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Human immunodeficiency virus type 1 (HIV-1) infection of the neuronal and astroglial cells of the central
nervous system has been proposed to contribute to HIV-1-associated dementia. Recently it was shown that
differences in the nucleotide sequence of the long terminal repeat (LTR) of different HIV-1 strains govern the
tissue-specific pattern of viral expression. The LTR from central nervous system-derived HIV-1 strains JR-FL
and JR-CSF directs expression in the neurons of transgenic mice, in contrast with the lymphotropic LAI strain.
By in vitro footprinting, gel retardation, and methylation interference experiments, we have studied the
interactions of host cell proteins from human neuronal, glial, HeLa, and Jurkat T cells with the LTRs from the
neurotropic JR-FL and JR-CSF strains, compared with the LAI strain. Proteins belonging to the nuclear
receptor family bind with different affinities to variant 2352 to 2324 sites. Gel supershift assays with Jun and
Fos antibodies showed that the AP-1 transcription factor present in the various cell types was unable to
recognize the 2352 to 2324 and 2306 to 2285 AP-1 putative binding sites. Interestingly, Jun and Fos
components of AP-1 interact with the variant TGGCTCA sequence located in the 2247 to 2222 region of both
neurotropic strains. These interactions were cell type specific, since they were detected only with extracts from
glial and HeLa cells and not from neuronal or Jurkat cells. Cotransfection experiments further revealed that
the2247 to2222 sequence is able to mediate AP-1-induced transcriptional activation in glial and not neuronal
cells.

Direct infection of the neuronal and astroglial cells of the
central nervous system (CNS) has been proposed to contribute
to human immunodeficiency virus type 1 (HIV-1)-associated
dementia (33). A recent study showed that some strains of
HIV-1 have a selective advantage for gene expression in the
brain. It has been well established that tropism, replication,
and cytopathicity are linked to the envelope region of the viral
genome (36) and that differences in envelope sequences influ-
ence the occurrence of CNS disease (24). Moreover the long
terminal repeat (LTR) from two CNS-derived strains of
HIV-1, JR-FL and JR-CSF (15), was found to direct gene
expression in the CNS neurons of transgenic mice (5). These
data indicate that neurons can produce cellular transcription
factors that govern expression from the LTR. Indeed, it was
shown that neurons contain the transcription apparatus capa-
ble of HIV-1 promoter activation. Similar to the situation in T
lymphocytes and macrophages, the transcription factor NF-kB
was reported to be an activator of HIV-1 transcription in
neurons (13, 26).
In contrast, transgenic mice that contained the LTR of

HIV-1 LAI did not have any gene expression in the CNS (18,
34). These data indicate that differences in the nucleotide
sequences of the LTRs of different strains can alter the binding
properties of transcription factors and thus affect the tissue-
specific pattern of LTR-directed gene expression. It is well
established that HIV gene transcription is directed by specific
interactions of viral and host cell transcription factors with
different LTR regions (8, 9, 27). Comparison of the sequences
in the U3 region of the LTRs of HIV-1 LAI, JR-CSF, and

JR-FL showed that the nuclear factor of NF-kB and Sp1 prox-
imal promoter sites were completely conserved. However,
there were more than 27 base differences upstream of these
sites of both JR-CSF and JR-FL compared with LAI (5).
These data prompted us to investigate whether the nucle-

otide variations between distinct LTR sequences gave rise to
additional or missing binding sites for trans-acting factors.
Here we describe experiments to characterize the modulatory
elements located between nucleotides 2480 and 2160 in the
neurotropic JR-CSF and JR-FL strains, compared with the
lymphotropic LAI strain. Using in vitro footprinting and elec-
trophoretic mobility shift assays, we have mapped DNA ele-
ments that interact with host nuclear factors present in human
neuronal and glial cells, compared with T lymphocytes and
HeLa cells. We have established that in glial and neuronal
cells, the 2352 to 2324 sequence is the binding site for pro-
teins belonging to the nuclear receptor family. Moreover, we
provide evidence that the AP-1 transcription factor is unable to
interact with this2352 to2324 motif, as well as with the2306
to 2285 putative AP-1 site. In contrast, in astrocytoma, oligo-
dendroglioma, and HeLa cells, but not in neuronal or Jurkat
cells, AP-1 is able to bind to the 2247 to 2222 site present in
the neurotropic HIV-1 isolates. Functional studies further
showed that this sequence placed in a reporter vector is able to
confer c-jun responsiveness in glial but not in neuronal cells.
Our data therefore illustrate the differences in the transcrip-
tional utilization of the distal regulatory LTR regions, depend-
ing on both the cell type and the viral strain.

