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Abstract 

The hijacking of CRM1 export is an important step of the retroviral replication cy cle. Here, w e in v estigated the consequences of this hijacking 
for the host. During HTLV-1 infection, we identified that this hijacking by the viral protein Rex favours the association between CRM1 and the 
RNA helicase UPF1, leading to a decreased affinity of UPF1 for cellular RNA and its nuclear retention. As a consequence, w e f ound that the 
nonsense-mediated mRNA decay (NMD), known to have an antiviral function, was inhibited. Corroborating these results, we described a similar 
process with R e v, the functional homolog of R e x from HIV-1. Une xpectedly, w e also f ound that, f or HTLV-1, this process is coupled with the 
specific loading of UPF1 onto vRNA, independently of NMD. In this latter context, UPF1 positively regulates several steps of the viral replication 
cycle, from the nuclear export of vRNA to the production of mature viral particles. 
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Introduction 

The maintenance of cell homeostasis requires a strict control
of the repartition of macromolecules between nucleus and cy-
toplasm. Pathways monitoring this shuttling rely on the nature
of the macromolecules to be exported or imported. Notably,
whereas bulk mRNA export occurs via the NXF1 / TAP1 path-
way after its association with TREX complex, the exportin
CRM1 (XPO1) mediates the export of proteins containing a
nuclear export signal (NES). These cargoes may be associated
or not with a specific subset of RNA such as rRNA, snRNA
and some mRNA [ 1 , 2 ]. NES are characterised by a specific
stretch of four hydrophobic amino acids with variable inter-
spaced amino acids that influences NES affinities to CRM1 .
The formation of the complex between CRM1 and the NES
containing protein also requires the GTPase Ran to confor-
mationally stabilise the NES binding groove of CRM1 [ 3–5 ,
6 ]. However, the affinity of many NES substrates for CRM1
is rather low, suggesting that the formation of this trimeric
transport complex is a rate-limiting step in nuclear export [ 7–
9 ]. At the nuclear pore, Ran GAP catalyses the conversion of
RanGTP to RanGDP, inducing the dissociation of the trimeric
complex CRM1 / Cargo / Ran and the release of the cargo in
the cytoplasm. Ultimately, the free CRM1 re-enter the nucleus
for a new round of export [ 10 ]. Among the plethora of func-
tionally and structurally unrelated protein and RNP cargoes,
the mislocalisation of several of them due to CRM1 dysfunc-
tion supports a role of CRM1 in disease: that is the case of
proteins involved in the control of DNA repair, cell cycle,
transcription regulation, or apoptosis such as BARD1, p21,
p27, p53, FOXO3, APC, and Survivin [ 11 , 12 ]. In addition,
CRM1 overexpression and mutations were directly correlated
with multiple types of cancer, notably acute myeloid leukemia
and multiple myeloma [ 13–15 , 16 ]. As a consequence, CRM1
was considered as a valuable target for anticancer therapies.
CRM1 inhibitors where shown to sensitise cancer cells to
apoptosis and several of them are currently under clinic tri-
als [ 17 , 18 ]. 

An important subset of CRM1 cargoes includes proteins
involved in RNA processing. Notably, the DNA / RNA he-
licase UPF1 and its partner UPF2 have been reported to
shuttle between cytoplasm and nucleus via CRM1: interac-
tions were identified by mass spectrometry and treatments
with the CRM1 inhibitor leptomycin B, induced their nu-
clear retention [ 19–21 ]. However, the impact of a shuttling
perturbation on their cellular functions have never been eval-
uated. UPF1 works at the crossroad of multiple processes
for DNA and RNA maintenance and is directly involved in
the nonsense-mediated mRNA decay (NMD) [ 22 ]. NMD tar-
gets and degrades mRNA harbouring premature termination
codons (PTC) due to the assembly of a NMD promoting com-
plex around UPF1 between the terminating ribosome and a
downstream Exon Junction Complex [ 23–30 ]. In addition to
PTC containing RNA, NMD was shown to target several viral
RNA (vRNA), exerting an intrinsic antiviral function [ 31–37 ].
Particularly, the unspliced vRNA from the human delta retro-
virus HTLV-1 is destabilised in a UPF1- and UPF2-dependent
manner [ 38 , 39 ]. To counter this threat and fully express their
compact genome, virus evolved different bypass strategies [ 40 ,
41 ]. During HTLV-1 infection, the viral proteins Tax and Rex
were shown to trans-inhibit NMD [ 38 , 39 ]. Tax directly binds
UPF1 and exerts a dual inhibiting effect, repressing its ATPase
activity and ultimately NMD [ 42 ]. Recently, Nakano et al.
showed that the N -terminal domain of Rex as well as its phos-
phorylation were critical for Rex / UPF1 interaction, suggest- 
ing this could lead to the incorporation of Rex in NMD com- 
plexes [ 43 ]. A clear mechanism of inhibition is still to be de- 
ciphered. 

Interestingly, viruses also express NES containing proteins,
such as the retroviral protein Rex from HTLV-1 [ 44 ]. Its 
role in the vRNA export to the cytoplasm has been exten- 
sively studied: Rex interferes with the host splicing machin- 
ery, stabilises vRNA over spliced isoforms and hijacks the cel- 
lular shuttling machinery to export vRNA towards transla- 
tion or viral encapsidation [ 45–47 ]. Notably, its nuclear lo- 
calisation signal (NLS) favours an importin β−dependent nu- 
clear translocation [ 48 ] where it accumulates in the nucleoli 
and binds the highly basic arginine-rich motif of the vRNA 

called “Rex responsive element (RxRE)” [ 49 ]. It also dis- 
plays a dual multimerisation motif encompassing the NES 
[ 50 ]. It was proposed that Rex interacts with CRM1, mul- 
timerises and then binds the vRNA, leading to the export of 
this mRNP. The cytoplasmic accumulation of vRNA, resulting 
from the hijack of CRM1, then allows the translation of the 
structural precursor polyprotein GAG and the packaging of 
two vRNA copies within the newly synthesised viral particles 
[ 51 ]. 

While the causative role of CRM1 in disease strongly 
stresses the importance of a correct repartition of cargoes be- 
tween nucleus and cytoplasm, understanding the impact of 
CRM1 hijacking by retroviral adapters on the cellular home- 
ostasis is barely evoked in the literature. Thus, in this work,
we investigated how the hijacking of CRM1 by HTLV-1 Rex 

affects the relationship between CRM1 and the cargo UPF1: 
on one hand, Rex stabilises the UPF1 / CRM1 interaction, pro- 
voking the nuclear accumulation of UPF1 and repressing its 
association with cellular RNA. As a consequence, this inhibits 
NMD, one of the cellular functions of UPF1. On the other 
hand, Rex drives the selective repositioning of UPF1 on the 
vRNA, irrespective of NMD. We found that UPF1 stimulates 
vRNA export and viral particles maturation, ultimately sup- 
porting the infectiveness of the infected cells. Our work thus 
demonstrates that Rex and CRM1 orchestrate an unexpected 

switch in the role of the helicase UPF1 during HTLV-1 infec- 
tion. 

Materials and methods 

Mutagenesis 

To construct Rex mutant plasmids, directed mutagenesis was 
carried out as follow: a 20 cycles polymerase chain reac- 
tion (PCR) was done with Phusion polymerase, 2 μM of 
complementary primers with the point mutation and 50 

ng of the parental plasmid (pCMV Rex WT). PCR prod- 
ucts were digested by DpnI before XL1 blue transforma- 
tion. For the molecular clone mutagenesis : pCMVHTLV 

WT and Tax9Q plasmids were already described [ 52 ].
To modify Rex, a 1 kb fragment between both BlpI re- 
striction sites was amplified: the 5 

′ forward primer har- 
boured the nonsense mutation L23stop in the Rex se- 
quence. It is neutral for the Tax sequence encoded on the 
same RNA. The DNA fragment and retroviral backbone 
were digested by BlpI (NEB). Both were ligated at 16 

◦C 

overnight with T4 DNA ligase (NEB) before XL1 blue trans- 
formation. All mutants were validated by Sanger sequenc- 
ing (Genewiz). See supplementary method for all the primer 
sequences. 
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mmunoprecipitations 

round ∼2 × 10 

6 293T cells were transfected as described
n the figures using jet prime reagent (Polyplus). Fourty-eight
ours post-transfection, cells were washed with PBS two times
nd pelleted in two dry pellets: 10% of the cells were put aside
nd directly resuspended in Laemmli buffer (loading buffer).
t is referred as the INPUT fraction. The other pellet composed
f the remaining 90% cells was resuspended in 400 μl of ly-
is buffer (50 mM Tris–Cl, pH 8, 1% Triton, 10% glycerol,
.05% SDS, 0.1 mM EDTA, 0.1 mM GTP, 200 mM KCl,
rotease inhibitor (Roche)) for 30 min at 4 

◦C. The soluble
raction obtained after centrifugation at 11 000 g for 10 min
as pre-cleared with sepharose beads pre-coated with tRNA

nd BSA-0.3% for 30 min. Supernatant was further incubated
ith primary antibody (5 μl) overnight at 4 

◦C. Protein A
epharose® beads (Sigma) were coated with PBS + 0.3% BSA,
upplemented with tRNA overnight. After re-equilibration in
ysis buffer, 30 μl of beads were added to the lysate for 2 h and
0 min at 4 

◦C before three extensive washings of 15 min in
ysis buffer. The dry beads were resuspended in loading buffer
or western blotting. For RNase treatment, 0.1 mg / ml RNAse
 was added before the washing step. See supplementary data

or uncropped images. 

