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Hervé Seitz4, Stéphane Emiliani1,2,3,* and Sarah Gallois-Montbrun1,2,3,*

1INSERM, U1016, Institut Cochin, Paris 75014, France, 2CNRS, UMR8104, Paris 75014, France, 3Université Paris
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ABSTRACT

Argonaute (Ago) proteins associate with microR-
NAs (miRNAs) to form the core of the RNA-
induced silencing complex (RISC) that mediates
post-transcriptional gene silencing of target mRNAs.
As key players in anti-viral defense, Ago proteins are
thought to have the ability to interact with human im-
munodeficiency virus type 1 (HIV-1) RNA. However,
the role of this interaction in regulating HIV-1 replica-
tion has been debated. Here, we used high through-
put sequencing of RNA isolated by cross-linking im-
munoprecipitation (HITS-CLIP) to explore the interac-
tion between Ago2 and HIV-1 RNA in infected cells.
By only considering reads of 50 nucleotides length
in our analysis, we identified more than 30 distinct
binding sites for Ago2 along the viral RNA genome.
Using reporter assays, we found four binding sites,
located near splice donor sites, capable of repress-
ing Luciferase gene expression in an Ago-dependent
manner. Furthermore, inhibition of Ago1 and Ago2
levels in cells expressing HIV-1 led to an increase
of viral multiply spliced transcripts and to a strong
reduction in the extracellular CAp24 level. Depletion
of Dicer did not affect these activities. Our results
highlight a new role of Ago proteins in the control
of multiply spliced HIV-1 transcript levels and viral
production, independently of the miRNA pathway.

INTRODUCTION

More than 100 different viral transcripts have been identi-
fied in HIV-1 infected cells by deep sequencing (1). These
transcripts are generated through alternative splicing of a
single primary transcript of approximately 9-kb in size. This
unspliced (US) pre-mRNA can either be packaged into vi-
ral particles as viral genomic RNA (gRNA) or used as
mRNA for the production of Gag and Gag/Pol proteins.
It can also be processed through the presence of four ma-
jor splice donor sites (SD1–SD4) and seven acceptor sites
(SA1–SA7). Additional cryptic donor and acceptor sites
have also been identified. Spliced RNAs can be divided in
two classes: multiply spliced (MS) RNAs (of ∼1.8-kb) that
are produced early during infection and that encode the reg-
ulatory viral proteins Tat, Rev and Nef and singly spliced
(SS) mRNAs (of ∼4-kb) that are produced as the infec-
tion progresses for the synthesis of Env, as well as auxil-
iary proteins Vif, Vpr and Vpu. HIV-1 splicing has to be
highly orchestrated to allow the balanced production of vi-
ral RNAs and proteins. Splicing efficiency is dependent on
the sequence of the 5′ splice site and its degree of com-
plementarity to U1 snRNA. In addition, the presence of
splicing regulator elements nearby splicing acceptor sites al-
lows the recruitment of cellular factors that interact with the
splicing machinery. These factors belong for the majority
to the splicing regulatory hnRNP or serine/arginine (SR)-
rich protein families that either promote or repress splicing.
Splicing is also influenced by local structures of the splicing
donor sites (2,3).
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Argonautes are highly conserved proteins that play a key
role in gene-silencing pathways via direct interaction with
small non-coding RNAs such as short interfering RNAs,
microRNAs (miRNAs) and PIWI-interacting RNAs. In
humans, eight Argonaute proteins are divided in two fami-
lies, the Argonaute (Ago) subfamily that comprises Ago1
through Ago4 and the PIWI subfamily. MiRNAs are 19
to 24 nucleotides single stranded RNAs typically generated
from precursor miRNAs by the RNAseIII enzyme Dicer.
MiRNAs associate with one of the four Ago proteins lead-
ing to the formation of the RNA induced silencing com-
plex (RISC). Once loaded into the RISC, the miRNA tar-
gets specific regions of mRNAs. The binding of Ago pro-
teins to the transcripts in the cytoplasm results in post-
transcriptional gene silencing (4). In addition to their role in
post-transcriptional gene silencing, several studies have re-
cently reported that Ago1 and Ago2 can also exert nuclear
functions in mammalian cells such as RNA-mediated tran-
scriptional gene silencing (5–8), transcriptional gene activa-
tion (9,10), DNA repair (11,12) and regulation of alterna-
tive splicing. Kornblihtt et al. originally reported that du-
plex RNAs targeting pre-mRNA could regulate alternative
exon inclusion. This effect required Ago1 and correlated
with an increase in local heterochromatin marks (13). Sub-
sequent work in Drosophila and human cells showed that
Ago1 and Ago2 proteins have the ability to control alterna-
tive splicing patterns of many cellular transcripts (14–16).

Several evidences also support a role of the small RNA
pathways interplay in HIV-1 replication (17). However, its
real implication is still debated. Studies indicated that HIV
infection alters the expression of cellular miRNAs (18–21),
even if these effects appear limited at early times after infec-
tion (22). Furthermore, specific cellular miRNAs were iden-
tified to target the HIV genome and to inhibit viral repli-
cation (23–25) and effector proteins of the RNAi pathway
were shown to be involved in the inhibition of HIV-1 vi-
ral production and/or infectivity (25–27). However, a re-
port from Bogerd et al. suggested a moderate role, if any,
of miRNA in HIV viral particle production and infectiv-
ity (28). HIV-1-derived small non-coding RNAs (sncRNAs)
were identified in HIV-1 infected cells by deep sequencing,
but their level of expression was relatively low compared
to total small RNAs (22,29–32). In addition, the size of
these viral sncRNAs is somehow heterogeneous and does
not cluster at the 22 ± 2 nt size usually observed for cel-
lular miRNAs suggesting that these viral products are not
directly involved in small RNA canonical pathways (22).
HIV-1 transcripts were shown to associate with Ago2 us-
ing RNA immunoprecipitation approaches (25,26,33). Fur-
thermore, although high-throughput sequencing of RNAs
isolated by cross-linking immunoprecipitation failed to de-
tect the presence of viral sncRNA associated with Ago2-
RISC in infected macrophages (32), Ago binding sites on
HIV-1 RNA genome were identified in HeLa and CD4+
lymphocyte cells infected with HIV-1 (22). Knockdown of
Ago2 expression decreases the production of virions (33,34)
and partial simultaneous knockdown of the 4 Ago proteins
in HIV-1 producer cells also resulted in moderate decrease
in viral production, and a 4-fold increase of the infectiv-
ity of progeny virions (27). However, the mechanisms by

which Ago affects the viral replication and the importance
of miRNA in this process remain unclear.

In this study, we aimed to clarify the role of Ago2 in HIV-
1 infection. We showed that Ago2 binds preferentially to un-
spliced HIV-1 pre-mRNA. By using an Ago2-HITS-CLIP
strategy, we identified distinct regions of HIV-1 RNA that
are associated to Ago2-RISC. In particular, several Ago2
binding regions overlapping with the HIV-1 splice donor
sites in the context of the viral gRNA were functionally
validated using a dual reporter assay. The recruitment of
Ago proteins on these regions appears to be independent
on the presence of miRNAs. We characterized the effect of
Ago1 and Ago2 downregulation on HIV-1 mRNA levels
and showed that Ago proteins modulate the production of
multiply spliced viral transcripts. Ago proteins are also in-
volved in the production of viral particles. Both effects ap-
peared to be independent on the miRNA pathway.

MATERIALS AND METHODS

Cell culture

HEK293T, HeLa, HeLa P4.2 and HeLa TZM-bl cells were
cultivated at 37◦C and 5% CO2 in Dulbecco’s modified Ea-
gle’s medium medium (Life Technologies) supplemented
with 10% fetal calf serum (Life Technologies). Jurkat cells
were cultivated at 37◦C and 5% CO2 in RPMI medium (Life
Technologies) supplemented with 10% fetal calf serum (Life
Technologies).

