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Human T-cell leukemia virus type 1 (HTLV-1) Tax targets I-kBa and I-kBb for phosphorylation, ubiquiti-
nation, and proteasome-mediated degradation, causing the nuclear translocation of NF-kB/Rel proteins and
transcription induction of many cellular genes. The mechanism by which a nuclear protein such as Tax
stimulates I-kB phosphorylation and degradation remains unclear. Here, we describe two cytoplasmic mutants
of Tax, designated TaxDN81 and TaxDN109, from which the domains important for cyclic AMP response
element binding factor (CREB) and serum response factor (SRF) binding and nuclear transport have been
removed. These mutants were unable to trans activate from the HTLV-1 21-bp repeats or the serum response
element in the c-fos promoter. In contrast, they activated NF-kB reporters, suggesting that activation of NF-kB
by Tax occurs in the cytoplasm. Incorporation of the nuclear localization signal (NLS) of the simian virus 40
large T antigen into TaxDN81 and TaxDN109 redirected both proteins predominantly to the nucleus yet did not
restore trans activation via CREB or SRF. The NLS fusion had little effect on TaxDN81 but reduced NF-kB
trans activation by TaxDN109, possibly because of its proximity to the NF-kB-activating domain of Tax. In
contrast to wild-type Tax, the cytoplasmic TaxDN mutants are not cytotoxic. Stable expression of TaxDN109
in HeLa cells resulted in a significant reduction in the intracellular level of I-kBa, with the constitutive
presence of NF-kB in the nucleus and concomitant activation of the NF-kB enhancer. These results are
suggestive of a potential application of the TaxDN109-like mutants in targeting I-kB degradation and NF-kB
activation. Interestingly, a Tax species with a molecular mass similar to that of TaxDN109 was identified in
many HTLV-1-transformed T cells, suggesting that TaxDN109-like species might play a role in HTLV-1-
induced leukemogenesis.

Members of the NF-kB/Rel family of transcription factors
use a conserved Rel homology domain of approximately 300
amino acids to form homo- and heterodimers and bind the kB
DNA motif, GGGRNNYYCC, to activate transcription (for
reviews, see references 4–6, 35, and 47). They function as
inducible trans activators of viruses such as human immuno-
deficiency virus (HIV) and many cellular genes involved in
immune or inflammatory responses (reviewed in references
4–6, 35, and 47). Of the NF-kB/Rel family members, RelA
(p65) homodimer and RelA/NF-kB1 (p50) heterodimer are
the most abundantly and ubiquitously expressed. In resting or
unstimulated cells, NF-kB/Rel factors are sequestered in the
cytoplasm through interactions with inhibitory molecules, prin-
cipally I-kBa and I-kBb (reviewed in references 4–6, 35, and
47). Upon activation by mitogens, cytokines, or physical stress,
I-kBa and I-kBb become serine phosphorylated (10, 11, 14)
and targeted for degradation through the ubiquitin-protea-
some pathway (12). The degradation of I-kB allows NF-kB to
be released for nuclear transport and transcriptional activa-
tion. Via multiple kB motifs in the transcriptional control
region of the I-kBa gene, NF-kB greatly stimulates I-kBa
mRNA expression (51). The newly synthesized I-kBa, in turn,
down-modulates NF-kB activity and restores the autoregula-
tory loop (2, 4–6, 35, 47, 51). Dysregulation and/or hyperacti-

vation of the NF-kB/I-kB regulatory pathway caused by chro-
mosomal translocation (40), oncogene transduction (reviewed
in references 18 and 19), or targeted gene disruption (7, 30)
leads to cancers of the hematopoietic cells or chronic inflam-
matory diseases.

The diseases caused by human T-cell leukemia virus type 1
(HTLV-1), adult T-cell leukemia (24, 44) and tropical spastic
paraparesis-HTLV-1-associated myelopathy (16, 42), have
their etiologies in the dysregulated proliferation of virus-in-
fected T cells. The molecular basis for T-cell transformation by
HTLV-1 is not well understood. HTLV-1 does not transduce
cellular oncogenes or activate proto-oncogenes by site-specific
integration (46). It is generally thought that the virally encoded
trans activator, Tax, is responsible for HTLV-1 leukemogene-
sis. Tax exerts pleiotropic effects on virus-infected cells by
interacting directly with key cellular transcription factors, in-
cluding the cyclic AMP response element binding protein
(CREB); activating transcription factor 1 (ATF-1) (3, 52, 57,
60, 61); CREB binding protein and its homolog, p300 (31);
serum response factor (SRF) (15); and components of the
NF-kB/I-kB signaling pathway (10, 21, 25–29, 32, 37, 50, 53,
54) or the proteasome components (45).

