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Abstract

Homeostasis between platelet production and clearance is essential for human health. A

critical facet of the balance that facilitates platelet clearance from the circulation is apoptosis

(programmed cell death). The precise cellular mechanisms that underpin platelet apoptosis

are not defined. In nucleated cells, reorganization of the actin cytoskeleton is known to regu-

late platelet apoptosis. However, the role of the actin cytoskeleton in regulating apoptosis in

platelets has not been extensively studied as they are anucleate and exhibit a distinctive

physiology. Here, apoptosis was induced in washed human platelets using ABT-737, a

BH3-mimetic drug. Mitochondrial depolarization was measured using the ratiometric dye

JC-1; surface phosphatidylserine (PS) exposure was measured by annexin V binding; cas-

pase-3 activation was measured by Western blotting. All three apoptotic markers were unaf-

fected by the presence of either the actin depolymerizing drug cytochalasin D or the actin

polymerizing drug jasplakinolide. Moreover, platelets were isolated from wild-type (WT)

mice and mice deficient in gelsolin (Gsn), an actin-binding protein that is essential for normal

cytoskeletal remodeling. In response to ABT-737, gelsolin-null (Gsn-/-) platelets initially

showed accelerated PS exposure relative to WT platelets, however, both WT and Gsn-/-

platelets exhibited similar levels of mitochondrial depolarization and caspase-3 activation in

response to ABT-737. We conclude that ABT-737 induces established markers of platelet

apoptosis in an actin-independent manner.

Introduction

Thrombocytopenia is defined by low numbers of circulating platelets (<150,000 platelets/μl of

blood) that can lead to spontaneous bleeding. Low platelet counts may result from either defi-

cient platelet production and/or overexuberant platelet clearance. Apoptosis, or programmed

cell death, is a fundamental process by which cell populations are maintained. Published evi-

dence from the past 15 years indicates that platelets also undergo apoptosis [1, 2]. Because they

are anucleate and exhibit unique physiology compared to more comprehensively studied

nucleated cells, the underlying molecular mechanisms of apoptosis remain poorly understood
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in platelets. However, the regulation of platelet apoptosis has clear implications for human

health. For example, idiopathic thrombocytopenic purpura (ITP) is often a life-threatening

condition that has been associated with increased apoptosis of platelets and/or megakaryocytes

[3–5]. A clear comprehension of how apoptosis is regulated in platelets is therefore essential

for the development of improved therapeutic approaches for managing thrombocytopenia.

Apoptosis in platelets typically follows the “intrinsic” pathway, which is initiated in a recep-

tor-independent manner by stimulation that may be drug-induced [1, 6]. During intrinsic

apoptosis, pro-apoptotic proteins including Bak and Bax translocate to the mitochondria and

create pores that lead to the loss of mitochondrial membrane potential [7, 8]. The subsequent

release of cytochrome c from the mitochondria leads to the cleavage, and activation, of the

enzymes caspase-9 and caspase-3, culminating in cell death [9]. Notably, apoptotic platelets

are also characterized by the exposure of phosphatidylserine (PS) on the plasma membrane

and by morphological features including membrane blebbing. The pro-apoptotic function of

Bak and Bax is constrained by the anti-apoptotic Bcl-2 proteins. Another group of proteins,

termed BH3-only proteins, trigger apoptosis by dissociating Bcl-2 from Bak/Bax, thus nullify-

ing the anti-apoptotic role of Bcl-2 [10]. Accordingly, BH3-mimetic drugs, including ABT-737

are widely used for the experimental induction of apoptosis [11]. The exact molecular mecha-

nisms that transition platelets into an apoptotic phenotype remain incompletely understood.

