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Kaposi’s sarcoma (KS) spindle cell growth and spread have been reported to be modulated by various
cytokines as well as the human immunodeficiency virus (HIV) gene product Tat. Recently, HIV-1 Tat has been
shown to act like a cytokine and bind to the Flk-1/KDR receptor for the vascular endothelial growth factor A
(VEGF-A), which is expressed by KS cells. We have characterized signal transduction pathways stimulated by
HIV-1 Tat upon its binding to surface receptors on KS cells. We observed that stimulation in KS 38 spindle
cells resulted in tyrosine phosphorylation and activation of the Flk-1/KDR receptor. We also report that HIV-1
Tat treatment enhanced the phosphorylation and association of proteins found in focal adhesions, such as the
related adhesion focal tyrosine kinase RAFTK, paxillin, and p130cas. Further characterization revealed the
activation of mitogen-activated protein kinase, c-Jun amino-terminal kinase (JNK), and Src kinase. HIV-1 Tat
contains a basic domain which can interact with growth factor tyrosine kinase receptors and a classical RGD
sequence which may bind to and activate the surface integrin receptors for fibronectin and vitronectin. We
observed that stimulation of KS cells with basic as well as RGD sequence-containing Tat peptides resulted in
enhanced phosphorylation of RAFTK and activation of MAP kinase. These studies reveal that Tat stimulation
activates a number of signal transduction pathways that are associated with cell growth and migration.

Kaposi’s sarcoma (KS) is the major neoplastic manifestation
of AIDS (30, 37, 42, 55). Its pathogenesis has been the focus of
considerable study. Several different cytokines including vas-
cular endothelial growth factor A (VEGF-A), platelet-derived
growth factor, interleukin-6, the KS virus-encoded homolog of
the chemokine MIP1, and tumor necrosis factor alpha have
been reported to modulate KS cell growth (17, 20, 24, 25, 38,
43, 47, 52, 56, 62). These cytokines have been postulated to be
released in a paracrine fashion (by neighboring leukocytes and
endothelial cells) or in an autocrine-paracrine fashion (by spin-
dle cells themselves). Recent results suggest that the Tat pro-
tein of human immunodeficiency virus type 1 (HIV), known to
be a transcriptional regulator of virus, potentiates KS cell
growth in vitro and in in vivo animal models (2, 7, 11, 18). HIV
Tat has been reported to act synergistically with inflammatory
cytokines and basic fibroblast growth factor in promoting KS
proliferation and migration (19).

HIV Tat is a protein of 86 to 104 amino acids encoded by
two exons and is essential for viral replication. Tat can be
divided into five distinct domains termed N terminal, cysteine
rich, core, basic, and C terminal. The C-terminal domain con-
tains an Arg-Gly-Asp (RGD) sequence, which represents the
major cell attachment moiety recognized by integrin receptors.

This Tat domain can bind with high affinity to the integrins
a5b1, and a5b3, receptors for fibronectin and vitronectin, re-
spectively (8, 60). The basic sequence of Tat (amino acids 42 to
64) is similar to the basic sequence of several growth factors
(fibroblast growth factor, VEGF-A, hepatocyte growth factor,
and heparin-binding epidermal growth factor) (12, 46, 57). The
basic sequence of Tat has also been shown to bind to a novel
integrin, avb5 (60). Because Tat can be released by infected
cells during HIV infection and can act extracellularly in the
microenvironment, it may function in a paracrine fashion as a
protocytokine in KS pathogenesis (14, 21). Recently, another
link between Tat and a cytokine-based model of KS pathogen-
esis was made by demonstrating that HIV Tat specifically binds
with high affinity to the mitogenic Flk-1 (but not the Flt-1)
receptor, also known as VEGFR-2, for VEGF-A (3). More-
over, VEGF-A was recently shown to act as a potent growth
stimulator in KS cells (38).

