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Circulating platelets roll along exposed collagen at vessel injury
sites and respond with filipodia protrusion, shape change, and
surface area expansion to facilitate platelet adhesion and plug
formation. Various glycoproteins were considered to be both
collagen responders and mediators of platelet adhesion, yet the
signaling kinetics emanating from these receptors do not fully
account for the rapid platelet cytoskeletal changes that occur in
blood flow. We found the free N-terminal fragment of the adhe-
sion G protein-coupled receptor (GPCR) GPR56 in human plasma
and report that GPR56 is the platelet receptor that transduces sig-
nals from collagen and blood flow-induced shear force to activate
G protein 13 signaling for platelet shape change. Gpr56−/− mice
have prolonged bleeding, defective platelet plug formation, and
delayed thrombotic occlusion. Human and mouse blood perfusion
studies demonstrated GPR56 and shear-force dependence of plate-
let adhesion to immobilized collagen. Our work places GPR56 as an
initial collagen responder and shear-force transducer that is essen-
tial for platelet shape change during hemostasis.
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Hemostasis is the physiological wound healing process that
prevents blood loss while maintaining normal blood flow.

Platelets are anucleate cell fragments that serve as major con-
tributors to hemostatic plug formation. The process is initiated
by platelet surface receptor engagement with subendothelial
collagen of the extracellular matrix that becomes exposed during
vessel wall injury (1–3). The initiating hemostatic step involves
platelet glycoprotein Ibα (GPIbα) transiently tethering to collagen-
bound von Willebrand factor (vWF) (2–5). A multistep mechanism
ensues in which multiple receptors including glycoprotein VI
(GPVI) and integrin α2β1 participate in platelet spreading, activa-
tion, stable adhesion, and the aggregation events that are necessary
to support thrombus growth (6–8). Within the sequential activating
events, tethered platelets undergo rapid reorganization of the cy-
toskeletal structure, expanding from discoid to spherical shapes in
order to spread over the damaged surface (9). Actin polymerization
within platelets permits the development and extension of filopodia
protrusions and lamellipodia that enable platelet deceleration in
the blood flow, flattening and stable adhesion. Activated platelets
release storage granule contents, including autocrine and paracrine
platelet agonists that fulfill the platelet activation process (2, 10,
11). These events are prerequisite to secondary platelet recruitment
and formation of stable clots.
Dynamic glycoprotein receptor interactions with collagen have

been viewed as the dominant initiating events leading to platelet
plug formation. Arteriole injury and platelet activation experi-
ments using a GPVI-deficient mouse model showed defects in
hemostatic plug formation and platelet adhesion to collagen (12,
13). However, additional measures demonstrated that GPVI-
deficient mice have negligibly prolonged bleeding times and no
impairment in induced occlusive thrombus formation (14–16).

The differences in the experimental approaches used to inves-
tigate platelet responses to collagen have offered varied inter-
pretations of whether GPVI is the key signaling receptor that acts
to initiate platelet activation (2, 7, 8, 13). For example, exogenous
collagen promotes sustained GPVI/Fc Receptor gamma (FcRγ)
signaling through phospholipase Cγ2 (PLCγ2), but the Ca+2 mo-
bilization output and kinetics of this multistep signaling pathway
may not fully account for the quick-onset cytoskeletal changes that
are required for platelet deceleration in rapid blood flow (1, 17).
Thus, the putative existence of other rapid-acting platelet collagen
receptors has been considered. These receptor(s) may be en-
gaged prior to or concomitantly with the glycoprotein collagen
receptors (7).
Heterotrimeric G protein 13 (G13) signaling is required to

stimulate the cytoskeletal-dependent platelet shape changes in
response to collagen (18). Gα13-GTP (guanosine triphosphate)
rapidly and robustly activates Rho family small G protein sig-
naling to induce actin polymerization (19). Accounting for the
means of G13 activation is not readily explained by the actions of
the current repertoire of platelet collagen receptors. Here, we
identified the collagen-responsive, G13-coupled, G protein-coupled
receptor (GPCR) GPR56 or ADGRG1 on the surface of plate-
lets (20–23). GPR56 is an adhesion G protein-coupled receptor
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(AGPCR), a receptor subclass distinguished by the presence of a
GPCR autoproteolysis-inducing domain that self-cleaves the re-
ceptors at a precise extracellular site proximal to the start of the
first transmembrane span (TM1) of the seven-transmembrane
bundle (24). Self-cleavage is constitutive, and the two resulting
receptor pieces, termed the N-terminal fragment (NTF) and
C-terminal fragment (CTF), remain noncovalently bound. Recent
biochemical evidence demonstrated that dissociation of the two
receptor fragments resulted in strong activation of G protein sig-
naling (22, 23). Dissociation of the NTF unveils a stalk peptide
emanating from TM1 that acts as a tethered peptide agonist to
activate the CTF (23, 25). One proposed physiological mechanism
of AGPCR activation is through shear force-mediated NTF/CTF
dissociation. The NTF becomes immobilized to its protein ligand,
and the force created by cell movement drives the dissociation
event. Our work shows that GPR56 is a platelet collagen GPCR
that has the critical role of providing early-onset G13 activation to
facilitate the platelet shape changes and integrin activation that
are necessary for efficient hemostasis and thrombosis.

Results
The Identification of Collagen-Binding Adhesion GPCR NTFs in Human
Plasma. Most of the 33 AGPCRs are orphans, but 2 that were
deorphanized have collagen subtypes as physiological ligands,
GPR56/ADGRG1 and GPR126/ADGRG6 (21, 26). Upon blood
vessel wall injury, the subendothelial layer of collagen becomes
exposed to the blood flow and exerts profound influence on
circulating cells, particularly platelets (2). One hypothesized
AGPCR activation mechanism is that the NTFs become an-
chored to their extracellular matrix ligand(s), and shear force
created by cell movement serves to dissociate the NTF and CTF
to instigate tethered agonism and consequent G protein signal-
ing (23, 27, 28) (Fig. 1A). We postulated that if cells in circula-
tion (i.e., shear flow) express collagen-regulated AGPCRs, they
might shed their NTF(s) onto exposed collagen, after which it
could be liberated to the plasma for clearance. Collagen-coated
bead protein pull-down experiments were performed using
clarified human plasma, followed by shotgun mass spectrometry
and sodium dodecyl sulfate (SDS)/polyacrylamide gel electro-
phoresis (PAGE) analyses. Many known collagen-binding pro-
teins were identified with high confidence, including fibrinogens,
vWF, various integrins, and the AGPCR, ADGRG1/GPR56
(Datasets S1 and S2 and SI Appendix, Table S1) (21, 29). One
tryptic peptide of the collagen IV-binding AGPCR NTF of
GPR126/ADGRG6 was also found (26). Intriguingly, no tryptic
peptides corresponding to the GPR56 CTF were found in the
pull downs of plasma, yet 11 tryptic peptides from the GPR56
NTF were identified (Fig. 1B, Dataset S3, and SI Appendix, Fig.
S1), indicating that the GPR56 NTF present in plasma was likely
shed from a circulating cell or conceivably from a cell type that
comprises vessel walls. GPR56 immunoblot analysis verified that
the endogenous GPR56 NTF from plasma and purified recombi-
nant GPR56 NTF (hereto referred as GPR56 rNTF), a 40-kDa
glycosylated protein containing a collagen-binding Pentraxin/Lam-
inin/neurexin/sex hormone-binding globulin-like (PLL) domain, was
bound to the collagen beads (21, 30). No GPR56 CTF was observed
in the collagen pull downs of plasma (Fig. 1C).

