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S Legros'°, M Boxus'?, JS Gatot®>, C Van Lint*, V Kruys’, R Kettmann', JC Twizere'* and

F Dequiedt'*

!Center for Molecular and Cellular Biology, Gembloux Agro-Bio Tech, University of Liége (ULg), Gembloux, Belgium, *Center for
Molecular Virology, IBMM, Free University of Brussels (ULB), 12 rue des Professeurs Jeener et Brachet, Gosselies, Belgium,
*Center of Molecular Biology of the gene, IBMM, Free University of Brussels (ULB), 12 rue des Professeurs Jeener et Brachet,
Gosselies, Belgium and *Laboratory of Protein Signaling and Interactions, GIGA-Research, University of Liege (ULg), Liége,

Belgium

Human T cell leukemia virus type-1 (HTLV-1) is the
causative agent of a fatal adult T-cell leukemia. Through
deregulation of multiple cellular signaling pathways the
viral Tax protein has a pivotal role in T-cell transforma-
tion. In response to stressful stimuli, cells mount a cellular
stress response to limit the damage that environmental
forces inflict on DNA or proteins. During stress response,
cells postpone the translation of most cellular mRNAs,
which are gathered into cytoplasmic mRNA-silencing foci
called stress granules (SGs) and allocate their available
resources towards the production of dedicated stress-
management proteins. Here we demonstrate that Tax
controls the formation of SGs and interferes with the
cellular stress response pathway. In agreement with
previous reports, we observed that Tax relocates from
the nucleus to the cytoplasm in response to environmental
stress. We found that the presence of Tax in the cytoplasm
of stressed cells prevents the formation of SGs and
counteracts the shutoff of specific host proteins. Un-
expectedly, nuclear localization of Tax promotes sponta-
neous aggregation of SGs, even in the absence of stress.
Mutant analysis revealed that the SG inhibitory capacity
of Tax is independent of its transcriptional abilities but
relies on its interaction with histone deacetylase 6, a
critical component of SGs. Importantly, the stress-
protective effect of Tax was also observed in the context
of HTLV-1 infected cells, which were shown to be less
prone to form SGs and undergo apoptosis under arsenite
exposure. These observations identify Tax as the first
virally encoded inhibitory component of SGs and unravel a
new strategy developed by HTLV-1 to deregulate normal
cell processes. We postulate that inhibition of the stress
response pathway by Tax would favor cell survival under
stressful conditions and may have an important role in
HTLV-1-induced cellular transformation.
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Introduction

Human T cell leukemia virus type-1 (HTLV-1) is the
causative agent of two major diseases: a rapidly fatal
leukemia designated adult T-cell leukemia and a
neurological degenerative disease known as tropical
spastic paraparesis or HTLV-1 associated myelopathy
(Proietti et al., 2005). Approximately 5% of HTLV-1-
infected individuals develop malignancy after 40-50
years of latency. The prolonged premalignant asympto-
matic phase that precedes leukemia is characterized by
the persistent oligoclonal expansion of infected cells and
supports the idea that occurrence of rare secondary
events are necessary for the development of adult T-cell
leukemia (Asquith and Bangham, 2008).

HTLV-1 encodes a number of regulatory proteins, of
which the oncoprotein Tax has been well characterized
as a critical player in viral transcription, persistence and
pathogenesis. To achieve its oncogenic functions, Tax
interacts and interferes with a plethora of cellular
proteins thus altering normal cellular signaling path-
ways and processes (Matsuoka and Jeang, 2007; Boxus
et al., 2008). Through interaction with transcription
factors such as the cAMP response clement binding
protein (CREB), nuclear factor (NF)-kB, serum re-
sponse factor and the transcriptional inhibitor IxB, as
well as proteins involved in chromatin remodeling and
post-transcriptional regulation, Tax alters the expres-
sion of numerous cellular genes. In addition, Tax
associates with a series of cell-cycle associated proteins
and impedes on cell-cycle progression and DNA repair
machinery. This function of Tax is thought to promote
the emergence of HTLV-l-infected cells with DNA
abnormalities and genetic instability and contribute to
the development and progression of adult T-cell
leukemia (Marriott and Semmes, 2005).

Tax is mainly found in the nucleus where it coalesces
with components of multiprotein complexes involved in
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transcription and splicing (Semmes and Jeang, 1996;
Bex et al., 1997), DNA damage recognition and repair,
and checkpoint activation (Haoudi et al., 2003; Gupta
et al., 2007; Durkin et al., 2008) to form nuclear foci
known as Tax speckled structures (TSS) (Semmes and
Jeang, 1996). The cytoplasmic functions of Tax remain
less characterized. In the cytoplasm, Tax activates the
NF-«B pathway by promoting IkB degradation and
NF-kB release (Nicot et al., 1998; Legros et al., 2009).
It was also reported that Tax interacts with and targets
the retinoblastoma (Rb) protein for degradation by the
proteasome (Kehn et al., 2005). Through direct interac-
tion with the microtubule organization center (MTOC),
Tax participates to MTOC polarization at the virologi-
cal synapse and may thus have a role in cell to cell
spread of HTLV-1 (Nejmeddine et al., 2005).

Tax localization within specific cellular compartment
is finely regulated and results from the eclaborate
combination of multiple determinants, such as post-
translational modifications (Chiari et al., 2004; Pelopo-
nese et al., 2004; Lamsoul et al., 2005; Nasr et al., 2005;
Gatza and Marriott, 2006; Lodewick et al., 2009),
interaction with specific partners and cellular environ-
ment (Alefantis er al., 2005). Of particular interest to
this work, is a recent study demonstrating that environ-
mental stress promotes cytoplasmic accumulation of
Tax and disappearance of nuclear TSS (Gatza and
Marriott, 2006).

In response to environmental stress such as viral
infection, oxidative or osmotic stress, heat shock or UV,
mammalian cells trigger a specific series of coordinated
events to limit and repair stress-induced damage to
crucial macromolecules such as genomic DNA. The
purpose of this process is to allow the cells to respond
adequately to the stress stimulus by inhibiting the
translation of housekeeping mRNAs while favoring
translation of critical stress response proteins such as
chaperones and enzymes involved in DNA damage
repair (Anderson and Kedersha, 2008; Buchan and
Parker, 2009). To achieve this, cells form specialized
cytoplasmic messenger ribonucleoprotein structures
called stress granules (SGs) into which specific transla-
tionally stalled messenger ribonucleoprotein are selec-
tively recruited, temporarily stocked and further
redirected to translation reinitiation or degradation
(Anderson and Kedersha, 2008; Buchan and Parker,
2009). In addition to non-polysomal transcripts, SGs
contain a number of RNA-binding proteins, initiation
factors as well as signaling proteins with no direct
known link to RNA metabolism. Recently, the class IIb

histone deacetylase HDAC6 was identified as a critical
component of SGs and genetic or pharmacological
inactivation of HDACG6 prevents SG formation (Kwon
et al., 2007). Although the exact mechanism by which
HDAC6 coordinates the formation of SGs is still
unclear, it may involve its ability to deacetylate proteins
such as HSP90 or Tubulin as well as to interact with
specific ubiquitinated proteins, which are abundantly
found in SGs (Mydlarski and Schipper, 1993; Kwon
et al., 2007).

