J c I The Journal of Clinical Investigation

Lnk regulates integrin allb33 outside-in signaling in mouse
platelets, leading to stabilization of thrombus development in
vivo

Hitoshi Takizawa, ... , Satoshi Takaki, Koji Eto

J Clin Invest. 2010;120(1):179-190. https://doi.org/10.1172/JCI39503.

RECEENCL W (W[  Hematology

The nature of the in vivo cellular events underlying thrombus formation mediated by platelet activation remains unclear
because of the absence of a modality for analysis. Lymphocyte adaptor protein (Lnk; also known as Sh2b3) is an adaptor
protein that inhibits thrombopoietin-mediated signaling, and as a result, megakaryocyte and platelet counts are elevated
in Lnk™~ mice. Here we describe an unanticipated role for Lnk in stabilizing thrombus formation and clarify the activities of
Lnk in platelets transduced through integrin allbf3—mediated outside-in signaling. We equalized platelet counts in wild-
type and Lnk™~ mice by using genetic depletion of Lnk and BM transplantation. Using FeCk- or laser-induced injury and
in vivo imaging that enabled observation of single platelet behavior and the multiple steps in thrombus formation, we
determined that Lnk is an essential contributor to the stabilization of developing thrombi within vessels. Lnk™ platelets
exhibited a reduced ability to fully spread on fibrinogen and mediate clot retraction, reduced tyrosine phosphorylation of
the B3 integrin subunit, and reduced binding of Fyn to integrin allbB3. These results provide new insight into the
mechanism of allbB3-based outside-in signaling, which appears to be coordinated in platelets by Lnk, Fyn, and integrins.
Outside-in signaling modulators could represent new therapeutic targets for the prevention of cardiovascular events.

Find the latest version:

https://jci.me/39503/pdf



http://www.jci.org
http://www.jci.org/120/1?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI39503
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/23?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/39503/pdf
https://jci.me/39503/pdf?utm_content=qrcode

Research articl

Lnk regulates integrin allbf3 outside-in
signaling in mouse platelets, leading to

e

stabilization of thrombus development in vivo

Hitoshi Takizawa,! Satoshi Nishimura,2:3.4 Naoya Takayama,> Atsushi Oda,® Hidekazu Nishikii,5
Yohei Morita,5 Sei Kakinuma,5 Satoshi Yamazaki,> Satoshi Okamura,> Noriko Tamura,”
Shinya Goto,? Akira Sawaguchi,® Ichiro Manabe,?:34 Kiyoshi Takatsu,® Hiromitsu Nakauchi,>
Satoshi Takaki,' and Koji Eto5

Research Institute, International Medical Center of Japan, Tokyo, Japan. 2Department of Cardiovascular Medicine, Graduate School of Medicine and
3Translational Systems Biology and Medicine Initiative, University of Tokyo, Tokyo, Japan. 4PREST, Japan Science and Technology Agency, Tokyo, Japan.
5Center for Stem Cell Biology and Regenerative Medicine, Institute of Medical Science, University of Tokyo, Tokyo, Japan.
8Department of Environmental Medicine, Graduate School of Medicine, Hokkaido University, Sapporo, Japan. "Department of Medicine,

Tokai University School of Medicine, Isehara, Japan. 8Department of Anatomy, Faculty of Medicine, University of Miyazaki, Miyazaki, Japan.
9Preferectural Institute for Pharmaceutical Research, Toyama, Japan.

The nature of the in vivo cellular events underlying thrombus formation mediated by platelet activation
remains unclear because of the absence of a modality for analysis. Lymphocyte adaptor protein (Lnk; also
known as Sh2b3) is an adaptor protein that inhibits thrombopoietin-mediated signaling, and as a result,
megakaryocyte and platelet counts are elevated in Lnk~~ mice. Here we describe an unanticipated role for Lnk
in stabilizing thrombus formation and clarify the activities of Lnk in platelets transduced through integrin
alIbB3-mediated outside-in signaling. We equalized platelet counts in wild-type and Lnk~~ mice by using
genetic depletion of Lnk and BM transplantation. Using FeCl;- or laser-induced injury and in vivo imaging that
enabled observation of single platelet behavior and the multiple steps in thrombus formation, we determined
that Lnk is an essential contributor to the stabilization of developing thrombi within vessels. Lnk~~ platelets
exhibited a reduced ability to fully spread on fibrinogen and mediate clot retraction, reduced tyrosine phos-
phorylation of the §3 integrin subunit, and reduced binding of Fyn to integrin oIIbf3. These results provide
new insight into the mechanism of aIIbf3-based outside-in signaling, which appears to be coordinated in
platelets by Lnk, Fyn, and integrins. Outside-in signaling modulators could represent new therapeutic targets

for the prevention of cardiovascular events.

Introduction

Platelet activation is controlled through a series of highly regu-
lated processes and is critical for maintaining normal homeostasis
(1). The nature of hemostasis and thrombosis mediated in vivo by
activated platelets and its contribution to cardiovascular events
remains unclear, however. Particularly challenging has been the
characterization of the multicellular network of interactions
among platelets, endothelial cells, leukocytes, and erythrocytes
that occur during thrombus formation in pathological settings
and analysis of the kinetics of platelet activity. Injury to vascular
endothelial cells exposes matrix proteins, which induce platelets
to adhere to the vessel wall, where they subsequently spread and
become activated. At the high shear rates found within the circu-
lation, vWF immobilized on the vessel wall binds to the platelet
receptor glycoprotein Ib-V-IX complex (GPIb-V-IX), facilitating
platelet adhesion to injured sites, where collagen and/or laminin
are exposed (2, 3). Once activated, the adhering platelets secrete
soluble mediators to recruit additional circulating platelets, and,
through their aggregation, bleeding is stopped. Platelet activation
is mediated via several signaling pathways, including the integrin
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olIbPB3 pathway (1). Other receptor-ligand interactions, including
the binding of GPVI-collagen, P2Y;/P2Y,-ADP, and protease-acti-
vated G protein-coupled receptor-thrombin (PAR-thrombin), syn-
ergistically promote integrin olIbB3 activation (inside-out signal-
ing) and the subsequent binding of fibrinogen or vWF to integrin
alIbP3. This binding triggers signaling that promotes cytoskeletal
changes thatlead to the spread and stabilization of platelet thrombi
through a process termed outside-in signaling (1, 2).

Itis also known that allbf3 physically interacts with non-recep-
tor tyrosine kinases such as Src and Syk (4, 5) and that activation
of these kinases upon engagement of integrin with fibrinogen
contributes to the stability of thrombi in vivo (6). The kinases and
adaptors involved in the assembly of the allbB3-based signaling
complex are believed to include Syk, lymphocyte cytosolic protein 2
(Lcp2, also known as SH2 domain-containing leukocyte pro-
tein of 76 kDa [SLP-76]), Vav, and Fyn-binding protein (Fyb, also
known as adhesion and degranulation promoting adaptor pro-
tein [ADAP]) (4, 5). Tyrosine phosphorylation of the cytoplasmic
domain of the integrin 3 subunit, at least on Tyr747, is required
for stable platelet aggregation and the interaction of myosin with
the 33 subunit in platelets (7), which is believed to be necessary for
full clot retraction (8-10).