GPR56 Is a Platelet-Resident GPCR That Activates G13 and G protein i
(Gi) but Not G protein q (Gq) Signaling. As circulating platelets are
highly responsive to collagen during hemostasis, we probed plate-
lets for the GPR56 NTF identified in the human plasma collagen
pull downs. The type III/I collagen receptor, ADGRG1/GPR56,
was found to be present on the surface of human platelets. Human
platelets and red blood cells (RBCs) isolated from whole-blood
samples were stained with antibodies that recognize the GPR56
NTF, the platelet surface marker CD41 (integrin α2b), or the RBC
surface marker CD235 (glycophorin A), and relative levels of the

markers were measured by flow cytometry. Human platelets, but
not the RBCs, stained positive for GPR56 and CD41, whereas
RBCs stained positive for CD235 but not GPR56 (Fig. 2A). There
was variability of GPR56 abundance among platelets isolated from
the different human donors (SI Appendix, Fig. S2A). Intact plate-
lets were costained with the GPR56 NTF antibody and fluorescein
isothiocyanate (FITC)-phalloidin and visualized by fluorescent
microscopy. Inclusion of the GPR56 rNTF during the antibody
incubation blocked the punctate cell surface GPR56 NTF anti-
body signal (Fig. 2B). Cytosol-free membrane homogenates were
prepared from human platelets obtained from five donors. The
membranes were quantitatively immunoblotted with an antibody to
detect the GPR56 CTF (Fig. 2C). GPR56 was present in each
platelet membrane preparation, and variable abundance was ob-
served, coinciding with the flow cytometry results. The platelet
membrane preparations were then treated with urea to dissociate
the GPR56 CTF and NTF. The majority of platelet GPR56 was
deemed to be self-cleaved as the transmembrane intercalated
CTF was resistant to urea solubilization, whereas the majority of
the peripherally membrane-associated NTF was urea solubilized

A

B

C

Fig. 1. Identification of the collagen-interacting ADGRG1/GPR56 NTF in
human plasma. (A) GPR56/ADGRG1 schematic with its N-terminal collagen-
binding PLL domain and proposed cell movement, force-mediated, tethered
agonism activation mechanism. (B) Mass spectrometry tryptic peptide cov-
erage of collagen bead-isolated GPR56 NTF from human plasma. (C) GPR56
NTF from human plasma alongside purified GPR56 rNTF was subjected to
collagen-coated bead pull down. Eluted proteins and Sf9 membranes expressing
GPR56 were coimmunoblotted with antibodies to detect the GPR56 NTF and
CTF. The eluted proteins and Sf9 membranes expressing GPR56 were coimmu-
noblotted with antibodies to detect the GPR56 NTF (green) and CTF (red). GAIN,
G protein-coupled receptor autoproteolysis-inducing domain; 7TM, seven-
transmembrane spanning domain.
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(Fig. 2D). These results demonstrate that the majority of platelet
GPR56 is poised for forced-mediated fragment dissociation and
activation.
GPR56 activates G12/13 signaling pathways (20–23, 29). Hu-

man GPR56 coupled to Gi in vitro and was purported to coim-
munoprecipitate Gαq from cells (23, 31). All three of these G
protein signaling pathways positively influence the platelet acti-
vation program. G13 signaling stimulates Rho-dependent platelet
shape changes; Gi inhibits cyclic adenosine monophosphate
(cAMP) signaling to promote platelet activation; and Gq stimulus
provokes Ca+2 release, which reinforces secretion of paracrine
and autocrine platelet agonists (2, 32). We closely examined the
abilities of human and mouse GPR56 to activate G13 and Gi using
receptor membrane reconstitution assays. The GPR56 variant
consisting of 687 amino acids was chosen for study as it has much
higher basal activity than the longer 693-amino acid variant (SI
Appendix, Fig. S3) (30, 33). Mouse and human GPR56 robustly
activated G13, but only human GPR56 activated Gi (SI Appendix,
Fig. S4).
We evaluated the ability of endogenous GPR56 to activate

downstream signaling pathways controlled by G13 and Gi in
isolated human and mouse platelets. GPR56 pharmacological
tools were used in the Rhotekin Rho-GTP pull-down assay to
assess the influence of platelet GPR56 toward G13-stimulated
Rho-GTP production. A Gpr56−/− mouse was created for this
study (SI Appendix, Fig. S5). Gpr56−/− and wild-type platelets
were harvested from mice, washed, and acutely stimulated with a
GPR56 synthetic activating peptide (56-AP), the small molecule
GPR56 partial agonist 3-α-acetoxydihydrodeoxygedunin (3-α-DOG),
or the synthetic peptide agonist for the Protease Activated 4
Receptor (PAR4-AP) (27, 34). PAR4-AP stimulated Rho-GTP
production in wild-type and Gpr56−/− platelets, whereas the two
GPR56 activators only stimulated Rho-GTP production in wild-
type platelets (Fig. 2E). Washed human platelets were then
stimulated with 56-AP or 3-α-DOG in the presence or absence of
a small molecule GPR56 antagonist, dihydromunduletone (DHM)
(27, 34). Both GPR56 agonists stimulated rapid Rho-GTP pro-
duction that was blunted by the DHM antagonist treatment
(Fig. 2F).
To our knowledge, GPR56 coupling to Gi has not been

demonstrated in cells or in tissue, so we tested the ability of
GPR56 and the Gi-coupled platelet purinergic receptor (P2Y12)
agonist, adenosine diphosphate (ADP), to inhibit prostacyclin
(PGI2) and forskolin costimulated cAMP production in isolated
human platelets. Forskolin and PGI2-stimulated Gs synergized
to provide robust cAMP production that was inhibited compa-
rably by 56-AP or ADP (Fig. 2G). Our past analyses found no
evidence that GPR56 could activate Gq in vitro (23); nonethe-
less, we compared the abilities of 56-AP and PAR4-AP to pro-
voke Gq/11-stimulated Ca+2 mobilization in washed human
platelets. PAR4-AP elicited a strong Ca+2 response, whereas
56-AP had no effect (Fig. 2H). These results show that GPR56
provides robust activation of platelet G12/13 signaling, moderate
activation of human platelet Gi signaling, and no stimulation of
Gq signaling.

GPR56 Stimulates Ex Vivo Platelet Aggregation and Integrin Activation.
Turbid suspensions of isolated human platelets aggregate in re-
sponse to platelet agonists, which include select GPCR agonists
and collagen (35). Since GPR56 stimulated platelet G protein
signaling, we tested its ability to impact the platelet activation
program. Human platelets were isolated from fresh, anticoagulant-
treated blood, washed, and introduced into the stirred cell of a
Chronolog platelet aggregometer. The GPR56 agonists 56-AP and
3-α-DOG stimulated rapid platelet aggregation, whereas a single
point mutant 56-AP control peptide did not (Fig. 3A). The po-
tency of GPR56 agonists was compared with that of the established
platelet agonist PAR4-AP. The rank order of potencies was

