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The human T-cell leukemia virus type 1 (HTLV-1) Tax protein activates viral transcription through three
21-bp repeats located in the U3 region of the HTLV-1 long terminal repeat and called Tax-responsive elements
(TxREs). Each TxRE contains nucleotide sequences corresponding to imperfect cyclic AMP response elements
(CRE). In this study, we demonstrate that the bZIP transcriptional factor CREB-2 is able to bind in vitro to
the TxREs and that CREB-2 binding to each of the 21-bp motifs is enhanced by Tax. We also demonstrate that
Tax can weakly interact with CREB-2 bound to a cellular palindromic CRE motif such as that found in the
somatostatin promoter. Mutagenesis of Tax and CREB-2 demonstrates that both N- and C-terminal domains
of Tax and the C-terminal region of CREB-2 are required for direct interaction between the two proteins. In
addition, the Tax mutant M47, defective for HTLV-1 activation, is unable to form in vitro a ternary complex
with CREB-2 and TxRE. In agreement with recent results suggesting that Tax can recruit the coactivator
CREB-binding protein (CBP) on the HTLV-1 promoter, we provide evidence that Tax, CREB-2, and CBP are
capable of cooperating to stimulate viral transcription. Taken together, our data highlight the major role
played by CREB-2 in Tax-mediated transactivation.

Human T-cell leukemia virus type 1 (HTLV-1) is the etio-
logic agent of adult T-cell leukemia (ATL). The viral Tax
protein has been proposed to contribute to the proliferation
and the transformation of T cells by HTLV-1 (reviewed in
references 23 and 54). Tax is involved in transcriptional regu-
lation of several cellular genes and is also a potent transacti-
vator of transcription from the viral long terminal repeat
(LTR) promoter (15, 21, 25, 73). Three 21-bp repeats located
in the U3 region of the LTR are sufficient to confer transac-
tivation of transcription by Tax (12, 26, 63, 69). These con-
served repeats, called Tax-responsive elements (TxREs), can
be subdivided into three motifs known as A, B, and C. The
central domains B correspond to imperfect cyclic AMP re-
sponse elements (CRE) which are able to interact in vitro with
multiple members of the activating transcription factor/CRE-
binding protein (ATF/CREB) family (4, 7, 24, 70, 77, 89). The
domains A and C of TxREs can also be recognized by cellular
factors, such as AP-2, HEB-1, PRDII-BF1, and TAXREB107
(56–58, 66).

To activate transcription of the HTLV-1 genome, Tax does
not bind specifically to DNA (8, 28, 38) but interacts with
cellular ATF/CREB factors bound to the LTR. These factors
are characterized by basic-leucine zipper (bZIP) C-terminal
structures required for DNA binding and protein dimerization.
Tax enhances the binding affinity of these bZIP transcriptional
factors for the 21-bp motifs (3, 24, 81, 85, 90), probably by
stabilizing the LTR-bound complexes through direct contacts
with nucleotides flanking domain B (43, 48, 52). It has also

been suggested that Tax could increase the DNA binding ac-
tivity of ATF/CREB factors by promoting dimerization of their
bZIP domain (3, 39, 81). Then, the LTR-associated Tax mol-
ecule is able to recruit the transcriptional coactivator CREB-
binding protein (CBP) (9, 29, 34, 44) by interacting with the
KIX domain of CBP (44, 84). The recruitment of CBP to the
HTLV-1 promoter could induce local nucleosome modifica-
tions by histone acetylation and facilitate stable binding of
components of the basal transcription machinery (36, 41, 68).

Although several members of the ATF/CREB family have
been described to interact with the TxREs of the HTLV-1
LTR, few of them are able to mediate the Tax-induced trans-
activation of the viral promoter. For instance, ATF-1 and
ATF-2 bind to probes containing the 21-bp motifs (89) but do
not form a stable complex with Tax (2, 13, 53, 87, 90). On the
other hand, CREB forms a stable ternary complex with the
TxREs and Tax (3, 13, 44, 60, 86). This interaction between
CREB and Tax requires the basic region of the CREB bZIP
and a portion of its leucine zipper (2, 5, 61, 88) and the Tax
amino-terminal cysteine-rich region (1, 30, 87). Only after
phosphorylation by cAMP-dependent protein kinase A or
Ca21/calmodulin-dependent kinases I and IV can CREB re-
cruit CBP to stimulate transcription (45). However, the recruit-
ing of CBP directly to CREB by Tax bypasses the requirement
for phosphorylation of CREB, allowing a stimulation of
HTLV-1 transcription independently of cellular activation.

Different observations suggest that CREB is not the only
CRE-binding protein which interacts with Tax in vivo (9, 22,
37, 50, 74, 82). We and others have isolated by the two-hybrid
approach another bZIP protein, CREB-2, that is able to inter-
act with Tax in vitro and in vivo (27, 62). CREB-2 is also known
as ATF-4 or TAXREB 67 (32, 77). CREB-2; mouse mATF-4,
mTR67, and C/ATF; and the aplysia ApCREB-2 represent a
group of bZIP proteins completely different from CREB and
other ATFs (6, 49). The only similarity they share together with
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CREB is a few conserved amino acids in the basic region and
the conserved leucines in the bZIP domain. Unlike CREB,
CREB-2 contains a constitutive activation domain of transcrip-
tion (46, 49) and its unphosphorylated form is able to interact
with CBP in vitro (49). In spite of these differences, CREB-2
also cooperates with Tax to enhance the transcription of the
HTLV-1 LTR promoter (27, 62). In order to characterize the
molecular mechanisms by which Tax and CREB-2 transacti-
vate the HTLV-1 promoter, we studied the interactions of
CREB-2 with Tax by using the yeast two-hybrid system. We
used mutagenesis to determine motifs in Tax and CREB-2
necessary for their interaction. We also analyzed the effects of
Tax on CREB-2 binding to each of the viral 21-bp repeats and
the somatostatin CRE by using biotinylated templates coupled
to streptavidin beads. In addition, we demonstrate that Tax,
CREB-2, and the KIX domain of CBP form a nucleoprotein
complex on the HTLV-1 21-bp repeat in vitro. Finally, we show
by cotransfections that Tax, CREB-2, and CBP are capable of
cooperating to stimulate the transcription of a luciferase re-
porter gene in vivo. Altogether, these results demonstrate the
involvement of CREB-2 in Tax-mediated transactivation.

