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SUMMARY
Asp-Glu-Ala-Asp (DEAD)-box polypeptide 3, or DDX3, belongs to the DEAD-box family of ATP-dependent RNA
helicases and is known to play different roles in RNA metabolism ranging from transcription to nuclear export, trans-
lation, and assembly of stress granules. In addition, there is growing evidence that DDX3 is a component of the innate
immune response against viral infections. As such, DDX3 has been shown to play roles both upstream and downstream
of I-kappa beta kinase ε (IKKε)/TANK-binding kinase 1, leading to IFN-β production. Interestingly, several RNA
viruses, including human threats such as HIV-1 and hepatitis C virus, hijack DDX3 to accomplish various steps of their
replication cycles. Thus, it seems that viruses have evolved to exploit DDX3’s functions while threatening the innate
immune response. Understanding this interesting dichotomy in DDX3 function will help us not only to improve our
knowledge of virus–host interactions but also to develop novel antiviral drugs targeting the multifaceted roles of
DDX3 in viral replication. Copyright © 2015 John Wiley & Sons, Ltd.

Received: 8 April 2015; Revised: 8 June 2015; Accepted: 8 June 2015
INTRODUCTION
Asp-Glu-Ala-Asp (DEAD)-box polypeptide 3 (DDX3)
belongs to a large family of ATP-dependent RNA
helicases known as the DEAD-box family of proteins
[1–3]. This family is characterized by the presence of
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a central catalytic core composed of 12 highly
conserved motifs, including the eponymous DEAD
motif II that provides the family’s name [4,5].
DEAD-box proteins have been shown to be in-
volved in all steps of RNA metabolism and thus
are expected to serve pleiotropic functions within
the cell [3].
DDX3 has two homologues, DDX3X and

DDX3Y, located in chromosomes X and Y, respec-
tively [6–8]. While DDX3Y is expressed in the male
germline and is probably associated with male
fertility [9], DDX3X (hence referred to as DDX3) is
ubiquitously expressed in a wide range of tissues
and is involved in key biological processes includ-
ing cell cycle progression, innate immune response,
apoptosis, and cancer but also the replication cycle
of different viruses [1,8,10–12].
Most DDX3 functions are related to mRNA me-

tabolism, mostly due to its ATPase and RNA
helicase activities and its ability to interact with
several proteins involved in this process [1,2]
(Figure 1A). Interestingly, DDX3 is also an impor-
tant component of stress granules (SG) [13,14],
which are mRNA triage sites assembled during stress



Figure 1. DDX3 and RLRs proteins in antiviral signaling. (A) Schematic representation of DEAD-box RNA helicase 3. The catalytic helicase
core is composed of two RecA-like domains, domain 1 (encompassing helicase motifs Q, I, II, and III) and domain 2 (encompassing helicase
motifs IV, V, and VI), both of which are essential to coordinate RNA binding and ATP hydrolysis activities. The C-terminal domain (CTD)
contains an arginine-serine-rich (RS) domain. Motifs involved in ATP binding (blue), RNA binding (orange), and linking of ATP and RNA
binding (green) are shown. The binding regions important for interaction with both viral and cellular proteins are shown. (B) Diagram
illustrating key features of RIG-I, MDA5, and LGP2. The three RLRs are composed of a central DExD/H box helicase. A regulatory domain
(RD) in the CTD binds viral RNA, activating the RIG-I ATPase by RNA-dependent dimerization. RIG-I andMDA5 contain tandem caspase
activation and recruitment domain (CARD) regions at their N-terminal domain (NTD). A schematic representation of the MAVS/IPS-1/
Cardif/VISA adaptor protein showing its CARD domain, the proline-rich region (Pro) and the C-terminal mitochondrial membrane region
(TM) are presented. DDX3, DEAD-box polypeptide 3; RLRs, RIG-I-like receptors; DEAD, Asp-Glu-Ala-Asp; RIG-I, retinoid acid-inducible
gene-I; MDA5, melanoma differentiation-associated gene 5; LGP2, laboratory of genetics and physiology 2; MAVS, mitochondrial antiviral
signaling; VISA, virus-induced signaling adaptor; JEV, Japanese encephalitis virus
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conditions and associated with innate immune
responses against viruses [15,16]. Given the
multifaceted functions of DDX3 in mRNA me-
tabolism, it is not surprising that several RNA
viruses exploit either the driving force of
DDX3-mediated ATP hydrolysis or its ability to
assemble large ribonucleoprotein complexes to
accomplish different steps of the replication cycle
[1,17]. Interestingly, growing evidence also sup-
ports DDX3 functions related to innate immune
response against viral infection [12].
Improving our understanding of the roles of

DDX3, both as a host factor for viral replication
and as a component of the antiviral immune re-
sponse, will contribute to the design of novel anti-
viral drugs aimed at fighting emerging and/or
re-emerging viral diseases, such as HIV and HCV
infections, which represent important threats to
human health.
Copyright © 2015 John Wiley & Sons, Ltd.
DDX3 as a common host factor required for
RNA virus replication
DDX3 has been described as a host factor involved
in the replication of several viruses with an impor-
tant impact on human health (Table 1). In the
following section, we describe the state of the art
on this virus-DDX3 interaction.
Hepatitis C virus. HCV represents a significant
human health burden, with more than 170 million
people chronically infected worldwide [18]. Chronic
HCV infection leads to steatosis, liver cirrhosis, and
ultimately hepatocellular carcinoma [18]. HCV be-
longs to the Hepacivirus genus of the Flaviviridae
family and possesses a positive single-stranded
RNA molecule as a genome [19]. Early work using
a yeast two-hybrid screening identified DDX3 as
an interacting partner of the HCV core protein
Rev. Med. Virol. 2015; 25: 286–299.
DOI: 10.1002/rmv



Table 1. DDX3 promotes RNA virus replication through multiple mechanisms

Virus DDX3 function Viral component Cellular compartment

HCV Late steps of viral
replication, innate
immunity evasion

Core, NSP5,
NSP3, viral RNA

SGs and LDs

HIV-1 Nuclear export
and translation
of unspliced mRNA

Rev, viral RNA Nuclear pore complex
and pre-translation
initiation granules

WNV Viral replication,
unknown mechanism

NS3 Cytoplasmic viral
replication compartments

JEV Viral replication,
probably translation

NS3, NS5,
Viral RNA

Cytoplasmic viral
replication compartments

MNV Viral RNA and
protein synthesis

Viral RNA Cytoplasmic viral
replication compartments

DDX3, DEAD-box polypeptide; SG, stress granules; LDs, lipid droplets; WNV, West Nile virus; JEV, Japanese enceph-
alitis virus; MNV, murine norovirus.
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[20–22]. This interaction occurred between the N-
terminal domain of core and the C-terminal
arginine-serine-rich-like domain of DDX3 [21,22]
(Figure 1A). Moreover, it was shown that expres-
sion of the HCV core protein in cells induced a
strong redistribution of cytoplasmic DDX3 to-
wards viral replication sites located around lipid
droplets (LDs) [23–25]. Consistent with a func-
tional interaction between DDX3 and core, a
genome-wide screening identified DDX3 as a host
factor involved in the late steps of the replication
cycle [26]. Indeed, DDX3 was shown to be re-
quired for HCV RNA accumulation during viral
replication [24,25]. However, while one study sug-
gested that the DDX3 function was unrelated to its
ability to interact with the core protein [23], other
study showed that DDX3-binding peptides, de-
rived from the HCV core N-terminal domain, were
inhibitory for RNA replication of genotype 1b but
not genotype 2a [27]. Thus, the relevance of
core-DDX3 interaction during HCV replication
still remains elusive, and more studies are needed.
Although it remains unclear whether DDX3-related
ATPase or RNA helicase activities are required
for HCV replication, it has been proposed that
DDX3 sequestration to HCV replication compart-
ments around LDs contributes to evasion of
innate immune responses [28] (see succeeding
texts). Interestingly, DDX3 sequestration to LDs oc-
curred together with the recruitment of several pro-
teins including DDX6, Lsm1, Xrn1, PatL1, and
Copyright © 2015 John Wiley & Sons, Ltd.
Ago2, which usually localize in cytoplasmic
granules including processing bodies (p-bodies)
and SG [29]. Therefore, disruption of host cyto-
plasmic granules is an important step in ensuring
viral replication (see succeeding texts).

