the L gene activated IFN-β  expression through a 

MDA5-dependent pathway  

There are two known cytoplasmic proteins that sense non-cellular RNA: RIG-I 

and MDA5 (157). Both of these proteins activate IFN expression through IPS-1 protein 

(309, 379). Expression of a dominant negative (DN) mutant of IPS-1 blocked the 

activation of NF-κB by plasmids expressing L-II RNA (Figure 4.8A), implying that 

RIG-I and/or MDA5 may play a role in L-II-induced NF-κB activation.  

To determine whether these two proteins are involved in NF-κB activation by L-II 

RNA, we transfected plasmids encoding the L-II RNA into Huh7 or Huh7.5 cells, which 

has a defective RIG-I gene (327). We did not observe a difference in NF-κB activation 

between the two cell lines, suggesting that RIG-I does not play a role in NF-κB signalling 

(Figure 4.9A). Furthermore, RIG-I DN had no effect on the activation of NF-κB (Figure 

4.9B), confirming that RIG-I does not play a role in L gene-induced activation of NF-κB.  

To investigate the role of MDA5, we reduced MDA5 expression using siRNA and 

found that this resulted in reduced NF-κB activation (Figure 4.10A), indicating that 

MDA5 plays a critical role in NF-κB activation. To further examine the roles of RIG-I 

and MDA5 in activating IFN-β expression, the effects of siRNA targeting RIG-I or 

MDA5 on IFN-β promoter activation were investigated. It was observed that siRNA 
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targeting MDA5, but not RIG-I, reduced IFN-β promoter activation by the plasmid 

expressing L-II mut RNA (Figure 4.10B). This was further confirmed by examining 

IFN-β production by cells transfected with plasmids expressing L-II RNA after treatment 

with siRNA targeting RIG-I or MDA5 using ELISA. As shown in Figure 4.10C, MDA5 

siRNA reduced IFN-β production after plasmid transfection, whereas RIG-I siRNA had 

no effect, indicating that MDA5, not RIG-I, plays a role in activating IFN-β expression 

by L-II RNA. 

4.3.5 The RNA of region II of the L gene activated IFN-β  expression through a 

RNase L-dependent pathway 

 Previously, it has been reported that RNase L plays an important role in IFN 

expression (205). To examine the role of RNase L, we have used MEF cells with or 

without RNase L. We found that plasmids expressing L-II RNA activated NF-κB and the 

IFN-β promoter in wild-type MEF, but not in MEF lacking RNase L (Figure 4.11 A and 

Figure 4.11B), suggesting that RNase L plays an important role in activation of IFN-β by 

this viral mRNA. To confirm these results, we transfected wild-type RNase L or a 

defective RNase L into MEF lacking RNase L. We found that the plasmid expressing the 

L-II RNA activated IFN-β in the presence of wild-type RNase L, but not in the presence 

of a defective RNase L lacking ribonuclease activity in MEF (Figure 4.11C). To confirm 

the role of RNase L in activation of IFN-β expression by L-II RNA, effects of siRNA 