MATERIALS AND METHODS

Materials. DNA-modifying enzymes were purchased from Boehringer Mann-
heim or New England Biolabs. Radioactive compounds were from Amersham.
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Tissue culture media and reagents were obtained from GIBCO-BRL. All other
reagents were obtained from Sigma.
Cell culture. Human HeLa, astrocytoma U373-MG, and neuroblastoma SK-

N-MC cells were grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum and 10 mM N-2-hydroxyethylpiperazine-N9-2-ethane-
sulfonic acid (HEPES). The medium of neuroblastoma SK-N-MC cells was
supplemented with nonessential amino acids. Jurkat T cells were grown in RPMI
1640 with 10% fetal calf serum and 10 mM HEPES. All these cell lines were
cultured in the presence of penicillin-streptomycin (100 U/ml). Human oligo-
dendroglioma TC-620 cells (gift of B. Zalc, Unité INSERM 134, Paris, France)
were grown in Iscove medium containing 10% non-heat-inactivated fetal calf
serum and 1% gentamicin. In experiments involving phorbol ester treatment,
cells were kept for 24 h without fetal calf serum and treated for 4 to 6 h with 100
ng of tetradecanoyl phorbol acetate (TPA) per ml prior to harvesting.
Transfections and CAT assays. Astrocytoma, oligodendroglioma, and neuro-

blastoma cells (106) were transfected by the calcium phosphate precipitation
method with 1 pmol of plasmid reporter DNA and 1.5 mg of either hc-Jun vector
(gift of C. Quirin-Stricker, Unité INSERM 184, Strasbourg, France) or the
parental expression vector pSG5 (10), as described previously (11). Each trans-
fection was done in duplicate and repeated a minimum of three separate times
with at least two different plasmid preparations. Cell extracts were prepared 48
h after transfection. Chloramphenicol acetyltransferase (CAT) assays were per-
formed as described previously (11) with 5, 10, and 20 mg of protein and a 1-, 2-,
and 2-h incubation for, respectively, oligodendroglioma, astrocytoma, and neu-
roblastoma cells.
Preparation of nuclear proteins. Nuclear proteins were extracted from at least

108 untreated cells, as previously described (11). Nuclear extracts were prepared
from a small number (5 3 106) of TPA-treated cells, according to the procedure
of Andrews and Faller (1).
Plasmid constructs. Plasmid pSAFYre, containing the JR-FL LTR (gift of J.

Clements, Johns Hopkins University, Baltimore, Md.), was digested with KpnI
and HindIII; the LTR insert was blunt ended and subcloned into the KpnI-SmaI
sites of pUC19-CAT0. Plasmid pSAFYre, containing the JR-CSF LTR (gift of J.
Clements), was digested with EcoRV and BglII; the2418 to120 LTR insert was
blunt ended and subcloned into the SmaI site of pUC19-CAT0. Plamid pSV1b-
CAT, containing the LAI LTR (gift of N. Israel, Institut Pasteur, Paris, France),
was digested with BglII and HindIII; the 21489 to 179 LTR insert was blunt
ended and subcloned into the SmaI site of pUC19-CAT0. To construct the
5N/tk-CAT, 5Nmut/tk-CAT, and 5L/tk-CAT vectors, the 5N, 5Nmut, and 5L
oligonucleotides, respectively, (see Fig. 7) were subcloned in the blunt-ended
SalI site of pBLCAT2, containing the herpes simplex virus thymidine kinase
promoter in front of the CAT gene (20) (gift of C. Kedinger, Unité INSERM
184, Strasbourg, France).
DNase I footprinting. The AvaI-KpnI LTR fragment was 39 end labled on the

AvaI site by using [a-32P]dCTP and Klenow enzyme. The EcoRI-AvaI LTR
fragment was 39 end labeled on the EcoRI site by using [a-32P]dATP and Klenow
enzyme. DNase I digestion assays were carried out with 20 mg of nuclear protein
extracts in each sample, as described by Brunel et al. (3).
Electrophoretic mobility shift assay. Protein-DNA binding reactions were

performed with 5 or 10 mg of nuclear protein extracts in a buffer containing 1 ng
of oligonucleotide labeled with 32P on the 59 end, 1 mg of the nonspecific
competitor poly(dI-dC), 50 ng of sonicated salmon sperm DNA, 10 mM MgCl2,
25 mM KCl, 1 mM dithiothreitol, 12.5 mM HEPES (pH 7.8), 10% glycerol, and
0.05% Nonidet P-40. Mixtures were incubated for 15 min at 48C, and protein-
bound DNA complexes were further analyzed by electrophoresis on a 6% poly-
acrylamide gel in 0.253 TBE (13 TBE is 89 mM Tris, 89 mM boric acid, and 2
mM EDTA). For competition assays, unlabeled oligonucleotides were added at
a 50-fold molar excess at the same time as probes. The sequences of the double-
stranded oligonucleotides used as competitors were as follows: PRI, 59-ACAAA
CACGGGAGGTCAAAGATTGCGCCCAG-39; PRImut, 59-ACAAACACGG
GAGGTTAACTATTGCGCCCAG-39 (30); and URI, 59-GTGGAAGGAATC
TTGACCTTTCCCA-39 (29a). The sequences of the other oligonucleotides used
as probes or competitors are given in Fig. 2, 6, and 7.
For supershift assays, specific antibodies directed against c-Jun, JunB, and

JunD or against c-Fos, FosB, Fra1, and Fra2 (obtained from Santa Cruz Bio-
technology) or normal rabbit serum or antibodies directed against chicken
ovalbumin upstream promoter transcription factors (COUP-TFs) (gift of M. J.
Tsai, Baylor College of Medicine, Houston, Tex.) were mixed with nuclear
proteins for 1 h at 48C prior addition of probes.
Methylation interference. Oligonucleotide 3L was 59 end labeled, annealed

with the nonlabeled complementary oligonucleotide, and partially methylated at
guanine residues by using dimethyl sulfate. The methylated probe (10 ng) was
incubated with the nuclear protein extracts (20 mg) under the conditions de-
scribed above for the mobility shift assay. The complexes were separated on a
preparative 6% mobility shift gel. The gel was exposed for 2 h; the complexed
and free oligonucleotides were excised from the gel, eluted, and ethanol precip-
itated. The samples were treated with 1 M piperidine and electrophoresed on a
urea–25% polyacrylamide sequencing gel.