Human immunodeficiency virus. HIV is the etiologi-
cal agent of AIDS [30,31]. Since the beginning of
AIDS epidemic, the virus has infected nearly 80
million people, with 40 million deaths. Despite the
availability of antiretroviral treatment, it is not
possible to eradicate the virus from the body, and
thus, AIDS is now considered a non-curable chronic
disease that requires life-long treatment [32]. HIV
belongs to the Lentivirus genus of the Retroviridae
family and possesses a positive single-stranded
RNA genome that is retrotranscribed to a double-
stranded DNA and integrated into the host cell
genome [33]. Once integrated, the host RNA poly-
merase (Pol) II transcribes a 9-kb full-length mRNA
molecule that undergoes full and partial alternative
splicing to generate more than 40 viral tran-
scripts [34]. In addition to these spliced transcript
variants, the full-length unspliced transcript is also
used as a mRNA [35,36]. While nuclear export of
fully spliced transcripts relies on the classical
cellular mRNA export machinery mediated by
Tap/NXF1 [37], nuclear export of partially spliced
and unspliced transcripts requires the “regulator of
expression of virion proteins” known as the Rev
protein [38,39]. Rev binds to a specific RNA
Rev. Med. Virol. 2015; 25: 286–299.
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structure present in viral mRNAs (Rev responsive
element, RRE) and interacts with the host
karyopherin (chromosome maintenance-1) CRM1,
which finally mediates the nuclear export of the
Rev/RRE complex [40]. Initially, DDX3 overexpres-
sion was shown to stimulate gene expression from
an HIV-1 RRE-containing vector in the presence
but not in the absence of Rev [41]. The authors
observed that stimulation of gene expression from
the RRE-containing mRNA was dependent on the
catalytic activity of the RNA helicase and involved
an increase in the cytoplasmic levels of the
corresponding transcript; DDX3 was proposed to
be a Rev co-factor during nuclear export of
RRE-containing mRNAs [41]. Afterwards, DDX3
was also shown to directly interact with CRM1 at
the cytoplasmic side of the nuclear envelope
suggesting that the function of DDX3 was related
to the late events of viral mRNA nuclear export
[41]. DDX3 has also been shown to promote HIV-1
translation in an ATP-dependent manner [42–45].
While we and others identified the trans-activation
response (TAR) RNA motif, present at the 5 -
untranslated region (5 -UTR), as the molecular
target of DDX3 during cap-dependent translation
[42,45], it has also been proposed that DDX3
promotes cap-independent, internal ribosome
entry site-driven, translation initiation [44]. During
HIV-1 cap-dependent translation, we observed that
DDX3 was necessary to (i) unwind the TAR RNA
motif and (ii) drive the assembly of a specific
ribonucleoprotein complex composed of at least
the unspliced mRNA, DDX3, and translation initia-
tion factors eIF4G and poly(A)-binding protein
(PABP) [42,43]. Interestingly, such a pre-translation
initiation complex was observed in the form of
specific large cytoplasmic granules distinct from
SG and p-bodies indicating that the relocalization
of DDX3 to cytoplasmic viral aggregates might be
a common strategy employed by RNA viruses [43]
(see succeeding texts).

West Nile virus. West Nile virus (WNV) is a
mosquito-borne virus infecting the central nervous
system. Although most infected persons remain
asymptomatic, symptomatic infection can lead
to West Nile neuroinvasive disease manifested
as encephalitis, meningitis, or acute anterior
poliomyelitis, sometimes resulting in death [46].
WNV belongs to the Flavivirus genus of
the Flaviviridae family and possesses a positive
Copyright © 2015 John Wiley & Sons, Ltd.
single-stranded RNA genome [47]. Interestingly,
WNV disrupts the assembly of SG and p-bodies
during infection [48]. As discussed previously for
HCV and HIV-1, WNV sequesters DDX3 and other
components of stress granules and p-bodies
towards viral replication sites [49], further
suggesting a common mechanism. Although it
has been shown that DDX3 is required for viral
replication [49], the underlying molecular mecha-
nism remains unclear.

Japanese encephalitis virus. Japanese encephalitis
virus (JEV) is also a mosquito-borne virus and the
most common cause of encephalitis in humans,
mainly affecting children [50]. Although most
patients become immune following childhood
infection, JEV causes nearly 70 000 infections
annually [50]. Typically, 20–30% of infected patients
die, and 30–50% of survivors suffer neuropsychiat-
ric sequelae [50]. JEV belongs to the Flavivirus
genus of the Flaviviridae family and possesses a
positive single-stranded RNA genome [51]. DDX3
has been shown to be necessary for viral RNA
translation and replication in an ATP-dependent
manner during the JEV replication cycle [52].
Interestingly, DDX3 was able to interact with
the viral proteins NS3 and NS5, components of
the viral replication complex, as well as the 5 -
UTR and 3 -UTR of the JEV RNA [52]. Indeed,
DDX3 localized together with NS3 and NS5
and JEV RNA in cytoplasmic aggregates where
viral replication takes place [52]. However, the
molecular mechanism by which DDX3 promotes
these interactions remains undetermined.

Norovirus. Norovirus (NV) is a human enteric
pathogen and the first viral agent known to cause
gastroenteritis. NV likely causes more than
200000 deaths of children under 5years old in the
developing world annually [53]. Moreover, long-
term chronic NV infection is now recognized as
an important cause of morbidity and mortality in
immune-compromised patients [54]. The virus
belongs to the Norovirus genus of the Caliciviridae
family and possesses a positive single-stranded
RNA genome [53]. While there is no cell culture
system for human NV, the use of murine
norovirus (MNV) has provided a suitable model
for studying NV replication [54]. Using RNA affin-
ity chromatography followed by a mass spectrome-
try strategy aimed at characterizing the MNV
Rev. Med. Virol. 2015; 25: 286–299.
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RNA-protein network, DDX3 was identified as a
viral RNA-binding protein [55]. In addition,
DDX3 knockdown resulted in a strong (nearly
90%) inhibition of viral RNA and protein synthesis
as well as a reduction in viral titers, arguing for an
essential role of DDX3 during viral replication.
Similar to other RNA viruses described previously,
DDX3 was observed forming cytoplasmic aggre-
gates together with markers of the viral replication
complex [55].
The type-I IFN-mediated antiviral innate
immune response
More than 50years ago, interferons (IFNs) were
shown to inhibit viral replication [56]. Today,
viruses and other pathogens such as bacteria and
fungus are well known to contain molecular
features or “patterns” absent in eukaryotic cells re-
sponsible for triggering IFN production [57]. These
specific features, referred to as pathogen-associated
molecular patterns (PAMPs), are recognized by
pattern recognition receptors (PRR) present in host
cells and allow for discrimination between self and
non-self [57]. During viral infections, cell surface,
endosomic, or cytoplasmic PRRs recognize viral
PAMPs (cytoplasmic DNA, uncapped mRNA,
and double-stranded RNA) and induce type-I IFNs
(IFN-α and INF-β) [58]. Cytoplasmic DNA is
mainly sensed by toll-like receptor 9 or by cyclic
GMP-AMP synthase, which act through MyD88
and stimulator of interferon genes adaptor
molecules, respectively [12,58]. As mentioned
previously, viral RNA (either as an incoming
genome or produced during viral replication) is
the main RNA virus PAMP [58]. RNA helicases
retinoid acid-inducible gene-I (RIG-I), melanoma
differentiation-associated gene 5 (MDA5), and
laboratory of genetics and physiology 2 (LGP2)
make up the RIG-I-like receptor (RLR) family
(Figure 1B) and are the main cytosolic sensors of vi-
ral RNA [59–61]. RLRs have a similar structure
composed of a central DExD/H-box helicase core
domain and a C-terminal domain (CTD) that
contributes to ligand specificity. In addition, RIG-I
and MDA5, but not LGP2, contain two caspase
activation and recruitment domains (CARDs) at
the N-terminus, required for host cell signaling
[60]. While RIG-I has been shown to be involved
in sensing the Paramyxoviridae (Sendai virus and
Newcastle disease virus), Flaviviridae (JEV and
Copyright © 2015 John Wiley & Sons, Ltd.
HCV), and Rhabdoviridae families (vesicular sto-
matitis virus), MDA5 detects members of the
Picornaviridae family (poliovirus and encephalo-
myocarditis virus). Moreover, reovirus, dengue
virus (DENV), and WNV are recognized by both
RIG-I and MDA5 [58]. LGP2 has not been associ-
ated with any particular virus but rather acts as a
positive regulator of the MDA5 signaling path-
way [58].
The mitochondrial antiviral-signaling adaptor

