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The transcription factor NF-�B is critical for the induction of cancer, including adult T-cell leukemia, which
is linked to infection by human T-cell leukemia virus type 1 and the expression of its regulatory protein Tax.
Although activation of the NF-�B pathway by Tax involves its interaction with the regulatory subunit of the I�B
kinase (IKK) complex, NEMO/IKK�, the mechanism by which Tax activates specific cellular genes in the
nucleus remains unknown. Here, we demonstrate that the attachment of SUMO-1 to Tax regulates its
localization in nuclear bodies and the recruitment of both the RelA subunit of NF-�B and free IKK� in these
nuclear structures. However, this sumoylation step is not sufficient for the activation of the NF-�B pathway by
Tax. This activity requires the prior ubiquitination and colocalization of ubiquitinated Tax with IKK complexes
in the cytoplasm and the subsequent migration of the RelA subunit of NF-�B to the nucleus. Thus, the
ubiquitination and sumoylation of Tax function in concert to result in the migration of RelA to the nucleus and
its accumulation with IKK� in nuclear bodies for activation of gene expression. These modifications may result
in targets for the treatment of adult T-cell leukemia.

The human T-cell leukemia virus type 1 (HTLV-1) is the
etiological agent of adult T-cell leukemia and a virus-associ-
ated neurodegenerative disease, HTLV-1-associated myelopa-
thy/tropical spastic paraparesis (31, 36, 47). These two diseases
have been linked to the expression of the HTLV-1 regulatory
protein Tax (10, 13, 29, 41). Tax is a potent transcriptional
activator of viral genes as well as specific cellular genes and has
a clear oncogenic potential since Tax is able to transform T
lymphocytes and fibroblasts and induces tumors in transgenic
mice (19). A substantial part of the oncogenic properties of
Tax is associated with its ability to activate the expression of
cellular genes that control T-cell proliferation and differenti-
ation by inducing constitutive activation of the NF-�B pathway
(2, 38).

In nonstimulated cells, inactive NF-�B complexes composed
of p50 and RelA heterodimers are retained in the cytoplasm by
NF-�B inhibitors of the I�B family (15, 23, 40). Tax activation
of the NF-�B pathway involves its interaction with the regula-
tory subunit of the I�B kinase (IKK) complex, NEMO/IKK�,
leading to the activation of the two catalytic subunits, IKK�
and IKK� (8, 14). Activation of the I�B kinase complex by Tax
determines the phosphorylation of the I�B proteins, leading to
their ubiquitination and degradation by the proteasome and to
the migration of the NF-�B complexes to the nucleus (18, 45,
46). It also determines the phosphorylation of the RelA sub-

unit of NF-�B, a prerequisite for activation of RelA and p50
heterodimers in the nucleus (30). However, Tax also colocal-
izes in discrete nuclear bodies (NB) with the two subunits of
NF-�B, p50 and RelA, in addition to RNA polymerase II, and
the assembly of these nuclear structures correlates with Tax
transcriptional activity (4–6, 37). Thus, Tax-mediated activa-
tion of gene expression may require the presence of Tax both
in the cytoplasm and in the nucleus (3).

Ubiquitin (Ub) and the small ubiquitin-like modifier (SUMO)
are polypeptides which are attached to the lysine residues of a
number of proteins via isopeptidic bonds, leading to the sub-
sequent formation of poly-ubiquitinated or poly-sumoylated
branched molecules. Ubiquitination and sumoylation often
compete for the same lysine residues and have opposite effects
in regulating the function of a variety of transcription factors
by altering their intracellular targeting, their interaction with
specific partners, and/or their stability (9, 22, 24, 27). Although
poly-ubiquitinated proteins are often targeted to the protea-
some, SUMO modification results in the targeting to sub-
nuclear domains called nuclear bodies, as was first observed for
the promyelocytic leukemia protein (PML) (27, 48). Activation
of the NF-�B pathway following genotoxic stress requires the
sequential sumoylation and nuclear targeting of IKK�, fol-
lowed by its ubiquitination, permitting IKK activation in the
cytoplasm (16).

Tax is ubiquitinated on carboxy-terminal lysine residues, and
this modification is critical for Tax interaction with the protea-
some (7, 34). In this work, we demonstrate that Tax is sumoy-
lated and ubiquitinated on overlapping lysine residues. These
two modifications determine the partitioning of Tax in the
nuclear and cytoplasmic compartments. Colocalized Tax and
ubiquitin molecules were detected in the cytoplasm only, in
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FIG. 1. Differential intracellular partitioning of colocalized Tax and SUMO or Tax and ubiquitin molecules. 293T cells were transfected with
vectors expressing (A) Tax alone or (B) Tax in combination with HA-Ub or HA–SUMO-1 and stained by immunofluorescence with (A) an anti-Tax
MAb or (B) the anti-Tax MAb (IgG2a), an anti-HA rabbit polyclonal antibody, and a MAb (IgG1) recognizing either the Golgi matrix marker
GM130 (upper panels) or the promyelocytic leukemia protein (lower panels). The cells were analyzed by laser scanning confocal microscopy, with
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association with IKK complexes, and this modification plays a
critical role in the translocation of the RelA subunit of NF-�B
to the nucleus. However, the sumoylation of Tax and the sub-
sequent formation of the Tax nuclear bodies that contained
both RelA and IKK� must also occur for Tax-mediated acti-
vation of gene expression via the NF-�B pathway. These re-
sults demonstrate that both the sumoylation and the ubiquiti-
nation of Tax are critical for Tax-mediated transcriptional
activity.

MATERIALS AND METHODS

Plasmid constructs. The pSG5-Tax plasmid was described previously (7), and
the arginine-for-lysine substitution mutants were kindly provided by C. Pique.
The sequences coding for these Tax mutants were subcloned in pSG5-Tax,
followed by sequence coding for the six-histidine tag (Tax-6His). The constructs
of vectors for the expression of wild-type Tax (WT) or mutant Tax-6His fusions
with ubiquitin or SUMO-1 were obtained by PCR amplification of the ubiquitin
or SUMO-1 coding sequences and the cloning of the resulting fragments be-
tween the Tax coding sequence and the 6His tag. In these constructs, the di-
glycine motif involved in the conjugation reaction at the end of the ubiquitin and
SUMO-1 sequences were replaced by Gly-Ala during the course of PCR ampli-
fication to prevent conjugation of the fusions to other substrates. The vectors for
the expression of ubiquitin (7) or SUMO-1, SUMO-2, and SUMO-3 (42) fused
at their amino termini to the influenza virus hemagglutinin epitope (HA-Ub,
HA–SUMO-1, HA–SUMO-2, and HA–SUMO-3, respectively) and the vectors
for the expression of IKK� or IKK� fused at their amino termini to the Flag
epitope, Flag-IKK� and Flag-IKK� (25), have previously been described and
were kindly provided by R. Hay and S. Ghosh. Human immunodeficiency virus
type 1 (HIV-1) or HTLV1 long terminal repeat (LTR)-luciferase reporter plas-
mids were constructed by the cloning of a KpnI-HindIII fragment containing the
HIV-1 promoter or a SmaI-KpnI fragment containing the HTLV-1 promoter
upstream of the luciferase gene in the pGL2 vector (Promega).

Antibodies. Antibodies directed against HA (Y-11), ubiquitin (P4D1),
SUMO-1 (FL-101), RelA (C-20), IKK� (FL-419), and PML (PG-M3) were
purchased from Santa Cruz Biotechnology. Anti-Flag (M2) was from Sigma, the
anti-HA monoclonal antibody (MAb) was from Cell Signaling Technology, and
the anti-GM130 MAb was from BD Transduction Laboratories. Tax proteins
were revealed with the anti-Tax MAb from hybridoma 168-A51 cells (AIDS
Research and Reagent Program, National Institutes of Health) or a polyclonal
serum obtained by immunizing rabbits with a purified maltose binding protein-
Tax fusion produced in bacteria.

