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It has been shown that the human immunodeficiency virus type 1 (HIV-1) Tat protein can specifically
enhance expression and release of monocyte chemoattractant protein 1 (MCP-1) from human astrocytes. In
this study, we show evidence that Tat-induced MCP-1 expression is mediated at the transcriptional level.
Transient transfection of an expression construct encoding the full-length Tat into the human glioblastomaastrocytoma cell line U-87 MG enhances reporter gene activity from cotransfected deletion constructs of the
MCP-1 promoter. HIV-1 Tat exerts its effect through a minimal construct containing 213 nucleotides upstream
of the translational start site. Site-directed mutagenesis studies indicate that an SP1 site (located between
nucleotides ⴚ123 and ⴚ115) is critical for both constitutive and Tat-enhanced expression of the human MCP-1
promoter, as mutation of this SP1 site significantly diminished reporter gene expression in both instances. Gel
retardation experiments further demonstrate that Tat strongly enhances the binding of SP1 protein to its DNA
element on the MCP-1 promoter. Moreover, we also observe an increase in the binding activities of transcriptional factors AP1 and NF-B to the MCP-1 promoter following Tat treatment. Mutagenesis studies show that
an upstream AP1 site and an adjacent NF-B site (located at ⴚ128 to ⴚ122 and ⴚ150 to ⴚ137, respectively)
play a role in Tat-mediated transactivation. In contrast, a further upstream AP1 site (ⴚ156 to ⴚ150) does not
appear to be crucial for promoter activity. We postulate that a Tat-mediated increase in SP1 binding activities
augments the binding of AP1 and NF-B, leading to synergistic activation of the MCP-1 promoter.
of activated monocytes to release TNF-␣, nitric oxide, plateletactivating factor, and quinolinate, which in turn may cause
neural cell death (4, 15, 30, 49). Patients with HIV-1-associated
dementia express elevated levels of MCP-1 in their brain tissue
and in cerebrospinal fluid (10). Exogenous Tat is capable of
enhancing the expression of MCP-1 transcripts and secreted
protein in human primary fetal astrocytes (10). In a related
study, it has been shown that treatment of human primary fetal
astrocytes with Tat can increase NF-B binding to its cognate
binding motif (9). It is conceivable that NF-B and/or some
other Tat-induced factor(s) thus play a role in Tat-mediated
induction of MCP-1 expression. In this study, we sought to determine the mechanism for Tat-induced expression of MCP-1
in human astrocytes by studying its effect on the MCP-1 promoter.

The Tat protein of human immunodeficiency virus type 1
(HIV-1) is an 86-amino-acid protein encoded by two exons (2,
17, 46). The first exon, which encodes amino acids 1 to 72, is
sufficient for directing viral gene expression through transactivation of the HIV-1 long terminal repeat (LTR) and is essential for viral replication (2, 17, 46). Tat protein is released from
HIV-1-infected and Tat-transfected cells and can be taken up
by nearby uninfected or nontransfected cells through endocytosis (19, 31). Several reports have shown that Tat has pleiotropic effects on cell survival, growth, and function of uninfected cells (13, 14, 19, 31, 51). It inhibits antigen-induced
proliferation of isolated T cells (51) and promotes the growth
of Kaposi’s sarcoma-derived cells (13). In addition, Tat has
been shown to play a role in apoptosis (41) and to induce the
production of several cytokines, including interleukin-2 (IL-2)
(52), IL-6 (41), tumor necrosis factor alpha (TNF-␣) (5), and
monocyte chemoattractant protein 1 (MCP-1) (10).
The ␤-chemokine MCP-1 is a monocyte-specific chemotactic
factor thought to play a significant role in monocytic infiltration to sites of injury or inflammation (27, 43). HIV-1 infection
in the central nervous system (CNS) causes a dementing illness, the pathological correlate of which is monocytic infiltration of the CNS (21, 37). The mechanisms by which monocytic
infiltration of the CNS may lead to dementia include the ability

MATERIALS AND METHODS
Cells and cell culture. The preparation of astrocyte cultures from human fetal
tissue has been described previously (12). The cells are grown in Eagle’s minimal
essential medium (EMEM) supplemented with 10% fetal calf serum, 2 mM
L-glutamine, and 5 g of gentamicin per ml. The human glioblastoma-astrocytoma cell line U-87 MG and the epithelioid cervical carcinoma cell line HeLa
were purchased from the American Type Culture Collection (Manassas, Va.).
HeLa-tat-III was obtained from the AIDS Research and Reference Reagent
Program (National Institutes of Health, Bethesda, Md.) (38) and was kindly
provided by Marvin S. Reitz, Jr. (Institute of Human Virology, University of
Maryland Biotechnology Institute, Baltimore). The cells were cultured in
EMEM containing 2 mM L-glutamine, 1.5 g of sodium bicarbonate per liter, 0.1
mM nonessential amino acids, 1 mM sodium pyruvate, and 10% fetal bovine
serum and maintained at 37°C in 5% CO2. The growth media of HeLa-tat-III
cells was further supplemented with 200 g of gentamicin per ml.
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TABLE 1. cis elements on the hMCP-1 promoter region analyzed in this study
cis-acting
element

