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Abstract

Background: Upon vessel injury, platelets adhere to exposed matrix constituents via specific
membrane receptors, including the von Willebrand factor receptor GPIb-1X-V complex and
integrins p1 and B3. In platelets, the F-BAR protein PACSIN2 associates with the cytoskeletal
and scaffolding protein filamin A (FInA), linking GPIba and integrins to the cytoskeleton.

Objectives: Here we investigated the role of PACSIN2 in platelet function.

Methods: Platelet parameters were evaluated in mice lacking PACSIN2 and platelet integrin 1.
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Results: PacsinZ™~ mice displayed mild thrombocytopenia, prolonged bleeding time, and
delayed thrombus formation in a ferric chloride-mediated carotid artery injury model, which

was normalized by injection of control platelets. Pacsin2~~ platelets formed unstable thrombi
that embolized abruptly in a laser-induced cremaster muscle injury model. PacsinZ”~ platelets
had hyperactive integrin 1, as evidenced by increased spreading onto surfaces coated with the
collagen receptor a2p1-specific peptide GFOGER and increased binding of the antibody 9EG7
directed against active integrin p1. By contrast, Pacsin2~~ platelets had normal integrin a.llbp3
function and expressed P-selectin normally following stimulation through the collagen receptor
GPVI or with thrombin. Deletion of platelet integrin B1 in Pacsin2~~ mice normalized platelet
count, hemostasis, and thrombus formation. A PACSIN2 peptide mimicking the FInA binding site
mediated the pull-down of a FInA rod 2 construct by integrin p7, a model for integrin B-subunits.

Conclusions: Pacsin2™~ mice displayed severe thrombus formation defects due to hyperactive
platelet integrin B1. The data suggest that PACSIN2 binding to FInA negatively regulates platelet
integrin p1 hemostatic function.
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Introduction

Blood platelets are anucleate, discoid cells that regulate hemostasis. Upon blood vessel
injury, platelets adhere to the exposed extracellular matrix, resulting in platelet shape
change, activation, and aggregation to form a hemostatic plug [1]. Platelet adhesion
requires the contribution of a wide variety of platelet receptors such as the von Willebrand
factor (VWF) receptor GPIb-1X-V complex, the collagen receptor GPVI, and integrins
[2]. Platelets contain five integrins of the B1 and 3 families. Integrins a2p1, a5p1, and
a6pBpl mediate adhesion to the extracellular matrix proteins collagen, fibronectin, and
laminin, respectively, while integrins allbf3 and VB3 bind to plasma fibrinogen and
vitronectin, respectively [3]. At low shear stress, platelets adhere to exposed collagen
through integrin a2p1 and activate through GPVI [4]. At higher shear stress, plasma
VWEF binds to exposed collagen, thereby becoming an essential adhesive protein for both
adhesion and aggregation [2]. The GPIb-1X-V complex and integrin allbp3 bind VWF in
a coordinated and synergistic manner, each contributing unique biochemical properties to
support thrombus formation.

The Fes/CIP4-homology Bin-Amphiphysin-Rvs (F-BAR) protein PACSIN2 remodels
membranes and the actin cytoskeleton to regulate receptor internalization, caveolae
biogenesis, endosomal trafficking, cell adhesion, spreading, and migration [5]. PACSIN2
contains a flexible N-terminal F-BAR domain which tubulates membranes, three central
NPF motifs which are docking sites for endocytic Eps15 homology domain proteins, and

a C-terminal Src homology 3 domain which interacts with endocytic and actin regulatory
proteins such as dynamin 2 and N-WASP. PACSIN2 is one of the most abundant and
conserved platelet BAR proteins [6-8], and exome-chip and genome-wide association
studies have associated single nucleotide polymorphisms (SNPs) in PACS/NZ2 with platelet
count (PLT), mean platelet volume (MPV), platelet distribution width (PDW), and platelet-
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to-lymphocyte ratio (PLR) in humans [9-13]. For MPV, P-values are as low as 4 x 107216
[14], well below the commonly accepted 5 x 1078 significance threshold [15].

The cytoskeletal and scaffolding protein filamin A (FInA) participates in the anchoring

of platelet receptors, notably GPIba and integrin B-subunits, to the actin cytoskeleton

[16]. FInA is composed of an N-terminal calponin-homology actin-binding domain and

24 immunoglobulin-like repeats forming an elongated rod 1 (repeats 1-15), a compact

rod 2 (repeats 16-23), and a C-terminal dimerization domain (repeat 24) [17]. The GPIb-
IX-V complex subunit GPIba binds to repeat 17 [18], while integrin B-subunits bind to
repeat 21 [19, 20]. The FInA-GPlba interaction is constitutive and plays a critical role in
platelet production, morphology, and function, as evidenced by the macrothrombocytopenia
of Bernard-Soulier Syndrome (BSS) patients with GP1BA, GP1BB, and GP9 mutations
and patients with FL /A mutations [21]. By contrast, the binding of integrin B-subunits

to FInA repeat 21 is masked by a B-strand in repeat 20, requiring conformational

changes in FInA [22, 23]. PACSIN2 over-expression in Xenopus XTC cells prevents the
localization of integrin a5p1 to focal adhesions and FInA to stress fibers, suggesting that
PACSINZ2 controls the population of activated integrins and cytoskeleton strength during cell
movement [24].

We have previously shown that PACSIN2 binds FInA in platelets and megakaryocytes
(MKSs), where it localizes with the initiating demarcation membrane system (DMS) [25].
The FInA-PACSINZ interaction requires FInA repeat 20 and the tip of the PACSIN2 F-
BAR domain. Here, we investigated the role of PACSINZ in platelet hemostatic functions.
PacsinZ~~ mice displayed severe thrombus formation defects due to hyperactive integrin p1
in platelets in the presence of mild thrombocytopenia.

2. Materials and methods

2.1.

2.2.

2.3.

Mice

PacsinZ™'~ mice were generated by Dr. Markus Plomann (University of Cologne, Germany)
[26, 27]. /tgb1™ mice and transgenic Pf4-Cre mice were obtained from the Jackson
Laboratory (strains 4605 and 8535, respectively) and crossed to delete /fgbZ in MKs and
platelets [28]. Studies were performed on 8-12-week-old female and male mice backcrossed
in the C57BL/6 background. Mice were treated according to the National Institutes of
Health and Medical College of Wisconsin Institutional Animal Care and Use Committee
Guidelines.