Cell culture and transient-expression experiments. 293T cells were main-
tained in Dulbecco’s modified Eagle’s medium supplemented with 2 mM
L-glutamine, 10% fetal calf serum, 1% penicillin-streptomycin, and 1 mM sodium
pyruvate (Gibco). HTLV-1-infected (HUT102) or noninfected (Jurkat) T lym-
phocytes were maintained in RPMI 1640 medium with Glutamax-I (Gibco)
supplemented with 10% fetal calf serum. 293T cells were transfected using the
calcium phosphate precipitation procedure or using FuGENE 6 reagent (Roche)
according to the manufacturer’s instructions. The CEM T-lymphocyte cell line
(2 � 107 cells) was transfected by electroporation with a Gene Pulser electro-
porator (Bio-Rad Laboratories).

Ni-NTA pulldown assays. 293T and CEM T cells were lysed 30 h and 48 h,
respectively, after transfection, and Ni-nitrilotriacetic acid (NTA) pulldown as-
says were done as described before (7). Briefly, cell pellets were lysed under
reducing and highly denaturing conditions using buffer A (6 M guanidinium-HCl,
0.1 M Na2HPO4-NaH2PO4, 0.01 M Tris-Cl, pH 8.0, 5 mM imidazole, 10 mM
�-mercaptoethanol) and incubated with Ni2�-NTA beads for 4 h at 4°C. The
beads were washed with buffers A, B (8 M urea, 0.1 M Na2HPO4-NaH2PO4, 0.01
M Tris-Cl, pH 8.0, 10 mM imidazole, 10 mM �-mercaptoethanol), and C (8 M
urea, 0.1 M Na2HPO4-NaH2PO4, 0.01 M Tris-Cl, pH 6.3, 10 mM imidazole,
10 mM �-mercaptoethanol), and the bound proteins were eluted with buffer D

(300 mM imidazole, 0.15 M Tris-Cl, pH 6.7, 30% glycerol, 0.72 M �-mercapto-
ethanol, 5% sodium dodecyl sulfate). All solutions contained a cocktail of in-
hibitors, including 50 mM NaF, 20 mM �-glycerophosphate, 1 mM orthovana-
date, 50 mM N-ethylmaleimide, and the protease inhibitor cocktail (Roche). To
detect modified forms of endogenous Tax in HTLV-1-infected T lymphocytes,
cells were lysed for 20 min in buffer A. The lysates were precipitated for 10 min
on ice in 20% trichloroacetic acid. The precipitates were washed with acetone,
dried, and solved in phosphate-buffered saline (PBS). The purified proteins were
submitted to electrophoresis on 4 to 12% bis-Tris NuPAGE gel (Invitrogen),
transferred to a Hybond enhanced-chemiluminescence nitrocellulose membrane
(Amersham Pharmacia Biotech), and immunoblotted with primary antibodies
and corresponding secondary antibodies. The detection was performed using
Lumi-Light Western blotting substrate (Roche). Detection and quantitation of
chemiluminescent signals were performed with the Chemi-Smart 5000 apparatus
and Bio-1D software (Vilber Lourmat, France).

Cell fractionation. 293T cells expressing Tax were washed in Tp I (20 mM
HEPES buffer, pH 7.9, 2 mM MgCl2, 1 mM dithiothreitol) containing inhibitors
as described above and then lysed on ice for 10 min in the same buffer containing
0.2% NP-40. The samples were centrifuged to collect the cytoplasmic fraction.
The whole process was repeated a second time on the pellet to complete the
extraction of cytoplasmic components from the nuclear pellet. The final pellet
containing the nuclear fraction was lysed in buffer Tp II (Tp I supplemented with
420 mM KCl, 25% glycerol, and 1 mM EDTA) on ice for 20 min and centrifuged
for 10 min to collect the nuclear fraction. Finally, each cytoplasmic or nuclear
fraction was submitted to a Ni-NTA pulldown assay as described above.

Luciferase assays. Tax-mediated transactivation of the HTLV-1 and HIV-1
promoters via the activating transcription factor (ATF)/CREB and NF-�B path-
ways, respectively, was assayed by dual-luciferase assays. 293T cells (1.25 � 105

cells) were transfected into 12-well plates with 50 ng of phRG-TK (Promega),
which was used for monitoring transfection efficiency, 500 ng of HTLV-LTR or
HIV-1–LTR–luciferase reporter plasmids, and either 50 ng or increasing
amounts (100, 200, and 400 ng) of the constructs coding for wild-type or mutant
Tax as indicated in the figure legends. Total amounts of DNA were equalized by
adding the empty vector into the transfection mixture. Cells were lysed and
subjected to luciferase assay 30 h after transfection with a TD-20/20 luminometer
(Turner Designs) using the dual-luciferase reporter assay system (Promega). The
results represent averages and standard deviations for at least six independent
experiments.

Immunocytochemistry and confocal microscopy. Cells cultured on glass cov-
erslips were transfected with 1 �g of expression plasmids for 28 h and fixed with
Immunohistofix (A Phase Inc., Belgium), a zinc fixative free of aldehyde, to
stabilize cellular structures for 10 min at room temperature (33), followed by
incubation in 100% methanol at �20°C for 6 min. The cells were washed with
PBS, blocked in PBS containing 0.5% gelatin (Bio-Rad) and 0.25% bovine serum
albumin (Gibco), and incubated with the primary antibodies diluted in the
blocking solution. The preparations were then washed with PBS containing 0.2%
gelatin and incubated with the secondary antibodies, goat anti-mouse immuno-
globulin G (IgG) conjugated to Alexa Fluor 488, goat anti-rabbit IgG conjugated
to Alexa Fluor 546 (Molecular Probes), goat anti-mouse IgG2a conjugated to
fluorescein isothiocyanate, or goat anti-mouse IgG1 coupled to biotin (Southern
Biotechnology Associates, Ala.) for dual- and triple-immunofluorescence stain-
ing. Samples were washed and, when biotinylated goat anti-mouse IgG1 was used
as the secondary antibody, cells were incubated for 20 min with Cy5-conjugated
streptavidin (Jackson ImmunoResearch). Controls to test for secondary-anti-
body cross-reaction demonstrated the desired specificity of the fluorescent re-
agents. Samples were then mounted in DABCO-based medium (ICN Biomedi-
cals) and analyzed with a laser scanning confocal microscope (LSM 510; Zeiss)
using a 63� objective and light source wavelengths of 488, 543, and 633 nm.

RESULTS

Differential intracellular partitioning of colocalized Tax and
SUMO or Tax and ubiquitin molecules. We previously dem-

one confocal section being depicted in panel A and the projection of Z-series confocal images depicted in panel B. Diagrams depict the intensity
of the fluorescence for each staining along lines drawn on the overlay images with the boundaries of the nuclei (NE, nuclear envelope), the Tax
NB, the Golgi apparatus (G), and the PML bodies (PML) indicated. The percentages of cells having Tax in nuclear bodies only (NB), in the
cytoplasm and in the nuclear bodies (Cy � NB), or in the cytoplasm only (Cy) with or without overexpression of HA-ubiquitin or HA–SUMO-1
are depicted in panels A and C. DIC, differential inference contrast.
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onstrated that Tax localizes in prominent nuclear bodies that
include transcription factors, among which are the two sub-
units of NF-�B, p50 and RelA (4), and that Tax was modified
by ubiquitination (7). In this work, we analyzed by dual-im-
munofluorescence staining what compartment of the cells con-
tained colocalized Tax and ubiquitin molecules. In addition,
since SUMO modification of proteins correlates with their
partitioning in subnuclear domains, we also studied the relative
intracellular localizations of Tax and SUMO. First, 293T cells
expressing Tax were analyzed by immunofluorescence staining
with a monoclonal antibody directed against Tax and confocal
microscopy (Fig. 1A). Examination of 200 Tax-expressing cells
indicated that 82% of these cells exhibited Tax-containing nu-
clear bodies, including 58% of the Tax-expressing cells con-
taining NB only and 24% of the cells with an additional cyto-
plasmic staining. The remaining 18% displayed a predominant
cytoplasmic distribution of Tax without the formation of Tax-
containing nuclear bodies. The boundaries of the nuclei are
clearly pictured on the differential interference contrast image
in Fig. 1A.

