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ORIGINAL ARTICLE

Clathrin-mediated integrin αIIbβ3 trafficking controls platelet spreading

Wen Gao1, Panlai Shi2, Xue Chen2, Lin Zhang2, Junling Liu2, Xuemei Fan2, & Xinping Luo1

1Department of Cardiology, Huashan Hospital, Fudan University, Shanghai, China and 2Department of Biochemistry and Molecular Cell Biology,
Shanghai Key Laboratory of Tumor Microenvironment and Inflammation, Shanghai Jiao Tong University of Medscine, Shanghai, China

Abstract

Dynamic endocytic and exocytic trafficking of integrins is an important mechanism for cell
migration, invasion, and cytokinesis. Endocytosis of integrin can be classified as clathrin
dependent and clathrin independent manners. And rapid delivery of endocytic integrins
back to the plasma membrane is key intracellular signals and is indispensable for cell move-
ment. Integrin αIIbβ3 plays a critical role in thrombosis and hemostasis. Although previous
studies have demonstrated that internalization of fibrinogen-bound αIIbβ3 may regulate
platelet activation, the roles of endocytic and exocytic trafficking of integrin αIIbβ3 in platelet
activation are unclear. In this study, we found that a selective inhibitor of clathrin-mediated
endocytosis pitstop 2 inhibited human platelet spreading on immobilized fibrinogen (Fg).
Mechanism studies revealed that pitstop 2 did not block the endocytosis of αIIbβ3 and Fg
uptake, but inhibit the recycling of αIIbβ3 to plasma membrane during platelet or CHO cells
bearing αIIbβ3 spreading on immobilized Fg. And pitstop 2 enhanced the association of αIIbβ3
with clathrin, and AP2 indicated that pitstop 2 inhibit platelet activation is probably due to
disturbance of the dynamic dissociation of αIIbβ3 from clathrin and AP2. Further study
demonstrated that Src/PLC/PKC was the key pathway to trigger the endocytosis of αIIbβ3
during platelet activation. Pitstop 2 also inhibited platelet aggregation and secretion. Our
findings suggest integrin αIIbβ3 trafficking is clathrin dependent and plays a critical role in
platelet spreading, and pitstop 2 may serve as an effective tool to address clathrin-mediated
trafficking in platelets.
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Introduction

Integrins are a family of adhesive receptors [1]. Integrin interac-
tion with extracellular ligand supplies a physical anchor for the
cell and triggers the intracellular signaling events that manipulate
cell fate [2]. Endocytic and exocytic trafficking of integrin is an
important mechanism for rapid delivery of integrins back to the
plasma membrane and facilitate adhesion turnover and provides
the cell with a constant fresh pool of integrins to generate new
adhesions [2], thereby regulating cell growth, proliferation,
migration, invasion, and cytokinesis [3]. The role and mechanism
of integrin endo/exocytic cycle are being increasingly recognized,
and the basic idea is that the exocytic receptors are internalized by
endocytosis and trafficked through the cells [4].

Integrin endocytosis can be triggered by intracellular signaling
at the extracellular surface of the cell through clathrin-dependent
and clathrin-independent manners [3]. In clathrin-mediated integ-
rin endocytosis, the integrin budding-in process is initiated by a

pit coated with clathrin assisted by a set of cytoplasmic proteins
including integrin cytoplasmic domains [5], dynamin [6], and
adaptors [7] such as adaptin [8]. The pit is further converted
into a short-life clathrin-coated vesicle [9]. Then, the coat can
be shed, and the remaining vesicle fuses with endosomes and
proceeds down the endocytic pathway [10]. Tubular actin-depen-
dent recycling endosomes [11] and ARF6 pathways [12] have
been described in integrin recycling back to the plasma mem-
brane, but whether clathrin-mediated trafficking functions in this
process has not been determined.

In clathrin-mediated endocytosis, clathrin acts as a central
organizing platform for coated pit assembly and dissociation via
its terminal domain (TD) [13]. Recently, a selective inhibitor,
pitstops, has been identified and shown to block endocytic ligand
association with the clathrin TD [14]. Pitstops significantly inter-
feres with receptor-mediated endocytosis, entry of HIV, and
synaptic vesicle recycling, and therefore serves as a potential
pharmacological tool to elucidate the functions and processes of
clathrin-mediated endocytosis [15].

Integrin αIIbβ3, as a platelet-abundant specific adhesive recep-
tor, plays a pivotal complex role in platelet physiology, such as
adhesion, aggregation, clot formation, and retraction [16,17].
Despite the functions of αIIbβ3 internalization for uptake of Fg
and downregulation of adhesiveness of αIIbβ3 were being par-
tially clarified [12,18,19], the roles of clathrin-mediated αIIbβ3
trafficking in platelet activation remain unknown. Here, the role
of integrin αIIbβ3 trafficking in human platelet was investigated
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using a novel clathrin terminal domain inhibitor pitstop 2. The
data presented in this study have provided important insights into
the αIIbβ3 trafficking in platelet activation.

