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The 5*-untranslated leader region of human immuno-
deficiency virus, type 1 (HIV-1), includes a complex ar-
ray of putative regulatory elements whose role in the
viral expression is not completely understood. Here we
demonstrate the presence of an NF-kB-responsive ele-
ment in the trans-activation response (TAR) region of
HIV-1 that confers the full induction of HIV-1 long ter-
minal repeat (LTR) in response to NF-kB-activating
stimuli, such as DNA alkylating agents, phorbol 12-my-
ristate 13-acetate, and tumor necrosis factor-a. The TAR
NF-kB site GGGAGCTCTC spans from positions 131 to
140 and cooperates with the NF-kB enhancer upstream
of the TATA box in the NF-kB-mediated induction of
HIV-1 LTR. The conclusion stems from the following
observations: (i) deletion of the two NF-kB sites up-
stream of the TATA box reduces, but does not abolish,
the HIV-1 LTR activation by NF-kB inducers; (ii) dele-
tion or base pair substitutions of the TAR NF-kB site
significantly reduce the HIV-1 LTR activation by NF-kB
inducers; (iii) deletions of both the NF-kB sites upstream
of the TATA box and the TAR NF-kB site abolish the
activation of HIV-1 LTR in response to NF-kB inducers.
Moreover, the p50zp65 NF-kB complex binds to the TAR
NF-kB sequence and trans-activates the TAR NF-kB-di-
rected expression. The identification of an additional
NF-kB site in the HIV-1 LTR points to the relevance of
NF-kB factors in the HIV-1 life cycle.

The human immunodeficiency virus, type 1 (HIV-1),1 is a
lentivirus infecting CD41 cells and causing AIDS, a progres-
sive degenerative disease of the immune and central nervous
system (1). The variable latency period of this disease is possi-
bly related to cellular and environmental factors determining
the levels of HIV-1 expression and replication. The expression

of HIV-1 is directed by the LTR that contains the sequences for
DNA- and RNA-binding cellular and viral proteins (reviewed in
Ref. 2). Upstream of the transcription start site, the LTR con-
tains three functional regions, the minimal promoter, the en-
hancer, and the so-called negative regulatory region. The min-
imal promoter encompasses the TATA box (3, 4), an LBP-1 site
(5–8), and three Sp1 sites (9). The enhancer contains the bind-
ing sites for the cellular transacting factors NF-kB (10), TCF-
1a/LEF-1 (11, 12), and Ets-1 (13), which provide a signaling-
specific activation of HIV-1 LTR, as well as a cell type-specific
regulation of HIV-1 expression. The so-called negative regula-
tory region contains the binding sites for USF (14, 15), C/EBP
(16), NFAT-1 (14), AP-1 (14, 17), and nuclear receptors (18),
and it is still questionable whether it negatively affects the
HIV-1 expression and replication (3, 14, 19, 20). The 59-un-
translated leader region of HIV-1 includes the initiator (Inr)
sequences (21, 22), the inducer of short transcripts element (23,
24), and the binding sites for cellular proteins, such as LBP-1/
UBP-1 (5–8), TFII I/USF (21, 25), UBP-2 (26), LBP-2 (27),
TDP-43 (28), and CTF/NF-1 (5). In addition, this region over-
laps the trans-activation response (TAR) element (nucleotides
119 to 142) that, as RNA hairpin, interacts with the viral
trans-activator Tat and cellular RNA-binding proteins, increas-
ing the elongation and/or initiation of HIV-1 transcription (2).
Several stimuli such as cytokines (29–32), DNA-damaging
agents (33, 34), and viral proteins (35–39) induce the HIV-1
expression. These different inducers mainly act through the
activation of NF-kB complexes that bind to the NF-kB sites
located upstream of the TATA box.
We previously showed that DNA alkylating agents induce

the HIV-1 expression in human B lymphocytes (34). In the
absence of Tat, the full induction of HIV-1 LTR required the
integrity of both the NF-kB sites upstream of the TATA box and
the 134/137 sequence of TAR. Moreover, DNA alkylating
agents rapidly induced a DNA-binding activity to the two
NF-kB sites in the HIV-1 enhancer, as well to the 124/147
sequence of TAR DNA. These results suggested that a muta-
gen-responsive element is located within the TAR DNA region
of HIV-1 (34). In the present study, we have analyzed the
Tat-independent enhancer activity of TAR. For this purpose, a
set of TARmutants were used in transient expression and DNA
band shift assays to identify the sequence of TAR required for
the enhancement of HIV-1 expression and binding to cellular
proteins in response to activating stimuli, such as DNA alky-
lating agents, PMA and TNF-a. Results demonstrate the pres-
ence of a NF-kB consensus in the TAR region, which is required
for the full induction of HIV-1 expression by NF-kB activating
stimuli. The NF-kB site encompasses nucleotides 131 to 140 of
the 59-untranslated leader region of HIV-1; it binds to p50zp65
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NF-kB complex and enhances the HIV-1 expression either in
cooperation with or in absence of the NF-kB enhancer up-
stream of the TATA box.
The characterization of a novel NF-kB enhancer in the HIV-1

LTR provides additional information to understand the NF-kB-
mediated regulation of HIV-1 transcription.

