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Pleckstrin, the platelet and leukocyte C
kinase substrate, is a prominent sub-
strate of PKC in platelets, monocytes,
macrophages, lymphocytes, and granulo-
cytes. Pleckstrin accounts for 1% of the
total protein in these cells, but it is best
known for containing the 2 prototypic
Pleckstrin homology, or PH, domains.
Overexpressed pleckstrin can affect poly-
phosphoinositide second messenger—
based signaling events; however, its true
in vivo role has been unknown. Here, we

describe mice containing a null mutation
within the pleckstrin gene. Platelets lack-
ing pleckstrin exhibit a marked defect in
exocytosis of & and « granules, «llbp3
activation, actin assembly, and aggrega-
tion after exposure to the PKC stimulant,
PMA. Pleckstrin-null platelets aggregate
normally in response to thrombin, but
they fail to aggregate in response to
thrombin in the presence of PI3K inhibi-
tors, suggesting that a PI3K-dependent
signaling pathway compensates for the

loss of pleckstrin. Although pleckstrin-
null platelets merged their granules in
response to stimulation of PKC, they failed
to empty their contents into the open
canalicular system. This might be attribut-
able to impaired actin assembly present
in cells lacking pleckstrin. These data
show that pleckstrin regulates the fusion
of granules to the cell membrane and is
an essential component of PKC-mediated
exocytosis. (Blood. 2009;113:3577-3584)

Introduction

Pleckstrin, the platelet and leukocyte C kinase substrate, is a
prominent substrate of PKC in platelets, monocytes, macrophages,
lymphocytes, and granulocytes.! Pleckstrin accounts for 1% of the
total protein in these cells, and it has long been used as a marker of
activation in platelets and leukocytes.?* It is not found in erythro-
cytes, nor is it found in a wide range of nonhematopoietic cell
lines.>7 Pleckstrin has a paralog called pleckstrin-2 that is widely
expressed and is not a phosphoprotein.®

Pleckstrin is perhaps best known for containing the 2 prototypic
Pleckstrin homology, or PH, domains at its amino and carboxy-termini.>
PH domains are an approximately 100- to 120-amino acid module
composed of a 7-stranded antiparallel 3-sandwich that is closed at one
corner by a C-terminal « helix.”!! The SMART database indicates that
PH domains are present in 271 human proteins,'> making them one of
the most common domains in the deduced human proteome. Tradition-
ally, PH domains are regarded as polyphosphoinositide-binding mo-
tifs.!*15 Polyphosphoinositide binding by the PH domain within a
protein frequently localizes the protein to the cell membranes. In
addition, some PH domains may interact with other targets such as the
{3y subunits of heterotrimeric G proteins, serine/threonine phosphory-
lated proteins, and small GTPases.'®!7 The structure of several PH
domains complexed to polyphosphoinositides has been solved 1820 (and
others), confirming that there is a specific physical interaction between
the inositol phosphate headgroup and the positively charged face of the
PH domain.

Pleckstrin also contains an internal DEP domain.?! Originally, this
was described in Dishevelled, Egl-10, and Pleckstrin (DEP). The DEP
motif is found in 22 human and murine proteins, and this domain

probably also mediates intermolecular interactions. Several targets for
DEP domains have been proposed, and recent work by Ballon et al? has
shown that DEP domains of some proteins directly interact with the
cytoplasmic tails of G-protein—coupled receptors. It is not known
whether this is an universal feature of all DEP motifs.

Although the in vivo function of pleckstrin is unclear, heterologously
expressed pleckstrin can affect second messenger—based signaling
events mediated by phospholipase C, PI3K+y, and inositol 5-phospha-
tases.?2¢ Overexpression and microinjection studies suggest that pleck-
strin is membrane localized, induces a shift of F-actin toward the cell
cortex, and participates in the production of lamellipodia.>’*® Those
studies of cultured cell lines further suggest that pleckstrin induces these
cellular changes through a signaling pathway that involves phospholip-
ids, integrins, and small GTP-binding proteins of the Rho family.?
These responses are tightly regulated by PKC-mediated phosphoryla-
tion of 3 residues in pleckstrin (Ser113, Thr114, and Ser117), located
immediately after the amino-terminal PH domain.?* Although those
overexpression studies represent useful starting points, further studies of
platelets that lack pleckstrin are critical for a complete understanding of
the contribution of this protein to platelet biology. Here, we describe the
consequences of the introduction of a loss-of-function mutation within
the murine pleckstrin gene.

Methods

Targeting of the murine pleckstrin gene

An 8.1-kb genomic DNA fragment, isolated from a 129SV agouti mouse
strain library containing exon 3 of the pleckstrin gene, was used to generate
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Figure 1. Pleckstrin targeting. (A) Recombination into the pleckstrin gene results in the deletion of the nucleotides corresponding to amino acids 76 through 128 encoded
within exon 3. This removes the distal portion of a B sheet, and the critical « helix from the first PH domain. (B) Southern blotting of mouse genomic DNA. Southern blotting
shows a 2.8-kb wild-type band, and a 2.4-kb targeted band. (C) PCR of genomic DNA with a sense primer homologous to a region 5’ of the targeted region and antisense
primers homologous to either HPRT or exon 3 of the pleckstrin gene. (D) Antipleckstrin immunoblot of platelet lysates showing complete loss of pleckstrin protein in mice
homozygous for the recombinant gene. (E) The mean and SD of platelet counts derived from 8 pleckstrin-null mice and 8 wild-type litermates are shown.

the gene-targeting vector. This exon was replaced with a HPRT gene in the
plasmid (Figure 1). The gene-targeting construct was transfected into
E14TG2a embryonic stem (ES) cells by electroporation. After hypoxan-
thine and thymine (HAT) selection, Southern blotting EcoR1-digested
genomic DNA was used to analyze ES cell clones for recombination within
the pleckstrin gene. The probe was homologous to a sequence 5’ of the
targeted region of the pleckstrin gene and was generated by polymerase
chain reaction (PCR) amplification of genomic DNA using 5'-ggagaagctt-
getgatag-3" and 5'-aggaattgaageggagac-3’ as primers.