protein (MAVS, also known as IPS-1, Cardif, or
virus-induced signaling adaptor) possesses an
N-terminal CARD domain that interacts with the
respective CARD present in RIG-I and MDA5 [58]
(Figure 1B). MAVS also contains a proline-rich
domain and a C-terminal transmembrane domain
allowing for localization at the outer mitochondrial
membrane, critical to achieving its functional
properties [58] (Figure 1B). The RLR–MAVS inter-
action induces the recruitment of TNF receptor-
associated factors (TRAFs) (Figure 2). TRAFs
trigger the activation of cytoplasmic kinases, such
as I-kappa beta kinase ε (IKKε)/TANK-binding
kinase-1 (TBK-1) and IKKα/β, which phosphory-
lates and activates IFN regulatory factor 3 (IRF3)/7
and nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB) transcription factors,
respectively [12,57,62], leading to IFN-β production
(Figure 2).
DDX3 is involved in type-I IFN-mediated
antiviral innate immune response
In addition to RIG-I and MDA5, other RNA
helicases, including DDX3, DDX60, DDX41,
DDX1, and DHX9, have been recently linked to vi-
ral nucleic acid sensing and IFN-β production [12].
Interestingly, DDX3 has been shown to act both up-
stream and downstream IKKε/TBK-1 through the
association with MAVS and IKKε/TBK-1 (Figure 2)
[63–65]. DDX3 directly recognizes viral RNA and
sensitizes the RLR pathway, probably when IFN-
inducible RIG-I levels are below the threshold re-
quired to trigger downstream signaling (Figure 2)
[63]. Alternatively, DDX3 also acts as a binding
partner and a phosphorylation target of IKKε
and TBK-1 (Figure 2) [64–66]. DDX3 binding to
IKKε triggers the autophosphorylation and activa-
tion of the kinase. Then, activated IKKε phosphory-
lates several serine residues present in the DDX3
N-terminal domain, and the phosphorylated
Rev. Med. Virol. 2015; 25: 286–299.
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Figure 2. DDX3 is a member of the innate immune-response sig-
naling pathway against viruses. Once the virus enters the cell, vi-
ral RNA is sensed by one of the RLR family members, RIG-I, or
MDA5, supported by LGP2. RNA binding triggers RLR activation
and the concomitant association with MAVS at the outer mito-
chondrial membrane. Then, MAVS activates the cytoplasmic ki-
nases IKKε/TBK1 or IKKα/IKKβ leading to phosphorylation of
IRF3/7 or NF-κB, respectively, and IFN production. DDX3 has
been shown to (i) sense directly viral RNA and associate with
MAVS; (ii) bind to IKKε to facilitate IRF3 phosphorylation, and
(iii) being phosphorylated by TBK1 and bind the IFN-β promoter.
All cases trigger IFN-β production and the innate antiviral
response. Viral proteins such as VACV K7 and HBV Pol bind to
DDX3 avoiding its interaction with IKKε/TBK1 and, as a conse-
quence, IFN-β production. DDX3, DEAD-box polypeptide; RLR,
RIG-I-like receptor; RIG-I, retinoid acid-inducible gene-I;
MDA5, melanoma differentiation-associated gene 5; LGP2, labora-
tory of genetics and physiology 2; MAVS, mitochondrial antiviral
signaling; IKK, I-kappa beta kinase; TBK, TANK-binding kinase;
IRF, IFN regulatory factor; NF-κB, nuclear factor kappa-light-
chain-enhancer of activated B cells; VACV, vaccinia virus; VSV,
vesicular stomatitis virus; TRAF, TNF receptor-associated factors
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DDX3 variant recruited IRF3 for its further phos-
phorylation by IKKε strengthening the signaling
pathway [66]. On the other hand, phosphorylation
of DDX3 by TBK1 has been involved in the direct
recruitment of the helicase to the ifnb promoter
leading to transcription activation [65]. In agree-
ment with this, DDX3 has also been involved in
the sensing pathway of viral dsDNA through the
DNA-dependent activator of IRF protein (DAI)
[67]. In this model, DDX3 also played a role down-
stream TBK1 through direct activation of the ifnb
promoter [67]. An interesting feature of these dif-
ferent IFN-β-stimulating activities is the lack of
ATPase and helicase activity requirement [65,67].

In contrast with its role as a host factor for viral
replication, the ability of DDX3 to induce IFN-β
has also been shown to interfere with replication
of the vaccinia virus (VACV), hepatitis B virus
(HBV), vesicular stomatitis virus (VSV), and dengue
virus [63,64,68,69]. However, some of these viruses
have evolved sophisticated mechanisms to target
DDX3 and evade the induced innate immune
response (Figure 2) [11].

Vaccinia virus, the live vaccine used for immuni-
zation against smallpox, belongs to the Poxviridae
family. In sharp contrast with nuclear replicating
DNA viruses, poxvirus replication cycle takes place
in the cytoplasm of infected cells [70,71]. As such,
VACV nucleic acids induce a strong innate immune
response that is counteracted by viral proteins
such as K7 that specifically inhibits IRF3/7 activa-
tion and IFN-β production through toll-like
receptor-dependent and RLR-dependent pathways
(Figure 2) [10,64,72]. Indeed, K7-deficient VACV
has been shown to be less virulent and rapidly
cleared compared with wild type virus, suggesting
that K7 is a virulence factor regulating the innate
immune response [73]. VACV K7 has the ability
to interact with the DDX3 N-terminal domain
[64,74,75]. Moreover, both IKKε and IRF3 bind to
sites that overlap with the K7-binding site in the
DDX3 N-terminal domain, and, thus, K7 interac-
tion may interfere with DDX3-mediated IFN-β pro-
duction [66]. Nevertheless, no direct evidence is
available to show that DDX3 interferes with VACV
replication, for example, in the context of a K7 mu-
tant virus.

HBV is an important human threat and major
cause of liver disease, with more than 400 million
people persistently infected [76]. HBV belongs to
the Hepadnaviridae family, with a dsDNA genome
Rev. Med. Virol. 2015; 25: 286–299.
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that undergoes reverse transcription during the
replication cycle [77]. Specifically for HBV, DDX3
has been shown to bind to the viral polymerase
(Pol), incorporates into virions, and interferes with
reverse transcription and transcription [78,79]. Sim-
ilar to what has been observed with VACV K7,
HBV Pol interferes with both toll-like receptor-
dependent and RLR-dependent pathways at the
level of IKKε/TBK1-signaling molecules [68,80].
Moreover, the HBV Pol-DDX3 interaction interferes
with the contact between the RNA helicase and
IKKε leading to a reduced activation of IRF3 and
further IFN-β induction (Figure 2) [68,80]. Of note,
HBV Pol has been also shown to interfere with
IFN-β production through NF-κB blockade [81].
The consequences of the HBV Pol-DDX3 interac-
tion deserves further exploration.

As stated previously, DDX3 is required for HCV
RNA replication probably throughout the interac-
tion with the HCV core protein. Nevertheless, the
mechanisms by which the HCV core protein modu-
lates DDX3 actions on IFN-β production are still
controversial. While binding of HCV core to
DDX3 revealed a disrupted association between
the RNA helicase and MAVS to block the DDX3-
mediated induction of IFN-β production [28],
another study indicates that HCV core-DDX3 inter-
action was required for IFN-β production [82].
Although a contact of core with DDX3 seems to
be important for HCV RNA replication, it is still
unclear whether the modulation of IFN-β
production (positive or negative) mediated by
protein–protein interaction has a real impact in
viral replication.
DDX3 and cytoplasmic granules as
components of antiviral immunity and
viral replication
In addition to RLRs, viral RNA (such as dsRNA
from replication intermediates) activates other anti-
viral molecules including protein kinase R
(eIF2aK2 or PKR), 2’-5’-oligoadenylate synthetase
(OAS), and RNAse L [83–85]. Of particular interest
is PKR, which is activated upon RNA binding,
promoting phosphorylation of the alpha subunit of
the translation initiation factor eIF2 (eIF2α) [86]. This
post-translational modification hampers guanosine
diphosphate (GDP) to guanosine triphosphate
(GTP) exchange in eIF2, leading to decreased ter-
nary complex activity (eIF2/GTP/Met-tRNAi) and
Copyright © 2015 John Wiley & Sons, Ltd.
the concomitant suppression of translation initiation
and SG assembly (Figure 3) [87]. Moreover, increas-
ing evidence suggests that cytoplasmic granules,
such as SG and p-bodies, are important players in
the cellular response against viral infections [88,89].
SG and p-bodies are dynamic cellular micro-
compartments that contain different mRNA species
and RNA-binding proteins [89–91]. While SG are
translationally silent ribonucleoproteins assembled
during stress conditions serving as storage sites for
mRNAs and proteins, p-bodies are constitutively
present within the cell and contain translational re-
pressors, mostly components of the mRNA decay
machinery [89–91]. Thus, inhibition of translation
initiation through PKR-dependent eIF2α phosphor-
ylation and SG assembly prevents viral replication
by impeding viral protein synthesis [92,93]. How-
ever, viruses have evolved different mechanisms
to modulate SG assembly to different levels in
order to circumvent this antiviral system [92,93].
For instance, PKR, one of the most studied compo-
nents of the IFN-induced antiviral pathway, local-
izes to SG during measles virus infection [94].
Relocalization of PKR to SG delays its activation
and, as a consequence, its ability to induce the
stress response [94]. Furthermore, master sensors
of incoming viral RNA, RIG-I, MDA5, and LGP2
are also recruited to specific cytoplasmic granules,
the antiviral stress granules (avSG), upon infection
with an NS1-mutant influenza A virus [95]. The
two other components of the antiviral system
induced by IFN, OAS and RNAse L, have been
also described in avSG [95] (Figure 3). Finally, the
RIG-I activators, Riplet, TRIM25, and MEX3C
ubiquitin ligases can also be recruited to SG
[96,97]. Together, these data suggest that assembly
of SG and/or avSG as a response to viral infection
may be important in modulating the signaling path-
way for IFN production.
As mentioned previously, DDX3 has been impli-

