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Abstract
The human DEAD-box protein 3 (DDX3) is an ATP-dependent RNA helicase that has
been shown to have a range of cellular processes, including transcription, translation, and mRNA
export. DDX3 has also been shown to play a dual function in viral replication: as a cofactor of
virus replication and as a mediator of the innate immunity system. There have been several studies
on the regulation of innate antiviral immunity by DDX3; however, the biological function of
DDX3 in innate antiviral immunity is still not fully understood.
My doctoral research study aimed to elucidate the function of DDX3 on the molecular level
and understand its role in the positive regulation of IFN-β production. Experiments presented here
revealed that DDX3 mediates virus-induced activation of IFNB at the level of IRF-3. However,
DDX3 does not affect conventional innate signaling, including IRF-3 phosphorylation,
dimerization, and nuclear translocation of IRF-3 but has some downstream events after IRF-3
phosphorylation. DDX3 interacts with IRF-3 through its DNA-binding domain and promotes IRF3-mediated IFNB promoter activation. DDX3 interacts with IRF-3 through its DNA-binding
domain

and

increases

IRF-3-mediated

IFNB

promoter

activation,

according

to

coimmunoprecipitation analysis. Additionally, the formation of the IRF-3/p300/CBP complex is
unaffected by DDX3. Instead, DDX3 promotes recruitment of IRF-3 and transcriptional coactivator p300/CBP to the IFNB promoter and facilitates the transcription of IFNB. Furthermore,
DDX3’s ATP binding pocket is involved in the association between DDX3 and IRF-3 and critical
for IFNB transcriptional activation. Taken together, this study revealed a novel function of that
DDX3 in guiding a transcription factor complex formed by antiviral signaling to IFNB promoter
in response to viral infection.
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Abbreviations
PAMP

pathogen-associated molecular pattern

TLR

Toll-like receptors

RIG-I

retinoic acid-inducible gene I

RLR

retinoic acid-inducible gene I (RIG-I)-like receptors

NLR

nucleotide-binding oligomerization domain (NOD)-like receptors

cGAS

cytosolic DNA sensor cyclic GMP-AMP synthase

IFN

interferon

MDA5

melanoma differentiation-associated protein 5

LGP2

laboratory of genetics and physiology 2

ppp-dsRNA

triphosphate double-stranded RNA

CTD

C-terminal domain

RD

repressor domain

CARD

caspase activation and recruitment domains

MAVS

mitochondrial antiviral-signaling protein

TRAF

TNF receptor-associated factor

TBK

TANK-binding kinase

IKK

I-kappa-B kinase

ISG

IFN-stimulated gene

VRE

virus-responsive elements

PRD

positive-regulatory domain

ISRE

interferon-sensitive response element

AP

activator protein

IRF

IFN-regulatory factor

IFNAR

interferon-α/β receptor

DMEM

dulbecco’s modified eagle medium

GFP

green fluorescent protein

WT

wild type

KO

knockout

KD

knockdown
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PEI

polyethylenimine

SeV

Sendai virus

NDV

Newcastle disease virus

HAU

hemagglutination units

MOI

multiplicity of infection

HMW

high molecular weight

RT

reverse transcription

PBS

phosphate buffer saline

SDS

sodium dodecyl sulfate

DOC

sodium deoxycholate

PFA

paraformaldehyde

PDVF

polyvinylidene difluoride

BSA

bovine serum albumin

EMSA

electrophoretic mobility shift assay

ChIP

chromatin immunoprecipitation

siRNA

small interfering RNA

pDC

plasmacytoid dendritic cell
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Introduction

1.1 Antiviral Innate Immunity
The mammalian immune system consists of innate and adaptive components contributing to
antiviral immunity. Innate immunity is the first line of host defense against invading pathogens. It
recognizes infections with broad specificity for conserved and invariant properties of
microorganisms, rapidly mediates host signaling pathways that control the expression of various
immune response genes and stimulates the adaptive immune response. In contrast to innate
immunity, the adaptive immune system develops later in infection, mounts antigen-specific
responses, and forms immunologic memory against the pathogen (1).
Host cells recognize non-self molecular patterns known as pathogen-associated molecular
patterns (PAMPs). PAMPs are viral products, including protein, protein/lipid complexes, and viral
nucleic acid, specific to the virus or aberrantly located within the cell. During virus infection,
PAMPs accumulate at various sites within the infected cell, including at the cell surface, inside
endosomal compartments, or free in the cell cytosol (2).
PAMPs were recognized by a set of pathogen recognition receptors (PRRs), including Tolllike receptors (TLRs), retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), nucleotidebinding oligomerization domain (NOD)-like receptors (NLRs), and the cytosolic DNA sensor
cyclic GMP-AMP synthase (cGAS) (3,4). Once activated, these and other sensors engage
converging signaling cascades that lead to transcriptional induction of the genes encoding type I
interferons (IFN) and other immune genes.
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1.2 RIG-I like receptors (RLR)
RIG-I-like receptors are RNA sensors localized in the cytosol (3). This protein family
comprises three members: RIG-I, melanoma differentiation-associated protein 5 (MDA5), and
laboratory of genetics and physiology 2 (LGP2), which are DExD/H box-containing RNA
helicases (5). All three RLRs share a common structure which includes central helicase and a Cterminal domain (CTD) known as the repressor domain (RD). These two domains work together
to detect immunostimulatory RNAs. RIG-I and MDA5 additionally have two amino-terminal
caspase activation and recruitment domains (CARDs) mediating downstream signal transduction
in an ATP-dependent manner. Because LGP2 lacks N-terminal CARD domains, it cannot trigger
signaling on its own, although it does participate in viral sensing in collaboration with RIG-I and
MDA5 (6).
RIG-I and MDA5 have nonredundant recognition capacities upon viral infection despite their
similarities. RNAs activate RIG-I with a panhandle double-stranded structure with 5’ di- or
triphosphate moieties (2,7). RIG-I can also be activated by short fragments of dsRNA, whereas
MDA5 is the main cytoplasmic receptor for longer molecules of viral dsRNA such as polyI:C (8,9).
MDA5 has also been shown to oligomerize to form long dsRNA-associated filaments (10). RIG-I
and MDA5 appear to differentially induce IFN in response to different viral pathogens, with RIGI generally responding most potently to negative-strand RNA viruses, such as influenza viruses,
bunyaviruses, and rhabdoviruses as well as the positive-stranded Japanese encephalitis virus, while
MDA5 is activated during infection by positive-strand picornaviruses, arteriviruses, and hepatitis
D virus (11,12).
However, endogenous host RNAs do not activate RIG-I or MDA5, as they are generally
ssRNAs and have 5′ ends that either are protected by methylguanosine cap or are monophosphates.
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Furthermore, cellular RNAs, such as tRNAs and rRNAs, are extensively modified with unusual
bases, such as pseudouridine, which prevent the activation of RIG-I and MDA5 (13).
Activating RIG-I or MDA5 by their respective RNA substrates leads to conformational
changes from inactive “closed” to active “open” structures mediated by ATPase/helicase activity
that allows their N-terminal CARD domains to interact with the CARD domains of the adaptor
MAVS (14–16). This induces aggregation of the mitochondrial antiviral-signaling protein
(MAVS) and subsequently recruits the downstream signaling molecules, including several
ubiquitin ligases such as TNF receptor-associated factor (TRAF) 3/6, antiviral kinases such as
TANK-binding kinase 1 (TBK1), I-kappa-B kinase ε (IKKε), and the IKKα/β/γ complex.
Signaling through these kinases activate IRF-3/7 and NF-κB, leading to the transcriptional
activation of type I IFNs (most notably IFN-α/β), type III IFNs, and pro-inflammatory cytokine
genes (14,17).
Upon secretion, type I IFNs activate the IFN-α/β receptor (IFNAR) and induce JAK-STAT
signaling, which results in the transcriptional upregulation of hundreds of IFN-stimulated genes
(ISGs), which establish an antiviral state (18,19).
1.3 IFN-regulatory factors (IRFs) and regulation of type I IFN genes
The induction of type I IFN genes in virus-infected cells is mainly a consequence of
transcriptional activation of virus-responsive elements (VREs), which are located in the upstream
region of the transcription initiation site of type I IFN genes. VREs are the gene’s promoter
encodes interferon-β (IFN-β) containing at least four cis-regulatory elements, including positiveregulatory domains (PRDI-IV), involved in virus-mediated gene induction. IRFs bind PRDI and
PRDIII (Interferon-sensitive response element; ISREs), whereas NF-κB and activator protein 1
(AP1) bind PRDII and PRDIV, respectively (20). Activation of transcription of the IFNB gene
9

