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In endothelial cells (ECs) �1 integrin function-blocking anti-
bodies inhibit �v�3 integrin-mediated adhesion to a recombi-
nant �4-laminin fragment (r�4LN fragment). �1 integrin
sequestration of talin is not themechanismbywhich�1 integrin
modulates �v�3 integrin ligand binding. Rather, treatment of
the ECswith�1 integrin function-blocking antibodies enhances
cAMP-dependent protein kinase (PKA) activity and increases
�3 integrin serine phosphorylation. The PKA inhibitor H-89
abrogates the effect of �1 integrin function-blocking antibodies
on �3 integrin serine phosphorylation and EC-r�4LN fragment
binding. �3 integrin contains a serine residue at position 752.
To confirm the importance of this residue in �v�3 integrin-
r�4LN fragment binding, wemutated it to alanine (�3S752A) or
aspartic acid (�3S752D). Chinese hamster ovary (CHO) cells
expressing wild type or �3S752A integrin attach robustly to
ligand. CHO cells expressing �3S752D integrin do not. Because
the �3 cytoplasmic tail lacks a PKA consensus site, it is unlikely
that PKA acts directly on�3 integrin. Instead, we have tested an
hypothesis that PKA regulates �3 integrin serine phosphoryla-
tion indirectly through phosphorylation of inhibitor-1, which,
when phosphorylated, inhibits protein phosphatase 1 (PP1).
Treatment of ECswith�1 integrin function-blocking antibodies
significantly increases phosphorylation of inhibitor-1. Further-
more, blocking PP1 activity pharmacologically inhibits �v�3-
mediated cell adhesion to the r�4LN fragment when both PKA
and �1 integrin function are inhibited. Concomitantly, there is
an increase in serine phosphorylation of the �3 integrin cyto-
plasmic tail. These results indicate a novel mechanism by which
�1 integrin negatively modulates �v�3 integrin-ligand binding
via activation of PKA and inhibition of PP1 activity.

Angiogenesis is a complex process that not only depends on
growth factors and their receptors but is also influenced by
integrin-extracellular matrix interactions. Integrins are het-
erodimeric cell surface receptors formatrixmolecules (1). They
play central roles in complex cellular processes such as adhe-
sion, migration, proliferation, and differentiation via their

interactions with the extracellularmatrix and ability to regulate
various signaling pathways (1, 2).
Integrin heterodimers exist in inactive and active conforma-

tions. High resolution microscopic and crystal structure analy-
ses of �v�3 integrin have shed light on the structural require-
ments that are involved (3–6). These studies demonstrate that
integrins exists in two major conformations, a closed confor-
mation, which has a low affinity for ligand, and an open confor-
mation, which has a high ligand affinity (3–6). In general, inte-
grins default to a low affinity state in cells. However, this is not
always the case, and ultimately the activity of an integrin is
influenced by the cellular environment (3–6). Indeed, activa-
tion of an integrinmay occur when a cell is stimulated by extra-
cellular signals (outside-in signaling) andmay also be regulated
by cytoplasmic signals (inside-out signaling) (1, 7). Moreover,
the ability of integrins to respond to both cytoplasmic and
extracellular signals and undergo rapid changes in affinity for
extracellular matrix components and other cell surface recep-
tors is an essential aspect of development, wound healing, the
immune response, angiogenesis, and metastasis (3, 7, 8).
Most cells express more than one set of integrin heterodimers,

and it is now established that integrin functions are regulated, at
least in part, by a process some have termed “integrin cross-talk”
(9–13). For example, ligation of one integrin by extracellular
matrixmay result in negativemodulation of a different set of inte-
grins via a trans-dominant regulatorymechanism (14–18).Trans-
dominant inhibition has been shown to occur in several cell types
and regulates cell adhesion, spreading, migration, clot retraction,
and differentiation (14, 16–19). Examples include �6�4 integrin,
which regulatesnegatively�3�1 integrin in epithelial cells (20, 21).
In leukocytes, �v�3 integrin inhibits �5�1 integrin-mediated
phagocytosis and cell migration via a calcium calmodulin II-de-
pendent mechanism (15). In addition, ligation of �II�3 integrin is
known to block the functions of �5�1 and �2�1 integrin (14).

We previously demonstrated that the interaction between
endothelial cells andmatrix ligands is complex and is regulated
by cross-talk between �1 integrin containing heterodimers and
�v�3 integrin (16). This is consistent with other studies in
which it has been shown that �1 integrin regulates the affinity
state of�v�3, that an antagonist of�5�1 integrin inhibits�v�3-
mediated cell migration and angiogenesis via a PKA2-depend-
ent mechanism, and that �3�1 integrin is a trans-dominant
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inhibitor of �v�3 integrin (17, 22–24). However, the precise
molecular mechanism by which �1 integrin-containing het-
erodimers are able to regulate �v�3 integrin and vice versa has
not been elucidated. The focus of this study was to dissect the
molecular mechanism via which �v�3 integrin-matrix ligand
interaction is regulated in endothelial cells by �1 integrin.

EXPERIMENTAL PROCEDURES

Cell Culture—Immortalized human bone marrow endothe-
lial cells (TrHBMEC) were kindly provided by Drs. Babette
Weksler (Cornell Medical School) and Denise Paulin (Univer-
site Paris VII and Institute Pasteur, Paris, France). These were
derived by immortalizing human bone marrow endothelial
cells with a construct encoding the large T antigen of SV40
under the control of a truncated human vimentin gene pro-
moter. The transformed cell line retained all of the character-
istics of primary endothelial cells, including expression of cell
surface markers such as von Willebrand factor, P-selectin,
CD31, CD34, CD44, and intercellular adhesionmolecule 2 (25).
TrHBMEC cells were maintained in Dulbecco’s modified
Eagle’s medium containing 2 mM L-glutamine, 10% fetal bovine
serum, and 1� RPMI vitamins. Chinese hamster ovary cells
(CHO) were obtained from ATCC (Manassas, VA) and were
cultured in F-12:modified Ham’s media and 5% fetal bovine
serum.
Antibodies—Mousemonoclonal antibodies against the �v�3

integrin heterodimer (LM609), �v�5 (P1F6), �1-integrin sub-
unit (6S6), and rabbit polyclonal antibody against �v integrin
(AB1930) were obtained from Chemicon International
(Temecula, CA). Goat polyclonal anti-�3 integrin IgG (N-20)
was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Mouse monoclonal antibodies against phosphoserine
(PSR-45) and phosphotyrosine (PY20) were obtained from
Sigma. Anti-GFP mouse monoclonal antibody was obtained
from Roche Applied Science. Mouse anti-HA.11 antibody was
from Babco (Richmond, CA). Secondary antibodies were
obtained from Jackson ImmunoResearch. Polyclonal antibod-
ies against inhibitor-1/dopamine- and cAMP-regulated phos-
phoprotein (DARPP-32), phospho-inhibitor-1/DARPP-32,
vasodilator-stimulated phosphoprotein (VASP), and phospho-
VASP were purchased from Cell Signaling Technology Inc.
(Danvers, MA).
Matrix Proteins and Integrins—Human fibronectin was pur-

