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Abstract: The Human Immunodeficiency Virus-1 (HIV-1) nucleocapsid protein (NC) as a mature
protein or as a domain of the Gag precursor plays important roles in the early and late phases of the
infection. To better understand its roles, we searched for new cellular partners and identified the
RNA-binding protein Unr/CSDE1, Upstream of N-ras, whose interaction with Gag and NCp7 was
confirmed by co-immunoprecipitation and FRET-FLIM. Unr interaction with Gag was found to be
RNA-dependent and mediated by its NC domain. Using a dual luciferase assay, Unr was shown to
act as an ITAF (IRES trans-acting factor), increasing the HIV-1 IRES-dependent translation. Point
mutations of the HIV-1 IRES in a consensus Unr binding motif were found to alter both the IRES
activity and its activation by Unr, suggesting a strong dependence of the IRES on Unr. Interestingly,
Unr stimulatory effect is counteracted by NCp7, while Gag increases the Unr-promoted IRES activity,
suggesting a differential Unr effect on the early and late phases of viral infection. Finally, knockdown
of Unr in HeLa cells leads to a decrease in infection by a non-replicative lentivector, proving its
functional implication in the early phase of viral infection.
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1. Introduction

The human immunodeficiency virus type-1 (HIV-1) belongs to the Lentivirus genus
of the Retroviridae family. Its positive-stranded RNA genome (gRNA) resulting from the
polymerase II-mediated transcription of the integrated viral genome (vDNA) is capped
and polyadenylated. This gRNA is thus used both for packaging into new virions and
translation of the viral precursor proteins. Interestingly, the highly structured 5′ non-coding
region (5′-UTR) of HIV-1 [1–3] has first been shown to block ribosomal scanning in vitro [4],
but it was later shown that it is not the case in cultured cells, thus showing that the cap-
dependent translation is dependent on cellular factors and physiological conditions [5,6].
However, the cap-dependent translation is not the sole mechanism described for HIV-1
translation. Internal Ribosome Entry Site (IRES)-dependent translation has been described
for HIV-1, especially under conditions where the cap-dependent translation is impaired. In
fact, the highly structured 5′ extremity of the HIV-1 gRNA harbors two IRESs [7]. IRESs
were first described among picornaviruses before their identification in other viral and
cellular Ribonucleic acids (RNAs). IRESs are highly structured RNA domains found most
often in the 5’ non-coding region of messenger RNAs which allow the 40S ribosomal
subunit recruitment without the need for the 5′-cap structure or cap-dependent translation
mandatory initiation factors. For HIV-1, the first functional IRES described is localized
within the gag Open Reading Frame (ORF) [8]. It drives the expression of both the full
length and a shorter isoform of the Gag polyprotein (Gagp40) from an alternative AUG
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start codon. This IRES unconventionally drives translation from an AUG localized at its 5′

extremity and is also found to be functional in other retroviruses, including HIV-2 [9–11]. A
second, more conventional IRES is found in the 5′-Untranslated Region (UTR) of the viral
gRNA and thus in all HIV-1 messenger RNA (mRNA) more precisely between nucleotides
1–336, with nucleotides 104–336 representing the minimal functional sequence [12]. This
genome region includes several secondary structures implicated in genome transcription,
encapsidation, dimerization and reverse transcription, including Trans Activation Response
(TAR), poly(A), Primer Binding Site (PBS), Dimerization Initiation Sequence (DIS) and
the packaging signal Psi [12]. Since this IRES is not functional in HIV-2, its functionality
in HIV-1 has been a subject of a long debate since its first description in 1996 by Brasey
et al. [12]. The contradictory results observed for this IRES are in part explained by the fact
that it is not functional in a rabbit reticulocyte lysate (RRL) in vitro system [4]. However, it
becomes functional upon RRL supplementation by cellular extracts, especially from HeLa
cells blocked in G2/M [13,14]. Additionally, it also becomes functional when used in vitro
with HeLa cells based translation extracts [12], in cell-based assays [12,15–18] or in Xenopus
laevis oocytes [13,14,18]. This underlines its dependence on cellular factors, as it was already
shown for Polio- or Rhinoviruses IRESs [19,20] or for the cellular IRES from the Apoptotic
protease activating factor 1, Apaf1 mRNA [21].

HIV-1 IRES requirement for IRES trans-acting factors (ITAFs) is supported by the
literature as cap- and IRES-dependent mechanisms of translation initiation were shown
to be active at different levels according to the cellular state and the progress of the infec-
tion [22,23]. The IRES is particularly active when the cell is blocked in G2/M as is the case
during HIV-1 infection [15,22–24].

So far, several ITAFs have been identified for viral or cellular IRESs. Although their
modes of action are poorly known, they are suggested to act as RNA chaperones rearranging
the secondary structures of the IRES or as adaptor proteins bridging the RNA to the proteins
of the 40S ribosome subunit [25]. In any case, their ability to regulate the activity of IRESs
and their variable level of expression in different cell types is one of the leading explanations
for the difference in activity observed for a given IRES across various cell types [26–28]. One
of these ITAFs, the cytoplasmic protein Unr (Upstream of N-Ras), contains 5 Cold Shock
Domains (CSDs) which bind nucleic acids (NAs) as well as proteins [29,30]. Unr, also called
CSDE1, is known to act as a cytoplasmic RNA binding protein to regulate its target mRNA
stability and translation [31,32]. The IRES regulating action of Unr has been demonstrated
for the Polio- and Rhinoviruses IRESs, in addition to cellular IRESs, including Apaf1 and its
own IRES [33–36]. As an ITAF of the HIV-1 IRES and being overexpressed in cells blocked
in G2/M, Unr could explain the sustained synthesis of HIV-1 proteins during the course of
an HIV-1 infection despite the cell block in G2/M or the cleavage by HIV-1 protease of the
canonical cap-dependent initiation factor eIF4G.

The HIV-1 nucleocapsid protein is present in two forms in the virus particle and the
infected cell, as a domain of the polyprotein Gag (NC-Gag) and as a product of cleavage
of Gag (mature form, NCp7). Because of its ability to bind to Nas [37–39], NC/NCp7 is a
major player in both the early and late stages of the viral cycle [40–42]. In the early phase,
it protects the incoming gRNA from cellular nucleases, chaperones Nas, during reverse
transcription and probably promotes the integration of the provirus [43]. In the late phase,
it participates in the selective encapsidation and dimerization of the gRNA into the viral
particles [44–48]. The encapsidation results in the formation of high-order Gag multimers
on the gRNA and the concomitant trafficking of this ribonucleoprotein to the cell plasma
membrane [44,49–51]. The central role of NC-Gag/NCp7 in infection is emphasized by
the drastic loss of infectivity observed after single-point mutations in either of its two zinc
fingers [52,53].

