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Tat, the transactivator of HIV-1 gene expression, is released by acutely HIV-1-infected T-cells and promotes adhesion,
migration, and growth of inflammatory cytokine-activated endothelial and Kaposi’s sarcoma cells. It has been previously
demonstrated that these effects of Tat are due to its ability to bind through its arginine-glycine-aspartic (RGD) region to
the a5B1 and avp3 integrins. However, the signaling pathways linking Tat to the regulation of cellular functions are
incompletely understood. Here, we report that Tat ligation on human endothelial cells results in the activation of the small
GTPases Ras and Rac and the mitogen-activated protein kinase ERK, specifically through its RGD region. In addition, we
demonstrated that Tat activation of Ras, but not of Rac, induces ERK phosphorylation. We also found that the receptor
proximal events accompanying Tat-induced Ras activation are mediated by tyrosine phosphorylation of Shc and recruit-
ment of Grb2. Moreover, Tat enabled endothelial cells to progress through the G1 phase in response to bFGF, and the
process is linked to ERK activation. Taken together, these data provide novel evidence about the ability of Tat to activate
the Ras-ERK cascade which may be relevant for endothelial cell proliferation and for Kaposi’s sarcoma progression.

INTRODUCTION

Tat, the transactivator of human immunodeficiency virus
type-1 (HIV-1) gene expression, is released by acutely HIV-
1-infected T-cells and, in this extracellular form, promotes
the adhesion, migration, invasion, and growth of Kaposi’s
sarcoma (KS) and endothelial cells activated with T helper-1
type inflammatory cytokines (such as interferon-v, interleu-
kin 1-B8, and tumor necrosis factor-a; Ensoli et al., 1990;
Barillari ef al., 1992, 1993, 1999a; Ensoli ef al., 1993; Fiorelli et
al., 1995, 1998, 1999; Samaniego et al., 1995, 1997, 1998). In
HIV-1-infected individuals, KS is more frequent and aggres-
sive, with several lines of evidence indicating that this is due
to the Tat protein acting synergistically with basic fibroblast
growth factor (bFGF) to induce angiogenesis, vascular per-
meability, and edema. These latter activities are the main
processes involved in KS progression (Ensoli et al., 1994;
Barillari et al., 1999b; Toschi et al., 2001). Five distinct func-

This article was published online ahead of print in MBC in Press
(http:/ /www.molbiolcell.org/cgi/doi/10.1091/mbc.E05-08-0717)
on January 25, 2006.

The online version of this article contains supplemental material
at MBC Online (http:/ /www.molbiolcell.org).

Address correspondence to: Barbara Ensoli (ensoli@iss.it).

Abbreviations used: AIDS-KS, acquired immune-deficiency syn-
drome-associated KS; bFGF, basic fibroblast growth factor; ERK,
extracellular signal-related kinase; FN, fibronectin; HIV-1, human
immunodeficiency virus-1; HUVEC, human umbilical endothelial
cell; KS, Kaposi’s sarcoma; MAPK, mitogen-activated protein ki-
nase; RGD, arginine-glycine-aspartic acid.

© 2006 by The American Society for Cell Biology

tional domains have been characterized in the Tat protein:
N-terminal, cystein-rich, core, basic, and C-terminal. We and
others have previously demonstrated that the multiple para-
crine effects of Tat are principally due to its C-terminal
domain containing an arginine-glycine-aspartic (RGD) se-
quence, which represents the principal cell attachment moi-
ety recognized by integrin receptors. In fact, this Tat domain
can bind with high affinity to integrins o581 and avf3,
which are receptors for fibronectin (FN) and vitronectin,
respectively, that are highly expressed in KS associated with
the acquired immune-deficiency syndrome (AIDS-KS; Barillari
et al., 1993, 1994; Ensoli et al., 1994).

Integrins are among the major receptors connecting cells
to the surrounding extracellular matrix. This extracellular
matrix is three-dimensional, complex, and dynamic in its
molecular composition (Even-Ram and Yamada, 2005). En-
gagement of integrins during cell adhesion regulates migra-
tion, tissue organization, matrix remodelling, and, in concert
with receptors for soluble factors, survival, differentiation,
and proliferation. In addition, integrin-mediated cell adhe-
sion elicits signaling pathways that may be involved in
angiogenesis (Eliceiri and Cheresh, 2001). Integrin o5p81-
mediated cell adhesion to FN is specifically efficient in sup-
porting mitogen-dependent proliferation of endothelial cells
(Danen and Yamada, 2001). In fact, FN can decrease the
growth factor requirement for DNA synthesis up to 1000-
fold (Asthagiri et al., 1999). However, the ligation of both
avf33 and growth factor receptors on vascular cells is essen-
tial for the sustained activation of mitogen-activated protein
kinases (MAPK) during angiogenesis (Eliceiri ef al., 1998). In
many nonimmortalized cells, it has been shown that engage-
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ment of either av3, B4, or several 1 integrins determines
Shc phosphorylation, which combines with the Grb2/SOS
complex, causing activation of the Ras-ERK/MAPK cascade
(Mainiero et al., 1995, 1997, 1998; Wary et al., 1996). Further-
more, the simultaneous stimulation of Ras by Shc-linked
integrins and growth factor receptors seems to be key event
in order to activate ERK to the extent required for cell cycle
progression (Lai and Pawson, 2000).