RESULTS

Interactions of host cell nuclear proteins with the 2488 to
2159 LTR region from lymphotropic and neurotropic HIV-1
strains. To characterize the host cell nuclear proteins interact-
ing with the 2488 to 2159 LTR region of the lymphotropic
LAI and the neurotropic JR-FL and JR-CSF HIV-1 strains, we
performed DNase I footprint analysis. The EcoRI-AvaI LTR
insert of the three LTR-pUC-CAT vectors was 39 end labeled
on each strand, as described in Materials and Methods. Nu-
clear extracts were isolated from three brain cell lines, astro-
cytoma U373-MG, oligodendroglioma TC-620, and neuroblas-
toma SK-N-MC, which were all shown to be permissive for
HIV-1 infection. Nuclear extracts were also prepared from
Jurkat T cells and epithelial HeLa cells. Figure 1 shows the
pattern obtained with the strand labeled on the AvaI site with
the LAI and JR-FL strains.
With the LAI strain, two adjacent protected regions, A

(2385 to 2354) and B (2352 to 2314), were detected with all
five extracts. A DNase I-hypersensitive site is located at the
border of region B (Fig. 1A). This pattern has been described
with extracts from either activated or nonactivated Jurkat cells
(23). Our result confirms that nuclear proteins present in glial
and neuronal cells give a pattern of regions A and B similar to
that obtained with Jurkat cells. However, with extracts from
U373-MG cells, an additional region, C (2314 to 2285), was
detected. A hypersensitive site located at position 2285 was
also present with extracts from U373-MG, TC-620, and HeLa
cells.
With the JR-FL strain (Fig. 1B), the protection pattern of

regions A and C was similar to that obtained with the LAI
strain. In contrast, the protection of region B could be detected
only with extracts from U373-MG and Jurkat cells. An addi-
tional protected region, D, located between positions 2245
and 2224 was clearly visible with 20 mg of U373-MG proteins
(Fig. 1B). This footprint could also be detected with 40 mg of
TC-620 and HeLa protein extracts (results not shown). With
the JR-CSF strain, the protection pattern of regions A and B
was similar to that of the LAI LTR; the protection pattern of
region D was similar to that of the JR-FL LTR (results not
shown).
Analysis of the 2352 to 2324 region, region B. Studies

concerning nuclear proteins interacting with site B have been
reported for Jurkat and HeLa cells. They showed that the
2352 to 2324 sequence is the binding site for proteins of the
COUP-TF family (4, 22, 23). More recently, it was reported
that multiple nuclear hormone receptors and orphan receptors
have the potential to interact with region B (16). In order to
analyze the nuclear proteins present in glial and neuronal cells
interacting with site B, we performed DNA mobility shift as-
says using oligonucleotides 3L, 3Lv, and 3N (Fig. 2). The 3L
sequence, which corresponds to region B of the LAI and JR-
CSF strains, contains a perfect palindromic GGTCA binding
site for transcription factors of the nuclear receptor family
(Fig. 2C). The 3L probe gave rise to four DNA-protein com-
plexes, C1 to C4, with extracts from U373-MG and SK-N-MC
cells. Three complexes, C1, C3, and C4, were formed with
extracts from TC-620 and HeLa cells. Only two complexes, C1
and C4, were formed with Jurkat cell extracts (Fig. 2A). Oli-
gonucleotide 3Lv, which corresponds to region B of the LAI
B8 strain (25), contains an AGTCA half site, mutated on one
guanine residue. With the 3Lv probe, the formation of com-
plexes C1, C2, and C3 was decreased. The 3N oligonucleotide
corresponds to region B of the JR-FL strain and contains two
base mutations within the GGTCA site. With the 3N probe,
the formation of complexes C1 and C2 was abolished; com-

VOL. 69, 1995 AP-1 BINDING TO THE LTR OF HIV-1 VARIANTS 6635



plexes C3 and C4 could be detected with U373-MG extracts,
while only complex C4 was detected with all other extracts
(Fig. 2A).
To test for the specificity of these interactions and attempt to

identify the proteins contributing to binding activity in each
complex, competitive binding assays were performed. Figure
2B shows the results of competition experiments performed
with extracts from Jurkat and astrocytoma cells, using oligo-
nucleotide 3L as a probe. The formation of complexes C1, C2,
and C3 was abolished with a 50-fold molar excess of both the
homologous 3L and heterologous PRI oligonucleotides. PRI
was previously shown to bind the orphan nuclear receptors
hepatocyte nuclear factor 4 and COUP-TF within the trans-
ferrin gene promoter (30). In contrast, the mutant oligonucle-
otides PRImut and URI failed to compete for the formation of
complexes C1 to C3. Similar results were obtained with ex-
tracts from all other cell types (results not shown). These
results suggest that proteins forming complexes C1, C2, and C3
have a DNA binding specificity similar to that of the nuclear
receptors. The formation of complex C4 appeared less specific,
since it was affected only slightly by the addition of the 3L
competitor. In contrast to complexes C1 to C4, reproducibly
detected, the fastest-migrating complex observed with
U373-MG proteins varied with different extract preparations;

