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Human immunodeficiency virus type 1 (HIV-1) infects the central nervous system (CNS) and plays a direct
role in the pathogenesis of AIDS dementia. However, mechanisms underlying HIV-1 gene expression in the
CNS are poorly understood. The importance of CCAAT/enhancer binding proteins (C/EBP) for HIV-1 expres-
sion in cells of the immune system has been recently reported. In this study, we have examined the role and
the molecular mechanisms by which proteins of the C/EBP family regulate HIV-1 gene transcription in human
brain cells. We found that NF-IL6 acts as a potent activator of the long terminal repeat (LTR)-driven
transcription in microglial and oligodendroglioma cells. In contrast, C/EBPg inhibits NF-IL6-induced activa-
tion. Consistent with previous data, our transient expression results show cell-type-specific NF-IL6-mediated
transactivation. In glial cells, full activation needs the presence of the C/EBP binding sites; however, NF-IL6
is still able to function via the minimal 240/180 region. In microglial cells, C/EBP sites are not essential, since
NF-IL6 acts through the 268/180 LTR region, containing two binding sites for the transcription factor Sp1.
Moreover, we show that functional interactions between NF-IL6 and Sp1 lead to synergistic transcriptional
activation of the LTR in oligodendroglioma and to mutual repression in microglial cells. We further demon-
strate that NF-IL6 physically interacts with the nuclear receptor chicken ovalbumin upstream promoter
transcription factor (COUP-TF), via its DNA binding domain, in vitro and in cells, which results in mutual
transcriptional repression. These findings reveal how the interplay of NF-IL6 and C/EBPg, together with Sp1
and COUP-TF, regulates HIV-1 gene transcription in brain cells.

Human immunodeficiency virus type 1 (HIV-1) infects the
central nervous system (CNS) and causes a multitude of clin-
ical complications such as AIDS dementia (12, 44). Microglial
cells, the CNS resident macrophages (42), are the most pro-
ductively infected cells in the brain (43, 45, 60, 62). Recent
studies have proposed that astrocytes, oligodendrocytes and
more rarely neuronal cells, which harbor a restricted infection
with HIV-1, also contribute to the development of CNS dis-
ease (16, 39). Infected microglia was recently shown to trans-
mit the virus to oligodendrocytes (2). However, the cellular
and molecular mechanisms responsible for the neurological
damage are not yet resolved.

Once HIV-1 is integrated in the host chromosome, tran-
scription of the viral genome is governed by interactions of
viral and cellular transcription factors with the long terminal
repeat (LTR) (for reviews, see references 13 and 27). Only few
studies have examined the nature and the role of transcription
factors which control HIV-1 gene expression in brain cells. The
transcription factor NF-kB was shown to activate transcription
via kB regulatory sequences of the LTR, both in neurons (25,
46) and in astrocytes (55). Our recent data have revealed the
importance of the orphan nuclear receptor COUP-TFI/Ear3
(36, 58, 59), which activates HIV-1 gene expression in brain
cells. We have described that in human oligodendroglioma
TC-620 cells, COUP-TF functions as a potent transcriptional
activator by acting on the 2352/2320 DNA target site, the
nuclear receptor response element (NRRE) (50) (Fig. 1); in

contrast, in microglial cells, COUP-TF mediates transcrip-
tional activation by acting on the 268/129 proximal promoter
region, via direct physical and functional interactions with the
Sp1 transcription factor (47).

NF-IL6, a member of the C/EBP family of transcription
factors, was discovered to play a central role in the control of
HIV-1 gene expression in cells of the immune system. The
C/EBP family belongs to a class of basic region-leucine zipper
(bZIP) proteins, which include C/EBPa (4), C/EBPb (1, 6, 11,
63), C/EBPg (Ig/EBP [9, 48]), and C/EBPd (6) (for a review,
see reference 61). Various groups independently reported the
cloning of C/EBPb cDNAs from human (NF-IL6 [1]), rat
(LAP [11]), and mouse (C/EBPb [6]; CRP2 [63]). These pro-
teins contain a leucine zipper domain and a DNA binding basic
region located in the C-terminal half of the protein. NF-IL6
was shown to activate transcription from the HIV-1 LTR in
Jurkat and HepG2 cells (57) and in the promonocytic cell line
U937 (19, 56). The formation of C/EBP–NF-kB heterodimers
(53) was shown to synergistically activate transcription of the
HIV-1 genome in teratocarcinoma cells via the NF-kB se-
quences (49). Recent studies have demonstrated that C/EBP
proteins and their binding sites are required for HIV-1 repli-
cation in promonocytic U937 cells (18) and in primary macro-
phages but not in CD41 T lymphocytes (17). In glioblastoma
U318 and neuroblastoma SHSY5Y cells, mouse C/EBP pro-
teins were unable to activate HIV gene transcription and
downregulated the HIV-1 promoter activity (38).

In this study, we have investigated the molecular mecha-
nisms by which C/EBP proteins regulate HIV-1 gene transcrip-
tion in human microglial and glial cells of the brain. We first
show that two members of the C/EBP family, NF-IL6 and
C/EBPg, are expressed in human brain cells. Our results show
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that NF-IL6 stimulates LTR-driven transcription via cell-type-
specific mechanisms. Moreover, our data reveal the existence
of novel functional interactions between NF-IL6 and the tran-
scription factors Sp1 and COUP-TF which lead to cell-type-
specific synergistic or inhibitory transcriptional effects. These
data describe complex interactions between the transcriptional
activators NF-IL6, Sp1, COUP-TF, and the transdominant
negative inhibitor C/EBPg in the regulation of HIV-1 gene
transcription in CNS cells.

