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Atherosclerotic plaque develops at sites of disturbed flow. We previously showed that flow activates endothelial cell
integrins, which then bind to the subendothelial extracellular matrix (ECM), and, in cells on fibronectin or fibrinogen,
trigger nuclear factor-«B activation. Additionally, fibronectin and fibrinogen are deposited into the subendothelial ECM
at atherosclerosis-prone sites at early times. We now show that flow activates ECM-specific signals that establish patterns
of integrin dominance. Flow induced 21 activation in cells on collagen, but not on fibronectin or fibrinogen. Conversely,
a5pB1 and avB3 are activated on fibronectin and fibrinogen, but not collagen. Failure of these integrins to be activated on
nonpermissive ECM is because of active suppression by the integrins that are ligated. Protein kinase A is activated
specifically on collagen and suppresses flow-induced av3 activation. Alternatively, protein kinase Ce is activated on
fibronectin and mediates 21 suppression. Thus, integrins actively cross-inhibit through specific kinase pathways. These

mechanisms may determine cellular responses to complex extracellular matrices.

INTRODUCTION

The integrin family of transmembrane proteins consists of 18
a and eight B subunits which form 24 different het-
erodimeric complexes, serving as receptors for extracellular
matrix (ECM) or cell surface molecules (Hynes, 2002). Inte-
grin outside-in signaling controls many cellular processes,
including proliferation, migration, differentiation, and sur-
vival. Cells actively control integrins’ affinity for their li-
gands, a process known as inside-out signaling. The inactive
conformation seems to be maintained through interactions
between the a and B subunit cytoplasmic tails and conver-
sion to the high-affinity state (“integrin activation”) involves
breaking this interaction (Hynes, 2002; Calderwood, 2004a).
Changes in integrin affinity occur during leukocyte recruit-
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ment (Oppenheimer-Marks et al., 1991), platelet activation
(Shattil and Newman, 2004), cell migration, reorganization
of the ECM and in response to mechanical or chemical
stimuli (Wehrle-Haller and Imhof, 2003; ffrench-Constant
and Colognato, 2004; Katsumi et al., 2004).

Atherosclerosis is a chronic inflammatory disease of artery
walls (Ross, 1999) that occurs in distinct regions in the
vasculature, including vessel curvatures and bifurcations,
associated with local changes in blood flow patterns
(VanderLaan et al., 2004). Endothelial dysfunction, charac-
terized by enhanced endothelial cell turnover, inflammatory
gene expression, and reduced vasodilatory capacity, is re-
garded as the primary cause of atherogenesis (Gimbrone et
al., 2000). Areas of arteries exposed to pulsatile unidirec-
tional flow are resistant to atherosclerosis, whereas suscep-
tible regions experience disturbed flow with continuous
changes in flow direction and magnitude. Laminar flow in
vivo and in vitro promotes a quiescent endothelial cell phe-
notype and reduces inflammatory gene expression, whereas
disturbed flow promotes endothelial dysfunction (Topper et
al., 1996; Mohan et al., 1997; De Keulenaer et al., 1998; Brooks
et al., 2002). Nuclear factor-«B (NF-«B) is an atherogenic
transcription factor that triggers inflammatory gene expres-
sion in the endothelium in response to onset of flow or
disturbed flow (Lan et al., 1994; Mohan et al., 1997; Collins
and Cybulsky, 2001). These events are transient in onset of
unidirectional laminar shear, but sustained in disturbed
shear.

Our previous work showed that acute onset of shear stress
stimulates NF-«kB through a pathway in which integrin av33
is first rapidly converted to the high-affinity state, followed
by binding to the subendothelial ECM and activation of the
small GTPase Rac (Tzima et al., 2001, 2002). However, shear
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stress-induced activation of NF-«B occurs on fibronectin
(FN) or fibrinogen (FG) matrix, but not in cells plated on
collagen (Coll) or laminin (Orr ef al., 2005). Furthermore, FN
and FG are deposited into the subendothelial matrix in
regions of the vasculature susceptible to atherosclerotic plaque
formation and correlate with expression of the proinflamma-
tory proteins intercellular adhesion molecule (ICAM)-1 and
vascular cell adhesion molecule (VCAM)-1 before monocyte
invasion (Orr et al., 2005). Thus, the subendothelial matrix is
critical for responses of endothelial cells to flow as related to
atherogenesis.

How endothelial cells respond to complex ECM in vivo is
currently unclear. Ligation of one integrin can suppress the
activation of other integrins, a process termed transdomi-
nant inhibition (Diaz-Gonzalez et al., 1996). In the current
work, we investigate the ability of matrix proteins to mod-
ulate flow-induced integrin activation. We show that differ-
ent groups of integrins are mutually inhibitory and identify
kinases that mediate these effects. These results therefore
elucidate a phenotypic switch to regulate whether flow ac-
tivates Coll-binding or provisional matrix-binding integrins.

