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The human immunodeficiency virus type 1 (HIV-1) Tat protein has been reported to transactivate several
cellular genes, including the potent chemotactic factor interleukin-8 (IL-8). Consistent with these in vitro
assays, elevated levels of IL-8 protein are found in the serum of HIV-infected individuals. We now extend these
observations by demonstrating that Tat induction of IL-8 is linked to the cell cycle. Cells that constitutively
express the Tat(1–86) protein (eTat) and control cells (pCEP) were reversibly blocked at the G1/S border with
hydroxyurea or thymidine. The cells were subsequently released, and IL-8 expression was monitored by RNase
protection assays and enzyme-linked immunosorbent assay (ELISA). RNase protection assays demonstrated
that IL-8 mRNA expression is transiently induced, approximately fourfold, as the Tat-expressing cells enter S
phase. Consistent with the RNase protection assay, an increase in IL-8 protein was observed in the cell
supernatant using an IL-8 ELISA. Similar experiments were performed following a reversible block at the
G2/M border with nocodazole and release into G1. Using the RNase protection assay and ELISA, little or no
increase in IL-8 expression was observed during G1. Using gel shift as well as an immobilized DNA binding
assay, we demonstrate that the increase in IL-8 gene expression correlates with a specific increase in p65
NF-kB binding activity only in the nucleus of the Tat-expressing cells. Moreover, the CREB-binding protein
coactivator is present in the complex in the Tat cell line. Finally, we demonstrate that the presence of the
proteasome inhibitor MG-132 inhibits the induction of NF-kB binding, as well as IL-8 expression, supporting
the role of NF-kB.

Interleukin-8 (IL-8) belongs to the C-X-C chemokine family
(29) and is secreted by several different cell types, including
monocytes, neutrophils, endothelial cells, fibroblasts, and T
lymphocytes. Also known as neutrophil-activating peptide 1,
IL-8 is a powerful chemoattractant protein for neutrophils and
has been shown to activate neutrophils, causing degranulation,
mobilization, and increased CD11/CD18 expression (20). IL-8
is also chemotactic for T lymphocytes, and some reports sug-
gest that IL-8 may play a role in the recruitment of CD4-
positive T cells to lymph nodes, sites where the human immu-
nodeficiency virus (HIV) replicates, providing new target cells
for virus infection (3). Interestingly, T lymphocytes are 10
times more sensitive to IL-8 than are neutrophils in chemotaxis
(14).

In vivo, sera from HIV type 1 (HIV-1)-infected patients
carry elevated levels of IL-8 (4, 16). Similarly, after infection of
cells in vitro by human T-cell leukemia virus type 1 or HIV-1,
levels of IL-8 expression are found to be elevated in the me-
dium (16–18). The retroviral transactivator proteins Tax (17)
and Tat (23) are likely to play an important role in the induc-
tion of IL-8. In the case of HIV-1 Tat induction, T cells require
the presence of a strong cellular activation signal such as that
provided by CD3 cross-linking and CD28-mediated costimula-
tion, in addition to Tat, to produce elevated levels of IL-8. This

result suggests that the viral protein requires the cooperation
of cellular signals to exert its effects (23).

IL-8 production (induced by several stimuli, including IL-1,
TNF-a, and phorbol myristate acetate) is primarily regulated
at the transcriptional level (10, 21, 22, 27). Nucleotide se-
quence analysis of the 59 regulatory region of the IL-8 gene has
revealed binding sites for NF-kB, C/EBPb, and AP-1 (20).
Transient transfection analysis of the IL-8 promoter has dem-
onstrated that it is activated by the induction of NF-kB com-
plexes, particularly those containing RelA/p65 (22, 28).
C/EBPb and AP-1 play smaller, but significant, roles in IL-8
expression (11, 12, 19, 22, 28). In this report, we show for the
first time that IL-8 gene expression is regulated in a cell cycle-
dependent manner in cells constitutively expressing the HIV
Tat protein. This induction correlates with the cell cycle-reg-
ulated binding of NF-kB to the IL-8 promoter. The cell cycle-
regulated binding of NF-kB is accompanied by an increase in
binding of the coactivator CREB-binding protein (CBP) to the
complex bound to the IL-8 NF-kB binding site. These studies
provide the first example of cell cycle-dependent regulation of
a cellular gene by the HIV Tat protein.

