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PLATELETS AND THROMBOPOIESIS

ADAP interactions with talin and kindlin promote platelet integrin
aIIbb3 activation and stable fibrinogen binding
Ana Kasirer-Friede, Jian Kang, Bryan Kahner, Feng Ye, Mark H. Ginsberg, and Sanford J. Shattil

Hematology-Oncology Division, Department of Medicine, University of California, San Diego, La Jolla, CA

Key Points

• ADAP interacts with talin and
kindlin-3 in platelets.

• ADAP is a hematopoietic
component of the molecular
machinery that promotes
activation of and stable
fibrinogen binding to aIIbb3.

ADAP is a hematopoietic-restricted adapter protein that promotes integrin activation and is

a carrier for other adapter proteins, Src kinase–associated phosphoprotein 1 (SKAP1) and

SKAP2. In T lymphocytes, SKAP1 is the ADAP-associatedmolecule that activates integrins

through direct linkages with Rap1 effectors (regulator of cell adhesion and polarization

enriched in lymphoid tissues; Rap1-interacting adapter molecule). ADAP also promotes

integrin aIIbb3 activation in platelets, which lack SKAP1, suggesting an ADAP integrin–

regulatory pathway different from those in lymphocytes. Here we characterized a novel

association between ADAP and 2 essential integrin-b cytoplasmic tail-binding proteins

involved in aIIbb3 activation, talin and kindlin-3. Glutathione S-transferase pull-downs

identifieddistinct regions inADAPnecessary for associationwith kindlin or talin. ADAP

was physically proximal to talin and kindlin-3 in human platelets, as assessed biochemically, and by immunofluorescencemicroscopy

andproximity ligation.Relative towild-typemouseplatelets, ADAP-deficient platelets exhibited reducedco-localizationof talinwithaIIbb3,

and reduced irreversible fibrinogen binding in response to a protease activated receptor 4 (PAR4) thrombin receptor agonist. When ADAP

was heterologously expressed in Chinese hamster ovary cells co-expressing aIIbb3, talin, PAR1, and kindlin-3, it associated with an

aIIbb3/talin complex and enabled kindlin-3 to promote agonist-dependent ligand binding to aIIbb3. Thus, ADAP uniquely promotes

activation of and irreversible fibrinogen binding to platelet aIIbb3 through interactions with talin and kindlin-3. (Blood. 2014;123(20):

3156-3165)

Introduction

Integrins engage in bidirectional signaling. Fibrinogen binding to
integrins is regulated by inside-out signals initiated by agonist
receptors, a process often called “integrin activation.” In turn, ligand-
bound integrins transduce outside-in signals to regulate cellular re-
sponses, among them cytoskeletal reorganization.1 In platelets, integrin
aIIbb3 bidirectional signaling is required for efficient hemostatic
platelet responses to vascular injury. Full inside-out signaling can
promote increases in integrin affinity through conformational changes
and increases in integrin avidity through receptor clustering; the
relative contribution of each process can vary with the integrin and
the cell studied.1,2 Recently, talin and kindlin, 2 adapter proteins that
bind to integrin-b cytoplasmic tails, have emergedas essential regulators
of integrin activation. Talin is a 280 kDa protein of the FERMT4 (4.1/
ezrin/radixin, moesin domain T4) family composed of head (amino
acids 1-433) and rod (482-2541) domains that are normally clasped but
upon relief of auto-inhibition can bind via the Ferm3 phospho tyrosine-
binding subdomain to regions of integrinb tails that include a central
b-NPXY motif and a membrane-proximal motif.3-6 Talin-membrane
association is promoted in platelets by talin’s interaction with Rap1
and its effector, Rap1-interacting adapter molecule (RIAM).7

The kindlin family of proteins is composed of kindlin-1, kindlin-2,
and kindlin-3, which interact with the membrane-distal portion of
b cytoplasmic tails that includes an NXXY motif. Deficiency of

kindlin-3, the predominant isoform in hematopoietic cells, causes
defects in integrin activation, resulting in a profound immune and
hemostatic disorder, leukocyte adhesion deficiency syndrome
(LAD-III syndrome).8-10 Talin is necessary and sufficient to activate
aIIbb3 in purified in vitro systems,11 but both talin and kindlin-3 are
required for full integrin activation in platelets.8

A third adapter protein implicated in integrin regulation is the
hematopoietic-restricted, alternatively-spliced 120/130 kDa adhesion
and degranulation promoting adapter protein (ADAP).12,13 ADAP was
previously implicated in aIIbb3 activation in human and mouse
platelets downstream of both tyrosine-kinase–coupled and G-protein–
coupled receptors.14 Recentwork has identified several ADAP binding
partners (Figure 1A).15,16 In particular, ADAP stabilizes 2 Src
kinase–associated phosphoproteins (SKAPs), SKAP1 and SKAP2,
through ADAP residues 339 to 438, with only SKAP2 expressed in
platelets.14,17,18 ADAP’s roles in signal transduction cascades have
largely been explored in T lymphocytes, where ADAP and SKAP1
constitute a functional unit to enhanceb2 integrin–mediated adhesion
upon T-cell receptor stimulation. In these cells, SKAP1 is the relevant
effector operating through interactions with the Rap1-guanosine
triphosphate–binding proteins RIAM19 or regulator of cell adhesion
and polarization enriched in lymphoid tissues (RapL).20 When
lymphocytes are stimulated through chemokine (C-C motif) receptor
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7, the ADAP-SKAP1 unit is recruited to separate complexes—one
associated with RIAM, Mst1, talin, and kindlin-3, and the other
associated with Rap1, RAPL, and Mst1.21 However, relationships
between ADAP and talin or kindlin-3 have not been fully explored.