Lnk (SH2B adaptor protein 3 [Sh2b3]) belongs to the Src-homol-
ogy 2 (SH2) adaptor family, which also includes SH2-B (Sh2b1)
and adaptor protein with PH and SH2 domains (APS; Sh2b2) (11).
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Lnk-deficient (Lnk~~) mouse strains exhibit excessive accumula-
tion of c-Kit"Sca-1*lineage” (KSL) CD34-/1© HSCs, B cell precursors,
erythroblasts, megakaryocytes, and platelets but do not exhibit
thrombogenesis and have normal longevity (11-14). The observed
phenotypes of Lnk~~ mice are caused by a loss of negative regula-
tion by Lnk signaling transduced through several growth factor
and cytokine receptors, including the stem cell factor receptor
c-Kit, the erythropoietin receptor, and the thrombopoietin recep-
tor c-Mpl (11, 12, 14-17). In the present study, we used an FeCl;-
induced injury model and our high-resolution imaging system,
which enables observation of single platelet behavior in vivo (18),
to examine the function of Lnk in platelets with the aim of clarify-
ing its role in thrombosis. Our results suggest that Lnk promotes
stabilization of the developed thrombus, mainly through integrin
allbf3-mediated actin cytoskeletal reorganization, and suggest
this molecule may represent a new therapeutic target for the treat-
ment and/or prevention of cardiovascular disease.

Results

Thrombus stability is impaired in Lnk~~ mice in different mouse models
of thrombosis. Lnk is expressed by megakaryocytes, where it acts
through integrin signaling to regulate their growth and matu-
ration (14, 19). To determine whether platelets retain Lnk after
their release from megakaryocytes and, if so, what its function
is, we first used immunoblotting to assess Lnk levels in platelets
obtained from WT C57BL/6 mice. This analysis confirmed that
substantial amounts of Lnk are retained by WT platelets, and
similar results were obtained in humans (Figure 1A). Accordingly,
we next investigated the function of Lnk in platelets by examin-
ing the effect of Lnk deficiency. As reported previously (14, 19),
Lnk~~ mice showed a 5-fold increase in platelet number (Figure
1B), though flow cytometry revealed platelet size to be unaffected
by the absence of Lnk (data not shown). Moreover, transmission
electron microscopic examination revealed that the intracellular
structures of resting WT and Lnk7~ platelets, including the
a- and dense granules, were indistinguishable (Supplemental Fig-
ure 1A; supplemental material available online with this article;
doi:10.1172/JCI39503DS1). Likewise, the expression levels of the
major integrin subunits, allb, a2, 33, and 1, as well as GPIba (the
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Figure 1

Increased numbers of platelets circulate in Lnk~- mice, but re-bleed-
ing events are increased, while bleeding times are comparable. (A)
Lnk levels in platelets. Washed platelets from WT and Lnk~- mice or
human platelets were lysed and were subjected to immunoblotting
with anti-Lnk and anti-actin Abs. (B) Platelet counts in EDTA-treated
peripheral blood (mean + SD, n = 15 each). (C) Tails of WT (n = 18)
and Lnk=- mice (n = 15) were warmed and then transected, immersed
in PBS at 37°C, and then monitored for 60 seconds so that any re-
bleeding would be detected (detection was positive or negative). Hori-
zontal bars in the left panel show mean in each group.

vWEF receptor) and GPVI (the collagen receptor), were also similar
in WT and Lnk 7/~ platelets (Supplemental Figure 1B).

To examine the functional consequences of Lnk deficiency in
mice, we inflicted tail wounds on the mice, after which Lnk~~ mice
exhibited bleeding times that were comparable to those in WT
mice. But whereas 23% of WT mice showed re-bleeding, 60% of
Lnk~~ mice re-bled (P < 0.01 in a ? test, Figure 1C; re-bleeding
times did not differ significantly: WT, 58 + 8 seconds vs. Lnk 7",
62 + 6 seconds), suggesting that thrombi formed in Lnk~~ mice are
more fragile than those formed in WT mice (1, 8, 20).

To accurately interpret the results summarized above, 2 charac-
teristics of the system had to be taken into account: (a) the num-
bers of circulating platelets in Lnk~~ mice were S-fold higher than
in WT mice (Figure 1B); and (b) Lnk is expressed in endothelial
cells as well as platelets (21). In order to exclude the influence of
endothelial cells and platelet number, we performed BM transplan-
tation using WT or Lnk7~ BM cells. Because it is well established
that Lnk deficiency increases stem cell number and enhances the
engraftment efficiency upon transplantation (22), we transplanted
1 x 107 BM cells from Ly5.1 WT mice or 2 x 105 or 5 x 105 BM cells
from Ly5.1 Lnk~~ mice into irradiated 8-week-old LyS.2 recipient
mice, which are hereafter referred to as WT-chimeras and Lnk-chi-
meras, respectively (Figure 2A). We confirmed that with successful
BM replacement (all mice used showed greater than 98% chime-
rism at LyS5.1/Ly5.2 on myeloid-lineage cells) and with platelets
lacking Lnk expression from Lnk-chimeras, the platelet counts
in 16-week-old WT-chimeras (8 weeks after transplantation) were
comparable to those in 12-week-old Lnk-chimeras (4 weeks after
transplantation). By 8 weeks after transplantation, the Lnk-chime-
ras showed higher platelet counts (Figure 2B). Correspondingly,
when compared with WT-chimeras at 8 weeks after transplanta-
tion, bleeding times were significantly prolonged in Lnk-chimeras
at 4 weeks but not at 8 weeks (P < 0.01, Figure 2B). WT-chimeras
at 8 weeks, Lnk-chimeras at 4 weeks, and Lnk-chimeras at 8 weeks
showed re-bleeding times of 59 seconds (3 of 14 mice), 246 seconds
(7 of 14 mice), and 57 seconds (5 of 11 mice), respectively. This sug-
gests that the Lnk deficiency itself contributes to the increased tail
bleeding and re-bleeding times. Although there was a high inverse
correlation between bleeding times and platelet counts in both
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WT- and Lnk-chimeras, irrespective of platelet age or circulating
platelet counts (Supplemental Figure 2), the results again suggest
that the impaired thrombosis reflects the Lnk deficiency.

We then evaluated occlusion times in carotid arteries exposed to
FeCls (10% solution on the adventitial side) to induce endothelial
injury for assessing thrombus formation in vivo (23). We found
that in WT- and Lnk-chimeras with comparable platelet counts,
occlusion times were significantly longer in the Lnk-chimeras,
which is also indicative of a functional defect in Lnk 7/~ platelets
(WT-chimera, n = 10; Lnk-chimera, n = 10; P = 0.01, Figure 2C).
When we analyzed for the relationship between occlusion times
and platelet counts in the chimeras 2, 4, 6, and 8 weeks after trans-
plantation, there was a high inverse correlation between occlusion
times and platelet counts. Of note, however, Lnk-chimeras exhib-
ited longer occlusion times than WT-chimeras with similar plate-
let counts (Figure 2D), further confirming that Lnk deficiency
impairs thrombus formation.

