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We have here investigated the effect of the regulatory
Tat protein of the human immunodeficiency virus type 1
(HIV-1) on the PI 3-kinase catalytic activity in PC12 rat
pheochromocytoma cells. After as early as 1 min from
the beginning of the treatment with recombinant HIV-1
Tat protein, a significant increase in the tyrosine phos-
phorylation levels of the p85 regulatory subunit of PI
3-kinase was noticed in 48 h serum-starved PC12 cells.
Moreover, the addition of Tat to PC12 cells induced a
great increase in PI 3-kinase immunoprecipitated with
an anti-phosphotyrosine antibody with a peak of activ-
ity (19-fold increase with respect to the basal levels)
after a 15-min treatment. This increase in PI 3-kinase
activity was significantly higher in PC12 cell cultures
supplemented with Tat protein than in cultures stimu-
lated by 100 ng/ml nerve growth factor (NGF; 8-fold in-
crease with respect to the basal levels). Further experi-
ments showed that Tat protein was able to specifically
activate PI 3-kinase at picomolar concentrations. In
fact: (i) maximal activation of PI 3-kinase was observed
at concentrations as low as 1 ng/ml and was specifically
blocked by anti-Tat neutralizing antibody; (ii) a Tat-de-
pendent activation was also observed in experiments in
which PI 3-kinase activity was evaluated in either anti-
Tyr(P) or anti-p85 immunoprecipitates; (iii) 100 nm wort-
mannin completely blocked the Tat-mediated increase
in PI 3-kinase activity both in vitro and in vivo. Our data
strongly support the concept that extracellular Tat acts
as a cell stimulator, inducing intracellular signal trans-
duction in uninfected cells.

The regulatory HIV-1! Tat protein is a small (86-104 amino
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acid) protein encoded by two exons. Tat can be divided in five
distinct domains called N-terminal, cysteine-rich, core, basic,
and C-terminal sequences. While the cysteine-rich region is
responsible for the formation of intramolecular disulfide bonds,
the basic region contains nuclear localization signals and the
binding site for the transactivation response element RNA,
located at the 5’ end of all viral mRNAs (1).

The best characterized biological effect of Tat is the transac-
tivation of HIV-1 genome, which takes place after specific in-
teractions of Tat protein with the stem-loop transactivation
response element sequence of the long terminal repeat viral
RNA at the nuclear level. In addition to acting intracellularly,
Tat protein shows the unique property, for a viral protein, to be
actively released in culture by HIV-1-infected and tat-trans-
fected cells (2) and displays pleiotropic activities on the sur-
vival, growth, and function of various cell types by acting as a
viral growth factor (2—6). In particular, we have previously
demonstrated that picomolar concentrations of recombinant
Tat (0.1-10 ng/ml) promote the survival of PC12 rat pheochro-
mocytoma cells under serum-free culture conditions (3). Addi-
tionally, PC12 cells stably transfected with tat cDNA show an
increased resistance to apoptotic death (4). However, the addi-
tion in culture of anti-Tat neutralizing antibodies to these
tat-transfected cells completely blocked their increased resist-
ance to apoptosis (7), indicating that Tat released extracellu-
larly by tat-transfected cells is required to promote cell
survival.

Although experimental evidence for the existence of high
affinity receptor for Tat is still lacking, our data suggested that
recombinant Tat might act by inducing intracellular signal
transduction. Since it has been recently shown that NGF pro-
tects PC12 cells from apoptosis by activating PI 3-kinase (8), we
here investigated whether extracellular Tat was also able to
activate PI 3-kinase in PC12 cells.