cated in the early phases of viral RNA sensing,
probably intervening with MAVS before activation
of the RLR-dependent signaling pathway (Figure 2)
[63]. In addition, DDX3 interacts with RIG-I,
MDA5, TBK1, and IKKε and binds to the IFN-β
promoter [28,63–66], demonstrating the multiple
mechanisms by which the RNA helicase could
modulate IFN production (see previous texts). In-
terestingly, DDX3 is a component of cellular cyto-
plasmic granules, including SG and p-bodies
[1,13,14,42]. Of note, DDX3 overexpression triggers
Rev. Med. Virol. 2015; 25: 286–299.
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Figure 3. DDX3, cytoplasmic granules, and the viral replication
cycle. One of the interferon-stimulated genes (ISG) involved in the
antiviral response codes for the protein kinase PKR. In the
cytoplasm, PKR binds to viral RNA (such as dsRNA from viral repli-
cation intermediates) and became activated triggering the phosphory-
lation of the alpha subunit of the translation initiation factor eIF2.
Such a phosphorylation impedes the guanosine diphosphate
(GDP)-guanosine triphosphate (GTP) exchange mediated by eIF2B
leading to the formation of an inactive complex that blocks the initia-
tion step of protein synthesis. Under this condition,mRNAs stalled in
translation initiation associates with RNA-binding proteins such as
TIA-1, TIAR, and G3BP1, which are nucleating factors that mediate
the assembly of large cytoplasmic mRNPs known as stress granules
(SG). Members of the RLR family and its activators (Riplet, TRIM25,
and MEX3C), together with PKR and other ISG involved in the anti-
viral response (2’-5’-oligoadenylate synthetase (OAS) and RNase L),
have been reported to localize in SG or antiviral SG (avSG) during
viral infection indicating that assembly of SG participates in the
cellular antiviral response. Similar to TIA-1, TIAR, and G3BP1,
DDX3 was shown as a SG nucleating factor. RNA viruses including
HIV-1, measles virus, WNV, JEV, and norovirus sequester DDX3 to
specific viral replication compartments probably avoiding its ability
to assemble in SG and induce INF-β production. DDX3, DEAD-box
polypeptide; PKR, protein kinase R; RLR, RIG-I-like receptor;
WNV, West Nile virus; JEV, Japanese encephalitis virus; PABP, poly
(A)-binding protein
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spontaneous SG assembly in the absence of any
induced cellular stress, similar to what has been ob-
served with the well-characterized SG-nucleating
factors TIA-1, TIAR, and G3BP1 [14,98,99].
Although the molecular mechanism by which
DDX3 induces SG formation remains unknown,
the ability to interact with RNA and several transla-
tion initiation factors, such as PABPC1, eIF4G,
eIF4E, and eIF4A, suggests that DDX3 may serve
as a platform for the assembly of large macromolec-
ular aggregates [13,14,42,43]. The ability of DDX3 to
induce SG assembly has been shown to be indepen-
dent of its ATPase and RNA helicase activities but
dependent on an eIF4E-binding domain in the
N-terminus, conferring DDX3with self-aggregation
properties [13]. On the other hand, DDX3 depletion
results in nuclear accumulation of PABPC1,
resembling the phenotype observed during rotavi-
rus and herpesvirus infection in which PABPC1
relocalization prevents SG assembly to allow trans-
lation of viral mRNAs [100,101]. Thus, DDX3 seems
to be an important component for regulating SG
assembly. As mentioned previously, DDX3 has
been described as a component of specific viral
cytoplasmic granules containing the RNA of HCV
[23,24,102], HIV-1 [43], WNV [49], JEV [52], and
NV [55] (Figure 3 and Table 1). Recruitment of
DDX3 to these structures suggests a potential
shared strategy employed by RNA viruses to
sequester the helicase, leading to its inability to
assemble in SG and thus participate in the innate
antiviral response. Consistent with this idea,
viruses including HIV-1 [103], HCV [104], and
WNV [48] interfere with SG assembly during their
replication cycles [92,93]. Therefore, SG assembly,
together with the recruitment of nucleic acid
sensors, specialized in viral RNA sensing, to these
structures may be critical to modulating IFN pro-
duction and the innate immune response (Figure 3).
DDX3 connects cytoplasmic granules, viral
replication, and the innate immune response
The dichotomic functions of cytoplasmic granules
and its components, especially DDX3, in regulating
the cellular response to viral infection while serving
as a critical factor for viral replication started to be
clarified during the last 2 years, at least, in the
HCV model. As mentioned previously, DDX3 is
redistributed to LDs upon HCV infection where
the RNA helicase localizes together with the core
Rev. Med. Virol. 2015; 25: 286–299.
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protein [23,24,102]. Additionally, DDX3 has been
shown to bind to the highly structured HCV 3 -
UTR leading to IKKα activation [105]. Once acti-
vated, IKKα translocates into the nucleus inducing
NF-κB-independent expression of lipogenesis-
associated genes and LDs biogenesis, thus facilitat-
ing viral assembly [105] (Figure 4). Consistent is the
requirement of IKKα for core protein association
with LDs and thus, for the late steps of the viral
replication cycle [105]. Moreover, DDX3 knock-
down resulted in an inhibition of HCV 3 -UTR-
induced LDs formation and core localization to
these structures [105]. Furthermore, DDX3 has been
demonstrated to drive the assembly of cytoplasmic
aggregates, different to LDs, also accumulating
IKKα and the HCV 3 -UTR [105] (Figure 4). Indeed,
while DDX3 localized with the core protein around
LDs, IKKα did not [105]. More recently, interactions
between DDX3 and IKKα during HCV replication
have been shown to localize in a dynamic way
between two cytoplasmic compartments, SG and
LDs [102]. Per se, upon HCV infection, DDX3 inter-
acts with the HCV 3 -UTR and IKKα and drives
the assembly of this complex in SGs [102] (Figure 4).
Figure 4. DDX3, cytoplasmic granules, and immune response dur-
ing the HCV replication cycle. The HCV viral RNA is a major
PAMP that triggers a strong immune response. However, DDX3
binds to the viral RNA and recruits IKKα forming a viral RNA/
DDX3/IKKα complex that accumulates in SG, thus, avoiding its
recognition by RLRs, PKR, or RNaseL. While IKKα is activated
by phosphorylation and translocated to the nucleus to activate
transcription of lipogenesis-related genes, the SG/DDX3/viral
RNA complex (lacking IKKα) is redistributed to the surface of
lipid droplets (LDs) where they join the HCV core protein to ini-
tiate the viral assembly. DDX3, DEAD-box polypeptide; PAMP,
pathogen-associated molecular pattern; IKK, I-kappa beta kinase;
RLRs, RIG-I-like receptors; PKR, protein kinase R; SG, stress
granules

Copyright © 2015 John Wiley & Sons, Ltd.
As infection proceeds and viral proteins accumulate,
DDX3 and SG-associated proteins such as G3BP1
redistribute and localize together with the HCV core
protein around LDs [102] (Figure 4). However, IKKα
is not relocalized around LDs but rather translocates
to the nucleus to stimulate LDs biogenesis [102,105]
(Figure 4). These observations could help to
explain the oscillation of SG assembly/disassembly
detected in HCV-infected cells [104].
The complex program of interactions driven by

DDX3 during HCV replication has several implica-
tions for our understanding in the interconnection
between cytoplasmic granules assembly, viral repli-
cation, and innate immunity. Sequestering DDX3
and IKKα in SGs allows the potential inhibition of
the innate antiviral response triggered by the
HCV 3 -UTR, which was identified as a major
HCV PAMP [106]. In parallel, SGs may also serve
as sites of concentration of host proteins required
for the late steps of viral replication. Consistent
with this notion, SG assembly is necessary for
HCV RNA replication, assembly, and egress
[29,107,108].
CONCLUDING REMARKS
DDX3 is a multifaceted protein shown to participate
in multiple physiological contexts most of them
affecting human health. As different RNA viruses
have evolved sophisticated strategies to sequester
and exploit DDX3 during the viral replication cycle,
pharmacological intervention involving DDX3
should be a potential target in developing antiviral
drugs against human threats such as HIV and
HCV. Small molecules targeting DDX3’s catalytic
activity have already been developed and tested in
cell culture [109–111]. However, given the growing
evidence for the catalytic-independent functions of
DDX3 in important cellular processes such as innate
immunity and cytoplasmic granule assembly, im-
proving our understanding is critical to developing
novelmolecules that can interfere specifically in viral
replication.
Although DDX3’s involvement with the viral rep-

lication cycle was first reported at the end of the 90’s,
we are still far from understanding the molecular
and cellular mechanisms at play. Recently described
functions of DDX3 in innate immunity and cytoplas-
mic granule assembly invite us to continue our ex-
ploration of the mechanisms underlying the role of
this fascinating DEAD-box protein.
Rev. Med. Virol. 2015; 25: 286–299.
DOI: 10.1002/rmv



295DDX3 in viral replication and immunity
ACKNOWLEDGEMENTS
Research at the FVE, MAH, and RSR laboratories is
funded by the Comisión Nacional de Investigación
en Ciencia y Tecnología (Conicyt) through the
Fondecyt Program (N11140502 to FVE, N1120577
Copyright © 2015 John Wiley & Sons, Ltd.
to MAH, and N11121339 to RSR) and the Interna-
tional Cooperation Program (DRI USA2013-0005
to RSR). We thank Dirección de Investigación, Fac-
ulty of Medicine, Universidad de Chile for editing
of this manuscript.
REFERENCES

1. Soto-Rifo R, Ohlmann T. The role of the

DEAD-box RNA helicase DDX3 in mRNA

metabolism. Wiley Interdiscip Rev RNA

2013; 4(4): 369–385. Epub 2013/04/23.

DOI: 10.1002/wrna.1165. PubMed PMID:

23606618.