Despite the increasingly prominent role of Tat in the induc-
tion of cell proliferation and migration of KS cells, relatively
little is known about the signal transduction pathways which
mediate these effects (41). In the present study, we observed
that Tat treatment activates the Flk-1 receptor (VEGFR-2).
Further characterization of downstream molecules revealed
increased phosphorylation of various components of focal ad-
hesions, structures which mediate adherent contacts with the
extracellular matrix. These components included the related
adhesion focal tyrosine kinase (RAFTK), paxillin, and p130cas.
Tat treatment also activated various members of the mitogen-
activated protein (MAP) kinase family and Src kinases. Our
studies identify activation of specific signaling molecules that
may participate in the Tat-induced growth and migration of KS
cells.
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MATERIALS AND METHODS

Cells and cell culture. The KS cell line, KS 38, was derived from a biopsy
specimen of a cutaneous lesion from an AIDS patient (13, 28, 39, 40). The cell
line possesses many characteristics of primary KS cells, including endothelial
markers and smooth muscle markers (13, 49), and has been used as a model for
cytokine-mediated signaling studies (34). The cells were grown in flasks coated
with 1.5% gelatin as described previously (34) and were suspended in RPMI 1640
containing 15% fetal calf serum, 2 mM glutamine, 1 mM MEM sodium pyruvate,
0.05 mM minimal essential medium (MEM) nonessential amino acids, 13 MEM
amino acids, 1% Nutridoma-HU (Boehringer Mannheim Biochemicals, India-
napolis, Ind.), 50 mg of penicillin per ml, and 50 mg of streptomycin per ml. Cells
were grown to confluence before being used in the signaling studies described
below.

Reagents and antibodies. RAFTK antibodies were generated as described
previously (33). Antibodies to the VEGF receptor Flk-1 (VEGFR-2), c-Src,
JNK, ERK-1, ERK-2, and p38 MAP kinase were obtained from Santa Cruz
Biotechnology (Santa Cruz, Calif.). The monoclonal antibodies against p130cas

and paxillin were obtained from Transduction Laboratories, Inc. (Lexington,
Ky.). Antiphosphotyrosine antibody (4G10) was a generous gift from Brian
Druker (Oregon Health Sciences University). Electrophoresis reagents were
obtained from Bio-Rad Laboratories (Hercules, Calif.). The protease inhibitors
leupeptin and aprotinin and all other reagents were obtained from Sigma Chem-
ical Co. (St. Louis, Mo.). The nitrocellulose membrane was obtained from Bio-
Rad Laboratories. HIV Tat (1 to 86 amino acids) was expressed in Escherichia
coli and purified by heparin affinity chromatography. Further purification was
done by high-performance liquid chromatography (data not shown). The protein
was found to be homogenous by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) with Coomassie blue stain. The purified Tat prep-
aration (500 ng/ml) was found to be endotoxin free by the timed gel formation
method with the Limulus amoebocyte lysate reagent as recommended by the
manufacturer (Sigma). It was found to be biologically active as assessed by the
HIV rescue assay with a cell line (HLM-1) containing an integrated nonrevers-
ible Tat-defective provirus. The Tat protein was lyophilized and reconstituted in
Tat buffer (phosphate-buffered saline containing 1 mg of bovine serum albumin
and 0.1 mM per ml dithiothreitol and was used for further studies.

Stimulation of cells. KS 38 cells, grown to confluence, were serum starved for
16 to 18 h and washed twice with Hanks’ balanced salt solution (Gibco BRL,
Gaithersburg, Md.) before Tat treatment. The cells were treated with 100 ng of
Tat per ml, and 10 IU of heparin per ml was added in each case. The addition
of heparin enhanced the Tat-mediated effects. Tat protein was added to cell
cultures singly for different periods in vitro. Controls included media with 10 IU
of heparin per ml in the absence of Tat. The cell lysates were prepared directly
within the culture dish by lysis in 500 ml of modified RIPA buffer (50 mM
Tris-HCl [pH 7.4], 1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM
NaCl, 1 mM phenylmethylsulfonyl fluoride, 10 mg of aprotinin per ml, 10 mg of
leupeptin per ml, 10 mg of pepstatin per ml, 10 mM sodium vanadate, 10 mM
sodium fluoride, 10 mM sodium pyrophosphate) per dish at various time points.
Total-cell lysates were clarified by centrifugation at 10,000 3 g for 10 min.
Protein concentrations were determined by the protein assay (Bio-Rad Labora-
tories).

