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Abstract Infection of lymphocytes by the human immunodeficiency virus type 1 (HIV-1) is associated with an
increase in intracellular cAMP levels. Recent studies have shown that lymphocytes are able to synthesize and bind the
dopamine, known to affect multiple cellular pathways, such as the cAMP pathway. Here we have investigated the
molecular mechanisms by which cAMP and dopamine regulate HIV-1 gene transcription in Jurkat T cells. Transient
expression experiments revealed that dopamine and forskolin lead to a synergistic stimulation of long terminal repeat
(LTR)-driven transcription. This action is mediated through the cAMP response element binding (CREB) protein and
chicken ovalbumin upstream promoter transcription factor (COUP-TF). CREB and COUP-TF act indirectly through the
minimal -40/180 and -68/180 LTR region, respectively. We have previously demonstrated that COUP-TF stimulates
HIV-1 transcription via the -68/129 LTR region without direct DNA binding. Here, gel supershift experiments show that
CREB does not directly bind to the -45/185 proximal LTR sequences. Moreover, our data reveal novel functional
interactions between COUP-TF and CREB, which lead to synergistic cAMP- and dopamine-induced transactivation of
the HIV-1 LTR. These findings reveal that dopamine-induced signals and the cAMP pathway stimulate HIV-1 gene
transcription in lymphocytes by converging to the minimal –68/180 LTR region, through the transcription factors CREB
and COUP-TF. J. Cell. Biochem. 75:404–413, 1999. r 1999 Wiley-Liss, Inc.
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Infection by the human immunodeficiency
virus type 1 (HIV-1) leads to qualitative im-
mune deficiencies which relate to interference
with second messengers pathways in infected T
cells. The importance of the cAMP signaling
pathway during the course of HIV-1 infection
has been well established. Levels of intracellu-
lar cyclic AMP (cAMP) are higher in HIV-
seropositive subjects than in controls [Hofman
et al., 1993b]. An increase in intracellular levels
of cAMP has been reported in T-cell lines [Nokta
and Pollard, 1991] and normal lymphocytes
infected with HIV-1 [Hofmann et al., 1993].
Moreover HIV-1 replication is a cAMP-depen-
dent event, since dibutyryl cAMP and forskolin,
an activator of adenylate cyclase, enhance viral

replication in MT-4 cells [Nokta and Pollard,
1992]. It is well known that increased intracel-
lular cAMP levels cause stimulation of protein
kinase A (PKA), which leads to activation of the
CREB/ATF transcription factor family through
PKA-mediated phosphorylation. This phospho-
CREB then recruits the adaptor CREB-binding
protein (CBP) and basal transcription factors,
which lead to increased promoter activation
[for review see Nordheim, 1994]. A recent re-
port revealed that HIV infection rapidly in-
creases CREB/ATF binding activity and levels
of CREB/ATF proteins in a T-cell line infected
by HIV-1 [Rabbi et al., 1997].

The neurotransmitter dopamine is present
as free, conjugated and intraplatelet free circu-
lating forms in plasma [Marasini et al., 1987].
Recent studies have established that dopamine
is actively produced by lymphocytes [Bergquist
et al., 1994; Musso et al., 1996] and modulates
peripheral blood lymphocyte activity via dopa-
mine D3 and D5 receptors [Ricci and Amenta,
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1994; Barili et al., 1996] or via cellular uptake
[Bergquist et al., 1994; Faraj et al., 1994]. The
action of dopamine, well studied on target cells
of the central nervous system, affects multiple
intracellular pathways such as formation of
cAMP, inositolphosphates and arachidonic acid,
and alteration of the properties of ion channels
[Mena et al., 1995; Lin et al., 1995; Van den Pol
et al., 1996; Konradi et al., 1996]. Signals medi-
ated by dopamine receptors D1 and D5, a D1-
like isoform, lead to increased cAMP levels and
PKA activity, while D2-like receptors, such as
the D2, D3, and D4 isoforms lead to a decrease
of cAMP levels and inhibition of PKA activity.
Depending on the cell type, pathways to the
nucleus involve protein kinase A (PKA), protein
kinase C (PKC) or tyrosine kinase proteins
which regulate the activity of various transcrip-
tion factors, such as CREB, AP-1, and the
nuclear orphan receptor chicken ovalbumin up-
stream promoter transcription factor (COUP-
TF) [Miyajima et al., 1988; Wang et al., 1987,
1989], through transcriptional and post-tran-
scriptional events [for review see Rogue and
Malviya, 1994].