mmunofluorescence 

ll cells were tested for mycoplasma in a regular basis. Around
0 000 cells were cultivated per well into four well Cham-
er Slide™ Labtek® II in DMEM (for HeLa or 293T cells)
r RPMI medium (for Jurkat, C91PL or C8166 cells) comple-
ented with 10% SVF and Penicillin / Streptomycin. Fourty-

ight hours after transfection (HeLa or 293T) or after 30 min
f sedimentation at room temperature (RT) (Jurkat, C91PL,
8166 cells), cells were fixed with 4% PFA during 20 min.
fter extensive washing, aldehyde groups were saturated in a
.1M PBS Glycine solution for 30 min then washed once with
BS 1X. Cells were permeabilised with PBS-1%Triton for 5
in and then extensively washed. Saturation of non-specific

ites was performed by 0.1% BSA-PBS for 30 min then ex-
ensively washed. The indicated primary antibodies were in-
ubated for 1 h 30 min at RT at 1 / 1000 (vol / vol) and further
ashed three times. Secondary antibodies were incubated for
0 min at 1 / 500 before three washes. Hoechst coloration was
sed to visualised nucleus (1 ng / ml final concentration). Vec-
ashield H-1000 from Vector laboratories was used before re-
overing with cover slips 22*60 mm from Menzel Gläser. 

 roximity lig ation assay 

ifferent combinations of plasmids were transfected in 293T
r HeLa cells as indicated in the legends. PLA was carried
ut using the kits Duolink (Millipore Sigma) or NaveniFlex
ell MR (Navinci) and following the manufacturer indica-

ions. Dilutions of primary antibodies (vol / vol): anti-UPF1
1 / 250 

eme ); anti-HA (1 / 500 

eme ); anti-FTSJ1 (1 / 250 

eme ); anti-
IF5A (1 / 250 

eme ) anti CRM1 (1 / 1000eme). For UPF1 / HA-
ex PLA, acquisition were performed with Spinning Disk
t 60x oil objective (Live SR) microscope. Huygens Profes-
ional software was used for image deconvolution. For HA-
PF1 / CRM1 PLA, image acquisitions were performed with

he confocal microscope LSM800 at 20x objective with the
oftware Zen Pro (Zeiss). ImageJ software was used to im-
ge treatment, and the count was based on eight pictures per
ondition. Experiments were repeated twice. 
Image acquisition, treatment, and counting 

Image acquisitions were performed with the confocal micro-
scope LSM800 and a 20 × or a 63 × oil objective. ImageJ soft-
ware (Fuji Version 2.3.0) was used to apply ‘gaussian blur’
filter (3.00 rad) to all images. Then colocalisation pixel was
performed on 8-bit gray scale images with the function ‘image
calculator’ and ‘AND’ command between channels of interest.
Gray scale was used to identify common pixels. To determine
the % of cells with a nuclear accumulation of UPF1, we deter-
mine a threshold on the number of common pixels between
UPF1 and nucleus to class cells. For the nucleus / cytoplasmic
ratio quantification of UPF1 signal, the detection of cytoplas-
mic and nucleus regions of interest (ROIs) was determined
on the signal strength from UPF1 + CRM1 channels and
Hoechst + CRM1 channels respectively, then manually ver-
ified and / or adjusted. To avoid quantification bias from dis-
parate cell thickness and proximity of different cells, cytoplas-
mic ROI was restricted to a ring of 20 pixels width around the
nuclear ROI. Then, nuclear / cytoplasmic ratio was extracted
from fluorescence intensity mean in each ROI. These seg-
mentation and quantification processes have been done using
Fiji macros available here: https:// gitbio.ens-lyon.fr/ sdebosso/
mocquet/. n = 54 for control, n = 36 for Rex, n = 37 for
Rev, n = 67 for C91PL and n = 66 for C8166 conditions. P
values were calculated by performing first Fischer test then a
Student’s t-test (paired, two-tailed) ns: P > 0.05; * P < 0.05;
** P < 0.01. Z-stack analysis were performed with IMARIS
(9.2.0) from Oxford Instrument. 

RNA immunoprecipitation 

Approximately 6 × 10 

6 HeLa or 293T cells were transfected
as described in the figures, harvested, and resuspended in ly-
sis buffer (50 mM Tris–Cl, pH 7.5, 1% NP-40, 0.5% sodium
deoxycholate, 0.05% SDS, 1 mM EDTA, 150 mM NaCl, pro-
tease inhibitor (Roche) and RNAsin (Promega)) as previously
described [ 42 ]. Extracts obtained after centrifugation at 12
000 g for 15 min were separated in 2: 10% is the input frac-
tion and the 90% remaining are incubated with primary an-
tibody overnight at 4 

◦C for immunoprecipiation. Protein A
and G magnetic beads (Dynabeads, Life Technology; 5 μl
each) were mixed and coated with PBS + 0.3% BSA, supple-
mented with tRNA and RNasin (Promega) overnight. After
re-equilibration in lysis buffer (supplemented with tRNA), the
beads were added to the lysate for 2 h at 4 

◦C before extensive
washing in lysis buffer. The beads were resuspended in elution
buffer (50 mM Tris–HCl, pH 7, 0.1 mM EDTA, 10 mM DTT,
and 1% SDS). 

Double RIP were performed as reported previously [ 42 ]:
∼18 × 10 

6 HeLa cells were transfected as described in the
figures, harvested, and fixed with 0.05% formaldehyde for
20 min at RT. Then, 0.25 M glycine was added for 5 min
before PBS washing. The cell pellet was resuspended in lysis
buffer, and the lysate was sonicated (Bioruptor, diagenode).
First, the HA tag was immunoprecipitated. The immunopre-
cipitation steps were carried out as described for simple RIP
except that samples were incubated with Sepharose beads. Ex-
tensive washings were performed with 50 mM Tris–Cl, pH
7.5, 1% NP-40, 0.5% sodium deoxycholate, 0.05% SDS, 1
mM EDTA, 1M NaCl, and 1M urea. The beads were resus-
pended in elution buffer (50 mM Tris–Cl, pH 8, 1% Triton,
10% glycerol, 0.05% SDS, 0.1 mM EDTA, 0.1 mM GTP, 200
mM KCl, protease inhibitor (Roche), RNAsin + HA peptide

https://gitbio.ens-lyon.fr/sdebosso/mocquet/
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at 0.1 mg / ml) and incubated at 4 

◦C for 1 h, then for 10 min
at 30 

◦C to ensure elution. Finally, the elution volume was
increased to 400 μl and Rex immunoprecipitation was per-
formed. After extensive washing, the formaldehyde fixation
was reversed by heating samples 45 min at 70 

◦C. 
For all RIP experiments, the beads and the input fraction

were treated with 1 ml of RNAzol RT reagent for RNA ex-
traction. RNA was quantified by qRT-PCR using the indicated
primers. The levels of immunoprecipitated RNA are expressed
as % input. The values represented in the graphs correspond
to the mean of at least three biological replicates, and the error
bars correspond to the SEM. P values were calculated by per-
forming a Student’s t-test (unpaired, two-tailed) ns: P > 0.05;
*: P < 0.05; **: P < 0.01.; ***: P < 0.005. See supplementary
method for all the primer sequences. 

RNA decay assays and qR T-PCR / R T-PCR 

RNA decay assays were performed to assess the stability of
mRNA expressed from a β-globin reporter minigene that was
either WT (GlobinWT) or with a PTC in the second exon
(GlobinPTC). For this procedure, 0.5 μg of GlobinPTC or
0.5 μg of GlobinWT constructs were co-transfected as indi-
cated with 0.5 μg of renilla-expressing vector (unsensitive to
NMD) in 0.7 × 10 

6 HeLa cells with jet prime reagent (Poly-
plus). Additional plasmids were co-transfected as indicated
in the figures. After 48 h, the cells were treated with DRB
(100 μg.ml −1 ) to block transcription for 0, 1, 3, or 4 h. Total
mRNAs were extracted using the Macherey–Nagel RNA easy
extraction kit and quantified by qRT-PCR using the Quan-
tiTect SYBR Green qRT-PCR kit (Qiagen) and appropriate
primers. The values represented in the graphs correspond to
the mean of at least three biological replicates, and the error
bars correspond to the SEM. Half-lives were calculated for
each replicate, and P values were calculated by performing a
Student’s t-test (unpaired, two-tailed) ns: P > 0.05; * P < 0.05;
** P < 0.01. 

Preparation of viral samples for proteomic studies 

CEM T cells (as a non-infected control) and HTLV-1-infected
T cell line C91PL were obtained from the NIH AIDS Research
and Reference Reagent Program. Each cell preparations were
obtained from cultures (5 × 10 

5 cells.ml −1 ) grown for 3 days.
These preparations were performed three times independently.

Free particles samples preparation: Supernatants (30 ml)
were centrifugated (5 min at 800 g) and filtered through a 0.2
μm diameter pore filter (Millipore, MA) to remove cell debris
and the viral biofilms potentially detached from cultured cells.
Individual cell-free virions were then purified by ultracentrifu-
gation through a 20% sucrose (wt / vol in PBS) cushion at 83
000 g in an SW41 rotor (Beckman) for 2 h min at 4 

◦C. Viral
pellets were resuspended in serum-free RPMI 1640 medium to
obtain a 500-fold concentrated suspension of individual cell-
free viral particles. 

Extracellular fraction (ECF) samples preparation: prepa-
rations ECF was carried out as described previously [ 53 ],
with minor modifications. Briefly, C91PL and CEM cells were
washed two times in serum-free RPMI 1640 medium be-
fore being concentrated three times in serum-free RPMI 1640
medium (10 ml). Cell suspensions were then gently vortexed
with a gentle MACS™ Dissociator (Miltenyi Biotech). The
cells were pelleted by centrifugation and supernatants con-
taining the ECF were collected. ECF were purified by ultracen-
trifugation through a 20% sucrose (wt / vol in PBS) cushion at 
38 500 g in an SW41 rotor (Beckman) for 1 h min at 4 

◦C.
ECF pellets were then resuspended in RPMI 1640 serum-free 
medium. 