Interestingly, Unr has been found as a partner of the NCp7 protein in affinity pu-
rification analysis coupled to mass spectroscopy [54]. In the present work, we found by
biochemical and microscopy approaches that Unr acts as an ITAF for the HIV-1 IRES and
that this activity is regulated by NC-Gag, but not by NCp7. We further showed that Unr
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interacts with NCp7 and NC-Gag. Finally, a knockdown of Unr by small interfering RNA
(siRNA) was found to decrease HeLa cells infection by pseudotyped HIV-1 pseudoparticles.

2. Materials and Methods
2.1. Mammalian Cell Culture

HeLa cells and 293T cells were maintained in Dulbecco’s modified Eagle medium
(ThermoFisher Scientific, ref 21885025 and 31966047 respectively, Waltham, MA, USA)
supplemented with 10% fetal calf serum (Invitrogen Corporation, Villebon sur Yvette,
France) and a mixture of penicillin (100 U/mL) and streptomycin (10 U/mL) antibiotics
(Lonza DE17-602E) at 37 ◦C in a 5% CO2.

2.2. Plasmids and Proteins

The dlHIV-1, dlVAR2 and dl-Apaf (pRAF) were generous gifts from M. Vallejos
and A. Willis and were described earlier [18,21]. The plasmid constructs for Vesicular
Stomatitis Virus G protein (VSV-G) pseudotyped HIV-1 particles, namely, pMD2.G and
pCMV-dR8.91, were obtained from Addgene. pSicoR-luciferase was obtained by the re-
placement of the eGFP cDNA in pSicoR-eGFP by the firefly luciferase cDNA between
the NheI and EcoRI cloning sites. In PEF-Flag-Unr (a generous gift from J. Sablon),
the Unr gene is cloned with its N-terminus fused to a Flag sequence and expressed
under the control of an EF-1a promoter. peGFP-Unr and pmCherry-Unr were cloned
by Gateway® cloning from PEF-Flag-Unr, using the following primers (AttB1-Unr: 5′-
GGGGACCACTTTGTACAAGAAAGCTGGGTTTAGTCAATGACACCAGCTTGAC-3′ and
AttB2-Unr-Stop: 5′-GGGGACCACTTTGTACAAGAAAGCTGGGTTTAGTCAATGACACC
AGCTTGAC-3′) into the destination vector peGFP-C1-GW. IRES mutants were generated
by site-directed mutagenesis using the Phusion site-directed mutagenesis kit (ThermoFisher
Scientific, F541, Waltham, MA, USA) according to the manufacturer’s instructions with the
primers listed in Table 1 purchased from Sigma. Gag, Gag∆NC and NCp7 were cloned into
a pcDNA3.1 vector [55].

Table 1. List of primers used to generate IRES mutants.

IRES mut rev (Phos)TGTTCGGGCGCCACTGCTAGAG

IRES mut U fwd (Phos)GGGACACTTGAAAGCGATTCATAAGCCAGAGGAG

IRES mut C fwd (Phos)GGGACTTGAAAGCGACCAGCAAGCCAGAGGAG

IRES mut 211 fwd (Phos)GGGACTTGAAAGCGAAGGTAAAGCCAGAGGAG

IRES mut 212 fwd (Phos)GGGACTTGAAAGCGAAACTAAAGCCAGAGGAG

IRES mut 213 fwd (Phos)GGGACTTGAAAGCGAAAGAAAAGCCAGAGGAG

IRES mut 214 fwd (Phos)GGGACTTGAAAGCGAAAGTGAAGCCAGAGGAG

The biotinylated labeled NCp7 (Biotin-KQRGNFRNQRKNVKCFNCGKEGHTARNCR
APRKKGCWKCGKEGHQMKDCTERQAN) was synthesized by solid-phase peptide syn-
thesis on a 433A synthesizer (ABI, Forster City, CA, USA) as described previously [56].
Peptides were stored lyophilized. The zinc-bound form of the peptides was prepared by
dissolving them in water, adding a 2.5-fold molar excess of zinc sulfate, and raising the pH
to its final value by adding buffer. The pH was increased to its final value only after the
addition of zinc to avoid the oxidation of the zinc-free peptide. The peptide concentration
was determined by using an extinction coefficient of 5.7 × 103 M−1 cm−1 at 280 nm.

2.3. Dual Luciferase Assays

HeLa cells were seeded in 12 well plates with a density of 8 × 104 cells/ well. Cells
were transfected 24 h post seeding, using jetPEI™ Polyplus Transfection™ according to
the manufacturer’s protocol, with 200 ng of the dual luciferase IRES construct and 250 ng
of each construct coding for Gag, Gag∆NC, NCp7 cloned in pcDNA3.1 and/or Unr-Flag
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cloned in pEF vector. Total plasmid DNA was completed by an empty vector to 700 ng.
Firefly and Renilla luciferase activities were measured with the Dual-Luciferase® Reporter
Assay System (Promega, E1910, Madison, WI, USA) according to the manufacturer’s proto-
col, using a luminometer (Berthold technologies, TriStar LB941, Bald Wildbad, Germany),
24 h post transfection. Briefly, cells were lysed in 1× lysis buffer (Promega) (250 µL/well)
for 15 min at room temperature, and 20 µL of the sample was introduced in each well of
a 96-well, flat-bottomed, white plate (Greiner Bio-One, Kremsmünster, Austria). Then,
70 µL of luciferase assay reagent II (LARII) was injected into each well, and the luminescent
signal was accumulated for 10 s. Then, the firefly luciferase reaction signal was quenched
by adding 70 µL Stop & Glo® Reagent to each well, and the Renilla luciferase activity signal
was measured for 10 s. Statistics were done using the student t-test.

2.4. Co-Immunoprecipitation

293T cells were seeded in a 6-well plate at a concentration of 60 × 104 cells/well 24 h
before cotransfection with 2 µg of each plasmid coding for the proteins of interest, and 48 h
post-transfection, cells were washed in 1× PBS and lysed in RIPA buffer (Tris-HCl 10 mM
pH = 7.5, NaCl 150 mM, EDTA 1 mM, and 1% NP40, complete™ Mini-EDTA free protease
inhibitor Cocktail Tablets (Roche, 11836170001, Basel, Switzerland)). After centrifugation to
remove cell debris, the protein concentration was assessed by a Bradford assay. An input
fraction (30 µg) was kept to check the protein expression level, and the equivalent of 1 mg
of lysate was incubated 2 h at 4 ◦C with 1 µg of anti-Flag® antibody (Merck, F1804, Rahway,
NJ, USA) on a rotating wheel. In the case of Rnase A treatment, the lysate was incubated for
30 min at room temperature with 100 µg/mL of RNAse A (Sigma-Merck, R6513, Burlington,
MA, USA) before the addition of the antibody. After equilibration, 50 µL of Dynabeads
protein A (ThermoFisher Scientific, 10002D) were added, and the mixture was incubated for
1 h at 4 ◦C. Beads were washed 3 times with cold 1× lysis buffer, resuspended in Laemmli
sample buffer (Bio-Rad, 161-0747, Hercules, CA, USA), boiled for 5 min, and analyzed by
Western blot.

