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Nuclear export of mRNA is tightly linked to transcription, nuclear mRNA processing, and subsequent maturation in the
cytoplasm. Tip-associated protein (TAP) is the major nuclear mRNA export receptor, and it acts coordinately with various
factors involved in mRNA expression. We screened for protein factors that associate with TAP and identified several
candidates, including RNA helicase DDX3. We demonstrate that DDX3 directly interacts with TAP and that its association
with TAP as well as mRNA ribonucleoprotein complexes may occur in the nucleus. Depletion of TAP resulted in nuclear
accumulation of DDX3, suggesting that DDX3 is, at least in part, exported along with messenger ribonucleoproteins to the
cytoplasm via the TAP-mediated pathway. Moreover, the observation that DDX3 localizes transiently in cytoplasmic
stress granules under cell stress conditions suggests a role for DDX3 in translational control. Indeed, DDX3 associates
with translation initiation complexes. However, DDX3 is probably not critical for general mRNA translation but may
instead promote efficient translation of mRNAs containing a long or structured 5� untranslated region. Given that the
DDX3 RNA helicase activity is essential for its involvement in translation, we suggest that DDX3 facilitates translation
by resolving secondary structures of the 5�-untranslated region in mRNAs during ribosome scanning.

INTRODUCTION

Eukaryotic mRNAs are transcribed as precursors that un-
dergo extensive nuclear processing to become mature and
subsequently are exported to the cytoplasm for translation.
Some mRNAs may be regulated by means of their turnover
rate, subcellular localization, or translation efficiency in the
cytoplasm. Much progress has been made recently toward
understanding the molecular basis for mRNA export, which
is coordinately coupled to several other events of mRNA
metabolism (Maniatis and Reed, 2002; Reed, 2003).

Tip-associated protein (TAP) is considered as the major
receptor for bulk mRNA export (Katahira et al., 1999; Stutz
and Izaurralde, 2003). TAP is highly conserved from yeast to
humans. All known TAP homologues contain an RNA-bind-
ing domain and a leucine-rich region in the N-terminal part,
and a nuclear transport factor 2-like domain and a ubiquitin-
associated domain in the C-terminal–most region (Stutz and
Izaurralde, 2003). Through the two C-terminal domains,
TAP forms a heterodimer with p15 and docks to the nucleo-
porins of the nuclear pore complex (NPC) (Wiegand et al.,
2002). Although TAP contains an RNA binding domain, its
association with messenger ribonucleoproteins (mRNPs)
largely involves various adaptor proteins (Strasser and
Hurt, 2000; Rodrigues et al., 2001; Stutz and Izaurralde, 2003;
Huang and Steitz, 2005). The exon junction complex (EJC),
which is deposited onto spliced mRNA during precursor

mRNA (pre-mRNA) splicing, can recruit TAP before mRNA
export (Dreyfuss et al., 2002). In addition, several RNA-
binding proteins, including nucleocytoplasmic shuttling
serine/arginine dipeptide-rich proteins (SR proteins), can
also serve as adaptors of TAP (Huang et al., 2003; Huang and
Steitz, 2005). Nevertheless, TAP can directly bind to the
constitutive transport element that resides within the Ma-
son-Pfizer monkey virus RNA and also within its own in-
tron 10-retained mRNA via the leucine-rich repeat domain
to facilitate the nuclear export of these RNAs (Gruter et al.,
1998; Li et al., 2006).

Nuclear export of mRNA is closely linked to transcription
and mRNA processing. In vertebrate cells, pre-mRNA splic-
ing may greatly enhance the export of the resultant mature
mRNA (Luo and Reed, 1999). Splicing factor UAP56 associ-
ates with the primary transcripts to facilitate spliceosome
assembly and subsequently recruits the EJC component
REF/Aly (Luo et al., 2001). Several EJC factors, such as
RNPS1 and Pinin, can function in pre-mRNA splicing, per-
haps before EJC formation (Mayeda et al., 1999; Li et al.,
2003). After splicing, REF/Aly or the EJC recruits export
receptor TAP/p15 to the spliced mRNPs for export (Drey-
fuss et al., 2002; Reed, 2003); however, such activity may be
redundant with activities of other export adaptors, i.e., shut-
tling RNA-binding proteins. REF/Aly facilitates nuclear ex-
port of intronless RNAs through its direct interaction with
TAP, suggesting that splicing is not the only route to pro-
mote mRNA export (Rodrigues et al., 2001). Indeed, UAP56
and REF/Aly can associate with the nascent transcripts co-
transcriptionally through their interaction with the tran-
scription/export complex, TREX, a factor involved in tran-
scription elongation (Erkmann and Kutay, 2004; Reed and
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Cheng, 2005). Such an interaction suggests that transcription
and mRNA export are coupled. In addition, mutations of
several mRNA 3�-end processing factors result in defective
mRNA export (Hammell et al., 2002). Therefore, the 3�-end
maturation process of mRNA may also influence its subse-
quent nuclear export (Hammell et al., 2002). Furthermore,
mRNA export can impact downstream steps of mRNA bio-
genesis in the cytoplasm. For example, several EJC compo-
nents participate in nonsense-mediated decay, an mRNA
surveillance pathway that targets premature termination
codon-bearing mRNA for degradation (Hentze and Kulozik,
1999). Furthermore, the export receptor TAP can selectively
enhance translation of mRNAs that contain its binding tar-
get, the constitutive transport element (Jin et al., 2003).
Therefore, the molecular basis of how these mRNA biosyn-
thesis steps—including mRNA export—are coupled still re-
mains to be studied.

To better understand mRNA export pathways, in this
study we isolated and identified TAP-associated proteins.
The RNA helicase DDX3 was one of the candidates that
associated with TAP. RNA helicases participate in various
aspects of mRNA metabolism, including transcription, pre-
mRNA splicing, mRNA export and decay, and translation
(Rocak and Linder, 2004; Cordin et al., 2006). They are pre-
sumed to consume energy from ATP hydrolysis to unwind
RNA-duplex structures or to remodel RNA–protein com-
plexes (Rocak and Linder, 2004; Cordin et al., 2006). In recent
years, several RNA helicases have been reported to play a
role in mRNA export. Among them, Dbp5 has been the most
extensively characterized. Dbp5 facilitates mRNA export
likely by remodeling mRNPs at the cytoplasmic filaments of
the NPC (Cole and Scarcelli, 2006). Dbp5 also functions in
translation by promoting stop codon recognition for termi-
nation (Gross et al., 2007). Another RNA helicase, UAP56,
plays a role in both pre-mRNA splicing and mRNA export,
and perhaps links transcription, splicing, and mRNA export
(Reed, 2003; Erkmann and Kutay, 2004; Reed and Cheng,
2005).