MATERIALS AND METHODS

Plasmids—The plasmid pHIVCAT0, carrying the HIV-1 LTR from
positions 2644 to 178 upstream of the cat gene, and the derivative base
pair substitution TAR mutants pHIVCAT1, pHIVCAT2, pHIVCAT3,
pHIVCAT4, pHIVCAT5, pHIVCAT6, pHIVCAT7, pHIVCAT9, and
pHIVCAT11 (40) were obtained from Dr. R. W. Davis, Stanford Univer-
sity, Stanford, CA. The TAR mutants 139/143 and 145/149 (5), here
referred as pHIVCAT12 and pHIVCAT13, carrying 5-base pair substi-
tutions of TAR, were obtained from Dr. K. A. Jones, The Salk Institute,
La Jolla, CA. The pTAR (41), here referred as HIVCAT14, carrying the
134/137 base pair deletion of TAR, and pSVTat (41) were obtained
from Dr. A. Rabson, Center for Advanced Biotechnology and Medicine,
Piscataway, NJ. The TAR mutations are listed in Fig. 1A. The pTARTK
and pmTAR1TK plasmids were generated by ligating the synthetic
124/147 TAR and mTAR1 oligonucleotides, respectively, to pBLCAT2
plasmid (42) linearized by SalI digestion and filled in. In the resulting
plasmids, the TAR oligonucleotide is inserted upstream of the herpes
simplex virus tk minimal promoter fused to the cat gene. The correct
insertion and orientation of TAR fragment was checked by sequencing.
The pCD23, pCD52, and pCD54 plasmids (19) were obtained from Dr. S.
Josephs through the AIDS Research and Reference Reagent Program,
Division of AIDS, NIAID, NIH. The derivative pCD23DTAR and
pCD52DTAR were constructed by ligating the mTAR1 oligonucleotide
to pCD23 and pCD52, respectively, linearized by XbaI and filled in. pCD
plasmids are shown in Fig. 6A. The Rc/CMVp50 and Rc/CMVp65 plas-
mids (43) were obtained from Dr. N. Rice, Frederick Cancer Research
and Development Center, Frederick, MD.
Cells, Transfections, and Chemical Treatment—MC3 cells (34) and

NTera-2 cells (44) were cultured in RPMI 1640 medium supplemented
with 10% (v/v) heat-inactivated fetal calf serum (Flow Laboratories,
Italy), 3 mM glutamine, and 10 mM Hepes buffer, pH 7.2 (Life Technol-
ogies, Inc., Italy). Cells were transfected by electroporation as described
previously (34). Briefly, cells (3 3 106) in exponential growth phase
were washed and resuspended in 0.3 ml of RPMI 1640 plus 20% fetal
calf serum in presence of the reporter plasmid DNA (5–10 mg). Cells
were subjected to two electrical pulses (0.2 kV, 960 microfarads) using
a Bio-Rad apparatus, recovered, cultured in RPMI 1640 medium sup-
plemented with 10% fetal calf serum, and 2 days later collected for CAT
assay. To measure transfection efficiency, pRSV-b-gal (2 mg) was co-
transfected, and b-galactosidase assays were performed as described
previously (34). For chemical treatments, 12 h after transfection cells
were divided in equivalent aliquots to be treated or left untreated. Two
days post-treatment the cells were harvested, washed with phosphate-
buffered saline, and collected for CAT assay. At least four independent
experiments with different plasmid preparations were performed to
evaluate the transient expression of the cat gene. The chemicals used
were mitomycin C (Kyowa, Japan), PMA (Sigma), and human recom-
binant TNF-a (Boehringer Mannheim, Germany).
Assay of CAT Activity—Cell extracts were prepared by three cycles of

freeze-thawing in 0.2 ml of 0.25 M Tris, pH 7.8, and the CAT assay was
performed as described previously (34). Briefly, each CAT assay con-
tained 1–50 mg of proteins, 20 ml of 4 mM acetyl coenzyme A (Boehringer
Mannheim, Germany), 1 ml (0.5 mCi) of [14C]chloramphenicol (DuPont
NEN) in a final volume of 150 ml of 0.25 M Tris, pH 7.8. The cell extracts
were used at protein concentrations ensuring linear conversion of sub-
strate in each reaction. Reactions were incubated at 37 °C for 3 h,
extracted with ethyl acetate, dried, and spotted on Polygram Sil G silica
gel plates (Macherey-Nagel, Germany). Plates were run in a TLC tank
containing chloroform:methanol (95:5). After a 16-h autoradiography,
the TLC plates were cut, and samples were counted in a Beckman
LS5000TD scintillation counter. The percent acetylation of [14C]chlor-
amphenicol was determined by scintillation counting the unacetylated
and the acetylated forms resolved by thin layer chromatography. The