2.5. Western Blots

Protein samples were electrophoresed on a 12% SDS-PAGE gel. Subsequently, proteins
were transferred onto a polyvinylidene difluoride membrane (Amersham, RPN303F),
and blots were probed with mouse monoclonal antibody anti-Cap24 Gag (AIDS Reagent
Program, 6521 #24-4; [57,58], anti-eGFP (Proteintech, 66002-1, Rosemont, IL, USA), anti-Unr
(Proteintech, 13319-1-AP), or anti-GAPDH (Merck, MAB374). After three PBS washes,
secondary anti-mouse or anti-rabbit antibodies (Promega WB401B and W402B) conjugated
to the horseradish peroxidase were added to the membrane, and proteins were visualized
by a homemade chemioluminescent ECL system on an Image Quant LAS 4000 apparatus
(GE healthcare, Chicago, IL, USA).

2.6. Confocal Microscopy

HeLa cells were seeded on a glass coverslip in 12 well plates with a density of
8 × 104 cells/ well, 24 h before being transfected with the appropriate plasmids as de-
scribed above. Cells were washed with PBS and fixed with 4% Paraformaldehyde (PFA) in
1× PBS for 15 min at room temperature 24 h post transfection. After fixation, cells were
washed three times with 1× PBS and mounted on slides using Prolong Gold Antifade
Reagent (ThermoFisher Scientific, 36930). The cellular localization of the proteins of interest
coupled to eGFP or mCherry was visualized by confocal microscopy with a Leica SPE
equipped with a 63 × 1.4 NA oil immersion objective (HXC PL APO 63×/1.40 OIL CS).
The eGFP images were obtained by scanning the cells with a 488 nm laser line and using a
500- to 555-nm band-pass for emission. For the mCherry images, a 561 nm laser line was
used with a 570–625 nm band-pass. Images were analyzed by the Image J software (version
1.8.0, NIH, Bethesda, MD, USA).
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2.7. Fluorescence Lifetime Imaging Microscopy (FLIM)

FLIM measurements were performed using the time-correlated single photon counting
approach on a homemade two-photon excitation scanning microscope based on an Olym-
pus IX70 inverted microscope with an Olympus 60 × 1.2 NA water immersion objective
operating in the descanned fluorescence collection mode [59,60]. Two-photon excitation at
900 nm was provided by a mode-locked titanium-sapphire laser (Spectra-physics, Milpitas,
CA, USA) or an Insight DeepSee (Spectra Physics) laser. Photons were collected using a
set of two filters: a short-pass filter with a cutoff wavelength of 680 nm (F75-680; AHF,
Tübingen, Germany) and a band-pass filter of 520 ± 17 nm (F37-520; AHF, Tübingen,
Germany). The fluorescence was directed to a fiber-coupled APD (SPCM-AQR-14-FC;
PerkinElmer, Waltham, MA, USA), which was connected to a time-correlated single photon
counting module (SPC830, Becker & Hickl, Berlin, Germany). Typically, the samples were
continuously scanned for about 60 s to achieve the appropriate photon statistics in order
to reliably analyze the fluorescence decays. Moreover, to reach the Nyquist–Shannon
sampling criteria, we carried out FLIM measurements using a 20 µm × 20 µm scale and
256 pixels × 256 pixels. Data were analyzed using a commercial software package (SPCIm-
age v2.8; Becker & Hickl, Berlin, Germany). For Förster resonance energy transfer (FRET)
experiments, the FRET efficiency © was calculated according to E = −1 − (τDA/τD), where
τDA is the lifetime of the donor (eGFP) in the presence of the acceptor (mCherry) and τD is
the lifetime of the donor in the absence of the acceptor.

2.8. Viral Production and Quantification

Stocks of VSV-G pseudotyped HIV-1 pseudoparticles were prepared by transfecting
3 µg of pMD2.G, 12 µg of pSiCoR-luciferase, and 6 µg of pCMV-dR8.91 vectors into 293T
cells using the standard JetPEI transfection protocol (PolyPlus, Illkirch-Graffenstaden,
France). At 48 h post transfection, cell culture supernatants were collected, clarified on
a 0.45 µm PVDF filter (Millipore SLHV033RS, Burlington, MA, USA), and concentrated
twice by a Vivaspin20 centrifugal concentrator (Sartorius, VS2031, Göttingen, Germany).
Supernatants containing pseudoparticles were stored in 500 µL aliquots at −80 ◦C. In
parallel, viral stocks were titrated by anti-p24 enzyme-linked immunosorbent assay (ELISA)
according to the manufacturer’s instructions (Innotest® HIV Antigen mAb, Fujirebio, Tokyo,
Japan).

2.9. Viral Infection

HeLa cells were seeded in 6-well plates at a concentration of 5 × 104 cells/well. The
next day, cells were either transfected with 50 nM of control siRNA or Unr siRNA in order
to knock down Unr (LU-015834-00-0002 and D-001810-10-20, Dharmacon, Lafayette, CO,
USA), using the Jet Prime transfection protocol (PolyPlus transfection, Illkirch-Graffenstaden,
France). Then, 48 h post transfection, cells were infected with the viral pseudoparticle
supernatant equivalent to 360 ng of p24/well, and 1 µM of AZT (zidovudine) was used as
a positive control, whereas non-infected cells were used as negative control. After 8 h, the
medium was changed and replaced by a virus-free medium, and the cells were kept for
48 h after infection, before lysis and RNA extraction.

2.10. Quantitative PCR (qPCR)

RNA was extracted with the RNeasy Plus Mini kit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s instructions and was transcribed into cDNA using the iScript TM

Select cDNA Synthesis Kit (Bio-Rad). qPCR master mixes were prepared in a MicroAmp®

Optical 96-well Reaction Plate (Applied Biosystems, Waltham, MA, USA) with 2× Fast
SYBR® Green Master Mix (Applied Biosystems, 4385612) according to the manufacturer’s
recommendations. Plates were sealed with an Optical Adhesive Cover. qPCR reactions
contained 300 nM forward and reverse primers and 50 ng/µL reverse transcribed cDNA
template in a total reaction volume of 20 µL. Amplification of cDNA was carried out by
real-time quantitative PCR and detected using an ABI 7000 Sequence Detection System
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(Applied Biosystems). Gene expression was normalized to housekeeping genes, and sam-
ples were run alongside RT-negative cDNA (produced without reverse transcriptase) and
H2O controls.