Position

Bases changed (boldface) in
site-directed mutagenesis

Sequence

Construct

AP1

⫺156
⫺129

5⬘-ACTTATCACTCATGGAA-3⬘
5⬘-TCCTGCTTGACTCCGCCC-3⬘

5⬘-ACTTAGACAGACTGGAA-3⬘
5⬘-TCCTGCTGTCAGAAGCCC-3⬘
5⬘-TCCTGCTTCGCTCCGCCC-3⬘

p⌬AP1A
p⌬AP1B1
p⌬AP1B2

NF-B
SP1

⫺148
⫺125

5⬘-ACTCATGGAAGATCCCTCCT-3⬘
5⬘-TGACTCCGCCCTCTCT-3⬘

5⬘-ACTCATATCGTGGAAATCCT-3⬘
5⬘-TGACTCCGGGGTCTCT-3⬘

p⌬NF-B
p⌬SP1

5⬘-CGCTTGATGACTCAGCCGGAA-3⬘
5⬘-CGCTTGATGACTTGGCCGGAA-3⬘

Consensus NF-B
Mutated NF-B

5⬘-AGTTGAGGGGACTTTCCCAGGC-3⬘
5⬘-AGTTGAGGCGACTTTCCCAGGC-3⬘

Consensus SP1
Mutated SP1

5⬘-ATTCGATCGGGGCGGGGCGAGC-3⬘
5⬘-ATTCGATCGGTTCGGGGCGAGC-3⬘

Consensus NF1
Mutated NF1

5⬘-TTTTGGATTGAAGCCAATATGATAA-3⬘
5⬘-TTTTGGATTGAATAAAATATGATAA-3⬘

Plasmids and constructs. Plasmid pGL2-Basic (Promega, Madison, Wis.) was
used to generate deletion constructs of the human MCP-1 (hMCP-1) promoter.
To obtain phMCP486, phMCP213, and phMC128, which covered positions ⫺486
to ⫹6, ⫺213 to ⫹6, and ⫺128 to ⫹6, respectively, DNA fragments were amplified by PCR with chemically synthesized oligonucleotides that corresponded to
nucleotides ⫺486 to ⫺456 of the sense strand (5⬘GGGCTAGCAAGCTTGA
GAGCTCCTTCCTGG3⬘), ⫺213 to ⫺183 of the sense strand (5⬘GGGCTA
GCCTTCCTGGAAATCCACAGGATG3⬘), ⫺128 to ⫺75 of the sense strand
(5⬘GGGCTAGCGACTCCGCCCTCTCTCCCTCTG3⬘), and ⫺17 to ⫹6 of the
antisense strand (5⬘GGAGATCTTTCATGCTGGAGGCGAGAGTGC3⬘). Human genomic DNA derived from a healthy adult was used as the template. The
PCR products were digested with NheI and BglII and cloned into the NheI-BglII
site of pGL2-Basic. The mammalian expression construct pCMHV1-tat, encoding a Tat cDNA, was kindly provided by S. K. Arya, National Cancer Institute,
National Institutes of Health (20).
PCR mutagenesis. Site-directed mutation was introduced with a QuikChange
site-directed mutagenesis kit (Stratagene, La Jolla, Calif.). Briefly, 5 ng of
phMCP213 plasmid DNA and 125 ng of each of two complementary oligonucleotides containing the desired mutation (Table 1) were incubated with 2.5 U of
Pfu DNA polymerase and cycled 18 times with the following conditions: denaturation at 95°C for 30 s, annealing at 55°C for 1 min, and extension at 68°C for
10 min. The reaction mix was cooled on ice for 2 min and digested with 10 U of
DpnI at 37°C for 1 h, and 1 l of the reaction mix was transformed into Epicurian
Coli XL1-Blue supercompetent cells. Plasmids were isolated from colonies
grown overnight at 37°C on ampicillin-resistant agar plates, and sequencing was
carried out to identify those that contained the mutated sequences of interest.
DNA sequencing. DNA sequencing on all constructs created was carried out in
the Biopolymer Sequencing Facility, University of Maryland, Baltimore. Two
hundred nanograms of the double-stranded templates and 10 ng of the primer
were used for the dideoxy method with a Taq Dye Deoxy terminator cycle
sequencing kit and an automated DNA sequencer 377 (PE Applied Biosystems,
Foster City, Calif.).
Cell transfections. Transfection experiments were performed with Superfect
transfection reagent (Qiagen, Valencia, Calif.). The day before transfection,
1.5 ⫻ 105 U-87 MG or HeLa cells were seeded into six-well plates in 2.5 ml of
complete medium. The cells were 40 to 60% confluent on the day of transfection.
For transfection, 150 l of serum-free EMEM containing 5 g of total plasmid
DNA was mixed well with 75 g of Superfect transfection reagent and allowed
to stand at room temperature for 10 min to allow complex formation. Growth
medium was aspirated from the cells, and the cells were washed once with 4 ml
of phosphate-buffered saline (PBS). The DNA-Superfect mixture was diluted
with 1 ml of complete growth medium and added to the cells. Cells were then
reincubated at 37°C and 5% CO2 for 3 h, after which the medium was aspirated
and the cells were washed again with 4 ml of PBS; 2.5 ml of complete medium
was added to the cells, and incubation at 37°C and 5% CO2 was continued for
another 48 to 72 h, after which the cells were harvested and luciferase activity was
measured. Either 4 g of test plasmid and 1 g of pSV-␤-galactosidase plasmid
DNA or 2 g of test plasmid, 1 to 2 g of pCMtat-HIV-1 (20), and 1 g of
pSV-␤-galactosidase plasmid DNA were used in the transfections. For phorbol
myristate acetate (PMA) induction, a final concentration of 10⫺7 M PMA was
added to the cells for the indicated periods of time.
Luciferase assays. Luciferase activity was measured with a luciferase assay kit
from Promega (Madison, Wis.). Following a 48- to 72-h incubation period, cells
were washed twice with PBS and lysed with 150 l of reporter lysis buffer
(Promega). The lysate was allowed to stand at room temperature for 10 to 15 min