Material and methods

Reagents

Apyrase, PGE1, Fg, indomethacin, and PF-573228 were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Collagen
was purchased from chrono-log (Havertown, PA, USA). α-
Thrombin was from Enzyme Research Laboratories (South
Bend, IN, USA). AP2-mu, tyrphostin A23, cytochalasin, taxol,
clathrin antibodies and control IgG were purchased from Santa
Cruz (Dallas, TX, USA). Monoclonal antibody SZ21 [20] against
human platelet β3 for immunofluorescence was a gift from
Xiaodong Xi (Shanghai Jiao Tong University School of
Medicine). FITC-conjugated-CD41 antibody was purchased
from Beckman Coulter (Brea, CA, USA). Horseradish peroxi-
dase-conjugated goat anti-mouse antibody and rhodamine affini-
pure goat anti-rabbit IgG were purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA, USA). Anti-
LAMP1 rabbit antibody, anti-EEA1 rabbit antibody, pitstop 2
(ab120687), and its negative control (ab120688) were purchased
from Abcam (Cambridge, MA, USA). Rhodamine-conjugated
phalloidin was from Life Technologies (Gaithersburg, MD,
USA). Super signal chemiluminescent substrate was from Pierce
(Rockford, IL, USA). Rabbit anti-integrin β3 polyclonal antibody
and mouse anti-GAPDH monoclonal antibody were from Cell
Signaling Technology (Danvers, MA, USA). Anti-FAK rabbit
polyclonal antibody was purchased from EMD Millipore
(Billerica, MA, USA). Piceatannol was purchased from Cayman
Chemical (Ann Arbor, MI, USA). U0126 was from Gene
Operation (Ann Arbor, MI, USA). PP2 was purchased from
Calbiochem (Darmstadt, Germany). Dynasore, U73122, apopto-
zole and Ro 31-8220 were purchased from Selleck (Houston,
TX, USA).

CHO cells spreading on fibrinogen

CHO cells expressing αIIbβ3 were obtained from Xiaoping Du
(University of Illinois) and incubated with pitstop 2 or control at
the concentration of 5 μM in chamber slides coated with 50 μg/
mL Fg. Intact cells were immobilized on poly-L-lysine after
incubated with pitstop 2 or control. Adherent cells were rinsed
with PBS and fixed with 4% paraformaldehyde. Then cells were
washed and incubated with SZ21 and anti-EEA1 antibody or anti-
LAMP1 antibody in labeling buffer (0.5% BSA and 0.5% Triton
X-100 in PBS) overnight. The cells were washed 3 × 10 minutes
with labeling buffer and incubated with secondary antibody and
Rhodamine-conjugated Phalloidin in labeling buffer for 30 min-
utes. Then cells were washed and stained with DAPI. Cells were
imaged with Zeiss LSM-710 confocal microscope.

Human platelet preparation, aggregation, and spreading on
immobilized fibrinogen

After informed consent was obtained, blood was collected from
healthy donors into empty syringes and then transferred to poly-
propylene centrifuge tubes containing 100 µl/mL whites antic-
oagulant (2.94% sodium citrate, 136 mM glucose, pH 6.4), 0.1 µg/
mL PGE1, and 1 U/mL apyrase. Platelet-rich plasma (PRP) was
prepared by differential centrifugation. Washed platelets were
prepared as described [21,22]. Aggregation was measured in the
Lumi-Aggregometer (Chrono-Log, Havertown, PA) using washed
platelets (300 μL) adjusted to approximately 3 × 108/mL with

stirring at 1000 rpm. Inhibitors were incubated with the platelets
for 3 minutes prior to agonist stimulation.

Analysis of platelet spreading on immobilized Fg was done as
described [23]. Briefly, washed human platelets (2 × 107 /mL)
were incubated with pitstop 2 or control for 3 minutes prior to
spreading on slides coated with Fg (50 µg/mL) for specific inter-
vals. Then the platelets were stained with rhodamine-conjugated
phalloidin and captured with Zeiss fluorescent microscope. The
spreading area of platelets was quantified using the National
Institutes of Health (NIH) Image J software.

Clot retraction

Clot retraction using human platelets was processed as described
[24]. Clot size was quantified from photographs using NIH
Image J software, and retraction was expressed as retraction
ratio [1−(final clot size/initial clot size)].

Flow cytometry analysis

Analysis of FITC-Fg binding and p-selectin expression was done
as described [24]. Briefly, human platelets were incubated with
PE-CD62P or APC-Fg and thrombin for 20 minutes before mea-
sured by fluorescence-activated cell sorter (FACS).

Washed human platelets at a concentration of 3 × 107/mL incu-
bated with FITC-CD41 or FITC-PAC1 were either kept resting or
stimulated with α-thrombin (0.05 U/mL) to measure the surface levels
of total and activated αIIbβ3. The mixture was analyzed by FACS.