MATERIALS AND METHODS

Plasmids constructs. The LTR (JR-FL)-chloramphenicol acetyltransferase
(CAT) and LTR (LAI)-CAT vectors were described previously (50, 51). Con-
struction of the glutathione S-transferase (GST)–COUP-1 and GST–COUP-3
vectors of Sp1 in pBluescript KS2 was described previously (47). The cDNAs
coding for NF-IL6 and NF-IL6DSp1 were excised from pEF-NF-IL6 and pEF-
NF-IL6DSpl (gift from S. Akira, Osaka, Japan) (34) with EcoRI and religated
into the EcoRI site of pcDNA3 containing the T7 promoter. To construct CMV
(cytomegalovirus)-C/EBPb, the cDNA coding for C/EBPb was excised from
pMSV-C/EBPb (gift of A. Henderson, New York, N.Y.) with EcoRI and XhoI
and religated into the EcoRI and XhoI sites of pcDNA3 containing the CMV
promoter. The HIV-1(HXB2) LTRDGC vector (gift of B. Sawaya, Philadelphia,
Pa.) contains a 276/240 deletion.

Cell culture, transfections, and CAT assays. Human microglial (21) and as-
trocytoma U373-MG cells were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum and 10 mM HEPES in the presence of
penicillin-streptomycin (100 U/ml). Human oligodendroglioma TC-620 cells (35)
were grown in Iscove medium containing 10% non-heat-inactivated fetal calf
serum and 1% gentamicin. When indicated, cells were treated with interleukin-1
(IL-1; 100 U/ml), IL-6 (400 U/ml), or tumor necrosis factor alpha (TNF-a; 100
U/ml) (Genzyme) over a period of 24 h.

Cells (106) were either transfected by the calcium phosphate precipitation
method as described previously (47) with 1 pmol of plasmid reporter DNA or
cotransfected with reporter DNA (1 pmol) and one of the following expression
vectors: MSV (Moloney sarcoma virus)-C/EBPb or CMV-C/EBPb (0.5 pmol),
CMV-C/EBPg (0.5 pmol; gift of A. Henderson, New York, N.Y.), pEF-NF-IL6
(0.5 pmol; gift of S. Akira, Hyogo, Japan), RSV-COUP-TF (0.2 pmol; gift of
M. J. Tsai, Houston, Tex.), or CMV-Sp1 (0.5 pmol; gift of R. Tjian, Berkeley,
Calif.). Each transfection was done in duplicate and repeated a minimum of
three separate times with at least two different plasmid preparations. When
indicated, cells were treated with phorbol myristate acetate (PMA; 10 ng/ml)
24 h after transfection and incubated for another 24 h before harvesting. Cell
extracts were prepared 48 h after transfection. CAT assays were performed as
described previously (50). Reaction mixtures containing 15 mg of protein were
incubated at 37°C for 2 h.

Western blot analysis. Nuclear proteins (10 mg) were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (10 or 15%
polyacrylamide gel) and transferred to nitrocellulose paper. Membranes were
preincubated with 3% bovine serum albumin in phosphate-buffered saline (PBS)
overnight at 4°C and were probed with polyclonal antibodies (1:2,000 dilution)
directed against C/EBPa (sc-61X; Santa Cruz Biotechnology), C/EBPb (sc-
150X), C/EBPd (sc-636X), or C/EBPg (sc-7658X) for 90 min at room tempera-
ture in PBS–0.1% Tween 20 (PBST). After three washes with PBST, membranes
were incubated with peroxidase-labeled anti-rabbit antibody (1:7,500 dilution;
Santa Cruz Biotechnology) for 40 min and washed four times for 30 min in PBST.
The signal was visualized by enhanced chemiluminescence (ECL kit; Amer-
sham).

EMSAs. Electrophoretic mobility shift assays (EMSAs) were performed with
nuclear proteins as described previously (50). Mixtures were incubated for 15
min at 4°C, and protein-DNA complexes were analyzed by electrophoresis on a
6% polyacrylamide gel in 0.253 Tris-borate-EDTA. For supershift assays, anti-
bodies directed against C/EBPa, C/EBPb, C/EBPd (Santa Cruz Biotechnology),
C/EBPg (gift from A. Henderson, Columbia University, New York, N.Y.), DBP
(gift from P. Fonjallaz, Geneva, Switzerland), USF (Santa Cruz Biotechnology),
or normal rabbit serum were mixed with nuclear proteins for 4 h at 4°C prior to
addition of the probe. The sequence of the synthetic PRII oligonucleotide is
59-GGAGAGGGGCGATTGGGCAACCCGG-39 (50).