HIV-1 gene expression is controlled by viral
and host cell transcription factors which inter-
act with the long terminal repeat (LTR) region.
Transcriptional activity of the HIV-1 promoter
is mediated by the adjacent Sp1 and the kB
regulatory sequences of the LTR through the
action of the transcription factors Sp1 and NF-
kB. In addition, various modulatory sequences
contribute to the regulation of the HIV-1 ge-
nome [for review see Kingsman and Kingsman,
1996]. Recently, a recognition sequence for mem-
bers of the CREB/ATF family was identified
between the lymphoid enhancer binding factor
1 (LEF-1) and the NF-kB sites [Krebs et al.,
1997]. A downstream element was also identi-
fied as a novel TRE-like cAMP responsive ele-
ment capable of binding AP-1 and CREB/ATF
within the untranslated leader region [Rabbi et
al., 1997]. Dopamine has been described to acti-
vate COUP-TF by a phosphorylation-mediated
event [Power et al., 1991]. We have reported
that in neuronal cells, dopamine acts in concert
with COUP-TF to stimulate HIV-1 gene tran-
scription, via the proximal region of the LTR
[Sawaya et al., 1996].

The effects of dopamine on HIV-1 gene expres-
sion in T cells have not yet been examined.
Moreover, since the activities of the transcrip-
tion factors CREB and COUP-TF are both

modulated by dopamine and cAMP, and that
dopamine binding modulates the cAMP path-
way, it was of interest to examine how these
factors regulate HIV-1 gene expression in the
presence of dopamine and cAMP.

MATERIALS AND METHODS
Materials

Cell culture media and all reagents, unless
specified, were obtained from Sigma. (14C)chlor-
amphenicol was obtained from NEN Life Sci-
ence. The LTR -45/-19, -25/-1, -5/125, 120/157,
and 157/186 oligonucleotides were synthe-
sized as two complementary single strand DNA
by Eurogentech.

Plasmid Constructs

The LTR(LAI)-CAT, pRSV-COUP-TFI, and
pRSV-COUPdel48 vectors were described previ-
ously [Sawaya et al., 1996; Rohr et al., 1997].
GC-WAP-CAT, GCmut-WAP-CAT (gift of Dr.
B.E. Sawaya, Philadelphia) contain respec-
tively the Wild-type and mutant (-79/-45) GC-
rich region from HIV-1 LTR [Taylor et al., 1992].

Cell Culture, Transfections, and CAT Assays

Jurkat T cells were grown in RPMI 1640
supplemented with 10% fetal calf serum, 10
mM HEPES, and penicillin/streptomycin (100
units/ml). Cells were transfected by the DEAE-
dextran method with 1 pmol of LTR-CAT re-
porter plasmid and 0.5 pmol of expression vec-
tor: RSV-COUP-TF (gift of Dr. M.J. Tsai;
Houston, TX), CMV-Sp1 (gift of Dr. R. Tjian,
Berkeley, CA), RSV-CREB (gift of Dr. G. Schütz,
Heidelberg, Germany), RSV-K-CREB (gift of
Dr. F. Guillou, INRA, Tours, France). When
indicated, cells were treated with dopamine
(100 µM), dibutyryl cAMP (dBcAMP; 0.5 mM),
forskolin (50 µM), 24 h after transfection, and
incubated for another 24 h before harvesting.
Cell extracts were prepared 48 h after transfec-
tion. Each transfection was repeated at least
four times with different plasmid preparations.
Chloramphenicol acetyltransferase (CAT) as-
says were performed as described previously
[Sawaya et al., 1996]. Acetylated and nonacety-
lated forms of chloramphenicol were extracted
with ethyl acetate and separated by thin layer
chromatography on silica gel. Percentage con-
version of (14C)chloramphenicol to its acety-
lated forms was quantified with a phosphorim-
ager (Fuji). In cotransfections experiments, CAT
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activities were expressed relative to the value
obtained with the corresponding LTR-CAT re-
porter vector, taken as 1.