Complete blood count

Mice were anesthetized via intraperitoneal injection of ketamine/xylazine. Blood was
collected from the retroorbital plexus using EDTA-coated capillary tubes. Complete blood
counts were measured on a Sysmex XT-2000i automatic hematology analyzer [29, 30].

Platelet preparation and confocal microscopy

Blood was collected by retroorbital bleeding in 100 uL of acid-citrate-dextrose. Platelets
were isolated by centrifugation and resuspended at 5 x 108 platelets/mL. Platelets were
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seeded onto glass coverslips coated with 5% BSA (resting), fibrinogen or the collagen-
related peptide GFOGER (O = hydroxyproline), specific for the collagen receptor a2p1 [31,
32], and incubated in 10 pg/mL collagen-related peptide GCO(GPP)1(GCOG (CRP; Versiti
Blood Research Institute Protein Chemistry Core Laboratory), specific for the collagen
receptor GPVI [33], or 0.01 U/mL human thrombin (Roche) at 37°C for 30 min (spread)
[29, 30]. Imaging was performed on an Olympus Confocal FV1000-MPE platform using a
UPlanSApo 100x/1.40 oil objective and FluoView software. The surface area of individual
platelets was measured using Imaris (Oxford Instruments) software. Quantification was
performed blinded.

2.4. Platelet survival

Endogenous platelet survival was performed by retroorbitally injecting biotin-NHS
(Calbiochem) into Pacsin2*’* and Pacsin2~~ mice. Exogenous platelet survival was
performed by injection of Pacsin2*/* and Pacsin2~~ platelets fluorescently labeled with

5 uM CMFDA (Invitrogen) into control mice. Blood samples were collected immediately
(<2 min) and up to 96 h after injection. Biotinylated platelets were stained with streptavidin-
PE (Thermo Fisher Scientific). The percentage of PE- or CMFDA-positive platelets was
quantified by flow cytometry [28].

2.5. Immunohistochemistry

Seven-um mouse femur sections were prepared as described [30]. Sections were incubated
with monoclonal rat-anti-GPlba (Emfret Analytics) and polyclonal rabbit-anti-laminin
(Sigma-Aldrich) followed by incubation with Alexa Fluor 488 and 568 secondary antibodies
(Molecular Probes), respectively. Surfaces were created toward the greatest signal intensities
of GPIba-positive cells using thresholds for cell size and quantitatively analyzed using
Imaris and Excel (Microsoft) software.

2.6. Transmission electron microscopy

Bone marrow cells were obtained by flushing mouse femurs with 2.5% glutaraldehyde

in phosphate-buffered saline [25]. After overnight fixation, cells were postfixed with 2%
osmium tetroxide in H,O for 1 h and dehydrated in a graded acetone series before
embedding in Epon-Araldite. Thin sections were cut and stained with uranyl acetate and lead
citrate. Grids were examined with a JEOL JEM-1011 electron microscope at 80 kV. Images
were captured with a side-mounted Advantage HR CCD camera (Advanced Microscopy
Techniques).

2.7. Tail bleeding time

Bleeding time was defined as complete cessation of bleeding after snipping 2 mm of distal
mouse tail and immediate immersion in 37°C isotonic saline [29, 30].

2.8. Ferric chloride-induced thrombosis

The right carotid artery was exposed, and a 1x2 mm filter paper soaked in freshly prepared
10% anhydrous FeCls was placed on it for 3 min. After rinsing with saline, a Doppler probe
was placed, and subsequent readings were recorded [30].

J Thromb Haemost. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Biswas et al. Page 5

2.9. Laser-induced injury

Intravital imaging of platelet thrombus formation in male mouse cremaster arterioles was
performed in the Versiti Blood Research Institute Thrombosis Core Laboratory [30]. Laser
intensity and duration were adjusted to produce an injury visible in the brightfield image.
The Ablate! laser ablation system (Intelligent Imaging Innovations) uses a 532 nm pulse
laser (>60 pJ pulses at 200 Hz) to enable controlled vessel damage and initiation of
thrombus formation. Injuries were created using between 1 and 5 pulses within a 20 s time
window. The laser energy ranged from 60 to 75%. Fluorescence images were captured using
a high-speed Orca Flash 4.0 camera (Hamamatsu). Data were collected for 3 min following
vessel injury.

2.10. Exvivo perfusion assay

Adhesion assays on type | collagen (Chrono-log) were performed in whole blood using the
VenaFlux (Cellix) microfluidic perfusion platform an arterial shear rate of 1500 s~ [30].
Images were brightness corrected and converted to a binary mask with software provided
auto-thresholds. Binary Mask Particles were then analyzed to determine surface area and
dwell time using Imaris software.

2.11. Flow cytometry

Surface expression of platelet receptors was detected by flow cytometry using fluorescently
conjugated antibodies against GPIba, GPIbf, GPIX, GPV, GPVI, and integrins a2, a5
(Emfret Analytics), p1, p3, and allb (BD Biosciences) [30]. Platelets were activated with
CRP or thrombin for 2 min at 37°C and stained for 30 min at room temperature with

a FITC-labeled rat anti-mouse P-selectin antibody (BD Biosciences) or Oregon Green 488-
labeled fibrinogen (Thermo Fisher Scientific) [34]. Integrin p1 activation was evaluated
using rat antibody 9EG7 (BD Biosciences), specific for active mouse integrin g1 [35, 36].
Fluorescence was quantified using an Accuri C6 Flow Cytometer or a FACSymphony A5
Cell Analyzer (BD Biosciences) and analyzed using FlowJo software.

2.12. Platelet aggregation

Platelet aggregation was monitored for 5 min at 37°C by light transmission under stirring
conditions using a Chrono-log Model 490-X aggregometer [30].

2.13. Native rotational thromboelastometry

Blood was collected by the inferior vena cava and anticoagulated in sodium citrate. Three
hundred L of citrated blood samples were gently mixed with 21 pL of 200 mM CaCl, in
conventional ROTEM cup by pipetting up and down once. Samples were tested for 1 h using
ROTEM delta (Instrumentation Laboratory) [37]. Parameters measured include whole blood
clotting time, defined as the time it takes to reach 2 mm in amplitude; clot formation time,
defined as the time it takes an amplitude of 2 mm to reach 20 mm; maximum clot firmness;
a-angle; and amplitude at 10 min.
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2.14. Clot retraction assay

Washed mouse platelets were resuspended in citrated human platelet-poor plasma (4a.108
platelets/mL). Coagulation was triggered by the addition of 0.5 U/mL thrombin. Clots were
allowed to retract for 1 h. The extent of clot retraction was determined as the volume of
serum extruded from the clot and expressed a percentage of the total reaction volume [38].