MATERIALS AND METHODS

Transfections and luciferase assays. The expression vectors pSG-Tax, pCI-
CREB-2, and pCDM7-CREB-2262-351 have been previously described (27, 40,
65). The anti-sense CREB-2 cDNA was cloned into the eukaryotic expression
vector pCI-neo (Promega). The CREB and ATF-2 cDNAs were cloned into the
eukaryotic expression vector pcDNA3.1/His (Invitrogen). The luciferase reporter
plasmids pminLUC-viral TxRE and pminLUC-cellular CRE and the KIX ex-
pression vector pRSV-KIX were a generous gift from Jennifer Nyborg (29).
pCMV-K88A and pRSV-CBP were generous gifts from Chou-Zen Giam (34)
and Richard H. Goodman (44), respectively. For the assays with the GAL4-
binding site promoter-reporter plasmid, the CREB-2 C-terminal domain (amino
acids 263 to 351) was fused in frame with the DNA-binding domain of GAL4
(cloned into pBIND vector [Promega]). Transfection assays were performed in
the presence of the luciferase reporter plasmid pG5luc containing five GAL4
binding sites upstream of a minimal TATA box.

The lymphoblastoid CEM cell line was obtained from the American Type
Culture Collection (Manassas, Va.). Cells were cultured in RPMI 1640 medium
supplemented with 1% penicillin streptomycin antibiotic mixture, 1% Glutamax
(Life Technologies, Eragny, France), and 10% fetal calf serum (Life Technolo-
gies) to a density of 5 3 105 cells/ml in a 5% CO2 atmosphere. CEM cells were
transiently cotransfected according to the previously published procedure (47).
Five micrograms of a b-galactosidase-containing plasmid (pACb1) was included
in each transfection for control of transfection efficiency. The total amount of
DNA in each series of transfections was the same, the balance being made up
with empty pSG-5 or pCI-neo vector. Cell extracts equalized for protein content
were used for luciferase and b-galactosidase assays (47).

Two-hybrid assay in yeast. Studies of interactions between Tax and CREB-2
were carried out by two-hybrid assay with Saccharomyces cerevisiae Y190. Strain
Y190 possesses the Escherichia coli lacZ gene driven by the GAL4-responsive
GAL1 promoter. Wild-type (WT) Tax and mutant Tax cDNAs were cloned in
frame with the GAL4 DNA-binding domain cDNA of the pAS2-1 vector (Clon-
tech Laboratories Inc., Palo Alto, Calif.). CREB-2 and mutant CREB-2 cDNAs
were fused to the GAL4 activation domain of pGAD424 (Clontech). The dele-
tion-containing Tax cDNAs were generated by PCR amplification on the pAS2-
Tax WT, digested by EcoRI and BamHI and subcloned into pAS2-1. For
CREB-2, the mutants were amplified from cDNA prepared from MT-2 cells,
digested by BamHI, and cloned into pGAD424. Yeasts were transformed by the
lithium acetate method (35), and the b-galactosidase assay with o-nitrophenyl-
b-D-galactopyranoside (ONPG) as substrate was carried out on three indepen-
dent colonies per transformation as described in the Clontech protocol. The
b-galactosidase activity was calculated in Miller units (55).

Protein expression and purification. The bacterial expression vector pQE
containing a CREB-2, Tax, Tax M47, Tax 1-307, or KIX cDNA insert was
transformed into E. coli M15. The N-terminal six-His-tagged proteins were
purified as described by the manufacturer (Qiagen), dialyzed against binding
buffer without bovine serum albumin (BSA) and kept at 280°C.

Streptavidin-biotin complex assay. Biotinylated oligonucleotides correspond-
ing to the HTLV-1 21-bp repeats (TxRE I, 59-CCAGACTAAGGCTCTGACG
TCTCCCCCCGGACCT-39; TxRE II, 59-CTCGGGCTAGGCCCTGACGTGT
CCCCCTGAA-39; TxRE III, 59-TCGACGTCCTCAGGCGTTGACGACAAC
CCCTCAC-39; TxRE III-mut, 59-TCGACGTCCTCAGGCGTTTAATACAAC
CCCTCAC-39) and somatostatin CRE (59-GGTTCCTCCTTGGCTGACGTCA
GAGAGAGA-39) were annealed with their complementary oligonucleotides to
form a double-stranded DNA. Biotinylated double-stranded DNA was incubated

with bacterially produced proteins in 200 ml of binding buffer containing 50 mM
Tris (pH 7.5), 500 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 5 mM MgCl2,
0.1% Triton, 5% glycerol, and 10 mg of BSA/ml for 2 h at room temperature
before addition of streptavidin beads (Pierce). After a 1-h incubation at 4°C, the
beads were extensively washed with binding buffer without BSA. The proteins
which remained bound to the beads were eluted in sodium dodecyl sulfate (SDS)
loading buffer and analyzed by Western blotting.