Electrophoretic Mobility Shift Assays

EMSAs were performed with nuclear pro-
teins extracted from Jurkat cells as described
previously [Sawaya et al., 1996]. Mixtures were
incubated for 15 min at 4°C and protein-DNA
complexes were analyzed by electrophoresis on
a 6% polyacrylamide gel in 0.25 3 TBE. For
supershift assays, antibodies directed against
ATF-1/CREB (sc-270X; Santa Cruz Biotechnol-
ogy) or normal rabbit serum, were mixed with
nuclear proteins for 4 h at 4°C prior addition of
the probe.

Immunoprecipitation

COUP-TF and CREB proteins were prepared
by in vitro translation using the TNT T7 system
(Promega). One-fifth of in vitro translated pro-
teins was incubated in 400 µl of TNE (50 mM
Tris pH 8.0, 1% Nonidet, 2 mM EDTA, and a
mixture of protease inhibitors), mixed with pro-
tein A-agarose beads (20 µl) and gently shaken
for 1 h at 4°C. The suspension was briefly
centrifugated and the supernatant was mixed
with 2 µl of antibodies directed against ATF-1/

CREB (sc-270X; Santa Cruz Biotechnology),
COUP-TF (sc-6577X; Santa Cruz Biotechnol-
ogy) or with 2 µl of nonimmune serum. After
overnight incubation at 4°C, protein A-agarose
(20 µl) was added and mixed for 2 h. After
extensive washing of the beads with TNE, 15 µl
of the beads were subjected to SDS-PAGE.

RESULTS
Dibutyryl cAMP, Forskolin, and Dopamine
Stimulate HIV-1 LTR-Driven Transcription

in Jurkat Cells

To examine the effects of cAMP and dopa-
mine on HIV-1 gene transcription, Jurkat cells
were transfected with a LTR(LAI)-CAT re-
porter vector, and subsequently treated for 24 h
with either the cAMP analog dibutyryl cAMP
(dBcAMP), forskolin, an activator of adenylate
cyclase, or dopamine (Fig. 1). Analysis of chlor-
amphenicol acetyl transferase (CAT) activity
was performed 48 h after transfection. Results
showed that dBcAMP, forskolin, and dopamine
stimulate CAT activity 2.0-, 3.3-, and 3.1-fold,
respectively. Interestingly, treatment with both
dopamine and forskolin resulted in a 9.7-fold
synergistic transcriptional increase.

To delineate the LTR sequences responsible
for induced HIV-1 transcriptional activation,

Fig. 1. Dibutyryl cAMP, forskolin and dopamine stimulate HIV-1 LTR-directed transcription in Jurkat cells. Jurkat
cells were transfected with the HIV-1 LTR-CAT reporter vectors shown on the left panel and either left untreated or
treated for 24 h with either dibutyryl cAMP (0.5 mM), forskolin (50 µM) or dopamine (100 µM), as indicated. Cells
extracts were prepared 48 h after transfection and CAT assays were performed. Error bars represent standard
deviations from three experiments.
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cells were transfected with LTR-CAT vectors
containing 58-deleted LTR regions, and subse-
quently treated as above (Fig. 1). Forskolin
alone stimulated the CAT activity of -68/180
LTR-CAT and -40/180 LTR-CAT, 7.0- and 1.4-
fold, respectively. With the combination of for-
skolin and dopamine, CAT activity was stimu-
lated 19- and 5.6 -fold, with -68/180 LTR-CAT
and -40/180 LTR-CAT, respectively. These re-
sults show that the transcriptional stimulation
induced by forskolin and the combination of the
two stimuli can be mediated through the
-68 6 80 LTR region, containing only two Sp1
sites, and even, although at a lower extent,
through the minimal -40/180 LTR region. Dopa-
mine alone was unable to affect transcription
from the truncated regions, which indicates
that the effect of dopamine is mediated by an
element located upstream from position -68.
Further experiments are needed to examine
more precisely the nature of this element.