Three independent replicates were performed for each sam- 
ple type. Prior to processing for proteomic studies, infectivity 
of samples was inactivated by heating at 85 

◦C for 30 min in 

the presence of 0.5% SDS and 10 mM Hepes. 

Mass spectrometry analysis 

Samples were vortexed in 1% IgePal (Merck) and digested ON 

with PGNase F (Merck) before solubilisation in 8M urea and 

50 mM Tris, pH 8.0. Proteins were reduced with 5 mM TCEP 

for 30 min at RT, followed by alkylation with 20 mM IAM 

for 30 min in the dark. The urea concentration was reduced 

below 2M with 50 mM ammonium bicarbonate. Digestion 

was performed first with Endoprotease LysC (Promega) and 

then with trypsin (ratio of 1:50) at 37 

◦C for 3 h and overnight,
respectively. The digestion was stopped with 1% formic acid 

(FA) before desalting using a C18 SepPak column (Waters).
The eluted peptides were dried and resuspended in 0.1% FA 

before injection. 
LC-MS / MS analysis of the digested peptides was conducted 

using an Orbitrap Q Exactive Plus mass spectrometer coupled 

to an EASY-nLC 1200 (Thermo Fisher Scientific). A home- 
made column (C18 50 cm capillary column picotip silica emit- 
ter tip (75 μm diameter) filled with 1.9 μm Reprosil-Pur Ba- 
sic C18-HD resin, Dr. Maisch GmbH, Ammerbuch-Entringen,
Germany) was used for peptide separation. Peptides were 
loaded in 0.1% FA at 900 bars and separated at 250 nl / min 

using a gradient of ACN, 0.1% FA, with a step-wise increase 
from 3% to 7% over 8 min, 7% to 23% over 95 min, and 

23% to 45% over 45 min (total chromatographic run time 
of 170 min, including a high ACN level step and column 

regeneration). 
Mass spectra were acquired in data-dependent acquisition 

mode using the XCalibur 2.2 software with automatic switch- 
ing between MS and MS / MS scans using a top 12 method. MS 
spectra were acquired at a resolution of 35 000 at m / z 400 

with a target value of 3 × 10 

6 ions. The scan range was limited 

from 300 to 1700 m / z. Peptide fragmentation was performed 

using higher-energy collision dissociation with an energy set- 
ting of 27 NCE. The intensity threshold for ion selection was 
set at 1 × 10 

6 ions with charge exclusion for z = 1 and z > 7.
The MS / MS spectra were acquired at a resolution of 17 500 

at m / z 400, and the isolation window was set at 1.6 Th. Dy- 
namic exclusion was employed within 45 s. 

Data analysis was conducted using MaxQuant (version 

2.1.4.0) with the Andromeda search engine [ 54 , 55 ] against 
a reference proteome of Human 9606 (22 811 entries, down- 
loaded from UniProt on 10 May 2023) and HTLV down- 
loaded from uniprot). The following search parameters were 
applied: carbamidomethylation of cysteines was set as a 
fixed modification, oxidation of methionine, and protein N - 
terminal acetylation were set as variable modifications. The 
mass tolerances in MS and MS / MS were set to 5 and 20 

ppm, respectively. Maximum peptide charge was set to 7 and 

5 amino acids were required as minimum peptide length. A 

false discovery rate of 1% was set up for both protein and 

peptide levels. The iBAQ intensity was used to estimate the 
protein abundance within a sample. The match between runs 
features was allowed. For the relative quantification between 
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onditions (C91PL versus CEM) only proteins present in mini-
um two replicates of each condition were considered for fur-

her analysis. Then, the IBAQ value of each protein was nor-
alised by CD81, which is considered as an exosome marker.
old Change (IBA Q C91PL / IBA Q CEM) was determined and
tatistical analysis. (unilateral T.test) was performed to obtain
 -value. Plot were generated using ggplot2 packages (RStudio
ersion 2023.03.0 + 386 (2023.03.0 + 386)). 

iral transmission assay 

iral transmission assay were performed as previously de-
cribed [ 53 , 56 ] with the following modifications : 0.2 × 10 

6

91PL were transduced at J0 for 24 h with lentivirus ex-
ressing shRNA against UPF1 or a Control (Dharmacon) at
OI = 1 in 1 ml of RPMI. J4: shRNA expression was induced
ith doxycycline treatment (0.5 μg / ml). To ensure a maxi-
um of viral biofilm renewal in the absence of UPF1, a sec-
nd dose of doxycycline treatment was applied at J7. At J10,
91PL were counted: 0.05 × 10 

6 cells were co-cultured with
.15 × 10 

6 Jurkat cells engineered to stably express luciferase
nder the control of a HTLV-1 LTR promoter (selection with
50 ng / ml hygromycin). In parallel, remaining C91PL were
nalysed by FACS to monitor extracellular levels of ENV, in-
icative of surface-bound viral particles levels (viral biofilm).
fter 24 h of co-culture (J11), cells were treated for Luciferase
ssay, following the manufacturer protocol (Promega). Lu-
iferase values were normalised by the corresponding ENV
evels, previously quantified. This normalisation was possible
ince we identified that ENV levels were weakly affected by
PF1 knock down. The graphs represent the mean of at least

hree independent viral transmissions with SEM, and P val-
es were calculated by performing a Student’s t-test (unpaired,
wo-tailed) ns: P > 0.05; *** P < 0.005. 

esults 

ex interferes with CRM1-dependent export of 
PF1 

n order to investigate the consequences of CRM1 hijacking
y Rex, the cellular distribution of a mCherry, encompassed
ith a NLS and a NES, was examined by confocal microscopy.
he chimeric mCherry is considered as a model of shuttling
rotein, with a strong NES and an intermediate NLS [ 57 ].
hile the mCherry was distributed among nucleus and cy-

oplasm with a more frequent cytoplasmic accumulation, the
verexpression of Rex led to a significant nuclear retention, as
ndicated by the nucleo-cytoplamsic ratio measurement (Fig.
 A and B). To confirm this result with an endogenous pro-
ein, we looked at the RNA helicase UPF1, which nuclear ex-
ort relies on CRM1 as well [ 19–21 ] ( Supplementary Fig. S1 A
nd B). Confocal microscopy experiments showed that in con-
rol condition, endogenous UPF1 is mostly cytoplasmic. Strik-
ngly, when Rex is expressed, UPF1 is significantly accumu-
ated in the nucleus compared to control conditions. As shown
y colocalising pixel analysis, Rex, CRM1, and UPF1 signal
verlap in the nucleus and at the periphery of the nucleus (Fig.
 C (i), Fig. 1 D and Supplementary Fig. S2 A). The quantifica-
ion of the nucleo / cytoplasmic repartition of UPF1 signal and
he percentage of cells with UPF1 nuclear signal in both popu-
ations of cells indicate a nuclear retention of UPF1 upon Rex
xpression (Fig. 1 C (ii)). To control the specificity of Rex ef-
ect, HA-UPF1 distribution was also assessed with or without
NLS-mCherry-NES expression: we couldn’t detect the nuclear
retention as when Rex is expressed ( Supplementary Fig. S2 B).
Based on these observations, Rex effect is specific and not due
to a competitive quenching of CRM1 at the expense of its
cargoes. 

To investigated the molecular mechanism underlying this
nuclear retention of UPF1, we looked at the intracellular dis-
tribution of Rex and UPF1 with proximity ligation assay
(PLA), a 40-nm resolution technique that detects protein–
protein colocalisation. In 293T cells expressing HA-Rex, PLA
between Rex and endogenous UPF1 displayed numerous foci
in the cytoplasm as well as in the nucleus (Fig. 2 A and
Supplementary Fig. S3 A). As control, no foci were found with
FTSJ1, that is not a partner of Rex, while a similar amount
of foci were found with eIF5A known to interact with Rex.
Those observations strongly suggest that Rex and the endoge-
nous UPF1 can interact in the nucleus. Then, to further ad-
dress this matter, we examined the effect of Rex on the for-
mation of CRM1-UPF1 complexes, defined above to control
UPF1 shuttling. Here, for a reason of antibody compatibility
with the PLA kit, we used ectopic HA tagged UPF1 shown
to display nuclear retention as endogenous UPF1 after Rex
expression ( Supplementary Fig. S2 B). Strikingly, after Rex ex-
pression, PLA experiments revealed significantly more CRM1-
UPF1 foci, especially in the nucleus (Fig. 2 B). 

To confirm that Rex induced the accumulation of UPF1-
CRM1 complexes, 293T cells were transfected with combi-
nations of a plasmids encoding Rex and a RxRE containing
RNA, to mimic the vRNA export via Rex and CRM1 [ 58 ].
First, Rex and CRM1 co-immunoprecipitations (coIP) con-
firmed that Rex binds specifically to endogenous CRM1, re-
gardless of the expression of the RxRE RNA (Fig. 2 C and D).
This supports the hypothesis that Rex can hijack CRM1 be-
fore its binding to vRNA. Secondly, we revealed that endoge-
nous UPF1 is able to coIP CRM1 and Rex. As expected, the
amounts of CRM1 associated with UPF1 are increased when
Rex is expressed, confirming the previously observed accumu-
lation or stabilisation of the CRM1-UPF1 complex by Rex
(Fig. 2 E panel (i)). Moreover, the co-expression of the RxRE
containing RNA and / or RNAse treatments did modify neither
the UPF1-Rex association nor the UPF1-CRM1 enhanced in-
teraction (Fig. 2 E panel (i) and (ii)). This indicates that the en-
hanced association of UPF1 and CRM1 exists independently
of cellular and vRNA. Finally, we confirmed the role of Rex in
this UPF1-CRM1 association by using 2 Rex mutants (on the
NES and the NLS domains). We found that the normal levels
of CRM1 / UPF1 association are rescued in both Rex mutants’
conditions compared to Rex WT (Fig. 2 F and quantifications
in Supplementary Fig. S3 B–D). 