Western blot assay. Proteins were electrophoresed onto SDS–10% polyacryl-
amide gels and blotted onto polyvinylidene difluoride membranes (Millipore).
The blot was then incubated for 1 h at room temperature with a blocking solution
(Tris-buffered saline [TBS] containing 10% milk and 1% Tween 20) prior to
addition of antiserum. After 2 h at 20°C, the blot was washed four times with
TBS–1% Tween 20 and incubated for 1 h with goat anti-mouse or anti-rabbit
immunoglobulin-peroxidase conjugate (Immunotech, Marseilles, France). After
four washes, the membrane was incubated with enhanced chemiluminescence
(ECL) reagent (Amersham). The membrane was then exposed for 0.5 to 5 min
to hyperfilms-ECL (Amersham). The anti-CREB, anti-CREB-2, and anti-KIX
polyclonal sera were purchased from Santa Cruz Biotechnology Inc., Santa Cruz,
Calif., the GAL4 DNA-BD and AD monoclonal antibodies were purchased from
Clontech Laboratories Inc., the RGS-His monoclonal antibodies were purchased
from Qiagen S.A., Courtaboeuf, France, and the anti-Tax monoclonal antibody
was obtained through the AIDS Research and Reference Reagent Program,
Division of AIDS, National Institute of Allergy and Infectious Diseases, National
Institutes of Health. HTLV-1 Tax hybridoma 168A51-42 (Tab176) was from B.
Langton.

RESULTS

CREB-2 enhances Tax-mediated transactivation in vivo.
Previous studies have shown that CREB-2, in cooperation with
Tax, transactivates transcription from the HTLV-1 LTR pro-
moter (27, 62). In order to determine if the TxREs present in
the U3 region of the LTR are involved in this transactivation in
vivo, we first analyzed by a transient-transfection assay per-
formed with CEM cells the ability of CREB-2 to support Tax
transactivation. Tax transactivation was monitored on a lucif-
erase reporter construct carrying a synthetic promoter contain-
ing three tandem copies of the promoter-proximal TxRE, also
called TxRE III (TGACGACA). Figure 1A shows that this
reporter was stimulated about 45-fold with pSG-Tax alone.
This Tax stimulation was likely mediated by an endogenous
ATF/CREB factor(s). Cotransfection of pSG-Tax and an anti-
sense CREB-2 expression vector stimulated luciferase activity
only 18-fold (Fig. 1A), demonstrating that endogenous
CREB-2 was involved in the stimulation of the luciferase gene
transcription from the proximal TxRE. We also tested Tax and
anti-sense CREB-2 on a luciferase reporter construct with a
synthetic promoter containing kB boxes, Tax being known to
activate NF-kB (75). Under these conditions, anti-sense
CREB-2 was unable to downregulate Tax activity (data not
shown), confirming that the decrease in Tax transactivation
from TxRE III in the presence of anti-sense CREB-2 was
specific. Moreover, in the presence of pSG-Tax and pCI-
CREB-2, the expression of the luciferase gene was stimulated
about 160-fold. Control transfection indicated that, in the ab-
sence of Tax, CREB-2 did not trigger activation of the pro-
moter. Lastly, no stimulation was found when cotransfection
assays were performed with ATF-2 (data not shown), a bZIP
factor which is not influenced by Tax (13, 53, 87). Taken to-
gether, our results demonstrate that CREB-2 cooperates with
Tax to stimulate luciferase gene transcription from the proxi-
mal TxRE. As TxRE corresponds to an imperfect CRE motif,
we also analyzed the effects of Tax and CREB-2 on a reporter
construct with a promoter containing three tandemly repeated
copies of the cellular palindromic CRE site (TGACGTCA).
Whereas Tax alone stimulated transcription only 3.5-fold, the
expression of the luciferase gene was activated 8.5-fold in the
presence of Tax and CREB-2 (Fig. 1B). Although the tran-
scription stimulation from the cellular CRE clearly is not as
efficient as that from the viral TxRE, it is noteworthy that such
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an activation has not been detected in equivalent studies with
CREB (13, 44).

Tax stimulates CREB-2 binding to the HTLV-1 21-bp re-
peats. To investigate further how CREB-2 is able to transac-
tivate transcription, we compared the binding of bacterially
synthesized CREB-2 protein to each of the three TxREs and
the somatostatin CRE. For this purpose, we used the strepta-
vidin-biotin complex assay already described for the character-
ization of the complexes formed among Tax, CREB, and
TxREs (1, 44, 86). Double-stranded oligonucleotides corre-
sponding to either any of the three HTLV-1 21-bp repeats or
the somatostatin CRE were incubated with CREB-2 in the
absence or in the presence of Tax. CREB-2 alone bound to
oligonucleotides corresponding to TxREs (Fig. 2, lanes 3, 6,
and 9), but the binding was apparently weaker with TxRE II,
which contains the most imperfect CRE motif (TGACGTGT).
In the presence of Tax, CREB-2 interaction with each of the
TxREs was increased three- to fourfold (Fig. 2, lanes 4, 7, and

10). Tax was also able to associate with CREB-2 bound to the
somatostatin CRE, but in this case, CREB-2 binding to the
cellular CRE was not significantly stimulated by the addition of
Tax (Fig. 2, compare lanes 12 and 13). Analysis was also per-
formed with B motif-mutated TxRE III (TxRE III-mut) to
demonstrate the specificity of the CREB-2 binding. As shown
in Fig. 2, CREB-2 was unable to bind to the oligonucleotide
corresponding to TxRE III-mut.