Measurement of ATP secretion

Platelet secretion of adenosine trisphosphate (ATP) granule was
measured in parallel with platelet aggregation as previously
described [25, 26] using a Lumi-Aggregometer with stirring
after the addition of the luciferin-luciferase reagent. To examine
the effects of pitstop 2 on platelet function, platelets were incu-
bated for 3 minutes with pitstop 2 or control before the addition of
the platelet agonist. The results shown represented at least three
independent experiments.

Integrin αIIbβ3 endocytosis

Washed platelets or CHO cells bearing αIIbβ3 were incubated
with FITC-anti CD41 antibody (0.05mg/mL) for 1 hour at 37°C
and then incubated with pitstop 2 or control. Intact cells were
immobilized on poly-L-lysine. Platelets spreading on immobi-
lized Fg were washed and fixed and then imaged with fluores-
cence microscopy survey. Cells spreading on immobilized Fg
were washed and fixed. Then the cells were permeabilized with
0.25% Triton X-100 for 10 minutes followed by blocking with 5%
BSA for 1 hour and incubated with anti-FAK rabbit polyclonal
antibody overnight. The cells were washed with PBS and incu-
bated with secondary antibody in 5%-BSA for 1 hour. Then cells
were washed and stained with DAPI. Cells were imaged with
Zeiss LSM-710 confocal microscope.

Platelets and cells spreading on immobilized Fg were washed
and incubated with FITC-anti-CD41 antibody directly under non-
permeabilizing conditions. Then they were fixed and imaged with
fluorescence microscopy survey.

Immunoprecipitation and Western blot analysis

For the detection of AP2-mu and clathrin, spread platelet samples
were added to the equal volume of 2× lysis buffer (100 mM Tris-
HCl, pH 7.4; 2% NP-40; 300 mM NaCl; 2 mM EDTA; 2 mM
PMSF; 2 μg/mL aprotinin, leupeptin, and pepstatin; 2 mM
Na3VO4; 2 mM NaF; and a Complete Mini Protease Inhibitor
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Cocktail Tablet). Next, the samples were incubated on ice for 30
minutes, and then 2 μg/mL anti-β3 was added, and the samples
were incubated overnight at 4°C. Then, 30 μL Protein A/G PLUS-
Agarose was added to each sample prior to incubation for 2 hours
at 4°C. The beads were harvested by centrifugation at 3000 ×g for
2 minutes and washed three times with 500 μL lysis buffer and
twice with PBS solution. Proteins were boiled in sample buffer
and resolved on a 10% sodium dodecyl sulfate (SDS) polyacryla-
mide gel and transferred to PVDF membrane. Western blots were
performed using anti-AP2-mu, anti-clathrin, or anti-β3 antibody
at a 1:1000 dilution, followed by incubation with horseradish
peroxidase-conjugated goat anti-rabbit antibody at a 1:5000 dilu-
tion. Blots were developed using super signal chemiluminescent
substrate.

Fitc-fg uptake assay

Analysis of FITC-Fg uptake was performed as previously
described [12]. Briefly, washed human platelets were preincu-
bated with pitstop 2, A23, dynasore or control, and then they
were incubated with FITC-Fg (0.05 mg/mL) for 1 hour before
being resuspended in Tyrode’s buffer containing 0.35% BSA and
1 mM CaCl2. Platelets then were incubated for 2 hours and fixed.
Trypan blue (0.1%) was added prior to imaging. The number of
FITC-positive punch per platelet was counted manually.

Results

Clathrin inhibitor pitstop 2 prevented platelet spreading

Integrin activation can be regulated by conformational change,
clustering, and trafficking, including the delivery of newly synthe-
sized integrins, integrin internalization, and recycling of interna-
lized integrins [3]. Clathrin-mediated endocytosis is emerging as an
important mechanism of integrin trafficking and has recently been
widely investigated [19,27]. Integrin αIIbβ3, as the most abundant
platelet surface receptor, plays an important role in platelet activa-
tion, and clustering of αIIbβ3 leads to platelet shape change and
spreading [28]. To elucidate the roles of clathrin-mediated integrin
αIIbβ3 trafficking in platelet activation, a novel selective clathrin
terminal domain inhibitor pitstop 2 was used to examine its effects
on platelet spreading on immobilized Fg and clot retraction.

We first evaluated if platelet size or morphology was changed
by pitstop 2 treatment. As shown by supplemental Figure S1 and
Table I pitstop 2 treatment had no significant effect on platelet
size/morphology detected by flow cytometry and hemacytometer.

To focus on αIIbβ3-mediated outside-in signaling, additional
agonists were not added. As shown in Figure 1A, pitstop 2
treatment caused a significant decrease in platelet ability to spread
on Fg but had no obvious effect on platelet attachment ability.
The statistical analysis showed that the average spreading area of
the platelets treated with 5 µM pitstop 2 was significantly smaller
than that in the presence of pitstop 2 specific control (ab120688)
[29] (Figure 1B), demonstrating that pitstop 2 severely interferes
with integrin αIIbβ3-mediated platelet spreading on immobilized
Fg. Pitstop 2 treatment also caused a decrease of lamellipodia
formation after platelets spreading for 30 minutes (Figure 1C),
probably due to the inadequate membrane supplement for forming
lamellipodia.