COUP-TF Mediates Forskolin-
and Dopamine-Induced HIV-1 Gene

Transcription via the Proximal -68/180
LTR Region

The transcription factor COUP-TF belongs to
the steroid/thyroid/retinoid receptor superfam-
ily of transcription factors [Wang et al., 1989]
and was shown to mediate dopamine respon-
siveness via the cAMP pathway [Power et al,
1991]. The presence of COUP-TF has been de-
scribed in all tissues and in Jurkat cells [Miya-
jima et al., 1988; Cooney et al., 1991]. We have
previously described that in neuronal cells,
COUP-TF and dopamine stimulate HIV-1 gene
transcription via the -68/129 region of the LTR
[Sawaya et al., 1996]. We have also reported
that COUP-TF acts as a transcriptional activa-
tor in microglial cells, via the proximal -68/129
LTR region [Rohr et al., 1997]. However, the
effect of COUP-TF on HIV-1 gene transcription
in lymphocytes has not been reported yet. When
cotransfection experiments were performed with
LTR-CAT and the COUP-TF expression vector
(Fig. 2A,B, lane 2), CAT activity was stimulated
3.9-fold, which indicates that COUP-TF also
acts as an activator of HIV-1 gene transcription
in Jurkat cells. When cells were subsequently
treated with forskolin or dopamine, CAT activi-
ties were further increased 10.5- and 13.3- fold
(Fig. 2, lane 2), which confirms that COUP-TF
also mediates cAMP and dopamine responsive-
ness.

With the truncated -68/180 LTR-CAT vector,
overexpression of COUP-TF led to a 4.6-fold
CAT stimulation (Fig. 2C, lane 9). In the pres-
ence of forskolin and dopamine, overexpression
of COUP-TF led to a 16.4- and 9.3-fold CAT

Fig. 2. Effect of the transcription factors CREB and COUP-TF
on HIV-1 gene transcription in the presence of forskolin or
dopamine. A: A representative CAT assay, performed after tran-
sient expression experiments in Jurkat cells, cotransfected with
LTR-CAT and the indicated expression vector, in the absence or
presence of dopamine treatment. B,C: Histograms represent
CAT activities expressed relative to the value obtained with the
corresponding LTR-CAT reporter vector, taken as 1, LTR-CAT,
-68/180 LTR-CAT, or -40/180 LTR-CAT (1 pmol) and vectors
expressing either CREB, K-CREB, COUP-TF, or Sp1 (0.5 pmol).
Cells were treated or not with forskolin (50 µM) or dopamine
(100 µM) for 24 h. Values correspond to an average of at least
three independent experiments done in duplicate.
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stimulation, respectively. In contrast, with
-40/180 LTR-CAT, overexpression of COUP-TF
did not result in any change of CAT activity
(Fig. 2C, lane 13). These findings clearly indi-
cate that COUP-TF mediates transactivation,
as well as forskolin and dopamine responsive-
ness, via the -68/180 sequence of the LTR.

CREB Mediates Forskolin- and
Dopamine-Induced HIV-1 Gene Transcription

via the Basal -40/180 LTR Region

It is well known that the action of cAMP is
mediated through the family of the transcrip-
tion factors CREB/ATF [Lalli and Sassone-
Corsi, 1994]. While the action of dopamine in
cells of the central nervous system has been
shown to be essentially mediated by cAMP
[Rogue and Malviya, 1994], in lymphocytes,
these studies remain to be done. We therefore
examined which region of the HIV-1 LTR was
responsible for mediating the action of the tran-
scription factor CREB, in the absence or pres-
ence of forskolin and dopamine. When Jurkat
cells were cotransfected with the full length
LTR-CAT vector and the CREB expression vec-
tor, the basal CAT level was increased 2.2-fold
(Fig. 2A,B, lane 3). Treatment of cells with
forskolin or dopamine led to a 6.4- and 8.1-fold
stimulation of CAT activity, respectively (Fig. 2,
lane 3). This result indicates that CREB is able
to mediate both forskolin and dopamine respon-
siveness.

With the truncated -68/180 LTR-CAT vector,
containing only two Sp1 sites and the TATA
box, overexpression of CREB led to a 3.2-fold
stimulation (Fig.2C, lane 10). This finding indi-
cates that the previously described CREB/ATF
binding site located next to the NF-kB element
[Krebs et al., 1997] is not essential for CREB-
mediated transactivation. In the presence of
forskolin or dopamine, CAT stimulation was
further increased 12.7 and 13.7-fold, respec-
tively (lane 10).