56-AP > PAR4-AP > 3-α-DOG ≠ 56-AP mutant (Fig. 3B). The
GPR56 antagonist, DHM, specifically inhibited 56-AP– and 3-
α-DOG–stimulated platelet aggregation but did not affect PAR4-
AP action (Fig. 3 C and D). Collectively, these results demonstrate
that pharmacological modulation of platelet GPR56 activity induces
the ex vivo platelet activation and aggregation program.
Platelet aggregation and adhesion to collagen in vivo are

supported in part by integrin activation, which is thought to be
mediated by complex circuitries of intracellular and extracellular
signaling events, including a G13 stimulus (1). We compared the
abilities of GPR56 and PAR4 stimulation to induce human
platelet integrin activation via human alphaIIbeta3, clone PAC-1
antibody staining, a tool that is used to measure the amount of
integrin αIIbβ3 in its active conformation (36, 37). 56-AP pro-
vided concentration-dependent integrin activation in human
platelets that matched the maximal PAR4-AP–induced response
(Fig. 3E). GPR56 might fulfill the predicted requirement for the
GPCR stimulus that activates G13/Gi to provide the “inside-out
signaling” component of integrin activation (38).
Human platelets responded to 56-AP via multiple readouts,

but because mouse GPR56 only couples to G13, we hypothesized
that 56-AP alone would not induce mouse platelet aggregation
or αIIbβ3 integrin activation. We first showed that 56-AP was
capable of activating mouse GPR56 by overexpressing the recep-
tor in HEK293T cells and measuring concentration-dependent
56-AP stimulation of the serum response element luciferase
gene reporter (SI Appendix, Fig. S6A). GPR56-AP did not induce
wild-type mouse platelet aggregation nor integrin activation when
compared with robust PAR4-AP responses observed in both
assays (SI Appendix, Fig. S6 B and C). The lack of GPR56-
stimulated Gi signaling in mouse platelets was demonstrated di-
rectly by showing that forskolin- and PGI2-coinduced cAMP ac-
cumulation was suppressed by ADP but not 56-AP (SI Appendix,
Fig. S6 D and E), contrasting previous results in which 56-AP
inhibited cAMP production in human platelets (Fig. 2G). We
sought to compensate for the lack of GPR56 Gi signaling in
mouse platelets by inducing platelet aggregation in response to
56-AP when combined with ADP purinergic receptor agonism.
However, platelets express two purinergic receptors, P2Y12 and
P2Y1, with the latter providing Gq stimulus that influences shape
change and aggregation. Therefore, to exclude the effects of P2Y1,
mouse platelets were pretreated with the P2Y1-selective antago-
nist, 2′-deoxy-N6-methyl adenosine 3′,5′-diphosphate (MRS2179),
for which a concentration response relationship was developed
to determine its ability to inhibit ADP-induced platelet aggrega-
tion (SI Appendix, Fig. S6F). Wild-type but not Gpr56−/− mouse
platelets aggregated efficiently in the presence of MRS2179 (100
μM), 56-AP (10 μM), and ADP (25 μM) (SI Appendix, Fig. S6G).
These results corroborate previous findings that platelet aggre-
gation relies on synergy of multiple G protein signaling outputs
(39, 40). Pharmacological stimulation of human platelet GPR56
induced the ex vivo platelet activation and aggregation programs
via the ability of the receptor to activate G13 and Gi.

GPR56 Effects on Platelet Secondary Agonist Release. Primary
platelet activation encompasses signaling events that lead to the
secretion of agonists from granule contents (e.g., ADP, adeno-
sine triphosphate [ATP], serotonin, magnesium, and calcium
ions) as well as oxidized lipid products of cyclooxygenase (COX-
1) (41). These diffusible agonists provide secondary activation
for platelet recruitment into a growing thrombus (42–44). To
learn whether GPR56 activation of platelets relies on secondary
agonist signaling, we first assessed granule secretion by measur-
ing released ATP levels during 56-AP–induced human platelet
aggregation. 56-AP weakly stimulated dense granule release when
compared with the robust PAR4-AP response (Fig. 3F), effects
that may reflect the different G protein coupling profiles of
GPR56 and PAR4 (23, 45). Both receptors activate G13, but
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PAR4 alone activates Gq, which coincides with its ability to
strongly induce Ca+2-dependent granule secretion. We next eval-
uated inhibition of GPR56-AP– and PAR4-AP–induced human
platelet aggregation by ADP and the arachidonic acid metabolite,
thromboxane A2 (TXA2). Human platelets were pretreated with

the COX-1 inhibitor, acetylsalicylic acid (ASA), to block platelet
TXA2 generation or with 2-methyl-thio-AMP (2-MeSAMP) to
antagonize ADP stimulation of P2Y12 (SI Appendix, Fig. S7). ASA
or 2-MeSAMP alone partially blocked GPR56-AP–induced
platelet aggregation but worked additively to provide a strong
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Fig. 2. GPR56 is platelet GPCR that stimulates Rho-GTP production and inhibits cAMP production. (A) The GPR56 NTF is present on the surface of human
platelets but not RBCs as measured by flow cytometry. Platelets were costained with the platelet marker CD41 or the RBC marker CD235. Representative
histogram data from SI Appendix, Fig. S2 are shown. (B) Intact human platelets were treated with PAR4-AP and adhered and spread on vitronectin-coated glass
for 30 min. The intact platelets were costained with the GPR56 NTF antibody (red) and FITC-phalloidin (green) with or without antibody blocking using purified
GPR56 rNTF. (C) Platelet membranes (20 μg) prepared from five human donors were quantitatively immunoblotted with the GPR56 CTF antisera. (D) Platelet
membrane GPR56 is predominantly self-cleaved. Two human platelet membrane preparations were mock treated (PBS) or urea treated, and the membrane and
solubilized material were immunoblotted for the presence of the GPR56 NTF and CTF. The GPR56 CTF retains membrane association, whereas the NTF was
solubilized with urea. *Denotes an alternative SDS/PAGE form of the GPR56 CTF (23). (E) Wild-type or Gpr56−/− mouse platelet Rho activation stimulated by 56-AP
agonist peptide or 3-α-DOG. Relative total Rho and Rho-GTP levels were quantified by pixel densitometry. Error bars are the mean ± SEM: wild type, n = 4;
Gpr56−/−, n = 3. One-way ANOVA. *P ≤ 0.01; ****P ≤ 0.0001. (F) Human platelet Rho activation stimulated by 56-AP agonist peptide or 3-α-DOG, with or without
DHM inhibition. Relative total Rho and Rho-GTP levels were quantified by pixel densitometry. Error bars are the mean ± SEM: human, n = 4. One-way ANOVA.
*P ≤ 0.01. (G) Forskolin and PGI2 costimulation of cAMP accumulation in human platelets is inhibited by 56-AP agonist peptide (10 μM) or the purinergic agonist,
ADP (25 μM). Error bars are the mean ± SEM (n = 4). One-way ANOVA. **P ≤ 0.01. (H) GPR56 activation does not stimulate Gq-mediated calcium release from
intracellular stores. Human platelets were treated with 1 mM probenecid and loaded with Fluo4-AM, prior to stimulation with PAR4-AP (50 μM) or 56-AP
(concentration series). Shown are the mean fluorescence intensities (MFIs) of intracellular calcium release. Error is the mean ± SEM: n = 4. Mem, membrane; Sol,
soluble; WB, Western blot.
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block. In contrast, 2-MeSAMP, but not ASA, inhibited PAR4-AP
induction of platelet aggregation. These results align with the
demonstration of weak granule secretion (e.g., ADP) exerted by
GPR56-AP (Fig. 3F). Since GPR56 does not couple to Gq, TXA2
activation of the thromboxane prostanoid receptor TPα, which
couples to both Gq and G13, may be required for efficient
GPR56-induced platelet aggregation. Direct PAR4 Gq coupling
may obviate the requirement for TXA2 secondary agonism.