We also detected the effect of pitstop 2 on clot retraction. As
shown in Figure 1D and 1E, pitstop 2 had no significant effect on
clot retraction.

Pitstop 2 inhibited the recycling of αIIbβ3 in CHO cells

To further reveal the functions of clathrin on integrin αIIbβ3
trafficking, the dynamic location of integrin αIIbβ3 in CHO

cells [30] spreading on immobilized Fg was traced by immu-
nofluorescence staining as described in method. As shown in
Figure 2, in resting CHO cells, F-actin and αIIbβ3 displayed a
diffuse staining which was slightly brighter at the periphery of
the cells. After spreading on Fg for 30 minutes, the majority of
integrin αIIbβ3 in CHO cells treated with control was found to
be into micro vesicles in the cytoplasm. To trace the interna-
lized αIIbβ3, co-staining for early and late endosomes using an
anti-EEA1 or anti-LAMP1 antibody with αIIbβ3 was carried
out. The results presented in supplemental Figure S2 demon-
strated that internalized αIIbβ3 fused partly with early and late
endosomes. Over time, part of integrin αIIbβ3 was clustered
and accompanied by the actin cytoskeletal reorganization. At
90 minutes, most of the integrin αIIbβ3 clusters located at focal
adhesion sites that were interconnected by contractile actin
fibers. There was no obvious difference of αIIbβ3 internaliza-
tion in pitstop 2 treating CHO cells compared to that in control
group at 30 minutes (Figure 2B). But the formation of integrin
αIIbβ3 clusters and actin reorganization were severely inhibited
at 60 minutes, and αIIbβ3 still existed in micro vesicles sur-
rounded by actin in the cytoplasm after 90 minutes, leading to
inadequate spreading of CHO cells in the pitstop 2 treatment
group. These results demonstrated that pitstop 2 inhibited the
recycling of αIIbβ3 to plasma membrane instead of blocking
the endocytosis of αIIbβ3 during CHO cells spreading on
immobilized Fg.

To directly observe the effects of pitstop 2 on internalized
integrin αIIbβ3 instead of intracellular stored or newly synthe-
sized αIIbβ3, CHO cells bearing αIIbβ3 were incubated with
the FITC-conjugated-CD41 antibody in the presence of pitstop
2 or its control before spreading on immobilized Fg. Then the
cells were fixed at specific intervals and stained with anti-FAK
antibody. As shown in Figure 3A, the green fluorescence dis-
tributed evenly on the CHO cells membrane at resting state
(control intact), whereas focal adhesion kinase (FAK) displayed
a diffuse staining. After spreading for 30 minutes, the unifor-
mity distribution of αIIbβ3 in CHO cells was disrupted and
labeled αIIbβ3 were internalized as micro vesicles. At 60
minutes, the αIIbβ3 partially detached from vesicles and clus-
tered along with the CHO cells spreading. At the time point of
90 minutes, the spreading process completed with the αIIbβ3
fully clustering at the focal adhesion sites and colocalized with
FAK. Compared with the control group, endocytic αIIbβ3
stagnated at vascular stages in the pitstop 2 treated CHO
cells and FAK failed to form bundles at 90 minutes
(Figure 3B). The quantification assay demonstrated that pitstop
2 mainly functioned during the late stage of spreading (supple-
mental Figure S3). Spreading assay under nonpermeabilizing
and permeabilizing was carried out to confirm the location of
αIIbβ3. The results presented in supplemental Figure S4 con-
vinced that the majority of αIIbβ3 was recycled to the mem-
brane and formed clusters under nonpermeabilizing conditions.
However, under permeabilizing conditions, αIIbβ3 displayed a
more diffuse staining. The data also showed clearly that endo-
cytic αIIbβ3 stayed inside the cells in the pitstop 2-treated
group.

Pitstop 2 disturbed the dynamic dissociation of αIIbβ3 from
clathrin and AP2

Platelets stained with FITC-conjugated-CD41 were carried out
in the presence of pitstop 2 or control to detect its effects on
αIIbβ3 trafficking in platelets. The fluorescence-labeled αIIbβ3
was present in a homogenous ring around the periphery of
platelets treated with pitstop 2 or control at 0 minute (supple-
mental Figure S1). As shown in Figure 4A, after spreading for
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10 minutes, αIIbβ3 was internalized as vesicles, the empty
vacuoles had a clear appearance on the surface of platelets.
After 30 minutes, vesicular αIIbβ3 gradually turned into clus-
tered αIIbβ3 appeared as large fluorescent particles. And the
fluorescence labeled αIIbβ3 eventually distributed to the whole
platelet at 60 minutes. On the contrary, in the pitstop 2 treated
group, the fluorescence labeled αIIbβ3 was arrested at vesicu-
lar stages, and pitstop 2 treated human platelets finally formed
the “ring” structure on immobilized Fg probably due to the
inadequate cell membrane supplement for spreading. These

results clearly indicated that pitstop 2 affected αIIbβ3 traffick-
ing by interfering with the recycle process of internalized
αIIbβ3.

