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ABSTRACT

Here, we show a novel molecular mechanism
promoted by the DEAD-box RNA helicase DDX3 for
translation of the HIV-1 genomic RNA. This occurs
through the adenosine triphosphate-dependent for-
mation of a translation initiation complex that is
assembled at the 50 m7GTP cap of the HIV-1
mRNA. This is due to the property of DDX3 to
substitute for the initiation factor eIF4E in the
binding of the HIV-1 m7GTP 50 cap structure where
it nucleates the formation of a core DDX3/PABP/
eIF4G trimeric complex on the HIV-1 genomic RNA.
By using RNA fluorescence in situ hybridiza-
tion coupled to indirect immunofluorescence, we
further show that this viral ribonucleoprotein
complex is addressed to compartmentalized cyto-
plasmic foci where the translation initiation
complex is assembled.

INTRODUCTION

Most of the RNA polymerase II (RNAPII)-transcribed
eukaryotic mRNAs assemble into a messenger ribonu-
cleoprotein (mRNP) that is processed before nuclear
export by the NFX1/p15-dependent pathway (1,2).
Capping and splicing of the mRNA occur co-transcrip-
tionally on the nascent mRNA and are critical for
nuclear export and efficient translation in the cytoplasm
(2–4). In the nucleus, the m7GpppN (where N is the first
transcribed nucleotide) cap structure is bound by the
nuclear cap-binding complex (CBC), which is composed

of the CBP20/80 heterodimer (5). Early recruitment of
CBP20/80 to the cap is important for transcription elong-
ation and nuclear export (6,7). Once in the cytoplasm,
exported mRNAs undergo a CBP20/80-dependent
pioneer round of translation that is essential for the
quality control of the transcript (8,9). However, CBP20/
80-bound mRNAs are only associated with few ribo-
somes, and replacement of the CBC by the translation
initiation factor eIF4E is necessary to engage the associ-
ation of the mRNA with polysomes and the bulk of
protein synthesis (9,10). Interestingly, certain mRNAs
are routed and accumulate in specific subcellular locations
where temporal and spatial control of translation is
achieved (11,12).

More than 40 transcripts have been identified during
HIV-1 replication (13). These viral mRNA species are
transcribed by the host RNAPII and include the 2-kb
fully spliced, the 4-kb partially spliced and the 9-kb full-
length genomic RNA (gRNA), which is not spliced and
associates with the virally encoded protein Rev to promote
nuclear export and the cytoplasmic accumulation of the
gRNA and other intron-containing viral mRNAs (14).
Rev-mediated nuclear export does not rely on the canon-
ical NFX1/p15 pathway but rather uses the alternative
CRM1-dependent cargo pathway (15). As a consequence,
the composition of the exported viral mRNP differs from
that of a classical cellular mRNA (16,17); therefore, the
mechanisms used by the HIV-1 gRNA to reach the host
translational machinery after nuclear export may be dif-
ferent from the one used by viral and cellular spliced
transcripts.

There is in vitro evidence suggesting that capping of the
HIV-1 mRNAs is facilitated by the interaction of the viral
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protein Tat with cellular capping enzymes (18,19). Along
this line, recent data have shown that CBP20/80 is
required for HIV-1 Tat-mediated trans-activation of tran-
scription, and likewise in cellular mRNAs, the HIV-1
gRNA is associated to the nuclear CBC (7,20).
Interestingly, HIV-1 expression induces the de-phosphor-
ylation and the consequent inactivation of eIF4E raising
several questions about the mechanism by which the HIV-
1 gRNA could be efficiently translated by a cap-dependent
mechanism in the cytoplasm (20).

We have recently shown that the DEAD-box helicase
DDX3 is essential for translation of a subset of specific
mRNAs; among those is the HIV-1 gRNA (21). As such,
DDX3 directly binds to the HIV-1 50-UTR and interacts
with translation initiation factors eIF4G and PABP (21).
In this study, we extend these data on the role of DDX3 in
driving HIV-1 gRNA translation in the context of viral
replication. Our results show that DDX3 drives the ad-
enosine triphosphate (ATP)-dependent assembly of a pre-
translation initiation intermediate essential for viral
protein synthesis. As a consequence, the HIV-1 gRNA is
compartmentalized in large cytoplasmic RNA granules
composed of the gRNA associated with DDX3 together
with eIF4G and PABP but lacking the major cap-binding
proteins CBP20/80 and eIF4E. Interestingly, we observed
that cytoplasmic DDX3 could be retained on an m7GTP
affinity matrix independently of eIF4E, suggesting that
DDX3 can assemble a pre-initiation complex on the
HIV-1 gRNA in the cytoplasm in the absence of the
major eIF4E cap-binding protein. This provides evidence
for a novel cap-binding pre-initiation complex, which is
assembled by DDX3 in an ATP-dependent manner to
prepare the HIV-1 gRNA to enter translation initiation.