Cycle thresholds (CT) were determined per transcript in triplicate with the following
probes:

Luciferase Forward: 5′-TGAGTACTTCGAAATGTCCGTTC-3′

Luciferase Reverse: 5′GTATTCAGCCCATATCGTTTCAT-3′

18S Forward: 5′TGTGGTGTTGAGGAAAGCAG-3′

18S Reverse: 5′TCCAGACCATTGGCTAGGAC-3′

Relative levels of mRNA gene expression were calculated using the 2−∆∆Ct method [61].

3. Results
3.1. HIV-1 IRES Activity Is Stimulated by Unr

To provide further information in the debate on HIV-1 IRES activity and functional
relevance [5,6,12,14,17,18,22,23,62], we investigated the putative role of upstream of N-ras
(Unr) as an ITAF of the HIV-1 IRES. We selected Unr because (i) it is an ITAF for polio- and
rhinoviruses as well as for cellular IRESs whose mRNA is capped and polyadenylated sim-
ilarly to the one of HIV-1, (ii) its expression is cell cycle regulated, showing overexpression
in G2/M and (iii) it potentially interacts with both Gag and NCp7 [54].

The HIV-1 IRES functionality was tested in a well-established dual luciferase sys-
tem [18], similar to the one used by Brasey and Gendron [12,15]. In this system, the first
336 nucleotides of the pNL4.3 HIV-1 clone are inserted into a dual luciferase construct (dl)
between an upstream Renilla luciferase gene (Rluc) and a downstream firefly luciferase gene
(Fluc). A defective encephalomyocarditis virus IRES sequence (∆EMCV) was introduced
between the two cistrons in order to prevent translation of the downstream ORF from
reinitiation or readthrough of ribosomes (Figure 1A). After transient transfection and CMV
promoter-driven transcription in HeLa cells, the resulting bicistronic mRNA is translated
via a cap-dependent mechanism for the Rluc gene and an IRES-dependent one for the
Fluc gene. The ratio of the Fluc/Rluc activities reflects the IRES activity normalized to the
cap-dependent one. These bicistronic mRNAs offer the advantage of allowing the IRES to
be studied in the absence of virus infection, thus eliminating potential interferences from
the viral replication cycle or from other regions of the gRNA which could influence the
HIV-1 IRES [12,62,63].

The activity of the HIV-1 IRES was assessed in this system in comparison to two other
IRESs, namely the IRES of a clinical HIV-1 isolate (VAR2), previously described as being
four times more active than the HIV-1 IRES in HeLa cells [18] and the cellular IRES of Apaf-1
mRNA which is also active in HeLa cells [21,64]. Using HeLa cells transiently transfected
by the dl constructs, we found that all IRESs are active (Figure 1B), with the HIV-1 IRES
being 1.7 times more active than the one of Apaf-1 but 2.5 times less active than the one
of the clinical variant VAR2. We next investigated the effect of Unr overexpression on
these different IRESs. Cells were thus co-transfected with the corresponding dl constructs
and pEF-Flag-Unr, and luciferase activity was quantified 24 h post transfection. With the
exception of dl∆EMCV, all IRESs presented an increase in their activity of around 40%
(Figure 2). In the case of Apaf-1, this Unr-mediated increase was expected since Unr was
shown to be a stimulating ITAF of the Apaf1 IRES [35]. Like Apaf-1 IRES, Unr increases the
translation activity of HIV-1 IRES, suggesting that Unr acts as an ITAF of this IRES.
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Figure 1. IRES activity measured by a dual luciferase assay. (A) Scheme of the construct used to
perform the dual luciferase test. The IRES of interest is inserted into a dual luciferase construct (dl)
between an upstream Renilla luciferase gene (Rluc) and the ∆EMCV defective IRES and a downstream
firefly luciferase gene (Fluc). (B) Activity test in HeLa cells of dlApaf-1 IRES, dlHIV-1 IRES and
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the ratio of Fluc/Rluc luciferase activities. Measurements were performed in HeLa cells 24 h post
transfection. Histograms represent the mean ± SEM for at least 3 independent experiments done in
triplicate.
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Figure 2. Effect of Unr overexpression on the activity of HIV-1 IRES. The IRES activity is monitored
by the ratio of Fluc/Rluc luciferase activities in the dual luciferase assay. Two variants of HIV-1 IRES
(HIV-1 and VAR2) are tested. The ∆EMCV and Apaf-1 IRESs are given as negative and positive
controls, respectively. Measurements were performed in HeLa cells 24 h post transfection. Histograms
represent the mean ± SEM of at least 3 independent experiments done in triplicate. * p < 0.05.



Viruses 2022, 14, 1798 8 of 21

3.2. Identification of Unr Binding Site in the HIV-1 IRES

An in vitro selection approach (SELEX) has identified two purine-rich unstructured
consensus sequences (Pu)5AAGUA(Pu) or (Pu)8AAC(Pu)3 as preferential binding sites for
Unr [65]. With the aim of mapping the Unr binding site on the HIV-1 IRES, we searched
for the presence of such sequences in regions predicted to be single-stranded within the
minimal active pNL4.3 HIV-1 IRES sequence localized between nucleotides 104–336. We
identified two sequences of this type, namely the (Pu)2(Py)(Pu)2AAGUA(Pu) sequence
at the level of nucleotides 205–215 and the (Pu)8AACA(Pu)3 sequence at the level of
nucleotides 183–197 [14].

Based on the SELEX analysis mentioned before, we designed two IRES mutants of
nucleotides located between positions 210 and 214 in order to reduce the binding affinity to
Unr. To do so, we selected for each position nucleotides that were never found in the RNAs
selected as Unr partner in the SELEX selection, i.e., C or U at positions 210, 211 and 214, A
or C at position 212 and finally, G or A at position 213 [65]. The mutations were inserted
into the HIV-1 IRES cloned in the dual luciferase construct to give the mutU and mutC
constructs (Table 2).

Table 2. Mutations in the HIV-1 IRES sequence to identify Unr binding site.

Clone Sequence

Wild-type sequence 210 AAGUA 214

mutU 210 UUCAU 214

mutC 210 CCAGC 214

mut211 210 AGGUA 214

mut212 210 AACUA 214

mut213 210 AAGAA 214

mut214 210 AAGUG 214

The two IRES mutants, mutU and mutC, tested in the dual luciferase assay showed
a dramatic decrease in IRES activity of, respectively, 75% and 84% in respect with the
wild-type (WT) level in the absence of Unr overexpression (Figure 3A). When Unr was
overexpressed, no IRES activity increase was seen with both mutants, while a 40% increase
was observed for the WT IRES. This loss of sensitivity for the two IRES mutants to Unr
overexpression supported our hypothesis that the 210–214 sequence may be involved
in Unr binding. To exclude the possibility that the observed effect may be due to the
destabilization of the IRES structure by the simultaneous mutation of residues 210–214,
we generated a set of single-point mutated IRESs referred to as mut211, mut212, mut213
and mut214 (Table 2). Such single-point mutations have been shown to not significantly
destabilize the IRES structure [14,15,18,66].