Five recombinant clones were microinjected into blastocysts, and
chimeras were generated. These chimeras then were backcrossed with
C57BI1/6J mice to produce heterozygotes. Genotyping of mice was done by
Southern blotting as described in the previous paragraph, or by PCR of
genomic DNA. The PCR used a sense primer (5'-atgcaaacaacagtcagtgag-
gaaagaggg-3') that was homologous to a region 5’ of the targeted region
and 2 antisense primers. One antisense primer was homologous to HPRT
(5'-cattgctcageggtgctgtecatetgecacg-3'), and the second antisense primer
(5'-gaacccaagegtctetctectecag-3") was homologous to exon 3 of the murine
pleckstrin gene. Finally, interbreeding of heterozygous siblings yielded
animals homozygous for the desired mutation, ie, mice lacking pleckstrin.
All studies comparing pleckstrin™/* with pleckstrin™/~ mice were done
with animals that were littermates. The animals were maintained in a
pathogen-free environment. Approval for the use of mice in this study was
obtained from the University of Pennsylvania.

Platelet aggregation and ATP secretion

Blood was drawn from the vena cava of anesthetized mice into a Corning
15-mL centrifuge tube (Corning, Corning, NY) containing sodium citrate
diluted to a final concentration of 0.042% (wt/vol). The blood was
centrifuged at 200g for 7 minutes at room temperature, and platelet-rich
plasma (PRP) was removed. PRP was incubated with 1 uM prostaglandin
El for 20 minutes at room temperature before it was centrifuged at 800g
for 10 minutes. The pelleted platelets were resuspended at a density of
2.5 X 108 platelets/mL in HEPES-Tyrode buffer pH 7.4 (134 mM NaCl,
3mM KCI, 0.3 mM NaH,PO,4, 12 mM NaHCO;, 2 mM MgCl,, 5 mM
HEPES, 5 mM glucose, 0.35% [wt/vol] bovine albumin). Platelets were
kept at 37°C throughout all experiments. Changes in light transmission and
secretion of ATP were recorded simultaneously by using a Chronolog

Dual-Channel Lumi-Aggregometer (Chrono-Log, Havertown, PA). Aliquots
(0.25 mL) of platelet suspensions were preincubated at 37°C for 2 minutes
and then stimulated with different agonists. Platelet ATP secretion was
measured by the luciferin/luciferase reaction, after adding Chrono-lume no.
395 (Chrono-Log) to the aggregometer cuvette.

Measurement of P-selectin surface expression and Jon/A
binding

Prewarmed washed platelets were diluted to a density of 5 X 10° and then
stimulated at 37°C with 300 nM PMA or 0.1 unit/mL thrombin in the
presence of P-selectin-PE (BD PharMingen, San Jose, CA) or PE-
conjugated Jon/A according to the manufacturer’s protocol. The samples
were analyzed on a FACSCalibur (BD PharMingen) using FlowJo software
(TreeStar, Ashland, OR).

Immunoblotting

Murine (1.5 X 10%) platelets were lysed in NuPAGE LDS Sample Buffer
(Invitrogen, Carlsbad, CA) and were then fractionated by electrophoresis
on a 4% to 12% Bis-Tris gel. After transfer to polyvinylidene fluoride
membranes (Invitrogen), blots were incubated with anti-mouse pleckstrin
antibody as per protocols recommended by the manufacturer (BD Bio-
sciences, San Jose, CA.) HRP-conjugated anti—-mouse IgG was used as the
secondary antibody, and signals were detected with enhanced chemilumines-
cence (ECL; GE Healthcare, Little Chalfont, United Kingdom).

Platelet actin assembly

Washed platelets were resuspended at a concentration of 107/mL in
HEPES-Tyrode buffer, pH 7.4. After prewarming for 5 minutes at 37°C,
they were stimulated with 300 nM PMA. The platelets were fixed with 0.55
volume of 10% paraformaldehyde for 3 minutes after PMA stimulation.
The fixed cells were permeabilized and stained with 0.1 volume of 1%
Triton X-100 containing 45 uM Alexa Fluor (633-phalloidin) at room
temperature. Phalloidin binding was measured by flow cytometry (FACS-
Calibur), and data were analyzed with FlowJo software (TreeStar).
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Results
Targeting of the murine pleckstrin gene

To elucidate pleckstrin function in vivo, we introduced a loss of
function mutation into the murine pleckstrin gene within E14TG2a
ES cells. We targeted the third of the 10 exons in the pleckstrin
gene, which includes the coding region for the pleckstrin phosphor-
ylation sites, as well as the key C-terminal o helix of the amino PH
domain (Figure 1A). Five independent ES lines that were identified
by both PCR and Southern blotting were microinjected into
blastocysts. Three of these lines produced chimeric mice that
yielded heterozygotes. Heterozygous pleckstrin™~ mice were
intercrossed, and the expected numbers of pleckstrin™~ and
pleckstrin~/~ offspring were produced (not shown). Southern
blotting of genomic DNA (Figure 1B), PCR of pleckstrin tran-
scripts (Figure 1C), and sequence analysis (not shown) from
targeted mice confirmed the deletion of the third exon. Immunoblot-
ting with a monoclonal antibody that recognizes pleckstrin protein
outside of the targeted region showed the complete absence of this
protein in pleckstrin /'~ platelets (Figure 1D).