MATERIALS AND METHODS

Construction of epitope-tagged Tat cell line. We constructed a cell line that
constitutively expressed Tat protein. HeLa cells were stably transfected with
either a backbone control plasmid (pCEP4; Invitrogen) or a plasmid expressing
Tat(1–86) with a C-terminal epitope tag (pCEP4eTat). HeLa cell lines contain-
ing either the control or eTat plasmid were successfully selected by single-cell
dilution. Both cell types were selected and maintained under 200 mg of hygro-
mycin per ml. The control pCEP4 HeLa line is designated “pCEP” and the
pCEP4eTat HeLa line is designated “eTat” throughout this article (8). Verifi-
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cation of Tat transcriptional activity was achieved by electroporation of reporter
plasmids as previously described (8).

Cell cycle analysis. eTat or pCEP cells were blocked either with hydroxyurea
(Hu) (2 mM) or thymidine (3 mM) for 18 h or by addition of nocodazole (Noco)
(50 ng/ml) for 14 h. Following the block, cells were released by being washed
twice with phosphate-buffered saline (PBS) and by the addition of complete
medium. Samples were collected every 3 h, and nuclear and cytoplasmic cell
extracts were made from 3 3 107 cells/time point, as described previously (13)
(see below). Supernatants were collected from the same time points and ana-
lyzed by an IL-8 ELISA according to the manufacturer’s instructions (Biosource
International). Samples for 0 h were taken prior to release. At each point,
approximately 2 3 106 cells were also processed for cell sorting. Cells were
washed with PBS and fixed by addition of 500 ml of 70% ethanol. Cell pellets
were washed with PBS and incubated in 1 ml of PBS with 150 mg of RNase A
(Sigma) per ml and 20 mg of propidium iodide (Sigma) per ml at 37°C for 30 min.
The stained cells were analyzed for red (FL2) fluorescence on a FACScan
(Becton Dickinson), and the distribution of cells in the G1, S, and G2/M phases
of the cell cycle was calculated from the resulting DNA histogram, using Cell FIT
software (Fast Systems, Inc., Gaithersburg, Md.), based on a rectangular S-phase
model. When required, nuclear extracts were prepared as previously described
(13). The proteasome inhibitor MG-132 (50 mM, final) (Calbiochem) was added
to the medium of some cultures at the time of release from cell cycle block.

EMSA. Nuclear and cytoplasmic extracts were made as previously described
(13). Electrophoretic mobility shift assay (EMSA) running conditions were as
previously described (13). The IL-8wt, IL-8mkB, and IL-8mC/EBP oligonucle-
otides were as previously described (28). The HIV NF-kB binding site was
created by annealing the oligonucleotides 59ACAAGGGACTTTCCGCTGGG
GA-CTTTCC39 and 59GGAAAGTCCCCAGCGGAAAGTCCCTTG39 and la-
beling with [g-32P]ATP.

