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Integrin-mediated adhesion induces several signaling pathways leading to regulation of gene
transcription, control of cell cycle entry and survival from apoptosis. Here we investigate the
involvement of the Janus kinase (JAK)/signal transducers and activators of transcription (STAT)
pathway in integrin-mediated signaling. Plating primary human endothelial cells from umbilical
cord and the human endothelial cell line ECV304 on matrix proteins or on antibody to B1- or
av-integrin subunits induces transient tyrosine phosphorylation of JAK2 and STAT5A. Consistent
with a role for the JAK/STAT pathway in regulation of gene transcription, adhesion to matrix
proteins leads to the formation of STAT5A-containing complexes with the serum-inducible
element of c-fos promoter. Stable expression of a dominant negative form of STAT5A in NIH3T3
cells reduces fibronectin-induced c-fos mRNA expression, indicating the involvement of STAT5A
in integrin-mediated c-fos transcription. Thus these data present a new integrin-dependent
signaling mechanism involving the JAK/STAT pathway in response to cell-matrix interaction.

INTRODUCTION

Endothelial cell adhesion to extracellular matrix is mediated
by the integrin family of adhesive receptors, glycoprotein
heterodimers that are formed by « and B subunits (Hynes,
1992; Defilippi et al., 1997). Several lines of evidence indicate
that integrin-mediated adhesion stimulates signaling path-
ways leading to actin cytoskeleton organization, cell motil-
ity, regulation of cell growth, and control of cell differenti-
ation (for review, see Clark and Brugge, 1995; Schwartz et al.,
1995). Integrin-induced signaling has been reported to affect
gene expression (Dike and Farmer, 1988; Haskill et al., 1991;
Chen et al., 1992; Rana et al., 1994; Schmidhauser ef al., 1994;
Fan ef al., 1995; Tremble et al., 1995; Dike and Ingber, 1996).
Among the early growth response genes encoding for tran-
scriptional activators, adhesion-dependent induction of c-
fos gene transcription has been described in monocytes
(Haskill et al., 1991), in endothelial cells (Dike and Ingber,
1996; Wary et al., 1996), and in fibroblasts (Tremble et al.,
1995; Wary et al., 1996) and proposed as a mediator of cell
cycle progression controlled by cell adhesion.
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The signaling pathways leading to integrin-dependent
early growth response gene transcription are not completely
defined. A role of activated Erkl/Erk2 MAP kinases in
coupling integrins to gene expression has been recently pro-
posed (Chen et al., 1992; Morino et al., 1995; Zhu and As-
soian, 1995; Wary et al., 1996). Different signaling pathways,
including activation of Shc (Wary et al., 1996), fyn kinase
(Wary et al., 1998), phosphinositide 3 kinase (King ef al.,
1997), Raf (Howe and Juliano, 1998) (for review, see Assoian,
1997; Giancotti, 1997; Howe et al., 1998), and EGF receptor
(Moro et al., 1998) have been proposed to trigger adhesion-
dependent Erk1l/Erk2 MAP kinase activation. Upon activa-
tion, Erkl and Erk2 MAP kinases translocate to the nucleus
and phosphorylate their specific Elkl and SAP1 substrates,
that together with the serum response factor regulate tran-
scription of genes containing the serum response element
(SRE) in their promoters, such as the c-fos gene. In addition
to the SRE sequence, regulated by Erkl/Erk2 MAP kinases,
the c-fos promoter contains the serum-inducible element
(SIE) sequence, which is a target for the signal transducers
and activators of transcription (STAT) (Zhong et al., 1994).
STATs are latent cytoplasmic proteins, activated in response
to cytokine and/or growth factor receptor stimulation (for
review, see Thle and Kerr, 1995; Leaman et al., 1996; Darnell,
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1997; O’Shea, 1997). Among these receptors, those lacking
the intrinsic kinase catalytic domain couple ligand binding
to tyrosine phosphorylation by using noncovalently associ-
ated protein tyrosine kinases belonging to the Janus kinase
(JAK) family (Schindler and Darnell, 1995; O’Shea, 1997). In
many instances, ligand-activated cytokine receptors lead to
a conformational juxtaposition of the JAK thus allowing its
transphosphorylation and activation. Activated JAKs then
catalyze tyrosine phosphorylation of receptor subunits pro-
viding docking sites for STAT proteins. These signaling
proteins can then be tyrosine phosphorylated by JAKs and
dimerize. As a consequence, they acquire DNA-binding ac-
tivity, translocate into the nucleus, bind to specific promoter
elements, and control the expression of target genes (for
review, see Thle and Kerr, 1995; Schindler and Darnell, 1995;
Leaman et al., 1996; Darnell, 1997; O’Shea, 1997). Among the
six members of the STAT family, STAT5 was originally
described as a transcriptional factor recognizing a specific
palindromic sequence, which was originally found in the
prolactin-inducible element (PIE) of the B-casein promoter
(Wakao ef al., 1994). Subsequently two different but highly
homologous STAT5 genes were isolated and defined as
STAT5A and STAT5B (Mui et al., 1995). These STAT5 pro-
teins undergo activation in response to different stimuli and
exert transcriptional activation on a number of genes mainly
involved in the control of cell proliferation (Mui et al., 1996).
Additional evidence sustaining the role of STAT5 proteins in
regulating mitogenic signals comes from the use of domi-
nant negative form (Mui et al., 1996) and activating muta-
tions (Onishi et al., 1998).