Immunoprecipitation and Western blot analysis. For the immunoprecipita-
tion studies, identical amounts of protein from each sample were clarified by
incubation with protein A-Sepharose or Gamma Bind Sepharose (Pharmacia
Biotech, Piscataway, N.J.) for 1 h at 4°C followed by a brief centrifugation. The

solution was incubated for 4 h with different primary antibodies for each exper-
iment or clarified overnight at 4°C. The antibody-antigen complexes were im-
munoprecipitated by incubation for 2 h at 4°C with 50 ml of the protein A-
Sepharose or Gamma Bind sepharose (10% suspension). Nonspecific proteins
were removed by washing the Sepharose beads three times with the modified
RIPA buffer and once with phosphate-buffered saline. Bound proteins were
solubilized in 40 ml of 23 Laemmli buffer and further analyzed by immunoblot-
ting. Samples were separated by SDS-PAGE (8% polyacrylamide) and then
transferred to nitrocellulose membranes. The membranes were blocked with 5%
nonfat milk protein and probed with primary antibody for 2 h at room temper-
ature (RT) or overnight at 4°C. Immunoreactive bands were visualized by using
horseradish peroxidase-conjugated secondary antibody and the enhanced chemi-
luminescence system (Amersham Corp., Arlington Heights, Ill.).

MAP and JNK kinase assays. Cell lysates were immunoprecipitated with
ERK-1, ERK-2 (1:1) (for MAP kinase), or JNK antibodies (for JNK kinase)
(Santa Cruz Biotechnology). The immune complexes were washed twice with
RIPA buffer and twice with kinase buffer (50 mM HEPES [pH 7.4], 10 mM
MgCl2, 20 mM ATP). The complex was then incubated for 30 min at RT with the
substrates myelin basic protein (MBP) (7 mg) or glutathione S-transferase
(GST)–c-Jun (4 mg) for MAP and JNK kinase, respectively, and 5 mCi
[g-32P]ATP. The reaction was stopped by adding 23 SDS sample buffer and
boiling the sample for 5 min at 100°C. Proteins were separated by SDS-PAGE
(12 or 15% polyacrylamide) and detected by autoradiography.

c-Src kinase assay. The c-Src kinase assay was carried out as described pre-
viously (23). Briefly, the immunoprecipitated complexes obtained by immuno-
precipitating cell lysates with the c-Src antiserum were washed twice with RIPA
buffer and once with kinase buffer (10 mM HEPES [pH 7.4], 5 mM MnCl2, 10
mM Na3VO4). For in vitro kinase assays, the immune complex was incubated for
30 min at RT in kinase buffer containing acid-denatured rabbit muscle enolase
(Sigma Chemical Co.) and 5 mCi of [g-32P]ATP. The reaction was stopped by
adding 23 SDS sample buffer and boiling the samples for 5 min. The samples
were subjected to SDS-PAGE (10% polyacrylamide) and detected by autora-
diography.

Autophosphorylation assay. The autophosphorylation assay was done as de-
scribed by Albini et al. (3). The Flk-1/KDR immunoprecipitates were incubated
in kinase buffer (50 mM HEPES [pH 7.4], 10 mM MnCl2, 10 mM MgCl2, 1 mM
dithiothreitol, 20 mM ATP) plus 5 mCi [g-32P]ATP for 30 min at 25°C. The
reaction was stopped by adding 23 SDS sample buffer. The samples were then
subjected to SDS-PAGE (8% polyacrylamide), and the proteins were detected by
autoradiography.

RESULTS

HIV Tat induces tyrosine phosphorylation of cellular pro-
teins in KS cells. Signal transduction by the binding of ligands
to cognate surface receptors involves the tyrosine phosphory-
lation of an array of targets. Since HIV Tat has been shown to
bind to the Flk-1/KDR receptor (3) and to integrin receptors
(8, 60), we analyzed the spectrum of substrates phosphorylated
after its stimulation of KS cells. As shown in Fig. 1A, Tat
stimulation resulted in the increased tyrosine phosphorylation
of several different proteins with approximate molecular