In contrast to the relevance of SKAP1 in T cells, SKAP2-null
platelets exhibit normal aIIbb3 activation, excluding a necessary role
for an ADAP-SKAP unit in this process.14,22 Therefore, it is unclear
how ADAP interfaces with other cytoplasmic proteins in platelets to
modulateaIIbb3 activation. Given the key roles of talin and kindlin-3
in integrin function in platelets, we tested the hypothesis that ADAP
may promote agonist-dependent aIIbb3 activation through associa-
tions with either or both of these 2 integrin-proximal regulators. Using
biochemical, molecular, and imaging techniques, our results are
consistent with a novel cooperation between these 3 adapter molecules
to regulate ligand binding to aIIbb3.

Materials and methods

Reagents, mice, DNA constructs, and cell lines are described in supplemental
Materials and methods. The institutional review board approved human
studies, allowing the drawing of blood with donor consent. This study was
conducted in accordance with the Declaration of Helsinki.

The Institutional Animal Care and Use Committee approved the animal
strains and procedures used in the mouse studies described.

Co-immunoprecipitation and pull-down experiments

After stimulationwith a human protease activated receptor 1 (PAR1)-activation
peptide (SFLLRN), human platelets were lysed in NP-40 lysis buffer, and
cleared lysates were immunoprecipitated with species-specific antibodies to
ADAP.23 Pull-down experiments using cell lysates and glutathione
S-transferase (GST)-talin or GST-kindlin-1 coupled to glutathione Se-
pharose beads (GE Healthcare, Buckinghamshire, UK) were performed as
described.24 Immunoreactive bands were detected with the Odyssey
infrared imaging system (Li-Cor Biosciences, Lincoln, NE).

Microscopic image acquisition and analyses

For imaging of adherent cells, washed human or mouse platelets in Walsh’s
buffer14 or Chinese hamster ovary (CHO) cells in Dulbecco’s Modified
Essential Medium were allowed to attach to fibrinogen-coated coverslips
(100 mg/mL) for 1 hour at 37°C in the presence of a PAR receptor agonist
peptide (SFLLRN for high-affinity human thrombin receptor, PAR1;
AYPGKF for murine PAR4, because PAR1 is not expressed on mouse
platelets) and then processed for imaging as described22 using a Deltavision
deconvolution microscope (Applied Precision, Issaquah, WA) or a Zeiss
LSM510 confocal microscope (Carl Zeiss Microscopy, Thornwood, NY)
equipped with a 360 1.3 numerical aperture objective for CHO cells or
a3100 1.4 numerical aperture oil objective for platelets. A Photometrics
Sony Coolsnap HQ charge-coupled device camera system (Sony,
ParkRidge, NJ) was used to capture images. All cells within an experiment
were imaged under identical acquisition conditions. Acquired images
were deconvolved using Softworks (Applied Precision) or Volocity
(PerkinElmer,Waltham,MA) andminimally processedusingAdobePhotoshop,
with linear manipulations applied identically for all images.

Platelet proximity ligation assays (PLA) that report on endogenous protein-
protein associations at ,40 nm25 were performed by following the
manufacturer’s recommendations (O-Link Bioscience, Uppsala, Sweden)
using oligonucleotide-conjugated secondary antibodies against mouse and
rabbit primary antibodies. Protein-protein associations were detected by
microscopy as bright red dots. Platelet F-actin was labeled with fluorescein
iso-thiocyanate (FITC)-Phalloidin (Sigma Aldrich, St. Louis, MO). Image
Pro Plus (Media Cybernetics Inc, Rockville, MD) was used to quantify the
average PLA signal/platelet, with the PLA threshold set to the background
signal in the absence of cells. A minimum of 200 platelets per experimental
condition were examined in each experiment.

Bimolecular fluorescence complementation (BiFC) was used to determine
whether ADAP could localize proximally to talin and aIIbb3 complexes in
CHO cells.26,27 Chimeric proteins VN-talin (Venus N-terminal moiety) and
aIIb-VC (Venus C-terminal moiety)26 were inducibly expressed together with
human PAR1 and wild-type b3 or a truncated b3, D724, that cannot bind to
talin. Cells were then transiently-transfected with ADAP, stained with
appropriate primary and secondary antibodies, and visualized by deconvolution
microscopy.