2.15. Pull-down assay

An integrin 7 peptide containing the FInA repeat 21 binding site (residues 752-770;
Biomatik) was conjugated to SulfoLink agarose resin (Thermo Fisher Scientific) and
incubated with 500 nM His-FInA repeats 16-23 or His-eGFP-FInA repeat 21 for 1 hour

at 4°C in 1% Nonidet P-40, 150 mM NacCl, and 50 mM Tris, pH 7.4 in the presence or
absence of 5 UM of a PACSIN2 peptide mimicking the FInA repeat 20 binding site (residues
171-189; Biomatik) [25, 39]. After washing, complexes were resolved by SDS-PAGE and
immunoblot analysis.

2.16. Statistical analysis

Statistical analysis was performed using Prism 10 software (GraphPad), with £<.05
considered significant. Two independent means were compared using the unpaired Student’s
t-test. Normal distribution was confirmed using quantile-quantile (Q-Q) plots. Results are
presented as mean + SD. Time-to-event data were estimated using the Kaplan-Meier
method.

3. Results

3.1. Mild thrombocytopenia in Pacsin2~/~ mice

Hematological parameters were evaluated in Pacsin2~~ mice (Table 1). PacsinZ™~ mice
developed mild thrombocytopenia with 899 + 267 x 103 platelets/uL, compared to 1178 +
135 x 103 platelets/pL in Pacsin2*’* mice (n = 12 in each group; P = .0043). While MPV
appeared normal, PDW, which reflects variability in platelet size and is considered a marker
of platelet function and activation, was slightly increased in PacsinZ”~ mice (P=.0054). All
other blood parameters were comparable to controls, except for mean corpuscular volume
(MCV) and mean corpuscular hemoglobin (MCH), which were decreased in Pacsin2~~
mice.

The surface area of peripheral blood Pacsin2~~ platelets was measured by confocal
microscopy after B-tubulin staining of the microtubule coils (Figure 1A, B). Pacsin2™”~
platelets had a surface area of 8.16 + 0.26 pm?2 (n = 122), compared to 7.54 + 0.14

um? for Pacsin2** platelets (n = 239; P=.0223). Although slightly larger, Pacsin2/~
platelets appeared discoid, and their marginal band was not brighter than that of control
platelets. Fibrinogen was observed in large puncta in PacsinZ™~ platelets (Figure 1A),
indistinguishable from Pacsin2*/* platelets, consistent with normal a.llby3-mediated uptake
from plasma and retention into a-granules.

Pacsin2™~ platelets had a half-life of 44.8 + 2.8 h (n = 4), compared to 42.9 + 1.2 h for
Pacsin2** platelets (n = 5; P=.2031) when measured in situ (Figure 1C). Transfused
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PacsinZ™" platelets also circulated normally in control mice, with a half-life of 47.2 + 1.8 h
(n = 4), compared to 47.7 + 1.2 h for Pacsin2*’* platelets (n = 3; P=.7231) (Figure 1D).

The expression levels of the major membrane glycoproteins, i.e., the GPIb-I1X-V complex,
GPVI, and integrins p1 and B3, on Pacsin2”~ platelets were indistinguishable from controls
(Table 1). Immunoblot analysis confirmed that Pacsin2™~ platelets expressed GPlba and
integrins B1 and p3 normally (Figure 1E). No apparent change in molecular weight was
observed, indicating comparable glycan decorations in both genotypes. Pacsin2~~ platelets
expressed FInA normally.

Impaired demarcation membrane system formation in Pacsin2~~ megakaryocytes

Megakaryopoiesis was investigated in PacsinZ”~ mice (Figure 1F, top panel). PacsinZ™”/~
bone marrow sections had normal MK count, with 55.0 + 11.1 MKs per mm? (n = 8),
compared with 61.2 + 12.6 MKs per mm? in Pacsin2*’* bone marrow sections (n = 7; P=
.3287), as quantified by GPIba immunofluorescence (Figure 1G).

The ultrastructure of bone marrow MKs was examined by transmission electron microscopy,
focusing on the DMS, the highly organized intracellular membrane reservoir for future
platelets (Figure 1F, bottom panel). Compared to control Pacsin2*’* MKs, the DMS
appeared less well-defined in Pacsinz”~ MKs. Notably, distinct platelet territories were

not readily visualized.

3.3. Bleeding and vessel occlusion defects in Pacsin2™/~ mice

The role of PACSIN2 in hemostasis was evaluated (Figure 2A). PacsinZ”~ mice had a
median tail bleeding time of 437.5 s, compared to 287.5 s in controls (n = 12 in each group;
log-rank 2= .0040). In 25% of the PacsinZ~ mice, bleeding continued for 10 min, our
experimental endpoint.

We then assessed vessel occlusion in Pacsin2~~ mice under high shear flow by using

the FeCls-induced carotid artery injury model, in which blood flow rate is measured until
occlusion. Pacsinz™~ mice had a median time to occlusive thrombosis of 370.5 s (n = 16),
compared to 180 s in control Pacsin2*’* mice (n = 15; log-rank £=.0071) (Figure 2B).

Because PACSIN2 deletion is global, hemostasis in PacsinZ”~ mice was evaluated in the
presence of control platelets. Retroorbital injection of 80 x 108 Pacsin2*/* platelets into
PacsinZ™~ mice before FeCls-induced carotid artery injury normalized the median time to
occlusive thrombus formation, comparable to that of Pacsin2*/* mice (Figure 2C). The data
indicate that the thrombus formation defects of PacsinZ~”~ mice were intrinsic to platelets,
and not to extrinsic factors such as plasma or vessel wall abnormalities.