Here we found that Rex expression provokes UPF1 nu-
clear retention as well as the accumulation or stabilisation of
UPF1–CRM1 complexes, in the nucleus as well as in the cy-
toplasm. Altogether, it suggests that Rex alters the physiologi-
cal flux of UPF1 bound to CRM1 by favouring UPF1–CRM1
interaction. 

CRM1 hijacking by Rex interferes with UPF1 

function during NMD 

To evaluate whether the enhanced association between UPF1
and CRM1 can affect UPF1 functions, we decided to model
their complex. First, while the NES of UPF1 was roughly char-
acterised to date, we precisely delineated it, upstream the CH

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
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Figure 1. HTLV-1 R e x alters the repartition of NES containing cargos, including the RNA helicase UPF1. ( A ) Confocal microscopy experiments were 
performed in HeLa cells transfected with the plasmids indicated on the left side. The factors revealed are indicated on the top (panel (i)). Objective x20. 
Scale bar: 20 μm. Quantitative analysis of the microscopy experiments (panel (ii)): mCherry signal was quantified in the cytoplasm and in the nucleus 
and expressed as a ratio. Wilcoxon, P -value *** < 0.005. ( B ) Z-stack analysis performed with IMARIS software on images from A with mCherry and a 
staining of the nucleus by DAPI. The nuclear localisation of mCherry is evaluated with the Mander’s correlation coefficient (MCC). Cells were obtained 
from three independent experiments. t-test P -value *** < 0.005. Objective x63. Scale bar: 7 μm. ( C ) Confocal microscopy experiments were performed 
in HeLa cells transfected with the plasmids indicated on the left side (panel (i)). The factors revealed are indicated at the top. Objective x63. Scale bar: 20 
μm. Colocalising pixels view is obtained as mentioned in the method section and only show the pixels simultaneously activated with the indicated 
channels. Quantitative analysis of the microscopy experiments (panel (ii)): on the left, UPF1 signal was quantified in the cytoplasm and in the nucleus 
and expressed as a ratio. Wilcoxon, P -value *** < 0.005; on the right, the percentage of R e x e xpressing cells that displa y nuclear retention of UPF1 is 
indicated. t-test P -value * < 0.05. ( D ) Z-stack analysis performed on Hela cells expressing or not Rex (without tag); UPF1 and the nucleus were stained. 
The nuclear localisation of UPF1 is evaluated with the MCC. Cells were obtained from three independent experiments. t-test P -value *** < 0.005. 
Objective x63. Scale bar: 5 μm. 
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Figure 2. R e x interacts with CRM1 and UPF1 leading to an enhanced UPF1 / CRM1 interaction and the modification of UPF1 localisation. ( A ) PLA carried 
out in 293T cells transiently transfected with a HA-REX coding plasmid. PLA combined antibodies specific of the HA tag and FTSJ1, eIF5A or UPF1 were 
used as indicated. FTSJ1 (ribosomal RNA methyltransferase 1) is a nucleolar protein used as a negative control (no described interaction with Rex). 
eIF5A, a known partner of Rex, was used as positive control. Each dot corresponds to the colocalisation of the indicated protein with a resolution of 40 
nm. Magnification of one representative cell is framed in the merge. Two examples of dots are pinpointed by a white arrow. For each condition, the 
number of spots per cell and their localisation in the cytoplasmic or nuclear compartment are represented in a bar plot on the right. Objective x60. Scale 
bar: 10 μm. ( B ) PLA experiment carried out in HeLa cells transiently transfected with HA-UPF1 with or without R e x. PLA combined antibodies specific of 
the Ha Tag and endogenous CRM1. Objective x20. Scale bar: 20 μm ( C ) coIP experiments on 293T cells extracts. Cells express the indicated 
combinations of R e x and RNA containing the RxRE motif. IP were performed using rabbit polyclonal antibodies against CRM1 (middle panel) or from a 
pre-immune serum. Proteins revealed by western blot were indicated on the side. ( D ) Same as B with an antibody targeting Rex. ( E ) Same as C) with an 
antibody targeting UPF1. CoIP were incubated for 30 min with RNAse A (0.1 mg / ml) (panel (ii)) or not (panel (i)). * indicates an aspecific signal. Rex 
specific signal corresponds to the lo w er band. ( F ) coIP experiments in 293T cells transfected with plasmids coding the indicated forms of Rex and 
re v ealed b y w estern blot. An empty v ector is transfected in lane 1. IP w as perf ormed with a rabbit poly clonal antibody against UPF1. 
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domain between positions 89 and 103 ( Supplementary Fig.
S4 A and B). Then, we performed two molecular dynamic
models based on the structural representation of CRM1 in-
teracting with an NES peptide (PDB 3GJX) and the two dif-
ferent resolved structures of UPF1: the closed form, a configu-
ration with the CH domain positioned on the RecA2 domain
(PDB 2XZL), and the open form, a more relaxed configura-
tion with the CH domain flipped out on the RecA1 side (PDB
2WJV). After 1000 ns of simulation, the UPF1 open form com-
plexed with CRM1 was stabilised in a more compact configu-
ration (according to the radius of gyration) and with a larger
buried surface area (BSA) than the UPF1 closed form (Fig. 3 A,
Supplementary Fig. S4 C and D and Supplementary Movies 1
and 2 ). The BSA, which measures the size of the interface in a
protein–protein complex, is directly proportional with affinity.
Moreover, it was recently suggested that in the open form of
UPF1, unstructured regions are inserted in the RNA-binding
channel, rationalising that open UPF1 has a low RNA binding
efficiency [ 59 ]. Therefore, we suspected that when Rex is ex-
pressed, the enhanced interaction between CRM1 and UPF1
is more susceptible to involve the open conformation of UPF1,
leading to a decreased affinity for RNA. To confront this hy-
pothesis, we carried out RNA immunoprecipitation (RIP) as-
says by UPF1: HeLa cells were transfected with a plasmid cod-
ing a reporter mRNA (Globin PTC, a globin minigene with
a PTC in the second exon [ 60 ]) as well as Rex coding plas-
mids. UPF1 was further immunoprecipitated and the amounts
of bound Globin PTC were quantified by RTqPCR. Rex ex-
pression as well as UPF1 immunoprecipitations were checked
by western blot. When Rex is expressed, the level of Globin
PTC associated to UPF1 is significantly reduced compared to
conditions without Rex (Fig. 3 B, Supplementary Fig. S5 A). In
addition, to correlate this effect with the previously described
UPF1–CRM1 complex, we also carried out UPF1 RIP experi-
ments in cells transfected with Rex NES mutant. As expected,
while the Rex NES mutant couldn’t enhance the interaction
between UPF1 and CRM1, it did not affect UPF1 binding ca-
pacity to globin PTC either (Fig. 3 B). This recovery confirms
that CRM1 hijacking by Rex leads to a decreased association
of UPF1 to its RNA substrate. 

NMD is the most studied function of UPF1. As NMD re-
quires UPF1 recruitment to RNA to initiate their degradation,
we checked whether the defect of UPF1 binding on RNA upon
Rex expression could correlate with NMD inhibition. To do
so, we analysed the decay rate of the Globin PTC mRNA
(that is an NMD sensitive reporter mRNA) with or without
Rex expression, by monitoring the RNA levels after cell expo-
sure to the transcription inhibitor DRB. Here, Rex expression
led to a significant decrease in the decay rate of Globin PTC
(Fig. 3 C). To control the specificity of this result, the decay
rate of an NMD unsensitive RNA (Globin WT, a globin mini-
gene without PTC) was analysed as well. As expected, with-
out Rex, the decay rate of Globin WT is lower than that of
Globin PTC. When Rex is expressed, the decay rate of Globin
WT is unaffected and is of similar value as that of Globin
PTC. The expression of a RxRE containing RNA did not sig-
nificantly modify Rex’ impact on the Globin PTC decay rate
(Fig. 3 C). Finally, by using the sunset assay, we confirmed that
these observations are not related to a possible translation in-
hibition by Rex ( Supplementary Fig. S5 B). These results con-
firm that Rex specifically and efficiently inhibits NMD. To
correlate this Rex-dependent NMD inhibition with our previ-
ous observations, we analysed the effect of the Rex NES mu-
tant on Globin PTC mRNA half-life (as another indication of 
NMD efficiency). Consistently with previous results, Globin 

PTC half-life is significantly increased by the expression of 
Rex WT compared to control condition (9.9 versus 2.9 h) re- 
flecting NMD inhibition. Conversely, Rex NES partially lost 
its ability to inhibit NMD as showed by the restored Globin 

PTC half-life (3.8 h). As a control, we also monitored the effect 
of Rex NLS mutant, that couldn’t either support NMD inhibi- 
tion (2.3 h) (Fig. 3 D and Supplementary Fig. S5 C). Finally, to 

confirm that Rex expression inhibits NMD via the alteration 

of CRM1 behaviour, we measured the decay rates and half- 
lives of Globin PTC with different combinations of Rex and 

CRM1 overexpression (Fig. 3 E and Supplementary Fig. S5 D 

and E): while Rex stabilised Globin PTC mRNA, the com- 
bined overexpression of Rex and CMR1 partially restored 

mRNA decay. To the opposite, CRM1 overexpression with- 
out Rex did not modify Globin PTC decay rate. Confocal mi- 
croscopy observations were also performed with these four 
conditions, revealing that the NMD partial rescue was corre- 
lated with the partial restoration of UPF1 cellular distribution,
as supported by the quantification of the nucleo / cytoplasmic 
ratio. Interestingly, we also observed a modification of Rex lo- 
calisation towards the cytoplasm or at the nuclear periphery 
(Fig. 3 F and Supplementary Fig. S5 F). 

Altogether, these results suggest that Rex by favouring the 
interaction between UPF1 and CRM1 in the nucleus may de- 
crease UPF1 association with RNA and inhibits NMD. 