FIG. 1. trans-Activation of TARmutant plasmids bymitomycin
C. A, the sequence from 124 to 151 nucleotide of TAR in pHIVCAT
plasmids is shown. Asterisks indicate the complete homology with the
sequence of the wild-type plasmid, pHIVCAT0. Dashes indicate deleted
bases. The NF-kB site from 131 to 140 nucleotide is shown. R 5
purine; Y 5 pyrimidine. trans-Activation by mitomycin C (Mit C) or by
Tat is reported as fold induction of each mutant plasmid respect to the
fold induction of the wild-type pHIVCAT0, which is defined as 1.00. The
values are calculated from the representative experiments shown in B
and C. B, induction of pHIVCAT plasmids by mitomycin C. MC3 cells
were transfected with the indicated pHIVCAT plasmids (10 mg) and the
pRSV-b-gal plasmid (2 mg), and 12 h later they were divided into
aliquots treated with 10 mM mitomycin C or left untreated. The CAT
activity was evaluated 48 h after treatment and expressed as percent
specific acetylation of [14C]chloramphenicol per 1 mg of protein per 3 h.
Transfection efficiency was normalized by determining the b-galacto-
sidase activity. A representative experiment of four independent exper-
iments giving similar results is shown. C, induction of pHIVCAT plas-
mids by Tat. MC3 cells were transfected with the indicated pHIVCAT
plasmids (5 mg) and the pRSV-b-gal plasmid (2 mg) with or without
pSVTat plasmid (2 mg). The CAT activity was evaluated 48 h after
transfection and expressed as percent specific acetylation of [14C]chlor

amphenicol per 1 mg of protein per 3 h. Transfection efficiency was
normalized by determining the b-galactosidase activity. A representa-
tive experiment of four independent experiments giving similar results
is shown.
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CAT activity was expressed as the percent acetylated chloramphenicol
per mg of protein per 3 h.
Electrophoretic Mobility Shift Assays—Nuclear extracts and gel re-

tardation assays were performed as described previously (34). Briefly,
cells were harvested, washed twice in cold phosphate-buffered saline,
and resuspended in lysing buffer (10 mM Hepes, pH 7.9, 1 mM EDTA, 60
mM KCl, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, 0.2% v/v
Nonidet P-40) for 5 min. Nuclei were collected by centrifugation (500 3
g, 5 min), rinsed with Nonidet P-40-free lysing buffer, and resuspended
in 150 ml of buffer containing 250 mM Tris-HCl, pH 7.8, 20% glycerol, 60
mM KCl, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride. Nuclei were
then subjected to three cycles of freezing and thawing. The suspension
was cleared by centrifugation (7000 3 g, 15 min), and aliquots were
immediately tested in gel retardation assay or stored in liquid phase N2

until use. TAR oligonucleotide probes used are represented in Fig. 2A.
HIV-1 NF-kB oligonucleotide was 59-CAAGGGACTTTCCGCTGGG-
GACTTTCCAG-39 and Sp1 oligonucleotide was 59-GGGAGGTGTGGC-
CTGGGCGGGACTGGGGAGTGGCG-39. The TAR probe was annealed
to its complementary strand and end-labeled with [g-32P]ATP (Amer-
sham Int., Buckinghamshire, UK) using polynucleotide kinase (New
England Biolabs, Beverly, MA). Equal amounts (5 mg) of cell extracts
were incubated in a 20-ml reaction mixture containing 10% glycerol, 60
mM KCl, 1 mM EDTA, 1 mM DTT, and 2 mg of poly[d(G-C)] (Boehringer
Mannheim, Germany) for 5 min on ice. One ml of g-32P-labeled double-
stranded probe (0.2 ng, 4–6 3 104 cpm) was then added with or without
a 25–200-fold molar excess of competitor oligonucleotide. The reactions
were incubated at room temperature for 15 min and run on a 6%
acrylamide:bisacrylamide (30:1) gel in 22.5 mM Tris borate, 0.5 mM

EDTA. Gels were dried and autoradiographed.
DNA Affinity Chromatography and Immunoblotting—Nuclear ex-

tracts (100 mg) obtained from MC3 cells treated for 1 h with mitomycin
C (10 mM) were incubated with 100 ng of streptavidin-conjugated para-
magnetic beads (Dynabeads M-280 Streptavidin, Dynal, Norway)
bound to the biotinylated double-stranded oligonucleotide according to
the manufacturer’s instructions in a 20-ml binding solution containing
10% glycerol, 60 mM KCl, 1 mM EDTA, 1 mM DTT, 0.5% v/v Nonidet
P-40, and 10 mg of poly[d(G-C)] for 30 min at room temperature. As
negative control, equal amounts of extracts were also incubated with
unconjugated beads. Binding proteins were extensively washed with
the binding solution and eluted with 20 ml of elution buffer containing
125 mM Tris-HCl, 1% 2-mercaptoethanol, 10% glycerol, and 2% SDS at
100 °C for 5 min. The eluate was separated by electrophoresis in 10%
SDS-polyacrylamide gel. The immunoblotting was performed with rab-
bit polyclonal antibodies raised against the N-terminal of human p50 or
C-terminal of human p65 followed by enhanced chemiluminescence
detection (Amersham, United Kingdom). The rabbit anti-p50 and anti-
p65 antiserum (43) were kindly provided by Dr. N. Rice, Frederick
Cancer Research and Development Center, Frederick, MD.

