Hervé Falet

Abstract

The platelet cytoskeleton maintains the discoid shape of the resting platelet and mediates a
rapid shape change in response to external stimuli at sites of vascular injury. At rest,
specific cytoskeletal structures and molecules maintain the unique architecture of the
platelet actin cytoskeleton, connect it to the plasma membrane, and prevent actin monomer
assembly onto actin filaments. Platelet activation stimulates the interactions of cytoplasmic
signals with actin regulatory proteins to initiate and amplify actin filament growth neces-
sary for platelet shape change. This chapter reviews the cellular mechanisms and proteins
maintaining the morphology of resting and activated platelets, focusing on the actin
cytoskeleton and exciting recent mRNA and protein profiling studies, clinical observations,

and mouse models.

Introduction

Following blood vessel injury and disruption of the vascular
endothelium, platelets interact avidly with exposed elements
of the basement membrane and rapidly change from resting
discs to active forms, first by rounding and then by extending
finger-like filopodia and spreading thin sheet-like
lamellipodia. This shape change reaction is further amplified
by soluble factors released by activated platelets. Shape
change is orchestrated by the platelet cytoskeleton, which
has therefore two main functions: (1) to maintain the biconvex
discoid shape of the resting platelet and (2) to mediate a rapid
shape change in response to external stimuli at sites of vascu-
lar injury. The platelet cytoskeleton is composed of actin and
tubulin polymers and associated cytoskeletal proteins, which
compose a large fraction of the platelet proteome. Mutations
and single nucleotide polymorphisms (SNPs) in genes
encoding cytoskeletal proteins often lead to altered platelet
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counts and mean platelet volume. Table 1 lists the major
cytoskeletal proteins regulating the resting and activated
platelet cytoskeleton, based on recent mRNA and protein
profiling studies, clinical observations, and mouse models,
while the major actin regulatory proteins regulating the plate-
let actin assembly reaction are listed in Table 2.

The Cytoskeleton of the Resting Platelet
Actin

Actin is by far the most abundant protein in platelets, where it
represents 15-20 % of the total cellular protein mass. Platelet
actin is evenly distributed between f-actin and y-actin, also
called cytoplasmic actins 1 and 2, respectively (Rowley et al.
2011; Burkhart et al. 2012) (Table 1). In resting platelets,
about 40 % of total actin is assembled into dynamic polymers
or filaments (F-actin) that can be reversibly assembled from
monomeric or globular actin (G-actin). The distribution of
actin in filaments reaches 80 % in activated platelets.

Actin filaments are polarized structures, first recognized by
electron microscopy by the way filaments can be decorated
with the myosin head domain, which binds periodically along
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Table 2 Major actin regulatory proteins regulating the platelet actin assembly reaction

Protein Human Mouse
Gene Position | Monomers | mRNA | Mutation phenotype Gene | mRNA Mutation phenotype

Actin monomer-sequestering proteins

Thymosin 4 | TMSB4X |Xq22.2 ? 5313.27 Tmsb4x |53,308.40

Profilin 1 PFNI 17q13.2 | 503,000 321.11 Pfnl 838.32 | Mild thrombocytopenia,

small platelets

Actin filament-capping proteins

CapZ al CAPZAI |1pl3.2 20,900 3.68 Capzal 5.56

CapZ a2 CAPZA2 |7q31.2 16,400 66.38 Capza2 75.34

CapZ p CAPZB | 1p36.13 |26,400 96.31 Capzb 277.26

Gelsolin family

Gelsolin GSN 9q33.2 52,900 84.42 Gsn 550.34 | Impaired actin assembly

Flightless 1 FLIl 17p11.2 | 6800 30.84 Flii 31.84

Supervillin SVIL 10p11.23 | 620 7.79 | SNP-MPV Svil 2.31 | Large platelets

ADF/cofilin family

Cofilin CFLI 11q13.1 244,000 339.56 Cfll 853.24 | Mild thrombocytopenia,

1, non-muscle large platelets

ADF (destrin) | DSTN 20p12.1 | 14,400 11.93 Dstn 146.96 | Normal

Arp2/3 complex

Arp2 ACTR2 2pl4 30,300 23.09 Actr2 33.16

Arp3 ACTR3 2q14.1 30,600 19.78 Actr3 21.26

p4l-Arc ARPCIB |7q22.1 19,100 7.75 Arpclb 133.87

p34-Arc ARPC2 | 2q35 17,400 84.63 Arpc2 389.84

p21-Arc ARPC3 12q24.11 | 27,500 17.18 Arpc3 299.13

p20-Arc ARPC4 | 3p25.3 26,000 168.27 Arpcd 40.87

pl6-Arc ARPCS 1q25.3 22,900 149.37 Arpcs 90.31

WASp family and actin nucleation-promoting factors

WASp WAS Xpl11.23 | 4000 4.94 | Severe thrombocytopenia Was 25.90 | Mild thrombocytopenia
(in males), small platelets

WIP WIPF1 2q31.1 5400 552.88 | Severe thrombocytopenia Wipfl 75.26 | Mild thrombocytopenia
(platelets lack WASp) (platelets lack WASp)

N-WASP WASL 7q31.32 |? 0.61 | SNP-PLT Wasl 0.26

WAVE2 WASF?2 1p36.11 | 3100 13.45 Wasf2 16.45 | Impaired platelet

production

WAVEI1 WASFI | 6q21 1400 1.03 Wasfl1 0.01 | Normal

Cortactin CTTN 11q13.3 10,800 234.57 Cttn 14.97 | Normal

HS1 HCLS1 3q13.33 | 1600 4.75 Hclsl 47.34 | Normal

Formins

DIAPH1 DIAPHI |5q31.3 8100 92.77 | Mild thrombocytopenia, Diaphl 55.13 | Normal
large platelets

FHOD1 FHODI |16q22.1 | 6600 3.53 Fhodl 6.47

DAAMI1 DAAM1 | 14923.1 |3800 7.84 Daaml 2.71

INF2 INF2 14q32.33 | 7500 99.89 Inf2 162.86

Protein copy numbers (monomers) per platelet derive from Burkhart et al. (2012) Blood 120:¢73—82. mRNA transcripts (expressed as reads per
kilobase of transcript per million mapped reads) derive from Rowley et al. (2011) Blood 118:e101-e111. SNP-MPV SNP associated with mean

platelet volume, SNP-PLT SNP associated with blood platelet counts

the filament length to define barbed and pointed ends. This
polarity is reflected in different rates of monomer addition to
the two ends. The barbed end of the filament is the preferred
end of actin filament assembly in vitro, as it has high affinity
for G-actin and elongates at a rate approximately ten times
faster than the pointed end. Barbed ends are the only ends
contributing to actin assembly in cells, particularly in
platelets. When assembled, actin filaments can be cross-
linked or bundled into higher-order structures or fragmented

into smaller pieces. A large number of platelet cytoskeletal-
associated proteins control these dynamic processes.

