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Atticle history: DEAD-box RNA helicase DDX3 is a host factor essential for HIV-1 replication and thus, a potential target for novel
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therapies aimed to overcome viral resistance. Previous studies have shown that DDX3 promotes nuclear export
and translation of the HIV-1 unspliced mRNA. Although the function of DDX3 during both processes requires its
catalytic activity, it is unknown whether other domains surrounding the helicase core are involved. Here, we
show the involvement of the N- and C-terminal domains of DDX3 in the regulation of HIV-1 unspliced mRNA
translation. Our results suggest that the intrinsically disordered N-terminal domain of DDX3 regulates its func-
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1. Introduction

DEAD (Asp-Glu-Ala-Asp)-box polypeptide 3, DDX3, is an ATP-
dependent RNA helicase essential for Human Immunodeficiency virus
type-1 (HIV-1) gene expression [1,2]. DDX3 was first reported as a
host co-factor involved in the nuclear export of Rev-dependent tran-
scripts [3]. As such, DDX3 was shown to directly interact with CRM1
in a NES- and RanGTP-independent manner [3]. The interaction be-
tween DDX3 and CRM1 was shown to occur at the cytoplasmic face of
the nuclear pore complex suggesting that the RNA helicase was proba-
bly assisting the late cytoplasmic steps of nuclear export [3]. Several re-
ports have also shown the involvement of DDX3 in translation of the
HIV-1 unspliced mRNA [4-7]. During this process, the RNA helicase pre-
pares the unspliced mRNA for translation initiation by acting on the TAR
RNA motif [6,7]. As such, destabilization of TAR is essential for cap struc-
ture recognition by the elF4F complex and the subsequent recruitment
of the 40S ribosomal subunit [6]. Interestingly, this process seems to
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occur in cytoplasmic granules defined as a pre-translation initiation in-
termediate in which the unspliced mRNA accumulates together with
DDX3 and a subset of translation initiation factors including eIF4GI
and PABPC1 [5].

Since DDX3 is an essential host factor required to promote nuclear
export and translation of HIV-1 mRNAs [3,5-7], it represents an inter-
esting potential therapeutic target aimed to avoid viral resistance
[8-10]. However, DDX3 has been involved in several steps of RNA me-
tabolism and therefore, associated with different physiological process-
es including cell cycle progression, innate immune response and cancer
[1,2,11,12]. Therefore, a thorough understanding on the functions and
mechanisms of action of DDX3 is critical for the development of novel
and safer antiviral drugs targeting this enzyme.

DDX3 belongs to the DEAD-box family of proteins, ATP-dependent
RNA helicases characterized by the presence of a highly conserved
helicase core domain [13]. This catalytic core is composed of two
RecA-like domains containing motifs involved in ATP binding/hydroly-
sis, RNA binding and helicase activity [14,15]. DEAD-box proteins also
function as RNA clamps for the assembly of large macromolecular
complexes [15]. Interestingly, DEAD-box proteins interact with RNA
through the sugar backbone and thus, binding is rather unspecific [14,
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15]. Despite the high conservation of the helicase core domain, the redundant, functions within the cell [15,16]. As such, it has been sug-

mode of RNA binding and the enzymatic activity, the 37 DEAD-box pro- gested that regions flanking the catalytic core, which are variable both
teins described so far in humans are expected to perform specific, non- in length and amino acid composition, could be involved in conferring
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substrate specificity through the direct recruitment of protein co-factors
or RNA partners [17].

Given the critical role of DDX3 as a host factor for HIV-1 Gag expres-
sion from the unspliced mRNA, we conducted a study aimed to deter-
mine the importance of the function of the N- and/or C-terminal
domains of the RNA helicase in translation. By using cell imaging and
functional assays with different reporter proviruses, we were able to
identify the N-terminal domain of DDX3 as an important regulator of
HIV-1 unspliced mRNA translation. Interestingly, our results suggest
that DDX3 connects CRM1-dependent nuclear export with translation
through its N-terminal extremity. These data reveal a novel mechanism
that controls gene expression in HIV-1 and provide novel insights for
the development of specific inhibitors.

2. Materials and methods
2.1. DNA constructs

The pNL4.3, pNL4.3R and pRod10R proviruses were previously de-
scribed [18,19]. The pCMV-NL4.3R vector was obtained by replacing
the FspAl/BssHII fragment by the CMV IE promoter amplified from the
pCIneo vector (Promega). The pNL4.3RF vector was obtained by inser-
tion of the luc2 gene into the Xhol site of pNL4.3R. pCDNA HIV-1 5’-
UTR and pCDNA B-globin 5’-UTR were constructed by inserting the cor-
responding region within a created Hpal site in pCDNA3.1 (Life Technol-
ogies). The pClneo-HA-DDX3 was previously described [6] and was
used as backbone to insert DDX3 AN-ter (183-662), DDX3 AC-ter (aa
1-540), DDX3 N-ter (aa 1-182), DDX3 N-ter (aa 22-182/ANES) and
DDX3 N-ter Y38A/L43A at the EcoRI/Notl sites. pEGFP-CRM1 and
PEGFP-Rev were constructed by inserting the CRM1 and Rev open read-
ing frames into the pEGFP-C1 vector (Clontech) at the EcoRI site.

2.2. Cell culture and DNA transfection

HelLa cells were maintained in DMEM (Life Technologies) supple-
mented with 10% FBS (Hyclone) and antibiotics (Hyclone) at 37 °C
and a 5% CO, atmosphere. Jurkat clone E6-1 [20], H9 T-lymphocytes
[21] were maintained in RPMI 1640 (Life Technologies) supplemented
with 10% FBS (Hyclone) and antibiotics (Hyclone) at 37 °C and a 5%
CO, atmosphere. Cells were transfected using linear PEI ~25,000 Da
(Polysciences) prepared as described previously [22]. HeLa cells were
transfected using a ratio ug DNA/ul PEI of 1/10 and H9 cells were
transfected using a ratio ug DNA/ul PEI of 1/15.

