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Summary

Platelets are small anucleated cells that constantly patrol the cardiovascular system to preserve its 

integrity and prevent excessive blood loss where the vessel lining is breached. Their key challenge 

is to form a hemostatic plug under conditions of high shear forces. To do so, platelets have evolved 

a molecular machinery that enables them to sense trace amounts of signals at the site of damage 

and to rapidly shift from a non-adhesive to a pro-adhesive state. However, this highly efficient 

molecular machinery can also lead to unintended platelet activation and cause clinical 

complications such as thrombocytopenia and thrombosis. Thus, several checkpoints are in place to 

tightly control platelet activation and adhesiveness in space and time. In this review, we will 

discuss select negative regulators of platelet activation, which are critical to maintain patrolling 

platelets in a quiescent, non-adhesive state and/or to limit platelet adhesion to sites of injury.
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Key features of the molecular machinery that positively regulates platelet 

adhesiveness

Platelets are highly specialized cells able to trigger an extremely sensitive and fast activation 

response. Their small size and disc shape morphology ensure that they concentrate in a fluid 

layer adjacent to the vessel wall, so that they can immediately sense a biochemical or 

physical alteration of the endothelial lining[1]. They are equipped with a repertoire of unique 

surface receptors required for adhesion and activation at sites of vascular injury under high 

shear stress conditions. Transient interactions between platelet-specific glycoprotein 
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(GP)Ibα and Von Willebrand factor (VWF) decelerate platelets to facilitate full activation in 

response to components of the exposed extracellular matrix (ECM), e.g. collagen, and 

locally-generated soluble agonists, e.g. thrombin[2]. Collagen triggers platelet activation via 

GPVI, a member of the immunoglobulin family that associates with the Fc receptor γ 
(FcRγ)-chain, a homodimer containing an immune receptor tyrosine-based activation motif 

(ITAM) in its cytoplasmic tail. Like other ITAM-coupled receptors, the GPVI/FcRγ 
complex has a consensus sequence with two tyrosine residues (YxxI/Lx(6–12)YxxI/L, where 

x is any amino acid), that once phosphorylated by Src kinases, such as FYN and LYN, 

provide docking for the SH2 domain-containing kinase SYK, which in turn phosphorylates 

and activates many downstream signaling proteins including phospholipase C(PLC)γ2. 

However, compared to its immune receptor homologues, GPVI is primed to constitutively 

bind the Src-family kinase LYN so that it can meet the accelerated temporal requirements of 

hemostasis[3]. Soluble agonists ensure an even faster response through the engagement of G 

protein-coupled receptors (GPCRs) and, being soluble, are able to recruit free flowing 

platelets at the site of damage. In platelets, the activatory GPCRs are coupled to Gq that 

activates PLCβ, G12/13 that induces RHOA-dependent shape change, and Gi/z that inhibits 

adenylyl cyclase and activates phosphoinositide 3-kinase (PI3K). Although with different 

kinetics Gq-coupled and ITAM-coupled receptors converge at the level of PLC. Both PLCβ 
and PLCγ2 cleave phosphatidylinositol 4,5-biphosphate (PIP2) to inositol 1,4,5-triphosphate 

(IP3) and the second messenger diacylglycerol (DAG). IP3 binds to IP3 receptors (IP3R) on 

the dense tubular system and induces the release of the second messenger calcium ions 

(Ca2+) into the cytosol. DAG triggers the activation of the various protein kinase C (PKC) 

isoforms important for the exocytosis of storage granules[4], including PKCα, PKCβ, 

PKCθ, PKCδ and PKCε. The rise in cytosolic Ca2+ concentrations upon agonist receptor 

engagement is extremely fast and thus drives the initial burst of multiple platelet responses. 

The guanine nucleotide exchange factor, CALDAG-GEFI, is one example for how platelets 

utilize Ca2+ to initiate platelet adhesion. CALDAG-GEFI senses minimal changes in 

intracellular Ca2+ levels[5], leading to a near-immediate activation of the small GTPase 

RAP1[6], a key player in platelet adhesion (see below). Consistent with the transient nature 

of the Ca2+ signal, CALDAG-GEFI-mediated RAP1 activation is also a transient process[7–

9]. A more sustained signal for RAP1 activation is required to allow for firm platelet 

adhesion. This signal depends on PKC activation, granule secretion and feedback signaling 

through the Gi-coupled receptor for ADP, P2Y12[7–9]. Once active, RAP1 recruits the 

cytoskeletal protein TALIN to the plasma membrane and thereby promotes the activation of 

β1 and β3 integrin receptors (inside-out signaling)[10], which enable firm platelet adhesion 

to the site of injury. The platelet surface is covered with ~80,000 copies of the platelet-

specific integrin αIIbβ3[11]. Active αIIbβ3 receptors bind multivalent ligands, such as 

plasma fibrinogen, and support platelet-ECM and platelet-platelet adhesion required for the 

formation of three-dimensional aggregates. Both rapid and sustained RAP1/integrin 

activation are critical to ensure the formation of stable shear-resistant hemostatic plugs[7]. 