Interestingly, with the vector containing the
-40/180 basal LTR sequences, overexpression
of CREB was still able to stimulate transcrip-
tion 2.8-fold in the absence of any stimulus, and
4.5- and 18.6- fold, in the presence of forskolin
or dopamine, respectively (Fig. 2C, lane 14).
These results clearly demonstrate that CREB
is able to mediate forskolin- and dopamine-
induced transcriptional stimulation through the
minimal -40/180 LTR sequences. This region
does not contain any CRE or CRE-like se-

quence. However, interactions of CREB with
the basal transcription factors TFIIB, TFIID,
and the adaptor CBP have already been demon-
strated [Ferreri et al., 1994; Xing et al., 1995;
Chrivia et al., 1993].

When similar cotransfection experiments
were performed with LTR-CAT and the K-CREB
mutant vector, containing a mutation which
prevents DNA binding and functions like a
dominant negative mutant [Walton et al., 1992],
the basal and dopamine-induced CAT activities
were not significantly affected (Fig. 2B, lane 5).
This result confirms the importance of wild-
type CREB in mediating cAMP and dopamine
signals, and suggests that the DNA binding
region of CREB is required for transactivation.

CREB and COUP-TF Synergistically Activate
Forskolin- and Dopamine-Induced HIV-1

Transcriptional Stimulation

Since CREB and COUP-TF are able to medi-
ate HIV-1 LTR-driven transcriptional stimula-
tion, as well as dopamine and forskolin respon-
siveness, it was of interest to examine how
HIV-1 gene transcription is modulated by the
combination of both factors. With full length
LTR-CAT, overexpression of both CREB and
COUP-TF led to an additive CAT activity; when
cells were further treated with forskolin or do-
pamine, CAT activity was enhanced 22- and
31-fold, respectively (Fig. 2A,B, lane 4). As pre-
sented above, forskolin and dopamine led to a
6.4- and 8.1-fold increase in the presence of
CREB alone (Fig. 2, lane 3) and to a 10.5- and
13.3-fold increase in the presence of COUP-TF
alone (Fig. 2, lane 2). These results indicate
that in the presence of both factors, each stimu-
lus leads to a synergistic transcriptional in-
crease, compared with the effect obtained with
either CREB or COUP-TF alone.

As could be expected, with -68/180 LTR-CAT,
the combined action of CREB and COUP-TF
also led to a synergistic enhancement of tran-
scriptional activity, in uninduced and forskolin-
or dopamine-induced conditions, since CAT ac-
tivity was increased 15.2-, 47-, and 29- fold,
respectively (Fig. 2C, lane 11).

It was interesting to test the effects of the
combination of the two factors on the -40/180
LTR region, since only CREB, and not COUP-
TF, was able to transactivate this region. With
-40/180 LTR-CAT, as decribed above, overex-
pression of CREB led to a 2.8- and 4.5- fold
increase, in the absence or presence of forskolin
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(Fig. 2, lane 14). Overexpression of both
COUP-TF and CREB led to a synergistic 20-
and 47-fold increase in CAT activity, in the
absence or presence of forskolin (Fig. 2, lane
15). These results reveal a functional synergy
between CREB and COUP-TF, and suggest that
these two proteins do interact, directly or indi-
rectly.

We have previously reported that COUP-TF
and Sp1 interact, and synergistically activate
LTR-driven transcription in microglial cells
[Rohr et al., 1997]. It was therefore interesting
to examine how COUP-TF and Sp1 regulate
HIV-1 gene transcription in Jurkat cells. Sur-
prisingly, overexpression of Sp1 alone did not
lead to a transcriptional increase, which may
be explained by a high level of endogeneous Sp1
protein (Fig. 2B, lane 6). Moreover, the combina-
tion of Sp1 and COUP-TF was unable to change
the level of expression obtained with each fac-
tor alone (Fig. 2, lanes 2, 6, 7). Dopamine treat-
ment led to a 11-fold stimulation, similar to the
13-fold stimulation observed with COUP-TF
alone (Fig. 2, lane 7). These findings reveal that
in Jurkat cells, in contrast with microglial cells,
COUP-TF does not synergize with Sp1, which
stresses the importance of cell-type specific
mechanisms which operate in the nucleus and
regulate LTR-driven transcription.

