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Members of the 14-3-3 family of proteins function as
adapters/modulators that recognize phosphoserine/
phosphothreonine-based binding motifs in many intra-
cellular proteins and play fundamental roles in signal trans-
duction pathways of eukaryotic cells. In platelets, 14-3-3
plays a wide range of regulatory roles in phosphorylation-
dependent signaling pathways, including G-protein signal-
ing, cAMP signaling, agonist-induced phosphatidylserine
exposure, and regulation of mitochondrial function. In
particular, 14-3-3 interacts with several phosphoserine-
dependent binding sites in the major platelet adhesion

receptor, the glycoprotein Ib-IX complex (GPIb-IX), reg-
ulating its interaction with von Willebrand factor (VWF)
and mediating VWF/GPIb-IX-dependent mechanosignal
transduction, leading to platelet activation. The interaction
of 14-3-3 with GPIb-IX also plays a critical role in enabling
the platelet response to low concentrations of thrombin
through cooperative signaling mediated by protease-
activated receptors and GPlb-IX. The various functions
of 14-3-3 in platelets suggest that it is a possible target for
the treatment of thrombosis and inflammation. (Blood.
2018;131(22):2436-2448)

Introduction

Budded from nucleated megakaryocytes, nucleusless mamma-
lian platelets share many common cellular mechanisms and
molecules with nucleated cells. However, a unique aspect of
platelet function is to survey the vessel wall while in blood flow,
with the need to adhere quickly at sites of vascular injury and
aggregate into thrombi. These functions require mechanisms
of adhesion and signaling under elevated shear stress, which
differentiate platelet-specific cellular mechanisms from those of
other cell types. Whereas the trails of evolution are not clear,
some of the proteins expressed in platelets not only play fun-
damental roles in general eukaryotic cell biology but also be-
come adapted to mediate unique platelet functions. One such
example is the 14-3-3 family of proteins.

14-3-3 and 14-3-3 binding proteins

The 14-3-3 family of 27- to 32-kDa acidic proteins is expressed in
the cytoplasm of eukaryotic cells.” Seven 14-3-3 isotypes have
been found in mammals («/B, v, 7/0, €, m, o, and {/3), all of which
can form homodimers and heterodimers.” All 14-3-3 isotypes
have highly conserved sequences across species and share the
key feature of phosphorylation-dependent binding to serine/
threonine-based peptide motifs, which are found in >200 different
intracellular phosphoproteins.? These motifs are categorized as
mode 1 (RSXpSXP), mode 2 (RXY/FXpSXP),® and mode 3 (pS/TX.2
COOH),* where X represents an interchangeable amino acid
residue and lower-case p indicates phosphorylation.> However,
amino acid sequences in some identified 14-3-3 binding
sites, although homologous, do not conform precisely to these
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modes, and some can be homologous to >1 mode. For example,
the C-terminal 14-3-3 binding sites on platelet GPlba contain the
SIRYSGHSLS'-CO,H sequence, which conforms to mode 3, but
also show homology to modes 1 and 2.° Additionally, some
unphosphorylated peptide sequences were also shown to interact
with 14-3-3.7#8 On the basis of the known binding motifs, tools
including software,”'° databases,'” and Web servers,'? such as
Scansite,” ELM,"© and A Nnotation and Integrated Analysis of
the 14-3-3 interactome (ANIA),"" have been developed to help
predict 14-3-3 binding peptide sequences.

In target proteins, key Ser/Thr residues of the 14-3-3 binding
motifs can be phosphorylated by Ser/Thr protein kinases, in-
cluding AGC kinases (eg, protein kinase A), calcium/calmodulin-
dependent kinases, and LIM kinase,'*'* and dephosphorylated
by phosphatases (eg, PP2A and PP1),'¢'® thereby enhancing or
inhibiting, respectively, 14-3-3 binding (Figure 1)." In some proteins,
>1 serine residue can be phosphorylated, with variable effects.
Phosphorylation at both Ser residues in the GPlba cytoplasmic
RRPSS®7ALS®® sequence seems to be required for 14-3-3 binding.
In contrast, in the 14-3-3 binding sequence (RRS?'*RS?'8FT) of the
G-protein regulator RGS18, phosphorylation of Ser?'® is important
for high-affinity 14-3-3y binding, but phosphorylation at the
neighboring $2'® negatively regulates the interaction.?®?" Binding
of 14-3-3 to its partners can also be negatively regulated by 14-3-3
phosphorylation at Thr?*3 and Ser'®* (Figure 1).”

Members of the 14-3-3 protein family are involved in a variety of
phosphorylation-dependent cellular processes, either physiological
or pathological. The former include proliferation,? differentiation,*2>
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Figure 1. Phosphorylation-regulated binding between 14-3-3 and its target
proteins. Each 14-3-3 monomer contains a binding site for a serine/threonine-
phosphorylated 14-3-3 binding motif. Upon phosphorylation of target proteins, a 14-3-3
dimer can bind to 2 phosphorylated motifs in tandem in 1 target protein, modulating its
conformation/structure. A 14-3-3 dimer can also bind to 2 separate phosphoproteins,
acting as an adapter/scaffold for assembly of protein complexes. Phosphorylation of
14-3-3 at Thr?* and Ser'® negatively regulates its ability to interact with target proteins.
These features enable 14-3-3 to regulate protein function or transmit signals in a
phosphorylation-dependent manner, which can be controlled by a single protein kinase/
phosphatase pair or multiple protein kinases/phosphatases.