FIG. 1. Tyrosine phosphorylation of cellular proteins in KS cells after HIV Tat stimulation. Serum-starved KS cells were stimulated with either Tat at 100 ng/ml
or polymixin at 100 ng/ml (A) or Tat at 10 ng/ml or 100 ng/ml (B) for the indicated times. Total-cell lysates (100 mg) obtained after cell lysis were fractionated on 10%
polyacrylamide gels and subjected to Western blot (WB) analysis with the antiphosphotyrosine antibody 4G10. The arrows indicate the protein bands which show
increased tyrosine phosphorylation after Tat treatment. MW, molecular weight in thousands. P-TYR, phosphotyrosine.
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masses of 180, 120, 110, 100, 85, 70, 55, and 40 kDa. However,
polymixin B treatment did not induce any increase in tyrosine
phosphorylation of the various proteins. Furthermore, we
found that Tat at 100 ng/ml had a slightly greater effect than
Tat at 10 ng/ml (Fig. 1B). These results indicate that HIV-Tat
can transduce signals by binding to surface receptors that result
in induction of the tyrosine phosphorylation of a number of
proteins.

HIV Tat induces tyrosine phosphorylation and activation of
the Flk-1/KDR receptor in KS cells. HIV Tat binds and acti-
vates the Flk-1/KDR receptor (VEGFR-2) in vascular endo-
thelial cells (3). We have previously shown that the Flk-1/KDR
receptor is expressed in KS cells (34). We therefore investi-
gated whether HIV Tat activates the Flk-1/KDR receptor
(VEGFR-2) in these cells. As shown in Fig. 2, Tat stimulation
resulted in an increase in tyrosine phosphorylation of this re-
ceptor (Fig. 2A, top). Equivalent amounts of receptor protein
were present in each lane, as confirmed by stripping and re-
probing the membrane with anti-Flk-1/KDR antibody (Fig.
2A, bottom). The autokinase activity of the Flk-1/KDR recep-
tor was also activated upon Tat stimulation (Fig. 2B).

RAFTK is tyrosine phosphorylated upon HIV Tat stimula-
tion. RAFTK is a novel signaling molecule of the focal adhe-
sion kinase family that has been shown to link surface signals
from integrins, cytokines, and T-cell receptors to the cytoskel-
eton and downstream to the MAP kinase pathway in certain
cell types (4, 6, 26, 32, 33, 53). RAFTK was recently shown to
be phosphorylated upon VEGF stimulation in KS cells (34).
We therefore investigated whether HIV Tat phosphorylates
RAFTK. HIV Tat treatment of KS cells resulted in rapid
tyrosine phosphorylation of RAFTK (Fig. 3, top). Equivalent
amounts of RAFTK protein were present in these experiments
(Fig. 3, bottom).

HIV Tat stimulates tyrosine phosphorylation of paxillin and
its association with RAFTK. Cytoskeletal proteins such as pax-
illin have been shown to be modulated during cell functions
related to migration and adhesion (35). Paxillin is a focal ad-
hesion protein that serves as a binding site for a number of
important signaling molecules including crk, Src, and RAFTK/

Pyk2 (9, 10, 35, 50, 51, 54). Thus, we sought to investigate
whether HIV Tat treatment of KS 38 cells resulted in changes
in the phosphorylation state of paxillin and its association with
other proteins. As shown in Fig. 4A (top), HIV Tat stimulation
resulted in enhanced tyrosine phosphorylation of paxillin.
Equivalent amounts of paxillin were present in each lane (Fig.
4A, bottom). Furthermore, we observed that paxillin was as-
sociated with RAFTK and that this association was enhanced
upon HIV Tat treatment (Fig. 4B).

p130cas is tyrosine phosphorylated upon HIV Tat treatment.
p130cas, which is a component of focal adhesions, is essential
for many functions including the regulation of cell shape and
adhesive properties (36). We observed that HIV Tat treatment
also resulted in enhanced tyrosine phosphorylation of p130cas

(Fig. 5, top). The blots were stripped and blotted with anti-
p130cas antibody (Fig. 5, bottom).