Clathrin-coated pit initiation was thought to be triggered by
the recruitment of the adaptor proteins and accessory proteins
such as the most abundant endocytic clathrin adaptor, AP2 [6].
AP2-mediates cargo recruitment, maturation, and scission of
the pit by binding cargo, clathrin, and accessory proteins.
Recent study showed that AP2 interacted with integrin cyto-
plasmic conserved motif to selectively direct the internalization

Figure 1. Clathrin inhibitor Pitstop 2 prevented platelet spreading. (A) Representative phalloidin-stained images of washed platelets preincubated with
negative control or pitstop 2 spreading on immobilized Fg for 10, 30, and 60 minutes, respectively. Images were taken under oil immersion with
magnification ×100. Scale bar, 5 µm. (B) Quantification of the platelet areas (pixel number) in 4 random fields per experiment and at least three
independent experiments were performed. Statistical analyses were performed using the student t-test (mean ± standard deviation (SD); ***P < 0.001).
(C) The numbers of platelets extending filopodia, lamellipodia, or fully spread per 100 platelets were counted manually at specific interval. The
percentage platelets in each group relative to total were plotted as bar graph. Statistical significance was determined using the Student t-test (mean ±
SD; *P < 0.05, **P < 0.01; ##P < 0.01, ###P < 0.001; †P < 0.05, ††† P < 0.001). (D) Clot retraction of PRP containing platelets in the presence of
pitstop 2 or negative control. (E) Two-dimensional retraction of clots was measured using NIH Image J software and data are retraction ratios.
Statistical significance was determined using the Student t-test.
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of integrins [31]. Dynamin, as a mechanochemical enzyme,
plays an important role in clathrin-coated vesicle formation
and vesicle scission [32].

The functions of AP2 and dynamin in αIIbβ3-mediated
platelet spreading were assessed using AP2-mu2 tyrosine-
binding pocket inhibitor tyrphostin A23 [8] and dynamin
selective inhibitor dynasore. The data presented in
Figure 4A demonstrated that fluorescence labeled αIIbβ3
internalization was severely restrained in A23 and dynasore
treated platelets, indicating that clathrin-coated pit, adaptor
proteins and accessory proteins did play critical roles in
platelet αIIbβ3 trafficking.

After detaching from the membrane, the clathrin coat is
disassembled by the ATPase heat shock cognate 70 (HSC70),
allowing the delivered protein to the next spot [6]. As pitstop 2
had little effect on αIIbβ3 internalization but inhibited it to
recycle to the membrane, we speculated that pitstop 2 might
play a role by influencing the uncoating reaction and clathrin
component recycling. A selective inhibitor of HSC70, apopto-
zole [33], was used as a control to compare its effect on platelet
trafficking with pitstop 2. As shown in Figure 4A, apoptozole
stagnated the spreading at vesicular stage, similar to pitstop 2.
This confirmed pitstop 2 may influence the uncoating reaction
from a side.

Then we adopted immune precipitation assay to detect if pit-
stop 2 affected the dissociation of αIIbβ3 with clathrin. The data
in Figure 4B demonstrated that integrin αIIbβ3 could co-

immunoprecipitate with clathrin and AP2-mu subunit and pitstop
2 treatment caused higher levels of clathrin and AP2 association
to αIIbβ3, indicating that pitstop 2 inhibited the recycling of
αIIbβ3 probably by block the dissociation of αIIbβ3 with clathrin
and AP2.

The functions of AP2 and dynamin in αIIbβ3-mediated
platelet spreading were also assessed using phalloidin staining.
The data presented in Figure 4C demonstrated that A23 and
dynasore totally inhibited αIIbβ3-mediated platelet spreading
on Fg.

Pitstop 2 had no effect on Fg uptake in vitro

As αIIbβ3 is the major receptor for Fg and mediates plasma Fg
endocytosis, we examined the role of pitstop 2 in FITC-Fg
uptake. Platelets preincubated with the inhibitors or control before
incubated with FITC-Fg and then were fixed for imaging after
trypan blue addition. In Figure 5A, pitstop 2-treated platelet had a
comparable trypan blue-resistant internal pool of Fg compared
with the control. The number of FITC-positive puncta per platelet
counted manually was also similar between the two groups
(Figure 5B). But Fg uptake was severely restrained in A23 or
dynasore treated platelets, which had a higher percentage of
platelets with fewer puncta (Figure 5A and B). These results are
consistent with our observations in Figure 2–4, where pitstop 2
had no significant effect on endocytosis of αIIbβ3/Fg.