GST fusion protein interaction assay. GST and GST fusion proteins were
expressed in Escherichia coli BL-21(DE3). Overnight cultures of bacteria that

were newly transformed with the plasmids were diluted with 20 volumes of
medium, cultured for several hours to an optical density at 600 nm of 0.6, and
induced with 0.4 mM isopropyl-b-D-thiogalactopyranoside at 37°C for 3 h. Bac-
teria from 125 ml of culture were harvested and resuspended in 1.5 ml of NETN
(20 mM Tris [pH 8], 100 mM NaCl, 1 mM EDTA, 0.5% NP-40, 10 mg of
leupeptin/ml, 10 mg of pepstatin/ml, 10 mg of aprotinin/ml, 1 mM phenylmeth-
ylsulfonyl fluoride). The lysates were sonicated, and after centrifugation, the
supernatants were mixed with glutathione-Sepharose 4B beads (40 ml; Pharma-
cia) at 4°C overnight in NETN buffer. The 35S-labeled input protein was pre-
pared by in vitro translation using the TNT T7 system (Promega) according to
the manufacturer’s suggestions. The coated beads (40 ml) were washed with
NETN and further incubated for 2 h at 4°C with 15 ml of the total in vitro-
translated protein reaction mixture in a final volume of 300 ml of binding buffer
(50 mM Tris-Cl [pH 7.6], 50 mM NaCl, 0.02% Tween 20, 0.02% bovine serum
albumin) containing antiproteases as in NETN. After extensive washing with
washing buffer (50 mM Tris-Cl [pH 7.6], 150 mM NaCl, 0.02% Tween 20)
containing the antiproteases, the bound proteins were dissociated by boiling for
5 min in Laemmli sample buffer and subjected to SDS-PAGE.

Immunoprecipitations. Nuclear proteins were resuspended in 400 ml of TNE
(50 mM Tris [pH 8.0], 1% NP-40, 2 mM EDTA, cocktail of protease inhibitors),
mixed with protein A-agarose beads (20 ml), and gently shaken for 1 h at 4°C.
The suspension was briefly centrifuged, and the supernatant was mixed with 3 ml
of anti-Sp1 or anti-C/EBPb antibody or preimmune serum. After overnight
incubation at 4°C, protein A-agarose (30 ml) was added and mixed for 2 h. After
extensive washing of the beads with TNE, 15 ml of beads was processed for
SDS-PAGE and Western blotting as described previously (50). To detect Sp1,
the bound proteins were dissociated by boiling for 5 min in Laemmli sample
buffer containing b-mercaptoethanol (10%) and subjected to SDS-PAGE. To
detect COUP-TF, beads were resuspended in Laemmli buffer without b-mer-
captoethanol and were subjected to SDS-PAGE without previous boiling; the
blot was probed with COUP-TF antiserum (gift from S. K. Karathanasis, Phil-
adelphia, Pa.).

RESULTS

Pattern of C/EBP expression in human brain cells. To de-
termine the expression pattern of endogenous proteins of the
C/EBP family in different human brain cells, we performed a
Western blot analysis with nuclear protein extracts from hu-
man oligodendroglioma TC-620, astrocytoma U373-MG, and
microglial cells, using a set of specific polyclonal antibodies.
Only NF-IL6 (Fig. 2A) and C/EBPg (Fig. 2B) were detected in

FIG. 1. Localization of some binding sites in the LTR of HIV-1. NRRE,
C/EBP, NF-kB, Sp1, TATA elements, and the TAR region are indicated.

FIG. 2. Western blot analysis of nuclear proteins from human brain cells. (A
and B) Nuclear protein extracts were prepared from oligodendroglioma TC-620
(lanes T), astrocytoma U373-MG (lanes U), and microglial (lanes M) cells.
Proteins (10 mg) were subjected to SDS-PAGE (15% gel), transferred to a
nitrocellulose membrane, and probed with antibodies of the C/EBP family. The
same gel was cut in two and probed with anti-C/EBPb (reactive with C/EBPb and
NF-IL6; Santa Cruz Biotechnology) (A) and anti-C/EBPg (B). The signal was
visualized with the Amersham ECL system. (C) Microglial cells were stimulated
with IL-6 and TNF-a over a 24-h period. Nuclear proteins were subjected to
SDS-PAGE (10% gel), transferred to a nitrocellulose membrane, and probed as
in panel A. Positions of prestained molecular weight markers (Bio-Rad) are
indicated on the left.
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glial and microglial cells. C/EBPg with a predicted molecular
mass 16.4 kDa, known to be ubiquitously expressed (48), was
detected at higher molecular mass than expected (Fig. 2B).
Although the expression of C/EBPd was found in rat cortical
astrocytes (64), we were unable to detect the expression of
C/EBPd in human microglial and glial cells (results not shown).

Inflammatory cytokines such as IL-1, IL-6, and TNF-a are
elevated in patients with AIDS (5, 28). Therefore, we analyzed
the time course of NF-IL6 expression in cells treated with
various cytokines over a 24-h period. While IL-1 was unable to
significantly alter the level of expression (results not shown),
IL-6 and in particular TNF-a led to a significant increase in the
level of NF-IL6 expression (Fig. 2C).

NF-IL6 stimulates LTR-driven HIV-1 gene transcription in
microglial and glial cells via cell-type-specific mechanisms. To
study the effect of C/EBPb/NF-IL6 on HIV-1 gene transcrip-
tion in brain cells, transfection experiments were performed
with an LTR-CAT reporter vector containing the CAT gene
under the control of the HIV-1(LAI) LTR region and vectors
expressing either the mouse C/EBPb or the human NF-IL6
protein. The human NF-IL6 protein was expressed from the
pEF-NF-IL6 vector (0.5 pmol), under the control of the elon-
gation factor 1a promoter (1). The mouse C/EBPb protein was
expressed from the MSV-C/EBPb vector (0.5 pmol), under the

control of the MSV LTR (6). The results in Fig. 3A show that
in microglial cells, C/EBPb acted as a weak transcriptional
activator of the HIV-1 genome, since LTR-driven CAT expres-
sion was stimulated threefold. C/EBPb was unable to affect
HIV-1 gene transcription in oligodendroglioma TC-620 cells,
as already reported for glioblastoma U138MG cells (38). In-
terestingly, NF-IL6 functioned as a potent activator of LTR-
driven transcription, since CAT activity was stimulated 4.8-
and 10.5-fold in microglial and TC-620 cells, respectively (Fig.
3A). In astrocytoma U373-MG cells, results were similar with
those obtained for TC-620 cells (results not shown).

