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* RAS proteins are expressed in platelets but their functions are largely uncharacterized.

» TC21/RRas2 is required for glycoprotein \BRVI)-induced platelet responses and for thrombus
stability in vivo.

* TC21 regulates platelet aggregation by contret,@f3; integrinactivation, viacrosstalkwith Raplb

* This is the first indication of functional importance of a prot@ogenic RS protein in platelets.

Summary

BackgroundMany RAS family small GTPases are expressed in platelets, includi@ RHOA, RAP,
and H/N-/RRAS1, but mostof theirsignaling and cellular functions remain poorly understood. Like
RRAS1, TC21/RRAS2 reverse$iRAS-inducedsuppression of integrin activatiaom CHO cells
However, a'role for TC21 in platelets has not been expl@bjpbctivesTo determine TC21 expression
in platelets, TC21 activation in response to platelet agonists, and roles of TA&tkliet functionin

vitro andin vivothrombosisResults:We demonstrate that TC21 is expressed in human and murine
platelets and is activated in response to agonists for the glycoprotein VI (GPYlioiRnoreceptor
tyrosinebased activation motifTAM )-containing collagen receptdn a Sredependent manneGPVI-
induced patelet.:aggregation, integrim, B3 activation, andx- and dens@ranule secretion, as well as
phosphorylationof Syk, PL4@, AKT, andERK, were inhibited in TC2&Heficient plateletgx vivo In
contrastthese responsegere normaln TC21-deficient platelet$ollowing stimulation withP2Y, PAR4
and CLEG2 receptor agonist indicating that the function of TC21 in platelets is GPVIftRAM -
specific. TC21 was required for GRifiduced activation of Raplb. TC2ikficient micedid notshow a
significantdelay in injuryinduced thrombosis compared to WT colstrbowever thrombi were
unstableHemostatic responsefowed similar effect€ConclusionsTC21is essential foGPVI/FcRy-

mediated platelet activation and for thrombus stahifityivovia control of Raplb and integrins.

Keywords: Blood PlateletsEmbolism and Thrombosis; Monomeric GBhding Proteins; Ras

Proteins; Receptors, Collagen

Introduction

Platelets«rely on fast, highly coordinated cytosolic signal transduction t@at®edpid responses to
prothrombetic stimuli. Thee“inside-out” signding responses lead to activationcgf, B3 integrin
adhesion receptors, which bind fibrinogen, allowing platelets to maintain resisastresponse to
vascular injuryon a time scale of seconds to min{idgsThe RAS family small GTPase &ilb is a
proximal player in integrin activation via recruiting t§ir8]. Many pathways of Rplb activation in

platelets have been studied; however, the molecular basis of platelet activatiors iapwitpletely
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understood. Previous studies have shown that oth8rdfall GTPases may have some functions in
platelets, but the RS isotypes involved in platelet functional responses were not ideffifietil]. Much
of the knowledge regarding&S small GTPases and integrins comes from -@xgression studies.
HRAS was found to suppress activation of chimeric, ectopically expressed integ@hkO cells
whereas'RRS1 and RRAS2/TC21 can reverssuppression by HRS[7, 8, 12, 13]. Proteomic analysis of
palmitoylated proteimdemonstrated moderate expression of several Ras isotypes in platelets, including
HRAS, NRAS and RRAS1[14].

RRAS2; also known as TC21 and encoded byRRAS2gene, shares features with both oncogenic
RAS and RRAS subgroups RRAS2/TC21can stimulate the R, PI3K and RFAF/MEK/ERK pathways
is strongly tumorigenic, and somatic mutations which render it insensitimad¢tuvation by GAPs are
prevalent infmany human tumors. TC21 also regulates cell migration bsuresembling functions
of RRAS1[1519]. TC21, like RRASL, can also reverse the suppression of a@uivaf chimeric integrins
by HRAS[13)]. Rras2" mice are lymphopenic due to poor survival and homeostatic proliferation of
peripheral T and B cells, reflecting a TC@&pendent TCR recycling mechanism: TC21 constitutively
associates with the TCR and B@Rmunoreceptor tyrosinbased activation motit TAM) and recruits
PI3K to these sites, required for its activajz 21]. Despite these defecRras2” knockout mee
appear grossly normal (viable and fertile), but have a delay in mammary gland dergldpto a
reductionsinsterminal end buds and ductal brandRifig We have found that TC21 is highly expressed in
murine and human platelets. In this study we have investigated roles for TC21 irounsiaiegrin

signaling, platelet aggregation, hemostasis and thrombosis.

Materials and-methods

Reagents2MeSADP, sodium citrate, fucoidan, acetyl salicylic acid, apyrase (type VII), andebovi
serum albumins(fraction V) were purchased from Sigma. AYPGKF was custom synthesized by
Invitrogen.[CRP was purchased from Dr.Richard Farndale at the University ofi@ge@onvulxin
waspurified as describgd?]. Type | collagen was frorl@hroncelog (Havertown PA)Phycoerythrin
conjugated JON/A antibodies, FITC conjugated-&-electin antibodies, and FITénjugated anti
GPVI antibodies were from Emfret Analytics (Wurzburg, Germany). Mousel@#i antibodies were
purchased from.Abnova (Walnut, CAXSI-2 (2,3dihydro-3-{(1-methyl1H-indol-3-yl) methylene]j2-
oxo-1H-indole-5-sulfonamide) was from Tocris Biosciences (Minneapolis, MX)3 [CD32] antibodies
were purchased from Stemcell Technologies (Cambridge, MA) and goat@unse IgG (Fab’2)
antibodies were from Santa Cruz Biotechnologies (Santa Cruz, CA). FcR gammanthmidies were
from Sigma (St. Louis, MO)Anti-phospheSyk (Tyr525 /Tyr526), antphosphePLCy2 (Tyr 759), anti
phospheAKT (Ser473), antphospheERK (Thr202/Tyr204), and anfi-actin antibodies were purchased
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from Cell Signaling Technology (Beverly, MAPP2 and PP3 were from Enzo Life Sciences. Human
fibrinogenwas from Enzyme Research Laboratories. PPACK (Enzo Life Sciences, Farmingdale, NY)
was fromGlycotech (Gaithersburg, MDRAF-1 and RALGDS GSTRBD proteinswereprepareds

describef23, 24]. All other reagents were reagarade, and deionized water was used throughout.

Animals.Rras2” mice were a gift of Balbino Alarcotlniversidad Auténoma de Madrid, Madrid, Spain
These mice were backcrossed 10 times against a C57BI/6 background. WT C5¢Blyéena purchased
from Charles River Laboratories. All mice were maintained housed in a patiregdacility, and all
animal procedures were approved by the Temple University Institutional Anemalafd Use

Committee Age--and gendematched wild type animals were used as controls.