3.4. Rapid embolization of Pacsin2~/~ platelet thrombi

To investigate the vessel occlusion defects in closer detail, we performed a cremaster vessel
laser-induced injury model and documented acute thrombus development, enabling us to
follow the simultaneous evaluation of platelet accumulation and fibrin deposition in real-
time. Control PacsinZ*’* platelets adhered to the vessel wall at the site of injury and formed
a thrombus over time (Figure 2D,E; Supplemental Video 1). Platelet accumulation appeared
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rapidly in PacsinZ”~ mice, but thrombi were unstable and embolized repeatedly at 15 s
intervals (Supplemental Video 2). Fibrin deposition was unaffected (Figure 2D,F). The data
demonstrate that PACSIN2 plays an essential role in thrombus formation in vivo.

The functionality of Pacsin2™~ platelets to adhere to type I collagen and form thrombi
under arterial shear rates (1500 s~1) was examined in whole blood using the VenaFlux
microfluidics platform (Figure 2G). After 3 min, the mean fluorescence intensity measured
for PacsinZ™~ platelets was 2.92% + 2.24% (n = 11), compared with 14.48 + 13.70% in
Pacsin2** controls (n = 9; P=.0127) (Figure 2H). We analyzed the dwell time of individual
platelets under the same experimental conditions (Figure 21). After initial tethering, control
Pacsin2** platelets dwelled for a median time of 99 s (n = 60). Pacsin2~~ platelets dwelled
for a significantly longer median time of 191 s (n = 60; Log-rank P=.0463), indicating
increased stability of the GPIba-VWF interaction in Pacsin2~~ platelets under arterial shear
rates.

Normal activation and aggregation of Pacsin2™/~ platelets in vitro

The significance of PACSIN2 expression in platelet hemostatic function was further
examined in vitro. Platelets isolated from Pacsin2*/* and Pacsin2~~ mice were treated

with the GPVI agonist CRP (Figure 3A,B) or the protease-activated receptor (PAR) agonist
thrombin (Figure 3C,D) and analyzed by flow cytometry for CD62P (P-selectin) expression,
as a marker for a-granule secretion (Figure 3A,C), or fluorescently labeled fibrinogen
binding, as a marker of integrin allby3 activation (Figure 3B,D). CRP and thrombin
induced comparable concentration-dependent increases of CD62P expression and fibrinogen
binding in Pacsin2*’* and PacsinZ”" platelets, reaching >80% of CD62P-expressing and
fibrinogen-binding platelets with 10 ug/mL CRP or 0.1 U/mL thrombin.

Platelet aggregation to collagen was further assessed by light transmission under stirring
conditions. Pacsin2™~ platelets aggregated normally in response to collagen concentrations
of 5 pg/mL (Figure 3E) and 10 pg/mL (Figure 3F). The data indicate that Pacsin2~~
platelets display normal hemostatic function in vitro, i.e., a-granule secretion, integrin
allby3 activation, and aggregation when stimulated with collagen, CRP, or thrombin.

3.6. Clot formation and retraction in Pacsin2™/~ mice

The normal in vitro function measured using several agonists contrasts with the highly
impaired in vivo platelet function. To further assess the viscoelastic properties of the blood
clotting process, we performed the native ROTEM test on citrated and recalcified whole
blood from PacsinZ*/* and PacsinZ~~ mice [37]. The median clotting time of Pacsinz”~
mice was 590.5 s, compared to 711.5 s in control Pacsin2*/* mice (n = 6 in each group;
log-rank P=.0046), a 17% reduction (Figure 3G). All other parameters, i.e., clot formation
time (Figure 3H), maximum clot firmness (Figure 31), a-angle (Figure 3J), and amplitude at
10 min (Figure 3K), were comparable to controls.

Following inside-out allbp3 integrin activation, fibrinogen binding triggers outside-in
signaling, thereby driving clot firmness and retraction [40]. To evaluate the role of PACSIN2
in clot retraction, platelets isolated from Pacsin2*’* and PacsinZ”~ mice were resuspended
in recalcified citrated human platelet-poor plasma, and coagulation was initiated by the
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addition of 0.5 U/mL thrombin (Figure 3L) [38]. Clot retraction extruded similar serum
volumes in the presence of Pacsin2*/* and Pacsin2~~ platelets. The data indicate that blood
clotting in Pacsin2~~ mice was initially accelerated but normalized over time.

3.7. Increased integrin Bl activation in Pacsin27/~ platelets

We next investigated platelet spreading onto surfaces coated with fibrinogen, specific for
the integrin al1bB3, or the collagen-related peptide GFOGER, specific for the integrin
a2p1 (Figure 4A—C) [31, 32]. While Pacsin2~~ platelets spread normally onto surfaces
coated with fibrinogen (Figure 4B), their spreading was increased onto surfaces coated with
GFOGER (Figure 4C).

Because PACSIN2 over-expression in Xenopus XTC cells prevents the localization of
integrin a5p1 to focal adhesions and FInA to stress fibers [24], we measured the activation
of integrin 1 in PacsinZ2™" platelets, using rat antibody 9EG7 directed against active mouse
integrin p1 (Figure 4D) [35, 36]. Binding of 9EG7 to resting Pacsin2”~ platelets was
increased two-fold, compared to Pacsin2*’* platelets (n = 5 in each group; 2= .0057). By
contrast, total surface integrin B1 expression was unaffected by PACSIN2 deletion (Table 1
and Figure 4E). The data indicate that PACSIN2 negatively regulates integrin 1 activation
in resting platelets and upon activation.

3.8. PACSIN2 mediates integrin binding to FInA rod 2

In full-length FInA, a B-strand in incompletely folded repeat 20 masks the integrin binding
site on repeat 21 [22, 23]. Because PACSIN2 binds to FInA repeat 20 [25], we hypothesized
that PACSIN2 may affect FInA binding to integrin p-subunits. Using integrin B7 as a model
[19], a peptide containing the FInA repeat 21 binding site (residues 752-770) was conjugated
to SulfoLink agarose resin and incubated with His-tagged FInA repeats 16-23 (rod 2) in

the presence or absence of a PACSIN2 peptide mimicking the FInA repeat 20 binding site
(residues 171-189) [25]. Integrin B7 pulled down FInA repeats 16-23 in the presence, but
not in the absence of the PACSIN2 peptide (Figure 4F). As control, integrin B7 pulled down
FInA repeat 21 independently of the PACSIN2 peptide. The data suggest that PACSIN2
binding to FInA repeat 20 unmasks the integrin p-subunit binding site on FInA repeat 21
(Figure 4G, top panel).