MATERIALS AND METHODS

Cell Culture and Transfection

Bovine aortic endothelial (BAE) cells were cultured in DMEM containing 10%
fetal bovine serum, 10 U/ml penicillin, and 10 ug/ml streptomycin (Invitro-
gen, Carlsbad, CA). Cells were plated on 38 X 75-mm? glass slides (Corning
Life Sciences, Acton, MA) precoated with 20 ug/ml Coll I, 10 ug/ml EN, or
10 pg/ml FG. Mixed matrix experiments were performed as described pre-
viously (Orr et al., 2005). Briefly, slides coated with or without Coll T were
subsequently coated with increasing concentrations of FN as determined by
Western blotting. After 4 h, cells were fully attached and spread and formed
a confluent monolayer. Slides were then loaded onto a parallel plate flow
chamber in either 0.1% bovine serum albumin (BSA) or 0.2% fetal bovine
serum (FBS) and shear stress was initiated at 12 dynes/cm?. Transient trans-
fection of hemagglutinin (HA)- or FLAG-tagged talin was performed using
the Nucleofection system from Amaxa Biosystems (Gaithersburg, MD) with
the protocol for human aortic endothelial cell transfection (M-003) in M199
media containing 23.8 mM HEPES. Cells were replated in growth media and
allowed to attach overnight. Media were changed at 24 h posttransfection,
and cells were used for experiments 24 h later. Lipofectamine 2000 was used
for small-interfering RNA (siRNA) transfection by using the manufacturer’s
protocol. Protein kinase (PK) A siRNA (Cell Signaling Technology, Beverly,
MA) was used at 50 nM, whereas PKCa siRNA (Dharmacon RNA Technol-
ogies, Lafayette, CO) was used at 200 nM. Signal PIP kits (Echelon Bio-
sciences, Salt Lake City, UT) were purchased for phosphatidylinositol-3,4,5-
trisphosphate (PIP;) delivery.

Integrin Activation Assays

Previously described activation state-sensitive antibodies were used to monitor
active av33 (WOW-1) and 21 (IAC-1) (Pampori ef al., 1999; Schoolmeester et al.,
2004). A glutathione S-transferase (GST) fusion protein consisting of the 9th, 10th,
and 11th FN type III repeats was used to measure o531 activity. Integrin activa-
tion in adherent cells was determined as described previously (Tzima et al., 2001).
Briefly, after stimulation, cells were incubated with either 20 ug/ml WOW-1, 20
pg/ml GST-FNIILy 44, or 10 pg/ml IAC-1 in phosphate-buffered saline (PBS)
containing 1 mM Ca?>* /1 mM Mg?* at 37°C for 30 min. Cells were washed, lysed
in SDS sample buffer, and bound reagents were assessed by Western blotting for
the His tag of WOW-1, the GST tag of GST-FNIIl,_;,, or with horseradish
peroxidase (HRP)-conjugated anti-mouse antibodies for IAC-1.

Immunoblotting

Cell lysis and immunoblotting were performed as described previously (Orr
et al., 2002). Antibodies used include rabbit anti-actin (1:5000; Sigma-Aldrich,
St. Louis, MO); mouse anti-His (1:2000; Cell Signaling Technology or Co-
vance, Berkeley, CA); mouse anti-GST (1:1000; Santa Cruz Biotechnology,
Santa Cruz, CA); rabbit anti-phospho-PKA (Thr197), rabbit anti-total PKA,
mouse anti-phospho-Akt (Ser473), and rabbit anti-total Akt (1:1000; Cell Sig-
naling Technology); mouse anti-PKCe« (1:2000; Upstate Biotechnology, Char-
lottesville, VA); and rabbit anti-PKCpI, rabbit anti-PKCpII, and rabbit anti-
PKCy (1:1000; Santa Cruz Biotechnology).

Cell Extraction and Immunocytochemistry

For cell extraction assays, cells were washed twice in PBS containing 3%
Triton X-100. Cells were then washed twice in PBS containing 2% deoxy-
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Figure 1. Flow stimulates 21 and o531 integrin activation. (A)
BAE cells plated on Coll I for 4 h were sheared at 12 dynes/cm? for
the indicated times and then treated with the a2B1 activation
marker IAC-1 for 30 min. Cells were washed, lysed, and bound
IAC-1 was assessed by Western blotting. Bound IAC-1 was normal-
ized for total protein by probing for actin. Values are means * SD
(n = 4-5). *p < 0.05, **p < 0.01. Representative blots for IAC-1 and
actin are shown above (B) BAE cells plated on FN for 4 h were
sheared at 12 dynes/cm? for the indicated times and then treated
with the a5B1 activation marker GST-FNIII,; for 30 min. Cells
were washed, lysed, and bound GST-FNIII,_;; assessed by Western
blotting for GST. Binding was normalized to actin. Values are
means * SD (n = 3). *p < 0.05, **p < 0.01. Representative blots for
GST-FNIIl,_;;, and actin are shown above.

cholate in Tris, pH 8.8, to remove cells, but not the underlying matrix
(McKeown-Longo and Mosher, 1984). Isolated matrices were rinsed in PBS
and fixed for 30 min with 2% formaldehyde in PBS. Samples were then
blocked with 10% goat serum in PBS, incubated with rabbit anti-FN antibod-
ies (1:2500 overnight; Sigma-Aldrich), and then incubated in Alexa 488-
conjugated goat anti-rabbit IgG (1 ug/ml for 1 h; Invitrogen). Slides were
mounted with Fluoromount G, and images were taken using the 60X oil
immersion objective on a Nikon DiaPhot Microscope equipped with a Pho-
tometrics CoolSnap videocamera by using the Inovision ISEE software pro-
gram (ISee Imaging Systems, Raleigh, NC).