MATERIALS AND METHODS

DNA constructs

The pNL4-3 vector was described previously (22). The
pNL4-3R vector was previously described (21,23). The
pNL4-3 stop vector was kindly provided by Dr Denis
Gerlier (INSERM U758, France). The pNL4-3R �Rev
vector was generated by inserting the SpeI fragment of
the pNL4-3R vector into the pNL4-3fB vector kindly
provided by Dr Barbara Felber (Frederick National
Laboratory for Cancer Research, USA), which was previ-
ously described (24). The pCIneo-HA-eIF4E, eIF4G,
eIF4A and eIF4B were previously described previously
(21). cDNAs for CRM1 and DDX1 were obtained by
reverse transcriptase–polymerase chain reaction (RT–
PCR) using HeLa cells total RNAs as template and
inserted into the EcoRI/NotI or MluI/NotI sites of the
pCIneo-HA vector as previously described (21). The
pCMV-CBP80 vector was described previously (25) and
was kindly provided by Dr Yoon Ki Kim (Korea
University, Republic of Korea). A PCR fragment corres-
ponding to the Gag-Pol fragment obtained from pNL4-3
proviral DNA was inserted into the EcoRV-digested
pBluescript vector to generate the pBSKGag-Pol vector
used to generate the probes targeting the gRNA. The se-
quences 50-GCAGCACGACTTCTTCAAGTTCAAGAG

ACTTGAAGAAGTCGTGCTGC-30 and 50-GATGCTG
GCTCGTGATTTCTTTCAAGAGAAGAAATCACGA
GCCAGCATC-30 (target sequence in italic) were inserted
between the BglII/HindIII sites of the pRetroSuper vector
(OligoEngine) following supplier’s instructions to generate
pRS-shCtrl and pRS-shDDX3 vectors, respectively. The
target sequence corresponds to the same sequence used in
the siRNAs previously described (21).

Cell culture and nucleic acid transfections

T-lymphocytes (Jurkat cells) were transfected with the
pRS-shCtrl or pRS-shDDX3 vectors using a Micro-
Porator (Digital Bio) and the NeonTM system (Invitrogen)
following supplier’s indications and then maintained in
RPMI growth media (Gibco, BRL) supplemented with
10 mg/ml puromycin, 10% FCS and 1% L-glutamine.
shCtrl and shDDX3 cells were infected with HIV-1
NL4-3 virus at an MOI of 10, and cells extracts were re-
covered at 48 h post-infection for western blot and cyto-
plasmic RNA extraction and RT–qPCR. Cell culture
supernatants were used for reverse transcriptase assay as
described previously (23).

Renilla activity

Renilla activity was measured using the Renilla Luciferase
Assay System (Promega Co, Madison, WI, USA) in a
Veritas Luminometer (TurnerBiosystems) as previously
described (21,23,26).

RNA extraction and RT–qPCR

Cytoplasmic RNA extraction and RT–qPCR from cyto-
plasmic RNA were performed as previously described
(23). Briefly, cells were washed intensively with phos-
phate-buffered saline (PBS), recovered with PBS–
ethylenediaminetetraacetic acid 10mM and lysed for
1–2min at room temperature with 200ml of buffer
[10 mM Tris–HCl, pH 8.0, 10mM NaCl, 3mM MgCl2,
1mM DTT, 0.5% NP-40 and 15U/ml of RNaseOUT
(Life Technologies)]. Cell lysates were centrifuged at
13 000 rpm for 4min; supernatant containing the cytoplas-
mic fraction was recovered; and RNA extraction was
carried out by adding 1ml of TRIzol� Reagent (Life
Technologies) as indicated by the manufacturer.
Cytoplasmic RNAs (300 ng) were reverse-transcribed
using the High Capacity RNA-to-cDNA Master Mix
(Life Technologies). For quantitative PCR, a 20 ml
reaction mix was prepared with 5 ml of template cDNAs
(previously diluted to 1/10), 10 ml of FastStart Universal
SYBR Green Master (Rox) (Roche), 0.2mM of sense and
antisense primers and subjected to amplification using a
fluorescence thermocycler (Applied Biosystems 7000 Real-
time PCR, Foster City, CA, USA). The GAPDH or
RPS24 housekeeping genes were amplified in parallel to
serve as a control reference. Relative copy numbers of
Renilla luciferase cDNAs were compared with GAPDH
or RPS24 using x�DCt (where x corresponds to the experi-
mentally calculated amplification efficiency of each primer
couple).
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Western blot

Samples were subjected to 7.5 or 10% sodium dodecyl
sulphate–polyacrylamide gel electrophoresis, transferred
to PVDF membrane and blotted using anti-HIV-1 p24
and Nef (NIH Reagents program), Vif (kindly provided
by Dr Denis Gerlier, INSERM U758, France), DDX3
(Abcam), eIF2a (Cell Signalling), eIF2a-P Ser51 (US
Biologicals), eIF4G, PABP, eIF4A, eIF4E, eIF4E-P,
eIF4B and eIF3 (kindly provided by Dr Simon Morley,
University of Sussex, UK) and actin (Santa Cruz
Biotechnologies) as previously described (27).

Synthesis of 11-digoxigenin-UTP probes

Before in vitro transcription, the pBSKGag-Pol and the
pBSKNef vectors were linearized with EcoRI and XhoI,
respectively. In vitro transcription was carried out as
described previously (26) with the following modifications:
rNTPs mix was composed of 10mM GTP, ATP, CTP and
6.5mM UTP/3.5mM 11-digoxigenin-UTP (Roche).
In vitro transcription using pBSKGag-Pol as template
was performed with T3 RNA polymerase (Promega),
and the resulting 5-kb RNA was partially digested with
0.2M NaOH during 90min on ice to generate �100 nt-
long RNA fragments. pBSKNef transcription was carried
out with T7 RNA polymerase (Promega). Digoxigenin-
labelled RNAs were treated with RQ1 DNAse and
precipitated ethanol.