targeting RNaseL were examined. As shown in Figure 4.11D, siRNA targeting RNaseL 

reduced induction of IFN-β production.  
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Figure 4-1. Activation of NF-κB by region II of the L gene. (A) A dual luciferase 
assay. BSR T7 cells were transfected with a plasmid encoding firefly luciferase gene 
(F-Luc) under the control of NF-κB responsive elements and indicated amounts of 
mentioned plasmids, along with a plasmid encoding Renilla luciferase (R-Luc) as an 
indicator for transfection efficiency. Empty vector was used to maintain a constant 
total transfected DNA. Luciferase activities were measured at 1 day post-transfection. 
Ratios of F-Luc to R-Luc are used an indicator of reporter gene activity. The activity 
of vector was set as 1 and the rest samples were standardized to the vector. All 
transfections were carried out in replicates of four and error bars represent standard 
deviation (SD). (B) EMSA. Cells were transfected with empty vector and plasmids 
encoding L, L-I, or L-II. Nuclear extracts were obtained and incubated with 32P-
labeled NF-κB probe and appropriate competitors and were resolved on a 6% 
polyacrylamide gel. TNF-α, nuclear extracts from cells treated with 20 ng/ml of TNF-
α, for 3h. “Probe (-)”-NF-κB DNA primers labeled with 32P; “S (specific 
competitor)”-unlabeled NF-κB probe (20-fold excess); “NS (Non-specific 
competitor)”- unlabeled mutant NF-κB probe (20-fold excess). 
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Figure 4-2. Activation of NF-κB by region II of the L gene in an AKT-
independent manner (A) Domain I of L is important for interaction with AKT1. 
35S-labeled L-I and L-II were synthesized by in vitro transcription and translation. 
AKT1 was obtained from cells transfected with AKT1 expression plasmid. 35S-labeled 
L-I or L-II was mixed with cell lysate containing AKT1 and immunoprecipitated with 
anti-AKT1 antibody. (B and C) Activation of NF-κB by the L-II region. A dual 
luciferase assay was performed as described for Fig. 4.1A in the presence of AKT IV 
inhibitor (Inh) (0.5 µM) (Calbiochem) or vehicle [dimethyl sulfoxide (DMSO)] (B) or 
in the presence of AKT1 dominant negative (DN) (C). 
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Figure 4-3 The cloning of L-II mutant plasmid and its expression. (A) Schematic 
of the plasmid expressing L-II mutant RNA. The L-II region was amplified using 
PCR primers that add two copies of HA tags at the C-terminal of L-II region and 
subcloned into EcoRI and NheI site of the vector pCAGGS (239, 272). The size of the 
L-II RNA transcript is about 1,000 nt without poly(A). (B) Expression of L mutants. 
The cells were transfected with vector, L-I, L-II, L-I-II, or L-II mut, and 
immunoprecipitation was performed to analyze the expression levels of the protein. 
(C) Expression of the L RNA. The amount of L-II and L-II mut RNA were compared 
using northern blot with anti-L-II antisense DIG-labeled RNA probe. Methylene blue 
staining was used to indicate the total RNA levels of the samples. “Marker” indicates 
the DIG-labeled RNA molecular weight marker.  
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Figure 4-4. The L-II RNA activates NF-κB in an AKT1 independent manner. (A) 
Activation of NF-κB by the L-II mut. The L-II mutant contains a stop codon in 
place of the start codon of L-II. The reporter gene assay was performed as described in 
Fig.1A. (B) EMSA. The gel shift experiment was performed as described in Fig.4.1B 
using appropriate competitors. (C and D) Activation of NF-κB by L-II RNA is 
independent of AKT1. The dual luciferase experiment was performed using AKT1 
inhibitor (Inh) (C) or AKT1 DN, AKT-AH (D) along with L, L-I-II, L-II, or L-II 
mutant plasmids as described in Fig. 4.2 B and C. All transfections were carried out in 
replicates of four and error bars indicate SD. 
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Figure 4-5. The L-II RNA activated IFN-β expression. (A) Activation of IFN-β  
promoter by the L-II mut. A dual luciferase assay was performed as described in 
Fig. 4.1A. A plasmid containing F-Luc under control of an IFN-β promoter was used 
in place of a NF-κB- containing promoter as described in Fig. 4.1A. (B) Induction of 
IFN-β  production by L-II RNA. Plasmids encoding L-II or L-II mut were 
transfected into HEK293T cells and the amount of IFN-β in the media were measured 
using ELISA at 1 day post-transfection. (C) Activation of IFN-β  by purified RNA. 
Vero cells were transfected with plasmids containing L, L-I, L-II, or L-II mut, or 
infected with wild type PIV5, rPIV5V∆C, or mock-infected. Total RNAs were 
purified from transfected or infected cells. The purifed RNAs were then transfected 
into 293T cells and concentrations of IFN-β in the media were measured using ELISA 
after 1 day. (D) Activation of IFN-β by purified mRNA.  The Vero cells were 
transfected with empty vector or the plasmid containing L-II mut, or infected with 
wild-type PIV5, rPIV5V∆C, or mock infected. mRNAs were purified and transfected 
into 293T cells and IFN-β concentrations after one day were measured using ELISA. 
The graphs are average of three independent experiments and error bars represent SD. 
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Figure 4-6. L-II mRNA stimulates the activation of IFN-β . (A) Activation of IFN-
β  by the L-II in the presence of CHX. The 293T cells in 6-well plates were 
transfected with 1 µg of RNA or 250 ng of poly(I):poly(C) and incubated with CHX 
(20 µg/ml) for 16 hours. The total RNAs were purified and subjected to reverse 
transcription and then real time PCR analysis. The relative IFN-β mRNA level  
represents the normalized values to vector. The ratio IFN-β mRNA and β-actin mRNA 
of vector transfected cells was set to 1.The samples were run in three replicates and 
error bars are SD. (B) Lack of activation of IFN-β  in the absence of the L-II 
mRNA.  The purified L-II RNA was reverse transcribed using a L-II sequence-
specific primer with a reverse transcriptase (RT). The product and/or purified L-II 
RNA were treated or untreated with RNase H (RH). The purified products were then 
transfected into 293T cells and IFN-β concentrations after one day were determined 
using ELISA. (C) Lack of activation of IFN-β  in the absence of the L mRNA. The 
same experiment as in Fig. 4.4C was carried out using RNAs purified from infected 
cells. RT(NP) indicates reverse transcription using NP-specific primer; RT(L-II) 
indicates reverse transcription using L-specific primer (region II). (D) Analyzing the 
size of T7 RNA transcripts. The size of the purified in vitro T7 RNA transcripts used 
in Fig. 4.6F were analyzed on (D) Agarose gel (1%).  (E) RNA chip using an 
Agilent Bioanalyzer. Size markers are indicated. (F) Induction of IFN-β production 
by in vitro transcribed L-II RNA. The L-I and L-II RNA were in vitro synthesized 
using Riboprobe in vitro transcription systems (Promega). The RNA transcripts were 
treated or untreated with CIP to remove 5’-triphosphate and transfected into 293T 
cells. At one day post-transfection, IFN-β concentrations in the medium were 
measured using ELISA. The graphs are average of three independent experiments and 
error bars represent SD.  
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Figure 4-7. Activation of NF-κB and IFN-β  by the L mRNA. (A) Activation of 
NF-κB by the L mut. A mutant L gene with two in-frame stop codons at 6 nts 
downstream of L start codon was generated (L mut). The reporter gene assay was 
performed as described in Fig. 4.1A. (B) Activation of IFN-β  promoter by the L 
mut. A dual luciferase assay was performed as described in Fig. 4.5A (C) Expression 
of L mutants. The cells were transfected with vector, L or L mut, and immunoblotting 
was performed to analyze the expression levels of the proteins.  
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Figure 4-8. The role of IPS-1 in activation of NF-κB and IFN-β  by L-II RNA. (A) 
Effect of IPS-1 DN on activation of NF-κB by L RNA.  A dual luciferase 
experiment was performed, as previously described in Fig. 4.1A using IPS-1 DN with 
a Flag tag (500 ng/µl). (B) Immunoblotting. An immunoblotting experiment was 
performed to examine the expression of IPS-1-DN using anti-FLAG and anti-β-actin 
antibody.  All transfections were carried out in replicates of four and error bars 
represent SD.  
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Figure 4-9. The role of RIG-I in activation of NF-κB and IFN-β by L-II RNA. (A) 
Activation of NF-κB by the L-II RNA in a RIG-I independent manner. At 18-20h 
after transfection, a dual luciferase assay was performed using lysates from Huh7 or 
Huh7.5 cells (RIG-I defective due to a T to I mutation at amino acid residue 55) 
transfected with vector, L, L-I, L-II, or L-II mutant. (B) Effect of RIG-I DN on 
activation of NF-κB by the L-II RNA. A reporter gene assay was performed using a 
plasmid expressing RIG-I DN with a Flag tag (500 ng/µl) along with the plasmids 
indicated. (C) Immunoblotting. An immunoblotting experiment was performed to 
examine the expression of RIG-I-DN using anti-FLAG and anti-β-actin antibody. All 
transfections were carried out in replicates of four and error bars represent SD. 
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Figure 4-10. MDA5 plays a critical role in activation of NF-κB and IFN-β  by 
viral mRNA. (A) siRNA. The cells were transfected with siRNA targeting MDA5 or 
with control siRNA (NT siRNA). At 48h after siRNA transfection, the cells were 
transfected with plasmids encoding L, L-II, or L-II mut, along with reporter luciferase 
genes for NF-κB and renilla luciferase. Luciferase activities were measured at 24h 
after transfection. The amounts of MDA5 and β-actin in the lysates from the dual-
luciferase assay were measured by immunoblot analysis. (B) The role of RIG-I and 
MDA5 in activation of the IFN-β  promoter by viral mRNA. 293T cells were 
transfected with siRNA targeting RIG-I, MDA5 or with non-target (NT) siRNA. 48h 
post-transfection of siRNA, the cells were transfected with vector, L-II mut, or with 
poly(I):poly(C), along with the luciferase reporter plasmids (for IFN-β and renilla). 
The luciferase activity was measure at 18-20h post-transfection. The amounts of 
MDA5 and actin in the lysates from the dual luciferase assay were examined by 
immunoblotting with anti-MDA5 and anti-β-actin antibodies. (C) The role of RIG-I 
and MDA5 in activation of IFN-β  by viral mRNA. siRNA transfection was 
performed as described in Fig 4.10B in 293T cells and at 48h post-transfection of 
siRNA, the cells were transfected with vector, L-II mut, or with poly(I):poly(C). After 
18-20h, amounts of IFN-β in the medium of different samples were measured using 
ELISA. Expression levels of RIG-I and MDA5 were examined by immunoblotting.  
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Figure 4-11. RNase L is critical for the activation of NF-κB and IFN-β  by viral 
mRNA. (A) The role of RNase L in activating NF-κB. A dual luciferase assay for 
NF-κB activation was performed as described in Fig. 4.1A using wild- type (WT) or 
RNase L–deficient MEFs (RLKO). (B) The role of RNase L in activating the IFN-β  
promoter. A dual luciferase assay for IFN-β promoter activation was performed as 
described in Fig. 4.5A using wild-type (WT) or RNase L-deficient MEFs. (C) 
Restoration of IFN-β  activation in RNase L-/- MEF. NF-κB activation after 
knocking in RNase L cDNA in RNase L-deficient MEFs was examined by dual 
luciferase experiment in RNase L-deficient (RLKO). RLKO were transiently 
transfected with RNase L cDNA or inactive RNase L mutant (R667A) cDNA. At 18h 
after transfection, the cells were transfected with 1 µg/µl of vector, L mutants, or L 
RNA along with reporter plasmids. At one day post-transfection, the luciferase assay 
was performed. Amounts of RNase L and β-actin were examined by immunoblotting 
with anti-RNase L (Abnova) and anti-β-actin antibodies (Sigma). All transfections 
were carried out in replicates of four and error bars represent SD.  (D) The role of 
RNase L in activating IFN-β  expression. 293T cells were transfected with siRNA 
targeting RIG-I, MDA5, RNase L or control siRNA. IFN-β production was measured 
using ELISA. The expression of RIG-I, MDA5 and RNase L was examined by 
immunoblotting using the respective antibodies and β-actin as the loading control. The 
graph is average of three independent experiments and error bars represent SD. 
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4.4 DISCUSSION 