Here, we report several novel forms of Tax that exclusively
activate NF-kB at a high level. These mutants were derived
based on trypsin-sensitive sites in Tax. These tryptic sites ap-
pear to approximate the borders of the various domains of Tax
that are involved in CREB binding and nuclear transport,
subunit dimerization and NF-kB activation, and HTLV-1 trans
activation. Removal of the NH2-terminal 80 and 108 amino
acid residues of Tax produced two mutants, TaxDN81 and
TaxDN109, respectively. Due to a loss of the CREB-binding
and nuclear transport domains, these mutants were unable to
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activate transcription via CREB or SRF and became localized
to the cytoplasm predominantly. However, they continued to
activate NF-kB. When fused with the nuclear localization sig-
nal (NLS) of the simian virus 40 (SV40) large T antigen, both
mutants became transported to the nucleus but were unable to
trans activate via CREB or SRF. While NLS-TaxDN81 was
able to activate NF-kB, NLS-TaxDN109 was not able to. In
contrast to wild-type Tax, which induces apoptosis and is highly
cytotoxic (13, 58), TaxDN81 and TaxDN109 mutants exhibited
little or no cytotoxicity. HeLa cells stably transfected with a
TaxDN109-expressing vector showed constitutive I-kBa degra-
dation and NF-kB activation at a low level of TaxDN109 ex-
pression. These results are consistent with the proposal that
Tax directly alters cellular signaling pathways in the cytoplasm
to affect NF-kB activation (10, 28). Interestingly, Tax species
with molecular masses similar to that of TaxDN109 (28 kDa)
can be detected in many HTLV-1-transformed cell lines.

MATERIALS AND METHODS

Expression vectors and reporter plasmids. A murine leukemia virus (MuLV)-
based retroviral vector, pBabe-puro (38), was used as the backbone to express
wild-type Tax and Tax mutants. The U3 region of the MuLV 59 long terminal
repeat (LTR) in pBabe-puro was replaced with the cytomegalovirus (CMV)
enhancer-promoter. The puromycin resistance gene was removed from all Tax
expression plasmids used in this study, as shown in Fig. 2. Coding sequences for
the Tax truncation mutants were derived by PCR with the Vent polymerase
(Biolabs) and confirmed by DNA sequence analyses. The upstream primers for
TaxDN109, TaxDN81, NLS-TaxDN109, and NLS-TaxDN81 were 59-CCATGGG
CAAATACTCC-39, 59-CCATGGGAACCTCTAAGACC-39, 59-CGCGGATCC
ATGCCCAAAAAGAAACGGAAGGGCAAATACTCCCCCTTCCGA-39, and
59-CGCGGATCCATGCCCAAAAAGAAACGGAAGGGAACCTCTAAGAC
CCTCAAG-39, respectively. A common downstream primer, 59-GCCGTCGAC
TCAGACTTCTGTTTCTCGG-39, was used for all constructs. The reporter
constructs used for chloramphenicol acetyltransferase (CAT) assays, 218 CAT
(HTLV-1 LTR) (17), c-fos-CAT, and 204K17 (an HIV LTR with mutated SP1
sites) (kindly provided by K. T. Jeang), have been previously described (8).

Cell culture conditions and derivation of TaxDN109 cell lines. HeLa, HeLa-
TaxDN109, and CV1 cells were routinely cultured in Dulbecco’s minimum es-
sential medium (DMEM) supplemented with 5% heat-inactivated fetal calf
serum (FCS), 100 U of penicillin/ml, and 100 mg of streptomycin/ml. HTLV-1-
transformed cells were maintained in RPMI 1640 supplemented with 10% FCS
and antibiotics at the same concentrations as listed above. To derive Tax- or
TaxDN109-expressing cell lines, HeLa cells were cotransfected by electropora-
tion with a mixture of 30 mg of DNA containing the wild-type Tax (29 mg) or the
TaxDN109 (29 mg) expression plasmid, each with 1 mg of a plasmid that carries
the puromycin resistance gene under the control of the SV40 promoter. Two and
a half million HeLa cells were suspended in 300 ml of serum-free DMEM and
mixed with the plasmid DNA solution in 30 ml of 10 mM Tris (pH 7.0)–0.1 M
NaCl. The cells were then electroporated with a BTX Electro cell manipulator at
250 V, 800 mF, and 13 V. After selection in DMEM containing 5% FCS and 2
mg of puromycin/ml for 2 weeks, colonies were picked and grown in the absence
of puromycin. No colonies that expressed Tax were observed following transfec-
tion of HeLa cells with the wild-type Tax plasmid. In contrast, cell lines were
readily obtained with the TaxDN109 DNA.