3.9. Normalization of platelet parameters in Pacsin2~/~ mice lacking platelet integrin p1

To determine the contribution of integrin p1 hyperactivation to the hemostatic defects of
Pacsin2™~ platelets in vivo, Pacsin2~~ mice were bred with /tgb1™f pf4-Cre (1tgb1°1t=")
mice lacking integrin B1 in platelets and MKs. Hematological parameters were evaluated in
1tgb1PI= pacsin2*/* and Itgb1P!~~ PacsinZ™~ mice (Table 2). While deletion of platelet
integrin B1 did not affect platelet parameters in /tgh1”~/~ Pacsin2*’* mice [28, 41-43], it
normalized the mild thrombocytopenia and increased PDW in /tgb17/*~~ PacsinZ~ mice.
The decreased MCV and MCH were unaffected by integrin f1 deletion in platelets, and
other blood parameters were comparable to controls, pointing to the specificity of the
normalized phenotype to the platelet and MK lineage.
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1tgb1P!~"~ Pacsin2™~ platelets expressed normal levels of GP1b-1X-V, GPVI, and integrin
B3 on their surface (Table 2). As expected, /tgb1”'~/~ Pacsin2** and Itgb1°"~~ Pacsinz™~
platelets lacked integrins p1, a2, and a.5. Immunoblot analysis confirmed that /fgb17/t~~
Pacsin2** and Itgb1P""~'~ Pacsin2~~ platelets lacked integrin B1 but expressed GPlba,
integrin B3, and FInA normally (Figure 1E).

3.10. Normalization of hemostatic function in Pacsin2~/~ mice lacking platelet integrin pl

1tgb1P~"~ Pacsin2** and Itgb1P!*~'~ Pacsin2~~ mice had median tail bleeding times of 265
and 290 s, respectively (n= 12 in each group) (Figure 5A), comparable to controls (Figure
2A), indicating that platelet integrin 1 deletion normalized hemostasis in Pacsin2~~ mice.

We then assessed vessel occlusion in /tgb1P~~ Pacsin2*/* and Itgh1P!*~/~ Pacsinz”~ mice
using the FeCls-induced carotid artery injury model. /tgb1°!*~~ Pacsinz~~ mice had a
median time to occlusive thrombosis of 226 s, compared to 187.5 s in /tgh1F/t~/~ Pacsin2*’*
mice (n = 12 in each group; log-rank £=.9368) (Figure 5B). Similarly, platelet integrin

B1 deletion normalized platelet adhesion in the cremaster vessel laser-induced injury model
(Figure 5C,D). Importantly, /tgh1Ft~"~ Pacsinz™~ platelets formed stable thrombi that did
not embolize. The data show that the thrombus formation defects and severe embolization of
PacsinZ~~ mice were due to the hyperactivation of platelet integrin B1.

3.11. Clot formation and retraction in Itgb1P"~ Pacsin2/~ mice

We further performed the native ROTEM test on citrated and recalcified whole blood
isolated from /tgb1Ft~= Pacsin2*’* and Itgb1P"~/~ PacsinZ2~~ mice (Figure 5E-I). All
parameters measured were comparable to controls. Similarly, clot retraction extruded
comparable serum volumes in the presence of /tgb1Pt"~ Pacsin2*/* and ltgb1F!t~"~
Pacsin2™~ platelets (Figure 5J). The data suggest that accelerated clotting time of Pacsin2”~
mice was due to the hyperactivation of platelet integrin p1.

4. Discussion

We have previously shown that PACSIN2 binds FInA in platelets and MKs, where

it localizes with the initiating DMS and contributes to membrane tubulation during
platelet production [25]. Here we demonstrated that Pacsin2~~ mice displayed mild
thrombocytopenia with increased PDW, indicative of platelet activation, and slightly
enlarged platelets, but indistinguishable platelet survival and glycoprotein expression from
controls. MCV and MCH were also decreased in Pacsin2~~ mice, indicating microcytosis.
While bone marrow MK numbers were normal, the DMS in freshly isolated PacsinZ™~
MKs appeared less well-defined than in control PacsinZ*/* MKs, reminiscent of MKs
lacking FInA [25]. Pacsin2 deletion in mice recapitulates genomic studies in humans
where PACSINZ2 SNPs have been associated with platelet parameters [9-14]. Since most
PACS/IN2 SNPs are substitutions in intronic regions, we speculate that these variants affect
how PACS/IN2 mRNA interacts with other biomolecules, thereby regulating its half-life
and/or ribosome recruitment and, ultimately, the amount of PACSIN2 protein expressed in
MKs. How PACS/INZ SNPs affect MK maturation and/or platelet production remains to be
determined.
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PACSIN2 deletion led to bleeding diathesis due to severe thrombus embolization in vivo.
The phenotype was intrinsic to platelets, as injection of Pacsin2*’* platelets into Pacsin2”~
mice normalized thrombus formation in vivo. PacsinZ deletion accelerated the clotting time,
rendering thrombi more fragile and unstable, thereby leading to increased bleeding. Integrin
B1 was hyperactive, based on increased spreading of Pacsin2~~ platelets onto surfaces
coated with the integrin a2p1-specific GFOGER peptide and increased binding of the anti-
active integrin B1 antibody 9EG7 to resting PacsinZ”~ platelets. Genetic deletion of platelet
integrin B1 using the transgenic Pf4-Cre mouse normalized the mild thrombocytopenia,
increased PDW, bleeding diathesis, and clotting time of PacsinZ”~ mice, but not the
decreased MCV and MCH, and other blood parameters were comparable to controls. The
data confirmed that the bleeding phenotype of Pacsin2~~ mice was specific and intrinsic to
hyperactive platelet integrin B1. The notion was further corroborated by normal Pacsin2~~
platelet hemostatic functions when stimulated via GPVI or by thrombin, including a-granule
secretion, integrin allbB3 activation, aggregation, spreading onto fibrinogen, and clot
retraction.

Previous studies have shown that platelet integrin 1 is dispensable to hemostasis [28,
41-43]. Increasing evidence shows that integrin hyperactivation leads to thrombocytopenia
and hemostatic function defects. Gain-of-function mutations in integrin allb and p3
subunits have been associated with macrothrombocytopenia in patients with Glanzmann
thrombasthenia [44-48]. Lack of glycan maturation on integrin 1 also leads to integrin p1
hyperactivation and consequent severe thrombocytopenia and bleeding in B4ga/t?Ft~~ mice
[28]. Our data support the notion that integrin 1 hyperactivation, rather than deletion, led
to thrombocytopenia and hemostatic function defects in PacsinZ”~ mice. Thus, control of
integrin B1 function is crucial for platelet function and hemostasis.