FIG. 2. Activation of the Flk-1/KDR receptor after HIV Tat treatments. KS
cells were serum starved and treated with HIV Tat (100 ng/ml) for 2, 5, or 10 min.
Total-cell lysates (1 mg) from treated or untreated cells were immunoprecipi-
tated (IP) with anti-Flk-1/KDR receptor antibody. (A) Immunoprecipitates were
separated by SDS-PAGE (8% polyacrylamide) and subjected to serial Western
blotting (WB) with antiphosphotyrosine antibody (top) and anti-Flk-1/KDR re-
ceptor antibody (bottom). (B) Immunoprecipitates were subjected to autokinase
assay, and 32P-incorporated proteins were resolved by SDS-PAGE (7.5% poly-
acrylamide) followed by autoradiography. Control lane represents immunopre-
cipitates of antibody alone. MW, molecular weight in thousands. P-TYR, phos-
photyrosine.

FIG. 3. Tyrosine phosphorylation of RAFTK by HIV Tat stimulation. Un-
stimulated KS cells or KS cells stimulated with HIV Tat (100 ng/ml) were lysed
in RIPA buffer. Total-cell lysates (1 mg) were immunoprecipitated (IP) with
RAFTK polyclonal antibody. Immunoprecipitates were size-fractionated on
7.5% polyacrylamide gels, transferred to a nitrocellulose membrane, and then
subjected to serial Western blotting (WB) with antiphosphotyrosine antibody
(4G10; top) and anti-RAFTK antibody (bottom). Control lane represents im-
munoprecipitates of antibody alone, and TCL lane represents 50 mg of total-cell
lysates. MW, molecular weight in thousands. P-TYR, phosphotyrosine.

FIG. 4. Phosphorylation of paxillin and its association with RAFTK. KS cells
were stimulated with HIV Tat (100 ng/ml) for various times, and stimulated or
unstimulated cell lysates were immunoprecipitated (IP) with anti-paxillin anti-
body. (A) The immunoprecipitates were then run on SDS-PAGE and subjected
to Western blotting (WB) with antiphosphotyrosine antibody (top) and anti-
paxillin antibody (bottom). (B) The cell lysates were immunoprecipitated with
anti-RAFTK antibody run on SDS-PAGE (7.5% polyacrylamide) and blotted
with paxillin antibody. Control lane represents immunoprecipitates of antibody
alone, and TCL lane represents 50 mg of total-cell lysates. MW, molecular weight
in thousands. P-TYR, phosphotyrosine.
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HIV Tat stimulates tyrosine phosphorylation and activation
of c-Src kinase. The Src family kinases have been shown to be
activated by various growth factors and act to transmit growth
signals downstream via adaptor molecules, RAFTK/Pyk2, and
other substrates (15, 16, 61). KS 38 cells express c-Src kinase
(data not shown). HIV Tat treatment of KS 38 cells resulted in
rapid tyrosine phosphorylation of c-Src kinase (Fig. 6A, top).
Equivalent amounts of c-Src were present in each lane (Fig.
6A, bottom). An in vitro kinase assay in which enolase was
used as an exogenous substrate demonstrated that HIV Tat
stimulation of KS cells resulted in the activation of the intrinsic
kinase activity of c-Src (Fig. 6B).

Activation of the MAP pathway in KS cells after HIV Tat
treatment. ERK and JNK kinases are important members of
the MAP kinase family and have been shown to act as down-
stream mediators of the RAFTK/Pyk2 signaling pathway in
PC12 neuronal cells (32, 59). We examined whether Tat treat-
ment, which activated RAFTK, was also able to activate vari-
ous members of the MAP kinase pathway. As shown in Fig. 7,
HIV Tat stimulation of KS 38 cells resulted in activation of

ERK and JNK kinases as determined by the phosphorylation
of MBP and GST–c-Jun, respectively. p38 MAP kinase activity
was not enhanced under these conditions (data not shown).