Membrane Fractionation

To determine PKC translocation to cell membranes, cells were washed once in
ice-cold PBS and lysed in 300 wl of buffer containing 20 mM Tris, pH 7.5, 2
mM 2-mercaptoethanol, 5 mM EGTA, 2 mM EDTA, and 1X protease inhibitor
cocktail (Sigma-Aldrich). Lysates were scraped, collected into Eppendorf
tubes, and spun for 30 min at 15,000 X g at 4°C. Supernatant was then
collected as the cytosolic fraction. The remaining pellet was resuspended in
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150 pl of buffer containing 50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP-40, 10
mM NaF, 2 mM NazVO,, and 1X protease inhibitor and spun for 30 min at
13,000 X g at 4°C. Supernatant was taken as the membrane fraction. Bradford
assays (Pierce Chemical, Rockford, IL) were performed to determine protein
concentration and equal protein loaded onto SDS gels. Western blots were
probed for PKCa and PKCpI, and the efficiency of fractionation was checked
by blotting for av integrin (membrane fraction) and tubulin (cytosolic frac-
tion).

RESULTS

Shear Stress Activates the Integrins o231 and a5pB1

Shear stress activates integrin avf33, as assessed by the li-
gand mimetic Fab WOW-1, which binds specifically to the
high-affinity form of avB3 (Pampori et al., 1999). Activation
by shear leads to matrix-specific ligation and subsequent
signaling (Tzima et al., 2001). There are indirect data sug-
gesting that integrins 21 and o581 may also be activated
by onset of flow (Jalali et al., 2001; Orr et al., 2005), but this
result has not been shown directly. To test activation of these
integrins, we used the recently described a2f1 activation
state-sensitive antibody IAC-1 and a GST-tagged protein
containing the 9th to 11th FN type III repeats whose bind-
ing to a5pB1 is activation dependent (Hughes ef al., 1997;
Schoolmeester ef al., 2004; Van de Walle et al., 2005).

IAC-1 binds to a region in the o2 integrin I domain that is
not exposed in the inactive integrin but is induced during
platelet activation (Schoolmeester et al., 2004). IAC-1 binding
does not compete with platelet adhesion to Coll, indicating
that JAC-1 binds a2B1 in a nonligand-mimetic manner.
When BAE cells on Coll-coated slides were exposed to 12
dynes/cm? shear stress, IAC-1 binding increased in a time-
dependent manner (Figure 1A). Unlike WOW-1, the inter-
action was maintained for at least 30 min (our unpublished
data), consistent with the ability of IAC-1 to bind activated
a2B1 in both the free and ligated form. Flow had no effect on
binding of activation-insensitive antibodies to a2f1, exclud-
ing changes in integrin surface expression (Supplemental
Figure 1A).

Binding of the Fnlll,_,, fragment showed that, similar to
av3, shear stress transiently increased a581 activation in
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cells on EN, which peaked at 5 min and then declined
(Figure 1B). The decrease in Fnlll,_;, binding at later times is
most likely because of binding of the integrin to the FN in
the subendothelial ECM (Tzima ef al., 2001). Binding of
GST-Fnlll,_,;, was mediated mainly by integrin a581, be-
cause binding was efficiently blocked by the a581 blocking
antibody JBS5 (Supplemental Figure 1B). An activation state-
insensitive antibody to a5B81 showed no change in binding
after shear (Supplemental Figure 1C), again ruling out
changes in integrin surface expression. We conclude that
onset of shear activates integrins o281 and a5p31.

Flow Activates Integrins through Phosphoinositide
3-Kinase (PI 3-Kinase) Independently of the ECM

Shear stress stimulates a complex of platelet endothelial cell
adhesion molecule-1, VE-cadherin, and Flk-1 in endothelial
cell adherens junctions, which leads to PI 3-kinase-depen-
dent activation of avB3 (Tzima et al., 2005). PI 3-kinase is
also implicated in activation of integrins in other systems
(Gao and Shattil, 1995; Kiosses et al., 2001). To determine
whether o281 and «5B1 are activated through a similar PI
3-kinase-dependent pathway, BAE cells were treated with
the PI 3-kinase inhibitors LY294002 (5 uM) or wortmannin (5
nM), and integrin activation was assessed as described pre-
viously. At these concentrations, wortmannin and LY294002
do not inhibit other known kinases or phospholipase A2
(Vlahos et al., 1994; Fruman et al., 1998). Both PI 3-kinase
inhibitors significantly reduced IAC-1 (Figure 2A) and GST-
FNIIl,_,, (Figure 2B) binding after flow. To test whether PI
3-kinase activation is matrix dependent, we examined its
downstream effector Akt, which is activated by flow in
endothelial cells and phosphorylates endothelial nitric oxide
synthase (eNOS) on Ser1179 (Dusserre et al., 2004; Fleming et
al., 2005; Tzima et al., 2005). BAE cells were plated on Coll,
FN, or FG for 4 h in DMEM containing 0.2% FBS, during
which they form a confluent monolayer, but deposit very
little endogenous matrix. Flow-induced Akt activation was
equivalent in cells on all ECM proteins (Figure 2C). Addi-
tionally, the p85 regulatory subunit of PI 3-kinase and the
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Figure 4. Flow reduces FN matrix assembly on Coll, but not FG. BAE cells grown on Coll or FN were sheared for 2 h in the absence or
presence of the integrin activating antibody TS2/16 (10 ug/ml). Cells were extracted sequentially with Triton X-100 and deoxycholate, which
removes nonmatrix FN, but leaves FN fibrils, as described in Materials and Methods. Isolated matrices were then fixed and stained for
fibronectin. Representative images are shown (n = 3-4).
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Akt-dependent phosphorylation site on eNOS (Ser1179)
were phosphorylated independently of the ECM after flow
(our unpublished data) (Boo et al., 2002). Together, these
results show that the upstream pathway by which flow
stimulates integrins is independent of the ECM.