DDX3 belongs to the DEAD-box family of RNA helicases.
This family of RNA helicases contains a highly conserved
catalytic core domain that mediates the ATPase and helicase
activities (Rocak and Linder, 2004; Cordin et al., 2006). The
yeast DDX3 homologue, Ded1, has been identified as a ge-
netic suppressor of a pre-mRNA splicing factor prp8 mutant
(Jamieson et al., 1991). A Ded1 mutation resulted in altered
splicing profiles, suggesting its role in pre-mRNA splicing
(Burckin et al., 2005). Moreover, Ded1 is likely involved in
global translation (Chuang et al., 1997). Like yeast Ded1,
mammalian DDX3 may participate in several cellular activ-
ities, including transcription, mRNA export, and translation
(Fukumura et al., 2003; Chao et al., 2006; Shih et al., 2008).
DDX3 facilitates nuclear export of human immunodefi-
ciency virus RNAs via a specific pathway involving the
importin-� family receptor CRM1 (Yedavalli et al., 2004).
More recently, DDX3 was shown to suppress cap-dependent
translation but activate the internal ribosome entry site-
mediated translation of hepatitis C virus RNA (Shih et al.,
2008). Nevertheless, the molecular mechanisms underlying
DDX3 involvement in gene expression remain to be fully
determined.

MATERIALS AND METHODS

Plasmid Construction
The FLAG-tagged TAP expression plasmid was a generous gift of J. A. Steitz
(Yale University, New Haven, CT). A sequence encoding the C-terminally
truncated TAP (TAP�C), which lacks the C-terminal 36 amino acids, was

inserted into pcDNA3.1 (Invitrogen, Carlsbad, CA) with the appropriate
restriction enzymes. Full-length TAP and TAP�C were subcloned individu-
ally into pCEP4 (Invitrogen) to generate constructs encoding hemagglutinin
(HA)-tagged proteins. The plasmids expressing FLAG-tagged DDX3, GST-
DDX3, and a series of truncated DDX3 fragments have been described pre-
viously (Chao et al., 2006, Shih et al., 2008). Full-length DDX3 was subcloned
into the pEGFP-C1 (Clontech, Mountain View, CA) to create a construct
expressing DDX3 fused with green fluorescent protein (GFP-DDX3). The
plasmid expressing HA-tagged TIA-1 was kindly provided by N. Kedersha
(Brigham and Women’s Hospital, Boston, MA). The open reading frames of
HuR, PABP1, and eukaryotic initiation factor (eIF)4A were obtained by poly-
merase chain reaction (PCR) by using a human fetal brain cDNA library
(Clontech), and each was inserted into pCEP4 (Invitrogen) to create constructs
encoding HA-tagged proteins. The plasmid encoding myc-tagged eIF2� was
kindly provided by W. Chang (Academia Sinica, Taipei, Taiwan). For in vivo
translation assay, the reporter pFL-SV40 was generated by replacing the
coding sequence of the Renilla luciferase in pRL-SV40 (Promega, Madison,
WI) with the firefly luciferase derived from pGL3-Basic (Promega). The pFL-
SV40 reporter containing a hairpin was created by insertion of a self-annealed
double-stranded oligonucleotide (5�-CTAGCGGATCCGGCCGGATCCGGC-
CGGATCCG-3�) into the 5�-proximal Hind III site in the 5�-untranslated
region (UTR). The DNA fragments encoding human transforming growth
factor (TGF) �1 and rat ornithine decarboxylase (ODC) 5�-UTRs were ob-
tained by PCR by using human embryonic kidney (HEK) 293 cells and PC12
genomic DNA as template, respectively; each 5�-UTR DNA was inserted into
pFL-SV40. The pSilencer 1.0-U6 (Ambion, Austin, TX) vector was used to
express short hairpin RNAs (shRNAs) targeting human DDX3 (shRNA1,
open reading frame nucleotides 1699-1717; shRNA2, nucleotides 131-149) or
human TNPO3 (nucleotides 240-258). The plasmids expressing mutant
(S382L) and shRNA-resistant DDX3 were generated using the QuikChange
site-directed mutagenesis system (Stratagene, La Jolla, CA). The shRNA-re-
sistant DDX3 was created by introducing silent mutations (as underlined) into
the target sequence of DDX3 shRNA1 (nucleotides 1699-GGCCAAGCTG-
GCTGGAAA-1717). The small interfering RNA (siRNA) duplex for targeting
TAP was purchased from Invitrogen, corresponding to nucleotides 950–974
of the TAP coding sequence.

Cell Culture and Transfection
HeLa and HEK293 cells were grown at 37°C in DMEM containing 10% fetal
bovine serum, 100 U/ml penicillin, 100 �g/ml streptomycin, and 2 mM
l-glutamine. Transfection was performed using the Lipofectamine 2000 (In-
vitrogen).

Preparation of Recombinant Proteins and Antibodies
against DDX3
Glutathione transferase (GST) and GST-DDX3 fusion proteins were overpro-
duced in Escherichia coli strain BL21 and purified over glutathione-Sepharose
beads (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom).
His-tagged DDX3 protein was overexpressed in E. coli strain BL21 and puri-
fied on HisBind resin (Novagen, Madison, WI) according to the procedure
recommended by the manufacturer. A polyclonal antiserum against DDX3
was generated by immunizing rabbits with purified His-tagged DDX3. To
purify anti-DDX3, rabbit antiserum was incubated with nitrocellulose mem-
branes containing immobilized GST-DDX3. Absorbed antibodies were eluted
with 0.2 M glycine-HCl, pH 2.3, as described previously (Lai et al., 2000).

Indirect Immunofluorescence and Fluorescence In Situ
Hybridization
Immunostaining of HeLa cells was performed essentially as described previ-
ously (Lai et al., 2000). To examine the nuclear export pathway of DDX3, HeLa
cells were treated with 40 nM leptomycin B for 3 h. The primary antibodies
used were polyclonal anti-DDX3 (0.5 �g/ml; purified from anti-serum),
eIF4AI (2.5 �g/ml; Abcam, Cambridge, United Kingdom), and CRM1 (0.4
�g/ml; Abcam), and monoclonal anti-HA (1:200 dilution; gift from S.-C.
Cheng, Academia Sinica, Taipei, Taiwan), PABP (2 �g/ml; Sigma), eIF4E (2.5
�g/ml; BD Transduction Laboratories, Lexington, KY), and cyclin B1 (0.4
�g/ml; Santa Cruz Biotechnology, Santa Cruz, CA). The secondary antibodies
used (Cappel Laboratories, Durham, NC) included fluorescein-conjugated
anti-mouse immunoglobulin G (IgG) (20 �g/ml), fluorescein-conjugated anti-
rabbit IgG (24 �g/ml), and rhodamine-conjugated anti-mouse IgG (20 �g/
ml). The images of double-stained cells were obtained using a laser confocal
microscope (MRC1000; Bio-Rad, Hercules, CA).