Since these two proteins were expressed from different pro-
moters, we examined their level of overexpression in the dif-
ferent cell types. We performed a Western blot analysis with
nuclear proteins extracted from cells transfected for 48 h with
each vector. We used 0.5 pmol of pEF-NF-IL6 and two con-
centrations (0.5 and 1.0 pmol) of MSV-C/EBPb DNA. The
blots were probed with anti-C/EBPb antibodies reactive with
the mouse, rat, and human proteins. Figure 3B shows that in
addition to the endogenous human NF-IL6 protein, the exog-
enous NF-IL6 protein was overexpressed in both cell types but
at a higher level in microglial cells. In contrast, the mouse
C/EBPb protein, well expressed in microglial cells, was not
expressed in TC-620 cells, suggesting that the MSV promoter

FIG. 3. Functional effects of C/EBPb, C/EBPg, and NF-IL6 on HIV-1 LTR-driven transcription in human microglial and glial cells. (A) Histogram showing relative
CAT activities in microglial and oligodendroglioma TC-620 cells transfected with the LTR-CAT reporter, either alone or in the presence of the indicated expression
vectors. The control parental MSV vector contains no cDNA insert. Vectors expressing the mouse C/EBPb and the human NF-IL6 protein were used. (B) Western
blot analysis of nuclear proteins (10 mg) extracted from cells transfected for 48 h with the indicated expression vectors (0.5 pmol). Two concentrations (0.5 and 1.0 pmol)
were used for C/EBPb, as indicated. Blots were probed with the mouse, rat, and human protein-reactive anti-C/EBPb antibodies (sc-150X; Santa Cruz Biotechnology).
Arrows show the endogenous and overexpressed human NF-IL6 protein, the overexpressed mouse C/EBPb protein, and the endogenous and overexpressed C/EBPg
protein.
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does not function in TC-620 cells. As seen in Fig. 3B, NF-IL6
and C/EBPb have distinct molecular masses, since the corre-
sponding human and mouse genes encode proteins with pre-
dicted molecular masses of 36 and 31 kDa, respectively (1, 6).
These Western blotting results correlate perfectly with the
effect and absence of effect of C/EBPb on LTR-directed tran-
scription in microglial and TC-620 cells, respectively. In micro-
glial cells, where both proteins function as transcriptional ac-
tivators, it is interesting that the level of CAT stimulation can
be correlated with the level of protein overexpression. We
further constructed a pcDNA3-C/EBPb vector in which
C/EBPb is under the control of the CMV promoter, known to
function well in microglial and TC-620 cells. Western blots
performed with extracts from cells transfected with this vector
showed a high level of C/EBPb expression in microglial cells
but no protein expression in TC-620 cells, similar to the results
found with the pMSV-C/EBPb vector, suggesting a control of
C/EBPb expression or degradation in a cell-type-specific man-
ner (results not shown).

The C/EBPg protein contains the basic and leucine zipper
domains but lacks the transcriptional activation domain (9).
C/EBPg was expressed from the CMV-C/EBPg vector, under
the control of the CMV promoter. The CMV promoter was
previously shown to function well in microglial and TC-620
cells (47), since it is able to overexpress the Sp1 protein, which
functions as a strong transcriptional activator in these cells (see
Fig. 6). As expected, overexpression of C/EBPg (Fig. 3B) did
not significantly alter the basal level of transcription; transfec-
tion of both C/EBPg and NF-IL6 vectors in equimolar
amounts led to an inhibition of NF-IL6-induced stimulation
(Fig. 3A). As a control, the pcDNA3 control plasmid contain-
ing only the CMV promoter without any cDNA insert did not
affect NF-IL6-mediated CAT stimulation, showing that inhibi-
tion of NF-IL6-mediated transcriptional stimulation results
from C/EBPg protein expression (result not shown). As seen in
Fig. 3B, cotransfection of both NF-IL6 and C/EBPg led to a
level of overexpression of NF-IL6 similar to that obtained with
NF-IL6 alone. This result again demonstrates the previously
described transdominant negative effect of C/EBPg (9). Taken
together, these results indicate that HIV-1 gene transcription is

controlled by the relative amounts of NF-IL6 and C/EBPg,
thus highlighting the importance of physiological stimuli such
as cytokine stimulation which increase the ratio of NF-IL6 to
C/EBPg.

To identify the LTR region that mediates the NF-IL6 re-
sponse in brain cells, we performed transfection experiments
using LTR-CAT vectors containing 59 deletions of the LTR
region. The results (Fig. 4) show that the mechanisms of NF-
IL6 action are dependent on the cell type. In microglial cells,
deletion of the C/EBP sites up to position 2119 (construct 2)
and of the NF-kB sites up to position 268 (construct 3) did not
abolish the 4.8-fold transcriptional stimulation. With 268/180
LTR-CAT, NF-IL6 was still able to exert a 4.6-fold transcrip-
tional stimulation. The activation was abolished only by the
removal of the two Sp1 binding sites between positions 268
and 240 (construct 4), which indicates that the action of NF-
IL6 is mediated via the minimal 268/180 LTR region. To
further confirm that NF-IL6 needs the presence of the two Sp1
elements located within the 268/240 GC-rich region, we used
LTR-CAT containing a deletion of the GC-rich region (con-
struct 5). As expected, NF-IL6 was unable to activate transcrip-
tion of this deleted LTR in microglial cells.

