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Abstract

Platelets are highly specialized cells that continuously patrol the vasculature to ensure its
integrity (hemostasis). At sites of vascular injury, they are able to respond to trace amounts of
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agonists and to rapidly transition from an anti-adhesive/patrolling to an adhesive state (integ-

rin inside-out activation) required for hemostatic plug formation. Pathological conditions that
disturb the balance in the underlying signaling processes can lead to unwanted platelet
activation (thrombosis) or to an increased bleeding risk. The small GTPases of the RAP
subfamily, highly expressed in platelets, are critical regulators of cell adhesion, cytoskeleton
remodeling, and MAP kinase signaling. Studies by our group and others demonstrate that RAP
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GTPases, in particular RAP1A and RAP1B, are the key molecular switches that turn on platelet
activation/adhesiveness at sites of injury. In this review, we will summarize major findings on
the role of RAP GTPases in platelet biology with a focus on the signaling pathways leading to

the conversion of integrins to a high-affinity state.

RAS/RAP GTPases expressed in platelets

Small GTPases are binary on/off switches that alternate between a
GDP-bound off state and a GTP-bound on state, the latter evoking
cellular responses by binding to downstream effectors. High-
throughput profiling studies [1-4] identified among the most
abundant signaling proteins in platelets (Table I), the Ras-related
protein (RAP) GTPases, a subset (5 members in mammals:
RAPI1A, RAPIB, RAP2A, RAP2B, RAP2C) of the larger RAS
family that includes key regulators of cell adhesion, cytoskeleton
remodeling, and MAP kinase signaling [5-7]. These functions are
critical for platelets that, in order to maintain the integrity of the
vascular system, must be able to rapidly shift from an anti-adhe-
sive/patrolling state to a pro-adhesive state, required to form a
hemostatic plug and to prevent bleeding [8]. Indeed, studies by
our group and others identified RAP GTPases as the critical
molecular switches, which drive platelet activation at sites of
vascular injury by switching on multiple platelet responses,
including integrin inside-out activation, secretion, and eicosanoid
mediator formation [9-13].

In contrast, the founding members of the RAS superfamily are
either undetectable (H-RAS, R-RAS2) or present in very limited
amounts in platelets (K-RAS, N-RAS, R-RAS) [1-4] (Table I).
Like RAP, RAS GTPases can be activated in vitro upon platelet
stimulation with various agonists [14, 15]. However, it is unclear
whether they play a role in platelet biology, especially as their
activation is not coupled to the activation of ERK MAP kinase
[15], a common downstream target of RAS in other cells.
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Notably, guanine nucleotide exchange factors (GEFs), the
enzymes that catalyze GTP loading (activation), can discriminate
between RAS and RAP proteins [6, 16], and high-throughput
profiling studies [1-4] showed that the most highly expressed
GEFs present in platelets (Table I) preferentially activate RAP
over RAS GTPases.

RAP1 activation drives platelet adhesion

Tight regulation of platelet adhesiveness is essential to prevent
clinical complications such as bleeding or thrombosis. Our stu-
dies demonstrated that the level of RAPI1 activation directly
correlates with the degree of platelet adhesiveness [17-20].
RAP1 becomes activated in response to all platelet agonists tested
so far, including those for G-protein coupled receptors, immunor-
eceptor tyrosine-based activation motif (ITAM)-coupled receptors
[18], and integrin receptors [21]. The upstream regulators of
RAP1 most highly expressed in platelets are the guanine nucleo-
tide exchange factor CALDAG-GEFI [11] and the GTPase-acti-
vating protein RASA3 [22] (Figure 1). Both enzymes are multi-
domain proteins, which can bind specific second messengers to
integrate the signals triggered by engagement of surface agonist
receptors and fine-tune RAP activation in time and space [23].
CALDAG-GEFI, also known as RASGRP2, consists of an
N-terminal catalytic GEF domain and a C-terminal regulatory
domain. The GEF domain is a CDC25 homology domain with
high selectivity towards all RAP proteins [16, 24]. In vitro studies
suggest that CALDAG-GEFI can also weakly promote GTP-load-
ing of R-RAS and R-RAS2/TC21 [25], both of which have been
implicated in the regulation of adhesion processes [26]. However,
such in vitro data must be taken with caution because, although
R-RAS is considered more similar to RAPs from a functional
standpoint, it shares with RAS proteins the three residues (54, 61,
70) identified as key discriminators of GEF selectivity between
RAP and RAS [16]. Moreover, R-RAS has an intrinsic exchange
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Table I. Expression in platelets of RAS/RAP GTPases and their upstream
regulators.