RESULTS

An NF-kB-binding Site Is Present in the 59-Untranslated
Leader Region of HIV-1—In the absence of Tat, the TAR region
functionally cooperates with the NF-kB enhancer upstream of
the TATA box of HIV-1 to confer the maximal induction of
HIV-1 gene expression by DNA alkylating agents (34). To iden-
tify the mutagen-responsive sequence within TAR, the pHIV-
CAT0 plasmid, carrying the HIV-1 LTR fused to the cat re-
porter gene, and the derivative plasmids, carrying base pair
substitutions within the region 128 to 151, were used in tran-
sient expression assays (Fig. 1A). For this purpose, MC3 cells,
an Epstein-Barr virus-immortalized B cell line (34), were
transfected with these plasmids and treated with the DNA
alkylating agent mitomycin C. MC3 cells constitutively express
a low level of NF-kB activity that is rapidly increased by NF-kB
activating stimuli (45). Moreover, they are representative of in
vivo target cells for HIV-1 infection (46, 47). As shown in Fig. 1,
A and B, base pair substitutions of the GGGAGCT sequence
extending from 131 to 137 (pHIVCAT 3, 4, 5, 6, 9, 11) signif-
icantly reduced the activation by mitomycin C, whereas muta-
tions flanking this sequence (pHIVCAT 1, 2, 7, 12, 13) were
irrelevant. These findings confirm the results previously ob-
tained with pHIV14, a mutant in which the 134/137 sequence
had been deleted (Fig. 1, A and B) (34), and they indicate that
the mutagen-responsive element maps from 131 to 137. This

tract overlaps the potential NF-kB site GGGAGCTCTC located
from nucleotides 131 to 140 (Fig. 1A). Moreover, the 131/137
sequence is contained in the TAR region from 119 to 142 that
generates the upper stem-loop RNA structure required for an
efficient transactivation by Tat (Fig. 1, A and C) (2, 26, 40).
These evidences suggest a dual role of the TAR sequence from
131 to 137 in both the mutagen-mediated and the Tat-medi-
ated transactivation of HIV-1 LTR.
DNA alkylating agents induced a binding activity to the

double-stranded DNA oligonucleotide representing the 124/
147 TAR sequence (34). This sequence contains a CTF/NF-1-
binding site (5), as well as a potential NF-kB site (Fig. 2A). To
identify the minimal sequence required for the binding activity
to TAR DNA, EMSA was performed by using mutant TAR
oligonucleotides to compete the TAR DNA-binding activity. The
mutant oligonucleotides contained deletions or base pair sub-

FIG. 2. An NF-kB consensus in the 124/147 TAR DNA sequence
is required for binding to nuclear proteins induced by mitomy-
cin C. A, sequence of TAR DNA oligonucleotides. The nucleotides are
numbered according to the position in the HIV-1 TAR sequence. Base
pair substitutions are underlined. Deletion is indicated by a dotted line.
The NF-kB- and CTF-binding sites are indicated. B, competition of the
binding activity to 124/147 TAR DNA with mutant TAR oligonucleo-
tides. Nuclear extracts (5 mg) from MC3 cells activated by mitomycin C
(10 mM for 1 h) were incubated with a double-stranded 32P-labeled
oligonucleotide spanning the 124/147 TAR sequence. Competitions
were performed with 50-, 100-, and 200-fold molar excess of the indi-
cated unlabeled oligonucleotides.
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stitutions in the 124/147 region (Fig. 2A). In particular, com-
petitor oligonucleotides were mutated either at the NF-kB site
(mTAR1, mTAR4) or in the flanking regions (mTAR2, mTAR3,
mTAR5) (Fig. 2A). Base pair substitutions outside the NF-kB
consensus competed for the TAR DNA-binding activity (Fig.
2B). In contrast, base pair mutations of the 131/137 sequence
(mTAR4) or the deletion of the 134/137 sequence (mTAR1),
which both eliminate the NF-kB site, abolished the ability to
compete for the binding to TAR DNA (Fig. 2B). The 124/135
and 136/147 oligonucleotides, which do not contain the NF-kB
consensus, were also unable to compete for the TAR binding
activity (Fig. 2, A and B). These results indicate that the
sequence from nucleotide 131 to 138 of TAR, overlapping the
potential NF-kB site, was required for the TAR DNA-binding
activity. Moreover, the TAR DNA-binding activity was not due
to the binding of CTF/NF-1 since it was still observed when the
CTF site located from 140 to 145 was mutated (see mTAR2
and mTAR3 in Fig. 2, A and B).
The possibility that NF-kB factors were involved in the TAR