EXPERIMENTAL PROCEDURES

Viral Proteins, Growth Factors, Antibodies, and Chemicals—Full-
length recombinant Tat and p24 proteins of human immunodeficiency
virus type 1 (HIV-1), produced in Escherichia coli (American Bio-Tech-
nologies, Inc., Cambridge, MA), were stored at —70 °C with 0.1 mm
dithiothreitol to prevent oxidation and resuspended in PBS containing
0.1% bovine serum albumin (Sigma) before use. Murine NGF was
purchased from Upstate Biotechnology Inc. (Lake Placid, NY).
[y-32P]ATP (specific activity, 3000 Ci/mmol) was purchased from Du-
Pont NEN. Anti-Tyr(P) antibody, used in both Western blot and immu-
noprecipitation experiments, was a murine monoclonal antibody (mAb)
generated using a phosphotyramine as an immunogen and was a gen-
erous gift from Dr. Thomas Roberts (Dana Faber Hospital, Boston, MA).
Antibody to the 85-kDa subunit of PI 3-kinase (anti-p85) was raised in
rabbits by Dr. Brian Schaffhausen (Tufts University, Boston, MA) and
is commercially available from Upstate Biotechnology Inc. Anti-Tat and
anti-p24 neutralizing monoclonal antibodies were purchased from
American Bio-Technologies, Inc. Wortmannin, purchased from Sigma,
was dissolved in dimethyl sulfoxide at 10 mm, stored at —20 °C in the
dark, and diluted with distilled water immediately before use.

Cell Cultures and Growth Factor Stimulation—Rat pheochromocy-
toma PC12 cells were routinely cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% horse serum and 5% fetal calf serum
(all from Seromed, Biochrom KG, Berlin, Germany). Before stimulation

phosphotyrosine; PBS, phosphate-buffered saline; WT, wortmannin;
PMSF, phenylmethylsulfonyl fluoride; TBS, Tris-buffered saline; PI,
phosphatidylinositol; HPLC, high performance liquid chromatography;
PI 4-kinase, phosphatidylinositol 4-kinase; NGF, nerve growth factor;
mAb, monoclonal antibody.
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with Tat, p24, or NGF, the medium was replaced, and PC12 cells were
cultured for 48 h with Dulbecco’s modified Eagle’s medium alone in the
absence of serum. The cells were then stimulated by adding 100 ng/ml
NGF or various concentrations of HIV-1 Tat or p24 proteins to the
culture medium.

Immunoprecipitation and Western Blotting Experiments—PC12 cells
were lysed in lysis buffer (137 mMm NaCl, 20 mMm Tris, pH 7.5, 1 mm
MgCl,, 1 mMm CaCl,, 10% glycerol (v/v), 1% Nonidet P-40, 0.1 mMm
vanadate, and 1 mm PMSF, and debris were removed by centrifugation.
PI 3-kinase was immunoprecipitated with either 1 ul of anti-p85 or 3 ul
of anti-Tyr(P) (3.5 mg/ml) for 3 h at 4 °C. The immunoprecipitates were
collected with protein A-Sepharose, washed three times in PBS, 1%
Nonidet P-40; twice in 0.1 M Tris, 0.5 M LiCl; and twice in TNE (10 mm
Tris, 100 mM NaCl, 1 mm EDTA, pH 7.5). All wash solutions contained
100 uM vanadate. The samples were then boiled for 5 min and electro-
phoresed on 7.5% polyacrylamide gels, and proteins were transferred to
a nitrocellulose membrane. After incubation with TBS containing 3%
bovine serum albumin at 37 °C for 1 h, the membranes were incubated
with anti-Tyr(P) or anti-p85 for 2 h at 4 °C. The filters were washed
three times in TBS, 0.2% Tween 20 (TTBS) and proteins were visualized
using a chemiluminescence detection system (ECL, Amersham, United
Kingdom) with secondary antibodies from Sigma. To reprobe the filters,
they were stripped of primary and secondary antibodies in 100 mm
2-mercaptoethanol, 2% SDS, 62.5 mm Tris-HCI, pH 6.7, for 45 min at
70 °C, washed three times in TBS, reblocked, and treated as described
above.