Biotinylated DNA pull-down experiment. A double-stranded oligonucleotide
corresponding to the NF-kB binding region of the wild-type IL-8 promoter
(IL-8wt) or mutant controls (IL-8mkB or IL-8mC/EBP) were labeled with biotin
at the 59 end. Nuclear extracts were prepared, and pull-down experiments were
carried out. Briefly, 180 to 240 mg of nuclear proteins was mixed with 3 ml of a
1-mg/ml solution of poly(dI-dC) and 5 mg of biotinylated double-stranded oli-
gonucleotide in gel shift buffer (20 mM HEPES [pH 7.9], 0.1 mM EDTA, 10 mM
MgCl2, 20 mM KCl, 1 mM dithiothreitol, and 10% glycerol), and the mixture was
incubated 30 min at room temperature in a total volume of 20 ml. The complex
was pulled down with streptavidine-agarose beads and then washed in the pres-
ence of Sarkosyl (0.03%). The bound proteins were denatured and run on a 4 to
20% Tris-borate-EDTA gel. Western blot analysis was then performed using
anti-p65 or anti-CBP antibodies. The sequence of the wild-type IL-8 binding site
was 59AGCTTCATCAGTTGCAAATCGTGGAATTTCCTCTG39, while the
mutant IL-8 NF-kB binding site sequence was 59AGCTTCATCAGTTCAAAT
CGTTAACTTTCCTCTG39. The mutant IL-8 C/EBP binding site sequence was
59AGCTTCATCAGCTACGAGTCGTGGAATTTCCTCTG39 (mutations are
underlined).

Antibodies. Commercially available anti-RelA/p65 (sc109X) and CBP antibod-
ies were used for Western blot analyses (Santa Cruz Biotechnology).

RNase protection assay. Fifteen micrograms of total RNA obtained from
blocked and released eTat and pCEP was used. The RiboQuant kit was used
according to the manufacturer’s instructions (PharMingen) using the Human
Cytokine/Chemokine Multi-Probe template hCK-5. Samples were loaded on a
5% acrylamide-urea gel and run at a constant 65 W for 1 h. Gels were subse-
quently dried and placed on a PhosphorImager cassette for an overnight expo-
sure.

Western blot analysis. Twenty-five or 50 mg of protein obtained from nuclear
and cytoplasmic extracts was run on a 4 to 20% Tris-glycine gel and transferred
overnight to Immobilon membranes (Millipore). The membrane was then
blocked for 1 h in TNE (10 mM Tris, 50 mM NaCl, 2.5 mM EDTA) containing
0.1% Tween 20 and 5% milk, rinsed, and incubated for 1 h with the appropriate
antibody. The blot was washed, incubated with a secondary horseradish peroxi-
dase-conjugated antibody, and developed with the ECL detection system (Am-
ersham).

RESULTS

Expression of IL-8 is cell cycle regulated in eTat cells: in-
duction of IL-8 transcription at S phase. Using a cell line
which constitutively expresses an active Tat protein, research-
ers recently reported that Tat activates transcription from the
HIV long terminal repeat in a cell cycle-dependent manner

(8). This result prompted us to analyze the potential cell cycle
regulation of cellular genes induced by Tat. We arrested the
cell cycle of cultured eTat and control pCEP cells using Hu,
which arrests cells in early S phase by inhibiting ribonucleotide
diphosphate reductase (25). Figure 1 shows a typical fluores-
cence-activated cell-sorter (FACS) analysis conducted after an
18-h Hu block and subsequent release. After release, eTat and
pCEP cells moved through S phase (represented by the 3 h
postrelease sample [Fig. 1]) and into the G2/M phase by 6 h
postrelease with a peak G2/M population at 9 h postrelease.
Cells then entered the G1 phase (12 h postrelease). The cell
cycle profiles were similar in both cell lines.