2. Sharma D, Jankowsky E. The Ded1/DDX3

subfamily of DEAD-box RNA helicases.

Critical Reviews in Biochemistry and Molecu-

lar Biology 2014; 49(4): 343–360. DOI:

10.3109/10409238.2014.931339. PubMed

PMID: 25039764.

3. Linder P, Jankowsky E. From unwinding

to clamping—the DEAD box RNA

helicase family. Nature Reviews Molecular

Cell Biology 2011; 12(8): 505–516. Epub

2011/07/23. DOI: 10.1038/nrm3154.

nrm3154 [pii]. PubMed PMID: 21779027.

4. Linder P, Fuller-Pace FV. Looking back

on the birth of DEAD-box RNA

helicases. Biochimica et Biophysica Acta

2013; 1829(8): 750–755. DOI: 10.1016/j.

bbagrm.2013.03.007. PubMed PMID:

23542735.

5. Linder P, Lasko PF, Ashburner M, et al.

Birth of the D-E-A-D box [letter] [pub-

lished erratum appears in Nature 1989 Jul

20;340(6230):246]. Nature 1989; 337(6203):

121–122.

6. Kim YS, Lee SG, Park SH, Song K. Gene

structure of the human DDX3 and chro-

mosome mapping of its related sequences.

Molecules and Cells 2001; 12(2): 209–214.

PubMed PMID: 11710523.

7. Lahn BT, Page DC. Functional coherence

of the human Y chromosome. Science

1997; 278(5338): 675–680. Epub 1997/10/

24. PubMed PMID: 9381176.

8. Park SH, Lee SG, Kim Y, Song K. Assign-

ment of a human putative RNA helicase

gene, DDX3, to human X chromosome

bands p11.3–p11.23. Cytogenetics and Cell

Genetics 1998; 81(3-4): 178–179. Epub

1998/09/08. PubMed PMID: 9730595.

9. Ditton HJ, Zimmer J, Kamp C, Rajpert-De

Meyts E, Vogt PH. The AZFa gene DBY
(DDX3Y) is widely transcribed but the pro-

tein is limited to the male germ cells by

translation control. Human Molecular Genet-

ics 2004; 13(19): 2333–2341. DOI: 10.1093/

hmg/ddh240. PubMed PMID: 15294876.

10. Schroder M. Human DEAD-box protein 3

has multiple functions in gene regulation

and cell cycle control and is a prime target

for viral manipulation. Biochemical Pharmacol-

ogy 2010; 79(3): 297–306. Epub 2009/09/29.

DOI: 10.1016/j.bcp.2009.08.032. PubMed

PMID: 19782656.

11. Schroder M. Viruses and the human

DEAD-box helicase DDX3: inhibition or

exploitation? Biochemical Society Transac-

tions 2011; 39(2): 679–683. Epub 2011/03/

25. DOI: 10.1042/BST0390679. PubMed

PMID: 21428961.

12. Fullam A, Schroder M. DExD/H-box RNA

helicases as mediators of anti-viral innate

immunity and essential host factors for vi-

ral replication. Biochimica et Biophysica Acta

2013; 1829(8): 854–865. DOI: 10.1016/j.

bbagrm.2013.03.012. PubMed PMID:

23567047.

13. Shih JW, Wang WT, Tsai TY, Kuo CY, Li

HK, Wu Lee YH. Critical roles of RNA

helicase DDX3 and its interactions with

eIF4E/PABP1 in stress granule assembly

and stress response. Biochemistry Journal

2011; 441(1): 119–129. Epub 2011/09/03.

DOI: BJ20110739 [pii] 10.1042/BJ20110739.

PubMed PMID: 21883093.

14. Lai MC, Lee YH, Tarn WY. The DEAD-box

RNA helicase DDX3 associates with ex-

port messenger ribonucleoproteins as well

as tip-associated protein and participates

in translational control. Molecular Biology

of the Cell 2008; 19(9): 3847–3858. Epub

2008/07/04. doi: E07-12-1264 [pii]

10.1091/mbc.E07-12-1264. PubMed PMID:

18596238.

15. Kedersha N, Ivanov P, Anderson P. Stress

granules and cell signaling: more than just

a passing phase? Trends in Biochemical Sci-

ences 2013; 38(10): 494–506. DOI: 10.1016/
j.tibs.2013.07.004. PubMed PMID: 24029419;

PubMed Central PMCID: PMC3832949.

16. Tsai W-C, Lloyd RE. Cytoplasmic RNA

granules and viral infection. Annual Review

of Virology. 2014; 1: 147–170. DOI:10.1146/

annurev-virology-031413-085505.

17. Ariumi Y. Multiple functions of DDX3 RNA

helicase in gene regulation, tumorigenesis,

and viral infection. Frontiers in Genetics

2014; 5: 423. DOI: 10.3389/fgene.2014.00423.

PubMed PMID: 25538732; PubMed Central

PMCID: PMC4257086.

18. Yamane D, McGivern DR, Masaki T,

Lemon SM. Liver injury and disease path-

ogenesis in chronic hepatitis C. Current

Topics in Microbiology and Immunology

2013; 369: 263–288. DOI: 10.1007/978-3-

642-27340-7_11. PubMed PMID: 23463205.

19. Paul D, Madan V, Bartenschlager R.

Hepatitis C virus RNA replication and as-

sembly: living on the fat of the land. Cell

Host & Microbe. 2014; 16(5): 569–579.

DOI: 10.1016/j.chom.2014.10.008. PubMed

PMID: 25525790.

20. Mamiya N, Worman HJ. Hepatitis C virus

core protein binds to a DEAD box RNA

helicase. Journal of Biological Chemistry. 1999;

274(22): 15751–15756. Epub 1999/05/21.

PubMed PMID: 10336476.

21. Owsianka AM, Patel AH. Hepatitis C

virus core protein interacts with a human

DEAD box protein DDX3. Virology 1999;

257(2): 330–340. Epub 1999/05/18. DOI:

10.1006/viro.1999.9659. PubMed PMID:

10329544.

22. You LR, Chen CM, Yeh TS, et al. Hepatitis

C virus core protein interacts with cellular

putative RNA helicase. Journal of Virology

1999; 73(4): 2841–2853. Epub 1999/03/12.

PubMed PMID: 10074132; PubMed Cen-

tral PMCID: PMC104042.

23. Angus AG, Dalrymple D, Boulant S, et al.

Requirement of cellular DDX3 for hepatitis

C virus replication is unrelated to its inter-

action with the viral core protein. The Journal

of General Virology 2010; 91(Pt 1): 122–132.
Rev. Med. Virol. 2015; 25: 286–299.
DOI: 10.1002/rmv



296 F. Valiente-Echeverría et al.
Epub 2009/10/02. DOI: 10.1099/vir.0.

015909-0. PubMed PMID: 19793905;

PubMed Central PMCID: PMC2885062.

24. Ariumi Y, Kuroki M, Abe K, et al. DDX3

DEAD-box RNA helicase is required for

hepatitis C virus RNA replication. Journal

of Virology 2007; 81(24): 13922–13926. Epub

2007/09/15. DOI: 10.1128/JVI.01517-07.

PubMed PMID: 17855521; PubMed Cen-

tral PMCID: PMC2168844.

25. Chatel-Chaix L, Germain MA, Motorina

A, et al. A host YB-1 ribonucleoprotein

complex is hijacked by hepatitis C virus

for the control of NS3-dependent particle

production. Journal of Virology 2013; 87

(21): 11704–11720. DOI: 10.1128/

JVI.01474-13. PubMed PMID: 23986595;

PubMed Central PMCID: PMC3807372.

26. Li Q, Brass AL, Ng A, et al. A genome-

wide genetic screen for host factors re-

quired for hepatitis C virus propagation.

Proceedings of the National Academy of Sci-

ences of the United States of America 2009;

106(38): 16410–16415. DOI: 10.1073/pnas.

0907439106. PubMed PMID: 19717417;

PubMed Central PMCID: PMC2752535.

27. Sun C, Pager CT, Luo G, Sarnow P, Cate

JH. Hepatitis C virus core-derived pep-

tides inhibit genotype 1b viral genome

replication via interaction with DDX3X.

PLoS One 2010; 5(9). DOI: 10.1371/journal.

pone.0012826. PubMed PMID: 20862261;

PubMed Central PMCID: PMC2941470.

28. Oshiumi H, Ikeda M, Matsumoto M, et al.

Hepatitis C virus core protein abrogates the

DDX3 function that enhances IPS-1-

mediated IFN-beta induction. PLoS One

2010; 5(12): e14258. Epub 2010/12/21.

DOI: 10.1371/journal.pone.0014258. PubMed

PMID: 21170385; PubMed Central PMCID:

PMC2999533.

29. Ariumi Y, Kuroki M, Kushima Y, et al.

Hepatitis C virus hijacks P-body and stress

granule components around lipid droplets.

Journal of Virology 2011; 85(14): 6882–6892.

DOI: 10.1128/JVI.02418-10. PubMed PMID:

21543503; PubMed Central PMCID:

PMC3126564.

30. Fauci AS. 25 years of HIV/AIDS science:

reaching the poor with research advances.