Knockout and knockdown cell lines

pTAL-DicerL and pTAL-DicerR plasmids were as-
sembled into the pTALEN-V2 backbone accord-
ing to the Unit Assembly Methodology (modified
from (35)). These constructs allow the expression of
a TALEN nuclease pair targeting the following se-
quence of the second exon of human Dicer1 gene:
ttctgctgaagtctcccctgatctgataggacagctctttagtgagtagta
(with TALEN-DicerL and TALEN-DicerR binding
site sequences indicated in bold). HeLa P4.2 cells were
transfected with pTAL-DicerR and pTAL-DicerL using
Lipofectamine LTX (Life technologies) and incubated
for 24 h. To increase TALEN efficiency, they were trans-
ferred at 30◦C for 3 days. The next day, single cells were
isolated using a BD Biosciences FACSAria III. Clonal
populations were expanded, and whole cell extracts
were screened for Dicer depletion by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
and immunoblotting using anti-Dicer antibody (N167/7,
Merck Millipore). One Dicer knockout cellular clone
(Dicer KO) was selected for further analysis.

LentiCRISPRv2-Ago2 expression plasmid expressing
single-guide RNA targeting exon 2 of Ago2 gene was gen-
erated by annealing and cloning the following primers:
caccgtcaagccagagaagtgcccg and aaaccgggcacttctctggcttgac
into the lentiCRISPRv2 (36). HEK293T cells were trans-
fected either with lentiCRISPRv2-Ago2 or empty lenti-
CRISPRv2 as control using Lipofectamine LTX (Life tech-
nologies). Forty-eight hours later, viral particles were har-
vested and used to transduce HeLa cells. Cells were selected
in medium supplemented with puromycin for 15 days. Cells
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transduced with empty lentiCRISPRv2 were used as control
cells. Data acquisition and data analysis were performed on
the Cochin Cytometry and Immunobiology core Facilities.
Single cells were isolated from lentiCRISPRv2-Ago2 trans-
duced cells using a BD Biosciences FACSAria III and ex-
pression of Ago2 in the cell clones was analyzed by SDS-
PAGE and immunoblotting. One cell clone knockout for
Ago2 (Ago2 KO) was selected for further analysis.

Ago2 KO cells were transduced with shRNA against
Ago1 and selected with puromycin for 7 days. As control,
HeLa cells transduced with empty lentiCRISPRv2 were
transduced with shRNA scramble. Inhibition of Ago1 and
Ago2 expression was monitored by Western blot analysis
using anti-Ago1 (4B8, Merck Millipore), anti-Ago2 (11A9,
Merck Millipore) and anti-Tubulin (Sigma Aldrich) anti-
bodies.

Virus stock production

Stocks of VSVg pseudotyped NL4-3 HIV-1 viruses were
generated by transfecting 3 × 106 HEK293T cells with
pNL4-3 and VSVg (pMD.G) expression vectors using
polyethylenimine (PEI) (PolySciences). Virus-containing
supernatant was collected 48 h later, filtered and purified by
ultracentrifugation on a sucrose cushion. HIV-1 CAp24 was
quantified by ELISA (Perkin Elmer). Infectious viral titers
were assessed by infection of HEK293T or Jurkat cells with
a serial dilution of virus stocks. Twenty-four hours post-
infection, intracellular CAp24 was immunostained with an
anti-CAp24 antibody (KC57-FITC, Coulter) and the per-
centage of infected cells determined by FACS analysis.

Cross-linking and immunopurification (CLIP) of endogenous
Ago2

A total of 15 × 106 Jurkat cells were infected with VSVg
pseudotyped HIV-1 viruses at a multiplicity of infection
(M.O.I.) of 1. Twenty-four hours later, infected cells were
rinsed, resuspended in ice cold 1X phosphate buffered saline
(PBS) and irradiated at 400 mJ/cm2 and 200 mJ/cm2 sub-
sequently using a Stratalinker 2400. Cell pellets were frozen
at −80◦C, thawed on ice in lysis buffer (1X PBS, 0.5%
NP40, 6 mM MgCl2, 2 mM dithiothreitol, 1X complete
ethylenediaminetetraacetic acid (EDTA)-free protease in-
hibitor (Roche)), digested with 60 U of Turbo DNaseI (Am-
bion) during 10 min at 37◦C and centrifuged 10 min at 1000
rpm at 4◦C. Aliquot of supernatant was kept for subse-
quent protein and RNA analysis before IP (input). The rest
was incubated overnight with Protein G Dynabeads previ-
ously incubated with an anti-Ago2 antibody (11-A9, Merck
Millipore) or a mixture of Rat IgGs as control. Dynabeads
were washed 5 times with Wash buffer (5X PBS, 1% NP40,
1% Sodium Deoxycholate, 6 mM MgCl2, 2 mM dithiothre-
itol, 0.1% SDS, 1X Complete EDTA-free protease inhibitor
(Roche)) and resuspended in 1X PBS. One-fifth was kept
for Western blot analysis and the rest was subjected to pro-
teinase K digestion in PK/urea buffer (100 mM Tris-HCl
pH 7.5, 50 mM NaCl, 10 mM EDTA and 7 M urea) con-
taining 4 mg of proteinase K (Roche). Input fraction was di-
gested similarly for RNA extraction. RNAs from CLIP and
Input were extracted using TRIzol LS reagent (Life Tech-
nologies), and precipitated with ethanol:isopropanol (1:1

ratio) and GlycoBlue (Ambion). RNAs were quantified by
RTqPCR.

Relative quantification of RNA by RTqPCR

RNAs were reverse transcribed using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems) and
quantified by real-time PCR with a LightCycler 480 SYBR
Green I Master (Roche) using specific primers for genomic
US, singly spliced (SS), multiply spliced (MS) and Total vi-
ral cDNA, as well as for IRF3, GAPDH and Actine cDNA
(Supplementary Table S3) (37).

GFP-Ago2 HITS-CLIP

HITS-CLIP procedure was adapted from (38). Briefly,
HEK293T cells were transfected with pT7-EGFP-C1-
HsAgo2 or pT7-EGFP-C1 (a kind gift of Elisa Izaur-
ralde’s laboratory) using FuGENE 6 (Promega). Twenty-
four hours post-transfection, cells were infected with VSVg
pseudotyped HIV-1 viruses at M.O.I. of 1 or mock in-
fected. Twenty-four hours later, a sample was collected to
assess GFP or GFP-Ago2 expression and the level of infec-
tion by intracellular CAp24 staining. Flow cytometry con-
firmed that at least 75% of the cells productively express-
ing the protein of interest were infected. Cells were irra-
diated, pelleted, resuspended in lysis buffer supplemented
with RNAsin (Ambion) and treated with Turbo DNaseI
as described before. One-fifteenth of each sample was con-
served as input for subsequent RNA extraction and cDNA
library preparation. The rest was partially digested with 50
U of RNaseI (Ambion) for 7 min at 37◦C. As a preclearing
step, cell lysates were first incubated with uncoupled Dyn-
abeads for 1 h 30 at 4◦C. Precleared cell lysates were then
incubated with Dynabeads previously coupled to an anti-
GFP antibody (Roche). Dynabeads were washed 4 times
with Wash buffer supplemented with 4 M urea and twice
with 1 ml of PNK buffer (10 mM MgCl2, 0.2% Tween20,
20 mM Tris-HCl pH7.4). RNAs were dephosphorylated
on beads with Fast-AP (Fermentas) and radiolabeled with
32P� -ATP using T4 PNK (NEB). Beads were washed an-
other 4 times with Wash buffer supplemented with 4 M
urea. Finally, samples were separated on a 4–12% gradient
SDS-PAGE (Life Technologies) and transferred onto nitro-
cellulose membrane (GE Healthcare). RNA–protein com-
plexes were visualized on film. Pieces of membrane between
125 and 225 kDa, corresponding to Ago2-bound RNAs up
to 300 nucleotides, were excised and incubated in PK/urea
buffer containing 4 mg of proteinase K (Roche). RNAs were
extracted using TRIzol LS (Life technologies) as described
earlier and precipitated with ethanol: isopropanol (1:1) and
1 �l of GlycoBlue (Ambion). cDNA libraries were prepared
using the TruSeq small RNA sample kit (Illumina). cDNAs
were amplified by 15 cycles of PCR and run on a TBE-
urea polyacrylamide gel. Products ranging from 145 to 200
base pairs (corresponding to cDNA fragments between 20
and 75 base pairs without the adapters) were excised and
recovered. The quality of the libraries was assessed with
Agilent Technologies Bioanalyzer and concentrations were
measured by qPCR using Kapa Library Quantification Kit
(Kapabiosystems). cDNA libraries were sequenced by the
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MGX core facility (Montpellier GenomiX) on an Illumina
HISeq2000 with 50 nucleotides run length.