In conclusion, our results indicate that Tax stimulates the
binding of CREB-2 to the 21-bp repeats but not to the soma-
tostatin CRE. However, a ternary complex of Tax, CREB-2,
and the cellular CRE can be detected. Such an association has
never been described for unphosphorylated CREB, confirming
that the interaction between Tax and CREB-2 is obviously
different than that of Tax and CREB.

The leucine zipper and the short basic C-terminal domain of
CREB-2 are required for interaction with Tax. CREB-2 is a
52-kDa protein (77) which contains, in addition to its C-ter-

FIG. 1. Tax transactivation in vivo is regulated by CREB-2. CEM cells (5 3 106) were cotransfected with 2 mg of luciferase gene driven by three tandem copies of
the viral promoter-proximal TxRE (A) or by three tandem copies of the cellular palindromic CRE site (B), 5 mg of pACb1 (b-galactosidase containing reference
plasmid), 1 mg of pSG-Tax, and 10 mg of pCI-CREB-2 or 20 mg of anti-sense CREB-2 expression vector (CREB-2 AS). The total amount of DNA in each series of
transfection was the same, the balance being made up with the empty plasmids. Luciferase values were normalized for b-galactosidase activity. Values are the means 6
standard deviation (n 5 3).

FIG. 2. Tax stimulates the binding of CREB-2 to TxREs. Biotinylated oligonucleotides (100 ng) corresponding to the HTLV-1 21-bp repeats (TxRE I, TxRE II,
and TxRE III), somatostatin CRE (Cell. CRE), and B motif-mutated TxRE III (TxRE III-mut) were incubated with 20 ng of CREB-2 in the absence (lanes 3, 6, 9,
12, and 15) or the presence (lanes 4, 7, 10, 13, and 16) of Tax (25 ng). Tax alone was also incubated with biotinylated oligonucleotides (lanes 2, 5, 8, 11, and 14). The
complexes were collected on streptavidin beads, and the proteins bound to the beads were analyzed by Western blotting with anti-CREB-2 (top panel) or anti-Tax
(bottom panel) serum. Lane 1 corresponds to incubation of CREB-2 and Tax with streptavidin beads. The experiment was performed three times, with similar results.
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minal bZIP domain (from amino acid residue 282 to 337), a
short basic region corresponding to the last 10 amino acid
residues (from 342 to 351). It has been reported that the
C-terminal region of CREB-2 (from 267 to 351) is involved in
the interaction with Tax (27, 62). To more precisely determine
which CREB-2 amino acid residues are required to interact
with Tax we produced a series of truncated mutants which
were analyzed by using the yeast two-hybrid system. For this
analysis, the mutated CREB-2 proteins were fused at their
amino terminus to the activation domain of the yeast transcrip-
tion factor GAL4 and were tested with S. cerevisiae cells in the
presence of WT Tax fused at its amino terminus to the GAL4
DNA binding domain (Fig. 3). All the carboxy-terminal-trun-
cated mutants without the last 10 amino acids (CREB-2 1-341,
1-305, 274-330, 263-305, 301-341) were unable to interact with
Tax, suggesting that the short basic region of CREB-2 corre-
sponding to the last 10 amino acid residues (from position 342
to 351, RKARGKKRVP) is involved in the interaction with
Tax. Although clearly required for Tax binding, this segment
by itself is not sufficient to sustain binding since the mutant
CREB-2 335-351 did not interact with Tax. On the other hand,
the mutant CREB-2 301-351 encompassing the leucine zipper
subdomain and the 10 C-terminal amino acids was capable of
interacting with Tax. These results clearly demonstrate that the
amino acid sequence of the CREB-2 leucine zipper and its
basic C-terminal segment are required for interactions with
Tax in yeast.

Both N- and C-terminal domains of Tax are critical for
interactions with CREB-2. To map the domains in Tax which
were required for interactions with CREB-2, we tested various
N- and C-terminal truncations of Tax. Each of the Tax mutants
was fused to the GAL4 DNA binding domain and tested for
interaction with the mutant CREB-2 41-351 fused to the GAL4
activation domain in yeast (Fig. 4). When the last 16 C-termi-
nal amino acids of Tax were deleted (pAS2-Tax 1-337), yeasts
cotransformed with this mutant and CREB-2 41-351 showed
b-galactosidase activity stronger than that obtained with WT
Tax. However, with a further C-terminal deletion of Tax
(pAS2-Tax 1-324), which removed almost the totality of an
acidic amino acid stretch (from position 323 to 337,
EKEADENDHEPQISP), the b-galactosidase activity clearly
decreased. Lastly, Tax with a C-terminal truncation which re-
moved a total of 46 amino acids (pAS2-Tax 1-307) was unable
to interact with CREB-2. Truncation of the N-terminal cys-
teine-rich zinc-binding domain of Tax was also tested. Indeed,
this domain has been described to be involved in the interac-
tion with CREB (1, 30, 87). The mutant Tax 62-353 was unable
to interact with CREB-2, suggesting that the N-terminal cys-
teine-rich domain of Tax could be involved in the interaction
with CREB-2. However, it is noteworthy that the mutant Tax
308-353, which contains only the 46 C-terminal amino acids of
Tax, was able to interact with CREB-2 although the N-terminal
cysteine-rich domain was absent. Tax-Tax dimer formation in
yeast offers one simple explanation for these experimental
results. Indeed, Tax functions optimally as a homodimer (76)
and its cysteine-rich zinc finger domain is a necessary region
for dimerization (39). In the case of the mutant Tax 308-353,
the GAL4 DNA binding domain, which binds DNA as a dimer
(16), is directly fused to the C-terminal domain of Tax and thus
could compensate for the absence of the dimerization domain
of Tax. Lastly, we tested two site-directed mutants of Tax
which fail to activate either ATF/CREB (M47)- or NF-kB
(M22)-dependent promoters (71). Both mutants were able to
interact with CREB-2 41-351 in yeast. In conclusion, our tests
suggest that the Tax C-terminal region containing an acidic
domain could be directly involved in the interaction with the

basic segment of CREB-2 and that the N-terminal cysteine-
rich region would be necessary for Tax self-association, thus
promoting the interaction with CREB-2.