The Composition of the Subendothelial Matrix Regulates
Flow-induced Integrin Activation

To test whether activation of specific endothelial cell inte-
grins depends on the subendothelial matrix, BAE cells were
plated on Coll, FN, or FG, and flow-induced integrin acti-
vation was assessed. Shear stress induced IAC-1 binding in
endothelial cells on Coll, but not on FN or FG (Figure 3A).
Alternatively, flow induced GST-FNIIL, ;; and WOW-1
binding only in cells on FN and FG, but not in cells on Coll
(Figure 3, B and C). Moreover, in cells on Coll, shear signif-
icantly decreased GST-FNIIL, ,, binding, suggesting that
a5B1 may be actively suppressed under these conditions.
Matrix-specific integrin activation did not require the ability
to ligate the target integrin, because flow activated integrin
a5B1 in cells on FG, which does not bind this integrin. No
changes in surface expression of any of these integrins
were detected on different ECM proteins (our unpub-
lished data).

We also measured 1 integrin ligation with antibody 12G10,
and avp3 ligation with LIBS6; these antibodies recognize
ligand-induced binding sites on their respective integrins
and at low concentrations serve as reliable readouts for
integrin ligation (Tzima et al., 2001). Binding of 12G10 in-
creased in response to flow in cells on Coll and FN, but not
on FG (Supplemental Figure 2A). LIBS6 binding increased in
response to flow in cells on FG, with no change on Coll and
a slight increase on FN (Supplemental Figure 2B). These
changes indicate that integrin activation is followed by bind-
ing to appropriate ECM molecules, consistent with known
integrin binding specificities. Together, these results suggest
that the subendothelial matrix regulates integrin activation
by flow.

To determine whether matrix-specific integrin suppres-
sion is dominant on mixed matrices, we plated BAE cells on
increasing concentrations of FN in the absence or presence of
a fixed amount of Coll. The ability of shear stress to induce
integrin activation was then assayed. FN inhibited flow-
induced TAC-1 binding to cells on Coll with a sigmoidal
dose dependence (Figure 3D) that suggested cooperativity.
Similar concentrations of FN were sufficient to overcome the
suppressive effects of Coll on both GST-FNIIL, ,, and
WOW-1 binding (Figure 3, E and F).

Matrix-specific Response to Basic Fibroblast Growth
Factor (bFGF)

We next wanted to determine whether matrix-specific effects
also occurred with a soluble factor that stimulates integrin
activation. In these experiments, manganese (Mn>*) was
used as a positive control to maximally activate the integrins
independently of inside-out signaling. bFGF activated IAC-1
binding in cells on Coll, but not on EN (Supplemental Figure
3A). Conversely, bFGF increased GST-FNIII,_;; and WOW-1
binding on FN, but not in cells on Coll (Supplemental Figure
3, Band C). As expected, Mn?™ treatment strongly increased
binding on all matrices. Thus, integrin activation by a
growth factor is also sensitive to the composition of the
ECM.

Effects on FN Matrix Assembly

Integrin activation is required for FN matrix assembly (Wu
et al., 1995). To see whether these changes in integrin acti-
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Figure 5. Integrin suppression requires new integrin ligation. (A)
BAE cells plated on Coll I were treated with the 281 nonblocking
antibody 12F1 or the «2B1-blocking antibody R2-8C8 (20 ug/ml for
60 min). Cells were stimulated with shear stress for 5 min, and
GST-FNIIL,_;; binding was assessed. Values are means * SD nor-
malized for total protein (n = 3). **p < 0.01 (B) BAE cells plated on
Coll T were treated with 12F1 or R2-8CS8, sheared for 5 min, and
WOW-1 binding was assessed. Values are means = SD normalized
for total protein (n = 4). *p < 0.05. (C) BAE cells plated on FN were
treated with the FN nonblocking antibody 11E5 or the FN-blocking
antibody 16G3 (20 ug/ml for 60 min). Cells were stimulated with
shear stress for 10 min and binding of biotinylated IAC-1 was
assessed by Western blotting with HRP-conjugated streptavidin.
Values are means + SD normalized for total protein (n = 5). *p <
0.01.

vation state correlated with FN deposition, endothelial cells
were plated on either Coll or FG, and FN matrix was ana-
lyzed by staining for FN. Cells on Coll displayed moderately
less FN accumulation under static conditions (Figure 4 and
Supplemental Figure 4). After flow, FN matrix decreased
substantially in cells on Coll, but not on FG. Maintaining
a5pB1 integrin activation in cells on Coll by adding the
activating antibody TS2/16 inhibited the flow-induced
loss of FN. These results demonstrate that ECM-specific
patterns of integrin activation can regulate FN matrix
assembly.
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tion. WOW-1 binding was assayed as described previously. Values
are means = SD normalized for total protein (n = 3-4). *p < 0.05,
*p < 0.01.