Recently, it has been reported that the viral genomic RNA of negative-stranded 

viruses, such as influenza virus and Sendai virus, which has 5’-triphosphate that can 

activate IFN expression via a RIG-I-dependent pathway (157, 201, 277). Unlike these 

negative-stranded viruses, PIV5, a negative-stranded RNA virus, activated IFN-β 

expression through a viral mRNA-induced, RNase L/MDA5-dependent pathway. PIV5 

replicates entirely in the cytoplasm (175) and the viral mRNA would be readily accessed 

by RNase L/MDA5 proteins. Previous reports indicate that PIV5 and some 

paramyxoviruses activate IFN expression via MDA5 (108, 382). Because dsRNA is a 

known trigger of MDA5, it is speculated that dsRNA generated during viral genome 

replication might activate MDA5.   

 

Viral genomic RNA of paramyxovirus is tightly encapsidated by nucleocapsid 

protein and is resistant to RNase digestion, and inaccessible to other host proteins such as 

MDA5 (175). Therefore it is not surprising that no double-stranded RNA (dsRNA) was 

detected in paramyxovirus infection using dsRNA-recognizing antibody (365). In 

addition, since the nascent genome RNA is encapsidated, the double-stranded region of 

the viral RNA genome within the replication/transcription complex is small (greater than 

2 kb is thought to be a MDA5 trigger). Pichlmair et. al. reported that long dsRNA was 

not sufficient to activate IFN expression through a MDA5-dependent pathway (261) and 

higher-order RNA structures containing both dsRNA and ssRNA are activators of 



122 

 

MDA5-dependent IFN expression. The nature of the higher-order RNA structure remains 

unidentified. Our identification of a viral mRNA that activates IFN-β expression through 

MDA5 is consistent with these results.  

 

We propose that RNase L plays a role in sensing viral RNA by MDA5, leading to 

activation of NF-κB as well as IFN-β. RNase L is an antiviral protein activated by 2’-5’ 

oligoadenylate (2-5A). 2-5A is produced by 2’-5’ oligoadenylate synthetase (2-5 OAS), 

the expression of which is induced by IFN-β (315). Activated RNase L cleaves viral 

mRNA and prevents viral replication (315). RNase L has recently been reported to 

amplify MDA5-dependent IFN expression through cleavage of cellular RNA (205). We 

speculate that RNase L recognizes the viral mRNA and processes it into an activator of 

MDA5, leading to expression of IFN, since siRNAs targeting RNase L and MDA5 

reduced activation of IFN-β expression by the viral mRNA. Alternatively, it is possible 

that viral mRNA activates MDA5-dependent IFN expression and RNase L plays a role in 

amplifying IFN production. It is known that wild-type PIV5 induces low levels of IFN 

expression and rPIV5V∆C infection produces high levels of IFN (125, 268). 