migration,?2® cytoskeleton reorganization, apoptosis,?*3° and cell-
cycle checkpoint control,*-** and the latter, cancer progression and
metastasis,*** although the mechanisms of action are not totally
clear. The dimeric nature of 14-3-3 proteins allows association with
2 phosphorylated serine/threonine motifs in the same or in 2
different target proteins (Figure 1).5% Thus, 14-3-3 dimers can act
as phosphorylation-dependent adaptors/scaffolds to influence
the interactions between 2 phosphoproteins,®-*? or they may also
modulate the conformation of a single polypeptide chain by binding
to 2 phosphorylated sites on the same polypeptide chain.*3840
Additionally, it is also possible that 14-3-3 binding inhibits the in-
teraction of its binding partner with other molecules.84142

14-3-3 and 14-3-3 binding proteins in
platelet biology

The { isoform of 14-3-3 was first identified in human platelets as a
29-kDa species associated with the glycoprotein Ib-IX complex
(GPIb-IX) membrane receptor®®; B, v, €, m,* and 6,*° but not a,*
isoforms have also been identified. All are present in the platelet
cytoplasm, but there are also reports on 14-3-3( presence in and
secretion from dense granules.#’#® Platelets express many pro-
teins that interact with 14-3-3, most of which are shared with
other cell types. By comparing the platelet proteome reported
by Burkhart et al*® with the ANIA database, we identified
71 proteins with experimentally confirmed phosphorylated
14-3-3 binding sites (Table 1). These proteins likely represent
only a small fraction of the full spectrum of 14-3-3 binding
targets in platelets, because this comparison also identified
>1000 proteins that were previously present in the eluates
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of a high-throughout 14-3-3 affinity capture assay.' Moreover,
ANIA identified another 427 candidates that potentially possess
14-3-3 binding motifs.

The large number of 14-3-3 binding proteins shared between
platelets and other eukaryotic cell types suggests that 14-3-3 is
likely to play a general role in serine/threonine phosphorylation-
dependent regulation of intracellular signaling pathways. These
include G-protein signaling, mitochondrial function,* regula-
tion of protein kinases, including protein kinase C,** and mel-
atonin synthesis.?”-*0->2 However, 14-3-3 also plays critical roles in
platelet-specific functions, such as regulation of megakaryocyte
proliferation and ploidy>® and GPlb-IX-mediated platelet ad-
hesion and signaling. In the following sections, we summarize
some of the major recent advances regarding the role of 14-3-3
in platelets.

14-3-3 in phosphorylation-dependent
regulation of G-protein signaling

Members of the 14-3-3 family are important in phosphorylation-
dependent regulation of both heterotrimeric G-protein and
small GTPase signaling pathways in platelets. Platelet agonists
stimulate 14-3-3+y binding to regulator of G-protein signaling
18 (RGS18), a protein that accelerates the hydrolysis of GTP and
the conversion of Ga subunits of heterotrimeric G-proteins to
their resting form. The binding of 14-3-3y to RGS18 attenuates
the inhibitory effect of RGS18 on G-protein signaling, thereby
potentiating platelet activation.?®?' Two 14-3-3 binding sites
were reported in RGS18: S49 and 52'8.2' The RGS18-14-3-3y
interaction is negatively regulated by phosphorylation of RGS18
at $?'¢ by cAMP-dependent (and possibly cyclic guanidine
monophosphate—dependent) protein kinase (PKA). During
platelet activation, 14-3-3 proteins also bind to Rap1GAP2, a
GTPase-activating protein of the small GTPase Rap1. This in-
teraction, possibly involved in the negative regulation of integrin
activation, requires phosphorylation of Rap1GAP2 at Ser”.>
In addition, PKA-mediated phosphorylation of the guanine nu-
cleotide exchange factor ARHGEF6 stimulates the association of
14-3-3 with the ARHGEF6/G protein-coupled receptor kinase—
interactor 1 complex,®® which may be involved in the negative
regulation of Rac1 activity.>® These studies not only suggest a role
for 14-3-3 in regulating G-protein signaling in platelets but also
suggest a role for cAMP-dependent protein kinases in regulating
14-3-3 binding. Conversely, 14-3-3 may also regulate cAMP
signaling by binding to phosphodiesterase 3A during platelet
activation.’

14-3-3 in platelet procoagulant activity

Recently, 14-3-3¢ was found to be important in platelet pro-
coagulant activity,*® because membrane exposure of phos-
phatidylserine (PS) induced by costimulation of thrombin and
collagen-related peptide was impaired in 14-3-3(—deficient mouse
platelets and in platelets treated with an inhibitor of 14-3-3 di-
merization. A reduction in thrombin generation was also observed
in these experiments. Defective PS exposure in 14-3-3(—deficient
platelets was associated with elevated mitochondrial respiratory
reserve and increased ATP synthesis* but not with the Bak/Bax-
mediated apoptosis pathway, in which 14-3-3 has been known to
play a regulatory role.>® GPlb-IX association with other 14-3-3
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Table 1. Experimentally confirmed platelet-expressed 14-3-3 binding proteins with identified phosphorylated
binding sites

UniProt Protein ID Protein name Binding site Representative functions in cell

P0O5556 ITB1 Integrin B1 T788 Forms integrin receptors a2B1 and o581 for
fibronectin, vitronectin, and collagen
binding

