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The Human T-Lymphotropic Virus Type 1 Tax Protein Inhibits
Nonsense-Mediated mRNA Decay by Interacting with INT6/EIF3E
and UPF1

Vincent Mocquet,? Julia Neusiedler,** Francesca Rende,” David Cluet,® Jean-Philippe Robin,® Jean-Michel Terme,*

Madeleine Duc Dodon,? Jiirgen Wittmann,© Christelle Morris,® Hervé Le Hir,% Vincenzo Ciminale,”? and Pierre Jalinot®

Laboratoire de Biologie Moléculaire de la Cellule, Unité Mixte de Recherche 5239, Centre National de la Recherche Scientifique, Ecole Normale Supérieure de Lyon, Lyon,
France?; Department of Oncology and Surgical Sciences, Institute of Neuroscience at the Department of Biomedical Sciences, Universita di Padova, Padua, Italy®; Division
of Molecular Immunology, Department of Internal Medicine Ill, Nikolaus Fiebiger Center, University of Erlangen-Nurnberg, Erlangen, Germany<; and Institut de Biologie de
I'Ecole Normale Supérieure, Unité Mixte de Recherche 8197, Centre National de la Recherche Scientifique UMR8197, Paris, France®

In this report, we analyzed whether the degradation of mRNAs by the nonsense-mediated mRNA decay (NMD) pathway was
affected in human T-lymphotropic virus type 1 (HTLV-1)-infected cells. This pathway was indeed strongly inhibited in C91PL,
HUT102, and MT2 cells, and such an effect was also observed by the sole expression of the Tax protein in Jurkat and HeLa cells.
In line with this activity, Tax binds INT6/EIF3E (here called INT6), which is a subunit of the translation initiation factor eukary-
otic initiation factor 3 (eIF3) required for efficient NMD, as well as the NMD core factor upstream frameshift protein 1 (UPF1).
It was also observed that Tax expression alters the morphology of processing bodies (P-bodies), the cytoplasmic structures
which concentrate RNA degradation factors. The presence of UPF1 in these subcellular compartments was increased by Tax,
whereas that of INT6 was decreased. In line with these effects, the level of the phosphorylated form of UPF1 was increased in the
presence of Tax. Analysis of several mutants of the viral protein showed that the interaction with INT6 is necessary for NMD inhibi-
tion. The alteration of mRNA stability was observed to affect viral transcripts, such as that coding for the HTLV-1 basic leucine zipper
factor (HBZ), and also several cellular mRNAs sensitive to the NMD pathway. Our data indicate that the effect of Tax on viral and cellu-

lar gene expression is not restricted to transcriptional control but can also involve posttranscriptional regulation.

Human T-lymphotropic virus type 1 (HTLV-1) infection is
associated with the onset of severe diseases, mainly adult T-
cell leukemia (ATL) and tropical spastic paraparesis, also named
HTLV-1-associated myelopathy, in 2 to 5% of patients (for a re-
view, see reference 44). These conditions are characterized by a
long latency, with infection often occurring in childhood and dis-
ease development at an adult age. Accordingly, it is estimated that
the development of ATL involves several phases, ending in the
acute proliferation of monoclonal ATL cells. At the initial stage,
lymphocytes are infected by viral particles, leading to provirus
integration and the expression of various viral proteins. Among
them, Tax plays an important role both by inducing the transcription
of the provirus and by stimulating the proliferation of the host cell.
Tax, which is present in both the nucleus and the cytoplasm, exerts
these functions by directly binding or by modulating the expression
of several key cellular proteins involved in transcriptional control, cell
cycle progression, genomic stability, cell adherence and migration,
protein degradation, and RNA metabolism (7).

Among these various cellular proteins bound by Tax, we have
previously characterized INT®6, also known as EIF3E, one the 13
subunits of the translation initiation factor eukaryotic initiation
factor 3 (eIF3) (16). The complex between both proteins was
found to be cytoplasmic, whereas in normal cells, INT6 is present
in both the cytoplasm and the nucleus (16, 27, 64). In mammalian
cells, the silencing of INT6 seems to marginally affect general
translation, but evidence for a role of INT6 in the translation of
specific genes was recently obtained (26, 67). Regarding its role in
association with eIF3, we have previously shown that INT6 was
important for the degradation of cellular mRNAs by nonsense-
mediated mRNA decay (NMD) (47). The latter is a quality control
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process leading to the degradation of mRNAs, including a prema-
ture stop codon (PTC), which can arise from mutation or aberrant
alternative splicing and eventually prevents the synthesis of a trun-
cated protein, which could serve as a dominant negative protein
against an intact protein (3). NMD also regulates the expression of
mRNA with upstream open reading frame (ORF) (uORF) or long
3’-untranslated (3"UTR) sequences. After a first round of transla-
tion (12, 30), the presence of a PTC more than 50 nucleotides
upstream of an exon-exon junction leads to the association of the
SMG1-eRF1-eRF3-UPF1 complex (SURF) with the mRNA. Up-
stream frameshift protein 1 (UPF1) then interacts with the UPF2
and UPF3 proteins present in the nearby exon junction complex
(EJC) (11, 33). These interactions lead to the phosphorylation of
UPFI1 by SMG1 and the routing of the mRNA toward degradation
(31), which presumably occurs in cytoplasmic compartments
known as processing bodies (P-bodies) (49, 57). P-bodies are cy-
toplasmic foci that contain proteins involved in different aspects
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of mRNA turnover, such as the decapping enzyme DCP1 and the
XRN1 exonuclease, also including NMD factors (14, 53). Con-
comitantly with degradation, UPF1, which is also present in P-
bodies, is dephosphorylated by SMG5 and PP2A and can then be
recycled to bind novel mRNAs (51).

It was shown previously that the deregulation of gene expres-
sion in stressed cells was due in part to the modification of mRNA
stability (20). Moreover, while previous works associated the pres-
ence of a PTC in tumor suppressor genes (such as WT'1, p53, and
BRCA1) with the development of cancers (19, 34, 36, 52), recent
data demonstrated that NMD inhibition plays an important role
in the initiation of tumorigenesis (1, 5, 18, 28, 52, 63) and the
potential expression of truncated tumor suppressor factors (3). By
considering the multifactorial process of leukemogenesis in HTLV-1
cells, the role of INT6 in the NMD pathway, and the effect of Tax on
INT6, we asked whether Tax was able to modulate the NMD process.
By using functional assays, we observed that this mRNA surveillance
pathway was effectively downregulated in Tax-expressing cells. In
line with this activity, Tax binds both INT6 and UPF1 and inhibits
interactions between these two NMD factors. In agreement with
these abilities, Tax expression alters the morphology of P-bodies and
stabilizes cellular and viral RNAs prone to NMD degradation by act-
ing at the posttranscriptional level.

MATERIALS AND METHODS

Constructs, cell culture, and transfection. The following plasmids used
in NMD assays were previously described: globin NS39 (GINS39) and wild-
type (WT) globin (GIWT) (47) and wild-type and mutated B-globin fused to
Renilla luciferase (6). The HTLV-1 basic leucine zipper factor (HBZ), expres-
sion vector was generated from the HBZ ORF including the 3’ long terminal
repeat (LTR) of plasmid pCSHTLV-I (15) by using oligonucleotides A and B.
In parallel, the pUC 19 backbone from pCSHTLV-I was amplified by using
primers C and D. After digestion by EcoRV and EcoRI, both the vector and
insert were ligated, creating pCS-HBZ. Sequences of the primers are as fol-
lows: 5'-AACTTGATATCGCCTCTCCAGCGCCCG-3' for primer A, 5'-
AACTTGAATTCCACTTGGCCGTGGGCCAAG-3' for primer B, 5'-AA
CTTGAATTCACTGGCCGTCGTTTTACAACGTCG-3" for primer C,
and 5'-AACTTGATATCAAGCTTGGCGTAATCATGGTCATAGC-3’
for primer D.