Preparation‘of human and murine plateld#simanand murine platelets were isolated from blood as
describef5]. Approval was obtained from the institutional revibaard of Temple University. Informed

consent was provided prior to blood donation, in accordantetiné Declaration of Helsinki.

Platelet aggregation and secretidplatelet ATP release and aggregation were performed simultaneously

using a lumiaggregometeas describg@5).

Flow cytometryWashed murine platelets wdedeledwith phycoerythrinconjugated JON/Antibodies

or FITC-conjugatech-P-selectin antibogsand detected as descrilp2d.

Western blottingPlatelets were stimulated with agonists for the appropriate time, and protein levels and

phosphorylatiorevents were assessed as desciiéd

GTP-TC21and GTRRaplbpull down assay. Washed platelets (0r8l, 2 X 10/ml) were stimulated

with different agonists in an aggregometer and reactions were stopped by addihgd?®X HEPES

lysis buffer (55mM HEPES, 174nM Nad, 30% glycerol, 6nM EGTA, 6mM MgCl,, 3% NP40Q pH

7.5) with 10uM GTP and 2Qug GSTRBD of RAF-1 or RALGDS[23, 24]. Platelet lysates were

clarified by centfifugation at 13000 x g for 5 min a€ 450uL supernatants were separated for whole cell
lysate samplesgnd 40uL glutathioneagarose beads were addedi® temaining supernatant and kept on
arocker for 2 h at €. Beadbound complexes were washed 3 times with 1X HEPES wash containing 10
uM GTP, eluted with SDS sample buffeand analyzed bwestern blotting.

Immunofluorescence microscofffneseexperiments were performed as desciiB829].
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Platelet spreading and clot retractiolhese experiments were performed as desdi25gd

FeCl;—induced in vivo thrombosend bleeding time#\dult mice (1012 weeks old) were anesthetized
by intraperitoneal injection of pentobarbital (40 mg/kmd FeC}-induced thrombosis was assessed as
describefi3(]. Bleeding times following tail clip were assessr@-8-weekold male and female mias
describefi30].

Blood flow overollagen.Blood was collectetfom 12-14-weekold mice via cardiac punctumeto tubes
containingd00 mM PPACKand 5U/ml heparinas anticoagulantBlood was flowed over surfaces
coated withB0 figlml type | collagen at 500 sédor 3 minusing a parallablate flow chamber kit from
Glycotech. The'chamber was flushed with PBS and images were obtained using a Nilss TH800
at 400X magnification. Thrombus area was quantified using ImageJ. At least fhartiosen images

were used for analysis per expnent.

Statistical analysisEach experiment was performed at least 3 tinmsss otherwise indicatedll
statistical tests were carried out using Prism software (version 3.0). Data arégorasemeans s.e.m

Statisticalssignificance was determined by Studdrigst and analysis of variance.

Results

Expression of the small GTPase TC21 in platelets and involvem@®m\ikinduced plateletunctional
responsedzarlysstudies showed that AS” (isotype notspecified) can be activated in platelets, ak®bR
proteins appearto be important for platelet func{ib®sl1, 31]. RRASL is also expressed in human
platelet§14], butits functions are unclear. Western blot analysis with TC21 mouse monocithaties
confirmed prior proteomic studigd2], and demonstratatiat TC21 is expressed in both hunzenal
murine platelets, at levels similar to peripheral blood mononucleayioedich TC21 plays important
function role$21, 33, 34] (Fig. 1A). There are currently no selective pharmacological inhibitors of TC21.
To evaluate the functions of TC21 in platelets, we investigated agodisted platelet responses vivo
in platelets isolated from TC24ull (Rras2") miceg[21]. TC21 is expressed in wild ty&/T) murine
platelets but not in TC2hull murine platelets (Fig. 1BY.C21null mice had decreased circulating
platelet counts relative to WT, indicatipgtentialdefects ireitherplateletproduction or platelet lifespan
however, mean platelet volumes warehenormalrange(Fig. 1C).Ex vivoplatelet aggregation and
dense granule secretion induced by the glycoprotein VI (GEpALific agonists collagemelated peptide

(CRP) orconvulxinwere inhibited inTC21-null platelets compared witWT plateletgFig. 2A). These
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defects were restored with higher concentrations of CRP, suggesting compensatoapiems in the
absence of TC21 with higher doses of agonist. Similarly, collaghrced aggregation and dense granule
secretion were inhibited with low concentraisoof agonist (0.5 0.75ug/ml), but not at higher
concentrations (Fi2B). However, platelet aggregation and secretion in response to the &AiRdting
peptide, AYPGKF or P2Y receptor agonist, 2MeSADP veamglar in TC21null and WTplatelets (Fig

20), indicating that G proteigoupled receptor agonists induce normal platelet aggregation and secretion
in the absence of TC21. Thu¥C21 is required for platelet aggregation and dense granule secretion

downstream of GPVI receptor pathways.

TC21 regulags platelet GPVVmediated integrin activation ang-granule secretionPlatelet aggregation
results from the activation of integrin, 33, mediated by insideut signaling downstream of ligation of
signaling receptof4]. We analyzed the agonistduced activation of integria, 33 by measuring

binding of the conformatiodependent antibody JON/A to stimudtplatelets using flow cytome{Bg .
Consistent with.a defect in GPVhiediated platelet aggregation, we found that JON/A binding induced by
different concentrations of CRP aocdnvulxinwas significantly inhibited if C21null platelets

compared withAMT platelets (Fig3A). Thus, TC21 is required for GPMbediated insid®ut signaling
leading to integrin activation and platelet aggregatieselBctin surface expression induced by CRP and
convulxinwas also significantly blockkin TC21null platelets (Fig3B), indicating defects in-granule
secretior 36].-However, at both low ardigh concentrations, AYPGKkRnd 2MeSADHFnduced JON/A
binding and Pselectin expression iRC21-null platelets were similar to WT platelets (F8E,D),

indicating that G proteitoupled receptor agonists cause integiijsBs activation andx-granule

secretion independently of TC23urface expression of integrin, 33 and GPVI inTC21null platelets
were comparable to WT (FIi§E, B. Expression of FcRchain was alssimilar to WT, and FcR chain
phosphorylation.in response to platelet stimulation with CRP wasiatsar to WT(Fig. 3G).Thus,

TC21 is selectively required for GPViiediated activation af,, 35 integrin, dense and-granule

secretiongandraggregation responses in platelets.

Inhibition ofGPVImediated downstream signaling events in platétetise absence of TC2Many
signaling.players in the GPVI integrin activation pathway have been investiggiddletf37, 38]. To
determine whether TC21 regulates these signaling events, we assessaddaiRid signaling in
lysates ofTC21null or WT platelets stimulated with GPVI agonists, by immunoblotting with phespho
specific antibodies: Syk (Y525/526), PLZ(Y759),AKT (S473) andERK1/2 (T202/Y204). CRP

treatment of WT platelets at 2u5/ml caused a rapid signaling response including phosphorylation of

This article is protected by copyright. All rights reserved



each of these targets. In contrast, dRduced phosphorylation of Syk, PLZ AKT andERK1/2 were

all redued inTC21-rull platelets (Fig4A). Similar results were observed with CRP stimulation at 5
ug/ml, withrepression of GPVI signaling response3 @21-null platelets. However, at 16/ml CRP
stimulation, GPVI signaling responses were similar betwée2il null and WT platelets (FigtA).