New Integrin Ligation Is Required for Matrix-specific
Suppression

We next investigated whether putative inhibitory signals
require flow-stimulated new integrin ligation. To test this
idea, endothelial cells plated on Coll were treated for 1 h
with the a2pB1 integrin blocking antibody R2-8C8. At the
concentration and duration tested, this antibody prevents
new binding, but it does not alter adhesion or cytoskeletal
organization in endothelial cells on Coll (Orr et al., 2005).
Pretreatment with R2-8C8 completely restored the activa-
tion of integrin a5B1 and avB3 by shear stress, suggesting
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Figure 7. Talin overexpression relieves integrin suppression. (A)
BAE cells were transfected with HA- or FLAG-tagged talin by
nucleofection. After 48 h, cells were plated on either Coll I or FN,
stimulated with shear stress for 10 min, and IAC-1 binding was
assessed. Values are means = SD normalized for total protein (n =
4-7). (B) BAE cells transfected with talin were plated on either Coll
I or EN, stimulated with shear stress for 5 min, and WOW-1 binding
was assessed. Values are means * SD normalized for total protein
(n = 4).

that new integrin ligation and not preexisting a281 adhe-
sions mediate o581 and av33 suppression (Figure 5, A and
B). The elevated baseline levels of o581 activity seen in cells
on Coll under static conditions further support this conclu-
sion (Figure 3B). To prevent new binding of integrin o581,
cells on FN were briefly treated with the blocking anti-FN
antibody 16G3. This treatment does not result in any de-
crease in adhesion or cytoskeletal organization on this time
scale (Jalali et al., 2001; Tzima et al., 2002). The nonblocking
anti-FN antibody 11E5 was used as a control. Although 11E5
had no effect, preincubation with 16G3 restored the increase
in TAC-1 binding in cells on FN (Figure 5C). These results
show that newly formed adhesions, rather than basal adhe-
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sions, suppress activation of other integrins. This result also
provides an important control, because it shows that IAC-1
can recognize activated o2B1 in the absence of integrin
ligation, as reported previously (Schoolmeester et al., 2004).

PIP; Mimics Onset of Flow

The current data suggest that flow stimulates the PI 3-ki-
nase—dependent activation of o281, o581, and avB3 equally
on all matrices but that the subsequent ligation of these
integrins by specific matrix proteins suppresses certain tar-
get integrins. To test this idea, BAE cells plated on either Coll
or FN were treated with 5 uM PIP; micelles. Integrin acti-
vation probes were added either simultaneously or 10 min
after PIP;. PIP; was used at 5 uM because it induced Akt
phosphorylation to a similar extent as flow (our unpub-
lished data). When IAC-1, GST-ENII],_,,, and WOW-1 were
added at the same time as PIP;, their binding was matrix
independent. By contrast, when their addition was delayed
relative to PIP;, binding was matrix specific as in response to
shear stress (Figure 6, A-C). These data support the key role
for PIP; in this pathway and show that integrin activation
is initially matrix independent, becoming matrix specific
at later times. These results are consistent with the re-
quirement for integrin ligation in activation of suppres-
sion pathways.

Matrix-specific Suppression of Integrin Activation
Involves Talin

Talin is implicated as a final common step in multiple inte-
grin activation pathways (Calderwood, 2004b). Flow-in-
duced integrin ligation may therefore suppress the activa-
tion of other integrins through pathways that act upon talin.
To test this idea, we transfected BAE cells with constructs
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encoding HA- or FLAG-tagged talin. Talin expression was
1.5- to 2-fold above baseline, and transfection efficiency was
50-75%, thus permitting integrin activation to be assayed by
biochemical analysis of the entire culture. At this point in the
study, we focused on activation of av33 and 281, because
these assays are more robust than the assay for a581. Talin
overexpression both enhanced flow-induced IAC-1 binding
in cells on Coll and overcame the suppression on FN (Figure
7A). Talin overexpression also enhanced WOW-1 binding on
FN and decreased the inhibition on Coll (Figure 7B). These
data suggest that talin is the eventual target for the matrix-
specific suppression in response to flow.