chased from BD Biosciences. Human vitronectin was obtained
from Calbiochem. They were used according to the instruc-
tions of the manufacturer. The recombinant �4LN fragment,
consisting of a portion of the G1 and G2 subdomains (residues
919–1207), was isolated from bacterial extracts as described
previously (16). �v�3 and �3�1 integrin heterodimers were
purchased fromChemicon International. Their purity was rou-
tinely assessed by SDS-PAGE prior to use. Dr. SimonGoodman
(Merck) generously provided recombinant �TM�v�3 that
lacks both the transmembrane and cytoplasmic domains of the
�v and �3 integrin subunits. This integrin is believed to be in a
constitutively active state (high affinity state for ligand binding)
(26). In solution, �TM�v�3 integrin displays all of the proper-
ties of �v�3 integrin purified from human placenta. It binds
specifically to vitronectin and fibronectin in a cation-depend-

ent manner (26). Most importantly, recombinant �v�3 retains
its ligand specificity. It fails to bind to laminin-111 or
laminin-332.3
Cell Adhesion Studies—Wells of 96-well non-tissue culture

treated plates (Sarstedt, Newton, NC) were coated with 5 ng/�l
of the recombinant �4LN fragment or 2 ng/�l vitronectin for
1 h at 37 °C. Each well was rinsed three times and blocked with
1% bovine serum albumin in PBS for 1 h at 37 °C. Endothelial
cells plated on 100-mm dishes were treated with various phar-
macologic inhibitors as indicated. Cell suspensions (1.0 � 106
cells/ml) were treated with integrin antibodies and control, iso-
type-matched immunoglobulins for 10–30min at 37 °C. 100�l
of each cell suspension (e.g. 1.0 � 105 cells in 100 �l) was added
to 96-well plates coated with extracellular matrix. After 1 h at
37 °C, the wells were washed extensively with PBS to remove
nonadhering cells, and then adherent cells were fixed in 3.7%
formaldehyde in PBS for 15 min at room temperature. Fixed
cells were incubated at room temperature with crystal violet for
15 min and then solubilized with 1% SDS. Absorbance at 570
nmwasmeasured with aVmax plate reader (Molecular Devices,
Menlo Park, CA). On average, for control IgG-treated endothe-
lial cells, 96% (e.g. 9.5 � 104 cells/well) of cells added to each
well attached to coated surfaces. This value was normalized
such that 100% cell adhesion represents the adhesionmeasured
of endothelial cells treated with IgG control. Values were
expressed as percent relative to control (100%) � S.D. Each
experiment was conducted three times with duplicate samples
per condition.
Chemical Inhibitors—The inhibitors, H-89, calyculin, and

sodium orthovanadate, were obtained from Sigma. All other
inhibitors, including ROCK inhibitor (Y-27632), calmodulin
kinase II inhibitor (KN-93), bisindolylmaleimide I (GF
109203X), and wortmannin, were obtained from Calbiochem.
Constructs—The construct expressing the integrin-binding

domain of talin (residues 206–405) spanning the subdomains
F2 and F3 of the talin FERM (Four-point-one, Ezrin, Radixin,
Moesin) domain was a kind gift from Dr. David Calderwood
(Yale University, New Haven, CT) (2). A plasmid expressing
full-length GFP-tagged �3 integrin subunit was prepared as
described previously (27). Mutations at position serine 752 in
�3 integrin cDNA were generated using the QuickChange XL
site-directed mutagenesis kit from Stratagene (La Jolla, CA),
following the procedure of the manufacturer. Plasmids were
used to transform XL10-Gold ultracompetent cells and were
plated in selective media. Plasmids in positive clones were iso-
lated using Wizard Plus Miniprep DNA purification system
(Promega, WI) and sequenced using Big Dye chemistry on an
ABI Prism automated sequencer (Applied Biosystems, CA) to
confirm the presence of the appropriate point mutation. Plas-
mid DNA was purified using the GenEluteHP Plasmid Max-
iPrep kit (Sigma). Inhibitor-1 was cloned into a bicistronic
adenoviral vector, together with GFP protein. This vector was a
generous gift of Thomas Eschenhagen (Medical Center Ham-
burg-Eppendorf, Hamburg, Germany). 293A cells were
infectedwith adenoviral vector. Approximately 24 h after infec-

3 A. M. Gonzalez, J. Claiborne, and J. C. R. Jones, unpublished data.
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tion, the adenovirus-containing 293A cells were harvested and
lysed to prepare a crude viral stock. The resultant viral stock
was amplified and tittered.
Transfection and Adenoviral Infection—CHO cells were

transfected with constructs expressing GFP-tagged wild type
�3 integrin or �3 integrin bearing point mutants at serine 752
using the calcium/phosphate method described previously
(16). Stable cell lineswere selectedwithG418 and gated forGFP
expression by flow cytometry. In the case of adenoviral infec-
tion, endothelial cells were incubated in virus at 37 °C over-
night. The virus-containing medium was then removed, and
cells were fed with fresh medium, followed by incubation at
37 °C.Greater than 80% infection rates were obtained in each of
our studies.
Biotinylation Assay—Surface proteins in CHO cells were

analyzed following biotinylation. Briefly, endothelial cells were
rinsed with cold PBS and incubated with 0.25 mg/ml biotin
(Pierce) for 30min on ice. Cells were rinsed once with cold PBS
and blocked with 100 mM glycine for 20 min on ice. Cells were
trypsinized, rinsed with cold PBS, and resuspended in cell lysis
buffer (1% Brij 97, 25 mM Hepes, pH 7.4, 150 mM NaCl, 5 mM

MgCl2 supplemented with protease inhibitors). Cells were
incubated on ice for 30 min and passed through a 25-gauge
syringe, and insoluble debris was removed by centrifugation at
4 °C for 10 min. The lysate was then incubated with 50 �l of
streptavidin-conjugated agarose beads (Invitrogen) overnight
at 4 °C. Beads were washed three times with cell lysis buffer
containing protease and phosphatase inhibitors and resus-
pended in SDS-PAGE sample buffer and processed on 7.5%
SDS-polyacrylamide gels following standard procedures (28).
Gelswere transferred to nitrocellulose, whichwas subsequently
processed for Western blotting as described previously (29).
ELISAs—Wells of 96-well non-tissue culture-treated plates

were coated with protein at varying concentrations for 18 h at
4 °C. Each well was rinsed three times and blocked with 1%
bovine serum albumin in PBS for 1 h at 37 °C. Soluble integrin
heterodimers were diluted in binding buffer (25mMTris buffer,
150 nMNaCl, 1 mMMgCl2, 0.5 mMMnCl2, 0.05% bovine serum
albumin, pH 7.5) or in physiologic cation binding buffer (150
mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 10 �M MnCl2, 20 mM