Once engaged, the integrin initiates outside-in signaling pathways that orchestrate 

cytoskeletal rearrangements necessary for the consolidation of the hemostatic plug through 

platelet spreading and clot retraction[12].
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Checkpoints of platelet activation

In physiological conditions the molecular mechanisms underlying the conversion to a pro-

adhesive state are self-limiting. Various regulatory elements provide important negative 

feedback at critical steps during the activation process, checkpoints that need to be passed in 

order for platelet integrins to shift to and maintain a high-affinity state (Figure 1). Platelets 

that do not make it past these checkpoints return into circulation. These thresholds are set by 

a number of negative regulators that have two main functions: 1) when the endothelial lining 

is intact, they maintain patrolling platelets in a resting non-adhesive state; 2) at sites of 

injury, they limit the duration and intensity of the activation response to avoid the 

accumulation of too many platelets and the growth of occlusive thrombi (thrombosis).

The main signaling nodes where the positive and negative signals are integrated to control 

platelet activation/adhesiveness are at the level of 1) receptor stimulation, 2) intracellular 

Ca2+ elevation, 3) RAP1 activation, and 4) outside-in signaling.

Checkpoints at the level of Receptor stimulation

The first signaling node where negative regulators control initiation, intensity and duration 

of platelet activation is at the level of receptor stimulation (Figure 2). When the endothelial 

lining is intact and healthy, circulating platelets are maintained in a non-adhesive state. The 

intact endothelium contributes to the negative regulation of platelets by releasing 

prostacyclin (prostaglandin I2, PGI2) and nitric oxide (NO), which are potent platelet 

antagonist. PGI2 exerts its function by stimulating the prostacyclin receptor (IP-R) on the 

platelet surface. IP-R is a GPCR coupled to heterotrimeric G proteins that stimulates 

adenylyl cyclase to synthetize cyclic AMP (cAMP), which in turn activates protein kinase A 

(PKA). NO is a neutral oxide that can freely permeate the plasma membrane and bind 

directly to soluble guanylyl cyclase (sGC) in the cytosol. sGC responds to NO binding by 

generating cyclic GMP (cGMP), which in turn activates protein kinase G (PKG). PKA and 

PKG translate the effect of the endothelial-derived platelet antagonist by phosphorylating 

and inhibiting numerous proteins important for platelet activation, examples of which are 

provided later in the review. However, both PGI2 and NO have a very short half-life and 

their inhibitory effect is reversible and can be bypassed by high enough agonist 

concentrations, as those present at sites of injury. Defects in prostacyclin[13] or NO[14] 

signaling result in hyper-reactive platelets, a pro-thrombotic state and shortened bleeding 

times. Among the cell surface receptors, PKA phosphorylates the TxA2 receptor (TPα) on a 

site which could lead to receptor desensitization[15,16]. We refer the reader to the extensive 

review by Smolenski[17] for further details on mechanisms regulating this complex 

signaling pathway.

When the endothelium is damaged, PGI2 and NO concentrations decrease in proximity of 

the injury and platelets respond to exposed ECM components and locally-generated soluble 

agonists through ITAM-coupled receptors and GPCRs, respectively. ITAM-coupled 

receptors are typically antagonized by Immunoreceptor Tyrosine-based Inhibition Motif 

(ITIM)-coupled receptors. The cytoplasmic tail of these receptors contains at least one ITIM 

consensus sequence defined as I/V/LxYxxL/V, and may also include an immunoreceptor 
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tyrosine–based switch motif (ITSM, consensus sequence TxYxxV/I) and a proline-rich 

region (PRR, SH3 binding domain) in close proximity. These structural features enable these 

receptors to attenuate ITAM signaling with two modes of action: 1) by recruiting lipid or 

protein tyrosine phosphatases (PTPs) in proximity of ITAM-coupled receptors to counteract 

the action of activating kinases or 2) by sequestering key components of the ITAM signaling 

pathway.