2.3. Virus production and infection

HEK293T cells were co-transfected with the pNL4.3-EGFP provirus
and pVSVg together with either pClneo-HA-d2EGFP or pClneo-HA-N-
ter as described above. Cell supernatants were collected at 96 hpt,
cleared through a 0.22 pm filter and used to infect T-lymphocytes
(Jurkat cells). At 48 hpi, EGFP-positive cells were analyzed through

flow cytometry on a BD Accuri C6 Flow Cytometer and the BD Accuri
CFlow software.

24. Analysis of cell viability

Hela cells were transfected with pClneo-HA-d2EGFP or pClneo-HA-
N-ter as described above and cell viability was analyzed through the in-
corporation of propidium iodide (1 pg/ml) by flow cytometry on a BD
Accuri C6 Flow Cytometer and the BD Accuri CFlow software.

2.5. Analysis of Renilla and firefly activities

Renilla activity was determined using the Renilla Reporter Assay
System (Promega) and Renilla/firefly activities were determined using
the Dual Luciferase Reporter Assay System (Promega) in a GloMax®
96 microplate luminometer (Promega).

2.6. RNA extraction and RT-qPCR

Cytoplasmic RNA extraction and RT-qPCR from cytoplasmic RNA
were performed as we have previously described [5]. Briefly,
transfected cells were washed with PBS and recovered with PBS-EDTA
10 mM. Cells were pelleted at 3000 rpm for 5 min at 4 °C and lysed
for 2 min at room temperature with 200 pl of buffer RLNa [10 mM
Tris-HCl pH = 8.0, 10 mM Nacl, 3 mM MgCl,, 1 mM DTT, 0.5% NP40
and 2 mM of vanadyl-ribonucleoside complex (VRC) (New England
Biolabs)]. Cell lysates were centrifuged at 5000 rpm for 5 min at 4 °C
and supernatant containing the cytoplasmic fraction was recovered
and subjected to RNA extraction with TRIzol® Reagent (Life Technolo-
gies) as indicated by the manufacturer. Cytoplasmic RNAs (300 pg)
were reverse-transcribed using the High Capacity RNA-to-cDNA Master
Mix (Life Technologies) following the supplier's indications. For quanti-
tative PCR, a 20-pl reaction mix was prepared with 5 pl of template
cDNAs (previously diluted to 1/10), 10 pl of FastStart Universal SYBR
Green Master (Rox) (Roche), 0.2 uM of sense and antisense primers
and subjected to amplification using the Rotorgen fluorescence
thermocycler (Qiagen). The GAPDH housekeeping gene was amplified
in parallel to serve as a control reference. Relative copy numbers of
Renilla luciferase ¢cDNAs were compared to GAPDH using x4
(where x corresponds to the experimentally calculated amplification
efficiency of each primer couple).

2.7. Fluorescent in situ hybridization, immunofluorescence and confocal
microscopy

RNA FISH was carried out essentially as we recently described [5].
Briefly, HelLa cells were cultured in Lab-Tek™ Chamber Slides
(Nunc™) and maintained and transfected with 0.5 pg of pNL4.3 and
0.2 pg of the corresponding HA vectors as indicated above. At 24 hpt,
cells were washed twice with 1 x PBS and fixed for 10 min at room tem-
perature with 4% paraformaldehyde at room temperature. Cells were

Fig. 1. The N-terminal domain of DDX3 is important for its incorporation into the HIV-1 unspliced mRNA ribonucleoprotein complex.

A) Hela cells were transfected with 0.5 pg of pNL4.3 and 0.1 pg of pCIneo-HA-DDX3 (upper panels, scale bar 25 pm), pCIneo-HA-DDX3 AN-ter (middle panels, scale bar 10 um) or pCIneo-
HA-DDX3 AC-ter (lower panels, scale bar 10 pm). At 24 hpt cells were fixed and the unspliced mRNA (green) and HA-tag (red) were stained and analyzed by LS-CM. Colocalization
points and merge plus Hoechst are also presented. Images presented are representative of several observed cells (>50 cells) obtained in at least two independent experiments.

B) Hela cells were transfected with 0.3 pg of pNL4.3R and 1 pg of pCIneo-HA-d2EGFP (Control) or pCIneo-HA-N-ter. Gag synthesis (left panel), cytoplasmic unspliced mRNA (middle
panel) and unspliced mRNA translation were determined at 24 hpt as indicated in the Materials and methods section. Experiments were performed in technical duplicates and results
normalized to the control (arbitrary set to 100%) are presented as mean +/— SD of three independent experiments. (*p < 0.05; **p < 0.01; ***p < 0.001 and NS, non-significant).

C) Hela cells were transfected with 0.3 pg of pNL4.3R and pCIneo-HA-d2EGFP (Control) or the indicated doses of pCIneo-HA-N-ter (pCIneo-HA-d2EGFP was used to transfect the same
quantity of DNA). Gag synthesis was determined at 24 hpt as indicated in the Materials and methods section. Experiments were performed in technical duplicates and results nor-
malized to the control (arbitrary set to 100%) are presented as mean +/— SD of three independent experiments. (*p < 0.05; **p < 0.01; ***p < 0.001).