To detect the distribution of poly(A)� RNA, fluorescence in situ hybridiza-
tion was performed as described previously (Li et al., 2003). Digoxigenin
(DIG)-labeled oligo(dT) (50-mer) was used as probe.

Immunoprecipitation and Immunoblotting
FLAG-tagged proteins were expressed alone or coexpressed with either HA-
tagged or myc-tagged protein in HEK293 cells for 2 d. Immunoprecipitation
was performed essentially according to Lykke-Andersen et al. (2001). In brief,
0.5 ml of cell lysates prepared from �5 � 106 cells (i.e., from a �90% confluent

M.-C. Lai et al.

Molecular Biology of the Cell3848



60-mm culture dish) were incubated with 10 �l of anti-FLAG M2-agarose
(Sigma Chemical, Poole, Dorset, United Kingdom). Immunoprecipitates were
treated with 1 mg/ml RNase A at 37°C for 30 min. For immunoblotting, the
primary antibodies used were against the following proteins or epitope tags:
DDX3 (purified from anti-serum), TAP, nucleolin, lamin A/C, eIF2� (the
above four from Santa Cruz Biotechnology), �-tubulin (NeoMarkers, Fre-
mont, CA), eIF4G, eIF4E (the above two from BD Transduction Laboratories),
eIF5 (Abnova, Taipei City, Taiwan), FLAG (Sigma Chemical), HA (Covance
Research Products, Princeton, NJ), and myc (Millipore, Billerica, MA).

In Vitro Pull-down Assay
The TAP protein was in vitro translated and 35S-labeled in the TNT-coupled
reticulocyte lysate systems (Promega) and then incubated with 2 �g of GST-
DDX3 in a 60-�l mixture at 30°C for 30 min for the pull-down analysis as
described previously (Lai et al., 2000).

Subcellular Fractionation
HEK293 cells were washed twice with cold phosphate-buffered saline (PBS)
and then harvested. To obtain the cytoplasmic and nuclear fractions, cells
were resuspended in PBS containing digitonin (40 �g/ml; Calbiochem, San
Diego, CA) and protease inhibitors (Complete; Roche Diagnostics, Mann-
heim, Germany). After incubation on ice for 5 min, extracts were centrifu-
gated at 2000 � g for 10 min at 4°C. The supernatants were saved as the
cytoplasmic fractions. The pellets were resuspended in PBS containing 0.2%
NP-40 and protease inhibitors (Complete; Roche Diagnostics) and then dis-
rupted by sonication to yield the nuclear fraction.

Protein-RNA UV Cross-Linking and mRNA Affinity
Chromatography
The in vivo UV cross-linking procedure was essentially as described in
Pinol-Roma et al. (1989). Irradiation was performed using a UV cross-linker
(Stratagene). Total cell lysate or subcellular fractions were subsequently pre-
pared as described above. The fractions were heated at 65°C for 10 min in the
presence of 0.5% SDS and 1% �-mercaptoethanol. After chilling on ice, LiCl
was added to the fractions at a final concentration of 0.5 M. Poly(U)-Sepharose
beads (GE Healthcare) were previously swelled and equilibrated in buffer A
(10 mM Tris-HCl, pH 7.5, 0.5% SDS, 1 mM EDTA, and 0.5 M LiCl). The
fractions were incubated with beads at room temperature for 30 min. After
extensive washing with buffer A, bound RNP complexes were eluted with
buffer A lacking LiCl. Subsequently, RNP complexes were precipitated with
0.2 M of LiCl and 3 volumes of ethanol at �20°C overnight. After digestion
with 50 �g/ml RNase A at 37°C for 1 h, RNA-binding proteins were precip-
itated with 10% trichloroacetic acid (TCA) and analyzed by immunoblotting.

Sucrose Gradient Centrifugation and Polysome Profile
Analysis
HEK293 cells were harvested in PBS containing 100 �g/ml cycloheximide at
4°C, and then resuspended in RSB-150 (10 mM Tris-HCl, pH 7.4, 3 mM MgCl2,
and 150 mM NaCl) containing 100 �g/ml cycloheximide, 40 �g/ml digitonin
(Calbiochem), 20 U/ml RNasin (Promega), and protease inhibitors (Complete;
Roche Diagnsotics). After incubation on ice for 5 min, the cells were disrupted by
passage five times through a 26-gauge needle. The lysates were centrifuged at
3000 � g for 2 min at 4°C. The cytoplasmic fractions were further clarified by
15-min centrifugation at 11,000 � g and then loaded onto a linear gradient of
15–40% (wt/wt) sucrose in RSB-150 and centrifuged at 38,000 rpm for 3 h at
4°C in a Beckman SW41 rotor. After centrifugation, RNAs and proteins were
recovered from the gradient fractions for analysis. For polysome profile
analysis, the gradients were monitored at 254 nm using a fractionation system
(ISCO, Lincoln, NE).

Pulse-labeling Assay
HeLa cells were transfected with shRNA expression vectors for 48 h and then
were seeded in a six-well plate (3 � 105 cells/well) for an overnight incuba-
tion at 37°C. For pulse labeling, cells were washed and preincubated with
methionine- and cysteine-free DMEM (Invitrogen) for 30 min, and then
labeled with 100 �Ci/ml [35S]methionine/cysteine (35S-ProMix; GE Health-
care) for 30 min. Subsequently, cells were lysed in passive lysis buffer
(Promega), and total proteins were resolved on 10% SDS-polyacrylamide
gel electrophoresis and subjected to autoradiography. Moreover, radiola-
beled proteins were precipitated by 10% TCA and quantified by scintilla-
tion counting.

In Vivo Translation Assay
HeLa cells were cotransfected with a pFL-SV40 derived reporter (0.2 �g), the
control vector pRL-SV40 (0.2 �g; Promega), and an shRNA expression vector
(1 �g). For Figure 7C, 0.6 �g of shRNA-resistant DDX3 expression vector was
used in transfection. At 48 h after transfection, cells were lysed in passive lysis
buffer (Promega). The activities of firefly luciferase and Renilla luciferase were
measured using the dual-luciferase reporter assay system (Promega) accord-
ing to the manufacturer’s instructions.