Pleckstrin is a critical effector for PKC-mediated platelet
activation

Mice lacking pleckstrin appeared to develop normally and had
normal complete blood counts, except for mild thrombocytopenia
(Figure 1E.) To determine whether pleckstrin-null platelets have a
functional defect, we analyzed the ability of washed platelets to
aggregate in response to agonists. Platelets lacking pleckstrin
changed shape and aggregated normally in response to high
concentrations of the thrombin receptor (PAR4) agonist peptide,
collagen, or thrombin (Figure 2 bottom). Stimulation of platelets
with lower doses of these same agonists showed a mild defect of
aggregation in pleckstrin-null platelets compared with platelets
derived from wild-type littermates (Figure 2 top). These data argue
that pleckstrin™/~ platelets have defective aggregation that is
apparent under physiologic activation conditions.

6
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Previous tissue culture studies argue that pleckstrin is regulated
by PKC phosphorylation. We therefore reasoned that a functional
defect induced by the loss of pleckstrin might be most apparent in
cells stimulated by direct pharmacologic activators of PKC, such as
phorbol esters (PMA). Indeed, washed pleckstrin-null platelets
exhibited a marked aggregation defect in response to 300 nM
PMA, a dose of PMA that induced full aggregation in platelets
derived from wild-type littermates (Figure 3A second graph from
left). The ability of various PMA doses to induce aggregation in
pleckstrin-null and wild-type platelets is shown in Figure 3A
far right. Pleckstrin-null platelets failed to aggregate even when
exposed to doses of PMA that were approximately 20-fold greater
than the half-maximal effective concentration (ECsg) for wild-type
platelets. This shows that pleckstrin is a critical effector of
PKC-mediated signaling pathways that lead to platelet activation.

Role of PI3K

It is clear from Figure 3A that washed pleckstrin-null platelets do
not aggregate in response to PKC activation, yet they are capable of
aggregating in response to upstream signals induced by thrombin.
This finding suggests that another PKC-independent pathway must
compensate for the loss of pleckstrin in the response to stimulation
by extracellular agonists. We hypothesized that this alternative
pathway might also use PtdIns(4,5)P,-dependent second messen-
gers. Because phosphorylation of PtdIns(4,5)P, by PI3K generates
second messengers that also contribute to platelet aggregation,0-32
we further hypothesized that PI3K might compensate for the loss of
pleckstrin. In support of this hypothesis, washed pleckstrin-null
platelets were much more sensitive than wild-type platelets to the
selective PI3K inhibitor, LY294002 (Figure 3B). A similar effect
was seen when a pharmacologically distinct PI3K inhibitor,
wortmannin, was used instead of LY294002 (not shown). More-
over, wild-type platelets aggregate efficiently in the presence of
either LY294002 or GF109203X (a PKC antagonist) alone, but
they fail to aggregate in the presence of both inhibitors together
(Figure 3B far right).
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Figure 3. PKC-mediated aggregation is absent in pleckstrin-null platelets. (A) In contrast to their response to thrombin, washed pleckstrin-null platelets completely fail to
aggregate in response to all doses of the PKC stimulant, PMA (25-600 nM). The third tracing from the left shows that the effect of PMA on platelet aggregation is completely
ablated by the PKC inhibitor, GF109203x. The dose response was derived from 3 experiments. (B) The presence of a PI3K inhibitor completely eliminates the ability of
pleckstrin-null platelets to aggregate in response to the peptide agonist of PAR4 (250 uM). Inhibition of wild-type platelets with both a PI3K inhibitor (LY294002) and PKC
inhibitor (GF109203x) resulted in a total loss of aggregation in response to 250 .M of the PAR4 peptide agonist. The results are representative of 3 experiments. (C) Loss of
pleckstrin also impairs the binding of Jon/A, an antibody that only recognizes the activated form of allbg3. The mean and SD are derived from 6 experiments with PMA
(P < .001) and 10 experiments with thrombin (P < .001). (D) The addition of exogenous fibrinogen reverts the aggregation defect of washed platelets lacking pleckstrin in

response to 300 nM PMA. These results are representative of 3 experiments.

These data argue that parallel pathways contribute to platelet
activation in response to extracellular stimuli. Either PKC or
PI3K-mediated signals alone are sufficient for thrombin-induced
aggregation, so that the inhibition of only one pathway does not
block aggregation. However, aggregation is blocked by the simulta-
neous inhibition of both pathways. In addition to platelet aggrega-
tion, we also analyzed agonist-induced activation of olIbB3 by
flow cytometry to assess the activation-dependent binding of
Jon/A. As shown in Figure 3C, platelets lacking pleckstrin had a
defect in alIbB3 activation.