Human Mouse
Human Mouse  transcriptome transcriptome
proteome proteome [3] [3]
[1] [2] mRNA mRNA
Protein name proteins/  proteins/  abundance abundance
(Gene name) platelet platelet (RPKM) (RPKM)
RAPI1A (Rapla) 125 000 19 000 57 89
RAPI1B (Raplb) 297 000 210 000 186 1611
RAP2A (Rap2a) 2900 4000 11 41
RAP2B (Rap2b) 6200 6900 39 10
RAP2C (Rap2c) 3100 1600 - -
K-RAS (Kras) 6600 72 1 0
N-RAS (Nras) 6600 1400 5 40
H-RAS (Hras) 100 449 0 1
R-RAS (Rras) 2600 3400 19 11
R-RAS2/TC21 100 0 0 0
(Rras2)
CALDAG-GEFI 9100 32 000 136 766
(Rasgrp2)
PDZ-GEF1 870 362 2 0
(Rapgef2)
PDZ-GEF2 590 51 0 1
(Rapgef6)
SOS1 (SosI) 780 98 2 0
p120GAP 2900 1700 1 0
(RASAT)
RASA3 (Rasa3) 8300 27 000 153 210
RAP1GAP2 2300 0 5 0
(RapIgap2)
RASAL3 570 0 3 0
(RASAL3)

Estimated protein (protein copies/platelet) and mRNA (RPKM, reads per
kilobase of exon model per million mapped reads) levels based on
quantitative proteomic and transcriptomic analysis of human [1, 3]
and mouse [2, 3] platelets.

rate that is approximately 10 times higher than that of RAP1, so
the in vivo relevance of CALDAG-GEFI weak activity toward
R-RAS awaits further investigation.

The C-terminal regulatory domain of CALDAG-GEFI [24]
includes a pair of highly sensitive calcium ion (Ca?")-binding EF
hand domains (Kp~80 nM) [27] and an atypical C1 domain. The EF
hand domains provide remarkable sensitivity toward minor changes
in the cytoplasmic Ca®* concentration [28], which in resting plate-
lets was measured at ~20-50 nM. The C1 domain is considered
atypical because, unlike the prototypical C1 domain of protein
kinase C (PKC), it has weak affinity for the second messenger
diacylglycerol (DAG) [29]. Accordingly, DAG does not affect the
subcellular localization or the activity of CALDAG-GEFI [30, 31]
and platelets lacking functional CALDAG-GEFI in humans or mice
respond normally to stimulation with DAG mimetics [11, 32].
However, the C1 domain is important for optimal CALDAG-GEFI
function in platelets in vivo [20] and our ongoing studies suggest that
this domain is important for the association of CalDAG-GEFI to the
plasma membrane (unpublished data). When platelets encounter an
injury, Ca®* mobilization from the endoplasmic reticulum is the
most rapid intracellular response to agonist receptor engagement
by either exposed components of the extracellular matrix or by
locally generated soluble agonists. Our current working model is
that Ca®* binding to the EF hands ensures the near-immediate
activation of CALDAG-GEFI catalytic activity. The C1 domain,
while it does not affect the catalytic activity per se, enhances the
GEEF efficiency of CALDAG-GEFI [20] by driving its localization to
the inner leaflet of the plasma membrane (unpublished data), where
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RAP is enriched due to its post-translational modifications (see
below for details). Both these regulatory mechanisms contribute to
the efficient and very rapid activation of RAP.