Data analysis

Reads of low quality were discarded, adapter sequences
were trimmed and sequences were sorted according to
the specific barcodes used in each condition of IP us-
ing cutadapt software (https://cutadapt.readthedocs.org/en/
stable/). Cleans reads were then mapped to HIV-1 NL4-3
sequence (GenBank ID: AF324493.2) or hg19 UCSC H.
sapiens genome. In a first analysis, trimmed reads of at least
15 nucleotides length were mapped using Bowtie software
(http://bowtie-bio.sourceforge.net/index.shtml with the fol-
lowing parameters: -a -n1 –best –strata). HITS-CLIP clus-
ters were defined using Piranha software (39) with a 50 nu-
cleotides bin, following a negative binomial distribution.
Enrichment was determined by P-values < 0.05.

In a second analysis, we aim to rule out reads that could
correspond to sncRNAs from viral origin present in the
IP. For this, only reads to a range of 5 to 12 nucleotides
without a perfect match to the 3′ adapter were consid-
ered. For subsequent analysis, we used a match of 7 nu-
cleotides that give the best compromise for both adapters
and long reads recognition. In order to find the best align-
ment parameters, long reads were aligned using Bowtie2
(http://bowtie-bio.sourceforge.net/bowtie2/) to the concate-
nation of the human and viral genome with variable com-
binations of seed substring (-L), tolerated mismatches per
seed (-N) and interval between seed substring (-i). The best
mapping statistics to the reference were obtained by using -
L 3 -N 0 -i S,1,1.5, parameters tolerating mismatches that in-
creased sensitivity but turned the alignment long to run. In
order to exclude ambiguous reads, we aligned long reads to
the human and viral genomes. Viral mappers not present in
the human alignment were selected. Exclusively viral reads
were mapped on each of HIV-transcripts using the -a option
of Bowtie2. To identify HIV-1 clusters that are enriched in
the IP, read coverage throughout the HIV genome was cal-
culated, normalized by the number of hits and sequencing
depth. For the calling of chimeras in HITS-CLIP data us-
ing hyb (40), HITS-CLIP reads were pre-processed select-
ing Flexbar preprocessing, trimming reads from 3′ end with
a minimum read length of 17, then chimeras where called
using hyb default parameters against a custom database of
human and viral RNAs.

Dual Luciferase assay

HIV-1 clusters and controls as well as miR target se-
quences (Supplementary Tables S1 and S2) were inserted
into PsiCHECK-2 vector (Promega) either by primer an-
nealing or by PCR amplification. HEK293T and HeLa cells
were transfected with PsiCHECK-2 constructs using Fu-
Gene 6 (Promega) and Lipofectamine LTX (Life Technolo-
gies), respectively. Seventy-two hours post-transfection, Re-
nilla (RLuc) and Firefly (FLuc) luciferase activities were
quantified using the Dual-Luciferase Reporter Assay Sys-
tem (Promega) on a BMG Labtech microplate reader. The
mirVana miR92a inhibitor (ThermoFisher Scientific) or
control were transfected in HEK293T cells using Lipo-
fectamine RNAiMAX (Life Technologies) and 48 h later,

cells were transfected with PsiCHECK-2 constructs. Rela-
tive Luciferase activity was assessed as described earlier.

HIV-1 RNA splicing and virus production

Dicer KO or Ago2 KO/ Ago1 KD cells were transfected
with pNL4-3 plasmid using Lipofectamine LTX (Life Tech-
nologies), washed with 1X PBS 24 h later and cells and
virus containing supernatants were collected 72 h after
transfection. Level of CAp24 was quantified by ELISA
in the cells extract and in the supernatant. Virus contain-
ing supernatants were used to infect HeLa TZM-bl in-
dicator cells in serial dilutions. Twenty-four hours post-
infection, whole cell lysates were assayed for induction of
�-galactosidase expression using the Luciferase Assay Sys-
tem (Promega). Infectivity was expressed as Luciferase level
normalized to the level of CAp24 quantified in the super-
natant. Cell lysates were analyzed by immuno-blotting us-
ing anti-CAp24 (ARP366, National Institute for Biologi-
cal Standards and Control (NIBSC)) and amounts of Gag
products were quantified on a Fusion FX (Vilber Lour-
mat) apparatus. RNA was extracted from cells extracts us-
ing RNeasy Mini kit (QIAGEN), reverse transcribed and
resulting cDNA was used to quantitate HIV mRNAs lev-
els by real-time PCR using specific sets of primers for to-
tal RNA, unspliced, singly spliced and multiply spliced vi-
ral RNAs (Supplementary Table S3). For semi-quantitative
PCR analysis, the same amount of total viral RNA was used
for amplification with oligonucleotides primers specific for
the 1.8-kb and 4-kb viral transcripts as described in (41).
Amplification products were visualized on 1% agarose gels
stained with Ethidium Bromide.

RESULTS

Ago2 binds to HIV-1 RNAs in infected cells

Several reports using RNA immunoprecipitation ap-
proaches recently showed that Ago2 interacts with HIV-
1 RNAs in transfected cells (25,26,33). In order to fur-
ther address the specificity of this interaction in infected
cells, we used a CLIP assay that includes an ex vivo UV
cross-linking step prior to cell lysis to capture RNA pro-
tein interactions in their native architecture and to min-
imize post-lysis re-association of miRNAs and mRNAs
with Ago2 (42). CLIP of endogenous Ago2 was first per-
formed from HIV-1 infected Jurkat T-lymphocyte cell line.
RNAs bound to endogenous Ago2 were immunoprecipi-
tated, purified and quantified by RT-qPCR. Similarly to
what was previously observed in HEK293 cells (43), cel-
lular IRF3 mRNA was co-immunoprecipitated with Ago2
in Jurkat cells (Figure 1). It was therefore used as a pos-
itive control of Ago2-IP. The US HIV-1 gRNA was ef-
ficiently co-immunoprecipitated with Ago2, at levels that
were similar to IRF3 mRNA. On the contrary, the level of
co-immunoprecipitated multiply spliced HIV-1 RNAs was
more than 6-fold lower than the US HIV-1 gRNA (Figure
1), indicating that Ago2 preferentially binds to viral gRNA
in HIV-1 infected Jurkat cells. A similar interaction was also
observed in HEK293T and HeLa cells as well as in IP of
Myc-tagged Ago2 and GFP-tagged Ago2 proteins (data not
shown).
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Figure 1. Ago 2 binds to HIV-1 RNAs in infected cells. Jurkat cells were
infected with VSV-G-pseudotyped HIV NL4-3 at a multiplicity of infec-
tion (M.O.I.) of 1. Twenty-four hours later, cells were subjected to UV
cross-linking and RNA–protein complexes were immunoprecipitated us-
ing an anti-Ago2 antibody or control IgGs. Immunoprecipitated (IPed)
RNA was quantified by RTqPCR using primers specific for IRF3, un-
spliced (US) and multiply spliced (MS) HIV-1 RNAs, and Actin. IPed
RNA values are presented as fraction of input RNA prior to immuno-
precipitation (IP/input) and normalized to those of IRF3. Values are pre-
sented as means ± SD (n = 5). One-fifth of the sample was visualized by
immunobloting using an anti-Ago2 antibody.