In Vitro Translation Assay
The in vitro translation system was used to examine the effect of recombinant
DDX3 on translation. Each 10 �l-translation reaction contained 5 �l of rabbit
reticulocyte lysate (Promega), 50 ng of in vitro transcribed luciferase reporter
mRNA with the TGF� 5�-UTR, and recombinant GST-DDX3. The reaction was
performed according to the manufacturer’s recommendation. Luciferase ac-
tivity was measured as described above.

RESULTS

Identification of TAP-interacting Proteins
TAP and its associated complexes may act to coordinate dif-
ferent steps of gene expression. To gain a more comprehensive
understanding of the function(s) of TAP and its associated
factors, we used immunoprecipitation to identify TAP-interact-
ing proteins. The vector encoding FLAG-tagged TAP was tran-
siently transfected into HEK293 cells, and the cell lysates were
then prepared and subjected to immunoprecipitation with an-
ti-FLAG. Mass spectrometric analysis identified a number of
nucleoporins, including Nup358/RanBP2, Nup214, Nup153,
Nup133, Nup88, p62, and RanGAP1 (Table 1). This observation
was consistent with the subcellular localization of TAP in HeLa
cells (Figure 1A), indicating that TAP stably associates with the
NPC in the nuclear envelope.

To avoid the tight interaction of TAP with the NPC, we
exploited a truncated TAP mutant (hereafter termed
TAP�C) that lacks the C-terminal 36 amino-acid residues
and exhibits a dominant-negative effect on export of consti-
tutive transport element-containing RNAs (Kang and
Cullen, 1999). TAP�C was essentially localized in the nu-
cleus and accumulated in the nucleoli as well as splicing
factor-containing speckles (Figure 1A). The subcellular lo-
calization pattern of TAP�C was similar to that of a trun-
cated TAP lacking the entire ubiquitin-associated domain
(Bachi et al., 2000). Restricted localization of TAP�C in the
nucleus may reflect its inefficient nuclear export and may
enable its stable binding to nuclear adaptor proteins. Ac-
cordingly, we observed by fluorescence in situ hybridiza-
tion that poly(A)� RNAs accumulated in the nucleus of
TAP�C-expressing HeLa cells (Figure 1B). Therefore,
global mRNA export was probably impaired when
TAP�C was overexpressed. Nevertheless, immunopre-
cipitation of FLAG-tagged TAP�C from HEK293 cell ly-
sates showed a protein profile that differed from that

Table 1. Identification of TAP-interacting proteins by mass spec-
trometry

TAP TAP�C

NPC proteins RNA-binding proteins
Nup358/RanBP2 hnRNP U
Nup214/CAN ASF/SF2
Nup153 TRAP150
Nup133 Caprin-1
Nup88 Nucleolin
Nup62/p62 RNA helicases
RanGAP1 RHA/DHX9

DDX3
Ribosomal proteins

rpS3
rpS6
rpL3
rpL4
rpL6
rpL7a
rpL8
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observed with full-length TAP (data not shown). Mass
spectrometric identification revealed ASF, hnRNP U,
TRAP150, caprin-1, nucleolin, RHA, and DDX3 as potential
TAP�C-interacting proteins (Table 1). Interestingly, most of
these proteins have been implicated in mRNA metabolism.
In addition, identification of certain ribosomal proteins may
reflect the role of TAP in ribosome subunit export and
translation (Jin et al., 2003, Yao et al., 2007).

DDX3 Interacts with TAP
Among the identified TAP�C-interacting proteins, we pri-
marily focused on the DEAD-box RNA helicase DDX3. The
association of TAP with DDX3 was examined by immuno-
precipitation of transiently expressed FLAG-tagged TAP or
TAP�C followed by immunoblotting with anti-DDX3. En-
dogenous DDX3 coprecipitated with anti-FLAG even in the
presence of RNase A, indicating that DDX3 directly inter-
acted with full-length as well as truncated TAP (Figure 1C).

A reciprocal experiment showing that endogenous TAP as-
sociated with FLAG-DDX3 further confirmed the TAP–
DDX3 interaction (Figure 1D).

DDX3 contains a highly conserved helicase core domain
in the central region and, especially, an RS dipeptide-rich
segment in the C-terminal domain (Figure 1E). We next
investigated, which DDX3 domains are involved in TAP
interaction using an in vitro pull-down assay. GST was
fused to full-length DDX3 as well as to each of the DDX3
fragments, including the N-terminal region (residues 1-226),
central helicase core (227-535), and C-terminal region (536-
661) (Figure 1E). The GST-fusion proteins were overpro-
duced in E. coli and purified over glutathione resins. Each of
these GST fusions was incubated with in vitro translated
35S-labeled TAP followed by affinity selection. TAP bound to
full-length and the C-terminal region of DDX3. We con-
cluded that the RS-like domain-containing C-terminal re-
gion of DDX3 is responsible for interaction with TAP.

Figure 1. DDX3 interacts with TAP in vivo and in vitro. (A) HeLa cells that transiently expressed HA-tagged TAP and TAP�C proteins for
24 h were subjected to immunostaining with anti-HA. (B) In situ hybridization of poly(A)� RNA was performed with HeLa cells that
transiently expressed HA-tagged TAP�C protein (arrowhead). (C) HEK293 cells were transiently transfected with empty vector (�) or the
vector encoding FLAG-tagged TAP or TAP�C (�C). Immunoprecipitation was performed at 24 h after transfection by using anti-FLAG.
Immunoblotting was performed using polyclonal anti-DDX3 (top) and anti-FLAG (bottom). (D) Mock-transfected HEK293 cell lysate (�) or
lysate containing transiently expressed FLAG-tagged DDX3 were subjected to immunoprecipitation as in C. Endogenous TAP was detected
by anti-TAP. (E) Schematic diagram shows DDX3 fragments that were used for the pull-down assay. The assay using recombinant GST,
GST-DDX3, or GST-DDX3 fragments as bait to pull-down 35S-labeled TAP protein (autoradiogram). Coomassie Blue staining of the
GST-fusion proteins is shown at bottom.
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DDX3 Associates with TAP and mRNPs
Using affinity-purified anti-DDX3 antibodies, we observed
that endogenous DDX3 primarily distributed in the cyto-
plasm of HeLa cells (Figure 2A). TAP is located in both the
nucleus and the cytoplasm and is particularly enriched in
the nuclear envelope (Figure 1A; Katahira et al., 1999; Bachi
et al., 2000). Nevertheless, both DDX3 and TAP shuttle be-
tween the nucleus and the cytoplasm (Kang and Cullen,
1999; Katahira et al., 1999; Sekiguchi et al., 2004; Yedavalli et
al., 2004); therefore, we attempted to examine the cellular
compartments where TAP interacts with DDX3. HEK293
cells were transiently transfected with the vector encoding
FLAG-tagged TAP. Transfected cells were sequentially ex-
tracted with digitonin and the nonionic detergent NP-40 to
yield the cytoplasmic and the nuclear fractions, respectively.
Immunoblotting of subcellular fractions revealed that
nucleolin and lamin A/C were largely in the nucleus and
�-tubulin was in the cytoplasm (Figure 2B). Nevertheless,
DDX3 was more abundant in the cytoplasm than in the
nucleus (Figure 2B, lanes 1–4), consistent with the observa-
tion of indirect immunofluorescence (Figure 2A). Immuno-
precipitation with anti-FLAG showed that DDX3 bound to
TAP primarily in the nucleus (Figure 2B, lane 5), which can
explain the interaction of DDX3 with nuclear localized
TAP�C (Table 1). However, the DDX3-TAP interaction
might also occur in the cytoplasm (Figure 2B, lane 6), in line
with their colocalization in cytoplasmic SGs (see below;
Figure 4).