P0O0519 ABL1 Tyrosine-protein kinase ABL1 T735 Cell growth and survival

Q9UJU6 DBNL Drebrin-like protein T291, S269 Endocytosis, cytoskeleton reorganization

Q9Y3C5 RNF11 RING finger protein 11 T135 Protein-protein interactions

Q6R327 RICTR Rapamycin-insensitive companion of mTOR T1135 Cell growth

096013 PAK4 Serine/threonine-protein kinase PAK 4 S99 Cytoskeleton reorganization

Q99683 M3K5 MAPK kinase kinase 5 S966 Cell differentiation and survival

Q92974 ARHG2 Rho guanine nucleotide exchange factor 2 S886, T114 Multiple cellular processes related to
G-protein—coupled receptors

P16333 NCK1 Cytoplasmic protein NCK1 S85 Cytoplasmic adaptor protein, transducing
signals from receptor tyrosine kinases

P27986 P85A PI3K regulatory subunit o S83 Cytoplasmic adaptor protein/insulin
metabolism

Q99959 PKP2 Plakophilin-2 S82 Protein binding and bridging

000159 MYO1C Unconventional myosin-Ic S736 Intracellular movements

Q8N122 RPTOR Regulatory-associated protein of mTOR S722,S792 Protein bridging/cell growth, survival, and
autophagy

P40818 UBP8 Ubiquitin carboxyl-terminal hydrolase 8 S718 Hydrolysis of ester, thioester, amide, and
peptides/regulates protein turnover

P19634 SL9A1 Sodium/hydrogen exchanger 1 S703 pH regulation/intracellular signal
transduction

Q5PRF9 SMAG2 Protein Smaug homolog 2 S642 Transcription repression

P07359 GP1BA GPlba S606, S575 Mediates platelet adhesion and aggregation
by binding to VWF A1 domain and other
ligands

Q9Y4H2 IRS2 Insulin receptor substrate 2 S577, 51148 Mediate various cellular processes related to
insulin

Q9NSKO KLC4 Kinesin light chain 4 S554, S590 Part of kinesin, a microtubule-associated
molecular motor

Q07866 KLC1 Kinesin light chain 1 S545 Part of kinesin, a microtubule-associated
molecular motor

Q06187 BTK Tyrosine-protein kinase BTK S51, T495 Protein and metal ion binding/Cell activation
and signaling

014974 MYPT1 Protein phosphatase 1, regulatory S472 Part of protein phosphatase 1C

subunit 12A
060825 F262 6-phosphofructo-2-kinase/fructose-2,6- S466, S483 Synthesis and degradation of fructose
bisphosphatase 2 2,6-bisphosphate
Q96TC7 RMD3 Regulator of microtubule dynamics protein 3 S46 Calcium homeostasis
Q9BZL4 PP12C Protein phosphatase 1 regulatory subunit 12C S452 Myosin phosphatase regulator

BTK, Bruton tyrosine kinase; mRNA, messenger RNA; mTOR, mammalian target of rapamycin.
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Table 1. (continued)

UniProt Protein ID Protein name Binding site Representative functions in cell

Q86VP3 PACS2 Phosphofurin acidic cluster sorting protein 2 S437 Controls endoplasmic reticulum-mitochondria
communication/protein trafficking/
apoptosis

Q14432 PDE3A cGMP-inhibited 3',5’-cyclic phosphodiesterase A 5428 Phosphodiesterase activity/cAMP- and
cGMP-mediated signaling

Q7KzI7 MARK2 Serine/threonine-protein kinase MARK2 5400, T596 Protein phosphorylation/microtubule
dynamics regulation

Q13094 LCP2 Lymphocyte cytosolic protein 2 S376 Protein kinase activity regulation/platelet
activation

P15056 BRAF Serine/threonine-protein kinase B-raf S365, 5729 Signal transduction

015530 PDPK1 3-phosphoinositide-dependent protein kinase 1 S354 Regulates the phosphorylation and
activation of a group of protein kinases/
signal transduction

Q9Y4H4 GPSM3 G-protein-signaling modulator 3 S35 Regulates the activation of G(i) a proteins

Q8IVTS KSR1 Kinase suppressor of Ras 1 S309, S404 Acts as a scaffold protein that promotes
phosphorylation of Raf family members
and activation of MAPKs

Q9Y6R0O NUMBL Numb-like protein S305, S324 Signal transduction

P23528 COF1 Cofilin-1 S3, 524 Regulates actin cytoskeleton organization

Q14247 SRC8 Src substrate cortactin $298 Regulates actin cytoskeleton organization
and cell deformation/intracellular protein
transport

P48729 KC1A Casein kinase | isoform a S218, S242 Phosphorylates a large number of proteins
and participates in a wide variety of cell
signaling pathways

Q9NS28 RGS18 RGS18 S218 Mediates G-protein-coupled receptor
signaling pathway

P10398 ARAF Serine/threonine-protein kinase A-Raf S214, S582 Protein phosphorylation and metal ion
binding/cell signaling

Q8NHGS8 ZNRF2 E3 ubiquitin-protein ligase ZNRF2 $19, S82 Protein ubiquitination and ubiquitin-protein
transfer

Q53ETO CRTC2 CREB-regulated transcription coactivator 2 S171 Glucose homeostasis/cell signaling

P42575 CASP2 Caspase-2 S164 Apoptosis execution

Q96F86 EDC3 Enhancer of mRNA-decapping protein 3 S161 mRNA degradation and decapping