How does PACSIN2 deletion lead to platelet integrin B1 hyperactivity? We have previously
shown that the tip of the PACSIN2 F-BAR domain binds to FInA repeat 20, thereby
regulating membrane tubulation in platelets and in MKs [25]. FInA participates in the
anchoring of platelet receptors, notably GPlba and integrin B-subunits, to the actin
cytoskeleton [16]. PACSIN2 over-expression in Xenopus XTC cells prevents the localization
of integrin a.5p1 to focal adhesions and FInA to stress fibers [24]. The interaction between
FInA and integrin B-subunits requires FInA repeat 21 and a region in the cytoplasmic tail of
integrin B-subunits, which overlaps with the binding sites for talin and kindlins, required for
integrin activation [19, 20]. One model proposes that FInA competes with talin and kindlins
for integrin B-subunit binding, thereby maintaining integrins in an inactive state. Ablation or
decreased expression of FInA enhances integrin-mediated cell-substrate adhesion in multiple
different cell lines [49], while strengthened FInA-integrin interaction inhibits integrin-ligand
interaction and cell migration [50], showing that FInA controls integrin 1 activation. In
full-length FInA, repeats 16-21 form a compact “propeller-like” structure, in which repeats
16-17, 18-19, and 20-21 are paired [51, 52]. Importantly, repeat 21 pairs with incompletely
folded repeat 20, a p-strand of which masks the integrin binding site on repeat 21 (Figure
4G, top panel) [22, 23]. Our biochemical data showed that a PACSIN2 peptide mimicking
the FInA repeat 20 binding site mediated binding of FInA repeats 16-23 to integrin p7,

a model for integrin B-subunits [19], suggesting that PACSIN2 binding to FInA repeat 20
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induces conformational changes in repeats 20-21, thereby unmasking the integrin binding
site in repeat 21.

Why does PACSIN2 deletion affect integrin 1, but not integrin B3? Platelets contain
about 80,000 a.llbp3 molecules, compared to about 5000 a2f1 and 2000 a5B1, within

the range of PACSIN2 [25]. Perhaps there is insufficient PACSIN2 molecules in platelets
to affect the abundantly expressed integrin allbp3 measurably. Differences in integrin 1
and B3 cytoplasmic tails provide another possibility. Proteins binding to FInA contain a
FInA-binding motif composed of nine amino acids, in which alternate residues at odd
positions are nonpolar or neutral and residue at position 3 is a conserved serine (Figure

4G, bottom panel) [16]. In membrane receptors, such as GPIba and integrins p7 and 2
[18-20], the FInA-binding motif is flanked by prolines, which in integrins are parts of
tandem endocytic NPxY/F motifs and docking sites for talin and kindlins. While integrin
B1 has an optimal FInA-binding motif, integrin B3 contains an acidic glutamate at position
3, instead of a neutral serine, and lacks a C-terminal flanking proline. Thus, integrin f3

is expected to be a weaker ligand for FInA, compared to f1. Consistently, basal integrin
allbp3 activation has not been observed in mouse platelets lacking FInA or in human and
mouse platelets expressing a FInA gain-of-function mutant [34, 53, 54]. However, based on
structural studies, a model has been proposed whereby FInA repeat 21 clasps together the
allb and B3 cytoplasmic tails, thereby preventing spontaneous allbp3 activation [55]. FInA
associates with both inactive and talin-bound active allbp3 to mediate platelet spreading,
suggesting that the allb-FInA-actin linkage promotes a.llbp3 outside-in signaling [56].
Whether integrin B1 is hyperactive in FIna’!~~ platelets awaits investigation.

One limitation of our study is the lack of understanding of which integrin 1 ligand plays a
critical role in causing hemostatic defects in PacsinZ”~ mice. Platelets contain integrins
a2pl, a5p1, and a6ppl, which mediate adhesion to the extracellular matrix proteins
collagen, fibronectin, and laminin, respectively. Fibronectin has a soluble form, called
plasma fibronectin, which incorporates into blood clots, where it also binds allbp3 [57].
Integrin a5B1 is a functionally critical receptor for efficient platelet adhesion, activation, and
aggregation [58]. In the absence of a5B1, allbp3 is inefficient in promoting normal platelet
adhesion, activation, and aggregation, emphasizing the non-redundant function of a5p1 in
these processes.

5. Conclusion

In conclusion, our study shows that PacsinZ™~ mice develop mild thrombocytopenia with
increased PDW and slightly enlarged platelets, consistent with genomic studies. Pacsin2~/~
mice also display bleeding diathesis due to platelet integrin p1 hyperactivation leading

to severe thrombus embolization. In vitro, PACSIN2 mediates the binding of integrin
B-subunits to FInA. Our future studies will explore the molecular mechanisms by which
PACSIN2 binding to FInA prevents spontaneous integrin 1 activation, with a focus on how
plasma fibronectin binding to platelet a5p1 contributes to the hemostatic function defects of
PacsinZ™~ mice.
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Essentials

. Human genomic studies have associated variants in the F-BAR protein
PACSIN2 with platelet parameters.

. Here we investigated the role of PACSINZ in platelet function.

. Mice lacking PACSIN2 develop mild thrombocytopenia and prolonged
bleeding time due to severe thrombus embolization in vivo.

. PACSIN2 negatively regulates platelet integrin 1 hemostatic function.
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Figure 1. Characterization of Pacsin2™/~ platelets and megakaryocytes.
(A) Immunofluorescence analysis of fibrinogen (green) and -tubulin (red) in Pacsin2*’*

and Pacsinz~~ platelets on BSA. Scale bars, 2 pm. (B) Surface area of resting platelets.
Results represent mean + SD of 239 Pacsin2*/* and 122 Pacsin2~~ and were compared by
using the unpaired Student t test (P=.0223). (C) Biotin NHS was injected into Pacsin2*/*
and Pacsin2~/~ mice and blood samples were collected at the indicated time points. (D)
CMFDA-labeled Pacsin2** and Pacsin2~ platelets were injected into Pacsin2*/* mice and
blood samples were collected at the indicated time points. The percentage of biotin- or
CMFDA-positive platelets in circulation was determined by flow cytometry, compared to
<2 min post injection (100%). Results are mean + SD of 3-5 independent experiments.