To assess the functionality of Lnk~~ platelets in more detail, we
used a direct visual technique that enabled us to evaluate in vivo
thrombus stability with much greater temporal and spatial reso-
lution and to characterize the kinetics of Lnk~~ platelet activity
involved in thrombus formation. This method is based on con-
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Figure 2

Adjustment of platelet counts through BM transplantation showed
prolonged bleeding and occlusion times in a FeCls-induced thrombo-
sis model. (A) The protocol for BM transplantation. (B) The left panel
shows the platelet counts after transplantation (n = 11-14); data repre-
sent mean + SD. The right panel shows the duration of tail bleeding at
the indicated time points; horizontal bars show mean in each group. (C)
Platelet counts in BM-transplanted mice. WT-chimeras at 8 weeks and
Lnk-chimeras at 4 weeks after transplantation were utilized to measure
occlusion times during FeCls-induced thrombosis in carotid arteries
(WT-chimera, n = 10; Lnk-chimera, n = 10; P = 0.01). (D) Relationship
between occlusion times with FeCls-induced thrombosis and plate-
let counts in WT- and Lnk-chimeras measured 2, 4, 6, and 8 weeks
after transplantation (n = 12 animals in each group). Black symbols
denote Lnk-chimeras, while gray ones denote WT-chimeras; the black
(y =—-0.96x + 55.0) and gray lines (y = —3.94x + 58.6) are fitted to the
data from the Lnk- and WT-chimeras, respectively.

focal laser microscopy and permits high spatiotemporal resolu-
tion of individual platelets under flow conditions in mesenteric
capillaries and arterioles (24). With this system, laser irradiation
produces ROS, which cause injury to the endothelial layer of the
vessels (18). Because laser-induced thrombosis reportedly differs
from the FeCls-induced injury model in terms of the mechanism
of thrombus formation (25, 26), we again used WT-chimeras
8 weeks after transplantation and Lnk-chimeras 4 weeks after
transplantation, as we did in the experiments shown in Fig-
ure 2C. We found that WT- and Lnk-chimeras showed similar
single platelet kinetics in the absence of injury, including tran-
sient interactions with the endothelium (data not shown). After
laser-induced injury, however, thrombus formation was severely
diminished in the Lnk-chimeras.

After laser-induced injury to mesenteric capillaries, platelets
adhered to the vessel walls at similar rates in the WT- and Lnk-
chimeras (WT-chimeras, 1.59 + 0.18 platelets/ms/um vs. Lnk-chi-
meras, 1.48 + 0.19 platelets/ms/um; »n = 30 vessels from S animals,
P =0.44). In the WT-chimeras, the adherent platelets caused plate-
lets in the flowing blood to acutely pile up, and the resultant throm-
bus reduced the vessel lumen diameter and blood flow velocity.
Ultimately, the blood vessel was completely occluded by plugged
erythrocytes and/or leukocytes. By contrast, in the Lnk-chimeras,
platelets adhered to the vessel wall more loosely than in WT-chime-
ras, so that they were frequently washed away by the blood flow. As
a consequence, the number of platelets that piled up and the size of
the resultant thrombus were smaller than in WT-chimeras (Figure
3A and Supplemental Videos 1 and 2). More intriguingly, in both
Lnk- and WT-chimeras 2, 4, 6, and 8 weeks after transplantation,
the number of platelets adhering to the vessel walls during throm-
bus formation appeared to be well correlated with the circulating
platelet count. However, when we compared thrombus formation
in Lnk- and WT-chimeras with similar platelet counts, there was a
tendency for animals with Lnk~~ platelets (Lnk-chimeras) to show
impaired thrombus formation, as compared with WT-chimeras.
Moreover, the greatly increased platelet numbers in Lnk~~ animals
did not enhance thrombus formation to levels similar to those seen
in WT-chimeras (Figure 3B), which suggests that Lnk deficiency
is itself a factor that contributes to the impaired stabilization of
developing thrombi in our laser-induced injury model.

We also applied the laser-induced injury model to compare
thrombosis in mesenteric capillaries and arterioles of 12-week-old
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In vivo thrombus formation was impaired in Lnk-chimeras and Lnk~- mice in a laser-induced injury model. (A, C, and D) Video stills of mesenteric
capillaries (A and C) and arterioles (D) obtained using intravital fluorescence microscopy before and 20 seconds after laser-induced injury. The
numbers of platelets in developing thrombi after laser injury to capillaries (A and C, lower panel) and arterioles (D, lower panel) were calculated.
In A, C, and D, y axes represent the numbers of platelets per micrometer of observed vessel length. In A, results from WT-chimeras 8 weeks after
transplantation (16 weeks old) and Lnk-chimeras 4 weeks after transplantation (12 weeks old) are shown (n = 5 each). (B) Relationship between
platelet counts and laser-induced thrombosis. All recipient mice were studied 2, 4, 6, or 8 weeks after transplantation (n = 17 animals for each
groups). For each mouse, the numbers of platelets per micrometer contributing to thrombi after 20-second injuries to 10 mesenteric capillaries are
shown as mean + SEM along with platelet count. Black and gray dotted lines are fitted to the data from the Lnk- and WT-chimeras, respectively. (C
and D) Results from 12-week-old WT and Lnk=- mice (n = 5 each). See Supplemental Videos 1-6 for original movies. Note the impaired thrombus
formation in Lnk~- mice in both capillaries and arterioles. Scale bars: 10 um. Horizontal lines indicate the median values in A, C, and D.

WT and Lnk~~ mice (Figure 3, C and D, for capillaries and arteri-
oles, respectively). Upon laser-induced injury, the platelet kinetics
in Lnk /- mice were similar to those seen in the Lnk-chimeric mice
4 weeks after transplantation. Initial attachment of the platelets

to the vessel wall was observed; however, stable thrombus forma-
tion, including the piling up of platelets, was diminished in manner
similar to that seen in the Lnk-chimeras. As a result, the numbers
of platelets making up the thrombi were significantly reduced in
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Lnk- platelets show defective allbf3-dependent spreading on fibrinogen and fibrin clot retraction. (A) Washed platelets from WT and Lnk~- mice
were plated on fibrinogen-coated coverslips for 45 minutes. In some preparations, 100 uM ADP or 0.1 or 1 mM PAR4 receptor—activating peptide
was present. Cells were fixed, permeabilized, and stained with rhodamine-phalloidin to visualize F-actin (red) and with anti-phosphotyrosine mAb
(green). Scale bars: 10 um (white); 4 um (insets, orange). (B) Platelet spreading was quantified by computer analysis of their surface areas. Each
bar in B represents the value (mean + SD) from at least 250 platelets. (C) Percentages of platelets exhibiting filopodia or lamellipodia. Twenty
sections (20—-30 cells/section) were analyzed, and mean + SD is shown. (D and E) Fibrin clot retraction was assessed at 1 and 2 hours after
addition of thrombin, fibrinogen, and CaCl, to washed platelets from WT or Lnk~- mice. The images show representative results at 1 (D) and
2 hours (E). The graphs show the summarized results at 1 (D) and 2 hours (E) (mean + SD, n = 10 each).

both mesenteric capillaries (Figure 3C and Supplemental Videos 3
and 4) and arterioles (Figure 3D and Supplemental Videos 5 and 6).
Taken together, the results indicate that the observed phenotype for
thrombus formation caused by the Lnk deficiency is attributable to
platelet function, per se, and does not reflect changes in endothelial
cell function. This is noteworthy, as it suggests that there could be
less thrombus formation in the Lnk-chimeras than in Lnk”7~ mice,
as the higher platelet counts in the latter might slightly compensate
for their diminished functionality (Figure 3, A-C).