Figure 2. Pitstop 2 inhibited the recycling of αIIbβ3 to plasma membrane. (A, B) representative images of CHO cells bearing αIIbβ3 preincubated with
negative control (A) or pitstop 2 (B) immunostained with SZ21 against human β3 antibody (green), rhodamine-conjugated phalloidin (red) and DAPI
(blue) after immobilized in poly-L-lysine or spreading on immobilized Fg for 30, 60, and 90 minutes, respectively. Cells were imaged with Zeiss LSM-
710 confocal microscope with magnification × 60. Scale bar, 20 µm.
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Src/plc/pkc signaling pathway may trigger integrin
endocytosis

The data presented in this study indicated that endocytic and
exocytic trafficking of integrin αIIbβ3 are critical steps for
αIIbβ3-mediated platelet activation. However, the mechanism
triggering the endocytosis of integrin αIIbβ3 is still poorly
understood.

αIIbβ3 has the potential to interact its ligand and initiate a
series of intracellular signaling events called “outside-in” signal-
ing, leading to platelet spreading, granule secretion, and stable
adhesion [34,35]. It has been reported that Src family kinases
[36], FAK [37], Syk [37], and PLC/PKC [38], are involved in
αIIbβ3-initiated outside-in signaling and play an important role in
platelet activation. To explore the key signal molecules or signal
pathway that initiates integrin αIIbβ3 endocytosis, specific inhi-
bitors of Src, FAK, Syk, and PLC/PKC were used to resolve this
issue.

The results presented in Figure 6 and supplemental
Figure 4C showed that the Src inhibitor PP2, the PLC inhi-
bitor U-73122, and the PKC inhibitor RO 31-8220 totally
blocked αIIbβ3-bearing CHO cells spreading and αIIbβ3
endocytosis. However, the Syk inhibitor Picetannol and the
FAK inhibitor PF-57322 partially inhibited CHO cells spread-
ing, but had no effect on αIIbβ3 endocytosis. More interest-
ingly, actin filaments blocker Cytochalasin D, but not
microtubules stabilizer taxol, totally blocked αIIbβ3-mediated
CHO cells spreading and αIIbβ3 endocytosis. These results
suggested that the αIIbβ3-mediated Src/PLC/PKC pathway

and actin filaments played critical roles in integrin αIIbβ3
endocytosis therefore αIIbβ3-mediated cell spreading on
immobilized Fg.

Pitstop 2 prevented platelet aggregation and granule
secretion

Further, the effects of pitstop 2 on platelet aggregation induced by
collagen and thrombin were examined. As shown in Figure 7A
and 7B, pitstop 2 inhibited collagen and thrombin induced platelet
aggregation in a dose-dependent manner, with IC50 of 4.188 µM
by 0.15 U/mL thrombin and 1.339 µM by 2 µg/mL collagen. The
dense granule secretion monitored as ATP release was tested
simultaneously and the results in Figure 7C and D showed that
pitstop 2 inhibited dense granule secretion induced by collagen
and thrombin in a concentration-dependent manner.

As pitstop 2 affected dense granule secretion, platelet spread-
ing on immobilized Fg was repeated in the presence and absence
of apyrase and indomethacin to exclude the effects of secondary
signaling effects induced by secreted ADP or TXA2. The results
in Figure 7E and F showed that addition of pitstop 2 inhibited
platelet spreading further on the basis of apyrase and indometha-
cin. These results demonstrated that the inhibition of spreading by
pitstop 2 was not consequent directly to its interference with ADP
or TXA2 signaling.

When platelets exposed to agonists, various receptor-
mediated intracellular signaling pathways are elicited and they
converge to transform αIIbβ3 from a resting state to an