To examine talin or kindlin-3 co-localization with aIIbb3 in murine
platelets, fibrinogen-adherent ADAP1/1 and ADAP2/2 platelets were

Figure 1. Biochemical detection of ADAP in

complex with talin, kindlin-3, and b3 in human

and mouse platelets. (A) Shown is a primary se-

quence schematic of ADAP, illustrating regions

known to be necessary for interaction with the

indicated binding partners. (B-E) Washed human

platelets were stimulated for the indicated times (or

for 8 minutes if not indicated) with an activation

peptide for human PAR1 (SFLLRN). Platelets were

lysed with NP40 buffer containing protease inhib-

itors and used for immunoprecipitation (IP) (B-C)

or pull-down assays (D-E), followed by Western

blotting using the indicated antibodies. Unstimu-

lated platelet lysate is shown as a positive control.

For pull-down assays, lysates from human (D-E) or

unstimulated SKAP21 /1 and SKAP22/2 murine (F)

platelets were incubated with purified GST, GST-

talin (D,F), or GST-kindlin-1 (E). Coomassie stain-

ing of 10% loading samples from the same gel

indicated similar GST-fusion protein loading, (G)

blotting of the murine platelet lysate with an

antibody to SKAP2 confirmed the genotypes, and

(H) blotting with an antibody recognizing human

and mouse SKAP1 that confirmed SKAP1 expres-

sion in Jurkat cells, but not in human or SKAP22 /2

platelets. Results are representative of at least 3

experiments.
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stimulated with the PAR4 agonist peptide, AYPGKF, and stained for
talin or kindlin-3, and aIIbb3. Eight 0.1-mm optical slices acquired by confocal
microscopy, starting at the coverslip, were reconstructed to yield a 3-dimensional
opacity image using Volocity software. For quantitative analysis of aIIbb3 and
talin co-localization, thresholding for peripheral aIIbb3 was determined using
a set of representative ADAP1/1 andADAP2/2 platelet images and applied
to all acquired images. Associated talin fluorescence was determined and
used for calculation of the Pearson correlation coefficient and voxel ratio.
ADAP genotypes were verified by Western blotting of platelet lysates.

Flow cytometry

Inside-out activation of aIIbb3-expressing CHO cells stimulated with
SFLLRN was evaluated using the ligand-mimetic antibody PAC-1 after
inducible expression of talin and PAR1.26,27 In parallel, PAC-1 binding was
also studied after extrinsic activation of aIIbb3 with MnCl2. Specific PAC-1
binding was defined as that inhibitable by 5 mM ethylenediaminetetraacetic
acid (EDTA), and results were normalized for aIIbb3 expression, using
antibody D57. Results shown were calculated as follows for each transfectant:
PAC-1 increasewith agonist5Agonist [(FLPAC-12FLPAC-1 EDTA)/D57]/No
Agonist [(FLPAC-12FLPAC-1/EDTA)/D57].To testwhetherADAP is involved

in promoting changes in aIIbb3 affinity and/or aIIbb3 avidity in platelets,
AYPGKF-stimulated ADAP1/1 and ADAP2/2 platelets were incubated with
70 mg/mL FITC-fibrinogen in the presence or absence of POW-2 Fab,
a recombinantmonomeric Fab fragment that is a derivative of PAC-1Fab28 and
that can compete with fibrinogen by selectively binding to high-affinity murine
aIIbb3.29Specificfibrinogenbindingwasdefined as that inhibitable by5mMof
EDTA. The amount of POW-2 chosen for these studies was based on the
observation that a twofold higher POW-2 concentration did not further inhibit
specific fibrinogen binding in response to 500 mM of AYPGKF.

To test for the stabilization of fibrinogen binding to aIIbb3 over time,30,31

washed ADAP1/1 and ADAP2/2 platelets were stimulated with ADP or
AYPGKF for either 5 or 45 minutes in the presence of FITC-fibrinogen. Then
5 mM of EDTA or buffer was added, incubation continued for a further
10 minutes, and EDTA-resistant, irreversible fibrinogen binding was de-
termined byflowcytometry. The percent of irreversibly boundFITC-fibrinogen
for each strain was calculated relative to its respective maximum.

Statistical analysis

Variance analyses were performed using the Student t test for unpaired
samples.