Lnk promotes integrin olIbf3-mediated actin cytoskeletal reorganiza-
tion but not agonist-dependent integrin activation. To determine the
basis for the instability of thrombi formed by Lnk~~ platelets, we
examined their ability to adhere to fibrinogen-coated plates and
their morphology after spreading, both of which are dependent
on outside-in alIbB3 signaling (1, 8, 27). The initial adhesion of
Lnk~/- platelets to fibrinogen-coated plates in the absence of ago-
nistic stimuli appeared normal, as did formation of filopodial pro-
jections (data not shown). On the other hand, their subsequent
spreading (after 15 minutes) was impaired, and formation of a
lamellipodial edge was incomplete (shown at 45 minutes, Figure
4A, “No agonist”) (28, 29). The mean area covered by the adhering
platelets and the percentage of platelets showing filopodia and/
or lamellipodia (percentage of spreading) were both significantly
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reduced in the absence of Lnk (at 45 minutes, Figure 4, B and C;
time-dependent change in mean area without agonist, Supplemen-
tal Figure 3A). This suboptimal spreading of Lnk”/~ platelets was
not observed when they were stimulated with a high concentration
of a G protein-coupled receptor agonist such as 100 uM ADP or
1 mM PAR4-activating peptide (sequence: AYPGKF) (Figure 4, A
and B), although lower concentrations of agonists, such as 0.1 mM
PAR4-activating peptide (Figure 4B) or 0.05 U/ml thrombin (Sup-
plemental Figure 3B), did not completely restore the spreading on
immobilized fibrinogen impaired by Lnk deficiency, even when the
secretion of effectors from platelet granules was blocked (Supple-
mental Figure 3B). In addition, there was no significant difference
in the reduction in the spread areas of platelets from Lnk-chime-
ras 4 weeks and 8 weeks after transplantation (data not shown),
indicating that the impaired spreading caused by Lnk deficiency
is independent of platelet age after myelosuppression. Thus, Lnk
appears to continuously participate in a subset of allbB3- and
actin-dependent morphological responses triggered by platelet
adhesion to fibrinogen (1) independently of its negative impact
on proliferation in HSCs and megakaryocytes (12, 14, 19).
Another platelet response that is dependent on alIbB3 and the
actin cytoskeleton is fibrin clot retraction (8, 9, 27), which we
examined using equal numbers of Lnk”~ and WT washed platelets
Volume 120
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with PP3, an inactive congener of PP2. PP2
but not PP3 diminished tyrosine phosphoryla-
tion of cellular proteins and the association of
¢-Src and Fyb, with Lnk in platelets adhering
to fibrinogen. The observation was confirmed
using 20 uM SU6656, an unrelated selective
c-Src inhibitor (data not shown). Arrows indi-
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in the presence of fibrinogen, CaCl,, and thrombin (Figure 4, D
and E). Under these conditions, the clot retraction seen with Lnk~/~
platelets was slower and less effective than that seen with WT
platelets, which is consistent with the idea that platelet responses
are dependent on allbf3-mediated actin cytoskeletal signaling
and that Lnk is involved. To further study the role of alIbf3 acti-
vation in Lnk~~ platelets, we also used flow cytometry to quantify
the specific binding of Alexa Fluor 488-conjugated fibrinogen to
washed platelets upon stimulation with various concentrations
of ADP, epinephrine, PAR4 peptide, phorbol myristate acetate,
or convulxin (CVX), which selectively stimulates GPVI (Supple-
mental Figure 4A). We found that Lnk”/~ and WT platelets showed
similar fibrinogen binding, irrespective of the agonist inducing
the inside-out signaling. In addition, levels of P-selectin expres-
sion were indistinguishable (Supplemental Figure 4B), suggesting
that Lnk is not involved in a-granule secretion.

Lunk recruitment to the olIbp 3-based signaling complex is dependent on
outside-in signaling and c-Src activation. To understand the mecha-
nism by which Lnk regulates outside-in signaling, we sought the
molecule(s) that associates with Lnk in platelets. One prominent
cellular event required for integrin-dependent responses is tyro-
sine phosphorylation of several cytosolic proteins (Figure SA) (1,
4,27). Incubation of WT platelets on fibrinogen induced tyrosine
phosphorylation of cellular proteins with molecular weights of 60,
65-75,90-110, and 120-130 kDa, but much less post-engagement
tyrosine-phosphorylation was seen in Lnk~~ platelets. In addition,
immunoprecipitation assays revealed that several phosphopro-
teins associate with Lnk (the 68-kDa protein was likely Lnk itself).
A variety of proteins, including Syk, LCP2, and Fyb, are known
to be tyrosine phosphorylated in an Src-dependent manner in
fibrinogen-adherent platelets (29, 30). In the present study, both
184
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corresponding to Fyb, Lnk, and c-Src. Results
shown are representative of 3 independent
experiments. The 2 panels on the right show
the quantification of Western blot bands from 3
experiments (mean + SD). Maximal band den-
sity was defined as 100%.

¢-Src and Fyb co-immunoprecipitated with Lnk from WT platelets
adhering to fibrinogen but not from unstimulated ones; Syk was
only weakly detectable, and LCP2 was barely so (Figure 5B). It has
also been proposed that Fyn, an Src-family protein, may contribute
to integrin alIbB3 signaling (9, 20), and we found that, like c-Src,
Fyn associated with Lnk in stimulated platelets (Figure 5B).

c-Src and Fyn are known to associate with the cytoplasmic tail
of the integrin f3 subunit in vitro (20, 31), which suggests that
after platelets bind to fibrinogen, Lnk regulates the assembly of an
allbB3-based signaling complex (5). We therefore asked whether
the observed association of ¢-Src and/or Fyb with Lnk is depen-
dent on Src kinase activity. When platelets were incubated with
S uM PP2 (to block Src kinase activity) or PP3 (an inactive conge-
ner of PP2), PP2 but not PP3 diminished tyrosine phosphorylation
of cellular proteins and the association of ¢-Src and Fyb with Lnk
in platelets adhering to fibrinogen (Figure 5C). To then confirm
that the phosphorylation of Lnk and its association with c-Src are
dependent on c-Src activation, we used a COS7 cell expression sys-
tem to evaluate the interaction in more detail (Supplemental Fig-
ure 5A). Flag-tagged WT Lnk (WT-Lnk) or a mutant form lacking
the C-terminal portion containing Tyr536 (AC-Lnk) was expressed
in COS7 cells in the presence and absence of a constitutively active
form of human c-Src (YS30F, CA-Src). Whereas WT-Lnk became
tyrosine phosphorylated when coexpressed with CA-Src, AC-Lnk
showed little or no phosphorylation, indicating that Tyr536 is a
key target site for phosphorylation by c-Src (Supplemental Figure
5A). On the other hand, a constitutively active form of Fyn did not
phosphorylate WT-Lnk (data not shown). We then evaluated the
consequences of the loss of c-Src-mediated Lnk phosphorylation
using CHO cells, which constitutively express human olIIbf3 (29,
32) and were previously shown to spread on immobilized fibrino-
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Figure 6