COUP-TF and CREB Do Not Interact Directly

To test whether COUP-TF and CREB inter-
act directly, co-immunoprecipitation experi-
ments were performed with in vitro translated
35S-labeled COUP-TF and CREB proteins (Fig.
3). Results showed that anti-ATF-1/CREB anti-
bodies were unable to coimmunoprecipitate the
COUP-TF protein (Fig. 3, lane 3); vice-versa,
anti-COUP-TF antibodies were unable to coim-
munoprecipitate the CREB protein (Fig. 3, lane
6). As a control, anti-ATF1/CREB antibodies
and anti-COUP-TF antibodies were able to im-
munoprecipitate CREB (Fig. 3, lane 1) and
COUP-TF (Fig. 3, lane 4), respectively. These
results indicate that COUP-TF and CREB do
not interact directly in vitro. Moreover, co-
immunoprecipitation experiments performed
with extracts from Jurkat cells confirmed that
anti-CREB antibodies were unable to coimmu-
noprecipitate the COUP-TF protein; vice-versa,
anti-COUP-TF antibodies were unable to coim-
munoprecipitate the CREB protein (results not
shown), further indicating that COUP-TF and
CREB do not interact directly.

Domains of COUP-TF and CREB Involved
in the Transcriptional Synergy

To investigate which region of CREB was
required for the observed transcriptional syn-
ergy, -40/180 LTR-CAT was cotransfected with
COUP-TF and the mutant K-CREB. As seen in
Fig. 2C (lane 16), K-CREB was unable to syner-
gize with COUP-TF, in contrast with Wild-type
CREB (Fig. 2C, lane 15). This result suggests
that the DNA binding domain of CREB is re-
quired for the transcriptional synergistic effect
with COUP-TF.

To examine which region of COUP-TF was
involved in the synergistic effect, transfection
assays were carried out with -68/180 LTR-CAT
and either pRSV-COUP-TFI containing the full
length COUP-TF or pRSV-COUPdel48, contain-
ing only the N-terminal region of COUP-TF. In
the presence of overexpressed CREB, the full
length and the truncated COUP-TF stimulated
the CAT activity 11-and 14-fold, respectively.
As a control, overexpression of CREB alone, led
to a 3-fold stimulation (results not shown). This
result shows that the N-terminal part of COUP-
TF, containing the DNA binding domain, is
sufficient for the transcriptional synergy with
CREB.

Fig. 3. CREB and COUP-TF do not interact directly in vitro.
35S-labeled COUP-TF was produced by in vitro translation using
the TNT T7 kit (Promega) and incubated with in vitro translated
unlabeled CREB, followed by immunoprecipitation with either
non-immune serum (NIS, lane 2) or anti-ATF-1/CREB antibodies
(lane 3). 35S-labeled CREB was translated in vitro, incubated
with in vitro translated unlabeled COUP-TF, and immunoprecipi-
tated with either non-immune serum (lane 5) or anti-COUP-TF
antibodies (lane 6). As a control, 35S-CREB and 35S-COUP-TF
were immunoprecipitated by their respective antibodies, anti-
ATF-1/CREB (lane 1) and anti-COUP-TF (lane 4).
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CREB Stimulates HIV-1 Transcription Without
Direct Interactions With the -45/180 LTR Region

Since our results showed that CREB stimu-
lates HIV-1 gene transcription via the basal
-40/180 LTR region, it was interesting to exam-
ine whether CREB was directly binding to this
region. Supershift experiments were performed
with nuclear extracts from Jurkat cells and a
series of oligonucleotide probes corresponding
to the -45 to 185 LTR region, in the presence of
either ATF-1/CREB antibodies or non immune
serum (NIS). As seen on Figure 4, the DNA/
protein complexes formed with the various LTR
probes were not altered in the presence of NIS
or anti ATF-1/CREB. As a control, the specific
DNA-protein complexes C2, C3, and C4 formed
with the CRE probe, corresponding to the CREB
binding consensus sequence [Sassone-Corsi et
al., 1988] were supershifted in the presence of
anti-ATF-1/CREB antibodies. These results
clearly indicate that the CREB protein present
in Jurkat nuclear extracts is unable to directly
bind to the DNA sequences of the -45/180 LTR
region. However, interactions of CREB with the
basal transcription factors TFIIB, TFIID, and
the adaptor CBP have already been reported

[Ferreri et al., 1994; Xing et al., 1995; Chrivia
et al., 1993].