Consistent with this model, platelets lacking functional
CALDAG-GEFI show markedly reduced and delayed RAP1/2
and integrin activation in response to agonist stimulation, both
in humans and mice [20, 33]. CALDAG-GEFI deficiency inhibits
the ability of platelets to form three-dimensional aggregates under
conditions of flow, particularly at high shear rates. In vivo, this
results in a marked protection against arterial thrombosis [11, 34].
Moreover, CALDAG-GEFI deficiency protects from athero-
sclerotic plaque development in hypercholesterolemic LDL recep-
tor knockout mice, as it reduces platelet—leukocyte interactions at
the site of lesion [35]. Based on this preclinical data and on its
limited expression in tissues other than platelets [11, 24],
CALDAG-GEFI has been suggested as a new target for anti-
platelet therapy. However, patients with mutations in Rasgrp2
present with a moderate or severe bleeding phenotype [32, 33,
36-39], suggesting that full inhibition of CALDAG-GEFI may
not be a viable strategy to prevent arterial thrombosis.
Interestingly, however, mice expressing low levels of CALDAG-
GEFI were protected from arterial thrombosis, with minor impact
on hemostasis [40]. Thus, partial inhibition of CALDAG-GEFI
function, for instance by targeting a regulatory domain such as the
C1 domain [20], may be a safe but powerful approach to prevent
platelet-driven thrombosis.

RAP1 inhibition limits platelet activation in circulation
and at sites of vascular injury

Various mechanisms are in place to restrain platelet RAP activity
in circulation and at sites of vascular injury [41]. For example, in
circulating platelets, CALDAG-GEFI is negatively regulated by
the endothelial-derived antagonist prostaglandin (PG)I,, which
stimulates adenylyl cyclase to generate cyclic adenosine mono-
phosphate (cAMP) and activates the cAMP-regulated protein
kinase (PKA). PKA phosphorylates CALDAG-GEFI on ser-
ine587, serinell6, and serinell7 and thereby inhibits Ca”
*/CalDAG-GEFI-dependent RAP1 activation and platelet aggre-
gation [42, 43]. However, at sites of injury the inhibitory effect of
PGI, is bypassed since its concentrations drop where the endothe-
lial lining is disrupted, while activated platelets release agonists
such as ADP that counteract PGI, by lowering cAMP levels [44].
Another important regulatory mechanism to reduce RAP-GTP
levels is through the action of GTPase-activating proteins
(GAPs), which catalyze GTP hydrolysis. Human, but not mouse,
platelets express low but significant amounts of RAP1GAP2 [45]
(Table 1), a GAP that is positively regulated by endothelial-
derived inhibitors [46], in a reciprocal manner compared to
CalDAG-GEFI. However, the main RAP-GAP that controls
RAPI1-GTP levels in platelets and antagonizes CALDAG-GEFI
is RASA3 (also known as GAP1IP4BP) [22]. Since CALDAG-
GEFI is extremely sensitive and unwanted RAP1 activation may
occur as a consequence of shear stress or spurious platelet stimu-
lation, platelets lacking functional RASA3 circulate in a pre-
activated state, with elevated basal levels of RAPI-GTP and
high-affinity integrin allbp3. These hyperactive platelets undergo
a more rapid clearance thus causing thrombocytopenia in mice.
Platelets lacking RASA3 are more prone to stimulation by ago-
nists and form more stable hemostatic plugs at sites of vascular
injury. Thus, RASA3 is critical to maintain patrolling platelets in
a quiescent/non-adhesive state and to limit platelet adhesion at
sites of injury. Firm platelet adhesion and hemostatic plug forma-
tion, however, require downmodulation of RASA3 activity, a
process mediated mainly by signaling through the purinergic
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(a) In circulating/patrolling platelets the GTPase-activating protein RASA3 is active at the plasma membrane to counteract any spurious RAP]
activation and maintain integrins in a low affinity binding state for their ligands. (b) Upon injury, platelet receptors (R) immediately respond to agonists
(A) produced at the site of damage by mobilizing calcium ions (Ca>*) from the intracellular stores. The Ca?*-sensor CALDAG-GEFI mediates the
rapid activation of RAP1. Sustained RAP1 activation is achieved by turning off RASA3, following stimulation of the ADP (adenosine diphosphate)
receptor P2Y 12, and generation of PIP; (phosphatidylinositol 3,4,5-trisphosphate) by the lipid kinase PI3K (phosphatidylinositol-4,5-bisphosphate 3-
kinase). Once active, RAP1-GTP recruits TALIN to PIP, (phosphatidylinositol 4,5-bisphosphate)-rich areas of the plasma membrane in proximity of