Figure 2. Microscopic detection of ADAP association with talin and kindlin-3 in human platelets. Washed human platelets were stimulated with SFLLRN, plated on

fibrinogen-coated coverslips for 1 hour, and processed as described in Methods. (A-B) Permeabilized platelets were stained with antibodies against ADAP (red) and talin

(green) (A), kindlin-3 (green) (B), or control immunoglobulin G (IgG) antibodies. Cells were counterstained with rhodamine-phalloidin to label F-actin (blue). Arrows indicate co-

localization of all 3 stained proteins. (C-D) PLA to detect interactions between ADAP and talin (C) or ADAP and kindlin-3 (D). Specific PLA signals appear as bright red dots

when ADAP-talin (C) and ADAP-kindlin (D) primary antibodies were used (arrows), but not when control rabbit (Rb-) or murine (m-) IgG antibodies were used. Platelets were

counterstained with FITC-phalloidin (green). (E-F) Quantification of average proximity PLA signals/platelet between ADAP and talin (E) or ADAP and kindlin-3 (F)

(*P , .01). Results represent the mean 6 standard error of the mean of 3 experiments.
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Results

ADAP forms a complex with kindlins and talin in platelets. With
the aim of identifying integrin-regulatory pathways for ADAP in
platelets, we asked whether ADAP can interact with talin and/or
kindlin-3, because the latter are proximal regulators of aIIbb3
activation.8-10,32 An antibody to ADAP specifically co-
immunoprecipitated 3% to 5% of total talin and kindlin-3 from
lysates of unstimulated humanplatelets, and these associations appeared
to decreasewith time after stimulation of unstirred platelets by the PAR1
agonist, SFLLRN(Figure 1B).ADAPalso co-immunoprecipitatedwith
b3 (Figure 1C).Thedynamics of decreased associationbetweenADAP,
talin, and kindlin-3 could not be accounted for by calpain cleavage of
these proteins under these experimental conditions (supplemental

Figure 1). In an alternate approach, GST fusion constructs of talin and
kindlin-1 were used to specifically capture ADAP from platelet lysates.
Kindlin-1 was used here as bait instead of kindlin-3 because of its initial
availability and the highly conserved domain structure among the
kindlins.33 Both GST-talin and GST-kindlin-1, but not GST alone,
pulled down ADAP as well as integrin b3 from resting and SFLLRN-
stimulated platelets (Figure 1D-E).ADAPwas also pulled downbyHis-
kindlin-3 (supplemental Figure 2). Unlike the importance of SKAP1 in
Tcells for bridgingADAP to integrins through talin,19 theSKAPprotein
expressed in platelets (SKAP2) was not needed for ADAP association
with talin because GST-talin specifically pulled down comparable
amounts of ADAP from lysates of SKAP21/1 and SKAP22/2murine
platelets (Figure 1F), independently of SKAP1 (Figure 1H). Thus
ADAP can associate with talin and kindlins independently of SKAP
proteins.

Figure 3. GST-talin and GST-kindlin-1 pull-downs of ADAP and its truncation mutants. (A) Schematic map of ADAP truncation mutants. (B-E) CHO cells expressing

PAR1, talin, and aIIbb3 were transfected with the indicated FLAG-tagged ADAP (FLAG-ADAP) mutant constructs and harvested after 48 hours, and lysates were subjected to

pull-down assays. (B) GST-kindlin-1 and GST pull-downs were probed for FLAG (ADAP). Gels were stained with Coomassie to assess loading, and blots were reprobed for

b3 as a positive control. (C) Western blot of lysates from transfected cells in (B) showing truncated FLAG-ADAP protein expression. (D) Western blot of GST-talin and GST

pull-downs probed for FLAG (ADAP). (E) Western blot of lysates from transfected cells in (D) showing FLAG-ADAP protein expression. Results are representative of at least 4

experiments. See the text for interpretations.
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To localize ADAP in human platelets by deconvolution micro-
scopy, SFLLRN-stimulated platelets were allowed to spread on
fibrinogen. Under these conditions, ADAP co-localized with talin
(Figure 2A) and kindlin-3 (Figure 2B), particularly at platelet
peripheries, and often together with actin (arrows). To gain further
insight into the proximity of these associations,we used a proximity
ligation assay that detects native protein-protein associations
within 40 nm.25 The strength of the output signal in PLA can vary as
a function of antibody affinities, molecular orientations, and DNA
amplification, but specificity is high. ADAP-talin associations
produced a clear, specificPLAsignal,withmanybright redfluorescent
dots indicating close proximity (Figure 2C). The specific signal for
ADAP-kindlin-3 interactions was lower but nevertheless clearly
present (Figure 2D and supplemental Figure 3).Quantification of PLA
signals confirmed a statistically significant association betweenADAP
and talin andADAP and kindlin-3 in human platelets (P, .01, n5 3;
Figure 2E-F). Thus biochemical and microscopic analyses indicate
that a pool of ADAP is proximal to talin and kindlin-3 in platelets.