The actin cytoskeleton is responsible for maintaining cellular structure integrity and has

been implicated in the initiation and execution of apoptosis in nucleated cells [12]. Cytoskele-

tal rearrangements in response to various stimuli are due to a dynamic state of flux between

globular G-actin monomers and filamentous F-actin polymers, which are characterized by a

“barbed” end and “pointed” end. In response to stimuli, actin polymerization occurs as a result

of monomer binding to the barbed end [13]. In nucleated cells, actin dynamics are involved in

apoptosis by participating in the accumulation of reactive oxygen species (ROS) [14], mito-

chondrial depolarization [15], caspase activation [16], cytochrome c release [17], and apoptotic

body formation [12, 18]. Furthermore, actin reportedly regulates the activation of Bcl-2 pro-

teins [19, 20]. Apoptotic morphological changes depend heavily on a dynamic actin cytoskele-

ton [21, 22] and the actin-binding proteins that regulate these processes [23].

Gelsolin is an ~90-kDa actin-binding protein with six homology domains (G1-G6) that

respond to specific cellular conditions by regulating actin dynamics [24, 25]. Upon binding

calcium or under low pH conditions in the absence of calcium, gelsolin binds and severs actin

filaments, then caps the barbed ends of the newly formed actin fragments, thereby promoting

actin depolymerisation [25, 26]. Conversely, phosphatidylinositol lipids (PIP2) bind and

release gelsolin from actin, promoting actin polymerization [25]. In addition to the importance

of gelsolin in actin dynamics, gelsolin can play a major role in promoting or inhibiting apopto-

sis. The caspase-3-cleaved N-terminal gelsolin fragment was found to induce apoptosis in acti-

vated hepatic stellate cells [27]. In contrast, gelsolin overexpression reportedly protects

nucleated cells from apoptosis [28, 29]. In human platelets, apoptosis induced by the BH3-mi-

metic drug, ABT-737, leads to gelsolin cleavage [30]. These studies highlight a potential role

for gelsolin and the actin cytoskeleton in platelet apoptosis; however, the involvement of the

actin cytoskeleton in mediating platelet apoptosis has not been studied to date.

We hypothesized that the actin cytoskeleton is a critical determinant for pro-apoptotic

platelet induction, consistent with observations in nucleated cells. We initially sought to con-

firm the role of the actin cytoskeleton in platelet apoptosis by analyzing well-established apo-

ptotic markers in the presence of cytoskeleton-modulating drugs. As expected, ABT-737

induced mitochondrial depolarization, membrane surface phosphatidylserine (PS) exposure

and caspase-3 cleavage in human platelets. However, these endpoints were surprisingly unaf-

fected by the disruption of the actin cytoskeleton by cytochalasin D; they were also unaffected
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by the induction of actin polymerization by jasplakinolide. Furthermore, we studied the apo-

ptotic response to ABT-737 in wild-type (WT) and gelsolin-null (Gsn-/-) mouse platelets.

Again, we found that mitochondrial depolarization, PS exposure and caspase-3 cleavage were

largely unaffected by the loss of gelsolin expression in platelets. Our findings indicate that

ABT-737-mediated apoptosis in platelets occurs independently of the actin cytoskeleton.

Materials and methods

Reagents

Prostaglandin E1 (PGE1), heparin, ABT-737, cytochalasin D and jasplakinolide were pur-

chased from Millipore-Sigma (Oakville, ON, Canada). The JC-1 ratiometric dye and the

Alexa-Fluor-488-conjugated Annexin V dye were purchased from Life Technologies (Grand

Island, NY). The anti-caspase-3 antibody (catalogue #: 9665P), the anti-cleaved caspase-3 anti-

body (catalogue #: 9664), the anti-gelsolin antibody (catalogue #: 12953) and the HRP-conju-

gated anti-beta-tubulin antibody (catalogue #: 5346) were purchased from Cell Signaling

Technologies (Danvers, MA). The HRP-conjugated anti-beta-actin antibody (catalogue #: SC-

47778 HRP) was purchased from Santa Cruz.

Human platelet preparation

Platelets were collected from healthy volunteers, with informed consent and approval from the

University of British Columbia Clinical Research Ethics Board (CREB) in accordance with the

Declaration of Helsinki. Each experimental data set was derived from blood obtained from

three different donors. Blood was collected in tubes containing acid-citrate-dextrose (ACD)

buffer, and platelet-rich plasma (PRP) was separated by centrifugation for 10 minutes at 200g.