and collected into 1.5-ml Eppendorf tubes. These were quick-spun for 1 min in
a microcentrifuge, and 10 l of each lysate was mixed with 100 l of buffer and
measured for luciferase activity in a Turner luminometer (Turner Designs,
Sunnyvale, Calif.) over an integration period of 15 s. Values obtained were
normalized to the levels of ␤-galactosidase in the cell lysates. ␤-Galactosidase
activities were determined with an assay kit (Promega) and exhibited ⬍20%
variation between samples.
Treatment of cells with recombinant HIV-1 Tat. Recombinant Tat1-86, a kind
gift from B. C. Nair, Advanced Bioscience Laboratories, Kensington, Md., was
prepared as described previously (6). Briefly, Tat was expressed in Escherichia
coli and purified by heparin affinity chromatography. Further purification was
done by reversed-phase high-performance liquid chromatography (HPLC) (data
not shown). The protein was found to be homogeneous and ⬎95% pure following sodium dodecyl sulfate-polyacrylamide gel electophoresis with Coomassie
blue staining. Its biological activity was assessed by the HIV rescue assay with a
cell line (HLM-1) containing an integrated nonreversible Tat-defective provirus
(data not shown) (6). U-87 MG cells (107) were treated with 40 or 100 nM Tat
for 2 h in serum-free EMEM in a 37°C CO2 incubator, after which they were
harvested for the preparation of nuclear extracts. For heat inactivation, Tat was
incubated at 60°C for 30 min (30).
Nuclear extracts and EMSA. Nuclear extracts were prepared from 107 cells by
the method of Andrews and Faller (1). Protein concentration was determined
with a bicinchoninic acid protein assay from Pierce (Rockford, Ill.) and determined to be between 1 and 5 g/ml. The DNA fragment from ⫺213 to ⫹6 of the
hMCP-1 promoter was excised from plasmid phMCP213 with NheI and BglII and
filled in with [␣-32P]dCTP (New England Biolabs, Inc., Beverly, Mass.) and
Klenow fragment. Oligonucleotides containing consensus SP1, AP1, NF-B, or
NF1 binding elements (Table 1) were annealed and end labeled with [␥-32P]ATP
and T4 kinase. Electrophoresis mobility shift assay (EMSA) mixtures contained
0.25 ng of 32P-labeled DNA fragment or double-stranded oligonucleotides
(15,000 cpm), 10 mM Tris-HCl (pH 7.5), 1 mM dithiothreitol, 1 mM EDTA, 0.5
mM MgCl2, 5% glycerol, 0.5 g of poly(dI-dC), 0.1 g of sonicated salmon
sperm DNA, and 4 g of nuclear extract. The binding reaction mixtures were
incubated on ice for 20 min and electrophoresed through 5% native polyacrylamide gels in 25 mM Tris borate–0.5 mM EDTA at 270 V for 3 h. The gels were
dried down and exposed to X-ray films for 12 to 16 h at ⫺70°C.
Competition assays were performed with 100-fold molar excess of cold DNA
fragments from positions ⫺213 to ⫹6 or double-stranded oligonucleotides containing SP1, AP1, NF-B, and NF1 binding elements (Table 1). Supershift assays
were performed with SP1, AP1, NF-B p50 and p65, and C/EBP polyclonal
antibodies (Santa Cruz Biotechnology, Santa Cruz, Calif.) by preincubating the
nuclear extracts with 2.5 l of the polyclonal antibody in the reaction buffer for
10 min and continuing the gel retardation assay as described above.