Distinct ADAP domains are required for association with talin
and kindlins. To identify regions of ADAP that may be required for
association with GST-talin or GST-kindlin-1 fusion proteins, ADAP
truncationmutants (Figure 3A)were preparedwith an amino-terminal
FLAG tag, expressed in CHO cells, and tested in pull-down assays.
Neither GST-kindlin-1 nor GST-talin pulled down the extreme
N-terminal 1 to 150 amino acid fragment of ADAP, although it was

well expressed (Figure 3 B-C). In contrast, GST-kindlin-1 pulled
down ADAP fragment 1 to 298 and larger fragments containing this
region, suggesting that the association minimally requires ADAP
residues 150 to 298 (Figure 3B-C). GST-talin did not associate with
ADAP fragments containing residues 1 to 498 but pulled down frag-
ments containing residues between 1 to 615, even when lacking the
N-terminal hSH3 region, 498 to565, suggesting that residues between
565 and 615 mediated the talin-ADAP association (Figure 3D-E).
Unlike in T cells, where ADAP interacts with RIAM and talin
through SKAP1, neither SKAP1 nor RIAM was required for the
ADAP associations studied here because CHO cells do not express
SKAP proteins, and these associations were still observed in lysates
from cells in which RIAM had been knocked down with shRNA
(supplemental Materials and supplemental Figure 4). Thus 2 distinct
primary amino acid sequence regions in ADAP are involved in
associations with talin and kindlin, likely independent of SKAP1
and RIAM.

ADAP association with talin and kindlin also occurs in proximity
to aIIbb3 in nonhematopoietic (CHO) cells and promotes aIIbb3
activation. To address whether ADAP associates with talin in
proximity to aIIbb3, we used a CHO cell model system in which
protein-protein interactions involving aIIbb3 can be detected by
BiFC.26 The carboxy-terminal (VC) and amino-terminal (VN) halves
of Venus were fused to aIIb and talin, respectively, producing aIIb-
VC and VN-talin fusion proteins. These fusion proteins were

Figure 4. ADAP associates with talin-aIIb/b3 complexes in nonhematopoietic (CHO) cells. (A-B) Chimeric proteins VN-talin and aIIb-VC26 that yield BiFC signals in the

488 channel (green) when the proteins are close were inducibly expressed in conjunction with wild-type b3 (VN-talin/aIIb-VC b3) (A) or the truncated b3D724 (VN-talin/aIIb-

VC b3D724) (B) lacking talin-binding sites. After transient transfection of ADAP, harvested cells were plated on fibrinogen without (top) or with (bottom) SFLLRN stimulation,

processed as in Figure 2, and stained with antibodies against ADAP (red) and aIIbb3 (blue) and with Hoechst (magenta) for nuclei. Arrows indicate co-localization of ADAP

and BiFC signals to regions of aIIbb3 staining at the cell periphery and in focal adhesion structures (arrows). Little BiFC signal was observed in VN-talin/aIIb-VC b3D724 cells

(B). Neither ADAP nor aIIbb3 staining was observed when control IgGs were used as secondary reagents (C). Results are representative of 3 experiments. (D-E)

Quantification of co-localization of ADAP with BiFC signal. (D) Average Pearson correlation coefficient. (E) Quantification of the voxel ratio, an index of the relative

fluorescence (eg, red/green) in a unit voxel (n 5 4; *P , .05, **P , .01). Results in (D) and (E) represent means 6 SEM.
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inducibly expressed along with PAR1 in CHO cells co-expressing
wild-type b3 or negative control b3D724, which does not bind
talin.26 Cells expressing wild-type b3, but not b3D724, and sti-
mulated with SFLLRN exhibited BiFC at the cell periphery and in
focal adhesions, indicative of a close association between aIIb-
VCb3 and VN-talin. When ADAP was co-expressed in cells
expressing wild-type b3, the BiFC signal co-localized with ADAP
(Figure 4A, arrows). No such co-localization was observed in cells
expressing b3D724 (Figure 4B). Two quantitative measures of co-
localization, the Pearson correlation coefficient and the voxel ratio
(R) of BiFC fluorescence to ADAP fluorescence per voxel in the
image field, both indicated significantly higher ADAP co-localization
with BiFC VN-talin/aIIb-VCb3 vs VN-talin/aIIb-VCb3D724
(Figure 4D; P, .01 andP, .05, respectively, n5 4). In the absence
of stimulation, cells showed a slight reduction in BiFC signal and
spreading (Figure 4A). In separate experiments, co-transfection of
ADAP with kindlin-3 (or kindlin-2) in aIIbb3-CHO cells showed
co-localization of ADAP and kindlins at the cell periphery and in
focal adhesions (supplementalMaterials and supplemental Figure 5).
These results provide further evidence that ADAP can co-localize
with talin and kindlins in proximity to aIIbb3 in cells.

Although hematopoietic-specific kindlin-3 promotes agonist-
and talin-dependent aIIbb3 activation in platelets,8-10 a heretofore
unexplained observation is that kindlin-2, but not kindlin-3,
promotes aIIbb3 activation when heterologously expressed in
CHO cells along with the talin head domain.34 Given the observed
interactions between ADAP and kindlins in platelets and CHO cells,
we asked whether the agonist-dependent aIIbb3 activating function
of kindlin-3 could be promoted by co-expression of ADAPwith full-
length talin in CHO cells.WhenaIIbb3-CHO cells engineered to co-
express PAR1 and full-length talin were stimulated with SFLLRN,
they exhibited a 1.4- to 1.6-fold increase in PAC-1 binding, which was
80% to 110% of that obtained with MnCl2, an extrinsic activator of
aIIbb3.Overexpression of kindlin-2 caused a further increase in PAC-1

binding in response to SFLLRN (P, .05, n5 8), and co-expression of
ADAP enhanced binding even further (P, .05, n5 8) (Figure 5 A-B
and supplemental Figure 6). In contrast to kindlin-2, expression of
kindlin-3 alone failed to enhance SFLLRN-mediated PAC-1 binding,
but co-expression of ADAP and kindlin-3 resulted in a significant
increase in binding (P , .01, n 5 6; Figure 5C-D). No differences in
aIIbb3 or ADAP expression were found among the different
transfectants (supplemental Figure 7). Thus ADAP appears to enable
kindlin-3 to enhance agonist- and talin-dependent activation of aIIbb3
in CHO cells.