The Membrane Cytoskeleton
The morphology of the resting platelet is maintained by

a membrane cytoskeleton, a thick protein meshwork com-
posed principally of spectrin, adducin, actin filaments, and
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actin-associated proteins laminating the cytoplasmic side
of the platelet plasma membrane (Fig. 1) (Fox and
Boyles 1988; Hartwig and DeSisto 1991). Analogies have
been made with the well-characterized spectrin-based
erythrocyte membrane cytoskeleton (Lux 2016). Platelet
spectrin is composed of both erythroid and non-erythroid
o/p-spectrin heterodimers forming 200-nm long tetramers
assembled head-to-head. Assembly of spectrin into tetramers
is required for platelet production by megakaryocytes (Patel-
Hett et al. 2011). Contrary to erythrocytes, where spectrin is
connected to short actin oligomers capped by adducin at
their barbed end and tropomodulin at their pointed end
(Lux 2016), platelet spectrin strands interconnect at the
barbed ends of the actin filament network originating from
the cytoplasm (Fox and Boyles 1988; Hartwig and DeSisto
1991). Therefore, the dense platelet spectrin lattice and
its associated actin filaments assemble into a continuous
ultrastructure.

Capture of actin filament barbed ends by spectrin requires
adducin, which forms a high-affinity ternary complex with
spectrin and actin (Fig. 1) (Gilligan et al. 2002; Barkalow
et al. 2003). Platelet express both erythroid a-adducin
(encoded by human ADDI, mouse Add!) and non-erythroid
y-adducin (human ADD3, mouse Add3). Addl-null mice lack
both - and y-adducin in platelets and have slightly elevated
platelet counts with reduced mean platelet volume (Robledo
et al. 2008), indicating that a-adducin regulates both the
expression of y-adducin and the morphology of the resting
platelet membrane cytoskeleton. By contrast, the role of
y-adducin appears redundant, as Add3-null mice have normal
platelet counts and morphology and express a-adducin nor-
mally in platelets (Robledo et al. 2008).

Platelets express several other cytoskeletal proteins pre-
viously characterized in the erythrocyte membrane cytoskel-
eton. These include the pointed-end capping protein
tropomodulin and tropomyosin, which binds along the side
of the short actin oligomers of the erythrocyte membrane
cytoskeleton, where it is believed to control their length (Lux
2016). Megakaryocytes and platelets principally express
tropomodulin 3 (human TMOD3, mouse Tmod3), deficiency
of which is embryonic lethal in mice (Sui et al. 2014).
Tmod3-null embryos develop thrombocytopenia with
large platelets, due to impaired platelet production by
megakaryocytes, which show increased actin assembly and
actin redistribution from the cortical membrane cytoskeleton
to the cytoplasm (Sui et al. 2015). In humans, SNPs in TPM/
and TPM4 encoding tropomyosin 1 and 4 have been
associated with altered platelet counts and mean platelet
volume (Soranzo et al. 2009; Gieger et al. 2011; Qayyum
et al. 2012). However, further functional studies are required
to determine the role of tropomyosin 1 and 4 in
megakaryocytes and platelets.
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Dematin is an actin-bundling protein of the erythrocyte
membrane skeleton abundantly expressed in platelets
(Wieschhaus et al. 2012). Dematin consists of a C-terminal
headpiece and an N-terminal tail that both contain F-actin
binding sites. Dematin binds to spectrin and enhances its
binding to actin filaments. Platelets lacking the dematin head-
piece exhibit defects in calcium mobilization in response to
multiple agonists, associated with concomitant inhibition of
platelet aggregation and granule secretion, unveiling dematin
as a regulator of internal calcium mobilization affecting mul-
tiple platelet cytoskeletal and signaling functions.

Cross-Linking and Bundling Proteins

Actin filaments in the resting platelet are organized into a
rigid cytoplasmic scaffold by filamin A (FlnA; previously
known as ABP-280), which cross-links actin filaments at a
distinctive 90° angle, and by a-actinins, which tend to align
actin filaments in parallel bundles.

FInA (human FLNA, mouse Flna) is a large antiparallel
homodimer that cross-links actin filaments, tethers membrane
glycoproteins, and serves as a scaffold for signaling
intermediates (Falet 2013). FInA contains an N-terminal tan-
dem calponin-homology actin-binding domain followed by
24 immunoglobulin-like repeats of 90-100 amino acid
residues, the C-terminal of which mediates dimerization
(Nakamura et al. 2007; Seo et al. 2009). Two calpain-
sensitive hinges separate FInA repeats into an elongated and
linear rod 1 (repeats 1-15) that can bind to actin filaments
independently of the actin-binding domain, a compact rod
2 (repeats 16-23), and the self-association domain (repeat
24) (Nakamura et al. 2007). Rod 2 contains most of the
binding sites for FInA partners, e.g., the von Willebrand factor
(VWEF) receptor subunit GPIba (repeat 17) and B-integrins
(repeat 21) (Nakamura et al. 2006; Kiema et al. 2006).

FInA traverses the pores of the spectrin-based membrane
cytoskeleton to link the VWF receptor GPIb-IX, specifically
the GPIba subunit (Cranmer et al. 2005, 2011; Nakamura
et al. 2006), to the underlying actin filaments (Fig. 1). The
FInA-GPIba linkage initiates in mature megakaryocytes and
is constitutively maintained during the platelet lifespan
(Begonja et al. 2011). It plays a critical role in maintaining
the platelet discoid shape, as has been established in studies of
Bernard—Soulier syndrome (BSS) platelets lacking the VWF
receptor subunits GPIba, GPIbp, or GPIX, or in platelets
lacking functional FInA, all of which are abnormally large
in size, are fragile, and circulate poorly. FInA also interacts
with the B-subunits of integrins, thereby competing with talin
1 (Kiema et al. 2006), an essential activator of integrin oy,p3
in activated platelets (Petrich et al. 2007; Nieswandt et al.
2007). FInA binding to p-integrin subunits is not constitutive,
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GPIb-I1X-V complex

Membrane
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Actin filament 4

Adducin
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Fig. 1 Organization of the resting platelet cytoskeleton. Spectrin
strands laminate the cytoplasmic surface of the plasma membrane and
interconnect using barbed ends of actin filaments. Adducin binding to
the actin filament barbed end targets spectrin. Actin filaments are cross-

but regulated by mechanotransduction (Ehrlicher et al. 2011),
the significance of which for platelet production and function
remains to be investigated.