The addition of extracellular Tat in culture elicits different
signal transduction pathways, including focal adhesion ki-
nase (FAK)-associated phosphoinositide (PI)-3 kinase, and
the activation of MAPKs, such as ERK and c-Jun N-terminal
kinase (Milani et al., 1996, 1998; Ganju et al., 1998; Kumar et
al., 1998; Mischiati et al., 1999; Rusnati ef al., 2001). Tat is also
able to bind and phosphorylate the vascular endothelial
growth factor receptor type 2 likely through its basic do-
main, which contains a sequence similar to those of the
vascular endothelial growth factor-A and other growth fac-
tors, such as fibroblast growth factor, hepatocyte growth
factor, and heparin-binding epidermal growth factor (Albini
et al., 1996). In contrast, the basic region of Tat binds only to
the low-affinity binding sites of vascular endothelial growth
factor receptor type 2 expressed by endothelial cells, thus
showing a reduced ability to activate endothelial cells in
vitro and to induce angiogenic activity in vivo (Mitola et al.,
2000). Furthermore, full activation of the angiogenic pro-
gram requires the Tat C-terminal region containing the RGD
sequence (Mitola et al., 2000).

Because Tat mimics extracellular matrix proteins, such as
FN and vitronectin, and binds o581 and avf3 integrins
through its RGD domain, we investigated whether Tat in-
duces the Ras/MAPK pathway in primary human umbilical
vascular endothelial cells (HUVEC) and immortalized endo-
thelial cells (EA-hy 926). Our studies revealed that Tat in-
duces the activation of Ras and the phosphorylation of
ERK1/2 through its RGD sequence. Further experiments
demonstrated that these effects are mediated by the phos-
phorylation of Shc via the recruitment of its adaptor, Grb2.
Finally, attachment and spreading on Tat, as well as on FN,
in the presence of a mitogen, such as bFGF, which is known
to actively synergize with Tat (Ensoli et al., 1994; Barillari et
al., 1999a), induced the expression of Cyclin D1 and then
progression of endothelial cells through G1.

MATERIALS AND METHODS
Antibodies and Other Reagents

Recombinant HIV-1 Tat protein (from the III B isolate) was expressed, puri-
fied, and handled as previously described (Ensoli et al., 1990, 1993, 1994;
Chang et al., 1997). The [46-60] and [66—80]Tat peptides mapping in the basic
and RGD regions, respectively, and the [1-20]Tat and [57-70]Tat control
peptides were synthesized by UFPEPTIDES (Ferrara, Italy). Recombinant
human FN was purchased from Roche (Indianapolis, IN).

The monoclonal antibody (mAb) to phospho-ERK was purchased from Cell
Signaling Technology (Beverly, MA). Rabbit antibodies to the SH2 domain of
Shc and the anti-Grb2 mAb were from BD Transduction Laboratories (Lex-
ington, KY). The rabbit anti-ERK and the mouse anti-Shc antibodies, used as
controls for equal loading, were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). The anti-Tyr(P) mAb 4G10 and the anti-Ras antibody were
purchased from Upstate Biotechnology (Lake Placid, NY). Secondary anti-
mouse and anti-rabbit horseradish peroxidase antibodies were obtained from
Amersham Pharmacia Biotech (Little Chalfont, United Kingdom). The 5'-
bromo-2'-deoxy-uridine (BrdU) was from Sigma (St. Louis, MO), the mouse
anti-BrdU was obtained from Chemicon (Temecula, CA), and AP-conjugated
anti-mouse IgGs from Dako (Glostrup, Denmark). The blocking mAbs against
a5p1 (clone JBS5), avB3 (clone LM609) integrins were purchased from Chemi-
con (Temecula, CA); the blocking mAb anti-a4p1 (clone P4G9) integrin was
from Societa Italiana Chimici (Rome, Italy). The mAb major histocompatibil-
ity complex (MHC) class I (clone W6.32) was obtained from Schering Plough
(Dardilly, France). The p38 MAPK inhibitor SB 203580 was purchased from
Alexis (San Diego, CA) and the MEK-1 inhibitor PD 98059 was from Calbio-

1986

chem (Darmstadt, Germany). The mAb anti-Cyclin D1 (clone DCS-6) was
obtained from Neomarkers (Westinghouse, CA). The expression vector for the
dominant negative kinase-dead version of MEK (MEK-K97M) was kindly
provided by Dr. Bernard Baumann. The expression vector for the dominant
negative H-Ras (517N mutant) and the siRNA oligonucleotides for Rac or Ras
were purchased from Upstate Biotechnology, which also provided the Scramble
Duplex negative control.

Cell Culture and Stimulation

HUVECsSs were cultured as described (Barillari et al., 1999a; Fiorelli ef al., 1999)
and used between passages 3 and 6. The EA-hy 926 cell line, an immortalized
cell hybrid obtained upon cell fusion of HUVEC and the human lung adeno-
carcinoma cell line A549, retains most markers of human endothelial cells
(Edgell et al., 1983). EA-hy 926 cells were cultured in DMEM (Invitrogen,
Gaithersburg, MD), supplemented with 10% fetal bovine serum (FBS; Euro-
clone, United Kingdom), 100 pg/ml streptomycin, 100 U/ml penicillin (In-
vitrogen, Gaithersburg, MD), and L-glutamine (Invitrogen) at 37°C in a 5%
CO, incubator. Starvation involved incubation of the HUVEC and EA-hy 926
cells in Medium 199 (Invitrogen) without fetal calf serum for 24 and 36 h,
respectively. After starvation, equal amounts of cells were incubated for
different time periods with polystyrene beads (2.5-um diameter; Interfacial
Dynamics, Portland, OR) coated with either the indicated amounts of recom-
binant Tat, or equimolar amounts of Tat peptides, or of human plasma FN, or
BSA, as described (Mainiero et al., 1995, 1997, 1998; Wary et al., 1996).