All T-cell lines (Jurkat, JPX9, TL-OmlI, C91PL, HUT102, and MT2)
were transfected by using Fugene 6 (Promega). For JPX9 cells, Tax expres-
sion was induced by the addition of 150 M ZnCl, for various times. The
cell culture medium was changed, and 24 h later, reporter constructs were
transfected. 293 T cells were transfected by a calcium phosphate procedure
described previously (62). In the case of DNA and small interfering RNA
(siRNA) cotransfection, 293T cells were first transfected with the siRNAs
by using Lipofectamine 2000 (Invitrogen) reagent according to the man-
ufacturer’s instructions. After 24 h, the medium was changed, and the
transfection of DNA vectors was done by the calcium phosphate proce-
dure. For viral mRNA analysis, 48 h after the transfection of siRNAs with
Lipofectamine 2000, cells were transfected with 2 pg of the HTLV-1 mo-
lecular clone pACH by using GeneJuice reagent (Novagen) for 20 to 24 h.

NMD assays and qRT-PCR. NMD assays with HeLa cells with the
GINS39 and GIWT constructs were performed as described previously
(47), and mRNAs were measured by quantitative reverse transcription-
PCR (qRT-PCR) using the QuantiTect SYBR green qRT-PCR kit
(Qiagen) and B-globin primers. Similarly, for the analysis of
GADD45a, SLIT2, BAG1, ATF4, and MAP3K14 mRNA half-lives, total
RNA was extracted by using the Nucleospin RNA kit (Macherey-Nagel).
One-step qRT-PCR (QuantiTect SYBR green qRT-PCR kit) was further
performed by using appropriate primers with normalization with respect
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA (47).

In T cells, 2 g of the WT or NS39 globin-Renilla luciferase construct
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was transfected together with 1 ug of firefly luciferase reporter plasmid,
which was used for normalization. The NMD assay was carried out ac-
cording to a dual-luciferase assay procedure reported previously (6).
mRNAs were measured by qRT-PCR using the QuantiTect SYBR green
qRT-PCR kit (Qiagen) and appropriate primers, as previously described
(47). The values presented in the graphs correspond to the means of data
from at least three independent measures, with error bars corresponding
to standard deviations. The asterisks in the figures correspond to the re-
sults of Student’s t test (two tailed and unpaired).

For the analysis of HTLV-1 RNA primer/probe sequences, cycling
profiles and absolute quantitations of transcripts were carried out as pre-
viously described (54). The AACmethod was applied to verify the silenc-
ing of UPFI. The data presented are the means of data from six indepen-
dent measurements. For HBZ mRNA analysis, 8 pg of pCS-HBZ and 1 pg
of a Renilla luciferase expression vector plasmid were transfected into
HeLa cells with Lipofectamine 2000 together with or without pSG-Tax (1
wg). The HBZ spI mRNA was reverse transcribed by using the High Ca-
pacity cDNA reverse transcription kit (Roche Applied Science) by using
primer 5'-AACTGTCTAGTATAGCCATCA-3" and then PCR amplified
with the following oligonucleotides: 5'-GCCGATCACGATGCGTTTCC
C-3" and 5'-GGCAGAACGCGACTCAACCG-3'.

Protein production, purification, and GST pulldown. Glutathione
S-transferase (GST), GST-Tax, His-GST-INT6, and His-UPF1 were pro-
duced in BL21 Codon+ Escherichia coli cells. INT6 was produced and
purified according to a protocol reported previously (60). The His-GST
tag was removed after proteolysis overnight by use of a His-GST-tobacco
etch virus (TEV) protease while dialyzing the eluted INT6 with buffer (50
mM NaH,PO, [pH 8], 300 mM NaCl, 1 mM dithiothreitol [DTT], 5%
glycerol), followed by an additional purification on Ni-nitrilotriacetic
acid (NTA) resin. His-UPF1 was produced as previously reported (11).
GST and GST-Tax proteins were produced as previously described (9).
Briefly, bacteria were induced with isopropyl-B-p-thiogalactopyranoside
(IPTG) at 28°C for 3 h. The bacteria were then resuspended in MTBS (150
mM NaCl, 12.5 mM Na,HPO,, 2.5 mM KH,PO,, 100 mM EDTA [pH
7.3], 10% glycerol), lysed by sonication (4 times for 30 s), and centrifuged
at 10,000 rpm for 1 h. The lysate was incubated with glutathione-agarose
beads in the presence of 1% Triton X-100. The beads were washed in DE80
buffer (20 mM Tris [pH 7.9], 5% glycerol, 80 mM KC1, 1 mM MgCl,,0.2
mM EDTA, 10 pM ZnCl,, 0.5 mM DTT, 0.5 mM phenylmethylsulfonyl
fluoride [PMSF]) plus 1% Triton X-100 and either eluted with elution
buffer (20 mM reduced glutathione, 20 mM Tris-HCI [pH 7.9]) or incu-
bated with purified UPF1 (11) or purified INT6 (60) in DE8O buffer plus
0.1% Triton and 5 mg/ml bovine serum albumin (BSA). After 3 washes,
proteins were eluted from the beads and analyzed by immunoblotting.

Immunofluorescence. A total of 0.05 X 10° HeLa cells were trans-
fected by the calcium phosphate procedure. Cells were fixed for 20 min
with fresh 4% paraformaldehyde, washed 3 times, and incubated with
phosphate-buffered saline (PBS)-1% BSA. Cells were incubated with the
primary antibody for 1.5 h at room temperature, washed 3 times, and
further incubated for 1 h with the secondary antibody. Finally, cells were
mounted in 10 pl of Vectashield 4',6-diamidino-2-phenylindole (DAPI)
(1.5 pg/ml) (Vector Laboratories). Slides were observed with an LSM 510
confocal microscope (Zeiss). For quantification, fluorescence intensity
was analyzed by using the Image]J program (National Institutes of Health).

Immunoprecipitation. Immunoprecipitations were conducted as de-
scribed previously (62), using the following antibodies: rabbit antisera to
INT6 (C-20, N-19, or C-169, as indicated in the figures) (46, 48); rabbit
polyclonal antibodies to UPF1 and UPF2 (65); mouse monoclonal anti-
body to phospho-UPF1, which was kindly provided by A. Yamashita
(clone 8E6) (66); rabbit polyclonal antibody to phospho-Ser/Thr ATM/
ATR substrate (catalog number 2851; Cell Signaling Technology); mouse
monoclonal antibody to Tax (clone 474); and mouse monoclonal anti-
bodies to the FLAG (clone M2; Sigma) and hemagglutinin (HA) (clone 7;
Sigma) epitopes.
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FIG 1 Effect of Tax on stability of NMD-prone mRNA. (A) NMD assays were performed with the indicated cell lines. The Renilla luciferase activity from the
GINS39 plasmid was normalized and expressed as a percentage of that from the GIWT plasmid. The bar graph represents mean values, with error bars
corresponding to standard deviations. The Student ¢ test corresponds to Tax-expressing cell lines versus non-Tax-expressing cell lines, as indicated (#x, P < 0.01).
(B) Extracts from panel A were analyzed by immunoblotting with antibodies to Tax (top) and to B-actin (bottom). (C) NMD assays were performed with JPX9
cells without (0 h) or with Tax induction for 3 h or 6 h. The 6 h+W48h bar corresponds to cells washed and further cultured for 48 h after 6 h of induction (*,
P < 0.05; ##, P < 0.01 [Student’s ¢ test results refer to the 0-h conditions, except for 6 h+W48 {6 h of induction}]). (D) Extracts used in panel C were analyzed
by immunoblotting with antibodies to Tax and to B-actin. (E) NMD assays were performed with HeLa cells in the absence (lanes 1 and 3) or in the presence (lanes
2 and 4) of Tax expression, without (lanes 1 and 2) or with (lanes 3 and 4) the addition of 100 p.g/ml DRB for 3 h. The percentage of GINS39 mRNA with respect
to GIWT mRNA is represented as described above for panel A. (F) Extracts used in panel E were analyzed by immunoblotting with an antibody to Tax.