CRM1 hijacking by another retrovirus also 

interferes with UPF1 cellular localisation and its 

NMD function. 

CRM1 hijacking is a hallmark of several complex retroviruses 
[ 45 ]. For instance, HIV-1 express Rev, a functional homolog 
of HTLV-1 Rex; although these proteins share low sequence 
homology, they both display similar functional domains such 

as RNA binding domain, NLS, dual multimerisation domain,
and NES. Rev also shuttles between nucleus and cytoplasm,
hijacks CRM1, and exports the unspliced vRNA [ 61 ]. More- 
over, a UPF1 / Rev / CRM1 complex has already been described 

[ 62 ]. As an alternative method to reinforce our observations 
that support an impact of CRM1 hijacking on UPF1 activ- 
ity, we investigated the impact of Rev expression as we did 

previously with Rex. Thus, we directly looked at the en- 
dogenous UPF1 intracellular distribution under Rev expres- 
sion by confocal microscopy. Rev strongly colocalises with 

UPF1 and CRM1 in nucleolar compartments (Fig. 4 A (i) and 

Supplementary Fig. S6 A). As for Rex, a significant nuclear 
retention of UPF1 can be quantified when Rev is expressed 

compared to control condition (Fig. 4 A (ii)). To further com- 
pare Rex and Rev impact on UPF1, we checked whether the 
Rev-mediated nuclear localisation of UPF1 can be also cor- 
related with NMD inhibition. We found an increased half- 
life of Globin PTC after Rev expression compared to control 
condition (4.3 versus 1.6 h, Fig. 4 B), suggesting that Rev is 
able to inhibit NMD and to alter the stability of non-vRNAs.
Moreover, as Rev-mediated inhibition of NMD is reported 

here for the first time, we further characterised the specificity 
of our observations: first, we excluded a translation defect 
by carrying out a sunset assay, as previously done for Rex 

( Supplementary Fig. S6 B). Secondly, we monitored Rev impact 
on the decay rate of Globin WT and compared it to Globin 

PTC. As expected, the decay rate of Globin WT was barely 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
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Figure 3. R e x e xpression leads to UPF1 reduced association to RNA, what is functionally link to NMD inhibition. ( A ) Coarse-grained molecular modelling 
with Martini force field of CRM1-UPF1 complex starting from UPF1 which CH domain open (PDB 2WJV) of UPF1 with CH domain closed (PDB 2XZL). 
UPF1 fragment is 77–916. Molecular dynamics simulation using Gromacs with Martini 2 force-field during 1 μs. UPF1 NES (89–103, dark blue) is bound 
to CRM1 (cyan) in both str uct ures. UFP1 domains: CH: green; RecA2: wheat; RecA1: yellow, 1C: red, 1B: orange; stalk: black. The final state of 
simulations (10 0 0 ns) of UPF1–CRM1 comple x es are presented. T he complete simulation movie is a v ailable as an additional data. The ‘radius of gyration’ 
(Rg (A)) and the ‘Buried Surface Area’ (BSA (A 

2 )) from six independent simulations are indicated. ( B ) RIP experiments using a rabbit polyclonal antibody 
targeting UPF1 were performed with HeLa cells transfected with a Globin PTC coding plasmid and WT or NES mutant Rex coding plasmid. 
Immunoprecipitated RNA (Globin PTC) were quantified by RTqPCR. For each condition, the relative enrichment of Globin PTC RNA associated to UPF1 
compared to conditions without R e x w as displa y ed in the graph. n = 4 t-test P -v alue: ns > 0.05. and *** < 0.005). On the right panel, w estern blot 
controlling the le v els of the expressed Rex and the immunoprecipitated UPF1. ( C ) Decay rate analysis of Globin PTC and Globin WT RNA. Globin RNA 

le v els w ere quantified after HeLa cells w ere treated with DRB f or 0 or 3 h. T he rate of deca y is e xpressed as ln (DRB3h / DRB0h). t-test P -v alue: 
ns > 0.05. and *** < 0.005. ( D ) Half-life e v aluation of the Glob PTC mRNA in HeLa cells transfected with the indicated forms of Rex. mRNA half-lifes 
(t1 / 2 = ln (2) / λwith λ the time constant of the decay curves) are indicated in front of their respective conditions. n = 5 t-test P -value: * < 0.05. The 
expression of Rex at each time point after DRB treatment was evaluated by WB (lower panel). ( E ) Same as C with the Glob PTC mRNA and the indicated 
combinations of R e x and CRM1 o v ere xpression. n = 3 t-test P -value: ns > 0.05, * < 0.05 and *** < 0.005. ( F ) Confocal microscopy with Hela cells 
o v ere xpressing the indicated combination of R e x and CRM1. UPF1 and R e x are stained. On the right, quantitative analysis of the microscopy 
experiments : UPF1 signal was quantified in the cytoplasm and in the nucleus and expressed as a ratio. Wilcoxon, P -value *** < 0.005. 
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Figure 4. HIV-1 R e v promotes similar defects in UPF1 functions as HTLV-1 R e x. ( A ) (i) Confocal microscopy experiments were performed in HeLa cells 
transfected with the plasmids indicated on the left side. R e v w as re v ealed with an anti Flag tag antibody. Magnification of the framed z one is sho wn in 
the lo w er panel (ZO OM). Objectiv e x20. Scale bar: 50 μm. (ii) The same quantitativ e analy sis w as carried out as f or R e x in Fig. 2 C. ( B ) Half-life e v aluation 
of the Glob PTC mRNA in HeLa cells transfected with the indicated forms of Rev. mRNA half-life (t1 / 2 = ln (2) / λwith λ the time constant of the decay 
curves) are indicated in front of their respective conditions. n = 3 t-test * P < 0.05. ( C ) Decay rate analysis of Globin PTC and Globin WT RNA. Globin 
RNA le v els w ere quantified after HeLa cells w ere treated with DRB f or 0 or 3 h. T he rate of deca y is e xpressed as ln (DRB3h / DRB0h). n = 3 t-test ns: 
P > 0.05; *** P < 0.005. ( D ) Same as C) e x cept that HeLa cells were infected with HIV particles or control virus-like particles (CtrVLP) instead of being 
transfected with Flag R e v (left panel). GFP expressed from HIV or CtrVLP was observed with an epifluorescence microscope (right panel).). n = 4 t-test 
* P < 0.05 ( E ) RIP using a rabbit polyclonal antibody targeting UPF1 w as perf ormed with HeLa cells expressing Globin PTC mRNA as well as R e x or R e v 
as indicated. Immunoprecipitated RNA (Globin PTC) were quantified by RTqPCR. For each condition, the relative enrichment of Globin PTC RNA 

associated to UPF1 compared to control conditions (pCMV) w as displa y ed in the graph. n = 4 t-test ns: P > 0.05; * P < 0.05, ** P < 0.01, *** P < 0.005 
( F ) Same as E with cells expressing globin WT mRNA. ( G ) same as E with the quantification of endogenous mRNA gadd45a, smg5, and gapdh. ( H ) 
R epresentativ e w estern blot controlling the RIP e xperiments: R e x and R e v proteins e xpression w as monitored in the whole cell e xtract (INPUT) as w ell 
as UPF1 in immunoprecipitations. 
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ffected by Rev expression while that of Globin PTC was
ignificantly decreased (Fig. 4 C). Furthermore, to determine
hether these observations could be verified in the context of
IV-1 infection, we analysed HeLa cells pre-transfected with
lobin reporters and infected for 48 h with HIV-GFP lentivi-

al particles (HIV) or lentiviral particles expressing GFP only
VLPCtr) as control. While the decay rate of Globin WT was
ot affected by HIV infection, that of Globin PTC was signifi-
antly reduced, indicating that HIV infection is able to inhibit
MD (Fig. 4 D). Altogether, these results demonstrate a spe-

ific NMD inhibition during HIV infection, which occurs in a
ev-dependent manner. 
Consistently with our previous results on Rex, UPF1 RIP

xperiments revealed that Rev expression is also associated
ith a decrease in UPF1 association with the Globin PTC and

he Globin WT mRNAs (Fig. 4 E and F, respectively). To rein-
orce these observations, the association of UPF1 with endoge-
ous NMD sensitive ( smg5 and gadd45a ) and NMD unsen-
itive ( gapdh ) RNAs was also investigated, and we observed
 decrease in UPF1 association with these endogenous RNAs
s well with Rev and Rex (Fig. 4 G and H). Therefore, Rev,
ike Rex, decreases / prevents UPF1 binding to cellular RNA,
ndependently of their NMD sensitivity. 

RM1 hijacking by Rex in HTLV-1 transformed cell 
ine affects UPF1 localisation and function 

o far, we demonstrated that, independently of vRNA, Rex
nduced the nuclear retention of UPF1. We correlated it with
igher levels of UPF1–CRM1 interaction, a reduced affin-
ty for cellular RNA and NMD inhibition. Now, in order
o investigate this process in physiologically relevant cellular
odels, we used three HTLV-1 chronically infected CD4 + T

ell lines: C91PL and HUT102 that express Rex protein,
nd C8166 that displays a defect in Rex expression, as con-
rmed by western blot and confocal microscopy (Fig. 5 A and
upplementary Fig. S7 B). As a negative control, we also used
ninfected Jurkat CD4 + T cells. CoIP experiments confirm
hat UPF1 interacts with Rex in infected lymphocytes; more-
ver, in Rex expressing cells, UPF1 interacts with CRM1 in
igher proportions than in Rex-deprived cells (Fig. 5 A, com-
are lanes 1–2 to 3–4). Then, we examined the intracellular
istribution of UPF1 and CRM1 in C91PL and C8166 by con-
ocal microscopy. We found a nuclear retention of UPF1 in
75% of C91PL compared to ∼30% in Rex negative C8166

ells (Fig. 5 B and Supplementary Fig. S7 A). Z-stack analy-
is confirmed these conclusions (Fig. 5 C). Noteworthy, over-
apping perinuclear foci of UPF1 and CRM1 were also ob-
erved in C91PL (Fig. 5 B). In the context of HTLV infection,
he direct correlation between intracellular redistribution of
PF1 / CRM1 and NMD inhibition is made difficult because
oth C8166 and C91PL cells express the viral protein Tax,
nother NMD inhibitor that we characterised in the past [ 38 ,
2 ]. In these cell lines, the expression of Tax is well docu-
ented [ 38 , 63 ] and its localisation is not linked to either Rex
r CRM1 distribution profiles ( Supplementary Fig. S7 B and
 and [ 64 ]). To evaluate NMD activity in a close model with-
ut Tax interference, we measured the half-life of the Globin
TC reporter in HeLa cells transfected with different mu-
ated versions of a HTLV molecular clone ( Supplementary Fig.
7 D). As expected, Rex expression alone could inhibit NMD.
inally, RIP showed a reduced enrichment of endogenous
RNA (NMD sensitive or not) with UPF1 in C91PL com-
pared to C8166 (Fig. 5 D and Supplementary Fig. S7 E). Al-
together, these data corroborate our previous conclusions in a
more physiological cellular model underlining their relevance
(Fig. 5 E). 