DNA-binding activity was further supported by the evidence
that the oligonucleotide representing the HIV-1 NF-kB en-
hancer competed for the TAR DNA binding as efficiently as the
TAR oligonucleotide (Fig. 3). Accordingly, the binding activity
to the HIV-1 NF-kB probe was competed by the TAR oligonu-
cleotide (Fig. 3).
NF-kB/Rel Proteins Bind to the Mutagen-responsive Element

of TAR—Next, we tested whether NF-kB/Rel proteins could
bind to the NF-kB site within the TAR region. For this purpose,
nuclear extracts fromMC3 cells treated with mitomycin C were
incubated with streptavidin-conjugated beads bound to biotin-
ylated oligonucleotides including either the wild-type 124/147
TAR or the mutants mTAR1 and mTAR4, lacking the NF-kB
consensus (Fig. 2A). The retained proteins were eluted and
analyzed by immunoblotting using antisera raised against p50
and p65 Rel proteins. Both p50 and p65 proteins were specifi-
cally retained by the wild-type TAR oligonucleotide, whereas
they were not recovered from mTAR1, mTAR4, or from an
unrelated oligonucleotide (Fig. 4A). The presence of p50 and
p65 proteins in the TAR binding complex was further analyzed
in EMSA by the use of antisera raised against p50 or p65 Rel

proteins. As shown in Fig. 4B, both antisera inhibited the TAR
DNA-binding activity, whereas they were ineffective in the
presence of the relative antagonist peptides. The observation of
inhibition rather than supershift by anti-p50 and anti-p65 an-
tiserum was peculiar of DNA band shift using as a probe the
TAR oligonucleotide. In fact, the same antisera were able to
supershift the HIV-1 NF-kB oligonucleotide (not shown). This
is possibly due to the conformation of p50zp65 complex bound to
different DNA probes that may affect the accessibility to su-
pershifting antibodies.
Altogether these results indicate that the NF-kB site located

between 131 to 140 of TAR region is efficiently recognized by
p50zp65 NF-kB complex. From here on, for simplicity we will
refer to this NF-kB site as to TAR NF-kB.
The TAR NF-kB Site Acts as a DNA Enhancer in Response to

NF-kB-activating Stimuli—In the Tat-dependent trans-activa-
tion of HIV-1 LTR, TAR acts as an RNA enhancer that binds to
the viral trans-activator Tat and to cellular RNA-binding pro-
teins (reviewed in Ref. 2). To test the function of TAR as a DNA
enhancer, the TAR activity was examined in a context where

FIG. 3. The binding activities to the 124/147 TAR oligonucleo-
tide and to the HIV-1 NF-kB oligonucleotide are reciprocally
competed. Nuclear extracts (5 mg) from MC3 cells treated with mito-
mycin C (10 mM for 1 h) were incubated with a double-stranded 32P-
labeled oligonucleotide representing the 124/147 TAR sequence or the
HIV-1 NF-kB enhancer. Competitions were performed with 25-, 50-,
100-, and 200-fold molar excess of the indicated unlabeled
oligonucleotides.

FIG. 4.NF-kB/Rel proteins bind to 124/147 TARDNA following
activation by mitomycin C. A, nuclear extracts (100 mg) from MC3
cells treated with mitomycin C (10 mM for 1 h) were separated by DNA
affinity chromatography using biotinylated TAR, mTAR1, or mTAR4
double-stranded oligonucleotides bound to streptavidin-conjugated
paramagnetic beads. As controls, the same extracts were incubated
with beads alone or bound to oligonucleotides representing the NF-kB
or Sp1 sequences upstream of the TATA box of HIV-1. Immunoblotting
analysis of eluted proteins was sequentially performed with anti-p50
and anti-p65 antiserum followed by enhanced chemiluminescence de-
tection. B, inhibition of TAR DNA binding activity by anti-p50 and
anti-p65 antiserum. Nuclear extracts (5 mg) were incubated with 32P-
labeled 124/147 TAR oligonucleotide in presence or absence of anti-p50
or anti-p65 antiserum (2 ml). Competitions with the antagonist peptides
were performed by preincubating each antiserum with the relative
competitor peptide (150 ng/ml) for 20 min. The protein-TAR DNA oli-
gonucleotide complexes were analyzed by EMSA. Competitor TAR oli-
gonucleotide was 100-fold molar excess with respect to the 32P-labeled
TAR oligonucleotide.
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TAR was moved upstream of the TATA box and acted exclu-
sively at the DNA level. For this purpose, a single copy of the
124/147 TAR oligonucleotide was inserted in direct or inverse
orientation upstream of the herpes simplex virus tk minimal
promoter fused to the cat reporter gene to generate the
pTARTK-sense and pTARTK-antisense plasmids, respectively.
MC3 cells were transiently transfected with these plasmids
and treated with mitomycin C. As shown in Table I, the inser-
tion of TAR DNA in both orientations conferred an 8–40-fold
increase in CAT activity in response to mitomycin C. To verify
whether the TAR NF-kB site was responsible for the enhancer
activity, the mTAR1 oligonucleotide deleted of the NF-kB site
was inserted upstream of the tk promoter to generate the
pmTAR1TK plasmid. As shown in Table I, the deletion of the
NF-kB consensus abolished the induction of CAT activity by
mitomycin C, thus confirming the requirement of an integral
NF-kB-binding site for responsiveness to the genotoxic
treatment.
To verify whether proteins of the NF-kB/Rel family directly