RESULTS
Analysis of deletion constructs of the hMCP-1 promoter. To
confirm transcriptional regulatory protein binding regions, luciferase reporter constructs bearing progressive 5⬘ deletions of
the hMCP-1 promoter were generated and transfected into
the human glioblastoma cell line U-87 MG (Fig. 1). All three
constructs, phMCP486, phMCP213, and phMCP128, exhibited
significantly higher luciferase activity than the control plasmid
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pGL2-Basic (Fig. 2A). The construct phMCP213 was consistently found to be more active than phMCP486 (Fig. 2A). The
former was 23-fold more active than pGL2-Basic, while the
latter was about 16-fold more active (Fig. 2A). In contrast,
phMCP128 was the least active, exhibiting only about fivefold
more activity than pGL2-Basic (Fig. 2A). We next determined
the effect of stimulus on the activity of these constructs. All
three constructs were readily inducible upon treatment with
PMA; after 8 h of exposure to PMA, they each exhibited about

FIG. 2. Deletion analysis of the hMCP-1 5⬘ flanking region. Luciferase assays
were performed with extracts of U-87 MG cells transfected with different 5⬘
deletion constructs. Results are expressed as the induction of luciferase activity
of the hMCP promoter constructs over pGL2-Basic and were normalized to units
of ␤-galactosidase activity from cotransfection with a pSV-␤-galactosidase plasmid. (A) Luciferase activities from transfected U-87 MG cells were measured
48 h posttransfection; data shown are the means (⫾ standard deviations) of four
independent transfection experiments. The average raw luciferase value for
pGL2-Basic was 0.05 ⫾ 0.03. (B) Representative experiment showing transfection of U-87 MG cells following treatment with PMA for the indicated times,
harvested 48 h posttransfection. The raw luciferase values for pGL2-Basic
ranged from 0.1 to 0.24.

FIG. 3. Deletion analysis of the hMCP-1 5⬘ flanking region. Luciferase assays
were performed with extracts of HeLa cells transfected with different 5⬘ deletion
constructs. Results are expressed as the induction of luciferase activity of the
hMCP promoter constructs over pGL2-Basic and were normalized to units of
␤-galactosidase activity from cotransfection with a pSV-␤-galactosidase plasmid.
(A) Luciferase activities from transfected HeLa cells were measured 48 h posttransfection; data shown are the means (⫾ standard deviations) of four independent transfection experiments. The average raw luciferase value for pGL2Basic was 0.01 ⫾ 0.01. (B) A representative experiment showing transfection of
HeLa cells following treatment with PMA for the indicated times, harvested 48 h
posttransfection. The raw luciferase values for pGL2-Basic ranged from 0 to
0.04 ⫾ 0.04.

twofold increase in activity over basal levels (Fig. 2B). After
18 h of treatment, the values rose to between five- to sevenfold
above basal levels and maintained those levels 24 h posttreatment (Fig. 2B). The human fibroblastic cell line HeLa has been
reported to express low levels of MCP-1 mRNA (16). To compare the results obtained for U-87 MG cells, we repeated the
experiments with HeLa cells. All of the promoter constructs
exhibited lower basal activity in HeLa cells than in U-87 MG
cells (Fig. 3A). The activity of phMCP486 was about threefold
above background, while that of phMCP213 was about ninefold above background (Fig. 3A). Similar to the observation
for U-87 MG cells, phMCP128 was the least active; its activity
was only 1.4-fold above background values (Fig. 3A). Upon
treatment with PMA, strong induction was observed with all
three constructs (Fig. 3B). Unlike in U-87 MG cells, maximal
stimulation was achieved after 8 h of treatment with PMA
(with 9- to 18-fold induction), and the values gradually decreased over a 24-h period to between 3- and 7-fold (Fig. 3B).
Effect of transient expression of Tat on promoter activity of
the hMCP-1 gene. In previous studies, HIV-1 Tat was found to
enhance the expression and release of MCP-1 in primary human fetal astrocytes at both transcriptional and translational
levels (10). To further investigate if Tat-mediated activation of
MCP-1 gene expression occurs at the transcriptional level,
transient cotransfection experiments were carried out with 5⬘
deletion constructs and an expression vector for the full-length
HIV-1 Tat, pCMtat-HIV1 (20). We found that Tat significantly
stimulated luciferase activity of constructs phMCP486 and
phMCP213 in the U-87 MG cell line (Fig. 4A). Cotransfection
with 1 g of HIV-1 Tat up-regulated the activity of phMCP486
7-fold, while that of phMCP213 rose 2.3-fold (Fig. 4A). The
response of the promoter constructs to Tat is also dose dependent. Cotransfection with 2 g of Tat expression vector further
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FIG. 1. Schematic representations of the MCP-1 promoter. (A) Map of the
5⬘ flanking region of the hMCP-1 gene showing up to 3 kb upstream of the
translational start site. (B) Proximal region of the promoter from nucleotides
⫺213 to ⫹6 from the translational start site (boxed). Putative binding sites for
cis-acting factors are underlined.
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FIG. 4. Tat-mediated induction of hMCP-1 promoter activity. A representative experiment (from three performed) shows luciferase activities of the
hMCP-1 deletion constructs following cotransfection in U-87 MG (A) or HeLa
(B) cells with the indicated amounts of a Tat expression plasmid. Results are
expressed as the induction of luciferase activity of the promoter constructs over
pGL2-Basic and were measured 72 h posttransfection. Luciferase activity was
normalized to units of ␤-galactosidase activity from cotransfection with a pSV␤-galactosidase plasmid. The raw luciferase values for pGL2-Basic ranged from
0 to 0.05 ⫾ 0.05.