RESULTS

HTLV-1 Tax inhibits mRNA degradation via the NMD pathway.
We first evaluated whether the NMD pathway is downregulated in
HTLV-1-infected cells. This evaluation was carried out by per-
forming NMD assays using reporter plasmids including either
wild-type B-globin (GIWT) or a PTC at position 39 (GINS39)
fused to the Renilla luciferase coding sequence (6). Control or
HTLV-1-infected cell lines (HeLa, Jurkat, TL-OmlI, C91PL,
HUT102, and MT2 cells) were transfected with these reporter
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plasmids, and the levels of luciferase activities corresponding to
wild-type and NS39-mutated 3-globin sequences were quantified.
As expected, in the HeLa and Jurkat cell lines, the GINS39-associ-
ated activity represented only a small percentage of the activity
associated with wild-type 3-globin (Fig. 1A). In contrast, in the
cell lines expressing the complete provirus with an active 5' LTR
(C91PL, HUT102, and MT2), the levels of GINS39-associated ac-
tivity were increased and much closer to that corresponding to
wild-type B-globin (Fig. 1A). The strongest effect was observed on
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HUT102 cells, which express a higher amount of Tax than do
C91PL and MT2 cells (Fig. 1B, compare lane 5 to lanes 4 and 6).
Interestingly, in the TL-Oml cells, which include the HTLV-1 se-
quence but which do not express Tax (Fig. 1B, lane 3), the NMD
activity evaluated by this assay was very similar to that observed
for the control HeLa and Jurkat cell lines. These results suggested
that the NMD activity is downregulated in HTLV-1-expressing
cells and that Tax was possibly involved in this effect.

To address the role of Tax more directly, we carried out assays
with JPX9 cells, which are Jurkat cell derivatives expressing Tax
under the control of a metallothionein promoter which can be
induced by the addition of Zn>" cations in the culture medium
(61). Depending on the duration of induction, we observed in-
creasing Tax expression levels (Fig. 1D), which correlated with a
significant increase in the level of activity of the GINS39 reporter,
with the ratio with respect to the wild type increasing from 7% in
the absence of Tax to 34% at 6 h postinduction (Fig. 1C). We also
carried out a reversal of Tax induction by washing the cells after a
6-h induction and culturing them for 48 h in the absence of Zn**
cations. Under these conditions, the intracellular concentration of
Tax decreased (Fig. 1D, compare lanes 3 and 4), and this corre-
lated with a significant drop of the GINS39/GIWT ratio from 34%
to 21% (Fig. 1C). We also analyzed the decay of the mRNAs after
a transcription blockade by the addition of the RNA polymerase I1
(Pol II) elongation inhibitor 5,6-dichloro-1-B-p-ribofuranosyl-
benzimidazole (DRB). In agreement with the luciferase activity
measurements, a specific stabilization of the mRNA including the
NS$39 mutation in the presence of Tax was observed (see Fig. STA
in the supplemental material).

This NMD inhibition was also analyzed with HeLa cells, which
were transfected with vectors expressing wild-type and NS39-mu-
tated B-globin mRNAs without fusion to the Renilla luciferase
coding sequence, and both mRNAs were quantified by qRT-PCR.
According to previously reported observations (43), in the ab-
sence of Tax coexpression, the amount of GINS39 mRNA was only
5% of that of GIWT (Fig. 1E, lane 1). In the presence of Tax, we
observed a 2-fold increase in the GINS39/GIWT ratio (Fig. 1E, lane
2,and F, lane 3). Moreover, when analyzed 3 h after the addition of
DRB, this GINS39/GIWT ratio dropped from 5% to 2.5% in the
absence of Tax (Fig. 1E, lane 3), while this ratio increased from
10% to 18% in the presence of the viral protein (Fig. 1E, compare
lanes 2 and 4, and see Fig. S1B in the supplemental material). This
indicated a specific posttranscriptional effect of Tax on GINS39
mRNA stability. Collectively, these observations indicated that
Tax is able to stabilize an NMD-sensitive transcript.

Tax binding to INT6 and to the UPF1-UPF2 complex. We
then analyzed the association of Tax with the NMD core factors.
First, an immunoprecipitation directed against Tax in HUT102
cells was performed, and the presence of UPF1, UPF2, and INT6
was checked by immunoblotting. Jurkat cell extracts were used as
a control. The intracellular concentrations of UPF1, UPF2, and
INT6 were similar in both extracts (Fig. 2A, lanes 1 and 2). We
found that Tax associates with these 3 factors in the HTLV-1-
infected cell line HUT102 (Fig. 2A, lanes 3 and 4). Similar immu-
noprecipitations were done with antibodies to UPF1, UPF2, or
INT6 by using RNase A-treated extracts from C8166 cells (see Fig.
S2A in the supplemental material), and a Tax signal was detected
specifically after immunoprecipitation with all three antibodies
(see Fig. S2B, lane 1, in the supplemental material). In order to
determine whether these interactions were direct, recombinant,
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FIG 2 Interaction of Tax with NMD factors. (A) Extracts of Jurkat (lane 1)
and HUT102 (lane 2) cells treated with RNase A were analyzed by immuno-
blotting with antibodies to UPF2, UPF1, INT6, and Tax. Using these Jurkat
(lane 3) and HUT102 (lane 4) cell extracts, immunoprecipitation (IP) with an
antibody to Tax was carried out, and the immunoprecipitates were analyzed by
immunoblotting with the same set of antibodies. (B) GST, GST-Tax, and
UPF1 were produced in bacteria and purified. UPF1 was mixed with GST-Tax
(lane 1) or GST (lane 2), and a GST pulldown was carried out. The presence of
UPF1 (middle) and Tax (bottom) in the eluates was assessed by immunoblot-
ting. The top panel corresponds to 2% of the input. (C) Same as B, with
purified INT6 instead of UPF1. (D) Purified INT6 and UPF1 were mixed, and
immunoprecipitation was carried out with the N-19 antibody to INT6 (lane
1). The immunoprecipitate was analyzed by immunoblotting with antibodies
to UPF1 (middle) and to INT6 (bottom). As a control, the same experiment
was done in the absence of purified INT6 (lane 2).

highly purified INT6, GST-Tax, and His-UPF1 were produced
(see Fig. S2C in the supplemental material). GST pulldown assays
showed that Tax is able to interact with UPF1 as well as INT6 (Fig.
2B and C, lane 1). In contrast, purified INT6 and UPF1 were
unable to interact directly together (Fig. 2D), in agreement with
our previously reported observations indicating that the INT6-
UPF1 interaction was dependent on RNA (47).