The best characterized ITIM-containing receptor present in platelets is the Platelet 

Endothelial Cell Adhesion Molecule-1 (PECAM-1, CD31)[18], which is highly expressed in 

non-erythroid hematopoietic cells and in endothelial cells. PECAM-1 signaling is initiated 

through the formation of trans homophilic interactions[19,20] between their 

immunoglobulin-like extracellular domains at the interface between platelets or between 

platelets and endothelial cells. Since these interactions are weak they are most likely to 

happen not among circulating cells in a healthy vessel but within a growing thrombus with 

the effect of limiting thrombus size. Indeed, genetic ablation of Pecam1 results in enhanced 

thrombus size and stability[21]. The paradoxical observation that Pecam1−/− mice exhibit a 

prolonged bleeding time is likely due to the loss of PECAM-1 in endothelial cells, as 

transplantation of wild type bone marrow-derived hematopoietic precursors[22] did not 

correct the hemostasis defect.

In its cytoplasmic tail PECAM-1 contains both an ITIM and an ITSM sequence and both 

have been shown to be phosphorylated to a low stoichiometry in resting platelets, supporting 

the fact that PECAM-1 does not contribute to the quiescent state of circulating platelets. 

Direct stimulation of PECAM-1 via its crosslinking or platelet stimulation by thrombin or 

collagen induces the phosphorylation of the ITIM/ITSM domains and inhibition of platelet 

activation. This inhibition can, however, be overcome with high concentrations of 

agonists[18]. In order to provide a docking site for SH2-containing phosphatases, both 

tyrosine residues need to be phosphorylated. In GPVI stimulated platelets the first 

phosphorylation is mediated by the Src-family kinase LYN. This kinase is implicated in the 

near-immediate activation of GPVI[3], but it is also known to have a late inhibitory role in 

GPVI-dependent platelet activation[23]. Consistently LYN and PECAM-1 deficient platelets 

are equally hyper-responsive to GPVI stimulation[24]. The second ITIM tyrosine residue is 

phosphorylated by a distinct SH2-containing kinase, such as BTK or CSK, which is 

activated later in the ITAM-signaling pathway and is recruited to the LYN-phosphorylated 

ITIM[25,26]. This sequential two-enzyme mechanism ensures a delayed onset of PECAM-1 

activity in platelets, which is important to attenuate the intensity and the duration of the 

ITAM signal. Once the tyrosine residues are phosphorylated, the ITIM/ITSM provide a 

docking site for the protein tyrosine phosphatases (PTPs), SHP1 and SHP2, which 

counteract the stimulatory functions of tyrosine kinases. In addition, ITIM-bound SHP2 has 

been shown to dampen the ITAM signaling pathway by sequestering the p85 subunit of 

PI3K and interfering with the formation of functional signaling complexes bound to the 

ITAM cytoplasmic tail[27] (for a more complete review of the function of platelet 

phosphatases see [28]). Importantly, PECAM-1 negatively regulates the platelet response to 

multiple agonists, not just those stimulating ITAM-coupled receptors[29–31]. In particular 

crosslinking of PECAM-1 was shown to induce the internalization of the GPIb-IX-V 
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complex and therefore inhibit platelet activation induced by thrombin (not thrombin 

receptors agonist peptide) and VWF[32].

Another relevant platelet ITIM receptor is G6B-B[33,34], which is highly restricted to the 

platelet/megakaryocyte lineage. Like PECAM-1, its cytoplasmic tail includes an ITIM and 

an ITSM consensus sequence. Interestingly though, while PECAM-1 is dephosphorylated in 

resting/patrolling platelets, G6B-B is highly phosphorylated in resting conditions[34], 

suggesting that this receptor may be necessary to transmit tonic inhibitory signals to prevent 

unwanted activation of circulating platelets. Consistently, G6b−/−[35] mice are characterized 

by a dramatic reduction in platelet count (~77%), which is in part due to platelet pre-

activation and premature clearance, and their thrombocytopenia is partially rescued by 

ablation of the ITAM-coupled receptors GPVI and CLEC-2. Moreover, G6b−/− platelets 

also show a marked increase in GPVI shedding, which could be a compensatory mechanism 

to quench the hyper-reactivity of these platelets. The thrombocytopenia combined with the 

low levels of GPVI lead to a prolonged bleeding diathesis[35]. However, G6b−/− platelets 

have an enhanced response to CLEC-2 stimulation and platelets heterozygous for both G6B-

B and GPVI (G6b+/−Gp6+/−), which do not show increased GPVI shedding, hyper-respond 

to GPVI agonists compared to Gp6+/−[35]. Thus, G6B-B is a negative regulator of ITAM-

coupled receptors signaling[36]. Its inhibitory function is largely mediated through the 

recruitment of SHP1 and SHP2, in fact Shp1/Shp2 conditional knockout mice partially 

phenocopy the G6b knockout mice[37]. Although G6B-B primarily targets ITAM signaling 

it has been shown to inhibit also GPCR-induced platelet aggregation and Ca2+ flux[38], but 

the underlying mechanism is yet undefined.