To study the relative intracellular localizations of Tax and
ubiquitin or SUMO, 293T cells were cotransfected with vectors
expressing HA-tagged ubiquitin or SUMO-1 (HA-Ub and HA-
SUMO) in combination with the Tax expression vector. The
cells were analyzed by immunofluorescence staining by using
anti-Tax and anti-HA antibodies (Fig. 1B). Since cytoplasmic
Tax was recently shown to be associated with the Golgi appa-
ratus in HTLV-1-infected T lymphocytes (28) and since
SUMO is a component of the PML bodies, a monoclonal
antibody directed against GM130, a marker of the Golgi ma-
trix, or an anti-PML monoclonal antibody was included in the
triple-immunofluorescence staining depicted in Fig. 1B. In
cells transfected with the HA-Ub expression vector alone,
ubiquitin was localized both in the nucleus and in the cyto-
plasm, with an intense staining of the nuclear periphery. No
increased concentration of ubiquitin in the Golgi apparatus
was observed in these cells, as indicated by the intensity of the
immunofluorescence staining for both ubiquitin (red) and
GM130 (blue) along a line drawn across this structure. Coex-
pression of Tax with ubiquitin led to the colocalization of both
proteins only in cells displaying cytoplasmic Tax, and colocal-
ized Tax and exogenous ubiquitin were concentrated in two
distinct cytoplasmic structures, a cytoplasmic speckle and a
prominent cytoplasmic inclusion that appeared as a result of

ubiquitin overexpression in 40% of the Tax-expressing cells.
These cytoplasmic inclusions were closely connected to the
nuclear envelope and included GM130, which indicated that
this Tax- and ubiquitin-containing structure was associated
with the Golgi apparatus. Vimentin did not colocalize with the
Tax-containing cytoplasmic inclusions, indicating that these
structures were not aggresomes assembled as a result of Tax
overexpression (data not shown). By contrast, no ubiquitin
staining was detected in the whole volume of the nuclei, in-
cluding the nuclear bodies. Thus, colocalized Tax and ubiquitin
molecules were detected only in the cytoplasm. Expression of
Tax resulted in the redistribution of ubiquitin molecules in the
cells, emptying the nuclear pool and concentrating ubiquitin in
two distinguishable Tax-containing cytoplasmic structures.

Overexpressed SUMO-1 was detected exclusively in the nu-
cleus as a diffuse nucleoplasmic staining with superimposed
discrete bodies, which were PML bodies as demonstrated by
the colocalized HA (SUMO) and PML staining. Coexpression
of Tax and SUMO-1 led to the colocalization of Tax with
exogenously expressed SUMO-1 in nuclear bodies but not in
the cytoplasm, even in cells displaying intense cytoplasmic Tax
staining. The formation of the Tax- and SUMO-1-containing
nuclear bodies did not alter the localization of SUMO-1 in the
PML bodies. There was no colocalization of the Tax and PML
staining, but the majority of PML bodies were in close spatial
proximity to Tax bodies, forming complex nuclear structures in
which the Tax bodies were surrounded by one or more PML
bodies. We concluded that colocalized Tax and ubiquitin mol-
ecules were detected only in the cytoplasm and that Tax colo-
calized with SUMO-1 only in the nuclear bodies.

We then tested whether overexpression of ubiquitin or
SUMO altered the fraction of cells containing Tax in the cy-
toplasm, in the nuclear bodies, or both. The percentages of
cells in each population were estimated by counting at least
200 Tax-expressing cells in the experiment depicted in Fig. 1B.
The results presented in Fig. 1C are compared with those
obtained in cells expressing only Tax in Fig. 1A. In cells over-
expressing Tax and ubiquitin, the fraction of cells that had Tax
both in the cytoplasm and in the nuclear bodies increased by a
factor of 2. Inversely, the fraction of cells that had Tax in
nuclear bodies decreased only by a factor of 2. In addition, the
fraction of cells that displayed a concentration of Tax in cyto-
plasmic inclusions associated with the Golgi apparatus increased
from 5% to 40%. In contrast, overexpression of SUMO-1 in-

FIG. 2. Tax is modified by conjugation to SUMO and ubiquitin. (A) 293T cells were transfected with vectors expressing wild-type or mutant Tax-6His.
The cells extracts were purified by Ni-NTA pulldown assay followed by Western blotting with anti–SUMO-1 or anti-Tax rabbit polyclonal antibodies.
(B) Schematic representation of the Tax proteins with the positions of the lysines replaced in the different Tax mutants used in this work. (C and D) 293T
cells were cotransfected with vectors expressing wild-type or mutant Tax-6His and either (C) HA–SUMO-1 or (D) HA-Ub. Proteins were revealed with
anti-HA or anti-Tax rabbit polyclonal antibodies. (E) Quantitation was performed on the anti-HA immunoblots in panels C and D after subtraction of
the background in lanes 1 and normalization to an equal amount of the unmodified 40-kDa Tax species on the anti-Tax immunoblots. The values
representing the percentages of modified forms of Tax mutants relative to wild-type Tax are reported in the diagram for both SUMO-modified (black
bars) and ubiquitin-modified (white bars) Tax species. Error bars for quantitation of the SUMO-modified forms of the Tax mutants R7-8K and R4-5/7-8K
represent the standard deviation in three independent experiments. (F) 293T cells either not transfected or transfected with a vector expressing Tax in
combination with vectors expressing either HA-Ub or HA–SUMO-1 (HA-S1) were fractionated, and the cytoplasmic (C) and nuclear (N) fractions were
immunoblotted with anti-Tax, anti-HA, or anti-GM130 antibodies. (G) HUT102 HTLV-1-transformed T lymphocytes were lysed under highly denaturing
conditions and immunoblotted with anti-Tax rabbit polyclonal serum in parallel with extracts from 293T cells or Jurkat T lymphocytes transfected with
a vector expressing wild-type Tax-6His with or without vectors for the expression of HA-Ub or HA–SUMO-1 that were revealed with anti-Tax, anti-HA,
or anti-SUMO-1 antibodies. The position of the tri-sumoylated Tax species is indicated as well as the mono-, di-, and tri-ubiquitinated forms (�).
Molecular mass markers (in kilodaltons) are noted at the left of the blots.
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FIG. 3. Lysines K7 and K8 are critical for the ability of Tax to localize in nuclear bodies. 293T cells were transfected with vectors expressing
wild-type Tax or the Tax mutants as indicated. The cells were stained by dual immunofluorescence with an anti-Tax MAb and an anti-RelA rabbit
polyclonal antibody. Diagrams depict the intensity of the fluorescence for each staining along lines drawn on the overlay images with the boundaries
of the nuclei (NE) and the nuclear bodies (NB) indicated. Cells were considered positive for the translocation of RelA to the nucleus when the
intensity of the fluorescence in the nuclei was at least twice that found in cells that did not express Tax. The percentages of cells displaying
Tax-containing nuclear bodies or the translocation of RelA to the nucleus are indicated.
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creased the fraction of cells with Tax in nuclear bodies only,
whereas the fraction of cells having Tax in the cytoplasm was
reduced. These results indicated that overexpression of ubiq-
uitin favored the localization of Tax in the cytoplasm and the
formation of the Tax-containing cytoplasmic inclusions associ-
ated with the Golgi apparatus and, inversely, that overexpres-
sion of SUMO-1 favored the localization of Tax in the nuclear
bodies.

Tax is modified by conjugation of overlapping lysine resi-
dues to SUMO and ubiquitin. Since Tax colocalized with
SUMO in nuclear bodies, we wondered whether Tax was con-
jugated to SUMO. To answer this question, 293T cells were
transfected with a vector expressing Tax-6His. Following trans-
fection, cells were lysed under highly denaturing conditions to
inhibit the actions of desumoylating enzymes. The proteins
were subjected to Ni-NTA pulldown assay, and the purified
proteins were analyzed by immunoblotting with antibodies di-
rected against SUMO-1 or Tax (Fig. 2A). Expression of Tax
caused the appearance of an 80-kDa species, which was rec-
ognized by the anti-SUMO-1 antibody. This species was not
detected in cells that did not express Tax or in cells expressing
various Tax mutants (see below). It was faintly detected on the
anti-Tax immunoblot among a number of other retarded Tax
species previously attributed to ubiquitinated Tax molecules (7).