We further analyzed this network of interactions and how the
presence of Tax affects the composition of the NMD complex. To
this end, 293T cells were transfected with different combinations
of vectors expressing Tax, INT6-FLAG, HA-UPF1, and HA-
UPF2. Immunoprecipitations were carried out by using and anti-
body to the HA epitope, and immunoprecipitated proteins were
analyzed by immunoblotting with antibodies to the HA epitope,
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FIG 3 Network of interactions between Tax, INT6, UPF1, and UPF2. (A) Extracts of 293T cells transfected with Tax, INT6-FLAG, HA-UPF1, and HA-UPF2
expression vectors, as indicated, were used for immunoprecipitations using the antibody to the HA epitope. Immunoprecipitates were analyzed by immuno-
blotting using antibodies to HA (top), UPF1 (top middle), FLAG (bottom middle), and Tax (bottom). Ig marks the signal of the immunoglobulin heavy chain.
(B) The same extracts were also immunoprecipitated with an antibody to Tax, and immunoprecipitates were analyzed by immunoblotting with antibodies to HA
(top), FLAG (middle), and Tax (bottom). (C) 293T cells were transfected with either control (luciferase) (lane 1) or anti-UPF1 (lanes 2 and 3) siRNA duplexes
as well as with vectors expressing Tax (lanes 1 to 3) and HA-UPF2 (lanes 1 and 3). Protein levels of endogenous UPF1 (top) and Tax (bottom) were monitored
by immunoblotting. (D) Extracts of these transfected cells were used for immunoprecipitations carried out with the antibody to HA, and immunoprecipitates
were analyzed by immunoblotting with antibodies to HA (top) and to Tax (bottom). (E) 293T cells were transfected with vectors expressing HA-UPF1, either the
wild type (lanes 1 and 2) or including the C126S mutation (lanes 3 and 4) and Tax (lanes 1 and 3). Tax expression in the cell extracts was monitored by
immunoblotting. (F) Extracts of these transfected cells were used for immunoprecipitations using the antibody to HA, and coimmunoprecipitated proteins were
analyzed by immunoblotting with antibodies to HA (top) and to Tax (bottom).

UPF1, the FLAG epitope, and Tax (Fig. 3A). In agreement with
data from the experiments described above, the immunoprecipi-
tations of both UPF1 and UPF2 led to a clear Tax signal (Fig. 3A,
bottom, lane 3). Similar results were obtained when HA-UPF1
and HA-UPF2 were transfected and immunoprecipitated sepa-
rately (Fig. 3A, lanes 4 and 6, respectively); however, in the latter
case, the HA-UPF2 and Tax signals were markedly weaker. This is
likely due to a stabilizing effect of UPF1 on UPF2 expression under
these conditions. By precipitating Tax, we confirmed its associa-
tion with HA-UPF1, HA-UPF2, and INT6-FLAG (Fig. 3B, lanes 1,
3,4, and 6). As a control for the specificity of Tax binding to these
factors, we checked that Tax does not bind to coexpressed FLAG-
green fluorescent protein (GFP) under these conditions (see Fig.
S3B and S3C in the supplemental material). In these experiments,
the association of Tax with HA-UPF2 was possibly mediated by
endogenous UPF1. In this regard, a weak endogenous UPF1 signal
was detected after the immunoprecipitation of HA-UPF2 alone
(Fig. 3A, top middle, lanes 6 and 7). In order to clarify this point,
we silenced UPF1 by RNA interference while transiently express-
ing Tax and HA-UPF2 (Fig. 3C). The level of Tax associated with
HA-UPF2 was then reduced to a background level (Fig. 3D, bot-
tom, compare lanes 1 and 3), indicating that UPF1 is likely to
bridge Tax and UPF2. In this regard, by using the UPF1 C126S
mutant, a mutant that does not bind UPF2 (33), it was observed

7534 jviasm.org

that the binding of Tax to UPF1 was independent of its association
with UPF2 (Fig. 3E and F). Collectively, these experiments con-
firmed that Tax associates with INT6 (16) and showed the binding
of Tax to the core NMD complex through an interaction with
UPF1.

Displacement of INT6 from UPF1 by Tax binding. In the
same experiment, it was also observed that Tax expression de-
creased the amount of INT6 immunoprecipitated by UPF1 and
UPF2, suggesting that Tax prevents the association of INT6 with
these NMD factors (Fig. 3A, bottom middle, compare lanes 2 and
3). This observation was not related to a weaker expression of
FLAG-INT®6 (see Fig. S3A in the supplemental material). Simi-
larly, while a clear association of Tax with HA-UPF1 was observed
after the immunoprecipitation of HA-UPF1 or Tax, this level of
binding was decreased when INT6 was coexpressed (Fig. 3A and
B, compare lanes 4 and 5). These data suggested that Tax binds
INTS6, forming a complex that cannot associate with the upstream
frameshifts (UPFs). We confirmed this with endogenous NMD
proteins in HeLa cells, where INT6 coimmunoprecipitated much
less endogenous UPF1 in the presence of Tax (compare lanes 1
and 2 in Fig. S3E, top, in the supplemental material). These obser-
vations support the notion that Tax competes for the binding of
INT6 to an NMD complex including UPF1. This point was also
addressed by performing confocal microscopy analyses to observe
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the subcellular localizations of these proteins. We observed that in
the absence of Tax, approximately 80% of the rare HA-UPF1 cy-
toplasmic foci were also stained by the antibody to INT6, while in
the presence of Tax, no more than 20% of UPF1 spots colocalized
with INT6 (see Fig. S4A and S4B in the supplemental material).
These combined results led us to conclude that Tax, by interacting
with both UPF1 and INT6, impairs their association.

Tax leads to the accumulation of UPF1 in P-bodies. In order
to better understand the effect of Tax binding on the functioning
of UPF1, we further analyzed how Tax modifies the subcellular
localization of UPF1. It was previously reported that UPF1 is par-
tially localized in P-bodies and that the inhibition of mRNA deg-
radation increases this localization (57). For these analyses, HeLa
cells were transfected with vectors expressing HA-UPF1, DCP1-
red fluorescent protein (RFP) (a component of the P-bodies), and
either a control or a Tax expression vector (Fig. 4A). In the absence
of Tax, and in agreement with previous reports, DCP1 fluores-
cence was observed mainly in a limited number (3 to 9) of small
cytoplasmic foci corresponding to the P-bodies (35) (Fig. 4Ac).
UPF1 was homogeneously distributed in the cytoplasm, with rare
small foci which often colocalized with DCP1 (Fig. 4Ab, and see
Fig. S4C in the supplemental material). In the presence of Tax,
numerous and larger cytoplasmic foci of UPF1 appeared (Fig.
4Ag). This point was confirmed by quantifying the number of
UPF1 foci and the UPF1 fluorescence present in three cellular
compartments (the cytoplasm, cytoplasmic foci, and nucleus).
This analysis confirmed the increase in the number of UPF1 foci
and showed that the presence of Tax leads to a significant decrease
in the diffuse cytoplasmic staining of UPF1 (—17%) to the benefit
of cytoplasmic foci (10-fold increase) (Fig. 4B and C). Similarly,
the DCP1 foci were much larger than those in the absence of Tax
(compare Fig. 4Ac and h, and see Fig. S4C, S5A, and S5B in the
supplemental material). UPF1 and DCP1 still colocalized in the
presence of Tax (Fig. 4Ai and j, and see Fig. S4C in the supplemen-
tal material). We were also able to identify other known compo-
nents of the P-bodies, Ago2 and p54, in these DCP1 cytoplasmic
foci, suggesting that Tax increases the storage of UPF1 in P-bodies
and causes their enlargement (Fig. 4D, and see Fig. S5A in the
supplemental material). In the absence of Tax, INT6 similarly
showed discrete cytoplasmic foci that colocalized with those cor-
responding to DCP1 fluorescence, which is in agreement with a
role of INT6 in NMD (see Fig. S6 in the supplemental material). In
the presence of Tax, the sizes of the INT6 foci did not increase as
for UPF1 and marginally colocalized with the enlarged P-bodies
(see Fig. S4A, S4B, and S6 in the supplemental material). In agree-
ment with the notion that Tax causes a disruption of UPF1/INT6
binding, these observations clearly show that the viral protein af-
fects the subcellular localizations of INT6 and UPF1 differently. In
order to correlate the accumulation of UPF1 in P-bodies with its
interaction with Tax, we first looked at the localization of the viral
protein in cells expressing DCP1-RFP and p54-GFP. In the ab-
sence of Tax, DCP1 and p54 displayed the usual pattern for P-bod-
ies, while Tax led to the formation of DCP1 and p54 cytoplasmic
foci with unusual sizes and numbers (Fig. 4Db, ¢, g, and h, and see
Fig. S4C in the supplemental material). This effect was dependent
on the amount of Tax (data not shown). Moreover, we were able
to identify a colocalization of Tax with these unusual P-bodies
(Fig. 4D). In addition, in HA-UPF1-transfected cells, we observed
an increased presence of Tax in the cytoplasm and several foci
exhibiting Tax, UPF1, and DCP1 costaining (Fig. 4A). These ob-
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servations are in agreement with the interaction of Tax with UPF1
during RNA processing and suggest that Tax might play a direct
role in the alteration of the P-bodies.