Platelets were isolated by centrifugation for 10 minutes at 800g in the presence of 1 μM prosta-

glandin E1. Centrifugation was performed at a slow rate of deceleration to prevent inadvertent

platelet activation. The platelets were washed in the presence of 3.5 mg/mL of bovine serum

albumin (BSA), 10 U heparin, and 1 μM PGE1 for 10 minutes at 37˚C and then centrifuged for

10 minutes at 800g. The washed platelets were resuspended in Tyrodes buffer (0.37 mM

NaH2PO4, 2.7 mM KCl, 137 mM NaCl, 10 mM HEPES, 11.9 mM NaHCO3, 1 mM MgCl2, 5.5

mM glucose, pH = 7.4) and allowed to rest for 30 minutes at 37˚C before using for

experiments.

Mice

Gelsolin heterozygous (Gsn+/-) mice on an FVB background [31] were kindly donated by

Gavin Oudit (University of Alberta) and Chris McCulloch (University of Toronto). Gelsolin-

null (Gsn-/-) mice and littermate wild-type controls were generated by crossing the heterozy-

gous mice and then identified by PCR genotyping. Each experimental data set used platelets

derived from blood obtained from 3 wild-type and 3 knockout male mice (aged 8–12 weeks).

Mouse platelet preparation

Animal work was conducted with approval from the University of British Columbia’s Animal

Care Committee (ACC, protocol #A21-0177). Mouse blood was collected via retro-orbital

plexus bleeding into tubes containing acid-citrate-dextrose (ACD) and 2 U heparin. Mice were

sacrificed by cervical dislocation. The blood was carefully transferred to 5 mL Eppendorf tubes

with 2 mL Tyrode’s buffer (0.37 mM NaH2PO4, 2.7 mM KCl, 137 mM NaCl, 10 mM HEPES,

11.9 mM NaHCO3, 1 mM MgCl2, 5.5 mM glucose, pH = 7.4), and PRP was isolated after
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centrifugation for 7 minutes at 200g. Platelets were isolated from the PRP after centrifugation

for 10 minutes at 800g, and resuspended in Tyrode’s buffer.

Induction of apoptosis and measurement of apoptotic endpoints

Washed human platelets (2x108 cells/mL) were pre-treated with 10 μM cytochalasin D or

1 μM jasplakinolide for 40 minutes at room temperature (RT), followed by treatment with

either 1 or 10 μM ABT-737 or vehicle for the specified times at 37˚C. Mouse platelets were

directly stimulated with either 1 or 10 μM ABT-737 or vehicle for the specified times. Mito-

chondrial depolarization was measured by flow cytometry after incubating the stimulated

platelets in 2 μg/mL JC-1 ratiometric dye for 20 minutes at 37˚C. PS exposure was measured

by flow cytometry after incubating the stimulated platelets in Alexa-Fluor-488-conjugated

Annexin V dye in the presence of 2.5 mM calcium for 20 minutes at RT. The concentration of

the Annexin V dye was used according to the manufacturer’s instructions.

SDS-PAGE and immunoblotting

Washed platelets (5x108 cells/mL) were lysed in 5X NP-40 lysis buffer (250 mM Tris, 750 mM

NaCl, 5% (v/v) NP-40, pH = 7.4) and 5 mM EDTA, and resuspended in Laemelli’s sample

buffer. Samples were boiled at 95˚C for 5 minutes prior to loading on a Tris-glycine gel, then

transferred onto a PVDF membrane and blocked in 3% (w/v) BSA solution in TBS-T. Western

blot analysis was performed using rabbit anti-cleaved-caspase-3 and rabbit anti-caspase-3 anti-

bodies, and detected using enhanced chemiluminescence (ECL).