To determine which lysine residue was involved in the con-
jugation of Tax to SUMO, leading to the appearance of the
80-kDa modified species, vectors expressing Tax-6His mutant
proteins that had one or several of the 10 lysine residues
replaced by arginines (7) (Fig. 2B) were examined by a Ni-
NTA pulldown assay as described above (Fig. 2A). The Tax-
6His mutant that had the three amino-terminal lysines re-
placed by arginines (K1-3R) still produced the 80-kDa species,
whereas this species was absent in cells expressing mutants
with substitutions of all the 10 lysines (K1-10R) or the 7 car-
boxy-terminal lysines (K4-10R). These Tax mutants were ex-
pressed at rather similar levels, as indicated by the intensity of
the 40-kDa unmodified form of Tax present on the anti-Tax
immunoblot. Thus, expression of Tax led to the detection of an
80-kDa SUMO-modified form of Tax which may correspond to
endogenously tri-sumoylated Tax, according to the molecular
weight increase attributed to one conjugated SUMO molecule.
In addition, substitution of the seven carboxy-terminal lysines
resulted in the disappearance of this sumoylated species.

To confirm and extend these observations, 293T cells were
cotransfected with vectors expressing wild-type Tax-6His or a
mutant that had all five central lysines from K4 to K8 (K4-8R
Tax-6His) replaced by arginines (Fig. 2B) in combination with
the vector for the expression of HA–SUMO-1. The proteins
purified by Ni-NTA pulldown assay were analyzed by immu-
noblotting with anti-HA or anti-Tax antibodies (Fig. 2C). No
reacting products were found in the absence of Tax, showing
the high specificity of the Ni-NTA pulldown assay. Coexpres-
sion of wild-type Tax and HA–SUMO-1 led to the appearance
of three prominent HA-containing species of 53, 66, and 80
kDa, with molecular masses compatible for mono-, di-, and
tri-sumoylated products, as well as a ladder of poly-sumoylated
slower-migrating forms. Interestingly, these sumoylated forms
of Tax were not observed in mutant K4-8R-expressing cells.
Band quantitation obtained by normalizing the sumoylated
Tax products on the anti-HA immunoblot to an equal amount

of unmodified 40-kDa Tax on the anti-Tax immunoblot (Fig. 2E)
indicated that this mutant maintained only 14% of wild-type
Tax sumoylation. These results indicated that the SUMO-mod-
ified species detected with the anti-HA antibody must be at-
tributed to sumoylated Tax forms even though our rabbit poly-
clonal serum was unable to reveal these forms, presumably due
to epitope masking.

Then, a new series of Tax mutants was constructed by rein-
troducing individual or multiple lysine residues in the context
of mutant K4-8R (Fig. 2B). Reintroduction of single lysine K7
(R7K) or K8 (R8K) or all three lysines from K4 to K6 (R4-6K)
did not increase the amount of sumoylated Tax products (Fig.
2C and E). By contrast, reintroduction of the two lysine resi-
dues K7 and K8 (R7-8K) increased the amount of sumoylated
Tax products to 117% of the amount found in wild-type Tax-
expressing cells. Reintroduction of lysines K4 and K5 in addi-
tion to K7 and K8 (R4-5/7-8K) restored sumoylation to 82%,
suggesting that lysine residues K4 and K5 might exert an in-
hibitory effect on Tax sumoylation. Similar results were ob-
tained when wild-type or mutant Tax proteins were coex-

FIG. 4. Lysines K7 and K8 are critical for Tax activation of gene
expression via the NF-�B pathway. (A) 293T cells or (B) Jurkat T
lymphocytes were cotransfected with either the HIV-1 LTR or the
HTLV-1 LTR-luciferase reporter plasmids and vectors expressing
wild-type or mutant Tax. Luciferase activities are represented as per-
centages of the activity seen with wild-type Tax. The values are aver-
ages from at least six independent experiments, with the standard
deviations indicated. The 293T cell extracts from the luciferase assays
were immunoblotted with the anti-Tax and antiactin antibodies (A),
which indicates similar levels of wild-type and mutant Tax proteins in
each extract.
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pressed with either HA–SUMO-2 or HA–SUMO-3, the two
other members of the SUMO family (data not shown). We
concluded that the integrity of both lysine residues K7 and K8
was critical for Tax sumoylation and that restoration of indi-
vidual lysine K7 or K8 resulted in defective Tax conjugation
to SUMO.

Since the seven carboxy-terminal lysines of Tax are also
implicated in the conjugation of Tax to ubiquitin (7), we ana-
lyzed the ability of the K4-8R mutant and the lysine restoration
mutants for their ability to be ubiquitinated. Vectors for ex-
pression of these mutants were cotransfected into 293T cells
with the HA-Ub expression vector, and proteins recovered by
Ni-NTA pulldown assay were immunoblotted for the detection
of HA or Tax (Fig. 2D). High-molecular-weight Tax products
recognized by the anti-HA antibody were detected in wild-type
Tax-expressing cells as previously demonstrated (7). These
ubiquitin-conjugated Tax species were highly reduced in cells
expressing mutant K4-8R (6% of wild-type Tax ubiquitination)
(Fig. 2E). The wild-type level of ubiquitination was recovered
by reintroduction of both lysines K7 and K8 (R7-8K) with or
without the additional lysines K4 and K5 (R4-5/7-8K). Resto-
ration of individual lysine K7 (R7K) or K8 (R8K) increased the
levels of Tax ubiquitination to 56% and 65%, respectively,
whereas the lysine restoration mutant R4-6K displayed 50% of
wild-type Tax ubiquitination. These results indicated that ly-
sine residues K7 and K8 were involved in Tax conjugation to
both SUMO and ubiquitin. However, contrary to what was
observed for SUMO conjugation, each of the K7 or K8 lysines
could be individually ubiquitinated. In addition, lysine residues
K4, K5, and/or K6 contributed to a significant extent to Tax
ubiquitination but not to Tax sumoylation.

We then used cell fractionation to analyze the intracellular
localization of ubiquitinated and sumoylated Tax molecules
(Fig. 2F). Cytoplasmic and nuclear fractions from 293T cells
expressing Tax alone or in combination with HA-Ub or HA–
SUMO-1 were first analyzed by immunoblotting for the detec-
tion of Tax. The result indicated that Tax was predominantly
localized in the nuclear fractions even in cells that overex-
pressed either ubiquitin or SUMO-1, although a significant
amount of Tax was also present in the cytoplasmic fractions.
The same fractions were then immunoblotted with an antibody
directed against HA to detect the ubiquitinated or sumoylated
Tax species. As expected from the immunofluorescence results
(see above), the sumoylated Tax species were detected only in
the nuclear fraction. Surprisingly, in contrast to what was ob-
served by using immunofluorescence staining, ubiquitinated

Tax species were present both in the cytoplasmic and in the
nuclear fractions. The discrepancy between the results ob-
tained from both techniques and the fact that both ubiquitin
and Tax were highly concentrated in cytoplasmic inclusions
connected to the nuclear envelope led us to analyze the purity
of the nuclear fractions. We thus immunoblotted the fraction-
ated cell extracts with the antibody directed against the Golgi
marker GM130. This result indicated that GM130 was present
both in the cytoplasmic and in the nuclear fractions. Any at-
tempt to prevent copurification of GM130 with the nuclear
fraction failed. Thus, ubiquitinated Tax molecules present in
the nuclear fraction likely originated from Tax-containing cy-
toplasmic inclusions that copurified with the nuclei. It is inter-
esting to note that the suspected nucleus-associated cytoplas-
mic inclusions predominantly contained poorly branched
ubiquitinated Tax species, unlike the soluble cytoplasmic fraction.