requires the cooperative binding of the transcription factors NF-κB, AP1 (a complex of activating
transcription factor 2 (ATF2) and JUN), and homodimers or heterodimers of IRF-3 and IRF-7,
together with the binding of the co-activators CREB-binding protein (CBP) or p300 (Figure 1).
Four IRFs (IRF-1, IRF-3, IRF-5, and IRF-7) have been implicated as positive regulators of
the transcription of type I IFN genes. IRF-3 and IRF-7 are key regulators of type I IFN gene
expression triggered by viruses. IRF-3 is mainly responsible for the initial induction of the type I
IFN gene, whereas IRF-7, the upregulation of which is mediated by type I IFNs themselves, is
involved in the late phase of the type I IFN gene induction.
IRF-3 resides in the cytosol inactive and undergoes nuclear translocation following viral
infection. Before IRF3 translocation, specific serine residues in the C-terminal (regulatory) region
are phosphorylated, which is a crucial step. The serine- and threonine-rich region within the Cterminal of IRF-3 contains two clusters of potential phosphoacceptor residues: cluster 1
(S385/S386) and cluster 2 (S396/S398-S402/T404/S405) (21). First, TBK1 phosphorylates cluster
2 residues of monomeric IRF-3. This unmasks a hydrophobic binding pocket required for further
protein interactions (22). The residues of cluster 2 are functionally largely redundant in terms of
phosphorylation-mediated IRF-3 activation, though phosphorylation of S396 seems to
predominate in vivo (23). Second, after IRF-3 is induced by the first modification, it gets further
phosphorylated at S386, which is pivotal for dimerization (24). In addition, phosphorylated IRF-3
forms a dimer (either a homodimer or a heterodimer with IRF-7), enabling the IRF-3 to interact
with the co-activators p300/CBP to form a holocomplex in the nucleus (25). The holocomplex then
binds its target DNA sequence (in type I IFN genes and in certain chemokine genes) and alters the
local chromatin structure through the histone-acetyltransferase activity of the co-activators.
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Moreover, other transcription factors are recruited to form the enhanceosome; consequently,
efficient transcription of target genes is initiated.

Figure 1 The interactions at the IFNB enhancer lead to the formation of a multi-protein
complex called enhanceosome
The gene that encodes IFN-β contains at least four positive-regulatory cis-elements. One NF-κB
complex (consisting of the subunits p50 and p65) and two IRF dimers (IRF-3 homodimers, IRF-7
homodimers, or IRF-3-IRF-7 heterodimers) independently bind their respective binding elements
(the NF-κB-binding site and the IFN-stimulated response element, ISRE). These transcriptionfactor complexes cooperatively interact with each other, together with the co-activators p300/CBP,
to form the enhanceosome. Assembly of the enhanceosome mediates induction of the IFNB gene.
Picture acquired from (26).
1.4 RNA helicase DDX3
DDX3 is a member of the DEAD (Asp-Glu-Ala-Asp)-box RNA helicase family, first
described in 1989 (27–29). DDX3 is a cellular adenosine 5′-triphosphate (ATP) dependent RNA
helicase that hydrolyzes ATP to unwind duplex RNA, resulting in remodeling RNA/RNA-protein
complexes. DDX3 has two paralogs, DDX3X and DDX3Y, located on the X and Y chromosomes,
respectively (30,31). DDX3X (referred to as DDX3) is ubiquitously expressed in most tissues and
cells, whereas the expression of DDX3Y is limited to the male germline (32). Recent studies
revealed the expression of DDX3Y in certain immune cells, such as T-cells, B-cells, and NK-cells
(32,33). DDX3X and DDX3Y were reported to have partially redundant functions (33).
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As an RNA helicase from the DEAD-box family, DDX3 is organized by an N-terminal
domain, two RecA-like domains that constitute the helicase core, and a C-terminal domain (Figure
2A). The RecA-like domains contain 12 conserved motifs involved in ATP binding, RNA binding,
and linking ATP hydrolysis with RNA unwinding, where the enzymatic reactions occur (Figure
2B) (34).
Like most other DEAD-box helicases, DDX3 is a multifunctional protein playing roles in
various aspects of mRNA metabolism, including RNA transcription, RNA splicing, RNA transport,
RNA degradation, and translation (35,36). Moreover, DDX3 has also been implicated in various
cellular processes, such as the regulation of the cell cycle, cancer progression, innate immune
response, and viral infections (34,37–39). The DDX3 is involved in the replication of viruses
belonging to different families: HCV (40), Dengue virus (41,42), Japanese encephalitis virus (43),
West Nile virus (44), HIV (45,46), HBV (47), Vaccinia virus (48), Norovirus (49), and Influenza
A virus (50).

A

B

Figure 2 Schematic representation of the DDX3 organization
(A) DDX3 consists of N- and C- terminal domains and the conserved helicase core. The catalytic
core consists of two RecA-like domains which contain functional motifs. (B) Distinct functions of
DDX3 motifs. While motifs Q, I, II, and VI are involved in ATP binding, motifs Ia, Ib, Ic, IV, IVa,
and V are involved in RNA binding. Motifs III and Va are related to linking ATP hydrolysis and
12

double-strand unwinding. Finally, DDX3 N- and C-terminal domains participate in protein-protein
interactions with proteins involved in mRNA metabolism or innate immune signaling. Picture
acquired from (34).