Assay of PI 3-Kinase Activity—HIV-1 Tat or p24 proteins or NGF
were added to intact cells for the indicated times at 37 °C. Cells were
washed twice with ice-cold buffer A (137 mm NaCl, 20 mM Tris, 1 mMm
MgCl,, 1 mm CaCl, 1 mM vanadate, pH 7.5), and lysed in lysis buffer
(buffer A plus 10% glycerol (v/v), 1% Nonidet P-40, and 1 mm PMSF.
The lysates were vortexed and centrifuged at 14,000 rpm. The cleared
supernatant was transferred to a fresh microcentrifuge tube, and incu-
bated with anti-Tyr(P) (3.5 mg/ml lysate) or anti-p85 (2 ul/ml lysate)
antibody for 2 h at 4 °C. Protein A-Sepharose (4 mg/ml lysate) was then
added for 1 h at 4 °C to the lysates. The immunoprecipitates were
washed three times in PBS, 1% Nonidet P-40; twice in 0.1 M Tris, 0.5 M
LiCl; and twice in TNE. All wash solutions contained 100 uM vanadate.
The PI 3-kinase assay on the immunoprecipitate was performed by
adding sonicated PI (in 10 mm HEPES, 1 mm EDTA, pH 7.5; 0.5 mg/ml
final concentration) and [y-32P]ATP (5-10 uCi/sample) to the immuno-
precipitates for 10 min at room temperature. The reaction was stopped
by the addition of 80 ul of HCI (2 M) and 160 ul of methanol:chloroform
(1:1 mixture). The lipid-containing organic phase was resolved on ox-
alate-coated thin-layer chromatography plates (Silica Gel 60, Merck)
developed in chloroform:methanol:water:ammonium hydroxide (60:40:
3:2). Radiolabeled spots, identified by autoradiography on Kodak X-
Omat S films, were excised and quantified by scintillation counting.

HPLC Analysis—Separation of deacylated phosphoinositides was
carried out on a Parthisphere SAX, 120 X 4.6-mm column, equipped
with a Sax precolumn insert following a previously described procedure
(9). The chromatographic apparatus used was composed of a 9012
ternary gradient pump and a 2550 UV-visible detector, both from Var-
ian (Palo Alto, CA). To verify that the 2P labeling was present on the
3-OH instead of the 4-OH, radiolabeled phosphoinositides were scraped
off the TLC plate, the silica was incubated at 53 °C for 90 min with 0.6
ml of 40% methylamine, cooled, transferred to a new tube, and dried by
vacuum. The samples were transferred into 0.6 ml of water and washed
twice with 1 ml of n-butanol/petroleum ether/ethyl formate (20:4:1 by
volume), after which the aqueous layer was dried under vacuum and
stored at —20 °C. To achieve glycerophosphoinositol separation, the
sample was reconstituted in water, filtered on a 0.2-um filter, and
injected into the HPLC apparatus previously equilibrated in water.
After 1 min, a gradient between 0 and 15% of 1 m (NH,),HPO, was
developed over a time of 50 min.

RESULTS

Stimulation of PI 3-Kinase Activity by HIV-1 Tat in PCI12
Cells—Since previous studies (10) demonstrated that the expo-
sure of PC12 cells to NGF induces an increase in anti-Tyr(P)-
immunoprecipitable PI 3-kinase activity, we first compared the
ability of Tat protein and NGF to stimulate PI 3-kinase activity
in PC12 cells.

Fig. 1A shows PI 3-kinase activity immunoprecipitated using
anti-Tyr(P) antibody at different time points after addition of
Tat or NGF. Both Tat protein (1 ng/ml) and NGF (100 ng/ml)
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Fic. 1. PI 3-kinase activity in PC12 cells treated with HIV-1 Tat
protein. A, 48-h serum-starved PC12 cells were exposed to 1 ng/ml Tat
protein or 100 ng/ml NGF for 0—45 min. Lysates were immunoprecipi-
tated with anti-Tyr(P). PI 3-kinase activity was measured using exog-
enous PI as substrate as described under “Experimental Procedures.”
The increase in PI 3-K activity at different time points is expressed as
n-fold activation with respect to the basal levels. Data represent the
means * standard deviations of four independent experiments. e,
HIV-1 Tat; O, NGF. B, time-dependent variations of anti-p85 immuno-
precipitable PI 3-kinase activity. 48-h serum-starved PC12 cells were
exposed to 1 ng/ml Tat protein for 0—45 min. Cell lysates were immu-
noprecipitated with anti-p85, and PI 3-kinase activity was expressed as
n-fold activation with respect to the basal levels. Data represent the
means * standard deviations of three independent experiments. C,
representative autoradiography of 2P-labeled reaction products ob-
tained from the in vitro assay of PI 3-kinase activity and analyzed by
TLC. 48-h serum-starved PC12 cells were incubated with 1 ng/ml Tat
protein for the indicated times (0—45 min). PI 3-kinase was immuno-
precipitated with anti-p85 from cell lysates, and activity was assayed as
described under “Experimental Procedures.”