Pleckstrin is a critical component of platelet exocytosis

Previous studies that used pharmacologic inhibitors have suggested
that PKC is a critical component of platelet secretion. We reasoned
that pleckstrin might be the mediator of this PKC-induced secre-
tion. Because the experiments shown in Figures 2 and 3A and B
used washed platelets, there was no extracellular fibrinogen to
support aggregation unless the platelets secreted the components of
their o granules. To determine whether the aggregation defects of
pleckstrin-null platelets was due to their inability to secrete
fibrinogen, we analyzed whether the addition of exogenous fibrino-
gen could revert the aggregation defect in pleckstrin-null platelets.
We found that the addition of fibrinogen to washed platelets
corrected the aggregation defect in platelets lacking pleckstrin
(Figure 3D). Except for a small delay in the initiation of aggrega-
tion, the addition of extracellular fibrinogen was able to completely
revert the PMA-induced aggregation defect caused by loss of
pleckstrin. These data suggest that defective exocytosis of fibrino-

gen is the principal cause for impaired PKC-mediated aggregation
in pleckstrin-null platelets.

The ability of PKC to induce secretion of « and & granules in
pleckstrin-null platelets was analyzed. (Figure 4) & Granule
secretion was measured by a lucifer/luciferase assay (Figure 4A),
and o granule secretion was quantified by surface expression of
CD62P, P-selectin (Figure 4B). Platelets lacking pleckstrin had an
approximately equal deficit in exocytosis of both o and dense
granules after PMA stimulation (Figure 4C,D left). As shown in
Figure 4D, the deficit was striking even at time points as late as
20 minutes after stimulation (Figure 4D left). This suggests that a
biochemical step common to the release of both types of storage
granules is affected by the loss of pleckstrin. However, there was
no impairment of o or & granule exocytosis in pleckstrin-null
platelets after thrombin stimulation (Figure 4C,D right). This
indicates that critical components of the soluble NSF attachment
protein receptor (SNARE)—soluble NSF attachment protein (SNAP)
exocytosis machinery within the genetically modified platelets are
intact. It further suggests that the defect in pleckstrin-null platelets
is limited to the pathway that links PKC activation with exocytosis.

This exocytosis defect was examined in greater detail with the
use of high-resolution electron microscopy of PMA-stimulated
platelets. Before stimulation, pleckstrin-null platelets contained as
many a and dense granules as wild-type platelets (Figure 5 top and
bottom left). After 2 minutes of stimulation with PMA, wild-type
platelets fused their o and & granules (Figure 5 top middle). In
contrast, platelets lacking pleckstrin failed to merge their granules
at that time point (Figure 5 bottom middle). It is notable that after
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Figure 4. PKC-mediated exocytosis is impaired in platelets lacking pleckstrin. PMA-induced exocytosis was analyzed biochemically (A,C), as well as by flow cytometry
(B,D). The effect of the pleckstrin loss on function mutation on the 3 (dense) granule secretion was analyzed in a Lumi-Aggregometer (Chrono-Log). (A) A representative tracing
is shown, and pooled results showing the mean and SD derived from 5 experiments for PMA and 4 experiments with thrombin are plotted (C). Platelets lacking pleckstrin had a
consistent deficit in dense granule section (P < .01 for all time points). The flow histogram (B) shows the relative surface exposure of P-selectin as a marker of a granule fusion
with the cell membrane. The pooled analysis derived from 4 experiments is shown (D). For all doses and time points, paired analysis showed a P < .05.

stimulation with PMA for 5 minutes, the pleckstrin-null platelets
had merged their granules as much as wild-type platelets (Figure 5
top and bottom right). Despite ultimately coalescing their o and 3
granules after 5 minutes of stimulation with PMA, platelets lacking
pleckstrin still fail to adequately merge their granule membrane

2 minutes 5 minutes

Resting

Figure 5. Loss of pleckstrin allows granule-to-granule fusion. Morphologies of
platelet granules were analyzed in resting platelets and in platelets exposed to PMA
for 2 or 5 minutes. Platelets derived from wild-type or pleckstrin-null platelets
appeared identical under basal conditions. Wild-type platelets coalesced their
granules more rapidly than platelets lacking pleckstrin (compare images in middle
column.) However, wild-type and pleckstrin-null platelets appeared identical after
5 minutes of stimulation, with both genotypes of platelets having numerous merged
granules (several examples indicated by arrowheads.) This shows that loss of
pleckstrin impairs the efficiency of granule-to-granule fusion but does not prevent it.
Shown are 20 000X magnifications captured with an FEI Tecnai T12 electron micro-
scope operated at 80-kV accelerating voltage.

proteins with the cell surface membrane (Figure 4D), empty the
contents of their & granules into the extracellular environment
(Figure 4C), or secrete the contents of their « granules to support
aggregation (Figure 3A,D). This indicates that pleckstrin is re-
quired for a cellular step that occurs after granule-to-granule fusion
but before granule-to-cell membrane fusion.

Pleckstrin and actin assembly

Previous work in neuronal cells and platelets have suggested that
reassembly of the actin cytoskeleton is required for exocytosis.?*3
Heterologous expression studies show that pleckstrin can reorganize the
actin cytoskeleton.?”-233 Because the available evidence suggests that
disassembly of F-actin facilitates exocytosis in platelets, it is possible
that pleckstrin indirectly links PKC with exocytosis by facilitating
F-actin reorganization. Therefore, we analyzed the ability of pleckstrin-
null platelets to increase their levels of F-actin in response to PMA. As
shown in Figure 6, platelets lacking pleckstrin showed a significant
deficit in assembly of actin. Although this does not prove that pleckstrin
contributes to platelet exocytosis through a pathway dependent on actin
dynamics, the actin assembly defect in pleckstrin-null platelets is
consistent with this hypothesis.