PKA Mediates Suppression of avf33

Previous studies identified several signaling pathways in-
volved in integrin suppression, including H-Ras/Rafl/ERK,
Akt, PKA, and CaMKII (Horstrup et al., 1994; Hughes et al.,
1997; Blystone et al., 1999; Chou et al., 2003; Hedjazifar et al.,
2005). To test whether any of these suppressive pathways
mediate matrix-specific integrin suppression, we used
chemical kinase inhibitors. Although CaMKII is implicated
in cross-talk between the a5B1 and avB3 integrins, the
CaMKII inhibitor KN-62 (2.5 uM for 1 h) did not restore
flow-induced WOW-1 binding on Coll (Figure 8A). MAPK
p38 is specifically activated by integrin a21; however, the
p38 inhibitor SB202190 (1 uM for 1 h) failed to affect flow-
induced WOW-1 binding on Coll. Treatment with the AGC
family kinase inhibitor H-7 (0.1 uM for 1 h) rescued flow-
induced WOW-1 binding on Coll (Figure 8A), suggesting
that a PKA, PKG, or PKC might mediate this suppressive
effect. To test the requirement for PKA and PKC, the cell-
permeable PKA inhibitor peptide 14-22 myristoylated trif-
luoroacetate (PKI; 20 uM for 1 h) and the classical PKC
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inhibitor G66976 (1 uM for 1 h) were examined. Only PKA
inhibition restored WOW-1 binding on Coll. Interestingly,
none of these inhibitors affected GST-FNIIIL,_,, binding, in-
dicating that o581 and avfB3 suppression occurs through
distinct pathways (Supplemental Figure 5A). We next used
siRNA to knockdown PKA. PKA decreased 70-80% as de-
termined by Western blotting for PKA, which rescued flow-
induced WOW-1 binding on Coll (Figure 8B). Consistent
with a role for PKA, activation of adenylate cyclase with
forskolin (1 uM for 30 min) blocked flow-induced WOW-1
binding on a FN matrix (Supplemental Figure 5B).

These data implicate PKA in the inhibition of integrin
avP3 in cells on Coll. However, because new ligation of
a2p1 is required for suppression of av33 and a5B1, we also
assayed whether inhibition of PKA altered the ability of flow
to stimulate activation of a2B1 on Coll. PKA inhibitors did
not affect the IAC1 binding after flow in cells on Coll (Sup-
plemental Figure 6A). Additionally, the PKI peptide did not
block a5B1 suppression by flow in cells on collagen (Sup-
plemental Figure 5A). These results show that 21 is still
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activated by flow when PKA is blocked, and they further-
more indicate that suppression of a581 and avB3 occurs
through distinct pathways. We also noticed that H-7 blocked
flow-induced integrin a5B1 activation, but specific inhibi-
tion of neither PKA nor PKC mimicked this effect (Supple-
mental Figure 6B). Thus, an unidentified kinase seems to be
important for o581 activation.

To further test the idea that PKA mediates a2B1-induced
suppression of av33 on Coll, we assayed PKA activation by
examining phosphorylation of the catalytic subunit on
Thr197. Flow stimulated an increase in pT197-PKA in cells
on Coll, but not on FN (Figure 8C). Together, these results
suggest that flow-induced «2p1 activation and ligation on
Coll suppresses av3 activation through PKA.

PKC Mediates Suppression of a2f31

We also investigated suppression of a2f1 in cells on FN.
Neither H-7 nor PKI restored flow-induced IAC-1 binding;
however, inhibition of PKC with bisindolylmaleimide or
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Go66976 significantly increased IAC-1 binding in response to
flow (Figure 9A). Bisindolylmaleimide inhibits all PKC iso-
forms, whereas Go66976 targets classical PKCs, especially
PKCa and PKCB (Martiny-Baron et al., 1993; Davies et al.,
2000). We also tested whether this effect was due to blocking
initial activation or ligation of FN-binding integrins. How-
ever, binding of WOW-1 or GST-FNIII,_;; to cells was not
blocked by PKC inhibitors (Supplemental Figure 6, B and C),
and neither was activation of NF-«B by flow (our unpub-
lished data). Thus, PKC does not block activation, ligation or
signaling by the suppressive integrins.

To further identify the relevant PKC isoform, we treated
cells with the PKCB-specific inhibitor hispidin (Gonindard et
al., 1997). Unlike G66976, hispidin did not relieve FN-asso-
ciated suppression of IAC-1 binding, suggesting that PKCa
may be the critical isoform. When cells were treated over-
night with the phorbol ester phorbol 12-myristate 13-acetate
(PMA), PKCa was strongly down-regulated, but there was
only a slight effect on PKCpB and no effect on PKCy (Figure
9B). Flow-induced IAC-1 binding was increased substan-
tially by down-regulation of PKCe« (Figure 9C), further sup-
porting a key role for this isoform. We then used PKCa
siRNA (200 nM), which decreased PKCa levels by ~70%
without affecting PKCBI. PKCa knockdown restored flow-
induced IAC-1 binding in cells on FN (Figure 9D), further
identifying PKCa as the relevant isoform. Previous studies
have implicated PKCs, such as PKCa, PKCg, and PKCp, in
integrin trafficking both to and from the cell surface (Ng et
al., 1999; Woods et al., 2004; Tvaska et al., 2005). However,
inhibition of multiple PKCs with bisindolylmaleimide did
not affect surface levels for a21, a5B1, or avB3 (Supplemen-
tal Figure 7A). Transient treatment with PMA (100 nM for 10
min) before onset of flow did not inhibit IAC-1 binding on a
Coll matrix, suggesting global PKC activation does not
mimic the specific suppressive effects induced by integrins
(Supplemental Figure 7B). Most likely, an adapter or anchor-
ing protein that targets PKC to the relevant compartment is
required.

Classical PKCs translocate to the membrane upon activa-
tion through interactions with membrane phospholipids
and diacylglycerol, which may be used as an assay for PKC
activation (Spitaler and Cantrell, 2004). To further explore
the involvement of PKCe in integrin suppression, its activa-
tion was assayed by examining membrane translocation.
PKCa moved to the membrane fraction after flow in cells on
FN, but not Coll (Figure 9E). Together, these results show that
PKCa mediates suppression of integrin «21 in cells on FN.