TAP is recruited to mRNPs in the nucleus and participates
in their export (Katahira et al., 1999; Stutz and Izaurralde,
2003), and thus we next examined whether DDX3 binds

directly to mRNA in cells. After UV cross-linking in vivo,
mRNPs were selected followed by ribonuclease treatment to
release cross-linked proteins. On exposure to UV light,
DDX3 copurified with poly(A)� RNAs (Figure 2C, lanes 5
and 6), indicating that DDX3 indeed bound to mRNAs in
both the nucleus and the cytoplasm and thus behaved sim-
ilarly to its Chironomus tentans homologue hrp84 (Nash-
chekin et al., 2006). Next, we examined whether DDX3 in-
teraction with mRNAs depends on TAP. When TAP
expression was substantially diminished by siRNA, DDX3
was still cross-linked to mRNAs (Figure 2D). These results
suggested that DDX3 might associate with mRNAs as well
as TAP in the nucleus and subsequently accompany mRNPs
to the cytoplasm.

Nuclear Export of DDX3 May in Part Undergo the
TAP-mediated Pathway
Previous reports have indicated that the importin-� protein
CRM1 participates in nuclear export of DDX3 (Yedavalli et
al., 2004). When HeLa cells were treated with the CRM1
inhibitor leptomycin B, nuclear retention of DDX3 was in-
deed detected, but its cytoplasmic signal was not completely
diminished (Figure 3A). In contrast, cyclin B1, another
CRM1 export cargo, was exclusively retained in the nucleus
(Figure 3A). Our observation was consistent with previous
reports (Sekiguchi et al., 2004; Yedavalli et al., 2004), suggest-
ing that another pathway exists for nuclear export of DDX3.
We therefore investigated whether nuclear export of DDX3
involves TAP. As shown in Figure 3B, when TAP expression
was reduced by siRNA, DDX3 protein level was increased in
the nuclear fraction and, accordingly, reduced in the cyto-

Figure 2. DDX3 associates with TAP and mRNPs in both the nucleus and the cytoplasm. (A) Immunostaining of HeLa cells was performed
using affinity-purified anti-DDX3. (B) HEK293 cells were transiently transfected with the vector expressing FLAG-tagged TAP or with empty
vector (�). Immunoprecipitation of the nuclear (N) and cytoplasmic (C) fractions of the cell lysate was performed using monoclonal
anti-FLAG, followed by immunoblotting to detect endogenous DDX3 and FLAG-TAP (top). The subcellular fractions were also subjected to
immunoblotting using antibodies against nucleolin, lamin A/C, and �-tubulin (bottom). (C) Cell fractionation was performed in UV-
irradiated (UV) or mock-treated (�) HEK293 cells as in B. The lysate fractions were then subjected to chromatography over poly(U)-
Sepharose. Proteins cross-linked to poly(A)� RNAs were detected by anti-DDX3 (top). The efficiency of cell fractionation was also determined
as in B (bottom). (D) The TAP-targeting siRNA was transiently transfected into HEK293 cells. Immunoblotting of the cell lysate was
performed using anti-TAP (left). UV-cross-linking and poly(U)-Sepharose-affinity selection were performed as described in C, except that
total cell lysate was used.
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plasm (Figure 3B, lanes 3 and 4). Therefore, TAP may be, at
least partially, involved in nuclear export of DDX3.

Moreover, the association of DDX3 with TAP and mRNPs
led a possibility that DDX3 may participate in nuclear export
of mRNAs. We therefore used fluorescence in situ hybrid-
ization to detect cellular distribution of poly(A)� RNAs in
DDX3-depleted HeLa cells. However, no significant change
was observed with poly(A)� RNA distribution when DDX3
protein level was reduced to �30% by transiently expressed
shRNA (Supplemental Figure S1). In addition, we microin-
jected recombinant DDX3 together with radiolabeled RNAs
into Xenopus oocyte nuclei. Regardless of whether injected
RNA contained introns, its nuclear export efficiency was not
significantly changed (data not shown). Perhaps DDX3 is
not critical for general mRNA export, but the possibility that
DDX3 is involved in export of specific mRNAs cannot be
excluded. Together, DDX3 might associate with mRNPs to
export to the cytoplasm via the TAP-mediated pathway, but
it does not play a critical role for mRNA export.

DDX3 Is Targeted to Cytoplasmic Stress Granules
We next took advantage of GFP fusion to monitor subcellu-
lar localization of DDX3. We found that overexpressed GFP-
DDX3 distributed diffusely in the cytoplasm and, in addi-
tion, it could be concentrated in discrete cytoplasmic foci in
�10% of the transfected HeLa cells (Figure 4A). These foci
were reminiscent of stress granules (SGs) that could be
induced upon cell exposure to environmental stress (Ander-
son and Kedersha, 2006). Indeed, when cells were treated
with sodium arsenite (Figure 4B) or exposed to heat shock
(data not shown), endogenous DDX3 formed cytoplasmic
foci almost in all cell samples. We therefore examined
whether DDX3 is colocalized with SG proteins. Indirect
immunofluorescence showed that GFP-DDX3 was well co-
localized with coexpressed HA-tagged TIA-1 and HuR (Fig-
ure 4C), two SG markers in cytoplasmic foci, suggesting that
DDX3 is a component of SGs, whereas overexpressed or
under cell stress conditions. Moreover, we observed that
HA-tagged TAP relocated to SGs when GFP-DDX3 was
coexpressed (Figure 4C). This result further suggested the
TAP-DDX3 interaction in cells. Although DDX3 may not be
essential for nuclear mRNA export in general, the observa-

tion of colocalization of DDX3 and TAP in SGs provided a
hint to their potential function in the cytoplasm.