Lnk deficiency in platelets leads to reduced binding of Fyn to allbf3 and reduced tyrosine phosphorylation of the cytoplasmic domain of the 3
integrin subunit. (A) WT and Lnk=- platelets plated or maintained in suspension as in Figure 5A were lysed and analyzed by immunoblotting
using anti—fB3 integrin or anti—B3/p-Tyr747. In other sets, immunoprecipitation was elicited with anti-Fyn or anti-allb Ab. Each immunoblot panel
is representative of 3 or 4 independent experiments, and estimated band densities are shown in the graphs. Band densities for WT samples from
adherent platelets on fibrinogen were defined as 100%. Lys, lysates. (B) Washed platelets from WT and Fyn-- mice were plated on fibrinogen
for 45 minutes or maintained in suspension in a BSA-coated dish, lysed, and analyzed. The error bars in A and B indicate mean + SD. (C) Left
panels show the features of WT or Fyn-- platelets allowed to spread on fibrinogen-coated coverslips for 45 minutes in the absence of agonist.
The cells were fixed, permeabilized, and stained with Alexa 488 Fluor—phalloidin to visualize F-actin. Scale bars: 10 um. The graph shows
spreading quantified by computer analysis of their surface areas (mean + SD).

gen in an Src kinase-dependent manner (32). When WT-Lnk or
AC-Lnk was expressed as a GFP fusion protein, CHO cells express-
ing AC-Lnk showed fewer lamellipodia on fibrinogen than those
expressing WT-Lnk (Supplemental Figure 5B). Thus, the absence
of its C terminus again disrupted Lnk’s ability to mediate forma-
tion of lamellipodia (Supplemental Figure 5SB). Apparently, the
C-terminal portion of Lnk and phosphorylation of Tyr536, which
is likely regulated by c-Src, are key contributors to formation of
lamellipodia and cell spreading mediated via integrin oIIbf33.
Adberent Lnk~~ platelets show reduced tyrosine phosphorylation of the 33
integrin subunit and reduced association of Fyn with olIbp3. The impor-
tance of Src activation to outside-in allbf3 signaling is well docu-
mented (4, 5, 31). Because Lnk appears to co-immunoprecipitate
with both c-Src and Fyn (Figure 5B), we next asked whether Lnk
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might regulate the function of these kinases in platelets. During
platelet aggregation or adhesion to fibrinogen, 2 conserved tyro-
sine residues in the $3 subunit, Tyr747 and Tyr759, are putatively
targeted by Fyn, which is reportedly indispensable for clot retrac-
tion and prevention of re-bleeding from tail wounds (1, 8, 9). More-
over, Tyr747 is reportedly required for the binding of talin, filamin,
c-Src, and other proteins essential for normal integrin signaling in
platelets (33). We previously observed prominent phosphorylation
of Tyr747 in WT platelets upon adherence to fibrinogen (10), but
this response was severely impaired in Lnk”~ platelets (Figure 6A).
Because it is likely that Fyn phosphorylates Tyr747 through direct
interaction with the 3 cytoplasmic tail (9, 20, 31), we examined
the extent to which Lnk deficiency affected (a) the association of
Fyn with 3 and (b) the phosphorylation status of Tyr747 in plate-
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Figure 7

Model for outside-in signaling through allbf3, c-Src, Fyn, and Lnk.
Based on the present study, we propose that when activated, allbf3
binds to fibrinogen, and a pool of c-Src constitutively bound to the
cytoplasmic domain of the integrin f3 subunit initiates outside-in
allbf3 integrin signaling, which includes phosphorylation of Syk
and its recruitment to allbf3 independent of Lnk (5). The activated
c-Src phosphorylates Tyr536 in a C-terminal portion of Lnk, where
Lnk forms a dimeric or multimeric structure via the N-terminal domain
(34). Lnk strongly facilitates Fyn recruitment to its binding site, resi-
dues 721-725 (IHDRK) in the 33 integrin tail, which may lead to phos-
phorylation of Tyr747 (P-Tyr747) within the 33 cytoplasmic domain of
integrin allbp3. Thereafter, phosphorylation of Tyr747 may facilitate
thrombus stabilization in vitro and in vivo through a platelet contrac-
tion mechanism (7, 9, 40).

lets. We found that in WT platelets, Fyn co-immunoprecipitated
with phosphorylated 3 and that this response was dependent
upon fibrinogen ligation (Figure 6A, IP: Fyn). Furthermore, Fyn
was bound to alIbB3 complexes immunoprecipitated 0 and 45
minutes after fibrinogen binding (Figure 6A, IP: allb, lanes BSA
and Fbg, respectively), but this interaction was markedly dimin-
ished in Lnk~~ platelets at the same time point. The association of
Fyn with Fyb was augmented by fibrinogen binding independently
of Lnk (Figure 6A, IP: Fyn), and the activation of c-Src bound to
alIbB3 (assessed based on phosphorylation of Tyr418) was com-
parable (Figure 6A, IP: allb). That Fyn is constitutively associated
with the 33 integrin subunit (20) suggests that Lnk contributes to
the maintenance or strength of Fyn binding to the alIbf3-based
signaling complex without affecting c-Src activation.

Finally, we assessed the effect of Fyn deficiency on tyrosine
phosphorylation of the B3 subunit and the morphology of plate-
lets spread on fibrinogen. Fyn~/~ platelets showed reduced phos-
phorylation of at least Tyr747 when bound to fibrinogen for 15
or 45 minutes (shown at 45 minutes, Figure 6B). In addition, in
the absence of an agonist, Fyn”~ platelets exhibited delayed and
impaired spreading and somewhat reduced formation of lamel-
lipodia on fibrinogen, even after 45 minutes (Figure 6C). Fyn~/~
platelets began spreading at about 20 minutes, by which time the
spreading of WT platelets had already reached a plateau (data not
shown). These results are consistent with the idea that Lnk sus-
tains Fyn kinase activation of alIbf3, thereby regulating tyrosine
phosphorylation of the B3 subunit.