1.5 The involvement of DDX3 in transcription
DDX3 has been implicated in the transcriptional control of several genes, from cell cycle
regulators to innate immune signaling genes.
DDX3 has also been shown to increase activation of the IFNB promoter during innate
immune responses. DDX3 was recruited to the IFNB promoter upon infection with Listeria
monocytogenes, independently of IRF-3 using chromatin immunoprecipitation (51). However,
previous studies reported that ATP binding pocket is dispensable for IFNB gene activation (51,52).
The previous report showed that DDX3 interacted with transcription factor Sp1 to
upregulate promoter activity of the cell cycle regulator p21waf1/cip1 in an ATPase-dependent (53).
Moreover, DDX3 has also been shown to regulate the tumor suppressor E-Cadherin transcription.
DDX3 was demonstrated to reduce activation of an E-Cadherin promoter-reporter through direct
binding to the E-Cadherin promoter, whereas knockdown of DDX3 using shRNA enhanced Ecadherin expression (54).
Another study demonstrated that DDX3 positively regulates the transcription factor Snail
(transcriptional repressor of E-Cadherin). RNAi-mediated knockdown of DDX3 resulted in
decreased levels of Snail, suggesting that DDX3 may promote cancer progression in part by
supporting Snail expression (55).
1.6 The involvement of DDX3 in antiviral innate immune signaling
Several reports have demonstrated that DDX3 is involved in the antiviral innate immune
signaling pathway, particularly in the RLR signaling pathway. It was reported that DDX3
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recognizes viral RNA and associates with RIG-I and MAVS, suggesting that DDX3 itself acts as
a viral RNA sensor (56). DDX3 was also identified as a target of Vaccinia virus immune evading
factor K7 (52). K7 was shown to block key residues of DDX3, preventing its interaction with
IKKε (57). Interaction of DDX3 with IKKe results in the phosphorylation of DDX3 and facilitates
IRF-3 phosphorylation by IKKε. These findings indicate that DDX3 acts as an essential scaffold
for the kinase/substrate complex (58). Another report identified DDX3 as an interacting protein of
TBK1 (like IKKε); TBK1 phosphorylates DDX3 (51). This study also demonstrated that DDX3
recruits to the IFNB promoter using ChIP analysis suggesting a role in transcriptional regulation.
The above results were obtained using non-pDC (plasmacytoid dendritic cell). pDC is a major
IFN-α producer that utilizes distinct sensor TLR7/9 and kinases NIK, IKK α, and IRF-7. DDX3
facilitates this pathway to activate IRF-7 (59). However, the biological functions of DDX3 in
innate antiviral immunity are not fully understood.
In this study, I elucidated the molecular function of DDX3 in the positive regulation of IFNβ production in non-pDC cells in a novel manner. I showed that DDX3 regulates virus-induced
activation of type I IFN at the level of IRF-3. However, DDX3 is not involved in the
phosphorylation, dimerization, or nuclear translocation of IRF-3 but has some downstream events
after IRF-3 phosphorylation. Interestingly, DDX3 promotes the recruitment of IRF-3 and
transcriptional co-activator p300/CBP to IFNB promoter site in ATPase-dependent. This further
broadens the involvement of DDX3 in innate immune signaling pathways.
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Materials and methods
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Materials and methods
2.1 Cells and viruses
293T (#CRL-3216, ATCC) and HeLa cells (#CCL-2.2, ATCC) were cultured in
Dulbecco’s modified Eagle medium (DMEM) (Nacalai Tesque) supplemented with 10% fetal
bovine serum (Gibco) and penicillin-streptomycin (Nacalai Tesque) (100 U/ml and 100 ug/ml,
respectively). All cells were cultured in a humidified atmosphere with 5% CO2 at 37°C.
DDX3 knockout (KO) 293T and HeLa cells were generated by transient transfection of the
pSpCas9(BB)-2A-GFP (PX458) vector (Addgene no. 48138) containing guide RNA (sgRNA: sgDDX3 forward 5’-caccGTGGCAGTGGAAAATGCGCT-3', sg-DDX3 reverse 5’-aaacAGCGCA
TTTTCCACTGCCAC-3'). Cells were subjected to sorting by green fluorescent protein (GFP)
expression levels using the SH800 cell sorter (Sony), followed by limiting dilution in 96-well
culture plates to obtain single clones. Deletion of the DDX3 gene was examined by genome
sequencing and Western blotting. Western blot analysis of DDX3 expression in 293T/HeLa DDX3
KO cells compared with WT cells using an antibody directed against the N- and C-terminus of
DDX3. The PCR primers used for genomic DNA are as follows: DDX3 DNA forward;
5’cagtagccgggcagaagtc-3’ and DDX3 DNA reverse 5’-aatacagcgggccgagac-3’.
To complement DDX3 expression in DDX3 KO cells, lentiviral particles were produced
by introducing plasmids pCAG-HIVgp, pVSV-G-RSV-ReV, and pCSII-CMV-MCS-IRES2-Bsd,
encoding DDX3 or DDX3 KA, into 293T and HeLa cells. Transfection was performed using
polyethylenimine (PEI) (Polysciences) for 293T cells and Lipofectamine 2000 (Invitrogen) for
HeLa cells in 10-cm dishes. Media were changed at 6 h post-transfection (hpt), and viral
supernatants were collected at 48 and 72 hpt and filtered (0.45 um) (Sartorius). Polybrene (10
ug/ml) was added to the filtered supernatants and used to infect cells. The infected cells were
16

selected with Blasticidin (Invivogen) (10 ug/ml). Colonies were picked and examined for the
expression of DDX3 by Western blotting.
2.2 Viruses infection
Sendai virus (SeV; Cantell strain) and Newcastle disease virus (NDV) were propagated in
9-day embryonated chicken eggs for 2 days. The viral titer for SeV was measured by the
hemagglutination test using chicken red blood cells. The virus was added to cells at 3.2x102
hemagglutination units (HAU). NDV was titrated by plaque assay using HEp-2 cells and added to
cells at a multiplicity of infection (MOI) of 1 for 1 h. Then, the medium was replaced with complete
DMEM and incubated for the indicated time.
2.3 Reagents and antibodies
HMW Poly (I:C) was purchased from GE Healthcare. Mouse monoclonal anti-Flag M2
(F1804) was purchased from Sigma-Aldrich. Mouse monoclonal anti-β-actin (sc-47778) and goat
polyclonal anti-Lamin B (M-20), mouse anti-DDX3 (C4), and mouse monoclonal anti-GAPDH
(0411) were purchased from Santa Cruz Biotechnology. Purified rabbit anti-DDX3 (NB200-196)
was purchased from Novus Biologicals. Mouse monoclonal anti-HA.11 (901502) and purified
mouse anti-IRF-3 antibody (Go-ChIP) were purchased from BioLegend. Rabbit monoclonal antiTBK1 (ab40676) was purchased from Abcam. Rabbit monoclonal anti-phospho TBK1 (Ser172)
(5483), rabbit monoclonal anti-IRF-3 (Ser396) (D6O1M), rabbit monoclonal anti-p300 (D8Z4E),
anti-rabbit IgG, HRP-linked Antibody (7074), and anti-mouse IgG, HRP-linked Antibody (7076)
were purchased from Cell Signaling Technology. Mouse monoclonal anti-IRF-3 (CBX00167) was
purchased from Cosmobio. Donkey anti-Rabbit IgG (H+L Alexa Fluor 488 IgG) was purchased
from Life Technologies.
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2.4 Construction of the DDX3 and mutant expression plasmids
Expression plasmid of DDX3 was constructed by reverse transcription (RT)-PCR
amplification of cDNAs from 293T with primers encoding the Flag tag at its N-terminus with 5’
NdeI and 3’ SalI restriction sites. The PCR products were subcloned into pEF-Bos. pEF-Flag
DDX3 K230A was generated by site-directed mutagenesis of pEF-Flag DDX3 using KOD-plus
site-directed mutagenesis (Toyobo). pEF-Flag DDX3 K230A mutant was confirmed by
sequencing. The mutation site was validated by a BigDyeTM Terminator v3.1 Cycle Sequencing
Kit (ThermoFisher Scientific) according to the manufacturer’s protocol. The sequence was
analyzed using an Applied Biosystems® 3500 Series Genetic Analyser (ThermoFisher Scientific).
The plasmids are propagated in Competent High DH5 (Toyobo) and purified using a Fast Gene
Plasmid Mini Kit. (Nippongenetics) and NucleoBond® Xtra Midi (Takara). IRF-3 and IRF-3 (58427) expression plasmids were described previously (60). Reporter constructs p-125Luc and p55C1BLuc were described previously (61).
2.5 siRNA gene knockdown (KD)
Lipofectamine RNAiMAX Reagents (Invitrogen) were used as the transfection reagent to
effectively transfect HeLa or 293T cells. siRNAs were purchased from Life Technologies and
transfected into 5x105 293T cells at a final concentration of 60 nM in 6 well-plates. At 24 hpt,
2x105 cells were seeded into 12-well plates, and the virus was introduced to the cells for 12 h, then
subjected to qRT-PCR or SDS-PAGE followed by immunoblotting. For control, siRNA-negative
control (silencer ®Select Cat#4390843, Ambion) was included as a non-targeting 21-mer siRNA.
Small interfering RNA (siRNA) targeting human DDX3 (sense: 5’-GAU UCG UAG AAU AGU
CGA ACA dT dT-3’, antisense: UGU UCG ACU AUU CUA CGA AUC dT dT-3’) and human
MAVS siRNA (#BSI-000914).
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2.6 Cell stimulation and transfection
HMW Poly(I:C) and 5’ppp-dsRNA were transfected for 12 h at a 1 μg/ml concentration
using PEI for 293T cells and Lipofectamine 2000 for HeLa cells. For transient protein expression
in 293T and HeLa cells, expression plasmids were transfected using PEI and Lipofectamine LTX,
respectively.
2.7 RNA isolation and qPCR
Total RNA was extracted from cells using TRIzol reagent. cDNA (500 ng) was generated
using ReverTra Ace® qPCR RT Master Mix with gDNA Remover (TOYOBO). qPCR was
performed on the Step One plus real-time PCR system (Applied Biosystems) using
THUNDERBIRD SYBR qPCR Mix (TOYOBO). Relative gene expression was quantified by
qPCR against the housekeeping gene GAPDH using primers pairs with a product size of around
150 bp. Primers were synthesized by Fasmac Bioanalytical Services (Japan). Sequences of the
primers used in qPCR are listed in Table 1
Table 1. Primer sequences for qPCR
Primer