Tat basic and RGD peptides activate RAFTK and the MAP
kinase pathway. Tat contains several functional domains, in-
cluding a basic domain spanning amino acids 46 to 60 and an
RGD-containing domain spanning the carboxyl terminus of
the molecule (amino acids 65 to 80). Having observed that
full-length Tat stimulation resulted in phosphorylation of
RAFTK and activation of the MAP kinase pathway, we studied
whether treatment with basic or RGD-containing Tat peptides
also resulted in activation of these kinases. As seen in Fig. 8,
stimulation with both basic and RGD-containing peptides re-

FIG. 5. HIV Tat treatment of KS cells stimulates tyrosine phosphorylation of
p130cas. Unstimulated or HIV Tat-stimulated KS cell lysates were immunopre-
cipitated (IP) with anti-p130cas. The immunoprecipitates were subjected to SDS-
PAGE (7.5% polyacrylamide), transferred to a nitrocellulose membrane, and
Western blotted (WB) with antiphosphotyrosine antibody 4G10 (top). The same
blots were stripped and blotted with anti-p130cas antibody (bottom). Control lane
represents immunoprecipitates of antibody alone, and TCL lane represents 50
mg of total-cell lysates. MW, molecular weight in thousands. P-TYR, phospho-
tyrosine.

FIG. 6. Activation of Src kinases upon HIV Tat stimulation. Total-cell ly-
sates (500 mg) from unstimulated or HIV Tat-stimulated cell lysates were im-
munoprecipitated (IP) with anti-Src antibody. The immune complexes were
subjected to Western blotting (WB) with antiphosphotyrosine antibody (top)
followed by c-Src antibody (bottom) (A) or an in vitro kinase assay with enolase
as the substrate. The 32P-incorporated proteins were resolved by SDS-PAGE
(7.5% polyacrylamide) followed by autoradiography. Control lane represents
immunoprecipitates of antibody alone, and TCL lane represents 50 mg of total-
cell lysates. MW, molecular weight in thousands. P-TYR, phosphotyrosine.

FIG. 7. Activation of MAP kinase and JNK upon Tat stimulation. (A) KS
cells were stimulated with Tat (100 ng/ml) and immunoprecipitated with ERK-1
or ERK-2 antibody and then subjected to an in vitro kinase assay with MBP (7
mg) as a substrate. (B) Stimulated KS cells were immunoprecipitated with JNK
antibody and subjected to an in vitro kinase assay with GST–c-Jun (1 to 79 amino
acids) as the substrate. The 32P-labeled proteins were subjected to SDS-PAGE
(12% polyacrylamide) followed by autoradiography. Control lane represents
immunoprecipitates of antibody alone.

FIG. 8. Phosphorylation of RAFTK and activation of MAP kinase by basic
and RGD domain-containing peptides of Tat. KS cells were stimulated with
peptides containing either the basic or RGD domain of Tat or a control peptide.
(A) The cell lysates were immunoprecipitated (IP) with RAFTK antibody, and
immune complexes were subjected to SDS-PAGE (7.5% polyacrylamide) and
subjected to Western blotting (WB) with antiphosphotyrosine antibody followed
by anti-RAFTK antibody. (B) The cell lysates were immunoprecipitated with
ERK-1 or ERK-2 antibody, and immune complexes were subjected to an in vitro
kinase assay with MBP as the substrate. The samples were subjected to SDS-
PAGE (12% polyacrylamide) followed by autoradiography. Control lane repre-
sents immunoprecipitates of antibody alone. MW, molecular weight in thou-
sands. P-TYR, phosphotyrosine.
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sulted in phosphorylation of RAFTK (Fig. 8A) and activation
of MAP kinase (Fig. 8B). However, a control 15-amino-acid
unrelated peptide did not activate MAP kinase under similar
conditions (Fig. 8B).

DISCUSSION

Various etiological factors implicated in KS include the re-
cently discovered human herpesvirus 8 (HHV-8)/Kaposi’s sar-
coma herpesvirus (KSHV) (45, 48), cytokines, and HIV Tat (2,
11, 17, 19, 25, 52). There is an extensive literature supporting
a role for HIV Tat in regulating the growth and spread of KS
cells and chemotaxis in monocytes (31, 44). However, relatively
little is known about the signaling pathways used by HIV Tat
that mediate these effects within KS cells or other monocytes
(44). Tat can be released by HIV-infected cells (14, 21), and
the protein might either be taken up by the target cells and
trans-activate growth-related genes (11) or act as a paracrine
growth factor by binding to cell surface receptors and leading
to the generation of intracellular signals that modulate KS
spindle cell growth and spread (3, 8, 19, 60). We observed that
HIV Tat treatment of KS cells activated the Flk-1/KDR recep-
tor (VEGFR-2) for VEGF-A. This effect may be mediated by
direct binding of Tat to the Flk-1 receptor through its basic
domain, since HIV Tat has recently been reported to bind to
this receptor in endothelial cells (3). Moreover, VEGF-A has
been shown to act as an autocrine growth factor for KS and
therefore may play an important role in KS pathogenesis (38).