In some experiments, the cells were preincubated with blocking mAbs
against the o581, av3, and a41 integrins, and the anti-MHC class I (W6.32)
served as controls. After a 30-min incubation at 4°C, the cells were then
stimulated for 10 min with polystyrene beads coated with the indicated doses
of recombinant Tat, as previously described.

Biochemical Methods

Ras activity was assessed by employing the Ras activation assay kit (Upstate
Biotechnology). Briefly, treated cells were lysed in a buffer containing 50 nM
TrisHCI, pH 7.5, NaCl 150 nM, 1% Triton X-100, 0.15% Na deoxycholate, Na
orthovanadate 1 mM, Na pyrophosphate 50 nM, NaF 100 mM, EDTA 1 mM,
EGTA 1 mM, MgCl, 10 mM, and a protease inhibitor mixture. The cell lysates
(600 ug) were incubated with 10 ul of glutathione S-transferase (GST)-Raf-Ras
binding domain (RBD) coupled to agarose for 30 min at 4°C. The beads were
washed with the lysis buffer and resuspended in 2X SDS sample buffer.
Western blotting was performed with the anti-Ras antibody (Upstate Biotech-
nology). Rac activity was similarly determined by using the Rac activation
assay kit (Upstate Biotechnology). The optical density of the bands (integrated
area, arbitrary units, AU) was measured by GS-800 Imaging Densitometer
(Bio-Rad Laboratories, Hercules, CA).

To examine ERK activity, cells were extracted with Triton lysis buffer (1%
Triton X-100, NaCl 150 nM, CaCl, 1 mM, MgCl, 1 mM, NaF 10 mM, iodoac-
etamide 10 mM) containing phosphatase and protease inhibitors for 30 min
on ice. Equal amounts of total proteins were boiled in sample buffer and
separated by SDS-PAGE. After immunoblotting with an ERK phospho-spe-
cific antibody, immunoreactive bands were visualized by using horseradish
peroxidase-conjugated secondary antibody and the ECL system (Amersham
Pharmacia Biotech).

To immunoprecipitate Shc, stimulated and unstimulated endothelial cells
were extracted in Triton lysis buffer as described above for 30 min on ice.
Equal amounts of total protein were then incubated with mouse anti-Shc
antibody overnight at 4°C. The antibody-antigen complexes were immuno-
precipitated by incubation for 1 h at 4°C with 30 ul of protein A-agarose
(Pierce, Rockford, IL). Bound proteins were solubilized in 2X SDS PAGE
sample buffer and further analyzed by immunoblotting.

Transfection of EA-hy 926 Cells

The EA-hy 926 cells, cultured in DMEM supplemented with 10% FBS, were
transiently transfected with 1 ug of H-Ras cDNA or MEK-97M expressing
vector using Lipofectin reagent (Invitrogen, Life Technology, Gaithersburg,
MD), in accordance with the manufacturer’s instructions. In parallel experi-
ments the EA-hy 926 cells were transfected with 200 nM siRNA duplex in
DMEM serum-free using Oligofectamine reagent (Invitrogen), in accordance
with the manufacturer’s instructions. Cell lysates were analyzed for levels of
H-Ras or Rac protein by Western blotting with the specific antibodies previ-
ously described.

Measurement of Cell Cycle Progression

To monitor progression through G1 and entry in S phase, cells treated or not
with Tat or FN were analyzed through 5'-bromo-2’'-deoxy-uridine (BrdU)
incorporation and Cyclin D1 expression by western blot. HUVEC and EA-hy
926 cells plated at low density on chamber slides coated with 25 ug/ml type
I collagen were synchronized in GO by growth factor starvation for either 24
or 36 h, respectively. The cells were then incubated for 24 h with 10 ug/ml
Tat, 25 ug/ml FN, or 5 ug/ml BSA in defined medium (M199 supplemented
with 25 ng/ml bFGF, 1 ug/ml heparin, 6.25 wg/ml insulin, 1.25 mg/ml BSA)
containing 10 uM BrdU. For Cyclin D1 expression, HUVEC and EA-hy 926
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cells were synchronized and stimulated as described above. The cells were
then lysed in Triton lysis buffer containing 0.1% SDS for 30 min on ice and
then analyzed by Western blotting.

To investigate whether Tat induces entry in S phase specifically through
ERK activation, the cells were serum-starved and pretreated with the above-
described medium containing either 25 uM PD 98059 (Calbiochem) or 10 uM
SB 203580 (Alexis), before stimulation for 24 h with Tat and dimethyl sulfox-
ide (DMSO) vehicle. In parallel experiments, the cells were transiently trans-
fected with 1 pug of MEK-97M expressing vector and then stimulated with Tat
or FN, as positive control. After fixation with cold methanol, cells were
stained with anti-BrdU mAb and AP-conjugated anti-mouse IgGs (Dako).
Cells were visualized using an Axioskop 2 plus microscope (Zeiss, Jena,
Germany) using AxioVision 3.06 software (Zeiss) under 40X original magni-
fication (see Figures 6 and 7 and Supplementary Figure 2). Images were
captured and processed using an Axiocam camera (Zeiss). BrdU-labeled
nuclei were assessed and quantified as percent total by using a Zeiss image
analysis system (software KS 300, version 3.2).