Statistical analysis

All statistical evaluations were performed using GraphPad Prism 9 software. Differences

between groups were analyzed using either Student’s t-test or a two-way analysis of variance

(ANOVA) and Bonferroni post-hoc multiple comparison tests, as appropriate. Statistical sig-

nificance was set at p<0.05.

Results

Mitochondrial depolarization, PS exposure and caspase-3 cleavage in

platelets are not affected by disassembly of the actin cytoskeleton

To test the hypothesis that pro-apoptotic signaling is contingent on the integrity of the actin

cytoskeleton, we first pre-treated platelets with the actin depolymerizing drug cytochalasin D,

which binds to the fast-growing plus (“barbed”) ends of actin filaments and prevents further

polymerization [32]. In addition, given the bi-directional nature of actin dynamics (assembly

and disassembly), we also probed the role of the actin cytoskeleton in apoptosis using jasplaki-

nolide, an agonist that induces actin polymerization by stabilizing the actin barbed ends [33].

Treatment of human platelets with cytochalasin D or jasplakinolide alone did not in and by

themselves induce mitochondrial depolarization and PS exposure (Fig 1A–1D). As expected,

mitochondrial depolarization, measured by the ratiometric JC-1 dye, occurred in platelets fol-

lowing treatment with the BH3-mimetic ABT-737 (1 μM) (Fig 2A). Surprisingly, a similar

response (p>0.05) was observed both in the presence or absence of cytochalasin D (Fig 2A).

Similarly, ABT-737 induced an increase in phosphatidylserine (PS) exposure in platelets; this

response was unaffected (p>0.05) by cytochalasin D (Fig 2B and 2C). To verify that the PS

expression is representative of the entire platelet population, we analyzed and expressed the PS

exposure data in terms of overall mean fluorescence intensity (MFI) (Fig 2B) and as a function
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of the percentage (%) of PS-exposing platelets (Fig 2C). Both methods of analysis indicated

that cytochalasin D treatment did not affect ABT-737-induced PS exposure.

Similar results were obtained when platelet apoptosis was induced with a higher concentra-

tion (10 μM) of ABT-737 (Fig 2D–2F). Cytochalasin D reduced PS exposure (MFI) at the

120-minute time point (Fig 2E), however, the corresponding percentages of PS-exposing plate-

lets were similar (Fig 2F). Cytochalasin D also reduced the % of PS-exposing platelets at 15

minutes (Fig 2F) but the corresponding difference in MFI was not significant (Fig 2E).

The cleavage of caspase-3 is the terminal step in the intrinsic apoptotic pathway, and this

was observed in human platelets treated with ABT-737 for 30–120 minutes (Fig 3A). As was

observed with mitochondrial depolarization and PS exposure, the degree of caspase-3 cleavage

was unaffected by cytochalasin D (Fig 3A and 3B). While the higher concentration (10 μM) of

ABT-737 accelerated the cleavage of caspase-3, similar results were observed in the presence

and absence of cytochalasin D (Fig 3C and 3D). Taken together, these data indicate that the

intrinsic pathway of platelet apoptosis proceeds independently of an intact actin cytoskeleton.

Induction of actin polymerization by jasplakinolide does not affect

mitochondrial depolarization, PS exposure or caspase-3 cleavage

As was observed in platelets treated with CytoD, the mitochondrial depolarization and surface

PS exposure induced by ABT-737 was not significantly (p>0.05) affected by pre-treatment

with jasplakinolide (Fig 4A–4C). Similar results were obtained with the higher dose of ABT-

737 (Fig 4D–4F). Furthermore, caspase-3 cleavage was unaffected by jasplakinolide, at both

the low and high concentrations of ABT-737 (Fig 5A–5D).

Fig 1. Mitochondrial depolarization and PS externalization in human platelets are not affected by actin depolymerization and polymerization. A.