To analyze cell cycle-dependent gene expression, pCEP and
eTat cells were reversibly blocked with Hu for 18 h and then
released. Cells were collected every 3 h for 9 h, and RNA was
extracted. Fifteen micrograms of total RNA from each sample
was then used in an RNase protection assay using the hCK-5
cytokine probe set (PharMingen). This allowed us to study the
expression of a total of seven different cytokine and chemokine
genes, including the genes for lymphotoxin, RANTES, IP-10,
MIP-1b, MIP-1a, MCP-1, IL-8, and I-309, along with two
housekeeping genes, the L32 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) genes, as controls (Fig. 2A). The
results of this experiment demonstrated that the expression of
one of the cytokine genes, IL-8, was regulated as the cells
progressed through S phase. Strikingly, the IL-8 mRNA levels
increased from 0 h (G1/S) to 3 h (S), then decreased at 6 h
(G2/M) and further at 9 h (G2/M) in the eTat cells. In contrast,
the levels of IL-8 mRNA were low and roughly constant in the
pCEP cells. Densitometric analysis of the RNA levels (Fig. 2B)
showed a 3.5- to 4-fold induction of IL-8 expression at 3 h in
eTat cells. The level of RNA expression and the sensitivity of
the RNase protection technique did not allow us to detect
fluctuation in several of the other genes analyzed in this assay.
We did reproducibly observe, however, that RANTES was
expressed at higher levels in pCEP cells and that its transcrip-
tion peaked at the G2/M phase (Agbottah et al., unpublished
data). The levels of L32 and GAPDH mRNAs were constant in
pCEP and eTat throughout the cell cycle.

A similar experiment was conducted with Noco, a drug
which reversibly blocks the cells at the G2/M boundary (5). In
contrast to the results obtained as the cells transitioned
through S phase, the level of IL-8 mRNA expression in G2/M
and G1 was not significantly above background (data not
shown) (see below). These results demonstrate that IL-8 tran-
scription is specifically induced during the S phase of the cell
cycle in cells expressing the Tat protein.

IL-8 protein is overexpressed in eTat cells following Hu
block and release. We next investigated whether overexpres-
sion of IL-8 mRNA was reflected in levels of secreted IL-8
protein that were higher in the supernatant of eTat cells than
in that of pCEP cells. Cell culture supernatants were collected
for 9 h following Hu or Noco block and release and assayed by
ELISA (Fig. 3A). The levels of IL-8 increased dramatically
starting at 3 h postrelease (approximately 450 pg/ml) in the
eTat supernatant, reaching as high as 828.0 6 151.0 pg/ml at
9 h post-Hu release. In contrast, the levels of IL-8 were low and
fairly constant in the supernatant obtained from pCEP cells
(170 to 188 pg/ml) (Fig. 3A). To address the possibility that
IL-8 expression might be due to clonal variation in cells, and
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not to Tat expression, we tested several other clones of pCEP
and eTat cells for IL-8 expression (Fig. 3B). The results of this
assay clearly demonstrate that IL-8 expression is induced in
each Tat-expressing eTat cell clone during S phase. These
results argue strongly that IL-8 induction is due to Tat and is
not an artifact of clonal variation.

Consistent with the RNA analysis, after a Noco (G2/M)
block, IL-8 protein levels did not significantly change in either
cell line following release into G1 (Fig. 3A). Taken together,
these results confirm the mRNA data showing that IL-8 pro-
duction is an S-phase phenomenon that is independent of the
blocking agent used and is not due to cell cycle arrest per se.

To demonstrate that the induction of IL-8 was specific for
the cell cycle and not due to non-cell cycle-related activity of
Hu, we also used a thymidine block to synchronize the cells at
the G1/S border. Following release, we collected the superna-
tant and analyzed IL-8 secretion by ELISA. The cells were also
analyzed by FACS to assess the cell cycle progression. As
observed after the Hu block, we detected a significant increase

of IL-8 protein in the supernatant of eTat cells after release as
the cells progressed through S phase, whereas the levels of IL-8
were constant and low in pCEP (data not shown).

Induction of NF-kB binding to the IL-8 promoter at the S
phase of the cell cycle in eTat cells. The IL-8 promoter was
previously shown to be regulated by NF-kB. We conducted a
series of EMSAs to measure NF-kB binding activity during the
cell cycle. pCEP and eTat cells were blocked with Hu, released,
and collected at 0, 3, and 6 h postrelease. Cells were subse-
quently fractionated into nuclear and cytoplasmic extracts. We
examined the levels of nuclear NF-kB by mobility shift assay
with a probe corresponding to the IL-8wt sequence (Fig. 4A).
Three hours following release from the Hu block, an increase
in NF-kB binding in eTat but not in pCEP cells was noted (Fig.
4A, lanes 6 and 9). NF-kB binding decreased at 6 h postrelease
(S to G2/M transition) (lanes 7 and 10).