The gene encoding FInA is X-linked in both humans and
mice. FLNA mutations causing early truncation of FInA are
typically embryonic lethal in males, due to cardiovascular
defects and hemorrhage, and lead to the brain malformation
disorder, periventricular heterotopia (PH) in females (Feng
and Walsh 2004). Missense mutations cause otopalatodigital
(OPD) syndrome spectrum disorders, primarily affecting
skeletal development. Thrombocytopenia, bleeding ten-
dency, and giant platelets have been associated with FLNA
mutations and multiple FInA degradation products have
been observed in platelets of female carriers (Nurden et al.
2011; Berrou et al. 2013; Li et al. 2015). However, the
distribution of mutant platelets is not easily detectable and
analysis of their hemostatic function is cumbersome, due to
the mosaicity of the platelet population and the high propor-
tion of normal platelets in female carriers.

In mice, Fina deficiency is embryonic lethal in hemizygous
males, due to pericardiac and visceral hemorrhage, severe
cardiac structural defects, and aberrant vascular patterning
(Hart et al. 2006; Feng et al. 2006). Heterozygous female
mice carrier for Fina deficiency have mild thrombocytopenia,
and more than 95 % of their platelets contain FInA, which can
be differentiated from Fina-null platelets by intracellular flow
cytometry (Falet et al. 2010). Mice specifically lacking FInA
in the megakaryocyte/platelet lineage develop severe throm-
bocytopenia, giant platelets, and increased tail bleeding time,
due to severely impaired platelet hemostatic functions (Falet
et al. 2010). As expected, GPIba is not linked to the actin
cytoskeleton in Flna-null megakaryocytes and platelets,
where its surface expression is reduced and altered (Falet
et al. 2010; Begonja et al. 2011). Fina-null megakaryocytes
prematurely release large and fragile platelets that undergo
microvesiculation and are cleared rapidly from the circulation
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linked by FInA, which provides the major membrane—cytoskeletal
connection linking the actin cytoskeleton to the cytoplasmic tail of
the GPIba subunit of the VWF receptor complex GPIb-IX-V

by macrophages (Begonja et al. 2011). These observations
corroborate earlier studies showing that cleavage of FInA by
the protease calpain causes microvesiculation in aggregating
platelets or during platelet storage (Robey et al. 1979; Basse
et al. 1994). Thus, the FInA—GPIba linkage not only regulates
platelet size but also maintains the mechanical stability of the
platelet plasma membrane. Fina-null megakaryocytes have
impaired demarcation membrane system (DMS) formation,
which is likely due to FInA interaction with the endocytic
membrane-binding and membrane-deforming Fes/CIP4
homology Bin/amphiphysin/Rvs (F-BAR) protein PACSIN2,
an internal component of the initiating DMS (Begonja et al.
2015). Expression of the FInA paralog FInB has been reported
in megakaryocytes and platelets (Falet et al. 2010; Kanaji
et al. 2012). However, FInB does not appear to compensate
for loss of FInA.

The role of a-actinins in the actin organization of resting
platelets is less well defined. a-Actinins belong to the spectrin
gene superfamily, including o/f-spectrins and dystrophins.
a-Actinins are antiparallel homodimers composed of an
N-terminal tandem calponin-homology actin-binding domain,
four spectrin repeats, and a C-terminal calmodulin-like
domain. Platelets primarily express a-actinins 1 and
4. a-Actinin 1 is an abundant actin filament bundling protein
often associated with adhesion sites, where it binds to the
cytoplasmic tail of f-integrins, suggesting that «-actinin
1 links platelet actin filaments to the membrane, particularly
at adhesion sites. Mutations in ACTN/ encoding a-actinin
1 have been associated with mild thrombocytopenia, large
platelets, and low risk for bleeding (Kunishima et al. 2013;
Gueguen et al. 2013; Bottega et al. 2015; Yasutomi et al.
2015). These mutations in the a-actinin 1 actin-binding
domain enhance association with actin filaments (Murphy
et al. 2016). Mouse fetal liver cell-derived megakaryocytes
transfected with o-actinin 1 variants display altered
proplatelet formation and size (Kunishima et al. 2013).
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Focal Adhesion and Membrane-Associated
Proteins

Focal adhesions are integrin-associated actin-rich structures
that enable cells to adhere to the extracellular matrix and at
which protein complexes involved in signal transduction
assemble. Platelet activation leads to a conformational
change of integrin oyy,P3 to promote fibrinogen binding and
platelet aggregation. Several cytoskeletal proteins modulate
integrin oypP3 activation, including talin 1 (human 7LNI,
mouse 7T/nl) and kindlin 3 (human FERMT3, mouse
Fermt3). Talin 1 is composed of an N-terminal head domain
binding to P-integrin subunits, followed by an elongated
C-terminal actin-binding rod domain. Talin 1 binding to P
is required for oyP; activation in platelets, as Tln/-null
platelets have impaired agonist-mediated platelet aggrega-
tion (Petrich et al. 2007; Nieswandt et al. 2007). Mice
specifically lacking talin 1 in platelets exhibit prolonged
tail bleeding time and pathological gastrointestinal bleeding,
similar to mice lacking the integrin ;3 (Hodivala-Dilke et al.
1999). FERMT3 mutations cause leukocyte adhesion defi-
ciency (LAD), which is characterized by impaired activation
of the P,-integrin in leukocytes and f; in platelets (Shattil
et al. 2010; van de Vijver et al. 2012). Fermt3-null platelets
exhibit defective integrin oypP3 activation and impaired
platelet aggregation (Moser et al. 2008). However, kindlins
are unable to activate oy,P; in the absence of talin 1 head
domain (Ma et al. 2008; Harburger et al. 2009), suggesting
that kindlins co-activate ayp,P; in synergy with talin 1.

Other notable platelet focal adhesion proteins include
vinculin, zyxin, and paxillin. Vinculin (human VCL, mouse
Vel) links integrins to the actin cytoskeleton by virtue of
binding of its N-terminal globular head domain to talin 1 and
a-actinins, while its C-terminal tail region binds actin
filaments, paxillin, and membrane phospholipids. Vinculin
has been implicated in the transmission of mechanical forces
from the extracellular matrix to the cytoskeleton of migrat-
ing cells (Bailly 2003). However, Vcl-null platelets display
normal agonist-induced integrin o,P5 activation, aggrega-
tion, spreading, and actin polymerization and organization
and adhere normally to immobilized fibrinogen or collagen
under both static and flow conditions (Mitsios et al. 2010),
indicating that platelet vinculin is not required for the tradi-
tional functions of ayp,P; or the actin cytoskeleton. Both
zyxin and paxillin contain lin-11/Islet-1/mec-3 (LIM)
domains composed of zinc fingers that mediate protein—
protein interactions and serve as targeting motif for focal
adhesions. Similar to vinculin, the role of platelet zyxin and
paxillin appears redundant based on the generation of mutant
mice (Hoffman et al. 2003; Sakata et al. 2014).