receptor for ADP, P2Y12. Consistently, early studies have shown
that ADP/P2Y12 signaling is critical for sustained RAP1 activa-
tion and our recent work demonstrates that platelets lacking
functional RASA3 are insensitive to inhibitors of P2Y12 in vitro
and in vivo [22]. The effect of P2Y12 signaling on RAP1 activity
is believed to be mediated by the lipid product of PI3K, PIP; [47,
48]. Consistently, RASA3 contains a unique pleckstrin homology
domain (PH/Btk), which binds PIP; with high affinity
(KD = 0.5 £ 0.2 pM), and platelets lacking functional RASA3
are insensitive to inhibitors of PI3K [22, 49]. It is unclear, how-
ever, how RASA3 activity is regulated by PIP;, especially since
RASA3  also binds PIP, with  similar  affinity
(KD = 0.8 + 0.5 pM). Although in vitro studies show that
RASA3 is sensitive to agonist-induced PIP; generation in cells
[50] and in platelets [49], only a small fraction of RASA3 seems
to undergo agonist-induced translocation to the cytosol. Other
more likely explanations that may be investigated in the future
are whether PIP; affects RASA3 by directly inhibiting its catalytic
activity or by sequestering it in membrane microdomains [51]
without RAP1.

RAP1 functions: understanding how different isoforms
work in concert to activate platelets at sites of injury

Most of what we know on RAP function comes from studies in
mice lacking key upstream regulators. Platelets lacking functional
CALDAG-GEFI and/or P2Y12 exhibit defects in various platelet
responses, including integrin activation, MAPK signaling, throm-
boxane A, production, RACI activation, and cytoskeleton-regu-
lated responses such as secretion, spreading, and clot retraction
[11-13]. RAP1B is the only RAP isoform that has been examined

for its pathophysiological role in hemostasis and thrombosis in
mice. It is the most abundant RAP isoform in platelets, and
germline deletion of the Raplb gene in mice causes elevated
embryonic lethality [52] and bleeding. However, the platelet
defects in the surviving Raplb-/- mice [9] are milder than those
in mice lacking Caldaggef] [11] (Figure 2), as Raplb-deficient
platelets have decreased, but not abolished, agonist-induced fibri-
nogen binding and aggregation [9], partially impaired secretion
and spreading, and no defect in MAPK signaling [10], thus
suggesting that there are RAP-independent mechanisms regulat-
ing platelet adhesion, or that other RAP isoforms have important
roles in platelet activation and hemostasis. Our preliminary obser-
vations in mice lacking Rapla and/or Raplb in the platelet/mega-
karyocytic lineage support the latter conclusion, as combined
deficiency of RAP1A and RAPIB leads to a severe integrin
activation defect almost comparable to that observed in Talinl-
deficient mice [53]. Additionally, we observe that RAP1A and
RAPIB redundantly control TxA, generation, while RAPIB
alone affects RACI activation and granule secretion [53].
Conversely, in line with what was reported earlier for Raplb-/-
mice [10], we find that neither of the two RAP1 isoforms med-
iates ERK activation, opening the possibility that this pathway is
controlled by RAP2 GTPases.