RESULTS

Activation of Ras and Rac upon Stimulation
of Endothelial Cells with HIV-1 Tat

The small GTPases Ras and Rac control signaling pathways
that are key regulators of several aspects of normal cell growth
and malignant transformation. In particular, they can be ac-
tivated by many cell-surface receptors, including integrins,
and are important elements in cellular signaling pathway,
such as the activation of the MAPK/ERK signaling cascade
(Kinbara et al., 2003).

Ras-GTP pulldown experiments were therefore performed
to examine if stimulation of endothelial cells with Tat resulted
in activation of Ras. In particular, active GTP-bound Ras was
pulled down from lysates of EA-hy 926 cells with the GST-
Raf-RBD coupled to glutathione agarose, and activated Ras
was determined by immunoblotting with a Ras antibody.
The cells, starved for 36 h in serum-free medium were
stimulated with 1 ug of Tat conjugated to polystyrene beads.
As a positive control, the cells were stimulated with FN,
whereas BSA was used as negative control. Both positive
and negative controls were conjugated to polystyrene beads
following the same procedure used for Tat. We found that
Tat rapidly activates Ras within 1 min; the activation persists
at 3 min and starts to decrease at 5 min (Figure 1). The
results of this experiment show that stimulation of endothe-
lial cells with Tat causes activation of Ras, thus, suggesting
its possible involvement in the signaling pathways induced
by Tat.

Previous studies provided evidence that the ligation of
integrin a5B1 caused significant activation of Rac in endo-
thelial cells (Mettouchi et al., 2001). To examine the ability of
Tat to induce activation of Rac, a pulldown assay with a
GST-fusion protein corresponding to the binding domain of
the p2l-activated kinase-1 was performed on EA-hy 926
cells stimulated with 1 pg of Tat conjugated to polystyrene
beads for different times. The results show that Rac is rap-
idly activated by Tat within 1 min and the signal starts to
decrease between 3 and 5 min (Figure 1). By contrast, the
activation of Rac induced by FN is still elevated at 5 min,
thus suggesting that the more persistent stimulation of Rac
determined by FN might be due not only to its binding to
a5B1 but also to other integrin receptors, such as a4f1
(Figure 1). Taken together, these results demonstrate that
Tat induces the activation of both Ras and Rac in human
endothelial cells.

Tat Induces ERK1/2 Phosphorylation, through Its RGD
Region, in Endothelial Cells

ERK is an important member of the MAPK family that acts
as downstream mediator of small GTPases signaling cas-
cades induced by integrin-mediated cell adhesion to the
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Figure 1. Activation of Ras and Rac upon stimulation of endothe-
lial cells with Tat. Active GTP-bound Ras was pulled down from
lysates of EA-hy 926 cells with GST-Raf-RBD coupled to glutathione
agarose, and Ras was determined by immunoblotting with a Ras
antibody. Tat rapidly activates Ras within 1 min; the activation is
still persistent at 3 min and starts to decrease at 5 min. A pulldown
assay with a GST-fusion protein corresponding to the p21-binding
domain of PAK-1 was performed on EA-hy 926 cells stimulated for
different times with Tat. Activation of Rac by Tat, FN, or BSA is
shown in the top panel. The bottom panels of each set of immuno-
blots represent either total Ras or total Rac present in the cells
lysates.

extracellular matrix and growth factor receptors (Giancotti
and Ruoslahti, 1999). Because it has been previously ob-
served that Tat is able to activate MAPKSs (Ganju et al., 1998;
Mischiati et al., 1999; Rusnati et al., 2001), we first examined
whether the phosphorylation of ERK was induced also in
our cellular models upon treatment with Tat. Further, both
HUVEC and EA-hy 926 cells, starved for 24 or 36 h in
serum-free medium, respectively, were stimulated with 1 ug
of Tat conjugated to polystyrene beads for different times.
ERK activation was then analyzed by Western blot analysis
using an antibody against the active phosphorylated form of
this MAPK. As shown in Figure 2A, 1 ug of Tat was able to
increase ERK1/2 phosphorylation in HUVEC cells at 1 min,
reached a peak at 5 min, and then started to decrease. To
confirm that the optimal dose of Tat able to induce ERK
phosphorylation is 1 ug, we also performed a titration ex-
periment by using 0.5, 1, and 5 pg of recombinant protein
(Supplementary Figure 1). ERK activation was induced by 1
pg of Tat also in EA-hy 926 cells; however, the phosphory-
lation was more persistent than that observed in HUVECs
(Figure 2B). These data indicate that ligation of Tat on hu-
man endothelial cells causes a rapid and significant activa-
tion of ERK1/2.

Previous studies by us and others have indicated the
important role of the basic and RGD domains of Tat in
promoting vascular cell locomotion and growth in vitro and
angiogenesis in vivo (Barillari et al., 1999a; Mitola ef al.,
2000). To identify the domain/s of Tat responsible of the
activation of ERK1/2 in endothelial cells, experiments were
performed using the [46—-60] and [66—80]Tat peptides map-
ping in the basic and RGD region, respectively. [1-20]Tat
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Figure 2. Time-course analysis of ERK1/2 activation induced by Tat in HUVEC and EA-hy 926 cells. HUVEC (A) and EA-hy 926 (B) cells

starved for 24 and 36 h in serum-free medium, respectively, were stimulated with Tat conjugated to polystyrene beads for different time
points. The bottom panels of each set of immunoblots represent total ERK present in the cell lysates.