The single-point mutants showed different levels of IRES activity and response to
Unr. Mut211 exhibited a strong reduction (73%) in IRES activity and was not responsive
to Unr overexpression (Figure 3B). A less important reduction in the IRES activity was
observed for mut213 and mut214 with, respectively, 52% and 75% of the WT activity. They
also respond to Unr overexpression, showing an increase in IRES activity of 27% and 60%,
respectively. Interestingly, mut212 IRES activity was 44% stronger than the one of the WT
IRES in the absence of Unr over-expression. Moreover, its response to Unr overexpression
was comparable to the WT one (48% for mut212 vs. 40% for the WT; Figure 3B).
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expression on HIV-1 IRES activity using our dual luciferase system. While NCp7 overex-
pression did not affect HIV-1 IRES activity, it counteracted the stimulating effect of Unr 
overexpression on this activity (Figure 4A). In contrast to NCp7, Gag overexpression in-
creased the IRES activity by about 30%, close to the level of Unr stimulation. When both 

Figure 3. Determination of the activities of mutated HIV-1 IRES with/without Unr overexpression.
(A) MutU and mutC IRES activities with/without Unr overexpression. (B) IRES activities of mut211,
mut212, mut213 and mut214 with/without Unr overexpression. The IRES activity is expressed by the
ratio of Fluc/Rluc luciferase activities in the dual luciferase assay. Measurements were performed in
HeLa cells 24 h post transfection. The ratios are normalized to the ratio of the WT HIV-1 IRES without
Unr overexpression. The construct dl∆EMCV corresponds to an inactive IRES control. Histograms
represent the mean ± SEM of at least 3 independent experiments done in triplicate. ** p < 0.01;
*** p < 0.001.

Taken together, our data strongly suggest that the 210–214 sequence plays an important
role in the HIV-1 IRES activity, being an Unr binding site and that Unr can modulate HIV-1
IRES activity by binding at this site.

3.3. Opposite Effects of Gag and NCp7 on Unr-Promoted HIV-1 IRES Activity

As the HIV-1 5′-UTR harbors several functional domains, including the primary gRNA
packaging signal, psi [67], and the primer binding site (PBS) [68], which are targets of the
NC domain of Gag and NCp7, we wondered whether HIV-1 IRES activity can be modulated
by NCp7 or Gag. Therefore, we investigated the effect of NCp7 and Gag overexpression
on HIV-1 IRES activity using our dual luciferase system. While NCp7 overexpression did
not affect HIV-1 IRES activity, it counteracted the stimulating effect of Unr overexpression
on this activity (Figure 4A). In contrast to NCp7, Gag overexpression increased the IRES
activity by about 30%, close to the level of Unr stimulation. When both Gag and Unr were
overexpressed, their effects on IRES activity were clearly additive, leading to a 60% increase
with respect to the control without any overexpression (Figure 4B). As the main contributor
to the nucleic-acid-binding activity of Gag is the NC domain, which is endowed with a
potent nucleic acid chaperone activity [69–72], it could be hypothesized that the stimulatory
effect of Gag on the IRES activity is driven by its NC domain. We thus overexpressed a Gag
mutant where the NC domain was deleted (Gag∆NC) with the dual luciferase construct.
In line with our hypothesis, this mutant only increased by 11% the HIV-1 IRES activity.
Overexpression of both Unr and Gag∆NC gave the same HIV-1 IRES activity as Unr alone,
in line with the need of the NC domain for the Gag stimulation effect.
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Figure 4. Effect of NCp7 (A) and Gag or Gag∆NC (B) on HIV-1 IRES activity with or without Unr
overexpression. The IRES activity is expressed by the ratio of luciferase activities Fluc/Rluc in
the dual luciferase assay. The measurements were performed in HeLa cells 24 h post transfection.
Histograms represent the mean ± SEM of at least 3 independent experiments done in triplicate.
n.s.—non-significant. * p < 0.05; ** p < 0.01; *** p < 0.001.

3.4. NCp7/Gag and Unr Co-Localize in the Cytoplasm

Since we demonstrated that Gag and NCp7 can modulate the Unr effect on HIV-1 IRES,
and since Jäger et al. identified, by mass spectrometry, Unr as being part of affinity-purified
protein complexes bound to NCp7 and Gag overexpressed in HEK cells [54], our next objec-
tive was to confirm the interaction between Unr and NCp7 and/or Gag. In order to observe
the possible colocalization of NCp7/Gag and Unr, we transiently expressed Unr-mCherry
with NCp7-eGFP or eGFP-Unr with Gag-mCherry in HeLa cells. The cellular distributions
of the fusion proteins were in accordance with the known distributions of the three proteins,
with NCp7 being found in all cell compartments with a preferential localization in the
cytoplasm and the nucleoli (Figure 5A), Gag accumulating at the cell plasma membrane
(Figure 5B) and Unr being mainly cytoplasmic (Figure 5C). Interestingly, Unr and NCp7
were both observed in the cytoplasm in which they colocalized (Figure 5(D3)). In contrast,
no significant colocalization was observed for Gag, which is rapidly transported to the
membrane after its translation (Figure 5(E3)). Neither Gag nor NCp7 expression changed
Unr localization (compare Figure 5 panels D2 and E1 with panel C).
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Figure 5. Colocalization of NCp7 and Gag with Unr in HeLa cells. (A–C) HeLa cells were transfected
with a single plasmid coding for NCp7-eGFP (A), Gag-mCherry (B), eGFP-Unr (C) 24 h before being
fixed with paraformaldehyde and imaged by confocal microscopy. (D,E) HeLa cells were doubly
transfected with constructs overexpressing NCp7-eGFP and Unr-mCherry (D1,D2) or eGFP-Unr and
Gag-mCherry (E1,E2). (D3,E3) show the composite images of (D1,D2) and (E1,E2), respectively. The
bar scale represents 10 µm.