To determine the specificity of the DNA binding activity,
competitor oligonucleotides were synthesized with base substi-
tutions in the NF-kB (IL-8mkB) or neighboring C/EBP (IL-

FIG. 1. Cell cycle analysis of eTat and control pCEP cell lines following Hu block. Log-phase growing cells were blocked with Hu (2 mM) for
18 h and released by removing the inhibitor and adding fresh media. Samples were collected every 3 h, and the cells were processed for FACS
analysis. Cells were removed from media at each time point, washed with PBS without Mg21 or Ca21, fixed with 70% ethanol, and stained with
propidium iodide (Fast Systems, Inc.), followed by cell sorting analysis on a Coulter EPICS cell analyzer. The proportion of cells in G1, S, or G2/M
are plotted as the percentage of total cells at each time point. The black sections represent the G1-phase population, the white sections are the
S-phase population, and the gray sections represent the G2/M population. The shading on the figures was added manually. The results are
representative of three different experiments.
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8mC/EBP) site (Fig. 4B). The results of competition experi-
ments demonstrate that the gel shift complex is due to NF-kB
binding. An excess of unlabeled wild-type oligonucleotide
strongly diminished the signal (Fig. 4B, lane 3). In contrast,
IL-8mkB had little effect (lane 4). The IL-8mC/EBP oligonu-
cleotide, which possesses only the NF-kB binding sequence,
competed for binding as efficiently as the wild type (lane 5).

We also used oligonucleotides containing the NF-kB binding
site from the HIV promoter as competitors. The results pre-
sented in Fig. 4C demonstrate that the HIV NF-kB oligonu-
cleotides, but not the HIV TATA or initiator oligonucleotides,
compete for binding of protein to the IL-8 NF-kB site. We also
analyzed the gel shift activity of transcription factor Sp1 in the
eTat and pCEP cell extracts. No significant change in Sp1

FIG. 2. IL-8 mRNA is induced in a cell cycle-dependent manner in
Tat-expressing cells. For the RNase protection assay, 15 mg of total
RNA was obtained from 3 3 107 eTat and pCEP cells blocked with
Hu. (A) Samples were collected at 0, 3, 6, and 9 hrs, processed, and
hybridized with Human Cytokine/Chemokine Multi-Probe template
hCK-5 according to the manufacturer’s instructions. Samples were
then loaded on a 5% acrylamide-urea gel and run at a constant 65 W
for 1 h. Gels were subsequently dried and placed on a PhosphorImager
cassette for an overnight exposure and analyzed. (B) Quantification of
the PhosphorImager signal from panel A, normalizing the IL-8 signal
to the signal obtained from L32 and GAPDH internal standard signals.
The results are representative of three independent experiments.
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binding activity was observed in the 0-, 3-, 6-, and 9-h samples
from eTat and pCEP cells (data not shown).