and [57-70]Tat peptides, which are not involved in the an-
giogenic effect of the protein, were used as controls. FN and
BSA were used as positive and negative controls, respec-
tively. Immunoblotting with anti-phosphoERK antibody in-
dicated that the activation of ERK1/2 in HUVECs is mainly
mediated by the [66-80]Tat domain which contains the
RGD region (Figure 3A). By contrast, [46—60]Tat peptide
containing the basic sequence as well as the other two con-
trol peptides do not induce any significant phosphorylation
of ERK (Figure 3A). To further study the role of the RGD
region of Tat in inducing ERK phosphorylation, additional
experiments have been performed by using different
amounts (1 or 2 ug) of blocking antibodies against integrins
avP3, a5B1, and a4B1 and the anti-MHC class I (anti-W6.32)
as control IgG1 antibody. The results indicated that ERK1/2
activation by Tat is efficaciously reduced only by the treat-
ment with 2 ug of the antibodies against 581 and avf3.
However, cell preincubation with 1 ug of both antibodies
combined acts synergistically in blocking ERK1/2 phos-
phorylation by Tat (Figure 3B). Moreover, blocking of the
integrin o481, which binds the CS1 region of FN, does not
significantly influence ERK activation promoted by Tat (Fig-
ure 3B). All together, these results strongly demonstrate the
specific role of the RGD sequence of Tat in sustaining
ERK1/2 phosphorylation.

Tat Promotes ERK Phosphorylation in Endothelial Cells
via the Activation of Ras

To better define the role of Ras and Rac and their eventual link
to ERK in the signaling cascade induced by Tat, we transiently
transfected EA-hy 926 cells with a dominant-negative Ras
(S17N). On transfection, the cells were starved and then
stimulated with the previously established amounts of re-
combinant Tat conjugated with polystyrene beads for 5 min.
Finally, activation of ERK was analyzed by immunoblotting
as previously described. As shown in Figure 4A the intro-
duction of this dominant-negative prevented the phosphor-
ylation of ERK1/2 in response to the treatment with Tat,
thus suggesting a crucial role of Ras in the MAP kinase
pathway induced by Tat. To further strengthen these data
and clarify the role of Rac, we used an interference approach
(Dykxhoorn et al., 2003). To suppress the expression of the
endogenous Ras and Rac genes, EA-hy 926 cells were tran-
siently transfected with siRNAs previously identified for
their efficiency to target key sites of the mRNA encoding for
Ras and Rac, respectively (Upstate/Dharmacon). The cells
were then treated with Tat, and ERK phosphorylation was
analyzed as previously described. In accordance with the
data obtained through the transfection with the dominant-
negative, when Ras is silenced ERK phosphorylation is de-
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Figure 3. Tat promotes, through its RGD region, ERK1/2 activa-
tion on endothelial cells. (A) HUVECs were stimulated with the
[46-60] and [66-80]Tat peptides mapping in the basic and RGD
region, respectively. [1-20]Tat and [57-70]Tat peptides were used as
controls. As a positive control, the cells were stimulated with FN,
whereas BSA was used as negative control. Immunoblotting with
anti-phosphoERK antibody was then performed on equal amounts
of total proteins obtained from the cell lysates, as shown in the
bottom panel. (B) The cells were pretreated with two different doses
(1 or 2 pg/10° cells) of the blocking mAbs against integrins 531,
avB3, a4B1l, or a mAb anti-MHC class I as control and were then
stimulated with 1 ug of Tat. Immunoblotting with anti-phos-
phoERK antibody on cell lysates indicates that ERK1/2 activation
by Tat is decreased by treatment with 2 ug of the antibodies against
a5B1 and avp3. Combination of the antibodies against a5B81 and
avB3 (1 ng each) synergistically reduces ERK phosphorylation in-
duced by Tat. In contrast, both doses of mAb anti-a4p1 do not
significantly influence the activation of ERK promoted by Tat. In-
tensities of both 42 and 44 phosphorylated bands of ERK1/2 (arbi-
trary units, AU) were measured and values are given on bottom of
the top panels. An equal amount of ERK was used in this analysis
(bottom panel).
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Figure 4. ERK phosphorylation by Tat is induced via activation of
Ras. (A) EA-hy 926 cells were transiently transfected with a domi-
nant-negative of Ras (S17N) that prevented the phosporylation of
ERK1/2 induced by Tat. To confirm these data and to clarify the role
of Rac, EA-hy 926 cells were transiently transfected with siRNAs
previously identified for their efficiency to target key sites of the
mRNA encoding for Ras or Rac. (B) The silencing of Ras decreased
ERK1/2 phosphorylation and no induction was observed after stim-
ulation with Tat. (C) In contrast, the silencing of Rac caused a
reduction of its expression, but had only a small effect on phosphor-
ylation of ERK1/2 stimulated by Tat. The blots were stripped and
reprobed with anti-ERK antibody to confirm equal loading (middle
panels). Intensities of both 42 and 44 phosphorylated bands of
ERK1/2 (arbitrary units, AU) were measured and values are given
on bottom of the top panels.

creased and no induction is observed after stimulation with
Tat (Figure 4B). By contrast, the silencing of Rac causes a
reduction of its expression, but this has a smaller effect on
the phosphorylation of ERK1/2 induced by Tat, with levels
similar to those obtained in control cells (Figure 4C). Taken
together, these results demonstrate that, in our cellular
model, Tat activation of Ras, and not of Rac, is linked to the
phosphorylation of ERK.