UPF1 is addressed to vRNA in a Rex-dependent 
manner 

Unlike HeLa and 293T cells, C91PL cells constitutively ex-
press vRNA. Knowing that the Rex / CRM1 complex binds
selectively to unspliced vRNA to drive its nuclear export, and
that Rex and CRM1 modify UPF1 localisation and affinity for
RNA, we questioned the interplay between UPF1 and vRNA.
First, we carried out UPF1 RIP experiments in C8166 and
C91PL cells, as well as in Jurkat T cells as a negative con-
trol. Unexpectedly, we found that UPF1 RIP were specifically
enriched in vRNA in the Rex expressing cells only (Fig. 6 A,
Supplementary Fig. S7 F). To investigate whether this associ-
ation is related to NMD activation, we carried out RIP tar-
geting UPF2, a NMD cofactor of UPF1. We found no en-
richment of vRNA after UPF2 RIP in C91PL compared to
C8166, in contrast to the RIP targeting UPF1 and Rex (Fig.
6 B, Supplementary Fig. S7 G). In addition, we performed UPF2
coIP in C91PL extracts: an interaction between UPF2 and
CRM1 was found as expected since UPF2 is a known cargo
of CRM1. However, no specific association between Rex and
UPF2 could be found, unlike UPF1 (Fig. 6 C). Thus, these ex-
periments demonstrate that the increased recruitment of UPF1
to vRNA and its incorporation in the vRNP is independent
of UPF2 and subsequently independent of NMD activation.
Then, we asked whether UPF1 and Rex can bind concomi-
tantly to vRNA. To do so, we carried out double-RIP exper-
iments. First, an RIP targeting a transiently expressed HA-
tagged UPF1 was performed (Fig. 6 D, RIP1). Cells without
HA-UPF1 expression were used as a control. Secondly, RNAs
were natively eluted and further subjected to a second RIP
against Rex (Fig. 6 D, RIP2) or using a control immunoglob-
ulin. RTqPCR on each RIP revealed a significant enrichment
of vRNA associated to UPF1 as well as Rex, but to a lower
amount. Thus, UPF1 can be recruited on vRNA concomitantly
with Rex, in a Rex-dependent manner but independently of its
NMD function. To clarify if this recruitment is controlled by
the formation of the previously characterised CRM1–UPF1–
Rex complex, RIP experiments were carried out on 293T cells
transfected with the HTLV-R23L molecular clone (deficient
for Rex expression) complemented with plasmids encoding
Rex WT or Rex NES mutant. As a reminder, we have shown
previously that Rex NES mutant can neither interact with
CRM1 nor stabilise UPF1 / CRM1 interaction (Fig. 2 E). RIP
Rex experiments showed similar enrichment of vRNA with
Rex WT and NES mutant proteins. In contrast, enrichment of
vRNA in the UPF1 RIP was drastically reduced with the Rex
NES mutant compared with the Rex WT protein (Fig. 6 E). Fi-
nally, we performed an RIP with UPF1 WT or NES mutant in
293T cells, expressing a WT viral molecular clone: UPF1 NES
mutant couldn’t bind vRNA to the contrary of UPF1 WT (Fig.
6 F and Supplementary Fig. S7 H). Altogether, these results in-
dicate that in an infectious context, Rex orchestrates a CRM1-
dependent switch in UPF1 RNA binding affinity: it drives the
selective loading of UPF1 onto vRNA independently of the
NMD process. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
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Figure 5. CRM1 hijacking by Rex affects UPF1 functions in infected lymphocytes. ( A ) coIP experiments in the indicated lymphocytes cells extracts. IP 
w ere perf ormed using rabbit poly clonal antibodies against UPF1. P roteins re v ealed b y w estern blot are indicated on the side. ( B ) (i) Conf ocal microscop y 
e xperiments w ere perf ormed in C91PL and C8166 lymphocytes. CRM1 and UPF1 w ere re v ealed. Objectiv e x63. Scale bar: 10 μm. (ii) Quantitativ e 
analysis of UPF1 nuclear retention from confocal images ( C ) Z stack analysis performed on C91PL and C8166 with a staining of the nucleus by DAPI and 
UPF1. The nuclear localisation of UPF1 is evaluated with the MCC. Cells were obtained from three independent experiments. t-test P -value: * < 0.05. 
( D ) RIP using a rabbit polyclonal antibody targeting UPF1 were performed with C8166 and C91PL lymphocytes. Immunoprecipitated endogenous RNA 

(sensitive or not to NMD) were quantified by RTqPCR. The relative enrichment of RNA associated to UPF1 in C8166 compared to C91PL was displayed 
in the graph. n = 3 t-test P -value: * < 0.05; *** < 0.005. ( E ) Graphical abstract of the consequences of CRM1 hijacking by Rex on the RNA helicase UPF1: 
R e x alters the nuclear export and favour the nuclear retention of NES containing cargoes, including UPF1. Concomitantly, R e x stabilises CRM1 / UPF1 
association. Altogether, this lead to a defect in RNA binding and NMD inhibition. 

 

 

 

 

 

 

 

 

 
UPF1 supports different steps of HTLV-1 replication 

cycle leading to the production of viral particles 

In this context, we hypothesised that the relocalisation of
UPF1 on vRNA induced by Rex and CRM1 might have a
proviral function, contrasting with its antiviral function ex-
erted via NMD. First, we investigated vRNA export. To do
so, 293T cells were transduced with lentivectors expressing a
doxycycline inducible UPF1 shRNA or a control shRNA. Cells
were then treated twice with doxycycline to ensure the lowest
levels of UPF1, prior to expression of Rex and a Luciferase
reporter to monitor Rex-dependent export (FLucRxRE) [ 58 ].
As shown in Fig. 7 A, in control conditions, Rex is required 

for the correct export of FLucRxRE RNA, resulting in fire- 
fly luciferase expression. To the contrary, the knock-down of 
UPF1 was associated with a decrease in firefly luciferase ex- 
pression. To further link the hijacking of UPF1 in the vRNP 

and the stimulation of vRNA export, we test the impact of 
UPF1 NES mutant with this assay since we showed that this 
mutant is deficient in vRNA binding, even in the presence of 
Rex: first endogenous UPF1 levels are reduced with siRNA 
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Figure 6. R e x / CRM1 / UPF1 comple x driv es the loading of UPF1 on vRNA. ( A ) RIP using a rabbit poly clonal antibody targeting UPF1 w ere perf ormed 
with Jurkat, C8166 or C91PL lymphocytes. Immunoprecipitated unspliced vRNA was quantified by RTqPCR. The relative enrichment of vRNA associated 
to UPF1 in Jurkat and C8166 compared to C91PL was displayed in the graph. n = 5 t-test *** P < 0.005 ( B ) RIP experiments were carried out with the 
immunoprecipitation of UPF1, R e x or UPF2 as indicated in C91PL and in C8166 cells. The relative enrichment in vRNA in C91PL compared to C8166 is 
represented for each immunoprecipitated protein. n = 3 t-test * P < 0.05 ( C ) coIP experiments in the C91PL cells extracts. IP were performed from the 
same extract using UPF1, UPF2 or a control antibody (Ctr). Proteins revealed by western blot were indicated on the side. ( D ) Schematic diagram of the 
double RIP experiment performed in 293T cells co-transfected with the HTLV-1 WT molecular clone and a HA-UPF1 coding plasmid (upper panel). 
Quantification of the relative enrichment in vRNA after HA RIP targeting UPF1 (RIP1) and R e x RIP (RIP2) (lo w er panel) compared to RIP Ctr. n = 3 t-test 
* P < 0.05 ( E ) RIP targeting UPF1, R e x or using a control antibody (as indicated) were performed with 293T cells transfected with HTLV-1 R23L 
molecular clone complemented with either R e x NES mutant or R e x WT (REX NES and WT, respectively). As a negative control, cells were transfected 
with an empty vector (PCMV) . Immunoprecipitated RNA (vRNA) was quantified by RTqPCR. The graph displays the relative enrichment of vRNA 

associated to UPF1 or R e x compared to control antibody. n = 4 t-test ns P > 0.05, *** P < 0.005. ( F ) 293T cells are transfected with the indicated 
combinations of HTLV-1 molecular clone (pACH) and HA-UPF1 either WT or NES mutated (UPF1 NES). Quantification of the relative enrichment in vRNA 

after RIP was performed with HA antibody or Ctr antibody. n = 3 t-test ** P < 0.01. 
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reatments to reduce the background; then different combi-
ations of Rex and UPF1 WT or mutant plasmids are trans-
ected. As expected, we found that UPF1 NES mutant has a
educed capacity to stimulate vRNA export, supporting the
mportance of the UPF1 / CRM1 interaction and UPF1 loading
n vRNA in the process (Fig. 7 B). Accordingly, these results
eveal a positive role for UPF1 in promoting Rex-dependent
xport of vRNA. 