NF-kB complexes bound to the IL-8 probe are more stable
in eTat cell extracts. We next analyzed the composition of the
NF-kB complex bound to biotinylated oligonucleotides con-
taining either the wild-type or mutant IL-8 NF-kB binding site.
Nuclear extracts obtained from pCEP or eTat cells, blocked
with Hu and released, were incubated with the probes. Fol-
lowing pull-down, the complexes were subjected to Western
blot analysis, using antibodies specific to the p65 NF-kB sub-
unit and to CBP. As seen in Fig. 5A and B, and consistent with
the gel shift analysis, bound p65 was most abundant in nuclear
extracts prepared from the eTat cells at 3 h after release from
Hu (Fig. 5A, lane 2, versus Fig. 5B, lane 2). Similar to the RNA
induction curve and gel shift binding, NF-kB binding was tran-
sient. The level of NF-kB binding activity returned to baseline
by 6 h after release. The lack of p65 binding in pCEP nuclear
extracts was not due to the absence of p65 in the nucleus of
these cells, as demonstrated by straight Western blotting (Fig.
5C). To demonstrate the specificity of NF-kB binding, parallel
assays were run with an oligonucleotide containing a mutant
IL-8 NF-kB binding site. Consistent with the results presented
in Fig. 5A, a significant level of NF-kB p65 was observed 3 h
after release when the IL-8wt probe was used (Fig. 5D). In
contrast, no binding of NF-kB p65 was observed when the IL-8
NF-kB mutant probe was used (Fig. 5D).

It has recently been reported that the association of the
coactivator CBP with p65 is important for the induction of
transcription activity (26). To determine whether CBP was
present in the IL-8 NF-kB binding complex, the 3-h nuclear
extract from eTat and pCEP was incubated with the biotinyl-
ated oligonucleotide, centrifuged, washed, and analyzed by
Western blotting. The results presented in Fig. 5E demonstrate
that CBP was present in the complex of proteins bound to the
IL-8 NF-kB site. Consistent with the results of the p65 Western
blot, the level of CBP bound to the IL-8 NF-kB probe was
significantly higher in the NF-kB pull-down from eTat extracts.
The CBP input Western blot (Fig. 5F) did not reveal a signif-
icant difference between CBP levels in eTat and pCEP cells.

MG-132 treatment abolishes NF-kB binding to the IL-8
promoter sequence as well as IL-8 protein synthesis. Since we
demonstrated that the IL-8 promoter sequence is regulated by
NF-kB through the cell cycle, it was of interest to determine
what effect the proteasome inhibitor MG-132 would have on
IL-8 expression. MG-132 inhibits proteasome function and
thus inhibits IkBa degradation, interfering with NF-kB activa-
tion and translocation to the nucleus. eTat cells were treated
with MG-132 immediately after release from the Hu block, and
samples were harvested as described above. An IL-8 ELISA
was conducted on the culture supernatants. The results of this
experiment demonstrate that treatment with MG-132, which
inhibits NF-kB translocation to the nucleus, significantly re-

FIG. 3. IL-8 is secreted from Tat-expressing cells in a cell cycle-
dependent manner. (A) ELISA of IL-8 from supernatant of eTat or
control cells. Control pCEP and eTat cells were blocked with Hu (2
mM) or Noco (50 ng/ml) for 15 to 18 h, washed, and released by
incubation in fresh medium. Cell supernatants were collected for ei-
ther 9 h (Hu) or 12 h (Noco) and analyzed for IL-8 protein using an
ELISA kit (Biosource International). Fifty microliters of supernatant
per collection time point was used for ELISA. The results presented
are the means of three independent experiments 6 standard devia-
tions. (B) ELISA of IL-8 from supernatants of three independent
clones of pCEP or eTat cells after Hu block and release.
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duced the levels of IL-8 protein (Fig. 6A). These observations
are consistent with the enhancement of IL-8 expression by a
transient activation of NF-kB during S phase.

eTat cells were treated with MG-132 immediately after re-

lease, and time course nuclear extracts were also prepared as
described above. As seen on the gel shift (Fig. 6B), MG-132
treatment abolished NF-kB binding on the IL-8 NF-kB pro-
moter sequence. This observation explains the inhibition of
IL-8 production (Fig. 6A).