Tris-HCl, pH 7.4) as indicated and added to each well at the
concentrations shown. After incubating for 90 min at 37 °C
wells were rinsed three times in binding buffer and appropriate
mouse monoclonal anti-integrin antibody was added for 1 h at
37 °C. Wells were then rinsed three times in PBS, and alkaline
phosphatase-conjugated goat anti-mouse antibody was added
to the wells for an additional 1 h at 37 °C. Wells were rinsed
three times in PBS, and 200�l of substrate (p-nitrophenyl phos-
phate (Sigma), diluted in ELISA buffer to a final concentration
of 1 mg/ml) was added per well. Absorbance at 405 nm was
measured with a Vmax plate reader (Molecular Devices, Menlo
Park, CA). Nonspecific binding was determined by the addition
of 10 mM EDTA to binding buffer. Specific binding was
obtained by subtracting nonspecific binding from total binding
(total binding � nonspecific binding). Samples were assayed in
duplicate, and data are expressed as specific binding� S.E. The
experiment was conducted three times.

Immunoprecipitation, SDS-PAGE, and Western Blotting—
Endothelial cells from100-mmdisheswere trypsinized, and the
cell suspension was treated with anti-�1 function-blocking
antibody, 6S6, or control mouse IgG for 30 min at 37 °C. Cells
were collected by centrifugation and rinsed with cold PBS and
resuspended with 1.0 ml of cell lysis buffer: 20 mM Tris, pH 7.5,
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5
mM sodium pyrophosphate, 1 mM �-glycerol phosphate. Cell
lysis buffer was supplemented with 250 �l of protease inhibitor
mixture (Sigma) per 5 ml of lysis buffer and phosphatase inhib-
itors, 1 mM NaF, and 1 mM NaVO4 just before use. Cells were
incubated on ice for 30 min and passed through a 25-gauge
syringe, and insoluble debris was removed by centrifugation at
4 °C for 10 min. The lysate was then incubated with 4 �l of
LM609 antibody overnight at 4 °C, followed by 100 �l of 50%
slurry of protein G beads for 3 h at 4 °C. Beads were washed
three times with lysis buffer containing protease and phospha-
tase inhibitors and resuspended with 30 �l of 2� SDS sample
preparation buffer. Samples were heated at 95 °C for 5min, and
proteins were separated on 7.5–12% SDS-polyacrylamide gels
following standard procedures. Gels were either stained or sep-
arated proteins were transferred to nitrocellulose, which was
subsequently processed for Western blotting as described pre-
viously (16).
cAMP-dependent Protein Kinase AActivity Assay—Endothe-

lial cells were serum-starved and plated in serum-freemedia on
tissue culture plates coated with 6S6, a �1-specific monoclonal
antibody or control IgG. After 10 min, cells were washed once
with cold PBS and lysed with hypotonic extraction buffer (25
mM Tris-HCl, 0.5 mM EDTA, 0.5 mM EGTA, 0.05% Triton
X-100, 100mM �-mercaptoethanol, 1�g/ml leupeptin, 1�g/ml
aprotinin). Cell extracts were sonicated, and debris was
removed by centrifugation. Extracts were incubated for 10 min
at 37 °C in 2�PKbuffer (26.7mM �-glycerol phosphate, 7.8mM
sodium fluoride, 8 mM magnesium acetate, 1.5 mM theophyl-
line, 0.8 mM dithiothreitol, pH 7.0, with 5% phosphoric acid).
PKAactivitywas determined by the incorporation of phosphate
in Leu-Arg-Arg-Ser-Leu-Gly (Kemptide) using [�-32P]ATP
(PerkinElmer Life Sciences). Total PKA activity was measured
in the presence of 10�M cAMP. Nonspecific activity was deter-
mined by addition of 2 �M protein kinase A inhibitor, a PKA-
specific inhibitor to the reactionmixture. Data are expressed as
percent of total PKA activity � S.E. Samples were assayed in
triplicate for each condition and quantified on a scintillation
counter. The PKA assay was repeated three times.

RESULTS

�v�3 Integrin and �3�1 Integrin Protein Bind Distinct Sites
within a Recombinant Fragment of the �4-Laminin Subunit—
In a previous study we demonstrated that a recombinant frag-
ment (residues 919–1207) of the �4-laminin (r�4LN frag-
ment), lacking an RGDmotif, contains binding sites for several
integrin heterodimers (16).Whether or not these sites function
as bona fide integrin interaction domains in intact laminin het-
erotrimers containing the �4 subunit remains to be deter-
mined. Nonetheless, to confirm that it contained a non-RGD-
binding site for �v�3 integrin binding, we first assayed whether
recombinant �v�3 integrin interacted with the r�4LN frag-
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ment in physiologic cation concentrations (1 mM CaCl2, 1 mM
MgCl2). The recombinant �v�3 integrin possesses neither the
transmembrane nor cytoplasmic domains and is considered to
be in a constitutively active form (26). It bound to the r�4LN
fragment and fibronectin, to which �v�3 integrin is known to
bind in an RGD-dependent fashion (Fig. 1). This binding was
specific because it was reversed by addition of 10 mM EDTA.
Addition of this chelator is used routinely to block the binding
of integrins to extracellular matrix proteins irrespective of
whether they contain an RGD integrin-binding site (30).
Next, we determined whether the r�4LN fragment con-

tained distinct binding sites for �v�3 and �3�1 integrin. To
optimize binding, 0.5 mM MnCl2 was included in the assays.
Purified, soluble �v�3 integrin was added to 96-well plates pre-
coated with the r�4LN fragment in the presence of increasing
concentrations of �3�1 integrin. Binding of �v�3 integrin to
the fragment was assessed by solid-phase binding studies. As
indicated in Fig. 2A, binding of �v�3 integrin to the r�4LN
fragment was not reduced with increasing concentrations of
�3�1 integrin protein indicating that �3�1 integrin did not
compete with �v�3 integrin for binding. Similar results were
obtained when �3�1 integrin binding to the r�4LN fragment
was assessed in the presence of increasing concentrations of
�v�3 integrin protein (Fig. 2B). Because the r�4LN fragment
possesses a number of distinct sites for RGD-independent inte-
grin interaction, we have used it in subsequent studies as a tool
to identify the molecular mechanisms underpinning integrin
cross-talk.