HITS-CLIP mapping of Ago2 binding regions on HIV-1
RNA

To precisely map the Ago2 binding regions on the HIV-1
RNA genome, we employed a high-resolution approach us-
ing high throughput sequencing of RNA isolated by CLIP.
As high level of specificity during the IP is essential for
HITS-CLIP, several antibodies against endogenous Ago2
and tagged versions of Ago2 protein were tested. Immuno-
precipitation of the GFP-tagged Ago2 (GFP-Ago2) using
an anti-GFP antibody and wash buffers supplemented with
4 M urea resulted in the most specific HIV RNA enrichment
relative to control (data not shown). HITS-CLIP experi-
ments were thus performed from GFP-Ago2 transfected
293T cells infected with VSVg pseudotyped HIV-1. Endoge-
nous CAp24 staining and FACS analysis indicated that 75–
90% of transfected cells were infected. Twenty-four hours
after infection, cells were UV-irradiated at 254 nm to freeze
RNA–proteins interactions as mentioned earlier. Whole cell
lysates containing both cytoplasmic and nuclear fractions
were digested by DNase treatment and 1/15th was kept for
subsequent small library preparation (Input). The rest was
subjected to partial RNAse I treatment and GFP immuno-
precipitation was performed under highly stringent condi-
tions. Immunopurified RNAs were radiolabeled, separated
on SDS-PAGE and transferred to nitrocellulose membrane.
Autoradiograms revealed the presence of RNA–protein
complexes migrating from 125 kDa, the expected size of
GFP-Ago2, to higher molecular weights corresponding to
the size distribution of RNAs associated with GFP-Ago2

(Figure 2A). The levels of RNAs cross-linked to GFP-Ago2
were similar in presence or absence of infection but were
highly enriched compared to the control GFP immunopre-
cipitation, confirming the specificity of our IP conditions.
Ago2-RNA complexes migrating between 125 kDa and 225
kDa, corresponding to nucleic acids up to 300 nucleotides
length, were extracted from the nitrocellulose membrane.
Ago2 cross-linked RNAs were purified and reverse tran-
scribed to generate small cDNA Illumina libraries. cDNA
ranging from 20 to 75 base pairs were purified for subse-
quent deep sequencing. Libraries were also generated from
GFP control samples. However, the levels of cDNA ob-
tained from these samples were not sufficient for subsequent
deep sequencing. High throughput sequencing was con-
ducted on small RNA libraries generated from six indepen-
dent Ago2-GFP HITS-CLIP experiments prepared from
either uninfected or HIV-1 NL4-3 infected cells and their
corresponding inputs. HITS-CLIP experiments yielded be-
tween 15 and 24 millions sequencing reads and inputs be-
tween 17 and 30 millions sequencing reads (Table 1).

Ago2 HITS-CLIP analysis

To assess the quality of our HITS-CLIP experiments, we
first uploaded our sequencing reads to the CLIPZ soft-
ware, specifically dedicated to HITS-CLIP data analysis
(44). The number of distinct reads mapping to the human
genome and the quality of the sequences were similar to
other Ago2 HITS-CLIPs analyzed with the CLIPZ tool
(data not shown). The alignment of reads in the input and in
the HITS-CLIP experiments showed that whereas rRNAs,
tRNAs and mRNAs were the predominant reads in the in-
put (45%, 12% and 17%, respectively), a 2.5-fold enrich-
ment of mRNAs, but not of snoRNAs, snRNAs, rRNAs or
tRNAs, could be observed in the HITS-CLIP (Figure 2B).
We did not observe any enrichment in miRNAs likely be-
cause our HITS-CLIP procedure favored long reads over
short ones. We then sought to identify Ago2 binding sites
on the viral gRNA. For this, HITS-CLIP data were an-
alyzed in two different ways. First, trimmed reads longer
than 15 nucleotides were aligned to the viral genome with
a maximum of one mismatch allowed. Ago2 binding se-
quences were identified by overlapping reads and by identi-
fying statistically significant peaks above background (cut-
off of P-value < 0.05). The three HITS-CLIP experiments
were highly reproducible and led to the identification of sta-
tistically significant clusters representing regions of HIV-
1 RNA genome that were bound by Ago2 (Supplemen-
tary Figure S1). These sequences could either correspond to
sncRNAs from viral origin that are loaded into Ago2 com-
plexes or to Ago2 target sites on the viral genome. To iden-
tify Ago2 binding sites on the HIV-1 genome, we then re-
fined our analysis: small trimmed reads of miRNA sizes (be-
tween 18 and 30 nt) were discarded and only long reads of
50 nucleotides were considered. Using a homemade pipeline
based on Bowtie2, they were first aligned to the human and
viral genome with parameters tolerating mismatches. In a
second round, solely viral reads were mapped to the viral
transcripts, with parameters tolerating mismatches. Search-
ing for all possible alignments, we determined read coverage
on HIV-1 genome normalized by the number of hits and se-
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Figure 2. HITS-CLIP reveals HIV-1 regions bound by Ago2 in HIV-1 infected cells. (A) HEK293T cells were transfected with plasmid expressing ei-
ther GFP-Ago2 or control GFP. Twenty-four hours later, they were infected with VSVg-pseudotyped HIV-1 NL4-3 at a M.O.I. of 1 or mock infected.
Twenty-four hours later, cells were subjected to UV cross-linking and RNA–protein complexes were subjected to immunoprecipitation using an anti-GFP
antibody. IPed RNA was radiolabeled with [� -32P]ATP and samples resolved on SDS-PAGE. Radiolabeled RNA was visualized by autoradiography.
RNAs migrating at a higher molecular mass than the protein of interest (GFP-Ago2:RNA, between 125 and 225 kDa) were extracted from the membrane,
reverse transcribed into cDNA and subjected to high throughput sequencing. (B) Reads obtained from non-infected (NI) and infected (INF) samples were
uploaded to CLIPZ software. Reads that aligned to the human genome were sorted into categories: messenger RNA (mRNA), microRNA (miRNA),
ribosomal RNA (rRNA), repeat, small non-coding RNA (snRNA), small nucleolar RNA (snoRNA), transfer RNA (tRNA) and other. Pie charts cor-
respond to the distribution of the mean value of three biological replicates. (C) Reads obtained from infected samples were aligned to the HIV-1 NL4-3
sequence. Only reads ≥50 nucleotides length that aligned once without mismatch were considered for this analysis. Reads obtained from three independent
HITS-CLIP experiments are presented in shades of orange and those obtained from the corresponding inputs in shades of blue. The map of the HIV-1
genome is presented below. Splice donor (D) and acceptor (A) sites are indicated. Peaks corresponding to clusters 2, 13, 16, 21, 25 and 30 are indicated by
arrows.
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Table 1. Overview of Input and Ago2 HITS-CLIP libraries analyzed

Raw readsa
Long readsb

(>50 nt)
Mapped readsc (viral
and human) Human readsd Viral readse Viral readsf (%)

Input NI-1 29 137 393 7 032 622 5 149 468 5 149 431 37 0.0007
Input NI-2 21 300 694 6 409 883 4 975 413 4 975 370 43 0.0009
Input NI-3 17 054 506 5 838 978 4 494 867 4 494 834 33 0.0007
Input INF-1 29 770 061 7 421 651 5 630 864 5 576 248 54 616 0.97
Input INF-2 20 803 549 5 475 336 4 158 674 4 131 255 27 419 0.66
Input INF-3 23 078 959 7 219 948 5 719 199 5 699 776 19 423 0.34
HITS-CLIP NI-1 15 914 798 3 234 726 932 011 931 378 633 0.07
HITS-CLIP NI-2 18 694 075 3 464 826 1 006 016 1 005 525 491 0.05
HITS-CLIP NI-3 24 112 728 7 043 654 3 289 780 3 289 516 264 0.01
HITS-CLIP INF-1 20 467 291 4 880 930 1 243 965 933 335 310 630 24.97
HITS-CLIP INF-2 20 288 674 5 267 660 2 217 001 2 041 903 175 098 7.90
HITS-CLIP INF-3 17 429 237 5 220 204 2 616 627 2 258 067 358 560 13.70

aNumber of high quality reads obtained from the sequencing of each library.
bNumber of reads longer than 50 nucleotides.
cNumber of reads that aligned either to NL4-3 HIV-1 sequence (GenBank ID: AF324493.2) or to the hg19 UCSC H. sapiens genome.
dNumber of reads that aligned exclusively to the human genome.
eNumber of reads that aligned exclusively to NL4-3 HIV-1 sequence.
fPercentage of reads that aligned to NL4-3 HIV-1 sequence amongst the total number of reads assignable either to HIV-1 sequence or to human genome
(Column c).

quencing depth. The numbers of reads obtained after each
step of this analysis are summarized in Table 1. The few
reads detected in the non-infected samples may be due to
small contaminations during the HITS-CLIP procedure, li-
brary preparation or deep sequencing. Less than 1% of the
total reads mapped to HIV-1 genome in the inputs, 99% be-
ing from cellular origin. After Ago2 IP, between 8 and 25%
of the reads mapped to HIV-1 sequences indicating that, in
our HITS-CLIP conditions, HIV-1 RNAs were enriched af-
ter Ago2 IP. All HIV-derived reads proved to be in the sense
orientation in the input and in the HITS-CLIP.