In addition to PECAM-1 and G6b-B, platelets express very low levels[11] of the ITIM-

bearing receptors CEACAM1[39], CEACAM2[40] and LILRB2 (PIR-B)[41] that contribute 

to the inhibition of ITAM signaling and limit thrombus growth. It should be noted that ITIM-

bearing receptors are not exclusively negative regulators of platelet activation and this aspect 

was recently reviewed by Coxon and coauthors[42]. TLT-1, which is actually the most 

highly expressed ITIM-bearing receptor in platelets, has a positive regulatory role on platelet 

activation[43]. PECAM-1[44], G6b-B[37] and CEACAM-1/2[45,46] positively regulate 

integrin outside-in signaling, spreading and clot retraction with a yet unknown mechanism.

GPVI, but not the hemITAM receptor CLEC-2, is also regulated by proteolysis of its 

ectodomain that reduces the density of receptors that can undergo stimulation. Shedding 

occurs upon GPVI activation or after exposure of platelets to high shear stress and is a 

marker of platelet activation in the clinic (for review see [47]).

Soluble agonists stimulate platelet activation through GPCRs, which act by activating 

heterotrimeric (αβγ) GTP-binding proteins. G proteins are very efficient on/off switches 

that in their resting (off) state bind GDP with the α subunits (Gα). Upon ligand binding, the 

receptor promotes the exchange of GTP for GDP, partially dissociating the heterotrimer and 

allowing signaling downstream of both Gα-GTP and Gβγ (on). Signaling is then terminated 

by hydrolysis of the GTP bound to Gα. Duration and intensity of the GPCR signals is 

limited by the Regulators of G-protein Signaling (RGS), a class of proteins with GTPase-
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activating function that accelerate the rate of GTP hydrolysis and promote GPCR signal 

termination.

First evidence that RGS proteins are important negative regulators of platelet activation was 

provided analyzing mice with a single amino acid substitution (G184S) in Gαi that blocks 

the RGS/Gαi interactions. As expected, this mutation causes enhanced platelet aggregation 

and increased platelet accumulation after vascular injury[48]. Platelets express several RGS 

proteins. The most abundant are RGS18 and RGS10[11], which have GTPase-activating 

protein activity for Gαi and Gαq[49,50]. RGS2, which is much less abundant, could be 

regulating Gαs[51], while RGS16 negatively regulates the chemokine Gi-coupled receptor 

CXCR4[52]. In mice genetic ablation of either Rgs10[53] or Rgs18[54,55] shortens bleeding 

as well as thrombus occlusion times in vivo and enhances agonist-induced platelet responses 

in vitro. However, since Gα subunits possess an intrinsic GTPase activity that is retained 

even in the absence of RGS proteins the hyper-responsiveness is evident only at suboptimal 

doses of agonist stimulation. In either one of these mouse models there is no evidence of 

premature platelet clearance. Rgs10−/− mice have a normal platelet count/size[53] and 

Rgs18−/− mice display a mild thrombocytopenia (~ 15% reduction) due to defects in 

megakaryocyte function[54,55]. One possible explanation for the mild in vivo phenotype is 

of course the redundancy between RGS isoforms. Another plausible cause may be that, like 

PECAM-1 and unlike G6B-B, their primary function is to dampen thrombus growth at the 

site of injury, while they are not crucial to maintain circulating cells in a non-adhesive state. 

The function of RGS18 and RGS10 is tightly controlled by scaffold proteins that sequester 

them and hinder their inhibitory function. In unstimulated platelets both RGS10 and RGS18 

form a complex with spinophilin (SPL) and the tyrosine phosphatase, SHP-1[56]. Both PGI2 

treatment[57] or thrombin/TxA2 stimulation[56] induce the dissociation of the complex to 

allow RGS proteins to quench platelet activation in circulation and at sites of injury. 

Consistently, SPL deficiency in mice causes a loss of function by making more RGS 

available to inhibit Gq and Gi protein signaling[56]. However, the defect is not profound 

because in agonist-stimulated platelets RGS18 is also regulated by the reversible interaction 

with 14-3-3γ that is controlled by PKA/PKG-dependent phosphorylation of RGS18[58,59].

The GPCR signal intensity and duration is also modulated by receptor desensitization, a 

reversible process that controls the density of agonist receptors on the platelet surface. 

Desensitization is initiated by agonist-induced phosphorylation of the receptor as a 

protective measure to prevent excessive platelet accumulation and vessel occlusion[60,61].