Interestingly, RNAs purified from both virus-infected cells induced expression of high 

levels of IFN-β. This result is consistent with previous reports that the V protein of PIV5 

can block induction of IFN induced by PIV5 infection (125, 268).  

 

We have mapped the RNA sequence to a 432 nts long region. Preliminary 

analysis using RNA structure prediction programs indicates potential secondary 

structures within the sequence. Further detailed structure and function analysis of the 
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sequence will define the sequence element and structure within the viral mRNA that 

activates IFN-β expression through RNase L and MDA5. This sequence and structure 

may serve as a prototype for searching other natural triggers of MDA5. This work has not 

only identified a novel trigger for MDA5, but also may lead to the discovery of small 

RNA molecules capable of activating IFN-β expression which might be useful in 

antiviral therapy.  
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Chapter  5 

 

CONCLUSIONS AND SUMMARY 

 

Innate immunity is the first line of defense to pathogen intrusion. This is 

important not only to limit initial virus replication but also to help in establishment of an 

effective adaptive immunity in the host. Interferons confer an antiviral state in the host 

cells. One of the early steps of the signaling response of IFN expression is activation of 

transcription factors, NF-κB and IRF-3. Viruses have evolved sophisticated mechanisms 

to subvert the expression of IFNs. In this battlefield of survival between host and 

pathogen, the outcome is determined by the ability of virus to regulate the innate immune 

signaling pathways. One of the critical pathways manipulated by the viruses for their own 

advantage is the NF-κB-dependent signaling pathway. The understanding of this host-

virus relationship in terms of modulation of immune responses can lead to discovery of 

novel targets for antiviral therapies. 

 

The establishment of an efficient antiviral innate immune response requires 

detection of the infectious pathogens through host receptors leading to stimulation of an 

innate immune signaling cascade for interferon production. Understanding the molecular 

mechanisms by which viruses modulate these innate immune responses is crucial to 

develop new strategies to control virus infections. Our work investigated the important 

aspects of innate immune signaling pathways critical for viral pathogenesis: 
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understanding the role of viral genes in the activation of innate immune responses, 

characterizing the signature viral molecules recognized by DExD/H box RNA helicases, 

RIG-I and MDA5 and defining the underlying mechanism of interferon expression by the 

viral molecules. 

 

5.1 Viruses and NF-κB Activation 

 

 NF-κB has an extensive role in the immune responses and acts as a key regulator 

of this system. It is one of the critical transcriptional regulators which can promote 

expression of several genes involved in the host innate immune responses, including 

cytokines, chemokines, adhesion receptors, growth factors and proto-oncogenes (106). Its 

role has also been identified in cancer where it has been shown to be involved in 

oncogenesis (274) and programmed cell death (23). 

 

 To modulate the host immune responses, the NF-κB pathway represents a good 

target for viruses. NF-κB activation is one of the early steps that is triggered within 

minutes of virus infection that does not require any protein synthesis and results in a 

robust stimulation of several cellular genes (215). In the case of measles virus infection in 

glial cells, the phosphorylation of IκB can be seen within five minutes of infection, 

suggesting that upstream components upon virus entry are sufficient to induce the 

activation of immune responses (80). Because of the profound role of NF-κB in 

controlling the cell cycle through regulation of a wide array of target genes, NF-κB 
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serves as an attractive target for the viruses to modulate. The viruses utilize this pathway 

for their own advantages either by manipulating the antiapoptotic properties of NF-κB to 

evade host immune response or by causing apoptosis to enhance virus spread (131). 

Interestingly, in some cancers, viruses maintain the activation of NF-κB to promote 

oncogenesis (154). 

 

 NF-κB is activated in response to many stimuli including viruses, stress and 

cytokines. NF-κB exists as a homo or heterodimer bound by IκB in an unstimulated cell. 

This prevents translocation of NF-κB to the nucleus and maintains it in an inactive form 

(248). Its activation requires phosphorylation of IκB at serine 32 and 36 by the IκB 

kinase (IKK) complex. This phosphorylation results in ubiquitination of this inhibitory 

subunit and its subsequently targeted for 26S proteosomal degradation. This allows 

release of the NF-κB protein which then translocates to the nucleus and stimulates 

transcription of NF-κB responsive genes containing a consensus decameric sequence, 5’- 

GGGRNWYYCC-3’, (where ‘R’, A or G; N, any nucleotide; W, A or T; Y, C or T) 

(120). The NF-κB family of proteins consist of five subunits (c-Rel, RelA, RelB, 

p50/p105 and p52/p100) that share a conserved 300-residue long Rel homology domain 

at their N-terminus which plays important roles in dimerization, DNA binding and 

nuclear transport. The C-terminal domain of c-Rel, RelA and RelB acts as the 

transactivation domain (TAD). In the case of p100 and p105, the C-terminus domain 

lacks the TAD and inhibits transcription unless associated with TAD-containing NF-κB 

family members or proteins consisting of co-activator (122).  
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  The viruses can utilize their multifunctional protein or dsRNA to interfere with 

NF-κB pathway and stimulate NF-κB activation for promoting their own replication, 

modulating cellular apoptosis and promoting cell proliferation. However, persistent 

activation of NF-κB due to virus infections has also been related to inflammation and 

malignancies (154). Many viruses including HIV-1, HTLV-1, Epstein-Barr virus, 

hepatitis B virus (HBV) and cytomegalovirus have gene promoters with NF-κB binding 

sites which require NF-κB activation for their own life cycle (131). These viruses not 

only utilize different viral components to stimulate this response but also involve 

different mechanisms for this activation.  