The mutants Tax 1-307 and M47 are unable to form an in
vitro ternary complex with CREB-2 and TxRE III. Next, to
confirm that the C-terminal domain of Tax is involved in the
formation of ternary complex Tax-CREB-2-TxRE, we ad-
dressed the specificity of the mutant Tax 1-307 for stimulation
of CREB-2 binding to TxRE III by using the streptavidin-
biotin complex assay. As the anti-Tax monoclonal antibody did
not recognize the C-terminally truncated mutant, we used in
this test the anti-histidine monoclonal antibody which was ca-
pable of detecting the bacterially produced mutant Tax 1-307
(Fig. 5A). As shown in Fig. 5B, this mutant did not stimulate
CREB-2 binding in vitro. We also tested the effects of Tax
M47, which is unable to activate HTLV-1 genome expression
and which is mutated at amino acids 319 and 320 (71). Sur-
prisingly, Tax M47, which retained the ability to interact with
CREB-2 in a yeast two-hybrid assay (Fig. 4) and a glutathione
S-transferase pull-down study (27), was unable to associate in
a ternary complex with CREB-2 and TxRE III (Fig. 5B). This
difference in our results suggests that the interactions between
Tax and CREB-2 probably are less stable when CREB-2 is
bound to DNA. In conclusion, our in vitro assays show that the
C-terminal domain of Tax is involved in ternary complex for-
mation by Tax, CREB-2, and TxRE.

Tax promotes association of CBP with CREB-2. Since
CREB-2 contains a constitutive activation domain (46, 49), the
enhancement of CREB-2 binding to the TxREs by Tax could
be sufficient to explain how Tax activates CREB-2-mediated
transcription. In order to test this model, CEM cells were
cotransfected with a luciferase reporter gene driven by a syn-
thetic promoter containing three tandem copies of either the
HTLV-1 promoter-proximal TxRE or the cellular palindromic
CRE site, pSG-Tax, and pCDM7-CREB-2262-351, which ex-
pressed N-terminally truncated CREB-2 encompassing the
amino acid residues from position 262 to 351 (40). This
CREB-2 mutant has lost its activation domain but still contains
the bZIP domain and the 10 C-terminal amino acids involved
in the interaction with Tax. As shown in Fig. 6, the mutant was
able to stimulate transcription from the viral and cellular pro-
moters in the presence of Tax, confirming that Tax interacted
in vivo with a minimal domain of CREB-2 including the bZIP
and basic C-terminal subdomains. However, this result also
suggested that Tax was able to supplement the absence of the
CREB-2 activation domain in CEM cells.

Tax has been described to recruit the coactivator CBP to the
complex CREB-TxRE (9, 29, 34, 44) by interacting with the
KIX domain of CBP (44, 84). Thus, Tax could supplement the
absence of the CREB-2 activation domain by recruiting CBP
to TxRE. To determine whether Tax promoted association of
CBP with CREB-2 by interacting with KIX, we first analyzed
the effects of the addition of a KIX expression vector in co-
transfection assays with Tax and CREB-2. Cotransfections
were performed with a luciferase reporter construct carrying a
synthetic promoter containing three tandem copies of either
the HTLV-1 promoter-proximal TxRE or the cellular palin-
dromic CRE site. For both promoters, the KIX expression
plasmid was able to decrease the activation by Tax and
CREB-2 in a dose-dependent fashion (Fig. 7). This reduction
was not due to a nonspecific effect of KIX on transcription
since the expression of the KIX domain in CEM cells was
unable to inhibit E2F-mediated transcription (data not shown).
This observation suggests that KIX may compete in vivo with
endogenous CBP for formation of a quaternary complex, CBP-
Tax-CREB-2-TxRE, or CRE. This possibility was tested in
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vitro by using the streptavidin-biotin complex assay. KIX bind-
ing was detected in the presence of CREB-2 with TxRE (Fig.
8, lane 3) as well as with the cellular CRE (Fig. 8, lane 8). This
observation confirms published data showing that unphosphor-
ylated CREB-2 is able to interact with CBP in vitro (49).
However, in the presence of Tax, KIX association with the
complex CREB-2-TxRE was twofold stimulated (Fig. 8, lane
5), showing that Tax promotes association of KIX with
CREB-2. On the other hand, with the cellular CRE motif, we
did not observe a significative increase of KIX binding to
Tax-CREB-2-CRE (Fig. 8, lane 10), probably due to the weak
quantity of Tax present in this complex. This result suggests
that Tax can recruit CBP to the viral TxREs.