tation of the first AP1 site (⫺150) did not significantly alter
promoter activity (Fig. 6A). In fact, construct p⌬AP1A showed
an increase in activity of 13% over that of phMCP213 (Fig.
6A). However, mutation of the B site (⫺137) or the second
AP1 site (⫺122) partially inhibited promoter activity by 51 and
66%, respectively (Fig. 6A). This finding suggests that the
latter two transcriptional elements, but not the first AP1 binding element, are involved in constitutive MCP-1 gene expression in U-87 MG cells. When construct p⌬SP1, containing a
mutated SP1 site, was transfected into U-87 MG cells, we

stimulated their activity 11- and 5.6-fold, respectively (Fig. 4A).
In HeLa cells, Tat strongly induced their luciferase activity
(Fig. 4B). The levels of induction rose from 65- and 16-fold for
constructs phMCP486 and phMCP213 with 1 g of Tat plasmid to 110- and 42-fold when 2 g of the plasmid was used.
Effect of stable expression of Tat on promoter activity of the
hMCP-1 gene. To explore the effect of constitutive expression
of HIV-1 Tat on MCP-1 activity, we made use of the cell line
HeLa-tat-III, which has been stably transfected with a Moloney-based retroviral vector expressing HIV-1 Tat (37). Cells
transfected with the 5⬘ deletion constructs exhibited constitutive luciferase activity markedly higher than that for the parental cell line, HeLa (Fig. 3A). Construct phMCP486 was
more active than phMCP213 (44- and 32-fold above background, respectively), while both constructs were considerably
more active than phMCP128 (14-fold above background) (Fig.
5). In addition, treatment with PMA for 8 h further increased
the promoter activity of each of these constructs about threefold (data not shown).
Analysis of 5ⴕ MCP-1 promoter elements involved in Tatmediated transactivation. The upstream region of the MCP-1
gene contains a number of putative cis-acting elements that
contribute to its promoter activity in endothelial and glioblastoma cell lines (29, 32, 44). To more precisely define the roles
of the regulatory elements which are important for Tat-mediated transactivation, site-directed mutagenesis of the putative
binding sites for the cellular transcription factors AP1 (at nucleotides ⫺150 and ⫺122; hereafter named AP1A and AP1B,
respectively), B binding proteins (at nucleotide ⫺137), and
SP1 (at nucleotide ⫺115) were sequentially carried out (Table
1). These binding elements have previously been shown to be
important for cytokine (32)- and PMA (29, 44)-mediated induction of the MCP-1 gene. The constructs bearing the various
mutated elements were first transfected into U-87 MG cells
and compared against the wild-type phMCP213 construct. Mu-

FIG. 6. Analysis of transcriptional control elements in the hMCP-1 promoter
in U-87 MG cells. Luciferase assays were performed with extracts of U-87 MG
cells transfected with hMCP-1 promoter constructs bearing various mutated
cis-acting elements. (A) Results are expressed as the percentage of luciferase
activity compared to the wild-type construct phMCP213 and in each case were
normalized to units of ␤-galactosidase activity from cotransfection with a pSV␤-galactosidase plasmid. Luciferase activities from transfected U-87 MG cells
were measured 48 h posttransfection, and data shown are the means (⫾ standard
deviations) of four independent transfection experiments. The average raw luciferase value for pGL2-Basic was 0.31 ⫾ 0.1. (B) Representative cotransfection
experiment (from three performed) of the various mutated constructs performed
with 1 g of Tat expression construct. Results are expressed as the percentage of
luciferase activity compared to the wild-type construct phMCP213 and in each
case were normalized to units of ␤-galactosidase activity from cotransfection with
a pSV-␤-galactosidase plasmid. The average raw luciferase values for pGL2Basic ranged from 0.18 to 0.4 ⫾ 0.03.
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FIG. 5. Constitutive hMCP-1 promoter activity in HeLa-tat-III cells. A representative experiment (from three performed) shows luciferase activities of the
hMCP-1 deletion constructs following transfection in HeLa-tat-III cells. Results
are expressed as induction of luciferase activity of the hMCP promoter constructs
over pGL2-Basic and were measured 48 h posttransfection. Luciferase activities
were normalized to units of ␤-galactosidase activity from cotransfection with a
pSV-␤-galactosidase plasmid. The raw luciferase value for pGL2-Basic was
0.09 ⫾ 0.01.
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observed a dramatic decrease in promoter activity (Fig. 6A).
Its level of activity was reduced to background values, comparable to that of pGL-2 Basic (Fig. 6A). This indicates that the
SP1 site is critically involved in constitutive activation of the
MCP-1 promoter in U-87 MG cells.
We then repeated the experiments with cotransfection of 1
g of pCMtat-HIV-1. All of the deletion constructs were less
active than wild-type construct phMCP213 (Fig. 6B). The activity of Tat-induced p⌬AP1A was 22% lower, and those of
p⌬AP1B and p⌬B were by 47 and 38%, respectively, lower
(Fig. 6B). This finding suggests that Tat-mediated induction of
the MCP-1 promoter requires the B element and the second
AP1 site, AP1B. Deletion of the SP1 binding element (in p⌬SP1)
completely abolished the promoter activity of phMCP213
(Fig. 6A). Even in the presence of Tat, p⌬SP1 failed to exhibit
detectable luciferase activity (Fig. 6B). We next examined the
activities of phMCP213 and its various deletion constructs in
HeLa-tat-III cells. Mutation of the AP1A site reduced Tatmediated transactivation of the MCP-1 promoter by 15% (Fig.
7). Mutation of the B site or the AP1B site reduced Tatmediated transactivation more markedly, by 50 or 63%, respectively (Fig. 7). Similar to the observation in U-87 MG cells,
removal of the SP1 site led to a dramatic decrease in MCP-1
promoter activity in HeLa-tat-III cells. Further treatment of
the cells with PMA for 8 h failed to stimulate the activity of
p⌬SP1 (data not shown). Overall, the data here are consistent
with the observation made in U-87 MG cells, where multiple
cis-acting factors are involved in augmentation of MCP promoter activity by Tat.
Treatment of U-87 MG cells with purified recombinant Tat
increases the DNA binding activities of AP1, NF-B, and SP1
to the MCP-1 promoter. Results from luciferase functional
assays indicated that SP1, AP1, and B binding sites are involved in basal and Tat-induced activity of the MCP-1 promoter. HIV-1 Tat has been reported to increase the binding of
cellular factors such as NF-B (9, 39) and NF-IL-6 (9, 42) to
their cognate binding elements. Moreover, Tat has also been
shown to interact directly with SP1 (25), and both SP1 and
NF-B are required for Tat-mediated transactivation of the
HIV-1 promoter (11, 48). Hence we examined the binding of
cellular factors to the MCP-1 promoter in U-87 MG cells in the
absence of and following treatment with soluble recombinant
HPLC-purified Tat (rTat). Nuclear extracts prepared from unstimulated U-87 MG cells shifted with a radiolabeled DNA
fragment corresponding to region ⫺213 to ⫹6 of the MCP-1