it is likely to correspond to a proteolytic degradation of protein
forming complex C4, since it has a similar behavior in compe-
tition assays and therefore appears nonspecific.
Methylation interference analysis allowed us to confirm that

in the three brain cell types, proteins forming complexes C1
and C3 belong to the nuclear receptor family. Nuclear proteins
forming the C1 and C3 complexes interacted with the guanine
residues of the GGTCA palindromic sequence, as shown with
TC-620 cell extracts (Fig. 3). Similar results were obtained with
proteins from U373-MG, SK-N-MC, and Jurkat cells (results
not shown). This pattern of interference is typical of the pat-
tern described with the nuclear receptor proteins (16). In con-
trast, proteins forming the C4 complex did not interact with
any guanine residue (Fig. 3), further suggesting that these
proteins do not belong to the nuclear receptor family.
To further identify the nature of the DNA-binding proteins,

shift assays were performed with oligonucleotide 3L in the
presence of antibodies raised against the COUP-TF subfamily
of factors (35). About 80% of complexes C1, C2, and C3
disappeared, while complex C4 was not affected. In the pres-
ence of nonimmune serum, the complexes were unaffected
(results not shown). These data further indicate that COUP-
TFs form the majority of complexes C1 to C3.
Oligonucleotide 3Lv has been reported to interact, directly

FIG. 1. Interactions of nuclear proteins from different cell types with the 2488 to 2159 LTR from the HIV-1 lymphotropic LAI (A) and neurotropic JR-FL (B)
strains. For footprint analysis, the EcoRI-AvaI fragment was 39 end labeled at position 2159. Nuclear extracts were prepared from brain cell lines permissive to HIV-1
infection: astrocytoma U373-MG, neuroblastoma SK-N-MC, and oligodendroglioma TC620. Nuclear proteins from HeLa and Jurkat cells were also used. DNase I
digestion was performed with 20 mg of nuclear proteins. Lanes G1A, the sequence ladder; Lanes F, assays with DNA without nuclear extracts. The brackets delineate
protected sequences. The dashed lines delineate protected sequences detected with U373-MG extracts. Horizontal arrows indicate sites of enhanced DNase I cleavage.
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or indirectly, with Fos and Fra proteins (7). To investigate a
possible association of these proteins with 3Lv, we performed
competition experiments with the TRE oligonucleotide con-
taining the consensus AP-1 binding site from the human met-
allothionein IIA promoter (17). The formation of complexes
C1 to C4 was not affected by the addition of a 50-fold molar
excess of TRE oligonucleotide (Fig. 2B). Similar results were
obtained with extracts from all five cell types. This result al-

ready suggests that the AP-1 protein is not present in com-
plexes C1 to C4.
It was necessary to control whether AP-1 was present in the

various cell types cultured in the presence of fetal calf serum.
Nuclear extracts from all five cell types were used to perform
mobility shift experiments, using the TRE probe (Fig. 4A).
Two distinct complexes, a and b, were formed and were spe-
cifically inhibited with a 50-fold molar excess of unlabeled TRE
oligonucleotide. Depending on the cell type, the a complexes
were more or less abundant and presented different electro-
phoretic mobilities. To further identify the proteins contribut-
ing to binding activity in each complex, nuclear extracts were
incubated with antibodies raised against the DNA-binding do-
mains of c-Jun, JunB, and JunD proteins. This antiserum pre-
vented the formation of the a complexes formed with all cell
extracts and had no effect on the b complexes, as shown with
extracts from Jurkat and U373-MG cells (Fig. 4B). This con-
firmed that AP-1 is present, although in different amounts, in
the various serum-cultured cells and contributes to the forma-
tion of the a complexes.

FIG. 2. Analysis of nuclear proteins from distinct cell types binding to the
LTR region B of different HIV-1 strains. (A) Gel retardation assays were carried
out by incubating 10 mg of nuclear proteins extracted from the different cell types
indicated on top with probes 3L, 3Lv, and 3N (sequences in panel C). The
specific DNA-protein complexes C1 to C4 and the nonspecific complexes (NS)
are indicated. F corresponds to the free probe. (B) Gel retardation assays carried
out with nuclear proteins from Jurkat and U373-MG cells and the 3L probe.
Competition experiments were performed with a 50-fold molar excess of the
unlabeled oligonucleotide indicated on top. The sequences of PRI, PRImut, and
URI are presented in Materials and Methods. The sequence of TRE is presented
in Fig. 4. Specific complexes C1 to C4 and nonspecific complex (NS) are indi-
cated. (C) Sequences of oligonucleotides 3L, 3Lv, and 3N, corresponding to the
LTR region B of HIV-1 LAI, clone BH8, and JR-FL, respectively. Arrows
indicate the palindromic consensus binding site for COUP-TF. Closed circles
underline the TGACTCA consensus binding site for AP-1. Open squares indi-
cate a mutant nucleotide.