 

 In HIV-1, the promoter proximal (enhancer) region of the long terminal repeat 

(LTR) contains two inducible NF-κB binding sites that are important for regulating HIV-

1 gene expression (6, 146). Constitutive activation of NF-κB has been observed in 

primary monocytes and myeloid cell lines that are chronically infected with HIV-1, 

permitting high HIV-1 gene expression and replication (14, 77, 78). Different 

mechanisms have been proposed for this activation, in most cases involving the 

activation of IKK complex. The binding of HIV-1 to the CD-4 receptor through its 

envelope glycoprotein gp120 can lead to NF-κB activation through the Lck/Raf and the 

PI3K/AKT pathway, which can stimulate IKK (98, 240, 247, 279). HIV regulatory 

elements or accessory proteins have also been reported to stimulate NF-κB activation. 

The HIV TAT protein has been found to activate NF-κB through the T-cell specific 
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tyrosine kinase p56lck dependent pathway (207). The virion derived accessory protein Vpr 

promotes activation of IL-8 in T cells through a mechanism dependent on NF-κB and 

NF-IL-6 (284). HIV Nef protein stimulates IL-2 expression and mediates both NFAT and 

NF-κB activation. This role of the Nef protein has been found to be important for its 

function in HIV-1 transcription, replication and virus spread (359). In some studies, HIV-

1 transcription itself has been related to activation of cytokines such as TNF-α, IL-1, IL-

6, and IFN-β that can activate NF-κB through IKK (282). The role of dsRNA generated 

during HIV-1 replication is also reported to stimulate IFN activation through its 

recognition by PKR which can also stimulate NF-κB activation (384).  

 

 HTLV-1-Tax protein has been found to induce NF-κB activation (263). The HBx 

protein of HBV, which promotes hepatocellular carcinoma in chronic HBV infection, can 

also stimulate NF-κB activation by activation of MEKK1 (MAPK pathway) and PKC, 

which causes degradation of IκB and p105 (366). The highly pathogenic avian influenza 

virus has also been reported to activate NF-κB through its NP, M and HA proteins which 

involve generation of oxidative radicals and endoplasmic reticulum (ER) overload (249). 

The induction of IKK activation has also been studied in the case of paramyxoviruses. 

The Sendai virus infection can promote degradation of IκB, hence it can activate NF-κB 

(8). The infection of airway epithelial cells with RSV also results in persistent activation 

of NF-κB (95). 

 

 However, some viruses can exploit NF-κB activation to promote apoptosis which 
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can be useful for virus spread. In the case of encephalomyocarditis virus (EMCV) 

infection, the p50 knockout mice show increased apoptosis but survival of EMCV 

infection, whereas the normal mice die (283). While some viruses encode viral proteins 

that can inhibit NF-κB activation. The core protein of hepatitis C virus is reported to 

regulate NF-κB activation to modulate both apoptotic and antiapoptotic pathways during 

virus infection (332, 380). The A238L and A224L proteins of African swine fever virus 

can inhibit NF-κB activation (269). In the case of paramyxoviruses, measles and mumps 

virus, they fail to phosphorylate and degrade IκB in neuronal cells, which may help the 

virus to escape immune response and establish a persistent infection (8).  

 

 Viruses face selective pressure from the immune system and therefore have 

evolved to evade these responses or utilize them to favor their own replication. The 

above-mentioned studies and several other reports have identified roles of NF-κB as a 

crucial target for virus interference. NF-κB signaling is not only important with respect to 

virus infections but is also linked with cancers, inflammatory diseases and 

neurodegenerative disorders, which make NF-κB a very promising therapeutic target. 

Even though tremendous progress has been made in understanding the NF-κB pathway 

but still the activation and regulation of this pathway by viruses have not been well 

characterized. 

  

Paramyxoviruses are the leading cause of severe animal and human diseases. The 

human respiratory syncytial virus and human parainfluenza virus (hPIV) types 1-3 are the 
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most common cause of acute respiratory tract infections in young children and the elderly 

(69, 113, 367). There are currently no vaccines for these viruses. Although, there are 

vaccines available for measles and mumps viruses, these viruses are still a big health 

concern in the developing countries. Even with vaccination programs, outbreaks have 

occurred in Canada, United Kingdom and United States (74, 75, 138, 139). Hendra and 

Nipah virus infections can lead to vasculitis and encephalitis accounting for a mortality 

rate of about 40% (37, 90). These viruses have evolved mechanisms to control their RNA 

synthesis and also to escape the immune response system. Apart from encoding genes 

important for virus replication, they also encode genes that can interfere with the host 

immune system. These virally encoded antagonist proteins play a vital role in 

understanding the virus regulation of immune system. Discovering how paramyxoviruses 

regulate immune responses has been of prime importance in this research field.  

 

 Our work has been focused on understanding regulation of the NF-κB pathway 

using parainfluenza virus 5 (PIV5), a prototypical paramyxovirus as a model system. 

PIV5 is a poor inducer of the antiviral responses, and a viral protein, V is known to block 

the signaling pathways leading to cytokine expression. A recombinant PIV5 lacking the 

conserved region of the V protein (rPIV5VΔC) activates expression of cytokines IFN-β 

and IL-6 by mediating the activation of transcription factor NF-κB, indicating that the 

cellular factors can sense the presence of the virus and induce cytokine expression in 

PIV5 infected cells (10, 197). Infection with wild type PIV5 induces very little if any, 

expression of cytokines such as IL-6 and IFN-β. Activation of IL-6 by rPIV5VΔC was 

found to be mediated through NF-κB (197). Interestingly, the V protein only blocked 
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rPIV5VΔC-activated IL-6 expression and had no effect on LPS-activated IL-6 production 

or TNFα–activated NF-κB stimulation. This suggests that the V protein is involved in 

blocking a virus specific pathway that leads to NF-κB activation and IL-6 expression 

(197). The virus can mediate activation of NF-κB through different mechanisms 

including expression of a viral protein, activation of membrane receptors such as TLRs or 

by its dsRNA which are generated as a replication intermediate. 