GPR56 Stimulates Platelet Shape Change and Spreading. One of the
first events of hemostasis is the collagen-stimulated, autonomous
conversion of a few circulating discoid-shaped platelets into
spheres with filopodia protrusions (1). We first evaluated the
GPR56 agonist-induced shape change phase of platelet activa-
tion using ex vivo platelet aggregometry experiments in which
initial platelet shape changes are realized as a small transient
decrease in light transmittance followed by a rapid increased
light transmittance phase as platelets aggregate (Fig. 4A). We
tested the ability of GPR56 agonists and the platelet agonists
PAR4-AP and ADP to induce shape change in the presence of L-
arginylglycyl-L-α-aspartyl-L-serine (RGDS) synthetic peptide and
2-MeSAMP, platelet inhibitors that blunt the aggregation phase
through inhibition of integrin and purinergic receptor Gi stimulus,
respectively. PAR4-AP activates Gq/13 signaling, and in this ex-
periment, ADP only activates Gq signaling, due to the 2-MeSAMP
inhibition of P2Y12 receptor Gi stimulus. Therefore, platelet shape
changes are contributed predominantly by G13 signaling with lesser
contributions of PAR4 Gq stimulus and GPR56 Gi stimulus. Both
GPR56 agonists and PAR4-AP strongly induced platelet shape
change (Fig. 4B). ADP had no ability to mediate platelet shape
change due to 2-MeSAMP inhibition. These results provide a
demonstration that GPR56 G protein signaling is sufficient to in-
duce platelet shape change.
The platelet spreading assay is a complimentary measure of

shape change. Platelets in dilute suspension will adhere to

extracellular matrix-coated surfaces, undergo shape changes and
filopodia protrusion, and then flatten or spread. We chose an
extracellular matrix that is inert to platelets, vitronectin-coated
glass, to evaluate GPR56-induced platelet spreading. The spec-
ificity of GPR56 agonists was first evaluated in spreading assays
using platelets harvested from wild-type or Gpr56−/− mice.
GPR56-AP induced spreading of wild-type platelets but not of
Gpr56−/− platelets, whereas the control, mutant GPR56-AP, had
no ability to induce spreading of either wild-type or Gpr56−/−

platelets (Fig. 4C). PAR4-AP stimulated spreading of wild-type
and Gpr56 knockout platelets equally well, showing that the
absence of GPR56 did not abrogate the overall ability of plate-
lets to be activated. PAR4-AP and 56-AP induced full, comparable
levels of human platelet spreading, whereas 3-α-DOG provided
only a moderate level of spreading (Fig. 4D). The 56-AP mutant
peptide induced no significant human platelet spreading. Fig. 4E
shows time-lapse images of representative platelet shape change
progression induced by GPR56-AP. Filopodia spikes were ob-
served within 2 min of agonist application. The filopodia extended
over time, and within 15 min, platelets had begun to spread, and
they were fully flattened and firmly adhered at 30 min.

GPR56 Is Required for Efficient Platelet Plug Formation, Hemostasis,
and Thrombosis. The Gpr56−/− mice were evaluated for hemo-
static defects using a tail injury bleeding assay (46, 47). Gpr56−/−

mice exhibited a pronounced hemostasis defect in that the ma-
jority of knockout mice had prolonged times to bleeding cessation,
with approximately one-quarter of the cohort requiring cauter-
ization (Fig. 5A). Recording of instances of temporary bleeding
stoppage, resumption, and final cessation showed that 73% of
Gpr56−/− mice (16/22) exhibited rebleeding events, whereas only
21% (4/19) of Gpr56+/− and 7% (1/15) of Gpr56+/+ mice did
(Fig. 5B). These data indicate that prolonged bleeding inGpr56−/−

mice may be attributed to unstable clot formation.
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Fig. 3. GPR56 activates platelet aggregation and
integrin activation. (A) Representative tracings of
human platelet aggregation in response GPR56
peptide agonist mimetics (56-AP and 56-AP mutant)
and 3-α-DOG. (B) Concentration response curves of hu-
man platelet aggregation mediated by 56-AP, 56-AP
mutant, PAR4-AP, and 3-α-DOG. Error bars are the
mean ± SEM (n = 5). (C) Representative aggregometry
tracings of 56-AP–, 3-α-DOG–, and PAR4-AP–induced
human platelet aggregation at 80% maximal effective
concentration (EC80) with DHM inhibition. (D) Concen-
tration response curves of DHM inhibition of human
platelet aggregation induced by GPR56, 3-α-DOG, and
PAR4 agonists at EC80. Error bars are the mean ± SEM
(n = 5). (E) Flow cytometric analysis of αIIbβ3 integrin
activation via PAC-1–FITC staining of human platelets
treated with a 56-AP concentration series or a maximal
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cent intensity traces of PAC-1–FITC binding to human
platelets are shown alongside histograms. Error bars are
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ships of 56-AP, 56-AP mutant, and PAR4-AP toward ATP
secretion as measured in a Lumi-aggregometer. Error
bars are the mean ± SEM (n = 5).
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Hemostatic platelet plug formation in the cremaster arterioles
of live mice was examined using a vessel wall laser injury assay.
Video microscopy monitored the progression of platelet plug
formation after injury via the accumulation of Alexa-Fluor 488-
conjugated anti-GPIbβ (platelets) and fibrin deposition through
Alexa-Fluor 647-conjugated antifibrin accumulation. Gpr56−/−

mice formed platelet plugs that were dramatically reduced in size
in comparison with wild-type mice (Fig. 5 C and D and Movie
S1). Qualitative inspection of the movies showed increased in-
stances of emboli release from the growing plugs in Gpr56−/−

mice, which is consistent with an unstable clotting phenotype.
Levels of fibrin deposition at the injury sites were equivalent in
Gpr56−/− and wild-type mice (Fig. 5E). A low platelet count is
one potential explanation for reduced platelet plug formation,
yet no significant differences were observed in platelet counts when
total blood counts of wild-type and Gpr56−/− mice were compared
(SI Appendix, Table S2). From these results, we propose that
Gpr56−/− platelets do not readily accumulate at sites of vessel wall
injury because they are defective in undergoing the shape changes
and integrin activation that precede firm platelet adhesion.
We injected GPR56 rNTF into mouse circulation to test

whether it could inhibit platelet interactions with collagen via
hemostasis readouts. GPR56 rNTF-injected mice had substan-
tially prolonged times to bleeding cessation in the tail injury
assay compared with the vehicle-injected group (Fig. 5F). The
GPR56 rNTF was preinjected into wild-type mice prior to laser-
induced injury of the cremaster arteriole. GPR56 rNTF-injected
mice developed hemostatic plugs that were substantially reduced
in size in comparison with vehicle-injected mice (Fig. 5G andH and
Movie S2). Interestingly, the GPR56 rNTF-injected mice also had
substantially reduced levels of fibrin accumulation at injury sites
(Fig. 5I). This result is interesting when considering the findings of
Fig. 5E that showed that accumulated fibrin levels were equivalent
in wild-type and Gpr56−/− mice. This indicates that GPR56 rNTF
not only may block endogenous platelet GPR56 interaction with
injury-exposed subendothelial collagen but may block collagen
interactions with other hemostatic factors, including fibrin.
The cremaster arteriole injury model represents a view of

platelet plug formation in microcirculation. We tested the re-
quirement of GPR56 in a large vessel model of induced throm-
botic occlusion. Platelets harvested from Gpr56−/− and wild-type
mice were labeled with calcein-acetoxymethyl (calcein-AM) dye
and injected into circulation of genetically identical recipient mice.
Recipient mouse carotid arteries were surgically prepared for in-
travital microscopy and denuded by application of FeCl3 to injure
the vessel walls prior to the start of the video recordings. Both
cohorts reached full vessel occlusion, but Gpr56−/− mice exhibited
significant delays (Fig. 6 and Movie S3). The cause of the delay
appeared to be due to the instability of Gpr56−/− platelet plugs, as
more emboli were observed in this group. Collectively, our results
demonstrate that GPR56 is required for efficient hemostasis and
thrombosis in both microcirculation and large vessels.