RAP1 effectors: an old question takes a new turn

Cell-type-specific expression of RAP effectors is likely to explain
the diverse actions of RAP proteins in specialized cells such as
platelets. However, the identity of RAP downstream effectors in
platelets remains elusive. The most well-established RAP effec-
tors have been identified using cell models not related to the



4 L. Stefanini & W. Bergmeier

GENOTYPES

Platelets, Early Online: 1-7

DEFECT

REF. SEVERITY

mouse Rap1B -/-

mouse CalDAG-GEFI-/-

human CalDAG-GEFI mutant

mouse Rap1a/Rap1b-mKO
mouse RASA3 mutant

22
& o 2 2P
& & & oF

ﬂ early high
late low

X
&2 > . i
# oo o oo o
S S °
\&' ° [ v§<\°

Figure 2. Comparison of the platelet phenotype in the absence of functional RAPI proteins or of their upstream regulators.

Table showing the effect of Raplb deficiency (mouse Raplb-/-), Caldaggefl deficiency (mouse CalDAG-GEFI -/-), mutations in CalDAG-GEFI
identified in human patients (human CalDAG-GEFI mutant), combined deficiency of Rapla and Rapb in the platelet-megakaryocytic lineage (mouse
Rapla/Rap1b-mKO) and expression of a Rasa3 mutant (H794L, mouse RASA3 mutant) on integrin activation, RAC1 activation, spreading, MAPK
signaling, alpha (x) and dense (8) granule secretion, TxA, (thromboxane A,) production, hemostasis and adhesion under flow. The color code reflects
the severity of the defect according to the legend shown on the left. Light green indicates hyperactivation. The question mark indicates “not known”.

platelet/megakaryocytic lineage [7], and very few of these pro-
teins are expressed at high enough levels in platelets [1-4].
Activated GTP-bound RAP1 binds preferentially to downstream
effectors containing a RAS-binding-domain (RBD) or a RAS-
association (RA) domain. Screening of the platelet proteome [1]
for proteins containing the canonical RA domain revealed that
platelets express at least two Rho-GAPs (ARAP1, Myosin IXb)
that could potentially bind RAP1 and mediate RAP1-dependent
cytoskeletal dynamics. However, a more systematic effort is
required to clarify the signaling network downstream of these
nodal signaling molecules.

Arguably the most important role for RAPI1 in platelets is its
ability to mediate integrin inside-out activation. Elegant studies
conducted in heterologous cell systems (e.g. CHO or HEK293
cells) stably expressing ollbp3 suggested that, also in platelets,
RAP1 promoted TALIN recruitment to the plasma membrane
[54] through the formation of a ternary complex with the RAPI
effector RIAM/APBB1IP (RAP1-GTP-interacting adapter mole-
cule) [55, 56]. However, while RAP1 and TALIN are exception-
ally abundant in platelets and megakaryocytes, RIAM is not [1—
4]. Consistently, recent in vivo studies employing two indepen-
dently generated knockout mouse models demonstrated that
RIAM is dispensable for 1 and 3 integrin activation in platelets,
while it is necessary for integrin B2 activation in leukocytes and
neutrophils [57, 58]. Interestingly, while RBD and RA domains
do not share primary sequence similarity, they share the topology
of the ubiquitin superfold [59, 60], a structural element found in
the N-terminal head domain of TALIN [61]. Thus, an alternative
line of research has emerged, which investigates the hypothesis
that RAP1-GTP can directly and specifically bind the FO domain
of TALIN [61-63]. At first this finding was not pursued since the
affinity of the interaction was found to be very low (Kd
~0.14 mM) [61]. More recently, however, it was reported that
membrane-anchored RAP1B-GTP binds the TALIN head domain
with affinity two orders of magnitude greater than that measured
without membranes and that site-directed mutations of critical
residues at the RAP1/TALIN interface impairs integrin activation,
adhesion, and spreading of cultured cells [63]. In the amoeba
Dictyostelium discoideum, this interaction is biologically relevant
as it is necessary for processes that require strong adhesion forces
such as morphogenesis [62]. Future studies need to address the
importance of the TALIN(F0)-RAP1 interaction for platelet func-
tion in vivo.