D) Hela cells were transfected with 0.3 pg of pNL4.3R and pCIneo-HA-d2EGFP (Control) or 1 g of pCIneo-HA-N-ter and 0.5 pg (+) or 1 pg (++) of pClneo-HA-DDX3 (pCIneo-HA-
d2EGFP was used to transfect the same quantity of DNA). Gag synthesis was determined at 24 hpt as indicated in the Materials and methods section. Experiments were performed
in technical duplicates and results normalized to the control (arbitrary set to 100%) are presented as mean +/— SD of three independent experiments. (**p < 0.01 and NS, non-

significant).
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subsequently permeabilized with 0.2% Triton X-100 for 5 min at room
temperature and then hybridized overnight at 37 °Cin 200 pl of hybrid-
ization mix (10% dextran sulfate, 2 mM VRC, 0.02% RNase-free BSA, 50%
formamide, 300 pg tRNA and 120 ng of 11-digoxigenin-UTP probes) in a
humid chamber. After hybridization, cells were washed with 0.2 x SSC/
50% formamide for 30 min at 50 °C and then incubated three times with
antibody dilution buffer (2x SSC, 8% formamide, 2 mM vanadyl-
ribonucleoside complex, 0.02% RNase-free BSA). 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.
Cells were washed 3 times with antibody dilution buffer and incubated
with anti-mouse Alexa 488 and anti-rabbit Alexa 565 antibodies
(Molecular Probes) diluted at 1/1000 for 90 min at room temperature.
Cells were washed three times in wash buffer (2 x SSC, 8% formamide,
2 mM vanadyl-ribonucleoside complex), twice with 1x PBS, incubated
with Hoechst (Life Technologies) diluted to 1/10,000, for 5 min at
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room temperature, washed three times with 1x PBS, three times with
water and mounted with Fluoromount (Life Technologies).

Images representative from several cells were obtained with a
TCS SP5 AOBS Spectral Confocal Microscope (Leica Microsystems)
and recovered and merged using the LAS AF Lite software (Leica
Microsystems). Images were also obtained with an Olympus
FluoView FV10i laser scanning confocal microscope (Olympus,
USA; scale: 30 um) and were analyzed using Imaris® software
v.7.2.1 (Bitplane). Colocalized points were obtained using the
colocalization analysis plug-in of Image].

2.8. RNA immunoprecipitation

HEK293T cells growing in a 150 mm dish were co-transfected with
pNL4.3 and pClneo-HA-N-ter. At 24 hpt, cells were washed with PBS
and crosslinked in 0.1% formaldehyde for 15 min at room temperature.
Quenching buffer (2 M glycine; 25 mM Tris-HCl pH = 7.0) was added
for 5 min at room temperature and cells were recovered at 400 x g for
5 min. Cell pellets were resuspended in 300 pl of hypotonic lysis buffer
(20 mM Tris-HCl pH 7.5, 15 mM NaCl, 10 mM EDTA, 0.5% NP-40, 0.1%
Triton X-100, 2 mM VRC, 1 x Protease inhibitor cocktail), sonicated
and incubated on ice for 10 min. Volume was adjusted to 1 ml with
hypotonic lysis buffer, NaCl was adjusted to 150 mM and extracts
were incubated for 10 min on ice. Cell extracts were centrifuged at
10,000 x g at 4 °C and the supernatant was pre-cleared and split into
two. 10 pg of anti-HA antibody or IgG (Santa Cruz Biotechnologies)
was added and the mix was incubated under rotation for 2 h at 4 °C.
50 l of pre-washed Dynabeads Protein A magnetic beads (Life Technol-
ogies) was added and the mix was further incubated under rotation for
30 min at 4 °C. Protein-bead complex was recovered in a magnetic rack,
washed 3 times with NET-2 buffer (20 mM Tris-HCl pH 7.5, 150 mM
NaCl, 0.05% NP-40, 200 pM VRC, 1x Protease inhibitor cocktail).
Immunoprecipitated material was treated with Proteinase K (New
England Biolabs) and subjected to RNA extraction and RT-qPCR as indi-
cated above.

2.9. Proximity ligation assay (PLA)

In situ PLA detection was carried out using the DUOLINK II In Situ kit
(OLINK Bioscience) according to the protocol provided by the manufac-
turer. Briefly, cells expressing EGFP-CRM1 and HA-tagged DDX3 or N-
ter were blocked with 1x blocking solution (Roche) at 37 °C for
30 min. Primary antibodies (mouse anti-HA 1/250 and rabbit anti-GFP

Fig. 2. N-ter interferes specifically with HIV-1 and HIV-2 gene expression.

A) Hela cells were transfected with 0.3 ug of pNL4.3R or 0.3 pg of pCDNA-globin DNA to-
gether with 1 pg of pCIneo-HA-d2EGFP (Control) or pCIneo-HA-N-ter. Protein synthe-
sis was determined at 24 hpt as indicated in the Materials and methods section.
Experiments were performed in technical duplicates and results normalized to the
control (arbitrary set to 100%) are presented as mean +/— SD of three independent
experiments. (**p < 0.05, NS, non-significant).

H9 T-lymphocytes were transfected with 0.3 pg of pNL4.3R together with 0.1 ug
pCMV-Firefly and 1 pg of pClneo-HA-d2EGFP (Control) or pCIneo-HA-N-ter. Gag
and Firefly synthesis was determined at 24 hpt as indicated in the Materials and
methods section. Experiments were performed in technical duplicates and the Gag/
Firefly ratios normalized to the control (arbitrary set to 100%) are presented as
mean +/— SD of three independent experiments. (**p < 0.01).

HEK293T cells were transfected with pNL4.3-EGFP, pvVSVg and pClneo-HA-d2EGFP
(Control) or pClneo-HA-N-ter. At 96 hpt, supernatants containing pseudotyped
virus were used to infect Jurkat cells. HIV-1-infected cells were analyzed by FACS anal-
yses as described in the Materials and methods section. Experiments were performed
in technical duplicates and results normalized to the control (arbitrary set to 100%)
are presented as mean +/— SD of three independent experiments. (*p < 0.05).
Hela cells were transfected with 0.3 pg of pNL4.3R or 0.3 ng of pRod10R together with
1 pg of pCIneo-HA-d2EGFP (Control) or pCIneo-HA-N-ter. Gag synthesis was deter-
mined at 48 hpt as indicated in the Materials and methods section. Experiments
were performed in technical duplicates and results normalized to the control
(arbitrary set to 100%) are presented as mean +/— SD of three independent experi-
ments (**p <0.01 and ***p < 0.001).
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Fig. 3. N-ter interferes specifically with the unspliced mRNA in the context of a full-length provirus.