The number of reads represented at each position (nu-
cleotides) of the HIV-1 RNA genome (starting at the tran-
scription start site) from the three HITS-CLIPs (in orange)
and their corresponding input (in blue) were plotted (Fig-
ure 2C). As the R region is present at both ends of the vi-
ral genome, the reads could not therefore be assigned un-
ambiguously to the 3′ or 5′ ends. They were arbitrarily as-
signed at the 3′ end of the viral genome. Several HIV-1 peaks
were detectable in the input but whether they correspond to
small RNA produced by the virus or degradation products
was unclear. In Ago2 HITS-CLIP, we identified 40 discrete
Ago2 binding sites along the viral genome with an accu-
mulation of clusters at the central region and the 3′ end
of the genome (Figure 2C). Both analyses of our HITS-
CLIP data gave very similar results as shown by the com-
parison of their mean traces (Supplementary Figure S2). We
focused our interest on 31 clusters of reads based on the re-
producibility of the peaks in the three HITS-CLIP experi-
ments and the enrichment of reads in the IP over the input
(Supplementary Figure S3 and Supplementary Table S1).

Functional validation of specific Ago binding sites in the HIV-
1 genome

To further characterize Ago binding to HIV-1 regions iden-
tified by HITS-CLIP, the HIV-1 regions corresponding to
the 31 clusters were tested using a Luciferase reporter as-
say. The psiCHECK-2 vector is commonly used to test the

effect of miRNA-mediated post-transcriptional regulation
on target genes. Binding of Ago proteins to a predicted
miRNA targeting sequence cloned in 3′UTR of the Renilla
Luciferase (RLuc) gene generally induces translation inhi-
bition of its transcript and repression of RLuc expression.
The vector also encodes a Firefly Luciferase (FLuc) un-
der an HSV-TK promoter that is used to normalize RLuc
expression to the level of transfection for each construct.
The 31 putative HIV-1 Ago2 binding sequences were thus
cloned at the 3′ end of the RLuc indicator gene in the
psiCHECK-2 reporter plasmid (Supplementary Table S1).
In addition, perfect target sites of miR-10a, miR-92a and
miR-21 as well as HIV regions not identified in our HITS-
CLIP (Ctrl1, 2 and 3) were used as controls. PsiCHECK-2
indicator plasmids were transfected in HEK293T cells with
the assumption that binding of Ago2 to viral RNA clus-
ters identified in the HITS-CLIP experiments should lead
to the downregulation of RLuc expression. Results for each
construct are expressed as a percentage of RLuc to FLuc
ratio as compared to empty psiCHECK-2 vector. We iden-
tified six HIV-1 Ago2 binding regions (clusters 2, 13, 16, 21,
25 and 30) that showed a robust downregulation of RLuc
expression (from 36 to 92% decrease, Figure 3A). As pos-
itive controls, the insertion of complementary binding se-
quences for endogenous miR-10a and miR-92a lead to a
strong inhibition of RLuc expression (64 to 86% decrease,
respectively). The use of an anti-miR-92a inhibitor fully re-
stored RLuc expression of the psiCHECK-2 miR-92a re-
porter plasmid, indicating that this specific downregulation
depends on endogenous miR-92a-mediated loading of Ago-
RISC. In sharp contrast, the miR-21 binding sequence did
not repress RLuc expression, likely reflecting the low level
of endogenous miR-21 expression in HEK293T cells (45).
The other HIV cluster sequences tested showed either no
significant changes of RLuc expression or a 2- to 3-fold in-
crease compared to empty vector (data not shown), the lat-
ter possibly reflecting effects on RLuc transcripts expression
or stability.
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Figure 3. Functional validation of Ago2 binding regions of HIV-1. (A) HIV-1 clusters identified by HITS-CLIP experiments were inserted into psiCHECK-
2 vector in 3′ of the RLuc indicator gene. Target sequences for cellular miR-10a, miR-92a and miR-21 were inserted as controls (in white) and HIV-
1 sequences that were not identified as Ago2 targets by HITS-CLIP as negative controls (Ctrl1 to 3, in black). HEK293T cells were transfected with
psiCHECK-2 constructs and luciferase activity was measured 72 h after transfection. RLuc activities were normalized to FLuc internal control and
expressed as relative Rluc activity. Values are presented as percentage of the control psiCHECK-2 empty vector (Empty). Data are presented as mean of 3
to 9 replicates ±SD. HIV-1 clusters with Relative RLuc values that are significantly decreased as compared to the empty control are represented with grey
bars. (B) Ago1 and Ago2 expression were monitored by immunoblotting using anti-Ago1 and anti-Ago2 antibodies. The star (*) indicates a non-specific
band. (C) PsiCHECK-2 constructs containing HIV-1 or control sequences were transfected in parental (in black) or Ago2 knockout and Ago1 knockdown
(Ago2 KO/Ago1 KD) (in grey) HeLa cells and RLuc/FLuc ratios were calculated as before (n = 3–8). P-values were calculated using a Student’s t-test
(****P < 0.0001, **P < 0.01 and *P < 0.05). (D) Dicer expression was monitored in parental and Dicer KO P4.2-HeLa cells by immunoblotting using
an anti-Dicer antibody. (E) PsiCHECK-2 constructs containing HIV-1 sequences were transfected in parental (in black) or Dicer knockout (Dicer KO) (in
white) P4.2-HeLa cells and RLuc/FLuc ratios were calculated as before (n = 3–7). P-values were calculated using a Student’s t-test (****P < 0.0001, **P
< 0.01 and *P < 0.05).
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In order to verify that downregulation of RLuc expres-
sion observed for clusters 2, 13, 16, 21, 25 and 30 was de-
pendent on Ago proteins, the reporter assay was conducted
in Ago downregulated cells. We first generated an Ago2
knockout (Ago2 KO) HeLa cell line using a CRISPR target-
ing exon 2 of the Ago2 gene. Depletion of Ago2 expression
was confirmed by immunoblot analysis (Figure 3B, lane 4
versus 1). Noticeably, Ago2 KO led to an increase in Ago1
protein levels as compared to control cells. Since Ago pro-
teins have overlapping roles in cells, we also knocked-down
the expression of Ago1 by using a specific shRNA. Trans-
duction of HeLa cells with Ago1 shRNA efficiently silenced
Ago1 protein expression (Figure 3B, lane 3). In parallel, an
increase of Ago2 level was observed (Figure 3B, lane 3 ver-
sus 1). A similar compensation between Ago1 and Ago2
levels has been previously described (46). Transduction of
Ago1 shRNA into Ago2 KO cells (Ago2 KO/ Ago1 KD),
led to a decrease in Ago1 in absence of Ago2 expression
(Figure 3B, lane 2 versus 1).

In these cells, we observed a derepression of RLuc expres-
sion from 3.5- to 4.6-fold for miR-10a and miR-92a, respec-
tively (Figure 3C). Similarly, a 1.9- to 2.8-fold increase was
observed for cluster 2, 13, 16 and 21, confirming a role of
Ago proteins in the decrease of RLuc expression. In con-
trast, no effects for clusters 25 and 30 were observed (Figure
3C). Several HIV clusters that previously led to an upregu-
lation of RLuc expression in control cells were also tested in
Ago depleted cells. No effects were observed suggesting that
the upregulation of RLuc expression in the psiCHECK-2
system was probably not depending on Ago proteins (data
not shown).

Knocking down Ago expression could affect the expres-
sion of numerous cellular factors via the miRNA path-
way and thus indirectly alter RLuc expression. One of the
key functions of the Dicer endoribonuclease protein is to
process pre-miRNA into mature mirRNA or dsRNA into
siRNA. To investigate whether miRNA and siRNA are di-
rectly or indirectly involved in the repressive effects of clus-
ters 2, 13, 16, 21, 25 and 30, we generated a Dicer-null
HeLa-P4.2 cell line (HeLa cells expressing CD4+ and sta-
bly transfected with a LTR-� galactosidase reporter gene)
using TALEN targeting the exon2 of Dicer1 gene. Several
Dicer-deficient cell clones were selected and we confirmed
the loss of Dicer expression by immunoblot analysis (Figure
3D and data not shown). As expected, loss of Dicer resulted
in derepression of RLuc expression from psiCHECK-2 vec-
tors containing miR-92a and miR-10a target sites (1.9- to
4.8-fold, respectively) (Figure 3E). In sharp contrast, Dicer
depletion had no impact on RLuc expression from clusters
2, 16 and 21. Whereas a limited derepression could be ob-
served for clusters 13, 25 and 30, RLuc levels did not reach
control levels (Figure 3E). These results indicate that cellu-
lar endogenous miRNAs processed by Dicer are either not
or only partially required for RLuc downregulation medi-
ated by HIV-1 clusters 2, 13, 16 and 21.