Fyn-deficient mice exhibit a defect in thrombus formation similar to that
seen in Lnk-deficient mice. To further examine the role of Fyn dur-
ing thrombus formation in vivo, we assessed thrombus formation
within mesenteric capillaries and arteries as we did for Lnk in the
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experiments shown in Figure 3, C and D. We found that Fyn7-
mice exhibited impaired thrombus formation that was very similar
to that seen in Lnk~”~ mice (Supplemental Figure 6 and Supple-
mental Videos 7 and 8). They also showed increased re-bleeding,
but not prolonged initial bleeding times (data not shown), which
is consistent with the results of Reddy et al. (20). Thus, Lnk and
Fyn may act in concert to regulate alIbB3-based actin cytoskeletal
reorganization leading to thrombus stabilization.

Discussion
Lnk is known to be a negative modulator of cytokine/growth
factor receptor-mediated signaling (22) and to, perhaps, influ-
ence the motility of HSCs and progenitor cells, including their
homing to (or lodging within) niches within the BM (16, 34). In
addition, the proven importance of integrins and actin reorga-
nization in HSC migration and homing (34, 35) and in mega-
karyocyte function (19) raises the possibility that Lnk modulates
integrin signaling, but this idea has yet to be tested. In this report,
we revealed a formerly unrecognized mechanism by which Lnk
adaptor protein regulates integrin signaling in platelets and sta-
bilizes developing thrombi in vivo. Using an in vivo FeCls-induced
vessel occlusion model and direct imaging of platelet behavior,
we showed that Lnk deficiency in platelets impairs stabilization
of the developing thrombus under flow conditions, which may
lead to an increase in re-bleeding events in Lnk~~ (Figure 1C) and
Lnk-chimeric (Supplemental Figure 2, right) mice. Through these
mechanistic studies, we have been able to demonstrate that Lnk is
required for platelets to fully spread on fibrinogen (Figure 4 and
Supplemental Figure 3), for efficient fibrin clot retraction (Figure
4C), for platelet aggregation in the presence of lower concentra-
tions of an agonist (Figure 4D), and for thrombus stability under
flow conditions in vivo (Figures 2 and 3). Furthermore, the find-
ings show that all of these effects of Lnk are mediated largely by
olIbp3-dependent outside-in signaling, which is likely associated
with tyrosine phosphorylation of the 3 integrin subunit (8) or
Fyn tyrosine kinase (20). We also found that ligand binding to
olIbP3 in platelets induces the formation of a protein complex
that includes alIb3, c-Src, Fyn, Fyb, and Lnk (Figure 5). Forma-
tion of this complex required Src kinase activity, which targeted
the C-terminal portion of Lnk (Supplemental Figure 5). Finally,
we showed that Lnk supports activation of Fyn within the alIbB3
complex, that Fyn in turn tyrosine phosphorylates the 3 subunit
(Figure 6), and that the consequences of Lnk deficiency are mir-
rored by Fyn deficiency (Supplemental Figure 6). In contrast to
the previously described constitutive association of c-Src or Fyn
with B3 (4, 31), our results indicate that the efficient binding of
Fyn, but not c-Src, to the alIbP3 complex requires the presence of
Lnk (Figure 6). When situated in close proximity to allbf3, Fyn
may function as a positive regulator of 3 tyrosine phosphoryla-
tion (Figure 6B) (10, 28), which would contribute to the stabiliza-
tion of the thrombus (Supplemental Figure 6) (9, 20), perhaps
through association of Fyn with EphA4 (7) or Bcl-3 (36). Lnk thus
appears to play a previously unappreciated role in facilitating
integrin allbf3 outside-in signaling by acting in concert with Fyn
to phosphorylate the $3 subunit on Tyr747, thereby optimizing
platelet cytoskeletal reorganization for stabilization of thrombi in
vivo. We therefore conclude that Lnk may selectively promote Fyn
kinase regulation of alIbB3 outside-in signaling in platelets.
One limitation of comparing thrombus formation in Lnk- and
WT-chimeras is the need to compare platelets in mice of differ-
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ent ages due to the higher capacity for megakaryopoiesis in Lnk~~
animals after BM transplantation. However, using intravital
microscopy after laser-induced injury, we were able to compare
thrombus formation in Lnk”~ and WT mice of the same age and
show that thrombus formation is impaired in Lnk”~ animals
despite higher numbers of circulating platelets (Figure 3, C and
D). The reduced thrombus formation by Lnk-deficient platelets
was even apparent 4 weeks after transplantation, at which time
chimeric mice show slight thrombocytopenia, reflecting the fact
that they are recovering from severe myelosuppression, and so are
actively generating platelets. Furthermore, our in vitro study of
the spreading of platelets from chimeric mice of different ages
confirmed that the area of spread of platelets from Lnk-chimeras
was consistently smaller than the area of spread of platelets from
WT-chimeras. From these findings, we again conclude that Lnk
deficiency leads to impaired platelet spreading independent of
age or active megakaryopoiesis and contributes to the impaired
stabilization of developing thrombi in vivo.

The small GTPase Racl and its guanosine exchange factor Vav
contribute to the formation of lamellipodia during the adhesion
of CHO-alIbB3 cells to fibrinogen (29, 37). The activation of
Racl is mediated through 2 NxxY motifs (residues 744-747 and
756-759 in the 3 subunit) in the cytoplasmic tail of the 3 subunit
(37). Reddy et al. recently demonstrated that CHO cells expressing
a truncated form of allbf3 lacking the distal NxxY motif (resi-
dues 756-759) fail to spread on fibrinogen, and the defect is res-
cued by overexpression of active Fyn (20). Those results indicate
that Fyn activation may augment functions of the proximal NxxY
motif (residues 744-747), presumably through phosphorylation
of Tyr747 (8). Our results support that idea and indicate that Fyn,
with the help of Lnk, is required for Tyr747 phosphorylation of 3
(Figure 6, A and B). In the model cell system, Lnk was directly tyro-
sine phosphorylated at Tyr536 by c-Src, which was required for
formation of lamellipodia by CHO-alIbB3 cells immobilized on
fibrinogen (Supplemental Figure 5). Because Lnk supports Fyn’s
association with the alIbB3 complex but is not required for c-Src
activation or its association with the alIbf3 complex in platelets
(Figure 6A), we propose the signaling cascade depicted in Figure 7.
The Fyn binding region of B3 — residues 721-725 (IHDRK) (20)
— is distinct from the c-Src binding region — residues 760-762
(RGT) (38). In normal platelets, the engagement of integrin alIbf33
initiates outside-in signaling through c-Src activation and Syk
recruitment to the 33 tail (4, 5, 31), which is independent of Lnk.
The activated c-Src presumably mediates tyrosine phosphoryla-
tion of Lnk, which leads to efficient recruitment/activation of
Fyn at the 3 tail and phosphorylation of Tyr747 (Figure 7). We
studied the effects of CVX on inside-out signaling by measuring
fibrinogen binding to integrin alIbf3 and on outside-in signaling
by studying platelet spreading on a collagen-coated surface (data
not shown). The results so far indicate that Lnk is not involved
in signaling mediated through GPVI, where Fyn also functions,
and it appears that Lnk deficiency does not universally affect Fyn-
coupled platelet receptors. Although the precise molecular mecha-
nism is currently unknown, presumably the necessary machinery
exists to ensure the specific and selective interaction of Lnk and
the Fyn complex with the 3 integrin subunit.