Checkpoints at the level of intracellular Ca2+ elevation

The second important signaling hub controls the levels of cytosolic Ca2+ concentrations 

([Ca2+]cyt) (Figure 2). Platelets express numerous Ca2+-sensitive effector proteins and a rise 

of [Ca2+]cyt is critical to evoke cytoskeleton remodeling, integrin activation, granule 

secretion, TxA2 generation and phosphatidylserine exposure. If not properly regulated, 

however, changes in [Ca2+]cyt can also lead to unwanted platelet activation in circulation and 

excessive thrombus formation at sites of injury.
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Quiescent platelets maintain a low cytosolic Ca2+ concentration estimated to be around 50 

nM. Active transporters are in place at the plasma membrane and on the dense-tubular 

system to counteract the leakage of Ca2+ through the membranes and to restore resting 

[Ca2+]cyt after unwanted elevations, due to shear stress for example. Upon platelet 

activation, [Ca2+]cyt can increase up to μM levels in a matter of milliseconds. The near-

immediate increase of [Ca2+]cyt is stimulated by agonist-induced PLC activation and IP3 

generation, that in turn evokes Ca2+ release from the dense tubular system through the IP3R. 

Depletion of intracellular stores is sensed by stromal interaction molecule 1 (STIM1) that 

leads to the activation of the plasma membrane Ca2+ channel ORAI-1, which allows entry 

from the extracellular space (store-operated Ca2+ entry). Additionally, platelets express on 

the plasma membrane the receptor-operated channel P2X1, that enables Ca2+ entry in 

response to ATP, and second-messenger operated channels of the TRPC family, that respond 

to DAG. The best characterized inhibitory signaling pathways regulating Ca2+ levels are 

stimulated by the endothelial-derived platelet antagonists, PGI2 and NO, and are mediated 

by PKA and PKG[17]. Early studies demonstrated that PKA-mediated phosphorylation 

increases the activity of the plasma membrane Ca2+-ATPase (PMCA)[62], which transports 

Ca2+ from the cytosol to the extracellular space, and that PGI2 and NO inhibit Ca2+ release 

from the intracellular stores through the direct phosphorylation of IP3R[63]. More recently it 

was shown that a major target of NO/PKG signaling is IRAG (also known as MRVI1), an 

IP3R-associated protein. In a mouse model expressing a mutant form of IRAG unable to 

bind IP3-R, platelets were very weakly inhibited by NO donors and NO inhibition of 

agonist-induced aggregation was impaired[64]. Moreover, systemic deletion of IRAG in 

mice lead to platelet hyper-reactivity[65]. A recent proteomic study[16] characterizing the 

phosphorylation patterns of platelets treated with Iloprost, the synthetic analogue of PGI2, 

confirmed that IRAG and the IP3RI are major PKA/PKG targets, and, in addition, identified 

PKA phosphorylation sites on TRPC6 and STIM1, and detected the de-phosphorylation of 

ORAI1. Thus PKA/PKG control all levels of Ca2+ signaling, including the removal of Ca2+ 

from the cytosol, the release of Ca2+ from the stores and the entry of Ca2+ from the 

extracellular space, producing the net effect of inhibiting the rise of [Ca2+]cyt.

A distinct, but less well understood, mechanism regulating [Ca2+]cyt is mediated by PKCs. 

Even though PKCs are best known for their positive role on platelet activation, broad 

spectrum PKC inhibitors reduce [Ca2+]cyt [66]. This paradox has been solved by analyzing 

isoform-specific knockout mice, which revealed that individual isoforms have distinct 

functions on specific platelet responses, including Ca2+ signaling[4,67,68]. In particular, 

while PKCα and PKCβ positively regulate Ca2+ signaling, PKCθ negatively regulates Ca2+ 

signaling and thereby inhibits phosphatidylserine exposure and platelet pro-coagulant 

activity[68]. The PKC targets mediating these effects are not entirely clear. In GPVI 

stimulated platelets PKCθ inhibits store-independent Ca2+ entry[69] and a similar 

mechanism could be in place downstream of the thrombin receptor PAR1[66]. In addition, a 

recent study employing pharmacological inhibitors suggests that PKC may be accelerating 

the removal of Ca2+ from the cytosol through the sarco-endoplasmic reticulum Ca2+-

ATPases (SERCA) and the Na+/Ca2+ exchangers[70].
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Checkpoints at the level of RAP1 activation

A central signaling node controlling integrin activation and platelet adhesiveness is at the 

level of the small GTPase RAP1 (Figure 2). Our ongoing studies demonstrate that 

concomitant deletion of the two most abundant RAP isoforms expressed in platelets[11], 

RAP1A and RAP1B, impairs integrin activation almost completely and inhibits in vivo 

thrombus formation in a manner almost comparable to that of conditional TALIN1-deficient 

mice (unpublished observations). The activation state of RAP1 proteins is tightly regulated 

by two kinetically-distinct pathways and directly correlates with platelet adhesiveness[7]. 