trans-activate in vivo the expression of pTARTK plasmids,
NTera-2 cells, which constitutively show very low or no NF-kB
activity (44), were transiently transfected with pBLCAT2,
pTARTK-sense, or pmTAR1TK plasmids together with plas-
mids expressing p50 and p65. The TAR-driven CAT activity
increased up to 5-fold by cotransfecting p50 and p65 (Fig. 5).
This increase was not observed in pBLCAT2, lacking the TAR
insert, and pmTAR1, deleted of the NF-kB site in the TAR
insert (Fig. 5). Moreover, the CAT activity increased up to
20-fold with p2TARTK, a plasmid that carries two copies of the
TAR oligonucleotide (Fig. 5). This induction was comparable to
the one observed with pDR (Fig. 5), a plasmid that carries the
two tandem NF-kB sites of HIV-1 enhancer upstream of the tk
promoter (48). These results indicate that the 124/147 TAR
region contains a functional NF-kB site that is required both
for the induction by the NF-kB activator mitomycin C and for
the trans-activation by p50zp65 NF-kB complexes.
The TAR NF-kB Enhancer Acts Either Cooperatively with or

Independently of the NF-kB Enhancer Upstream of the TATA
Box of HIV-1 LTR—Next, we investigated the role of TAR
NF-kB in the context of HIV-1 LTR in response to different

NF-kB-activating stimuli. For this purpose, MC3 cells were
transfected with the wild-type HIV-1 LTR upstream of the cat
gene (pCD23) or with the derivative mutant plasmids carrying
a deletion of the TAR NF-kB site (pCD23DTAR), or a deletion of
the two NF-kB and the 59 Sp1 sites upstream of the TATA box
(pCD52), or deletions of the NF-kB and 59 Sp1 sites upstream of
the TATA box and of the TAR NF-kB site (pCD52DTAR), or
deletions of the two NF-kB sites and three Sp1 sites upstream
of the TATA box (pCD54) (Fig. 6A). Then the transfected cells
were treated with PMA, TNF-a, or mitomycin C, which activate
NF-kB (45, 49). The CAT activity driven by the wild-type HIV-1
LTR was significantly induced by the chemical treatments (Fig.
6B, pCD23). This activation was reduced by deletion of the
NF-kB sites upstream of the TATA box or deletion of the TAR
NF-kB site (Fig. 6B, pCD52 and pCD23DTAR, respectively),
and it was abolished by deletion of both the NF-kB sites up-
stream of the TATA box and the TAR NF-kB site (Fig. 6B,
pCD52DTAR). Moreover, the TAR NF-kB-directed activation of
HIV-1 minimal promoter was abolished by deletion of the Sp1
sites upstream of the TATA box (Fig. 6B, pCD 54). These
results indicate that the TAR NF-kB site cooperates with the
upstream NF-kB enhancer to induce the maximal activation of
HIV-1 expression, and it can exert a residual enhancer activity
in the absence of the two NF-kB sites upstream of the TATA
box. However, the TAR NF-kB activity requires the presence of
the Sp1 sites upstream of the TATA box. This suggests a
functional cooperation between the Sp1 and the TAR NF-kB
complex from their positions upstream and downstream of the
TATA box, respectively.
The TAR NF-kB-driven activation of HIV-1 LTR was further

investigated in response to p50 and p65 Rel proteins by tran-
sient expression assays. For this purpose, NTera-2 cells were
transfected with pCD23, pCD23DTAR, pCD52, and
pCD52DTAR plasmids alone or in combination with p50- and
p65-expressing vectors. The CAT activity driven by HIV-1 LTR
containing the NF-kB sites upstream of the TATA box and the
TAR NF-kB site was significantly increased by p65 alone or in
combination with p50, whereas it was not affected by p50 alone
(pCD23 in Fig. 7). A similar responsiveness was observed when
the HIV-1 LTR was deleted of the TAR NF-kB site (Fig. 7,

TABLE I
Transactivation of pTARTK plasmids by mitomycin C

MC3 cells (3 3 106) were electroporated with the indicated plasmid
(10 mg) and pRSV-b-gal (2 mg) or lett untreated. CAT activities were
determined 48 h after treatment and expressed as percent specific
acetylation of [14C]chloramphenicol per 1 mg of protein per 3 h. Trans-
fection efficiency was normalized by determining the b-galactosidase
activity. The results of three independent experiments are reported.

Plasmid
Acetylation

Activation
2Mit C 2Mit C

% 2fold

pBLCAT2
Exp. 1 0.37 0.40 1.1
Exp. 2 0.20 0.26 1.3
Exp. 3 0.30 0.50 1.7

pTARTK-sense
Exp. 1 1.00 8.80 8.8
Exp. 2 0.87 11.50 13.2
Exp. 3 1.35 11.00 8.2

pTARTK-antisense
Exp. 1 0.50 5.30 10.6
Exp. 2 0.27 13.20 48.9
Exp. 3 0.56 7.75 13.8