Partial proteolysis of HTLV-1 Tax. Purification of Tax from an Escherichia coli
expression system has been previously reported (61). For partial trypsin diges-
tion, approximately 10 mg of purified Tax in 50 ml of a buffer containing 20 mM
HEPES (pH 7.9), 150 mM KCl, 0.2 mM EDTA, 0.5 mM dithiothreitol (DTT),
and 20% glycerol was mixed with 50 ml of the same buffer containing 0.1 U of
trypsin and 2.5 mM CaCl2 and incubated at 37°C for 2 min. The reaction was
quenched by adding an equal volume of 23 sodium dodecyl sulfate (SDS) gel
loading buffer (80 mM Tris [pH 6.8], 2% SDS, 15% glycerol, 100 mM DTT)
followed by heating at 100°C for 5 min. Tryptic fragments were then resolved by
SDS–12% polyacrylamide gel electrophoresis (PAGE), transferred to Immo-
bilon, and visualized by Coomassie brilliant blue staining or by immunoblotting
with Tax-C antibody (directed against the carboxyl-terminal 33 residues of Tax).
Immobilon membrane slices containing the tryptic fragments were then directly
used for amino acid sequence determination as described previously (36).

Immunofluorescence studies. HeLa cells were transfected by using Lipo-
fectamine (Gibco-BRL) according to the manufacturer’s instructions. At 24 h
posttransfection, cells were seeded on eight-well chamber slides (Nunc) and
incubated for an additional 24 h at 37°C. The monolayer was then washed twice
with warm phosphate-buffered saline solution (PBS) and fixed with methanol
overnight at 220°C. After three washes with cold PBS, the cells were incubated
overnight at 4°C with the Tax-C antibody that had been diluted 1/5,000 in Tween
buffer (0.5 M NaCl, 5% milk, 5 mM sodium phosphate [pH 6.5], 0.5% Tween 20)
and preabsorbed overnight at 4°C on HeLa cells transfected with the RCV

vector. The cells were then washed four times with cold PBS containing 0.3%
Triton X-100 and incubated with the secondary fluorescein isothiocyanate-con-
jugated antibody (1/100 in PBS containing 0.05% Tween) for 2 h at 4°C. The
secondary antibody was then removed by four 5-min washes with cold PBS, two
5-min washes with cold PBS containing 0.3% Triton X-100, and one final 10-min
wash with cold PBS containing 0.05% Tween. The slides were mounted with
SlowFade (Molecular Probes), kept at 4°C in the dark, and examined 24 h later
under a fluorescent microscope.

Immunoblot analyses. Cytoplasmic and nuclear extracts were prepared from
107 cells by a procedure previously reported (39). Protein concentrations were
determined by the Bradford assay and confirmed by Coomassie blue staining.
Fifty micrograms of protein extract was loaded for Western blotting. Immuno-
blotting was carried out with various specific primary antibodies, and blots were
incubated with a secondary, horseradish peroxidase-conjugated antibody and
developed with the chemiluminescence supersignal detection system from
Pierce. All antibodies except Tax-C antibody were purchased from Santa Cruz
Biotechnologies, Inc.

DNA transfection and CAT assays. Calcium phosphate-mediated DNA trans-
fection of HeLa cells and CAT assays were carried out as described before (17).
The dose-dependent NF-kB reporter assays were carried out with CV1 cells,
which exhibit low basal reporter activity. CV1 cells were transfected by using
Lipofectamine according to the manufacturer’s instructions. The amounts of
plasmids used in transfection are indicated in the legend to Fig. 4. For each set
of CAT assays, extracts containing equal amounts of proteins (100 mg) as deter-
mined by the Bradford method were used. At least three independent transfec-
tions were performed for each data set to ensure reproducibility.

RESULTS

Mapping protease-sensitive sites in Tax. In an effort to
derive stable protein modules of Tax to study its various bio-
logical activities, purified Tax was subjected to partial proteol-
ysis by trypsin (Fig. 1). Immunoblot analyses of the tryptic
fragments with a rabbit antibody directed against the carboxyl-
terminal 33 amino acid residues of Tax (Tax-C antibody [23])
revealed multiple protein species of approximately 38, 31, 28 (a
doublet), and 27 (a minor species) kDa (Fig. 1A). Amino acid
sequence analysis of these fragments revealed trypsin cleavage
sites at residues K88 and V89 for the 31-kDa fragment and at
residues R110 and K111 as well as R116 and N117 for the
29-kDa doublet. The NH2-terminal sequence of the 38-kDa
protein is identical to that of full-length Tax, suggesting that
for this protein species trypsin cleavage occurred at the COOH
terminus. Given the primary sequence of Tax, we think that the
38-kDa protein originated from a tryptic digestion of the pep-
tide bond between K324 and E325 and most likely retained an
epitope (FNEK; residues 321 to 324) that reacted with the
polyclonal Tax-C antibody. Partial proteolysis of Tax by chy-
motrypsin also revealed residues V89 and L90 to be susceptible
to cleavage (Fig. 1B) and confirmed that residues 88 to 90 are
exposed and highly sensitive to proteolysis. These results are in
general agreement with results of previous epitope mapping
showing that residues 106 to 125, 316 to 335, 331 to 350, and
336 to 353 of Tax are reactive to patient sera (33).