Rapid and reversible RAP1 activation is dependent on the Ca2+-regulated RAP-GEF, 

CALDAG-GEFI (RASGRP2), which is critical for the initial accumulation of platelets at the 

site of injury. The sustained activation of RAP1, required to achieve stable platelet adhesion 

and formation of shear-resistant thrombi, depends on the secretion of ADP from storage 

granules and signaling through the Gi-coupled receptor P2Y12[71].

The main inhibitor of RAP1 is the GTPase-activating protein RASA3[72]. RASA3 is 

catalytically active in circulating platelets. It is strategically positioned at the plasma 

membrane, where RAP1-GTP recruits TALIN to activate the integrins, in order to avoid any 

spurious RAP1 activation and maintain platelets in a quiescent/non-adhesive state. 

Consistently, genetic ablation of Rasa3 in mice results in platelet pre-activation and a 

virtually complete thrombocytopenia due to increased platelet clearance. Transgenic mice 

expressing a Rasa3 variant with a missense mutation (H794L) are also strongly 

thrombocytopenic (~95% platelet count reduction), but have enough platelets to survive 

through development. Their residual circulating platelets exhibit increased activation of 

RAP1 and αIIbβ3 integrin in unstimulated and agonist-stimulated conditions. The platelet 

hyper-reactivity, the elevated clearance rate and the consequent thrombocytopenia are almost 

completely reversed by crossing the RASA3 mutant mice with mice lacking CALDAG-

GEFI, confirming that RASA3 is an important negative regulator of RAP1 activation in 

circulating platelets. In addition, RASA3 is also necessary to inhibit sustained platelet 

adhesion at sites of injury to avoid the risk of excessive platelet accumulation. Consequently, 

lack of functional RASA3 enhances agonist-induced integrin activation and leads to the 

formation of more stable thrombi in less time. However, to allow sustained RAP1 activation 

required for hemostatic plug formation, the inhibitory signal of RASA3 needs to be 

temporally quenched in proximity of the injury. To do so platelets locally release ADP, a 

short-lived agonist that inhibits RASA3 through stimulation of the P2Y12 receptor and 

PI3K-mediated generation of PIP3. Furthermore, integrin engagement itself promotes the 

perpetuation of RAP1 activation by inducing RASA3 inhibition in a PI3K-dependent 

manner[73] (see below for details). Consistent with this, RASA3 mutant platelets are 

insensitive to P2Y12 and PI3K inhibitors both in vivo and in vitro[72].

In addition to the direct inhibition mediated by RASA3, RAP1 function is regulated by the 

endothelial-derived platelet antagonists at many levels. Two independent studies 

demonstrated that PKA phosphorylates the RAP activator CALDAG-GEFI on Serine587, 

Serine116 and Serine117 and thereby prevents Ca2+/CALDAG-GEFI-dependent RAP1 

activation[74,75]. A recent proteomic study confirmed the Serine587 phosphorylation site 

and showed that it is inversely regulated by Iloprost and ADP[76]. Another important target 
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of PKA and PKG is RAP1GAP2 [77], a GTPase activating protein expressed in human (but 

not in mouse) platelets in relatively low amounts. In agonist-stimulated platelets 

RAP1GAP2 is phosphorylated on Serine9 and binds 14-3-3 which inhibits its function. In 

PGI2/NO-stimulated platelets, PKA/PKG phosphorylate Serine7 and induce the dissociation 

of 14-3-3, therefore allowing the GAP activity and contributing to RAP1 inhibition[78]. 

Notably, PKA also phosphorylates RAP1B itself[79] on Serine179. The phosphorylation 

does not affect RAP1B GTP-loading and has a slower kinetics compared to the kinetics of 

RAP1 activation[80]. However, studies in platelets and in other cells support the notion that 

this modification induces the translocation of RAP1 from the plasma membrane to the 

cytosol, thereby separating RAP1 from the integrin receptors[79,81].

Checkpoints at the level of integrin outside-in signaling

Ligand binding to activated integrins induces a cascade of signaling events, collectively 

known as outside-in signaling, which promote the amplification of platelet activation and 

mediate cytoskeletal changes required for spreading, clot retraction and ultimately thrombus 

stabilization (for review see [12]). Thus, also this process must be negatively regulated to 

avoid excessive thrombus growth and vessel occlusion (Figure 2).