When platelets frorm C21null mice were stimulated with AYPGKF or 2MeSADP, phosphorylation of
AKT andERK were comparable to those in WT platel@ig. 4B). These results demonstrate that TC21
regulatessPVI downstream signaling responses, and suggest a repegtanal role, upstream of Syk,

for TC21 innGPVimediated signaling phosphorylation events.

TC21 activationdnduced by GPVI receptor agonists requires Src kinHsesbove results demonstrate
a requirement for, TC21 expression in GPVI signaling in platelets, and suggebethadlecular function
of TC21 may be an important factor in these respofi$esefore weassessed TC21 activation in human
platelets following GPVI agonist stimulatiorsing a standard putlown assay for GTound RAS
proteins, employing theA&S-binding domain of RF-1 fused to GST (GSRBD) as bait bound to
glutathionesepharose bedd@s]. This GST fusion protein is predicted to bind to activa@&tR>bound
TC21[15, 19],such that immunoblotting of the precipitated fractions indicates a ratio oftadtiv@€21
compared with total from the whole platelet lysate. TC21 was precipitated by th®BI3Th lysates
from humanrplatelets stimulated with CRP aondvulxin(GPVI agonists), but not from unstimulated
platelets, confirming the utility of this approach for assessing TC21 cadictiaation in platelets. CRP
and convulxin=structurally distinct GPVI agonistseach caused rapid activation of TC21 in human
platelets, as early as 30 sec and persisting for up to 120 seBAFidhus, GPVI signaling activates
TC21 in plateletsinterestingly, TC21 was also activated rapidpon platelet stimulation with PAR4
agonist AYPGKEF; and CLEQ agonist fucoidan (Fig. 5B).

Although'signaling through multiple receptors activated TC21 in platgBRVI platelet response
was selectively impaired by TC21 deletion (Figgl)2As GPVIcoupled Fc receptors harbor ITAM
motifs subject to tyrosine phosphorylation by Src family kinases (SFKs)ntetmidownstream signaling
event$37, 38|, we investigated whether TC21 activation by GRafuires SFK activation, using the SFK
inhibitor, PP2, and control analogue, PP3. TC21 activation by CRP was completely blotked i
presence of PP2{ but not PP3, demonstrating that - GERj-mediated TC21 activation requires SFK
activity (Fig,5C).We evaluated CRihduced TC21 activation in murin@atelets and found similar
activation profiles as in human platelésg. 5D, left panels, cf. Fig. SATC21was upstream dByk
activationinduced by GPVI stimulatiofFig. 4); however, TC21 couldsobe downstream of Syk in a
putative feedback loof.hereforewe tested CRihduced TC21 activation under conditions of Syk

inhibition in WT murine platelets, and foutltat TC21 activation was unaffected by OXS8Byk
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inhibitor (Fig. 5D). Thus, TC21 is upstream of Syk in the GPVI pathway and is not subject to negative
feedback effectdlowever, negative feedback downstream of Syk at later time points could not be ruled
out. Based on the ability of TC21 to interact with ITAM receptors ireottells, we considered whether
TC21 may associate with the GPVI/Fcebmplex.GPVI was detected in TC21 immunoprecipitate
fractions after CRP stimulation, indicating that TC21 physically associatieshei GPVI complex upon
receptor ligation (Fig. 5EJ o investigate further a role for TC21 in ITAM signaling in platelets, we
assessed TC21 activatitwilowing crosslinking of the RdRlla receptor, which is not expressed in

murine platelets. This ITAM receptor drives platelet signaling through similawpgs as GPVI/FcR to
affect aggregation and thrombus formaf& 40]. Crosslinking FcyRlla in human platelets induced

rapid activatiensof TC21 (Fig.F9, suggetng a conserved ITAMnediated mechanism for TC21

activation in platelets.

TC2Llis required for GP\Minduced Rapllctivationin platelets.The RAS family small GTPase &dlb

plays an essential, proximal role in the activation @f3; integrin in platelets, by stimulating the
recruitmentef.talin and efactors to the integrin tafl9]. As shown in Fig6, Raplb activation induced

by CRP was abolished inC21null platelets, compared to robust Raplb activation in WT platelets. Thus,
TC21 regulates:.GPWinediated integrin activation and platelet activation through crosstalk signaling

requiredfor activation of Raplb.

CLEG-2-mediated platelet aggregation édualownstream signaling events in TG&dficient plateletsTo
confirm that the block in integrimediated platelet aggregation and secretion responsesTic 2ienull
platelets was GPVépecific, we assessed aggregation and secretion in response tarfuecsdifated
polysaccharide which stimulates platelet activation via Syk angd Bt through the CLEQ receptor,
which harbors. a heriifAM motif [41], independently from the GPVI/FgReceptor compleat low
concentratioffgl2]. Fucoidarinduced platelet agggation,a., B3 integrin activation, and-granule
secretion.weresnormal in both WT an@21null platelets Fig. S1A-O. In addition, fucoidan treatment
induced Syk, PLE2, AKT andERK1/2 phosphorylation ifC21-null platelets to similar levels as in WT
platelets (FigS1D. These results indicate that TC21 is not important for platelet aggregatiok an®y
AKT phosphorylation downstream of the CLECGeceptor, and confirm that TC21 selectively functions

downstream ofithe GPVI/FgReceptor complex inlatelet activation.

Regulation of hemostasis and thrombosis in vitro and in vivo by M@ hext assessed the contributions

of TC21 to thrombus formation and stabilityvitro andin vivo. We first observed thrombus formation
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vitro in whole blood flowing over collagecoated surfaces. As shown in Fig\, thrombus formation
over collagercoated surfaces was significantly decreased in blood Ti©&1null mice compared to
WT. Based on these results, we investigated putative rol@<tit in hemostasis and injuiyduced
thrombus formation and stability vivo. We first measured bleeding times following tail cimd found
significantly increased bleeding times in TC21 KO n{felg. 7B). We measured time to occlusion in the
carotid artery following 7.5% ferric chloridaduced injury for 90 sec, IC21null and WT mice. As
shown in Fig 8A, in vivothrombosis at the site of injupppearedlightly delayed, as observed by
increased tine to occlusion, iTC21null compared to WT mice. The average time to occlusion after
injury in TC2X-deficient mice was 10.5 min, compared to 8 min in WT mice. @(. However, this
delay in initial time to occlusion was not significant. In contrast@imation of the thrombi was
observed in"64% 0f C21-null mice, compared with 18% for WT mice £ 11), indicating unstable
thrombi after-arterial injury ithesemice Fig. 8C). This result is consistent wiirolongedbleeding in

the tail clip thrombosis modél TC21null mice Thus, the small GTPase TC21 is required in platelets

for rapid thrombus formation and maintenance of thrombus staibiligsponse to arterial injuig mice

TC21 effects in outsidi@ signaling in plateletsTo obtain a broaet picture of the contributions of TC21
to plateletresponss, we analyzeglateletspreading on immobilized fibrinogen and thrombriduced

clot retractiorexsvivo TC21null platelets spread to a similar degre®\8E plateletqFig. S24).