Fluorescent in situ hybridization, immunofluorescence and
confocal microscopy

HeLa cells were cultured in Lab-TekTM Chamber Slides
(NuncTM) and maintained and transfected with 0.5 mg of
pNL4-3 or 0.2 mg of the corresponding HA vectors as
indicated. At 24 hpt, cells were washed twice with 1�
PBS and fixed for 10min at room temperature with 4%
paraformaldehyde at room temperature. Cells were subse-
quently permeabilized for 5 min at room temperature with
0.2% Triton X-100 and hybridized overnight at 37�C in
200ml of hybridization mix (10% dextran sulphate, 2mM
vanadyl–ribonucleoside complex, 0.02% RNase-free
bovine serum albumin, 50% formamide, 300mg of
tRNA and 120 ng of 11-digoxigenin-UTP probes) in a
humid chamber. Cells were washed with 0.2� SSC/50%
formamide during 30min at 50�C and then incubated
three times with antibody dilution buffer (2� SSC, 8%
formamide, 2mM vanadyl–ribonucleoside complex and
0.02% RNase-free bovine serum albumin). Mouse anti-
digoxin and rabbit anti-HA (Sigma Aldrich) primary
antibodies diluted to 1/100 in antibody dilution buffer
were added for 2 h at room temperature. After three
washes with antibody dilution buffer, cells were incubated
for 90min at room temperature with anti-mouse Alexa
488 and anti-rabbit Alexa 565 antibodies (Molecular
Probes) diluted at 1/1000. Cells were washed three times
in wash buffer (2� SSC, 8% formamide and 2mM
vanadyl–ribonucleoside complex), twice with 1� PBS,
incubated with Hoescht (1/10000, Invitrogen Life
Technologies) for 5min at room temperature, washed
three times with 1� PBS, three times with water and

mounted with Fluoromount (Invitrogen Life
Technologies).

Images representative from several cells (usually >100)
obtained in independent experiments were obtained with a
TCS SP5 AOBS Spectral Confocal Microscope (Leica
Microsystems) and recovered and merged using the LAS
AF Lite software (Leica Microsystems). Colour profiles
and co-localized points were obtained with ImageJ
software (NIH) using the colour function and the co-lo-
calization analysis plugins, respectively.

m7GTP cap affinity matrix

Analyses were carried out as previously described (21).
Briefly, cytoplasmic extracts from HeLa cells (100mg of
total protein) were previously treated with S7 nuclease
(Roche) and then incubated for 10min at 37�C in cap-
binding buffer (50mM Tris–HCl, pH 7.5, 30mM NaCl,
1mM DTT, 2.5mM MgCl2 and 0.5% glycerol) in the
absence or presence of 5mM m7GpppG cap analogue
(New England Biolabs) as control. Extracts were
incubated over night at 4�C with 15–20 ml of m7GTP–
Sepharose 4B (GE Healthcare) under gentle shaking.
Retained proteins were washed three times with cap
washing buffer (50mM HEPES, pH 7.5, 40mM NaCl,
2mM ethylenediaminetetraacetic acid and 0.1% Triton),
eluted by boiling in sodium dodecyl sulphate-loading
buffer and analysed by western blot as indicated earlier
in the text.

RESULTS

DDX3 is required for HIV-1 gRNA translation in the
context of viral replication

A meta-analysis of genome-wide screenings identified
DDX3 as a host factor required for efficient HIV-1 repli-
cation (28). We have recently shown that DDX3 is critical
for HIV-1 gRNA translation during replication of a full-
length provirus and that this process involves its ATPase
activity (21). By using an mRNA transfection strategy, we
further identified the TAR RNA motif present at the very
50-end of the 50-UTR to be the molecular target for DDX3
activity during translation initiation (21).

To extend these observations to viral replication during
infection, we have created a Jurkat cell line stably express-
ing a control shRNA (shCtrl) or an shRNA directed
against the DDX3 transcript (shDDX3). These cells lines
were infected with the HIV-1 NL4-3 strain, and western
blot analysis revealed a reduction of the intracellular levels
of DDX3 and the viral proteins Gag, Vif and Nef but not
b-actin in shDDX3 (Figure 1A), confirming the role of
DDX3 on HIV-1 gene expression during infection in
CD4+ T-cells. Quantification of the level of the corres-
ponding viral transcripts (gRNA, Vif and Nef) present
in the cytoplasm by RT–qPCR revealed that they were
unchanged on DDX3 depletion (Figure 1B), confirming
that DDX3 promotes viral mRNA translation.
Consistent with reduced intracellular Gag levels, virion
production was also diminished (up to 3-fold) in
shDDX3 cells, confirming that reduced levels of DDX3
negatively impacted viral replication (Figure 1C). This
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confirms and extends our previous results showing that
DDX3 is needed for HIV-1 gRNA translation in the
context of viral infection.