Integrin outside-in signaling is initiated by c-SRC and, like ITAM signaling, relies on the 

sequential activation of multiple protein and lipid kinases. An important protein phosphatase 

that counteracts the kinases downstream of integrin αIIbβ3 is PP2A. PP2A associates with 

integrin αIIbβ3 in resting platelets and its phosphatase activity negatively regulates integrin-

dependent adhesion by inhibiting ERK signaling. Upon integrin engagement, the PP2A 

activity associated to the integrin is reduced and integrin-mediated ERK signaling is 

unleashed[82]. Interestingly, the lipid phosphatase SHIP1, which has a positive role during 

agonist-induced platelet activation[83], is activated by c-SRC-mediated phosphorylation and 

acts as a negative regulator of outside-in signaling. When activated SHIP1 downregulates the 

stability of integrin αIIbβ3-fibrinogen adhesive bonds, leading to a decrease in the 

proportion of platelets forming shear-resistant adhesion contacts[84]. SHIP1 

dephosphorylates PIP3 (see above), a lipid messenger generated during outside-in signaling. 

A recent study demonstrated that the activity of the RAP1-GAP, RASA3, is downregulated 

in a PI3K/PIP3-dependent manner during integrin outside-in signaling[73]. Thus, the 

inhibitory effect of SHIP1 may be due to its ability to prevent RASA3 inactivation required 

for sustained RAP1 signaling.

One of the best characterized negative regulators of outside-in signaling is the Junctional 

adhesion molecule-A (JAM/A). JAM/A is an adhesion molecule of the cortical thymocyte 

marker of the Xenopus (CTX) family that in epithelial and endothelial cells functions as a 

tight junction protein. In resting platelets, JAM/A is tyrosine phosphorylated and associates 

with integrin αIIbβ3 and with the inhibitory kinase CSK. Because of JAM/A, CSK is 

strategically positioned to inhibit β3-bound c-SRC and prevent the initiation of outside-in 

signaling[85]. Upon platelet stimulation, dephosphorylation of JAM/A determines the 

dissociation of CSK from the integrin/c-SRC complex and allows c-SRC to activate and 

trigger outside-in signaling[85]. Genetic ablation of Jam/A in mice results in a pro-

thrombotic phenotype and a shortened bleeding time in vivo. Consistent with its role in 
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outside-in signaling, integrin activation, granule secretion and TxA2 generation are normal, 

but spreading and clot retraction are enhanced in Jam/A mutant mice[86]. ESAM, another 

member of the CTX family of adhesion molecules, also contributes to outside-in signaling. 

Similar to Jam/A knockout mice, genetic deletion of Esam leads to enhanced thrombus 

formation and more stable hemostatic plugs in vivo[87]. Surprisingly, however, clot 

retraction is delayed in Esam−/− mice, suggesting that JAM/A and ESAM may have 

different regulatory functions. In fact, differently from JAM/A, ESAM is localized in α 
granules in resting platelets and translocates to the platelet surface only after agonist-

induced secretion[87]. However, the exact mechanisms by which ESAM deficiency leads to 

a prothrombotic phenotype are not clear.

Another class of proteins implicated in the negative regulation of outside-in signaling are the 

adaptor proteins of the DOK family. Platelets express DOK1-3, which are phosphorylated 

upon platelet spreading on fibrinogen[88]. Both DOK1 and DOK2 have been shown to bind 

integrin αIIbβ3 and negatively regulate outside-in signaling. Dok1 deficiency in mice results 

in normal inside-out signaling responses but increased spreading and clot retraction, which 

result in shortened bleeding times and accelerated thrombus formation[89]. Similarly, Dok2 
deficient mice form larger and more stable thrombi in less time. From the more detailed 

analysis of these mice it appears that the increased adhesiveness of Dok2−/− platelets is not 

due to increased αIIbβ3 affinity but is associated with increased αIIbβ3 bond stability in 

conditions of shear stress[90]. DOK proteins contain a phospho-tyrosine binding domain 

that can bind the NPXY motives of integrins and a proline- and tyrosine-rich carboxyl-

terminal region, that can support the binding with SH2 and SH3-domain containing proteins. 

Thus, their inhibitory function could be mediated by interfering with the signaling of c-SRC-

SYK-PLCγ2 or by directly competing with TALIN or KINDLIN3 for the binding to the 

integrin NPXY motif.

Although significant progress has been made in understanding outside-in signaling, it 

remains to be understood how these inhibitory mechanisms integrate with each other and it 

is still unclear how molecules that supposedly interact directly with the integrin like JAM/A 

can control integrins that are much more abundant (13,300 copies of JAM/A vs 80,000 

copies of αIIbβ3[11]).