Yeast two-hybrid system screening has identified
skelemin (also called myomesin 1) as another cytoskeletal
protein interacting with the integrin f; cytoplasmic tail

H. Falet

(Reddy et al. 1998). Skelemin is a member of a superfamily
of cytoskeletal proteins that regulate the three-dimensional
organization of myosin filaments in skeletal muscle cells.
Skelemin does not associate with ay,P3 in resting platelets
but is recruited to o3 during cell adhesion (Podolnikova
et al. 2009). Biochemical and structural studies have shown
that the skelemin-binding domain on P3 is cryptic but
becomes exposed as a result of oypPs; binding to
immobilized ligands (Podolnikova et al. 2009; Gorbatyuk
et al. 2014). These studies illuminate a potential link
between oyypP3 and actomyosin filaments, which may serve
as a basis for generating the mechanical forces necessary for
cell migration and remodeling.

Moesin is a member of the ezrin/radixin/moesin (ERM)
family of proteins, which localize in cell extensions like
filopodia and function as cross-linkers between the plasma
membrane and actin filaments. Moesin associates with the
tips of filopodia in spread platelets and associates with
platelet/endothelial cell adhesion molecule 1 (PECAM-1)
in lysates from thrombin-stimulated, but not resting platelets
(Nakamura et al. 1995; Gamulescu et al. 2003), suggesting
that moesin may play a role in platelet adhesion, linking
PECAM-1 with the actin cytoskeleton. Mice lacking moesin
develop normally and are fertile, with no obvious histologi-
cal abnormalities. Particularly, targeted moesin deletion
does not affect platelet aggregation in response to stimula-
tion (Doi et al. 1999).

Contractile Proteins

Myosin-mediated contractile forces are critical for
maintaining the integrity of a hemostatic plug at wound
sites independently of thrombin and fibrin generation. The
principal myosin isoform in platelets is non-muscle myosin
heavy chain NMMHC)-ITA (human MYH9, mouse Myh9).
NMMHCH-IIA is a parallel homodimer, whose two subunits
are composed of an N-terminal head domain that binds actin
filaments, a neck region, and a C-terminal coiled-coil rod
domain holding the two chains together. A myosin regu-
latory light chain of 20 kDa (LC20, also called MRLCI)
and an essential light chain of 17 kDa (LC17) bind each
NMMHC-IIA subunit in the neck region, between the head
and the tail. The functional properties of NMMHC-IIA are
controlled by phosphorylation of both its heavy and light
chains. Phosphorylated myosin assembles into filaments that
are essential for its interaction with actin to form a contrac-
tile unit whose function is analogous to that of actomyosin
filaments in smooth muscle cells. Phosphorylation of LC20
by myosin light chain kinase (MLCK), RhoA-associated
kinase (ROCK), or p21-activated kinase 1 (PAK1) increases
its actin-stimulated ATPase activity and is required for
NMMHC-ITA to move along actin filaments, thereby
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providing contractile force. LC17 is believed to contribute to
the structural stability of NMMHC-IIA along with LC20.
NMMHC-IIA is homogeneously distributed in resting
platelets (Painter and Ginsberg 1984). Following activation,
NMMHC-IIA localizes in the platelet center and contributes
to the initiation of platelet shape change, platelet internal
contraction, granule exocytosis, and centralization of GPIb-
IX on the platelet surface (Kovacsovics and Hartwig 1996;
Johnson et al. 2007).

MYH9 mutations cause MYHO9-related disease (MYHO9-
RD), previously classified as May—Hegglin anomaly or
Epstein, Fechtner, or Sebastian syndromes and characterized
by macrothrombocytopenia, mild bleeding tendency,
and leukocyte inclusions, with or without loss of hearing,
cataract, or nephritis (Favier and Raslova 2015). The
mechanisms of thrombocytopenia underlying MYH9
mutations are linked to defects in proplatelet formation by
megakaryocytes, which show decreased branching and
increased tip size in cultures from patient progenitors
(Pecci et al. 2010; Chen et al. 2013). In mice, NMMHC-
ITA is required to form the megakaryocyte DMS and to
maintain the megakaryocyte shape through internal tension
and anchorage to the extracellular matrix (Eckly et al. 2009).
Mice specifically lacking NMMHC-ITA in megakaryocytes
develop severe macrothrombocytopenia. However, Myh9
deletion in mouse megakaryocytes results in enhanced
proplatelet formation (Chen et al. 2007; Leon et al. 2007;
Eckly et al. 2009), suggesting that large Myh9-null platelets
are prematurely released from the bone marrow and cleared
rapidly from the circulation.

MYH]I10-encoded NMMHC-IIB is expressed in immature
megakaryocytes, where it specifically localizes in the con-
tractile ring (Lordier et al. 2012). NMMHC-IIB expression
is silenced by the hematopoietic Runt-related transcription
factor 1 (RUNX1), a requirement for megakaryocyte
ploidization and maturation. Anomalous NMMHC-IIB
expression in platelets has been proposed as a tool to identify
inherited platelet disorders and myeloid neoplasms with
abnormalities in RUNXI1 and associated proteins (Antony-
Debre et al. 2012). Mutations in RUNX1 have also been
associated with reduced platelet expression of MYL9-
encoded LC20 (Sun et al. 2007; Jalagadugula et al. 2010).

The Marginal Band

Microtubules contribute to the maintenance of the discoid
shape of the resting platelet (Sadoul 2015). Microtubules are
highly dynamic tubular polymers formed by the polymeriza-
tion of a dimer of a- and pB-tubulin. Approximately 40 % of
tubulin in platelets is assembled into a specialized microtu-
bule coil, called the marginal band, which lies at the periph-
ery of resting platelets, below the plasma membrane. Many
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proteins bind microtubules, including the motor proteins
kinesin and dynein, and other proteins important for
regulating microtubule dynamics.

The marginal band is maintained in its resting state by
both tubulin acetylation and antagonistic microtubule motors
(Sadoul 2015). During platelet activation, microtubules
undergo major reorganization, thereby contributing to the
shape change of activated platelets. A dramatic tubulin
deacetylation mediated by the cytoplasmic histone
deacetylase 6 (HDAC6) occurs (Sadoul et al. 2012; Aslan
et al. 2013). Dynein slides microtubules apart, resulting in
marginal band extension and further coiling. New microtu-
bule polymerization within the coiled marginal band leads to
the formation of a smaller microtubule ring, in concerted
action with NMMHC-IIA-mediated tension (Diagouraga
et al. 2014). Microtubules are then reacetylated in spread
platelets, and the capacity of HDAC6 to prevent tubulin
hyperacetylation influences the speed of platelet spreading.