potently stimulated PI 3-kinase activity. Both proteins showed
significant stimulation within 1 min, but Tat gave rise to a
more prolonged stimulation, peaking at 15 min. On the other
hand, HIV-1 p24 protein at concentrations of 1-100 ng/ml was
unable to stimulate PI 3-kinase activity over the base line (data
not shown). Activation of PI 3-kinase was further investigated
using an antibody against the 85-kDa subunit of the p85/p110
type PI 3-kinase. As shown in Fig. 1 (B and C), Tat (1 ng/ml)
stimulated the anti-p85 precipitable PI 3-kinase activity, and
maximal stimulation was observed at 15 min after addition of
Tat. The product of the lipid kinase activity was analyzed by
deacylation and HPLC separation and shown to be phosphati-
dylinositol 3-phosphate (data not shown).

Since it has been observed that Tat displays different and
sometimes opposite effects on cell survival depending on the
concentrations used in various studies (2, 4—6), in the next
group of experiments various concentrations of Tat protein in
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Fic. 2. Tat protein induces the tyrosine phosphorylation of
P85. Left panel, 48-h serum-starved PC12 cells were either left un-
treated (lane 1) or treated with 1 ng/ml recombinant Tat for 1 (lane 2),
10 (lane 3), or 30 (lane 4) min. Whole cell homogenates were then
subjected to Western blot analysis with an anti-Tyr(P) mAb. Right
panel, 48-h serum-starved PC12 cells were treated with 10% fetal calf
serum (serum+, positive control), left untreated (serum—, negative
control), or treated for 1-30 min with Tat protein (1 ng/ml). Cell lysates
were immunoprecipitated (IP) with anti-p85 polyclonal antibody, and
then the same filter was first revealed in Western blotting (WB) with
anti-Tyr(P) (A), then stripped and reprobed with anti-p85 (B) antibody.
A representative of five separate experiments is shown.

the range 0.1-1000 ng/ml were added in culture to 48-h serum-
starved PC12 cells for 10 min before performing the PI 3-kinase
assay on anti-p85 immunoprecipitates. A concentration-
dependent activation was observed, with maximum stimula-
tion occurring at 1 ng/ml Tat. Higher concentrations of Tat
were less effective (data not shown).

In Vivo and in Vitro Suppression of the Tat-mediated Acti-
vation of PI 3-Kinase by WT and Anti-Tat mAb—The fungal
metabolite WT has been shown to inhibit PI 3-kinase activity in
various cell types when used at nanomolar concentrations (11).
48 h serum-starved PC12 cells were pretreated for 20 min with
100 nM WT and then supplemented for additional 10 min with
1 ng/ml Tat protein. The Tat-mediated elevation of PI 3-kinase
activity was completely blocked by a brief exposure to WT,
which also suppressed the basal catalytic activity still present
in serum-starved PC12 cells left untreated. Pretreatment of 1
ng/ml Tat with 1 pg/ml anti-Tat but not anti-p24 mAb for 30
min also completely abolished the Tat-induced increase in PI
3-kinase activity. In addition, the in vitro treatment with WT
completely blocked PI 3-kinase activity and Nonidet P-40, an in
vitro inhibitor of PI 3-kinase but not of PI 4-kinase or other
lipid kinases (12), suppressed the catalytic activity associated
with p85 immunoprecipitates (data not shown).

Tat Stimulates Phosphorylation of Proteins on Tyr—Since an
anti-Tyr(P) antibody precipitated PI 3-kinase activity from Tat-
stimulated cells, we investigated the effect of Tat on protein-
Tyr phosphorylation in PC12 cells. Increased Tyr phosphoryl-
ation was observed on at least five proteins of molecular masses
between 200 and 66 kDa (Fig. 2, left panel). In next experi-
ments, p85 immunoprecipitates were blotted with anti-Tyr(P)
to determine whether Tat stimulates direct phosphorylation of
this protein. A small increase in a doublet band at 85 kDa was
observed in anti-Tyr(P) blotting (Fig. 2, right panel), but this
increase peaked at 1 min, while PI 3-kinase activity peaked
much later (Fig. 1).