Since HIV Tat has been shown to affect cell migration,
which involves alteration in cytoskeletal elements, we analyzed
the phosphorylation of RAFTK, paxillin, and p130cas, compo-
nents of focal adhesions. We observed that Tat stimulation
resulted in the tyrosine phosphorylation of all three compo-
nents of focal adhesions. RAFTK, which is also known as Pyk2
or Cak-b, is a novel member of the focal adhesion kinase
family and has previously been shown to be activated upon
VEGF-A stimulation in KS cells (34) and integrin stimulation
in megakaryocytes and B cells (4, 33). RAFTK has been shown
to act as a “platform kinase” and to link growth factor and
stress signals (such as UV and osmotic shock) to the nucleus
and cytoskeleton in neuronal and hematopoietic cells (4, 26,
32). Paxillin and p130cas have also been shown to participate in
integrin- and VEGF-mediated signal transduction pathways (1,
4, 5, 36, 54). Our data revealed that Tat induces a rapid ty-
rosine phosphorylation of RAFTK, which reaches a maximum
around 2 min and declines thereafter. However, paxillin ty-
rosine phosphorylation reaches a maximum after 5 min. This
suggests that tyrosine phosphorylation of RAFTK leads to its
activation and that activated RAFTK may phosphorylate pax-
illin. RAFTK has been shown to phosphorylate paxillin in
hematopoietic cells (29, 50). We also observed that there was
an enhanced association of paxillin with RAFTK upon Tat
stimulation. Paxillin has previously been shown to be associ-
ated with RAFTK and FAK in various cell types through the
proline-rich COOH terminus (9, 26, 27, 50). Phosphorylation
of RAFTK, p130cas, and paxillin and association of RAFTK
with paxillin may result in the formation of a cytoskeletal
complex, which contributes to chemotaxis.

c-Src, MAP, and JNK kinases are also activated upon Tat
treatment in KS cells. These kinases are thought to play im-
portant roles in regulating cellular proliferation (22, 58). Fur-
thermore, c-Src also plays a role in regulating adhesion, since
v-Src-transformed cells have morphologically abnormal focal
adhesions and are defective in cell substrate adhesion (22, 58).
Recent studies also indicate that RAFTK mediates G-protein-
coupled activation of Src and MAP kinases in PC12 cells (16).

Both the basic and RGD Tat peptides resulted in the acti-
vation of KS cells, with phosphorylation of RAFTK and acti-
vation of MAP kinase. The basic-domain-containing peptide
may mediate its effect by binding to the Flk-1/KDR receptor
(VEGFR-2). Recently, Albini et al. (3) showed that Tat basic
peptide can induce tyrosine phosphorylation of the Flk-1/KDR
receptor (VEGFR-2) whereas the RGD-containing peptide
does not activate the Flk-1/KDR receptor. However, the
RGD-containing peptide may induce signaling by binding to
integrin receptors. RAFTK has been shown to participate in
both Flk-1- and integrin-mediated signaling pathways in hema-
topoietic and other cells (4, 34, 36).

Our data provide new information on HIV-Tat-induced sig-
nal transduction pathways in KS cells and demonstrate how
Tat may act at a molecular level to modulate chemotaxis and
cell proliferation in these cells. Tat has previously been shown
to activate phosphatidylinositol 3-kinase in PC12 neuronal
cells (41). We add to this report data on Tat stimulation and
subsequent activation of the Flk-1 receptor and phosphoryla-
tion of the recently identified focal adhesion components
RAFTK and p130cas. The characterization of the Tat-induced
signal transduction pathway in KS may provide insights into
developing targeted therapies to inhibit its growth and spread.
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