Next, we evaluated the effects exerted by UPF1 during vi-
al particles production steps. As previously mentioned, the
fate of cytoplasmic vRNA is to be translated into structural
viral proteins and enzymes or encapsidated in viral parti-
cles. To do so, we proceeded with UPF1 extinction before
the expression of a replicative HTLV-1 molecular clone in
293T cells. Viral protein and vRNA from whole-cell extract or
from the ECF that corresponds to cell-associated virions con-
tained in viral biofilms) were analysed (Fig. 7 C). First, west-
ern blots showed that the levels of the GAG precursor, en-
coded by vRNA, were similar with or without UPF1 (Fig. 7 D
(i)). During viral particle formation, GAG maturation leads
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Figure 7. UPF1 controls different steps of the viral replication cycle. ( A ) Protein expression in cell extracts used for dual luciferase assay was monitored 
b y w estern blot (left). Dual luciferase assa y w as perf ormed on shCtr or shUPF1 293T cells transfected with a R e x WT plasmid or an empty v ector. Firefly 
luciferase as well as Renilla luciferase were quantified. Firefly (FLuc) / Renilla (RLuc) ratio was plotted in a graph. n = 4 t-test * P < 0.05 (right). ( B ) Same 
as A with o v ere xpression of MYC-UPF1 WT or mutated on the NES (MYC-UPF1 NES). To reduce the background of endogenous UPF1, cells were also 
treated with siRNA. Both Myc-UPF1 are siRNA resistant. ( C ) Schematic representation of the experiment. The same preparation of cell extracts and the 
corresponding extracellular fractions were used to perform western blot, qRTPCR and ELISA. FACS data are presented in Supplementary Fig. S5 . ( D ) 
Western blot was carried out on cellular extract (i) and on the corresponding extracellular fraction (ii). The recognised proteins were indicated on the left. 
T he relativ e le v els of the capsid (CA) and the matrix (MA) compared to the precursor G AG (i) or En v (ii) w ere e v aluated after densitometry quantification 
using Imagelab software. ( E ) ELISA spot assays (Zeptometrix) were performed with the cell extract of the indicated cells. MA (p19) quantification was 
plotted in bar plot. ( F ) Same as E with the extracellular fraction preparation. ( G ) vRNA quantifications were performed by qRTPCR on cell extracts. 
Primers used were localised in the gag coding region. n = 5 t-test * P < 0.05; ** P < 0.01 ( H ) Same as G with the corresponding ECF preparation. ( I ) 
FACS quantifications of p19 protein in 293T cells treated with Ctr, UPF1 or UPF2 siRNA (left). The same experiment was performed with DMSO or the 
NMD inhibiting compound known as SMG1i. n = 5 t-test ns P > 0.05, ** P < 0.01. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
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o its proteolytic cleavage into the nucleocapsid (NC / p15),
he matrix (MA / p19), and the capsid (CA / p24). Unexpect-
dly, we observed by western blot that mature p19 and p24
ere less present in whole-cell extracts deprived from UPF1

Fig. 7 D (i)). To confirm this, FACS was performed on per-
eabilised cells using antibodies against UPF1 or p19. UPF1
nock-down was associated with a ∼50% decrease in the p19
ean fluorescence ( Supplementary Fig. S8 A). We also per-

ormed ELISA on whole-cell extracts as well as on the cor-
esponding ECF. In both fractions, UPF1 decrease was as-
ociated with weaker p19 signals (Fig. 7 E and G). Western
lots confirmed that ECF from UPF1-depleted cells contained
ess p19 and p24. However, western blot on the ECF showed
hat the levels of viral envelope (Env) were less, if at all, af-
ected by UPF1 knock-down (Fig. 7 D (ii)). Corroborating that
bservation, FACS analysis performed on non-permeabilised
ells using the anti-HTLV serum or an anti-Env antibody did
ot reveal a significant decrease of the cell surface mean fluo-
escence ( Supplementary Fig. S8 B). Concerning vRNA, qRT-
CR showed an increase in whole-cell extracts deprived from
PF1 that was expected, due to NMD inhibition. To the con-

rary, qRT-PCR on ECF purified RNA revealed a lower level
f vRNA in the absence of UPF1 (Fig. 7 F and H). We previ-
usly demonstrated that the hijacking of UPF1 by Rex was

inked with NMD inhibition. Thus, we checked whether the
efect in p19 levels is directly due to the absence of UPF1
r indirectly due to NMD inhibition. Prior infection, 293T
ells were treated with siRNA against UPF1 or UPF2: the
onitoring of p19 by FACS confirmed that the absence of
PF1 provoked the reduction in p19 levels. To the contrary,
PF2 knock-down exerted no significant effect. The treatment
f infected cells with the NMD inhibiting drug SMG1i, al-
hough strikingly preventing UPF1 phosphorylation necessary
or NMD, had no significant effect on p19 either (Fig. 7 I and
upplementary Fig. S8 C). The data thus confirmed that the im-
act of UPF1 on GAG maturation are independent of NMD. 
Having demonstrated the loading of UPF1 on vRNA, as

ell as the defect in vRNA packaging and viral particle mat-
ration in the absence of UPF1, we wondered whether this
ight reflect the presence of UPF1 in the viral particles, where
AG maturation would occur after budding. First, we moni-

ored the localisation of the viral matrix (MA / p19) and UPF1
n infected T cells. As expected, C8166 cannot express p19
ue to a defect in Rex expression. In C91PL, p19 is displayed
s foci at the cell periphery corresponding to the accumu-
ation of virions on the cell surface [ 53 ]. The immunostain-
ng profiles of UPF1 and p19 IF overlap at these foci (Fig.
 A and Supplementary Fig. S9 A). This suggests that UPF1
s present at budding sites and could effectively be incorpo-
ated into viral particles. To address this point, we isolated
he ECF of 15 × 10 

6 infected cells, which contains most of
he viral particles produced by the cell, forming a viral biofilm
ound to the cell membrane as described previously [ 53 , 65 ].
he presence of viral particles was detected in C91PL only, as
hown by monitoring p19 using western blot (Fig. 8 B). The
bsence of cellular contamination of ECF was controlled by
robing the cytoplasmic protein RRM2. Finally, UPF1 was
learly identified in ECF from C91PL, but not on that of
8166 or controlled non-infected cells (Fig. 8 B). UPF1 RIP
ere also performed and revealed that UPF1 is bound to

RNA in ECF (Fig. 8 C). To quantitatively evaluate the levels of
PF1 in viral particles produced by C91PL-infected cells, mass

pectrometry experiments were performed on C91PL ECF as
well as on purified virions released in C91PL culture super-
natants (named ‘free particles’). UPF1 was detected in both
fractions. As expected, UPF2 and RRM2 cannot be detected
( Supplementary Fig. S9 B). The same experiments was also per-
formed with uninfected CEM T-cells known to produce and
released membrane bound extracellular vesicles [ 66 , 67 ]. A
quantitative analysis showed that although UPF1 is present
in the fraction derived from uninfected cells, it was signifi-
cantly enriched in the C91PL one, that specifically contains
viral particles (Fig. 8 D and Supplementary Table). However,
UPF1 is identified as a relatively low concentrated protein in
the HTLV-1 viral particles ( Supplementary Fig. S9 C). Alto-
gether, these data confirm the presence of vRNA bound UPF1
in viral particles. 

Finally, we evaluated the impact of these modifications
on HTLV viral particles infectivity and transmission. HTLV-
1 transmission occurs via cell to cell contact, through viral
biofilm in which viral particles are accumulated, and dras-
tically improve the transmission rate [ 53 ]. To assess the im-
pact of UPF1 depletion on HTLV infectivity and spread, co-
cultures between C91PL (expressing or not a UPF1 shRNA)
and Jurkat-Luc reporter cells (expressing luciferase under the
HTLV LTR) were performed as previously described [ 53 ].
The significant reduction of UPF1, obtained after 6 days of
shRNA induction, was associated with a decrease in p19 lev-
els, consistent with our results on HTLV infected 293T cells
( Supplementary Fig. S9 D). Under these conditions, the de-
crease in UPF1 levels resulted in a drastic reduction ( ∼ 60%)
of viral transmission to uninfected Jurkat cells after 24 h of co-
culture (Fig. 8 E). Collectively, these results showed that UPF1
defect altered the packaging of vRNA and the assembly or
maturation of HTLV-1 viral particles. Ultimately, this multi-
step process support the virus capacity to transmit infectious
virions to neighbouring cells. 

In conclusion, we demonstrated that the hijacking of the
exportin CRM1 by retroviral adapter, such as HTLV-1 Rex, is
combined with the hijack of the RNA helicase UPF1. On one
side, it affects cellular functions such as NMD; on the other
side, it favours the loading of UPF1 on vRNA to exerts func-
tions independent of NMD, which promote viral replication
and transmission (Fig. 8 F). 

Discussion 

By regulating the intracellular distribution of hundreds of pro-
teins and some specific RNA species, CRM1 export pathway
is an important process controlling the cellular homeostasis.
As introduced earlier, complex retroviruses like HTLV-1 and
HIV-1 use retroviral adapters, respectively Rex and Rev, to
export their vRNA via CRM1. While the mechanistic steps
of this export are already described, the cellular consequences
of CRM1 hijacking have not been addressed yet. Here, we
sought to characterise how the hijacking of CRM1 by Rex
could affect the CRM1 cargo named UPF1, a RNA / DNA he-
licase involved in NMD, a well described RNA decay process
with antiviral functions. 