FIG. 3. Mutagenesis of CREB-2 defines domains of interaction with Tax. (A)
Schematic representation of CREB-2 proteins fused to the activation domain of
GAL4: the basic and leucine zipper subdomains of the bZIP and the basic
C-terminal domain are represented by black, striped, and grey boxes, respec-
tively. The Y190 yeast cells were transformed with either WT CREB-2 or trun-
cations of CREB-2 fused to the activation domain of GAL4 and WT Tax fused
to the DNA binding domain of GAL4 (pAS2-Tax WT). The transformants were
subjected to a b-galactosidase assay. Symbols: 11, b-galactosidase activity stron-
ger than that obtained with yeasts cotransformed with pAS2-Tax WT and
pGAD-CREB-2 WT; 1, b-galactosidase activity corresponding to yeasts cotrans-
formed with pAS2-Tax WT and pGAD-CREB-2 WT; —, b-galactosidase activity
corresponding to yeasts cotransformed with pAS2-Tax WT and pGAD424.
b-Galactosidase activity 11 corresponds to the level of interaction obtained
with Tax-Tax dimer formation in the two-hybrid system. (B) Stability of the
different mutant CREB-2 proteins fused to the GAL4 activation domain in S.
cerevisiae. Yeast extracts were analyzed by SDS-polyacrylamide gel electrophore-
sis and Western blotting with GAL4 AD monoclonal antibodies. Molecular size
markers (in kilodaltons) are shown on the left.
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In order to determine whether the recruiting of CBP to the
TxREs was involved in the Tax-mediated transcription in vivo,
CEM cells were cotransfected with CREB-2, Tax, and CBP.
For this assay, we used a GAL4-CREB-2 fusion protein whose
binding to the promoter was Tax independent. However, since
CREB-2 bound to a promoter highly activated transcription in

eukaryotic cells (data not shown and references 46 and 49),
only the C-terminal region of CREB-2 (amino acids 263 to
351) was linked in frame to the GAL-4 DNA binding domain.
This fusion protein, called GAL4-CREB-2 bZIP in this work,
was assayed by using the luciferase reporter vector pG5luc,
which contains five GAL4 binding sites upstream of a minimal
TATA box. When CEM cells were cotransfected with GAL4-
CREB-2 bZIP and CBP, the luciferase expression was not
stimulated. On the other hand, when Tax was added, luciferase
expression was stimulated about fivefold (Fig. 9). No stimula-
tion was detected when the Tax point mutant K88A was tested
(Fig. 9), this mutant being unable to interact with CBP (34).

FIG. 4. Mutagenesis of Tax defines domains which interact with CREB-2.
(A) Schematic representation of Tax proteins fused to the GAL4 DNA binding
domain: the cysteine-rich zinc-binding domain and the acidic amino acid stretch
of Tax are represented by striped and black boxes, respectively. Both site-
directed mutants, Tax M22 and M47, are indicated (pp). The Y190 yeast cells
were transformed with either WT Tax or truncations of Tax fused to the DNA
binding domain of GAL4 and the plasmid pGAD-CREB-2 41-351. The trans-
formants were subjected to a b-galactosidase assay. b-Galactosidase activity was
calculated as fold increase relative to yeasts cotransfected with the Tax mutants
in the presence of empty pGAD424. Symbols: 111, b-galactosidase activity
stronger than that obtained with yeasts cotransformed with pAS2-Tax WT and
pGAD-CREB-2 41-351; 11, b-galactosidase activity corresponding to yeasts
cotransformed with pAS2-Tax WT and pGAD-CREB-2 41-351; 1, b-galactosi-
dase activity weaker than that obtained with yeasts cotransformed with pAS2-Tax
WT and pGAD-CREB-2 41-351; —, no stimulation of b-galactosidase activity.
b-galactosidase activity 11 corresponds to the level of interaction obtained with
Tax-Tax dimer formation in the two-hybrid system. (B) Stability of the different
mutant Tax proteins fused to the GAL4 DNA binding domain in S. cerevisiae.
Yeast extracts were analyzed by SDS-polyacrylamide gel electrophoresis and
Western blotting with GAL4 DNA-BD monoclonal antibodies. Molecular size
markers (in kilodaltons) are on the left.
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These data confirm that Tax provides a bridge between the
CREB-2 C-terminal domain bound to the promoter and CBP.

In conclusion, altogether our results demonstrate that Tax
stimulates viral transcription by promoting association of CBP
with CREB-2 bound to TxREs.

Comparative influence of CREB-2 and CREB on HTLV-1
transcription in T cells. Like CREB-2, CREB has been re-
ported to influence Tax-mediated transcription of the HTLV-1
genome. For this reason, we studied the comparative influence
of each in T cells. We first checked the level of endogenous
CREB and CREB-2 in human T-cell lines that were uninfected
or infected with HTLV-1. Immunoblotting analysis indicated
that both factors were expressed in all tested T-cell lines (Fig.
10). However, CREB-2 expression was increased in nuclear
extracts of HTLV-1-infected cells compared with the level seen
in uninfected CEM and Jurkat cells. Our results are similar to
those published by Harhaj et al. (33), who have shown that
expression of the CREB-2 gene is induced in HTLV-1-immor-
talized T cells.

We also analyzed by cotransfections the ability of CREB to
regulate Tax activity in CEM cells. Unexpectedly, we found
that expression of CREB downregulated Tax-mediated tran-
scription (Fig. 11A). On the other hand, CREB did not have
such an effect on E2F- or NF-kB-mediated transcription in the
CEM cell line (data not shown). One possibility to explain this
downregulation is that CREB inhibits Tax-stimulated tran-
scription by a squelching-type mechanism. However, this phe-
nomenon has been described for high concentrations of tran-
scription factors. Because, in our transfection assays, 100 ng of
vector expressing CREB still resulted in downregulation of
Tax-mediated transcription, we do not favor this idea. More-
over, another bZIP factor, CREM, which is closely related to
CREB and able to interact with Tax on the TxREs (4, 74), has
also been shown to be an inhibitor of Tax-mediated HTLV-1
expression in Jurkat and NIH 3T3 cells (10, 11).