Sequences (5’-3’)

IFNB

Forward: AGCTGCAGCAGTTCCAGAAG
Reverse: AGTCTCATTCCAGCCAGTGC

ISG15

Forward: GCGAACTCATCTTTGCCAGT
Reverse: CTTCAGCTCTGACACCGACA

ISG56

Forward: TCTCAGAGGAGCCTGGCTAA
Reverse: TGACATCTCAATTGCTCCAGA

GAPDH

Forward: CTGCACCACCAACTGCTTAG
Reverse: GTCTTCTGGGTGGCAGTGA

SeV (Cantell)

Forward: GACGCGAGTTATGTGTTTGC
Reverse: TTCCACGCTCTCTTGGATCT
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2.8 Subcellular fractionation
Cells collected from 6-well plates were suspended in 25 μl of 0.1% NP-40 in PBS
(supplemented with protease inhibitors cocktail) and then centrifuged at 4,500 g for 5 min at 4°C.
The supernatant was collected as the cytoplasmic fraction. Pellets were washed at least 5 times
with 500 μl of ice-cold 0.1% NP-40 in PBS. Nuclear pellets were then lysed with 20 μl of lysis
buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, and 1% NP-40 supplemented with protease
inhibitors cocktail, and 1 mM orthovanadate), and then sonicated briefly 3 times (Branson sonifier
250) before centrifugation at 15,000 g for 10 min at 4°C. The supernatant was kept as the nuclear
fraction.
2.9 Immunoblotting and immunoprecipitation
293T cells were washed with phosphate buffer saline (PBS). Cells were lysed with lysis
buffer. Cell extracts were centrifuged at 15,000 g for 10 min at 4°C, and supernatants were
collected as protein extracts, resuspended in 2X SDS sample buffer (125 mM Tris- HCl pH 6.8,
4% sodium dodecyl sulfate (SDS), 20% Glycerol, 10% 2-Mercaptoethanol, 0.01% Bromophenol
blue) before boiling 100 °C for 5min and electrophoresis at 26 mA for 70 min.
For immunoprecipitation, protein extracts were incubated with 1 ug of antibody with
rotation at 4°C overnight. After that, 5 μl of Dynabeads protein G (Thermo Fisher) was added to a
mixture and incubated at 4°C for 4 h. The immunocomplexes were washed 3 times in lysis buffer,
followed by denaturation in 2X SDS sample buffer. Denatured proteins were resolved by SDSPAGE. Proteins on the membranes were visualized on the LAS-4000 instrument (Fujifilm) by
chemiluminescence.
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2.10 Native PAGE
To detect IRF-3 dimerization, a native PAGE was performed. Briefly, a 7.5%
polyacrylamide gel was pre-run with the running buffer (25 mM Tris-HCl pH 8.4, 192 mM
glycine) in the presence or absence of 0.2% sodium deoxycholate (DOC) (SIGMA) in the upper
(-) and lower (+) chamber buffers, respectively, at 40 mA for 30 min. Protein extracts were mixed
with 5X Native PAGE sample buffer (312.5 mM Tris-HCl pH 6.8, 50% glycerol, and 0.01% BPB).
The samples were electrophoresed at 26 mA for 30 min at room temperature. Proteins were
transferred onto polyvinylidene difluoride (PDVF) membranes and detected by immunoblotting.
2.11 Immunostaining
293T cells were cultured in 8-well chamber plates (Ibidi) and either left untreated or
infected with SeV for 12 h. Cells were fixed with 4% paraformaldehyde (PFA), permeabilized
with 0.25% Triton X-100 in PBS, and treated with 1% bovine serum albumin (BSA) in PBST
(0.04% Tween 20 in PBS) for 30 min at room temperature before incubation with the primary
antibody at 4°C overnight. The secondary antibody was applied and incubated with the samples
for 1 h at room temperature. Cells were counterstained with 1 μg/ml 4’, 6-diamidino-2phenylindole (DAPI) and then observed under a confocal microscope (TCS-SP8-Leica
Microsystems). Nuclear localization of IRF-3 was analyzed with Keyence BZ-X700 microscope
and scored with Keyence Analyzer software. More than 500 cells were counted 3 times for each
sample.
2.12 Luciferase reporter assay
293T cells were seeded in 24-well plates at 1×105 cells per well in DMEM medium with
10% FBS overnight and transfected with RIG-IN, MDA5N, MAVS, TBK1, IKKe, IRF-3 5D
21