Similarly, thrombininduced clot retraction with TC2deficient platelets proceeded at the same rate as
with WTlplateletsex vivo(Fig. S2B). Thus, TC21 is not required for outsilesignaling in platelets.
Fibrin has also beeshown to activate GPVI by direct binding to the recd@g®44]; however, we did

not observe differences in spreading on fibrin between WT and-hG2plateletswhereas TC2hull
plateles did'notspread efficiently on collagen or CRP compared to (Wig. S3), indicating that fibrin

signaling in"platélets does not require TC21.

Discussion

This study is the first to demonstrate a functional role footogmncogenic RS small GTPase
TC21/RRAS2 - in platelet functional responses, hemostasis amarthosis. TC24deficient mice showed
prolonged times.to cessation of bleeding and a tendency to rebleed in a tahuotiptésis model,
reduced!platelet deposition on collagen surfaces in whole blood under flow, as wedhasuth
embolization in the cati artery following injury, indicating a role for TC21 in both thrombus formation
and thrombus stabilitythrombus instability was due to a defect in activation@B; integrins in TC21
deficient platelets downstream of impaired platelet signaling resporS2&dependent platelet

responses were selective for the GPVIf-cBllagenreceptor, and TC21 was activated by GPVI
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stimulation upstream of Syk, pointing to TCZ&igation as a receptgroximal event. TC21 was also
required for downstream GPWhediated Raplb activation, demonstratifgSR5TPase crosstalk and a
RAS/Raplblinkage in GPVimediated integrin activation in platelets.

Prolonged bleedinon TC21 knoclout mice in a tail clip hemostasis modaid thrombus
embolizationin a vascular thrombosis mod&gethersuggest that TC21 plays an important role in the
strength of platelet adhesion and aggregafitis was supported by a defect in T@®ficient platelet
thrombus formatiomn vitro in blood flowing over collagen surfacdn.addition, decreased platelet count
in TC21-deleted mice may also contribute to impait@embosis anttemostasidMany hereditary
platelet functional disorders such as Berr@adilier syndrome, von Willebrand diseasel Glanzmanis
thrombasthenia.are the result of compromiglatelet adhesive capacitgadingto complications of
either spontaneouseedingor thrombosis defeg45-48]. Thus, it isconceivle that somatior inherited
mutations in“TC21 may correlate with bleeding tendencies in hymanthismerits further
investigation

The role of TC21 in platelet aggregation and thrombus stability correlated with ia eattivation of
the oy B3 integrin fibrinogen receptpindicating that TC2dmediated thrombus stability is due to a
requirement for TC21 iplateletintegrin activation. RS family proteins including HRS, RRAS1 and
TC21 have been associated with regulation of integrin activatiothercontexts and these studies
indicatedraspositive role for TC21 in integrin activafiti?) 13, 49]. However, these studies represented
ectopic expression of both integrins andiSproteins inheterologougells Thus,an integrin regulatory
functionforrRASproteins had not previously been recognized in platédigay studies have
characteried upstream regulators oAR as playing roles in platelet integrin activation and function,
including CAEDAG -GEFs which are important for platelet adhesion and aggre{fa@éd], as well as
an early report identifying theRB2 RAS activation complex in these proceg4s5]. However, manyf
these GEF proteins also stimulate activation @flRan integrirproximal player essential for integrin
activatiorf9, 56|. Hence, a direct role for pretincogenic RS in platelet integrin activation was not
demonstratedl o our knowledge this study is the first to demonstrate a functional role #&Sgtein
(other than Rpl), TC21, in regulation ohative integrins in plateletsvhich is required for thrombus
stability in vitro andin vivo.

TC21signaling leading to integrin activatiam plateletsvas selectively downstream thie GPVI
collagenreceptoand TC21 appears to propagate signaling proximal to the recepg&itwas
activated by GPVI agonists (CRP azmhvulxin), indicating receptomediated stimulation of a
RasGEF promoting GTP loading of TC21. The notion of TC21 as a regaptdmal signal transducer
is consistent with our findigs that GP\VMinduced TC21 activation required Src family kinase activity,
and was upstream &L.Cy2, AKT, andERK[37, 57-59]. TC21 was activated by GPVI stimulation
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under conditions of Syk inhibition, placing TC21 upstream of Syk with minimal negatidedele
signaling from Syk to TC2Moreover,TC21associated with GPVI following CRP agonist
stimulation, indicating that TC21 forms a molecular complex with QR)MIn ligation Thus, a
GPVI=>Src>TC21>Syk pathway regulates platelet activation. However, precisely how TC21
functions upstream of Syk in a Sdlependent manner remains to be fully elucidatdatin canactivate
GPVI by direct binding43, 44]; howeverthe platelet signaling responses of this interactiompacely
understoodWe did not observe fibridependenspreading or clotting deéts in TC21null platelets,
suggestingithat collagenediated GPVI signaling through TC21 represents a distinct pathway from
fibrin-GPVI signaling As TC21 was also activated by AYPGKF and fucoidan, it appears that TC21 can
be acivated by multiple upstream signaling pathways in platefeithermore TC21 was also activated
in human platelets by crosslinking theyRta receptor, which is similar to the GPVI/FcRceptoy
signaling via 1ITAM motifs in the Fc chainS his pathway has parallels to roles of TC21 in
lymphocytes, where TC24ssociates witthe BCR (B cells) and TCR (T cells) via interaction with
ITAM motifsin each receptoboth of which propagate signaling through Syk pattsfzdy 33, 60,

61]. The GRVI/FcR receptor complex also contains ITAM motifs (in the frcRain]38, 62],
suggesting @ossibleconserved mech&m of TC2:ITAM motif association in receptor signaling in
hematopoietic celldMany RAS family GEFsstimulate RASactivation as a result of recruitment to
receptoriphosphotyrosines, typically via adapter protesngh a mechanism has been shown to
connect the celladhesion receptor CEACAM3 with activationAE Ria direct binding of the
RACGEF, VAV 'to phosphotyrosines in the receptor ITEg, 63] - suggesting the potential for a
conserved mechanism of ITAMBERRAS complex formationHowever, Syk is generally considered
to bind directly*te' ITAM motifs following phosphorylation by Src family kinasesany cells

including platelets4, 65]; thus, the role of TC21 in mediating this connection is unkndMrich

GEFs mediate"GPVihduced TC21 activation in platelets, ahdir mechanism of actigalsoremain

to be determined.