 

In Chapter 3, we explored the role of PIV5 proteins in activation of NF-κB and 

investigated the mechanism for this activation. By performing reporter gene assays and 

gel shift assays for NF-κB activation using PIV5 proteins, we observed that expression of 

the large (L) protein of PIV5 was sufficient for this activation. The L protein is the 

polymerase protein of paramyxoviruses, and plays important roles for viral RNA 

replication and transcription. It is about 250 kDa and consists of six domains that are 

conserved in this family of viruses. We mapped the region that is critical for the NF-κB 

activation by making deletion mutants of L. We identified that L-mut plasmid expressing 

domains I and II of the L gene is sufficient to activate NF-κB. We also found that the L 

protein expression can stimulate activation of cytokines such as IL-6 and IFN-β. The 

inhibitory role of the V protein was also identified in L-mediated activation of NF-κB 

which is in agreement with studies performed previously with rPIV5VΔC (197). This is 

the first report that identifies a novel role of the polymerase protein of paramyxovirus, 

demonstrating the L protein of PIV5 regulates immune responses during virus infection.  

 



132 

 

 To further investigate the mechanism of activation of NF-κB by L, we examined 

the role of AKT1, a serine/threonine kinase. AKT has been reported to play an important 

role in viral RNA synthesis of NNSV (329), a process in which L is also important and its 

known role in activation of NF-κB (279), made it a good target for our study. AKT 

participates in many cellular pathways and is activated in response to many stimuli 

including growth factors and cellular stress in a PI3K dependent manner (38). Its kinase 

activity is important for regulating cellular processes including cell survival, cell 

proliferation, cell cycle progression and angiogenesis, cell metabolism and cell migration 

(52, 151). In some cells, AKT can prevent apoptosis through mediating inhibition of 

proapoptotic molecules such as Bad and caspase-9 (73). While in some circumstances, 

AKT can also regulate the expression of genes with antiapoptotic activity by mediating 

the activation of transcription factors such as CREB, and the IκB kinase (IKK), a positive 

regulator of NF-κB (152, 279). Its role in cell cycle progression is associated with 

regulation of cyclin D functions (391). The AKT pathway has also been linked to many 

cancers as well, including pancreatic, colon, ovarian, lung, breast, prostate and leukemia 

(102). 

 

 We have found that the inhibitor of AKT1 as well as dominant negative mutant of 

AKT1 blocked the activation of NF-κB by L, indicating that AKT1 plays a critical role in 

activation of NF-κB by L. AKT normally exists in an inactive form in the untransformed 

cells. Phosphorylation is required for its activation (31). We further analyzed the role of L 

in AKT activation and found that expression of the L protein enhanced phosphorylation 

of AKT1 and also it interacts with AKT1 where domain I of the L protein was found to 
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be important for its interaction with AKT1 and the domain II being important for the 

activation of AKT1. We conclude that the PIV5 L protein can activate NF-κB through an 

AKT1-mediated pathway.  

  

 Viruses can stimulate activation of AKT but the mechanism is not known.  The 

human T cell lymphotrophic virus type 1 (HTLV-1) is the etiologic agent of adult T cell 

leukemia and chronic inflammatory diseases and encodes a 40 kDa protein, Tax which 

plays important roles in viral replication and gene regulation (2, 246). The Tax protein 

has been reported to activate AKT, through targeting multiple molecules which involve 

phosphorylation of Bad, interaction with the p85 molecule of PI3K, mediating NF-κB 

activation and p53 inhibition (147-149). This process is speculated to help viruses in 

suppressing apoptosis and preventing elimination of virus infected cells and hence 

promoting virus replication and cell survival (149). 

  

  Activation of AKT has been found to be critical for regulation of viral RNA 

synthesis by nonsegmented negative stranded RNA viruses through phosphorylation of 

the P protein which is an essential cofactor for the viral RNA polymerase complex (329). 

The L protein plays an important role in transcription and replication of the viruses but 

the functions of each domain are not well defined. Our studies suggest a possible role for 

the domain II in AKT activation. Whether the activation is direct or indirect is not clear. 

However, the inhibitor against PI3K did not affect activation of NF-κB by L suggesting 

that AKT activation is independent of PI3 kinase activity. In our study we have identified 

that the L protein is involved in phosphorylation of AKT, and we speculate that L may 
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have intrinsic kinase activity or may be associated with a kinase to initiate AKT 

activation. Further studies are necessary to determine the role of L in AKT 

phosphorylation. There are reports suggesting that the L may have kinase activity or may 

be associated with a host kinase (20, 21, 92, 114). We speculate that the L protein 

regulation of cytokine expression is a byproduct of AKT activation. The role of L in NF-

κB activation is blocked following the expression of the V protein likely through 

interaction of V with AKT. This work suggests a novel role of L in regulation of innate 

immune responses and a possible mechanism of virus spread. 

  

5.2 Viruses and Type I interferon Induction 

 

NF-κB signaling can lead to the establishment of antiviral responses through 

production of interferon (IFN) and pro-inflammatory cytokines. The IFN expression is 

triggered by recognition of specific viral components, pathogen associated molecular 

pattern (PAMPs) by cellular receptors, pathogen recognition receptors (PRRs). The 

effective sensing of PAMPs results in the robust activation of signaling pathways and 

culminates in induction of IFN production, thus facilitating the clearance of the intruder. 

The TLRs and RLRs along with interferon stimulated host antiviral proteins such as PKR 

and RNase L, form a network of an effective defense system of the host. They work 

through recognition of different viral PAMPs and initiate a signaling cascade that leads to 

IFN expression (290). The viral PAMPs, mostly viral nucleic acids or proteins can either 

associate with TLRs present on endosomes or with RLRs, RIG-I and MDA5 in the 

cytoplasm (348). RIG-I primarily responds to uncapped ssRNAs containing terminal 5′ 
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triphosphorylates but no 5’-OH or 5’-methyl guanosine cap and at least 23 nucleotides 

long with sequence rich in uridine and adenosine (70, 132, 260, 334), and short dsRNA 

molecules (156). The cellular RNA generally have different structures, lengths and most 

importantly their 5’-ends are modified due to capping and methylation processes, so they 

are not detected by RIG-I, thus governing specificity of RIG-I to only viral RNA (334).  

 

MDA5 has been reported to detect the long dsRNA molecules (more than 2kb) 

(156). However, how MDA5 distinguishes between cellular and viral RNA is not clear. 