In contrast, in TC-620 cells, the C/EBP sites contribute to
mediate the NF-IL6 action, since their deletion (constructs 2
and 3) reduced CAT activity to about half. In these cells, the
Sp1 sites were not essential for NF-IL6 responsiveness (con-
struct 4); this was confirmed with construct 5: in the absence of
Sp1 sites, NF-IL6 was still able to stimulate transcription.
Moreover, although the basal level of transcription was
strongly reduced with 240/180 LTR-CAT, the basal se-
quences containing only the TATA region were still able to
mediate part of the NF-IL6 response. These results show that
in TC-620 cells, the action of NF-IL6 is mediated by the C/EBP
sites and the TATA region. Similar results (not shown) were
obtained for astrocytoma U373-MG cells.

Analysis of nuclear proteins present in microglial and glial
cells which bind to the C/EBP sites in the LTR of HIV-1. Two
high-affinity C/EBP sites centered around positions 2170 and
2110 of the LTR were shown to be necessary for HIV-1
replication in macrophages but not in T cells (17). To investi-

FIG. 4. Analysis of the NF-IL6-responsive element in the HIV-1 LTR in human microglial and glial cells. (A) LTR-CAT constructs used in transient expression
assays. The LTR region of HIV-1(LAI) was 59-end deleted. The LTR of HIV-1(HXB2) contains a deletion within the Sp1 region. (B) Relative CAT activities in brain
cells transfected with the LTR-CAT constructs, either alone or in the presence of the NF-IL6 expression vector. CAT activities are expressed relative to that of the
LTR-CAT construct, taken as 1. Numbers in parentheses indicate the fold stimulation induced by NF-IL6. Values correspond to an average of at least three
independent experiments done in duplicate.
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gate whether C/EBP proteins present in human brain cells
interact with these sites, we performed EMSAs with nuclear
proteins isolated from microglial and glial cells (Fig. 5). Two
complexes, C1 and C2, were formed with oligonucleotide
probe 170 (lane 5), while only one complex, C2, was formed
with probe 110 (lane 1). The formation of complex C2 was
abolished in the presence of an excess of unlabeled homolo-
gous or heterologous competitor 110 or PRII, known as a
binding site for C/EBP in the promoter of the human trans-
ferrin gene (52) (lanes 2, 3, 6, and 7). The formation of com-
plex C1 was specific, since it was abolished only by an excess of
homologous competitor (lane 6). To identify which complex
contained C/EBP, we first used the property of C/EBP to be
heat resistant; after incubation of nuclear extracts at 80°C for
5 min, the formation of complex C2 was abolished (lanes 4 and
8), indicating that the protein binding to oligonucleotide 110
does not belong to the C/EBP family. In contrast, the forma-
tion of complex C1 was unaltered (lane 8). When supershift
experiments were performed in the presence of C/EBP-a, -b,
-d, or -g or DBP antibodies, both complexes C1 and C2 were
unaffected (lanes 9 to 13), indicating that no protein of the
C/EBP family present in nuclear extracts is able to interact with
the 170 site. However, by gel shift assays performed with the
170 probe and in vitro-translated NF-IL6, we confirmed pre-
vious reports that NF-IL6 is able to bind to the 170 site (49);
interestingly, in vitro-translated C/EBPb was unable to bind to
the 170 sequence (results not shown).

It has been reported that the basic loop helix leucine zipper
proteins TFE3 and USF bind to the E box that overlaps the
2170 bp region (10, 57) and compete with NF-IL6 for binding
to the 170 sequence (19). Our supershift experiments using
anti-USF antibodies confirmed that USF forms the majority of
complex C1 (Fig. 5A, lanes 15 to 17). These findings indicate
that although NF-IL6 is able to interact with the 170 site, in the

cellular context where NF-IL6 is not overexpressed, USF
rather than NF-IL6 binds to this site.

Regulation of HIV-1 LTR-directed gene transcription by
NF-IL6, Sp1, and COUP-TF in unstimulated and PMA-stim-
ulated brain cells. We have recently demonstrated that in
microglial cells, the 268/240 GC-rich region is the binding site
for transcription factors Sp1 and Sp3 (47). While Sp1 activates
transcription, Sp3 functions as an inhibitor of LTR-driven
transcription (47). This prompted us to investigate how NF-
IL6 modulates Sp1-mediated transcriptional stimulation. Com-
binations of the expression vectors for NF-IL6 and Sp1 were
cotransfected with the LTR-CAT reporter vector (Fig. 6A).