DISCUSSION

In this report, we have demonstrated that extracellular
HIV-1 Tat protein promotes the activation of PI 3-kinase in
PC12 rat pheochromocytoma cells. PI 3-kinase phosphorylates
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the D-3 position of the inositol ring of phosphoinositols and
produces D-3 phosphoinositides (phosphatidylinositol 3-phos-
phate, phosphatidylinositol 3,4-bisphosphate, and phosphati-
dylinositol 3,4,5-trisphosphate). Increasing experimental evi-
dence indicates that D-3 phosphorylated inositides represent a
class of second messenger molecules, which can activate spe-
cific protein kinase C isoforms and Akt-Ser/Thr kinase, interact
with SH2 domains and induce cytoskeletal rearrangement (13—
15). PI 3-kinase is often found in cellular complexes with li-
gand-activated growth factor receptors and oncogene protein-
tyrosine kinases.

Activation of the mammalian PI 3-kinase complex can play a
critical role in transducing growth factor responses. The lipid
kinase complex has been implicated in a variety of cell func-
tions, including mitogenesis, cell transformation, etc. (16).
Moreover, a role for PI 3-kinase in the promotion of neuronal
cell survival has been recently demonstrated by Yao and Coo-
per (8). These authors have shown that NGF counteracts the
apoptotic cell death program induced by serum withdrawal in
PC12 cells by activating PI 3-kinase. In this respect, it is
particularly noteworthy that we have previously demonstrated
that recombinant Tat is also able to protect PC12 cells from
apoptosis induced by serum withdrawal (4).

We have shown here that 1 ng/ml Tat potently stimulates PI
3-kinase, reaching values of activation (approximately 20-fold
increase with respect to the basal level) significantly higher
than those observed in PC12 cell cultures supplemented with
100 ng/ml NGF (8-fold increase with respect to the basal level).
Therefore, PI 3-kinase may represent a common intracellular
target for both NGF and Tat protein.

It is also noteworthy that activation of PI 3-kinase was
achieved with picomolar concentrations of recombinant Tat,
which are likely to be physiologically present in vivo, since
similar concentrations have been detected in the supernatant
of HIV-1-infected cells (2, 7) as well as in the sera of some
HIV-1-infected individuals (17). On the other hand, 0.1-1
pg/ml Tat protein were less efficient in promoting PI 3-kinase
activation. Consistently, these high concentrations of Tat were
unable to promote cell survival and instead showed a toxic
effect on both neuronal and lymphoid cell types (6, 17, 18). This
cytotoxic activity was likely due to the up-regulation of cellular
genes encoding for inhibitory cytokines (19, 20).

Since extracellular Tat can be rapidly taken up by intact cells
and concentrate into the nucleus (21), a possible explanation
for many of the biological effects of Tat, including the preven-
tion from apoptosis, is a direct gene transactivation (22). How-
ever, several lines of evidence suggest that extracellular Tat
may also specifically interact with surface receptors. Although
the demonstration of a high affinity receptor for extracellular
Tat protein is still lacking, various integrins (a,Bs, o581, a,Bs)
have been proposed as putative receptors for extracellular Tat
(23-25). Moreover, Weeks et al. (26) have described the exist-
ence of a 90-kDa surface receptor that was specifically immu-
noprecipitated by an anti-Tat mAb from the surface of PC12
cells. Several considerations favor the hypothesis that extra-
cellular Tat activates PI 3-kinase acting through a surface
receptor. (i) Various integrins have been shown to activate
protein-tyrosine kinases, such as p125¥4K (27). Consistently,
we have shown that Tat induced an early (1 min) tyrosine
phosphorylation of the p85 regulatory subunit of PI 3-kinase,
which acts as an adaptor protein allowing the p110 catalytic
subunit to interact with receptor and nonreceptor protein-ty-
rosine kinases and tyrosine-phosphorylated proteins. (ii) Max-
imal activation of PI 3-kinase was obtained with concentrations
of Tat as low as 1 ng/ml, while higher concentrations were less
efficient in activating PI 3-kinase. This renders less likely the
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possibility that Tat must be internalized in order to activate PI
3-kinase.

In conclusion, this is the first report demonstrating that

HIV-1 Tat protein, which is actively released by infected cells,
is able to generate intracellular signals activating PI 3-kinase.
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