At this point it was critical to demonstrate that Tax was
modified by sumoylation in HTLV-1-transformed T lympho-
cytes. Cell extracts from HTLV-1-transformed HUT102 T lym-
phocytes lysed under highly denaturing conditions to preserve
modifications were immunoblotted with an anti-Tax antibody,
which revealed the 40-kDa unmodified Tax form and clearly
distinguishable higher-molecular-weight Tax species (Fig. 2G).
Alignment of this blot with control blots from Ni-NTA-purified
Tax-6His species produced in 293T cells or Jurkat T cells with
or without the expression of HA-Ub or HA–SUMO-1 enabled
the identification of the tri-sumoylated 80-kDa Tax species
along with mono-, di-, and tri-ubiquitinated Tax. We con-
cluded that sumoylation and ubiquitination occurred not only
on Tax molecules overproduced in fibroblasts and T cells but
also on endogenous Tax molecules expressed by HTLV-1-
transformed T lymphocytes.

Lysines K7 and K8 are critical for the ability of Tax to
assemble nuclear bodies. We then asked about the incidence
of modifications occurring on lysine residues K4 to K8 on Tax
intracellular localization. 293T cells were transfected with vec-
tors for the expression of wild-type Tax, the Tax mutant K4-
8R, or each of the lysine restoration mutants R4-6K, R7K,
R8K, and R7-8K and analyzed by immunofluorescence stain-
ing with an anti-Tax monoclonal antibody. Since colocalization
of Tax and the RelA subunit of NF-�B in nuclear bodies is an
important characteristic of these bodies (4), an antibody di-
rected against RelA was included in the dual-immunofluores-
cence staining procedure (Fig. 3). The fraction of cells that
displayed Tax-containing nuclear bodies was estimated by
counting at least 100 cells that expressed each of these Tax

FIG. 5. Phenotypes of Tax mutants fused to ubiquitin or SUMO. (A) 293T cells were transfected with a vector expressing either wild-type or
mutant K4-8R or mutant R4-6K Tax-6His not fused or fused to either ubiquitin or SUMO-1. The proteins were purified by Ni-NTA pulldown assay
and immunoblotted with anti-Tax or anti–SUMO-1 rabbit polyclonal antibodies or an anti-Ub MAb. WT-S1, K4-8R-S1, and R4-6K-S1, WT–
SUMO-1, K4-8R–SUMO-1, and R4-6K–SUMO-1, respectively. (B) 293T cells were transfected with the vector expressing wild-type or mutant Tax
fusions to ubiquitin or SUMO-1 and stained by dual-immunofluorescence staining with an anti-Tax MAb and an anti-RelA rabbit polyclonal
antibody. Diagrams depict the intensity of the fluorescence for each staining along lines drawn on the overlay images with the boundaries of the
nuclei (NE, nuclear envelope) and nuclear speckles (NS) or nuclear bodies indicated. The percentages of cells displaying Tax-containing nuclear
bodies or the translocation of RelA to the nucleus is indicated. (C and D) 293T cells were cotransfected with either (C) the HIV-1 LTR luciferase
or (D) the HTLV-1 LTR-luciferase reporter plasmids and vectors expressing wild-type or mutant ubiquitin or SUMO-1 Tax fusions. Luciferase
activities are represented as percentages of the activities obtained with the homologous wild-type Tax or the Tax-Ub or Tax–SUMO-1 fusions. The
luciferase activities of the WT-Ub and WT–SUMO-1 fusions relative to that of nonfused wild-type Tax are presented on top of the bars. The values
shown represent averages from at least six independent experiments, with the standard deviations indicated.
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mutants. The measurement of the intensity of the fluorescence
along lines crossing the nuclei also enabled us to estimate the
fraction of cells in which the translocation of RelA to the
nucleus had occurred.

In cells that did not express Tax, RelA had a diffuse cyto-
plasmic staining and was not detected in the nucleus. Expres-
sion of wild-type Tax led to the formation of nuclear bodies in
the majority of the cells, and these nuclear bodies included
RelA, confirming our previous observations (4). Translocation
of RelA to the nucleus was evident in all the cells expressing
wild-type Tax, including those that had Tax localized only in
the cytoplasm. Mutant K4-8R, which was minimally sumoy-
lated and ubiquitinated, was distributed either in the cytoplasm
or in the nucleus or both and no Tax-containing nuclear bodies
could be detected in cells expressing this mutant. The lysine
restoration mutants R4-6K, R7K, and R8K, which were mini-
mally sumoylated but maintained at least 50% of wild-type Tax
ubiquitination, displayed a distribution similar to that of mu-
tant K4-8R, with no formation of nuclear bodies. By contrast,
mutant R7-8K, which was fully ubiquitinated and sumoylated,
had a distribution very similar to that of wild-type Tax. Colo-
calization of Tax with RelA in nuclear bodies was also ob-
served in HTLV-1-transformed T lymphocytes (HUT102) and
in Jurkat cells expressing wild-type Tax but not in Jurkat cells
expressing the K4-8R Tax mutant (see the supplemental ma-
terial). These results indicated that lysine residues K7 and K8
at amino acid positions 280 and 284 are major determinants for
the assembly of the Tax-containing nuclear bodies and sug-
gested that formation of these nuclear structures involved con-
jugation of Tax to SUMO.

Interestingly, among the mutants that were not able to as-
semble nuclear bodies (K4-8R, R4-6K, R7K, and R8K), mu-
tant K4-8R was the sole mutant which was defective for the
translocation of RelA to the nucleus. Only 5% of the cells
expressing this mutant were able to translocate RelA to the
nucleus. By contrast, mutants R4-6K, R7K, and R8K, which
were ubiquitinated to at least 50% of wild-type Tax, displayed
a diffuse nuclear distribution of RelA in 61%, 57%, and 83%
of the cells, respectively. Thus, a correlation was observed
between the level of ubiquitination and the ability of Tax mu-
tants to translocate the RelA subunit of NF-�B to the nucleus.

Lysines K7 and K8 are critical for Tax activation of gene
expression via the NF-�B pathway. Tax activates viral and
cellular gene expression via modulation of the activity of
either the ATF/CREB or the NF-�B pathway. We thus
asked about the ability of the Tax mutants to activate gene
expression via these pathways. The vectors expressing wild-
type or mutant Tax were cotransfected in 293T cells with either
an HIV-1 LTR or an HTLV-1 LTR-luciferase reporter to
assay for the effects of Tax on the NF-�B or ATF/CREB
pathway (Fig. 4A). Wild-type Tax activated gene expression
from both the HIV-1 LTR (7.4-fold 	 1-fold) and the HTLV-1
LTR (288-fold 	 45-fold). Mutant K4-8R and the lysine res-
toration mutants R4-6K and R7K were highly affected in their
ability to activate gene expression via the NF-�B pathway,
whereas mutant R8K displayed an intermediary phenotype. By
contrast, mutants R7-8K and R4-5/7-8K were almost not af-
fected. Immunoblot analysis performed on the extracts from
the luciferase assays demonstrated that the wild-type and mu-
tant Tax proteins were expressed at similar levels. Of note, the

four mutants that were highly affected in their ability to acti-
vate the NF-�B pathway were also affected in their ability to
activate the ATF/CREB pathway although the effects were less
stringent on the latter pathway. At this point, it was important
to test the ability of these mutants to activate gene expression
in a T-lymphocyte cell line. Jurkat cells were cotransfected with
wild-type or mutant Tax expression vectors and the HIV-1
LTR-luciferase reporter plasmid and analyzed as described
above (Fig. 4B). Results obtained with Jurkat cells were similar
to results obtained with 293T cells.

These results indicated that the integrity of lysine K8 and, to
a lesser extent, lysine K7 were critical for the Tax-mediated
activation of gene expression via the NF-�B pathway in fibro-
blasts and in T lymphocytes. These lysine residues also played
a role in the activation of gene expression via the ATF/CREB
pathway. Remarkably, mutant R4-6K, which was able to trans-
locate the RelA subunit of NF-�B to the nucleus in 61% of the
cells (Fig. 3), was unable to activate gene expression via the
NF-�B pathway. This result indicated that the migration of
RelA to the nucleus was not sufficient for the Tax-mediated
activation of gene expression and suggested that other events,
including the sumoylation of Tax and the subsequent forma-
tion of the Tax-containing nuclear bodies, might also be re-
quired.