In this work, we have identified a new role for the
HTLV-1 Tax protein as a modulator of the cellular
stress response. In response to various stress stimuli, we
observed that Tax relocates from nuclear TSS to the
cytoplasm and impairs the formation of SGs through
direct interaction with HDAC6, an essential component
of SGs. We propose that inhibition of SG formation and
cellular stress response by Tax may be an important, yet
unsuspected aspect of its oncogenic properties.

Results

Tax can localize inside SGs in response to cellular stress
Although it is known that the Tax protein shuttles from
the nucleus to the cytoplasm when cells are subjected to
various stresses, the functional significance of this stress-
induced cytoplasmic relocalization remains unclear
(Gatza and Marriott, 2006). To investigate this mechan-
ism, we examined the subcellular localization of Tax
upon treatment with arsenite, a known oxidative stress
inducer. In HelLa cells, Tax is predominantly observed
in the nucleus where it forms TSS. In the presence of
arsenite, the proportion of cells showing nuclear Tax
decreased dramatically, confirming that cellular stress
induces Tax cytoplasmic accumulation, as previously
reported by others (Figures la and b). To extend these
observations to a more relevant cellular environment,
we examined the localization of Tax in MT-2 and SLB-
1, two HTLV-1-infected T-cell lines (Miwa et al., 1984;
Sivanandham and Mukherji, 1989). In normal condi-
tions, the presence of Tax in the nucleus was detected in
~55and 40% of MT-2 and SLB-1 cells, respectively. As
observed for Hela cells, Tax exited the nucleus and
relocated into the cytoplasm following exposure of
HTLV-I-infected cells to arsenite (Figures Ic and d).
Careful examination of arsenite-treated cells revealed
that cytoplasmic Tax was concentrated into discrete foci
that were dispersed throughout the cytoplasm (see
arrows in Figures la and c¢). Nuclear export and
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Figure 1 Tax-1 can be found in Tax SG but not in processing bodies under stress exposure. (a) HeLa cells expressing Tax-1 were left
untreated (NT) or treated with arsenite (1 mm). After 30 min, cells were fixed and immunostained for Tax-1 (orange). Nuclei were
counterstained using Draq5 (red). White arrow indicates Tax-1 cytoplasmic granules. (b) Cells were treated as in a and quantitative
analysis of Tax-1 subcellular localization was performed. Average of three independent experiments is represented. (¢) HTLV-I-
infected MT-2 and SLB-1 cells were treated as in a and subcellular localization of Tax-1 (orange) was assessed by confocal microscopy.
(d) Quantitative analysis of three independent experiments as described in (c¢) is represented. (e¢) HeLa cells expressing Tax-1 were
treated with arsenite and stained for Tax-1 (orange) and G3BP or Tiar (green), as indicated. Nuclei were counterstained using Draq5
(red). Representative cells with Tax-1 localizing in SGs are shown. Enlargements of boxed regions are shown on the right column.
(f) HeLa cells treated with sorbitol (600 mm, 2 h) or heat shock (43 °C, 50 min) were analyzed as in (e). (g) MT-2 and SLB-1 cells were
treated with arsenite (1 mm, 30 min), fixed, immunostained for Tax-1 (orange) and G3BP (green) and anlyzed by confocal microscopy.
Representative cells showing co-localization of Tax into G3BP-positive SGs are illustrated.
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relocalization of Tax into dense cytoplasmic foci were heat shock (Supplementary Figure S1). Of note, similar

also apparent in cells submitted to other cellular stress stress-induced Tax cytoplasmic speckles were observed
inducers such as sorbitol, an osmotic shock inducer or  in a previous study, but the authors did not attempt the
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identification of these structures (Gatza and Marriott,
2006). Based on our observations, we hypothesized that
stress-induced cytoplasmic accumulations of Tax might
represent SGs. To test this, we performed co-localiza-
tion experiments between Tax and two classical markers
of SGs, Tiar and G3BP (Kedersha and Anderson, 2007).
Recruitment of Tiar and G3BP into cytoplasmic Tax
foci was observed only in a small minority of stressed
cells. In this small proportion of cells, however, Tax
specifically concentrated at SGs in response to stress, as
illustrated by its perfect co-localization with G3BP and
Tiar (Figures le—g) but not with decapping protein la
(Dcpl), a specific component of processing bodies
another type of cytoplasmic messenger ribonucleopro-
tein bodies (Supplementary Figure S2) (Kedersha and
Anderson, 2007).

Tax inhibits the formation of SGs

In the vast majority of cells, Tiar and G3BP did not
accumulate with Tax in stressed-induced cytoplasmic
foci. Instead, both SG markers remained diffusely
distributed throughout the cytoplasm, indicating the
absence of SGs (Figure 2a). These observations made us
raise the possibility that Tax might be an inhibitory
component of SGs. Quantitative analysis revealed that
expression of Tax dramatically impaired the appearance
of SGs. Indeed, only 30% of Tax-expressing cells
formed SGs upon arsenite exposure, as compared with
nearly 100% of control cells (Figure 2b). Surprisingly,
~25% of Tax-expressing cells spontancously assembled
SGs in the absence of arsenite treatment. To address
whether the ability of Tax to inhibit SG assembly was
restricted to oxidative stress, Tax-expressing cells were
treated with sorbitol (osmotic stress) or heat shock.
Interestingly, although Tax also inhibited the formation
of SGs following treatment with sorbitol, it had no
inhibitory effect on SG assembly induced by heat shock
(Figure 2c).

The presence of SGs correlates with a general shutoff
of cellular protein synthesis (Anderson and Kedersha,
2009). To investigate whether Tax would have an effect
on the stress-induced translational blockage, we eval-
uated the protein synthesis rate in Tax-expressing cells
exposed to arsenite using pulse-chase experiments. As
expected, the synthesis of cellular proteins was drama-
tically inhibited by treatment with arsenite (Figure 2d).
However, expression of Tax partially rescued arsenite-
induced translational blockage and increased protein
synthesis by ~ 1.5 fold. Analysis of the protein synthesis
pattern by SDS polyacrylamide gel electrophoresis and
autoradiography revealed that rather than indiscrimi-
nately unblocking cellular translation, inhibition of SG
formation by Tax allows translation of specific cellular
proteins (Figure 2e¢).

We noticed that the ability of Tax to interfere with the
formation of SGs was strictly dependent on its subcellular
localization. Cells expressing Tax in the nucleus showed a
higher incidence of SGs following arsenite treatment (see
Figure 2a). In contrast, the presence of Tax in the
cytoplasm, almost completely prevented the formation
of SGs under oxidative conditions (Figure 2f). This

Oncogene

difference between nuclear vs cytoplasmic Tax was also
obvious when looking at unstressed cells. Although
< 10% of cells expressing Tax in the cytoplasm exhibited
SGs in the absence of arsenite, almost 70% of cells with
nuclear Tax formed spontaneous SGs (Figure 2f and
Supplementary Figure S3).

The inhibitory capacity of cytoplasmic Tax also
correlated with its expression level. Cells expressing
low levels of Tax in the cytoplasm were more sensitive to
arsenite and often exhibited SGs in which Tax was
consistently observed. In contrast, cells expressing
medium or high levels of cytoplasmic Tax were less
prone to form SGs and for the most part showed a non-
granular cytoplasmic staining of G3BP (Figure 2g).
Supporting this observation, transfecting increasing
amounts of Tax resulted in a dose-dependent inhibition
of SG formation (Figure 2h).