�1 Integrin Regulates �v�3 Ligand Binding In Endothelial
Cells via an Inside-out Mechanism—Although �3�1 and �v�3
integrins bound the r�4L� fragment at distinct sites, in a cell
adhesion assay these integrins failed to compensate for each
other when either one was blocked by function-blocking anti-
bodies (16). Specifically, endothelial cells treated with antibod-

ies that inhibited the function of �1 integrin, �v�3 integrin, or
the combination of both, exhibited dramatically reduced adhe-
sion to the r�4LN fragment compared with cells treated with
control IgG (Fig. 3A) (16). To provide further support that�v�3
integrin ligand affinity is affected by a �1 integrin function-
blocking antibody, endothelial cells were treated with manga-
nese chloride, which binds to the extracellular domain of inte-
grins and switches them to a high affinity state, bypassing any
requirement for intracellular signals (31, 32). In the presence of
manganese chloride, neither the �1 integrin function-blocking
antibody nor the �v�3 integrin function-blocking antibody
blocked cell adhesion. Instead, endothelial cells attached
robustly to the r�4LN fragment (Fig. 3B). In the presence of
both �v�3 and �1 integrin function-blocking antibodies, cell
adhesionwas completely inhibited even in the presence ofman-
ganese chloride (Fig. 3B). These results imply that treatment of
endothelial cells with �1 integrin function-blocking antibodies
regulated the affinity state of �v�3 integrin.
The above studies were performed with a recombinant lami-

nin fragment. Thus, to provide additional evidence that�1 inte-

FIGURE 1. Recombinant �v�3 integrin binds directly to the r�4LN frag-
ment. Wells of a 96-well plate were coated with either fibronectin (FN) or the
r�4LN fragment. Recombinant �TM�v�3 integrin (5 ng/�l) was diluted in
physiologic cation binding buffer (1 mM MgCl2 and 1 mM CaCl2) and then
added to the wells and allowed to bind for 1 h at 37 °C in the absence or
presence of 10 mM EDTA. Integrin binding was evaluated by ELISA using an
antibody against �v�3 integrin, followed by a secondary antibody conju-
gated to alkaline phosphatase. The absorbance was measured at 405 nm.
Data are expressed as specific binding (�S.D.).

FIGURE 2. �v�3 and �3�1 integrins bind to distinct sites of the r�4LN
fragment. A, purified, soluble �v�3 (5 ng/�l) was added to wells coated with
the r�4LN fragment in the presence of increasing concentrations of purified,
soluble �3�1 at 37 °C. �v�3 integrin binding was assayed by ELISA using an
antibody against the �v�3 integrin. The absorbance was measured at 405
nm. B, purified, soluble �3�1 (5 ng/�l) binding to the r�4LN fragment-coated
wells was assessed as above in the presence of increasing concentrations of
�v�3 integrin. Studies were undertaken in triplicate. Data are presented as %
of binding in the absence of “competitor” (�S.D.).
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grin regulates �v�3 integrin-matrix interactions, we repeated
our adhesion analyses using vitronectin that has been demon-
strated to be a ligand for �v�3, �v�5, and �v�1 integrins (33).
Endothelial cells in suspension were treated with control or a
combination of function-blocking antibodies as indicated in
Fig. 4A. Interestingly, addition of anti-�v�5 integrin function-
blocking antibodies had no impact on endothelial cell adhesion
to vitronectin even though �v�5 integrin can bind vitronectin
(Fig. 4A). In contrast, there was minimal cell adhesion in the

presence of �v�3 integrin function-blocking antibodies. Simi-
larly, the addition of function-blocking �1 integrin antibodies
inhibited endothelial cell adhesion to vitronectin. No further
inhibition on cell adhesion was observed upon the simultane-
ous addition of anti-�v�3 and �1 integrin function-blocking
antibodies (Fig. 4A). These results indicate that the cross-talk
observed between �v�3 and �1 integrin is not unique to the
r�4LN fragment but is a general phenomenon that can occur
with well characterized ligands of �v�3 integrin.
To assess whether the observed inhibition in �v�3-mediated

cell adhesion to vitronectin was because of impaired inside-out
signaling by the �v�3 integrin, experiments were conducted in

FIGURE 3. Endothelial cell adhesion is regulated by �v�3 and �1 integrin.
A, endothelial cells in suspension were incubated with control IgG, function-
blocking antibodies against �v�3 integrin, function-blocking antibodies
against �1 integrin, or a combination of both at 25 ng/�l for 10 min at 37 °C.
Cells were then added to wells of a 96-well plate coated with the r�4LN frag-
ment at 5 ng/�l. Adherent cells were fixed and stained with crystal violet. Cell
adhesion was determined by measuring absorbance at 595 nm in triplicate in
at least three separate studies. Data are the average from three separate trials.
100% cell adhesion represents adhesion obtained in cells treated with control
IgG. Data are presented as percent of adhesion of cells treated with control
IgG (�S.D.) B, endothelial cells in suspension were incubated with function-
blocking antibodies as above in the presence of 0.5 mM MnCl2. Cell adhesion
to the r�4LN fragment was determined as above. Note cell adhesion to
uncoated wells was minimal under these conditions. Data are presented as
percent of adhesion of cells treated with control IgG (�S.D.).

FIGURE 4. �1 integrin regulates �v�3 integrin binding to vitronectin in
endothelial cells. A, endothelial cells in suspension were incubated with
control IgG, function-blocking antibodies against �v�5, �v�3 integrin, �1
integrin, or a combination of �v�3 and �1 integrin at 25 ng/�l for 10 min at
37 °C. Cells were then added to wells of 96-well plate coated with vitronectin
at 2 ng/�l. Data are the average from three separate trials and are presented
as percent of binding to cells treated with control IgG (�S.D.). 100% cell adhe-
sion is adhesion obtained in endothelial cells treated with control IgG.
B, endothelial cells in suspension were incubated with function-blocking anti-
bodies against �v�3, �1 integrin, or the combination of both in the presence
of 0.5 mM MnCl2. Cell adhesion to vitronectin was determined as above. Note
cell adhesion to uncoated wells was minimal under these conditions. Data are
presented as percent of adhesion of cells treated with control IgG (�S.D.).

Mechanism of �v�3-�1 Integrin Cross-talk in EC

NOVEMBER 14, 2008 • VOLUME 283 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 31853



the presence of manganese chloride. As mentioned previously,
treatment with manganese chloride switches the integrin to a
high affinity state bypassing a need for intracellular signals. In
the presence of manganese chloride, neither the �1 integrin
function-blocking antibody nor the �v�3 integrin function-
blocking antibody blocked cell adhesion confirming that the
observed inhibition on �v�3 integrin-mediated cell adhesion
by �1 integrin is because of a change in the ligand affinity state
of�v�3 integrin (Fig. 4B). In contrast, cell adhesion to vitronec-
tin was inhibited when both �v�3 and �1 integrin function-
blocking antibodies were added simultaneously even in the
presence of manganese chloride (Fig. 4B). In summary, the
results obtained with vitronectin, an established ligand for
�v�3 integrin, completely paralleled the results obtained with
the r�4LN fragment and provide further support that �v�3
integrin ligand affinity is being altered by the �1 integrin anti-
body by an inside-out signaling pathway.
Talin Sequestration Does Not Regulate �v�3/�1 Integrin