A)

B)

O

Hela cells were transfected with 1 pg of pCIneo-HA-d2EGFP (Control) or pCIneo-HA-N-ter for 24 h and then transfected with 0.3 pg of pRenilla-5’-UTR. Renilla synthesis was deter-
mined at 3 hpt as indicated in the Materials and methods section. Experiments were performed in technical duplicates and results normalized to the control (arbitrary set to 100%) are
presented as mean +/— SD of three independent experiments.

Hela cells were transfected with 0.3 ug of pPCONA-HIV-1 DNA and 1 pg of pCIneo-HA-d2EGFP (Control) or pClneo-HA-N-ter. Renilla synthesis was determined at 24 hpt as indicated in
the Materials and methods section. Experiments were performed in technical duplicates and results normalized to the control (arbitrary set to 100%) are presented as mean +/— SD
of three independent experiments.

HelLa cells were transfected with 0.3 ug of pNL4.3R or 0.3 g of pNL4.3R-A5'-UTR (see cartoons) together with 1 ug of pCIneo-HA-d2EGFP (Control) or pCIneo-HA-N-ter. Gag synthesis
was determined at 24 hpt as indicated in the Materials and methods section. Experiments were performed in technical duplicates and results normalized to the control (arbitrary set
to 100%) are presented as mean +/— SD of three independent experiments (**p < 0.01).

HelLa cells were transfected with 0.3 pg of pNL4.3RF and 1 pg of pCIneo-HA-d2EGFP (Control) or pCIneo-HA-N-ter. Protein synthesis was determined at 24 hpt as indicated in the
Materials and methods section. Experiments were performed in technical duplicates and results normalized to the control (arbitrary set to 100%) are presented as mean +/— SD
of three independent experiments (*p < 0.05).
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Fig. 4. DDX3 connects nuclear export with translation of the HIV-1 unspliced mRNA.

A) Hela cells were transfected with 0.3 pg of pNL4.3R or 0.3 ug of pNL4.3R-ARev together with 1 ug of pCIneo-HA-d2EGFP (Control) or pCIneo-HA-N-ter. Gag synthesis was determined at
24 hpt as indicated in the Materials and methods section. Experiments were performed in technical duplicates and results normalized to the control (arbitrary set to 100%) are
presented as mean +/— SD of three independent experiments (*p < 0.05).

B) Hela cells were transfected with 0.3 pg of pNL4.3R or 0.3 pg of pNL4.3R-ARev and treated with 20 nM of Leptomycin B (LMB). The indicated cytoplasmic mRNAs were quantified at
24 hpt as indicated in the Materials and methods section. Experiments were performed in technical duplicates and results normalized to the control (arbitrary set to 100%) are
presented as mean +/— SD of three independent experiments (***p < 0.001).

C) Hela cells were transfected with 0.3 pg of pNL4.3R or 0.3 pg of pNL4.3R-CTE together with 1 ng of pCIneo-HA-d2EGFP (Control) or pCIneo-HA-N-ter. Gag synthesis was determined at
24 hpt as indicated in the Materials and methods. Experiments were performed in technical duplicates and results normalized to the control (arbitrary set to 100%) are presented as
mean +/— SD of three independent experiments (***p < 0.001).

1/250 from Santa Cruz Biotechnologies) were added and then incubated added, incubated at 37 °C for 30 min and washed again twice with
for 1 h at 37 °C. Slides were washed twice with Wash Buffer A for 5 min Wash Buffer A. Amplification reaction was carried out at 37 °C for
each, then secondary antibodies (DUOLINK anti-rabbit PLA-plus probe, 100 min. Subsequently, slides were washed twice with Wash Buffer B
DUOLINK anti-mouse PLA-minus probe) were added and incubated at and mounted with Duolink® In Situ Mounting Medium with DAPI.
37 °C for 1 h. Upon two washes with Wash Buffer A ligation mix was Images were acquired using an Olympus FluoView FV10i laser scanning
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confocal microscope (Olympus, USA; scale: 30 pm) and were analyzed
and obtained using Imaris® software v.7.2.1 (Bitplane). Dots were
counted using Imaris® software v.7.6 (Bitplane) using a 0.5 um diame-
ter measure for negative condition and 0.1 ym for DDX3 and N-ter.
Effectively transfected cells were identified using Imaris® software
using GFP intensity of cells.

2.10. In silico predictions

RNA-binding predictions were performed with the BindN and
RNADbindR software [23,24]. In order to predict intrinsically disordered
regions in DDX3 we used [UPred [25] and the disorder tendency score
was plotted in a heat map. To predict intrinsically disordered regions
of human DEAD-box helicase proteins, sequences at the RNA helicase
database [16] were analyzed with the MeDorv1.4 metaserver, which
run different predictors at the same time [26]. We obtained results
from four different software (IUPred, GlobPlot2 [27], DisEMBL [28]
and FoldIndex [29]) and we considered an amino acid in an intrinsically
disordered region only if at least two of the four software predicted it to
be disordered.