Microtubules play an essential role in proplatelet formation
by megakaryocytes (Italiano et al. 1999; Patel et al. 2005;
Bender et al. 2015b). The predominant B-tubulin isoform in
platelets and megakaryocytes is the hematopoietic ;-tubulin
(human TUBBI1, mouse Tubbl). Early studies have shown that
TubbI-null mice develop thrombocytopenia due to defective
proplatelet production by megakaryocytes (Schwer et al. 2001).
Circulating mouse Tubbl-null platelets have normal platelet
size, but develop spherocytosis, lacking their characteristic
discoid shape, and have defective marginal bands with reduced
microtubule coilings and frequent kinks and breaks (Italiano
et al. 2003). Following platelet activation, the disorganized
microtubules in Tubbl-null platelets fail to condense into cen-
tral rings and instead are dispersed in short bundles and linear
arrays. More recently, an SNP in TUBBI has been associated
with altered mean platelet volume in humans (Gieger et al.
2011), and TUBBI mutations have been associated with con-
genital macrothrombocytopenia due to impaired proplatelet
formation by megakaryocytes (Kunishima et al. 2009, 2014,
Stachele et al. 2015). The discrepancies between mouse and
human phenotypes relative to platelet size and morphology are
likely due to compensation by different f-tubulin isoforms.

The Cytoskeleton of the Activated Platelet
Actin Filament Assembly

Following receptor-mediated activation, platelet shape
change proceeds through two recognizable steps. First,
platelets convert from disc into an irregular or round shape.
With further surface contact, platelets extend finger-like
filopodia and spread thin sheet-like lamellipodia, as
evidenced by electron microscopy (Fig. 2). Temporal and
spatial actin filament assembly by specific cytoskeletal
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Fig. 2 Cytoskeleton of the activated platelet. Platelet activation is
accompanied by a striking reorganization of the actin cytoskeleton.
Platelets generate finger-like projections called filopodia ( f) composed
of long bundled actin filaments that derive from the cytoskeletal center.
Platelets spread using thin sheet-like extensions called lamellipodia
(Im) that are densely filled with a three-dimensional network of newly
assembled short actin filaments

proteins orchestrates these morphological changes (Fig. 3
and Table 2) (Hartwig 1992).

In vitro, G-actin reversibly polymerizes into F-actin in
three sequential phases defined as nucleation, elongation,
and steady state. Nucleation is marked by a lag period in
which G-actin slowly aggregates into short, unstable
oligomers. Once a stable nucleus of three or four actin
subunits is formed, it rapidly elongates into a filament by
the addition of G-actin to its ends. In cells, actin monomers
incorporated into filaments are bound to ATP. As filaments
elongate, the bound ATP is slowly hydrolyzed to ADP. As a
result of this hydrolysis, only actin filament barbed ends are
composed of ATP-bound actin, and most of the filament
consists of ADP-bound actin.

Actin Monomer-Sequestering Proteins and Actin
Filament Capping Proteins

The G-actin—F-actin equilibrium of the resting platelet is
principally maintained by two mechanisms that prohibit
actin monomer addition to actin filaments (Fig. 3). First,
actin subunits not incorporated into filaments complex with
the actin monomer-sequestering proteins thymosin f, and
profilin 1. Second, virtually all actin filament barbed ends
are constitutively capped by the high-affinity actin filament
capping protein CapZ (Barkalow et al. 1996). Therefore, actin
assembly in platelets occurs when actin monomers release
from thymosin B4 and profilin 1 and add to uncapped actin

filament barbed ends. Despite these control mechanisms, actin
filaments are believed to dynamically turnover in resting
platelets.

Thymosin B, (human TMSB4X, mouse Tmsb4x) and
profilin 1 (human PFNI, mouse Pfnl) are two of the most
abundant proteins in platelets. Thymosin 4, forms a 1:1
complex with G-actin, in levels sufficient to account for
essentially all sequestered actin monomers in platelets
(Weber et al. 1992; Nachmias 1993). It has higher affinity
for ATP-bound actin than for ADP-bound actin, suggesting
that platelet thymosin B, sequesters primarily ATP-bound
actin monomers ready to assemble into filaments. The pro-
portion of G-actin bound to thymosin f4 decreases following
platelet activation (Nachmias et al. 1993). Tmsb4x deletion
leads to partial embryonic lethality due to hemorrhage
(Rossdeutsch et al. 2012). It is likely that other thymosins
such as thymosin P;o compensate for thymosin p, loss in
mice reaching adulthood. Megakaryocyte-specific Pfnl
deletion in mice results in mild thrombocytopenia with
small platelets due to premature release of platelets into the
bone marrow and accelerated platelet clearance (Bender
et al. 2014). However, actin assembly is minimally affected
by profilin 1 deletion. Instead, Pfn/-null platelets contain
hyper-stable and misarranged microtubules, revealing an
unexpected novel function of profilin 1 as a regulator of
microtubule organization.

CapZ (also called capping protein) is a key cellular com-
ponent regulating actin filament assembly and organization,
as it caps the barbed ends of actin filaments, preventing
addition and loss of actin monomers. CapZ is a heterodimer
composed of a- and pB-subunits (Yamashita et al. 2003). The
distribution of a-subunits varies among cell types, with
platelets expressing both al and a2 (Nachmias et al. 1996;
Hart et al. 1997). In platelets, the amount of CapZ bound to
actin is proportional to that of F-actin (Barkalow et al. 1996).
The kinetics of CapZ association with actin closely follows
the kinetics of actin assembly and binding reaches a maxi-
mum when actin assembly ceases. The observations show
that CapZ acts primarily as an actin assembly buffer to
maintain actin filament barbed ends capped and inaccessible
at rest and to terminate actin assembly in activated platelets
by capturing exposed barbed ends. Because CapZ maintains
most barbed ends capped in resting platelets (Barkalow et al.
1996), either filament ends must be uncapped, or barbed end
nucleation sites must be generated de novo to trigger actin
filament assembly. Both mechanisms contribute to actin
filament assembly in activated platelets.

The Gelsolin Family

The actin filament severing and capping protein gelsolin
(human GSN, mouse Gsn) is responsible for most of the
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Fig. 3 Regulation of platelet actin assembly. In resting platelets, CapZ
caps actin filament barbed ends, and thymosin f, sequesters
ATP-bound actin monomers, thereby maintaining the large actin pool
that drives actin filament assembly. Activation leads to rise of intracel-
lular calcium and the activation of gelsolin. Gelsolin severs cortical
actin filaments and caps the barbed ends, thereby inducing platelet
rounding. PIP2 is robustly generated at the cytoplasmic surface of the

actin assembly occurring during platelet activation (Witke
et al. 1995; Barkalow et al. 1996). Gelsolin is one of the best-
characterized molecules in terms of its effects on actin
in vitro. It is activated to bind actin filaments in the presence
of micromolar concentration of calcium. Association with
actin begins with gelsolin binding to the side of an actin
filament, followed by interdigitation into the filament to
sever it. After severing, gelsolin remains on the newly
formed actin filament barbed end until membrane phosphoi-
nositides, particularly phosphatidylinositol 4,5-bisphosphate
(PIP2), mediate its dissociation (Janmey and Stossel 1987).