expression plasmids (200 ng) and p-125 Luc (200 ng) or p-55C1B Luc (200 ng) together with
pRL-TK-Renilla Luc (10 ng). SeV infection was conducted at 24 hpt. At 12 hpi, cells were lysed
with passive lysis buffer (Promega), and firefly luciferase and Renilla luciferase activities were
measured using a dual-luciferase assay kit (Promega). Determine luminescence signal intensity
using a Tristar LB 942 Microplate reader (Berthold Technologies).
2.13 Electrophoretic mobility shift assay (EMSA)
ISRE oligonucleotides have been radiolabeled with γ-³²P by 5’ end labeling using
[γ-³²P] ATP and T4 polynucleotide kinase. γ32P -labeled ISRE oligonucleotides must be annealed
(heat at 100 °C for 5 min) so it can bond and form a double strand with an appropriate
complementary DNA (Figure 3).
Nuclear extracts (10 ug) and 0.1 pmol of γ32P -labeled ISRE probe were incubated with
10X binding mixture (20 mM HEPES pH 7.5, 100 mM NaCl, 1 mM DTT, 1 mM EDTA, 1% NP40, 5% glycerol, and 0.2 ug of herring sperm DNA) for 20 min at room temperature. The DNAprotein complexes were resolved by electrophoresis on 4% acrylamide gels in 1X TBE at 160 V
for 1 h at room temperature. After electrophoresis, the gels were dried, and radioactivity was
visualized by Imageanalyzer FUJIFILM. The oligonucleotide for the ISRE probe is
5’GAGAGGGAAACCGAAACTGAATTAGCTTTCAGTTTCGGTTTCCCTCT -3’ (the ISRE is
underlined).
ISRE
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Annealing (100 ℃, 5 min)
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Figure 3 Annealing of ISRE probe
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2.14 Chromatin immunoprecipitation (ChIP)
293T cells were cultured in 15-cm dishes at 6×106 cells and either left untreated or infected
with SeV for 12 h before fixation with 1% formaldehyde, followed by quenching using 125 mM
glycine. Cell extracts were prepared with lysis buffer and then sonicated using an M220 focusedultrasonicator (Covaris). After sonication, samples were centrifuged to remove insoluble debris,
supernatants were collected, and 5% of each sample was used to measure chromatin input. The
rest of the sample was diluted in ChIP dilution buffer (20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 0.5
mM EGTA, 500 mM NaCl, 1% Triton-X-100, 0.1% SDS, and 0.1% DOC). Antibodies were
conjugated to Dynabeads protein G (Thermo Fisher) by pre-incubation with 0.5% BSA for 6 h.
The beads were incubated with lysate at 4°C for overnight and washed 5 times with washing buffer
(50 mM HEPES-KOH pH 7.4, 500 mM LiCl, 1mM EDTA, 1% NP40, and 0.7% DOC). To elute
the DNA, beads were shaken with 100 μl of elution buffer (50 mM Tris-HCl, pH 8, 10 mM EDTA,
and 1% SDS) at 65°C for 20 min. The immune complexes were reverse cross-linked at 65°C
overnight. After RNase A and proteinase K treatment, DNA was purified by the Monarch PCR &
DNA Cleanup Kit (NEW ENGLAND BioLabs). Real-time PCR analyses were performed using
the recovered DNA. The binding of IRF-3, p300, and DDX3 to the human IFNB promoter region
was analyzed using IFNB promoter-specific primers by qPCR (Figure 4). The primers of the IFNB
promoter were: 5′-GAAAGGGAGAAGTGAAAGTGG-3′ (sense), 5′-AAGGCTTCGAAAGGTT
GCAG-3′ (antisense).
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Figure 4 Schematic representation of the IFNB promoter and primer binding sites
The binding of IRF-3, p300, and DDX3 to the human IFNB promoter region was analyzed using
IFNB promoter-specific primers by qPCR. Schematic representation of the IFNB promoter regions
amplified by qPCR for the chromatin immunoprecipitation experiment.

2.15 Statistical analysis
Statistical analysis was performed using Prism software (version 9). Two-way analysis of
variance (ANOVA) was used for multiple comparisons. Data are expressed as mean ± SEM and
are representative of at least three independent experiments, and differences are assessed as ns =
not significant, *p< 0.05, **p< 0.001, ***p< 0.0001).