Our results demonstrate cross talk between tA8 BTPases, TC21/R&S2 and Rplh in platelet
signaling and functional responses. TQ&s requiredor GPVI-mediatedRapl1b activation, which &
requisitedownstream signaling event leadingpt@ B3 integrinactivation in plateletsas well as for
activation of other integrins through a common mechd®@isei]. Thus we predict that in the absence
of TC21, talin recruitment to integrin tails is compromised, preventing allosteii@ation of the
integrin ligandbinding domaif®, 66, 67]. The molecular mechanisms by which TC21 regulatgslB
activation in platelets remato be exploredHowever, TC21 may be involved in integrin regulation in
other contexts with varied physiological effe@sgy, Schwann cell migration and tumor metastasis,

which have been associated with increased TC21 a¢€8z/1].
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Recent interest in hemostasis and thrombosis reskastieen focusednidentifying
pharmacological targets such as regulators of integrin activation, which strike eeldaddween
minimal bleeding even@and maintenance of hemostfig 73]. GPVI-deficient mice do not
demonstrate impaired hemostfs#; however, the hemostasis defect observed in Tdeditient mice
may also be due to lower platelet count. Deficiency of TC2bngpatible with life, suggesting that
targetinga TC21 pathway in plateletmay have few unwanted effecthus, the TC21 pathway may be
a viabletarget for intervention in pathological conditions driven by thrombus instability, such a

atherosclerosis and stroke.

Addendum

L. Goldfinger and S. Kunapuli contributed to the conception and design of theSvdaaapatiC.
Dangelmaier]. Wurtzel B. Manne, D. Bhavanasi, J. Kostyak, and S. Kim performed experiments and
acquired data. L. Goldfinger, S. Kim, M. Holinstat and S. Kunapuli were invofvéteianalysis and
interpretation of datavl. Holinstatprovided key reagentS. Kunapuli and L. Goldfingesupervised the

experiments and analysis. S. Janapati and L. Goldfinger wrote the manuscript.

Acknowledgements

We thank-Balbine Alarcén, Universidad Auténoma de Madrid, Madrid, Spain, for providitRyaise”

mice We thank’Xiaoxuan Fan for technical assistambe. projectvas supported by NIH grants
HL137207tesk=Goldfinger, HL93231, HL137207 and F2171to S. Kunapuli, H114405 and
GM105671to M. Holinstat, and AHA grastl6GRNT27260319 to L. Goldfinger and 12SDG8980013 to
S. Kim.

The abbreviations used afeLEC-2, Gtype lectin receptor 2; CRP, collageslated peptide; GPVI,
glycoprotein VI; GST, glutathion8-+ransferase; ITAM, immunoreceptor tyrosinased activatio motif;

PAR, proteas@ctivated receptor; SFK, Src family kinase.

Disclosure of Conflict of Interests

The authors state that they have no conflicts of interest.
References

1 Plow EF, Ginsberg MH, Furie B, Shattii SJ. The molecular basis of platelet function.
Hematology:Basic Principles and Practic@hurchill Livingstone Inc., 1995, 1523b.

This article is protected by copyright. All rights reserved



2 Katagiri K, Hattori M, Minato N, Irie S, Takatsu K, Kinashi T. Rap1l is a potent activatioalsign
for leukocyte functiorassociated antigen 1 distinct from protein kinase C and phosphatidylirg€itdl
kinase .MolCell Biol. 2000;20: 195669.

3 Reedquist KA, Ross E, Koop EA, Wolthuis RM, Zwartkruis FJ, van Kooyk Y, Salmon M,
Buckley CD,Bos JL. The small GTPase, Rapl, mediates GCiD8aced integrin adhesiodournal of

Cell Biology 2000;148 115%8.

4 Arai A, Nosaka Y, Kanda E, Yamamoto K, Miyasaka N, Miura O. Rapl is activated by
erythropoietin or interleuki3 and is involved in regulation of betal integmediated hematopoietic cell
adhesionJournal of Biological Chemistry2001;276 1045362.

5 de Bruyn KM, Rangarajan S, Reedquist KA, Figdor CG, Bos JL. The small GTPase Rapl is
required for' MIn(2+) and antibodyinduced LFA 1- ard VLA-4-mediated cell adhesiordournal of
Biological Chemistry2002;277: 2946876.

6 Sebzda E, Bracke M, Tugal T, Hogg N, Cantrell DA. RaplA positively regulates T cells via
integrin activation rather than inhibiting lymphocyte signaliigtimmunal 2002; 3: 251-8.

7 Hughes PE, Oertli B, Han J, Ginsberg MH:RAs Regulation of Integrin FunctioMethods
Enzymol 2001;333 16371.

8 Hughes PE, Renshaw MW, Pfaff M, Forsyth J, Keivens VM, Schwartz MA, Ginsberg MH.
Suppression=ofsintegrin activation: A novel function of a RasiRtiited MAP kinase pathwayCell.
1997;88: 521-30:

9 Han=dmkim CJ, Watanabe N, Soriani A, Ratnikov B, Calderwood DA, Piabraughlin W,
Lafuente EM, Boussiotis VA, Shattil SJ, Ginsberg MH. Reconstructing and decoingtragonist
induced activation of integrin alphallbbet&3urr Biol. 2006;16: 1796806.

10 Shock DD, He K, WencdDrake JD, Parise LV. Raxctivation in platelets after stimulation of the
thrombin receptor, thromboxane A 2 receptor or protein kinagoChemical Journal1997;321 525

30.

11 Tulasne D, Bori T, Watson SP. Regulation of RAS in human platelets. Evidence that actization
RAS is not'sufficient to lead to ERKA phosphorylationEur J Biochem2002;269 15117.

12 Kinbara K, Goldfinger LE, Hansen M, Chou FL, Ginsberg MH. Ras GTPases: integand'sf

or foes™atRevMolCell Bial2003;4: 767-76.

13 Sethi T, Ginsberg MH, Downward J, Hughes PE. The small-Qifi@ing protein RRas can
influence integrin activation by antagonizing a Ras/Raf initiated integrin ssgipn pathwayMolecular
Biology of the Cell1999;10: 1799809.

14 Dowal L, Yang W, Freman MR, Steen H, Flaumenhaft R. Proteomic analysis of palmitoylated
platelet proteinsBlood 2011;118 e6273.

This article is protected by copyright. All rights reserved



15 Rosario M, Paterson HF, Marshall CJ. Activation of the Raf/MAP kiraseade by the Ras
related protein TC21 is required for the T@2kdated transformation of NIH 3T3 celEMBO J 1999;

18 12709.