DDX3 and the HIV-1 gRNA form large cytoplasmic
granules

Our goal was then to determine the molecular mechanism
by which DDX3 can affect translation of the HIV-1
gRNA. In particular, we wanted to investigate in which
compartment of the cell the gRNA and the DDX3 protein
can be found. For this, we carried out RNA in situ hy-
bridization coupled to indirect immunofluorescence [RNA
fluorescence in situ hybridization (FISH)–IF] and laser
scanning confocal microscopy (LSCM) analyses. It

should be mentioned that given the limited cytoplasmic
space present in T-cells, we have used the HeLa cells
model system. In preliminary experiments, we have
checked that siRNA knockdown of DDX3 in HeLa cells
resulted in the same effects on HIV-1 translation than
those obtained in Jurkat (data not shown). Thus, we
first transfected HeLa cells with the NL4-3 molecular
clone together with a vector coding HA-DDX3.
Interestingly, we observed two major patterns of cytoplas-
mic localization for both components (Figure 2A). In the
first pattern, the HIV-1 gRNA was found to disperse
through the cytoplasm forming very small dots
(Figure 2A, left). Although DDX3 was also observed to
disperse throughout the cytoplasm, a closer inspection
suggests that both signals rather do not co-localize
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Figure 1. DDX3 is required for HIV-1 gRNA translation. (A) Jurkat shCtrl (lane 1) and shDDX3 (lane 2) cells were infected with the HIV-1 NL4-3
virus at an MOI of 10, and cell extracts were prepared for western blot analysis using DDX3, actin, Gag, Nef and Vif antibodies or (B) cytoplasmic
RNA extraction and viral mRNA quantification by RT–qPCR analysis. (C) At 48 h post-infection, reverse transcriptase activity from the cell
supernatant was quantified. Western blot is representative of three independent experiments, and RT–qPCR data are presented as mean±SD of
three independent experiments. ***P< 0.001; (non directional t-test).
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Figure 2. HIV-1 gRNA and DDX3 are localized in large cytoplasmic RNA granules (A) HeLa cells were transfected with 0.5 mg of pNL4-3 and
0.2 mg of pCIneo-HA-DDX3 for 24 h and prepared for LSCM as indicated in ‘Materials and Methods’ section. The HIV-1 gRNA (green staining)
and DDX3 (red staining) were observed either disperse throughout the cytoplasm (left, scale bar 25 mm) or co-localizing in large cytoplasmic granules
(right, scale bar 10 mm). White arrowheads indicate cytoplasmic granules. Co-localized points are indicated in white. Merge images include nucleus
staining with Hoechst (blue). Colour profiles from a region of interest (ROI) are also shown below. (B) HeLa cells were transfected with 0.5 mg of
pNL4-3 and 0.2 mg of pCIneo-HA-CRM1 for 24 h and prepared for LSCM. Green staining corresponds to the gRNA, and red staining identifies the
CRM1 protein. White arrowheads indicate HIV-1 gRNA granules. Merge images include nucleus staining with Hoechst (blue). Scale bar 25 mm. (C)
Control (siCtrl) or DDX3-depleted (siDDX3) HeLa cells were transfected with 0.3 mg of pNL4-3R or pNL4-3R �Rev proviral DNA, and gRNA
translation (Gag–Renilla luciferase activity normalized to the amount of cytoplasmic gRNA as measured by RT–qPCR) was determined as described
in ‘Materials and Methods’ section. Results were normalized to siCtrl (set to 100%) and are presented as mean±SD of three independent experi-
ments. **P< 0.01; ***P< 0.001 (non-directional t-test). (D) HeLa cells were transfected with 0.5 mg of pNL4-3 Gag-Stop and 0.2 mg of pCIneo-HA-
DDX3 for 24 h and prepared for LSCM as indicated in ‘Materials and Methods’ section. Green staining corresponds to the gRNA, and red staining
identifies DDX3. White arrowheads indicate cytoplasmic granules. Co-localized points are indicated in white. Merge image includes nucleus staining
with Hoechst (blue). Scale bar 25 mm.
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(Figure 2A, see co-localized points and intensity plot). The
patterns of localization for the HIV-1 gRNA and DDX3
observed earlier in the text are consistent with previous
reports and may reflect their respective localizations at
steady-state (29–33). Interestingly, the second pattern of
localization revealed the assembly of large cytoplasmic
granules in which the gRNA and DDX3 co-localized per-
fectly (Figure 2A, right), suggesting that their physical
interaction results in the assembly of these particular cyto-
plasmic viral mRNPs. It should be noted that these
granules can be formed in HIV-1-expressing cells even in
the absence of ectopically added DDX3 (Supplementary
Figure S1).

As DDX3 was found to be associated with the HIV-1
gRNA nuclear export components (34,35), we next
examined whether the gRNA granules corresponded to a
cytoplasmic nuclear export intermediate. For this, we
looked for the presence of the gRNA export factors
CRM1 (15) and DDX1 (36). However, neither CRM1
(Figure 2B) nor DDX1 (data not shown) was found in
these gRNA granules, suggesting that these cytoplasmic
structures are assembled once the exported viral mRNP
has been remodelled.

Thus, we have also investigated a possible interplay
between the specific viral nuclear export factor Rev and
DDX3. For this, we took advantage of our recently
described pNL4-3R vector, which possesses the Renilla
luciferase gene inserted in frame within the Gag-coding
region and allows for the quantification of gRNA trans-
lation (23). We also have created the pNL4-3R �Rev
proviral DNA, a derivate of the pNL4-3fB vector that
does not express the Rev protein (24). As expected, cyto-
plasmic quantification of the gRNA present in the cyto-
plasm of transfected cells revealed a 4.5-fold reduction,
which is consistent with the role of Rev in nuclear
export (data not shown). Then, the pNL4-3R and the
pNL4-3R �Rev reporter proviruses were transfected in
siCtrl and siDDX3 cells, and gRNA translation was
quantified as indicated (Figure 2C). Interestingly, we
observed that DDX3 knockdown inhibited gRNA trans-
lation with the same magnitude whether Rev was present.
This confirms that DDX3 can play a role on gRNA trans-
lation independently from its function on Rev-mediated
nuclear export.