To further characterize the role of Tax in the
regulation of SG, we performed a kinetic analysis of
SG inhibition in response to arsenite. In the absence of
Tax, the percentage of cells exhibiting SGs increased as
early as 10 minutes after induction of oxidative stress
and reached a plateau after 30 min. Despite a higher
basal level of SG-positive cells, Tax-expressing cells
showed a much-delayed response, with the percentage
of SG-positive cells remaining unaffected during the
first 30min of arsenite treatment (Figure 2i). This
result strongly suggests that expression of Tax in the
cytoplasm delays SGs formation rather than promotes
their disassembly in cells subjected to oxidative stress.

So far, our results strongly associate Tax with the
cellular stress response and SG machinery and unravel two
opposite effects of the HTLV-1 transactivator on these
processes. In the absence of external cellular stress, Tax
mainly localizes in the nucleus of cells, where it promotes
the formation of SGs. When cells are subjected to specific
stimuli such as an osmotic shock or an oxidative stress,
Tax relocalizes in the cytoplasm, where it functions as a
strong inhibitor of the cellular stress response.

HTLV-1 infected T-cells are impaired in SG formation
Having clearly established that Tax interferes with SG
formation in the epithelial HeLa cell line, we sought to
determine whether our findings were also relevant of
HTLV-I-infected cells. For this purpose, we evaluated
the formation of SGs in SLB-1 and MT-2 cells. The
HTLV-1-unrelated T-ALL Jurkat and SupT]I cell lines
were used as controls. As shown in Figure 3a, the
proportion of SG-positive cells was significantly dimin-
ished in HTLV-1 infected cell lines as compared with
control Jurkat and SupT1 cells. In addition, the size of
the SGs was also altered in Tax-expressing T-cells
(Figures 3b and c). Although the average diameter of
SGs was 1.15 and 0.99 um in Jurkat and SupTl cells
respectively, SLB-1 and MT-2 exhibited noticeably
smaller SGs, with an average diameter of respectively
0.58 and 0.60 um (Figure 3b). These experiments thus
further support a repressive role for Tax in SG assembly
and extend the existence of this mechanism to HTLV-1-
infected cells.
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Figure 2 Tax-1 inhibits SG formation in response to stress. (a) HeLa cells transfected with a Tax-1-expression vector were treated
with arsenite (1 mm) for 30 min. Cells were fixed, stained for Tax-1 (orange) and G3BP (green) and analyzed by confocal microscopy.
(b) The presence of cells containing SGs was determined in Tax-1 expressing or control HeLa cells as described in (a). Average of three
independent experiments is represented (¥ P<0.05; ***P<0.001). (¢) The percentage of SG-positive cells was determined by staining
for G3BP in Tax-1 expressing or control HeLa cells treated with sorbitol or heat shock. Histograms are average from three
independent experiments. (d, ¢) HeLa cells were transfected with an expression plasmid for Tax-1 or an empty plasmid as indicated and
exposed to arsenite (1 mm) for 30 min. Twenty minutes before harvested, cells were pulse-labeled with [**S] Methionine/Cysteine Mix,
lysed and equivalent amounts of total protein were subjected to scintillation counting (d) or SDS polyacrylamide gel electrophoresis
and autoradiography (e). (f) The presence of SGs was evaluated in Tax-1 expressing cells classified according to the subcellular
localization of Tax-1. Results are from three independent experiments (***P<0.001). (g) HeLa cells were transfected with Tax-1
expression plasmid and exposed to arsenite 24 h after transfection. Representative cells illustrating the presence of SGs in non-
expressing or low expressing cells and their absence upon moderate Tax-1 overexpression are shown. (h) HeLa cells were transfected
with the indicated amounts of Tax-1 expression plasmid and exposed to arsenite. The percentage of cells containing SGs was assessed
by G3BP staining and confocal microscopy and averaged from three independent experiments. (i) HeLa cells expressing Tax-1 or not
were exposed to arsenite and presence of SGs was determined at indicated times by staining for G3BP. Average of three independent
experiments is represented.
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Because it has been proposed that SG assembly might
participate in life-and-death decisions of stressed cells,
we assessed cell survival in response to arsenite exposure
in HTLV-1-infected cells. As shown in Figure 3d, we
found that Tax-expressing HTLV-1 cell lines were
significantly less sensitive to arsenite than control cells.
These results thus further strengthen the role of HTLV-1
Tax in the cellular stress response and suggest that this
mechanism might have critical consequences on the fate
of the infected cell.

Tax interacts with the SGs component HDAC6

While trying to unravel the molecular mechanisms
underlying the inhibition of SG formation by Tax, we
identified HDAC6 as a novel Tax-interacting partner.
Interestingly, HDAC6 was recently identified as a
prominent component of SG and acts as a key effector
in the cellular stress response and SG assembly (Kwon
et al., 2007). The interaction between Tax and HDAC6
was demonstrated by co-immunoprecipitation experi-
ments. As shown in Figure 4a, endogenous HDAC6
efficiently co-purifies with immunoprecipitated Tax. The
interaction was also observed in the opposite direction,
as immunoprecipitating HDAC6 also led to co-purifica-
tion of Tax (Figure 4b). Remarkably, this interaction is
highly specific for HDAC6, as other SG components,
such as G3BP and Tiar failed to co-immunoprecipitate
with Tax in similar conditions (Figure 4b).

a Kkk
o 100 *
E
o 80
2
5 60
2
& 40
7]
5 20
?
Arsenite - NN "b \+ : :: :'b
S @ @ &
RIRSEVAR RN VAR
LN 3
(o] SupT1 Jurkat
NT
Arsenite

It is well known that overexpression of many SG
components can induce spontaneous appearance of
these structures, even in the absence of extracellular
stress (Beckham and Parker, 2008; Anderson and
Kedersha, 2009). In accordance with its role in SG
formation, we observed that overexpression of HDAC6
induces spontaneous assembly of large SGs in ~50% of
the transfectants (Figures 4c and d). As observed for
other SG inducing stimuli such as arsenite and sorbitol
(see Figures 2b and c), co-expression of Tax severely
impaired HDAC6-induced formation of SGs. In the
absence of Tax, HDACG6 was found in SGs, where it co-
localizes with G3BP (Figure 4c, see arrow in —Tax-1), as
expected from previous report (Kwon et al., 2007).
Interestingly, the presence of Tax in the cytoplasm of
HDAC6-expressing cells prevented formation of SGs
and sequestered HDAC6 in discrete cytoplasmic foci,
that were negative for G3BP and are characteristic of
Tax cytoplasmic distribution under stress conditions
(see Figures la, ¢ and (Gatza and Marriott, 2006)).
Similar observations were made with endogenous
HDACO6 (Supplementary Figure S4).