Q13363 CTBP1 C-terminal-binding protein 1 S158 Histone modification/protein binding and
phosphorylation

Q9GZY8 MFF Mitochondrial fission factor S157 Mediates mitochondrial and peroxisomal
fission

Q12802 AKP13 A-kinase anchor protein 13 S1565 Acts as a scaffold protein/mediates signaling
downstream of G-protein-coupled
receptors

Q15418 KS6A1 Ribosomal protein Sé kinase a-1 S154 Protein phosphorylation/cell signal
transduction and proliferation

Q13813 SPTN1 Spectrin a chain, non-erythrocytic 1 51302 Cytoskeleton movement

BTK, Bruton tyrosine kinase; mRNA, messenger RNA; mTOR, mammalian target of rapamycin.
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Table 1. (continued)

UniProt Protein ID Protein name Binding site Representative functions in cell

Q9UQQ2 SH2B3 SH2B adapter protein 3 $13, S150 Signal transduction/megakaryocyte
development and platelet production

P49815 TSC2 Tuberin $1211, S1254, S939 | Regulates protein kinase activity/mediates
signal transduction, endocytosis, and cell
proliferation

Q00536 CDK16 Cyclin-dependent kinase 16 S119 Protein phosphorylation/mediates vesicle-
mediated transport processes and
exocytosis

094921 CDK14 Cyclin-dependent kinase 14 S119 Protein phosphorylation/mediates cell
proliferation

Q07889 SOS1 Son of sevenless homolog 1 S1134, S1161 Regulates phosphorylation of MAPK and Ras
to Rac signal transduction

043896 KIF1C Kinesin-like protein KIF1C $1092 Molecular motor for the transport of vesicles

Q96PUS NED4L E3 ubiquitin-protein ligase NEDD4-like S342, S448 Protein ubiquitination/ion transportation
and protein localization

Q2PPJ7 RGPA2 Ral GTPase-activating protein subunit a-2 T715 Subunit of the heterodimeric RalGAP2 complex

043524 FOXO3 Forkhead box protein O3 T32, S253 Cell response and apoptosis/protein and
DNA binding

Q8WYL5 SSH1 Protein phosphatase Slingshot homolog 1 §978, S937, S834 | Protein dephosphorylation/actin
cytoskeleton organization

P49796 RGS3 Regulator of G-protein signaling 3 S943 Heterotrimeric G-protein signaling suppression

P21802 FGFR2 Fibroblast growth factor receptor 2 S782 Cell proliferation, differentiation, migration,
and apoptosis

P35222 CTNB1 Catenin B-1 S552 Regulates Wnt signaling pathway/insulin
internalization/protein phosphorylation
and ubiquitination/cell adhesion,
proliferation, differentiation, and
apoptosis

Q9UBF8 P14KB Phosphatidylinositol 4-kinase B S294 Protein phosphorylation/signal transduction
and endocytosis

Q9UPAS5 BSN Protein bassoon $2851 Metal ion binding/synapse assembly

Q86TIO TBCD1 TBC1 domain family member 1 §237, T596 Vesicle and protein trafficking/glucose uptake

Q15418 KS6A1 Ribosomal protein Sé6 kinase a-1 S154 Protein phosphorylation/signal
transduction/cell proliferation, survival,
and differentiation

Q9H6H4 REEP4 Receptor expression-enhancing protein 4 S152 Microtubule binding

P08069 IGF1R Insulin-like growth factor 1 receptor S1313 Protein phosphorylation/signal
transduction/cell migration and
proliferation

P43405 KSYK Tyrosine-protein kinase SYK S297 Signal transduction downstream of
transmembrane receptors/mediates
platelet adhesion and activation

P49757 NUMB Protein numb homolog S276, S295 Cell junction organization and cell migration

Q9UKF7 PITC1 Cytoplasmic phosphatidylinositol transfer protein 1 S274, 5299 Lipid transportation/signal transduction

075791 GRAP2 GRB2-related adapter protein 2 S262 Interacts with SLP-76 to regulate NF-AT
activation/signal transduction

BTK, Bruton tyrosine kinase; mRNA, messenger RNA; mTOR, mammalian target of rapamycin.
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Figure 2. Three modes of 14-3-3 binding to GPlb and
the toggle switch hypothesis on VWF binding to A

GPIb-IX regulation by cAMP signaling. (A) Dimeric VWE
14-3-3 binds to both GPlba C-terminus and PKA-
phosphorylated GPIbB. This binding mode is associ-
ated with a low GPIb-IX affinity for VWF. (B) Dimeric
14-3-3 binds to the GPlba C-terminus and to an internal
site in GPlba, which overlaps with the filamin binding site;
this mode is associated with GPIbB dephosphorylation
and high GPIb-IX affinity for VWF. In this interaction mode,
14-3-3 may compete with or modulate GPlb-IX interaction
with filamin A. (C) 14-3-3 dimer binds to GPlba C-terminus,
potentially linking GPlb-IX to another intracellular protein. Fil
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proteins and agonist-stimulated platelet granule secretion/
aggregation are not affected by 14-3-3¢ deficiency. Surpris-
ingly, platelet deficiency of the 14-3-3( isoform alone was found
to be sufficient to inhibit arterial thrombosis without affecting
platelet aggregation or hemostasis.*® Another study suggested
that 14-3-3 promotes platelet PS exposure by binding to GPlba
and facilitates the activation of apoptosis signaling pathways
during rewarming of cold platelets.?