RAP1 subcellular localization: insights into new RAP1
functions

The ability of RAP proteins to relay signals to their down-
stream targets is also controlled by changes in their cellular
distribution [64]. All small GTPases contain a highly conserved
GDP/GTP-binding domain and a C-terminal hypervariable
region, which is post-translationally modified by lipid anchors
required for the docking to specific cellular membranes. Except
RAP2A, which is farnesylated, RAP proteins are post-transla-
tionally modified by addition of a geranylgeranyl group. In
addition, the C-terminal end of RAP1 proteins is rich of posi-
tively charged residues (lysine and arginine) that favor the
recruitment to negatively charged membrane regions, e.g. rich
in PIP, and PIP; [65]. It is very likely that these phospholipids
spatially regulate RAP signaling by coordinating the assembly
of the integrin activation complex consisting of RAP1, TALIN
[66], and KINDLIN3 [67]. In the near future, novel technolo-
gies such as super-resolution imaging might give us insight on
how these signaling molecules interact dynamically throughout
the platelet activation process.

Nevertheless, it is clear that the C-terminal positively charged
residues are crucial to position RAP1 in proximity of the integrin
where TALIN needs to be recruited. Importantly, within this
stretch of acidic residues lies a serine (serinel80 in RAPIA,
serinel79 in RAPIB) that is phosphorylated by PKA. While
cAMP-directed phosphorylation of CALDAG-GEFI [42, 43] and
RAP1GAP2 [46] is very rapid and produces the net effect of
reducing RAP1-GTP levels, the direct phosphorylation of RAP1
occurs with a much slower kinetic and does not seem to affect
GTP-loading [68]. Nonetheless it affects RAP1 function by pro-
moting its translocation from the plasma membrane to the cytosol
[69], thus terminating integrin activation. In cells other than
platelets, it was shown that PKA phosphorylation of RAPI is
essential for the reversible regulation of integrin inside-out acti-
vation, which has to occur to enable cyclical cell detachment
during migration [69]. Interestingly, a recent study, using single-
cell resolution analysis in vivo, observed for the first time that a
fraction of adherent platelets at the periphery of an injury were
able to migrate [70]. Since the periphery of the injury is where
you might find higher levels of the endothelial-derived PKA-
activator PGIy, it is possible that this signaling mechanism is in
place also in platelets.
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There is also increasing evidence that phosphorylation of
RAP1 may also be creating new binding sites for downstream
effectors [71, 72]. Interestingly, 6 of the 9 residues in which
RAPIA and RAPI1B differ, lie within the C-terminal hypervari-
able region. Thus, differences in the localization and in the inter-
actions with effectors could explain the functional differences
between these isoforms and also reveal new ones [73].

RAP2: the mysterious sibling

Although RAP2 GTPases have been cloned more than 30 years
ago [74], their functional role in platelets remains elusive. Despite
sharing a high degree of homology (60%) and being activated by
the same GEFs, mounting evidence from cells other than platelets
indicates that RAP1 and RAP2 have distinct signaling functions.
Due to a single replacement of serine39 by phenylalanine in the
effector region, RAP2, but not RAPI1, proteins interact with a
subgroup of Ste20 kinases (TNIK, MINK, and MAP4K4) [75-
77], which are involved in many diverse signaling pathways by
regulating MAPK signaling. The C-terminal region of RAP2 also
contains two cysteine residues that undergo palmitoylation. In
leukocytes [78], RAP2 GTPases are targeted to the recycling
endosomal compartment [79] and regulate the recycling of integ-
rins during migration, in a palmitoylation-dependent manner. In
platelets, this modification was shown to target RAP2, but not
RAPI, to lipid rafts [80]; however, the functional consequences of
this localization are not clear yet.