Construction of Tax mutants. Based on the trypsin cleavage
sites described above, two Tax mutants with deletions of NH2-
terminal amino acid residues 1 to 80 (TaxDN81) and 1 to 108
(TaxDN109) were generated by PCR amplification with the
Vent polymerase, and the DNA sequences were confirmed by
automated sequencing. Both TaxDN81 and TaxDN109 were
stable when expressed in E. coli and could be readily purified
as soluble proteins. Mutations with deletions beyond the R116
and N117 tryptic cleavage sites (TaxDN120 and TaxDN154,
respectively) resulted in proteins that became rapidly degraded
upon expression in E. coli (data not shown). TaxDN109 re-
mained dimeric, as evidenced by the formation of a 60-kDa
protein species after treatment of the purified protein with the
chemical cross-linker bis-sulfosuccinimidyl suberate (Fig. 1C).
As detailed below, the protease cleavage sites appear to fall
within or at the boundaries of distinct Tax domains that are
involved in various protein-protein interactions. These do-
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mains of Tax are tentatively assigned as illustrated in Fig. 1D.
The NLS and the CREB-binding domain of Tax have been
localized to its NH2-terminal region previously (49). As
TaxDN81 and TaxDN109 mutants lack this region, two addi-
tional mutants were made by fusing the NLS sequence (Pro-
Lys-Lys-Lys-Arg-Lys-Val) of the SV40 large T antigen (34) to
the NH2 termini of TaxDN81 (NLS-TaxDN81) and TaxDN109
(NLS-TaxDN109). These mutants were expressed from a chi-
meric CMV-MuLV promoter construct in which the enhancer
in the MuLV LTR was replaced with the CMV immediate-
early enhancer (Fig. 2).

Tax mutants exhibit distinct trans activation phenotypes.
Indirect immunofluorescence studies of HeLa cells transiently
transfected with the various Tax expression constructs indi-
cated that, unlike wild-type Tax, which localized principally in
the nucleus (Fig. 3), TaxDN81 and TaxDN109 were located
predominantly in the cytoplasm (Fig. 3). Incorporation of the
NLS of SV40 T antigen redirected NLS-TaxDN81 and NLS-
TaxDN109 to the nucleus (Fig. 3). To determine the effects of
the TaxDN mutants on CREB/ATF-1-, SRF-, and NF-kB-me-
diated trans activation, HeLa or CV1 cells were transiently
cotransfected with each of the Tax expression constructs and

FIG. 1. Partial proteolysis of Tax. (A) For each proteolyzed fragment, the first amino acid residue and its position in the p40 Tax sequence are indicated. “MI”
denotes an intact amino terminus. Tryptic cleavages occur at Lys-88 and Val-89, at Arg-110 and Lys-111, at Arg-116 and Asn-117, and possibly at Lys-324 and Glu-325.
(B) Chymotrypsin cleaves between residues Val-89 and Leu-90 (L90) and between undetermined residues at the COOH terminus. Both panels A and B are
immunoblots probed with Tax-C antibody, an antibody generated against a peptide corresponding to the COOH-terminal 33 residues of Tax. Removal of a short peptide
from the COOH terminus of Tax by either of the proteases did not affect reactivity to Tax-C antibody (see the band marked “MI” which migrated slightly faster than
the full-length protein in the lanes marked “trypsin” [A] and “chymotrypsin” [B]). The Tax-C antibody in effect served as an end label for probing the proteolyzed
fragments. The bands corresponding to the tryptic or chymotryptic fragments were transferred to Immobilon, visualized by Coomassie blue staining, and sequenced.
(C) TaxDN109 forms a dimer. The coding sequence of TaxDN109 (Tax amino acid residues 109 to 353) was generated by PCR with appropriate primers and inserted
into the pET-11d vector for phage T7 promoter-driven expression. E. coli-derived TaxDN109 was purified by Ni21-nitrilotriacetic acid-Sepharose column chromatog-
raphy by virtue of a COOH-terminal hexahistidine extension (marked with a minus sign). Treatment of TaxDN109 with a chemical cross-linker, bis-sulfosuccinimidyl
suberate (BS3), produced a protein species of approximately 60 kDa corresponding to a cross-linked dimer (marked with a plus sign). TaxDN109 was also eluted as
a 60-kDa protein in a Pharmacia Superose 12 H/R molecular sieve column (protein not shown). Immunoblots of the purified and cross-linked TaxDN109 are shown.
(D) Schematic summary of the domain organization of Tax. Arrowheads above and below the construct denote trypsin and chymotrypsin cleavage sites, respectively.
M1 (H3S) and M7 (C29A-P30S) mutations abolish CREB binding, and M22 (T130A-L131S) and G148V mutations abrogate NF-kB activation (1, 48, 59). The M22
mutation also weakens Tax dimerization (56). The M47 (L319R and L320S) mutation abolishes HTLV-1 LTR trans activation but does not significantly affect CREB
binding or Tax dimerization (1, 57).