(E) Pacsin2** and Pacsin2™~ platelet lysates corresponding to 2 mg of protein were
subjected to SDS-PAGE and probed for the indicated proteins. Results are representative

of 3 independent experiments. (F) Top. Seven-mme-thick femur bone marrow sections from
Pacsin2** and PacsinZ™~ mice were immunostained for resident MKs and vasculature
using anti-GPlba (green) and anti-laminin (red) antibodies, respectively. Scale bars, 30 pm.
Sections shown are representative of 7 mice per genotype. Bottom. Transmission electron
microscopy analysis of freshly isolated bone marrow Pacsin2*/* and PacsinZ”~ MKs. Scale
bars, 2 um. (G) Bone marrow MK counts (n = 7 Pacsin2** and 8 Pacsin2”~; P= .3287).
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Figure 2. Increased bleeding time and thrombus formation defects in Pacsin2~/~ mice.
(A) Tail-bleeding time of Pacsin2*’* and Pacsin2”~ mice (n = 12 in each group). Results

were estimated by the Kaplan-Meier method and were compared by using the log-rank test
(log-rank 2 =.0040). (B) Time to occlusion after FeCls-induced injury. Pacsin2*’* (n =
15) and Pacsin2~~ (n = 16) carotid arteries were exposed to 10% FeCls for 3 min, and
arterial flow rates were measured. Results were estimated by the Kaplan-Meier method
and were compared by using the log-rank test (log-rank £=.0071). (C) Injection of 80

x 108 control Pacsin2*’* platelets into PacsinZ~~ mice normalized their median time to
occlusive thrombosis (n = 6 in each group). Pacsin2*/* and PacsinZ~~ mice were injected
with anti-GPIbp (red) and anti-fibrin (green) antibodies, and the cremaster arteries were
interrogated with a 3i Ablate! laser during fluorescence, real-time, and intravital video
microscopy. (D) Representative still images. Arrows represent blood flow direction. Time
in s. Scale bars, 20 um. Platelet (E) and fibrin (F) accumulation at the site of injury was
measured by fluorescence intensity. PPACK-anticoagulated whole blood from Pacsin2*’*
and PacsinZ~ mice was labeled and perfused on a type I collagen-immobilized surface at
an arterial shear rate of 1500 s™1. (G) Representative still images at 3 min. Bars represent
100 mm. (H) Fluorescence intensity at 3 minutes. Results represent mean = SD and were
compared by using the unpaired Student t test (n = 9 Pacsin2*/* and 11 Pacsin2™~,; P
=.0127). (1) Dwell time of individual Pacsin2*/* and PacsinZ”" platelets. Results were
estimated by the Kaplan-Meier method and were compared by using the log-rank test (n =
60 in each group; log-rank P=.0463).
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Figure 3. Hemostatic functions of Pacsin2 ™/~ platelets.
Pacsin2** and Pacsin2~~ platelets were activated for 2 min at 37°C with CRP (A,B)

or thrombin (C,D), incubated with FITC-labeled anti-mouse CD62P antibody (A,C) or
Oregon Green 488-labeled fibrinogen (B,D), and analyzed by flow cytometry. Results are
expressed as a percentage of positive platelets and represent mean = SD of 3-6 independent
experiments. Aggregation of Pacsin2*/* and Pacsin2~~ platelets was determined by light
transmission under stirring conditions at 37°C in response to 5 pg/mL (E) or 10 pg/mL

(F) of collagen. Graphs are representative of 4 independent experiments. Pacsin2*/* and
PacsinZ™~ blood samples were analyzed using the ROTEM assay. Clotting time (G) and
clot formation time (H) of Pacsin2*/* and PacsinZ”~ blood samples. Results were estimated
by the Kaplan-Meier method and were compared by using the log-rank test (n = 6 in each
group; log-rank £ =.0046 and .5265, respectively). Maximum clot firmness (MCF) (1),
a-angle (J), and A10 (K). Results represent mean £ SD of 6 independent experiments. (L)
Washed Pacsin2** and Pacsin2™~ platelets were added to human platelet-poor plasma in
ACD containing 5 mM CaCl, and 0.2 U/mL thrombin in siliconized cuvettes (n =9 in each

group).
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Figure 4. Hyperactive integrin pl in Pacsin2 ™/~ platelets.
(A) Pacsin2** and Pacsin2™" platelets were activated with 1 pg/mL CRP and left to adhere

to 100 ug/mL fibrinogen or 20 pg/mL GFOGER for 30 min at 37°C. Fixed platelets were
stained for phosphotyrosine (4G10, green) and F-actin (phalloidin, red) and analyzed by
immunofluorescence. Immunofluorescence micrographs representative of four independent
experiments. Scale bars, 10 pm. (B) Surface area of 388 Pacsin2*/* and 635 PacsinZ™~
platelets on fibrinogen (P = .8586). (C) Surface area of 56 Pacsin2*/* and 40 Pacsin2™/~
platelets on GFOGER (P < .0001). Results represent the mean + SD and were compared
by using the unpaired Student t-test. Pacsin2*’* and Pacsin2~~ platelets were incubated
with rat anti-mouse active integrin f1 antibody 9EG7 (n = 5 in each group; P=.0057)

(D) or hamster anti-mouse total integrin B1 antibody (n = 7 Pacsin2** and 8 PacsinZ™~;
P=.7609) (E) and analyzed by flow cytometry. (F) An integrin 7 peptide containing

the FInA repeat 21 binding site (residues 752-770) was conjugated to SulfoLink agarose
resin and incubated with His-tagged FInA repeats 16-23 (left panel) or 21 (right panel) in
the presence (+) or absence (=) of a PACSIN2 peptide (P2) mimicking the FInA repeat 20
binding site (residues 171-189) as indicated. Complexes were subjected to SDS-PAGE and
probed for His (FInA). (G) Top. Hypothetic model on the role of PACSINZ2 in B-integrin
regulation by FInA. In full-length FInA, a B-strand in incompletely folded repeat 20 masks
the B-integrin binding site on repeat 21. PACSIN2 binding to repeat 20 initiates major
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conformational changes in FInA, resulting in the unmasking of repeat 21 and binding of p-
integrin. Bottom. Alignment of GPIba and B-integrin FInA-binding motifs (blue highlight),
flanked by endocytic NPxY/F motifs in integrins (yellow highlight). Integrin f1 has an
optimal FInA-binding motif, while integrin f3 contains an acidic glutamate at position 749,
instead of a neutral serine, and lacks a C-terminal flanking proline at position 757 (orange).
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Figure 5. Platelet-specific integrin 1 deletion normalizes the thrombus formation defects of
Pacsin2~/~ mice.