Cell 2007; 131(3): 429–432. Epub 2007/11/06.

DOI: 10.1016/j.cell.2007.10.019. PubMed

PMID: 17981106.
Copyright © 2015 John Wiley & Son
31. Killian MS, Levy JA. HIV/AIDS: 30 years

of progress and future challenges. Euro-

pean Journal of Immunology 2011; 41(12):

3401–3411. DOI: 10.1002/eji.201142082.

PubMed PMID: 22125008.

32. Deeks SG, Lewin SR, Havlir DV. The end of

AIDS: HIV infection as a chronic disease.

Lancet 2013; 382(9903): 1525–1533. DOI:

10.1016/S0140-6736(13)61809-7. PubMed

PMID: 24152939; PubMed Central PMCID:

PMC4058441.

33. Frankel AD, Young JA. HIV-1: fifteen pro-

teins and an RNA. Annual Review of Bio-

chemistry 1998; 67: 1–25. Epub 1998/10/

06. DOI: 10.1146/annurev.biochem.67.1.1.

PubMed PMID: 9759480.

34. Purcell DF, Martin MA. Alternative splic-

ing of human immunodeficiency virus

type 1 mRNA modulates viral protein ex-

pression, replication, and infectivity. Jour-

nal of Virology 1993; 67(11): 6365–6378.

PubMed PMID: 8411338; PubMed Central

PMCID: PMC238071.

35. de Breyne S, Soto-Rifo R, Lopez-Lastra M,

Ohlmann T. Translation initiation is driven

by different mechanisms on the HIV-1 and

HIV-2 genomic RNAs. Virus Research 2013;

171(2): 366–381. Epub 2012/10/20. DOI:

10.1016/j.virusres.2012.10.006.PubMedPMID:

23079111.

36. Butsch M, Boris-Lawrie K. Destiny of

unspliced retroviral RNA: ribosome

and/or virion? Journal of Virology

2002; 76(7): 3089–3094. PubMed PMID:

11884533.

37. Cullen BR. Nuclear mRNA export: in-

sights from virology. Trends in Biochemical

Sciences 2003; 28(8): 419–424. Epub

2003/08/23. PubMed PMID: 12932730.

38. Sodroski J, Goh WC, Rosen C, Dayton A,

Terwilliger E, Haseltine W. A second

post-transcriptional trans-activator gene

required for HTLV-III replication. Nature

1986; 321(6068): 412–417. Epub 1986/05/

22. DOI: 10.1038/321412a0. PubMed

PMID: 3012355.

39. Malim MH, Hauber J, Le SY, Maizel JV,

Cullen BR. The HIV-1 rev trans-activator

acts through a structured target sequence

to activate nuclear export of unspliced viral

mRNA. Nature 1989; 338(6212): 254–257.

Epub 1989/03/16. DOI: 10.1038/338254a0.

PubMed PMID: 2784194.
s, Ltd.
40. Fornerod M, Ohno M, Yoshida M, Mattaj

IW. CRM1 is an export receptor for

leucine-rich nuclear export signals. Cell

1997; 90(6): 1051–1060. Epub 1997/10/10.

PubMed PMID: 9323133.

41. Yedavalli VS, Neuveut C, Chi YH,

Kleiman L, Jeang KT. Requirement of

DDX3 DEAD box RNA helicase for HIV-

1 rev-RRE export function. Cell 2004; 119

(3): 381–392. Epub 2004/10/28. DOI:

10.1016/j.cell.2004.09.029. PubMed PMID:

15507209.

42. Soto-Rifo R, Rubilar PS, Limousin T, de

Breyne S, Decimo D, Ohlmann T. DEAD-

box protein DDX3 associates with eIF4F

to promote translation of selected mRNAs.

The EMBO Journal 2012; 31(18): 3745–3756.

Epub 2012/08/09. DOI: 10.1038/emboj.

2012.220. PubMed PMID: 22872150;

PubMed Central PMCID: PMC3442272.

43. Soto-Rifo R, Rubilar PS, Ohlmann T. The

DEAD-box helicase DDX3 substitutes for

the cap-binding protein eIF4E to promote

compartmentalized translation initiation of

the HIV-1 genomic RNA. Nucleic Acids

Research 2013; 41(12): 6286-6299. DOI: 10.

1093/nar/gkt306. PubMed PMID: 23630313;

PubMed Central PMCID: PMC3695493.

44. Liu J, Henao-Mejia J, Liu H, Zhao Y, He JJ.

Translational regulation of HIV-1 replication

byHIV-1 rev cellular cofactors Sam68, eIF5A,

hRIP, and DDX3. Journal of Neuroimmune

Pharmacology 2011; 6(2): 308–321. Epub

2011/03/02. DOI: 10.1007/s11481-011-9265-

8. PubMed PMID: 21360055.

45. Lai MC, Wang SW, Cheng L, Tarn WY,

Tsai SJ, Sun HS. Human DDX3 interacts

with the HIV-1 tat protein to facilitate

viral mRNA translation. PLoS One

2013; 8(7): e68665. DOI: 10.1371/jour-

nal.pone.0068665. PubMed PMID:

23840900; PubMed Central PMCID:

PMC3698215.

46. Sejvar JJ. Clinical manifestations and out-

comes of West Nile virus infection. Viruses

2014; 6(2): 606–623. DOI: 10.3390/

v6020606. PubMed PMID: 24509812;

PubMed Central PMCID: PMC3939474.

47. Brinton MA. Replication cycle and molec-

ular biology of the West Nile virus. Viruses

2014; 6(1): 13–53. DOI: 10.3390/v6010013.

PubMed PMID: 24378320; PubMed Cen-

tral PMCID: PMC3917430.
Rev. Med. Virol. 2015; 25: 286–299.
DOI: 10.1002/rmv



297DDX3 in viral replication and immunity
48. Emara MM, Brinton MA. Interaction of

TIA-1/TIAR with West Nile and dengue

virus products in infected cells interferes

with stress granule formation and process-

ing body assembly. Proceedings of the Na-

tional Academy of Sciences of the United

States of America 2007; 104(21): 9041–9046.

DOI: 10.1073/pnas.0703348104. PubMed

PMID: 17502609; PubMed Central

PMCID: PMC1885624.

49. Chahar HS, Chen S, Manjunath N. P-body

components LSM1, GW182, DDX3, DDX6

and XRN1 are recruited to WNV

replication sites and positively regulate vi-

ral replication. Virology 2013; 436(1): 1–7.

Epub 2012/10/30. DOI: 10.1016/j.virol.

2012.09.041. PubMed PMID: 23102969;

PubMed Central PMCID: PMC3545066.

50. Griffiths MJ, Turtle L, Solomon T. Japanese

encephalitis virus infection. Handbook of

Clinical Neurology 2014; 123: 561–576.

DOI: 10.1016/B978-0-444-53488-0.00026-2.

PubMed PMID: 25015504.

51. Lindenbach BD, Rice CM. Molecular biol-

ogy of flaviviruses. Advances in Virus

Research 2003; 59: 23–61. PubMed PMID:

14696326.

52. Li C, Ge LL, Li PP, et al. Cellular DDX3

regulates Japanese encephalitis virus

replication by interacting with viral un-

translated regions. Virology 2014; 449:

70–81. DOI: 10.1016/j.virol.2013.11.008.

PubMed PMID: 24418539.

53. Robilotti E, Deresinski S, Pinsky BA.

Norovirus. Clinical Microbiology Reviews

2015; 28(1): 134–164. DOI: 10.1128/

CMR.00075-14. PubMed PMID: 25567225.

54. Karst SM, Zhu S, Goodfellow IG. The

molecular pathology of noroviruses. The

Journal of Pathology 2015; 235(2): 206–216.

DOI: 10.1002/path.4463. PubMed PMID:

25312350.

55. Vashist S, Urena L, Chaudhry Y,

Goodfellow I. Identification of RNA-

protein interaction networks involved in

the norovirus life cycle. Journal of Virology

2012; 86(22): 11977–11990. Epub 2012/08/

31. DOI: 10.1128/JVI.00432-12. PubMed

PMID: 22933270; PubMed Central

PMCID: PMC3486512.

56. Isaacs A, Lindenmann J. Virus interfer-

ence. I. The interferon. Proceedings of the

Royal Society of London, Series B: Biological
Copyright © 2015 John Wiley & Son
Sciences. 1957; 147(927): 258–267. PubMed

PMID: 13465720.

57. Hoffmann HH, Schneider WM, Rice CM.

Interferons and viruses: an evolutionary

arms race of molecular interactions. Trends

in Immunology 2015; 36(3): 124–138. DOI:

10.1016/j.it.2015.01.004. PubMed PMID:

25704559.

58. Wu J, Chen ZJ. Innate immune sensing

and signaling of cytosolic nucleic acids.

Annual Review of Immunology 2014; 32:

461–488. DOI: 10.1146/annurev-

immunol-032713-120156. PubMed PMID:

24655297.

59. Yoneyama M, Fujita T. RIG-I family RNA

helicases: cytoplasmic sensor for antiviral

innate immunity. Cytokine and Growth Fac-

tor Reviews. 2007; 18(5-6): 545–551. DOI:

10.1016/j.cytogfr.2007.06.023. PubMed

PMID: 17683970.