GPIb-IX, a platelet-specific target

of 14-3-3

GPIb-IX is a major receptor for platelet adhesion under condi-
tions of both arterial and venous blood flow.®° It was the first
identified platelet receptor interacting with 14-3-3¢" and unique
among 14-3-3 binding proteins for its platelet-specific expres-
sion and functions in hemostasis, thrombosis, and inflammation.
At the site of vascular injury or inflammation, circulating platelets
adhere to the vessel wall and aggregate to form thrombi. Platelet
adhesion must be sufficiently fast and strong to overcome the
adverse hemodynamic forces of blood flow. This is achieved by
a 2-step process where flowing platelets are first captured by
the blood vessel wall via the rapid interaction between platelet
GPIb-IX and von Willebrand factor (VWF) immobilized on the
exposed vascular subendothelial matrix or inflamed/injured
endothelium.®®¢2¢3 Subsequently, GPIb-IX induces intracellular
signals to activate another platelet adhesion receptor, integrin
a3 (glycoprotein llb-llla), which mediates stable platelet ad-
hesion and aggregation.®¢?

GPlb-IX is composed of disulfide-linked GPlba and GPIbB with
noncovalently associated GPIX.”>”®* The GPlb-IX complex is also
noncovalently associated with GPV, a possible negative regulator of
GPIb-IX function.”*”” The ligand binding sites of GPIb-IX are located
within the N-terminal region of the GPlba extracellular domain
containing 7 tandem leucine rich repeats (LRRs), where the VWF A1
domain binds to a concave structure covering a large area
(Figure 2).78-8° The N-terminal region of GPlba also binds to
thrombin 88 Mac-1 integrin (wmB2),%* P-selectin,® coagulation
factors XI# and XII,#” and high molecular weight kininogen.8 Crystal
structures of thrombin in complex with the GPlba N-terminal domain
have shown the possibility of 2 distinctive sites of interaction,®° but
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their respective functional significance remains controversial.?*2
Nonetheless, a region surrounding 3 sulfated tyrosine residues
(Tyr?7¢, Tyr?’8, and Tyr?”?) was determined to be critical for thrombin
binding.”" A heavily glycosylated long stalk (macroglycopeptide)
connects the GPlba: N-terminal region to its membrane-spanning
region, where GPlba, GPIbB, and GPIX are associated.”? The cy-
toplasmic domain of GPlba is linked to the actin filament network
underlining the cell membrane (membrane skeleton) through filamin
A crosslinking. Filamin A binding to the GPlba cytoplasmic domain
has been shown to involve residues Thr?3-Phe>%8 % Leu>%¢-Val>7¢,%*
Leu?-Pro®”?,%° Val*'-Leu®®, and possibly also Leu®#3-Ser®?1.7697

The binding of VWF to GPIb-IX® is tightly regulated by various
mechanisms. It is currently thought that VWF-GPlba binding does
not occur unless VWEF is activated, which can be achieved by binding
to collagen,”® immobilization on the surface of inflamed endothelial
cells,” pathologically high shear stress,'® %" desialation,'® gain-
of-function mutations (mostly in the A1 domain),8%1931%4 or de-
ficiency of the VWF cleaving enzyme ADAMTS13.1% ADAMTS13
deficiency causes the persistence of ultralarge VWF multimers in
the circulation, which are active in binding to GPlb-IX and mediate
platelet adhesion, agglutination, and microvascular thrombosis,
thus causing thrombotic thrombocytopenic purpura.’®'%8 |n the
laboratory, agents like ristocetin'® and botrocetin'® are used
to induce VWF activation. Flow shear force greatly promotes
VWF binding to GPlb-IX.""" Shear stress on VWF may stretch the
macromolecule and change its conformation around the A1
domain, relieving the autoinhibitory interdomain associations
within the ATA2A3 tridomain and between A1 and D'D3, thus
enhancing the affinity of the A1 domain for GPIlb-IX."211¢ |m-
portantly, GPlb and VWF form a shear-resistant bond, the affinity
of which is increased under the dislodging force as exerted
by shear (observed as catch bond or flex bond by different
groups).'17-121

The binding of VWF to GPlba may also be regulated by mu-
tational changes in GPlb-IX (eg, platelet type VWD)'?2 and in-
tracellular signaling. PGl, and PGE;, which elevate intracellular
cAMP, reduce VWF binding and inhibit VWF-dependent platelet
agglutination,?”:123124 ‘hypothetically by stimulating the phos-
phorylation of GPIb (Ser'¢¢) by cAMP-dependent PKA.77.124.125
PKA may potentially regulate GPlb-IX by modulating the as-
sociation of GPIb-IX with the membrane cytoskeleton, because
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the inhibitory effect of PGE; can be reversed by actin depoly-
merizing agents.”’