DDX3 Associates with Translation Initiation Complexes
SGs contain several translation initiation factors and 40S
ribosomal subunits, representing stalled translation preini-
tiation complexes, as well as a number of RNA binding
proteins (Anderson and Kedersha, 2006). Therefore, we ex-
amined whether DDX3 could interact with those SG factors.
We transiently coexpressed FLAG-tagged DDX3 with each
of the HA- or myc-tagged eIF4A, eIF2�, and PABP1 and
TIA-1 in HEK293 cells. Immunoprecipitation with anti-
FLAG showed that DDX3 interacted with eIF4A, eIF2�, and
PABP1 but not with TIA-1 (Figure 5A, lane 5). FLAG-DDX3
also coprecipitated endogenous PABP1 (Supplemental Fig-
ure S2). These coprecipitations were resistant to RNase A,
suggesting direct interactions with DDX3. We also examined
TAP and Dbp5, an RNA helicase required for mRNA export
(Tseng et al., 1998). TAP interacted only with PABP1,
whereas no interaction was detected between Dbp5 and any
of the factors examined (Figure 5A, lanes 4 and 6). Further-
more, sucrose gradient sedimentation analysis of HEK293
cytoplasmic extracts showed that DDX3 distributed together
with several translation initiation factors in fractions en-
riched with the 40S ribosome subunit (Figure 5B). However,
DDX3 was not detectable in polysomes (Figure 5B). There-
fore, DDX3 might only be associated with translation initi-
ation complexes and not participate in the elongation or
subsequent steps.

We also examined whether DDX3 colocalizes with some
of the translation initiation factors in SGs. Immunofluores-
cence showed that endogenous eIF4A, eIF4E, and PABP1
indeed translocated to GFP-DDX3-induced cytoplasmic
granules in HeLa cells (Figure 5C). However, knockdown of
DDX3 did not impair arsenite-induced SG localization of
PABP1 (Supplemental Figure S3). Therefore, DDX3 is likely
not a nucleator for SG assembly during cell stress. Never-
theless, the observation that overexpression of DDX3 in-
duced SGs formation may be in line with the role of DDX3
in general translation repression (Shih et al., 2008).

Figure 3. DDX3 may be in part exported to the
cytoplasm via the TAP-mediated pathway. (A) HeLa
cells were treated with 40 nM leptomycin B (LMB) or
mock-treated (mock) for 3 h and subsequently sub-
jected to immunostaining by using anti-DDX3 and
anti-cyclin B1. DNA staining with Hoechst 33258
indicates the cell nucleus. (B) Knockdown of TAP
expression and cell fractionation were performed in
HEK293 cells as described in Figure 2, D and B,
respectively. Immunoblotting was carried out using
antibodies against DDX3, lamin A/C, and �-tubulin.

M.-C. Lai et al.

Molecular Biology of the Cell3852



Depletion of DDX3 Does Not Significantly Affect General
Translation
To further understand the role of DDX3 in translation, we
depleted DDX3 from HeLa cells using the shRNA strategy.
DDX3 protein level was significantly reduced by �90% in
HeLa cells when either of the DDX3-targeting shRNAs was
transiently expressed (Figure 6A, immunoblotting). How-
ever, under these conditions, the expression level of a Renilla
luciferase (RL) reporter had no significant change (Figure
6A, bar graph).

Next, a pulse-labeling experiment was performed to ex-
amine whether DDX3 knockdown would alter the pattern of
newly synthesized proteins. However, no significant change
could be detected in the global translation pattern and effi-
ciency at a diminished level of DDX3 (Figure 6B). We also
observed that depletion of DDX3 did not change the poly-
some profile of cytoplasmic extracts (data not shown).
Therefore, mammalian DDX3 seemed to be dispensable for
general translation. However, our analysis may not have
detected changes in the expression of low-abundance pro-
teins, and thus the possibility that DDX3 is involved in
specific mRNA translation still remained.

DDX3 Promotes Translation of mRNAs Containing a
Long or Structured 5�-UTR
Yeast Ded1 and its close homologue Dbp1 have been shown
to affect ribosome scanning in translation initiation (Berthe-
lot et al., 2004). Therefore, we attempted to investigate
whether DDX3 could specifically facilitate translation of
mRNAs containing a long or highly structured 5�-UTR by
using a reporter assay. The reporters of the firefly luciferase
(FL) contained an artificial hairpin in the 5�-UTR or harbored
the 5�-UTR derived from human TGF�1 and rat ODC (Fig-
ure 7A). The hairpin contained a palindrome sequence that
presumably formed a stem-loop structure with a free energy

value of �29 Kcal/mol. The 5�-UTR of human TGF�1
mRNA is unusually long (�810 nucleotides) and contains
two stem-loops (Kim et al., 1992); this 5�-UTR has been
shown to inhibit translation (Kim et al., 1992). The rat ODC
mRNA has an �300-nucleotide-long and GC-rich 5�-UTR, of
which the 5� half probably forms a stable secondary struc-
ture that interferes with ribosome scanning (Van Steeg et al.,
1991). Therefore, this 5� half region (�150 nucleotides) was
inserted into the FL reporter. Meanwhile, the RL reporter,
which encodes the RL mRNA without any specific structure
in the 5�-UTR, was cotransfected with the FL reporters as a
control.

As predicted, when structured 5�-UTR was included, FL
reporter expression was somewhat impaired (data not
shown). Although normalized to the RL control, we ob-
served that DDX3 depletion reduced the expression of the
structured 5�-UTR reporters by 20–50% (Figure 7B, lanes 2
and 3) without changing the level of the reporter mRNAs in
the cytoplasm (Supplemental Figure S4). Therefore, DDX3
might function in the translation process rather than RNA
export or stability control. Because a more significant reduc-
tion in expression efficiency was observed with the TGF�1
and ODC 5�-UTRs, a longer and highly structured 5�-UTR
may increase the dependency of mRNA translation on
DDX3. A similar result was obtained from reciprocal exper-
iments in which RL mRNAs harbored a structured 5�-UTR,
whereas the FL mRNA with a nonmodified 5�-UTR served
as a control (data not shown). Introduction of shRNA-resis-
tant DDX3 largely relieved the suppression of ODC 5�-UTR–
containing FL expression in DDX3-depleted HeLa cells (Fig-
ure 7C, lane 3), indicating the specificity of DDX3 in this
translation control.