Finally, the cytoplasmic fractions from control and MG-132-
treated cells were run on a sodium dodecyl sulfate gel and
analyzed by Western blotting using an antibody which recog-
nizes IkBa (data not shown). In the MG-132-treated cells, a
slower-migrating species of IkBa, corresponding to the phos-

FIG. 4. NF-kB is induced during S phase in eTat cell nuclear ex-
tracts. (A) EMSA using 5 mg of nuclear extracts obtained from control
pCEP and eTat cells after Hu block (2 mM, 15 h) and release. Lane 1,
IL-8wt probe alone; lane 2, eTat untreated extracts; lanes 3 and 4,
same as lane 2, with competition using a 60-fold excess of unlabeled
IL-8wt and IL-8mkB, respectively; lanes 5 through 7, pCEP extracts at
0, 3, and 6 h postrelease; lanes 8 through 10, eTat extracts at 0, 3, and
6 h postrelease. (B) EMSA using 5 mg of nuclear extracts obtained
from eTat cells 3 h post-Hu block (2 mM, 15 h). Lane 1, IL-8wt probe
alone; lane 2, eTat at 3 h post-Hu release; lanes 3 through 5, same as
lane 2, with competition using a 60-fold excess of unlabeled IL-8wt,
IL-8mkB, and IL-8mC/EBP probes, respectively. The results pre-
sented in panels A and B are representative of two and three inde-
pendent experiments, respectively. (C) EMSA using 5 mg of nuclear
extract from eTat cells after Hu block (2 mM, 15 h) and release. Lane
1, IL-8wt probe; lane 2, IL-8wt probe plus eTat nuclear extract; lane 3,
IL-8wt probe plus eTat extract plus 25-fold excess HIV NF-kB com-
petitor; lane 4, IL-8wt probe plus eTat extract plus 25-fold excess HIV
TATA competitor; lane 5, IL-8wt probe plus eTat extract plus 25-fold
excess HIV initiator competitor.

FIG. 5. The NF-kB species p65 binds strongly to the IL-8 promoter
sequence in Tat-containing cells. eTat and pCEP cells were blocked
with Hu (2 mM) and released. (A, B, and D) Nuclear extracts taken at
different points were incubated with either the IL-8wt or the mutant
IL-8mkB probe in gel shift buffer at room temperature as previously
described. The complexes were washed with 0.03% Sarkosyl and ana-
lyzed by Western blot analysis with anti-p65 antibody. (C) p65 Western
blot using nuclear extracts taken at 3 h postrelease from pCEP and
eTat cells. (E) The wild-type IL-8 probe was incubated with the 3-h
eTat or pCEP extract and washed, and Western blot analysis was done
with an anti-CBP antibody. (F) Western blot analysis of CBP input
from eTat and pCEP extracts. The results presented are representative
of two independent experiments.
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phorylated form, was detected at 3 h postrelease (data not
shown). This result suggests that NF-kB induction occurs at 3 h
post-Hu release (S phase) in eTat cells by phosphorylation of
IkBa and its subsequent degradation by the proteasome.

DISCUSSION

The data presented here demonstrate that the IL-8 gene is
expressed in a cell cycle-dependent manner in cells that ex-
press the HIV-1 Tat protein. There is a novel induction of
stable NF-kB binding to the IL-8 promoter during the S phase
of the cell cycle only in Tat-expressing cells. Consistent with
the timing of NF-kB induction, the IL-8 mRNA level rises
during mid-S phase, and the level of IL-8 protein in the me-
dium reaches its maximum shortly after this. Blocking IkBa
degradation with the proteasome inhibitor MG-132 abolishes
both the appearance of NF-kB in the nucleus and the increase
in IL-8.