Discussion

Although pleckstrin phosphorylation has long been used as a
marker for protein kinase C activation in platelets, until now its true
in vivo function has been unknown. Our results show a previously
unrecognized association between pleckstrin and PKC-mediated
exocytosis. This is consistent with work published by Haslam and
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Figure 6. Loss of pleckstrin impairs actin assembly. After stimulation of washed
murine platelets with 300 nM PMA, platelets were fixed, permeabilized, and stained
with fluorescent phalloidin. Flow cytometry was used to quantitate phalloidin binding
in 100 000 cells, and analysis was performed using FlowJo software. Shown is the
mean plus or minus SEM for 5 experiments (P < .015).

Lynham?’ that showed that, although phosphorylation of pleckstrin
coincided with platelet secretion, phosphorylation did not correlate
with aggregation that occurred in the absence of platelet secretion.
Our data also show that thrombin-induced platelet secretion can be
mediated by 1 of 2 parallel pathways. The first involves PKC and
pleckstrin, and the second involves PI3K. A model of these
signaling pathways is shown in Figure 7. These observations raise
several questions about the nature of the mechanism by which
pleckstrin mediates PKC-directed exocytosis and the generality of
this function for pleckstrin in other hematopoietic cells.

Although pleckstrin contributes to the PKC-induced release of
both « and dense granules, the electron microscopy studies argue
that pleckstrin is not required for all aspects of vesicle exocytosis.
During PKC-mediated platelet activation, storage granules redistrib-
ute, merge together, and finally fuse with the open canalicular
system.’® Pleckstrin is not required for vesicle trafficking or
granule-to-granule fusion, but it appears to be specifically required
for the granule fusion with the plasma membrane. Pleckstrin could
mediate this process by functioning as a docking protein or by
directly regulating the SNARE-SNAP machinery. Alternatively,
pleckstrin’s effect on exocytosis might be indirect, mediated, for
example, by pleckstrin-disassembling components of the actin
cytoskeleton, and thus allowing granule release.

Does pleckstrin control exocytosis by functioning as a docking
protein?

Pleckstrin is almost solely composed of 2 PH domains and a DEP
domain. Because neither motif has enzymatic activity, the function
of pleckstrin most probably involves multiple intermolecular
interactions mediated by these domains. One possibility is that
pleckstrin becomes anchored to particular regions of the membrane
via its PH domains, and, once localized to those regions, pleckstrin
via its DEP domain recruits another protein that is a critical effector
for platelet exocytosis. In other words, pleckstrin might act as a
docking protein for this putative exocytotic effector.

Does pleckstrin control exocytosis through phosphoinositide
binding?

Another intriguing possibility is that pleckstrin sequesters phosphoi-
nositides in a PKC-regulated manner, and this is required for
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exocytosis. Several other PKC substrates, including GAP43,
MARCKS, and CAP23, also bind phospholipids and affect the
actin cytoskeleton. Note that dense granule secretion from perme-
abilized platelets is inhibited by peptides that prevent the phosphor-
ylation of MARCKS,*+0 which is believed to reversibly cluster
PtdIns(4,5)P,. There is evidence that GAP43, MARCKS, and
CAP23 all codistribute with PtdIns(4,5)P,, potentially promoting
its retention or clustering or both.#4> These 3 proteins might
constrain the diffusion of PtdIns(4,5)P,within the plasma mem-
brane, possibly concentrating it within discrete microdomains of
the cell membrane in a manner that is required for the control of
exocytosis or actin organization.

Given the ability of PH domains to bind phosphoinositides,
pleckstrin might also bind and sequester PtdIns(4,5)P,. In platelets
and leukocytes, pleckstrin represents 1% of total cellular protein.
The abundance of pleckstrin would facilitate its ability to bind a
significant amount of PtdIns(4,5)P,. As with MARCKS, it is
possible that phosphorylation regulates the binding of pleckstrin to
PtdIns(4,5)P,, so that clustering of this phospholipid by pleckstrin
could be reversible and therefore able to be regulated.

Does pleckstrin affect the formation of the SNARE complex?

SNARE proteins are docking proteins that are present on the inner
face of the cell membrane, as well as on the outer face of vesicular
membranes. The fusion of the vesicular membrane with the cell
membrane requires the formation of a core complex created by the
binding of SNARE proteins on the opposing membranes. SNAPs
facilitate this process. Blocking antibodies directed against several
SNAREs and SNAPs impair secretion of « and dense granules in
permeabilized platelets.*** Studies of transgenic mice indicate
that the SNARE protein, VAMP-8, contributes to both a granule
and dense granule secretion.*® However, loss of VAMP-8 does not
cause a defect specific to PKC-mediated exocytosis similar to the
phenotype seen in mice lacking pleckstrin. Because thrombin-
mediated exocytosis is normal in pleckstrin-null platelets, the
SNARE-SNAP complex must be intact in these cells. Thus, it is
more likely that pleckstrin influences a regulator of SNARE-SNAP
machinery rather than the complex itself. PKC-mediated phosphor-
ylation of SNAP-23 is normal in platelets lacking pleckstrin (not
shown). It is remarkable that the loss of pleckstrin does not affect
granule-granule fusion but blocks granule-membrane fusion. This
suggests that pleckstrin is required for a highly specific fusion step

Thrombin

PLC PI3K

IP3 DAG PIP3
<M PI3,4P2
. |
Pleckstrin 2

Ca*— Activat.ion
Secretion
Actin assembly

Figure 7. Model of signaling by pleckstrin leading to platelet activation.
Stimulation of an agonist receptor leads to the activation of PI3K and PLC. These
2 enzymes participate in alternative signaling pathways, leading to platelet aggrega-
tion. Activation of PLC leads to the production of DAG, PKC activation, and pleckstrin
phosphorylation. Once phosphorylated, pleckstrin binds to the cell membrane and
contributes to integrin activation, actin assembly, and exocytosis. An alternative
pathway to platelet activation involving PI3K is pleckstrin-independent.
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in the process of exocytosis. To date, no individual component of
the SNARE-SNAP machinery has been shown to be critical for one
specific fusion event.