In this work we show that JAK2 and STAT5A undergo
activation after adhesion of endothelial cells to matrix pro-
teins and that the JAK/STAT pathway has a dominant role
in integrin-mediated c-fos gene expression.

MATERIALS AND METHODS
Reagents and Antibodies

Flbronectin (FN) was purified from human plasma as previously
described (Defilippi ef al., 1994). Laminin (LM) was obtained from
Beckton Dickinson (Mountain View, CA). Poly-L-lysine, cytochala-
sin D, M199 medium (endotoxin tested), bovine serum albumin
(BSA) were all from Sigma (St. Louis, MO). Bovine calf serum
(endotoxin tested) was obtained from Hyclone (Logan, UT). RPMI
medium, G418, and Lipofectin reagents were purchased from Life
Technologies (Gaithersburg, MD). Trypsin was purchased from
Difco (Detroit, MI). [a-3*P]dCTP, nitrocellulose, HRP-conjugated
protein A, molecular weight markers, and the ECL reagent were
from Amersham (Arlington Heights, IL). Poly(dIdC):poly(dIdC)
and protein A-Sepharose were obtained from Pharmacia (Piscat-
away, NJ). Basic fibroblast growth factor was a gift from Dr. F
Bertolero, (Farmitalia, Milan, Italy).

The monoclonal antibody (mAb) BV7 to the human g1 integrin
subunit (purchased from Bioline Diagnostici, Torino, Italy) and
mAb [230 to the human av integrin subunit (purchased from
American Type Culture Collection, Manassas, VA) were affinity
purified on protein A-Sepharose as described (Ey et al., 1978) and
the purity of the antibody was higher than 95%. Polyclonal antibody
Ab to p125Fak, Fak4, has been previously described (Defilippi et al.,
1995). mAb PY20 and RC20 to phosphotyrosine (anti-PY) and mAb
to STAT5 were from Transduction Laboratories (Lexington, KY).
Polyclonal Ab to STAT5A and STAT5B and polyclonal Ab C-16 to
Erkl1/MAP kinase, were from Santa Cruz Biotechnology (Santa
Cruz, CA). Phospho-p44/42 MAP kinase antibody was from New
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England BioLabs (Beverly, MA). Peroxidase-conjugate goat anti-
mouse immunoglobulin G (IgG) and FITC-conjugated goat anti-
rabbit IgG were from Sigma.

Cell Culture and Transfection

Endothelial cells were isolated from human umbilical cord vein
(HUVECs) within 4 h of delivery by trypsin treatment (0.1%) and
cultured in M199 with the addition of 10% bovine calf serum and 10
ng/ml basic fibroblast growth factor. HUVECs were characterized
by morphologic criteria and positive immunofluorescence for factor
VIII antigen (Brizzi et al., 1993). Contamination with blood leuko-
cytes was assessed by immunofluorescence analysis using an anti-
CD45 antibody. They were used at early passage (II-III). The trans-
formed human endothelial ECV304 cell line was provided by
European Collection of Animal Cell Cultures (Salisbury, United
Kingdom). NIH3T3 cells were stably transfected with the dominant
negative STAT5A construct (Mui et al.,, 1996), by the Lipofectin
method and selected with 500 wg/ml G418. Expression of the dom-
inant negative STAT5A protein was analyzed by Western blotting
with an anti-STAT5 mAb, and the positive clones were tested by
electrophoretic mobility shift assay.