It has been reported that the laser-induced injury model mainly
reflects the tissue factor/thrombin-mediated pathway to platelet
activation and is independent of the exposed collagen-GPVI and
vWEF-GPIba interactions triggered by the loss of endothelium;
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conversely, FeCls-induced thrombus formation is collagen and
vWF dependent (23, 25, 39). Nonetheless, it is reasonable to con-
sider that our laser-induced injury model caused relatively mild
damage to endothelial cells, as compared with previously reported
experimental models (26). Consistent with that idea, we found that
staining of the vasculature for Griffonia simplicifolia 1B4 isolectin
showed the endothelial layer to be intact after laser-induced injury
(Supplemental Figure 7). In addition, there was no extravasation of
fluorescent dyes after laser injury, indicating that vascular perme-
ability was unaffected by laser-induced injury (Supplemental Vid-
eos 1-8). Although, as with other methods, the precise mechanism
and trigger of laser-induced thrombus formation remain unclear,
it is unlikely that exposure of the extracellular matrix (mainly col-
lagen) as a result of endothelial damage is a primary trigger. One
alternative possibility is that thrombus formation is triggered by
ROS, but ROS produced within the blood as a result of laser irradi-
ation of hematoporphyrin and fluorescent dyes are readily washed
away by the rapid blood flow. More likely, ROS produced within
endothelial cells and/or stromal spaces are involved.

Given the mild damage to the endothelium and the lack of
involvement of the collagen-GPVI and vWF-GPIba interactions,
the diminished thrombus formation seen in Lnk~~ platelets could
reflect a defect in allbB3-mediated signaling. Recently, 2 distinct
phases in the stabilization of the primary hemostatic plug under
flow conditions have been proposed. The first is a rapid phase
linked to fibrin-independent platelet contractility (40), possibly
accomplished through allbf3-mediated outside-in signaling
and the subsequent Rho kinase-dependent physical tightening
of platelet-platelet adhesion contacts, for example, through eph-
rin/Eph kinases, JAM-A, or Sema4D (41). The second is a slower
phase linked to thrombin generation and fibrin polymerization to
stabilize the thrombus (40).

With our imaging system and laser-induced injury, we were able
to observe the rapid phase of thrombus formation, which occurs
within seconds, whereas FeCls-induced arterial occlusion occurs
more than 20 minutes after injury. Using chimeric mice in which
platelet counts were equalized, we observed that in vivo throm-
bus formation by Lnk~~ platelets was impaired in both models,
although more significant deficiencies were detected in the laser-
injury model (Figure 2C and Figure 3A).

Recent genome-wide association studies identified SNPs associ-
ated with type 1 diabetes and celiac disease, including a nonsyn-
onymous SNP in exon 3 of LNK/SH2B3, encoding a pleckstrin
homology domain (R262W) (42, 43). Notably, the same SNP was
recently shown to be associated with increased eosinophil num-
bers and myocardial infarction (42, 43). Accordingly, it will be
important to investigate the link between the sequence variation
in LNK/SH2B3 and platelet function in patients.

In conclusion, we explored a new regulatory mechanism by
which the adaptor protein Lnk contributes to the stabilization of
developing thrombi. Lnk regulates integrin olIbB3-mediated sig-
naling in platelets and is required for Fyn interaction with alIbB3
and efficient tyrosine phosphorylation of the 33 integrin subunit,
leading to actin cytoskeletal reorganization. Because Lnk~~ mice do
not exhibit spontaneous (or abnormal) bleeding or severe immune
system dysfunction, we suggest that molecules that modulate out-
side-in signaling, including Lnk, might represent novel and safe
therapeutic targets for the prevention of cardiovascular events.
Such therapeutics would likely pose a smaller risk for bleeding
than conventional drugs.
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Methods

Cells, reagents, and mice. All reagents were from Sigma-Aldrich unless oth-
erwise indicated. C57BL/6 mice congenic for the Ly5 locus (B6-LyS.1) and
Lnk/~B6-Ly5.1 mice (22) were bred and maintained at the Animal Research
Centers of the Institute of Medical Science, the University of Tokyo, and
of the Research Institute, International Medical Center of Japan. Lnk 7/~
B6-LyS.1 mice were first established on a C57BL/6 (B6-Ly5.2) background
and backcrossed more than 12 times, after which they were crossed into the
B6-Ly5.1 background. WT B6-LyS.2 mice were purchased from Nihon SLC.
Fyn~/~ B6-Ly5.2 mice (44) were from T. Yamamoto (University of Tokyo).
The protocol for this work was approved by the IACUCs of the Institute
of Medical Science, University of Tokyo, and of the Research Institute,
International Medical Center of Japan. The following Abs and reagents
were used: anti-c-Src (327, a gift from J. Brugge, Harvard Medical School,
Boston, Massachusetts, USA) (4, 31), anti-mouse allbf3 (1BS, from
B. Coller, Rockefeller University, New York, New York, USA), anti-human
Lnk (from J. Hayashi, University of Maryland, Baltimore, Maryland, USA,
or purchased from Abcam), anti-mouse Lnk (11), anti-Lcp2 and anti-
Fyb (from G. Koretzky, University of Pennsylvania, Philadelphia, USA),
anti-phospho-Src pY418 and anti-phospho-f3 pY773 (Y747 in mice)
(Biosource International), anti-Syk (N-19), anti-Fyn (FYN3) and anti-$3
integrin (N-20) (Santa Cruz Biotechnology Inc.), anti-phosphotyrosine
(4G10) and anti-Src (GD11) (Upstate Biochemical), anti-Fyb and anti-allb
(MWReg30, BD Biosciences and Invitrogen), HRP-conjugated secondary
Abs (Bio-Rad), Protein G Sepharose (GE Healthcare), protease inhibitor
cockrail, aprotinin, and leupeptin (Roche Molecular Biochemicals), rho-
damine-phalloidin, Alexa Fluor 488-conjugated fibrinogen, and Alexa
Fluor 488-conjugated bovine IgG Abs (Molecular Probes, Invitrogen),
purified human fibrinogen (American Diagnostica Inc), FITC-conjugated
anti-mouse integrin 0.2, olIb, and $3 and the FITC-Annexin-V kit (BD and
Invitrogen), PE-anti-mouse GPIba, FITC-anti-mouse GPVI, and PE-anti-
mouse P-selectin (Emfret), and CVX (from T. Morita, Meiji Pharmaceuti-
cal University, Tokyo, Japan).

BM transplantation. BM from femurs was washed with PBS and counted.
WT (107 per recipient mouse) or Lnk”~ (2 x 10% or 5 x 10%) BM cells were
intravenously transfused into 8-week-old male Ly-5.2 recipient mice. The
recipients were then lethally irradiated at a dose of 9.5 Gy. Two, 4, 6, and
8 weeks later, PBLs were collected from the recipient mice, and chimerism
was confirmed using a Ly5.1/Ly5.2 system.