FIG. 2. Construction of Tax expression vectors. The MuLV-based retroviral vector pBabe (38) was used as the backbone to generate a series of expression plasmids
for Tax and its truncation mutants. Several modifications of the pBabe vector were made. First, the SV40 promoter-puromycin resistance gene cassette contained within
a HindIII-ClaI fragment was deleted. Second, the CMV enhancer was used to replace the U3 region residing between the SacI and XbaI restriction sites in the 59 LTR.
Finally, the coding sequence of the wild-type Tax gene was cloned at the EcoRI site, and those of the respective truncation mutants were inserted between the BamHI
and EcoRI sites.
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CAT reporter plasmids driven by the HTLV-1 LTR, the c-fos
promoter, or the HIV LTR construct 204K17 (Fig. 4). In con-
trast to wild-type Tax, none of the truncated mutants were able
to activate CREB/ATF-1(HTLV-1 LTR-CAT) or SRF (c-fos-
CAT)-responsive reporters, irrespective of their cellular loca-
tions (Fig. 4A and B). This is consistent with previous reports
that the NH2-terminal region of Tax is required for CREB and
possibly SRF binding (1). Dose-response analyses of the vari-
ous Tax constructs showed that for the activation of the NF-kB
reporter, wild-type Tax is more active than the three mutants
(TaxDN81, TaxDN109, and NLS-TaxDN81) at low concentra-
tions (Fig. 4C and D), but it becomes less active when a larger
DNA amount is used (Fig. 4E). We think that at higher con-
centrations wild-type Tax is cytotoxic and that this cytotoxicity
indirectly reduces the levels of NF-kB activation. The lower
activities of TaxD81, TaxD109, and NLS-TaxD81 than of wild-
type Tax at low concentrations may be due to their levels of
expression and/or their stability in the cells. In any event, these
results indicate that the ability to trans activate the NF-kB
reporter remains with TaxD81 and TaxD109, supporting the
notion that amino acid residues 1 to 108 of Tax are dispensable
for NF-kB activation (Fig. 4C). The activation of NF-kB ap-
pears to be a cytoplasmic function of Tax, since both TaxD81
and TaxD109 are localized to the cytoplasm primarily and
induce significant NF-kB activities. Somewhat unexpectedly,
fusion of the SV40 T antigen NLS to the TaxD81 did not
significantly alter its NF-kB-activating function. In this respect,
NLS-TaxDN81 may be similar to wild-type Tax, which activates
NF-kB potently and yet is predominantly nuclear in location.
We think that the reason that both NLS-TaxD81 and wild-type
Tax activate NF-kB is because even though both proteins re-
side in the nucleus primarily, a fraction of either form makes its
way to or remains in the cytoplasm to effect NF-kB activation.
NH2-terminal NLS fusion abolished the NF-kB-activating
function of TaxDN109 (Fig. 4C to E, lanes NLS-TaxDN109).
We think that this is not due to the nuclear targeting but rather
to the site of NLS fusion being too close to the domain im-
portant for NF-kB activation and thus posing a block and/or
altering the conformation of this region, rendering it inactive.

Stable expression of TaxDN109 in HeLa cells. One striking
feature of the HTLV-1-transformed cell lines is the complete
absence of both I-kBa and I-kBb from these cells, coincident
with the constitutive nuclear presence of NF-kB. This property
has recently been demonstrated to be due to the ability of Tax
to target I-kB for phosphorylation and ubiquitin- and protea-