To determine whether CREB also has an inhibitory effect in
the presence of exogenous CREB-2, cotransfection assays with
CREB and CREB-2 were performed with CEM cells. Figure
11B shows that stimulation of Tax-mediated transcription by
CREB-2 was inhibited by cotransfection of a vector expressing

FIG. 5. The C-terminal domain of Tax is involved in the specificity of ternary
complex formation. (A) Detection of the mutants Tax 1-307 and M47 by Western
blotting by using anti-histidine antibodies. Each of the Tax proteins was analyzed
by Western blotting with anti-Tax or anti-histidine antibodies. (B) An amount of
100 ng of biotinylated TxRE III was incubated with 20 ng of CREB-2 in the
absence (2) or the presence of 25 ng of either WT Tax (WT), mutant Tax 1-307,
or Tax M47. The complexes were collected on streptavidin beads, and the
proteins bound to the beads were analyzed by Western blotting with anti-
CREB-2 (top panel) or anti-histidine (bottom panel) serum. The experiment was
performed three times, with similar results.

FIG. 6. The bZIP domain of CREB-2 cooperates with Tax to activate a luciferase gene reporter driven by a synthetic promoter containing three tandem copies of
either the HTLV-1 promoter-proximal TxRE (A) or the cellular palindromic CRE site (B). CEM cells were cotransfected as described for Fig. 1 but pCI-CREB-2 was
replaced by 0.5 mg of pCDM7-CREB-2262-351. Values are the means 6 standard deviation (n 5 3).
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CREB. No inhibition was observed when CREB-2 was coex-
pressed with another bZIP factor, ATF-2 (Fig. 11B). Taken
together, our results suggest that CREB inhibits stimulation of
Tax-mediated transcription in CEM cells. CREB has already
been described as an inhibitor of multiple viral activators such
as herpes simplex virus VP16, adenovirus E1A, and HIV-1 Tat
(46). To explain this inhibitory effect, it has been proposed that
CREB could downregulate the expression of a cellular gene

encoding an essential transcription factor (46). Such a model
could also explain why Tax, which enhances the binding affinity
of CREB for TxREs in vitro (24, 85, 90), is unable to stimulate
viral transcription in CEM cells in the presence of CREB.

FIG. 7. KIX represses activation of the viral or cellular CRE by Tax and CREB-2. Cotransfections were performed with CEM cells with either 100 ng of the
luciferase gene driven by the viral promoter-proximal TxRE, 50 ng of pSG-Tax, 500 ng of pCI-CREB-2, and 1, 3, or 9 mg of pRSV-KIX (A) or 2 mg of the luciferase
gene driven by the cellular palindromic CRE, 1 mg of pSG-Tax, 10 mg of pCI-CREB-2, and 1, 3, or 9 mg of pRSV-KIX (B). Luciferase values were normalized for
b-galactosidase activity. Values are the means 6 standard deviations (n 5 3).

FIG. 8. Tax facilitates KIX association with CREB-2. Biotinylated oligonu-
cleotides (100 ng) corresponding to the HTLV-1 TxRE III or somatostatin CRE
(Cell. CRE) were incubated with 20 ng of CREB-2 in the presence of either 60
ng of KIX (lanes 3 and 8), or 25 ng of Tax (lanes 4 and 9), or both Tax and KIX
(lanes 5 and 10). KIX alone (lanes 1 and 6) and CREB-2 alone (lanes 2 and 7)
were also incubated with biotinylated oligonucleotides. The complexes were
collected on streptavidin beads, and the proteins bound to the beads were
analyzed by Western blotting with anti-CREB-2 (top), anti-Tax (middle), and
anti-KIX (bottom) serum. The experiment was performed three times, with
similar results.

FIG. 9. Tax promotes association of CBP with GAL4-CREB-2 bZIP in vivo.
CEM cells were cotransfected with 2 mg of the luciferase reporter vector pG5luc,
5 mg of pACb1, 2.5 mg of a eukaryotic vector expressing a GAL4-CREB-2 bZIP
fusion protein, 1 mg of a plasmid expressing the WT Tax or the Tax point mutant
K88A, and 10 mg of pRSV-CBP. The total amount of DNA in each series of
transfections was the same, the balance being made up with the empty plasmids.
Luciferase values were normalized for b-galactosidase activity and are expressed
as fold increase relative to that of cells transfected with pSG-5, pCI-neo, pG5luc,
and the eukaryotic vector expressing GAL4-CREB-2 bZIP. Values are the
means 6 standard deviations (n 5 3).
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DISCUSSION

Tax protein is involved in the stimulation of HTLV-1 ge-
nome transcription. It has been clearly demonstrated that Tax
interacts with CREB bound to the three TxREs of the LTR
promoter (3, 13, 44, 60, 86) and stabilizes these complexes by
contacting nucleotides flanking the TxREs (43, 48, 52). More-
over, Tax is able to recruit CBP to form a quaternary complex,
CBP-Tax-CREB-TxRE (9, 29, 34, 44). We and others have
recently identified by the yeast two-hybrid approach another
member of the ATF/CREB family, CREB-2, capable of inter-
acting with Tax (27, 62). CREB-2 colocalizes with Tax in the
nucleus and cooperates with Tax to enhance viral transcription

(27, 62). In this paper, we demonstrate that Tax is also able (i)
to interact with CREB-2 bound to the three TxREs, (ii) to
enhance the binding of CREB-2 to each of the TxREs, and (iii)
to recruit CBP to the viral promoter. Moreover, the N-terminal
region of CREB-2 is also able to interact with different do-
mains of CBP (49). Therefore, CREB-2, Tax, and CBP, which
interact with each other, may form a very stable complex.