Association of 14-3-3 with GPIb-IX

All 6 14-3-3 isotypes expressed in platelets can bind GPlb-IX.45
High-affinity binding of 14-3-3 isotypes to GPlb-IX requires the
engagement of the GPlba cytoplasmic domain C-terminal
Se02IRYSGHpPSL®'® sequence,*¢''24 in which Ser®®® phosphory-
lation is important. To note, Ser®® is almost 100% constitutively
phosphorylated, with only limited and localized dephosphorylation
after platelet spreading on VWF,'2¢127 suggesting that this binding
site should mostly remain in a high-affinity state. Even in the Seré®-
dephosphorylated state, GPlba—14-3-3 interaction may still be
detectable, although the affinity is reduced.’?® Two additional
14-3-3 binding sites in GPlba were reported at residues Ala®'-
Arg>¢4612% and Leus80-Ser®,127.130 Both contain phosphoserines
(Ser®>? and Ser®®7/Ser®?°) that are important for the binding of
14-3-3.127127 The Leu®-Ser®? sequence is close to the C-terminal
S02IRYSGHSL' binding site; however, it remains to be deter-
mined whether they are independent tandem binding sequences
for a 14-3-3 dimer or whether the entire region can only ac-
commodate the binding of 1 14-3-3 monomer. Nevertheless, it is
possible that, under certain conditions, dimers of 14-3-3( may
simultaneously interact with 2 of these binding sites in GPlba.

In addition to the 3 binding sites in GPlba, another 14-3-3
binding site was suggested to exist in the GPIbf cytoplasmic
domain at Arg164-Pro'’, in which phosphorylation of Ser'é¢ is
required.® '3 Disrupting the GPIbB binding site does not affect
14-3-3{-GPIb interaction,'® suggesting that GPIbg is not re-
quired for 14-3-3 binding to GPlba. Therefore, the following
possible modes of 14-3-3( dimer-GPlb interaction are proposed:
a 14-3-3 dimer interacts with GPlba and GPIbp when GPIbg is
phosphorylated; a 14-3-3 dimer interacts with 2 binding sites in
GPlba; and a 14-3-3 dimer binds to GPlba and possibly a dif-
ferent protein, such as a signaling molecule (Figure 2).

The role of 14-3-3 in regulating the
binding of VWF to GPIb-IX and
platelet adhesion

A myristoylated peptide modeled on the 14-3-3 interaction site of
GPlba, MPaC, inhibited the binding of 14-3-3 to GPIb-IX and
interfered with VWF binding, ristocetin-induced platelet aggluti-
nation, and platelet adhesion to VWF under flow.'?* Likewise,
another 14-3-3 binding site peptide (557-561) was also reportedly
inhibitory.? The effect of these compounds is consistent with
reports demonstrating reduced VWF binding to GPlb-IX mutants
lacking the C-terminal 14-3-3 binding site of GPlba.'?*'32 Thus, the
interaction of GPlba with 14-3-3 isimportant in promoting the VWF
binding function of GPIb-IX. In contrast, phosphorylation of GPIbf
Ser'% by PKA enabled the binding of 14-3-3 to GPIbB and seemed
to negatively regulate VWF binding to GPIlb-IX. A conserved
mutation of GPIbB Ser'é to alanine (but not glycine) was reported
to enhance VWF binding.’?*12>133 Although controversial, it was
hypothesized that when GPIbp is phosphorylated by PKA, the
binding of dimeric 14-3-3 to both GPlba and GPIbg (Figure 2A)
allows GPlb-IX to stay in a resting conformation with a low affinity
for VWF. However, when GPIbB becomes dephosphorylated, the
binding of the 14-3-3 dimer is switched to 2 sites in GPlba, thereby
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facilitating VWF binding to GPIb-IX (Figure 2B). In this toggle
switch hypothesis, the binding of GPlba C-terminal sequence
to 14-3-3 serves as an anchor point that facilitates a cAMP- and
14-3-3¢-dependent switch between resting and activated states
of GPIb-IX binding to VWF (Figure 2B).24134 Consistent with this
hypothetical model, fusicoccin, a fungal toxin that enhances 14-3-3
binding to GPlba while negatively affecting 14-3-3 binding to the
phosphorylated GPIbB peptide, stimulates VWF-dependent
platelet adhesion, agglutination, and aggregation.'

If the toggle switch model is correct, it raises the question of how
14-3-3 dimers interacting with GPlba enhance VWF binding.
Interestingly, the GPlba sequence that is important for filamin A
binding overlaps with 2 proposed 14-3-3 interaction sites at
Ala%5'-Arg®* and Leu®®-Ser®0,%> suggesting that the binding
of 14-3-3 to these sites likely interferes with the binding of filamin
A. Notably, VWF binding to GPIb-IX is enhanced when the filamin
A interaction site (together with all 14-3-3 binding sites) is deleted.”
This suggests that the VWF binding function of GPlb-IX is active
when filamin binding is abolished, even when 14-3-3 binding is also
absent. Furthermore, actin depolymerization also enhanced VWF
binding to GPIb-IX as well as shear- or ristocetin-induced platelet
agglutination.””:"% Thus, it is hypothesized (but yet to be proven)
that the binding of 14-3-3 to both the GPlba C-terminal domain and
the filamin binding domain promotes the VWF binding function by
regulating the interaction of filamin with GPlba (Figure 2A-B).

It is unclear how the filamin-mediated GPlb-IX association with
the membrane skeleton regulates VWF binding. If this associ-
ation, as suggested,”’ affects the binding of VWF multimers but
not A1 domain fragments, 1 possibility is that cytoskeleton
linkage maintains a conformational resting state in the GPlba
ligand binding domain. Alternatively, association with the mem-
brane skeleton may restrict GPlb-IX membrane distribution,”
limiting lateral cis-interactions between GPIlb-IX molecules, thus
preventing clustered binding between tightly grouped GPlb-IX
molecules and A1 domains in VWF multimers. Filamin A-GPlb-IX
association is important for adherent platelets to resist shear-
induced detachment,” and GPlb-IX-14-3-3 association was
partially reduced, but not abolished, after high shear-induced
platelet aggregation,” suggesting a reduction in affinity after
VWEF-dependent platelet aggregation. These reports again raise
the possibility that filamin A and 14-3-3 may compete with or mod-
ulate each other in binding to their overlapping sites, with 14-3-3
occupying 2 sites in the GPlba C-terminal domain before
VWEF-GPlba binding (Figure 2B) but only the C-terminal site after
VWEF-GPlba establishes an interaction (Figure 2C).