Sp1 Sites are Sufficient for Forskolin-
and Dopamine-Induced Synergistic

Transcriptional Activation

To precisely examine the role of the Sp1 sites
present within the -68/180 LTR region in medi-
ating the action of COUP-TF, either alone or in
the presence of CREB, we used the GC-WAP-
CAT construct in which the -79/-45 Sp1 se-
quence of the HIV-1 LTR is inserted in a heter-
ologous background. The Sp1 sites are located
in front of the whey acidic protein (WAP) pro-
moter containing a CAAT and a TATA box [Tay-
lor et al., 1992]. As shown in Figure 5, transcrip-
tion directed by the GC-WAP promoter was
stimulated 28- and 4-fold, in the presence of
overexpressed COUP-TF or CREB, respec-
tively. A synergisitic 37-fold stimulation was
observed with the combined action of COUP-TF
and CREB. When cells were treated with dopa-
mine, COUP-TF and CREB alone mediated a
44- and a 17-fold stimulation, respectively; the
combination of both proteins led to a synergis-
tic 90-fold stimulation. When cells were treated
with forskolin, COUP-TF alone mediated a 76-

Fig. 4. CREB does not directly bind to the -45/180 region of
the HIV-1 LTR. Supershift experiments were performed with
nuclear extracts (5 µg) from Jurkat cells, incubated in the
presence of either non immune serum (lanes NIS) or anti-ATF-1/
CREB (lanes ATF-1). After 4 h at 4°C, gel retardation assays were
performed with 1 ng of 32P end-labeled -45/-19, -25/-1, -5/125,
120/157, 157/186 oligonucleotide probes corresponding to
the LTR region, and the control CRE probe. The specific com-
plexes (C1–C4 and C1’–C4’) and the non-specific complexes
(nsc) are indicated.

Fig. 5. Sp1 sites are sufficient for forskolin- or dopamine-
induced synergistic transcriptional stimulation mediated by
COUP-TF and CREB. The GC-WAP-CAT and GCmut-WAP-CAT
vectors contain respectively the -45/-79 GC-rich wild-type and
mutant sequence from the HIV-1 LTR, inserted upstream of the
promoter of the whey acidic protein (WAP) and the CAT gene
[Taylor et al., 1992]. GC-WAP-CAT or GCmut-WAP-CAT
(1 pmol) were cotransfected in Jurkat cells with vectors express-
ing COUP-TF or CREB (0.5 pmol) as indicated. Cells were
treated or not with forskolin (50 µM) or dopamine (100 µM) for
24 h. Cell extracts were prepared 48 h after transfection and
CAT activities were determined. Values correspond to an aver-
age of at least three independent experiments.
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fold stimulation, CREB alone mediated a 4-fold
stimulation, the combination of both proteins
led to a synergistic 115-fold stimulation. As a
control, we transfected the GCmut-WAP-CAT
vector, containing mutations within the Sp1
sites: with this vector, overexpression of
COUP-TF or CREB was unable to significantly
stimulate CAT activity. However, in this pro-
moter background, the TATA region appeared
unable to mediate CREB responsiveness. This
contradiction revealed a promoter-specific ac-
tion of CREB, which may be explained by the
recruitment of different cofactors of CREB to
the minimal LTR promoter or the formation of a
LTR-specific transcriptional complex, com-
pared with the GC-WAP promoter. Together,
these results demonstrate that Sp1 sites,
whether in the LTR or in a heterologous back-
ground, are sufficient to mediate both COUP-TF
and CREB transcriptional activation, as well as
the synergistic uninduced or stimuli-induced
effects observed with both proteins.

DISCUSSION

In this report we have investigated the mo-
lecular mechanisms by which cAMP and dopa-
mine regulate HIV-1 gene transcription in Jur-
kat T cells. In accordance with previous studies,
our data indicate that elevation of cAMP concen-
trations by dBcAMP or forskolin treatment of
Jurkat cells increases the transcriptional activ-
ity of the HIV-1 LTR. Our novel findings reveal
that HIV-1 gene transcription in T cells is also
modulated by dopamine. Interestingly, our re-
sults reveal a 15-fold synergistic increase of
HIV-1 transcription following simultaneous
stimulation with cAMP and dopamine. Our pre-
liminary data also show that dopamine, similar
to forskolin, enhances HIV-1 viral replication.
Therefore, dopamine may play an important
role in HIV-1 gene expression following activa-
tion of the cAMP pathway, itself activated upon
infection with HIV-1.