24

Chapter 3

Results
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Results
3.1 DDX3 positively regulates the antiviral innate immune responses
According to the findings in previous report, DDX3 positively regulates RLR signaling to
facilitate type I IFN production (51,52,56,58,62). As these reports suggested that DDX3 acts as a
multifunctional adaptor molecule in the RLR signaling pathway, I re-investigated its role in RLR
signaling. Consistent with previous reports, RNAi-mediated knockdown of DDX3 resulted in
inhibition of SeV and NDV-induced type I IFN responses in the same level as knockdown with
MAVS (Figure 5). These findings indicate that DDX3 plays an essential role in RLR signaling.
To validate the biological relevance of DDX3 further in the innate antiviral response,
DDX3-deficient 293T and HeLa cells by CRISPR/Cas9 gene-editing were generated (Figure 6A).
Both DDX3-deficient 293T and HeLa cells contain non-functional N-terminally truncated proteins
(Figure 6B). I then used these cell lines to examine the effect of DDX3 on the expression of the
key antiviral genes, which include IFNB, ISGs. These cells were transfected with 5’-triphosphate
double-stranded RNA (5′ppp-dsRNA), a ligand for RIG-I or high molecular weight (HMW) poly
(I:C), a ligand for MDA5 or infected with Sendai virus (SeV) or Newcastle disease virus (NDV).
These stimuli dramatically increased IFNB expression in wild-type (WT) cells, as expected (Figure
7A). In DDX3 KO 293T cells, these responses were markedly attenuated. To exclude the
possibility of cell-type specificity, I performed the above experiments in HeLa and HeLa DDX3
KO cells and observed similar results (Figure 7B).
Next, the induction kinetics of the IFNB and ISGs gene by SeV in WT and DDX3 KO
293T were investigated. The result shows that DDX3 is required for efficient SeV-induced IFNB
gene expression at all time points (Figure 8A). In addition, the inductions of interferon-stimulated
genes (ISGs); ISG15 and ISG56 were comparable between WT and DDX3 KO during early SeV
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infection (6, 12 hpi). However, ISG15 and ISG56 expression levels were significantly reduced in
DDX3 KO compared to WT cells at 24 hpi, as shown in Figure 8B,C. Consistent with the
attenuated IFN response, SeV RNA levels markedly increased in DDX3 KO 293T (Figure 8D).
These data suggested that DDX3 contributes to host antiviral innate immune response and limits
viral replication.
Moreover, I stably complemented the KO cells with WT Flag-DDX3 to confirm the
enhanced expression of IFNB mediated by DDX3 and exclude the possibility that attenuated IFNB
induction occurred due to off-target effects of DDX3 gRNAs. The reconstituted DDX3 expression
was confirmed by Western blot analysis (Figure 6C,9A). WT, DDX3 KO, and DDX3 KO/DDX3
293T cells were then infected with SeV (Figure 9B) or stimulated with 5’ppp-dsRNA (Figure 9C).
Complementation of DDX3 restored IFNB gene expression induced by SeV and 5’ppp-dsRNA to
the same levels as in WT cells. Altogether, these data confirm that DDX3 acts as a positive
regulator in RLR-induced IFNB gene expression.
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Figure 5 Knockdown of DDX3 inhibits IFNB expression induced by SeV and NDV infection
(A) 293T cells were transfected with siRNA control (si-Ctr) or siRNA specifically targeting
DDX3 (si-DDX3) and MAVS (si-MAVS). The expression of DDX3 and MAVS was examined
by immunoblotting. GAPDH was used as a loading control. (B) qPCR analysis of IFNB expression
in 293T transfected with si-Ctr, si-DDX3, si-MAVS for 48 h, and then infected with SeV and NDV
for 12 h. The results are presented as fold expression of IFNB mRNA to that of GAPDH mRNA.
Data are presented as the mean ± SEM and are one representative of three independent experiments.
Data were analyzed using two-way ANOVA with Tukey’s post-test (ns = not significant, **p<
0.001).
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Figure 6 Generation of DDX3KO and DDX3KO stably reconstituted with Flag-DDX3
KA/WT cells.
(A) Schematic illustration of CRISPR/CAS9-mediated deletion of DDX3 and guide RNA.
Sequences of WT and deleted alleles are shown; gRNA target sites are in black. The deletion
junction was verified by sequencing. (B) Western blot analysis of DDX3 expression in 293T/HeLa
DDX3 KO cells compared with WT cells using an antibody directed against the N- and C-terminus
of DDX3. GAPDH was used as a loading control. (C) Detection of DDX3 protein by Western blot
analysis in HeLa, HeLa DDX3KO/DDX3WT, HeLa DDX3KO/DDX3KA, and HeLa DDX3KO
cells.
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Figure 7 Effects of DDX3KO on IFNB gene expression stimulated by viral infection or
dsRNA
(A) q-PCR analysis of IFNB mRNA in 293T and 293T DDX3KO cells transfected with 5’pppdsRNA or HMW poly (I:C) or infected with SeV or NDV for 12 h. (B) q-PCR analysis of IFNB
mRNA in HeLa and HeLa DDX3KO cells transfected with HMW poly (I:C) or infected with SeV
or NDV for 12 h. The results were presented as fold expression of IFNB mRNA to that of GAPDH
mRNA. Data are presented as the mean ± SEM and are one representative of three independent
experiments. Data were analyzed using two-way ANOVA with Sidak's post-test (ns = not
significant, *p< 0.05, **p< 0.001, ***p< 0.0001).
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Figure 8 DDX3 regulates SeV-induced IFNB expression and inhibits SeV replication in
293T cells
q-PCR analysis of IFNB mRNA (A), ISG15 (B), ISG56 (C), and SeV RNA (D) 293T and 293T
DDX3KO cells infected with SeV for indicated times. The results were presented as fold
expression of IFNB mRNA to that of GAPDH mRNA. Data are presented as the mean ± SEM and
are one representative of three independent experiments. Data were analyzed using two-way
ANOVA with Sidak's post-test (ns = not significant, **p< 0.001).
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Figure 9 DDX3 regulates intracellular SeV and 5’ppp-dsRNA induced IFNB expression
(A) Detection of DDX3 protein by immunoblotting in 293T, 293T DDX3KO, and 293T
DDX3KO/DDX3 cells. q-PCR analysis of IFNB mRNA in 293T, 293T DDX3KO, and 293T
DDX3KO/DDX3 cells infected with SeV (B) or stimulated by 5’ppp-dsRNA transfection (C) for
12 h. The results were presented as fold expression of IFNB mRNA to that of GAPDH mRNA.
Data are presented as the mean ± SEM and are one representative of three independent experiments.
Data were analyzed using two-way ANOVA with Tukey’s post-test (ns = not significant, *p <
0.05, **p < 0.001).
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3.2 DDX3-mediated IFNB promoter activation
To determine the involvement of DDX3 in the regulation of the IFNB promoter regulation,
I used a reporter gene controlled by the promoter region of IFNB (-125 to +19, p-125Luc) and that
controlled by 8 repeats of the IRF binding site (p-55C1BLuc) (61). SeV infection activated these
reporter genes efficiently in 293T WT cells, while they were significantly suppressed in 293T
DDX3 KO cells (Figure 10A,B). These results are consistent with a previous study and suggest
that DDX3 positively regulates the IFNB gene through IRF binding sites.
Next, I overexpressed a series of constitutive active signaling adaptors that bypass the viral
trigger in 293T and 293T DDX3 KO cells to understand better the signaling processes in which
DDX3 participates (Figure 10C,D). Overexpression of CARD of RIG-I and MDA5 directly relay
signals to MAVS to trigger the downstream signaling (24). Ectopic overexpression of MAVS
induces its mitochondrial aggregation and activates the downstream signaling (63). Transient
overexpression of the regulatory protein kinases TBK1 and IKKɛ resulted in IRF3 phosphorylation
on Ser 386 (24,64), leading to IFNB gene activation. The IRF-3 5D mutant is constitutively
phosphorylated IRF-3 on positions 396, 398, 402, 404, and 405, activates the IFN response by an
unknown kinase (24) which mimics virus-induced IFNB gene induction (21). Interestingly, these
constitutive active regulators activated p-125Luc and p-55C1BLuc reporters in a DDX3-dependent
manner. Together, these results indicate that DDX3 positively regulates the activation of IFNB at
the level of IRF-3.
Moreover, IFNB promoter activity (p-125Luc) was significantly enhanced by DDX3
(Figure 11A), and IRF3-mediated reporter activity of IFNB was enhanced considerably by DDX3
in a dose-dependent manner (Figure 11B), whereas DDX3 overexpression alone couldn’t affect
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the IFNB reporter activity. These findings indicate that DDX3 could associate with IRF-3 and
promote IRF3-mediated IFNB activation.
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Figure 10 Effects of the absence of DDX3 on IFNB reporter gene expression stimulated by
SeV or by expression of constitutive active signaling adaptors
293T and 293T DDX3KO cells were transiently transfected with a reporter gene driven by IFNB
promoter (p-125Luc, A) or reporter constructs containing repeated IRF-binding motifs (p55C1BLuc, B) together with internal control (pRL-TK) plasmid for 24 h, followed by stimulation
by infection with SeV for 12 h. Data represent relative firefly luciferase activity normalized to the
internal control. 293T and 293T DDX3KO cells were transiently transfected with reporters (C: p125Luc; D: p-55C1BLuc). Cells were transfected with an empty vector or stimulated by cotransfection with expression vectors for RIG-IN, MDA5N, MAVS, TBK1, IKKɛ, or IRF-3 5D for