Mitochondrial depolarization was measured in washed human platelets using the JC-1 dye. Bar graph depicts the loss of mitochondrial membrane

potential in platelets treated with DMSO vehicle alone (DMSO, white bars) or with 10 μM cytochalasin D alone (CytoD, black bars). Data are

mean ± SEM, analyzed by t-test, and represent a minimum of 3 independent experiments using blood from different donors. B. Phosphatidylserine

(PS) exposure was measured in washed platelets using the Annexin V dye. Bar graph depicts PS exposure in platelets treated with DMSO vehicle alone

(DMSO, white bars) or with 10 μM cytochalasin D alone (CytoD, black bars). Data are mean ± SEM, analyzed by t-test, and represent a minimum of 3

independent experiments using blood from different donors. C. Mitochondrial depolarization was measured in washed human platelets using the JC-1

dye. Bar graph depicts the loss of mitochondrial membrane potential in platelets treated with DMSO vehicle alone (DMSO, white bars) or with 1 μM

jasplakinolide alone (Jasp, black bars). Data are mean ± SEM, analyzed t-test, and represent a minimum of 3 independent experiments using blood

from different donors. D. Phosphatidylserine (PS) exposure was measured in washed platelets using the Annexin V dye. Bar graph depicts PS exposure

in platelets treated with DMSO vehicle alone (DMSO, white bars) or with 1 μM jasplakinolide alone (Jasp, black bars). Data are mean ± SEM, analyzed

by using t-test, and represent a minimum of 3 independent experiments using blood from different donors.

https://doi.org/10.1371/journal.pone.0276584.g001
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Fig 2. ABT-737-induced mitochondrial depolarization and PS externalization in human platelets are not affected by actin

depolymerization. A. Mitochondrial depolarization was measured in washed human platelets using the JC-1 dye. Bar graph depicts

the loss of mitochondrial membrane potential in platelets treated with DMSO vehicle alone (DMSO, white bars), with 1 μM ABT-737

(ABT-737, blue bars) or with 1 μM ABT plus the actin depolymerizing agent cytochalasin D (ABT-737+CytoD, pink bars). Data are

mean ± SEM, analyzed by 2-way ANOVA and Bonferroni post-hoc multiple comparison tests, and represent a minimum of 3

independent experiments using blood from different donors. B, C. Phosphatidylserine (PS) exposure was measured in washed platelets

using the Annexin V dye. Bar graphs depict PS exposure in platelets treated with DMSO vehicle alone (DMSO, white bars), with 1 μM

ABT-737 (ABT-737, blue bars) or with 1 μM ABT plus the actin depolymerizing agent cytochalasin D (ABT-737+CytoD, pink bars).

Data are expressed both in terms of mean fluorescence intensity (B) and as a percentage (%) of PS-positive platelets (C). Data are

PLOS ONE Platelet apoptosis is actin-independent

PLOS ONE | https://doi.org/10.1371/journal.pone.0276584 November 15, 2022 6 / 16

https://doi.org/10.1371/journal.pone.0276584


mean ± SEM, analyzed by using 2-way ANOVA and Bonferroni post-hoc multiple comparison tests, and represent a minimum of 3

independent experiments using blood from different donors. D. Bar graph depicts the loss of mitochondrial membrane potential in

platelets treated with DMSO vehicle alone (DMSO, white bars), with 10 μM ABT-737 (ABT-737, blue bars) or with 10 μM ABT plus

the actin depolymerizing agent cytochalasin D (ABT-737+CytoD, pink bars). Data are mean ± SEM, analyzed 2-way ANOVA and

Bonferroni post-hoc multiple comparison tests and represent a minimum of 3 independent experiments using blood from different

donors. E, F. Bar graphs depict PS exposure in platelets treated with DMSO vehicle alone (DMSO, white bars), with 10 μM ABT-737