Cross-talk When Endothelial Cells Bind to the r�4LN
Fragment—One mechanism by which �v�3 integrin ligand
binding may be regulated by �1 integrin is through sequestra-
tion of talin (2, 34, 35). We tested this possibility by overex-
pressing the amino-terminal end of talin (encompassing the
F2/F3 domain), tagged with HA, in endothelial cells. This
region of talin has been shown to associate with and activate �3
integrin (2). GFPwas co-expressed in the same cells to facilitate
identification of endothelial cells that exhibit overexpression of
talin (F2/F3 domain). The level of talin (F2/F3 domain) overex-
pression was assessed byWestern blot analysis (Fig. 5A). Over-
expression of talin was typically 5–10-fold relative to the
endogenous talin in control transfected cells (data not shown).
Endothelial cells that were transfected with the GFP construct
alone or with HA-tagged talin (F2/F3) construct and GFP con-
struct were then treated with mouse IgG or the �1 integrin
function-blocking antibody and plated onto substrate coated
with ligand. In cells treated with IgG control, the level of cell
adhesion was similar in cells expressing GFP or GFP- and HA-
tagged talin (F2/F3) (Fig. 5B). Overexpression of talin (F2/F3
domain) did not block the ability of�1 integrin function-block-
ing antibodies to inhibit cell adhesion to the r�4LN fragment
(Fig. 5B). This result is surprising. However, one possibility is
that activation of protein kinase A following treatment of endo-
thelial cells with �1 integrin function-blocking antibodies may
preventHA-tagged talin (F2/F3) protein frombinding to the�3
integrin cytoplasmic tail.
Serine Phosphorylation of�3 Integrin Regulates�v�3 Integrin

Binding to the r�4LN Fragment—Given that sequestration of
talin by�1 integrin did not appear to be involved in�1 integrin-
�v�3 integrin cross-talk, we next tested the possibility that �1
integrin might regulate the phosphorylation state of �v�3 inte-
grin because it has been documented that phosphorylation of
integrin cytoplasmic tails alters their function (36–40). Thus,
we examined the phosphorylation state of�v�3 integrin immu-
noprecipitated from endothelial cells treated with control IgG
or �1 integrin function-blocking antibodies (Fig. 6, A and B).
Immunoprecipitated proteins were analyzed by Western blot
analysis, and the phosphorylation state of �v and �3 integrin
subunits was examined using antibodies against phosphoty-

rosine or phosphoserine. As shown in Fig. 6A, there was no
detectable change in the phosphotyrosine level of �3 integrin
prepared from control IgG and �1 integrin function-blocking
antibody-treated endothelial cells. In contrast, treatment of
endothelial cells with �1 integrin function-blocking antibodies
increased serine phosphorylation of �3 integrin 5-fold com-
pared with control IgG-treated cells (Fig. 6B). The average fold
increase in phosphoserine phosphorylation of �3 integrin was
5 � 1.258 (S.D.) between three independent experiments (data
not shown). Therewas no change in the serine or tyrosine phos-
phorylation level of the�v integrin subunit after antibody treat-
ment (data not shown).
The above results suggested that serine phosphorylation of

�3 integrin was potentially negatively regulating �v�3 integrin
ligand binding. �3 integrin has one serine residue at position
752, which others have shown is critical for �3 integrin target-
ing and function (41–43). Specifically, serine 752 on�3 integrin
has been shown to be required to achieve the conformational
change on the �3 integrin cytoplasmic domain associated with
its high affinity ligand binding state (41). For example,mutating
this residue to proline blocks the ability of �3 integrin to
respond to inside-out signals. Thus, we next examined the

FIGURE 5. Overexpression of talin does not rescue cell adhesion in endo-
thelial cells. A, endothelial cells were mock-transfected (mock) or were co-
transfected with a construct expressing HA-tagged talin (F2/F3 domain) (HA-
talin F2/F3). Talin expression was determined by Western blot analysis 48 h
after transfection. Immunoblots were incubated with anti-HA antibodies to
detect HA-tagged talin protein. The same blots were incubated with anti-
actin antibodies. Actin was used as a loading control. B, endothelial cells were
transfected with the GFP construct alone or co-transfected with talin (F2/F3
domain) and the GFP expressing construct to identify transfected cells. Trans-
fected cells were trypsinized, and the cell suspension was treated with IgG or
function-blocking antibodies against �1 integrin at 25 ng/�l for 10 min at
37 °C. Cells were then added to non-tissue cultured dishes coated with the
r�4LN fragment at 5 ng/�l. Adherent cells were fixed, and GFP-positive cells
were counted. Data are presented as GFP-positive cells per 4� field � S.D.
Data are from three independent trials.
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functional consequence of mutating this residue in regulating
�v�3 integrin ligand binding. To do so, we used CHO cells that
are deficient in endogenous �3 integrin but express �v integrin
(44, 45). We prepared GFP-tagged constructs encoding wild
type and mutant versions of �3 integrin as indicated in Fig. 7A.
Using site-directed mutagenesis, we substituted serine residue
752 for aspartic acid or alanine to mimic the phosphorylated
and dephosphorylated state, respectively. CHO cells were
induced to express wild type and mutant �3 integrin, and cell
surface expression of integrin protein was confirmed by bioti-
nylation (Fig. 7B) and by flow cytometry using antibody LM609
(data not shown). Cells that were positive for GFP and had
equivalent levels of surface expression of �v�3 integrin were
isolated by fluorescence-activated cell sorter and subsequently
used in cell attachment assays. Mock-transfected CHO cells
exhibited minimal adhesion to the r�4LN fragment, whereas
CHO cells expressing wild type �3 integrin and CHO cells
expressing a �3 integrin with serine 752 mutated to alanine (a
non-phospho-mimetic) attached robustly to the r�4LN frag-
ment-coated surfaces. This result is consistent with studies
from other groups that demonstrate that the alanine substitu-
tion on serine 752 does not impair �3 integrin ligand binding
(15, 42, 43). CHOcells expressingmutated�3 integrin (aspartic
substitution at residue 752; a phospho-mimetic) displayed a
low level of binding to ligand (Fig. 7C). These results suggest
that phosphorylation of serine 752 may be the mechanism by

which �v�3 integrin function is altered. Phosphorylation of
serine 752 likely alters the conformation of the cytoplasmic
domain.