some-mediated degradation (10, 21, 28, 37, 50). While HTLV-
1-transformed T-cell lines, such as HUT102, MT2, and C91/
PL, express high levels of Tax protein, stable cell lines
constitutively expressing wild-type Tax have been very difficult
to establish, probably because of Tax-induced apoptosis (13,
58). As TaxDN109 activated NF-kB and lacked most other
biochemical and biological activities of wild-type Tax, we hy-
pothesized that it might be without the apoptotic and cytotoxic
effects of Tax and thus might be used to target cellular I-kB
destruction. To this end, HeLa cells were electroporated in
duplicate with wild-type Tax or with TaxDN109 expression
plasmids (pBabe-CMV-Tax and pBabe-CMV-TaxDN109) to-
gether with a plasmid (pBabe-CMV-puro) containing the pu-
romycin resistance gene at a molar ratio of 29:1. While pBabe-
CMV-puro alone or the combination of pBabe-CMV-puro and
pBabe-CMV-TaxDN109 yielded many transfectants when in-
troduced into HeLa cells, multiple cotransfections of HeLa
cells with pBabe-CMV-puro and pBabe-CMV-Tax followed by
puromycin selection yielded no transfectants expressing full-
length Tax. This result is consistent with the notion that the
wild-type Tax protein is highly cytotoxic compared to
TaxDN109. HeLa cells stably transfected with TaxDN109 DNA
(HeLa-109 cells) were cloned, and then populations of the
clones were expanded in culture and analyzed. As shown in
Fig. 5A (lanes 2 to 5), in agreement with previous reports that
Tax triggers I-kB phosphorylation and degradation, a signifi-
cant reduction in the levels of I-kBa, but not I-kBb, could be
seen in HeLa-109 clones. The clonal variation in I-kBa levels
is likely due to the levels of TaxDN109 expression, as shown by
the different levels in transcriptional activation after transient
transfection (Fig. 5E). The reduction in I-kB levels was accom-
panied by a significant increase in the nuclear presence of
p65-RelA, p50-NF-kB1, and p52-NF-kB2 (Fig. 5A, lanes 2 to
5). To ensure that no cross-contamination between the cyto-
plasmic and nuclear extracts occurred during fractionation of
the cells, nuclear fractions were probed with an I-kBb anti-
body. As shown in Fig. 5D, cytoplasmic I-kBb was not detect-
able in the nuclear extracts. Likewise, an antibody against
CREB, an exclusively nuclear protein, detected CREB only in
the nuclear fractions. Because de novo I-kBa synthesis is in-
duced at a high level following NF-kB activation, we treated
HeLa-109 clones with the protein synthesis inhibitor cyclohex-
imide to accentuate the effects Tax exerts over I-kBa turnover
(Fig. 5B, lanes 2 to 5). Indeed, cycloheximide-treated HeLa-
109 cells had barely detectable or undetectable levels of I-kBa.

FIG. 3. Subcellular localization of Tax mutants. HeLa cells were transiently transfected with 1 mg of each Tax-expressing vector by using Lipofectamine. Subcellular
localization of the respective Tax proteins (wild-type Tax [A], DN81 [B], NLS-DN81 [C], DN109 [D], and NLS-DN109 [E]) was analyzed 48 h later by indirect
immunofluorescence with a rabbit serum antibody directed against the carboxyl-terminal region of Tax (Tax-C antibody [23]) and a fluorescein isothiocyanate-
conjugated secondary antibody.

6780 NICOT ET AL. J. VIROL.



In contrast, the control HeLa cells that had been similarly
treated retained significant levels of I-kBa (Fig. 5B, lane 1). A
serine protease inhibitor, N-tosyl-L-phenylalanine chloro-
methyl ketone (TPCK), has been shown to block I-kBa deg-
radation by inhibiting the phosphorylation required for the
ubiquitin- and proteasome-mediated degradation pathway
(22). Indeed, TPCK treatment restored I-kBa levels in HeLa-
109 clones (Fig. 5A and B, lanes 4 and 5) to that seen in the
control HeLa cells (Fig. 5C, lane 1). This is consistent with the
notion that TPCK acts at or downstream of the step of I-kB
metabolism that is affected by Tax, most likely the phosphor-
ylation of I-kB (Fig. 5C). To demonstrate constitutive NF-kB
activation in HeLa-109 cells, HeLa-109 clones were transiently
transfected with HIV LTR-CAT as a reporter construct (Fig.
5E). Consistent with nuclear expression of p50, p52, and p65
(Fig. 5A), significant induction of the reporter was observed in
HeLa-109 cells (Fig. 5E, lanes 2 to 5) compared to the control

FIG. 4. Trans activation phenotypes of Tax and Tax mutants. (A and B)
HeLa cells were transiently transfected with RCV control (4 mg) (RCV), Tax (4
mg) (wild type [WT]), and Tax mutants (4 mg) (DN81, DN109, NLSDN81, and
NLSDN109) and either the HTLV-1 LTR-CAT (2 mg) (A) or c-fos-CAT (4 mg)
(B) reporter construct by the calcium phosphate method. (C, D, and E) An
NF-kB reporter construct, 204K17 (0.25 mg), together with 0.25 (C), 0.5 (D), or
1 (E) mg of each Tax construct was transfected into CV1 cells by using Lipo-
fectamine. Protein concentrations of the cell extracts were determined by Brad-
ford assay. CAT assays were performed on extracts containing 100 mg of protein.
The results shown are representative of three independent transfections.