FIG. 3. Methylation interference patterns of C1, C3, and C4 DNA-protein
complexes obtained with the 3L probe and TC-620 nuclear proteins. Oligonu-
cleotide 3L was labeled at the 59 end of one strand. Guanine residues were
partially methylated with dimethyl sulfate. The oligonucleotide was used in a gel
shift assay with nuclear proteins from TC-620 cells. The DNA-protein complexes
C1, C3, and C4 (Fig. 2) were eluted from the polyacrylamide gel and cleaved at
methylated guanine residues with piperidine. The protein-bound DNA (lanes
C1, C3, and C4) was compared with free DNA (lanes F) on a sequencing gel.
Guanine residues that interfere with binding are indicated by closed circles.

VOL. 69, 1995 AP-1 BINDING TO THE LTR OF HIV-1 VARIANTS 6637



The phorbol ester TPA has been demonstrated to induce the
expression of Fos and Jun proteins, which bind as het-
erodimers to 59-TGACTCA-39 motifs. Since the interaction of
Fos and Fra proteins with the 3Lv sequence has been reported
with stimulated Jurkat cells, we used nuclear extracts from
Jurkat cells treated with TPA for 4 and 6 h. Clear induction of
the AP-1 binding activity was detected with the TRE probe.
However, with the 3Lv probe, besides complexes C1 and C4,
no induction of a new complex could be detected (Fig. 5).
Moreover, antibodies directed against either the Jun or the Fos
family had no effect on either complex C1 or C4 (results not
shown). This result clearly indicates that the AP-1 protein,
although present in both serum-cultured and TPA-treated Ju-
rkat cells, is unable to interact with the 3L and 3Lv sequences.
Examination of the 3Lv and 3L sequences revealed that one

and two bases, respectively, are mutated within the consensus
binding site for AP-1. It has already been reported that a
synthetic 59-TGACTCA-39 TRE site bearing base substitution
mutations failed to bind AP-1 in DNase footprint experiments
(17). This prompted us to test whether a 1-mutant-nucleotide

TRE probe, containing the 59-TCTGACTCCTG-39 sequence
identical to the sequence present in 3Lv, was able to bind the
AP-1 protein. Figure 6 clearly reveals that the TREmut probe
totally failed to interact with AP-1 present in all five protein
extracts. These results do clearly account for the inability of
AP-1 to interact with LTR site B.
Analysis of the 2247 to 2222 LTR region, region D. To

identify the proteins contributing to the interaction with LTR
region D, detected with the JR-FL and JR-CSF isolates, the
synthetic oligonucleotide 5N (Fig. 7) was used as a probe to
perform mobility shift assays. Interestingly, two distinct pat-
terns of DNA-protein complexes, 5a-5b and 5c-5b, were
formed with the various nuclear extracts (Fig. 8A). The 5a-5b
pattern was detected with proteins from HeLa, U373-MG, and
TC-620 cells, while the 5c-5b pattern was formed with proteins
from Jurkat and SK-N-MC cells. To examine the specificity of
these interactions, competitive binding assays were performed.
Competition with unlabeled oligonucleotide 5N specifically
eliminated the abundant complex 5a; it also strongly decreased
the formation of complex 5b with all five nuclear extracts. The
two 5c complexes formed with Jurkat and SK-N-MC proteins
appeared less specific than the 5a complexes. Oligonucleotide
5N contains the 59-TGGCTCA-39 sequence, which corre-
sponds to an AP-1 binding site mutated on the third nucle-
otide. This prompted us to perform competition experiments
with a 50-fold molar excess of the TRE oligonucleotide. The
effect on complexes 5a, 5b, and 5c was similar to that obtained
with the homologous oligonucleotide 5N (Fig. 8A). When
competition assays were performed with oligonucleotide TRE-
mut or 3L, the formation of the 5a complexes was not affected,
while the formation of the 5b complexes was eliminated (re-
sults not shown). These results indicate that proteins forming
complex 5a have a DNA binding specificity idential to that of
AP-1; in contrast, proteins forming complex 5b do not appear
to be specific.
To further investigate the presence of AP-1 in the various

complexes, supershift experiments were performed with anti-
bodies raised against either the Jun or the Fos family (Fig. 8B).
Both anti-Jun and anti-Fos antibodies were able to eliminate
the formation of 5a complexes. As a control, all complexes

FIG. 4. Cellular distribution of TRE-binding proteins. (A) Gel retardation
assays with the TRE probe and 10 mg of nuclear extracts prepared from the
different cell lines indicated on top, cultured in the presence of fetal calf serum.
Competitions were performed with a 50-fold molar excess of unlabeled TRE
oligonucleotide (lanes 1). The specific complexes a and b are indicated. (B)
Effects of the addition of either immunoglobulin G directed against c-Jun, JunB,
and JunD or nonimmune serum (NIS) to the binding reaction performed with 4
mg of nuclear proteins from Jurkat and U373-MG cells.

FIG. 5. Analysis of AP-1 binding activity to the TRE and 3Lv oligonucleo-
tides with nuclear extracts from TPA-treated Jurkat cells. Electrophoretic mo-
bility shift assays with nuclear extracts prepared from Jurkat cells cultured for 24
h in the absence of fetal calf serum and further treated with TPA (100 ng/ml) for
the indicated time. For each assay, 10 mg of nuclear proteins was incubated with
1 ng of the TRE or 3Lv probe. The TPA-induced AP-1 complex and complexes
b, C1, and C4 are indicated.