Is the cytoskeleton the link between pleckstrin and exocytosis?

Several studies indicate that cytoskeletal regulation plays a central
role in controlling platelet exocytosis. For example, blocking actin
polymerization with cytochalasin enhances the release of platelet-
dense granules,?-3 suggesting that actin contributes to the regula-
tion of platelet exocytosis, which is analogous to the contribution
of actin to neuronal cell exocytosis.*’ Other indications that the
cytoskeleton has a role in platelet exocytosis include the observa-
tion that preventing myosin light chain phosphorylation impairs
platelet secretion*®#? and that by adding recombinant scinderin (a
calcium-dependent F-actin severing protein) to permeabilized
platelets enhances dense granule exocytosis.”® As mentioned
earlier, MARCKS also contributes to platelet secretion®4° and
binds actin in addition to phosphoinositides. It should also be noted
that platelet microtubules are not involved in PKC-induced exocy-
tosis, because this process is unaffected by taxol and vincristine>!-52

As shown in Figure 6, loss of pleckstrin results in defective
actin assembly. This shows that pleckstrin contributes to actin
dynamics within platelets. Therefore, it is possible that pleckstrin
regulates PKC-mediated platelet exocytosis through a pathway
dependent on actin.

What is the role of pleckstrin in other hematopoietic cells?

In addition to its expression in platelets, pleckstrin is also an
abundant protein within leukocytes. Brumell et al>> have shown
that phosphorylated pleckstrin associates with the phagosomal
membrane on ingestion of IgG-opsonized particles in monocyte/
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macrophage cell lines. Analogously, Brumell et al>* showed that the
stimulation of neutrophils with chemoattractants induces the PKC-
mediated phosphorylation of pleckstrin and induce its interaction
with membranes or with the cytoskeleton or both. Although
pleckstrin did not colocalize with granules with resting neutrophils,
to our knowledge there are no data that addresses whether
pleckstrin migrates toward these organelles in activated cells. It is
notable that pleckstrin is 1% of the total cellular protein in
lymphocytes, monocytes, and granulocytes. Determining its true in
vivo function within these cells is an area of active investigation in
our laboratory.

Acknowledgment

This work was supported by funding from the National Heart,
Lung, and Blood Institute (Bethesda, MD; HL073289, HL083392,
and HL40387; C.S.A.).

Authorship

Contribution: L.L. and Y.W. designed and performed research,
analyzed data, and wrote the paper; M.F. and E.W.S. performed
research, analyzed data, and wrote the paper; J.C., J.D., and M.A.L.
analyzed data and wrote the paper; and C.S.A. designed research,
analyzed data, and wrote the paper.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Charles S. Abrams, Hematology-Oncology
Division, University of Pennsylvania School of Medicine, 421
Curie Blvd, Biomedical Research Bldg II/III #912, Philadelphia,
PA 19104; e-mail: abrams @mail.med.upenn.edu.

References
1. Haslam RJ, Lynham JA, Fox JEB. Effects of col- 9
lagen, ionophore A23187 and prostaglandin E1
on the phosphorylation of specific proteins in 10

blood platelets. Biochem J. 1979;178:397-406.

. Haslam RJ, Koide HB, Hemmings BA. Pleckstrin

domain homology. Nature. 1993;363:309-310.

. Mayer BJ, Ren R, Clark KL, Baltimore DL. A puta-

tive modular domain present in diverse signaling

C. Structure and phosphatidylinositol-(3,4)-
bisphosphate binding of the C-terminal PH do-
main of human pleckstrin. Structure. 2005;13:
277-286.

2. Imaoka T, Lynham JA, Haslam RJ. Purification proteins. Cell. 1993;73:629-630. 20. Jackson SG, Zhang Y, Haslam RJ, Junop MS.
and characterization of the 47,000-dalton protein 11. Musacchio A, Gibson T, Rice P, Thompson J, Structural analysis of the carboxy terminal PH
phosphorylated during degranulation of human Saraste M. The PH domain: a common piece in domain of pleckstrin bound to D-myo-inositol
platelets. J Biol Chem. 1983;258:11404-11414. the structural patchwork of signalling proteins. 1,2,3,5,6-pentakisphosphate. BMC Struct Biol.

3. Connolly TM, Lawing WJJ, Majerus PW. Protein Trends Biochem Sci. 1993;18:343-348. 2007;7:80.
kinase C phosphorylates human platelet inositol 12. Letunic |, Copley RR, Pils B, Pinkert S, Schultz J, 21. Ponting CP, Bork P. Pleckstrin’s repeat perfor-
trisphosphate 5'-phosphomonoesterase, increas- Bork P. SMART 5: domains in the context of ge- mance: a novel domain in G-protein signaling?
ing the phosphatase activity. Cell. 1986;46:951- nomes and networks. Nucleic Acids Res. 2006; Trends Biochem Sci. 1996;21:245-246.