Cytoplasmic mRNPs containing the HIV-1 gRNA and
the Gag polyprotein have been previously described and
were shown to correspond to cytoplasmic intermediate of
viral particle assembly (37). To determine whether the
DDX3-containing mRNPs could correspond to any of
these structures, we used a modified pNL4-3 proviral
DNA in which the Gag-coding region is interrupted by
several premature stop codons. As a consequence, the
gRNA enters initiation and elongation of translation,
but ribosomes are prematurely disassembled from the
coding region, and the Gag polyprotein is not produced.
RNA FISH–IF and LSCM analysis revealed that the
gRNA from this provirus (named gRNA Stop) was fully
able to form cytoplasmic granules together with DDX3
(Figure 2D) despite the absence of Gag production. This
result indicates that the mRNPs formed between the
gRNA and DDX3 are not scaffolded by the Gag

polyprotein; thus, they unlikely correspond to a viral
particle assembly intermediate.

DDX3 assembles the gRNA granules in an
ATP-dependent manner

Given the fact that DEAD-box proteins promote the
assembly and remodelling of large mRNPs (38), it was
of interest to examine whether DDX3 could be at the
onset of the assembly of gRNA granules. For this, we
first looked at gRNA granules formation in control and
DDX3 knockdown cells (Figure 3A). Interestingly, we
observed that although DDX3-containing gRNA
granules were assembled in control cells (Figure 3A, see
siCtrl), they completely disappeared in cells that lacked
DDX3 (Figure 3A, see siDDX3), suggesting an active
role of the latter in gRNA granules formation.
Consistent with this notion, expression of a siRNA-resist-
ant DDX3 (DDX3R) in siDDX3 cells was sufficient to
restore the assembly of gRNA granules, confirming the
critical role of DDX3 in driving the assembly of these
viral mRNPs.
We then examined which of the catalytic activities of

DDX3 were required for granule formation. As such, we
performed RNA FISH–IF and LSCM analyses using
wild-type DDX3 or the DDX3DQAD or the DDX3S382L

mutants, which are deficient in the ATPase and helicase
activities, respectively (39). Interestingly, we observed that
although the wild-type and the mutant in the helicase
activity (DDX3S382L) were able to co-localize with the
gRNA in cytoplasmic granules, the DDX3DQAD mutant
failed to drive the assembly of HIV-1 gRNA granules,
indicating that this process was ATP dependent
(Figure 3B).

HIV-1 gRNA granules correspond to a novel
pre-translation initiation intermediate

We next reasoned that the cytoplasmic foci could corres-
pond to structures reminiscent to stress granules that are
sites of mRNA storage during translational arrest (40).
Such a hypothesis is reinforced by the fact that DDX3 is
a key structural component of cytoplasmic stress granules
(21,33,41). Interestingly, the assembly of stress granules
can be triggered by some viral infections (42). Although
granules formation occurred in a fraction of HIV-1 ex-
pressing cells (18%, Supplementary Figure S1), we
believe that any modifications or cleavage would be
detected by western blotting. Thus, we have analysed the
phosphorylation status of the a subunit of the translation
initiation factor eIF2, as it is one of the first proteins
modified on cellular stress or viral infections (40,43).
Consistent with two recent reports (20,29), we were not
able to detect the phosphorylated form of eIF2a or vari-
ations in the overall levels of eIF2a in HIV-1 expressing
cells (Supplementary Figure S2). However, stress granules
assembly does not necessarily require the phosphorylation
of eIF2a and could rather involve the inactivation or
reduced levels of other eIFs, such as eIF4G, eIF4A,
eIF4B and PABP (44,45). Therefore, we also checked
the status of several eIFs involved in translation initiation,
and we did not observe any modification on HIV-1
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Figure 3. DDX3 drives the ATP-dependent assembly of gRNA translation granules. (A) Control (siCtrl) or DDX3-depleted (siDDX3) HeLa cells
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resistant DDX3 (bottom). At 24 hpt, cells were prepared for LSCM as indicated in ‘Materials and Methods’ section. Green staining corresponds to
the gRNA, and red staining identifies DDX3. White arrowheads indicate cytoplasmic granules. Co-localized points are indicated in white. Merge
images include nucleus staining with Hoechst (blue). Scale bars 25 mm (siCtrl/siDDX3) and 10 mm (siDDX3+DDX3R). (B) HeLa cells were trans-
fected with 0.5 mg of pNL4-3, 0.2 mg of pCIneo-HA-DDX3 (top) or pCIneo-HA-DDX3DQAD (middle) or pCIneo-HA-DDX3S382L (bottom) for 24 h
and prepared for LSCM as indicated in ‘Materials and Methods’ section. Green staining corresponds to the gRNA, and red staining identifies
DDX3. White arrowheads indicate cytoplasmic granules. Co-localized points are indicated in white. Merge images include nucleus staining with
Hoechst (blue). Scale bars 10 mm (upper image) and 25 mm (middle and bottom images).
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expression (Supplementary Figure S2), suggesting that the
virus does not induce major changes in the integrity of the
host translation initiation machinery (at least at 24 h after
DNA transfection). Thus, this suggests that these gRNA/
DDX3 granules might not correspond to stress granules,
at least those that were described to be assembled on
modifications of components of the translation initiation
machinery.