60. Yoneyama M, Kikuchi M, Matsumoto K,

et al. Shared and unique functions of the

DExD/H-box helicases RIG-I, MDA5,

and LGP2 in antiviral innate immunity.

Journal of Immunology 2005; 175(5): 2851–

2858. PubMed PMID: 16116171.

61. Yoneyama M, Kikuchi M, Natsukawa T,

et al. The RNA helicase RIG-I has an essen-

tial function in double-stranded RNA-

induced innate antiviral responses. Nature

Immunology 2004; 5(7): 730–737. DOI:

10.1038/ni1087. PubMed PMID: 15208624.

62. West AP, Shadel GS, Ghosh S. Mitochon-

dria in innate immune responses. Nature

Reviews Immunology 2011; 11(6): 389–402.

DOI: 10.1038/nri2975. PubMed PMID:

21597473; PubMed Central PMCID:

PMC4281487.

63. Oshiumi H, Sakai K, Matsumoto M, Seya

T. DEAD/H BOX 3 (DDX3) helicase binds

the RIG-I adaptor IPS-1 to up-regulate

IFN-beta-inducing potential. European

Journal of Immunology 2010; 40(4): 940–

948. Epub 2010/02/04. DOI: 10.1002/

eji.200940203. PubMed PMID: 20127681.

64. Schroder M, Baran M, Bowie AG. Viral

targeting of DEAD box protein 3 reveals

its role in TBK1/IKKepsilon-mediated

IRF activation. The EMBO Journal 2008; 27

(15): 2147–2157. Epub 2008/07/19. DOI:

10.1038/emboj.2008.143. PubMed PMID:

18636090; PubMed Central PMCID:

PMC2516890.
s, Ltd.
65. Soulat D, Burckstummer T, Westermayer

S, et al. The DEAD-box helicase DDX3X

is a critical component of the TANK-

binding kinase 1-dependent innate im-

mune response. The EMBO Journal 2008;

27(15): 2135–2146. Epub 2008/06/28.

DOI: 10.1038/emboj.2008.126. PubMed

PMID: 18583960; PubMed Central PMCID:

PMC2453059.

66. Gu L, Fullam A, Brennan R, Schroder M.

Human DEAD box helicase 3 couples

IkappaB kinase epsilon to interferon regu-

latory factor 3 activation. Molecular and

Cellular Biology 2013; 33(10): 2004–2015.

DOI: 10.1128/MCB.01603-12. PubMed PMID:

23478265; PubMed Central PMCID:

PMC3647972.

67. DeFilippis VR, Alvarado D, Sali T,

Rothenburg S, Fruh K. Human cytomega-

lovirus induces the interferon response

via the DNA sensor ZBP1. Journal of Virol-

ogy. 2010; 84(1): 585–598. DOI: 10.1128/

JVI.01748-09. PubMed PMID: 19846511;

PubMed Central PMCID: PMC2798427.

68. Wang H, Ryu WS. Hepatitis B virus poly-

merase blocks pattern recognition receptor

signaling via interaction with DDX3:

implications for immune evasion. PLoS

Pathogens 2010; 6(7): e1000986. Epub

2010/07/27. DOI: 10.1371/journal.ppat.

1000986. PubMed PMID: 20657822; PubMed

Central PMCID: PMC2904777.

69. Li G, Feng T, Pan W, Shi X, Dai J. DEAD-

box RNA helicase DDX3X inhibits DENV

replication via regulating type one inter-

feron pathway. Biochemical and Biophysical

Research Communications 2015; 456(1):

327–332. DOI: 10.1016/j.bbrc.2014.11.080.

PubMed PMID: 25437271.

70. Moss B. Vaccinia virus: a tool for research

and vaccine development. Science 1991;

252(5013): 1662–1667. PubMed PMID:

2047875.

71. Moss B. Poxvirus DNA replication. Cold

Spring Harbor Perspectives in Biology 2013;

5(9). DOI: 10.1101/cshperspect.a010199.

PubMed PMID: 23838441.

72. Smith GL, Benfield CT, Maluquer de

Motes C, et al. Vaccinia virus immune eva-

sion: mechanisms, virulence and immuno-

genicity. Journal of General Virology. 2013; 94

(Pt 11): 2367–2392. DOI: 10.1099/

vir.0.055921-0. PubMed PMID: 23999164.
Rev. Med. Virol. 2015; 25: 286–299.
DOI: 10.1002/rmv



298 F. Valiente-Echeverría et al.
73. Benfield CT, Ren H, Lucas SJ, Bahsoun B,

Smith GL. Vaccinia virus protein K7 is a

virulence factor that alters the acute im-

mune response to infection. Journal of Gen-

eral Virology 2013; 94(Pt 7): 1647–1657.

DOI: 10.1099/vir.0.052670-0. PubMed

PMID: 23580427; PubMed Central

PMCID: PMC3709632.

74. Oda S, Schroder M, Khan AR. Structural

basis for targeting of human RNA helicase

DDX3 by poxvirus protein K7. Structure

2009; 17(11): 1528–1537. Epub 2009/11/17.

DOI: 10.1016/j.str.2009.09.005. PubMed

PMID: 19913487.

75. Kalverda AP, Thompson GS, Vogel A, et al.

Poxvirus K7 protein adopts a Bcl-2 fold:

biochemical mapping of its interactions

with human DEAD box RNA helicase

DDX3. Journal of Molecular Biology 2009;

385(3): 843–853. Epub 2008/10/11. DOI:

10.1016/j.jmb.2008.09.048. PubMed PMID:

18845156.

76. Trepo C, Chan HL, Lok A. Hepatitis B

virus infection. Lancet 2014; 384(9959):

2053–2063. DOI: 10.1016/S0140-6736(14)

60220-8. PubMed PMID: 24954675.

77. Seeger C, Mason WS. Molecular biology of

hepatitis B virus infection. Virology 2015.

DOI: 10.1016/j.virol.2015.02.031. PubMed

PMID: 25759099.

78. Wang H, Kim S, Ryu WS. DDX3 DEAD-

box RNA helicase inhibits hepatitis B virus

reverse transcription by incorporation into

nucleocapsids. Journal of Virology 2009; 83

(11): 5815–5824. DOI: 10.1128/JVI.00011-

09. PubMed PMID: 19297497; PubMed

Central PMCID: PMC2681949.

79. Ko C, Lee S, Windisch MP, RyuWS. DDX3

DEAD-box RNA helicase is a host factor

that restricts hepatitis B virus replication

at the transcriptional level. Journal of Virol-

ogy 2014; 88(23): 13689–13698. DOI:

10.1128/JVI.02035-14. PubMed PMID:

25231298; PubMed Central PMCID:

PMC4248967.

80. Yu S, Chen J, Wu M, Chen H, Kato N,

Yuan Z. Hepatitis B virus polymerase in-

hibits RIG-I- and toll-like receptor 3-

mediated beta interferon induction in hu-

man hepatocytes through interference

with interferon regulatory factor 3 activa-

tion and dampening of the interaction be-

tween TBK1/IKKepsilon and DDX3. The
Copyright © 2015 John Wiley & Son
Journal of General Virology 2010; 91(Pt 8):

2080–2090. Epub 2010/04/09. DOI:

10.1099/vir.0.020552-0. PubMed PMID:

20375222.

81. Liu D, Wu A, Cui L, et al. Hepatitis B virus

polymerase suppresses NF-kappaB signal-

ing by inhibiting the activity of IKKs via

interaction with Hsp90beta. PLoS One

2014; 9(3): e91658. DOI: 10.1371/journal.

pone.0091658. PubMed PMID: 24618592;

PubMed Central PMCID: PMC3950214.

82. Kang JI, Kwon YC, Ahn BY. Modulation

of the type I interferon pathways by

culture-adaptive hepatitis C virus core

mutants. FEBS Letters 2012; 586(9):

1272–1278. Epub 2012/05/24. DOI:

10.1016/j.febslet.2012.03.062. PubMed

PMID: 22616990.

83. Le Sage V, Mouland AJ, Valiente-Echeverria

F. Roles of HIV-1 capsid in viral replication

and immune evasion. Virus Research 2014.

DOI: 10.1016/j.virusres.2014.07.010. PubMed

PMID: 25036886.

84. Hornung V, Hartmann R, Ablasser A,

Hopfner KP. OAS proteins and cGAS: uni-

fying concepts in sensing and responding

to cytosolic nucleic acids. Nature Reviews

Immunology 2014; 14(8): 521–528. DOI: 10.

1038/nri3719. PubMed PMID: 25033909.

85. Chakrabarti A, Jha BK, Silverman RH.

New insights into the role of RNase L in

innate immunity. Journal of Interferon and

Cytokine Research 2011; 31(1): 49–57. DOI:

10.1089/jir.2010.0120. PubMed PMID:

21190483; PubMed Central PMCID:

PMC3021357.

86. Williams BR. Signal integration via PKR.

Science’s STKE 2001; 2001(89):re2. DOI:

10.1126/stke.2001.89.re2. PubMed PMID:

11752661.

87. Kedersha N, Anderson P. Stress granules:

sites of mRNA triage that regulate mRNA

stability and translatability. Biochemical So-

ciety Transactions 2002; 30(Pt 6): 963–969.