Altogether, these data indicate that the presence of clus-
ter 2, 13, 16 and 21 in the 3′ UTR of RLuc can mediate
the downregulation of the Luciferase expression through
the presence of Ago proteins but largely independently of
the miRNA pathway.

Ago2 is recruited to HIV-1 regions near functional splice
donor sites

Strikingly, clusters 2, 13, 16 and 21 are in close proximity
or overlap HIV-1 splicing donor sites D1, putative D1a, D3
and D4, respectively, whereas cluster 21 encompasses the
A5 acceptor site (Figure 2C, Supplementary Figure S3 and
Supplementary Table S1). To further investigate this obser-
vation, we cloned six HIV-1 acceptor and six donor splic-
ing sites into psiCHECK-2 vector and tested their impact
on RLuc expression (Supplementary Table S2). RLuc ex-
pression was specifically downregulated by the presence of
splicing donor sites in its 3′UTR, in particular D1, putative
D1a and D4 and to a lesser extent D3 and putative D5 but
not D2. In sharp contrast, acceptor sites A2 to A7 showed
either no effect or an increase in RLuc expression whereas
acceptor site A1 displayed a modest reduction (Figure 4A).

Given the potential role of Ago proteins in regulating al-
ternative splicing of cellular transcripts (13,15), we further
assessed the effect of donor sites D1, D2, D3 and D4 when
present in the context of the spliced junction sequences
(Supplementary Table S2). Contrary to what we observed
for the splicing donor sites alone, HIV-1 splice junction se-
quences inserted at the 3′ end of the RLuc gene had either
no significant effect or stimulated RLuc expression (Figure
4B). We also re-analyzed our Ago2 HITS-CLIP data us-
ing ‘hyb’ bioinformatics pipeline that allows the mapping of
chimeric RNAs in order to specifically detect clusters over-
lapping HIV-1 spliced junctions. HIV-1 reads containing
unspliced junctions largely outnumbered reads correspond-
ing to spliced transcripts (Table 2).

Mutations of the splicing donor sites of cluster 2, 13 and
16 were also tested in the RLuc reporter assay. Modifica-
tion of the length of the inserted region induced a down-
regulation of RLuc activity as long as the donor site was
present (Figure 4C, D, E, F and data not shown). A single
mutation of the splice donor site (G/G to G/A), led to a
complete derepression of the RLuc to FLuc ratio back to
the control level. Similarly, the insertion of the sequence in
an antisense orientation increased Rluc activity close to the
empty control level indicating that the sequence rather than
its secondary structure is important to mediate the repres-
sive effect. Importantly, this repression is depending on the
presence of a functional splice donor site. Furthermore, the
downregulation of RLuc activity seems to correlate with the
strength of the splice donor site as D1 and D4 are strong
donor sites whereas D5 and D2 are relatively weak (2).

Repression of RLuc activity could be mediated through
the recruitment of Ago proteins to the splice donor site in
the luciferase 3′UTR and inhibition of translation as for
the miRNA-dependent binding of Ago. Alternatively, intro-
ducing a splicing donor site in 3′UTR of RLuc could lead
to an aberrant splice transcript using a downstream cryp-
tic acceptor site, splicing out for instance the polyA tail.
The HIV-1 5′ splice donor site could also suppress usage of
the polyA signal site (47). Recruitment of the spliceosome
without proper splicing could also lead to aberrant tran-
script and a subsequent degradation. To investigate further
these possibilities, the level of RLuc and Fluc transcripts
were measured for different constructs by RT-qPCR. Al-
though a decrease in RLuc/FLuc ratio at the transcripts
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Figure 4. Ago2 binds to regions of HIV-1 near functional splice donor sites. (A) HIV-1 sequences encompassing either splice donor (D) or acceptor (A)
sites (Supplementary Table S2) were cloned into psiCHECK-2 vector and relative RLuc/Fluc ratio was calculated as before. (B) HIV-1 sequences resulting
from spliced junctions (Donor/Acceptor: D/A) were inserted into psiCHECK-2 and relative RLuc activity was measured as before. (C) HIV-1 clusters
2, 16 and 21 and truncated sequences encompassing the corresponding 5′ splice donor sites (SD), either wild-type (D), mutated on the SD site (Dmut)
or in the antisense orientation (AS) were cloned into psiCHECK-2 vector. Splice donor sites are indicated by a black arrow. (D, E and F) PsiCHECK-2
constructs described in (C) were transfected in HEK293T cells and RLuc/Fluc ratio was calculated as before. Values are presented as percentage of the
control psiCHECK-2 empty vector (Empty). Data are presented as mean of 3 to 9 replicates ± SD. P-values were calculated using a Student’s t-test (****P
< 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05).
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Table 2. Overview of the number of reads overlapping HIV-1 splice donor sites in Ago2 HITS-CLIP libraries

Reads NL4-3 Sequence

D1 unspliced 1271 GGCGACTG GTGAGTACGCCAAAAAT
D1/A1 50 GGCGACTG / GGACAGCAGAGATCCAGTTG
D1/A2 54 GGCGACTG / AATGTGCTATAAGAAATACCATA
D1/A3 9 GGCGACTG / AATTGGGTGTCGACATAGC
D1/A4c 2 GGCGACTG / TTTGTTTCATGACAAAAGCCTT
D1/A4a 8 GGCGACTG / CCTTAGGCATCTCCTATGGCAGG
D1/A4b 28 GGCGACTG / GCATCTCCTATGGCAGGATGG
D1/A5 146 GGCGACTG / GAAGAAGCGGAGACAGCG
D1/A5a 8 GGCGACTG / AAGCGGAGACAGCGACGAAGAGCT
D2 unspliced 1871 TCTGGAAAG GTGAAGGGGCAGTA
D2/A2 12 TCTGGAAAG / AATCTGCTATAAGAAATACCATAT
D2/A3 9 TCTAGAAAG / AATTGGGTGTCGACATAGCAGA
D2/A4a 2 TCTGGAAAG / CCTTAGGCATCTCCTATGGCAG
D2/A4b 3 TCTGGAAAG/GCATCTCCTATGGCATGAAGAAGCGGAG
D2/A5 24 TCTGGAAAG / GAAGAAGCGGAGACAGCGACGAA
D3 unspliced 72 938 ATAACAAG GTAGGATCTCTACAGTACT
D3/A3 1 ATAACAAG / AATTGGGTGTCGACATT
D3/A4b 1 ATAACAAG / GCATCTCCTATGGCAGGAAGAAGCG
D4 unspliced 2368 TCAAAGCA GTAAGTAGTACATGTAA
D4/A7 31 TCAAAGCA / ACCCACCTCCCAATCCCGAGG

Reads that encompass unspliced donor sites were aligned using Bowtie2 and reads that encompass spliced Donor sites were aligned using hyb as described
in the Material and Methods section.

level could be seen for several splicing site containing con-
structs, we did not observed a correlation with the decreases
in RLuc/Fluc protein activity ratio (Supplementary Fig-
ure S4A). Furthermore, no chimeric product between RLuc
and Fluc transcripts could be amplified from cells trans-
fected with the psiCHECK-2 plasmids containing clusters
2, 13, 16, 21 or the miR-92a binding sequence, suggesting
that termination of RLuc and FLuc transcripts was not af-
fected (Supplementary Figure S4B).

Taken together, our results show that HIV-1 Ago2 bind-
ing clusters that are located nearby HIV-1 splice donor sites
present on the US HIV-1 RNA have the capacity to down-
regulate reporter gene expression through the presence of
Ago proteins and in a miRNA independent manner.