To identify the region of HDAC6 involved in the
interaction with Tax, we generated a series of HDAC6
mutants in which we deleted various important functional
domains of the protein (Figure 4¢). As shown in Figure 4f,
full-length HDAC6 as well as the HDAC6 mutants deleted
in one (AN470) or both deacetylase domains (DD)
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Figure 3 HTLV-1 infected cells exhibit less SGs than normal T-cells. (a) Presence of SGs was evaluated in untreated (NT) or arsenite-
treated (1 mm, 30 min) HTLV-1-transformed MT-2, adult T-cell leukemia-derived SLB-1 and control Jurkat, and SupT1 T-cells by
staining for G3BP and confocal microscopy. Quantitative analysis from three independent experiments is represented (*P<0.05).
(b) Representative cells analyzed as described in (a) are shown. (¢) SG diameter was evaluated by confocal microscopy in arsenite-
treated SLB-1, MT-2, Jurkat and SupT]1 cells as described in (a) (**P<0.01). Distribution of diameters measured for 100 SGs present
in at least 40 cells from each cell line is shown (***P <0.001). Mean diameters are indicated by horizontal bars. (d) Indicated cell lines
were treated with 200 pm arsenite for 8 h. Percentage of viable cells was determined in triplicate using the Annexin-V assay (*P <0.05).
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immunoprecipitation are shown as input. (b) HEK293T cells were cotransfected with expression vectors for Tax-1 and FLAG-tagged
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together with Tax-1 (as indicated) were fixed, stained for HDAC6 (red), G3BP (green) and Tax-1 (orange) and visualized by confocal
microscopy. Representative fields illustrating the absence of HDAC6-induced SGs in Tax-1-expressing cells are shown (d). Presence of
SGs in cells overexpressing HDAC6 alone or together with Tax-1 was quantified as described in (¢). Average of three independent
experiments is represented (¥*P<0.05; ***P <0.001). (e) Schematic representation of HDAC6 deletion constructs used in this study.
(f) HEK293T cells were transfected with expression vectors for Tax-1 and the indicated FLAG-tagged HDACG6 deletion mutants.
Subsequently, cells were lyzed and FLAG-tagged proteins were immunoprecipitated with an anti-FLAG antibody. Interaction between
Tax-1 and HDAC6 mutants was assessed by western blot analysis. (g) Hela cells were transfected with a Tax-1-expression vector and
treated with arsenite 1 mwm for 30min, fixed and immunostained for HDAC6 (red), Ubiquitin (Green) and Tax-1 (orange).
A representative cell showing enrichement of ubiquitinated proteins in foci where HDAC6 and Tax-1 co-localize is shown.
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(ANBO00) efficiently co-immunoprecipitated with Tax,
indicating that the region mediating Tax binding was
located between amino acids 800—-1215 of HDAC6. The
SE14 mutant, lacking amino acids 1030-1215 was unable
to associate with Tax in co-immunoprecipitation assays.
These observations thus define the C-terminal region of
HDAC6 (amino acids 1030-1215) encompassing the

ubiquitin-binding domain as necessary for interaction with
Tax. Supporting this finding, we observed that ubiquiti-
nated proteins were highly enriched in cytoplasmic foci in
which HDAC6 was sequestered by Tax (Figure 4g). In
addition, we found that Tax promoted the binding of
HDACG6 to ubiquitinated proteins (Supplementary Figure
S5). Altogether, these results are consistent with the idea
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that Tax inhibits SG formation by sequestering HDACS6, a
crucial regulator of SG assembly.

Tax deletion and mutation analysis indicates a strict
correlation between HDACG6 binding and ability to inhibit
SGs

We next aimed at deciphering the molecular determi-
nants implicated in the inhibition of SG formation by
Tax. For this purpose, we collected a series of functional
and structural Tax mutants and tested their ability to
bind HDACG6 in co-immunoprecipitation experiments
and to inhibit SG assembly following oxidative stress.
The characteristics of each Tax mutant are summarized
in Figure 5a. The M22 (Smith and Greene, 1990) and
M148 (Yamaoka et al., 1996) mutants, defective in the
NF-kB pathways and the M47 mutant (Smith and
Greene, 1990), defective in the CREB/ATF-1 pathway
are well-characterized transcriptional mutants of Tax.
When tested in co-immunoprecipitation assays, these

mutants efficiently bound to HDACG6 (Figure 5a). They
also prevented SG formation to levels comparable to
wild-type Tax indicating that inhibition of SGs by Tax is
independent of its ability to activate CREB/ATF-1- or
NF-«kB-dependent transcription (Figure 5b). Next, we
tested two Tax mutants invalidated in important
functional interactions. The K88A mutant is a CBP/
p300-binding defective mutant that fails to activate the
HTLV-1 LTR (Harrod et al., 1998). The A94-114
mutant has lost its ability to homodimerize and to
interact with a series of important Tax interactors,
including IKKy and MAD-1 (Chun et al., 2000). Both
mutants associated with HDAC6 and were fully
effective in inhibiting SG formation upon arsenite
treatment. Our deletion analysis identified amino-acids
802-1215 of HDAC®6, which encompass its ubiquitin-
binding domain as important for Tax interaction
(Figures 4e and f). Tax is known to be ubiquitinated
and sumoylated in specific conditions (Chiari et al.,
2004; Peloponese et al 2004; Lamsoul et al., 2005;
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Figure 5 Mutation analysis of Tax-1 revealed a strict correlation between recruitment of HDAC6 and SG inhibitory activity. (a) The
Tax-1 mutants used in this study are described. Each mutant was tested for interaction with HDAC6-Flag in co-immunoprecipitation
experiments as described in (d). Mutants of Tax-1 capable (+ ) or not (-) of interacting with HDACS6 are indicated. (b) The presence of
SGs was assessed in arsenite-treated HeLa cells expressing each indicated Tax-1 mutant by staining for G3BP and confocal microscopy
analysis. Average of three independent experiments is represented. (¢) Schematic representation of the N-terminal deletion mutants of
Tax-1 generated in this study. (d) HeLa cells were cotransfected with the indicated N-terminal deletion mutants of Tax-1 together with
FLAG-tagged HDACG6. Subsequently, cells were lysed and HDAC6 was immunoprecipitated with beads coupled with an anti-FLAG
antibody. Interaction between HDACG6 and the Tax-1 proteins was tested by immunoblotting with an anti-Tax-1 antibody. Blots were
also probed with an anti-FLAG antibody, as an immunoprecipitation control. Expression of Tax-1 mutants and HDACG6 in total cell
lysates is shown as input. (e) The presence of SGs was evaluated in HeLa cells expressing the indicated Tax-1 mutants as described in
(b). Average of three independent experiments is represented (***P<0.001, NS: nonsignificant). (f). HeLa cells expressing the A2-22
Tax-1 mutant were treated with arsenite and stained for Tax-1 (orange), G3BP (green) and DNA (red). Pictured cells illustrate the
localization of the A2-22 mutant in SGs, as observed in 86.7% of the cells (average of three independent experiments).
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Nasr et al., 2006). We thus tested the K7,8R Tax
mutant, a sumoylation-deficient mutant (Nasr e al.,
2006) and the K4-8R mutant, which lacks the ability to
be ubiquitinylated or sumoylated (Lamsoul et al., 2005).
Both mutants interacted efficiently with HDACS6,
indicating that conjugation of Tax to SUMO or
ubiquitin is not necessary for binding to HDACS.
Similarly to the wild-type Tax protein, these mutants
efficiently inhibited arsenite-dependent SG formation
(Figure 5b). Finally, we investigated the role of the zinc-
finger-like region of Tax in its SG inhibitory properties.
For this purpose, we generated the A2-55 mutant by
deleting the first 55 amino acids of Tax, which comprise
the zinc-finger domain (amino acids 23-52). As this
region also encompasses the uncanonical nuclear
localization signal of Tax, we used the already described
C29A mutant (Tsuji et al., 2007). The C29A mutation is
thought to disrupt the structure of the Tax zinc-finger.
Among all the mutants we tested, the A2-55 mutant
was the only one that failed to associate with HDACG6 in
co-immunoprecipitation experiments (Figure 5a). Remark-
ably, this mutant was also unique in that it concomitantly
lost its ability to inhibit SG formation (Figure 5b). In
contrast, the C29A mutant interacted with HDAC6 and
retained the ability to interfere with SG assembly. This
indicates that the SG inhibitory activity of Tax involves
amino acids located within the 2-55 N-terminal region
but does not rely on the integrity of the zinc-finger
domain. These experiments strengthen the correla-
tion between the ability of Tax to inhibit SG formation
and its interaction with HDAC6 and prompted us
to generate a series of additional N-terminal deletion
mutants of Tax outside of the zinc-finger domain
(Figure 5c). As shown in Figure 5d, the A2-6, A2-11
and A2-17 Tax mutants efficiently associated with
HDACS6. In contrast, the A2-22 Tax mutant failed to
bind HDAC6 in similar conditions. Strikingly, when
these mutants were functionally tested, the A2-22 Tax
mutant was uniquely ineffective in blocking the forma-
tion of SGs in response to arsenite (Figure Se). These
assays thus identify the same regions of Tax as crucial
for HDACG6 binding and SG inhibition. Interestingly,
the A2-22 mutant accumulates in the cytoplasm in
response to arsenite. However, despite being unable to
prevent SG formation, the A2-22 Tax protein perfectly
colocalizes with G3BP in SGs (Figures Se and f). This
suggests that the recruitment of Tax into SGs and its
ability to interfere with their formation involve different
structural determinants.