Our data showed that in Rex expressing cells, more CRM1
is associated to UPF1 especially in the nucleus. This complex
relies on the combined interactions between UPF1, CRM1,
and Rex. We hypothesised that we face a sequestration com-
plex, altering UPF1-CRM1 flux and recycling, ultimately re-
pressing nuclear export. In this context, we confirmed that,
UPF1 displays nuclear retention. Moreover, we proposed a

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf434#supplementary-data
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Figure 8. UPF1 is loaded into the viral particles produced by the virus. ( A ) Confocal microscopy experiments were performed in C91PL and C8166 
lymphocytes. CRM1, UPF1, and p19 were revealed by IF. White arrows show p19 foci. Objective x63. Scale bar: 10 μm. ( B ) ECF containing the viral 
particles was collected from 15.10 6 of C91PL, C8166 and Jurkat cells and analysed (lanes 4, 8, and 12). The presence of UPF1, RRM2, and p19 was 
e v aluated b y WB and total protein w as monitored with stainless procedure (upper and lo w er panels, respectiv ely). Cells used to harv est the ECF w ere 
also lysed and monitored by WB after serial dilutions (equivalent to 4.10 6 , 2.10 6 , and 10 6 cells; lanes 1, 5, 9; 2, 6, and 10; 3, 7, and 11, respectively). ( C ) 
RIP UPF1 on the ECF of C91PL and C8166. Western blot controls of the RIP on the left. Immunoprecipitated unspliced vRNA was quantified by 
R TqPCR. T he relativ e enrichment of vRNA associated to UPF1 compared to the control RIP w as displa y ed in the graph on the right. n = 3 t-test: *** 
P < 0.005. ( D ) Volcano plot of the log2FC (C91PL / CEM) for the ‘free particle’ fraction. UPF1 enrichment in the C91PL samples compared to CEM 

samples is indicated ( n = 3). At the top, the distribution of the proteins only found in the C91PL samples is represented by their IBAC values: viral 
proteins are indicated. The stochiometric proportion of UPF1 compared to viral proteins from C91PL samples is also indicated (down). ( E ) Upper panel: 
schematic representation of the viral transmission experiment. Lower panel: bar plot representing the luciferase levels expressed by 150 × 10 3 infected 
Jurkat after 24h of co-culture with 50 × 10 3 C91PL. C91PL were treated with doxycyclin for 3 days (one treatment) or 6 days (two treatments) in order to 
express the shRNA (control or against UPF1). n = 6, t-test ns P > 0.05, *** P < 0.005. ( F ) Graphical abstract of the consequences of CRM1 hijacking by 
R e x on UPF1 interplay with vRNA. 
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odel for the UPF1 / CRM1 complex, based on the charac-
erisation of UPF1 NES domain and molecular dynamic sim-
lations. Consistent with the observed enhanced interaction
ith CRM1, the most stable complex involves a conforma-

ion of UPF1 with a lower affinity for RNA [ 59 ]. These simu-
ations were challenged by RIP experiments in cellulo , and we
ere able to link this UPF1–CRM1 complex with a defect in
PF1 binding to all cellular RNA, sensitive or not to NMD.
inally, we confirmed that NMD was repressed following Rex
xpression, as shown previously [ 39 ]; more interestingly, we
emonstrated that this inhibition can be due to the capacity of
ex to hijack and shuttle with CRM1. Similar results were ob-

ained in HTLV-1 chronically infected cells, confirming their
hysiological relevance. 
Recently, Nakano et al. published that overexpressed UPF1

an interact with Rex in the cytoplasm and P-bodies and that
he inhibition of NMD depends on several domains of Rex in-
luding its Nter part (ARM NLS and X domains) [ 43 ]. Here,
e report an interaction between Rex and endogenous UPF1,
hich is sensitive to a mutation in the NLS domain of Rex, in

ccordance with their observations. In addition, PLA exper-
ments indicate that this interaction occurs in the cytoplasm
s well as in the nucleus. Cytoplasmic complexes could match
ith the hypothesis of Nakano et al., who suggests that Rex

s recruited to NMD complexes via UPF1, while nuclear foci
ould be relevant to the UPF1 / CRM1 / Rex complex that we
escribed here and would support a model for UPF1 nuclear
ccumulation under Rex control. Indeed, using PLA, we also
uantified an increase of nuclear UPF1 / CRM1 foci upon Rex
xpression. In our model, to the contrary of Nakano et al.,
ex ultimately prevents the incorporation of UPF1 in NMD
omplexes, as indicated by the lower affinity for RNA and the
xclusion of UPF2. This inhibition is partially rescued when
he cytoplasmic localisation of UPF1 is restored after over-
xpression of CRM1. This highlights that the Rex-mediated
MD inhibition can rely on its ability to alter CRM1 export.
In order to reinforce the demonstration that CRM1 hijack-

ng by a retroviral adapter can alter NMD, we alternatively
nvestigated the effect of HIV-1 Rev: Rev is the functional ho-
olog of Rex encoded by HIV-1 but both share little sequence

dentity. Although the sequential steps leading to the forma-
ion of an export complex with Rex and Rev may diverge,
oth result in the formation of a viral adapter multimer inter-
cting with vRNA and CRM1. As expected, Rev expression
ed to similar observations with slight differences: strikingly,
ev induced stronger UPF1 nuclear retention, essentially in
ucleolus, while the nuclear staining of UPF1 was diffuse in
he presence of Rex. These divergences may be due to specific
echanisms of CRM1 hijacking. Interestingly, this demon-

tration also points out for the first time that HIV-1 is able to
rans-inhibit NMD in a Rev-dependent manner, affecting the
tability of non-vRNA. In the cell, NMD exerts an important
ole during post-transcriptional regulation of gene expression.
otably, it controls pathways involved in the equilibrium be-

ween proliferation and differentiation, stress response, and
mmune response. With regards to this role, it is expected
hat CRM1 hijacking by Rex and Rev lead to specific post-
ranscriptional deregulations due to NMD inhibition. Some
f these deregulations have already been addressed [ 68 ], but
 dedicated study is still needed to unravel the significance of
hese effects during viral infection. 

During HIV-1 replication, UPF1 is involved in vRNA ex-
ort with Rev and CRM1; moreover, in silico protein-protein
docking analyses suggested that these interactions occur in
a region that overlaps with the UPF2 binding site of UPF1,
thereby protecting vRNA from NMD activation [ 62 ], [ 69 ].
UPF1 does not affect the viral particle formation but is en-
capsidated and favors post-entry steps of the infection [ 70 ].
With HTLV-1, we found that CRM1 ability to interact with
Rex and UPF1 favours this latter recruitment onto vRNA.
Considering our observations about UPF1–CRM1 complex
affinity for RNA, it is probable that Rex mediates this re-
cruitment via its RNA binding motif and the RxRE motif of
vRNA. Thus, UPF1 undergoes a switch from cellular mRNA
to vRNA that is not linked with NMD activation, as it occurs
independently from UPF2. We clearly established that UPF1
plays a positive role in the Rex-dependent vRNA export. Fur-
thermore, we found that in the absence of UPF1, the matura-
tion of structural proteins MA (p19) and CA (p24) was im-
paired: a decrease in MA and CA levels was observed in cell
extracts as well as in the ECF where infectious viral particles
accumulate. This reduction is unlikely to be due to the repres-
sion of vRNA export, since the GAG precursor (pr53GAG)
levels were barely affected. Moreover, NMD inhibition by
UPF2 extinction or SMG1 inhibition didn’t affect MA mat-
uration, confirming that UPF1 acts in an NMD independent
manner. Importantly, the expression of the viral envelope was
not significantly affected. Altogether, those observations re-
vealed a role of UPF1 in establishing a correct balance be-
tween the different structural proteins that compose the viral
particle. We may hypothesise that at the site of viral particles
budding, UPF1, bound to vRNA, controls specific maturation
steps leading to the production of complete, infectious viri-
ons. In support of this hypothesis, we provided evidence that
(i) UPF1 is loaded itself into viral particles bound to vRNA
and that in its absence, vRNA are less incorporated in the vi-
ral particles; (ii) viral infectivity from C91PL was clearly re-
pressed when UPF1 levels were reduced. The importance of
helicases during the packaging steps has been reported for
some viruses in the past: Rep52 / 40 DNA helicases from AAV-
2 are required to translocate single-stranded DNA genomes
into preformed empty capsids [ 71 ] while NS3 is required for
the packaging of YFV vRNA [ 72 ]. Retroviruses that lack viral
helicases rely on the host’s ones : DDX6 is re-directed to the
assembly site of foamy virus particles and drags vRNA into
them [ 73 ]; for HIV-1, DDX6 directly facilitates capsid assem-
bly while DDX24 promotes the packaging of vRNA [ 74 ]. The
new function revealed in this work for UPF1 during HTLV-
1 maturation might be in line with this. However, decipher-
ing the underlying molecular mechanisms will require further
investigation. 

Finally, this work opens new perspectives on the regulation
of NMD: in the past, the nuclear import of UPF1 by the im-
portin β1 was stressed out as a sensitive step [ 75 ]. Here, the
expression of viral proteins shows that the modulation of the
CRM1-dependent export also impacts on NMD , underscor -
ing the importance of the nucleo / cytoplasmic shuttling pro-
cess as a node of NMD regulation. In line with this, our study
led to the precise delineation of the NES domain of UPF1 and
a model of interaction between both proteins. Further investi-
gations are needed to understand how the NMD can be con-
trolled at this step in the absence of viral infection. 

In conclusion, these results are the proof of concept that
CRM1 subjugation by retroviral proteins can affect cellular
pathways. Notably, it trans-inhibits the NMD via the forma-
tion of a complex trapping UPF1 in a conformation with low
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affinity for RNA. Unexpectedly, the hijacked UPF1 shifts from
an antiviral to a proviral function: it is redirected on the vRNA
with Rex, where it is isolated from its NMD partner UPF2 to
stimulate vRNA export and viral particles maturation. 
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