Once RIG-I and MDA5 are activated through RNA, they mediate interaction with a 

common adaptor IPS-1, through a N-terminal CARD domain. IPS-1 recruitment initiates 

a signaling cascade that involves the activation of the transcription factors, IRF-3 and 

NF-κB which results in inducing the production of interferon and pro-inflammatory 

cytokines (159). Intriguingly, activity of an endonuclease, RNase L can enhance the 

magnitude of IFN induction which degrades both cellular and viral RNAs (205). These 

cleaved RNA products generated by RNase L have a 5’-OH group and a 3’- 

monophosphate and are speculated to consist of ssRNA and dsRNA molecules that can 

engage both the MDA5 and RIG-I pathway for IFN induction. The mechanisms of 

recognition of viral PAMPs by these sensors and nature of the ligands detected by them 

are not well understood. The main focus of our study was to understand the regulation of 

the immune responses by viruses, especially understanding the roles of viral RNA ligands 

and cellular sensors in the IFN stimulation. 

  

In Chapter 4, our studies investigated the role of domain II of the L gene (L-II) in 
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stimulating immune responses. Surprisingly, we found that L-II polypeptide was 

sufficient to activate NF-κB in an AKT1 independent pathway and also stimulated 

interferon production. Due to the well-established role of viral RNA as the trigger for 

NF-κB and IFN-β activation, we hypothesized that RNA encoded by the domain II of the 

L gene is sufficient to activate interferon production. We generated a L-II mutant 

plasmid, whose translation was abolished by introduction of a stop codon in the place of a 

start codon in the L-II sequence. Interestingly, we found that the L-II RNA is capable of 

activating NF-κB in an AKT independent manner and also activates IFN-β expression. 

We further characterized the role of L-II RNA in stimulating IFN induction by purifying 

the RNA and mRNA from L-II transfected cells and measured the induction of IFN-β 

with these RNAs using ELISA assays. We have found that the L-II RNA induced robust 

IFN-β expression. Our results suggest that the putative mRNA of domain II of L gene is 

critical for IFN-β activation. Our data indicates that the L-II RNA acts as a potent inducer 

of IFN-β, however specific sequence and structure element within this L-II region (432 

nucleotides) that could stimulate this response, still remain to be identified.  

 

We were also interested in understanding the mechanism of IFN-β activation by 

the L-II RNA. The expression of interferon requires the recognition of viral RNA by host 

sensors. We focused our studies on understanding the roles of RNA helicases, RIG-I and 

MDA5 in the activation of IFN by the L-II RNA. Both these helicases have different 

substrate specificity but signal through a common adaptor protein, IPS-1. A dominant 

negative mutant of IPS-1 inhibited the activation of NF-κB by L-II mutant transfected 
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cells, indicating that RIG-I/MDA5 may be critical for this activation. However, activation 

of NF-κB by L-II was not affected in a cell line defective in RIG-I or by expressing a 

dominant negative mutant of RIG-I, suggesting that RIG-I is not important for this 

activation. We further investigated the role of MDA5. Knocking down the expression of 

MDA5 using siRNA reduced the activation of NF-κB and IFN-β, indicating that MDA5 

is critical for activation of the interferon response by the L-II RNA. We have examined 

how this L-II RNA is recognized by MDA5. Previously, it has been reported that RNase 

L plays an important role in IFN expression through degradation of mRNA (205). Using 

RNase L knockout cells and siRNA against RNase L, we have found that RNase L is 

critical for activation of NF-κB and IFN-β by L-II RNA. 

 

Knowledge about the natural ligands for these helicases is incomplete. These 

RNA sensors are reported to be involved in the recognition of different viruses. Studies 

using MDA5 and RIG-I knockout mice have revealed that MDA5 is more sensitive to 

detection of picornavirus infections such as EMCV and poliovirus which produce long 

dsRNA species and stimulates IFN-β activation (108, 157). On the other hand, RIG-I is 

effective in activating IFN production in response to paramyxoviruses, influenza viruses 

where 5’ppp was identified as an important feature for viral RNA recognition (132, 157, 

260). Interestingly, there are examples where both RIG-I and MDA5 being found to play 

important roles in virus detection including viruses from the paramyxovirus family such 

as Sendai virus and Newcastle disease virus and flaviviruses such as West Nile virus (10, 

101, 109, 222, 379). This suggests that viruses are capable of generating multiple PAMPs 
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that can engage different sensors for their recognition. But what makes one sensor to 

dominate over the other in the cellular system is not clear. 

 

The intriguing question is why viruses consist of these PAMPs that can result in 

their own demise. One of the possibilities could be that PAMPs are generated due to 

errors during virus replication as viruses have a tendency to mutate over time or they 

could be the result of an internal defect during virus life cycle. One of the interesting 

features of the paramyxoviruses is the generation of defective interfering (DI) virus 

particles.  These DI viruses are replication deficient and are classified into three different 

forms: the DI genomes with internal deletions which lack the segments of viral genome, 

5’-terminal panhandle structures which have completely complementary 5’-3’ ends and 

hairpin or snapback DI genomes which consist of dsRNA hairpin structures (179, 308). 

The virus stocks of paramyxoviruses including SeV, measles, PIV5 and VSV are found 

to be rich in these DI particles and induce high amount of IFN induction (162, 166, 311, 

325). In the studies with SeV, it has been shown that IFN production is highly correlated 

to presence of these copyback genomes which can induce both RIG-I and MDA5 

mediated antiviral responses (326, 382) whereas using the plaque purified viruses lacking 

these DI particles are found to be a poor inducer of IFN (150). The presence of these DI 

particles adds more complexity to our understanding about the IFN inducers. It remains 

unclear what are the potent inducers of IFNs during virus infections, the PAMPs 

generated as a result of normal virus replication or due to aberrant virus replication.  
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The negative stranded RNA viruses try to protect their genome and antigenome 

from being exposed to the host sensors by tightly encapsidating it with the nucleocapsid 

protein (110). The process of transcription and replication are also highly controlled by 

these viruses, thereby limiting the generation of any PAMPs, that may otherwise activate 

IFN (196, 209). In this scenario, the concept of DI particles is quite enticing to serve as a 

possible PAMP. But in lieu with these studies, our work has identified the role viral 

mRNA as a probable IFN inducer. 