GPR56 Is Required for Shear Force-Dependent Platelet Adhesion to
Collagen. To arrive at a mechanism of GPR56 action in hemo-
stasis, we tested the codependence of GPR56 and shear force for
ex vivo platelet adhesion to immobilized, equine tissue collagen.
Whole blood from Gpr56−/−, Gpr56+/−, or Gpr56+/+ mice was
treated with the platelet permeable dye 3,3′-dihexyloxacarbocyanine
Iodide (DiOC6) and perfused through collagen-coated microflow
chambers at a high shear rate (1,800 s−1) to mimic the force ex-
perienced by cells and platelets in arterioles and at a lower shear
rate (400 s−1) to mimic venous shear force. Time-lapse video mi-
croscopy monitored platelet adherence onto collagen. At high shear
force, Gpr56−/− platelets had a dramatic defect in adhering to the
immobilized collagen (Fig. 7 A and B and Movie S4). Gpr56+/−

exhibited modest adhesion impairment in comparison with wild-
type platelets. In contrast, there were no differences among

Gpr56−/−, Gpr56+/−, and Gpr56+/+ platelets in adherence to the
collagen at low shear force (Fig. 7 C and D and Movie S5), in-
dicating that the complement of other adhesive collagen receptors
present on platelets was sufficient to mediate platelet adhesion at
low shear in the absence of GPR56. Although Gpr56−/− platelets
were defective in adhering to collagen at high shear, we observed
no defects of these platelets in ex vivo aggregation assays when
stimulated by collagen or PAR4-AP. (SI Appendix, Fig. S8). This
may be due to the performance of light transmission aggregometry
(LTA) under nonphysiological parameters, as platelets are in-
duced to form aggregates under low shear rates (<100 s−1) (48,
49). Collagen-induced platelet aggregometry may not fully simu-
late all of the events of platelet adhesion and activation that are
induced in vivo by insoluble collagen that is exposed upon vessel
wall damage (50). At the high shear rate, we propose that GPR56
induces collagen-dependent platelet filopodia protrusion and
shape change that permit other platelet adhesive collagen recep-
tors to promote stable platelet adhesion.
Given that GPR56 rNTF exhibited strong anticoagulant action

when injected into mice (Fig. 5 F–I), we next tested its ability to
inhibit platelet adhesion to immobilized collagen. Whole human
blood supplemented with GPR56 rNTF or vehicle was perfused
through the collagen-coated microflow chambers at the high
shear rate. Platelets from GPR56 rNTF-treated blood adhered
dramatically less well than those from vehicle-treated blood (Fig.
7 E and F and Movie S6). We surmise that the compilation of
GPR56 rNTF anticoagulant and hemostatic effects is manifested
by it blocking available collagen-binding sites for platelet GPR56,
other platelet collagen receptors, and for fibrin deposition.

Discussion
Our work demonstrates that GPR56 is an initial responder to
collagen and serves to transduce blood flow-induced shear force
to activate G13-stimulated platelet shape change and integrin
activation. In our working model, GPR56 may work immediately
after platelet tethering and then in concert with GP1b-IX-V/
vWF-bound collagen (Fig. 8). Circulating platelets are captured
and decelerated via GPIb binding to vWF-associated collagen (5,
51). They roll along collagen through a series of formed and
broken GP1b/vWF interactions (2, 9, 10, 52, 53). We propose
that there is a simultaneous interaction of the GPR56 PLL do-
main with the mixed collagen matrix, and the force created by
platelet rolling dissociates the extracellular NTF from the platelet
membrane-associated CTF. The GPR56 CTF is then rapidly ac-
tivated by first-order binding of its tethered peptide agonist,
resulting in rapid G13 signaling and induction of the actin cyto-
skeletal arrangements that facilitate platelet shape change. Platelet
filopodia protrusions that arise due to G13 signaling act to slow the
platelet further and allow adhesive platelet collagen receptors to
induce spreading, firm adhesion, and platelet plug formation. A
potential consequence of this proposed mode of platelet GPR56
activation is that the NTF is jettisoned onto the collagen. Due to
continuous blood flow, the collagen-deposited NTF may eventually
be liberated into the blood plasma for clearance. In Fig. 1B,
collagen-coated beads were used to isolate the GPR56 NTF from
clarified plasma. No GPR56 CTF was found attached to the beads,
indicating that the origin of the plasma GPR56 NTF population
was likely from a cell that was exposed to circulation and had ex-
perienced shear force. There are a number of potential sources of
GPR56 among circulating cells. In addition to platelets (Fig. 2 A–
D), GPR56 is present on hematopoietic stem cells and select cir-
culating immune cells, including natural killer (NK) cells and
lymphocytes (54–56). We know of no evidence demonstrating the
presence of GPR56 on endothelial cell types that line vessel walls.
An active area of future investigation will be to discern if the major
source of plasma GPR56 NTF is derived from the circulating
platelets and whether GPR56 NTF levels in plasma might be
prognostic of thrombotic events (57).
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It is well established that G13 signaling is required to induce
platelet shape changes in response to thrombin (18, 19). Collagen-
induced activation of G13 for platelet shape change and integrin
activation are not readily explained by the action of the current
repertoire of platelet collagen receptors, none of which are
GPCRs. The timing of the proposed signaling routes of collagen-
induced platelet shape change are protracted and do not ade-
quately explain the rapidity of the in vivo process. The first platelet
collagen receptor or vWF/collagen receptor, GP1b-IX-V, provides
a miniscule Ca+2 signaling output (58–64). A second platelet
collagen receptor, GPVI/FcRγ, stimulates a tyrosine kinase cas-
cade that was proposed to be the key inducer of integrin α2β1
activation for mediation of firm platelet adhesion and aggregation
(5, 13, 65–67). GPVI/FcR γ kinase signaling results in the as-
sembly of a large adaptor protein complex that is important for
PLCγ2 activation. Within the kinase cascade, multiple scaffold
proteins and kinases are involved, leading to eventual calcium
release from intracellular stores, granule secretion, and throm-
boxane production to promote inside-out signaling and integrin
activation. The timing of these signaling events may not fully ac-
count for or reflect the immediate, primary platelet response that
is required to trigger pronounced shape change morphology (68,
69). A previous model describing the interplay of GPVI and
integrin function indicated a potential for an undescribed GPCR
stimulus of the G13 signaling (38). Our work indicates that GPR56

fulfills this role while working with the established glycoprotein
receptors during platelet transient adhesion to collagen.
Our work has also provided evidence that further supports a