Adhesion Experiments

Tissue culture plates were coated with 20 ug/ml purified FN, LM,
or mAb to B1- or av-integrin subunits by overnight incubation at
4°C and postcoated with BSA for 1 h at 37°C. Poly-L-lysine (PL) was
used at 10 pg/ml. ECV304 cells and NIH3T3 fibroblasts were serum
deprived at 37°C for 18 h in serum-free medium. HUVECs were
deprived for 4 h in medium containing PBS (30% vol/vol), sodium
orthovanadate (0.2 mM), and EDTA (1 mM). Cells were then de-
tached by 10 mM EDTA treatment in PBS for 10 min, washed twice
in PBS containing 1 mM CaCl, and 1 mM MgCl,, resuspended in
prewarmed Dulbecco’s modified Eagle’s medium, and immediately
plated on the tissue culture plates for the indicated times. At the end
of the incubation, the cells were washed twice and detergent ex-
tracted in lysis buffer [1% Triton X-100, 50 mM piperazine-N,N’-
bis(2-ethanesulfonic acid), pH 6.8, 100 mM NaCl, 5 mM MgCl,, 300
mM sucrose, 5 mM EGTA, 2 mM sodium orthovanadate, 1 mM
phenylmethylsulfonylfluoride, 10 pg/ml leupeptin, 0.15 U/ml tryp-
sin inhibitory unit/ml aprotinin, and 1 ug/ml pepstatin] for 20 min
at 4°C and centrifuged at 15,000 X ¢ for 20 min.

Immunoprecipitation, SDS-PAGE, and
Immunoblotting

Protein concentration was determined in each cell extract by the
Bio-Rad (Munich, Germany) protein assay method based on the
Bradford dye-binding procedure. Equal amounts of cell extracts
were immunoprecipitated with the indicated antibodies, and im-
munocomplexes were bound to protein-A-Sepharose beads and
recovered by centrifugation. Bound material was eluted by boiling
beads in 1% SDS and separated on 8% PAGE in the presence of SDS
(SDS-PAGE) in reducing conditions. When cell extracts were ana-
lyzed, samples containing equal amounts of proteins were subjected
to SDS-PAGE as described above. Proteins were transferred to
nitrocellulose using a semidry apparatus (Novablot; Pharmacia,
Piscataway, NJ) according to the manufacturer’s instructions. The
blots were incubated 1 h at 42°C in 5% BSA in Tris-buffered saline—
Tween (TBS-T; 150 mM NaCl, 20 mM Tris-Cl, pH 7.4, and 0.3%
Tween), washed with TBS-T, and incubated overnight with the
indicated antibodies in TBS and 1% BSA. The blots were washed
three times with TBS-T, incubated 2 h with anti-mouse IgG perox-
idase conjugate, and washed two times. Phosphotyrosil-containing
proteins were visualized by the ECL detection method. Conditions
of the development with the chemiluminescent substrate and expo-
sure times were set to obtain a linear response.
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Preparation of Nuclear Extracts and Gel
Retardation Assay

Nuclear extracts from HUVECs or NIH3T3 cells ectopically trans-
fected with Neo vector or dominant negative STAT5A protein were
prepared by Nonidet P40 lysis as described by Sadowski and Gil-
man (1993). The oligonucleotides used were G GGG GGA CTT CTT
GGA ATT AAG GGA and G GGG TCC CTT AAT TCC AAG AAG
TCC, corresponding to the PIE of the B-casein promoter (Ruff-
Jamison et al., 1995); G GGG CAT TTC CCG TAA ATC and G GGG
GAT TTA CGG GAA ATG corresponding to the SIE of c-fos (Zhong
et al., 1994). The annealed oligonucleotide was labeled by filling in
the overhanging ends with Klenow fragment in the presence of
[a-*?P]dCTP. Gel retardation reactions were performed in 13 mM
HEPES, pH 7.6, 80 mM NaCl, 3 mM NaF, 3 mM NaMoO, 1 mM
DTT, 0.15 mM EDTA, 0.15 mM EGTA, and 8% glycerol (including
contribution from the nuclear extract), containing 75 ug/ml poly-
(dIdC):poly(dIdC), ~ 0.3 ng of radiolabeled probe, and 5-10 ug of
protein. Reactions were carried on at room temperature for 40 min
and then resolved on 4% polyacrylamide gels containing 0.25X Tris
borate-EDTA (TBE; 1X is 89 mM Tris borate and 1 mM EDTA, pH
8) and 5% glycerol. Gels were run at 4°C in 0.25X TBE at 20 V/cm,
dried, and autoradiographed. Oligonucleotide competition was per-
formed by preincubating nuclear extracts with the competitor oli-
gonucleotide (50-fold excess) and poly(dIdC):poly(dIdC) for 30 min
at room temperature before the addition of labeled probe. Gel
mobility shift assays were done with nuclear extract that had been
reacted for 1 h at 4°C with the indicated antibodies.

Northern Blot Analysis

Cytoplasmic RNA was isolated from NIH3T3 cells ectopically trans-
fected with Neo vector or dominant negative STAT5A protein by
guanidinium thiocyanate/acid phenol-cloroform extraction (Chom-
czynski and Sacchi, 1987). Northern blot analysis was performed
according to standard methods as previously described (Brizzi et al.,
1993). Filters were hybridized to 3P random-priming labeled DNA
probes corresponding respectively to mouse c-fos, human c-jun, and
B-actin cDNAs, washed for 30 min in 0.1X SSC and 1% SDS at 52°C,
and exposed to x-ray film for 2-4 d.