Tat Induces Shc Phosphorylation and Recruitment of its
Adaptor, Grb2

Biochemical and genetic evidence support the role of Shc in
integrin-mediated activation of the Ras/MAPK pathway. In
fact, it has been previously observed that integrins that do
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not activate Shc are weak activators of ERK in primary
fibroblasts, endothelial cells, and keratinocytes (Wary et al.,
1996; Mainiero et al., 1997; Pozzi et al., 1998). To further
characterize the upstream cascade leading to Ras then ERK
activation, we determined if Tat regulates the tyrosine phos-
phorylation of Shc and recruitment of its adaptor protein,
Grb2. Equal amounts of total proteins from either HUVEC
or EA-hy 926 cells treated with Tat were immunoprecipi-
tated with anti-Shc followed by immunoblotting with either
anti-phosphotyrosine or anti-Grb2 antibodies. As shown in
Figure 5, A and B, Tat induces Shc phosphorylation on
tyrosine residues and the association of Shc with Grb2
within 5 min in both cell types. These results indicate that
the Tat protein acts similarly to FN in activating the Shc
pathway, thus strengthening its ability to mimic extracellu-
lar matrix molecules. In addition, we also find that Shc/Grb2
signaling may contribute to the activation Ras and ERK in
endothelial cells.

Control of Cell Cycle Progression by Tat

To examine whether Tat stimulation of the Ras/ERK path-
way linked to Shc played a role in cell cycle progression,
HUVEC and EA-hy 926 cells were plated on collagen type I
and then synchronized in GO by growth factor starvation for
24 and 36 h. The cells were then incubated for 24 h in a
medium containing 25 ng/ml bEGF in the presence of either
10 ug/ml Tat, 25 ug/ml FN or BSA as control. Entry into the
S phase was examined by BrdU incorporation and anti-BrdU
staining. A large percentage of HUVEC incubated with Tat
(18%) or EN (19%) compared with BSA (2%) entered the S
phase during the 24 h assay (Figure 6A). Similar results were
obtained with EA-hy 926 cells (Figure 6A). To further mea-
sure the relative ability of Tat versus soluble FN to enhance
bEGF proliferation, we also studied whether Tat is able to
induce Cyclin D1 expression. In fact, Cyclin D1 is known to
be regulated at the transcriptional level by the Ras-ERK
pathway and also by Rac and to be involved to the initial
events necessary for progression through G1 and entry into
the S phase (Mettouchi et al., 2001). Both HUVEC and EA-hy
926 cells were synchronized in GO by growth factor depri-
vation and then incubated for 24 h in the above described
medium, containing bFGF and 10 pg/ml Tat or 25 pg/ml
FN. The cells were then lysed and analyzed for Cyclin D1
expression by immunoblotting. Figure 6B shows that Cyclin
D1 accumulates to significant levels in both HUVEC and
EA-hy 926 cells after the treatment with either Tat or FN.
These results indicate that attachment and spreading on the
extracellular matrix are not sufficient to induce progression
of endothelial cells, either primary or immortalized, through
G1 in response to mitogens. This process requires ligation of
specific integrins, such as a581 and avf33, which are coupled
to Ras signaling by Shc. In particular, Tat, similarly to FN,
through its binding to these integrins is able to induce cell
cycle progression.

Tat Induces Cell Cycle Progression through the Activation
of ERK

To confirm that entry into the S phase determined by Tat is
mediated by the activation of ERK, further experiments
were performed using the inhibitor of ERK PD98059 on both
HUVEC and EA-hy 926 cells. SB203580, a specific inhibitor
of p38, was used as control. The treatment with PD98059
slightly affected the cell viability, nevertheless a consistent
inhibitory effect on cell cycle progression was observed. In
fact, fewer EA-hy 926 cells incubated with Tat in the pres-
ence of 25 uM PD98059 enter the S phase (61%) compared
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Figure 5. Tat induces Shc phosphorylation and recruitment of its adaptor Grb2. Equal amounts of total proteins from both type of cells
treated with 1 ug of Tat (middle panels) were immunoprecipitated with anti-Shc antibody followed by immunoblotting with either
anti-phosphotyrosine or anti-Grb2 mAbs. Tat induces the Shc phosphorylation on tyrosine residues. (A and B) Shc associates with Grb2
within 5 min in HUVEC and EA-hy 926 cells. Intensities of the phosphorylated bands of Shc (arbitrary units, AU) were measured, and values

are given on bottom of the top panels.

with those treated with Tat and DMSO (80%) or Tat and
SB203580 (82%; Figure 7A, a—c). Comparable results have
been obtained with HUVEC (Supplementary Figure 2).

The involvement of ERK1/2 activation in the cell prolif-
eration induced by Tat was also studied by transfection of a
kinase-dead mutant of mitogen-activated protein (MAP) ki-
nase kinase 1 (MEK1), which is known to play a key role in
the Ras-ERK pathway (Danen and Yamada, 2001), and
blocks ERK1/2 activation in our cellular system (Supple-
mentary Figure 3). To this extent EA-hy 926 cells were
transfected with the kinase-dead MEK-K97M and then in-
cubated for 24 h in a medium containing bFGF and Tat or
FN. Entry into the S phase was monitored by BrdU incor-
poration, as described above. Only 8% of the cells trans-
fected and treated with Tat-incorporated BrdU compared
with 70% of the cells transfected with the control vector
(Figure 7B, a and c). Similar results have been obtained in
cells treated with FN (Figure 7B, b and d). The transfection
with the kinase-dead MEK-K97M slightly affected either the
cell viability and the proliferation, as observed previously
after the treatment with the kinase inhibitors.