The role of 14-3-3 proteins in
VWEF-induced, GPIb-mediated platelet

mechanosensing and activation signaling

The binding of VWF to GPIb-IX, independent of other platelet
receptors, induces signals leading to the activation of integrin
apP3.66%138 Whereas VWF binding to GPIb-IX activates integrin o33
even under static conditions,®*4¢ more robust platelet activation
signaling is induced under shear. During platelet adhesion to
VWE, shear stress causes an early wave of GPlb-dependent calcium
elevations followed by more pronounced integrin-mediated calcium
elevations.®56713%140 GPlb-IX may thus act as a shear force sensor,
converting VWF-mediated mechanical force into robust intracellular
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Figure 3. The role of 14-3-3 in GPIb-IX signaling. (A) VWF binding and shear force-induced, GPlb-mediated mechanosensing and 14-3-3(-dependent GPIb-IX signaling
pathways. (i) VWF binding to GPlb-IX in a conformation with folded MSD and LRRs. (i) Pulling force generated by shear stress induces unfolding of LRR and MSD, converting
mechanical signal into GPIb conformational changes in the membrane-proximal/spanning domain, which induces a 14-3-3-dependent signaling cascade leading to granule
secretion and integrin activation. (B) Cooperative signaling between GPIb-IX and protease-activated receptors (PARs) dependent on 14-3-3 (adapted from Estevez et al'*).
Thrombin cleavage of PART or PAR4 and binding to GPIb-IX induces 14-3-3-dependent cooperative signaling between GPIb-IX and PARs, enabling platelet response to low
thrombin concentrations. cGMP, cyclic guanidine monophosphate; ITAM, immunoreceptor tyrosine-based activation motif; LIMK1, LIM kinase 1; NO, nitric oxide; PI3K,
phosphatidylinositol 3-kinase; PKC, protein kinase C; PKG, cGMP-dependent protein kinase; TXA2, thromboxane A2.

chemical signals that lead to integrin activation, integrin-mediated
platelet firm adhesion, and signal amplification.'*'

The binding of VWF to the GPlba N-terminal ligand binding
domain under flow exerts a pulling force on GPlb-IX anchored in
the platelet membrane. By using dynamic force spectroscopic
techniques and a VWF A1 domain-coated probe, recent studies
by 2 different groups suggested that pulling via engaged
VWEF unfolds and extends a mechanosensitive domain (MSD) in
the extracellular membrane-proximal/spanning region of GPlba
(Figure 3Ai-ii)."#2143 Unfolding of the MSD was associated with
intracellular calcium elevation, suggesting the conversion of
pulling force into chemical signaling.’? Pulling on GPlba by
VWF also unfolds the LRR domain near the ligand binding site of
GPlba (Figure 3Aii), which facilitates MSD unfolding.'*? Thus, it is
proposed that the binding of VWF to GPlba transmits a pulling
force to unfold the LRR domain and MSD and propagates these
conformational changes into the membrane, inducing intracel-
lular signaling. MSD unfolding was also suggested to be im-
portant in triggering in vivo platelet clearance.’*

14-3-3 proteins are important in GPlb-IX signaling and mecha-
nosensing. Deletion of the C-terminal 14-3-3 binding site in GPlba
inhibited VWF-induced integrin activation in a CHO cell line
expressing human GPlb-IX and oy,B3, as well as integrin-
dependent spreading of these cells on VWF.%¢ Decreased cell
spreading on VWF was also demonstrated when the 14-3-3
binding site between Leu®®-Ser®? of GPlba was deleted or Ser>?°
was mutated to Ala'? and when GPlb-IX/a,B3-expressing cells

THE ROLE OF 14-3-3 PROTEINS IN PLATELET BIOLOGY

were transfected with a small 14-3-3 fragment containing the GPlb
binding site.®® Recent work demonstrated that MPaC strongly
inhibited intraplatelet Ca?* fluxes induced by the pulling of GPlba
with recombinant VWF A1 domain.'* Because the binding of A1
domain to GPlba, unlike that of VWF multimers, is not inhibited
by the 14-3-3/filamin-dependent regulatory mechanism described
in the previous section, this study has provided strong evidence that
14-3-3 directly participates in the mechanosignaling of GPlb-IX.