Fusion of ubiquitin or SUMO to the modification-deficient
K4-8R mutant restores the translocation of RelA to the nu-
cleus but does not restore transcriptional activity. To study the
specific role of Tax ubiquitination and sumoylation in Tax
transcriptional activities, we next produced vectors for the ex-
pression of constitutively ubiquitinated or sumoylated Tax mu-
tants that were intrinsically defective for ubiquitin and/or
SUMO conjugation (mutants K4-8R and R4-6K). This was
achieved by in-frame fusion of the ubiquitin or the SUMO-1
coding sequence to the 3
 end of the sequence coding for these
Tax mutants. This resulted in the production of vectors for the
expression of K4-8R-Ub, K4-8R–SUMO-1, R4-6K-Ub, and
R4-6K–SUMO-1. In addition, to check whether the fusion of
ubiquitin or SUMO-1 to the carboxy terminus of wild-type Tax
had no major inhibitory effects on Tax transcriptional activi-
ties, we also constructed vectors for the expression of the
WT-Ub and WT–SUMO-1 fusions.

First, all these fusions were purified from transfected 293T
cells by Ni-NTA pulldown assay and analyzed by immunoblot-
ting for the detection of Tax, ubiquitin, or SUMO-1 (Fig. 5A).
The fusions to SUMO-1 or ubiquitin were recognized by anti-
SUMO-1 or antiubiquitin antibodies, respectively, and they
migrated at molecular masses expected for constitutively mono-
ubiquitinated (47-kDa) or mono-sumoylated (50-kDa) Tax pro-
teins. All the fusions to ubiquitin displayed additional species
with molecular masses expected for dimers and trimers (80
kDa and 120 kDa), indicating that the mutation of the di-
glycine motif at the 3
 end of the Tax-Ub fusions was unable to
completely prevent the formation of branched Tax-Ub fusions.
As expected from the results reported in Fig. 2C, the antiu-
biquitin immunoblot indicated that both the WT–SUMO-1
and R4-6K–SUMO-1 fusions could still be intrinsically ubiqui-
tinated, unlike the K4-8R–SUMO-1 fusion.

We next analyzed the phenotypes of the WT-Ub and WT–
SUMO-1 fusions. Dual immunofluorescence staining of 293T
cells transfected with the WT-Ub or WT–SUMO-1 expression
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vectors was performed with anti-Tax and anti-RelA antibodies
(Fig. 5B). The WT-Ub and WT–SUMO-1 fusions were able to
form nuclear bodies that included the RelA subunit of NF-�B.
However, the majority of the cells expressing the WT-Ub fusion
had Tax distributed both in the cytoplasm and in nuclear bodies,
with an intense concentration of WT-Ub in cytoplasmic inclusions
in 78% of the Tax-Ub-expressing cells. In contrast, most of the
cells expressing WT–SUMO-1 displayed only nuclear bodies.
Thus, constitutive ubiquitination or sumoylation of Tax favored
the retention of Tax either in the cytoplasm or in the nucleus,
respectively, in a way similar to the effects observed when Tax was
coexpressed with HA-Ub or HA-SUMO (Fig. 1). We next tested
the transcriptional activity of these wild-type Tax fusions. Lucif-
erase reporter assays performed as described above indicated that
levels of activation of HIV and HTLV gene expression by the
WT-Ub fusion were 111% 	 9% and 68% 	 8%, respectively,
and that the levels of activation by the WT–SUMO-1 fusion were
45% 	 6% and 42% 	 8% of the activities seen with nonfused
Tax, respectively (Fig. 5C and D). We concluded that the fusion
of ubiquitin or SUMO to the carboxy terminus of Tax had no
major detrimental effects on the ability of Tax to assemble nuclear
bodies that included the RelA subunit of NF-�B and on Tax
transcriptional activities.

We then tested the phenotypes of the constitutively ubiqui-
tinated or sumoylated Tax mutant K4-8R, which was intrinsi-
cally deficient for both modifications. As reported above, the
nonfused Tax K4-8R mutant was distributed in the cytoplasm
and/or in the nucleus, with no formation of nuclear bodies, and
this mutant was unable to induce the migration of RelA to the
nucleus (Fig. 3). Remarkably, both the K4-8R-Ub and K4-8R–
SUMO-1 fusions translocated RelA to the nucleus in 43% and
81% of the cells, respectively (Fig. 5B). These fusions were
predominantly localized in the cytoplasm. In addition, the K4-
8R–SUMO-1 fusion was able to assemble punctate nuclear
structures in 52% of the cells. These structures were, however,
smaller than the NB assembled by wild-type Tax, and the RelA
subunit of NF-�B was not recruited in these structures, as
indicated by the intensity of the fluorescence on the diagrams
in Fig. 5B. The intracellular localization of the R4-6K fusions
will be analyzed below. We then tested the transcriptional
activity of the nonfused K4-8R mutant or the fusions K4-
8R-Ub and K4-8R-S1 by luciferase reporter assays after co-
transfection with the HIV-LTR-luciferase reporter in 293T
cells. The luciferase activities were normalized to the activity of
each of the homologous WT, WT-Ub, and WT–SUMO-1 pro-
teins (Fig. 5C). The results indicated that both K4-8R fusions
were as defective for the activation of gene expression via the
NF-�B pathway as the nonfused K4-8R mutant. Thus, as was
observed for mutant R4-6K (Fig. 3 and 4A), the K4-8R-Ub and
K4-8R–SUMO-1 fusions were able to induce the migration of
the RelA subunit of NF-�B to the nucleus in a significant
fraction of the cells, but they were unable to activate gene
expression via the NF-�B pathway.

Fusion of SUMO to the carboxy terminus of Tax R4-6K
partly restores the formation of Tax- and RelA-containing
nuclear bodies and transcriptional activity. We finally ana-
lyzed the phenotypes of the ubiquitin or SUMO-1 fusions to
the R4-6K mutant, which was partly intrinsically ubiquitinated
but not sumoylated. Dual-immunofluorescence staining of cells
expressing R4-6K-Ub or R4-6K–SUMO-1 (Fig. 5B) indicated

that the R4-6K-Ub fusion was distributed in the cytoplasm of
the majority of the cells and was able to translocate the RelA
subunit of NF-�B to the nucleus in 100% of the cells. In
contrast, the R4-6K–SUMO-1 fusion had a punctate distribu-
tion in the nucleus in 74% of the cells, with at least partial
recruitment of the RelA subunit of NF-�B in the nuclear
structures in 32% of the cells that displayed nuclear bodies.
Remarkably, fusion of SUMO-1 to the R4-6K mutant resulted
in a significant increase in the ability of this mutant to activate
gene expression via the NF-�B pathway (10.5-fold), whereas
fusion of ubiquitin resulted in only a 2.7-fold increase com-
pared to the level of activation of the nonfused R4-6K mutant
(Fig. 5C). The same results were obtained when luciferase
activities were measured in cells transfected with increasing
amounts of the different Tax expression vectors (see the sup-
plemental material). We similarly tested the ability of the
K4-8R and R4-6K fusions to activate gene expression via the
ATF/CREB pathway (Fig. 5D). Interestingly, although the K4-
8R-Ub and the R4-6K-Ub fusions displayed ATF/CREB ac-
tivities similar to those of the homologous nonfused mutants,
fusion of SUMO-1 to both of these mutants significantly in-
creased their ability to activate gene expression via the ATF/
CREB pathway.