Figure 3. Pitstop 2 had no effect on endocytosis of αIIbβ3 but inhibited it trafficking back to membrane. Representative images of CHO cells incubated
with FITC-conjucted CD41 (green) before treated with negative control (A) or pitstop 2 (B), then immobilized in poly-L-lysine or spreading on
immobilized Fg for intervals as indicated and immunostained with FAK (red) and DAPI (blue). Cells were imaged with Zeiss LSM-710 confocal
microscope with magnification × 60. Scale bar, 20 µm.
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Figure 4. Pitstop 2 disturbed the dynamic dis-
sociation of αIIbβ3 from clathrin and AP2. (A)
representative images of platelets preincubated
with FITC-conjugated CD41 before treated with
negative control, pitstop 2, dynasore, A23, or
apoptozole spreading on immobilized Fg for 10,
30, and 60 minutes, respectively. Images were
taken under oil immersion with magnification ×
100. Scale bar, 5 µm. (B) the rabbit-anti-β3
monoclonal antibody or rabbit IgG control was
used to immunoprecipitate β3 from lysate of
washed human platelets spreading on immobi-
lized Fg for 90 minutes pretreated with negative
control or pitstop 2. The immunoprecipitates
were separated by SDS-PAGE and blotted with
anti-clathrin, anti-AP2-mu, and anti-β3 antibo-
dies for detection of the effect of pitstop 2 on
clathrin and AP2 association with β3. IgG was
used as a loading control. The expression levels
of clathrin, AP2 and β3 in negative control and
pitstop 2 treated platelets were examined by
Western blotting. GAPDH was used to verify
equal gel loading. (C) Representative phalloidin-
stained images of washed platelets preincubated
with control, dynasore, or Tyrphostin A23
spreading on immobilized Fg for 60 minutes.
Scale bar, 1 µm.
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activated state with high affinity to ligands, which is called
inside-out signaling [39]. We evaluated the effect of pitstop 2
on thrombin-induced αIIbβ3 activation using flow cytometric
detection of FITC-conjugated-PAC1, an antibody specific for
activated αIIbβ3, and APC-conjugated Fg binding to platelets.
The results in Figure 8B and D demonstrated that αIIbβ3
activation and Fg binding induced by thrombin were restrained
by pitstop 2 under non-stirring conditions. Also, expression of
p-selectin on platelet surface was inhibited by incubation of
pitstop 2 (Figure 8C). However, pitstop 2 had no significant
influence on the total surface αIIbβ3 (Figure 8A). This may
because FACS assays reflect steady state levels of surface
αIIbβ3 and may not sensitive to small populations of rapid
recycling αIIbβ3 [12].

Discussion

It has been proved that integrin endocytosis in nucleated cell
can be achieved via two major approaches, clathrin-dependent
manner and clathrin-independent manner such as caveolae and
macropinocytosis. In this study, we found that pitstop 2, a
selective inhibitor of clathrin, abolished integrin αIIbβ3-

mediated human platelet aggregation and spreading on immo-
bilized Fg in vitro, indicating that clathrin-mediated endocyto-
sis plays a critical role in platelet activation. Clathrin-mediated
integrin αIIbβ3 trafficking probably is an important way for
platelet spreading. However, our study did not exclude the
possibility of clathrin-independent αIIbβ3 trafficking involving
in platelet activation, further investigation required to resolve
this issue.

Clathrin is a three-legged protein complex with the heavy
chain containing a globular N-terminal β-propeller domain
(TD) [40]. During the endocytic process, clathrin functions
as a central organizing platform for coated pit assembly and
dissociation via its TD. Pitstop 2 was invented as a small
molecule targeted on clathrin TD and has been confirmed as
a useful tool to perturb clathrin-coated pits dynamics instead
of inhibiting coated pit initiation [14]. However, a study
recently reported that pitstop 2 prevent the massing of clathrin
at internalization sites therefore attenuate the endocytosis of
Dickkopf-1 receptors [41], which make the working mechan-
ism of pitstop 2 controversy. In our study, we clearly showed
that the membrane αIIbβ3 underwent internalizing, vesicular
and clustering stages during the CHO cells spreading on

Figure 5. Pitstop 2 had no effect on Fg uptake in
vitro. (A) Washed human platelets were incu-
bated with pitstop 2, A23, dynasore, or negative
control before incubated with FITC-Fg (0.05
mg/mL) for 1 hour at 37°C. Platelets were
recovered and resuspended in Tyrode’s buffer
for another 2 hours. Platelets were fixed and
subjected to epifluorescence microscopy.
Representative images are presented after addi-
tion of trypan blue. Images were taken under oil
immersion with magnification × 100. (B) The
number of FITC-labeled puncta per platelet was
counted manually. The percentage platelets in
each group relative to total were plotted as a bar
graph. Statistical significance was determined
using the rank sum test (**P < 0.01, ***P <
0.001).
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immobilized Fg. And the pitstop 2 treatment did not affect the
internalization αIIbβ3 in CHO cells and platelets, but caused
the integrin αIIbβ3 arrested at vesicular stage in CHO cells
and platelets spreading on immobilized Fg. The Fg uptake
also showed that pitstop 2 treatment had no significant effect
on internalization of αIIbβ3/Fg (Figure 5). These results indi-
cated that pitstop 2 inhibited the recycling of αIIbβ3 to
plasma membrane instead of initiation of the endocytosis of
αIIbβ3. The immune precipitation assay showed that pitstop 2
treatment caused higher levels of clathrin and AP2 association
with αIIbβ3 (Figure 4B), indicating that pitstop 2 inhibited
αIIbβ3 recycling probably by block the dissociation of αIIbβ3
with clathrin and AP2. It has been reported that clathrin coat
disassembly is implemented through the uncoating apparatus
including ATPase heat shock cognate 70 (HSC70) and its co-
chaperone auxilin [7,42] and auxilin binds physically to the
clathrin TD [42]. Considering pitstop 2 targeted on clathrin
TD and arrested recycling of integrin αIIbβ3, we proposed
that pitstop 2 might work through regulating the uncoating
apparatus. The role of uncoating apparatus in αIIbβ3 traffick-
ing was also confirmed using HSC70 selective inhibitor apop-
tozole, which had a similar effect as pitstop 2 (Figure 4A).
Although pitstop 2 had been reported to perturb clathrin-
coated pits dynamics [14], we showed firstly that pitstop 2
inhibited αIIbβ3 recycling.