FIG. 5. Constitutive NF-kB activation in HeLa cells stably transfected with
TaxDN109. (A) Immunoblot analyses were carried out with 50 mg of proteins
from HeLa cells (lane 1) or HeLa-109 clones (lanes 2 to 5). Immunoblotting for
I-kBa and I-kBb was performed with cytoplasmic extracts, and that for p65, p50,
and p52 was performed with nuclear extracts. (B) HeLa and HeLa-109 cells were
treated with 50 mg of cycloheximide/ml for 3 h prior to immunoblotting for I-kBa
and I-kBb. (C) Following cycloheximide treatment, TPCK (50 mM final concen-
tration) was added to the cells for 30 min. Cell lysates were then analyzed by
immunoblotting for I-kBa. Only HeLa-109 clones (corresponding to lanes 4 and
5 in panel A) were used. (D) Cytoplasmic (C) and nuclear (N) fractions were
subjected to Western blot analysis with CREB and I-kBb antibodies as nuclear
and cytoplasmic markers, respectively. Immunoblots of cytoplasmic and nuclear
extracts from HeLa cells (C1 and N1) and from HeLa-109 clones (C2 through 5
and N2 through 5) are shown. (E) Five micrograms of the HIV LTR-CAT
reporter construct was transfected into control HeLa cells (lane 1) or HeLa-109
clones (the same as those used for panels A and B) by the calcium phosphate
method, and the extent of NF-kB activation was determined by CAT assays.
Results shown are representative of three independent transfections. The levels
of activation are 1-, 1.5-, 4-, 3.5-, and 3-fold, respectively, for lanes 1 to 5.
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HeLa cells (lane 1). The levels of reporter activity also corre-
lated with the degrees of I-kBa degradation (Fig. 5A, B, D,
and E). These results demonstrate that TaxDN109 induces
NF-kB activation and is devoid of the cytotoxicity of wild-type
Tax.

HTLV-1-transformed cell lines express a TaxDN109-like
protein. To determine if TaxDN109-like protein might be ex-
pressed in HTLV-1-transformed cell lines, immunoblot analy-
ses of cells from four such lines, HUT102, MT4, MT2, and
C91/PL, were carried out with the Tax-C antibody. Freshly
grown cells were harvested and boiled in sample buffer for
SDS-PAGE containing SDS and DTT. Indeed, in addition to
the 40-kDa full-length Tax protein, HUT102, MT4, and MT2
cells each expressed a 28-kDa (p28) and a 35-kDa (p35) pro-
tein species that reacted with Tax-C antibody. A leukemic
T-cell line, Jurkat, which is unrelated to HTLV-1, did not
express any Tax-C antibody-reactive protein species (Fig. 6A,
lane 1). C91/PL cells appeared to produce only the 40-kDa Tax
species, with little or no expression of the 28-kDa Tax species
(Fig. 6A, lane 5). Intriguingly, despite significant reductions in
the levels of I-kBa in HeLa-109 cells (Fig. 5A and B), the
amounts of TaxDN109 in these cells, while detectable, were
low (Fig. 6B, lanes 2 and 3). We estimated them to be no more
than a few percent of that seen in HUT102 or MT2 cells.

DISCUSSION
In this report, we show that the protein species TaxDN81

and TaxDN109, containing amino acid residues 81 to 353 and
109 to 353 of Tax, respectively, activate I-kB degradation,
NF-kB nuclear translocation, and trans activation via the
NF-kB enhancer. Lacking the domains for nuclear transport
and CREB binding, both Tax mutants localized to the cyto-
plasm predominantly and did not trans activate via the CRE
containing HTLV-1 21-bp repeats or the serum response ele-
ment containing the c-fos promoter. In-depth analyses were
performed on TaxDN109 because it contains less of the Tax
amino acid sequence and appears to trans activate NF-kB
better than TaxDN81. In contrast to wild-type Tax, TaxDN109
can be expressed in HeLa cells, where it potently induces
I-kBa degradation and NF-kB nuclear translocation. The con-
stitutively reduced levels of I-kBa in TaxDN109-expressing cell
lines occurred despite the surge of NF-kB-induced de novo
I-kBa synthesis, which apparently failed to compensate for the
degradation triggered by TaxDN109. Although I-kBb levels