In P-bodies, UPF1 is dephosphorylated by the phosphatase
PP2A, which is recruited via the SMG5-SMG7 complex (51) and
then leaves the P-bodies to possibly reenter a novel round of RNA
processing (17). Accordingly, we further tested whether the accu-
mulation of UPF1 in P-bodies was linked to an alteration of this
dephosphorylation step. To address this point, cells were trans-
fected with the HA-UPF1 vector together with either a control or
a Tax expression vector (Fig. 5A). Extracts were analyzed with an
antibody raised against phosphorylated UPF1 (66) and another
one which recognizes the S/TQ motifs phosphorylated by phos-
phatidylinositol 3-kinase kinases (PI3KKs) such as SMG1, the
NMD UPFI kinase. The expression of Tax increased the intensity
of the signal detected with both antibodies (Fig. 5A, middle and
bottom, compare lanes 1 and 2), while the total amount of HA-
UPF1 was unchanged (Fig. 5A, top). A densitometric analysis of
the blot showed a >2-fold increase in the phosphorylated form
after normalization to the total amount of UPF1. An immunopre-
cipitation of Tax was also performed with these extracts and re-
vealed that Tax associates with phosphorylated UPF1 (Fig. 5B,
middle and bottom). We further analyzed the association of these
phosphorylated forms of UPF1 with SMG5, which is part of the
NMD dephosphorylation complex. Cells were transfected with
different combinations of Tax, HA-SMG5, and UPF1 (without the
HA tag) expression plasmids. Immunoprecipitations were carried
out against the HA tag of SMG5, and the presence of UPF1 in the
immunoprecipitates was analyzed by immunoblotting. In the ab-
sence of Tax, UPF1-SMG5 complexes could not be detected, pre-
sumably due to UPF1 dephosphorylation in the presence of over-
expressed SMG5 (Fig. 5C and D, lane 1). In the presence of Tax
and with similar levels of immunoprecipitated HA-SMG5, UPF1 was
clearly detected (Fig. 5D, lane 2). Collectively, these data suggest that
Tax is able to inhibit NMD-dependent UPF1 dephosphorylation,
leading to the stabilization of the SMG5-UPF1 association.

Inhibition of NMD by Tax depends on its interaction with
INT6. In order to better understand how Tax inhibits NMD, we
tested the effects of three different Tax mutants: Tax M22, which is
inactive for NF-kB activation (58); Tax M47, which is inefficient
in transactivating CREB-responsive promoters (32); and Tax K1-
10R, in which all lysines potentially modified by ubiquitination
were mutated to arginines. The latter mutant is defective with
respect to both the NF-kB and CREB pathways (13, 50). The ef-
fects of these Tax mutants were assessed by using the NMD assay.
In agreement with the results shown in Fig. 1A, the level of expres-
sion of wild-type Tax in HeLa cells increased the GINS39/GIWT
ratio to approximately 9%. The expression of Tax M22 and Tax
K1-10R led to a stronger increase (20% and 18%, respectively). In
contrast, with the Tax M47 mutant, the GINS39/GIWT ratio was
unchanged with respect to that observed in the absence of Tax,
indicating a complete lack of activity of this mutant (Fig. 6A). We
further tested whether this inactivity was due to a protein-protein
interaction defect. Cells were transfected with vectors expressing
HA-UPF1 and INT6-FLAG together with a control plasmid or the
different Tax expression vectors (Fig. 6B to D). Tax immunopre-
cipitations were carried out, and the presence of HA-UPF1 and
INT6-FLAG in the immunoprecipitates was analyzed by immu-
noblotting. Interestingly, the binding of M47 to HA-UPF1 was
slightly increased (1.5-fold), but the interaction with INT6-FLAG
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FIG 4 Colocalization of Tax and NMD factors with P-bodies. (A) Confocal microscopy analysis of HeLa cells transfected with HA-UPF1 and DCP1-RFP
expression vectors together with a control (a to e) or Tax (fto j) expression vector. Immunostaining was done with antibodies to Tax (blue) (a and f) and to HA
(green) (b and g). The DCP1-RFP fluorescence was also analyzed (red) (c and h). Panels d and i correspond to the superposition of the three fluorescences, with
the nucleus limits identified from the transmission view, highlighted with a white line. Panels e and j correspond to the superposition of all three fluorescences
with the transmission view. (B) Quantification of the UPF1 foci observed in the absence or presence of Tax. The numbers of UPF1 foci in several cells (n = 10)
were determined, and the mean number of foci under both conditions is represented (green, without Tax; red, with Tax), with error bars corresponding to
standard deviations. The statistical significance of the difference between both conditions was calculated with Welch’s ¢ test and is indicated on the graph. (C)
Similarly to panel B, the UPF1 fluorescence in the cytoplasm outside the foci, in the cytoplasmic foci, and in the nucleus in the absence or the presence of Tax was
quantified and is represented in a bar graph. (D) Confocal microscopy analysis of HeLa cells transfected with vectors coding for the P-body components p54-GFP
and DCP1-RFP without or with 0.1 pg of the Tax-expressing plasmid. Immunostaining of Tax appears in blue (a and f), along with p54-GFP fluorescence (green)
(b and g) and DCP1-RFP fluorescence (red) (c and h). Panels d and i correspond to a superposition of the three fluorescences, and panels e and j correspond to
an enlargement of this image.
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FIG 5 Tax stabilizes the phosphorylated forms of UPF1. (A) 293T cells were
transfected with Tax and HA-UPF1 expression vectors, as indicated. Cell ex-
tracts were analyzed by immunoblotting with an antibody to HA (top), phos-
phorylated UPF1 (middle), or phosphorylated S/TQ motifs (bottom). The
signals of phosphorylated UPF1 were quantified by densitometric analysis and
normalized to those corresponding to total UPF1. The ratios of phosphory-
lated UPF1/total UPF1 are indicated below the blot images. (B) Extracts from
panel A were immunoprecipitated with an antibody to Tax, and immunopre-
cipitates were analyzed by immunoblotting with the indicated antibodies. (C)
293T cells were transfected with HA-SMG5, UPF1, and Tax expression vec-
tors, as indicated. Cell extracts were analyzed by immunoblotting using anti-
bodies to UPF1 (top) and to Tax (bottom). (D) Extracts from panel C were
immunoprecipitated with the antibody to HA, and immunoprecipitates were
analyzed with antibodies to HA (top) and to UPF1 (bottom).

was markedly reduced (4-fold less) (Fig. 6D). In this experiment,
equal quantities of Tax protein were precipitated (Fig. 6C). This
observation indicates that Tax residues L319 and 1320 are neces-
sary for the association with INT6. We also observed that Tax M22
and Tax K1-10R bound more strongly to both INT6-FLAG (2-
fold) and HA-UPF1 (3-fold) than did WT Tax. In these cases, it
seems likely that the stronger interactions with INT6 and UPF1
resulted from an increased availability of Tax due to its loss of
interactions with other partners, in particular those belonging to
the NF-kB pathway. Hence, the interaction with INT6 appears to
be essential for the inhibitory effect of Tax on NMD: Tax M22 and
K1-10R, which bind INT6 more efficiently than the wild type, are
more active in inhibiting the NMD, whereas Tax M47, which in-
teracts poorly with this protein, is inactive. In induced JPX9 cells,
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it was also observed by performing an NMD assay that the over-
expression of INT6 caused a significant decrease (39%) in the
inhibition of NMD, likely due to Tax titration (see Fig. S7 in the
supplemental material). A similar effect was observed with the
overexpression of UPF1 (see Fig. S7 in the supplemental material).