Although Tax has the same effects on both CREB and
CREB-2, the nature of molecular interactions between the
different proteins is completely different. Thus, CREB is un-
able to interact with Tax in a yeast two-hybrid assay (4, 70). It
has been proposed that the masking of the Tax N terminus by
the GAL4 DNA binding domain is probably responsible for
the inability of Tax to interact with CREB. Indeed, the N-
terminal cysteine-rich domain of Tax has been shown to be
required for interaction with CREB (1, 30, 87). On the other
hand, the isolation of CREB-2 by the yeast two-hybrid ap-
proach by using Tax as bait (27, 62) suggests that CREB-2
interacts with Tax in a different way than that of CREB. Here,
we find that the N-terminal cysteine-rich domain of Tax is also
necessary for binding to CREB-2 but not sufficient by itself.
Indeed, the 46 C-terminal amino acids of Tax, encompassing
its acidic domain, are involved in this interaction. Moreover,
the site-directed mutant Tax M47, which is mutated at amino
acids 319 and 320 and which fails to stimulate transcription
from the HTLV-1 LTR promoter (71), was also tested. Al-
though Tax M47 interacts with CREB-2 in a yeast two-hybrid
assay, this mutant does not form a ternary complex with
CREB-2 and TxRE III in vitro. As Tax probably interacts in
vivo with CREB-2 bound to the HTLV-1 promoter, the results
obtained from the avidin-biotin complex assay are probably
more representative of the interactions between Tax and
CREB-2. In addition, Reddy et al. (62) found that the Tax
mutants P316-A and L320-G, two point mutants unable to
transactivate the HTLV-1 LTR (67), were also unable to in-
teract with CREB-2. All these results confirm the involvement
of the Tax C-terminal region in the formation of a complex

FIG. 10. Analysis of CREB and CREB-2 expression in human T-cell lines
infected with HTLV-1. For immunoblot analysis, 30 mg of protein of nuclear
extracts prepared as already described (47) from CEM and Jurkat cells and from
HTLV-1-infected T cells, MT4 and C8166, was electrophoresed through an
SDS–8% polyacrylamide gel and analyzed by immunoblotting using anti-CREB
(top), anti-CREB-2 (middle), or anti-Tax (bottom) serum. The Western blot was
stained with naphthol blue black to be sure that the same amount of protein was
loaded for each sample (data not shown).

FIG. 11. CREB downregulates Tax-mediated transcription in CEM cells. (A) CEM cells were cotransfected with 2 mg of the luciferase gene driven by three tandem
copies of the viral promoter-proximal TxRE, 5 mg of pACb1, 1 mg of pSG-Tax, and 0.1, 1, 5, and 10 mg of pcDNA3.1/His-expressing CREB. Luciferase values were
normalized for b-galactosidase activity. Values are the means 6 standard deviation (n 5 3). (B) Cotransfection assays were performed as described above in the
presence of 10 mg of vector expressing either CREB-2, CREB, or ATF-2. Values are the means 6 standard deviation (n 5 3).
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with CREB-2. Besides, we demonstrated that CREB-2 inter-
acts with Tax through its leucine zipper subdomain and its
short basic C-terminal domain. On the other hand, the basic
subdomain of the CREB-2 bZIP is not required although the
equivalent domain of CREB is indispensable for the associa-
tion between CREB and Tax. It is noteworthy that for both
proteins, Tax and CREB-2, the domains which have been re-
ported to be involved in protein dimerization, the cysteine-rich
and leucine- zipper subdomains, respectively, are necessary to
form a stable complex. This observation suggests that dimer-
ization of both proteins could be required for a specific inter-
action, as already suggested for Tax and CREB (39, 76).

Previously published results show that cellular transcrip-
tional activation through the ATF/CREB pathway could play
an important role in Tax-mediated cellular immortalization
(64, 72). Here, we found that unphosphorylated CREB-2 is
able to form a complex with Tax on the cellular CRE motif.
However, Tax does not enhance the binding of CREB-2 to the
cellular promoter, probably because the cellular CRE motif is
not flanked by GC-rich sequences indispensable to direct ac-
cess of Tax to DNA (43, 48, 52). Association of Tax with CREB
bound to a CRE cellular motif has also been described, but in
this case, the mechanism is completely different since Tax
associated with the cellular CRE only in the presence of phos-
phorylated CREB and CBP (44). Thus, the recruiting of Tax
directly to unphosphorylated CREB-2 bound to cellular pro-
moters could allow a stimulation of cellular transcription in-
dependently of cellular activation. Moreover, CREB-2 is
known to heterodimerize with many bZIP transcription fac-
tors, such as ATF-1, ATF-2, ATF-3, C/EBPa, -b, -d, -ε, -g, and
-z, c-Fos, c-Jun, JunB, JunD, Fra-1, and GPE1-BP (14, 18, 31,
42, 59, 79, 80), and several of these factors have been described
to be involved in transactivation of cellular gene transcription
in cooperation with Tax (17, 19, 20, 51, 78, 83). It is tempting
to speculate that CREB-2 could stimulate Tax-mediated tran-
scription of the viral and cellular genes in association with
these different factors. Experiments are under way to further
evaluate this possibility.

In conclusion, the experiments presented here, together with
previously published results (27, 62, 77), provide a strong body
of evidence for the involvement of CREB-2 in the Tax-medi-
ated stimulation of HTLV-1 genome transcription. Recently,
expression profiles of 588 genes were studied in HTLV-1-
immortalized T cells (33). Among the 588 genes analyzed, 57
were induced, and among the transcription factor genes, seven
were stimulated. These factors include c-Rel (known to bind
Tax and to be activated by Tax [75]), c-Jun (a protooncogene
involved in the basal expression of the HTLV-1 LTR [37]), and
CREB-2. This observation suggests that these transcriptional
factors could effectively play a key role in the mechanisms
involved in T-cell transformation by HTLV-1.
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