�1 Integrin Regulates �v�3 Integrin Ligand Binding in Endo-
thelial Cells via PKA—The above data suggested that a serine/
threonine kinasemay be involved in themechanism via which a
�1 integrin function-blocking antibody regulated the ligand
binding activity of �v�3 integrin. It has been reported that �1
clustering leads to an increase in PKA activity in cells (46). We
therefore tested whether treatment with �1 integrin function-
blocking antibodies could result in activation of PKA in endo-
thelial cells. PKA activity was measured in endothelial cells
treated with �1 integrin function-blocking antibodies, and this
was comparedwith PKA activity in cells incubatedwith control
IgG. Indeed, endothelial cells treatedwith�1 integrin function-
blocking antibodies exhibited a 2-fold increase in PKA activity
over control (Fig. 8A). We also analyzed the phosphorylation
state of a downstream target of PKA, namely VASP, by immu-
noblotting and found that the level of phosphorylation of this
protein in endothelial cells increased upon treatment with �1
integrin function-blocking antibodies 4.5-fold relative to IgG-
treated control cells (Fig. 8B). To confirm that the increase in
phospho-VASP is attributed to an increase in PKA activity,
endothelial cells were first pretreated with a pharmacologic
inhibitor of PKA, H-89, and the phosphorylation state of VASP
was assessed in endothelial cells treated with IgG control or
anti-�1 function-blocking antibodies. Blocking PKA pharma-
cologically blocked the increase in phospho-VASP in endothe-
lial cells treated with �1 function-blocking antibodies (Fig. 8C).
If PKA mediated �1 integrin-�v�3 integrin cross-talk then

one would predict that perturbation of PKA would ameliorate

FIGURE 6. �3 integrin is serine-phosphorylated in endothelial cells
treated with �1 integrin function-blocking antibody. A and B, endothelial
cells were trypsinized, and the cell suspension was treated with IgG or with a
�1 integrin function-blocking antibody for 30 min at 37 °C. Cells lysates were
prepared as described under “Experimental Procedures,” and �3 integrin was
immunoprecipitated (IP) using an antibody against �v�3 integrin. Immuno-
precipitates were analyzed by Western blotting using an antibody against
phosphotyrosine (pTyr) (A) or phosphoserine (pSer) (B). A and B, blots were
stripped and reprobed with an antibody that recognizes �3 integrin. Bands
corresponding to �3 integrin were quantified, and values were normalized to
total �3 integrin. Data are expressed as fold phosphorylation over control.
Representative of three independent trials.

FIGURE 7. Serine residue 752 regulates �v�3-mediated cell adhesion to
the r�4LN fragment. A, sequence of the cytoplasmic domain of wild type �3
integrin and �3 integrin bearing point mutations at residue 752. B, GFP-
tagged wild type �3 integrin or �3 integrin protein bearing point mutations
at residue 752 were expressed in CHO cells, and stably transfected cells were
selected and gated by flow cytometry. Surface expression of �3 integrin and
point mutants in CHO cells was assessed. Surface proteins in CHO cells were
biotinylated and precipitated with streptavidin-conjugated beads. Immuno-
precipitates (IP) were subjected to SDS-PAGE and analyzed by Western blot
analysis using an antibody against GFP. Mock-transfected cells (mock), �3
integrin wild type (�3 WT), �3 integrin S752A (�3S752A), �3 integrin S752D
(�3S752D) are shown. C, mock-transfected CHO cells and CHO cells stably
expressing wild type or cytoplasmic point mutants of �3 integrin were plated
on r�4LN fragment-coated surfaces for 1 h. Nonadherent cells were washed
off the wells, and the remaining cells were fixed and stained with crystal
violet. Absorbance was read at 570 nm. Adhesion assays were undertaken in
triplicate, and results are presented as percent of adhesion of CHO cells
expressing wild type �3 integrin (�S.D.).
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the impact of the �1 integrin function-blocking antibodies on
endothelial cell adhesion to substrates coated with the r�4LN
fragment. To directly test this possibility, endothelial cells were

preincubated with H-89 and then assayed for adhesion to the
r�4LN fragment in the absence or presence of integrin func-
tion-blocking antibodies. Intriguingly, endothelial cells exhib-
ited a 2-fold increase in adhesion to the r�4LN fragment com-
pared with untreated cells when cells are treated with H-89
alone (Fig. 9A). Moreover, preincubation of endothelial cells
with H-89 abrogated the ability of �1 integrin function-block-
ing antibodies to perturb the interaction of endothelial cells
with the r�4LN fragment (Fig. 9A). To test whether the result-
ing cell adhesion was mediated by �v�3 integrin, endothelial
cells were preincubated withH-89 andwere then treated with a
combination of �1 integrin and �v�3 integrin function-block-
ing antibodies. Under these conditions, endothelial cells exhib-
ited minimal cell adhesion suggesting that endothelial cell
adhesion to the r�4LN fragment was �v�3-dependent when
both PKA activity and �1 integrin function were blocked (Fig.
9A). Consistent with this observation, preincubation withH-89
blocked the ability of �1 integrin function-blocking antibodies
to induce an increase in phosphorylation of serine residues
within �3 integrin (Fig. 9B). H-89 did so without impacting the
surface expression of either �v�3 or �1 integrin as evaluated by
fluorescence-activated cell sorter (data not shown).
H-89 has been known to inhibit other kinases, primarily

ROCK, in addition to PKA. To rule out that H-89 inhibits
ROCK or other kinases, rather than PKA, cells treated with �1
integrin function-blocking antibodieswere preincubatedwith a
calcium-calmodulin protein kinase II inhibitor (KN-93), the
selective ROCK pharmacologic inhibitor (Y-27632), or a pro-
tein kinase C inhibitor (GF 109203X) as indicated in Fig. 9C.
The adhesion of the treated endothelial cells to the r�4LN frag-
ment-coated substrate was then assayed. None of these inhibi-
tors rescued the ability of cells to adhere to the r�4LN fragment
in the presence of �1 integrin function-blocking antibodies
(Fig. 9C). Interestingly, when we treated endothelial cells with
forskolin, a pharmacologic agent that activates PKA activity by
elevating intracellular cAMP levels, there was no inhibition of
endothelial cell adhesion to the r�4LN fragment (data not
shown). Although these results appear to be contradictory, they
actually provide further support for a role of forskolin in regu-
lating �v�3 integrin ligand binding. The most likely explana-
tion for this result is that activation of PKA inhibits �v�3 inte-
grin via an inside-out pathway. However, PKA does not inhibit
�1 integrin function. Thus, when endothelial cells are treated
with forskolin to activate PKA, endothelial cell adhesion is not
inhibited because �1 integrin is still available to bind ligand.
Serine/Threonine Phosphatases Regulate �v�3 Integrin

Ligand Binding—It is unlikely that PKA acts directly on the �3
integrin cytoplasmic tail because�3 integrin lacks PKAconsen-
sus sites, and Kirk et al. (47) have reported that the �3 integrin
cytoplasmic tail is not a substrate for PKA in an in vitro kinase
assay. Instead, we tested the hypothesis that PKA indirectly
determines the phosphorylation state of �3 integrin. One pos-
sible mechanism for this involves the serine/threonine phos-
phatase, PP1, through the inhibitor-1 pathway. We base this
hypothesis on precedents in the literature (48). In this pathway,
PKA phosphorylates inhibitor-1 and activates it. Phosphoryl-
ated inhibitor-1 binds to and inhibits PP1 activity.