3.5. NCp7 Interaction with Unr Visualized by FRET-FLIM

Since mCherry-Unr was seen to co-localize with NCp7-eGFP in fixed HeLa cells, we
wondered if they could directly interact. To this end, we performed FRET-FLIM (Förster
resonance energy transfer-Fluorescence Lifetime Imaging Microscopy) experiments on live
cells co-expressing the two proteins of interest fused to eGFP and mCherry as fluorescence
donor and acceptor, respectively. FRET between eGFP- and mCherry-labeled proteins only
occurs when the two fluorophores are less than 8 nm apart, a distance corresponding to in-
termolecular protein–protein interactions [73–75]. FRET can be unambiguously quantified
from the fluorescence lifetimes of eGFP-labeled proteins, measured at each pixel of the cell
image, using the FLIM technique. Indeed, FRET resulted in a decrease in the eGFP lifetime
that does not depend on the instrumentation or the concentration of the fluorophores,
thus clearly demonstrating an interaction between the two proteins. As a control, cells
expressing eGFP-Unr in the absence of NCp7 or Gag were imaged (Figure 6(A1)). The
fluorescence lifetime (τ) of eGFP-Unr, as indicated through a color code in Figure 6A, was
found to be very homogeneous over the cell, with a value of 2.37 ± 0.02 ns (Figure 6B),
which is very similar to that of free eGFP (2.39 ± 0.08 ns; [49]). Co-expression of eGFP-
Unr with NCp7 labeled by mCherry at its C-terminus (NCp7-mCherry) or N-terminus
(mCherry-NCp7) resulted in a significant decrease in the fluorescence lifetime, as shown by
the color change in respect to the control (Figure 6(A2,A3), respectively). This was even
more visible when the eGFP-Unr lifetime distribution of all the measured pixels in 20 im-
aged cells was plotted (Figure 6B), showing a significantly shifted distribution towards a
lower lifetime in the presence of mCherry-labeled NCp7. The average lifetime values in
the presence of NCp7-mCherry or mCherry-NCp7 were 2.25 ± 0.05 ns and 2.21 ± 0.04 ns,
respectively (Figure 6C), giving average FRET values of 5.1 and 6.8%, indicating an inter-
action between the two partners [73]. As the FRET percentages were nevertheless rather
low, one possible explanation is that a significant amount of eGFP-Unr may not interact
with NCp7 and exhibit thus a 2.4 ns lifetime that artificially increases the mean lifetime
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that is recovered using a mono-exponential model. To take into account the coexistence of
bound and free eGFP-Unr populations, we analyzed the fluorescence decays with a two
components model: F(t) = α1e−t/τ1 + α2e−t/τ2 where the long-lived lifetime τ2 was fixed
at the lifetime of eGFP-Unr expressed alone (2.37 ns), while the short component τ1 and the
populations (α1 and α2) associated with the two lifetimes were allowed to float. Using this
bi-exponential fluorescence decay model, it appeared that 21–26% of the eGFP-Unr proteins
were able to FRET and thus directly interacted with NCp7-mCherry and mCherry-NCp7,
respectively, with a high FRET efficiency above 35%. This underlines that a significant
fraction of Unr can interact with NCp7, bringing the two fluorophores close to each other.
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G2A (Glycine at position 2 mutated to Alanine) mutant lacking the N-terminus myristoy-
lation motif responsible for the localization of Gag at the plasma membrane. This mutant 
shows a predominantly cytoplasmic localization associated with a low multimerization 
degree even though it retains its full RNA-binding ability. The fluorescence lifetime of 
eGFP-Unr was monitored in HeLa cells without (Figure 7(A1)) or with GagG2A-mCherry 
co-expression (Figure 7(A2)). Using a single population analysis, a significant decrease in 
the fluorescence lifetime of Unr-eGFP (from 2.41 ± 0.02 ns to 2.23 ± 0.07 ns) was observed 
(Figure 7B) when it was co-expressed with GagG2A-mCherry, corresponding to a FRET 
efficiency of 7.5%. As for NCp7, a two populations analysis revealed that around 25% of 
the total Unr-eGFP population was interacting with GagG2A with a strong FRET effi-
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Figure 6. Unr/NCp7 interaction monitored by FRET-FLIM. HeLa cells were transfected with DNA
constructs encoding eGFP-Unr (A1) and NCp7-mCherry (A2) or mCherry-NCp7 (A3). Live cells
were imaged 24 h post-transfection. The eGFP fluorescence lifetime was determined using a single-
exponential model and converted into a color code ranging from blue (1.6 ns) to red (2.4 ns). (B) Dis-
tributions of τ values expressed in ps for cells expressing eGFP-Unr alone (black); eGFP-Unr with
NCp7-mCherry (red) or eGFP-Unr with mCherry-NCp7 (green). (C) Fluorescence lifetimes of eGFP-
Unr, in the presence of NCp7-mCherry or mCherry-NCp7, analyzed by one or two populations
analysis. The lifetimes are expressed as mean ± SEM for about 20 cells. For the two-population anal-
ysis, the long-lived lifetime was fixed to 2.37 ns, and the shorter lifetime as well as its amplitude were
determined and expressed as mean ± SEM for about 20 cells. The lifetime of eGFP-Unr expressed
alone was obtained through a one-population analysis. The bar scale represents 10 µm.

3.6. Gag Interaction with Unr Visualized by FRET-FLIM

Because Gag is rapidly transported to the membrane shortly after its translation in the
cytoplasm, we used to evidence the interaction with Unr, a previously published Gag-G2A
(Glycine at position 2 mutated to Alanine) mutant lacking the N-terminus myristoylation
motif responsible for the localization of Gag at the plasma membrane. This mutant shows a
predominantly cytoplasmic localization associated with a low multimerization degree even
though it retains its full RNA-binding ability. The fluorescence lifetime of eGFP-Unr was
monitored in HeLa cells without (Figure 7(A1)) or with GagG2A-mCherry co-expression
(Figure 7(A2)). Using a single population analysis, a significant decrease in the fluorescence
lifetime of Unr-eGFP (from 2.41 ± 0.02 ns to 2.23 ± 0.07 ns) was observed (Figure 7B) when
it was co-expressed with GagG2A-mCherry, corresponding to a FRET efficiency of 7.5%.
As for NCp7, a two populations analysis revealed that around 25% of the total Unr-eGFP
population was interacting with GagG2A with a strong FRET efficiency (46%).
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single-exponential model and converted into a color code ranging from blue (1.6 ns) to red (2.4 ns).
(B) Fluorescence lifetimes of eGFP-Unr, in the presence of GagG2A-mCherry, were analyzed by one
or two populations analysis. The lifetimes are expressed as mean ± SEM for about 20 cells. For
the two populations analysis, the long lifetime was fixed to 2.41 ns, and the shorter lifetime as well
as its amplitude were determined and expressed as mean ± SEM for about 20 cells. The bar scale
represents 10 µm.