Argonaute proteins participate to the regulation of HIV-1
multiply spliced RNA level

Given the close proximity of Ago binding clusters with
HIV-1 splice donor sites and the suggested role of Ago
proteins on alternative splicing of cellular transcripts, we
sought to determine the effect of Ago proteins on multiply
spliced HIV-1 transcript levels. Ago2 KO/Ago1 KD HeLa
cells were first transfected with infectious HIV-1 plasmid
pNL4-3 and 72 h post-transfection, total RNA was iso-
lated from cells and reverse transcribed. Total viral RNA
was quantified by quantitative PCR using primers specific
for the U3-R region that is common to all HIV transcripts
(Supplementary Table S3). The same amount of total vi-
ral RNA was used for each sample in subsequent analysis.
Spliced viral mRNA species were first analyzed by semi-
quantitative PCR and agarose gel analysis using primers
detecting short multiply spliced 1.8-kb mRNAs and singly
spliced 4-kb mRNAs (as described in (41)). A representative
agarose gel of five independent experiments is shown in Fig-
ure 5A. Downregulation of Ago proteins resulted in an in-
crease of MS 1.8-kb transcripts as compared to the control
cells and a decrease in SS 4-kb mRNA. To assess the role

of the miRNA pathway in viral pre-mRNA splicing reg-
ulation, the same experiment was performed in Dicer KO
cells. Interestingly, SS 4-kb and MS 1.8-kb products were
not substantially altered in absence of Dicer, suggesting that
the effect of Ago proteins on HIV-1 process is independent
on the miRNA pathway (Figure 5A).

We then analyzed viral mRNA by quantitative real-
time PCR using sets of primers specific for US, SS and
MS HIV-1 mRNAs. The level of each mRNA species was
normalized to the level of total viral mRNA in each re-
action. A primer set annealing immediately downstream
of the major HIV-1 5′ SS (D1) was used to detect US
Gag/Pol mRNA (Supplementary Table S3). Ago downreg-
ulation did not significantly affect the relative level of US
viral mRNA (Figure 5B) or SS Env1/Vpu1 (D1∧A5) or
Env/Vpu3 (D1∧A4a) mRNAs (Figure 5C). In contrast,
when primers were used to detect MS mRNAs population
that include splicing between D4 and A7, a 1.5-fold increase
was observed in Ago2 KO/ Ago1 KD cells as compared
to parental cells (Figure 5D). Furthermore, specific primer
sets spanning different splice junctions were also used to
detect Nef2 (D1∧A5/D4∧A7), Rev2 (D1∧A4a/D4∧A7)
and Tat1 (D1∧A4/D4∧A7) (Supplementary Table S3) and
again, downregulation of Ago proteins induced a significant
1.3- to 2-fold increase of these transcripts (Figure 5D). Im-
portantly, Dicer KO did not significantly affect the level of
US, SS or MS (Figure 5E, F and G, respectively) viral mR-
NAs, with the exception of Rev2 MS transcript downregula-
tion, suggesting that the modulation of HIV MS transcripts
relies on Ago proteins but is independent of the miRNA
pathway.

Altogether, these data suggest that Ago proteins are in-
volved in the processing of HIV-1 transcripts, by downregu-
lating the levels of MS viral mRNAs in a Dicer independent
manner.
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Figure 5. Knockdown of Ago1 in Ago2 knockout cells increases the level of multiply spliced HIV-1 transcripts independently on the miRNA pathway.
(A) pNL4-3 provirus was transfected in Ago2 knockout and Ago1 knockdown (Ago2 KO/ Ago1 KD) HeLa cells and in Dicer knockout (Dicer KO)
HeLa-P4.2 cells or their respective parental cells. Seventy-two hours later, RNA was extracted, reverse transcribed and total viral cDNA was quantified
by qPCR using specific primers. Semi-quantitative PCR was performed on the same amount of total viral cDNA using primers specific for total, MS and
SS HIV-1 mRNAs (see Supplementary Table S3 for primer sequences). Products of amplification were visualized on 1% agarose gel. A representative gel
of five independent experiments is presented. (B, C and D) (US) (B), SS (C) or MS (D) mRNA isolated from Ago2 KO/ Ago1 KD cells were quantified
by qPCR and their ratio to total viral RNA are indicated. Values are presented as percentage of the ratio in parental cells. Data are presented as mean
of five replicates ± SD. (E) US, (F) SS or (G) MS mRNAs isolated from Dicer KO cells were quantified by qPCR and their ratio to total viral RNA are
indicated. Values are presented as percentage of the ratio in parental cells. Data are presented as mean of four replicates ± SD. P-values were calculated
using a Student’s t-test (**P < 0.01 and *P < 0.05).
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Downregulation of Ago1 and Ago2 proteins impairs virus pro-
duction

Since changes in the balanced splicing of HIV-1 mRNA can
affect viral replication, we went on to determine the effect
of Ago proteins, as well as of Dicer, on HIV-1 virion pro-
duction. Ago2 KO/ Ago1 KD cells or Dicer KO cells were
transfected with pNL4-3 proviral plasmid and HIV-1 pro-
duction was assessed by ELISA quantification of the vi-
ral capsid (CAp24) protein in cells and in cell supernatants.
Dicer KO did not drastically affect intracellular and extra-
cellular CAp24 production, suggesting that the canonical
miRNA pathway does not play a crucial role in HIV-1 RNA
processing (Figure 6A and B). These results are in agree-
ment with the study of Bogerd et al. (28). In contrast, in-
tracellular Gag production was decreased by 40% in Ago
downregulated cells (Figure 6C). In addition, Western blot
quantification of Gag showed a reproducible 2-fold reduc-
tion in CAp24 to Pr55 and p41 to Pr55 ratios in Ago2 KO/
Ago1 KD cells as compared to control cells (Figure 6D).
A similar Gag processing defect was previously reported
in cells exhibiting excessive splicing (48,49). More impor-
tantly, extracellular Gag production was reduced by 10-fold
in Ago2 KO/ Ago1 KD cell supernatants as compared to
control cells (Figure 6E). Infectivity, defined as the level of
infected cells to the level of CAp24 for each viral produc-
tion, was only modestly affected with a 22% decrease as
compared to control (Figure 6F). Altogether, these data in-
dicate that Ago proteins positively regulate the production
and release of viral particles, independently of the presence
on the miRNA canonical pathway.

DISCUSSION

In this report, we used a CLIP and deep-sequencing ap-
proaches to identify Ago2 binding regions on HIV-1 RNAs.
Our study revealed that in HIV-1 infected cells Ago2 inter-
acts selectively with different regions on US viral RNA. Us-
ing a reporter assay, we found that Ago1 and Ago2 bind
near HIV-1 splice donor sites in the context of the viral pre-
mRNA. Furthermore, we showed that Ago proteins regu-
late the levels of multiply spliced viral transcripts. In ad-
dition, we showed that Ago1 and Ago2 expression are re-
quired for the production of viral particles. Importantly,
these activities are independent on the miRNA processing
RNAse Dicer.

We used the HITS-CLIP method to precisely map vi-
ral RNA regions targeted by Ago2 in HIV-1 infected
HEK293T cells expressing GFP-Ago2 (Figure 2). Our
study focused on HIV-1 RNA regions that correspond to
Ago2 binding sites by only considering reads of 50 nu-
cleotides length. We identified more than 40 reproducible
binding sites distributed along the HIV-1 gRNA (Figure
2C). Remarkably, reads from viral origin represented <1%
of the total reads in inputs, a result in agreement with
other studies (22,30,32). In sharp contrast, between 8 to
25% of these long reads were from viral origin in our
HITS-CLIP data, confirming that viral RNAs are pref-
erentially enriched in Ago2 co-immunoprecipitation (Fig-
ure 1 and Table 1). Two recent reports have also explored
the interaction between Ago proteins and HIV-1 RNAs