Bleeding times. Tail bleeding assays were performed with 8- to 12-week-old
Lnk7~and WT male mice. Mice were anesthetized with 50 ug/ml pento-
barbital, after which a 5-mm segment of the distal tip of the tail was cut
off, and the tail was immediately immersed in PBS at 37°C. Tail bleeding
times were defined as the time required for the bleeding to stop. Tail bleed-
ing was monitored for at least an additional 60 seconds to detect possible
re-bleeding (secondary bleeding), as previously described (8, 20, 45). We
preliminarily confirmed that tail bleeding and re-bleeding times were com-
parable in B6-Ly5.1 and B6-LyS5.2 mice.

Measurement of FeCls-induced vessel occlusion times in carotid arteries. Mice
were anesthetized by injection with urethane (1.5 g/kg), and a segment
of the carotid artery was exposed. Thrombus formation was then trig-
gered by applying 10% FeCls solution to the adventitial side to induce
endothelial cell injury (23). FITC-dextran solution (5 mg/kg BW, MW
150,000) was injected via the tail vein, and carotid blood flow was contin-
uously monitored using fluorescence confocal microscopy to determine
the time to occlusion.

Intravital microscopy and thrombus formation. To visually analyze thrombus
formation in the microcirculation of the mesentery in living animals, we
used in vivo laser injury and visualization techniques developed through

modification of conventional methods (18, 24). Male mice were anesthe-
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tized by injection with urethane (1.5 g/kg), and a small incision was made
so that the mesentery could be observed without being exteriorized. FITC-
dextran (5 mg/kg BW) was injected into mice to visualize cell dynamics,
while hematoporphyrin (1.8 mg/kg for capillary thrombi, 2.5 mg/kg for
arterioles) was injected to produce ROS upon laser irradiation. Blood cell
dynamics and production of thrombi were visualized during laser exci-
tation (A 488 nm, 30 mW power). Sequential images were obtained for
20 seconds at 30 frames/s using a spinning-disk confocal microscope
(CSU22, Yokogawa Electronics) and an EM-CCD camera (Impactron
CCD; Nihon TI). The diameters of the examined capillaries were as fol-
lows: in Figure 3A, WT-chimera 6.56 + 0.12 um, Lnk-chimera 6.68 + 0.06
um (n = 30 vessels from S animals, P = 0.42); in Figure 3C, Lnk7/~
6.56 +0.12 um, WT 6.46 + 0.10 um, Lnk~~ 6.56 + 0.12 wm (n = 30 vessels
from 5 animals, P = 0.26). In Figure 3D, diameters of the examined arteri-
oles were as follows: WT 26.6 + 4.5 um, Lnk7~25.7 £ 3.4 um (n = 10 vessels
from 5 animals, P = 0.43). We also confirmed that thrombus formation
within the vessels was comparable in the B6-Ly5.1 and B6-Ly5.2 mice.

Preparation of blood samples for analysis of platelet spreading and fibrinogen
binding. For each experiment, blood samples were collected from 8-10
Lnk”~ and WT male mice (8-12 weeks old) by cardiac puncture after CO,
treatment. Some collected samples were immediately transferred to plastic
tubes containing one-sixth volume of acid-citrate-dextrose (ACD). Plate-
let-rich plasma (PRP) was obtained by centrifugation of whole blood at
150 g for 15 minutes without braking. To obtain the washed platelets used
for most of the in vitro experiments, 1 uM PGE; and 2 U/ml apyrase were
added, and the platelets were centrifuged at 750 g for 10 minutes. The
sedimented platelets were then washed in modified Tyrode-HEPES buf-
fer containing 1 uM PGE; plus 15% volume ACD and finally resuspended
in an appropriate volume of Ca?"-free modified Tyrode-HEPES buffer
(10 mM HEPES [pH 7.4], 12 mM NaHCOs3, 138 mM NacCl, 5.5 mM glu-
cose, 2.9 mM KCl, and 1 mM MgCl,).

Confocal microscopic analysis of platelet spreading and immunoprecipitation
assays. All confocal studies were performed using a Leica TCS SP2 micro-
scope equipped with a 63x, 1.40 NA oil immersion objective (Leica), as
described previously (46). Images were assembled using Adobe Photo-
shop. Analysis of platelet adhesion (cell number) and calculation of their
surface area (spreading) were done using NIH Image] software (http://
rsbweb.nih.gov/ij/).

The lysis buffer used for immunoprecipitation contained 2% Triton
X-100 or 1% NP-40, 150 mM NaCl, 50 mM Tris-HCI (pH 7.4), 0.5 mM
EGTA, 0.5 mM EDTA, 1 mM Na;VOy, 0.5 mM NaF, 0.5 mM PMSF, and 50
ug/ml leupeptin. Anti-alIb was used for immunoprecipitation of allbf3.

Flow cytometric measurement of fibrinogen-binding (activation of allbf3) and
P-selectin expression. Washed, rested platelets were incubated for 30 minutes
at room temperature with 200 pg/ml Alexa Fluor 488-conjugated fibrino-
gen plus ADP, epinephrine, PAR4 agonist peptide, or PMA in a 50-ul final
volume of modified Tyrode-HEPES buffer containing 0.2 mM CaCl,. The
binding of Alexa Flour 488-fibrinogen to platelets was quantified using
an Aria flow cytometer (BD). Nonspecific binding was determined in the
presence of 20 ug/ml 1BS. Specific binding was defined as total minus the
nonspecific binding. P-selectin expression was measured similarly using
a Canto-II flow cytometer (BD) with washed platelets in a 100-ul final
volume (1 x 10° platelets).

Clot retraction assay. To obtain washed platelets, PRP from WT or Lnk”~
mice was diluted with 1 volume of modified Tyrode-HEPES buffer and
centrifuged in the presence of 0.15 uM PGE;. The sedimented platelets
were then washed in modified Tyrode-HEPES buffer containing 0.15 uM
PGE; and 1 mM EDTA and finally resuspended with modified Tyrode-
HEPES buffer to adjust the number of platelets to 3 x 108/ml. Fibrin clot
retraction was studied by incubating the clots in the presence of 2 U/ml
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thrombin, 500 ug/ml fibrinogen, and 2 mM CaCl, for 1 or 2 hours at 37°C
in an aggregometer cuvette as described previously (47, 48).

Plasmids and transfection of COS7 or CHO cells. COS7 and CHO-alIIbf3 cells
(provided by H. Kashiwagi, Osaka University, Osaka, Japan) were trans-
fected using Lipofectamine 2000 methodology (Invitrogen). Constitutively
active human c-Src mutant (YS30F)/pcDNA3 was obtained from T. Tezuka
(University of Tokyo). Flag-tagged Lnk and the C-terminal deletion mutant
(AC-Lnk) were constructed by PCR using previously constructed plasmids
(34) as templates and reinserted into pcDNA3 vector. A Lnk cDNA cassette
lacking the stop codon was generated by PCR and inserted into pcDNA-
DEST47 (Invitrogen) to generate the expression vector for the Lnk-GFP
fusion protein, as described previously (34).

Statistics. Differences between experimental and control animals were
analyzed using 2-tailed Student’s  tests. Incidence of re-bleeding times was
evaluated by the 2 test. P values less than 0.05 were considered significant.
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