In microglial cells, overexpression of both NF-IL6 and Sp1
proteins (lane 6) did not alter CAT activity obtained with each
individual protein (lanes 2 and 4), suggesting a mutual repres-
sion of both proteins on the full-length LTR. In contrast, in
TC-620 cells, a synergistic stimulation of transcription was ob-
served: while overexpression of either NF-IL6 or Sp1 led to
10.5- or 10.2-fold stimulation of CAT activity, respectively
(lanes 8 and 10), their combined action led to a 36-fold tran-
scriptional increase (lane 12). Similarly, with the 268/180
LTR-CAT vector, the combination of NF-IL6 and Sp1 led to a
synergistic 39-fold stimulation (results not shown). These re-
sults demonstrate the cell type specificity of the transcriptional
effects mediated by NF-IL6 and Sp1 and further suggest that
NF-IL6 interacts with Sp1, directly or indirectly. To test
whether these interactions are direct, we performed coimmu-
noprecipitation experiments with extracts from microglial cells
transfected with NF-IL6 and Sp1 expression vectors. Results
did not reveal any direct interaction between the two proteins.

We next investigated how NF-IL6 modulates HIV-1 gene
transcription in the presence of the nuclear receptor COUP-
TF, since we recently demonstrated physical and functional
interactions between Sp1 and COUP-TF, leading to a syner-
gistic transcriptional stimulation via the 268/129 LTR region
in microglial cells (47). In these cells, overexpression of NF-
IL6 and COUP-TF led to an additive effect with LTR-CAT
(lanes 2, 3, and 5). In contrast, in TC-620 cells, CAT activity
was slightly altered by the combination of both proteins (lane
11) compared with each protein alone (lanes 8 and 9), suggest-
ing a mutual inhibition through cross-coupling interactions.
These results indicate cell-type-specific functional interactions
between NF-IL6 and COUP-TF.

To examine whether overexpression of COUP-TF or Sp1
altered the expression level of the NF-IL6 protein, we per-
formed Western blotting experiments with nuclear extracts
from microglial and TC-620 cells transfected with either NF-
IL6, NF-IL6 and COUP-TF, or NF-IL6 and Sp1 expression
vectors (Fig. 6B). Results show that overexpression of
COUP-TF did not modify the level of NF-IL6 expression in
microglial cells but led to an additive transcriptional effect
(Fig. 6A, lane 5); in TC-620 cells, Sp1 appeared to slightly
decrease the overexpressed level NF-IL6 compared with NF-
IL6 alone; however, this overexpressed level was still sufficient
for a transcriptional stimulation similar to that of NF-IL6 (Fig.
6A, lane 11). In microglial cells, overexpression of Sp1 ap-
peared to increase the level of NF-IL6 but did not lead to any
additive or synergistic transcriptional effect, suggesting that the
level of NF-IL6 alone was already saturating (Fig. 6A, lane 6);
interestingly, in TC-620 cells, where a synergistic transcrip-
tional effect was detected (Fig. 6A, lane 12), overexpression of
Sp1 did not alter the level of overexpressed NF-IL6. These
results support the idea of direct or indirect cell-type-specific
interactions of these proteins in the regulation of HIV-1 gene
transcription.

These data concern the immediate-early phase, where viral

FIG. 5. Binding of nuclear proteins present in microglial cells to the C/EBP
sites of the HIV-1 LTR. Nuclear protein extracts from microglial cells (5 mg)
were assayed by gel retardation assay with 1 ng of 32P-end-labeled oligonucleo-
tide probe 110 or 170. The DNA-protein complexes C1 and C2 are indicated. For
supershift assays, 1 ml of the indicated antiserum was mixed with nuclear proteins
and incubated 4 h prior addition of probe 170. The sequence of the synthetic
oligonucleotides present in the LTR is indicated. The PRII sequence is a C/EBP
binding site in the promoter of the transferrin gene (52). Asterisks indicate
nuclear extracts that were heated for 5 min at 80°C.
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transcription proceeds through dependence on solely cellular
transcription factors present in the nucleus. Recent reports
showed that the formation of NF-kB–C/EBP heterodimers
results in a potent activation of HIV-1 LTR in NTera cells
(49). It was therefore of interest to examine how NF-IL6 reg-
ulates HIV-1 gene transcription in conditions where stimuli
such as PMA induce NF-kB nuclear translocation. Cells were
cotransfected with the LTR-CAT reporter and various combi-
nations of NF-IL6, Sp1, and COUP-TF expression vectors and
were treated with PMA for 24 h. The presence of NF-kB in
nuclear extracts was controlled by gel shift experiments (results
not shown). Comparison of CAT activities measured with un-
treated and PMA-stimulated cells revealed a dramatic effect in
TC-620 cells, where PMA treatment stimulated four- to five-
fold the basal activity as well as the Sp1-, COUP-TF-, and
NF-IL6-mediated transcriptional activities. In microglial cells,
PMA treatment led to a twofold stimulation of transcription
(Table 1).

NF-IL6 and COUP-TF interact in vitro and in cells. Our
transient expression data suggest functional interactions be-
tween NF-IL6 and COUP-TF. We therefore investigated
whether these proteins are able to interact physically. To
examine in vitro interactions, we analyzed the ability of in
vitro-translated NF-IL6 in the presence of [35S]methionine to
interact with the GST–COUP-1 fusion protein (Fig. 7A). SDS-

PAGE analysis of proteins retained by glutathionine-Sepha-
rose shows that 35S-labeled NF-IL6 associates with GST-
COUP-1 (Fig. 7B, lane 3). This association is specific, since
NF-IL6 was bound to GST–COUP-1 but not to GST alone
(lane 2).