These experiments thus establish a tight functional
connection between the ability of Tax to interact with
HDACG6 and its inhibitory role in SG assembly.

Discussion

As viruses do not encode ribosomal proteins, they
entirely rely on the cellular machinery for optimal
translation of their mRNAs and efficient production of
their proteins. It is thus not surprising that many viruses
have developed strategies to interfere with host SG
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machinery. The HTLV-1 Tax protein is considered as a
key viral protein and exerts essential roles in viral
transcription as well as in cell transformation. Tax
predominantly localizes in the nucleus where it concen-
trates in foci known as TSS along with cellular factors
involved in the transcriptional and post-transcriptional
processing of mRNA (Semmes and Jeang, 1996).
Although Tax can also be found in the cytoplasm its
cytoplasmic functions remain mostly unknown. Our
study unravels a new and unanticipated function of Tax
in the cytoplasm. In this work, we confirm that
genotoxic and cellular stress coincide with cytoplasmic
accumulation of Tax (Gatza and Marriott, 2006) and
provide a functional rationale for this mechanism.
Indeed, we demonstrate that once delocalized in the
cytoplasm, Tax interferes with the formation of SGs and
impedes on the cellular stress response.

Our results strongly suggest that this function of Tax
is strictly dependent on its interaction with HDACS6, a
critical component of SGs, in the cytoplasm (Kwon
et al., 2007). Indeed, mutational analysis revealed that
the abilities of Tax to inhibit SG formation and interact
with HDACS6 rely on similar structural determinants.
Interactions between Tax and members of the HDAC
family have long been known (Ego et al., 2002; Lu et al.,
2004; Villanueva et al., 2006). In most cases, these
interactions were thought to inhibit the transcriptional
activities of the viral transactivator (Villanueva et al.,
2006). During the course of this study, we failed to
evidence a specific repressive effect of HDAC6 on Tax
transcriptional activity. Instead, our results strongly
suggest that Tax impairs the function of HDAC6 during
SG formation (Kwon et al., 2007). In addition to its role
in SG assembly, HDACS6 is involved in different cellular
processes. Originally, HDAC6 was identified as an a-
Tubulin deacetylase and accordingly, it has later been
shown to possess a critical role in coordinating various
cellular processes relying on the microtubule network
(Hubbert et al., 2002). As the deacetylase activity of
HDAC6 was shown to be important for its role in
promoting SG assembly, it was tempting for us to
hypothesize that Tax could prevent SG assembly by
impeding on HDACG6 deacetylase activity. Despite
extensive efforts, we remained unable to demonstrate
any effect of Tax on the deacetylase activity of HDAC6
in vivo (Supplementary Figure S6) or in vitro (Supple-
mentary Figure S7). Our data identified the Zn-Ub
domain of HDAC6, which is responsible for binding to
ubiquitin as essential for interacting with Tax. This
domain is also critical in HDACG6-dependent SG
assembly. Indeed, cells expressing a non-ubiquitin-
binding mutant of HDACG6 are impaired in the
formation of SGs (Kwon et al., 2007). We thus tested
next whether Tax may control SG formation by
preventing HDACG6 from binding to ubiquitinated
proteins (Seigneurin-Berny et al., 2001; Hook et al.,
2002). Surprisingly, we found that Tax increased the
affinity of HDACG6 for ubiquitin (Supplementary Figure
S5) and sequesters HDAC6 in small cytoplasmic foci
that contain high concentrations of ubiquitinated
proteins (Figure 4g). Besides its role in SG assembly,
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HDACE® also acts as a key effector in the management of
misfolded proteins and aggresomes formation by bind-
ing to polyubiquitinated misfloded proteins and ensur-
ing their transport to aggresomes (Kawaguchi et al.,
2003). In support of our finding that Tax increases the
interaction between HDAC6 and ubiquitinated pro-
teins, we also observed that Tax promotes the formation
of aggresomes (Supplementary Figures S8) where it
colocalizes with HDAC6 (Data not shown). We thus
propose that Tax prevents the assembly of SG by
driving away HDAC6 from the SG machinery and
leading to its sequestration into ubiquitin-enriched
cytoplasmic structures. A similar transdominant effect
has been reported for the QN-rich prion like domain of
TIA-1, whose overexpression prevents formation of SGs
by generating microaggregates that sequester endogen-
ous TIA-1 proteins (Kedersha et al., 1999, 2000; Gilks
et al., 2004). By promoting the interaction of HDAC6
with specific ubiquitinated proteins, Tax could in
addition, actuate the HDACO6-dependent aggresomes
pathway to the detriment of its role in SG formation.
The putative role of Tax in aggresome formation and
clearance of misfolded or aggregated proteins is
currently being investigated in our laboratory.

In the minority of cells in which SGs assembled
despite the presence of cytoplasmic Tax, we observed
that the viral protein was recruited to these structures
and perfectly co-localized with the SG markers Tiar and
G3BP. Interestingly, the A2-22 Tax mutant, which is
defective in its ability to inhibit SG formation, was
efficiently recruited to SGs in nearly every cell. These
observations suggest that the ability of Tax to negatively
regulate the assembly of SGs and its localization within
these foci are governed by different molecular mechan-
isms. Although Tax co-localizes with SG markers such
as Tiar and G3BP, co-immunoprecipitation experiments
failed to demonstrate convincing interaction with the
tested SG components including Tiar and G3BP,
indicating that these proteins are not responsible for
recruiting Tax into SGs. The A2-22 Tax mutant is also
defective for binding to HDAC6. Although this
observation supports our model, in which Tax prevents
SGs assembly through direct interaction with HDAC®,
it also demonstrates that HDAC6 does not mobilize Tax
to SGs. The exact mechanism whereby Tax is recruited
to SGs remains to be elucidated. We have previously
reported that Tax interacts with TTP, an ARE-binding
protein involved in the turnover of specific cellular
transcripts (Twizere et al., 2003). The region of Tax that
mediates the interaction with TTP lies in the C-terminal
portion of the protein and is thus still present in the
A2-22 Tax mutant. It is thus unlikely that TTP
participates in the ability of Tax to inhibit the formation
of SGs. Although its role in SG formation is indefinite,
TTP is a well-known component of RNA granules and
could thus be implicated in the recruitment of Tax into
SGs. However, although TTP predominantly localizes
in processing bodies, we failed to observe Tax in these
structures (Kedersha er al., 2005). Given that Tax
associates with factors implicated in translation initia-
tion such as elF3 and TRBP (Boxus et al., 2008), one
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can imagine that Tax is mobilized to SGs in association
with these proteins, which can be found in SGs
(Dunand-Sauthier et al., 2002). Overall, the interaction
of Tax with multiple SG components reinforces its role
in the formation of these structures.