In resting platelets, the cytoplasmic calcium level is low,
and gelsolin is not associated with actin. Following platelet
activation, cytoplasmic calcium rises within seconds and
activates gelsolin to bind and sever long cortical actin
filaments into short ones (Fig. 2) (Lind et al. 1987). Gelsolin
severing destabilizes the highly ordered and constrained struc-
ture formed between the membrane cytoskeleton and actin
filaments cross-linked by FInA, initiating platelet rounding,
before the actin assembly reaction begins. Subsequently, the
small guanosine triphosphatase (GTPase) Racl is activated
and stimulates the synthesis of membrane PIP2 that mediate
the dissociation of gelsolin from actin filament barbed ends,
thereby promoting actin assembly (Hartwig et al. 1995; Azim
et al. 2000; McCarty et al. 2005; Aslan and McCarty 2013).
These new ATP-bound actin filaments are preferred for Arp2/

platelet plasma membrane and inactivates gelsolin, thereby leading to
the initiation of ATP-bound actin assembly onto exposed barbed ends
and actin filament branching by the Arp2/3 complex. Actin filaments
are subsequently buffered by CapZ, which recaps the barbed ends and
terminates the assembly reaction. Subsequent actin filament
treadmilling is stimulated by cofilin 1

3 complex-mediated actin nucleation and branching (Fig. 3)
(Falet et al. 2002b). Platelets from Gsn-null mice have a
severe reduction in their capacity to generate actin filament
barbed ends, assemble actin, and spread following platelet
activation (Witke et al. 1995; Barkalow et al. 1996; Falet
et al. 2000, 2002b; Hoffmeister et al. 2001). Gsn-null mice
have prolonged bleeding time (Witke et al. 1995), but normal
platelet counts and size, indicating that gelsolin is dispensable
for platelet production and survival. Gelsolin-mediated actin
filament severing can be blocked by vasodilator-stimulated
phosphoprotein (VASP) binding to the sides of actin
filaments. VASP is a major substrate of protein kinase A in
platelets, where its phosphorylation correlates with reduced
activation. Consistently, mouse platelets lacking VASP have
slightly increased adhesion and spreading (Hauser et al. 1999;
Massberg et al. 2004).

Platelets express at least two other actin severing and
capping proteins of the gelsolin family: flightless 1 (human
FLII, mouse Flii) and supervillin (human SVIL, mouse Svil).
In platelets, flightless 1 is present in a complex with leucine-
rich repeat (in FLII) interacting protein 1 (LRRFIPI), an
SNP of which has been associated with altered platelet
functions (Goodall et al. 2010). An SNP in SVIL has been
associated with low supervillin expression in platelets and
increased platelet thrombus formation in the shear-
dependent platelet function analyzer (PFA)-100 (Edelstein
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et al. 2012). Consistent with these observations, Svil-null
mouse platelets exhibit enhanced platelet thrombus forma-
tion at high shear stress, indicating that supervillin plays an
inhibitory role in platelet adhesion and arterial thrombosis.
The specific molecular details of flightless 1 and supervillin
function in platelet actin assembly and remodeling have not
yet been elucidated.

The ADF/Cofilin Family

Actin-depolymerizing factor (ADF)/cofilin is a family of
actin-binding proteins that regulate both assembly and disas-
sembly of actin filaments. Two distinct mechanisms have been
proposed: severing and depolymerization. First, ADF/cofilin
proteins can sever actin filaments to create barbed ends with-
out capping, thereby promoting actin assembly. Second,
ADF/cofilin proteins can depolymerize actin filaments at
their pointed ends, thereby accelerating actin filament turnover
in cells, a process called treadmilling (Carlier et al. 1997).
ADF/cofilin proteins are primarily regulated by phosphoryla-
tion of serine 3 (Ser3), which inhibits their function.

Platelets express primarily non-muscle cofilin 1 (human
CFLI, mouse Cfll) and ADF (also called destrin; human
DSTN, mouse Dstn). Cofilin 1 is phosphorylated on Ser3 in
resting platelets and, therefore, is inactive (Davidson and
Haslam 1994; Falet et al. 2005; Pandey et al. 2006). Follow-
ing platelet activation, cofilin 1 is dephosphorylated and
incorporates into the actin cytoskeleton, shortly after the
peak of actin assembly occurs (Falet et al. 2005). Ser3
dephosphorylation and activation are maintained by oy,3-
mediated outside-in signals and are transient and reversible
in the absence of integrin oy,P; engagement, such as in
platelets isolated from a patient with Glanzmann
thrombasthenia expressing low integrin ayp,P; levels (Falet
et al. 2005). The observations indicate that cofilin 1 is not
essential for the initial polymerization of actin filaments that
follows platelet activation, but for actin filament turnover
mediated by outside-in signals (Fig. 3).

Cofilin 1-mediated actin filament turnover plays a critical
role in the late stages of platelet production by megakaryocytes
and in the proper sizing of platelets in the periphery, as mice
specifically lacking cofilin 1 in the megakaryocyte lineage
develop mild thrombocytopenia with large platelets due
to defective platelet production (Bender et al. 2010).
Macrothrombocytopenia is severe in mice expressing a germ
line mutation in the cofilin 1 partner WD40 repeat-containing
protein 1 (WDR1), the vertebrate homolog of actin-interacting
protein 1 (AIP1) (Kile et al. 2007). Actin filament assembly
and platelet spreading on immobilized fibrinogen are pro-
foundly impaired in the absence of cofilin 1 (Bender et al.
2010). The observations show that cofilin 1 is essential for the
maintenance of G-actin—F-actin equilibrium in resting platelets
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and for agonist-induced actin assembly. By contrast, Dstn-null
mice lacking ADF have normal platelet counts, size, and actin
assembly reaction following activation (Bender et al. 2010).

Actin Nucleation by the Arp2/3 Complex

The Arp2/3 complex plays a major role in the regulation of
actin assembly in cells, as it nucleates actin filaments and
localizes to the leading edge of crawling cells (Pollard and
Borisy 2003). The Arp2/3 complex also initiates the actin-
based motility of intracellular pathogenic bacteria such as
Shigella flexneri and Listeria monocytogenes. The Arp2/3
complex is composed of two actin-related proteins, Arp2
and Arp3, and five additional subunits. Arp2 and Arp3
closely resemble the structure of G-actin and serve as
nucleation sites for new actin filaments. In vitro, the
Arp2/3 complex binds to the side of existing actin filaments
to initiate the growth of a new filament at a 70° angle.
These observations suggest that the Arp2/3 complex is
responsible for generating a branched meshwork of actin
filaments and de novo actin filament nucleation at the cell
cortex that leads to cell movement. Binding of Arp2/3
complex to ATP-bound actin, as found at uncapped actin
filament barbed ends, is preferred (Ichetovkin et al. 2002;
Falet et al. 2002b). Therefore, the Arp2/3 complex does not
explicitly initiate actin nucleation de novo, but rather
amplifies actin filament barbed ends generated by other
means, such as gelsolin- or cofilin-mediated severing,
thereby exponentially doubling the number of actin fila-
ment barbed ends at each branching.