model of AGPCR NTF/CTF dissociation-mediated activation.
GPR56 has a number of described extracellular matrix protein
ligands, of which the best characterized is type III collagen (21,
29, 70–72). Type I collagen was also obtained as a ligand in the
original GPR56 deorphanization work (21). Types I and III col-
lagen are the major collagen subtypes present in the subendothelial
layers surrounding vessel walls (73, 74). AGPCR protein ligands
bind to adhesive modules within the NTFs. It has been proposed
that the ligand–NTF interaction serves the purpose of anchoring
the NTF; in the case of platelet GPR56, this is to the collagen that
becomes exposed after vessel wall injury. In our study, we ob-
served GPR56 and shear-force dependence of platelet adhe-
sion to immobilized collagen (Fig. 7 A–C). Moreover, the detection
of free GPR56 NTF in blood plasma coincides with these find-
ings. Our current work is focused on detecting freed GPR56
NTF bound to collagen in the hemostasis models; however, these
experiments are complicated by the massive recruitment of
platelets that contain substantial GPR56, which interferes with
the ability to distinguish the free from collagen-bound GPR56 NTF.
Our delineation of differential G protein coupling of human

and mouse GPR56 may help to explain some longstanding ob-
servational differences of human and mouse platelet perfor-
mance in standardized assays. Wild-type mouse platelets spread
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Gpr56−/− mouse platelet spreading onto vitronectin-
coated glass in response to GPR56-AP, GPR56-AP
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fication. Quantification is adhered platelets per unit
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One-way ANOVA. ****P ≤ 0.0001. (Scale bar, 10 μm.)
(D) Human platelet spreading onto vitronectin-
coated glass in response to GPR56-AP, GPR56-AP
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sentative fields of phalloidin-stained platelets at 100×
magnification. Quantification is adhered platelets per
unit area (105 pixels2, n = 15). Values are mean ± SEM.
One-way ANOVA. ***P ≤ 0.001; ****P ≤ 0.0001. (Scale
bar, 10 μm.) (E ) Time course of human platelet
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to GPR56-AP. Representative images of phalloidin-
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efficiently on an inert matrix in response to GPR56-AP (Fig. 4);
however, GPR56-AP did not induce mouse platelet aggregation
nor integrin activation (SI Appendix, Fig. S6 A and B), in contrast
to human platelets that did spread and aggregate (Fig. 3 A and
B). Human GPR56 couples to G13 and Gi, whereas mouse
GPR56 only couples to G13 (SI Appendix, Figs. S3 and S4). This
aligns with previous reports that G13 signaling alone is not suf-
ficient for platelet aggregation but requires both Gi and G13
signaling for efficient integrin activation to mediate platelet ag-
gregation (39, 40) (SI Appendix, Fig. S7).
As GPR56 is a collagen receptor, our initial hypothesis was

that Gpr56−/− mouse platelets would not respond to collagen
in vitro. Conversely, Gpr56−/− platelets aggregated normally in
response to collagen during LTA (SI Appendix, Fig. S8 A and B).
During LTA, washed platelets in the stirred suspension experi-
ence less than 100 s−1 of shear force, and the collagen is not
immobilized (48, 49). LTA does not fully mimic the conditions
that platelets experience in vivo, including high shear force and
interactions with the damaged vessel wall and underlying extra-
cellular matrix. Our mechanistic model requires shear force and
anchoring of the GPR56 NTF to collagen. Therefore, our results
for GPR56 align with previous observations from multiple mouse
models in which clear hemostatic defects were observed in vivo,

but normal platelet aggregation or integrin activation was ob-
served in vitro. For example, the chimeric IL4Rα/GPIbα-tg mouse
model produces a GP1b protein that lacks its collagen-binding site
and therefore, recapitulates features of the bleeding disorder
Bernard–Soulier syndrome (75). These mice have reduced throm-
bus growth, delayed mesenteric artery occlusion, and abolished
platelet adhesion to sites of vessel injury (76). Despite these clear in
vivo defects, isolated IL4Rα/GPIbα-tg platelets aggregated normally in
response to the platelet agonists, ADP, thrombin, and collagen (77).
We have found no evidence from genome-wide association

studies that have indicated a role for GPR56 in hemostasis. This
may be due to the fact that GPR56 is expressed broadly in tissues
ranging from skeletal muscle, NK cells, pancreatic β cells, and
the brain, indicating that GPR56 undoubtedly has pleotropic
function (54, 72, 78–80). Therefore, future experiments will be di-
rected to examine hemostatic defects in mice with conditional de-
letion of Gpr56 in platelets or in the lineage from which platelets
arise. In the brain, GPR56 reduction-of-function mutations cause
the embryonic-originated, recessive cortical malformation disease
bilateral frontoparietal polymicrogyria (BFPP) (81, 82). Mice with
Gpr56 null mutations live normal life spans while recapitulat-
ing many features of the human BFPP disorder, yet until now, a
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hemostasis defect was not noted in these mice. It will be interesting
to carefully examine BFPP patients for potential hemostasis defects.
There is potential opportunity to develop new classes of pro-

or anticoagulant therapeutics based on GPR56 signaling or its
interaction with collagen. Administration of the GPR56 rNTF to
wild-type mice elicited pronounced defects in hemostasis. GPR56
rNTF-treated mice had significantly prolonged tail bleeding times
and reduced thrombus formation (platelet and fibrin accumula-
tion) at sites of vessel wall injury (Fig. 5 F–I). The reduced fibrin
accumulation in the arteriole–hemostatic/thrombosis model (Fig.
5I) strongly suggests that the rNTF generally interferes with mul-
tiple hemostatic factors, perhaps in a competitive manner. Studies
are underway to directly observe rNTF or NTF accumulation at
vessel injury sites and to explore the potential that a smaller por-
tion of the GPR56 rNTF might exhibit anticoagulant properties
(e.g., the ∼15-kDa PLL, collagen-binding domain). Delineation of
the precise GPR56 collagen-binding site will also support devel-
opment in this area. Ongoing work in the development of small
molecule GPR56 agonists and antagonists affords additional op-
portunity to develop new classes of hemostatic drugs (27, 34).

Materials and Methods
Reagents. The following primary or secondary antibodies were used: normal
mouse and goat IgG antibodies (Santa Cruz Biotechnology); FITC anti-human
CD235a, FITC anti-human CD41/CD61 (PAC1), and anti-human CD41
(Biolegend); anti-RhoA, GPR56 CTF (EMD Millipore); mouse alphaIIbeta3
antibody clone JON/A-phycoerythrin (PE), anti-GPIb DyLight-488 (Emfret);
Alexa-Fluor 488-conjugated phalloidin, Alexa-Fluor 647 donkey anti-sheep IgG,
and Alexa-Fluor 488 donkey anti-mouse IgG (ThermoFisher Scientific); 690LT
donkey anti-mouse and 800CW donkey anti-rabbit (LI-COR); and GPR56 NTF (R&D
Systems). Antifibrin (clone 59D8) was provided by Rodney Camire, Children’s
Hospital of Philadelphia, Philadelphia, PA. Custom GPR56 peptides GPR56 P7,
TYFAVLM-NH2; GPR56-AP, TYFAVLMQLSPALVPAELL-NH2; and GPR56-AP Mutant
TNFAVLMQLSPALVPAELL-NH2 were synthesized and high performance liquid
chromatography (HPLC) purified by Genscript. PAR4-AP (AYPGKF-NH2) and RGDS
peptide were from GL Biochem and Sigma-Aldrich, respectively. Small molecule
compounds 3-α-DOG andDHMwere purchased fromMicrosource Discovery Systems.