To localize the domain of COUP-TF that mediates interac-
tion with NF-IL6, we used the GST–COUP-3 expression vec-

FIG. 6. Regulation of HIV-1 gene transcription by NF-IL6, COUP-TF, and Sp1 in human microglial and glial cells. (A) Transient expression experiments were
performed by cotransfecting HIV-1 LTR-CAT (1 pmol) with vectors expressing NF-IL6 (0.5 pmol), COUP-TF (0.2 pmol), and Sp1 (0.5 pmol) as indicated. Histograms
show CAT activities expressed relative to the value obtained with the LTR-CAT reporter vector. Values correspond to an average of at least three independent
experiments done in duplicate. (B) Western blot analysis of nuclear proteins (10 mg) extracted from cells transfected for 48 h with the indicated expression vectors (0.5
pmol). Blots were probed with the mouse, rat, and human protein-reactive anti-C/EBPb antibodies (sc-150X; Santa Cruz Biotechnology), which recognizes the
endogenous and overexpressed human NF-IL6 protein.

TABLE 1. Fold induction following treatment with PMAa

Expression vector(s)

Relative CAT activityb

Microglial
cells

TC-620
cells

None 1.6 4.2
NF-IL6 1.9 4.5
COUP 1.9 4.1
Sp1 1.9 3.6
NF-IL6 1 COUP 1.9 4.2
NF-IL6 1 Sp1 2.2 2.3

a Cells were cotransfected with the LTR-CAT reporter construct and the
indicated expression vectors and then cultured in the absence or the presence of
PMA (10 ng/ml) for 24 h. CAT activities were determined 48 h after transfection.

b Mean of three independent experiments done in duplicate. Standard devia-
tion did not exceed 20%.
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tor encoding residues 49 to 148 of COUP-TF (Fig. 7A). Re-
sults from GST pull-down experiments show that GST–
COUP-3 was still able to mediate association with NF-IL6
(Fig. 7B, lane 4), confirming that the N-terminal part of
COUP-TF containing the DNA binding domain is sufficient for
the interaction with NF-IL6 in vitro.

To localize the domain of NF-IL6 involved in the interaction
with COUP-TF, we constructed the NF-IL6DSpl vector, ex-
pressing the C-terminal DNA binding domain under the con-
trol of the T7 promoter in pcDNA3. The results of GST pull-
down assays showed that 35S-labeled NF-IL6DSpl was still
able to associate with GST-COUP (lane 7) but not with the
control GST (lane 6). Taken together, these results indicate
that NF-IL6 and COUP-TF associate via their DNA binding
domains.

These in vitro results were confirmed in vivo by immuno-
precipitation experiments with extracts from microglial cells
that had been transfected with NF-IL6 and COUP-TF vectors
(Fig. 7C). Antibodies directed against NF-IL6 (lane 2), but not
nonimmune serum (lane 3), were able to immunoprecipitate
endogenous COUP-TF species as visualized by Western blot-
ting with COUP-TF antibodies.

DISCUSSION

In this study, we have investigated the regulation of HIV-1
gene transcription in human microglial cells, which are the
primary target of HIV-1 infection in the CNS, compared with
oligodendroglioma cells. We show here that NF-IL6 and
C/EBPg proteins are present in microglial and glial cells.
While NF-IL6 acts as a potent activator of LTR-driven tran-
scription, its transcriptional ability is repressed by C/EBPg,
previously described as a transdominant negative regulator (9).
Therefore, the levels of these two proteins, as well as the levels
of cytokines such as IL-1 and TNF-a, known to be increased
during HIV-1 infection, appear critical in the transcriptional
regulation of the HIV-1 genome.

A number of studies have shown that transactivation of the
LTR by NF-IL6 includes pathways that can bypass a require-
ment for direct interaction of NF-IL6 with its binding site,
either through a direct cooperation between NF-IL6 and
NF-kB (49) or through the basal transcriptional machinery
(56). Distinct mechanisms of transcriptional regulation were
detected depending on cell type. In monocytic U937 cells, the
basal LTR sites retained half of NF-IL6 responsiveness, while
in hepatoma HepG2 cells, response to NF-IL6 was achieved
with the Sp1 element (56). These authors suggested that acti-
vation of the LTR by NF-IL6 involves the basal transcription
machinery as well as cooperation with other transcription fac-
tors. Our transient expression results for brain cells support
these data and show that NF-IL6 can activate HIV-1 LTR-
driven transcription, independently of the C/EBP binding se-
quence, in a cell-type-specific manner. In microglial cells, the
minimal 268/180 LTR region containing two Sp1 binding
sites is sufficient for NF-IL6-mediated stimulation. In oligo-
dendroglioma cells, the C/EBP sites contribute to full NF-IL6
responsiveness; moreover, in these glial cells, like in U937
monocytic cells (56), the basal 240/180 region containing only
the TATA site retains a significant fraction of NF-IL6 respon-
siveness. Moreover, our in vitro data indicate that in the nor-
mal cellular context of brain cells, no C/EBP protein binds to
the C/EBP sites present in the LTR. It is the USF protein
rather than NF-IL6 which binds to the 170 C/EBP site. Since
NF-IL6 transactivates the HIV-1 LTR via the 268/180 or the
240/180 region, our data indicate that the C/EBP sites are not
essential for HIV-1 gene transcription in microglial and glial
cells.

Our cotransfection data provide evidence for functional in-
teractions between NF-IL6 and Sp1. In TC-620 cells, a func-
tional cooperation between NF-IL6 and Sp1 leads to a syner-
gistic transcriptional stimulation, further enhanced in the
presence of PMA, resulting in a dramatic 90-fold increase in
HIV-1 gene transcription. In contrast, in microglial cells,
HIV-1 gene transcription is regulated by a mutual inhibition
between NF-IL6 and Sp1.