The fact that the fusion of SUMO to the two intrinsically
nonsumoylated Tax mutants K4-8R and R4-6K restored their
ability to assemble punctate nuclear structures demonstrated
that the sumoylation of Tax is critical for the assembly of the
Tax nuclear bodies. Since the fusion of ubiquitin or SUMO to
the unmodifiable Tax mutant K4-8R resulted in the restoration
of the ability to translocate RelA to the nucleus, we concluded
that SUMO and ubiquitin have the common property of con-
ferring to Tax the ability to translocate RelA to the nucleus.
However, the fact that these fusions were not able to activate
gene expression via the NF-�B pathway indicated that the
translocation of RelA to the nucleus is insufficient for Tax-
mediated NF-�B activity. Since fusion of SUMO to the R4-6K
mutant partly restored the ability of Tax to activate the NF-�B
pathway, we concluded that transcriptional activity requires in
addition the formation of nuclear bodies in which the RelA
subunit of NF-�B is recruited. In contrast to the intrinsically
ubiquitinated R4-6K–SUMO-1 fusion, the nonubiquitinated
K4-8R–SUMO-1 fusion was not able to recruit RelA in the
nuclear bodies and had no transcriptional activity. From this
observation, we conclude that the formation of nuclear bodies
that include RelA requires not only the sumoylation of Tax but
also its ubiquitination in the cytoplasm. Finally, our results also
suggested that the ubiquitination of Tax was dispensable for
the activation of gene expression via the ATF/CREB pathway.
However, sumoylation and the subsequent assembly of Tax-
containing nuclear bodies may be also important for activation
of gene expression via this pathway.

Tax colocalizes with free IKK� in nuclear bodies and with
IKK complexes in the cytoplasm. Since Tax activation of the
NF-�B pathway involves its interaction with the regulatory
subunit of the IKK complex, NEMO/IKK� (8, 14, 21), we
finally asked about the relative intracellular localizations of
Tax and components of the IKK complex, I���, IKK�, and
IKK�. 293T cells were cotransfected with the vectors for the
expression of wild-type Tax or the K4-8R mutant in combina-
tion with either a Flag-IKK� or a Flag-IKK� expression vector,
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FIG. 6. Tax colocalizes with IKK complexes in the cytoplasm and with free IKK� in the nucleus. (A) 293T cells were cotransfected with the
vector for expression of either Flag-IKK� or Flag-IKK�, alone or in combination with wild-type Tax or the Tax mutant K4-8R. The cells were
submitted to triple-immunofluorescence staining with the anti-Tax MAb (IgG2a), an anti-Flag MAb (IgG1), and an anti-IKK� rabbit polyclonal
antibody. (B) 293T cells were transfected as described for panel A, except that HA-Ub was expressed instead of the IKK subunits and an anti-HA
MAb (IgG1) was used during the triple-immunofluorescence staining. The images represent projections of Z-series confocal images. A fivefold
enlargement of a field in the overlay images (Zoom) and diagrams of the intensity of the fluorescence for each of the staining along lines crossing
cellular structures (S, cytoplasmic speckles; F, cytoplasmic fibers; NE, nuclear envelope) are shown.
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and the cells were analyzed by triple-immunofluorescence
staining with monoclonal antibodies directed against Tax and
Flag and a rabbit polyclonal antibody directed against IKK�.
Z-series confocal images were collected, and the projections
are depicted in Fig. 6A.

In the cytoplasm of 293T cells that did not express Tax, each
component of the IKK complexes had differential localiza-
tions, with a diffuse distribution of endogenous IKK� and a
granular distribution of exogenously expressed IKK�, whereas
IKK� was distributed along cytoplasmic fibers. IKK� did not
colocalize with IKK� in cytoplasmic speckles, and a limited
colocalization of IKK� and overexpressed IKK� was observed
in cytoplasmic fibers. The nuclei of these cells did not contain
detectable IKK� or IKK�, but they displayed a diffuse IKK�
staining. In wild-type-Tax-expressing cells, the Tax-containing
NB included IKK� but no detectable IKK� or IKK�. In addi-
tion, Tax colocalized with both IKK� and IKK� in the cyto-
plasmic speckles and with both IKK� and IKK� in cytoplasmic
fibers. Tax also colocalized with IKK� in the cytoplasmic in-
clusion closely connected to the nuclear envelope, as shown by
the yellow color of these structures on the overlay images in
Fig. 6A. However, these Tax-containing Golgi apparatus-asso-
ciated cytoplasmic inclusions were devoid of both IKK� and
IKK� staining.

Surprisingly, the nonubiquitinated and nonsumoylated
K4-8R mutant also colocalized with IKK complexes in the
cytoplasmic speckles and fibers, although this mutant, which
was unable to assemble nuclear bodies, did not colocalize with
IKK� in the nucleus (Fig. 6A). Similar to the nonfused K4-8R
mutant, the K4-8R-Ub and K4-8R–SUMO-1 fusions colocal-
ized with IKK� and IKK� in discrete cytoplasmic structures
(see the supplemental material). To confirm this result, 293T
cells were cotransfected with the HA-Ub expression vector and
vectors expressing either wild-type Tax or the K4-8R mutant,
and the cells were stained with anti-Tax, anti-IKK�, and an-
ti-HA antibodies (Fig. 6B). As expected from the results re-
ported above, the cytoplasmic speckles containing wild-type
Tax included both IKK� and ubiquitin, whereas the cytoplas-
mic speckles containing the K4-8R mutant included IKK� but
no ubiquitin. These results indicated that, in the cytoplasm,
Tax altered the intracellular localization of components of the
IKK complexes in an ubiquitin-independent manner, leading
to their colocalization with Tax in cytoplasmic speckled and
fibrous structures. However, as demonstrated before, translo-
cation of the RelA subunit of NF-�B to the nucleus was strictly
dependent on Tax modification. Thus, conjugation of Tax to
ubiquitin was dispensable for the assembly of the IKK com-
plexes but necessary for the activation of these complexes. In
addition, sumoylated Tax molecules determined the nuclear
localization of free IKK� and its concentration with Tax in the
nuclear bodies.

DISCUSSION

In this work, we present evidence that the Tax regulatory
protein of HTLV-1 is ubiquitinated and sumoylated in HTLV-
1-transformed T lymphocytes and in cells transduced with Tax
expression vectors and that both modifications are required for
Tax-mediated activation of the NF-�B pathway. Tax colocal-
ized with ubiquitin and IKK complexes in the cytoplasm, lead-

ing to the translocation of the RelA subunit of NF-�B to the
nucleus. However, this function was insufficient for Tax tran-
scriptional activity. In addition, sumoylated Tax molecules had
to assemble nuclear bodies in which Tax colocalized with RelA
and free IKK�. A schematic diagram depicting a model for
concerted ubiquitin and SUMO conjugation of the HTLV-1
Tax protein in Tax-mediated activation of the NF-�B pathway
is presented in Fig. 7. By using reintroduction of single or
multiple lysine residues in the context of a Tax mutant defi-
cient for both ubiquitination and sumoylation (mutant K4-8R),
we also demonstrate that ubiquitination and sumoylation of
Tax occur on overlapping lysine residues. Each of the lysine
residues K4, K5, and K6 as well as K7 and K8 contributed
individually to Tax ubiquitination, whereas sumoylation re-
quired the simultaneous integrity of both lysine residues K7
and K8 at amino acid positions 280 and 284.

Characterization of the specific roles of Tax conjugation to
ubiquitin or SUMO. Our observations that the colocalization
of Tax and ubiquitin was detectable only in the cytoplasm and
that Tax colocalized with SUMO only in the nucleus helped us
to solve the respective roles of Tax ubiquitin and SUMO con-
jugation. Since either overexpression of ubiquitin or fusion of
ubiquitin to Tax increased the fraction of cells displaying Tax
in the cytoplasm, we concluded that ubiquitin conjugation is
involved in the cytoplasmic retention of Tax. Inversely, over-
expression of SUMO or the fusion of SUMO to Tax increased
the fraction of cells with Tax localized in nuclear bodies, indi-
cating that SUMO conjugation favored the retention of Tax in
the nucleus. Thus, the two modifications are exclusive and
occur in different cellular compartments. This observation is in
line with the idea that SUMO modification and demodification
are coupled to the shuttling of proteins into and out of the
nucleus (12, 35). Ubiquitinated Tax molecules were associated
with two distinct cytoplasmic structures, a cytoplasmic speckle,
which contained IKK complexes, and the Golgi apparatus,
which included the Golgi matrix marker GM130 and free
IKK�. In addition, the latter structure also included the RelA
subunit of NF-�B (data not shown). The functional role of the
association of ubiquitinated Tax with the Golgi apparatus is
presently unknown. However, the specific concentration of
poorly branched ubiquitinated Tax, free IKK�, and RelA in
the cytoplasmic inclusions and their close vicinity to the nu-
clear envelope suggest that these structures might be involved
in Tax ubiquitination and/or desubiquitination and the trans-
port of Tax along with free IKK� and RelA into the nucleus.