promoter (named hMCP213) resulted in the formation of
three DNA-protein complexes (Fig. 8 lane 2, bands b, c, and
d). All three complexes were disrupted by excess unlabeled
hMCP213 (lane 3) but not by excess hMCP213 containing a
mutated SP1 site (lane 7). When EMSAs were performed with
nuclear extracts prepared from rTat-treated U-87 MG cells,
marked induction of the DNA-protein complexes (bands b, c,
and d), was detected (lane 4). Furthermore, a band of higher
mobility (band a) was induced. This complex was previously
not observed in the EMSAs performed with extracts from
unstimulated cells (compare lane 2 with lane 4). Formation of
complexes a to d was abolished by preincubation with excess
unlabeled probe (lanes 5). In contrast, they were not competed
out by preincubation with excess hMCP213 containing a mutated SP1 site (lane 8). When we repeated the experiments
with nuclear extracts prepared from cells treated with the same
purified rTat protein preparation subjected to heat inactivation, we observed no similar induction of these bands (lanes 9
to 11).
To determine the specificity of interaction between DNA
binding proteins and hMCP213, we conducted competition
studies using unlabeled oligonucleotides corresponding to consensus SP1, AP1, NF-B, and NF1 binding motifs for competition (Fig. 9). Binding of nuclear extracts prepared from
unstimulated cells or from cells treated with the rTat to
hMCP213 was completely inhibited by the presence of excess
SP1 oligonucleotides (Fig. 9, lanes 3 and 12). AP1 oligonucleotides also partially competed out binding (lanes 7 and 16).
Thus, the EMSA results corroborate the data from functional transfection experiments where SP1 and to a lesser extent AP1 were observed to be important for constitutive
MCP-1 promoter activity. Competition experiments performed
with NF-B oligonucleotides failed to compete out binding
(lanes 5 and 14). One possible explanation for this may be that
members of the Rel family other than NF-B are involved in
binding to this proximal hMCP-1 B site. NF1 oligonucleotides
also did not inhibit complex formation (lanes 9 and 18). As
expected, the controls using excess unlabeled oligonucleotides
with mutant SP1, AP1, NF-B, and NF1 sequences did not
compete out binding (lanes 4, 6, 8, 10, 13, 15, 17, and 19).
These results suggest that both SP1 and AP1 are involved in
Tat-mediated induction and may bind cooperatively.
To confirm that the nuclear activator protein SP1 indeed
binds to the MCP-1 promoter, nuclear extracts were preincubated with SP1-specific antibodies and again tested by EMSA
with labeled hMCP213. With extracts prepared from both untreated and Tat-treated U-87 MG cells, the major complex, c,
was supershifted (Fig. 10; compare lane 2 with lane 3 and lane
4 with lane 5; the supershift band is denoted by arrow a). Thus,
the results indicate that the transcriptional activator SP1 is part
of the binding complexes interacting with the MCP-1 promoter
and that its binding activities are enhanced following treatment
of U-87 MG cells with Tat. We carried out similar experiments
using antibodies to AP1 and the two subunits of NF-B, p50
and p65. The mobility of the bands from extracts of untreated
cells was not affected by preincubation with AP1 antibodies
(Fig. 10, lane 8). Instead, all bands in extracts of Tat-treated
cells were supershifted by antibodies to AP1 (lane 9; denoted
by arrow b). When antibodies to p50 and p65 subunits were
used in the EMSAs all bands in extracts from untreated and
Tat-treated cells were supershifted (lanes 10 to 13; denoted by
arrows c to f). Similar to the observation with SP1 antibodies,
the mobility of the major band, band c, was consistently supershifted with antibodies to AP1, p50, and p65 (lanes 9, 11, and
13), suggesting that all three factors interact cooperatively,
possibly as a multimeric complex. Preincubation with antibod-
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FIG. 7. Analysis of transcriptional control elements in the hMCP-1 promoter
in HeLa-tat-III cells. Luciferase assays were performed with extracts of HeLatat-III cells transfected with hMCP-1 promoter constructs bearing various mutated cis-acting elements and were measured 48 h posttransfection. Results
(average of four experiments) are expressed as the percentage of luciferase
activity compared to the wild-type construct phMCP213 and in each case were
normalized to units of ␤-galactosidase activity from cotransfection with a pSV␤-galactosidase plasmid. The average raw luciferase value for pGL2-Basic was
4.5 ⫾ 2.3.
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ies to C/EBP, used as a control, did not affect the mobility of
any of the bands (Fig. 10, lanes 14 and 15).
DISCUSSION
The MCP-1 upstream promoter region contains putative
cis-acting elements for the cellular transcription factors SP1,
AP1, and members of the Rel family of transactivators. PMA
is a strong inducer of MCP-1 expression in various cell types (8,
27, 29, 40, 44, 45, 49). Both AP1 sites of the MCP-1 promoter
(at ⫺156 to ⫺150 and ⫺128 to ⫺122) have previously been
shown to be important for PMA induction in human endothelial (44) and glioblastoma (29) cells. MCP-1 expression is also
inducible by cytokines (22, 32), including TNF-␣, which induces the DNA binding activity of NF-B and AP1 in a variety
of cell lines (32, 49). Moreover, TNF-␣-induced monocyte
chemotactic activity in the culture medium of MC3T3E1 cells
was inhibited by antisense oligonucleotides of c-fos and c-jun
genes (22). Recently, the transcription of MCP-1 was also
found to be inducible by HIV-1 Tat in primary human astrocytes (10).
We studied the promoter activity of MCP-1 in a region
encompassing 486 nucleotides upstream from the translational
start site (Fig. 2). In both the astrocytoma cell line U-87 MG
and the fibroblast cell line HeLa, constitutive activity was consistently highest in a construct bearing 213 nucleotides upstream from the translational start site (Fig. 2A and 3A). This
region of the promoter was also the most responsive to PMA