3.7. NCp7 and Gag Interaction with Unr Monitored by Co-Immunoprecipitation

To confirm the interaction between Unr and Gag/NCp7, we performed co-immunoprecipitations
(co-IP) on 293T cells co-transfected with constructs encoding Flag-Unr and NCp7-eGFP.
The immunoprecipitates were analyzed by Western blot. All the fusion proteins were well
overexpressed, as observed in the input lanes 1–5 in Figure 8A. As Flag-Unr is specifically
immunoprecipitated by the anti-Flag antibody (in Figure 8A, compare lanes 8 and 9 with
lane 10), the co-IP of NCp7-eGFP with Flag-Unr (compare lane 9 with lane 8) confirms
that Flag-Unr and NCp7-eGFP interact specifically. The interaction between NCp7 and
Unr was further confirmed by the co-IP of eGFP-Unr with Flag-NCp7 using an anti-eGFP
antibody (data not shown). Moreover, we also performed a pull-down with a synthetic
NCp7 biotinylated at its N-terminus (Biotin-NCp7) and fixed on streptavidin beads before
the addition of 293T cell lysates overexpressing Flag-Unr protein (Figure 8B). A Western
blot using an anti-Flag antibody confirmed the expression of Flag-Unr (Figure 8B lanes 2
and 4) and the specific presence of Unr in the pull-downed fraction with beads covered by
Biotin-NCp7. Finally, no co-IP could be observed when a lysate of cells co-expressing Flag-
Unr and NCp7-eGFP was treated with RNase just before performing the co-IP experiment
(data not shown), suggesting that NCp7 interaction with Unr is RNA-dependent. Of
note, although the co-IP data confirmed the interaction between Unr and NCp7, a more
quantitative comparison with the FRET-FLIM data, especially regarding the interacting
protein population, would be highly speculative as the cells were transfected with different
constructs carrying different tags in the two datasets and the two techniques show different
intrinsic limitations.

As we measured an interaction by FRET/FLIM between GagG2A and Unr, we next
validated this interaction by co-IP experiments. HeLa cells were transfected with different
combinations of constructs coding for Flag-Unr, Gag G2A or a Gag G2A mutant with
a deleted NC domain (Gag G2A-∆NC). All the proteins were correctly expressed, as
revealed by Western blot using an anti-GAPDH on input cell lysates (Figure 9, lanes
1–6). The lysates were subjected to immunoprecipitation with an anti-Flag antibody able
to immunoprecipitate, specifically Flag-Unr (Figure 9, lanes 8, 10, 12 and 13). GagG2A
specifically co-immunoprecipitated only when Flag-Unr was expressed (compare Figure 9
lane 10 with lane 9). In contrast, only a weak co-IP was observed when the NC domain
of GagG2A was deleted (Figure 9 lane 12). Finally, no co-IP was seen when Flag-Unr was
treated with RNase before the co-IP (Figure 9 lane 13), underlining a key role of RNA in the
binding of Gag to Unr.
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with Flag-Unr. 293T cell lysates expressing diverse combinations of proteins of interest after transient
transfection (lanes 1–5) were subjected to immunoprecipitation with protein A beads linked to an
anti-Flag antibody (lanes 6 to 9). The immunoprecipitates were analyzed by acrylamide gel SDS-
PAGE and revealed by Western blot, using anti-eGFP and anti-Flag antibodies diluted to 1/10,000
and 1/4000, respectively. Homogenous loadings were checked using a Western blot against GAPDH
(antibody diluted to 1/5000). Lane 10 corresponds to IP without anti-Flag antibody. (B) Pull-down
of Flag-Unr with biotinylated NCp7 bound to streptavidin beads. 293T cells were transfected with
an empty plasmid or a plasmid coding for Flag-Unr. Then, 48 h post transfection, cell lysates were
added to streptavidin beads alone or streptavidin beads conjugated with biotinylated NC. Input
(lanes 1–4) and the pull-down fractions (lanes 5–8) were analyzed by acrylamide gel SDS-PAGE and
revealed by Western blot, using anti-Flag antibody (diluted 1/4000).

Altogether, these results confirmed the interaction of both NCp7 and Gag with Unr.
They also indicated that Gag/Unr interaction is RNA-dependent and, to a large extent,
mediated by the NC domain.
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Figure 9. Co-immunoprecipitation of Gag G2A with Flag-Unr. 293T cell lysates expressing proteins of
interest after transient transfection (lanes 1 to 6) were subjected to immunoprecipitation with anti-Flag
antibody (diluted to 1/4000) conjugated to protein A beads. The immunoprecipitates were analyzed
by acrylamide gel SDS-PAGE and revealed by Western blot, using anti-Gag antibody (diluted to
1/10,000) (lanes 7–13). In lane 13, the lysate was incubated for 30 min at room temperature with
100 µg/mL of RNAse A before addition of the antibody. Homogenous loadings were checked using
a Western blot against GAPDH (diluted to 1/5000) (lanes 1–6).



Viruses 2022, 14, 1798 15 of 21

3.8. Unr Knockdown Reduces Infection by an HIV-1 Lentivector

To analyze the effect of Unr protein on HIV-1 viral infection, we used, as a model
of the early stages of infection (post-entry to the integration), a non-replicative lentivirus
pseudotyped with the VSV (Vesicular Stomatitis Virus) glycoprotein. In the lentivector
genome, the viral genes were replaced by a Cytomegalovirus CMV promoter driving the
synthesis of firefly luciferase mRNA. The level of cell infection could be monitored by
measuring the enzymatic Fluc activity or the quantity of mRNA coding Fluc in infected
cells. As Unr is part of the cellular translation machinery and the production of firefly
luciferase protein could be influenced by Unr knockdown, we monitored cell infection by
quantifying the Fluc mRNA by RT-qPCR and normalized it to that of the 18S housekeeping
gene mRNA. HeLa cells were infected 48 h after transfection with either a control siRNA
or siRNA against Unr. The reverse-transcriptase inhibitor AZT (zidovudine) was used
as a positive control. In comparison to non-treated cells or cells treated with control
siRNA, we observed a 30% decrease in infection after treatment with a siRNA against Unr.
This decrease has to be compared with the 70% decrease observed when AZT was used
(Figure 10A). The proper Unr knockdown was verified by Western blot in comparison
to GAPDH (Figure 10B). Since this model only mimics the early phase of infection, the
decrease in infection upon Unr knockdown suggests that Unr is important in the early
phase of cell infection.
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Figure 10. Inhibition of infection induced by Unr knockdown. (A) Firefly luciferase mRNA quantifi-
cation by RT-qPCR after infection of HeLa cells with firefly-coding HIV-1 pseudoparticles. HeLa cells
were either non-treated, treated with AZT, control siRNA or siRNA against Unr before infection. The
graph shows the quantification of the luciferase mRNA relative to the mRNA of the housekeeping
gene 18S. The quantification was realized using the delta Ct quantification method. Histograms
represent the mean ± SEM of at least 3 independent experiments done in triplicate. ** p < 0.01;
*** p < 0.001. (B) Control of Unr knockdown after siRNA treatment. Infections were done 48 h after
siRNA transfection using either a control siRNA or a siRNA against Unr. Cell lysates were subjected
to an SDS-PAGE and a Western blot against Unr (antibody diluted to 1/1000) or GAPDH (antibody
diluted to 1/5000) as a loading control 48 h after infection. Of note, the relatively high mRNA level
after AZT treatment is likely the consequence of the contribution of the genomic material of the
incoming virus in the measurements.