FIGURE 8. Treatment of endothelial cells with �1 integrin antibodies
results in protein kinase activity activation. A, endothelial cells were
serum-starved and plated in serum-free media on tissue cultured plates
coated with a �1 function-blocking antibody or control IgG. After 10 min, cells
were washed once with cold PBS and lysed with hypotonic extraction buffer.
PKA activity was determined by the incorporation of phosphate in Leu-Arg-
Arg-Ser-Leu-Gly (Kemptide) using [�-32P]ATP. Samples were assayed in dupli-
cate for each condition and quantified on a scintillation counter. Protein
kinase A inhibitor-inhibitable kinase activity was calculated, and the data
from triplicate samples are expressed as percent of total PKA activity � S.E. B,
endothelial cells were pretreated with control IgG or anti-�1 integrin antibod-
ies for 30 min at 37 °C and plated onto vitronectin-coated plates. After 1 h,
cells were processed for immunoblotting using antibodies against phospho-
VASP. Immunoblots were stripped and reprobed with actin antibodies. Bands
corresponding to phospho-VASP were quantified, and values were normal-
ized to total actin protein. Data are expressed as fold phosphorylation over
endothelial cell-treated IgG control. C, endothelial cells were pretreated with
10 �M H-89, a PKA inhibitor for 1 h at 37 °C. Endothelial cells in suspension
were then treated with function-blocking antibodies as above and plated
onto vitronectin-coated plates. The level of phospho-VASP was assessed as
described above. Representative of three independent trials.
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To assess whether the inhibitor-1/PP1 pathway was part of
the mechanism by which �1 integrin inhibited �v�3 integrin
function, we first used a pharmacologic approach. Endothelial
cells were incubated with the PKA inhibitor (H-89) or with the
serine/threonine phosphatase inhibitor calyculin and various
combinations thereof. This treatmentwas followed by the addi-
tion of control IgG or anti-�1 function-blocking antibodies.
This allowed us to evaluate �v�3 integrin-mediated adhesion
to the r�4LN fragment, under conditions where �1 integrin
function was blocked and where activation of PKA was inhib-
ited. When used alone, calyculin had no effect on endothelial
cell adhesion to the r�4LN fragment (Fig. 10A). However, caly-
culin blocked the adhesion of endothelial cells to the r�4LN
fragment if the cells were first treatedwithH-89 and�1 integrin
antibodies (i.e. under conditions where�v�3 integrinmediated
ligand binding of the cells) (Fig. 10A). We also analyzed the
phosphorylation state of �3 integrin using phosphospecific
antibodies against serine under conditions when serine/threo-
nine phosphatases were inhibited in endothelial cells. The �3
integrin tail exhibited a 4.4-fold increase in serine phosphoryl-
ation when cells were treated with calyculin in the presence of
�1 integrin function-blocking antibodies (Fig. 10B). The aver-
age fold increase in phosphoserine phosphorylation of �3 inte-
grin in the presence of calyculin A was 4.3 � 2.301 (S.D.)
between three independent experiments (data not shown).
These results indicate the involvement of serine/threonine
phosphatases in maintaining the serine residue on �3 integrin
in a dephosphorylated state. Sodium pervanadate, a tyrosine
phosphatase inhibitor, had no inhibitory impact on the adhe-
sion of endothelial cells to a r�4LN fragment-coated substrate,
regardless of their antibody treatment (Fig. 10C). Taken
together, these studies indicated the involvement of PKA and a
serine/threonine phosphatase possibly serine/threonine phos-
phatase 1 (PP1) in regulating the activation state of �v�3 inte-
grin. To confirm the involvement of PP1, we overexpressed
inhibitor-1 in endothelial cells and then determined the phos-
phorylation state of inhibitor-1 by immunoblotting using phos-
phospecific antibodies that recognize the phosphorylated
(active) inhibitor-1/DARPP-32. Treatment of cells with �1
integrin function-blocking antibodies led to a 45-fold increase
on serine phosphorylation of inhibitor-1 compared with cells
treated with control IgG (Fig. 10D). To confirm that the
observed increase in phosphorylation level of inhibitor-1 is
attributed to an increase in PKA activity, endothelial cells were
pretreated with H-89, the pharmacologic inhibitor of PKA.
Under these conditions, treatment of endothelial cells with
anti-�1 integrin function-blocking antibodies did not result in

FIGURE 9. Protein kinase A regulates �v�3 integrin ligand binding in
endothelial cells. A, endothelial cells were preincubated with 10 �M H-89, a
PKA inhibitor for 1 h. Cells were trypsinized and resuspended in complete
media � PKA inhibitor in the presence of individual or combinations of the
following antibodies: IgG, �1 function-blocking antibody, or �v�3 integrin
function-blocking antibody for 10 min as indicated. Cells were added to wells
coated with the r�4LN fragment, and cell adhesion was performed as above.
All antibodies were used at 25 ng/�l. Data are from triplicate experiments
presented as percent of adhesion shown by IgG-treated cells (�S.D.). 100%
cell adhesion is adhesion measured in endothelial cells treated with IgG con-
trol in the absence of H-89 inhibitor. B, endothelial cells were preincubated

with 10 �M H-89 for 1 h at 37 °C. Cells were trypsinized, and suspended cells
were treated with IgG or anti-�1 integrin function-blocking antibody for 10
min at 37 °C. �3 integrin was immunoprecipitated (IP) using antibodies
against �v�3 integrin and analyzed by Western blot using phosphoserine
antibodies, followed by antibodies against �3 integrin as indicated. C, endo-
thelial cells were treated with pharmacologic inhibitors against serine/threo-
nine kinases, calmodulin kinase II, ROCK, and PKC (2.5 �M KN-93, 5 �M

Y-27632, 5 �M GF109203X, respectively) for 1 h. Cell adhesion was deter-
mined as above in the presence or absence of the indicated integrin function-
blocking antibodies. Data are presented as percent of endothelial cells
treated with IgG control. 100% cell adhesion of cells were treated with IgG
control in the absence of pharmacologic inhibitors.
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an increase in the phosphorylation levels of inhibitor-1 relative
to the IgG control-treated cells (Fig. 10E).