DISCUSSION

These data elucidate two pathways by which different inte-
grins cross-inhibit. BAE cells on FN or FG inhibit integrin
a2B1, whereas cells on Coll inhibit integrin avB3 and «581.
Although these effects were studied mainly in the context of
fluid shear stress, they also apply to integrin activation after
bFGF stimulation or the direct addition of PIP,. Together,
these data suggest that other stimuli that activate PI 3-kinase
will give rise to similar effects. Although the inhibitory
effects are ECM specific, they do not strictly correlate with
ligand binding, because cells on FG inhibit o281 but not
oa5B1. This observation excludes mechanisms where ECM
binding itself determines specificity. A model for these ef-
fects is diagramed in Figure 10.

Talin overexpression overcame the inhibition in all cases
that we examined, suggesting that the inhibitory pathways
eventually converge on this molecule. Simple sequestration
of talin is not, however, likely to be the inhibitory mecha-
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Figure 10. Model for flow-mediated integrin suppression. For cells
on collagen, onset of flow stimulates the junctional mechanorecep-
tor complex to trigger activation of integrin «281 through PI 3-ki-
nase. Subsequent binding of integrins to collagen stimulates activa-
tion of PKA, which initiates a pathway that ultimately acts upon
talin to suppress integrin av3. For cells on FN or FG, onset of flow
stimulates PI 3-kinase dependent activation of integrins «581 and
av33. Subsequent binding of these integrins to their ligands stimu-
lates activation of PKCa, which initiates a pathway that ultimately
acts upon talin to suppress integrin «2p1.

nism. First, it cannot explain the specificity of one integrin
over another. Second, overexpression of CD98, which re-
verses inhibition by overexpression of chimeras containing
“naked” B cytoplasmic domains (Fenczik et al., 1997), does
not reverse the inhibitory effects observed here (our unpub-
lished data). The cross inhibition observed after onset of
shear therefore seems to be distinct from the transdominant
inhibition defined using integrin cytoplasmic domain con-
structs (Chen et al., 1994; Fenczik et al., 1997).

The suppression pathways are mediated by distinct ki-
nases. PKA is activated on Coll, but not FN, and seems to
account for inhibition of integrin avB3. PKCa is activated on
FN, but not Coll, and seems to account for inhibition of
integrin «2B1. Consistent with our data, PKC inhibitors
enhanced chondrocyte adhesion to collagen, suggesting
PKC-mediated suppression of collagen-binding integrins is
conserved across multiple systems (Belisario et al., 2005).
Additionally, PKC activation enhances FN fibrillogenesis
and its inhibition causes FN matrix disassembly, whereas
PKA activation causes disassembly of EN fibrils and its
inhibition stimulates fibrillogenesis (Lin et al., 2002; Yang et
al., 2002). However, pharmacological activation of PKC is
not sufficient for a2p1 inhibition, indicating that there are
additional requirements. Many kinases require anchoring or
adapter proteins to target to specific locations (Pawson and
Scott, 1997). Anchoring proteins such as RACK1 may medi-
ate targeting of PKCa to integrins (Liliental and Chang,
1998), so that global activation of PKC may not mimic acti-
vation through specific receptors. Elucidating the protein
interactions needed for this suppressive pathway will be an
interesting direction for future work.

Whether talin itself is a target for these kinases is presently
unknown. A recent analysis of phosphorylation sites on talin
identified three sites as occurring with a high stoichiometry
(Ratnikov et al., 2005). One site was a proposed PKA phos-
phorylation site, whereas the other two sites were in con-
sensus PKC phosphorylation sequences. However, PKA
failed to phosphorylate talin in vitro, and the functional
significance of PKC-mediated talin phosphorylation remains

Molecular Biology of the Cell



unclear (Han and Ginsberg, unpublished data). Talin binds
to the first NPxY motif present in the B subunit cytoplasmic
tail through a phosphotyrosine binding domain (PTB)-like
domain within the talin FERM domain, and other PTB pro-
teins bind to the same site (Ulmer et al., 2001; Calderwood et
al., 2002). One such protein is Disabled-2 (Dab-2), which
interacts with the 83 integrin tail (Huang et al., 2004). This
interaction is enhanced by phosphorylation of Dab-2 at
Ser24, suggesting a mechanism by which a Ser/Thr kinases
could regulate talin binding and integrin activation indi-
rectly. However, Dab-2 itself is not a target for a21-induced
suppression of av33, because Ser24 is phosphorylated by a
PKC and not by PKA (Huang et al., 2004).

Our results reveal the existence of mechanisms by which
integrins can establish patterns of dominance. On mixed
matrices where Coll is high and FN is low, 21 suppresses
the activation of a5p1 and av3, making «2p1 the domi-
nant integrin. As FN increases, it not only promotes positive
signaling through a5B1 and avB3 but also promotes sup-
pression of 21 to relieve suppression of a581 and avf3.
Thus, instead of a linear response to increasing FN, mu-
tual negative feedback results in cooperativity, leading to a
sharper switch from one matrix to the other.