Redundancy between the three RAP2 isoforms and a lack of
mouse models have made it difficult to evaluate the role of RAP2
in platelet biology. In our previous work, we have shown that the
activity of both RAP1 and RAP2 is regulated by CALDAG-GEFI
and P2Y12/RASA3 [13]. Thus, comparing platelet activation in
Rapla/b-/- and Caldaggef1/P2y12-/- mice provides indirect infor-
mation on how RAP2 contributes to murine platelet function. Our
preliminary studies suggest that RAP2 is not implicated in integ-
rin affinity regulation, while it may play a role in MAPK signal-
ing in platelets. In line with these conclusions, deficiency of the
RAP2-specific effector MINK impairs platelet MAPK signaling,
spreading, and secretion in response to low doses of agonists [81].
Further insights into RAP2 function may be achieved by studying
the role of other RAP2 effectors expressed in platelets, such as
TNIK and MAP4K4.

Conclusions

In recent years our understanding of how circulating platelets
rapidly shift from an anti-adhesive to a pro-adhesive state has
made huge progress. We and others established RAP1 GTPases as
a central signaling node in this process, while the role of the
closely related RAP2 proteins remains elusive (Figure 3). Their
upstream regulators, CalDAG-GEFI and RASA3 are critical sig-
nal integrators for second messengers generated in response to
agonist receptor engagement at sites of injury. While CALDAG-
GEFI is critical for rapid RAP1 activation in response to trace
amounts of agonists, RASA3 is necessary to limit platelet activa-
tion in circulation and needs to be turned off by ADP-mediated
P2Y12 signaling to ensure sustained platelet activation and form
stable hemostatic plugs. Once active, RAP1 is critical for the
efficient formation of the integrin activation complex as it recruits
TALIN in proximity of the integrin. Interestingly, recent studies
have finally shed new light in understanding how this happens,
suggesting that RAP1-GTP may be anchoring TALIN to the inner
leaflet of the plasma membrane without the need of an intermedi-
ate effector. Moreover, we have strong indications that RAPI
activation and the formation of the integrin activation complex
is coordinated by the localized synthesis of PIP, and PIPs,
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Figure 3. Schematic summary of RAP signaling in platelets.

RAP GTPases are a central signaling node regulating platelet activation.
Their upstream regulators CalDAG-GEFI and RASA3 are critical signal
integrators for second messengers generated in response to agonist recep-
tor engagement at sites of injury. While CALDAG-GEFI is critical for
rapid RAP activation in response to trace amounts of agonists, sustained
RAP activation is ensured by ADP-mediated P2Y12 signaling that turns
off the RAP inhibitor RASA3. Once active, RAP GTPases drive platelet
activation at sites of vascular injury by switching on multiple platelet
responses. Our ongoing studies indicate that both RAP1A and RAP1B
control integrin inside-out activation by recruiting TALIN, while RAP1B
alone regulates granule secretion, probably though its effect on RACI1
activation. Furthermore, indirect observations suggest that RAP2
GTPases may be regulating MAPK signaling and MAPK-dependent
responses such as TxA; generation.

although the details need to be clarified. In summary, we have
now in-depth knowledge of the critical role of RAP1 GTPases in
the molecular processes that go from injury recognition to platelet
adhesion, which may lead to a better understanding of the varia-
bility in platelet reactivity, improved diagnosis of rare bleeding
disorders, and to the exploration of safer strategies for the treat-
ment of thrombosis.
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