The essential role of the Sp1 transcription factor (24) in the
regulation of basal transcription and in Tat-mediated transac-
tivation of the HIV-1 LTR has been well established (15, 23,
54). A direct interaction between Sp1 and the viral protein Tat
during transactivation has been described (22, 26). A cooper-
ative interaction between Sp1 and NF-kB, bound to the two
adjacent binding sites, is required for optimal HIV-1 enhancer
activation and inducible HIV-1 gene expression (31, 33, 41). A
physical interaction between Sp1 and the p53 tumor suppres-
sor gene has been found in the TNF-induced transcriptional
activation of the HIV-1 LTR (14). Our recent data have dem-
onstrated a physical and functional interaction between Sp1
and the nuclear receptor COUP-TF in microglial cells (47).
Although previous reports have shown that NF-IL6 and Sp1

FIG. 7. NF-IL6 interacts with COUP-TF in vitro and in vivo. (A) Schematic
representation of GST-COUP-TF constructs. (B) Visualization of the in vitro
interaction between NF-IL6 and COUP-TF. 35S-labeled full-length NF-IL6 (lane
1) and truncated NF-IL6DSp1 (lane 5) translated in wheat germ lysate (Pro-
mega) were incubated with bacterially expressed GST, GST–COUP-1, or GST–
COUP-3 immobilized on glutathione-Sepharose beads. After extensive washing,
the bound proteins were eluted and analyzed by SDS-PAGE followed by auto-
radiography (lanes 2 to 4, 6 and 7). (C) Coimmunoprecipitation of NF-IL6 and
COUP-TF. Nuclear protein extracts from microglial cells (50 mg) were immu-
noprecipitated (I.P.) in the presence of anti-NF-IL6 antibodies (lane 2) or non-
immune serum (NIS; lane 3), followed by Western blotting with COUP-TF
antibodies. Lane 1 corresponds to nonimmunoprecipitated nuclear proteins.
Positions of size standards are indicated in kilodaltons. Ig, immunoglobulin; NS,
nonspecific band.
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can work in conjunction to activate the CYP2D5 gene (30) and
the CD11c integrin gene (32), similar to our coimmunoprecipi-
tation data, no evidence for a direct association between these
two transcription factors could be demonstrated. Therefore,
interactions of NF-IL6 with Sp1 may involve transcriptional
coactivators such as p300, recently described to interact di-
rectly with C/EBPb and NF-IL6 (37). An indirect interaction
between Sp1 and p300 via the progesterone receptor (40),
another member of the nuclear hormone receptor superfamily,
has also been recently described.

We have previously described that in microglial cells, a di-
rect interaction of the N-terminal DNA binding domain of the
nuclear receptor COUP-TF with the Sp1 protein results in a
synergistic transcriptional activation of the HIV-1 genome
(47). In contrast, in oligodendrocytes, COUP-TF stimulates
HIV-1 gene transcription by direct interactions with its DNA
target site (50). Two members of the COUP-TF family,
COUP-TFI/Ear3 and COUP-TFII/ARP-1 are also able to di-
rectly target components of the basal transcription machinery,
such as the basal transcription factor TFIIB, via the activation
domain of COUP-TF (20). Here our findings reveal that the
DNA binding domain of COUP-TF is able to associate directly
with the C-terminal DNA binding domain of NF-IL6. This
interaction, demonstrated both in vitro and in cells, results in
a relative inhibition of the transcriptional stimulation mediated
by each factor.

The NF-IL6 protein, like all members of the C/EBP family,
consists of three structural components: a C-terminal leucine
zipper, a basic DNA binding region, and an N-terminal trans-
activating region (61). Previous studies have demonstrated an
association of the C-terminal bZIP region of C/EBP with the
Rel homology domain of NF-kB (29, 34, 53). A physical inter-
action occurs between C/EBPs and the retinoblastoma protein
Rb during terminal adipocyte differentiation (8), leading to an
activation of NF-IL6. In this case, two distinct regions of NF-
IL6 are involved in the binding to the hypophosphorylated
form of Rb in vitro and in cells (7). In addition, the viral
protein Tat was also shown to physically interact with NF-IL6
in vitro and in vivo (3).

The cell-type-specific mode of action of COUP-TF may help
explain the functional data obtained in the presence of Sp1 and
NF-IL6. In microglial cells, where COUP-TF functions by di-
rect interaction with the Sp1 protein, NF-IL6 competes with
Sp1 for binding to the N-terminal part of COUP-TF, which
could result in the observed mutual inhibition. In contrast, in
TC-620 cells, where COUP-TF binds to the NRRE site, NF-
IL6 is free to interact with proteins bound to Sp1 and thus to
synergistically stimulate transcription.

Our findings establish the role of NF-IL6 as a potent tran-
scriptional activator of LTR-directed HIV-1 gene expression in
brain cells. They highlight novel mechanisms of HIV-1 gene
regulation involving functional interactions between NF-IL6
and the transcription factors Sp1 and COUP-TF, which lead to
cell-type-specific regulations in various brain cells. C/EBP pro-
teins were recently shown to be required for provirus induction
in monocytic cell lines (18) and in primary macrophages but
not in T cells (17). It is therefore essential in our following
experiments to further investigate the role of NF-IL6 in HIV-1
replication and induction of latent HIV-1 provirus in different
brain cells.
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