We also analyzed the effects of the M22 and M47 Tax mutants
on the P-body aspect. As expected, Tax M22 was able to increase
the number and size of DCP1-RFP foci similarly to WT Tax (in
both cases, approximately 80% of the cells exhibited abnormal
P-bodies), while only a limited number of unusual DCP1-RFP
foci were observed with Tax M47 (11% of the cells) (Fig. 6E).
These data show a correlation between the abilities of Tax to func-
tionally inhibit NMD and to modify the aspect of P-bodies. More-
over, a comparative analysis of P-body profiles and interaction
efficiencies with the M47 mutant suggested that the Tax-INT6
association is a prerequisite for P-body deformation by UPF1 se-
questration.

HTLV-1 mRNAs are sensitive to NMD. The identification of
NMD inhibition in HTLV-1-expressing cells raised the question
of the sensitivity of the various viral mRNAs to this process. To
address this question, we transfected plasmid pACH, which in-
cludes the entire HTLV-1 provirus, into cells that were previously
treated with either control or UPF1 siRNAs. Twenty-four hours
after provirus transfection, RNAs were prepared from these cells
and analyzed by qRT-PCR (54). Under these conditions, the level
of UPF1 mRNA was reduced to approximately 20% of its level in
control cells, indicating effective silencing (Fig. 7A). Although the
sensitivities of the viral mRNAs to UPF1 silencing were variable, a
significant increase was seen for all of them (Fig. 7B). This analysis
suggested that viral RNAs are prone to UPF1-mediated degrada-
tion. Since we previously demonstrated that Tax was an important
player in HTLV-1-associated NMD inhibition, we further tested
whether it can stabilize such viral RNAs. To do so, we analyzed the
HBZ transcript, which was selected because its transcription is
much less sensitive to Tax than the other sense transcripts (V.
Mocquet, unpublished data). HBZ mRNA is produced by the
transcription of the antisense strand from the 3" LTR and is ex-
pressed with or without alternative splicing. Here, HeLa cells were
transfected with a provirus similar to the ACH used in Fig. 7B but
lackingits 5" LTR as well as the first 4 kb of coding sequence. Thus,
this plasmid expresses HBZ mRNAs only under the control of the
3" LTR. The alternatively spliced isoform of HBZ (sp1) is the main
expressed isoform in ATL cells (10). Hence, we analyzed by qRT-
PCR the decay of HBZ spl mRNA, after the addition of DRB, in
the presence or absence of Tax. This experiment showed that Tax
increases the half-life of the HBZ spI mRNA 2.6 times (Fig. 7C).
Collectively, these data support the notion that Tax enhances the
amount of some viral mRNAs by also acting at the posttranscrip-
tional level through the inhibition of the NMD pathway.

Stability of NMD-prone cellular mRNA is modified in the
presence of Tax. By testing a series of NMD-prone mRNAs, we
previously observed that INT6 was required for the degradation of
a subgroup of them, including GADD45a, SLIT2, BAGI, and
ATF4/CREB-2 but not MAP3K14 (47). To further evaluate the
consequences of NMD inhibition by Tax, we analyzed the half-
lives of these five endogenous mRNAs in JPX9 cells with or with-
out Tax induction. Cells were harvested at 0 h, 1.5 h, and 4 h after
the addition of DRB, and these mRNAs were quantified by qRT-
PCR, while Tax levels were monitored by immunoblotting (Fig.
8F). Interestingly, the GADD45«, SLIT2, and ATF4/CREB-2
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FIG 6 Tax mutants affect NMD efficiencies differently. (A) NMD assays were carried out, as described in the legend of Fig. 1A, with the cotransfection of control
(—), wild-type (WT) Tax, Tax M22, Tax M47, and Tax K1-10R expression vectors (*, P < 0.05 [Student’s ¢ test P values refer to the control point { —}]). (B) Cells
were transfected with the HA-UPFI, INT6-FLAG, and Tax expression vectors, as indicated. Extracts from these cells were analyzed by immunoblotting with
antibodies to HA (top) and to FLAG (bottom). (C) Extracts from panel B were immunoprecipitated by using an antibody to Tax, and immunoprecipitates were
analyzed with antibodies to HA (top), FLAG (middle), and Tax (bottom). Ig marks the immunoglobulin heavy chain. (D) Signals corresponding to HA-UPF1
and to INT6-FLAG in the immunoprecipitates from panel C were quantified and normalized to the signals detected in the extracts. The mean values obtained
from three experiments are represented in a bar graph, with error bars corresponding to standard deviations. (E) Confocal microscopy analysis of HeLa cells
transfected with constructs expressing DCP1-RFP together with a control (a) or vectors expressing either WT Tax (b and e), Tax M22 (c and f), or Tax M47 (d
and g). The fluorescence from DCP1-RFP (red) and Tax immunostaining (green) is shown. The proportions of normal P-bodies (7 < 9 and a diameter of <1.5
pm) and unusual P-bodies (7 > 9 and/or a diameter of >1.5 um) are presented in a bar graph.
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FIG 7 HTLV-1 mRNAs are sensitive to NMD. (A) HeLa cells were transfected first with 20 pmol of a control or UPF1 siRNA and 48 h later with the HTLV-1
molecular clone construct pACH. UPF1 mRNA from these cells was quantified to control the silencing efficiency. (B) Using these cells, the normalized copy
number (NCN) of the various HTLV-1 transcripts in control and UPFI-silenced cells was determined by qRT-PCR. The mean values obtained from six
experimental points are presented in the bar graphs for each viral transcript, with error bars corresponding to standard deviations. The results of Student’s ¢ tests
are also indicated (*, P < 0.05; ***, P < 0.001). (C) The half-life of the HBZ spI mRNA was measured in HeLa cells transfected with or without Tax. The amounts
of HBZ mRNA were measured by qRT-PCR at each time point after the addition of DRB and normalized to Renilla mRNA levels, and the natural logarithm of

the values, expressed as fractions to time zero, were plotted against time.

mRNA half-lives were significantly increased in the presence of
Tax (3.4-,4.1-, and 3.9-fold, respectively). The BAGI mRNA half-
life increased 1.9-fold (Fig. 8A to D). This was not the case for the
MAP3K14 mRNA (Fig. 8E). These observations confirmed that by
acting on INT6, Tax is also able to increase the stability of various
cellular NMD-sensitive mRNAs.