FIG. 6. Comparison of AP-1 binding activity with the TRE and TREmut
sequences. (Top) Gel retardation analysis with nuclear proteins extracted from
the different cell types indicated above, using the TRE (lanes 1) and the TREmut
(lanes 2) probes. The AP-1 complex present with the TRE probe is indicated.
(Bottom) Sequences of the TRE and TREmut oligonucleotides. The consensus
AP-1 binding site is underlined. The open square indicates a mutant nucleotide.
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were unaffected by the presence of nonimmune serum. In
contrast, addition of Jun or Fos antibodies did not affect the
formation of 5b complexes as well as of 5c complexes (Fig. 8B).
TPA induction experiments further supported the presence

of the TPA-induced AP-1 proteins in 5a complexes. The for-

mation of 5a complexes was clearly enhanced after TPA treat-
ment of HeLa, U373-MG (Fig. 8C), and TC-620 cells. In con-
trast, the formation of complexes 5b and 5c was not affected
following TPA treatment of the cells (Fig. 8C). Taken to-
gether, these results indicate that in either serum-cultured or
TPA-treated HeLa, U373-MG, and TC-620 cells, AP-1 pro-
teins have the ability to interact with oligonucleotide 5N. Sur-
prisingly, in Jurkat and SK-N-MC cells, Jun and Fos proteins
appear unable to bind to oligonucleotide 5N.
Oligonucleotide 5L (Fig. 7) corresponds to region D of the

LAI LTR and contains the double-mutation 59-AGGCTCA-39
TRE sequence. In gel retardation experiments, no specific
complex 5a or 5c could be detected with all five nuclear ex-
tracts (results not shown). This results correlates with the ab-
sence of protection of region D in footprinting experiments
with the LAI LTR. It indicates that the AP-1 factor is unable
to interact with region D of HIV-1 LAI.
To evaluate the functional importance of the AP-1 transcrip-

tion factor on LTR-driven transcription, we performed co-
transfection experiments in glial and neuronal cells. In the
presence of the human c-Jun expression vector, CAT activity
of the LTR(JR-CSF)-CAT reporter vector was stimulated sev-
enfold in TC-620 cells and was not affected in SK-N-MC cells
(results not shown). To test whether this functional effect was
mediated by region D, we constructed reporter plasmids con-
taining one copy of either oligonucleotide 5N, 5Nmut, or 5L
(Fig. 7) in front of the thymidine kinase promoter, upstream of
the CAT gene in pBLCAT2. These constructs and the tk-CAT
control vector were transfected in the presence or absence of
the c-Jun expression vector in glial and neuronal cells. As
shown in Fig. 9, all the reporter vectors showed a low basal
transcriptional activity. Upon cotransfection of the c-Jun ex-
pression vector, the activity of the control tk-CAT and 5Nmut/
tk-CAT vectors increased 1.5-fold in U373-MG cells and 3.5-
fold in TC-620 cells (Fig. 9). A similar low increase was
observed with the 5L/tk-CAT plasmid (results not shown).
Interestingly, with the 5N/tk-CAT vector, overexpression of
c-Jun increased CAT activity five- and eightfold in U373-MG
and TC-620 cells, respectively. In contrast, in SK-N-MC cells a
low two- to threefold Jun-induced activation was observed with
all vectors (Fig. 9). These results demonstrate that the 5N
sequence is able to mediate c-Jun-induced transcriptional ac-
tivation in glial and not in neuronal cells.
Analysis of the 2306 to 2285 LTR region, region C. To

examine the proteins interacting with region C of the LAI and

FIG. 7. Sequences of the various oligonucleotides corresponding to regions B, C, and D. The double arrows in region B delineate the palindromic GGTCA
sequence; open squares indicate a mutant nucleotide. The simple arrows underline the TGACTCA consensus binding site for AP-1; stars indicate a mutant nucleotide.
The boldface type in 5Nmut represents the mutant nucleotides.

FIG. 8. Interactions of nuclear proteins from different cell types with LTR
region D of HIV-1 JR-FL. Gel retardation assays with the 5N oligonucleotide
probe (Fig. 7) and 10 mg of nuclear extracts prepared from the cell lines indicated
on top. (A) Competition assays performed with a 50-fold molar excess of unla-
beled 5N or TRE oligonucleotide. The DNA-protein complexes 5a, 5c, and 5b
are indicated. (B) Effects of the addition of nonimmune serum (NIS), or anti-
bodies directed against c-Jun, JunB, and JunD (Jun) or against cFos, FosB, Fra1,
and Fra2 (Fos) to the binding reactions. (C) Effects of TPA treatment: the
indicated cells were cultured in absence of serum (lanes 2) and further treated
with 100 ng of TPA per ml for 4 h (lanes 1).
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JR-FL isolates, mobility shift experiments were performed
with oligonucleotide 4N, corresponding to the 2306 to 2285
sequences of these two isolates (Fig. 7). Sequence inspection
revealed that oligonucleotides 4N and 5N share the identical
59-TGGCTCA-39 sequence motif shown to behave as a variant
AP-1 binding site. Surprisingly, oligonucleotides 4N and 5N
did not give rise to the same mobility shift pattern. With all
nuclear extracts, oligonucleotide 4N gave a unique complex,
4b, the electrophoretic mobility of which was similar to that of
complex 5b (results not shown). No complex containing the
Jun and Fos proteins could be detected. This result suggests
that flanking sequences surrounding the core AP-1 binding site
contribute to the stability of the Jun-Fos complexes, as recently
demonstrated (12). It is likely that the flanking sequences in
the 2306 to 2285 sequence do not allow efficient AP-1 bind-
ing.