pmTAR1TK
Exp. 1 0.20 0.40 2.0
Exp. 2 0.20 0.45 2.3
Exp. 3 0.20 0.40 2.0

FIG. 5. The 124/147 TAR sequence enhances the tk minimal
promoter-directed cat expression in response to NF-kB pro-
teins. NTera-2 cells (5 3 106) were electroporated with the indicated
reporter plasmid (10 mg) alone or together with p50- and p65-expressing
plasmids at the indicated doses. Transfection efficiency was monitored
by cotransfecting pRSV-b-gal (2 mg) and measuring the b-galactosidase
activity. The CAT activity was evaluated 48 h later and expressed as
percent specific acetylation of [14C]chloramphenicol per 50 mg of protein
per 3 h (% AC-CM). A representative experiment of three independent
experiments giving similar results is shown.
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pCD23DTAR). The HIV-1 LTR deleted of the NF-kB enhancer
upstream of the TATA box was still activated by increasing
doses of p65 in combination with p50, whereas it was unin-
duced by p65 or p50 alone (Fig. 7, pCD52). The deletion of both
the upstream NF-kB enhancer and the TAR NF-kB site abro-
gated the activation of HIV-1 LTR by NF-kB proteins (Fig. 7,
pCD52DTAR), thus indicating that the examined NF-kB ele-

ments were strictly required to confer responsiveness of HIV-1
LTR to NF-kB complex. These results indicated that the TAR
NF-kB site was specifically induced by p50zp65 NF-kB het-
erodimers, whereas the NF-kB enhancer upstream of the TATA
box was responsive to both p50zp65 heterodimers and p65 ho-
modimers. This is consistent with the ability of p50zp65 com-
plex to bind to the TAR NF-kB site (Fig. 4B).

DISCUSSION

The 59-untranslated leader region of HIV-1 interacts with
several cellular trans-acting factors, whose role in the regula-
tion of HIV-1 gene expression is not completely understood (2).
We now describe the presence of an NF-kB responsive element
in the TAR region that is required for the maximal induction of
HIV-1 gene expression in response to NF-kB activating stimuli.
The NF-kB site GGGAGCTCTC spans from nucleotide 131 to
140 (Fig. 1A), and it was initially identified by transient ex-
pression assays of plasmids carrying the wild-type or mutant
HIV-1 LTR fused to the reporter cat gene. The mutant plasmids
contained base pair substitutions within the124/147 sequence
of TAR that allowed the mapping of the minimal DNA segment
required for the mutagen-mediated activation of HIV-1 LTR.
The mutagen-responsive element overlapped a potential
NF-kB site that was shown to bind to p50zp65 NF-kB complex.
When inserted upstream to the herpesvirus tk minimal pro-
moter, TAR NF-kB acted as DNA enhancer in response to
NF-kB activating stimuli, as well as to p50zp65 complex. The
TAR NF-kB-dependent trans-activation of HIV-1 LTR was fur-
ther investigated in the presence or absence of the regulatory
sequences upstream of the TATA box, such as NF-kB and Sp1,
and in response to different NF-kB inducers, such as mitomy-
cin C, PMA, and TNF-a. The maximal activation of HIV-1 LTR
was observed in presence of both the NF-kB enhancer up-

FIG. 6. Activation of wild-type and mutant HIV-1 LTR by
NF-kB activating stimuli. A, schematic representation of the HIV-1
LTR fused to the cat gene in pCD plasmids. B, CAT activity expressed
from pCD plasmids following the treatment with mitomycin C, PMA, or
TNF-a. MC3 cells were transfected with the indicated pCD plasmids (10
mg) and pRSV-b-gal (2 mg) and 12 h later divided into aliquots and
treated with mitomycin C (10 mM), PMA (50 ng/ml), TNF-a (100 units/
ml), or left untreated. The CAT activity was evaluated 48 h after
treatment and expressed as percent specific acetylation of [14C]chlor-
amphenicol per 1 mg of protein per 3 h. Transfection efficiency was
normalized by determining the b-galactosidase activity. A representa-
tive experiment of four independent experiments giving similar results
is shown.

FIG. 7. Activation of wild-type and mutant HIV-1 LTR by p50
and p65 Rel proteins. NTera-2 cells (5 3 106) were electroporated
with the indicated plasmids (10 mg) alone or together with p50- and/or
p65-expressing plasmids at the indicated dose. Transfection efficiency
was monitored by cotransfecting pRSV-b-gal (2 mg) and measuring the
b-galactosidase activity. The CAT activity was evaluated 48 h later and
expressed as percent specific acetylation of [14C]chloramphenicol per 50
mg of protein per 3 h (% AC-CM). A representative experiment of four
independent experiments giving similar results is shown.
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stream of the TATA box and the TAR NF-kB site. A still
significant activation was observed when the NF-kB enhancer
upstream of the TATA sequence was deleted, thus indicating a
possible role for TAR NF-kB in the HIV-1 LTR activation. This
was confirmed by the lack of activation when, in addition to the
upstream NF-kB enhancer, the TAR NF-kB site was also de-
leted. These results indicate that the TAR NF-kB site cooper-
ates with the NF-kB sites upstream of the TATA box in the
NF-kB-mediated induction of HIV-1 LTR, and it can still pro-
vide a significant activation of HIV-1 LTR in the absence of the
upstream NF-kB enhancer. The TAR NF-kB activity requires
the presence of the Sp1 sites upstream of the TATA box to
trans-activate the HIV-1 gene expression. A similar require-
ment for Sp1 sites was previously shown for the enhancer
activity of NF-kB sites upstream of the TATA box (17, 50, 51).
Interestingly, the TAR NF-kB activity is mediated by the bind-
ing of p50zp65 heterodimers and not by p50 or p65 homodimers.
In contrast, the NF-kB enhancer upstream of the TATA box is
responsive to both p50zp65 heterodimers and p65 homodimers.
A physical interaction between the p65 Rel protein and the
transcription factors TATA-binding protein and TFIIB was
described (52, 53). Thus, the NF-kB TAR site could allow the
p50zp65 NF-kB complex to reside downstream of the TATA box
and, from this position, to interact with the initiation complex
in order to increase the rate of transcription from the HIV-1
minimal promoter in concert with the Sp1 trans-acting factors.
The TAR NF-kB site is included in a region of HIV-1 LTR