Immunofluorescence

Serum-deprived HUVECs were detached by 10 mM EDTA treat-
ment in PBS for 10 min, washed twice in PBS containing 1 mM
CaCl, and 1 mM MgCl,, resuspended in prewarmed Dulbecco’s
modified Eagle’s medium, and immediately plated on a glass cov-
erslip coated with 20 ug/ml FN or 10 ug/ml PL for 1 h. Cells were
fixed for 5 min in 3% paraformaldehyde in PBS, pH 7.4, containing
2% sucrose and permeabilized with HEPES-Triton X-100 buffer (20
mM HEPES, pH 7.4, 300 mM sucrose, 50 mM NaCl, 3 mM MgCl,,
and 0.5% Triton X-100). STAT5A was detected by indirect immu-
nofluorescence with specific anti-STAT5A antiserum and an FITC-
conjugated goat anti-rabbit IgG as secondary antibody.

RESULTS

Adhesion to Matrix Proteins Triggers STAT5A and
JAK2 Tyrosine Phosphorylation

To evaluate the role of the JAK/STAT pathway in integrin-
mediated signaling, we first analyzed activation of STAT
molecules after adhesion of endothelial cells to extracellular
matrix proteins. Among the members of the STAT family,
STATS5 proteins are pleiotropic regulators of many genes,
including c-fos (Mui et al., 1995; Mui et al., 1996), a well-
known target of integrin-mediated adhesion (Haskill ef al.,
1991; Dike and Ingber, 1996, Wary et al., 1996). We therefore
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Figure 1. Adhesion to matrix proteins induces STAT5A tyrosine
phosphorylation. Serum-deprived HUVECs or ECV304 cells were
detached with 10 mM EDTA and plated for 15 min on dishes coated
with PL, EN (A), LM (B), or B1 integrin antibodies (C) or kept in
suspension (S). Cell extracts were immunoprecipitated (IP) with
antibodies to STAT5A or STAT5B proteins and subjected to 8%
SDS-PAGE. Proteins were electrophoretically transferred to nitro-
cellulose filters and immunoblotted (IB) with an anti-phosphoty-
rosine antibody (Py) (upper panels). The filters were stripped and
reprobed with the indicated antibody (lower panels). The position
of the tyrosine-phosphorylated STAT5A is indicated. Five individ-
ual experiments were performed with similar results.

evaluated the ability of integrin binding to extracellular
matrix proteins to trigger the activation of the two highly
homologous proteins STAT5A and STAT5B. Serum-de-
prived HUVECs were detached with 10 mM EDTA treat-
ment and plated on PL-, FN-, or LM-coated dishes or kept in
suspension. Cell extracts were immunoprecipitated with an-
tibodies to STAT5A or STATS5B proteins and immunoblotted
with an anti-phosphotyrosine antibody. As shown in Figure
1, STAT5A but not STAT5B was strongly phosphorylated in
cells plated on EN (Figure 1A) and on LM (Figure 1B),
whereas no phosphorylation was observed in suspended
cells and in cells plated on PL (Figure 1A). Similarly,
STAT5A phosphorylation on tyrosine was detected in cells
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Figure 2. Time course of adhesion-dependent tyrosine phosphor-
ylation and nuclear translocation of STAT5A. (A) STAT5A activa-
tion. Serum-deprived HUVECs were detached with 10 mM EDTA
and plated on FN-coated dishes for the indicated times or kept in
suspension (S). Cell extracts were immunoprecipitated (IP) with
antibodies to STAT5A protein and subjected to 8% SDS-PAGE.
Proteins were electrophoretically transferred to nitrocellulose filter
and immunoblotted (IB) with an anti-phosphotyrosine antibody
(Py) (upper panel). The filter was stripped and reprobed with the
anti-STAT5A antiserum (lower panel). Migration of the tyrosine-
phosphorylated STAT5A is indicated by the arrow. (B) STAT5A
nuclear translocation. Serum-deprived HUVECs were detached and
plated on FN-coated glass coverslips for 60 min. (ADHERENT) and
then fixed in 3% paraformaldehyde in PBS for 10 min. As control,
cells were plated for the same time on PL. After permeabilization
cells were stained for 1 h at room temperature with STAT5A anti-
bodies, washed, and exposed to a secondary FITC-labeled antibody
for 1 h. Coverslips were then mounted in PBS:glycerol, 1:1, viewed
on Olympus (Tokyo, Japan) BH2-RFCA fluorescence microscope,
and photographed. Photographs were then processed by Adobe
(Mountain View, CA) Photo De Luxe 2.0 to magnify cell shape.
White lines define the boundaries of the cells.

plated on Bl-integrin antibodies, thus showing that this
event was integrin specific (Figure 1C, left). Similar results
were obtained plating cells from the human endothelial cell
line ECV304 on B1 antibody-coated dishes (Figure 1C, right).
These results show that integrin-mediated adhesion to ma-
trix proteins leads to a specific STAT5A tyrosine phosphor-
ylation.