Epub 2002/11/21. DOI: 10.1042/. PubMed

PMID: 12440955.

88. Onomoto K, Yoneyama M, Fung G, Kato

H, Fujita T. Antiviral innate immunity and

stress granule responses. Trends in Immunol-

ogy 2014; 35(9): 420–428. DOI: 10.1016/j.

it.2014.07.006. PubMed PMID: 25153707.

89. BeckhamCJ, Parker R. P bodies, stress gran-

ules, and viral life cycles. Cell Host &Microbe
s, Ltd.
2008; 3(4): 206–212. Epub 2008/04/15. DOI:

10.1016/j.chom.2008.03.004. PubMedPMID:

18407064; PubMed Central PMCID:

PMC2396818.

90. Anderson P, Kedersha N. RNA granules.

Journal of Cell Biology 2006; 172(6): 803–808.

Epub 2006/03/08. DOI: jcb.200512082 [pii]

10.1083/jcb.200512082. PubMed PMID:

16520386; PubMed Central PMCID:

PMC2063724.

91. Decker CJ, Parker R. P-bodies and stress

granules: possible roles in the control of

translation and mRNA degradation. Cold

Spring Harbor Perspectives in Biology 2012;

4(9): a012286. DOI: 10.1101/cshperspect.

a012286. PubMed PMID: 22763747.

92. Lloyd RE. Regulation of stress granules

and P-bodies during RNA virus infection.

Wiley Interdiscip Rev RNA 2013; 4(3): 317–331.

DOI: 10.1002/wrna.1162. PubMed PMID:

23554219; PubMed Central PMCID:

PMC3652661.

93. Valiente-Echeverria F, Melnychuk L,

Mouland AJ. Viral modulation of stress

granules. Virus Research 2012; 169(2):

430–437. DOI: 10.1016/j.virusres.2012.06.

004. PubMed PMID: 22705970.

94. Okonski KM, Samuel CE. Stress granule

formation induced bymeasles virus is protein

kinase PKRdependent and impaired byRNA

adenosine deaminaseADAR1. Journal of Vi-

rology 2013; 87(2): 756–766. DOI: 10.1128/

JVI.02270-12. PubMed PMID: 23115276;

PubMed Central PMCID: PMC3554044.

95. Onomoto K, Jogi M, Yoo JS, et al. Critical

role of an antiviral stress granule containing

RIG-I and PKR in viral detection and innate

immunity. PLoSOne 2012; 7(8): e43031. DOI:

10.1371/journal.pone.0043031. PubMed

PMID: 22912779; PubMed Central PMCID:

PMC3418241.

96. Oshiumi H, Miyashita M, Matsumoto M,

Seya T. A distinct role of Riplet-mediated

K63-linked polyubiquitination of the RIG-

I repressor domain in human antiviral in-

nate immune responses. PLoS Pathogens

2013; 9(8): e1003533. DOI: 10.1371/journal.

ppat.1003533. PubMed PMID: 23950712;

PubMed Central PMCID: PMC3738492.

97. Kuniyoshi K, Takeuchi O, Pandey S, et al.

Pivotal role of RNA-binding E3 ubiquitin

ligase MEX3C in RIG-I-mediated antiviral

innate immunity. Proceedings of the National
Rev. Med. Virol. 2015; 25: 286–299.
DOI: 10.1002/rmv



299DDX3 in viral replication and immunity
Academy of Sciences of the United States of

America 2014; 111(15): 5646–5651. DOI:

10.1073/pnas.1401674111. PubMed PMID:

24706898; PubMed Central PMCID:

PMC3992669.

98. Gilks N, Kedersha N, Ayodele M, et al.

Stress granule assembly is mediated by

prion-like aggregation of TIA-1. Molecular

Biology of the Cell 2004; 15(12): 5383–5398.

Epub 2004/09/17. DOI: 10.1091/mbc.

E04-08-0715 E04-08-0715 [pii]. PubMed

PMID: 15371533; PubMed Central

PMCID: PMC532018.

99. Tourriere H, Chebli K, Zekri L, et al. The

RasGAP-associated endoribonuclease G3BP

assembles stress granules. Journal of Cell Biol-

ogy 2003; 160(6): 823–831. Epub 2003/03/19.

DOI: 10.1083/jcb.200212128 jcb.200212128

[pii]. PubMed PMID: 12642610; PubMed

Central PMCID: PMC2173781.

100. Montero H, Rojas M, Arias CF, Lopez S.

Rotavirus infection induces the phosphor-

ylation of eIF2alpha but prevents the for-

mation of stress granules. Journal of

Virology 2008; 82(3): 1496–1504. DOI:

10.1128/JVI.01779-07. PubMed PMID:

18032499; PubMed Central PMCID:

PMC2224440.

101. Salaun C, MacDonald AI, Larralde O, et al.

Poly(A)-binding protein 1 partially

relocalizes to the nucleus during herpes

simplex virus type 1 infection in an

ICP27-independent manner and does not

inhibit virus replication. Journal of Virology

2010; 84(17): 8539–8548. DOI: 10.1128/

JVI.00668-10. PubMed PMID: 20573819;

PubMed Central PMCID: PMC2919032.

102. Pene V, Li Q, Sodroski C, Hsu CS, Liang

TJ. Dynamic interaction of stress granule,
Copyright © 2015 John Wiley & Son
DDX3X and IKK-alpha mediates multiple

functions in hepatitis C virus infection.

Journal of Virology 2015. DOI: 10.1128/

JVI.03197-14. PubMed PMID: 25740981.

103. Valiente-Echeverria F, Melnychuk L,

Vyboh K, et al. eEF2 and Ras-GAP SH3

domain-binding protein (G3BP1) modu-

late stress granule assembly during HIV-1

infection. Nature Communications 2014; 5:

4819. DOI: 10.1038/ncomms5819. PubMed

PMID: 25229650.

104. Ruggieri A, Dazert E, Metz P, et al. Dy-

namic oscillation of translation and stress

granule formation mark the cellular re-

sponse to virus infection. Cell Host & Mi-

crobe 2012; 12(1): 71–85. DOI: 10.1016/j.

chom.2012.05.013. PubMed PMID:

22817989; PubMed Central PMCID:

PMC3873964.

105. Li Q, Pene V, Krishnamurthy S, Cha H,

LiangTJ.Hepatitis C virus infection activates

an innate pathway involving IKK-alpha in

lipogenesis and viral assembly. Nature

Medicine. 2013; 19(6): 722–729. DOI: 10.

1038/nm.3190. PubMed PMID: 23708292;

PubMed Central PMCID: PMC3676727.

106. Saito T, Owen DM, Jiang F, Marcotrigiano

J, Gale M Jr. Innate immunity induced by

composition-dependent RIG-I recognition

of hepatitis C virus RNA. Nature 2008;

454(7203): 523–527. DOI: 10.1038/na-

ture07106. PubMed PMID: 18548002;

PubMed Central PMCID: PMC2856441.

107. Pager CT, Schutz S, Abraham TM, Luo G,

Sarnow P. Modulation of hepatitis C virus

RNA abundance and virus release by

dispersion of processing bodies and en-

richment of stress granules. Virology 2013;

435(2): 472–484. DOI: 10.1016/j.virol.2012.
s, Ltd.
10.027. PubMed PMID: 23141719; PubMed

Central PMCID: PMC3534916.

108. Garaigorta U, Heim MH, Boyd B, Wieland

S, Chisari FV. Hepatitis C virus (HCV) in-

duces formation of stress granules whose

proteins regulate HCV RNA replication

and virus assembly and egress. Journal of

Virology 2012; 86(20): 11043–11056. DOI:

10.1128/JVI.07101-11. PubMed PMID:

22855484; PubMed Central PMCID:

PMC3457181.

109. Zhang N, Zhang P, Baier A, Cova L,

Hosmane RS. Dual inhibition of HCV and

HIV by ring-expanded nucleosides con-

taining the 5:7-fused imidazo[4,5-e][1,3]

diazepine ring system. In vitro results

and implications. Bioorganic and Medicinal

Chemistry Letters 2014; 24(4): 1154–1157.

DOI: 10.1016/j.bmcl.2013.12.121. PubMed

PMID: 24461293; PubMed Central PMCID:

PMC3979313.

110. Garbelli A, Radi M, Falchi F, et al.

Targeting the human DEAD-box polypep-

tide 3 (DDX3) RNA helicase as a novel

strategy to inhibit viral replication. Current

Medicinal Chemistry 2011;18(20): 3015–

3027. Epub 2011/06/10. DOI: BSP/CMC/

E-Pub/2011/ 224 [pii]. PubMed PMID:

21651478.

111. Maga G, Falchi F, Radi M, et al. Toward the

discovery of novel anti-HIV drugs.

Second-generation inhibitors of the cellu-

lar ATPase DDX3 with improved anti-

HIV activity: synthesis, structure-activity

relationship analysis, cytotoxicity studies,

and target validation. ChemMedChem

2011; 6(8): 1371–1389. Epub 2011/06/24.

DOI: 10.1002/cmdc.201100166. PubMed

PMID: 21698775.
Rev. Med. Virol. 2015; 25: 286–299.
DOI: 10.1002/rmv