Then, we investigated this further and went on to search
for translation initiation components that could localize
together with the gRNA in granules. Obvious candidates
were eIF4G and PABP, as they were recently shown to
physically interact with DDX3 and to co-localize with the
RNA helicase in stress granules (21,41). Thus, we first
examined whether these translation initiation factors
could localize together with the gRNA in the absence of
induced stress. Interestingly, we observed that this was
indeed the case as both initiation factors accumulated
and co-localized with the gRNA in cytoplasmic granules
(Figure 4A and B, respectively). We also observed the
HIV-1 gRNA, DDX3 and eIF4G co-localized together
in cytoplasmic granules, indicating that they accumulate
together in the same mRNP granule (Figure 4C).

As eIF4G and PABP are present on mRNPs bound to
the cap-binding proteins CBP80/20 and eIF4E (9,10), we
examined whether gRNA granules could correspond to
one of these two different translation initiation mRNPs.
As observed, CBP80 presented its typical nuclear localiza-
tion and was not present in cytoplasmic gRNA granules
(Figure 4D). This is consistent with the nuclear CBC-
bound mRNP being rapidly remodelled and re-imported
to the nucleus by importins (46,47). To most of our
surprise, eIF4E was found to disperse through the cyto-
plasm, and we did not observe an enrichment in gRNA
granules similar to that observed with DDX3, eIF4G or
PABP (Figure 4E). This is consistent with recent data
showing that HIV-1 replication, through the viral
protein Vpr, could inactivate eIF4E (20), thus providing
a rationale for the absence of this cap-binding protein in
gRNA granules (see ‘Discussion’ section). Interestingly,
we observed a partial co-localization between the gRNA
and eIF4A (Figure 4F), eIF4B and eIF3g (Supplementary
Figure S3). Thus, it seems to indicate that PABP and
eIF4G are core components of these gRNA granules,
but they can also, to a lesser extent, contain eIF4A,
eIF4B and eIF3. However, none of the major cap-
binding proteins (CBP80 and eIF4E) were found to
co-localize with the gRNA in these granules.

DDX3 can substitute for eIF4E during cap binding

Assembly of a pre-initiation complex in the absence of
eIF4E suggests that another protein must mediate
m7GTP attachment on the HIV-1 gRNA. Therefore, we
next went on to examine whether DDX3 could fulfil this
function. Thus, we prepared a cytoplasmic S7 nuclease-
treated HeLa cells extract that was incubated together
with the m7GTP affinity matrix in the presence of buffer
as control or m7GpppG cap analogue. Consistent with our
previous observations, a small fraction of cytoplasmic
DDX3 was retained together with eIF4E on the m7GTP

affinity matrix (Figure 5A, lane 2). Interestingly, we
repeatedly observed that addition of the cap analogue
completely abolished retention of eIF4E; yet, it was not
completely able to prevent DDX3 binding (Figure 5A,
compare lane 2 and 3). These results indicate that reten-
tion of DDX3 can still occur in the physical absence of the
major cytoplasmic cap-binding protein on the column,
and that retention of DDX3 on m7GTP (mononucleotide
cap) is more resistant to competition with m7GpppG
(dinucleotide cap) than eIF4E. This is not without prece-
dents, as cap-binding proteins showed different affinities
towards different cap analogues (48,49). Remarkably,
addition of recombinant His-DDX3 to the cell extract
chased away eIF4E but increased the retention of both
PABP and eIF4G, further indicating that DDX3
together with PABP and eIF4G can be bound on the
cap affinity matrix independently of eIF4E (Figure 5B,
compare lanes 2 and 3).
However, as it could still be argued that retention of

DDX3 on the cap-column may be mediated by an inter-
action with eIF4E, we have used a previously described
DDX3 mutant in which the putative YxxxxLf
(38YIPPHLR44 in human DDX3) eIF4E-binding motif
has been mutated and was shown to be unable to
interact with eIF4E anymore (50). We observed that the
DDX3Y38A/L43A mutant was retained as efficiently as
the wild-type protein (or the W60A control mutant) on
the m7GTP affinity matrix (Figure 5C), confirming that
DDX3 is retained on the cap structure independently of its
ability to interact with eIF4E.
The next step was then to investigate whether this

DDX3 mutant could promote cytoplasmic mRNPs
assembly and support translation initiation from the
HIV-1 genomic RNA in cells. To answer the first
question, we analysed mRNP formation in the presence
of a DDX3Y38A/L43A mutant (Figure 5D) and observed
that the latter was incorporated in the gRNA granules
just as efficiently as the wild-type DDX3.
These data were confirmed by showing that ectopic ex-

pression of the DDX3Y38A/L43A mutant in control cells did
not interfere with HIV-1 genomic RNA translation
(Figure 5E). Moreover, expression of the DDX3Y38A/

L43A mutant was able to fully rescue HIV-1 translation
in DDX3-depleted cells as observed with the wild-type
protein (Figure 5F). It is noteworthy that although this
mutant is unable to interact with eIF4E, it is fully compe-
tent to bind and hydrolyse ATP (41,50). In contrast, the
DDX3DQAD mutant, which failed to drive granule
assembly (Figure 3B), was also unable to rescue HIV-1
translation from knocked down cells (Figure 5F) and sig-
nificantly interfered when added ectopically (Figure 5E).
Taken together these data confirm that DDX3 can

promote HIV-1 gRNA translation initiation and
mRNPs assembly in an ATP-dependent, but in an
eIF4E-independent manner.