The role of 14-3-3 proteins in
thrombin-induced platelet activation

Thrombin-induced platelet activation requires thrombin-mediated
cleavage of the N-terminal regions of PAR1 (humans) and PAR4
(humans and mice) to expose new N-terminal sequences that act as
tethered ligands for the same receptors. In mice, PAR3 facilitates
thrombin cleavage of PAR4.' Tethered ligand binding activates
receptor-coupled G-proteins Gag, Ga12/13, and Gai (possibly
indirectly), leading to integrin activation. However, PARs cannot fully
activate platelets at low thrombin concentrations. GPlb-IX, a high-
affinity thrombin receptor,®'#2 is also required.'*'%® This is rele-
vant because thrombin is present locally at low concentrations
after laser-induced experimental arterial injury and yet is critical
for thrombosis,'* consistent with a reportedly VWF-independent
role of GPIb-IX in arterial thrombosis."*? How GPlb-IX functions in
thrombin-induced platelet activation is still debated, because it
has been proposed either as a passive dock presenting thrombin
to PARs™° or a proper receptor signaling independently of PARs. 31152
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A recent study indicated that neither may be true and provided
evidence that GPIb-IX and PARs signal cooperatively and in a
mutually dependent fashion to induce platelet activation in re-
sponse to low-dose thrombin (Figure 3B)."4

GPlb-IX-mediated signaling and platelet activation in response
to low-dose thrombin requires the binding of 14-3-3 to the
GPlba C-terminal domain.'* Low-dose thrombin-induced Ca?*
signals and platelet activation’® were both impaired in CHO
cells expressing a truncation mutant of GPloa lacking the 14-3-3¢
binding region, as well as in platelets or CHO cells treated with
MPaC, which blocks the interaction of 14-3-3 with GPlba. Fur-
thermore, the role of 14-3-3 in low-dose thrombin-induced platelet
activation is independent of thrombin binding to GPlba, which
is not affected by inhibiting GPlba—14-3-3 interaction.'# Instead,
14-3-3 seems to mediate a thrombin-induced, GPlb-IX-specific
signaling pathway leading to LIMK1 activation through Lyn and
Rac1 (Figure 3B)."¢ Thus, a Lyn/Rac1/LIMK1 pathway is important
for cooperative signaling of GPIb-IX and PARs in response to low-
dose thrombin.

14-3-3-dependent GPIb-IX
signaling pathways

GPlb-IX-dependent platelet activation signals induced by
VWF or low-dose thrombin both require the binding of 14-3-3 to
the cytoplasmic domain of GPlba. They also share downstream
signaling molecules and pathways, including Rac1,'46153 Lyn, 68154155
PI3K, and Akt'>¢'%%; the cyclic guanidine monophosphate—
dependent protein kinase pathway®’; and mitogen-activated
protein kinases p38 and ERK'™?1¢° and LIMK1.14¢1¢" |n particular,
the stimulatory role of LIMK1 in platelet activation is selective for
the GPIb-IX signaling pathway. Therefore, it is likely that VWF and
thrombin share the same 14-3-3-dependent GPIb-IX signaling
pathway, as illustrated in Figure 3Aii and reviewed elsewhere.™!

It remains unclear how 14-3-3 mediates the rather complex
GPlb-IX signal transduction pathway. The ability of 14-3-3 to
function as a scaffold makes it tempting to hypothesize that
14-3-3 links GPlb-IX to a key signaling molecule (Figure 2C).
There was a report that 14-3-3 is involved in the complex that
forms between GPIb-IX and PI3K.'®? However, a subsequent
report suggested that PI3K directly interacts with GPlb-IX."2 There
have been reports that the Src family kinases (c-Src and Lyn) and
PI3K are coimmunoprecipitated with GPIb-IX.** However, the role
of 14-3-3 in these associations is not definitively established.

The therapeutic potential of 14-3-3

inhibitors in platelets

The involvement of 14-3-3 in multiple biological processes has
inspired the development of inhibitors and modulators of 14-3-3
proteins as new drugs, including peptides and small-molecule
compounds that either destabilize 14-3-3 dimerization or inhibit
or stabilize the interaction of 14-3-3 with its targets. In platelets,
GPIb-IX contributes to thrombosis, particularly in stenotic ar-
teries and arterioles.’®* The importance of 14-3-3 in GPlb-IX-
dependent platelet adhesion and signaling under high shear
stress and in thrombin-induced platelet activation makes it an
excellent target for drug development. MPaC, which selectively
interferes with the binding of 14-3-3 to GPlba, is a potent inhibitor of
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platelet adhesion to VWF, signaling under shear force, and platelet
activation induced by low-dose thrombin in vitro and reduces arterial
thrombosis in vivo with minor bleeding consequences.'?* MPa.C also
inhibited microvascular thrombosis and mortality in endotoxemic
mice, suggesting a potential use for treating systemic inflamma-
tion." RB-011, a 14-3-3 dimer destabilizer, inhibited the procoag-
ulant activity of platelets similar to 14-3-3{ deficiency.* These data
indicate that 14-3-3 is an attractive target for the development of
new antithrombotic/anti-inflammatory drugs. However, the many
fundamental roles that 14-3-3 plays in eukaryotic cell biology raise
the possibility for nonspecific effects, warranting caution in stages of
development involving humans.

Conclusions

The past 2 decades have witnessed the discovery of 14-3-3
proteins and their important roles in eukaryotic cell biology. In
platelets, 14-3-3 is not only involved in phosphorylation-dependent
signaling common to eukaryotic cells, but also critical for specific
platelet adhesion and activation signaling pathways, particularly
GPlb-IX signaling. The most recent advances include the discovery
that 14-3-3 is a central player in GPlb-IX-mediated mechano-
sensing,'#? cooperative signaling between PARs and GPlb-IX in
response to low-dose thrombin,'* and platelet procoagulant
activity.* These advances provide the rationale for considering
14-3-3 as a new target for antiplatelet drug development. Future
studies will test the concept that inhibiting 14-3-3 could improve
our ability to prevent and treat thrombosis in severely stenotic
arteries with extremely high shear stress, in the microvasculature
during episodes of thrombotic thrombocytopenic purpura, and
during vascular inflammation.
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