16 Rosario M, Paterson HF, Marshall CJ. Activation of the Ral and phosphatididin®skinase
signaling"pathways by the raslated protein TC2Mol Cell Biol. 2001;21: 375062.

17 Self AJ, Caron E, Paterson HF, Hall A. Analysis oRRs signalling pathwaysournal of Cell
Science2001;114 1357%66.

18 Marte BM, Rodrigue®/iciana P, Wennstrom S, Warne PH, Downward -Rd® can activate the
phosphoinositide -Binase but not the MAP kase arm of the Ras effector pathwagsrrent Biology
1997;7: 63-70.

19 Moyilla'N; Crespo P, Bustelo XR. Signal transduction elementsG&1T an oncogenic member
of the RRas"subfamily of GT®inding proteinsOncogene1999;18: 58609.

20 Larive RM, Abad A, Cardaba CM, Hernandez T, Canamero M, de Alava E, Santos E, Alarcon B,
Bustelo XR. The Ralbke protein RRas2/TC21 is important for proper mammary gland development.
Mol Biol Cell. 2012;23: 237387.

21 Delgado P, Cubelos B, Calleja E, Martirdartin N, Cipres A, Merida |, Bellas C, Bustelo XR,
Alarcon B! Essential function for the GTPase TC21 in homeostatic antigen receptalingj. Nat
Immunol;2009;1:6: 880-8.

22 Francischetti IM, Saliou B, Leduc M, Carlini CR, Hatmi M, Randon J, Faili A, Bbn
ConvulXin;=ampotent plateletggregating protein from Crotalus durissus terrificus venom, specifically
binds to plateletsToxicon : official journal of the International Society on Toxinolog997;35: 1217

28.

23 de RooijJ, Bos JL. Minimal Rdsinding domain of Rafl can be used as an activadjecific
probe for Ras©ncogenel1997;14: 6235.

24 Stefanini L, Boulaftali Y, Ouellette TD, Holinstat M, Desire L, Leblond B, Andre P, Conley PB,
Bergmeier W. RapRacl circuits potentiate platelet actiea. Arterioscler Thromb Vasc BioR012;32:
43441.

25 Kim S, Dangelmaier C, Bhavanasi D, Meng S, Wang H, Goldfinger LE, Kunapuli SP. RhoG
Protein Regulates Glycoprotein-¥t Receptor gamm@&hain Complexmediated Platelet Activation and
Thrombus.Formizon. J Biol Chem2013;288 3423G8.

26 Daniel JL, Dangelmaier CA, Mada S, Buitrago L, Jin J, Langdon WY, Tsygankov AY, Klinap
SP, Sanjay A. CHb is a novel physiologic regulator of glycoproteindédpendent platelet activatiod.

Biol Chem 2010;285: 1728291.

This article is protected by copyright. All rights reserved



27 Kim S, Jin J, Kunapuli SP. Relative contribution ofpéteincoupled pathways to protease
activated receptamediated Akt phosphorylation in plateleBlood 2006;107: 947-54. 10.1182/blood
200507-3040.

28 Mao G, Songdej N, Voora D, @Gfinger LE, Del CarpieCano FE, Myers RA, Rao AK.
Transcription” Factor RUNX1 Regulates Platelet PCTP (Phosphatidylcholine d&rraRsbtein):
Implications for Cardiovascular Events: Differential Effects of RUNX1 Varidbiisulation. 2017;136
927-39.

29 Mae GF, Goldfinger LE, Fan DC, Lambert MP, Jalagadugula G, Freishtat R, Rao AK.
Dysregulation of PLDN (pallidin) is a mechanism for platelet dense granule deficienRUNX1
haplodeficiencyd Thromb Haemosf017;15: 792-801.

30 BynagariSettipalli YS, Lakhani P, Jin J, Bhavaraju K, Rico MC, Kim S, Woulfe D, Kunapuli SP.
Protein kinase™ C isoform epsilon negatively regulates AidlBced calcium mobilization and
thromboxane generation in plateledsterioscler Thromb Vasc Bio2012;32: 12119.

31 Shen MY, Hsiao G, Fong TH, Chen HM, Chou DS, Lin CH, Sheu JR, Hsu CY. Amyloid beta
peptideactivated signal pathways in human platelets. J Pharmacol2008;588 25966.

32 Lewandrowski U, Wortelkamp S, Lohrig K, Zahedi RP, Wolters DA, Walter U, Sickmann A.
Platelet membrane proteomics: a novel repository for functional res&wokl 2009;114: €109.

33 MartinezMartin N, Fernande?renas E, Cemerski S, Delgado P, TurkieHeuser J, Irvine DJ,
Huang B, Bustelo XR, Shaw A, Alarcon B. T cell receptor internalization from the iologioal
synapse€ issmediated by TC21 and RhoG GTHéapendent phagocytoslsamunity 2011;35: 20822.

34 Alarcon B, MartinezMartin N. RRas2RhoG and Tcell phagocytosisSmall GTPase2012;3:
97-101.

35 Bergmeier W, Schulte V, Brockhoff G, Bier U, Zirngibl H, Nieswandt B. Flow mtic
detection oftactivated mouse integrin alphallbbeta3 with a novel monocloitdyntCytometry 2002;

48 80-6.

36 Israels SJ, Gerrard JM, Jacques YV, McNicol A, Cham B, Nishibori M, Bainton REeld
dense granule membranes contain both granulophysin-aeté@&in (GMP140). Blood 1992;80: 143

52.

37 Watson SP, Auger JM, McCarty OJ, Pearce AC. G&W integrin alphallb beta3 signaling in
plateletsJ. Thromb HaemosR005;3: 175262.

38 Jung SM, Moroi M. Platelet glycoprotein \Adv Exp Med Biol2008;640. 53-63. 39 Zhi H,
Rauova L, Hayes V, Gao C, Boylan B, Newman DK, McKenzie SE, Cooley BC, Poncz M, Néman
Cooperative integrin/ITAM signaling in platelets enhances thrombus formation o asitl in vivo.
Blood 2013;121 185867.

This article is protected by copyright. All rights reserved



40 Tomiyama Y, Kunicki TJ, Zipf TF, Ford SB, Aster RH. Response of human plateletsviatiag
monoclonal antibodies: importance of Fc gamma RIl (CD32) phenotype and level of expigksid
1992;80: 22618.

41 Manne BK, Getz TM, Hughes CE, Alshehri O, Dangelmaier C, Naik UP, Watson SP, Kunapuli
SP. Fucoidanis a novel platelet agonist for thtyge lectinlike receptor 2 (CLE). J Biol Chem
2013;288 771726.

42 Alshehri OM, Montague S, Watson S, Carter P, Sarker N, Manne BK, Miller JL, Herr A&, Po
AY, O'Callaghan CA, Kunapuli S, Arman M, Hughes CE, Watson SP. Activation of ghyteaprVI
(GPVI) ard_Ctype lectinlike receptor2 (CLEGZ2) underlies platelet activation by diesel exhaust
particles and other charged/hydrophobic ligaiischem J2015;468 45973.