(ABT-737, blue bars) or with 10 μM ABT plus the actin depolymerizing agent cytochalasin D (ABT-737+CytoD, pink bars). Data are

expressed both in terms of mean fluorescence intensity (E) and as a percentage (%) of PS-positive platelets (F). Data are mean ± SEM,

analyzed by 2-way ANOVA and Bonferroni post-hoc multiple comparison tests, and represent a minimum of 3 independent

experiments using blood from different donors.

https://doi.org/10.1371/journal.pone.0276584.g002

Fig 3. ABT-737-induced caspase-3 cleavage in human platelets is not affected by actin depolymerization. A. Washed human platelets were

incubated in the absence (-) or presence (+) of the actin depolymerizing drug cytochalasin D, and in the absence or presence of 1 μM ABT-737, for the

indicated times. Equal amounts of platelet lysate were resolved by SDS-PAGE; immunoblots were probed for pro-caspase-3 and cleaved caspase-3. Beta-

actin (β-actin) is shown as a loading control. B. Bar graph depicts caspase-3 cleavage (normalized to beta-actin levels) induced by 1 μM ABT-737 in the

absence (ABT-737, white bars) or presence (ABT-737+CytoD) of cytochalasin D. Data are mean ± SEM, analyzed by 2-way ANOVA and Bonferroni

post-hoc multiple comparison tests, and represent a minimum of 3 independent experiments using blood from different donors. C. Immunoblots

represent pro-caspase-3 and cleaved caspase-3 levels in platelets treated with 10 μM ABT-737, in the presence or absence of cytochalasin D. Beta-actin

(β-actin) is shown as a loading control. D. Bar graph depicts caspase-3 cleavage (normalized to beta-actin levels) induced by 10 μM ABT-737 in the

absence (ABT-737, white bars) or presence (ABT-737+CytoD) of cytochalasin D. Data are mean ± SEM, analyzed by 2-way ANOVA and Bonferroni

post-hoc multiple comparison tests, and represent a minimum of 3 independent experiments using blood from different donors.

https://doi.org/10.1371/journal.pone.0276584.g003
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Fig 4. ABT-737-induced mitochondrial depolarization and PS externalization in human platelets are not affected by the

induction of actin polymerization. A. Mitochondrial depolarization was measured in washed human platelets using the JC-1 dye. Bar

graph depicts the loss of mitochondrial membrane potential in platelets treated with DMSO vehicle alone (DMSO, white bars), with

1 μM ABT-737 (ABT-737, blue bars) or with 1 μM ABT plus the actin polymerizing agent jasplakinolide (ABT-737+Jasp, pink bars).

Data are mean ± SEM, analyzed by 2-way ANOVA and Bonferroni post-hoc multiple comparison tests, and represent a minimum of 3

independent experiments using blood from different donors. B, C. Phosphatidylserine (PS) exposure was measured in washed platelets

using the Annexin V dye. Bar graphs depict PS exposure in platelets treated with DMSO vehicle alone (DMSO, white bars), with 1 μM

ABT-737 (ABT-737, blue bars) or with 1 μM ABT plus the actin polymerizing agent jasplakinolide (ABT-737+Jasp, pink bars). Data

are expressed both in terms of mean fluorescence intensity (B) and as a percentage (%) of PS-positive platelets (C). Data are
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Platelet apoptosis is unaffected by the loss of gelsolin expression

To further verify the independence of platelet apoptosis from the actin cytoskeleton, we used

mice deficient in gelsolin, a protein that modulates the cytoskeleton by severing actin filaments

thus ensuring a supply of free barbed ends [25], and which is also cleaved during platelet apo-

ptosis [30, 34]. Deletion of gelsolin expression in the knockout (Gsn-/-) mice was verified by

immunoblotting (Fig 6A). Treatment of the mouse platelets with ABT-737 induced mitochon-

drial depolarization and increased surface PS exposure, at both low (1 μM) and high (10 μM)

concentrations of ABT-737 and at both time points observed (Fig 6B and 6C). WT and Gsn-/-

platelets exhibited similar degrees of mitochondrial depolarization (Fig 6B) and surface PS

exposure (Fig 6C) in response to ABT-737. It was noted that Gsn-/- platelets displayed greater