The Arp2/3 complex contributes to the burst of actin
assembly that follows platelet activation, associates with
the actin cytoskeleton, and redistributes rapidly and uni-
formly to the lamellar edge of spread platelets (Falet et al.
2002a, b). It is unlikely that the Arp2/3 complex associates
to the tip of platelet filopodia, as has been described in one
study (Li et al. 2002), because actin filaments in filopodia are
bundled, not branched. The Arp2/3 complex contribution to
actin filament nucleation in platelets importantly requires
free barbed ends generated by gelsolin-mediated severing,
capping, and uncapping (Fig. 2) (Falet et al. 2002b).
The Arp2/3 complex clusters in marginal actin filament
clumps in Gsn-null platelets and fibroblasts, consistent
with few uncapped ATP-bound actin-containing barbed
ends generated in the absence of gelsolin, placing gelsolin
function upstream of Arp2/3 complex nucleation in these
cells (Falet et al. 2002b).

The Arp2/3 complex is also recruited to sites of clathrin-
mediated endocytosis in megakaryocytes and is responsible
for the accumulation of clathrin-coated vesicles and F-actin
clusters in megakaryocytes lacking the large GTPase
dynamin 2 (DNM2) (unpublished observations). DNM2
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normally mediates the fission of endocytic vesicles from
the plasma membrane (Ferguson and De Camilli 2012).
Mutations in DNM2 have been associated with mild
thrombocytopenia and neutropenia in patients with
Charcot—Marie—Tooth disease (Ziichner et al. 2005). Mice
specifically lacking DNM2 in the megakaryocyte lineage
develop severe macrothrombocytopenia, megakaryocyte
hyperplasia, myelofibrosis, extramedullary hematopoiesis,
and severe and rapid splenomegaly due to impaired endo-
cytosis in megakaryocytes and platelets (Bender et al.
2015a).

WASp Family and Actin Nucleation-Promoting
Factors

Activation of the Arp2/3 complex requires actin nucleation-
promoting factors (NPFs), such as WASp family proteins,
which integrate signals leading to actin assembly (Pollard
and Borisy 2003). WASp (human WAS, mouse Was) is the
protein mutated in Wiskott—Aldrich syndrome (WAS), a rare
X-linked recessive disorder characterized by severe immu-
nodeficiency, eczema, and thrombocytopenia. The disease
affects most non-erythroid hematopoietic lineages, includ-
ing lymphocytes, monocytes, neutrophils, and platelets,
which are among the most severely affected cells. X-linked
thrombocytopenia (XLT) is a milder form of WAS, in which
platelets are primarily affected. Platelets from WAS and
XLT patients are abnormally small, and circulating platelet
counts can be 10 % of normal or lower. The defect is likely
due to increased platelet clearance, as WASp deficiency in
megakaryocytes induces premature proplatelet formation
and platelet production in the bone marrow compartment
(Haddad et al. 1999; Sabri et al. 2006).

In platelets, WASp is present in a constitutive 1:1 complex
with WASp-interacting protein (WIP; human WIPF I, mouse
WipfI) (Falet et al. 2009), and WAS mutation hotspots map to
the WIP-binding region in WASp and disrupt the WIP—
WASp complex interaction (Luthi et al. 2003). A homozy-
gous mutation in WIPF1 has been reported in one patient to
cause recurrent infections, eczema, and severe thrombocyto-
penia, all features of WAS (Lanzi et al. 2012). Cells isolated
from the patient have undetectable WASp, but normal WAS
sequence and mRNA levels. WipfI-null mouse platelets lack
WASp, and WIP expression is reduced in Was-null mouse
platelets, indicating that both proteins are required for the
stability of each subunit of the complex (Falet et al. 2009).
Was-null and WipfI-null mice have mild thrombocytopenia,
and their platelets have normal size (Snapper et al. 1998;
Zhang et al. 1999; Falet et al. 2009).

The role of the WIP-WASp complex in platelet shape
change and actin assembly is unclear, as platelets lacking
either WASp or WIP do not show any defect in actin
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assembly and shape change (Gross et al. 1999; Rengan et al.
2000; Falet et al. 2009), and the Arp2/3 complex redistributes
normally to the actin cytoskeleton and to the edge of
lamellipodia in the absence of WASp (Falet et al. 2002a).
These observations suggest that platelets differ from the other
hematopoietic cells affected by WASp deficiency, raising two
fundamental questions. First, what is the role of WASp in
platelets? Second, what is the identity of the NPFs activating
the Arp2/3 complex in platelets? Recent studies have shown
that human and mouse platelets lacking WASp contain
abnormally organized and hyper-stable microtubules,
suggesting an unexpected role of WASp as a regulator of
microtubule organization (Bender et al. 2014). WASp also
controls the delivery of platelet transforming growth factor-f;
(TGF-B,) (Kim et al. 2013) and regulates the formation of
specific platelet actin structures, called actin nodules, which
likely play a role in the early stages of platelet spreading
(Calaminus et al. 2008; Poulter et al. 2015).

Platelets express other WASp family proteins and NPFs
unrelated to WASp, which could theoretically activate the
Arp2/3 complex. These include the ubiquitous WASp paralog
neural WASp (N-WASP), WASp family verprolin homologs
1 (WAVEL) and 2 (WAVE2), cortactin, and hematopoietic
lineage cell-specific protein 1 (HS1). An SNP in WASL
encoding N-WASP has been associated with altered platelet
counts (Soranzo et al. 2009; Gieger et al. 2011). However, the
role of N-WASP in platelet production and function, particu-
larly in Arp2/3 complex activation, is unclear. N-WASP can
be detected in platelet lysates by immunoblot analysis
(Shcherbina et al. 2001; Falet et al. 2002a), but its expression
appears to be low because platelet lysates fail to initiate the
Arp2/3 complex-dependent motility of bacteria expressing
Shigella flexneri IcsA, which normally recruits and requires
N-WASP in host cells (Egile et al. 1999).

WAVE1 (human WASFI, mouse Wasfl) and WAVE2
(human WASF2, mouse Wasf2) localize at the edge of
lamellipodia and at the tips of filopodia in spread platelets
(Kashiwagi et al. 2005). WAVE2 deficiency is lethal by embry-
onic day 12.5 in mice. Wasf2-null mouse megakaryocytes
differentiated from embryonic stem cells are severely impaired
in terminal differentiation, spreading onto fibrinogen and plate-
let production (Eto et al. 2007). By contrast, WAVEL does not
appear to be required for platelet production in vivo, as WasfI-
null mice have normal platelet counts (Eto et al. 2007), but is
critical for platelet spreading and cytoskeletal reorganization
downstream of the collagen receptor GPVI (Calaminus et al.
2007). Interestingly, WasfI-null mouse platelets respond nor-
mally to stimulation by G-protein coupled receptors, indicating
that platelet WAVEI plays a signaling role in the GPVI signal-
ing cascade, rather than a cytoskeletal role. Early studies have
shown that cortactin redistributes to the cortex of spread
platelets (Ozawa et al. 1995), similar to the Arp2/3 complex.
However, cortactin and its hematopoietic specific paralog HS1
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appear to be dispensable for platelet production, spreading, and
lamellipodia formation in mice (Thomas et al. 2007; Schnoor
et al. 2011).