Taken together, these data indicate that Tat cooperates
with bFGF in determining cell entry into the S phase and
the process is specifically mediated by Tat’s ability to
induce the Ras/MAPK pathway. Consistent with this, the
cells treated with Tat and a specific inhibitor of MAPK p38
activity still progress into the cell cycle after stimulation
with Tat alone.

DISCUSSION

Previous studies by us and others have demonstrated the
ability of HIV-1 Tat to cooperate with bFGF in promoting
cell growth, motility, and angiogenesis and the development
of KS-like lesions in mice. Tat has an important role in KS
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development and progression (Ensoli et al., 1994, 199b;
Barillari et al., 1999a; Mitola et al., 2000). In the present
report, we provide evidence that HIV-1 Tat binding on
endothelial cells results in the activation of the Ras/ERK
MAPK signaling pathway and enables the cells to progress
through G1 in response to mitogens. In addition, we find
that tyrosine phosphorylation of Shc and its association with
Grb2 are upstream events accompanying the activation of
Ras and ERK1/2 by Tat.

Cells require anchorage to extracellular matrix to prolif-
erate. Integrin receptors activate signaling pathways that are
responsible for the anchorage requirement. In particular,
integrin-mediated cell adhesion can trigger activation of
MAP kinases (Lin et al., 1997; Giancotti and Ruoslahti, 1999)
and other protein kinases that are part of the consensus
signaling pathway leading from receptor tyrosine kinases to
Ras and then to a cytoplasmic kinase cascade comprising
Raf, MEK1, MEK2, and MAP kinases (Lin et al., 1997). Inte-
grin a5pl-mediated adhesion to FN is particularly efficient
in the stimulation of cell cycle progression through the ac-
tivation of the Ras and Rho family small GTPases (Danen
and Yamada, 2001). In fact, a key role for Ras in the up-
stream events leading to ERK activation has been demon-
strated in several cell types including endothelial, fibroblas-
tic, and NK cells (Wary et al., 1996; Mainiero et al., 1998).
Recent findings also show that the guanine exchange factor
(GEF) Sos and its downstream target-effector Rac integrate
signals from a5pB1 integrins and growth factor receptors to
promote biosynthesis of Cyclin D1 and progression through
the G, phase of the cell cycle, thus identifying a mechanism
by which Rac is activated and controls the cell cycle machin-
ery (Mettouchi ef al., 2001). Our present results show that Tat
ligation is able to induce activation of both Ras and Rac in
endothelial cells. In addition, we demonstrate that Tat in-
duces ERK1/2 activation via its RGD sequence, suggesting

Molecular Biology of the Cell



HUVEC
%'

Tat Induces Cell Cycle Progression via Ras/ERK

Tat Fibronectin
o'. g i = | .
l:' \ 4 ‘ " » : '.
D g o §

"- Pl
| L] - " . - - - -y - .. i
b'.. - ) ! .‘..- LA :..‘ .. . ...'"-.’.".‘
= " 7 - . o "~ , ey I S ‘s .*
Q v o7 . . .l .a -".'- *s .: "’. .s ‘:" d .:.\
bl - . FAA * 4 A «” a-..c L - 4.."-‘ O
> ¢! A e de - « A,/ 'y T
i 2 af AL 4 3 & . o 02" e ‘." ] bl A
{’ I “ - " ?. :.l-"' . .‘u: l ..:; ."o....‘ |
“ 'L A U - - (P we . » ~
= ; . » ', “ ..’::‘; » iy | 3&’:;' . .‘: ) ‘
N\ % 4 _ . - - o E " 5 s .‘
.‘ - o LS . - . s » ° . ".0. nw
o f - = & r - - > G 1 4 - e .. o= |
B EA-hy 926 HUVEC
_ Tat FN _  Tat FN
Cye D1 ——— SRR p——
Actin

Figure 6. Tat promotes endothelial cell cycle progression through the induction of Cyclin D1 expression. (A) HUVEC and EA-hy 926 cells
were plated on type I collagen, synchronized in GO0, and incubated for 24 h in a medium containing 25 ng/ml bFGF in the presence of 10
png/ml Tat, or 25 ug/ml EN or BSA as control. Entry into the S phase was examined by 5'-bromo-2'-deoxy-uridine (BrdU) incorporation and
anti-BrdU staining. A consistent amount of HUVECs incubated with Tat (18%) or FN (19%), compared with BSA (2%), entered into the S
phase during the 24 h of the assay. Similarly, stimulation of EA-hy 926 cells with Tat and FN induced 40 and 67% of the cells to incorporate
BrdU, whereas only 13% of the cells incubated in the presence of BSA entered the S phase. (B) HUVEC and EA-hy 926 cells synchronized
in GO were treated as described above. Immunoblotting with anti-cyclin D1 antibody was then performed on equal amounts of total proteins

obtained from the cell lysates.

that Tat was binding to integrin receptors. This is in good
agreement with the work of Ganju et al. (1998), showing that
the RGD region of Tat induces MAP kinase activity in KS
cells and with our previous studies demonstrating that KS
and inflammatory cytokine-induced endothelial cell migra-
tion, invasion, growth, and adhesion are principally medi-
ated by the binding of the Tat RGD region to av3 and 581,
which are highly expressed in AIDS-KS lesions (Ensoli et al.,
1994; Barillari ef al., 1999a, 1999b).