Induction of SGs belongs to the arsenal of cellular
host defense mechanisms dedicated to counter virus
infection (Schutz and Sarnow, 2007) and many viruses
have been reported to induce the shutoff of cell protein
synthesis and appearance of SGs (Esclatine et al., 2004;
Mclnerney et al., 2005; Smith et al., 2006; Ventoso et al.,
2006; Raaben et al., 2007; Montero et al., 2008). In most
cases, and in contrast to what has been reported for
reovirus infection, the formation of these structures is
considered to be unfavorable to the viral replication
cycle as it prevents synthesis of viral proteins. It remains
to be determined whether early stages of HTLV-1
infection induce appearance of SGs. In this context, the
surprising observation that nuclear Tax induces appear-
ance of SGs in the absence of cellular stress might be
worth investigating. Nonetheless, we postulate that
HTLV-1 has developed strategies to counterattack host
cell defense mechanisms, one of which is to prevent the
formation of SGs to allow the efficient translation of
viral or specific host proteins. Indeed, overexpression of
Tax partially rescues the translational block induced by
arsenite, by preserving the expression of specific cellular
proteins, rather than maintaining a general level of
translation (Figure 2e). We hypothesize that these
proteins might be highly beneficial to the virus and/or
provide a crucial growth advantage to the infected cell in
stress conditions. Experiments are underway in our
laboratory to identify these cellular proteins. Few
examples of SG inhibition by viruses are described in
the literature (Emara and Brinton, 2007; White et al.,
2007). In these cases, the main objective is for the virus
to facilitate its replication even in the presence of stress.
Unfortunately, it was difficult to assess the influence of
SG inhibition by Tax on the viral cycle independently of
other Tax functions that make it essential for viral
replication. In addition to its putative role in viral
replication, it is also tempting to speculate that SG
inhibition by Tax may affect cellular processes such as
apoptosis or proliferation.

Unexpectedly, we have observed that localization
of Tax in the nucleus promotes formation of SGs in
the absence of exogenous stress. Blockade of transcrip-
tion initiation and formation of SGs are known to
belong to the complex cellular stress response that is
triggered by DNA damage (Pothof er al., 2009a,b).
Tax was recently shown to induce reactive oxygen
species, change in the intracellular redox status and
DNA damage through activation of both CREB and
NF-«xB (Kinjo et al., 2010). The M22 mutant (intact for
CREB but defective for NF-xB activity) and the M47
mutant (intact for NF-xB but defective for CREB
activity) used in this study retain their ability to induce
the formation of SGs when expressed in the nucleus.
Further investigation is needed to understand more
completely the details of how Tax induces the appear-
ance of SGs.



In this work, we demonstrate that Tax impedes on the
cellular stress response by preventing the formation of
SGs and increasing cellular survival towards stress. This
finding could have important consequences on HTLV-1
leukemogenesis and associated transformation processes.
When submitted to external stress, cells stop proliferating
and mobilize their available resources towards an optimal
stress response. Based on our observations, we propose
that due to the presence of Tax, HTLV-1 infected cells
would be unable to trigger an efficient cellular response
toward the stress that emerges following viral infection or
that inevitably occurs during a normal life of a cell. This
would allow the efficient translation of viral proteins and
favor viral production but also lead to the accrual of
cellular events known to directly participate in malignant
transformation, such as DNA damage or accumulation of
misfolded proteins. Based on the present study, it is thus
tempting to speculate that inhibition of the stress response
pathway by Tax might participate in the oncogenesis
processes associated with HTLV-1 infection.

Materials and methods

Plasmids and antibodies, immunoprecipitation, SDS
polyacrylamide gel electrophoresis and western blotting

and cell culture and transfections

Descriptions of these sections are provided in Supplementary
Information Text.

Immunofluorescence

Fifty thousand HeLa cells were seeded onto glass coverslips in
24-well plates, transfected with 500 pg of pSGTax-1 plasmid or
HDAC6-FLAG plasmid and incubated for 24 h. Cells were then
treated or not with arsenite (1 mm, 30 min; Sigma, St Louis, MO,
USA), sorbitol (600 mm, 2 h; Sigma), heat shock (43 °C, 50 min)
or cycloheximide (0,1 mg/ml, 45 min, Sigma). Cells were then
rapidly washed with PBS before fixation with 4% paraformal-
dehyde in PBS for 20 min at room temperature. For Tax-1/G3BP
or Tax-1/TIAR double staining and for Tax-1/HDAC6/G3BP
triple staining, cells were permeabilized with 1 % Triton X-100
in PBS for 8 min at room temperature. After three washes in
PBS-fetal calf serum 5%, cells were incubated overnight with
the appropriate primary antibodies diluted in immunofluores-
cence buffer (5% fetal calf serum, 0.1% Tween-20 in PBS).
Cells were washed three times with PBS-fetal calf serum 5%
and further incubated with the corresponding secondary anti-
bodies in immunofluorescence buffer. When indicated, 5pm
Draq5 reagent was added during the last antibody incubation
to stain for cell nuclei (Biostatus, Leicestershire, UK). After 1 h
incubation, cells were washed extensively with PBS-fetal calf
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were analyzed with a FACScan flow cytometer (Becton Dickinson,
Franklin Lakes, NJ, USA) using the Cell Quest software.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgements

We thank all members of the Dequiedt laboratory for helpful
and stimulating discussions. This work was supported by the
Belgian National Fund for Scientific Research, the Télévie
(7.4613.09), the Belgian Foundation Against Cancer, the
Interuniversity Attraction Poles Program-Belgian Science
Policy (IUAP-BELSPO PVI/28). FD and JCT are Research
Associates, MB is a Postdoctoral Researcher, SL is a FRIA
Fellow and R.K. is a Research Director of the Belgian
National Fund for Scientific Research.

Asquith B, Bangham CR. (2008). How does HTLV-I persist despite a
strong cell-mediated immune response? Trends Immunol 29: 4—11.
Beckham CJ, Parker R. (2008). P bodies, stress granules, and viral life

cycles. Cell Host Microbe 3: 206-212.

Bex F, McDowall A, Burny A, Gaynor R. (1997). The human T-cell
leukemia virus type 1 transactivator protein Tax colocalizes in unique
nuclear structures with NF-kappaB proteins. J Virol 71: 3484-3497.

Boxus M, Twizere JC, Legros S, Dewulf JF, Kettmann R, Willems L.
(2008). The HTLV-1 Tax interactome. Retrovirology 5: 76.