DISCUSSION

This report presents the mapping of the binding sites and the
identification of some of the transcription factors interacting
with the 2480 to 2160 modulatory region of the neurotropic
JR-FL and JR-CSF strains, compared with the lymphotropic
LAI strain of the HIV-1 genome. Although most of the binding
sites for nuclear proteins were analyzed in lymphoid cells (for
a review, see reference 9), the LTR includes elements that can
mediate transcription in many cell types. Dramatic differences
were described in the transcriptional control mediated by the
LTR between carcinoma, HeLa, and Jurkat cells (37). Few
studies have concentrated on the elements of the LTR that
elicit expression of the viral genome in the nervous system.
Recent reports have shown that astrocytes support TAR-inde-
pendent activation of HIV-1 transcription by Tat (31) and

express a kB-binding activity that differs from prototypical
NF-kB (32).
Here we have concentrated our studies on the distal2480 to

2160 region and attempted, as a first approach, to define
sequence-specific interactions with nuclear proteins from dif-
ferent brain cell types, human astrocytoma, oligodendrogli-
oma, and neuronal cells, compared with HeLa and Jurkat cells.
Our footprinting analysis revealed the existence of three or
four protein binding sites, depending both on the viral isolate
and the cell type. Interactions with site A were detected with
the nuclear proteins of all the cell types studied. This interac-
tion has previously been described with nuclear extracts from
Jurkat cells (23). This site A-binding protein remains to be
characterized. Site B, which spans the 2356 to 2320 LTR
region, corresponds to the recently described nuclear receptor-
responsive element. It was shown to contain binding sites for
the nuclear orphan receptors COUP-TF, ARP-1, and hepato-
cyte nuclear factor 4 and the retinoic acid receptors RAR and
RXR (16). Cooney et al. (4) demonstrated that in HeLa cells,
low- and high-molecular-weight COUP-TF species bind to this
site, while in Jurkat cells, the predominant species is the high-
molecular-weight COUP-TF. In contrast, Orchard et. al. (22)
reported that in Jurkat cells, a novel T-lymphocyte protein
distinct from COUP-TF, but with a similar binding specificity,
interacts with this site. Our gel retardation, competition, and
methylation interference data indicate that the protein species
forming complexes C1, C2, and C3 in glial and neuronal cells
are also likely to belong to the nuclear receptor family. Our
supershift data further indicate that the major part of com-
plexes C1, C2, and C3 is formed by the COUP-TF subfamily of
proteins. Our data present evidence for cell-type-specific dif-
ferences in the amount and nature of the various complexes. In
astrocytoma U373-MG cells, three protein species interact

FIG. 9. Functional effect of c-Jun on a tk-CAT reporter plasmid containing region D. Glial (U373-MG and TC-620) and neuronal (SK-N-MC) cells were transfected
with 1 pmol of tk-CAT, 5N/tk-CAT, or 5Nmut/tk-CAT vector in the presence of 1.5 mg of either the c-Jun expression vector (lanes 1) or the parental pSG5 vector
(lanes 2). At least three separate transfections were performed in duplicate, with different plasmid preparations. CAT activities were determined as described in
Materials and Methods. (Top) Histograms show the fold activation, calculated from the value of the control for each construct (lanes 2) set at 1; (bottom)
autoradiograms of one typical CAT assay.
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with site B, the predominant species forming the low-mobility
complex C1. In oligodendroglioma TC-620 and neuronal SK-
N-MC cells, element B is the binding site for two protein
species forming complexes C1 and C3.
Previous studies showed that in Jurkat cells, the T-cell pro-

tein interacting with site B acts as a repressor, since mutation
of element B led to an increase in LTR-driven CAT activity
(23). Cotransfection experiments in choriocarcinoma cells
showed that the retinoic acid receptors RXR-a and RAR-a, in
the presence of retinoic acid, and the orphan receptors hepa-
tocyte nuclear factor and NGFI-B were able to activate the
LTR-driven transcription (16). These observations raise the
possibility that the effects of the nuclear receptors LTR-driven
transcription depend on the cell type. Therefore, it will be
important to correlate the binding of the site B-binding pro-
teins and the functional activity of the LTR in astrocytoma,
oligodendroglioma, and neuronal cells. These future investiga-
tions should help clarify the mechanisms of HIV-1 gene ex-
pression in brain cells.
Moreover, our data demonstrate that the different HIV-1

isolates, LAI and JR-FL, display distinct patterns of nuclear
receptor binding to region B. This pattern variability is de-
tected in the five cell types. Similar results were reported in
Jurkat cells (4). It is therefore likely that the differences in
nuclear receptor interactions among the various HIV-1 strains
and in the various cell types contribute to differences in LTR-
driven transcriptional activity and consequently in cell-type-
specific growth variations of the various isolates. These differ-
ences are likely to account for the differential tissue activities
of distinct LTRs.
Three putative binding motifs for transcription factor AP-1