We also examined whether DDX3 could facilitate translation
of the TGF�1 5�-UTR-containing FL mRNA by using the in
vitro translation assay. Addition of recombinant GST-DDX3 in

Figure 4. DDX3 is a component of stress granules. (A)
HeLa cells were transiently transfected with a vector
encoding GFP-DDX3 for 24 h. Subcellular localization of
GFP-DDX3 was detected by fluorescence microscopy.
(B) HeLa cells were treated with 0.5 mM sodium arsen-
ite (arsenite) or mock-treated (mock) for 1 h. Cells were
subsequently subjected to immunostaining using anti-
DDX3. (C) HA-tagged TIA-1, HuR, and TAP were each
transiently coexpressed with GFP-DDX3 in HeLa cells.
Immunostaining was carried out using monoclonal anti-
HA to detect HA-tagged proteins. B and C were obtained
using a laser confocal microscope.

RNA Helicase DDX3 in Translation Control

Vol. 19, September 2008 3853



the reticulocyte lysate showed that FL reporter translation was
activated in a dose-dependent manner (Figure 7D). This result
further suggested that DDX3 is required for translation of
mRNAs containing a long or structured 5�-UTR.

The RNA Helicase Motif of DDX3 Is Required for Its
Activity in Promoting Translation of mRNAs Containing
a Structured 5�-UTR
From the above-mentioned result, we presumed that DDX3
exerts an RNA helicase activity to resolve RNA structures,
thereby facilitating ribosome scanning. To test this hypoth-
esis, we examined whether a DDX3 mutant (S382L) that has
been shown to lack helicase activity (Yedavalli et al., 2004) is
able to activate the translation of structured 5�-UTR-contain-
ing mRNAs. In contrast to wild-type DDX3, the shRNA-
resistant S382L mutant failed to rescue the effects of endog-
enous DDX3 depletion on translation of the FL reporter
containing the ODC 5�-UTR (Figure 7C, lane 4). Therefore, in
line with our hypothesis, the RNA helicase activity of DDX3
may be required for efficient expression of the mRNAs con-
taining secondary structures in the 5�-UTR.

DISCUSSION

Nuclear Export of DDX3
Previous reports have indicated that DDX3 is a component
of the spliceosome and prefers to bind mRNAs that have
undergone splicing (Stevens et al., 2002; Zhou et al., 2002;
Merz et al., 2007). Here, we demonstrate that DDX3 directly
interacts with TAP and associates with mRNPs (Figures 1
and 2). Therefore, DDX3 may be recruited to spliced mRNAs
to become a component of TAP-containing mRNPs and
subsequently accompany mRNPs to be exported to the cy-
toplasm. The interaction between the EJC component REF/
Aly and DDX3 also supports the idea that DDX3 is a cofactor
of export-competent mRNPs (Masuda et al., 2005). However,
unlike yeast Dbp5 that actively promotes mRNA export
(Tseng et al., 1998), DDX3 may not be critical for general
mRNA export (Supplemental Figure S1), but whether DDX3
is involved in export of specific cellular mRNAs still remains
to be studied.

DDX3 promotes the nuclear export of incompletely
spliced human immunodeficiency virus RNAs through a

Figure 5. Association of DDX3 with translation
initiation complexes. (A) FLAG-tagged TAP,
DDX3 or Dbp5 was transiently coexpressed with
HA- or myc-tagged eIF4A, eIF2�, PABP1, and
TIA-1 in HEK293 cells. Immunoprecipitation was
performed using anti-FLAG, followed by immu-
noblotting using antibodies against the HA, myc,
or FLAG epitope. Ig H represents the immuno-
globulin heavy chain. The input of FLAG-tagged
TAP and DDX3 was visible upon longer expo-
sure (lanes 1 and 2). (B) HEK293 cytoplasmic
extract was centrifuged through a continuous 15–
40% sucrose gradient. The polysome profile was
plotted by A254 values (top). RNAs and proteins
were recovered from 22 fractions for analysis
(middle). RNAs were resolved on a 1% formal-
dehyde/agarose gel and rRNAs were visualized
by ethidium bromide staining. Immunoblotting
was performed using anti-DDX3. Immunoblot-
ting of the first 12 fractions is shown at the bot-

tom using antibodies against eIF4G, DDX3, eIF5, eIF2�, and eIF4E. (C) GFP-DDX3 was transiently expressed in HeLa cells. Immunostaining
was carried out using antibodies against eIF4A, eIF4E, or PABP1.
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CRM1-dependent pathway (Yedavalli et al., 2004). CRM1 is
not involved in bulk mRNA export, but it has been impli-
cated in export of certain AU-rich element-containing
mRNAs such as c-fos and cyclooxygenase-2 (Brennan et al.,
2000; Jang et al., 2003). Therefore, DDX3 may participate in
export of these mRNAs and/or act merely as an export
cargo of CRM1. Indeed, nuclear export of the Xenopus DDX3,
An3, can be mediated by CRM1 (Askjaer et al., 1999). Con-
sistent with this, treatment of cultured mammalian cells
with leptomycin B results in nuclear accumulation of DDX3
(Sekiguchi et al., 2004; Yedavalli et al., 2004). However, re-
sidual DDX3 in the cytoplasm after leptomycin B treatment
(Figure 3; Sekiguchi et al., 2004; Yedavalli et al., 2004) implied
alternative pathways exist for nuclear export of DDX3. Our
observation that nuclear export of DDX3 was partially im-
paired by depletion of TAP (Figure 3) indicated that DDX3
may export in part through the TAP-mediated pathway.
Similarly, yeast Dbp5 acts as an essential factor in Mex67/
TAP-mediated mRNA export but can be exported by Xpo1/
CRM1 as well (Hodge et al., 1999). Perhaps export cofactors
may use distinct export pathways for specific mRNAs or for
specific functions.

DDX3 Is a Component of Stress Granules
DDX3 has been identified as a component of RNA-trans-
porting granules in murine neurons (Kanai et al., 2004).
Therefore, DDX3 may participate in cytoplasmic mRNA lo-

calization and translational control. In this study, we demon-
strated that endogenous DDX3 is recruited to SGs under cell
stress conditions and that overexpression of DDX3 induces
relocalization of its interacting partners TAP and several
translation factors to SGs (Figures 4 and 5). Therefore, DDX3
may translocate together with mRNPs and stalled transla-
tion complexes to SG particularly when cells encounter
stress. In contrast, Dbp5 neither interacted with the transla-
tion factors we examined (Figure 5) nor localized to SGs
(data not shown). Therefore, different export mRNP-associ-
ated RNA helicases likely have distinct functions in mRNA
metabolism. Moreover, previous work has shown that
DDX3 interacts and colocalizes with the hepatitis C virus
core protein in the endoplasmic reticulum (Mamiya and
Worman, 1999). Notably, unfolded protein accumulation in
the endoplasmic reticulum can induce eIF2� phosphoryla-
tion and thereby attenuates protein synthesis (Holcik and
Sonenberg, 2005). The detection of the interaction between
DDX3 and eIF2� (Figure 5) provides a possibility that they
may colocalize in the endoplasmic reticulum in the presence
of the hepatitis C virus core protein. Perhaps DDX3 localizes
to various cytoplasmic compartments that contain transla-
tion initiation factors for translational control.