Both a nuclear localization signal (39) and a nuclear export
signal (NES) (1) have been identified in the Tax protein. Re-
markably, Alefantis et al. mentioned that the Tax NES likely
exists as a conditionally masked signal because the deletion of
the carboxy-terminal sequence from amino acid 214 revealed
this export signal. Thus, conjugation of Tax to SUMO-1 on
lysine residues at position 280 and/or position 284 might pre-
vent NES effects and Tax nuclear export. A number of proteins
that shuttle between the cytoplasm and the nucleus might
undergo differential intracellular retention by exclusive ubiq-
uitination and sumoylation on identical or closely spaced lysine
residues. The available list includes I�B� (9), IKK�/NEMO
(16), and the herein described HTLV-1 Tax regulatory protein.

Activation of IKK complexes by ubiquitinated Tax. Our
results indicate that ubiquitinated Tax colocalized with com-
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ponents of the IKK complexes, IKK�, IKK�, and IKK�, in
cytoplasmic speckled and fibrous structures. The redistribution
of IKK components by Tax is in complete concordance with
the known physical binding of Tax to IKK�, with subsequent
recruitment of Tax to the IKK catalytic subunits IKK� and
IKK�, leading to sustained phosphorylation and the turnover
of I�B� as well as the phosphorylation of RelA and subsequent
migration of the RelA subunit of NF-�B to the nucleus (8, 14,
17, 21, 30). Interestingly, the ubiquitination-deficient Tax mu-
tant K4-8R also colocalized with IKK complexes in the cyto-
plasm, but it was unable to induce the translocation of RelA to
the nucleus, and the fusion of ubiquitin to this mutant restored
the latter property. This result indicates that the activation of
IKK complexes but not the assembly of these complexes re-
quires Tax ubiquitination. In support of this conclusion, it is
interesting to note that the coimmunoprecipitation experi-
ments demonstrating the interaction between Tax and IKK�
did not likely preserve Tax conjugation to ubiquitin and that
the GST-Tax fusion produced in bacteria readily interacted
with IKK� in vitro (8, 17, 21). Tax interaction with IKK� might
simply involve a domain that was mapped to the leucine-rich
region between amino acids 106 and 141 (44). Surprisingly, the
fusion of SUMO-1 to the carboxy terminus of the K4-8R mu-
tant also restored the migration of RelA to the nucleus. This
result suggests that both ubiquitin and SUMO-1 conjugation
might confer to Tax the ability to activate IKK complexes.
However, activation of cytoplasmic IKK complexes by sumoy-
lated Tax molecules is a rather artificial situation created by
the fusion to SUMO since intrinsically sumoylated Tax mole-
cules were not detected in the cytoplasm.

Sumoylation-dependent assembly of Tax-containing nuclear
bodies. Here, we demonstrate that Tax conjugation to SUMO-1
is a prerequisite for Tax to form nuclear bodies. All the Tax
mutants that were not sumoylated were unable to assemble
nuclear bodies, and the fusion of SUMO-1, but not ubiquitin,
to their carboxy termini significantly restored the ability to
form these nuclear structures. Interestingly, the fusion of
SUMO-1 to the intrinsically unmodified K4-8R mutant re-
stored both the translocation of RelA to the nucleus and the
formation of punctate nuclear structures that did not include
RelA, and this fusion was defective for activation of the NF-�B
pathway. In contrast, the fusion of SUMO-1 to the R4-6K
mutant, which was intrinsically ubiquitinated but not sumoy-
lated, restored the formation of RelA-containing nuclear bod-
ies and significantly increased transcriptional activity. We con-
clude that the presence of ubiquitinated Tax in the cytoplasm
is required not only for the migration of RelA to the nucleus
but also for the subsequent concentration of RelA in the nu-
clear bodies. Thus, both ubiquitination and sumoylation are
required for the Tax-mediated activation of gene expression
via the NF-�B pathway.

We previously demonstrated that the nuclear bodies assem-
bled by Tax included components of the transcription and
splicing complexes, including the two subunits of NF-�B, p50
and RelA, and the transcriptional coactivator CBP/p300 (4, 6).
In this paper, we demonstrate that IKK� was recruited in the
Tax-containing nuclear bodies but that neither IKK� nor
IKK� was detected in these nuclear structures. Sumoylated
IKK� was detected in the nucleus following genotoxic stress
and, in concert with ubiquitinated IKK�, permitted IKK acti-

FIG. 7. Schematic diagram depicting a model for concerted ubiquitin and SUMO conjugation of the HTLV-1 Tax protein in Tax-mediated
activation of the NF-�B pathway. In the cytoplasm, ubiquitin-conjugated Tax activates the IKK signalosomes, resulting in the translocation of the
RelA subunit of NF-�B to the nucleus. Deubiquitinated Tax migrates to the nucleus, in which it is sumoylated. Sumoylated Tax assembles nuclear
bodies that include the RelA subunit of NF-�B and free IKK� along with other transcription and splicing factors, leading to the activation of
specific Tax-responsive target genes. Tax can further be desumoylated, which reveals its nuclear export signal, leading to the exit of Tax from the
nucleus.
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vation in the cytoplasm (16). Thus, Tax and IKK� interact with
each other and share similar routes in the cell. However, it is
not clear presently whether Tax alters SUMO conjugation to
IKK� or whether IKK� is brought to the nucleus as a conse-
quence of its interaction which Tax. In addition to its cytoplas-
mic role in assembling IKK complexes, Verma et al. identified
a nuclear function of IKK� that involves its binding to an
amino-terminal domain of the transcriptional coactivator CBP,
counteracting the positive action of CBP/RelA/IKK� com-
plexes on the transcription initiated at NF-�B-responsive pro-
moters (43). It is worth mentioning that Tax also interacts with
the amino terminus of CBP and that this interaction is critical
for Tax transcriptional activities (20). Since Tax colocalizes in
nuclear bodies with CBP, RelA, and IKK�, it will be important to
determine whether IKK� affects Tax and RelA binding to CBP.
The mechanistic role of the presence of IKK� in the nucleus in
NF-�B activation needs further investigations.

A role for Tax nuclear bodies as “transcription factories.”
Recent studies have demonstrated that active genes migrate to
preassembled shared nuclear subcompartments called tran-
scription factories and that movement in and out of these
factories results in the activation or abatement of transcription
(26, 32). In addition, specific gene loci have been found to
preferentially localize in close spatial proximity to each of a
variety of proteinaceous nuclear structures, including PML
bodies, Cajal bodies, and the nucleoli (11). Our observations
that the Tax-containing nuclear bodies include not only com-
ponents of transcription and splicing complexes but also the
mRNA from a gene specifically activated by Tax via the NF-�B
pathway (4), that they are in close spatial contact with decon-
densed chromatin (our unpublished data), and that the defect
of assembly of these structures leads to the loss of transcrip-
tional activation (this paper) strongly suggest that the unique
nuclear structures assembled by Tax are directly involved in
Tax activation of gene expression. The fact that nonsumoylated
Tax mutants were still able to partly activate gene expression
via the ATF/CREB pathway seems to be in contradiction with
this hypothesis. However, it is important to mention that our
assays for transcriptional activity utilize transiently transfected
reporter genes that do not have the complexity of chromatin
templates. A role for the nuclear bodies in the activation of
gene expression via the latter pathway was indicated by the
significant increase of gene expression by SUMO fusion to
intrinsically sumoylation-defective Tax mutants. A more strin-
gent dependency on nuclear body structure might be observed
for activation of gene expression on in vivo templates.

Since ubiquitination and sumoylation play a critical role in
Tax transcriptional activation, these modifications are poten-
tial targets for the treatment of adult T-cell leukemia.
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