Recruitment of talin and kindlin-3 to aIIbb3 is compromised
in ADAP2/2 mouse platelets. Having established that ADAP can
physically and functionally associate with talin and kindlin-3, we
asked whether the absence of ADAP in platelets would affect the
association of talin and/or kindlin-3 with aIIbb3. In fibrinogen-
adherent ADAP1/1 mouse platelets stimulated with the PAR4
agonist peptide, AYPGKF, there was predominant, circumferential
talin staining that appeared to co-localize with aIIbb3 (Figure 6A,
top). In contrast, in ADAP2/2 platelets, talin staining was either
diffuse or asymmetrically clumped, rather than peripherally
distributed like aIIbb3 (Figure 6A, bottom). Quantification of co-
localization between aIIbb3 and talin at the platelet periphery
yielded a 71% higher Pearson correlation coefficient for ADAP1/1

platelets (0.229 6 0.03) than for ADAP2/2 platelets (0.134 6 0.03;
P , .02, n 5 8) (Figure 6B). The voxel ratio (R) was close to the
unity (R5 1.666 0.3) for ADAP1/1 platelets but was significantly
higher for ADAP2/2 platelets (R 5 5.52 6 2) (P , .05, n 5 8),
suggesting that aIIbb3 was more often free of detectable talin in
the latter platelets (Figure 6C). We also noted reduced talin and
b3 co-immunoprecipitation in AYPGKF-stimulated ADAP2/2 plate-
lets in suspension (supplemental Figure 8). In fibrinogen-adherent
ADAP1/1 platelets, kindlin-3 was variably distributed between the
cytoplasm and the periphery, and in ADAP2/2 platelets, the peripheral
localization for kindlin-3 was slightly reduced (Figure 6D); however,

Figure 5. ADAP enables kindlin-3 enhancement of

aIIbb3 activation in nonhematopoietic (CHO) cells.

CHO cells expressing PAR1, talin, and aIIbb3 were

transiently transfected with mock DNA, ADAP, and/or

kindlin-2 (A-B) or kindlin-3 (C-D) along with green

fluorescent protein as a transfection marker. Harvested

cells were unstimulated or stimulated with 50 mM

SFLLRN or 1 mM MnCl2, and specific binding of PAC-1

to green fluorescent protein positive cells, normalized

to aIIbb3 expression, was determined using flow

cytometry. (A) Effect of kindlin-2 and ADAP expression

on PAC-1 binding (*P , .05). (B) Western blot of lysate

from cells in (A) showing expression levels of trans-

fected proteins. (C) Effect of kindlin-3 and ADAP

expression on PAC-1 binding (**P , .01). (D) Western

blot of lysate from cells in (C) showing expression

levels of transfected proteins. Results in (A) and (C)

represent the mean 6 SEM of 5 experiments.
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signal-to-noise ratios were not sufficiently robust to permit quantifi-
cation. Thus a loss ofADAP inmouse platelets reduces aIIbb3/talin
and potentially aIIbb3/kindlin-3 co-localization at the plasma
membrane.

ADAP promotes affinity modulation of aIIbb3 and stabilization
of fibrinogen binding to platelets. To further exploremechanisms by
which ADAP promotes ligand binding to aIIbb3 in platelets, we
used POW-2 Fab, a monovalent ligand-mimetic that selectively
recognizes high-affinity murine aIIbb3,29 in competition assays
with fibrinogen. ADAP1/1 platelets stimulated with increasing
concentrations of AYPGKF showed concentration-dependent spe-
cific binding of fibrinogen (Figure 7A-B) that was significantly higher
at all AYPGKF concentrations than it was for ADAP2/2 platelets,
which showed a 50% to 80% reduction. The addition of POW-2Fab at
AYPGKF concentrations #100 mM (Figure 7A) reduced fibrinogen
binding to baseline levels (P values in supplemental Table 1),
suggesting that decreases in fibrinogen binding to ADAP2/2

platelets observed under these conditions were caused mostly by
reduced affinitymodulation. However, in the presence of AYPGKF at
concentrations $160 mM, POW-2 Fab inhibited fibrinogen binding
only partially (Figure 7B), suggesting an additional component of

avidity modulation (eg, aIIbb3 clustering)35 under conditions of
strong platelet stimulation, consistentwith a recent report showing that
kindlin-3 primarily affects aIIbb3 clustering.36 Nonetheless, even
here, ADAP2/2 platelets still showed less fibrinogen binding than
ADAP1/1 platelets (Figure 7B).