958. 34:0257-D260. 22. Ballon DR, Flanary PL, Gladue DP, Konopka JB,

4. Tyers M, Haslam RJ, Rachubinski RA, Harley 13. Harlan JE, Hajduk PJ, Yoon HS, Fesik SW. Pleck- Dohlman HG, Thorner J. DEP-domain-mediated
CB. Molecular analysis of pleckstrin: the major strin homology domains bind to phophatidylinosi- regulation of GPCR signaling responses. Cell.
protein kinase C substrate of platelets. J Cell Bio- tol-4,5-bisphosphate. Nature. 1994;371:168-170. 2006;126:1079-1093.
chem. 1989;40:133-145. 14. Lemmon MA, Ferguson KM, Abrams CS. Pleck- 23. Abrams CS, Wu H, Zhao W, Belmonte E, White

5. Tyers M, Rachubinski RA, Stewart MI, et al. Mo- strin homology domains and the cytoskeleton. D, Brass LF. Pleckstrin inhibits phosphoinositide
lecular cloning and expression of the major pro- FEBS Lett. 2002;513:71-76. hydrolysis initiated by G-protein-coupled and
tein kinase C substrate of platelets. Nature. 1988; 15. Lemmon MA. Membrane recognition by phospho- growth factor receptors. A role for pleckstrin’s PH
333:470-473. lipid-binding domains. Nat Rev Mol Cell Biol. domains. J Biol Chem. 1995;270:14485-14492.

6. Gailani D, Fisher TC, Mills DC, Macfarlane DE. 2008;9:99-111. 24. Abrams CS, Zhao W, Belmonte E, Brass LF. Pro-
P47 phosphoprotein of blood platelets (pleckstrin) 16. Koch WJ, Inglese J, Stone WC, Lefkowitz RJ. tein kinase C regulates pleckstrin by phosphory-
is a major target for phorbol ester-induced protein The binding site for the g subunits of heterotri- lation of sites adjacent to the N-terminal pleck-
phosphorylation in intact platelets, granulocytes, meric G proteins on the B-adrenergic receptor strin homology domain. J Biol Chem. 1995;270:
lymphocytes, monocytes and cultured leukaemic kinase. J Biol Chem. 1993;268:8256-8260. 23317-23321.
cells: absence of P47 in non-haematopoietic 17. Abrams CS, Zhao W, Brass LF. A site of interac- 25. Abrams CS, Zhang J, Downes CP, Tang X-W,
cells. BrJ Haematol. 1990;74:192-202. tion between pleckstrin’s PH domains and G beta Zhao W, Rittenhouse SE. Phospho-pleckstrin in-

7. Bach TL, Kerr WT, Wang Y, et al. PI3K regulates gamma. Biochim Biophys Acta. 1996;1314:233- hibits Ggy-activatable platelet phosphatidylinosi-
pleckstrin-2 in T-cell cytoskeletal reorganization. 238. tol (4,5)P, 3-kinase. J Biol Chem. 1996;271:
Blood. 2007;109:1147-1155. 18. Ferguson KM, Lemmon MA, Schlessinger J, 25192-25197.

8. Hu MH, Bauman EM, Roll RL, Yeilding N, Abrams Sigler PB. Crystal structure at 2.2 A resolution of 26, Auethavekiat V, Abrams CS, Majerus PW. Phos-
CS. Pleckstrin 2, a widely expressed paralog of the pleckstrin homology domain from human dy- phorylation of platelet pleckstrin activates inositol
pleckstrin involved in actin rearrangement. J Biol namin. Cell. 1994;79:199-209. polyphosphate 5-phosphatase I. J Biol Chem.
Chem. 1999;274:21515-21518. 19. Edlich C, Stier G, Simon B, Sattler M, Muhle-Goll 1997;272:1786-1790.

20 dunr 0 uo 3senb Aq jpd'2/GE00605 1 08UZ/9EZE]YL/LLGEISLIEL L/PA-BI0E/POO|qARU SUOREDGNdYSE//:d]IY WOl papeojumog



3584

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

LIAN et al

Ma AD, Brass LF, Abrams CS. Pleckstrin associ-
ates with plasma membranes and induces the
formation of membrane projections: requirements
for phosphorylation and the NH2-terminal PH do-
main. J Cell Biol. 1997;136:1071-1079.

Roll RL, Bauman EM, Bennett JS, Abrams CS.
Phosphorylated pleckstrin induces cell spreading
via an integrin-dependent pathway. J Cell Biol.
2000;150:1461-1466.

Ma AD, Abrams CS. Pleckstrin induces cytoskel-
etal reorganization via a Rac-dependent pathway.
J Biol Chem. 1999;274:28730-28735.

Lian L, Wang Y, Draznin J, et al. The relative role
of PLCbeta and PI3Kgamma in platelet activa-
tion. Blood. 2005;106:110-117.

Hirsch E, Bosco O, Tropel P, et al. Resistance to
thromboembolism in PI3Kgamma-deficient mice.
FASEB J. 2001;15:2019-2021.

Jackson SP, Schoenwaelder SM, Goncalves |, et
al. Pl 3-kinase p110beta: a new target for anti-
thrombotic therapy. Nat Med. 2005;11:507-514.

Kirkpatrick JP, Mclntire LV, Moake JL, Cimo PL.
Differential effects of cytochalasin B on platelet
release, aggregation and contractility: evidence
against a contractile mechanism for the release
of platelet granular contents. Thromb Haemost.
1980;42:1483-1489.