24 h. Cells were subjected to dual luciferase assay. Data are presented as relative firefly luciferase
activity normalized to Renilla luciferase activity. Data are presented as the mean ± SEM and are
one representative of three independent experiments. Data were analyzed using two-way ANOVA
with Sidak’s post-test (ns = not significant, *p< 0.05, **p< 0.001).
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Figure 11 DDX3 promotes IRF3-mediated IFNB activation
HEK293T cells were co-transfected with 100 ng IRF-3 5D expressing plasmid; 250 ng p-125Luc
(A) and p-55C1BLuc (B) luciferase reporter plasmids; and 10 ng pRL-TK-Renilla Luc reporter
plasmid together with 250 ng or 500 ng of DDX3-expressing plasmid. Total amounts of plasmid
DNA were equalized using an empty control vector. After 24 hours of culture, luciferase activity
was measured and normalized by Renilla luciferase activity. Data are presented as the mean ±
SEM and are one representative of three independent experiments. Data were analyzed using twoway ANOVA with Tukey’s post-test (ns = not significant, **p< 0.001, ***p< 0.0001).
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3.3 DDX3 does not affect conventional innate signaling, including IRF-3 phosphorylation,
dimerization, or nuclear translocation
The kinetics of TBK1 phosphorylation, IRF-3 phosphorylation, and IRF-3 homodimer
formation were investigated in SeV-infected 293T and 293T DDX3 KO cells (Figure 12A). Upon
SeV infection, the total amount of TBK1 did not change; however, phospho TBK1 (S172) was
detectable after 6 hpi and persisted after. IRF-3 was detectable at 0 hpi, and progressive mobility
retardation in SDS gel was observed after 6 hpi, suggesting its phosphorylation at multiple sites.
When the blot was probed with phospho-specific antibody (S396), IRF-3 phosphorylation was
observed after 6 hpi and further increased after that. Native PAGE analysis showed that IRF-3
dimer formation correlated with IRF-3 phosphorylation. Importantly, there was no notable
difference in the phosphorylation of TBK1, IRF-3, or IRF-3 dimer formation in the presence or
absence of DDX3.
Next, the nuclear translocation of IRF-3 in SeV-infected cells by cell fractionation and
immunofluorescence microscopy was examined. Cell fractionation revealed that IRF-3
translocated into the nucleus, suggesting phosphorylation-specific translocation in 293T and 293T
DDX3 KO cells (Figure 12B). This observation was confirmed by staining with anti-IRF-3
antibody (Figure 12C). The counting of cells revealed that 66.9% and 67.8% of 293T and 293T
DDX3 KO cells, respectively, exhibited nuclear translocation of IRF-3, suggesting that IRF-3
nuclear translocation is DDX3-independent.
Collectively, these findings revealed that DDX3 does not affect the phosphorylation,
dimerization, or nuclear translocation of IRF-3, but it may have some downstream effects after the
activation of IRF-3.
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Figure 12 Analysis of different signaling events induced by SeV infection in 293T and 293T
DDX3 KO cells
(A) 293T and 293T DDX3KO cells were mock-treated or infected with SeV for the indicated time.
Total cell lysates were subjected to SDS-PAGE or native PAGE, followed by immunoblotting
using the indicated antibodies. (B) 293T and 293T DDX3KO cells were mock-treated or infected
with SeV for 12 h, and then subjected to subcellular fractionation. Cytoplasmic and nuclear
extracts were examined by immunoblotting using the indicated antibodies. (C) 293T and 293T
DDX3KO cells were mock-treated or infected with SeV for 12 h. Cells were fixed and stained for
endogenous IRF-3 (green), and nuclear DNA was stained with DAPI (blue). Cells were observed
by confocal microscopy and scored for nuclear translocation of IRF-3. Data are presented as the
mean ± SEM and are one representative of three independent experiments. Data were analyzed
using two-way ANOVA with Sidak’s post-test (ns = not significant).
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3.4 Physical association between DDX3 and IRF-3 requires the N-terminal DNA binding
domain of IRF-3
Next, the physical association of DDX3 with IRF-3 was examined. HA-IRF-3 and FlagDDX3 were expressed in 293T cells and co-immunoprecipitated. Consistent with previous reports,
physical interaction between DDX3 and IRF-3 was confirmed (Figure 13A). Truncated IRF-3 (58427), devoid of its DNA-binding domain, did not associate with DDX3, indicating that the
interaction intact DNA-binding domain of IRF-3 is required for the interaction.
Endogenous interaction between DDX3 and IRF-3 was also confirmed (Figure 13B,C).
Immunoblot analyses of 293T cells revealed that DDX3 was basally abundant in both cytosolic
and nuclear fractions, even in the absence of stimulation. DDX3/IRF-3 binding in subcellular
fractions via coimmunoprecipitation was performed. As shown in Figure 13B, SeV infection
stimulated association of IRF-3 and DDX3. However, the interaction of IRF-3 and DDX3 in
response to SeV infection mainly occurs in the nucleus.
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Figure 13 Physical interaction of DDX3, IRF-3, and p300.
(A) 293T cells were transfected with expression vectors for Flag-DDX3, HA-IRF-3 WT, or HAIRF-3 (58-427) as indicated. Whole cell lysates were subjected to immunoblotting for Flag or HA
epitope (input). Whole cell lysates were immunoprecipitated for HA epitope (IRF-3), and the
precipitates were analyzed by immunoblotting for Flag or HA epitope (IP Anti HA). (B)
Endogenous interaction between IRF-3 and DDX3 in 293T cells’ cytoplasmic and nuclear fraction.
Cells were mock-treated or infected with SeV for 12 h. Cell lysates were immunoprecipitated by
anti-IRF-3 and control IgG, and the precipitates were analyzed by immunoblotting for IRF-3,
DDX3, and p300. (C) 293T cells were mock-treated or infected with SeV for 12 h. Whole cell
lysates were immunoprecipitated by anti DDX3, and the precipitates were analyzed by
immunoblotting for DDX3, IRF-3, and p300.
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3.5 DDX3 is required for efficient IRF motif binding of the IRF-3 holocomplex
The IRF-3 holocomplex, which consists of IRF-3 dimer and co-activator p300/CBP, binds
to the IRF binding motif specifically, and p300/CBP is required for DNA binding (25,65). I
examined the effect of DDX3 on IRF motif binding activity in electrophoretic mobility shift assays
(EMSAs) using the extract from WT and DDX3 KO (Figure 14A). EMSA revealed that WT cell
extract from virus-infected cells exhibited DNA/protein complex (IRF-3 holocompex), and the
binding was abolished by competition of excess unlabeled probe DNA. However, the IRF-3
holocomplex was barely detectable in the DDX3 KO cell extracts. Notably, the holocomplex
binding was restored in DDX3 KO cells, complementing the DDX3 expression vector
(DDX3KO/DDX3).
Moreover, the SeV infection-dependent association between IRF-3 and p300 was
independent of DDX3 (Figure 14B). Next, IRF-3 binding with the IFNB promoter in cells was
investigated. ChIP assay to detect binding of IRF-3 (Figure 15A), p300 (Figure 15B), and DDX3
(Figure 15C) to the IFNB promoter were performed. PCR was designed to amplify the region from
11-122 bp of the IFNB promoter (GenBank: X00973.1). IRF-3, p300, and DDX3 associated with
the IFNB promoter in Sev-infected WT cells, but the association was at a background level in
DDX3 KO cells. Together, these results demonstrate that DDX3 contributes to the DNA binding
activity of the IRF-3 holocomplex in vitro and in cells.
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Figure 14 DDX3 is dispensable for the formation of a complex composed of IRF-3 and p300,
but essential for its specific binding to the IRF motif DNA sequence.
(A) HeLa, HeLa DDX3KO, or HeLa DDX3KO/DDX3 cells were transiently transfected with the
expression vector for IRF-3 and mock-treated or infected with SeV or NDV as indicated. Nuclear
extract was prepared and subjected to EMSA with γ32P-labeled oligonucleotides containing the
IRF-binding sequence. Unlabeled IRF-oligonucleotides (100-fold excess) were included to
examine binding specificity (lanes 10-12). (B) 293T or 293T DDX3KO cells were infected with
SeV for 12 h. Whole cell lysates were subjected to immunoblotting for p300, IRF-3, DDX3, or βactin (input). Whole cell lysates were immunoprecipitated by control antibody (IgG) or anti-p300,
and the precipitates were analyzed by immunoblotting for IRF-3 or p300.
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Figure 15 DDX3 is essential for the specific binding of IRF-3/p300 to the IRF motif DNA
sequence
(A) ChIP-qPCR analyses of 293T/293T DDX3KO cells (left panel) and HeLa/HeLa DDX3KO
cells (right panel) stimulated by infection with SeV for 12 h. Chromatin was immunoprecipitated
with anti-IRF-3 antibody. (B) ChIP-qPCR assay as in (A) except with immunoprecipitation by anti
p300 antibody. (C) ChIP-qPCR assay as in (A) but except with immunoprecipitation by control
IgG or anti DDX3. Data are indicated as % of the DNA input. Data are presented as the mean ±
SEM and are one representative of three independent experiments. Data were analyzed using twoway ANOVA with Sidak’s post-test (ns = not significant, *p< 0.05, **p< 0.001).
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3.6 ATP binding motif of DDX3 was required for efficient IFNB gene activation by virus
infection
Previous studies revealed that DDX3 mutant lacking ATPase activity promoted IFN-β
induction by TBK1/IKKɛ overexpression (51,52). To confirm whether the ATPase activity of