induction in both cell lines, albeit with different kinetics (Fig.
2B and 3B). A similar study by Li and Kolattukudy on the
human glioblastoma cell line U138MG led to a different finding; only the construct equivalent to phMCP213 and not that
equivalent to phMCP486 was found to be PMA responsive
(29). Recently, the same ⫺213 to ⫹6 region has also been
reported to mediate gamma interferon induction of the
hMCP-1 gene (53). We show in this study that HIV-1 Tat is
also capable of transactivating the hMCP-1 promoter via this
region (Fig. 4 and 5). This mechanism of Tat-mediated activation is TAR independent, as no TAR-like sequence (18) could
be identified in the MCP-1 5⬘ untranslated region (data not
shown). The GC box located between ⫺123 and ⫺115 was
found to be critical for maintenance of basal and Tat-stimulated transcriptional activity. Mutation of this site completely
abolished basal promoter activity (Fig. 6A), and treatment with
Tat could not overcome this loss in function (Fig. 6B and 7).
The GC box is well characterized as an SP1 binding site (26).
In gel shift assays performed with the region from ⫺213 to ⫹6
of the MCP-1 promoter, all complexes formed from nuclear
extracts of untreated U-87 MG cells were readily competed out
by excess SP1 oligonucleotides and not by mutant SP1 oligonucleotides (Fig. 9). In addition, they were not competed out
by excess hMCP213 DNA fragment with a mutated SP1 site
(Fig. 8). Treatment with Tat, but not heat-inactivated Tat,
further enhanced their binding (Fig. 8). Consistent with these
findings, we observed that antibodies to SP1 successfully su-
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FIG. 8. Tat-enhanced binding of transcriptional factors to the hMCP-1 promoter region. A radiolabeled DNA fragment containing the region from ⫺213 to ⫹6
bp of the hMCP-1 5⬘ flanking region was incubated with nuclear extracts from unstimulated U-87 MG cells (lanes 2, 3, and 7), cells treated with 100 nM Tat (lanes
4, 5 and 8), or cells treated with heat-inactivated Tat (lane 9-11). Competition assays were performed with a 100-fold molar excess of unlabeled probe (lanes 3, 5, and
10) or with hMCP213 containing a mutated SP1 site (lanes 7, 8, and 11). Lanes 1 and 6 consist of the probe alone. Arrows indicate specific DNA-protein complexes.
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pershifted the major binding complex formed with both unstimulated and Tat-induced extracts when the region from
⫺213 to ⫹6 was used as a probe (Fig. 10).
SP1 has been shown to be required for the basal and Tatactivated transcription from the HIV-1 LTR (23, 47) and has
been shown to bind to HIV-1 Tat protein in vitro and in vivo
(25). More recently, HIV-1 Tat has been found to augment
SP1 phosphorylation, leading to enhanced promoter activity
(7). In addition, both Jurkat-Tat and HeLa-Tat cell lines contain elevated levels of phosphorylated SP1 compared to their
respective parental cell lines (7). Thus, it is possible that the
increase in DNA-protein complex formation observed following Tat treatment of U-87 MG cells is a consequence of increased SP1 phosphorylation. The role of this GC box in maintenance of basal hMCP-1 transcription is also supported by
a study by Ueda et al., who found that mutating this element
led to a complete loss of reporter promoter activity in A172
glioblastoma cells, HT1080 fibrosarcoma cells, and SKLMS1
leiomyosarcoma cells (50). In a more recent report, disrupting this same site in another human astrocytoma cell line,
CRT, reduced promoter-reporter expression by half (53).
HIV-1 Tat protein has been reported to activate the nuclear
translocation of NF-B in a HeLa derivative, HL3T1 (11). It
has also been observed that treatment of Tat is associated with
an increase in both NF-B binding and protein kinase C activity in primary human astrocytes (9). Both the second AP1 (at
⫺128 to ⫺122; AP1B) and the B (at ⫺150 to ⫺137) sites
appear to play some role in basal and Tat-stimulated MCP-1