have been reported in the 2480 to 2160 LTR modulatory
region (9, 19). However direct interactions of AP-1 with these
sites have not yet been demonstrated. AP-1 is composed of
several Jun and Fos protein complexes interacting with the
TRE core consensus sequence TGACTCA (2). The various
members of the Jun family, c-Jun, JunB, and JunD, together
with the Fos and Fos-related proteins participate in AP-1 com-
plexes. All three members of the Jun family are present in a
variety of tissues and cell lines. It is known that the relative
amounts of each Jun species vary markedly in different cell
lines (28). These data account for the differences observed in
the amount and nature of the AP-1 complexes formed with the
TRE probe in the various cell types.
Our studies demonstrate that the Jun and Fos components

of AP-1, although present in serum-cultured or TPA-activated
cells, do not have the ability to interact directly with site B of
the various HIV-1 isolates, LAI, JR-FL, and JR-CSF (Table
1). These results were shown in all five cell types and agree
with the results of Orchard et al. (23), who found no evidence
for a direct interaction of AP-1 and site B in T cells. Our data

suggest that the reported binding of a Fos protein complex to
the 2357 to 2316 sequence of HIV-1 LAI B8 was indirect
rather than direct (7). We have further demonstrated that this
binding inability results from the mutation of the A residue at
position 7 of the TRE consensus sequence TGACTCA. Evi-
dence that this last nucleotide is critical for AP-1 binding
supports earlier observations that a TRE site bearing a base
substitution mutation on the last nucleotide failed to bind AP-1
(2, 17). Moreover, our studies revealed the inability of the
AP-1 factor to interact with the 2306 to 2285 site C, contain-
ing the variant TGGCTCA sequence, identical to that present
in site D. This result reveals the importance of the flanking
sequences for AP-1 binding, as recently described (12).
Interestingly, our studies revealed the novel interactions of

the Jun and Fos components of AP-1 with the variant TGG
CTCA sequence present in site D of both neurotropic HIV-1
isolates (Table 1). The absence of AP-1 interaction with the
lymphotropic LAI LTR is easily accounted for by the presence
of two mutations within the TGACTCA consensus sequence.
Moreover, one of the most interesting findings is the cell type
specificity of the AP-1 interactions. It appeared that AP-1 was
present in different amounts within the nuclear proteins ex-
tracted from either serum-treated or TPA-activated cells.
However, only AP-1 present in glial and HeLa cells had the
ability to interact with site D. This intriguing result suggests
that different forms of AP-1 are present in Jurkat and neuronal
cells and differ in some way from the forms of AP-1 present in
glial and HeLa cells. This raises the possibility for a cell-type-
specific control of AP-1 on LTR-directed gene transcription. It
is well established that AP-1 activity is regulated by de novo
synthesis of Jun and Fos and by posttranslational modifica-
tions, including phosphorylation and dephosphorylation (for a
review, see reference 29). The control of AP-1 activity may
involve transcriptional and posttranslational mechanisms that
vary among different cell types (14). Recent data demonstrated
that c-jun expression is differentially regulated in neurons and
glial cells (6). Considerable evidence that Jun and Fos play key
roles in many neurophysiological processes has accumulated.
A great variety of stimuli such as neurotropic factors or neu-
rotransmitters are able to induce Jun and Fos and to alter the
degree of posttranslational modifications of Fos. Various phar-
macological, physiological, and electrical stimuli have been
shown to elicit c-fos expression in neurons of the CNSs of
intact animals. In contrast, anesthetics and sedatives are potent
inhibitors of fos induction (for a review, see reference 21).
These various conditions give rise to dynamic alterations in the
composition of AP-1. Therefore, each particular situation may
influence the composition and the transcriptional activity of
AP-1 in the various cell types.
It was recently reported that the potential AP-1 binding site,

corresponding to site B of the lymphotropic strains, does not
seem to be involved in the transcriptional activation by phorbol
myristate acetate in Jurkat cells (19). These results may be
easily accounted for, since our data show that the AP-1 factor
present in Jurkat cells appears unable to interact with all the
potential AP-1 sites. Our transient expression data in brain-
derived cell lines reveal the functional importance of c-Jun on
JR-CSF LTR-driven transcription. We demonstrate that the
binding of c-Jun to site D of the neurotropic LTRs in a re-
porter vector is able to specifically stimulate transcription in
glial and not in neuronal cells. The role of the interaction of
the various components of AP-1 with the JR-FL and JR-CSF
LTRs will be the subject of our future investigations. Further
characterization of the functional contribution of the various
combinations of proteins on HIV gene transcription, and es-
pecially the role of AP-1, is necessary to provide new insights

TABLE 1. AP-1 binding activity to LTR regions B, C, and D of
three HIV-1 strains

Strain

Bindinga to region:

B C
Db

1 2

LAI 2 2 2 2
JR-CSF 2 2 1 2
JR-FL 2 2 1 2

a 2, no binding; 1, Jun-Fos binding activity.
b 1, in HeLa, U373-MG, and TC-620 cells; 2, in Jurkat and SK-N-MC cells.

Results for regions B and C were the same for all five cell lines.
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into the complex molecular mechanisms that control viral gene
expression in brain cells.
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