Figure 6. Knockdown of Ago1 in Ago2 knockout cells decreases the pro-
duction of HIV-1 viral particles independently on the miRNA pathway.
(A) Plasmid expressing wild-type HIV-1 NL4-3 virus was transfected in
parental or in Dicer knockout (Dicer KO) HeLa-P4.2. Seventy-two hours
later, intracellular CAp24 was quantified. Data are presented as mean of 3
replicates ± SD. (B) Production of virions was also quantified by measur-
ing CAp24 in supernatants. Data are presented as mean of three replicates
± SD. (C) pNL4-3 provirus was transfected in parental or in Ago2 knock-
out and Ago1 knockdown HeLa cells (Ago2 KO/ Ago1 KD) HeLa cells.
Seventy-two hours later, intracellular CAp24 was quantified. Values are
presented as means ± SD (n = 3). (D) Western blot analysis of Gag prod-
ucts in Ago2 KO/Ago1 KD and parental HeLa cells and quantification of
the precursor Pr55gag and p41 and CAp24 maturation products. CAp24
to Pr55gag ratio and of p41 to Pr55gag ratio are normalized to the ratio in
parental cells. Data are presented as mean of five replicates ± SD. (E) Pro-
duction of virions was quantified by measuring CAp24 in supernatants of
parental or Ago2 KO/Ago1 KD HeLa cells transfected with plasmid ex-
pressing wild-type HIV NL4-3 virus. Values are presented as means ± SD
(n = 3). (F) Infectivity of virions was measured by HeLa TZM-bl reporter
assay and normalized to the quantity of CAp24 in the supernatants. Val-
ues are presented as means ± SD (n = 3). P-values were calculated using
a Student’s t-test (*P < 0.05).
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using similar photoactivable ribonucleoside-induced cross-
linking and immunoprecipitation (PAR-CLIP) and HITS-
CLIP approaches (22,32). Contrary to our study, Whisnant
et al. detected very low levels of HIV-1 PAR-CLIP reads
among the total of assignable reads (below 1%). This dis-
crepancy could be due to differences in experimental con-
ditions, as we used an overexpressed GFP-Ago2 together
with stringent washing conditions in order to improve the
efficiency and specificity of our immunoprecipitation con-
ditions. Nevertheless, Whisnant et al. (22) identified a num-
ber of RISC clusters on HIV-1 RNA in infected TZM-bl
HeLa and C8166 T cell lines. Importantly, our study iden-
tified 19 clusters that overlap with clusters identified in at
least one of their two cell lines including cluster 2, 13, 16
and 21 (data not shown) indicating that these HIV-1 RNA
regions are indeed conserved targets of endogenous Ago-
RISC in different cell lines. In sharp contrast, viral RNAs
were absent from Ago2-RISC in HIV-1 infected monocyte
derived macrophages, suggesting that this interaction might
be cell type specific (32).

To validate Ago HITS-CLIP targets, 31 of the HIV-1
clusters identified were tested in a 3′UTR reporter assay. In
this assay, miRNA-mediated binding of Ago to the 3′UTR
of the reporter gene induces downregulation of its expres-
sion. However, most of the clusters identified had either no
effect or led to an upregulation of RLuc. Upregulation of
transcripts expression through Ago binding to 3′UTR re-
gions have been reported in some cases (50,51). However,
when tested in Ago depleted cells, clusters leading to RLuc
upregulation appeared to function independently of Ago
proteins (data not shown). It is likely that the length of the
inserted sequence, its secondary structure or the neighbor-
ing sequences introduced in 3′UTR of the Luciferase could
stabilize the transcript or increase its translation as previ-
ously described (52). The fact that most of the Ago binding
sites identified by HITS-CLIP had no effect in our reporter
assay could be explained by the highly structured HIV-1
gRNA that was proposed to be refractory to the binding of
miRNAs-Ago complexes (22,53,54). It is also possible that
UV cross-linking procedure freeze interactions that are oth-
erwise too labile to have an effect in the RLuc functional
assay.

Nevertheless, we identified four HIV-1 clusters that were
able to downregulated RLuc activity and we showed that
these effects were dependent on both Ago1 and Ago2 pro-
teins (Figure 3A and B). Interestingly, these four HIV-1
clusters are in close proximity or overlap HIV-1 splice donor
sites (Figure 2C). An enrichment of Ago binding sites near
splice junctions has already been reported on cellular tran-
scripts (14–16,55). How Ago is recruited to these regions
remains unclear. Our data indicate that to be functional,
Ago binding sites have to be within the context of the US
viral RNA sequence (Figure 4B, D, E and F). Moreover,
we showed that endogenous Ago2 interacts preferentially
with US viral RNA in HIV-1 infected CD4+T cells (Fig-
ure 1 and Table 2), a result that was also observed by others
(33). In addition, our results using Dicer knockout cells in-
dicate that Ago2 binding sites capable of downregulating
RLuc expression, namely cluster 2, 13,16 and 21 function
for the most part in a Dicer-independent manner, support-
ing the idea that miRNAs and short interfering RNAs are

not, or only partially, required for Ago binding to these
HIV-1 sequences (Figure 3C). A similar miRNA indepen-
dent interaction between Ago2 and pre-mRNA transcripts
was described for Ago2 in Drosophila (16). Interactions be-
tween Ago proteins and components of the splicing ma-
chinery and splicing regulatory factors have been described
(15,43,56,57) and could be involved in recruiting Ago near
HIV-1 splice donors. Alternatively, it is possible that Ago di-
rectly bind specific sequences or RNA secondary structures
(16,58,59).

Several reports indicate that, by interacting with pre-
mRNA transcripts, Ago proteins could regulate alternative
splicing (14–16,55). We further explored their role in HIV-
1 splicing and showed that knockdown of Ago1 in Ago2
knockout cells increased the level of multiply spliced vi-
ral RNAs by 1.3- to 2-folds (Figure 5D). Although these
effects may appear limited, it has to be emphasized that
downregulation of Ago1 was incomplete in Ago2 KO cells
due to the mutually regulated expression of both Ago1 and
Ago2 (Figure 3B and (46)). As Ago downregulation may
impact numerous cellular factors via the miRNA pathway,
including splicing factors, it could therefore indirectly af-
fect HIV splicing. To address this issue, we followed the
impact of Dicer KO on HIV-1 splicing. In agreement with
what was shown in Drosophila, our data suggests that Ago
proteins regulate HIV-1 MS RNA levels independently of
the canonical miRNA pathway (16). Interestingly, Ago1 has
been previously described to regulate cancer-related alter-
native splicing events independently of Dicer (13). On the
contrary, using the CD44 gene as a model, Dicer was found
to be involved in the regulation of alternative splicing, al-
though evidences for a role of guide RNA are still missing
(15). Thus, similarly to what was observed for cellular tran-
scripts, our data support a model where Ago binding near
splice donor sites on viral genomic RNA influences the fate
of multiply spliced HIV-1 RNA transcripts. Further exper-
iments will be required to define more precisely the mecha-
nisms involved.

A role for Ago and miRNAs during HIV-1 replication is
still debated as only mild effects were observed in Ago and
Dicer depleted cells (27,33). Whisnant et al. identified sev-
eral Ago binding sites on HIV-1 RNA by PAR-CLIP. How-
ever, only few of them could be assigned to cellular miR-
NAs suggesting that HIV-1 must be largely refractory to in-
hibition by the cellular miRNA pathway (22). On the other
hand, our results clearly indicate that simultaneous down-
regulation of Ago1 and Ago2 diminished by 10-fold the re-
lease of CAp24 in the supernatant of transfected cells (Fig-
ure 6E). One hypothesis to explain this difference could be
that we used cells depleted for both Ago1 and Ago2. Indeed,
downregulation of Ago1 or Ago2 alone was not sufficient
to achieve a robust effect on viral particle release (data not
shown). Differences in experimental settings could also ac-
count for these discrepancies. Phalora et al. assessed the role
of Ago proteins from virus entry to the production of new
viral particles by infecting cells depleted for Ago expression
(27). On the contrary, we limited our study to the late steps
of viral production (after integration of the viral genome) by
transfecting cells with a proviral expression plasmid, there-
fore bypassing potential effects of Ago depletion on early
steps of HIV replication.
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In addition to a decrease in viral particles release, a con-
comitant 2-fold decrease in intracellular CAp24 and a re-
producible defect in Gag processing were also noticed (Fig-
ure 6C and D). Although Ago2 binding to viral RNA may
interfere with other steps of the virus replication that were
not assessed in this study, these features are reminiscent of
what was observed when excessive splicing of viral RNA
was artificially induced (48,49). Again, although we cannot
exclude that miRNAs matured through a Dicer indepen-
dent pathway or other non-coding RNAs may be involved,
our data suggest that miRNAs are also dispensable for the
functionality of Ago proteins in viral particles production.

Thus, we propose that Ago1 and Ago2 bind to the viral
gRNA nearby splice donor sites, in a miRNA independent
manner and modulate the production of MS HIV-1 RNA,
therefore regulating positively the production of viral parti-
cles.
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tion Thématique et Incitative sur Programme (ATIP) Grant
from CNRS and Sanofi [to H.S.]; A.E. was a post-doctoral
fellowship recipient from ANRS; N.P. was a post-doctoral
fellowship recipient from La Ligue Nationale Contre le
Cancer; D.U. was a recipient of an Engineer fellowship from
Sidaction. Funding for open access charge: Institut Na-
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