3. Results

3.1. The N-terminal domain of DDX3 is required for HIV-1 unspliced mRNA
translation

Our previous studies identified DDX3 as a host factor essential for
HIV-1 unspliced mRNA translation [5,6]. We also showed that DDX3
drives the ATP-dependent assembly of cytoplasmic granules, which
we defined as a pre-translation initiation intermediate required for
the unspliced mRNA to recruit the 43S initiation complex onto the 5’
end cap structure [5]. In order to investigate whether the N- and/or C-
terminal domains of DDX3 are involved in this process, we used the
ability of DDX3 to drive the assembly of cytoplasmic granules together
with the viral mRNA as an indicator of its function. Thus, we performed
RNA FISH and immunofluorescence on cells expressing HIV-1 NL4.3 to-
gether with HA-tagged wild type or mutant versions of DDX3 and look
for the assembly of pre-translation initiation intermediates by LS-CM
(Fig. 1A). While co-localization of the unspliced mRNA and DDX3 in cy-
toplasmic granules was readily observed when using the wild type and
the AC-terminal mutant of DDX3 (Fig. 1A, upper and bottom panels),
this phenotype was not observed when a mutant of DDX3 lacking the
N-terminal domain was used (Fig. 1A, middle panels). Indeed, while
the wild type and AC-terminal versions of DDX3 presented a rather
cytoplasmic localization either in the presence or absence of HIV-1,
the AN-ter was confined to the nucleus (Fig. 1A and data not shown).
These data suggest that the N-terminal domain of DDX3 is required
for the incorporation of the protein into the viral mRNP and its co-
localization with the unspliced mRNA in cytoplasmic granules. In agree-
ment with this, the mutant protein lacking the N-terminal domain was
not able to stimulate unspliced mRNA translation when overexpressed
(Supplementary Fig. 1A), suggesting a correlation between the incorpo-
ration of the protein into the viral mRNP and its ability to stimulate
translation. In order to further characterize the involvement of the
N-terminal domain of DDX3 on Gag expression from the unspliced
mRNA, we overexpressed the isolated domain observing a 2-fold
inhibition in protein synthesis (Fig. 1B, left panel). Of note, N-ter overex-
pression affected Gag synthesis without altering the cytoplasmic accu-
mulation of the unspliced mRNA suggesting an effect on translation
(Fig. 1B, middle and right panels). It should be mentioned that this effect
of N-ter overexpression on unspliced mRNA translation was identical to
that observed when the dominant negative mutant DDX3P?AP was
overexpressed (Supplementary Fig. 1B). In addition, the effect of N-ter
on gene expression from the HIV-1 unspliced mRNA was not due to
any effect on cell viability as evidenced by propidium iodide incorpora-
tion in control and N-ter-expressing cells (Supplementary Fig. 1C).

We then used the BindN and RNAbindR software to predict RNA
binding residues in N-ter [23,24]. From these in silico predictions, we
identify three clusters of residues forming putative RNA binding
domains (RBD, Supplementary Fig. 1D). We selected residues
presenting the best scores in each RBD to perform site-directed
mutagenesis and analyze their contribution to N-ter function
(Supplementary Table 1). However, all RBD mutants analyzed
inhibited Gag expression at the same extent as wild type N-ter rais-
ing the possibility that N-ter is not involved in unspliced mRNA
binding (Supplementary Fig. 1D). Consisting with this idea, RNA-
immunoprecipitation analyses revealed that the unspliced mRNA
is marginally enriched in the N-ter immunoprecipitated fraction
(Supplementary Fig. 1E). Interestingly, we observed that the inhib-
itory effect of N-ter was dose-dependent (Fig. 1C) and reversed by
co-expression of full-length DDX3 (Fig. 1D) indicating that N-ter
somehow interferes with the recruitment of the endogenous pro-
tein onto the viral mRNP. Together, these data indicate that the
N-terminal domain of DDX3 allows its incorporation into the viral
mRNP but is not sufficient for translational activation.

3.2. N-ter interferes with a specific step of HIV-1 gene expression that is
conserved in HIV-2

Having determined that overexpression of N-ter blocks HIV-1 Gag
expression by interfering with unspliced mRNA translation, we then
sought to determine whether such an effect was specific for HIV-1. For
this, we analyzed the effect of overexpressing N-ter on gene expression
from a Renilla luciferase expressing plasmid (Fig. 2A). As observed, N-ter
inhibited specifically Gag synthesis from the unspliced mRNA without
affecting Renilla synthesis from the reporter plasmid. Such a reduction
in Gag synthesis was also observed in CD4 + T-lymphocytes (Fig. 2B)
and has a direct impact in virus production as evidenced in infection as-
says in Jurkat cells using pseudotyped viruses produced from control
and N-ter-expressing cells (Fig. 2C).

We were also interested in determining whether such an effect of
N-ter was conserved in the closely related human lentivirus HIV-2
(Fig. 2D). For this, we used a HIV-2 Rod10-derived proviral DNA that
carries the Renilla luciferase ORF inserted within the gag gene [19].
Similar to what was observed with HIV-1, N-ter was also able to inter-
fere with Gag synthesis from the HIV-2 unspliced mRNA indicating
that the mechanism of action of DDX3 is conserved in both human
lentiviruses.

3.3. The N-terminal domain of DDX3 acts upstream remodeling of the
5'-UTR

Given the apparent specificity of inhibition of N-ter during HIV-1
unspliced mRNA translation, we were mostly interested in the mech-
anism by which this occurs in order to better characterize the func-
tion of DDX3 during HIV-1 gene expression. As previous studies
showed that DDX3 was required to promote translation by acting
on the 5’-untranslated region (5’-UTR) of the HIV-1 unspliced
mRNA [4,6,7], we sought to determine whether N-ter was interfering
with ribosome recruitment onto the 5’-UTR (Fig. 3). For this, we first
transfected cells expressing N-ter with a capped and polyadenylated
in vitro-transcribed reporter mRNA in which Renilla luciferase syn-
thesis was driven by the HIV-1 unspliced mRNA 5’-UTR (Fig. 3A).
However, we observed that N-ter was not able to block Renilla lucif-
erase synthesis suggesting that N-ter was not targeting the remodel-
ing of the 5’-UTR. As it could be argued that nuclear experience is
important for N-ter to interact with the viral 5’-UTR, we also ana-
lyzed the effect of N-ter on HIV-1 5’-UTR-driven Renilla luciferase
expression from a plasmid DNA but observed the same inability to
block reporter gene synthesis (Fig. 3B). Thus, it seems that N-ter
only exerts its effects in the context of a proviral DNA suggesting
that N-ter could be blocking unspliced mRNA translation by acting
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upstream the remodeling of the 5’-UTR. To test such a hypothesis, we
generated a proviral DNA in which the viral promoter and most of
the 5’-UTR were deleted and replaced by the CMV IE promoter (see
scheme in Fig. 3C and the Materials and methods section for details).
Analysis of Gag expression from the wild type and A5’-UTR proviral

A

Lamin B

EGFP-CRM1

EGFP-Rev

EGFP-CRM1

DNAs revealed that N-ter was effectively interfering with translation
independently of the 5’-UTR (Fig. 3C).