DISCUSSION

By analyzing the inhibitory effect of HTLV-1 factors on the NMD
pathway, our results point to an important action of Tax through
interactions with the INT6 and UPF1 cellular proteins. Our ob-
servations also add evidence for an important role of INT6 in
mRNA degradation by the NMD pathway. While UPF1 inhibits
translation by associating with eIF3 (31), our data suggest that
INTG6 participates in this elF3-UPF1 complex. An issue which will
require further evaluation is the dynamics of the process. Indeed,
some considerations indicate that INT6 might be present at early
as well as at late steps of the processing of an mRNA targeted for
degradation (4, 47, 67). Interestingly, it was reported previously
that a fraction of INT6 was associated with chromatin (8), and
purification experiments have shown its presence in the RNA Pol
II holoenzyme (P. Jalinot and J.-M. Egly, unpublished data). To-
gether with our previous characterization of an interaction of
INT6 with the CBP80 subunit of the cap binding complex (47),
these observations indicate that INT6 might be loaded onto
mRNA at an early step of its processing. Once the pioneer round of

July 2012 Volume 86 Number 14

translation is completed, the mRNP is reconfigured (39) and
routed toward active translation, with the presence of INT6 in the
elF3 complex then being necessary or not (26, 67). Alternatively,
when the mRNA includes a PTC or another feature favoring
NMD, UPF1 is phosphorylated, inhibits translation through in-
teractions with eIF3, and triggers mRNA degradation (31, 40).
The presence of INT6 in P-bodies, which concentrate NMD fac-
tors and degradative enzymatic activities, indicates that this pro-
tein is likely to stick to the mRNP until its degradation, as UPF1
does. This is not the case for other eIF3 subunits (26), which are
likely removed at an earlier step.

The HTLV-1 Tax protein has been described as a potent trans-
activator of provirus expression but also as an immortalizing pro-
tein with pleiotropic activities. In this report, we show a novel
effect of Tax: the inhibition of the NMD pathway. We observed
that Tax binds both INT6 and UPF1 but inhibits the presence of
both proteins in the same complex. The analysis of Tax mutants
indicated that the Tax-INT6 association is necessary for NMD
inhibition, and our data suggest that Tax sequesters INT6 out of
reach from UPFI. Tax also binds to UPFI and causes an increase
in the amount of phospho-UPF1. These activities coincide with an
enhanced localization of UPF1 in the P-bodies, in which Tax was
also partially detected. Tax-expressing cells also showed an in-
crease in the number and size of the P-bodies. In agreement with
previous studies performed in particular with a chemical inhibitor
of NMD (17), this effect is likely due to the inhibition of mRNA
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FIG 8 (A) The half-life of the GADD450 mRNA was measured in noninduced (squares and full line) and 6-h-induced (crosses and dotted line) JPX9 cells. The
amounts of GADD450 mRNA were measured by qRT-PCR at each time point after the addition of DRB and normalized to GAPDH mRNA levels, and the natural
logarithms of the values, expressed as fractions to time zero, were plotted against time. Each point corresponds to the mean of data from three independent
measurements, and error bars indicate standard deviations. The half-life of the mRNA under both conditions was calculated and is indicated in the graph. (B to
E) Same as in panel A but for BAGI (B), ATF4/CREB-2 (C), SLIT2 (D), and MAP3K14 mRNAs (E). (F) Zero hours, 1.5 h, and 4 h after the addition of DRB,
extracts of noninduced (lanes 1 to 3) or 6-h-induced (lanes 4 to 6) JPX9 cells were prepared and analyzed by immunoblotting using antibodies to Tax (top) and

to B-actin (bottom).

degradation. The colocalization of Tax within the P-bodies re-
vealed a new cytoplasmic localization of this viral protein. Inter-
estingly, the modification by Tax of other cytoplasmic granules
known to be involved in mRNA processing was recently docu-
mented (38). Moreover, through the SMG5 and SMG7 proteins,
UPF1 was shown to be dephosphorylated by PP2A, thereby allow-
ing its recycling (41). Knowing that Tax is able to maintain IKKy
in an active state by inhibiting its dephosphorylation by PP2A (22,
29), it is likely that Tax impedes the dephosphorylation of UPF1
by inhibiting this phosphatase in a similar manner. As a conse-
quence, the Tax-UPF1 complexes would accumulate in the P-
bodies, preventing the recycling of this core NMD factor and
thereby interfering with complete mRNA degradation and inhib-
iting NMD (21) (Fig. 9).

It was recently reported that the inhibition of NMD is an im-
portant part of the development of tumorigenesis (63). Moreover,
approximately 30% of cancers are considered to result from pre-
mature stop codons in tumor suppressor genes, which then escape
NMD and lead to truncated dominant negative mutants. The Tax-
dependent NMD inhibition that we observed might extend such
an effect to an in-frame PTC due to mutations or alternative splic-
ing events, which frequently occur in T cells (42). Considering our
observation that NMD is globally downregulated in HTLV-1 cells
expressing Tax, it can be speculated that this inhibition plays a role
in the transformation of infected cells. Here, we limited our anal-
ysis of the impact of Tax on cellular mRNAs to those previously
described to be stabilized after the silencing of UPF1, UPF2, or
INTG6 (45, 47, 65). Among these cellular genes, ATF4/CREB-2, for
instance, which is regulated by NMD due to the presence of three
uORFs (25), plays a role in HTLV-1 pathogenicity by het-
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erodimerizing with AP-1 family transcription factors and has been
associated with T-cell transformation through AP-1-responsive
genes (23). Moreover, with the knowledge that modifications in
RNA stability are an important source of gene expression altera-
tions in stressed cells (20), future systematic studies of NMD-
sensitive transcripts increased by Tax should help to define more
precisely how this activity of Tax contributes to cell transforma-
tion. Among the viral genes, the expression of the antisense gene
HBZ is clearly detectable throughout infection at the RNA level
(56, 59). The current hypothesis is that the HBZ gene has a dual
functionality: the HBZ mRNA promotes T-cell proliferation (55),
while the HBZ protein suppresses Tax-mediated viral transcrip-
tion (41). In line with its sensitivity to UPF1-mediated degrada-
tion, our data show that Tax significantly stabilizes HBZ mRNA.
This observation illustrates the complexity of the cross talk be-
tween both viral proteins. By affecting both cellular and HBZ
mRNAs, this inhibition of NMD by Tax is likely to contribute to
cell transformation and the emergence of a leukemic clone of T
lymphocytes. The inhibition of NMD can also be considered a
potent means to significantly facilitate the expression of the
HTLV-1 genome. In particular, ATF4/CREB-2 was reported pre-
viously to be involved in HTLV-1 LTR transactivation (24). This
effect of Tax might then participate in the transcriptional induc-
tion of HTLV-1 provirus, since the increase of ATF4/CREB-2 pro-
tein levels by NMD inhibition is a well-described effect (25). Our
data also show that some HTLV-1 mRNAs are sensitive to UPF1-
mediated degradation. This suggests that viral mRNA expression
downstream of activated transcription is also regulated at the
posttranscriptional level. Thus, it is likely that in addition to its
important effect on transcription, Tax would also intervene by
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FIG 9 Summary scheme of the effect of Tax on the NMD pathway. In the case of an NMD-prone mRNA, UPF1 is phosphorylated by the SMG1 kinase and
associates with UPF2 and UPF3. Under these conditions, UPF1 represses translation initiation by interacting with eIF3. Phosphorylated UPF1 also triggers an
association with mRNA decay factors such as DCP1, XRN1, and the exosome component EXOSC2. After mRNA routing toward P-bodies, it is considered that
UPF1 is dephosphorylated by the SMG5/7-PP2A complex and recycled (left bottom part of the scheme). In Tax-expressing cells, from the data presented in this
report, Tax binds INT6, thereby impairing the INT6-UPF1 association. Tax also binds phospho-UPF1 and presumably prevents its normal dephosphorylation
by PP2A, thus causing an accumulation of phospho-UPF1 in the P-bodies (right bottom part of the scheme). These combined effects lead to the stabilization of

cellular as well as viral mRNAs by inhibiting their degradation.

allowing the escape of the RNAs from degradation. While NMD
could be an effective protective mechanism against viral infection,
Tax allows an escape from it, favoring the expression and persis-
tence of the virus.