Another two critical components of clathrin-coated vesicles
were also examined. AP2, as a main clathrin adaptor, plays a
pivotal role in cargo selection and clathrin coat assembly. After
the formation of clathrin-coated vesicles, the mechanochemical
enzyme dynamin is recruited to the complex to help clathrin-
coated vesicles detached from the neck. In our study, the inhibi-
tors of AP2 and dynamin indeed impaired αIIbβ3 internalization
(Figure 4C), confirming that αIIbβ3 traffic is mainly clathrin-
mediated and pitstop 2 functioned through a different mechanism
from the two inhibitors.

αIIbβ3 binding to its ligand can initiate outside-in signaling
[34,35], and several kinases, including FAK, Src, and PI3K, have
been shown as key molecules involving in this process [35]. In
our study, Src, PLC, and PKC inhibitors totally blocked mem-
brane integrin αIIbβ3 internalization, suggesting that αIIbβ3-
mediated outside-in signaling initiates itself internalization. Src
family kinases and PKC have been widely accepted for their effect
on clathrin recruitment for clathrin coat pit formation through
phosphorylation of the clathrin heavy chain [4], PKC can bind
to β1 and regulate integrin internalization [43]. The function of
PLC in integrin αIIbβ3 endocytosis had not been reported, but it
is easy to speculate that PLC may function via the classical
regulatory of PKC activity. As these kinases were well established
in integrin signaling, we agreed with the opinion that integrin
trafficking and signaling were probably tightly coupled [44].

Figure 6. The Src/PLC/PKC signaling pathway may trigger integrin endocytosis. (A) Representative picture of CHO cells labeling with FITC-
conjucted-CD41 spreading on immobilized Fg for 90 minutes after treated with the Src inhibitor PP2, FAK inhibitor PF-573228, Syk inhibitor
Piceatannol, PLC inhibitor U73122, PKC inhibitor Ro 31-8220, microtubule inhibitor Taxol or actin polymerization inhibitor Cytochalasin D. Images
were taken under oil immersion with magnification × 100. Scale bar, 20 µm.
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However, the precise mechanisms of these kinases involving in
initiation of αIIbβ3 internalization still need further declaration.
In addition, cytochalasin D, but not taxol, severely inhibited the
endocytosis of αIIbβ3, suggesting that actin filaments, but not
microtubules played a more pivotal role in regulating membrane
αIIbβ3 trafficking.

Except for integrin αIIbβ3, platelets express many other
receptors including adhesion receptors and G-protein-coupled
receptors. As clathrin-mediated endocytosis may also be
involved in the trafficking process of the receptors [45,46]
and granule secretion [47], it is understandable that pitstop 2

interfered with platelet aggregation and secretion. But the pre-
cise component responsible for the phenomenon is worthy
further investigation. Pitstop 2 also affected Fg binding and
αIIbβ3 activation, demonstrating an effect on αIIbβ3-mediated
inside-out signaling. However, the extent of αIIbβ3 internaliza-
tion triggered by immobilized Fg was not influenced by pitstop
2. These results indicated that αIIbβ3 activation may not be
necessary for αIIbβ3 endocytosis. Further study is required to
clarify the mechanism.

In summary, our study presented here suggested integrin
αIIbβ3 trafficking was mainly clathrin-dependent and played a

Figure 7. Pitstop 2 prevented platelet aggrega-
tion and dense granule secretion. (A, B) aggre-
gations of washed platelets preincubated with
negative control or pitstop 2 were studied by
aggregometery in response to agonists as indi-
cated. (C, D) Platelet secretion of ATP was
recorded in the presence of luciferin-luciferase
agent. At least three independent experiments
were performed. Statistical analyses were per-
formed using Student t-test, mean ± SD, *P <
0.05, ** P < 0.01, ****P < 0.0001. Pit, pitstop
2. (E) Representative phalloidin-stained images
of washed platelets preincubated with negative
control, apyrase (10 U/mL), indomethacin (75
µM), pitstop 2, apyrase + indomethacin, apyrase
+ pitstop 2, indomethacin + pitstop 2 or apyrase
+ indomethacin + pitstop 2 spreading on
immobilized Fg for 60 minutes, respectively.
Images were taken under oil immersion with
magnification × 100. Scale bar, 5 µm. (F)
Quantification of the platelet areas (pixel num-
ber) in 5 random fields per experiment and at
least three independent experiments were per-
formed. Statistical analyses were performed
using the Student t-test (mean ± SD; *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001).
Apy, apyrase. Indo, indomethacin.
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critical role on platelet spreading. Pitstop 2 may serve as an
effective tool to address clathrin-mediated trafficking in
platelets.
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