Evidence that synergy between NF-kB and other transcrip-
tional activators involves the assembly of multicomponent
complexes that use the transcriptional coactivators p300 and
CBP has been presented (9, 26, 30). In our experiments, we
observed an increase of p65 and CBP, stably binding to the
IL-8 NF-kB site in extracts made from Tat-expressing cells at
3 h post-Hu release, coincident with the appearance of IL-8
mRNA. It will be of interest to determine if Tat transiently
facilitates the association of p65 and CBP during S phase.
Along these lines, Tat has been shown to interact both physi-
cally and functionally with p300 and CBP in activation of the
HIV long terminal repeat (1, 6, 15). Perkins et al. (24) have
suggested that NF-kB activity is controlled by cyclin-dependent
kinases associated with the p300 transcriptional integrator. In

this model, cycE-CDK2 bound to p300 with RelA exerts some
kinase-dependent inhibitory influence over RelA bound in the
same complex. Since Tat interacts with p300 (1, 6, 7, 15), it
would be of interest to determine if Tat modifies the p300-
CDK2-cycE-RelA complex, decreasing CDK2’s ability to in-
hibit the transcriptional activity of RelA. Alternatively, Tat
may simply enhance the assembly of a stable NF-kB complex
containing p65 and CBP. It is of interest that the differences in
NF-kB binding between eTat and pCEP cells were best ob-
served when the binding reaction mixtures contained 0.03%
Sarkosyl. This result, in fact, suggests that the binding of
NF-kB from eTat cells is more stable.

Elevated levels of circulating IL-8, a potent chemotactic
factor for T lymphocytes and granulocytes, are found in HIV-
infected individuals. Ott et al. (23) recently reported that the
HIV-1 transactivator protein Tat increased IL-8 secretion in
T-cell lines following CD3- and CD28-mediated costimulation.
Full-length Tat (Tat101) enhanced IL-8 transcription through
increased transcription factor binding to the CD28-responsive
element (CD28RE) in the IL-8 promoter. Expression of Tat72
also enhanced IL-8 production following T-cell stimulation
via a different mechanism, most likely posttranscriptional.
CD28RE in the IL-8 promoter was characterized as a low-
affinity NF-kB binding site recognized by a complex including
p50, p65, and c-Rel. Interestingly, transcription factor binding
to “classical” NF-kB sites such as those present in the HIV-1,
human IL-2, and lymphotoxin promoters, also recognized by
p50 and p65 following CD3-plus-CD28-mediated costimula-
tion, was unaffected by Tat101. These experiments identify
CD28RE in the IL-8 promoter as an NF-kB recognition site
and a Tat-responsive element. Moreover, these results suggest

FIG. 6. A proteasome inhibitor blocks NF-kB signaling and IL-8 production during S phase. (A) ELISA of IL-8 from supernatant of eTat cells.
eTat cells were blocked with Hu (2 mM) and released. MG-132 (50 mM) was added at the time of release. The supernatant was collected at 3 h
postrelease and analyzed for IL-8 protein using ELISA. The result shown is representative of three independent experiments 6 standard deviation.
(B) EMSA using the IL-8wt probe and 5 mg of nuclear extracts obtained from eTat after Hu block (2 mM, 15 h) and release. MG-132 (50 mM)
was added at the time of release. Lane 1, eTat at 3 h postrelease without MG-132 treatment; lane 2, eTat at 3 h postrelease with MG-132 (50 mM)
treatment.
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that Tat has the capacity to differentially induce binding of
NF-kB to different responsive promoters. It will be of interest
to determine the correlation between NF-kB binding to
CD28RE and the cell cycle. Interestingly, stimulation of T cells
with CD3 and CD28 has been shown to induce a strong in-
crease in the number of cells in S phase (2).

IL-8 may play an important role in virus production and
infection. We have observed that the presence of IL-8 in a cell
culture medium, at physiologically relevant concentrations, is
sufficient to protect infected cells against cell death induced by
HIV expression (data not shown). Therefore, one could argue
that the effect of a Tat, S-phase-driven expression of IL-8 could
be to protect the cell from death, allowing more virus produc-
tion. In addition, the secreted IL-8 in the medium could serve
as a chemoattractant, providing new target cells for the virus.
Further study of IL-8 and other cytokines regulated by Tat will
provide insights into the mechanisms by which HIV can modify
the extracellular environment to the advantage of virus repli-
cation.
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