 

Other than regulating the replication and transcription processes, viruses have 

strategically designed their defense system, which include encoding genes that can 

interfere with the host immune responses and also that can block host transcription and/or  

protein synthesis. In paramyxoviruses, the proteins products of the P/V/C gene are 

recognized as virally encoded IFN antagonist proteins (176). In Sendai virus, the C 

protein functions to block IFN signaling likely through its interaction with the signal 

transducer and activator of transcription 1 (STAT1) in the infected cells by interfering 

with STAT1 phosphorylation or stability (81, 111).  The V proteins of mumps, HPIV2 

virus and PIV5 act as an IFN antagonist (252, 381). The V protein of PIV5 targets 

STAT1 for degradation and blocks IFN-α/β and IFN-γ signaling in the infected cells 

(81). Interestingly, the role of the V protein has also been identified in blocking dsRNA 

induced IFN-β promoter activation through its interaction with MDA5 (10). This 

interaction also exists in other members of paramyxoviruses such as SeV, measles, 

mumps, Nipah, Hendra and HPIV2 (10).  The V proteins of paramyxoviruses mediate 

this interaction through their conserved cysteine rich C-terminal and bind to the helicase 
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domain of MDA5 (10, 56). This interaction results in inhibition of MDA5 activation by 

blocking the binding of dsRNA to helicase domain and its subsequent oligomerization 

(57). The role of the V protein has also been identified as a competitive inhibitor of TBK-

1 and thus can block IRF-3 phosphorylation (202). The PIV5-infected cells limit the 

production of IFN expression which we speculate could be likely through the action of 

the V protein thus making the activation of IFN by the L gene in the PIV5-infected cells 

immaterial. The V protein also plays a role in regulating viral RNA synthesis of PIV5 

(196), so it is possible that making deletions in the V protein can result in imbalance of 

this V mediated control, thus making the virus more prone to producing PAMPs or 

exposing the regions that can serve as active PAMPs, hence resulting in IFN activation. 

We speculate this could likely be the reason that rPIV5-VΔC virus, the recombinant virus 

having the deletion of the cysteine-rich domain at the C-terminus of the V protein, 

induces high IFN activation. However, there are reports suggesting that PAMPs are not 

generated or exposed during normal PIV5 replication and it is likely the presence of DI 

particles that induces IFN activation (55, 166). This was supported by the study utilizing 

a cell line capable of inducing IFN-β promoter at single cell level (55) and found that 

rPIV5-VΔC virus does not induces IFN-β promoter activation in the majority of the 

infected cells (166). However, we cannot rule out the possibility of the existence of DI 

particles and their role in the IFN induction during the virus infection but as in our study 

we have utilized purified mRNA from both L-II transfected and the virus-infected cells, 

the likelihood of interference by the DI particles in our system is very small. Overall, our 

work does add a new paradigm molecule “ a viral mRNA” that acts as a potent inducer of 

the IFN activation through MDA5 and RNase L.  
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We hypothesize that the activation of interferon responses by the L-II RNA is the 

coordinated work of RNase L and MDA5 since siRNA knock down of RNase L or 

MDA5 expression results in reduction of IFN production by the L-II RNA. We speculate 

that this process of RNA recognition could be initiated by RNase L which degrades the 

L-II RNA. Subsequently, the cleaved RNA product is recognized by MDA5 and 

stimulates the downstream signaling for IFN production. However, it is also possible that 

direct recognition of L-II RNA by MDA5 is responsible for activating interferon 

signaling where RNase L is involved in amplifying the interferon response. We 

hypothesize that both RNase L and MDA5 significantly contribute to the activation of 

IFN by the L-II RNA. The working model illustrating the roles of the L gene in 

stimulating innate immune responses is represented in Figure 5.  

 

In summary, we have identified novel roles of the L gene in regulating the host 

innate immune responses. We have reported that the L protein is capable of inducing 

activation of NF-κB through a protein kinase, AKT1. We have also identified viral RNA 

(putative PAMP) encoded by the L gene that can be recognized by RNase L-MDA5. We 

have mapped the region of L-II that is critical for this response to a 432 nt long sequence. 

Further studies are needed to characterize the nature of this RNA region. This work helps 

in our understanding of the molecular pathways involved in induction of innate immune 

responses by virus infections and also suggests targets for discovery of small molecules 

activators of RNA sensors which can lead to development of novel antivirals.  
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Figure 5. Proposed model for the roles of the L gene in activation of host signaling 
pathways. The novel roles of the L gene of PIV5 have been identified in the innate 
immune signaling besides its known role in virus replication and transcription. The L 
gene can lead to activation of NF-κB and IFN-β through two independent mechanisms, 
where both RNA and protein play important roles. We hypothesize that the L mRNA can 
be recognized and cleaved by 2-5A activated RNase L and is further detected by MDA5. 
MDA5 through its CARD domain mediates interaction with CARD containing adaptor 
protein, IPS-1 present on the outer mitochondrial membrane. IPS-1 gets activated and 
stimulates the downstream signaling leading to activation of transcription factors, NF-κB 
and IRF-3. The activated transcription factors translocate to the nucleus and stimulate the 
expression of IFN-β gene. Additionally, the expression of the L protein can also activate 
NF-κB but through different mechanism which is dependent on a host protein kinase, 
AKT. The L protein can mediate this activation through its interaction and promoting the 
phosphorylation of AKT. The domain I and II of the L protein together are sufficient for 
this process, where domain I mediates interaction with AKT and domain II is important 
for promoting activation of AKT. Activated AKT plays critical role in the viral RNA 
synthesis likely through phosphorylation of the P protein and also stimulates NF-κB and 
interferon activation. However, the V protein acts as an antagonist for the L-mediated 
interferon pathways, which we speculate is likely through its interaction with MDA5 and 
AKT. 
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