43 Alshehri"©OM, Hughes CE, Montague S, Watson SK, Frampton J, Bender M, Watson 8FP. Fibr
activates GPVIin human and mouse plateRisod 2015;126 16018.

44 MammadovaBach E, Ollivier V, Loyau S, Schaff M, Dumont B, Favier R, Freyburger G, Latger
Cannard V, Nieswandt B, Gachet C, Mangin PH, Jardeotus M. Platelet glycoprotein Viinas to
polymerized fibrin and promotes thrombin generatilinod 2015;126. 68391.

45 Baker EKy Tozer EC, Pfaff M, Shattil SJ, Loftus JC, Ginsberg MH. A genetic analysiggfimt
function: Glanzmann thrombasthenia in vifPooceeding of the Natiohacademy of Science of the
United Statessefs:America997;94: 19738.

46 French DL, Coller BS. Hematologically important mutations: Glanzmann throneéestBlood
Cells, Moleculesy and Diseasd997;23: 39-51.

47 Nurden AT, Didry D, Rosa JP. Moleculdefects of platelets in Berna@&bulier syndromeBlood
Cells 1983;9::33358.

48 PeyvandiyF, Kunicki T, Lillicrap D. Genetic sequence analysis of inherited bleedingsds.
Blood 2013;122342331.

49 Oertli B, Han J, Marte BM, Sethi T, DownwardGinsberg M, Hughes PE. The effector loop and
prenylation site of FRas are involved in the regulation of integrin function [In Process Citation].
Oncogene2000;19: 49619.

50 Eto K, Murphy R, Kerrigan SW, Bertoni A, Stuhlmann H, Nakano T, Leavitt AD, Shattil SJ.
Megakaryocytes.derived from embryonic stem cells implicate CaHOAE| in integrin signalingProc

Natl Acad.ScilU S A£2002;99: 1281924,

51 Tao L, Zhang Y, Xi X, Kié&er N. Recent advances in the understanding of the molecular
mechanisms regulating platelet integrin alphallbbeta3 activdRiatein & cell 2010;1: 627-37.

52 Canault M, Ghalloussi D, Grosdidier C, Guinier M, Perret C, Chelghoum N, Germd&adbva

H, Peiretti F, Morange PE, Saut N, Pillois X, Nurden AT, Cambien F, Pierres A, van dgriTBer

This article is protected by copyright. All rights reserved



Kuijpers TW, Alessi MC, Tregouet DA. Human CalDAGEFI gene (RASGRP2) mutation affects
platelet function and causes severe bleedirigxp Med2014;211: 134962.

53 Cifuni SM, Wagner DD, Bergmeier W. CalDAGEFI and protein kinase C represent alternative
pathways leading to activation of integrin alphallbbeta3 in plat@&isd 2008;112 1696703.

54 Pasvolsky R, Feigelson SW, Kilic SS, Simon AJ,-Tapidot G, Grabovsky V, Crittenden JR,
Amariglio N, Safran M, Graybiel AM, Rechavi G, B&wor S, Etzioni A, Alon R. A LADIII syndrome is
associated with defective expression of the-Raztivator CalDAGGEFI in lymphocytes, neutrophils,
and platelets] ExpMed 2007;204 157182.

55 SaciA,.Liu WQ, Vidal M, Garbay C, Rendu F, Bachdloza C. Differential effect of the
inhibition of Grb2SH3 interactions in platelet activation induced by thrombin and by Fc receptor
engagemenBiochem J2002;363 717-25.

56 Mitin“N, 'Rossman KL, Der CJ. Signaling interplay in Ras superfamily funcGam: Biol. 2005;

15 R56374.

57 Clark EA, Shattil SJ, Ginsberg MH, Bolen J, Brugge JS. Regulation of the proteding/kinase
pp72SYK by platelet agonists and the integgiba3. Journal of Biological Chemistry1994; 269
2885964.

58 Yanaga F, Poole A, Asser U, Blake R, Schieven GL, Clark EA;Lag L, Watson SP. Syk
interacts:withstyresing@hosphorylated proteins in human platelets activated by collagen andickoss

of the FcyllA receptor.Biochemical Journall1995;311 471-8.

59 RPoolesAnGibbins JM, Turner M, van Vugt M, van de Winkel J, Saito T, Tybulewicz VLJ, Watson
SP. The Fc receptor gamrohain and the tyrosine kinase Syk are essential for activationoake
platelets by collagereEMBO Journal 1997;16: 233341.

60 Geahlen'RL. Syk and pTyr'd: Signaling through the B cell antigen rec&tmhim Biophys
Acta 2009;1798111527. 10.1016/j.bbamcr.2009.03.004.

61 Palacios EH, Weiss A. Function of thec$amily kinases, Lck and Fyn, in-dell development
and activationOncogene2004;23: 79968000.

62 Ezumi Y, Kodama K, Uchiyama T, Takayama H. Constitutive and functional associatioa o
platelet collagen receptor glycoprotein-Mt receptor gammehain complex with membrane rafts.
Blood 2002;99. 32505.

63 Schmitter T, Pils S, Sakk V, Frank R, Fischer KD, Hauck CR. The graralaeceptor
carcinoembryonic antigerelated cell adhesion molecule 3 (CEACAMS3) directly associates with Vav to
promote phagocytosis of human pathogdrimamunol 2007;178 3797%805.

64 Watson SP, Herbert JM, Pollitt AY. GPVI and CLE0n hemostasis and vascular integriy.
Thromb Haemos2010;8: 145667.

This article is protected by copyright. All rights reserved



65 Bergmeier W, Stefanini L. Platelet ITAM signalingurr Opin Hematol 2013;20: 44550.

66 Tadokoro S, Shattil S, Eto K, Tai V, Liddington R, de pereda J, GinsbergQdlderwood DA.
Talin binding to integrin beta tails: a final common step in integrin activaéicience2003.

67 Hynes RO. Integrins: bidirectional, allosteric signaling machiGefi. 2002;110 673-87.

68 HuangY, Rangwala F, Fulkerson PC, Ling B, Reed E, Cox AD, Kamholz J, Ratner N.fRole o
TC21/RRas2 inenhanced migration of neurofibrordeficient Schwann cellSOncogene 2004; 23;
36878.

69 LuaH, Hao X, Ge C, Zhao F, Zhu M, Chen T, Yao M, He X, Li J. TC21 prosnce# motility

and metastasis,by regulating the expressionaddherin and Madherin in hepatocellular carcinonat

J Oncol 2010;37: 8539.

70 Jeong/HW, Nam JO, Kim IS. Th€OOHterminal end of FRRas alters the motility and
morphology“of breast epithelial cells through Rho/Rhmase.Cancer Res2005;65: 507-15. 65/2/507

[pii].