DDX3 Functions in Translational Control
Yeast Ded1 is essential for general translation and likely
functions in the initiation step (Chuang et al., 1997). Inter-

Figure 6. DDX3 is dispensable for general translation. (A) HeLa cells were cotransfected with the Renilla luciferase vector (the scheme) and
the empty pSilencer vector (mock) or the vector expressing DDX3 shRNA1 or shRNA2 or TNPO3 shRNA (a control shRNA, lane 4) for 48 h.
The bar graph shows the average Renilla luciferase activity in each transfection (lanes 2–4) relative to that of the mock transfectant (lane 1).
Average values with SD were obtained from three independent experiments. Immunoblotting was performed using anti-DDX3 and
anti-�-tubulin. (B) HeLa cells were transfected with pSilencer (mock) or the vector expressing DDX3-targeting shRNA1. DDX3 and �-tubulin
were detected by corresponding antibodies (top). The transfectants were subjected to the pulse-labeling assay. Autoradiography shows
radiolabeled proteins of the cell lysates (bottom).
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estingly, human DDX3 and its murine homologue PL10 can
rescue the lethality of the ded1 null yeast (Mamiya and
Worman, 1999), suggesting functional conservation between
the DDX3 homologues. However, in vivo knockdown of
DDX3 did not substantially affect ribosome biogenesis as
revealed by sedimentation (data not shown) or general
translation as judged by reporter assays as well as by new
protein synthesis (Figure 6). Consistent with our result, a
previous study has shown that total protein synthesis is not
impeded in a BHK21-derived cell line that carries a temper-
ature-sensitive mutant of DDX3 (Fukumura et al., 2003).

Perhaps mammalian DDX3 is not critical for general trans-
lation, but this point still needs further investigation.

In contrast, previous work also has shown that the repli-
cation of brome mosaic virus is inhibited in a ded1 mutant of
yeast due to its defective expression of the polymerase-like
2a protein encoded by RNA2 (Noueiry et al., 2000). The
5�-noncoding region of brome mosaic virus RNA2 ac-
counted for this translational repression, suggesting that
Ded1 functions in the noncoding region. In the fission yeast
Schizosaccharomyces pombe, the translation of B-type cyclins,
Cig2 and Cdc13, is particularly sensitive to the inactivation of

Figure 7. DDX3 is required for efficient translation initiation of mRNAs harboring a long or structured 5�-UTR. (A) Schematics illustrate the
luciferase reporters and the possible secondary structures for the 5�-UTR in the engineered pFL-SV40 reporters. (B) Transient transfection was
performed essentially similar to Figure 6A, except that an FL reporter (hairpin, TGF�, or ODC) and pRL-SV40 were cotransfected. The
averaged FL activity was normalized to that of the RL activity in individual transfectants. The bar graph shows the average FL/RL value of
each transfection relative to that of the mock transfectant. The data were obtained from three independent experiments. A representative
immunoblot is shown at the bottom. (C) The ODC-containing FL reporter was used. Lane 1 is similar to lane 1 of B. Lanes 2–4, transfection
was performed similarly to lane 2 of B, except that each transfection contained one additional vector (lane 2, empty pcDNA3.1 vector; lane
3, vector encoding shRNA-resistant wild-type DDX3; lane 4, vector encoding a DDX3 helicase mutant, S382L). The bar graph and immunoblot
are presented similarly to B. (D) The in vitro translation was performed in the reticulocyte lysate using in vitro transcribed RL control mRNA
from pRL-SV40 (Figure 6A) and TGF�1 5�-UTR–containing FL mRNA as reporter in the presence of recombinant GST-DDX3. Luciferase
activity of each reaction was normalized to the control reaction without DDX3.
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Ded1 (Grallert et al., 2000). Notably, the Cig2 mRNA harbors
an unusually long 5�-UTR (�1 kb) and the Cdc13 mRNA is
predicted to contain a complex structure in the 5�-UTR
(Daga and Jimenez, 1999). Thus, these observations suggest
a role of Ded1 in selective translation of specific mRNAs. We
here provide evidence that human DDX3 may be required
for efficient translation of mRNAs that contain a long or
structured 5�-UTR (Figure 7). Therefore, mammalian DDX3
and its yeast homologues likely have a conserved function in
translational regulation by remodeling the 5�-UTR of mR-
NAs during translation initiation.

Eukaryotic translation initiation factor eIF4A is an RNA
helicase that facilitates ribosome scanning by unwinding
mRNA secondary structures in the 5�-UTR. Recent evidence
suggests that Ded1 and its highly related protein Dbp1 are
more effective than eIF4A at unwinding an RNA stem-loop
and thereby can facilitate translation of mRNAs containing a
long 5�-UTR (Berthelot et al., 2004; Marsden et al., 2006).
Analogous to DDX3, the DExH-box RNA helicase RHA can
also promote translation of selected mRNAs by binding to
a structured post-transcriptional control element in the
5�-UTR (Hartman et al., 2006). Therefore, translation may
involve multiple RNA helicases that exert their specific
activities. For example, eIF4A may unwind 5�-proximal
secondary structures in general mRNAs for 40S ribosome
subunit recruitment, whereas scanning of a long 5�-UTR
containing multiple structured regions requires addi-
tional RNA helicases such as DDX3 and RHA. However,
the possibility that these RNA helicases have redundant
activities still remains.

A recent report has shown that overexpression of DDX3
inhibits cap-dependent translation by its direct interaction
with eIF4E, which disrupts the integrity of the cap-binding
complex (Shih et al., 2008). Consistently, we showed that
overexpressed DDX3 recruited translation initiation factors
to SGs where translation is attenuated. An overdose of re-
combinant DDX3 indeed inhibited translation of capped
mRNAs in vitro (data not shown). Nevertheless, DDX3
could facilitate translation of mRNA comprising a long or
structured 5�-UTR (this study), and also activates internal
ribosome entry site-mediated translation (Shih et al., 2008).
Moreover, DDX3 interacts with initiation factors eIF4A (this
study) and eIF4E (Shih et al., 2008), consistent with the
observation of yeast Ded1, which genetically interacts with
Tif1 (eIF4A) and Cdc33 (eIF4E) (De La Cruz et al., 1997).
Therefore, DDX3 may have phylogenetically conserved
function in various types of translation control through in-
teractions with specific translation initiation factors.
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