DISCUSSION

All HIV-1 mRNAs posses long and structured 50-UTRs
that start with the TAR motif, which is a 57 nt-long
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Figure 4. gRNA granules are a novel pre-initiation intermediate. HeLa cells were transfected with 0.5 mg of pNL4-3 and 0.2 mg of (A) pCIneo-HA-
eIF4G, (B) pCIneo-HA-DDX3, (C) pEGFP-DDX3 and pCIneo-HA-eIF4G (D) pCMV-myc-CBP80, (E) pCIneo-HA-eIF4E or (F) pCIneo-
HA-eIF4A for 24 h and prepared for LSCM as indicated in ‘Materials and Methods’ section. White arrowheads indicate cytoplasmic granules.
Co-localized points are indicated in white. Merge images includes nucleus staining with Hoechst (blue). Scale bars 25 and 10 mm in (E).
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Figure 5. DDX3 substitutes for eIF4E. (A) Hundred micrograms of S7 nuclease-treated HeLa cell cytoplasmic extracts was passed through m7GTP
affinity matrix in the presence of buffer (lane 2) or an excess of m7GpppG cap analogue (lane 3). After elution of the column, the presence of eIF4E
and DDX3 in the retained material was analysed by western blot. Input (lane 1) corresponds to 50 mg of cell extract. (B) Hundred micrograms of S7
nuclease-treated HeLa cell cytoplasmic extracts was passed through m7GTP affinity matrix in the presence of an excess of m7GpppG cap analogue
(lane 1), buffer (lane 2) or recombinant His-tagged DDX3 (lane 3). After elution of the column, the presence of eIF4E, DDX3, PABP and eIF4G in
the retained material was analysed by western blot. (C) Hundred micrograms of S7 nuclease-treated HeLa cells cytoplasmic extracts from mock
transfected cells (lane 1) or cells transfected with pCineo-HA-DDX3 (lane 2), -HA-DDX3W60A (included as a control, lane 3) or -HA-DDX3Y38A/

L43A (lane 4) was incubated with an m7GTP affinity matrix, and the presence of the HA-tagged proteins in the input (corresponding to 50 mg of
extract, left) or in the retained material (right) was analysed by western blot. (D) HeLa cells were transfected with 0.5 mg of pNL4-3 and 0.2 mg of
pCIneo-HA-DDX3Y38A/L43A for 24 h and prepared for LSCM as indicated in ‘Materials and Methods’ section. Green staining corresponds to the
gRNA, and red staining identifies DDX3Y38A/L43A. White arrowheads indicate cytoplasmic granules. Co-localized points are indicated in white.
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stem–loop in which the m7GTP cap moiety is embedded at
the basis of the duplex. Because of its position within the
50-UTR, TAR interferes with the assembly of a pre-initi-
ation complex at the 50 cap structure (21,23,51). However,
despite this physical constraint, the HIV-1 gRNA is
efficiently translated in infected cells, as it produces
massive amounts of the structural protein Gag, which is
the structural basis for viral particle assembly.
It has recently been shown that efficient translation on

the HIV-1 gRNA occurred by a 50 cap-dependent mech-
anism (23,52). By using a synthetic mRNA containing the
HIV-1 50-UTR, we could show that this was due to the
specific recruitment of the DEAD-box RNA helicase
DDX3 to the 50 TAR structure (21).
In this study, we further confirm the critical role that

DDX3 plays in translation of HIV-1 mRNAs in the
context of viral replication in CD4+ human cells
(Figure 1). Interestingly, our cell imaging analysis
reveals that DDX3 and the viral gRNA were co-localized
in the form of a novel pre-translation initiation complex
also containing translation initiation factors eIF4G and
PABP (Figure 4). However, when we looked for the
presence of other eIFs, such as CBP80, eIF4E, eIF4A,
eIF4B or eIF3, we were surprised to find that we could
virtually not detect any of the cap-binding proteins
(CBP80 and eIF4E) and only a weak, if anything, co-
localization of eIF4A, eIF4B and eIF3 (Figure 4). This
suggests that these foci are not active sites of translation
but rather cytoplasmic spots where a minimal pre-transla-
tion initiation complex (composed of eIF4G, DDX3 and
PABP) is assembled on the gRNA.
Such a viral mRNP was visualized in HeLa cells as large

cytoplasmic RNA granules that were functionally differ-
ent from mammalian stress granules, as (i) they were
assembled in the absence of any evident modification of
the host translation initiation machinery (Supplementary
Figure S2); (ii) they did not require the stress granules
assembly domain 38YIPPHLR43 of DDX3 (Figure 5);
and (iii) they were deprived from eIF4E (Figure 4),
which is usually found in mammalian stress granules
(21,53). Consistent with this is the ability of HIV-1 to
interfere with stress granules assembly induced by
arsenite treatment (29).
Interestingly, translation initiation factors eIF4G and

PABP interact with DDX3 (21,41) and have been previ-
ously shown to play a role in HIV-1 viral replication.
Indeed, eIF4G expression is increased during viral repli-
cation and is required for HIV-1 cap-dependent transla-
tion (54–57), and PABP was shown to bind the gRNA in a
nuclear export-dependent manner to enhance translation
of intron-containing viral transcripts (58,59).