Given the fact that the TAR RNA motif was identified as the main tar-
get of DDX3 during translation [6,7] and such RNA motif is present in all
HIV-1 transcripts [30], we then sought to determine whether N-ter was
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interfering with a process that is common to other viral mRNAs. For this,
we generated a dual reporter provirus by inserting the Firefly luciferase
reporter gene within the nef gene of the pNL4.3R vector [19]. Interest-
ingly, we observed that expression of N-ter interfered with Gag synthe-
sis without affecting Nef expression (Fig. 3D), indicating that inhibition
by N-ter is specific for the unspliced mRNA.

3.4. The N-terminal domain of DDX3 connects translation with CRM1-
dependent nuclear export

Results presented above indicate that protein synthesis from the
fully spliced Nef mRNA is not affected by N-ter while Gag expression
from the unspliced mRNA is specifically blocked. Since DDX3 was pro-
posed to act as a co-factor of the viral protein Rev during nuclear export
[3], we wanted to determine whether inhibition by N-ter was linked to
Rev function. For this, we analyzed the effect of N-ter on Gag synthesis
from the wild type and ARev proviruses. Interestingly, we observed
that N-ter interfered with protein synthesis from the unspliced mRNA
regardless of the presence or absence of Rev (Fig. 4A). This observation
is in agreement with our previous data showing that siRNA-mediated
knockdown of DDX3 also inhibited unspliced mRNA translation from
the ARev provirus [5] and suggests that the function of DDX3 on trans-
lation is uncoupled from Rev activity. Indeed, to our knowledge there is
no experimental evidence showing a direct interaction between DDX3
and Rev and the RNA helicase was rather shown to directly contact
CRM1 in a NES- and RanGTP-independent manner [3]. Thus, it is possi-
ble that DDX3 would be coupling unspliced mRNA translation with
CRM1-dependent nuclear export through its N-terminal domain. As a
first approach to validate this hypothesis, we measured the amount of
unspliced mRNA that is exported by CRM1 to the cytoplasm in the ab-
sence of Rev. For this, we quantified the cytoplasmic unspliced mRNA
produced by wild type and ARev proviruses in the presence or absence
of Leptomycin B (LMB), a potent inhibitor of CRM1-dependent nuclear
export known to block cytoplasmic accumulation of the HIV-1
unspliced mRNA [31]. As it could be expected, the cytoplasmic accumu-
lation of the unspliced mRNA was reduced by 3.5-fold in the absence of
Rev (Supplementary Fig. 2). We also observed that cytoplasmic accu-
mulation of the unspliced mRNA but not GAPDH mRNA was dramatical-
ly reduced in the presence of 20 nM of LMB (Fig. 4B). Interestingly,
cytoplasmic accumulation of the unspliced mRNA was also diminished
by LMB in the absence of Rev indicating that the extent of nuclear export
of this viral mRNA occurred through the CRM1 pathway (Fig. 4B). Thus,
if the blockade of translation exerted by the N-ter requires the CRM1-
dependent nuclear export of the unspliced mRNA, one could expect
that replacing the nuclear export pathway would abolish this effect. In
order to confirm this assumption, we analyzed the effects of N-ter
expression on the pNL4.3-RRE(—)Rev(—)-CTE(+) provirus [32]. This
provirus lacks the Rev responsive Element (RRE) and Rev but contains
the Constitutive Transport Element from the Simian Retrovirus 1,
which allows nuclear export through the NXF1-dependent pathway
[33]. Thus, we inserted the Renilla luciferase reporter gene into the gag
gene of pNL4.3-RRE(—)Rev(—)CTE(+) provirus as described [19] and
analyzed the effect of N-ter on Gag synthesis from the unspliced
mRNA. As observed above, N-ter interfered with gene expression from

the unspliced mRNA in the context of the wild type provirus (Fig. 4C,
see pNL4.3-wt). However, the unspliced mRNA generated from the
pNL4.3-RRE(—)Rev(—)CTE(+) provirus and thus, exported through
the NXF1 pathway was unaffected (Fig. 4C, see pNL4.3-CTE), confirming
that the N-terminal domain allows the RNA helicase to connect CRM1-
dependent nuclear export with translation of the unspliced mRNA.

3.5. DDX3 interacts with CRM1 at the nuclear envelope and the cytoplasm
through the N-terminal domain

As results presented above indicate that DDX3 is linking nuclear
export and translation of the unspliced mRNA through CRM1 inde-
pendently of Rev function, we wanted to visualize the DDX3-CRM1
complex by LS-CM (Fig. 5). DDX3 localizes preferentially in the cyto-
plasm but also concentrates at the nuclear envelope where it co-
localizes with the marker Lamin B (Fig. 5A). Consistent with previous
reports [3] and data presented above, DDX3 co-localizes with CRM1
both at the nuclear envelope and in the cytoplasm (Fig. 5B, upper
panels) further confirming that DDX3 may contact the HIV-1
unspliced mRNP through its interactions with the nuclear export fac-
tor. In sharp contrast, we were not able to detect co-localization be-
tween DDX3 and Rev (Fig. 5B, lower panels) although an unspliced
mRNA-dependent interaction could not be discarded.

We then analyzed whether the DDX3-CRM1 co-localization ob-
served above was recapitulated with N-ter. Similar to what was obtain-
ed with DDX3, we observed a strong co-localization between CRM1 and
N-ter at the nuclear periphery and the cytoplasm suggesting that DDX3
reaches CRM1 through its N-terminal domain (Fig. 5C). To further con-
firm this idea, we carried out a proximity ligation assay (PLA) in order to
observe and quantify individual protein-protein complexes in cells [34].
In this assay, a single CRM1/DDX3 or CRM1/N-ter complex can be
observed as a red dot only if both proteins are in close proximity
(Fig. 5D). As observed, PLA signal was observed with both CRM1/
DDX3 and CRM1/N-ter but not the negative control further indicating
that DDX3 and CRM1 are components of the same complex (Fig. 5D,
compare C- with DDX3 and N-ter). Dots/cell quantification revealed
no significant differences between DDX3 and N-ter suggesting that the
N-terminal domain of DDX3 is important for its interaction with
CRM1 (Fig. 5D, see panel on the right).