Evidence suggests specific integrins can either enhance or
inhibit signaling by other integrins. Monocytes use the
ICAM-1 binding integrin aLpB2 (LFA-1) and the VCAM-
1/EN binding integrin a4f1 to target to sites of inflamma-
tion. Ligation of LFA-1 suppresses the activation of a4f1,
whereas ligation of a4B1 or o581 either does not affect or
enhances the activity of LFA-1 (Porter and Hogg, 1997; van
den Berg et al., 2001; Chuang et al., 2004). Cross-talk between
these integrins is thought to promote LFA-1-dependent
transcellular migration (Oppenheimer-Marks et al., 1991).
Ligation of ectopically expressed alIb$3 in Chinese hamster
ovary cells inhibits the activation of «2p1 and o581 (Diaz-
Gonzalez et al., 1996). It is tempting to speculate that for
endothelial cells, the integrins that bind to normal basement
membrane proteins such as Coll and laminin form one
group and provisional matrix proteins such as FN and FG
form another group. These groups would share common
mechanisms of activation and suppression such that sup-
pression occurs between but not within groups. Further
exploration of this hypothesis awaits the development of
tools to assess affinity state of laminin binding integrins
a6B1 and ab6p4.

With regard to the role of fluid shear stress in atherogen-
esis, our previous work proposed a model whereby anti-
inflammatory signals generated by «2f1 are lost and subse-
quently replaced by proinflammatory signaling through
a5B1 and avB3 (Orr et al., 2005). Flow-induced activation of
the atherogenic transcription factor NF-«B occurs in a ma-
trix-specific manner, such that Coll signaling through a2p1
inhibits NF-«kB, whereas FN and FG signaling through o581
and avp3 activate NF-«B. In vivo, FN and FG deposition
into the subendothelial ECM correlates with areas of inflam-
matory gene expression, suggesting transition to a FN/FG
matrix may regulate early atherogenesis. Oxidized low-den-
sity lipoprotein stimulates deposition of FN on the apical
surface of the endothelium after o581 activation; this FN
mediates monocyte targeting through very late antigen-1
(Shih et al., 1999). The mechanisms described here would
tend to maintain the ECM, making it more difficult to switch
from one type to another. Coll suppression of FN/FG dep-
osition may limit atherogenesis by preventing FN/FG-asso-
ciated inflammatory signaling and reducing apical FN dep-
osition. Conversely, once a FN/FG ECM is established, these
mechanisms would suppress antiatherogenic collagen sig-
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naling even if some of the initial basement membrane pro-
teins remained. Blocking PKC-dependent inhibition of inte-
grin a2B1 could therefore benefit patients suffering from
artery disease, either by preventing the switch to a FN/FG
matrix or by enhancing signaling from «21 in the presence
of FN/FG. Other diseases are associated with alterations in
matrix composition, including cancer and diabetic compli-
cations (Magnusson and Mosher, 1998; Schwartz and As-
soian, 2001; Guo and Giancotti, 2004). These results may
therefore be relevant to other instances where distinct inte-
grin signals contribute to pathological conditions.

Online Supplementary Material

To test whether increased binding of IAC-1 to endothelial
cells in response to flow in Figure 1A is because of increased
a2f1 activation and not to changes in surface expression, we
measured binding of an «2p1 antibody that is insensitive to
activation state (Supplemental Figure 1A). To test whether
increased binding of GST-FNIII,_,; in response to flow in
Figure 1B is mediated by a5p1, we examined effects of the
a5pB1 blocking antibody JBS5 and the avp3 blocking anti-
body LM609. JBS5 but not LM609 blocked flow-induced
GST-ENIIl,_,, binding (Supplemental Figure 1B). To rule out
changes in surface levels of a531, we showed that binding of
the activation state-insensitive antibody JBS5 did not in-
crease after flow (Supplemental Figure 1C). Binding of the
ligation-sensitive antibodies for B1 (12G10) and B3 (LIBS6)
shows that flow-induced integrin ligation occurs in an ECM-
specific manner that corresponds to known binding speci-
ficity for these integrins (Supplemental Figure 2, A and B).
Stimulation of BAE cells with bFGF results in a similar
pattern of matrix-specific integrin suppression, whereas
manganese-induced integrin activation is matrix indepen-
dent (Supplemental Figure 3, A-C). In Figure 4, flow induces
loss of fibronectin matrix in cells on Coll but not on FG,
consistent with patterns of integrin activation. Images taken
without detergent extraction are shown (Supplemental Fig-
ure 4). In Figures 8A and 9A, we show that inhibitors of PKA
and PKC regulate matrix-specific suppression of a21 and
avB3. However, these inhibitors did not affect matrix-spe-
cific suppression of o581 (Supplemental Figure 5A). PKA
activation by forskolin inhibits flow-induced avB3 activa-
tion on the normally permissive FN matrix (Supplemental
Figure 5B). Inhibition of PKA and PKC did not affect acti-
vation of any of the integrins tested when cells are plated on
a permissive matrix, suggesting PKA and PKC are not in-
volved in flow-induced integrin activation (Supplemental
Figure 6, A—C). Because PKCs are implicated in integrin
trafficking, we showed that PKC inhibition with bisindolyl-
maleimide did not alter surface levels of a2B1, o581, and
avpB3 (Supplemental Figure 7A). Global activation of PKCs
with PMA does not suppress a2f31 activation on cells on Coll
matrix (Supplemental Figure 7B).
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