4. Discussion

Since Unr has been implicated in the IRES-mediated translation of Poliovirus and
Rhinovirus in addition to cellular IRESs [33–36], we hypothesized in this paper that Unr
could also be implicated in the HIV-1 IRES-dependent translation. In fact, the HIV-1 5′-
UTR bears two IRESs, one in the 5′-UTR found in the gRNA and all viral mRNAs and a
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second one in the Gag coding region which drives the synthesis of Gagp55 and a 40 kDa
truncated form of Gag. Since the HIV-1 IRES was shown to be not functional in RRL
unless supplemented with cellular extracts, especially from G2/M blocked cells, it was
assumed to be regulated by cellular factors. Among the factors reported to increase HIV-1
IRES activity are the heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1), eIF5A, S25,
Staufen [16,76–78] and the Rev co-factors DDX3 and hRIP [16,17]. However, the regulatory
mechanism is likely to differ among those factors.

In this study, we used a dual luciferase system based on cell transfection with a
bicistronic construct in which the firefly luciferase and the renilla luciferase expressions are
under the control of the cap-dependent and the HIV-1 IRES translation, respectively. We
showed for the first time that Unr is an ITAF having a stimulatory action on the activity
of the HIV-1 IRES. Moreover, we identified a single-stranded region between nucleotides
205–215 of the 5′-UTR as a binding site of HIV-1 IRES. This region is located at the bottom
of the PBS loop and close to the NC binding sites [68,79]. Mutations in this sequence greatly
affected the IRES activity. This decrease is probably not linked to a loss of the proper
folding of the HIV-1 IRES, as this IRES was shown to be highly resistant to mutations
and deletions [14,15,18,66]. Three out of four point mutations (mut 211, 213 and 214)
presented a decrease in the IRES activity and response to Unr, with mut211 being almost
totally inactive and non-responsive to Unr overexpression. On the other hand, mut212 was
more active than the WT and showed a more sensitive response to Unr overexpression.
The functional implication of this sequence is in line with a previous study [15], which
identified sequence 202–217 as being able to increase the IRES activity. Furthermore, the
SHAPE reactivity of nucleotides 211–213 was shown to be modified upon aldrithiol-2
(AT-2) treatment, compromising the NC-RNA interaction [15]. Therefore, we speculate that
this RNA region important for Unr-stimulated IRES activity also binds NCp7, which may
explain that NCp7, in our dual-luciferase assay, does not present any stimulatory effect and
even counteracts the Unr action.

Interestingly, Gag was observed to behave differently to NCp7, showing a stimulatory
effect on HIV-1 IRES, which is additive to that of Unr. This effect of Gag is in line with the
ability of this protein to stimulate its own translation when expressed at low concentra-
tion [80], although it has been attributed to the matrix domain rather than the NC domain.
The IRES stimulation observed with Gag in contrast to NCp7, as well as the stimulatory
effect of Gag on its own translation, could be tentatively explained by the differences in the
nucleic acid chaperone properties of the two proteins, especially at low protein concentra-
tions [69,81,82]. Using FRET-FLIM and co-immunoprecipitation experiments, we clearly
evidenced the interaction of both mature NCp7 and Gag with Unr, confirming the physical
interaction between these proteins predicted by Jäger et al. [54]. We further showed that
this interaction is RNA dependent and that, in the case of Gag, it is mainly mediated by
its NC domain. The RNA dependence of the interaction is consistent with the fact that
Unr [65,83] as well as NCp7 and Gag [84,85] are RNA-binding proteins and that other
NC interactions with host proteins were reported to be RNA dependent [86]. This RNA
dependence raises the possibility that the observed interaction between the proteins may
simply correspond to their random binding to the same RNAs. This hypothesis could be
easily refuted by our FRET-FLIM data showing that up to 26% of the eGFP-Unr proteins
were able to FRET with mCherry-labelled NCp7 with a FRET efficiency greater than 35%.
Assuming a Förster distance of 5 nm for the pair (eGFP, mCherry), this means that the
average distance between the two fluorescent proteins is less than 5.5 nm. Knowing that
the two fluorescent proteins have a similar molecular weight and that eGFP resembles a
cylinder with a length of 4.2 nm and a diameter of 2.4 nm (Hink et al., 2000), our data
demonstrate that the two fluorescent proteins should be in physical contact or separated by
less than 2 nm. This can obviously only be achieved by a direct interaction between the two
chimeric proteins and not by their random binding to nucleic acids. The second evidence
comes from our data using synthetic biotinylated NCp7 (Figure 8B), showing that Unr can
be specifically pulled down from a lysate of cells expressing Flag-Unr by this bead-coupled
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synthetic NCp7. Again, such an efficient pull down by random binding of NCp7 and Unr
to the same RNAs would be highly unlikely. Therefore, RNA can be seen as a scaffold that
promotes the direct interaction between Gag or NC with UNR. The functional implication
of Unr in HIV-1 infection was tested using non-replicative lentiviral VSV- pseudotyped par-
ticles which mimic the early phase of the infection (entry to integration). Unr knockdown
induced a 30% decrease in infection, suggesting that Unr is implicated in the early phase of
the viral life cycle, most probably in the reverse transcription or integration step. It can be
speculated that due to its ITAF properties, Unr acts as an RNA chaperone so that via its
interaction with NCp7, both proteins can chaperone the reverse transcription.

Early in the late phase of infection, HIV-1 proteins are translated by a cap-dependent
mechanism, which is then shut down by a cell cycle G2/M arrest [87]. At this point, Unr,
being overexpressed in G2/M, may stimulate the HIV-1 IRES in synergy with Gag. Thus,
Gag is thought to recruit Unr to the viral RNA specifically encapsidated by Gag [88] in order
to optimize its translation and sustain an important viral protein production. In contrast, as
the viral RNA is thought to be entirely coated by NCp7 in the reverse transcription complex
and as NCp7 counteracts the Unr stimulating activity on the IRES, it may be hypothesized
that NCp7 protects the gRNA from Unr-mediated IRES stimulation.

5. Conclusions

In conclusion, we validated by co-immunoprecipitation and FRET-FLIM the interaction
of Unr with NCp7 as a mature protein or as a domain of Gag. The interaction was found to
be RNA-dependent. We also demonstrated the importance of Unr in the early phases of the
viral infection and showed for the first time the role of Unr as an ITAF for HIV-1 IRES. The
effect of Unr on IRES activity was found to be counteracted by NCp7 and additive to Gag.
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