Human Subject Recruitment and Platelet Isolation. This study was approved by
the University of Michigan Institutional Review Board. Written informed
consent was obtained from healthy volunteers prior to blood collection in the
Department of Pharmacology Blood Core Facility. Blood was drawn into vacu-
tainers containing sodium citrate for platelet preparation or heparin for micro-
fluidic perfusion flow chamber assay. Citrated bloodwas centrifuged at 200×g to
separate platelet-rich plasma (PRP) from RBCs. PRP was transferred to tubes con-
taining 10% vol/vol acid citrate dextrose solution (ACD) and apyrase (0.02 U/mL)
and centrifuged at 2,000 × g. The platelet count was adjusted to 3 × 108 plate-
lets per milliliter with Tyrode’s buffer for all studies, unless otherwise stated.

Murine Blood Collection, Platelet Isolation, and Complete Blood Counts. The
Institutional Animal Care and Use Committees at the University of Michigan
approved all experimental procedures involving mice. A colony of C57BL/
6 Gpr56+/− mice was maintained, and progeny were genotyped according to
an established protocol (83). Blood was drawn from the inferior vena cavae
of 8- to 12-wk-old anesthetized mice with a 21-gauge needle attached to a
1-mL syringe containing either 20 U of heparin or 100 μL of 3.8% wt/vol so-
dium citrate. Retroorbital blood was collected into ethylenediaminetetraacetic
acid (EDTA)-treated tubes and analyzed with a Hemavet (Drew Scientific) to

obtain complete blood counts. Heparinized mouse blood was used immedi-
ately in perfusion chamber assays, while citrated mouse blood was used for
platelet isolation. Citrated mouse blood was diluted with an equal volume of
Tyrode’s buffer and centrifuged at 200 × g. PRP was transferred to a tube
containing a 10% vol/vol ACD solution, prostaglandin E1 (PGE1) (50 ng/mL;
Cayman Chemical), and apyrase (0.02 U/mL; Sigma-Aldrich) and centrifuged at
2,000 × g. Platelet counts were adjusted to 3 × 108 platelets per milliliter with
Tyrode’s buffer for all studies, unless otherwise stated.

Flow Cytometric Measurement of Cell Surface Receptor Levels and Integrin
αIIbβ3 Activation. Washed human platelets and RBCs (1.5 × 107) were fixed
with 4% wt/vol paraformaldehyde in phosphate buffered saline (PBS) for
15 min, washed three times with PBS, blocked in PBS containing 3% wt/vol
bovine serum albumin (BSA) for 1 h, and stained with the following antibodies
for 18 h at 4 °C: 1/50 vol/vol GPR56 NTF, FITC anti-mouse CD41, CD235a, or IgG
control antibodies (goat or mouse). Cells were washed three times with PBS
to remove unbound antibodies, resuspended in PBS, and incubated with
1/1,000 Alexa-Fluor secondary antibodies, Alexa-Fluor 488, or Alexa-Fluor 647 for
1 h. Cells (50,000) were washed three times and resuspended in PBS prior to flow
cytometry analysis (BD Accuri C6). For measurement of integrin αIIbβ3 activation,
1.5 × 107 washed human or mouse platelets were resuspended in 1/10 vol/vol
FITC-conjugated anti-human PAC-1 or PE-conjugated JON/A in Tyrode’s buffer
prior to stimulation with the indicated agonists (56-AP or PAR4-AP) for 10 min.
Platelets (50,000) were postfixed with 2% wt/vol paraformaldehyde for 15 min,
diluted in 500 μL of Tyrode’s buffer, and measured in a flow cytometer (BD
Accuri C6), and data were analyzed with FlowJo software (BD).

Platelet Membrane Preparation and Immunoblotting. Packed platelets
freshly prepared from 60 mL of human blood samples were washed in
Tyrode’s solution and suspended in 2 mL of 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (Hepes), pH 7.4, 1 mM ethylene glycol-bis(2-
aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA), and protease inhibitor
mixture (23 μg/mL phenylmethylsulfonyl fluoride, 21 μg/mL Nα-p-tosyl-L-ly-
sine-chloromethyl ketone, 21 μg/mL L-1-p-tosylamino-2-phenylethyl-chloro
ketone, 3.3 μg/mL leupeptin, 3.3 μg/mL lima bean trypsin inhibitor). Platelets
were lysed using a nitrogen cavitation device (Parr Industries). Lysates were
centrifuged at 1,000 × g, and the supernatant was centrifuged at 100,000 ×
g for 30 min. Cytosol was discarded, and the membrane pellet was washed
and suspended in 20 mM Hepes, pH 7.4, 1 mM EGTA, and 12% wt/vol sucrose
by Dounce homogenization. The total protein content of each sample was
determined by Bradford assay. Membrane homogenate (20 μg) was added
to reducing SDS/PAGE sample buffer. Unheated samples were resolved by
12% SDS/PAGE and immunoblotted with the GPR56 CTF and GPR56 NTF
antibodies. For urea solubilization experiments, membranes were collected
by 100,000 × g centrifugation and Dounce homogenized at 4 °C into 20 mM
Hepes, pH 7.4, and 1 mM EGTA or 20 mM Hepes, pH 7.4, 1 mM EGTA, and
7 M urea. The insoluble material was separated by 100,000 × g centrifuga-
tion. Soluble and insoluble samples were subjected to SDS/PAGE and im-
munoblotting with the GPR56 CTF and NTF antibodies.

Platelet Aggregometry, Platelet Shape Change Analysis, and ATP Secretion.
Platelet aggregation and dense granule secretion experiments were simul-
taneously performed in a Chrono-log Lumi-aggregometer at 37 °C under
stirring conditions. Platelets were stimulated with the indicated agonists (56-
AP, 3-α-DOG, PAR4-AP, ADP, or collagen), and light transmission of platelet
aggregation was monitored at 500-ms intervals for 5 min to determine final
or maximal aggregation. Platelet shape change was observed in the pres-
ence of integrin and purinergic receptor inhibitors (RGDS synthetic pep-
tide and 2-MeSAMP) before agonist stimulation at 37 °C under stirring
conditions. The amount of decrease in light transmittance was recorded for
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1 min after agonist stimulation. ATP secretion was measured concurrently
using Chrono-Lume (Chronolog), a luciferin/luciferase mixture.

Cremaster Arteriole Laser-Induced Injury Hemostasis Model. Mice were anes-
thetized by intraperitoneal injection of 100 mg/kg of ketamine/xylazine prior
to mounting of cremaster muscle arterioles (30- to 50-μm diameter each)
under a dissecting microscope with constant perfusion of bicarbonate-
buffered saline at 37 °C (84–86). Antiplatelet (anti-GPIb DyLight 488, 1 μg/g
mouse) and antifibrin (Alexa-Fluor 647-conjugated, 0.3 μg/g mouse) were
administered via jugular vein catheter prior to intravital microscopy (87, 88).
Injuries were induced in the arterioles using a laser ablation system (532-nm
laser pulses via the Ablate! photo-ablation system; 3I). Videos of thrombus
formation were acquired in real-time using a 63× water-immersion objective
with a Zeiss Axio Examiner Z1 fluorescent microscope equipped with solid
laser launch system and high-speed scientific complementary metal–
oxide–semiconductor (sCMOS) camera. All captured images were analyzed
using Slidebook software (3i).