Based on these observations, N-WASP and WAVE2
appear to be the best candidates for further investigation in
their contribution to Arp2/3 complex activation in platelet
production and function. N-WASP is believed to activate
Arp2/3 complex-mediated actin nucleation activity to induce
filopodia formation downstream of the small GTPase Cdc42,
whereas WAVE2 orchestrates lamellae spreading down-
stream of Racl (Aslan and McCarty 2013). Racl deletion
in platelets leads to impaired lamellipodia spreading, as well
as to altered responses to GPVI stimulation due to defective
phospholipase C-y2 (PLC-y2) activation (McCarty et al.
2005; Pleines et al. 2009, 2013). By contrast, platelets
lacking Cdc42 display normal filopodia formation, but
enhanced secretion and increased aggregation in response
to agonist stimulation (Pleines et al. 2010). Platelet-specific
Cdc42 deletion also leads to thrombocytopenia, due to
impaired DMS formation and platelet production by
megakaryocytes (Pleines et al. 2013).

Actin Nucleation by Formins

Formins are another group of proteins regulating actin nucle-
ation (Goode and Eck 2007). Formins are involved in vari-
ous cellular functions such as cell polarity, motility, and
cytokinesis. At cellular levels, formins are required for
assembly of stress fibers, cytoplasmic actin networks used
for vesicle transport, cytokinetic actin rings, and phagocytic
cups. Formins are multidomain proteins that interact with
diverse signaling molecules and cytoskeletal proteins.
Formins associate with the fast-growing barbed end of
actin filaments via their signature formin homology
2 (FH2) domain. Formins initiate filament assembly and
remain persistently attached to the barbed end without
dissociating, enabling rapid insertion of actin subunits
while protecting the end from capping proteins. Formins
generate single actin filaments that are typically oriented
orthogonally to membranes. Formins have also been shown
to directly regulate microtubule dynamics (Chesarone et al.
2010).

Fifteen formin isoforms are present in humans, classified
in seven subgroups. The most predominantly expressed
diaphanous-related formins are autoinhibited through intra-
molecular interactions and appear to be activated by the
small GTPase RhoA and additional factors. Other classes
of formins lack the autoinhibitory and/or RhoA-binding
domains and thus are likely to be controlled by alternative
mechanisms. Three formins have been characterized bio-
chemically in platelets: diaphanous homolog 1 (DIAPHI,;
human DIAPHI, mouse Diaphl), disheveled-associated
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activator of morphogenesis 1 (DAAMI; human DAAMI,
mouse Daaml), and FH1/FH2 domain-containing protein
1 (FHODI; human FHODI, mouse Fhodl) (Higashi et al.
2008; Thomas et al. 2011). Based on profiling studies,
platelets also appear to abundantly express inverted
formin 2 (INF2; human INF2, mouse Inf2). However, its
role in platelet formation and function has not yet been
investigated.

DIAPHI1 and DAAMI purified from platelet extracts
assemble actin in the presence of RhoA, suggesting that
they contribute to actin dynamics in activated platelets
downstream of RhoA (Higashi et al. 2008). A gain-of-
function mutation in DIAPH1 has been associated with
dominant macrothrombocytopenia (Stritt et al. 2016).
DIAPHI1 knockdown increases proplatelet formation by
CD34" cell-derived human megakaryocytes by decreasing
their F-actin content, but increasing tubulin polymerization
and stability (Pan et al. 2014). Inversely, DIAPHI
overexpression in megakaryocytes increases stress fiber for-
mation. Interestingly, analysis of Diaphl-null mice reveals no
alteration in platelet counts or platelet hemostatic function in
response to stimulation, including spreading and clot retrac-
tion (Thomas et al. 2011), although mice lacking platelet
RhoA develop macrothrombocytopenia (Pleines et al. 2012).
Diaphl-null mice develop age-dependent myeloproliferative/
myelodysplastic phenotypes, including splenomegaly, fibrotic
and hypercellular bone marrow, and extramedullary hemato-
poiesis in both spleen and liver, suggesting that DIAPHI acts
as a tumor suppressor (Peng et al. 2007). FHOD1 undergoes
rapid phosphorylation downstream of ROCK in activated
platelets and may therefore be involved in the formation of
stress fibers (Thomas et al. 2011). Further studies are required
to establish the physiological role of formins in platelet actin
dynamics.

Conclusion

The platelet cytoskeleton has two main functions: (1) main-
tain the discoid shape of the resting platelet and (2) mediate a
rapid shape change in response to external stimuli at sites of
vascular injury. At rest, specific cytoskeletal structures, such
as the spectrin-based membrane cytoskeleton and cytoplas-
mic actin filaments cross-linked by FInA or bundled by
o-actinins, maintain the unique architecture of the platelet
actin cytoskeleton and connect it to the plasma membrane.
Actin monomer-sequestering proteins, such as thymosin fy,
and actin filament capping proteins, such as CapZ, prevent
the assembly of actin monomers onto the barbed ends of the
actin filaments composing the resting cytoskeleton. Platelet
activation leads to a rise in intracellular calcium and synthe-
sis of membrane PIP2 to stimulate the activities of actin
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regulatory proteins, such as gelsolin and the Arp2/3 com-
plex. The interactions of these cytoplasmic signals and
molecules initiate and amplify actin filament growth neces-
sary for platelet shape change.
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Take-Home Messages

The platelet cytoskeleton: (1) maintains the discoid
shape of the resting platelet and (2) mediates a rapid
shape change in response to external stimuli at sites of
vascular injury.

In resting platelets: (1) the spectrin-based mem-
brane cytoskeleton and cytoplasmic actin filaments
cross-linked by FInA or bundled by a-actinins main-
tain the unique architecture of the platelet actin cyto-
skeleton and connect it to the plasma membrane and
(2) actin monomer-sequestering proteins such as thy-
mosin B4 and actin filament capping proteins such as
CapZ prevent the assembly of actin monomers onto
the barbed ends of the actin filaments composing the
resting cytoskeleton.

In activated platelets: a rise in intracellular cal-
cium and synthesis of membrane PIP2 stimulate the
activities of actin regulatory proteins, such as gelsolin
and the Arp2/3 complex, to initiate and amplify actin
filament growth necessary for platelet shape change.
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