DISCUSSION

The major focus of our study was to define how �1 integrin
cross-talkswith�v�3 integrin in endothelial cells. Because talin
has been shown to be a regulator of integrin cross-talk in a
number of cell systems, we first investigated whether seques-
tration of talin by �1 integrin might inhibit �v�3 integrin-li-
gand binding (49).However, such amechanismdoes not appear
to play a role in the cross-talk we describe here. Specifically, the
overexpression of the amino-terminal end of talin did not res-
cue �v�3 integrin-mediated cell adhesion when cells were

treated with a �1 integrin function-blocking antibody. Rather,
our study has provided evidence that the mechanism via
which �1 integrin modulates the ligand binding affinity of
�v�3 integrin involved PKA. In particular, the PKA inhibitor
H-89 abrogated the effect of �1 integrin function-blocking
antibody, whereas a variety of other kinase inhibitors did
not. Indeed, based on the data we present here and previous
studies, we propose amodel in which antibody-induced inhi-
bition of �1 integrin results in the activation of PKA in endo-
thelial cells (Fig. 11) (46). Activated PKA, in turn, induces the
phosphorylation of inhibitor-1, which interacts with and
inhibits the serine/threonine phosphatase 1 (50). When this
phosphatase activity is blocked, an as yet unidentified kinase
phosphorylates �3 integrin on serine and inhibits �v�3 inte-
grin-ligand binding.We have presented two sets of studies in
support of this model. First, using a combination of func-
tion-blocking antibodies and pharmacological inhibitors, we
have shown that serine phosphorylation of �3 integrin is
regulated by �1 integrin, indirectly through a balance
between PKA and phosphatase activity. Second, using CHO
cells expressing various �3 integrin mutants, we have pro-
vided experimental evidence that differential phosphoryla-
tion of serine residue 752 regulates �v�3 integrin-ligand
binding. These were unexpected results because they con-
trast with data showing that phosphorylation on tyrosine
residues within the cytoplasmic domain of the �3 subunit is
required for binding of �v�3 integrin to vitronectin (51).
However, the notion that phosphorylation of serine residues
within the cytoplasmic tails of integrins regulates their func-
tions has specific precedents. For example, Goldfinger et al.
(36) have reported that phosphorylation of �4 integrin by
PKA regulates cell migration. In epithelial cells, phosphoryl-
ation of �6 integrin on serine results in increased motility
with dephosphorylation of �6 integrin being required for
incorporation of �6�4 integrin into hemidesmosomes to
promote stable adhesion (37, 38).
It has already been established that ligand-induced clustering

of �1 induces PKA activation (46). Thus, based on our model,

FIGURE 10. Treatment of endothelial cells with calyculin A blocks �v�3-
mediated cell adhesion to the r�4LN fragment. A, endothelial cells were
left untreated by drug or preincubated with individual or combinations of
drugs (10 �M H89, 1 nM calyculin A (Cal A)) as indicated for 1 h. Cells were
trypsinized, and cell suspension was treated with IgG or function-blocking
anti-�1 integrin antibodies for 10 min at 37 °C. Cells were added to wells
coated with the r�4LN fragment, and cell adhesion was measured as above.
Data are from three experiments presented as percent of adhesion of IgG-
treated cells (�S.D.). 100% cell adhesion is adhesion measured in endothelial
cells treated with IgG control in the absence of pharmacologic inhibitors.
B, endothelial cells were preincubated with 1 nM calyculin A (CalA) for 1 h at
37 °C. Cells were trypsinized, and cell suspension was treated with IgG or
anti-�1 integrin function-blocking antibody for 10 min at 37 °C. �3 integrin
was immunoprecipitated (IP) using antibodies against �v�3 integrin and ana-
lyzed by Western blot using phosphoserine (pSer) antibodies, followed by
antibodies against �3 integrin as indicated. C, endothelial cells were left
untreated or preincubated with individual or combinations of drugs (10 �M

H-89, 100 �M �aVO4) as indicated for 1 h. Cells were trypsinized, and the cell
suspension was treated with IgG or function-blocking anti-�1 integrin anti-
body for 10 min at 37 °C. Cell adhesion assay was performed as above. Adhe-
sion assays were undertaken in triplicate, and results are presented as percent
of adhesion of control IgG-treated cells (�S.D.). D, endothelial cells were
infected with an adenovirus encoding inhibitor-1 for 48 h. Infected cells were
trypsinized and preincubated with IgG control or anti-�1 integrin function-
blocking antibodies for 30 min at 37 °C. Protein extracts of cells were collected
and processed for immunoblotting using antibodies specific for phospho-
inhibitor-1. The same blots were probed with anti-actin antibodies to deter-
mine loading. Representative blot of three independent experiments is
shown. E, endothelial cells were incubated with 10 �M H-89 for 1 h. Endothe-
lial cells were trypsinized and preincubated with function-blocking antibod-
ies as above. Protein extracts of cells were collected and processed as above
for phospho-inhibitor-1 and actin.

FIGURE 11. Schematic showing a model that depicts the way �1 subunit-
containing integrins regulate ligand binding of �v�3 integrin in endo-
thelial cells. In the basal state, endothelial cells adhere to the r�4LN fragment
in a �1 integrin-dependent manner. Clustering of �1 integrin with ligand (or
following incubation of cells with �1 integrin function-blocking antibody)
leads to activation of PKA. PKA phosphorylates inhibitor-1 which when phos-
phorylated is a potent inhibitor of serine/threonine PP1. PP1 regulates the
activation state of �v�3 integrin by maintaining the �3 integrin cytoplasmic
tail in an unphosphorylated state. Under conditions when PKA activity is
blocked, �v�3 integrin-ligand binding is no longer inhibited by clustered �1
integrin, and cell adhesion increases 2-fold. In this instance, both �v�3 and
�3�1 integrin contribute to overall cell adhesion, and their effect is additive.
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we also suggest that �v�3 integrin-matrix interaction will be
inhibited upon adhesion of cells to a�1 integrin ligand (Fig. 11).
Interestingly, if this is the case, then treatment with a PKA
inhibitor alone should increase the overall level of adhesion of
treated endothelial cells to ligands, which contain distinct �1
and �v�3 integrin-binding sites. This is in fact what we have
observed in our studies because endothelial cells exhibited a
2-fold increase in adhesion when the cells were plated onto a
substrate coated with the r�4LN fragment in the presence of
H-89.
In summary, in this study we have shown that a recombinant

fragment of the G domain of the �4LN subunit possesses dis-
tinct binding sites for �v�3 and �3�1 integrin. In addition, we
have identified serine 752 on �3 integrin as a critical residue
that modulated �3 integrin interaction with this protein frag-
ment. Further analyses are required to assess whether these
interactions occur between these same integrins and an intact
laminin heterotrimer containing the�4-laminin subunit in vivo
because there is evidence that the G domain of an �-laminin
subunit may only exhibit full biological activity following
heterotrimerization with appropriate �- and �-laminin sub-
unit partners (discussed in Ref. 52). Nevertheless, the r�4LN
fragment and functional blocking antibodies specific for
�v�3 and �1 integrins have proven very useful as tools to
dissect the molecular signals via which �v�3 integrin func-
tion is modulated by �1 integrin-containing heterodimers.
Our results demonstrate a novel mechanism in which the
cross-talk of �1 integrin-containing heterodimers and �v�3
integrin involves PKA and components of the inhibitor-1
pathway. Indeed, a phosphatase and PKA appear to act
antagonistically in endothelial cells to modulate �v�3 inte-
grin-mediated cell adhesion to matrix ligand, a process that
is likely to be an important regulator of vasculogenesis,
angiogenesis, and blood vessel homeostasis.
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