In platelets, fibrinogen binding to aIIbb3 becomes increasingly
irreversible (EDTA resistant) over time.30,31 To assess whether
ADAP affects this aspect offibrinogen binding,mouse platelets were
stimulatedwithADP orAYPGKF for 5 or 45minutes in the presence
of fibrinogen, followed by quantification of irreversible fibrinogen
binding. In ADAP1/1 platelets stimulated with ADP, irreversible
fibrinogen binding increased fourfold at 45minutes comparedwith that
seen at 5 minutes (Figure 7B), attaining 40% of total specific binding.
In sharp contrast, irreversible fibrinogen binding to ADAP2/2 platelets
never reached.25% of total binding, and at 45 minutes it was 60%
lower than that for ADAP1/1 platelets (P, .01, n5 6). ADAP1/1

and ADAP2/2 platelets attained higher levels of irreversible
fibrinogen binding upon stimulationwithAYPGKF compared with
ADP. Nonetheless, ADAP2/2 platelets still exhibited 28% less
irreversible fibrinogen binding than ADAP1/1 platelets (P , .05,
n 5 7). Together, these results suggest that ADAP helps to

Figure 6. aIIbb3 co-localization with talin and kindlin-3 in ADAP1/1 and ADAP2/2 mouse platelets. ADAP1/1 and ADAP2/2 mouse platelets stimulated with AYPGKF

and processed as in Figure 2 were stained for aIIbb3 and talin (A-C) or aIIbb3 and kindlin-3 (D), detected by Alexa-conjugated anti-mouse and anti-rabbit secondary

antibodies, respectively. Eight 0.1-mm confocal optical slices were imaged starting at the coverslip and a reconstructed 3-dimensional opacity image was obtained using

Volocity software. No signal was seen when IgG control primary antibodies were used. (B-C) Quantification of aIIbb3 and talin co-localization. (B) Average Pearson correlation

coefficient. (C) Quantification of the red/green voxel ratio (n 5 8; *P , .05, **P , .02). Results in (B) and (C) represent means 6 SEM.
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promote affinity modulation of aIIbb3 as well as irreversible
fibrinogen binding to the integrin.

Discussion

Previous work has shown that deletion of ADAP in mouse platelets
decreases, but does not eliminate, agonist-induced aIIbb3 activation,
fibrinogen binding, andplatelet aggregation.14 In the present study,we
have uncovered the mechanistic underpinnings of the previous work
by making the following new observations that position ADAP as
a member of a previously unrecognized adapter triad for regulating
aIIbb3: (1) In both human and mouse platelets, ADAP, talin, and
kindlins are closely associated, as determined by a variety of techniques,
including proximity ligation and co-localization in cells and co-
immunoprecipitation and pull-down assays in vitro; (2) ADAP
association with talin and kindlins is also detectable in a CHO cell
model system engineered for studies of aIIbb3 signaling, thereby
illustrating the independence of this association from other
hematopoietic-specific binding partners, such as SKAP1 and SKAP2;
(3) GST-kindlin and GST-talin fusion proteins pull down distinct
ADAP fragments, mapping potentially relevant interaction residues
in ADAP to amino acids 150 to 298 and 565 to 615, respectively; (4)
ADAP synergizes with kindlin-3 to promote PAR1-mediated talin-
dependent aIIbb3 activation in CHO cells; and (5) deletion of ADAP
inmouse platelets is correlatedwith decreased association of talinwith
aIIbb3, reduced agonist-dependent activation of aIIbb3, and
decreased irreversible fibrinogen binding. Altogether, these results
are consistent with a scaffolding role for ADAP that promotes both
aIIbb3 activation and irreversible fibrinogen binding through
interactions with the integrin-regulatory adapters talin and kindlin-3.

Our results do not definitely establish the direct binding of ADAP
to talin or kindlin-3 in cells; consequently, the physical associations
we have uncovered could include additional linker proteins. Of
ADAP’s known binding partners, only SH2-containing leukocyte
protein of 76 kDa (SLP-76)37 and HIP-5538 have been implicated in

inside-out aIIbb3 signaling in platelets, and neither of these proteins
is known to associate directly with integrins, talin, or kindlin-3.
Regardless, the proximal and functional associations involving
ADAP, talin, and kindlin-3 implicate ADAP as a component of the
biological circuitry that regulates aIIbb3 function. Although
speculative, a small pool of ADAP that is in proximity to b3 in
resting platelets, perhaps through its binding partner, Fyn,12,39 might
preassemble and scaffold talin and kindlin in a primed but inactive
complex with aIIbb3, as is found in resting platelets. This pool
would be rapidly released from ADAP upon agonist stimulation to
serve as “first responders” that bindaIIbb3 and induce its activation.
Talin itself has been shown to associate with integrin in 2 waves,
controlling inside-out integrin activation and subsequent outside-in
signaling,40 and ADAP may parallel these dynamics.