Time course analysis indicated that tyrosine phosphory-
lation of STAT5A, detected in Triton X-100 cytoplasmic ex-
tracts, occurred within 15 min of adhesion to matrix proteins
(FN or LM) and completely disappeared within 30 min
(Figure 2A), indicating that STAT5A phosphorylation is an
early and transient event in integrin signaling. However,
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when cells adherent to FN were extracted with a modified
radioimmunoprecipitation assay buffer, which also solubi-
lizes nuclear proteins, tyrosine phosphorylation of STATSA
was still detectable at 60 min of adhesion (our unpublished
results), suggesting that phosphorylated STAT5A rapidly
translocates to the nuclear compartment. These results were
further confirmed by immunofluorescence experiments with
an antiserum to STAT5A. As shown in Figure 2B, although
STATS5A was localized in the cytoplasm of HUVECs plated
on PL, it acquired a predominant nuclear localization within
1 h of adhesion to FN.

To analyze the mechanisms leading to integrin-mediated
STAT5A activation, we first evaluated the involvement of
the Janus kinase, JAK2, that is known to be activated by
several cytokines that signal to STATS5 (for review, see Ihle
and Kerr, 1995; Schindler and Darnell, 1995; Leaman et al.,
1996; Darnell, 1997; O’Shea, 1997). Serum-deprived ECV304
cells were plated on dishes coated with FN or antibody to
av-integrin subunit and extracted at different times of adhe-
sion. As shown in Figure 3, tyrosine phosphorylation of
JAK2 was detectable within 15 min of adhesion, thus dem-
onstrating that integrin-mediated adhesion is also able to
trigger JAK2 tyrosine phosphorylation.

STAT5A Is Translocated to the Nucleus and Binds
to the SIE of c-fos Promoter in Response to
Adhesion to Matrix Proteins

We then evaluated whether the nuclear translocated
STAT5A in adherent HUVECs was transcriptionally active.
In the c-fos promoter, a region located distally to the SRE,
denoted as the c-sis-inducible element (SIE), is known to
represent a target region for STAT proteins (Zhong et al.,
1994). Formation of the STAT5A-SIE complex in response to
integrin-mediated adhesion was evaluated by electro-
phoretic mobility shift assay. A 32P-labeled SIE sequence
incubated with nuclear extracts prepared from HUVECs
plated on FN for 40 min led to a SIE-binding complex that
was completely competed by addition of unlabeled SIE oli-
gonucleotides (Figure 4A). Similar results were obtained by
plating HUVECs on LM (Figure 4C), whereas no DNA-
binding activity was detected from nuclear extracts of HU-
VECs kept in suspension (Figure 4A). The presence of
STAT5A in the DNA—protein complex induced by adhesion
to matrix proteins was demonstrated by the ability of the
antibody to STAT5A to supershift the SIE-binding complex
(Figure 4, B and C, right panel). These data indicate that
adhesion-mediated STAT5A activation leads to the forma-
tion of a STAT5A-containing complex able to interact with
the c-fos promoter.

Expression of a Dominant Negative STAT5A Protein
in NIH3T3 Cells

Modified forms of STATS5 proteins, obtained by removing
most of the C-terminal tyrosines and acting as dominant
negative forms on interleukin 3 (IL-3)-mediated cell prolif-
eration have been recently described as stable transfectants
(Mui et al., 1996). These modified proteins retain the ability
to bind to activated receptors, whereas they fail to become
tyrosine phosphorylated and to translocate to the nucleus to
bind DNA target sequence (Mui et al., 1996). To evaluate the
biological relevance of STAT5A activation in response to
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Figure 3. Time course of adhesion-dependent
JAK2 tyrosine phosphorylation. Serum-deprived
ECV304 cells were detached with 10 mM EDTA and
plated on dishes coated with FN (left panel) or
antibodies to av (anti-av) (right panel) for the indi-
cated times, kept in suspension (0 on FN) or plated
on PL (0 on anti-av). Cell extracts were prepared
and subjected to immunoprecipitation (IP) with an
anti-JAK2 antiserum. Proteins were electrophoreti-
cally transferred to a nitrocellulose filter that was
immunoblotted (IB) with an anti-phosphotyrosine
antibody (Py) (upper panels) and reprobed with an
anti-JAK2 antiserum (lower panels). The position of
the tyrosine-phosphorylated JAK2 is indicated.
Similar results were obtained in three individual
experiments.