Although none of the major cap-binding proteins
(eIF4E and CBP80) was observed to be efficiently re-
cruited to gRNA granules (Figure 4), we showed that
cytoplasmic DDX3 has the ability to be retained on an
m7GTP cap structure independently of eIF4E. Moreover,
addition of recombinant DDX3 to a nuclease-treated
cytoplasmic cell extract prevented the retention of eIF4E
while stimulated the binding of its interacting partners
eIF4G and PABP (Figure 5), suggesting that DDX3
could be (or be associated to) a novel cytoplasmic cap-
binding protein that is bound to the HIV-1 gRNA and
recruited to cytoplasmic granules. Consistent with this
idea, we have also observed that recombinant DDX3
protein could bind the m7GTP sepharose matrix in the
absence of any other partner (data not shown).
Although these data clearly show that DDX3 can substi-
tute for eIF4E and CBP80, further work is required to
determine which proportion of the HIV-1 RNAs is
associated with DDX3 or any of the aforementioned
cap-binding proteins.

Interestingly, overexpression of the yeast homologue of
DDX3, Ded1, was shown to suppress the deleterious
effects of allelic mutations in eIF4E (60). Moreover, it
was recently shown that a small fraction of recombinant
Ded1 could be retained on an m7GTP affinity matrix in
the absence of the eIF4E/eIF4G complex (61). Indeed,
other cellular proteins, including 4E-HP, Gemin5 and
Pumilio2, were previously shown to bind immobilized
cap structures (62–64).

Interestingly, retention of DDX3 on the m7GTP cap
affinity matrix was more resistant than eIF4E to compe-
tition with the m7GpppG dinucleotide cap analogue
(Figure 5), suggesting different affinities between eIF4E
and DDX3 for the cap. This is particularly interesting
given the fact that the HIV-1 gRNA cap structures
could be trimethylated by the PIMT protein (65).
Although expression from the gRNA was enhanced by
PIMT (65), it has been shown that translation of an
mRNA carrying a trimethylated cap is inhibited at least
in vitro (66,67). Indeed, the affinities of the CBC and
eIF4E for a trimethylated cap are, 100- and 760-fold
lower when compared with a classical monomethylated
cap (48,49). These data suggest that trimethylation of
the gRNA may be responsible of the absence of both
CBP80 and eIF4E from gRNA/DDX3 granules, as
trimethylation of the HIV-1 cap may strongly decrease
the affinity of the latter for the gRNA. As PIMT is
associated to the viral protein Rev (65), it is tempting to
speculate that trimethylation of the HIV-1 gRNA cap
structure occurs once CBP20/80 has been dissociated
from the viral mRNP during or early after nuclear
export. Then, DDX3 may be recruited at the 50-end of

Figure 5. Continued
Merge image includes nucleus staining with Hoechst (blue). Scale bar 25 mm. (E) HeLa cells were transfected with 0.3 mg of pNL4-3R and 1 mg of
pCIneo-HA-vector (EGFP, DDX3, DDX3DQAD or DDX3Y38A/L43A), and gRNA translation (Gag–Renilla luciferase activity normalized to the
amount of cytoplasmic gRNA as measured by RT–qPCR) was determined as indicated. Results are normalized to the control (set to 100%) and
are presented as mean±SD of three independent experiments. (F) DDX3-depleted HeLa cells were transfected with 0.3 mg of pNL4-3R and 1 mg of
pCIneo-HA-vector (EGFP, DDX3R, DDX3RDQAD or DDX3RY38A/L43A), and gRNA translation was determined as indicated. Results are
normalized to the rescue by DDX3R (set to 100%) and are presented as mean±SD of three independent experiments. *P< 0.05; **P< 0.01;
***P< 0.001 (non directional t-test).
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the gRNA to recruit eIF4G and PABP while driving the
ATP-dependent assembly of cytoplasmic granules.
Therefore, DDX3 may provide a molecular anchor that
prepares the HIV-1 gRNA to enter translation initiation
early after nuclear export and before the 43S pre-initiation
complex is recruited onto the 50-UTR. Thus, gRNA/
DDX3 granules may represent a highly dynamic viral
mRNP intermediate that assembles and dissembles
between nuclear export and translation in initiation.

Interestingly, Ded1 was shown to act in a similar way by
driving the assembly and resolution of large mRNPs
before the mRNA enters in translation (61). As such,
these granules would not be active sites of translation
but rather foci where pre-initiation complex formation is
taking place.

Although localized translation is a feature of highly
polarized cells, such as oocytes and differentiated
neurons, where spatial and temporal control of gene ex-
pression is required, compartmentalization of the HIV-1
gRNA translation initiation may present several advan-
tages. In fact, assembly of these granules may be a way
to sequester and protect the gRNA that has not yet
acquired all components needed for efficient translation
initiation. In addition, accumulation in these cytoplasmic
structures may also serve to locally concentrate the gRNA
and translation initiation factors that could, in turn,
enhance the efficiency of ribosome recruitment and
polysome association. This may also ensure that the
gRNA reaches the host translational machinery and is
not prematurely sequestered for viral particle assembly
by the Gag protein. Such a hypothesis is consistent with
the fact that these granules can form in the absence of the
Gag polyprotein (Figure 2).

Further work will be needed to address the importance
of these issues for viral translation and its impact on rep-
lication and assembly.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Figures 1–3.
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