FeCl3-Induced Carotid Artery Injury Thrombosis Model. Mouse Gpr56−/− and
Gpr56+/+ platelets were prepared as described above and fluorescently labeled
with 1 μM calcein-AM (ThermoFisher Scientific). Calcein-AM–labeled platelets
(2 × 106 platelets per gram mouse) were injected via tail vein into genetically
identical recipient mice. Recipient mice were anesthetized prior to the surgical
exposure of the right common carotid artery (89). Whatman filter paper
(1 mm2) was saturated with a 10%wt/vol solution of FeCl3 and topically placed
on the exposed carotid artery for 2 min to initiate thrombosis (90). FeCl3-
induced thrombosis progression was recorded in real time using the 5× ob-
jective of a Zeiss Axio Examiner Z1 fluorescent microscope until full vessel
occlusion was observed. Videos were analyzed using Slidebook software (3i).

Mouse Tail Bleeding Assay. Mice were anesthetized with ketamine/xylazine
and placed on a 37 °C heating pad in the prone position. Distal 5-mm sections of
the tail were amputated with a sterile scalpel. The amputated tails were imme-
diately immersed into a tube containing 15mL of 37 °C prewarmed isotonic saline
solution (0.9% wt/vol). Bleeding was visually monitored and hand timed. Stop-
page and resumption events were recorded by lap timing. Final bleeding cessa-
tion was determined when no further bleeding occurred for 60 s. Mice that bled
for 900 s were immediately cauterized and considered the maximal end point.

Platelet Spreading Assay. Cover glass was coated with 10 μg/mL vitronectin
(Advanced BioMatrix) overnight at 4 °C and washed three times with PBS.
Washed human or mouse platelets (4 × 106) were incubated on the matrix-
coated glass for various times at 37 °C in the presence of dimethylsulfoxide
(DMSO), 10 μM GPR56-AP, 10 μM GPR56-AP point mutant peptide, or 50 μM
PAR4-AP. After PBS rinsing, adherent and spread platelets were fixed
with 4% wt/vol paraformaldehyde, permeabilized with 0.05% wt/vol Tri-
ton X-100, blocked with 3% wt/vol BSA in PBS, incubated for 1 h with
Phalloidin–Alexa-Fluor 488 diluted 1/1,000 vol/vol in PBS, and then washed
three times with PBS. Images were acquired using a Leica confocal micro-
scope equipped with 40×/1.3 or 100×/1.4 oil objectives. For adherent platelet
counting, 15 image fields 40× magnified were quantified using ImageJ (NIH)
cell counter plugin and plotted in terms of number of cells per unit area
using GraphPad software (Prism).

Platelet Adhesion to Immobilized Collagen Flow Chamber Assays. Flow chambers
μ-slide VI 0.1 mL (1 × 17 mm; Ibidi) were coated with 50 μg/mL equine collagen
(Chronolog) for 18 h at 4 °C. Heparinized and 40 μM D-phenylalanyl-N-[(1S)-4-
[(aminoiminomethyl)amino]-1-(2-chloroacetyl)butyl]-L-prolinamide (PPACK)
(Cayman Chemical)-treated mouse or human whole blood was treated with
1 μM DiOC6 (ThermoFisher Scientific) for 15 min at 37 °C. The blood was
perfused over the immobilized collagen at typical arterial (1,800 s−1) or venous
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Fig. 7. GPR56 is required for shear force-dependent
platelet adhesion to immobilized collagen. Gpr56+/+,
Gpr56+/−, and Gpr56−/− mouse blood was incubated
with DiOC6 to stain platelets fluorescently green and
was flowed through small bore chambers coated
with immobilized collagen at (A and B) a high shear
rate to mimic arterial blood flow-induced shear
forces or (C and D) a low shear rate to mimic typi-
cal venous blood flow-induced shear force. Time-
dependent platelet adhesion to collagen was moni-
tored by video microscopy. The representative still
images accompany Movies S4 (arterial shear) and S5
(venous shear). Mean fluorescence intensity (MFI) of
the adhered and aggregated platelet signals. (E and
F) Human blood was treated with DiOC6 and sup-
plemented with vehicle or 250 nM GPR56 rNTF. The
blood was flowed over immobilized collagen at a
high shear rate (1,800 s−1), and platelet adhesion was
monitored by time-lapse video microscopy. The rep-
resentative still images accompany Movie S6. MFI
of the adhered platelet signals. Error bars are the
mean ± SEM (n = 5 flow trials for each condition).
*P < 0.05. ns, nonsignificant.
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shear (400 s−1) rates as described (65, 90). Venous and arterial shear rates were
controlled using an automated syringe pump (Harvard Apparatus), and fluo-
rescently labeled platelet adhesion was monitored in real time using the 40×
objective equipped on a Zeiss Axiovert 200M inverted fluorescent microscope.
Platelet adhesion real-time videos were analyzed using Slidebook (3i).

Calcium Release Measurements. Washed human platelets at 3 × 108/mL were
treated with 1 mM probenecid (ThermoFisher Scientific) for 30 min at 37 °C
and loaded with 4.5 μM Fluo-4-AM (ThermoFisher Scientific) for 10 min at
room temperature. Extracellular CaCl2 was adjusted to 0.5 mM immediately
prior to distributing 80-μL suspensions of platelets per well in 96-well plates.
Basal Fluo4-AM fluorescence intensity was recorded for 30 s prior to the
addition of agonists (20 μL each) at the indicated concentrations, prior to
measurement of calcium responses (Hamamtsu FDSS7000EX).

Rho-GTP Production Assay. Human or mouse platelets at 5 × 108 in 500 μL of
Tyrode’s were stimulated with DMSO vehicle or GPR56 agonists in the presence
of DMSO (vehicle control) or the GPR56 antagonist, DHM, for 90 s. Stimulation
was quenched by addition of an equal volume of lysis buffer (100 mM Tris, pH
7.4, 150 mM NaCl, 2% wt/vol octylphenoxypolyethoxyethanol (IGEPAL),
1% wt/vol sodium deoxycholate, 0.05% wt/vol SDS, 2 mM Na3VO4, 2 mM
phenylmethylsulfonyl fluoride, 2 mg/mL leupeptin, 2 mg/mL aprotinin). Sam-
ples were immediately vortexed and centrifuged at 21,000 × g for 1 min at
4 °C. Lysates were batch bound to 60 μg of Rhotekin-RBD beads (Cytoskeleton,
Inc.) for 90 min at 4 °C. The beads were washed five times with lysis buffer and
resuspended in 30 μL of Laemmli sample buffer. Bead-isolated RhoA-GTP and

total lysate inputs were resolved by SDS/PAGE and immunoblotted with the
RhoA antibody. The relative levels of RhoA-GTP were normalized to the total
RhoA signal.

Adenylate Cyclase Assay. Human platelets were washed in Tyrode’s buffer,
adjusted to 8 × 106/mL, and incubated with 50 μM 3-isobutyl-1-methylxan-
thine (Enzo Life Sciences) for 30 min at 22 °C prior to treatment with DMSO
(vehicle control), 56-AP, or ADP for 30 s at 22 °C. At 30 s, 10 μM forskolin
(Sigma-Aldrich) and 10 nM PGI2 (Sigma-Aldrich) were added, and the reactions
were quenched at the indicated times with 0.1 M HCl (lysis buffer). Samples
were vortexed and centrifuged at 21,000 × g for 5 min at 4 °C. The super-
natants were collected for cAMPmeasurement using the direct cAMP ELISA kit
(Enzo Life Sciences).

Data Availability. All study data are included in the article and SI Appendix.
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