toFN

integrin-mediated adhesion, the STAT5A dominant negative
construct was stably expressed in NIH3T3 cells. Cells ex-
pressing dominant negative STAT5A, selected by G418
treatment, grow more slowly than those transfected with
Neo vector alone, as quantified by growth assays (our un-
published results). The analysis of the effects of this domi-
nant-negative STAT5A on endogenous STAT5 proteins was
performed on nuclear extracts from cells adherent to FN by
electrophoretic mobility shift assay, using the B-casein pro-
moter sequence (PIE) as a probe. As shown in Figure 5A,
NIH3T3 cells expressing dominant negative STAT5A con-
struct exhibited a marked decrease in PIE-binding activity,
in comparison with NIH3T3 cells expressing the Neo vector.
The fact that endogenous STAT5A protein was competed by
the expression of STAT5A dominant negative form was also
evident by the reduction in the band supershifted by the
antibodies to STAT5A (our unpublished results). Indeed, as
shown in Figure 5B, adhesion-dependent tyrosine phos-
phorylation of endogenous STAT5A was strongly decreased
in cells expressing the dominant negative STAT5A con-
struct.

Expression of a Dominant Negative STAT5A Protein
Drastically Reduces FN-induced c-fos mRNA
Induction

When GO-syncronized cells are plated on FN-coated dishes,
early growth response genes, such as c-fos, c-myc, and c-jun,

Figure 4. FN-induced SIE-binding activity. (A and
C, left) SIE complex formation. Nuclear extracts

were prepared from HUVECs plated for 40 min on A

FN- or LM-coated dishes (+) or kept in suspension

(=). Thirty minutes before the addition of radiola-

beled SIE oligonucleotides, the indicated extracts Competitor

were treated with a 50-fold excess of unlabeled FN

oligonucleotide (Competitor). The DNA-protein
complexes were then resolved by nondenaturing >
PAGE. (B and C, right) FN- or LM-induced SIE-
binding complex is antigenically related to
STATS5A. Nuclear extracts from HUVECs plated on
EN or LM were incubated for 1 h at 4°C with an
anti-STAT5A or an anti-STAT5B antiserum as indi-
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are rapidly induced (Dike and Farmer, 1988; Eierman et al.,
1989; Tremble et al., 1995; Varner et al., 1995; Dike and
Ingber, 1996). We show that STAT5A activated by integrin-
mediated adhesion binds to the SIE oligonucleotide se-
quence, a known STAT target region in the c-fos promoter
(Zhong et al., 1994). To evaluate the in vivo role of STAT5A
in integrin-induced c-fos gene expression, NIH3T3 cells ex-
pressing Neo selection marker or dominant-negative
STAT5A were plated on EN for 1 h or kept in suspension.
Northern Blot analysis with a murine c-fos cDNA showed
that the expression of dominant-negative STAT5A strongly
affects the ability of FN to induce c-fos mRNA (Figure 6A)
by reducing c-fos expression of ~70%. That FN-dependent
c-fos gene expression is specifically regulated by STAT5A is
indicated by the observation that the level of other adhesion-
induced early genes, such as c-jun, was not affected by
expression of dominant-negative STAT5A protein (Figure
6B). In addition, tyrosine phosphorylation of p125Fak (Fig-
ure 6C) and activation of Erkl/Erk2 MAP kinases (Figure
6D) were unaffected by the expression of the dominant-
negative protein, indicating that these adhesion-induced sig-
naling pathways are independent from that involving
STATSA.

In addition to the SIE region, the c-fos promoter also
contains the SRE sequence, regulated by the Erkl/Erk2
MAP kinases. The possible cooperative effect of Erk1/Erk2
MAP kinases and STAT5A pathways on c-fos mRNA induc-

HUVEC
B C
&5 i
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- + Beh, M . + &
+ +
. <
I' ¥
> B ” .
FN FN