Conclusions

Extensive studies in transgenic mice and other model systems established a number of key 

signaling molecules, both inhibitory or activatory, which control platelet adhesiveness in 

circulation and at sites of vascular injury. Dysregulation of their antagonistic balance can 

cause (1) impaired platelet activation and bleeding, or (2) unwanted activation and clearance 

of platelets and/or an increased risk of thrombosis. In humans, we have identified patients 

with bleeding complications due to variants in several of these activatory signaling 

molecules[91]. Less is known about mutations in negative regulators of platelet activation. 

One example is a common polymorphism of the β3 integrin (PlA2 Proline33/Leucine33 

PlA1) associated with coronary events, arterial thrombosis and sudden cardiac death, which 

correlates with increased PP2A activity and reduced ERK signaling when expressed in CHO 

cells[92]. Moreover, a recent study demonstrated that a nonsense mutation at the codon for 
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residue Cysteine108 of human G6b-B underlies a severe autosomal recessive 

thrombocytopenia associated with splenomegaly, an increased number of megakaryocytes, 

and fibrosis in bone marrow biopsies[93]. Unfortunately, studies on the lifespan of platelets 

in circulation are more difficult to be performed in humans, which is why these 

thrombocytopenias are often explained by impaired platelet production rather than a defect 

in platelet survival. This shortcoming should be addressed in future studies.
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Figure 1. Checkpoints of platelet activation
In physiological conditions the molecular mechanisms regulating platelet adhesiveness and 

activation are self-limiting. Several checkpoints are in place 1) to prevent unwanted 

activation of patrolling platelets, when the endothelial lining is biochemically and physically 

healthy, and 2) to limit the duration and intensity of the activation response at sites of 

vascular injury. This schematic figure represents platelet activation as a ladder and shows the 

four main checkpoints that need to be passed/climbed in order for platelets to shift from a 

non-adhesive patrolling state to a pro-adhesive state that ensures hemostasis. Platelets that 

do not make it past these checkpoints return into circulation. The regulatory elements that 

provide important negative feedback at these critical checkpoints are listed above each step 

of the activation process. The list is not exhaustive but only includes the best characterized 

negative regulators, which we have described in the text.
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Figure 2. Negative regulators that control platelet activation and adhesiveness
The tight balance between inhibitory (red arrows) and activatory (green arrows) signaling 

pathways is critical to maintain patrolling platelets in a quiescent, non-adhesive state and/or 

to limit platelet adhesion to sites of injury. This schematic figure shows the critical signaling 

nodes (blue) where the positive and negative signals are integrated to finely control platelet 

activation and adhesiveness in space and time, most importantly at the level of 1) receptor 

stimulation, 2) intracellular Ca2+ elevation, 3) Rap1 activation, and 4) outside-in signaling. 

The regulatory elements that provide important negative feedback at these critical 

checkpoints of the activation process are labelled in red. Abbreviations: ITAMs (immune 

receptor tyrosine-based activation motif), ITIMs (Immunoreceptor Tyrosine-based Inhibition 

Motif), PECAM-1 (Platelet Endothelial Cell Adhesion Molecule-1, CD31), G6B-B 

(Megakaryocyte and Platelet Inhibitory Receptor), CAECAM1/2 (Carcinoembryonic 

antigen-related cell adhesion molecule 1/2), LILRB2 (Leukocyte immunoglobulin-like 

receptor subfamily B member 2), GPCRs (G protein-coupled receptors), RGS (Regulators of 

G-protein Signaling), TxA2 (thromboxane A2), PLC (phospholipase C), IP3 (inositol 1,4,5-

triphosphate), DTS (dense tubular system), Ca2+ (calcium ions), IP3R (IP3 receptor), IRAG 

(IP3R-associated cGMP kinase substrate), STIM1 (Stromal interaction molecule 1), ORAI1 
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(Calcium Release-Activated Calcium Modulator 1), TRPC6 (Transient receptor potential 

cation channel, subfamily C, member 6), PMCA (plasma membrane Ca2+-ATPase), DAG 

(diacylglycerol), RAP1 (Ras-proximate-1), CALDAG-GEFI (Ca2+-regulated guanine 

nucleotide exchange factor), PKC (protein kinase C), ADP (adenosine diphosphate), PKA 

(protein kinase A), PKG (protein kinase G), P2Y12 (G-protein coupled purinergic receptor), 

RASA3 (RAS p21 protein Activator 3), RAP1GAP2 (RAP1 GTPase activating protein 2), 

SHIP1 (phosphatidylinositol-3,4,5-trisphosphate 5-phosphatase 1), SHP1/2 (Src-homology 2 

domain (SH2)-protein tyrosine phosphatase), JAM/A (Junctional adhesion molecule-A), 

ESAM (Endothelial Cell Adhesion Molecule), DOK1/2 (Docking protein 1/2), PP2A 

(Protein phosphatase 2A).
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