3.6. Intrinsic disorder is characteristic of the N- and C-terminal domains of
human DEAD-box proteins

We finally sought to gain insights into the properties of N-ter that
could be relevant for DDX3 functions. Indeed, previous reports have
identified different features and functions within the N-terminal do-
main of DDX3. These include the region spanning residues 11-21
showed to contain a leucine-rich NES [3], residues 11-90 necessary for
Vaccinia Virus K7 interaction [35], residues 38-43 involved in elF4E
binding and stress granules assembly [36,37], residues 135-166 which
contain an ATP binding loop critical for RNA-stimulated ATPase activity
[11] or Ser102, whose phosphorylation by TBK1 is required for interac-
tion with IRF3 [38]. From these key features, those that could be related
to the functions of N-ter in connecting nuclear export and translation of

Fig. 5. DDX3 localizes with CRM1 through the N-terminal domain.

A) Hela cells were transfected with 0.1 pg of pCIlneo-HA-DDX3. At 24 hpt cells were fixed and the HA-tag (red) and endogenous Lamin B (green) were stained and analyzed by LS-CM.

Colocalization points and merge plus Hoechst are also presented. Scale bar 25 um.

B) Hela cells were transfected with 0.1 pg of pCIneo-HA-DDX3 and 0.1 pg of pEGFP-CRM1 (upper panels) or pEGFP-Rev (bottom panels). At 24 hpt cells were fixed and the HA-tag (red)
was stained and analyzed together with EGFP (green) by LS-CM. Colocalization points and merge plus Hoechst are also presented. Scale bar 10 um (upper) and 25 um (bottom).

C) Hela cells were transfected with 0.1 pg of pCIneo-HA-N-ter and 0.1 pg of pEGFP-CRM1. At 24 hpt cells were fixed and the HA-tag (red) was stained and analyzed together with EGFP
(green) by LS-CM. Colocalization points and merge plus Hoechst are also presented. Scale bar 30 pm.

D) Hela cells were transfected with 0.1 pg of pEGFP-CRM1 together with 0.1 pg of pCIneo-HA-DDX3 or pCIneo-HA-N-ter and subjected to PLA using rabbit anti-GFP antibody and the
Duolink® in situ kit (negative control, C-) or rabbit anti-GFP antibody together with mouse anti-HA antibody and the Duolink® in situ kit (DDX3 and N-ter). Representative images
are presented as the merge of EGFP-CRM1 (green) and PLA (red). Dots per green cells are presented in C- (n = 20 cells), DDX3 (n = 12 cells) and N-ter (n = 18 cells) (NS = non-

significant).
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Fig. 6. The N-terminal domain of DDX3 is intrinsically disordered.

A) Hela cells were transfected with 0.3 ug of pNL4.3R and 1 pg of pCIneo-HA-d2EGFP (Control), pCIneo-HA-N-ter, pCIneo-HA-N-ter ANES or pCIneo-HA-N-ter Y38A/L43A. Gag synthesis
was determined at 24 hpt as indicated in the Materials and methods section. Experiments were performed in technical duplicates and results normalized to the control (arbitrary set
to 100%) are presented as mean +/— SD of three independent experiments (*p < 0.05; **p < 0.01 and ***p < 0.001).

B) Intrinsic disorder of the human DDX3 sequence was analyzed with [UPred and is represented as heat map.

C) Schematic representation of intrinsically disordered regions in Human DDX3 and its mouse, fruit fly, yeast and nematode homologs. Sequences were analyzed with MeDorv1.4
metaserver as described in the Materials and methods section. Data summarized in Table 1 are schematically represented in the figure.

the HIV-1 unspliced mRNA are the leucine-rich NES and the YxxxxLd these features and other to-be-determined features are involved in N-
elF4E-binding domain. Thus, we analyzed the effect of N-ter lacking ter function.

the leucine-rich NES (ANES) or carrying the Y38A/L43A mutations Interestingly, circular dichroism data suggested that the N-terminal
(Fig. 6A). However, these mutants showed similar inhibitory activities region of DDX3 is unstructured [35], a typical feature of intrinsically dis-
as wild type N-ter indicating that the effect observed does not rely on ordered regions in proteins [39]. As such, in silico predictions revealed
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Table 1
Intrinsically disordered regions in DDX3X homologs.

729

Specie Protein Intrinsically disordered regions® Access number (Uniprot)
H. sapiens DDX3X 19-151 (N), 154-163 (N), 165-181 (N); 000571

472-473 (H), 479-483 (H); 580-662 (C)
M. musculus DDX3X 19-151 (N), 154-163 (N), 165-181 (N), Q62167

472-473 (H), 483, 581-662 (C)

PL10 1-51 (N), 54-150 (N), 153-160 (N), 161-162 (N), 164-180 (N-H), 471-472 (H), 579-660 (C) P16381

D. melanogaster Belle 1-10 (N), 20-254 (N), 277-283 (N), 285-294 (N), 364-372 (H), 590-593 (H), 685-798 (C) Q9VHPO
S. cerevisiae Ded1p 1-95 (N), 99-145 (N), 206-218 (H), 528-604 (C) P06634
C. elegans Y71H2AM.19 1-137 (N), 148-175 (N-H), 187-188 (H), 192-194 (H), 206 (H), 208 (H), 235-251 (H) Q4W5R4

2 (N) = N-terminal domain; (H) = helicase core; (C) = C-terminal domain.

that both the N-terminal and C-terminal domains of DDX3 are enriched
in intrinsically disordered regions when compared to the catalytic
helicase core (Fig. 6B), which is mainly composed by structured do-
mains conserved amongst DEAD-box proteins [40]. The enrichment in
intrinsically disordered regions in domains flanking the helicase core
was not only observed in the mouse, yeast, fly and worm homologs of
human DDX3 (Fig. 6C and Table 1) but also in all human DEAD-box pro-
teins described in the RNA helicase database [16] (Supplementary
Table 2). These data further indicate that the presence of intrinsically
disordered regions may be important for substrate specificity and RNA
helicase function.