LM

cated before adding a radiolabeled SIE oligonucleotide probe. DNA-protein complexes were resolved on a nondenaturing polyacrylamide
gel. The SIE complexes (lower) and the supershifted species (upper) are indicated by the arrows.
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Figure 5. FN-mediated STAT5A activation in NIH3T3 cells ectopi-
cally transfected with Neo vector or a dominant negative STAT5A
construct. (A) PIE-binding complex. NIH3T3 cells ectopically trans-
fected with a Neo selection marker (Neo) or dominant negative
STAT5A cDNA (A5A) were plated for 40 min on FN (+) or kept in
suspension (—), and nuclear extracts were prepared. Thirty minutes
before the addition of radiolabeled PIE oligonucleotides, the indi-
cated extracts were treated with 50-fold excess of unlabeled oligo-
nucleotide (Competitor). The DNA-protein complexes were then
resolved by nondenaturing PAGE. The PIE complex is indicated by
the arrow. (B) Effect of the dominant negative STATSA expression
on FN-mediated activation of the endogenous STAT5A. Cell ex-
tracts from NIH3T3 ectopically transfected with a Neo selection
marker (Neo) or dominant negative STAT5A cDNA (A5A) plated on
FN-coated dishes for 15 min or kept in suspension (S) were pre-
pared and immunoprecipitated (IP) with antibodies to STAT5A
protein. Proteins were subjected to 8% SDS-PAGE, electrophoreti-
cally transferred to a nitrocellulose filter, and immunoblotted (IB)
with an anti-phosphotyrosine antibody (Py) (upper panel). The filter
was stripped and reprobed with the anti-STAT5A antiserum (lower
panel). Migration of the tyrosine-phosphorylated STAT5A is indi-
cated by the arrow.

tion after adhesion was then evaluated. Treatment of cells
with PD98059, a known inhibitor of MAP-extracellular sig-
nal-regulated kinase/MAPK kinase pathway, reduced c-fos
gene expression in response to FN of ~30% in NIH3T3 cells
expressing Neo selection marker and further decreased the
level observed in dominant-negative STAT5A-expressing
cells (Figure 6A). In the same experiment, treatment with
PD98059 completely inhibited integrin-induced MAPK acti-
vation (our unpublished results). Therefore, our data show
that c-fos gene expression is almost completely abolished
when STAT5A and MAP kinase pathways are both down-
regulated, indicating that STAT5A and MAP kinases are the
main components regulating c-fos gene expression in re-
sponse to FN.
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DISCUSSION

JAKs and STAT proteins participate in signaling for DNA
synthesis mediated by different stimuli such as cytokines
and growth factors (for review, see lhle and Kerr, 1995;
Schindler and Darnell, 1995; Leaman et al., 1996, Darnell,
1997; O’Shea, 1997). In this report we show that, in addition
to soluble mediators, the JAK/STAT pathway can be also
activated by cell matrix interaction mediated by integrins. In
mammary gland epithelial cells, prolactin-dependent tran-
scription of milk protein genes through the DNA-binding
activity of STAT5 has been shown to occur only in cells
cultured on basement membrane, indicating that, in this
model, cell-basement membrane interaction is required to
propagate a cytokine signal (Streuli et al., 1995). Herein we
demonstrate that, in primary endothelial cells and murine
fibroblasts, cell-matrix interaction is sufficient to trigger ac-
tivation of the JAK/STAT pathway. Indeed, the presence of
soluble factors can be excluded because endothelial cells
were serum deprived before plating on matrix proteins in
serum-free medium. A further indication that autocrine pro-
duction of soluble regulators is not involved in JAK/STAT
activation by adhesion rises from the observation that, in
confluent monolayers of serum-deprived cells, activation of
the JAK/STAT pathway was never detected in the absence
of exogenous stimuli (Brizzi et al., 1999). Indeed, STAT5A
phosphorylation has been observed by plating endothelial
cells on dishes coated with antibodies to B1- or av-integrin
subunits and not on the nonspecific substrate PL, indicating
that this activation is an integrin-specific event. Moreover,
because the level of STAT5A tyrosine phosphorylation ob-
tained by integrin-mediated adhesion can be further in-
creased twofold by addition of a known activator of
STAT5A, such as IL-3 (our unpublished results), we may
assume that only a partial activation of STAT5A is triggered
by adhesion to matrix proteins.

The molecular mechanisms underlying the activation of
the JAK/STAT pathway by integrin-mediated adhesion re-
main to be defined. In cytokine-mediated JAK activation, a
ligand-dependent transphosphorylation of JAK has been re-
ported (Schindler and Darnell, 1995; O’Shea, 1997). As a
consequence, JAK triggers phosphorylation on tyrosine res-
idues of the cytokine receptor’s tail, creating a docking site
for the Src homology 2 domains of STAT proteins, thus
recruiting STATSs into the receptor complex (for review, see
Ihle and Kerr, 1995; Schindler and Darnell, 1995; Leaman et
al., 1996; Darnell, 1997; O’Shea, 1997). Similarly, the activa-
tion of JAK2/STAT5A by integrin-mediated adhesion could
occur through the formation of an intermolecular complex
containing JAK2, which, either directly or through an adap-
tor molecule, interacts with integrins. However, the failure
to detect an immunoprecipitable complex between pl-inte-
grin subunit and JAK2 (our unpublished results) suggests
that the association of these two molecules may occur either
indirectly or through low-affinity interactions.