CHO cell experiments using BiFC and immunofluorescence
microscopy demonstrated that ADAP can assemble into complexes
with talin and kindlins at the plasma membrane and in focal
adhesions, without additional hematopoietic proteins (Figure 4). Of
the previously identified protein linkers of ADAP to talin and
integrin in T lymphocytes,19,20 SKAP1 and RapL are not expressed
in CHO cells, and a role for RIAM appears unlikely based on
observations with RIAM knockdown CHO cells. Interestingly,
the ubiquitous cytoskeletal protein VASP (vasodilator-stimulated
phosphoprotein) binds ADAP, RIAM, and the kindlin-binding
proteinmigfilin,41 and thusmay potentially linkADAPwith kindlin-
3 in platelets. Similarly, the putative talin association region in
ADAP, residues 565 to 615, encompasses sequences known to
mediate ADAP interactionwithNCK and SLP-76.13,42,43 Additional
studies will be required to determine whether ADAP interacts with
kindlin-3 or talin directly or through such intermediaries.

Overexpression of kindlin-3 alone inCHOcells failed to augment
agonist- and talin-dependent PAC-1 binding to aIIbb3 (Figure 5C),
consistent with previous studies of recombinant kindlin-3 and
talin head domain in CHO cells.34,44 This is in contrast to
observations in hematopoietic cells, where forced expression of
kindlin-3 in megakaryocytic cell lines enhances or, in kindlin-3-
null lymphocytes from patients with, leukocyte adhesion deficiency

Figure 7. Role of ADAP in fibrinogen binding to

platelets. (A-B) Effect of monovalent POW-2 Fab on

binding of multivalent fibrinogen. ADAP1/1 and ADAP2/2

platelets were stimulated with AYPGKF in the presence

or absence of POW-2 Fab and binding of FITC-

fibrinogen was quantified by flow cytometry. Results

are presented as specific FITC-fibrinogen binding, as

defined in Materials and methods. Note the complete

inhibition of FITC-fibrinogen binding by POW-2 Fab

at relatively low (#100 mM) (A) but not high ($160

mM) (B) concentrations of AYPGKF. Also note the

reduced fibrinogen binding to ADAP2/2 platelets

compared with ADAP1/1 platelets, with or without

POW-2 Fab. Results represent the mean 6 SEM of

at least 3 experiments. Statistical analysis results are

presented in supplemental Table 1. (C-D) Irreversible

fibrinogen binding. ADAP1/1 and ADAP2/2 platelets

were incubated with ADP (C) or AYPGKF (D)

together with FITC-fibrinogen for 5 or 45 minutes

before the addition of EDTA or buffer as a control.

Platelets were then incubated for an additional 10

minutes, and irreversible FITC-fibrinogen binding

was quantified. Results represent the mean 6 SEM

of 6 experiments (*P , .05, **P , .01).
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syndrome (LAD-III syndrome), rescues agonist-induced ligand
binding to b3 and b2 integrins and cell adhesion.9,44,45 This suggests
that factors absent in CHO cells but normally present in hematopoietic
cells may be necessary for kindlin-3 regulation of b2 or b3 integrin
function. In this context, ADAPmay partially satisfy this requirement
because it functioned together with kindlin-3 to enhance PAR1-
mediated PAC-1 binding to aIIbb3 in CHO cells (Figure 5C).

The loss of ADAP appeared to reduce the association of talin
and kindlin-3 with aIIbb3 at the periphery of mouse platelets
(Figure 6). This apparent decreased stoichiometry, primarily
between talin and aIIbb3 at the cell periphery, may be a factor
leading to the reduced affinity modulation of aIIbb3 and the
reduced irreversible fibrinogen binding observed with ADAP2/2

platelets (Figure 7). Irreversible fibrinogen binding to aIIbb3
may depend on structural changes in the integrin, clustering of these
receptors within the plane of the plasma membrane, and the
establishment of integrin-cytoskeletal linkages.31,46,47 Conceivably,
any or all of these adaptations may be regulated by ADAP, talin, and
kindlin-3.35,48,49 In this context, ADAP’s enhancement of irre-
versible fibrinogen binding to aIIbb3 in platelets may reflect an
underlying promotion of integrin clustering by ADAP, as was
observed for b2 integrins in lymphocytes.50,51

The signaling networks operating within different cellular
environments (eg, platelets and lymphocytes) are likely to use cell
context–dependent mechanisms to determine how ADAP, talin, and
kindlins access and regulate integrins. For example, mouse studies
have detailed in vivo roles for ADAP in platelet-dependent hemostasis
and thrombosis22 and in lymphocyte-mediated graft rejection,52

apparently through different mechanisms. An improved understanding

of how ADAP regulates integrins in these different cellular contexts
raises thepotential of selective therapeutic targetingofADAP’s integrin-
activating function in platelets or leukocytes, while leaving integrin
function in the other cell type unaffected.
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