Oncogene



HTLV-1 Tax protein inhibits formation of stress granules
S Legros et al

Buchan JR, Parker R. (2009). Eukaryotic stress granules: the ins and
outs of translation. Mol Cell 36: 932-941.

Chiari E, Lamsoul I, Lodewick J, Chopin C, Bex F, Pique C. (2004).
Stable ubiquitination of human T-cell leukemia virus type 1 tax is
required for proteasome binding. J Virol 78: 11823-11832.

Chun AC, Zhou Y, Wong CM, Kung HF, Jeang KT, Jin DY. (2000).
Coiled-coil motif as a structural basis for the interaction of HTLV
type 1 tax with cellular cofactors. AIDS Res Hum Retroviruses 16:
1689-1694.

Dunand-Sauthier I, Walker C, Wilkinson C, Gordon C, Crane R,
Norbury C et al. (2002). Suml, a component of the fission yeast
elF3 translation initiation complex, is rapidly relocalized during
environmental stress and interacts with components of the 26S
proteasome. Mol Biol Cell 13: 1626—1640.

Durkin SS, Guo X, Fryrear KA, Mihaylova VT, Gupta SK, Belgnaoui
SM et al. (2008). HTLV-1 Tax oncoprotein subverts the cellular
DNA damage response via binding to DNA-dependent protein
kinase. J Biol Chem 283: 36311-36320.

Ego T, Ariumi Y, Shimotohno K. (2002). The interaction of HTLV-1
Tax with HDACI negatively regulates the viral gene expression.
Oncogene 21: 7241-7246.

Emara MM, Brinton MA. (2007). Interaction of TIA-1/TIAR with
West Nile and dengue virus products in infected cells interferes with
stress granule formation and processing body assembly. Proc Natl
Acad Sci USA 104: 9041-9046.

Esclatine A, Taddeo B, Roizman B. (2004). Herpes simplex virus 1
induces cytoplasmic accumulation of TIA-1/TIAR and both
synthesis and cytoplasmic accumulation of tristetraprolin, two
cellular proteins that bind and destabilize AU-rich RNAs. J Virol
78: 8582-8592.

Gatza ML, Marriott SJ. (2006). Genotoxic stress and cellular stress alter
the subcellular distribution of human T-cell leukemia virus type 1 tax
through a CRM1-dependent mechanism. J Virol 80: 6657-6668.

Gilks N, Kedersha N, Ayodele M, Shen L, Stoecklin G, Dember LM
et al. (2004). Stress granule assembly is mediated by prion-like
aggregation of TIA-1. Mol Biol Cell 15: 5383-5398.

Gupta SK, Guo X, Durkin SS, Fryrear KF, Ward MD, Semmes OJ.
(2007). Human T-cell leukemia virus type 1 Tax oncoprotein
prevents DNA damage-induced chromatin egress of hyperpho-
sphorylated Chk2. J Biol Chem 282: 29431-29440.

Haoudi A, Daniels RC, Wong E, Kupfer G, Semmes OJ. (2003).
Human T-cell leukemia virus-I tax oncoprotein functionally targets
a subnuclear complex involved in cellular DNA damage-response. J
Biol Chem 278: 37736-37744.

Harrod R, Tang Y, Nicot C, Lu HS, Vassilev A, Nakatani Y et al.
(1998). An exposed KID-like domain in human T-cell lymphotropic
virus type 1 Tax is responsible for the recruitment of coactivators
CBP/p300. Mol Cell Biol 18: 5052-5061.

Hook SS, Orian A, Cowley SM, Eisenman RN. (2002). Histone
deacetylase 6 binds polyubiquitin through its zinc finger (PAZ
domain) and copurifies with deubiquitinating enzymes. Proc Natl
Acad Sci USA 99: 13425-13430.

Hubbert C, Guardiola A, Shao R, Kawaguchi Y, Ito A, Nixon A et al.
(2002). HDACG6 is a microtubule-associated deacetylase. Nature
417: 455-458.

Kawaguchi Y, Kovacs JJ, McLaurin A, Vance JM, Ito A, Yao TP.
(2003). The deacetylase HDAC6 regulates aggresome formation and
cell viability in response to misfolded protein stress. Cell 115: 727-738.

Kedersha N, Anderson P. (2007). Mammalian stress granules and
processing bodies. Methods Enzymol 431: 61-81.

Kedersha N, Cho MR, Li W, Yacono PW, Chen S, Gilks N ez al.
(2000). Dynamic shuttling of TIA-1 accompanies the recruitment of
mRNA to mammalian stress granules. J Cell Biol 151: 1257-1268.

Kedersha N, Stoecklin G, Ayodele M, Yacono P, Lykke-Andersen J,
Fritzler MJ et al. (2005). Stress granules and processing bodies are
dynamically linked sites of mRINP remodeling. J Cell Biol 169: 871-884.

Kedersha NL, Gupta M, Li W, Miller I, Anderson P. (1999). RNA-
binding proteins TIA-1 and TIAR link the phosphorylation of eIF-2
alpha to the assembly of mammalian stress granules. J Cell Biol 147:
1431-1442.

Oncogene

Kehn K, Fuente Cde L, Strouss K, Berro R, Jiang H, Brady J et al.
(2005). The HTLV-I Tax oncoprotein targets the retino-
blastoma protein for proteasomal degradation. Oncogene 24:
525-540.

Kinjo T, Ham-Terhune J, Peloponese Jr JM, Jeang KT. (2010).
Induction of reactive oxygen species by human T-cell leukemia virus
type 1 tax correlates with DNA damage and expression of cellular
senescence marker. J Virol 84: 5431-5437.

Kwon S, Zhang Y, Matthias P. (2007). The deacetylase HDACG6 is a
novel critical component of stress granules involved in the stress
response. Genes Dev 21: 3381-3394.

Lamsoul I, Lodewick J, Lebrun S, Brasseur R, Burny A, Gaynor RB
et al. (2005). Exclusive ubiquitination and sumoylation on over-
lapping lysine residues mediate NF-kappaB activation by the
human T-cell leukemia virus tax oncoprotein. Mol Cell Biol 25:
10391-10406.

Legros S, Boxus M, Dewulf JF, Dequiedt F, Kettmann R, Twizere JC.
(2009). Protein-protein interactions and gene expression regulation
in HTLV-1 infected cells. Front Biosci 14: 4138-4148.

Lodewick J, Lamsoul I, Polania A, Lebrun S, Burny A, Ratner L e7 al.
(2009). Acetylation of the human T-cell leukemia virus type 1 Tax
oncoprotein by p300 promotes activation of the NF-kappaB
pathway. Virology 386: 68-78.

Lu H, Pise-Masison CA, Linton R, Park HU, Schiltz RL, Sartorelli V
et al. (2004). Tax relieves transcriptional repression by promoting
histone deacetylase 1 release from the human T-cell leukemia virus
type | long terminal repeat. J Virol 78: 6735-6743.

Marriott SJ, Semmes OJ. (2005). Impact of HTLV-I Tax on cell cycle
progression and the cellular DNA damage repair response.
Oncogene 24: 5986—5995.

Matsuoka M, Jeang KT. (2007). Human T-cell leukaemia virus type 1
(HTLV-1) infectivity and cellular transformation. Nat Rev Cancer 7:
270-280.