Our transient expression data show that these
two stimuli are able to mediate their signals
through two distinct transcription factors, the
CREB protein, well known to integrate cAMP
signals at the gene activation level [Lalli and
Sassone-Corsi, 1994] and the nuclear receptor
COUP-TF, known to be activated by the dopa-
mine signaling pathway via cAMP [Power et
al., 1991].

We show here that the CREB protein stimu-
lates HIV-1 gene transcription, and mediates

forskolin as well as dopamine responsiveness
in Jurkat cells. Moreover our results demon-
strate that the action of CREB is mediated
through the minimal -40/180 LTR region. Since
supershift experiments show no direct DNA
binding of CREB to this region, these novel
findings suggest that CREB acts on the HIV-1
LTR by interacting with the general transcrip-
tion factors TFIID or TFIIB, as previously re-
ported [Ferreri et al., 1994; Xing et al., 1995] or
with the adaptor CBP (CREB-binding protein)
known to interact with the general transcrip-
tion machinery [Nordheim et al., 1994]. This
result also indicates that the CREB binding
site identified between the LEF-1 and NF-kB
sites [Krebs et al., 1997] is not an essential
target for CREB-mediated activation. Proteins
of the CREB/ATF family play an essential role
in neuroendocrine processes, in spermatogen-
esis and are involved in circadian rhythms [Lalli
and Sassone-Corsi, 1994]. The importance of
CREB in dopamine signaling has been well
established in the central nervous system,
where phosphorylation of CREB is a critical
event coupling dopamine stimulation to gene
regulation [Cole et al., 1994; Liu et al., 1996].
Here our data establish the role and describe
the target site of CREB for cAMP and dopamine
signaling and HIV-1 gene regulation in cells of
the immune system.

Our data further reveal that the nuclear re-
ceptor COUP-TF is also able to function as an
activator of HIV-1 LTR-driven transcription in
Jurkat cells, similar to its action in glial and
microglial cells [Sawaya et al., 1996; Rohr et
al., 1997]. Interestingly, the -68/180 LTR re-
gion, containing only two Sp1 binding sites, is
sufficient for COUP-TF-mediated stimulation.
The importance of these sites was confirmed by
using the heterologous GC-WAP promoter, con-
taining three Sp1 sites, also able to mediate the
action of COUP-TF as well as responsiveness to
forskolin and dopamine, in contrast with the
GCmut-WAP promoter. This result is similar to
the one previously described in microglial cells,
where COUP-TF was shown to synergistically
stimulate LTR-driven transcription by direct
interaction with the Sp1 protein [Rohr et al.,
1997]. In contrast, in glial TC-620 cells,
COUP-TF stimulates transcription by direct
interaction with the downstream-located
nuclear receptor responsive element (NRRE)
[Sawaya et al., 1996]. These data confirm that
COUP-TF, acting through different mecha-
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nisms, functions as a multipotent transcrip-
tional activator of HIV-1 gene expression, not
only in brain cells, but also in cells of the
immune system. Moreover they stress the im-
portance of COUP-TF, involved in the response
to cAMP and dopamine signals.

In addition, our data reveal the existence of a
functional cooperation between the two tran-
scription factors CREB and COUP-TF, which
synergistically stimulate HIV-1 gene transcrip-
tion. It appeared that the DNA binding do-
mains of both proteins is involved in this tran-
scriptional synergistic effect. Interestingly,
overexpression of both proteins leads to a dra-
matic synergistic transcriptional activation
upon forskolin or dopamine treatment. As a
result, the combination of both proteins and
both stimuli leads to a dramatic increase of
LTR-driven transcription. Functional interac-
tions between COUP-TF and CREB were also
reported in the regulation of transferrin gene
expression in Sertoli cells, where COUP-TF
functions as a repressor of CREB-mediated
stimulation [Suire et al., 1996]. These data
suggest that depending on the promoter and
the cell context, interactions between COUP-TF
and CREB lead to synergistic or antagonistic
effects. Our co-immunoprecipitation experi-
ments indicate however that these two proteins
do not interact directly.

Taken together, these studies reveal the im-
portance of the transcription factors CREB and
COUP-TF and of the minimal -68/180 HIV-1
LTR region, which integrates various activa-
tion signals transmitted to the viral LTR. How-
ever, further experiments are clearly needed to
clarify the precise molecular mechanisms under-
lying dopamine signaling in lymphocytes, espe-
cially in primary cells, and the complex dopa-
mine-mediated transactivation of the HIV-1
LTR.
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