that contains a complex array of putative regulatory elements.
In fact, the TAR NF-kB sequence overlaps the upper stem-loop
sequence of TAR RNA that binds to cellular proteins cooperat-
ing with the viral trans-activator Tat (reviewed in Ref. 2). In
addition, the TAR NF-kB site partially overlaps the binding
site for a cellular factor called UBP-2, not yet purified and
functionally characterized (26). The putative initiator element
Inr 2 was identified at positions 129 to 142 (21), which en-
compass the TAR NF-kB site. In synergy with the upstream Inr
1 element, Inr 2 conferred full promoter activity by interacting
with the USF protein (21). Mutations of Inr 2 abrogating the
NF-kB sequence affected neither the initiation start site posi-
tion nor the basal and USF-mediated transcription of HIV-1 (5,
21). The TAR NF-kB site is flanked by the inducer of short
transcripts element that is located at positions 25/126 and
140/159 and mediates the synthesis of short transcripts of
HIV-1 (24). Mutations of TAR NF-kB site reduced the produc-
tion of full-length rather than short-length RNAs (24), thus
excluding the involvement of the NF-kB sequence in the in-
ducer of short transcripts activity.
The presence of a NF-kB enhancer in TAR may provide an

additional explanation for the conflicting results concerning
the ability to replicate of HIV-1 proviral strains deleted of the
NF-kB enhancer upstream of the TATA box (41, 54–56). In
primary cells, such as phytohemagglutinin-stimulated PBLs,
NF-kB-deleted proviral strains were shown either to replicate
similarly to the wild-type strain (41, 54) or to be unable to
replicate (56). Indeed, the TAR NF-kB site is conserved in the
mutant HIV-1 provirus lacking the NF-kB enhancer upstream
of the TATA box, and it could play a role in the viral transcrip-
tion and replication in response to efficient activation of NF-kB.
Accordingly, the reduced transcription and replication of the
131/134 TAR mutant virus (57), lacking the TAR NF-kB site,
could be attributed not only to the absence of Tat-mediated
trans-activation but also to the inability of NF-kB complex to
bind to the TAR NF-kB enhancer. The difficulty to show a
biological role for TAR DNA in HIV-1 replication depends on
the additional regulatory role of TAR as a stem-loop RNA
structure responsive to Tat. In fact, TAR mutations abrogating

the NF-kB site also affect the Tat-mediated activation of HIV-1
LTR (Fig. 1) (reviewed in Ref. 2). For this purpose, the role of
TAR DNA needs to be examined in Tat-defective HIV-1 strains
where the HIV-1 gene expression depends exclusively on cellu-
lar transacting factors. Indeed, Tat-defective HIV-1 can be
expressed and replicated in T-cell lines and primary mononu-
clear cells in response to a NF-kB-activating stimulus, such as
TNF-a (58). This suggests that, in the absence of Tat, NF-kB
may still provide a sufficient HIV-1 gene expression and
replication.
The identification of an additional NF-kB enhancer in TAR

points to the relevance of NF-kB transacting factors in the
HIV-1 gene regulation. The TAR NF-kB sequence is well con-
served in different primary isolates of HIV-1 (59) and in the
same HIV-1 strain through several rounds of viral replication
(60). Moreover, a putative NF-kB site can be identified at
positions 137/146 of HIV-2 TAR DNA (61), and similar to TAR
NF-kB of HIV-1, it overlaps the upper stem-loop sequence in
the hairpin of HIV-2 TAR RNA. These evidences suggest a
natural selection in favor of viral genomes containing NF-kB-
binding sites in the TAR region. The NF-kB activity is induced
in response to different stimuli such as cytokines and DNA
damaging agents (49). Indeed, all these treatments increase
the cellular production of free radicals, which may represent a
sort of a second messenger of NF-kB activation (62). In the
realm of hypothesis, HIV-1 genome could have acquired regu-
latory regions, such as NF-kB sites, which provide an efficient
viral expression and replication in order to escape from cells
damaged by free radicals and possibly destined to death. An
analogous mechanism is used by the bacteriophage lambda to
escape from Escherichia coli in SOS signaling (63). In this view,
efforts should be developed to inhibit the NF-kB activation in
order to suppress the HIV-1 expression and replication.
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