Mclnerney GM, Kedersha NL, Kaufman RJ, Anderson P, Liljestrom
P. (2005). Importance of elF2alpha phosphorylation and stress
granule assembly in alphavirus translation regulation. Mol Biol Cell
16: 3753-3763.

Miwa M, Shimotohno K, Hoshino H, Fujino M, Sugimura T. (1984).
Detection of pX proteins in human T-cell leukemia virus (HTLV)-
infected cells by using antibody against peptide deduced from
sequences of X-IV DNA of HTLV-I and Xc DNA of HTLV-II
proviruses. Gann 75: 752-755.

Montero H, Rojas M, Arias CF, Lopez S. (2008). Rotavirus infection
induces the phosphorylation of elF2alpha but prevents the
formation of stress granules. J Virol 82: 1496-1504.

Mydlarski MB, Schipper HM. (1993). Stress protein co-localization to
autofluorescent astrocytic inclusions in situ and in cysteamine-
treated glial cultures. Brain Res 627: 113-121.

Nasr R, Chiari E, El-Sabban M, Mahieux R, Kfoury Y, Abdulhay M
et al. (2006). Tax ubiquitylation and sumoylation control critical
cytoplasmic and nuclear steps of NF-kappaB activation. Blood 107:
4021-4029.

Nasr R, El-Sabban ME, Karam JA, Dbaibo G, Kfoury Y, Arnulf B
et al. (2005). Efficacy and mechanism of action of the proteasome
inhibitor PS-341 in T-cell lymphomas and HTLV-I associated adult
T-cell leukemia/lymphoma. Oncogene 24: 419-430.

Nejmeddine M, Barnard AL, Tanaka Y, Taylor GP, Bangham CR.
(2005). Human T-lymphotropic virus, type 1, tax protein triggers
microtubule reorientation in the virological synapse. J Biol Chem
280: 29653-29660.

Nicot C, Tie F, Giam CZ. (1998). Cytoplasmic forms of human T-cell
leukemia virus type 1 Tax induce NF-kappaB activation. J Virol 72:
6777-6784.

Peloponese Jr JM, lha H, Yedavalli VR, Miyazato A, Li Y,
Haller K er al. (2004). Ubiquitination of human T-cell
leukemia virus type 1 tax modulates its activity. J Virol 78:
11686-11695.

Pothof J, Verkaik NS, Hoeijmakers JH, van Gent DC. (2009a).
MicroRNA responses and stress granule formation modulate the
DNA damage response. Cell Cycle 8: 3462-3468.



Pothof J, Verkaik NS, van IW, Wiemer EA, Ta VT, van der Horst GT
et al. (2009b). MicroRNA-mediated gene silencing modulates the
UV-induced DNA-damage response. EMBO J 28: 2090-2099.

Proietti FA, Carneiro-Proietti AB, Catalan-Soares BC, Murphy EL.
(2005). Global epidemiology of HTLV-I infection and associated
diseases. Oncogene 24: 6058—6068.

Raaben M, Groot Koerkamp MJ, Rottier PJ, de Haan CA. (2007).
Mouse hepatitis coronavirus replication induces host translational
shutoff and mRNA decay, with concomitant formation of stress
granules and processing bodies. Cell Microbiol 9: 2218-2229.

Schutz S, Sarnow P. (2007). How viruses avoid stress. Cell Host
Microbe 2: 284-285.

Seigneurin-Berny D, Verdel A, Curtet S, Lemercier C, Garin J,
Rousseaux S et al. (2001). Identification of components of the
murine histone deacetylase 6 complex: link between acetylation and
ubiquitination signaling pathways. Mol Cell Biol 21: 8035-8044.

Semmes OJ, Jeang KT. (1996). Localization of human T-cell leukemia
virus type | tax to subnuclear compartments that overlap with
interchromatin speckles. J Virol 70: 6347-6357.

Sivanandham M, Mukherji B. (1989). Functionally different HTLV I-
infected T cell lines with the same phenotype derived from a patient
with melanoma. fmmunol Lett 23: 149-154.

Smith JA, Schmechel SC, Raghavan A, Abelson M, Reilly C, Katze
MG et al. (2006). Reovirus induces and benefits from an integrated
cellular stress response. J Virol 80: 2019-2033.

HTLV-1 Tax protein inhibits formation of stress granules
S Legros et al

Smith MR, Greene WC. (1990). Identification of HTLV-I tax trans-
activator mutants exhibiting novel transcriptional phenotypes.
Genes Dev 4: 1875-1885.

Tsuji T, Sheehy N, Gautier VW, Hayakawa H, Sawa H, Hall WW.
(2007). The nuclear import of the human T lymphotropic virus type
I (HTLV-1) tax protein is carrier- and energy-independent. J Bio/
Chem 282: 13875-13883.

Twizere JC, Kruys V, Lefebvre L, Vanderplasschen A, Collete D,
Debacq C et al. (2003). Interaction of retroviral Tax oncoproteins
with tristetraprolin and regulation of tumor necrosis factor-alpha
expression. J Natl Cancer Inst 95: 1846-1859.

Ventoso I, Sanz MA, Molina S, Berlanga JJ, Carrasco L, Esteban M.
(2006). Translational resistance of late alphavirus mRNA to
elF2alpha phosphorylation: a strategy to overcome the antiviral
effect of protein kinase PKR. Genes Dev 20: 87-100.

Villanueva R, Iglesias AH, Camelo S, Sanin LC, Gray SG, Dangond
F. (2006). Histone deacetylase 3 represses HTLV-1 tax transcrip-
tion. Oncol Rep 16: 581-585.

White JP, Cardenas AM, Marissen WE, Lloyd RE. (2007). Inhibition
of cytoplasmic mRNA stress granule formation by a viral
proteinase. Cell Host Microbe 2: 295-305.

Yamaoka S, Inoue H, Sakurai M, Sugiyama T, Hazama M, Yamada T
et al. (1996). Constitutive activation of NF-kappa B is essential for
transformation of rat fibroblasts by the human T-cell leukemia virus
type I Tax protein. EMBO J 15: 873-887.

Supplementary Information accompanies the paper on the Oncogene website (http://www.nature.com/onc)

13

Oncogene



	The HTLV-1 Tax protein inhibits formation of stress granules by interacting with histone deacetylase 6
	Introduction
	Results
	Tax can localize inside SGs in response to cellular stress

	Figure 1 Tax-1 can be found in Tax SG but not in processing bodies under stress exposure.
	Tax inhibits the formation of SGs
	HTLV-1 infected T-cells are impaired in SG formation

	Figure 2 Tax-1 inhibits SG formation in response to stress.
	Tax interacts with the SGs component HDAC6

	Figure 3 HTLV-1 infected cells exhibit less SGs than normal T-cells.
	Figure 4 Tax-1 interacts with HDAC6.
	Tax deletion and mutation analysis indicates a strict correlation between HDAC6 binding and ability to inhibit SGs

	Figure 5 Mutation analysis of Tax-1 revealed a strict correlation between recruitment of HDAC6 and SG inhibitory activity.
	Discussion
	Materials and methods
	Plasmids and antibodies, immunoprecipitation, SDS polyacrylamide gel electrophoresis and western blotting and cell culture and transfections
	Immunofluorescence
	Radioactive labeling and protein synthesis
	Flow cytometry

	Conflict of interest
	Acknowledgements
	References