remained the same in the TaxDN109-expressing cells, this did
not affect the constitutive nuclear presence and activation of
NF-kB in these cells. It should be noted that I-kB degradation
with NF-kB activation by both TaxDN81 and TaxDN109 has
also been observed in Jurkat T cells in transient-transfection
assays (data not shown). The 28- and the 35-kDa Tax species
were detected in many HTLV-1-transformed cell lines. Be-
cause p28 and p35 reacted specifically with the antibody raised
against the COOH-terminal end of Tax, we think that they lack
the NH2-terminal region. It is possible that p28 resembles
TaxDN109 structurally and functionally and therefore might
function as an inducer of I-kB degradation and NF-kB activa-
tion, like TaxDN109. While we cannot rule out the possibility
that these Tax species derived from proteolytic degradation of
full-length Tax during extract preparation, we think that the
proteolysis most likely occurred intracellularly, because the cell
extracts used in this analysis were prepared by lysis of freshly
grown cells in SDS-PAGE sample buffer with minimal manip-
ulation. Several studies have indicated that NF-kB activation is
required for cellular transformation mediated by Tax. Thus, it
is possible that p28 and/or p35 might play a role in HTLV-1
pathogenesis. The fact that cytoplasmic variants of Tax are
trans activators of NF-kB supports the notion that Tax acti-
vates NF-kB by stimulating I-kB phosphorylation and degra-
dation (10, 28) which occur in the cytoplasm. These results are
also consistent with earlier reports showing that a fraction of
wild-type Tax is localized in the cytoplasmic compartments of
HTLV-1-infected cells (20). In agreement with the idea that
Tax stimulates I-kB phosphorylation, chemical agents, such as
TPCK, which had been shown to inhibit I-kBa phosphoryla-
tion, effectively blocked TaxDN109-induced I-kBa degrada-
tion.

Transient transfection of CV1 cells with the mutants indi-
cated that TaxDN109 and NLS-TaxDN81 activate NF-kB in a
dose-dependent manner, although TaxDN81 required a larger
amount of DNA to show a comparable level of activation. This
may be due to the instability of TaxDN81 in the cells. While the
mechanism by which Tax accelerates I-kBa phosphorylation
and degradation remains to be elucidated, because only a small
quantity of Tax is sufficient to produce a significant effect on
I-kBa turnover, it is possible that Tax directly targets cellular
signaling pathways as suggested previously (10, 28). We think
that the inability of NLS-TaxDN109 to activate NF-kB is not
caused by the nuclear targeting of the fusion protein. Rather,
the NLS fusion is most likely positioned too close to the do-
main important for NF-kB activation and thus poses a block
and/or alters the conformation of this region, rendering it
inactive. In agreement with this conclusion, at least two Tax
mutations, G148V (59) and T130A-L131S (48), that abolish
NF-kB activating function, have been localized to this region.

Because the 109th codon of the Tax-coding sequence is
AUG, it is possible that internal translational initiation at
codon 109 might yield the same protein species as TaxDN109.
Further, since the Tax/Rex mRNA is derived from a double-
splicing event where the AUG codon of env together with
another G residue (in the second exon) become spliced in
frame to the Tax-coding sequence, alternative mRNA splicing
that bypasses the second exon would produce a pX mRNA
species lacking the p40 Tax initiation codon. Such a singly
spliced mRNA species, termed pX-p21rex mRNA, has been
described (9, 41). For the pX-p21rex mRNA, again, transla-
tional initiation at the AUG codon for Met-109 might produce
TaxDN109. A plasmid containing the cDNA of the pX-p21rex

mRNA placed under the control of the CMV enhancer and
promoter, however, failed to trans activate the NF-kB reporter
(data not shown). Therefore, we think that the submolecular

FIG. 6. Detection of a TaxDN109-like protein in HTLV-1-transformed T
cells. (A) Whole-cell extracts from 107 cells of each of four HTLV-1-transformed
cell lines, HUT102, MT4, MT2, and C91/PL (lanes 2 to 5, respectively), and a
control T-cell line, Jurkat (lane 1), were probed by immunoblotting with Tax-C
antibody. (B) Immunoblots of cytoplasmic extracts from 107 control HeLa cells
(lane 1) and HeLa-109 cells (lanes 2 and 3; the same clones as those shown in
lanes 3 and 4, Fig. 5E). Whole-cell extracts from HUT102 cells were included for
comparison (lane 4).
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Tax species in HTLV-1-infected or -transformed cells result
most likely from proteolysis of full-length Tax. The exact
amino acid sequences of these protein species and any role
they might play in HTLV-1 pathogenesis remain to be dem-
onstrated.
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