After transfection of Ras dominant negative or Ras- and
Rac-specific siRNAs, which results in down-regulation of
Ras function and Ras and Rac levels, respectively, we also
observed a substantial inhibition of ERK1/2 phosphoryla-
tion by Tat only when Ras function and expression were
silenced, thus suggesting the crucial role of Ras in the ERK
pathway induced by Tat. By contrast, the activation of Rac
by Tat does not correlate with ERK/MAPK activity. Consis-
tent with this, it has been previously reported that the role of

Vol. 17, April 2006

Rac in G; cell cycle progression is principally related to its
ability to organize the cytoskeleton and promote spreading,
rather than to activate MAP kinases (Joneson ef al., 1996;
Lamarche et al., 1996; Westwick et al., 1997). Thus, it is likely
that the activation of Rac by Tat could be linked with its
ability to induce cell adhesion and motility (Barillari et al.,
1993, 1999a; Albini et al., 1995). In fact, very recent findings
indicate that Tat regulates endothelial cell actin cytoskeletal
dynamics through oxidant production and the activation of
the p21-activated kinase (Wu et al., 2004). This is the best
characterized effector of Rac, which becomes activated by
binding to GTP-loaded Rac and in this form, induced by
extracellular matrix proteins, plays an important role on cell
adhesion, spreading, and migration (Manser et al., 1994;
Knaus et al., 1995; Lim et al., 1996; Price et al., 1998; Kiosses
et al., 1999; del Pozo et al., 2000).

Integrin-induced Ras activation involves the Shc-medi-
ated recruitment of the Grb-mSos complex to the plasma
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Figure 7. Tat promotes endothelial cell cycle progression through ERK1/2 activation. The EA-hy 926 cells were seeded on type I collagen and
preincubated with 25 uM PD 98059 or 10 uM SB 203580 for 20 min. Cells were then stimulated with 10 ug/ml Tat for 24 h and pulsed with BrdU.
(A) A reduced percentage of cells incubated with PD 98059 and Tat (61%, b) entered into the S phase compared with the percentage of cells
incubated with Tat and DMSO (80%, a) or SB 203580 and Tat (82%, c). The role of ERK1/2 was further analyzed in EA-hy 926 cells transfected with
the kinase-dead MEK-K97M and then incubated for 24 h in a medium containing bFGF, and Tat or FN. (B) Entry into the S phase was monitored
by BrdU incorporation, as described above. Only 8% of the cells transfected and treated with Tat incorporated BrdU compared with 70% of the cells
transfected with the control vector (a and c). Similar results have been obtained in cells treated with FN (b and d).

membrane to promote DNA synthesis (Wary et al.,, 1996;
Mainiero et al., 1997, 1998; Wary et al., 1998). Accordingly,
we demonstrate that binding of Tat results in tyrosine phos-
phorylation of the 52- and 46-kDa isoforms of Shc and
association of Shc with Grb2 on both HUVEC and EA-hy 926
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cells. In many nonimmortalized cells, the integrins that ac-
tivate Shc signaling to ERK cooperate with growth factor
receptors to promote cell proliferation (Wary et al., 1996;
Mainiero et al., 1997; Pozzi et al., 1998). In addition to recruit-
ing Shc, the a581 and av3 integrins can form a physical

Molecular Biology of the Cell



complex with growth factor receptors and contribute to their
ability to activate Ras-ERK signaling (Giancotti and Ruo-
slahti, 1999). In agreement with this, ShcA~/~ fibroblasts
display defective activation of ERK in response to both
a5B1-mediated adhesion to FN and growth factor stimula-
tion (Lai and Pawson, 2000).

Angiogenesis is a prerequisite for tumor growth and metas-
tasis formation and a prominent feature of KS. Moreover,
coordination of endothelial cell adhesion events with growth
factor receptor activation regulates endothelial cell responses
during angiogenesis (Eliceiri and Cheresh, 2001). Once re-
leased, the Tat protein is, at least in part, responsible for
angiogenesis and KS development in HIV-infected individ-
uals. In fact, our previous results indicated that the interac-
tion of Tat with a581 and av3 provides KS and endothelial
cells with the adhesion signal that is required for their
growth in response to mitogens, such as bFGF (Barillari et
al., 1999b). To understand the mechanisms involved in these
Tat effects, we show that engagement of specific integrins,
such as a5B1 and avfB3, by Tat promotes expression of
Cyeclin D1 and thus progression through G1 in response to
bFGF, and this process is specifically mediated by the acti-
vation of ERK. In contrast, ligation of other integrins that
bind, for example, type I collagen does not induce cell cycle
progression even in the presence of a growth factor. These
results are in good agreement with previous reports dem-
onstrating that integrin a581-mediated cell adhesion to FN
is particularly efficient in supporting growth factor—stimu-
lated activation of MAPK and cell cycle progression (Sym-
ington, 1995; Danen ef al., 2000; Kuwada and Li, 2000). In
addition, other studies showed that B1 integrins are impli-
cated in growth-factor-induced angiogenesis, and avB3-me-
diated endothelial cell migration and angiogenesis depend
on the ligation state of a5B1 to FN (Kim et al., 2000Db).
Furthermore, antagonists of either o581 or av3 block spe-
cifically bFGF-induced angiogenesis, suggesting that these
two integrin receptors may regulate a similar angiogenic
pathway (Friedlander ef al., 1995; Kim et al., 2000a).

In conclusion, the findings presented here define the mo-
lecular mechanisms by which Tat is able to induce endothe-
lial cell proliferation and, in particular, promotes cell pro-
gression through G1 in response to bFGF. This is relevant
not only for defining the mechanisms characterizing the
progression of AIDS-KS, but also these findings provide
insight into the molecular basis of known antiangiogenic
strategies, as well as into the design of novel anti-KS
therapies.
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