(A) Tail-bleeding time of /tgb1Pt~~ Pacsin2*’* and Itgb1P"~/~ PacsinZ~ mice (n = 12 in
each group). Results were estimated by the Kaplan-Meier method and were compared by
using the log-rank test (log-rank £=.6749). (B) Time to occlusion after FeClz-induced
injury. /tgb1P!~"~ Pacsin2*/* and Itgb1P!~/~ Pacsin2~ carotid arteries were exposed to 10%
FeCl3 for 3 min, and arterial flow rates were measured (n = 12 in each group). Results

were estimated by the Kaplan-Meier method and were compared by using the log-rank

test (n = 16 in each group; log-rank P = .9368). /tgh1P!"~"~ Pacsin2*/* and ltgb1F!t~"~
Pacsin2~~ mice were injected with anti-GPIbp (red) and anti-fibrin (green) antibodies,

and the cremaster arteries were interrogated with a 3i Ablate! laser during fluorescence,
real-time, and intravital video microscopy. Platelet (C) and fibrin (D) accumulation at the
site of injury was measured by fluorescence intensity. Clotting time (E) and clot formation
time (F) of /tgb1F!t~"~ Pacsin2*/* and Itgb1P"~/~ Pacsin2™~ blood samples using the native
ROTEM assay. Results were estimated by the Kaplan-Meier method and were compared by
using the log-rank test (n = 3 in each group; log-rank £=.6939 and .6068, respectively).
Maximum clot firmness (MCF) (G), a-angle (H), and A10 (1). Results represent mean + SD
of 3 independent experiments. (J) Washed /tgb1°/t~"~ Pacsin2** and Itgb1°!t~"~ Pacsinz~
platelets were added to human platelet-poor plasma in ACD containing 5 mM CaCl, and 0.2
U/mL thrombin in siliconized cuvettes (n =5 in each group).
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Table 1.

Hematological and platelet parameters in Pacsin2~~ mice

Parameter Pacsin2*/* Pacsin2™/~ P-value
Platelets
Platelets (103/uL) 1178 £ 135 899 + 267 .0043
MPV (fL) 48+0.3 49+0.2 .3086
PDW (fL) 6.6+0.2 6.9+0.2 .0054
Erythrocytes
Erythrocytes (103/uL) 9118 +£1504 8571+1332 .3554
MCYV (fL) 44217 416+12 .0004
MCH (pg) 14.4+09 13.6+0.4 0133
MCHC (g/dL) 329+06  327+07 6145
Hemoglobin (g/dL) 13.1+£19 11.7+£19 .0961
Hematocrit (%) 39.8+5.7 35.8+6.1 1127
Leukocytes
Lymphocytes (10%/uL) 9.40 £3.39 10.18 +2.43 5246
Granulocytes (103/uL) 134+049 126+055  .7107
Monocytes (103/uL) 072+040 1.04+046 0787
Platelet surface glycoproteins
GPlba (CD42b) 3012 + 722 2860 + 4580 .6309
GPIbp (CD42c) 914 + 310 1177 £ 437 .2094
GPIX (CD42a) 1589 + 304 2015 + 564 .0983
GPV (CD42d) 722 + 236 785 + 196 5771
GPVI 424 +£120 408 + 34 7234

integrin B3 (CD61, GPllla) 1036 + 283 1154 + 278 4284
integrin allb (CD41, GPIlb) 4418 £646 4584 + 241 .5099
integrin 1 (CD29, GPlla) 2654 + 456 2581 + 449 7609
integrin a2 (CD49b, GPla) 359 + 81 337 +51 .5370
integrin a5 (CD49e, GPIc) 72+23 70+17 .8400

Complete blood count (n = 12 in each group). Platelet surface glycoproteins were detected by flow cytometry. Data represent mean fluorescence

intensity (n=7 Pacsin2*/* and 8 PacsinZ'/_). MPV, mean platelet volume; PDW, platelet distribution width; MCV, mean corpuscular volume;
MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration.
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Table 2.

Hematological and platelet parameters in /tgb1P/~"~ Pacsin2™~ mice

Parameter Itgh1P'~/~ Pacsin2 **  Itgb1P!~/~ Pacsin2/~  P-value
Platelets
Platelets (103/uL) 1176 + 169 1289 + 165 1194
MPV (fL) 50+0.2 50+0.2 .9942
PDW (fL) 6.7+0.2 6.7+0.2 .6444
Erythrocytes
Erythrocytes (103/uL) 9153 £ 1078 9145 + 623 .9835
MCYV (fL) 44717 408+1.2 <.0001
MCH (pg) 147408 13.3+0.4 <.0001
MCHC (g/dL) 33.0+0.9 32.7+05 4417
Hemoglobin (g/dL) 135+16 127+21 .3143
Hematocrit (%) 409+4.4 38.8+6.1 .3522
Leukocytes
Lymphocytes (10%/uL) 9.12+2.73 11.55+3.26 .0565
Granulocytes (10%/uL) 1.30+0.33 1.15+0.39 .2685
Monocytes (103/uL) 0.62 +0.40 0.68+0.37 6731
Platelet surface glycoproteins
GPlba (CD42b) 3092 + 1061 3473 £ 602 .5052
GPIbp (CD42c) 797 + 286 1105 + 314 1732
GPIX (CD42a) 2047 + 824 2288 £ 592 .6101
GPV (CD42d) 927 + 238 981 £+ 115 .6551
GPVI 689 + 163 541 + 92 1147
integrin B3 (CD61, GPIlla) 1106 + 267 922 + 303 .3392
integrin allb (CD41, GPIlb) 5492 + 1535 5341 + 2125 .9007
integrin B1 (CD29, GPlla) 1745 1345 12555
integrin a.2 (CD49b, GPla) 41 4+1 8543
integrin a5 (CD49e, GPIc) 1+1 1+1 7736

Complete blood count (n = 12 in each group). Platelet surface glycoproteins were detected by flow cytometry. Data represent mean fluorescence

intensity (n =5 in each group).
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