gene expression, as mutations of these two sites reduced promoter activity significantly in both U-87 MG and HeLa-tat-III
cells (Fig. 6 and 7). Gel shift assays with the ⫺213 to ⫹6 region
of the MCP-1 promoter show that these binding factors are
indeed induced by Tat treatment of U-87 MG cells (Fig. 10).
Interestingly, Ueda et al. found that mutating AP1B had no
effect on reporter gene activity (50). We do not know the
reason for this discrepancy with our observations. Yet Tat does
stimulate AP1 binding to the MCP-1 promoter, as gel shift
experiments clearly showed the induction of AP1 binding factors (Fig. 9 and 10). Since the second AP1 element does not
contain a canonical AP1 binding motif (it has a C rather than
an A in the last nucleotide of the heptanucleotide recognition
sequence), we think that AP1 consequently has a low affinity
for it. We envision that in order to stabilize its binding at
AP1B, AP1 might require interaction with NF-B binding to
its upstream B site at nucleotides ⫺150 to ⫺137. In support
of this hypothesis, it has been reported that a complex consisting of NF-Bp65 and Jun or Fos exhibits enhanced DNA
binding and biological functions via the B site of the 5⬘ LTR
of HIV-1 (47).
In the HIV-1 LTR, two NF-B sites and three SP1 sites are
located close together. Synergism between NF-B/Rel and SP1
is important for activation of the LTR (28, 35, 36). Cooperation between AP1 and SP1 to optimally mediate cellular gene
promoter activity, such as in the human CD11c gene (33) and
the involucrin gene (3), has also been documented. For the
hMCP-1 gene, our data suggest that SP1, AP1, and NF-B
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FIG. 9. SP1 and AP1 bind to the hMCP-1 promoter region. A radiolabeled DNA fragment containing the region from ⫺213 to ⫹6 bp of the hMCP-1 5⬘ flanking
region was incubated with nuclear extracts from U-87 MG cells. Competition assays were performed with a 100-fold molar excess of specific oligonucleotides. Extracts
were prepared from unstimulated U-87 MG cells (lanes 2 to 10) or cells treated with 100 nM Tat (lanes 11 to 19). Lane 1 consists of the probe alone. Arrows indicate
specific DNA-protein complexes. mut, mutant.
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binding factors are involved in basal and Tat-stimulated transcription, most likely in a synergistic manner. It is possible that
potential Tat-responsive elements are present within the region spanning ⫺486 to ⫺213 (Fig. 4 and 5). A consensus
sequence for the octamer transcription factor is located at
⫺282 (44). This along with other unidentified binding elements
could contribute to Tat-mediated stimulation of the MCP-1
gene in vivo. In a related study, a functional interaction between proteins binding to the GC box and an upstream gamma
interferon-activated site (at ⫺212 from the translational start
site) on the hMCP-1 promoter was observed in the astrocytoma cell line CRT (53). This report, together with our data,
establishes the importance of the GC box in inducible upregulation of the hMCP-1 gene following exposure to external
stimuli. Our results are consistent with the possibility that
HIV-1 Tat augments SP1 binding activities—perhaps through
posttranslational modifications (7, 24, 34)—which in turn serve
as a platform to recruit and stabilize the interaction of AP1 and
NF-B proteins to the hMCP-1 promoter. In this way, HIV-1
Tat may specifically induce overexpression of hMCP-1, a chemokine whose levels are elevated in HIV-1-associated dementia (10).
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