71 Keely PJ, Rusyn EV, Cox AD, Parise LV.-Ras signals through specific integrin alpha
cytoplasnic.domains to promote migration and invasion of breast epithelial gelisnal of Cell Biology
1999;145 107#88.

72 Shen B, Zhao X, O'Brien KA, Stojanovierpo A, Delaney MK, Kim K, Cho J, Lam SC, Du X.

A directionalsswitch of integrin signalling armdnew antithrombotic strategyNature 2013;503 131-5.
10.1038/nature12613.

73 Estevez«B, Shen B, Du X. Targeting Integrin and Integrin Signaling in Treating Thra@nbosi
Arterioscler Thromb Vasc Bio2014. 10.1161/ATVBAHA.114.303411.

74 LockyersS, Okyama K, Begum S, Le S, Sun B, Watanabe T, Matsumoto Y, Yoshitake M,
Kambayashi J, Tandon NN. GPRWEficient mice lack collagen responses and are protected against

experimentallysinduced pulmonary thromboemboligitmombosis researct2006;118 371-80.

Figure legends

Fig. 1. Expression of TC21/RRas2 in human and murine platelet¢A) Whole cell lysates (WCL) of
washed human,(2X£0nl) and murine platelets (1.5X¥fnl) and PBMCs were separated by SBSGE
and immunoblotted with TC21 antibodigtEMAVET analysis showed no detectable levels of
leukocytes or erythrocyte@B) Western blot of WCL samples from wild type (WT) and21null (TC21
KO) C57BI/6 mouse platelets, using TC21 antibodi#ESMAVET analysis showed no detectable levels
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of leukocytes or erythrocyte€C) Platelet counts in plasma (left) and mean platelet volume (right) were
assessed by HEMAVET analysis= 6.

Fig. 2. TC21 is required for GPVI-induced platelet aggregation andlense granule secretionTC21-
null (TC21 KO)and wild type (WT) murine platelets isolated from whole blood wesaspended in
phosphate’buffer'and apyrase at physiological pH and placed under stirring conditions in a
lumiaggregometer in the presenceudfiferin-luciferase reagent, then stimulated WitRP (2.5, 5, 10
ug/ml) andeonvulxin (75 nM) (A), Collagen (0.5, 0.75, 1,2g/ml) (B), or AYPGKF (75, 100uM) and
2MeSADP (25 nM) (Cjor 3.5 min. Representative aggregation (top) and dense granule secretion

(bottom) tracings from three independent experiments are shown.

Fig. 3. TC21'is required for GPVI-induced plateleta,, B3 integrin activation and a-granule
secretion.Washed platelets fromC21null (KO) and wild type (WT) murine platelets were stimulated
with the indicated doses of CRIPconvulxin(A,B), or AYPGKF or 2MeSADP (C,D) for 15 min in the
presence of phycoerythriabeled JON/Aantibodies (A, C) or FITdabeleda-P-selectinantibodies
(CD62)(B,D)sand’'labeling was assessed by flow cytométigan fluorescence intensities (MFI) are
shown as fold'change from unstimulated control, and are representative dataré®mdependent

experiments, +'s'e.m. p,< 0.05; n.s, not significan(g, F) Washed platelets were labeled with
antibodies te*GPVI (E) anp integrin (F) and fluorescence intensities were detected by FACS.
(G) Washed platelets from TC2iull and WT mice were either kept unstimulated (US) or
treaed with 2.5ug/ml CRP for 60 sec, lysed, and subject to immunoprecipitation (IPwith
GPVI antibedies. IP fractions were separated by SDS-PAGE and western blatttinigen
indicated antibodiesthe FcR chain band migrated at ~14 kDa.

Fig. 4. GPVI-mediated downstream signaling events are inhibited imC21-null platelets.Washed
platelets isolated frorhC21null (TC21 KO) and WT mice were stimulated for the indicatetbs with
CRP (A) at the indicated concentratianngB) AYPGKF (100uM) or 2MeSADP (25nM) (60 sec each),
lysed, and lysates were immunoblotted with antibodies as shown. US, unstinfeleispheprotein/total
protein ratiogrom six independent experiments are shown to the right in panel A fagar® CRP

treatmentRepresentidve blots are showrr, p < 0.03.

Fig. 5. TC21 activation by GPVI receptor agonists downstream of Src kinasedVashed platelets
were stimulateavith 2.5ug/ml CRP or75 ng/ml CVX(A), or 500uM AYPGKF or 100ug/ml fucoidan
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(B) as shown, lysed, ar@TP-bound TC21 (upper panels) was extracted from platelet lysates (lower
panels, total TC21) using GSRAF-1-RBD coupled to Gluthationsepharose bead€) TC21 activation
induced by jug/ml CRP for 60 sec was evaluated in the presence pMlBP2 or PP3 as indicatg)
Washed platelets were incubated withm OXSF2 or DMSO vehicle for 5 min, then stimulated with
CRP as shown and evaluated for total and ®®&nhd TC21 as in (AYE) TC21 was immunoprecipitated
from lgG-sephargse prelearal lysates of GP\(stimulated platelets, with 29 of a-TC21 antibodies.
Washed.immunoprecipitate fractions were subject to western blottingili®21 ando-GPVI

antibodies as indicate¢F) FcyRIla was crosginked with 2.5ug/ml IV.3 antibodies followed by 50
ug/ml antkmouse,lgG(kwy) for the indicated times. GFBound, activated TC21 was precipitated from
platelet lysates'and detected by western blotting as above. All data representative od¢peradient

experiments each.

Fig. 6. TC21 is required for GPVI-mediated Raplb activation GTP-Raplb pulldown (upper panels)
with GST-RAELGDS-RBD from lysates (total Raplb, lower panels) of WTTG21null (KO) platelets
stimulated with.€RP at the indicated concentrations and for the indicated(#)n66.sec stimulation
with 2.5 or/Bug/ml CRP; (B) timecourse with 2.qug/ml CRP.

Fig. 7. TC24,regulates thrombus formation over collagen surfaces ard vivo hemostasis(A)
Representative images of thrombus formation on collagen surfaces in blood fromdWCT2ZL-null
(TC21 KO) mice in a flow chamber. Percentages of the imaging area covered by plateletaiante sho
the right, +ss.e.m. *p <0.05. (n=5). Bar, 5am. (B) Bleeding times following tail clip in WT antdC21-
null mice. *,p.< 0.002. (n = 20).

Fig. 8. Delay.and.instability ofin vivo arterial thrombus formation in TC21-null mice. (A)
Representative Doppler tracings of blood flovitia carotid artery following Feginduced injury in
TC21nullk(TE€21KO) and WT micegB) Time to occlusion anflC) stability of thrombus formation as

determined"bylack of restored blood flow in Doppler tracings11 each.
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Figure 2
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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