DDX3 was essential for IFNB activation, the DDX3 helicase mutant lacking ATPase activity by
changing lysine at position 230 in a critical ATPase motif to Alanine (K230A). To exclude the
effect of endogenous DDX3 expression, 293T and HeLa cells stably expressing DDX3-KA in
DDX3 KO cells were generated. I then infected WT, DDX3 KO, DDX3 KO/DDX3KA, DDX3
KO/DDX3WT 293T, and HeLa cells with SeV and NDV for 12h. IFNB activation was observed
using qPCR. Unexpectedly, DDX3KO and DDX3 KO/DDX3KA showed a reduction in IFNB
gene expression significantly compared to WT and DDX3KO/DDX3WT 293T (Figure 16A,B)
and HeLa cells (Figure 16C,D). These results suggested that DDX3’s ATPase domain is required
for IFNB activation in response to viral infection.
Next, I investigated whether KA point mutation affects the interaction between DDX3 and
IRF-3. Coimmunoprecipitation analysis revealed that even though DDX3 interacts with IRF-3,
DDX3 harboring KA point mutation failed to interact with IRF-3 in 293T cells, suggesting the
ATPase activity of DDX3 might contribute to IRF-3 activation (Figure 17A). Similar results were
obtained with HeLa DDX3KO cells stably expressing Flag-tagged DDX3WT and DDX3K230A
(Figure 17B).
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Figure 16 ATP binding motif of DDX3 is required for virus-induced IFNB expression
q-PCR analysis of IFNB mRNA in 293T, 293T DDX3KO, 293T DDX3KO/DDX3KA, and 293T
DDX3KO/DDX3WT cells infected with SeV (A) and NDV (B) for 12 h. q-PCR analysis of IFNB
mRNA in HeLa, HeLa DDX3KO, HeLa DDX3KO/DDX3KA, and HeLa DDX3KO/DDX3WT
cells infected with SeV (C) and NDV (D) for 12 h. The results were presented as fold expression
of IFNB mRNA to that of GAPDH mRNA. Data are presented as the mean ± SEM and are one
representative of three independent experiments. Data were analyzed using two-way ANOVA with
Tukey’s post-test (ns = not significant, **p< 0.001).
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Figure 17 ATP binding motif of DDX3 is required for interaction with IRF-3
(A) 293T cells were transiently transfected with the expression vector for Flag-DDX3, FlagDDX3KA, or HA-IRF-3 as indicated. Whole cell lysates were subjected to immunoblotting for
Flag, HA, and GAPDH (input). Whole cell lysates were immunoprecipitated by anti HA and the
precipitates were analyzed by immunoblotting for HA or Flag. (B) HeLa DDX3KO cells stably
expressing Flag-tagged DDX3WT and DDX3K230A infected with SeV for 12 h. Whole cell
lysates were immunoprecipitated by anti-IRF-3 followed by immunoblotting as indicated.
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Discussion
DExD/H-box helicases have been shown to play essential roles in RNA metabolisms in
cells. Within the DExD/H-box helicases family, not only RIG-I and MDA5, but other RNA
helicases also have been reported to function in innate immune signaling in response to dsRNA,
including DHX15 (66), DHX33 (67,68), DHX29 (69,70), DDX3 (51,52,58,59) and the complex
of DDX1-DDX21-DHX36 (71).
DDX3 has also been linked to carcinogenesis and the human DDX3 syndrome; however,
its physiological role's underlying mechanism(s) remains unclear. There have been several studies
on the regulation of DDX3 in innate antiviral immunity. The three members of RLR, including
RIG-I, MDA5, and LGP2, belong to the DExD/H-box protein superfamily of RNA helicases. Due
to the similarity of its structure, it was hypothesized that DDX3 functions in the sensing step of
antiviral responses. Furthermore, unlike RIG-I and MDA5, its mode of action in innate immunity
seems distinct; it does not exert an effect as a PRR but is situated somewhat downstream in the
signaling cascade that controls IFN-β production. However, the published reports are also not
consistent. In this study, I re-examined the function of DDX3 in antiviral immunity. I confirmed
that DDX3 positively regulates virus-induced type I IFN production. I utilized genome editing
technology to avoid off-target effects of siRNA-mediated knockdown. I strictly confirmed that the
loss of function of DDX3 by genome editing was complemented by the ectopic expression of
DDX3. Previous reports demonstrated that DDX3 facilitates the sensing of viral RNA or
subsequent signaling steps. This present study, however, demonstrated that all the steps leading to
the activation of IFNB gene were comparable in the presence or absence of DDX3, except that the
IRF motif-DNA binding activity of the transcriptional factor complex composed of IRF-3 dimer
and co-activator p300/CBP, was undetectable in the absence of DDX3. Furthermore, chromatin
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immunoprecipitation demonstrated that IRF-3, p300, and DDX3 are specifically recruited to the
IFNB gene promoter in SeV-infected cells but not uninfected cells. This notion is consistent with
Soulat et al. (2008). It has been shown that virus infection or dsRNA stimulation results in forming
a holocomplex of IRF-3, exhibiting activity to bind the ISRE or IRF motif. The holocomplex
consists of a homodimer of IRF-3 and the co-activators p300/CBP (60,65,72,73). I have identified
DDX3 protein as an IRF3-p300 interacting protein that enhances IRF3-mediated transcriptional
activation and gene expression. However, DDX3 is not required for the formation of the IRF-3
dimer complex with the co-activator p300/CBP. Co-immunoprecipitation demonstrated that
DDX3 has an intrinsic property to associate with IRF-3 physically. DNA binding domain (DBD)
of IRF-3 and ATP binding pocket of DDX3 is involved in this association, and the latter is essential
for transcriptional activation and gene expression.
It is known that nucleic acid unwinding activity of DEAD-box helicases requires the
hydrolysis of ATP through Walker motifs present in the DEAD domain (74,75). Previous studies
suggested that the ATP binding pocket is dispensable for transactivation (51,52). This discrepancy
is likely due to the use of reporter genes in contrast to the analysis of endogenous chromosomal
IFNB in this present study. The involvement of DDX3’s ATP hydrolysis activity in the
transcriptional activation will be the objective of future studies. In addition, a similar scenario has
also been described; DDX3X has been reported to promote transcription of the p21waf1/cip1 by
direct interaction with transcription factors Sp1 (53).
Based on the present study, a model for virus-induced activation of type I IFN mediated by
DDX3 was constructed (Figure 18). Upon sensing viral dsRNA by RLR or TLR3, a signal is
transmitted to activate TBK1 (or IKKε) (i). TBK1 phosphorylates IRF-3 at Ser 386 to induce its
dimerization (ii). Previous studies have shown that TBK1 and IKKε directly phosphorylate DDX3
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and that this phosphorylation mediates IRF-3 binding (51,58) (iii). Dimerized IRF-3 translocates
to the nucleus, where it forms a complex with p300/CBP; however, in the absence of DDX3, this
complex has little activity to recognize the target DNA (vi). Phosphorylated DDX3 is recruited to
the IRF-3/p300/CBP complex to confer its full binding activity to the IRF motif sequence of the
IFNB promoter (v). DDX3 is important in guiding a transcription factor complex formed by
antiviral signaling to the IFNB promoter.
A homolog of DDX3X called DDX3Y is encoded by the non-recombining region of the
Y-chromosome and their share of around 90% homology. While DDX3X is ubiquitously
expressed, DDX3Y protein expression seems confined to the male germline (32). A recent study
demonstrated that DDX3Y increased IFNB gene expression in a similar way to DDX3X. In
fibroblasts lacking both TBK1 and IKKε kinases, DDX3X/Y increased the activity of a
constitutively active IRF-7 mutant suggesting that TBK1/IKKε-mediated phosphorylation may not
require DDX3X/Y activity to enhance IFN-β production. Moreover, the activity of an NF-κB
reporter gene was observed to be enhanced by DDX3X, suggesting that its influence on innate
immune responses may extend beyond the IRF-3/7 pathway (33).
DDX3 belongs to a family of RNA helicases whose predicted function is to unwind dsRNA
to ssRNA through ATP hydrolysis. The function of DDX3 revealed in the current study is novel
and remotely related to that of RNA helicases. It is tempting to speculate that DDX3 regulates
transcription factors other than IRF-3 to aid in their specific recognition of target genes. This may
lead to an understanding of the versatile physiological functions of DDX3. DDX3 is a
multifunctional protein interacting with human and viral RNA/proteins and RNA. It was shown
that DDX3 plays a dual function in viral replication: as a cofactor of virus replication and a
mediator of the innate immunity system. Understanding the molecular features of DDX3 in the
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innate immune system may aid in developing therapeutic strategies to combat infection, cancer,
and autoinflammatory diseases.
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Figure 18 Schematic representation of a proposed model of the functional role of DDX3 in
RLR/TLR signaling
RLR/TLR3 senses viral dsRNA then transmits a signal to activate TBK1 (or IKKɛ) (i). TBK1
interacts and phosphorylates IRF-3, leading IRF-3 to dimerize (51,58) (ii); concurrently, TBK1
phosphorylates DDX3 (iii). Dimerized IRF-3 translocates to the nucleus, forming a complex with
co-activator p300/CBP (vi). Phosphorylated DDX3 is recruited to the IRF-3/p300/CBP complex
to confer its full binding activity to the IFNB promoter (v).
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