Cox AC. Cytochalasin E enhances the protein
kinase C-dependent process of secretion. Bio-
chem Biophys Res Commun. 1988;150:745-751.

Flaumenhaft R, Dilks JR, Rozenvayn N,
Monahan-Earley RA, Feng D, Dvorak AM. The
actin cytoskeleton differentially regulates platelet
alpha-granule and dense-granule secretion.
Blood. 2005;105:3879-3887.

Ma AD, Metjian A, Bagrodia S, Taylor S, Abrams
CS. Cytoskeletal reorganization by G protein-
coupled receptors is dependent on phosphoinosi-
tide 3-kinase gamma, a Rac guanosine exchange
factor, and Rac. Mol Cell Biol. 1998;18:4744-
4751.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Haslam RJ, Lynham JA. Relationship between
phosphorylation of blood platelet proteins and
secretion of platelet granule constituents, I: ef-
fects of different aggregating agents. Biochem
Biophys Res Commun. 1977;77:714-722.
Stenberg PE, Shuman MA, Levine SP, Bainton
DF. Redistribution of alpha-granules and their
contents in thrombin-stimulated platelets. J Cell
Biol. 1984;98:748-760.

Hartwig JH, Thelen M, Rosen A, Janmey PA,
Nairn AC, Aderem A. MARCKS is an actin fila-
ment crosslinking protein regulated by protein
kinase C and calcium-calmodulin. Nature. 1992;
356:618-622.

Elzagallaai A, Rose SD, Trifaro JM. Platelet se-
cretion induced by phorbol esters stimulation is
mediated through phosphorylation of MARCKS: a
MARCKS-derived peptide blocks MARCKS phos-
phorylation and serotonin release without affect-
ing pleckstrin phosphorylation. Blood. 2000;95:
894-902.

Laux T, Fukami K, Thelen M, Golub T, Frey D,
Caroni P. GAP43, MARCKS, and CAP23 modu-
late PI(4,5)P(2) at plasmalemmal rafts, and regu-
late cell cortex actin dynamics through a common
mechanism. J Cell Biol. 2000;149:1455-1472.

Gambhir A, Hangyas-Mihalyne G, Zaitseva |, et
al. Electrostatic sequestration of PIP2 on phos-
pholipid membranes by basic/aromatic regions of
proteins. Biophys J. 2004;86:2188-2207.

Feng D, Crane K, Rozenvayn N, Dvorak AM,
Flaumenhaft R. Subcellular distribution of 3 func-
tional platelet SNARE proteins: human cellubre-
vin, SNAP-23, and syntaxin 2. Blood. 2002;99:
4006-4014.

Flaumenhaft R, Croce K, Chen E, Furie B, Furie
BC. Proteins of the exocytotic core complex me-
diate platelet alpha-granule secretion. Roles of
vesicle-associated membrane protein, SNAP-23,
and syntaxin 4. J Biol Chem. 1999;274:2492-
2501.

Reed GL, Houng AK, Fitzgerald ML. Human

46.

47.

48.

49.

50.

51.

52.

53.

54.

BLOOD, 9 APRIL 2009 - VOLUME 113, NUMBER 15

platelets contain SNARE proteins and a Sec1p
homologue that interacts with syntaxin 4 and is
phosphorylated after thrombin activation: implica-
tions for platelet secretion. Blood. 1999;93:2617-
2626.

Ren Q, Barber HK, Crawford GL, et al. Endobre-
vin/VAMP-8 is the primary v-SNARE for the plate-
let release reaction. Mol Biol Cell. 2007;18:24-33.

Itoh T, De Camilli P. Membrane trafficking: dual-
key strategy. Nature. 2004;429:141-143.

Suzuki Y, Yamamoto M, Wada H, et al. Agonist-

induced regulation of myosin phosphatase activ-
ity in human platelets through activation of Rho-
kinase. Blood. 1999;93:3408-3417.

Watanabe Y, Ito M, Kataoka Y, et al. Protein ki-
nase C-catalyzed phosphorylation of an inhibitory
phosphoprotein of myosin phosphatase is in-
volved in human platelet secretion. Blood. 2001;
97:3798-3805.

Marcu MG, Zhang L, Nau-Staudt K, Trifaro JM.
Recombinant scinderin, an F-actin severing pro-
tein, increases calcium-induced release of sero-
tonin from permeabilized platelets, an effect
blocked by two scinderin-derived actin-binding
peptides and phosphatidylinositol 4,5-bisphos-
phate. Blood. 1996;87:20-24.

White JG, Rao GH. Effects of a microtubule stabi-
lizing agent on the response of platelets to vin-
cristine. Blood. 1982;60:474-483.

White JG, Rao GH. Influence of a microtubule
stabilizing agent on platelet structural physiology.
Am J Pathol. 1983;112:207-217.

Brumell JH, Howard JC, Craig K, Grinstein S,
Schreiber AD, Tyers M. Expression of the protein
kinase C substrate pleckstrin in macrophages:
association with phagosomal membranes. J Im-
munol. 1999;163:3388-3395.

Brumell JH, Craig KL, Ferguson D, Tyers M,
Grinstein S. Phosphorylation and subcellular re-
distribution of pleckstrin in human neutrophils.

J Immunol. 1997;158:4862-4871.

20 dunr 0 uo 3senb Aq jpd'2/GE00605 1 08UZ/9EZE]YL/LLGEISLIEL L/PA-BI0E/POO|qARU SUOREDGNdYSE//:d]IY WOl papeojumog