In conclusion, although NMD has already been associated with
host-pathogen biology (2, 37), we report here for the first time that
an HTLV-1 regulatory protein actively interferes with this path-
way. While our observations establish that Tax is a major player in
this inhibition, other viral proteins might also play a role. In this
regard, it is worth mention that the NMD inhibition observed in
HTLV-1-infected cell lines such as HUT102 was more potent than
that observed in HeLa or Jurkat cells by expressing Tax alone.
Whatever the contribution of other viral factors, our results show
that Tax not only controls the transcription of viral and cellular
genes but also acts on the posttranscriptional outcome of the cor-
responding mRNAs. Thus, it will be important in the future to
consider this NMD effect to reach a complete understanding of
the oncogenic effects of HTLV-1.
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Supplemental Figure 1: Decay of the GIWT and GINS39 mRNA in the absence and
presence of Tax. A: NMD assay was carried out with JPX9 cells (see materials and
methods) with 6h of Tax induction (square/full line or cross/dotted line, respectively) or
without (diamond/full line or triangle/dotted line, respectively). Cells were treated or not with
100 pg/ml DRB for 3h. Renilla luciferase signal was measured and the luciferase mRNA
decay was represented in a graph. It shows that Tax specifically stabilizes the premature
stop codon containing MRNA as compared to the WT. B: HelLa cells were transfected with 3-
globin reporter plasmids (Gl WT, full line, or GI NS39, dotted line) and a control (diamonds or
triangles, respectively) or a Tax expression vector (squares or crosses, respectively). Cells
were treated with or without 100 ug/ml DRB for 3h. Total mMRNA was extracted and the globin
MRNA was quantified by gqRT-PCR and normalized to the GAPDH mRNA. The globin mRNA
decay for each condition is represented in the graph and shows that Tax specifically
stabilizes the GI NS39 mRNA as compared to the Gl WT.



Supplemental Figure 2 : Tax binds NMD factors. A: Endogenous NMD factors from
C8166 (lane 1) and Jurkat (lane 2) extracts treated with RNAse were analyzed by
immunoblot using the following antibodies from the top panel to the bottom: UPF2, UPF1,
INT6. Immunoblot analysis was also performed with an atibody to Tax. No significant
difference is observed in NMD protein levels between these two cell lines. B:
Immunoprecipitations using these extracts were carried out as indicated and the
immunoprecipitates were analysed by immunoblot as in A for both the immunoprecipitated
protein and Tax. Immunoprecipitation was also performed using preimmune serum as
control. The lanes 1 and 2 were on the same blot, but separated by an additional unrelated
lane which has been removed as indicated by the vertical line. C: GST, GST-TAX, INT6 and
UPF1 were produced in bacteria and purified. Arrow heads indicate the position of the
purified protein in Coomassie Blue-stained gels (* indicates the GST dimer).
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Supplemental Figure 3 : Tax inhibits UPF1 and INT6 association in vitro. A: Tax, INT6-
FLAG, HA-UPF1 and HA-UPF2 expression vectors were transfected in 293T cells as
indicated in Figure 2A. The expression of INT6-FLAG was analysed by immunoblot using
antibodies to FLAG. There was not significant change in the levels of INT6. B: Tax and
FLAG-GFP (lane 1) or Tax and HA-UPF1 (lane 2) expression vectors were transfected in
293T cells; the expression of HA-UPF1 and FLAG-GFP was assessed by immunoblot using
extracts of these cells. C: these extracts were used to carry out immunoprecipitation using an
antibody to Tax. The absence of FLAG-GFP in lane 1 confirms the specificity of the
Tax/UPF1 association in lane 2. D: HelLa cells were transfected with a control (lane 1) or a
Tax (lane 2) expression vector. Levels of endogenous UPF1 and Tax were analysed by
immunoblot. E: Extracts from D were immunoprecipitated with an antibody to INT6 (N-19)
and immunoprecipitates were analysed by immunoblot with antibodies to UPF1 (top panel)
and to INT6 (bottom panel). The presence of Tax causes a decrease in the level of UPF1
associated to INT6.



Supplemental Figure 4 : Tax inhibits UPF1 and INT6 association. A: Confocal microscopy
analysis of HelLa cells transfected with HA-UPF1 and with a control (panels a-d) or Tax
expression vectors (panels e-h). Immunostaining was done with an antibody to HA (panels a,
e) and to INT6 (panels b,f). Superposition of both stainings is shown in panels ¢ and g. B:
UPF1 foci were quantified (0, <3, >3) in several cells in the absence or presence or Tax.
Results are indicated below bars corresponding to the percentage of cells. Colocalization of
HA-UPF1 and INT6 in these foci was also analysed. These data show that the presence of
Tax increases the number of UPF1 foci, but decreases the presence of INT6 in these foci. C:
Confocal microscopy analysis of HelLa cells transfected with HA-UPF1 and DCP1-RFP
expression vectors together with a control (panels a-e) or Tax (panels f-j) expression vector.
Immunostaining was done with an antibody to HA and appears in green (panels a, f). The
DCP1-RFP red fluorescence was analyzed and is represented alone (panels b, g) or with the
HA fluorescence (panels ¢ and h). Panels d and i show the transmission image and panels e
and j are an enlargement of P-bodies examples indicated by arrows.



Supplemental Figure 5 : P-bodies are modified in the presence of Tax. A : Hela cells
were transfected with Tax and DCP1-RFP expression vectors. Immunostaining with an
antibody directed against endogenous AGO2 (blue, panel a), as observed by confocal
microscopy is shown for a representative cell, along with red fluorescence of DCP1-RFP
(panel b). Superposition of both stainings with (panel c) or without transmission image (panel
d) are shown. These pictures confirm the effect of Tax on P-bodies with an endogenous
component of these structures. B: HelLa cells were transfected with expression vectors for
GFP and RFP. Control (pSG5; panel a-d) or Tax (panels e-h) expressing plasmids were also
transfected. Immunostaining with antibody to Tax (blue, panels a, €) along with GFP green
fluorescence (panels b, f) and RFP red fluorescence (panels c, g) as observed by confocal
microscopy are shown for representative cells. Superposition of all three stainings is also
shown (panels d, h). This control shows that Tax by itself does not affect subcellular
localization of the GFP and RFP proteins. C : Merge and transmission view of the confocal
pictures from Figure 4D.



Supplemental Figure 6 : INT6 is delocalized from the P-bodies in the presence of Tax.
HelLa cells were transfected with the DCP1-RFP expression vector, together with control
(pSG5, panels a-d) or Tax (panels e-h) expression vectors. Cells were treated and depicted
as described for supplemental figure 4C except that immunostaining was carried out using
an antibody directed against INT6 (C-169) (panels a, e). Here we observed that to the
opposite of UPF1, INT6 is less present in the P-bodies in the presence of Tax. This
corroborates a dissociation between INT6 and UPF1 in the presence of Tax.



Supplemental Figure 7: INT6 as well as UPF1 overexpression reverses NMD inhibition
by Tax. NMD assays were performed using induced JPX9 cells as described in Figure 1C,
except that an increasing amount of INT6 expression vector (0.7 pg and 2 ug) or UPF1 (3 ug
and 6 pg) was co-transfected with the renilla luciferase/globin plasmids. (*P<0.05 ;
***P<0.005). These data show that the overexpression of INT6 is able to decrease by 39%
the NMD inhibition despite the presence of Tax, demonstrating the competitive relationship
between Tax and INT6 in the process. The decrease by 23% of the NMD inhibition after the
overexpression of UPF1 also confirms the importance of the Tax/UPF1 association in the
process.