After activation, STAT proteins migrate to the nucleus to
regulate the expression of a wide range of genes (for review,
see Thle and Kerr, 1995; Schindler and Darnell, 1995; Leaman
et al., 1996; Darnell, 1997; O’Shea, 1997). Besides the B-casein
promoter (Wakao et al., 1994), STAT5 proteins act as tran-
scriptional activators for a number of genes, including c-fos
(Mui et al., 1995, 1996). In the murine IL-3-dependent hemo-
poietic cell line, Ba/F3, regulation of c-fos transcription by
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Figure 6. Expression of dominant-negative STAT5A reduces integrin-mediated c-fos gene expression without interfering with integrin-induced
p125FAK and Erk1/Erk2 MAP kinase phosphorylation. (A and B) Integrin-mediated c-fos and c-jun gene expression. Serum-deprived NIH3T3 fibroblasts
ectopically transfected with Neo vector (Neo) or with a dominant negative STAT5A cDNA (A5A) were kept in suspension (—) or plated on FN-coated
dishes (+) for 1 h in the presence or in the absence of the MAP-extracellular signal-regulated kinase kinase inhibitor PD98059 (+) as indicated. Total
cytoplasmic RNA was isolated by acid phenol-chloroform extraction. Northern blot analysis was performed according to standard methods, and filters
were hybridized with a specific mouse c-fos (A, upper panel, left), cjun (B, upper panel), or B actin (lower panels) cDNA probes. Mouse c-fos hybridization
was also quantified by densitometric analysis (A, right) using a Bio-Rad GS 250 molecular imager. (C and D) Integrin-dependent p125FAK and Erk1/Erk2
MAP kinase phosphorylation. Serum-deprived NIH3T3 cells ectopically transfected with a Neo selection marker (Neo) or dominant negative STAT5A
cDNA (A5A) were processed as above and plated on FN-coated dishes for 15 min or kept in suspension (). Cells were lysed and either immunopre-
cipitated (IP) with an anti-p125FAK antiserum or run on 8% SDS-PAGE. Proteins were electrophoretically transferred to nitrocellulose filters that were
immunoblotted (IB) with an anti-phosphotyrosine antibody (C) or with an anti-phospho-Erk1/Erk2 MAP kinase antibody (D, upper panels) and reprobed
with the anti-p125FAK or with an anti-Erkl MAP kinase antibody (lower panels).
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IL-3 treatment has been shown to be dependent on STAT5
activation (Mui et al.,, 1996). In nuclear extracts prepared
from endothelial cells plated on FN (Figure 4) or on LM (our
unpublished results), the formation of a SIE-binding com-
plex containing STAT5A indicates that also inte-
grin-mediated adhesion can promote transcription of c-fos
gene through STAT5A activation. Erkl/Erk2 MAP kinases
have been previously shown to regulate c-fos expression in
response to adhesion (Wary et al., 1996). Herein we report
that together with the Erk1/Erk2 MAP kinases, STAT5A is
required to induce transcription of the c-fos gene in response
to adhesion. These data are supported by the following
observations: 1) in NIH3T3 fibroblasts ectopically trans-
fected with a dominant-negative STAT5A construct, the
level of c-fos mRNA induced by adhesion to FN is strongly
decreased in comparison with that obtained from NIH3T3
cells expressing the selection marker; and 2) addition of
PD98059, a known inhibitor of MAP kinase activation, fur-
ther decreases c-fos mRNA level in response to adhesion in
cells expressing the dominant-negative form of STAT5A. In
addition, adhesion-dependent transcription of the c-jun
gene was not affected by the ectopic expression of the dom-
inant negative STAT5A protein, indicating that among the
early growth response genes, activated in response to adhe-
sion, c-fos represents a specific STAT5A target.

Activation of STAT5A signaling represents a novel path-
way triggered by integrins, independently from those pre-
viously identified, such as activation of Erkl/Erk2 MAP
kinases and tyrosine phosphorylation of p125FAK kinase
(for review, see Clark and Brugge, 1995; Schwartz et al.,
1995). Indeed, in NIH3T3 cells expressing dominant-nega-
tive STAT5A protein, both tyrosine phosphorylation of
pl25Fak and activation of Erkl/Erk2 MAP kinases in re-
sponse to adhesion were comparable with those observed in
control NIH3T3 cells. Moreover we found that cytochalasin
D, which affects actin cytoskeleton organization and inhibits
integrin-dependent p125Fak tyrosine phosphorylation (De-
filippi et al., 1995), does not interfere with STAT5A transcrip-
tional activity (our unpublished results), indicating that or-
ganization of actin cytoskeleton is not required for integrin-
dependent activation of the STAT5 pathway.

In conclusion, the results presented here demonstrate that
activation of the JAK/STAT pathway is a downstream event
in integrin-mediated adhesion and that this pathway is in-
volved in the transcriptional regulation of the adhesion-
dependent early growth response gene c-fos.
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