4. Discussion

DDX3 is a host factor essential for HIV-1 replication as evidenced by
several reports including different genome-wide siRNA screenings [1,
41]. During viral replication, DDX3 was shown to promote nuclear
export and translation of the unspliced mRNA. To do so, the RNA
helicase interacts with: i) the viral mRNA, ii) the karyopherin CRM1
and iii) translation initiation factors el[F4GI and PABPC1 [3,6]. However,
whether these two activities of DDX3 during the post-transcriptional
control of HIV-1 gene expression are interconnected or independent
has never been evaluated.

In this work we first show that the N-terminal domain of DDX3
(amino acids 1-182) regulates the functions of this RNA helicase during
HIV-1 unspliced mRNA translation (Figs. 1 and 2). Given the fact that
N-ter inhibits unspliced mRNA translation in a CRM1-dependent but
5’-UTR-independent manner, our data suggest that N-ter could be in-
volved in a step of gene expression occurring after nuclear export but
before the 40S ribosomal subunit is recruited onto the viral 5’-UTR
(Fig. 3). In agreement with this idea, we observed that the regulatory
effect of the N-terminal domain of DDX3 was independent of Rev but
rather relied on nuclear export by CRM1 (Figs. 4 and 5). Consistent
with this data, a recent docking study aimed to characterize the
human DDX3-CRM1-NES-RanGTP multimeric complex proposed an
interesting mode of binding between regions present in the helicase
domain of DDX3 and a region surrounding to the NES-binding pocket
of CRM1 [42]. Such a binding was stimulated by the binding of RanGTP
to CRM1 but was independent of the NES-containing cargo [42]. Unfor-
tunately, there is no structural data of the full-length DDX3 and thus, the
abovementioned simulations were performed in the absence of the
N-terminal domain that we showed as an important determinant for
interaction with CRM1 (Fig. 5). Indeed, our data suggest that DDX3 is in-
corporated into the CRM1-nuclear export viral mRNP through the
N-terminal domain to promote viral mRNA translation. As such, the
isolated N-terminal domain of DDX3 interferes with the recruitment
of the full-length protein into this complex. Of note, our previous and
present data indicate that DDX3 promotes HIV-1 gene expression inde-
pendently of the viral protein Rev (Fig. 4) [5]. These observations sug-
gest that DDX3 is recruited onto the exported viral mRNP to play its
functions most probably once Rev has been released from the complex.

Interestingly, it was recently reported that the formation of a Ded1-
CRM1-RanGTP trimeric complex in yeast resulted in a reduced RNA-

stimulated ATPase activity of Ded1 [43]. This phenomenon was depen-
dent on the NES present in Ded1 and occurred concomitantly with the
increase in the Km for the RNA substrate suggesting that the NES-
dependent interaction between Ded1 and CRM1-RanGTP may modu-
late substrate specificity of the RNA helicase [43]. Although the interac-
tion between human DDX3 and CRM1 seems not to rely on a NES [3], it
would be interesting to determine whether such a modulation of the
enzymatic activity of DDX3 also occurs in the presence of the RRE/
Rev-CRM1-RanGTP complex. Thus, it is tempting to speculate that
DDX3 (and Ded1) could be acting on the CRM1-dependent pathway
analogously to Dbp5 in the NXF1-dependent nuclear export pathway
[44].

As suggested by previous data [45], we identified that the N-
terminal and C-terminal domains of DDX3 were enriched in intrinsically
disordered regions (Fig. 6). We also found that this characteristic was
conserved in the external domains of several homologs of DDX3 (from
yeast to human) and all described human DEAD-box proteins. DEAD-
box helicases play pleiotropic functions within the cell by remodeling
RNA:RNA and RNA:protein complexes or by functioning as RNA clamps
for the assembly of large macromolecular complexes. Despite the high
degree of conservation of the catalytic core and the mechanisms of
RNA binding and ATP binding/hydrolysis in several members of the
family, their functions are rather non-redundant probably due to the
substrate specificity conferred by the N- and/or C-terminal domains
surrounding the helicase core. Interestingly, several RNA helicases,
including DDX3, have been identified as components of different RNP
complexes and thus, associated with different biological processes
involving RNA [2,15]. The presence of intrinsically disordered regions
within the N- and C-termini may confer DEAD-box proteins the flexibil-
ity needed to interact with different partners in different RNP com-
plexes in a spatiotemporal manner.

In the case of DDX3, the N-terminal domain allows interaction with
the VACV K7 protein [35], eIF4E [36], IRF3 [38] and to be included in a
complex together with CRM1 (Fig. 5), indicating an important role of
this domain in establishing multiple interactions. Moreover, the N-
terminal domain regulates the RNA-stimulated ATPase activity [11],
stress granule assembly [37] and HIV-1 unspliced mRNA translation
(Fig. 1) also indicating an important role of the N-terminal domain in
regulating biological processes driven by this enzyme. Given the fact
that neither the NES nor the elF4E-binding domain seems to be involved
in DDX3 function during HIV-1 gene expression (Fig. 6) [5,6], it is tempt-
ing to speculate that the intrinsically disordered N-terminal domain of
DDX3 may first confer the ability to be incorporated into the CRM1-
exported viral mRNP at the nuclear envelope and then the flexibility
to promote the transition from an export mRNP to a translation one.

In this work we provide evidence for the interconnection between
CRM1-dependent nuclear export and translation of the HIV-1 unspliced
mRNA, two processes previously shown to require the catalytic activity
of DDX3 [3,6]. This occurs through the intrinsically disordered N-
terminal domain of DDX3, which allows the RNA helicase to be incorpo-
rated into the viral mRNP in a CRM1-dependent manner. Targeting the
function of the N-terminal of DDX3 rather than its catalytic activity must
be considered as a potential target for novel therapies against HIV.
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Further work is needed to unveil the mechanisms involved in these
processes.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagrm.2016.03.009.
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