(p<0.05) surface PS exposure than the WT controls after 60 minutes of treatment with 1 μM

ABT-737; however, this effect was not observed at the higher concentration of ABT-737 (Fig

6C). In addition, ABT-737 induced caspase-3 cleavage in mouse platelets (Fig 7A). Levels of

cleaved caspase-3 were lower in Gsn-/- platelets relative to controls although this was only sta-

tistically significant at 1 μM of ABT-737 at the 120-minute time point (Fig 7B). Collectively,

the data obtained from human and mouse platelets strongly suggest that the intrinsic pathway

of apoptosis is independent of the actin cytoskeleton.

Discussion

Apoptosis is a physiologic process that determines platelet lifespan [2] although the exact

molecular mechanisms underlying apoptosis are undefined. Dysregulation of platelet apopto-

sis has clear implications for human health. For example, immune thrombocytopenia (ITP) is

an autoimmune condition characterized by antibodies targeting platelet antigens [35]. Auto-

antibodies targeting the GPIIb-IIIa and GPIb-IX platelet receptors induce apoptotic signaling

in platelets, contributing to ITP [3, 36]. Conversely, the induction of platelet apoptosis may

have therapeutic benefits in the treatment of atherosclerosis [37]. Consequently, an improved

understanding of the pro- and anti-apoptotic signaling mechanisms in platelets will aid in

advancing improved therapeutic approaches for multiple diseases whose outcomes are influ-

enced by circulating platelet availability. The actin cytoskeleton and associated actin-binding

proteins are central to multiple cellular functions [38]. Previous studies on nucleated cells have

highlighted the role of the actin cytoskeleton in regulating apoptosis [12, 14–19]. In the present

study, we used both an inhibitor and activator of actin polymerization to address this question

in detail. In addition, platelets from the Gsn-/- mice provided an additional tool to explore the

contribution of the cytoskeleton on platelet apoptosis. The overexpression of gelsolin in Jurkat

cells was shown to inhibit mitochondrial depolarization and cytochrome c release under apo-

ptotic conditions stimulated by Fas-antibody, staurosporine, thapsigargin and protoporphyrin

IX [29]. By contrast, in our study, we found that ABT-737-induced mitochondrial depolariza-

tion in platelets was unaffected by the loss of gelsolin. Our data from the actin-modulating

mean ± SEM, analyzed by using 2-way ANOVA and Bonferroni post-hoc multiple comparison tests, and represent a minimum of 3

independent experiments using blood from different donors. D. Bar graph depicts the loss of mitochondrial membrane potential in

platelets treated with DMSO vehicle alone (DMSO, white bars), with 10 μM ABT-737 (ABT-737, blue bars) or with 10 μM ABT plus

the actin polymerizing agent jasplakinolide (ABT-737+Jasp, pink bars). Data are mean ± SEM, analyzed 2-way ANOVA and

Bonferroni post-hoc multiple comparison tests and represent a minimum of 3 independent experiments using blood from different

donors. E, F. Bar graphs depict PS exposure in platelets treated with DMSO vehicle alone (DMSO, white bars), with 10 μM ABT-737

(ABT-737, blue bars) or with 10 μM ABT plus the actin polymerizing agent jasplakinolide (ABT-737+Jasp, pink bars). Data are

expressed both in terms of mean fluorescence intensity (E) and as a percentage (%) of PS-positive platelets (F). Data are mean ± SEM,

analyzed by 2-way ANOVA and Bonferroni post-hoc multiple comparison tests, and represent a minimum of 3 independent

experiments using blood from different donors.

https://doi.org/10.1371/journal.pone.0276584.g004
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drugs and the Gsn-/- platelets collectively indicate that ABT-737-induced platelet apoptosis is

independent of the actin cytoskeleton.

Our findings underscore the unique nature of platelet structure and function. For example,

the organelle composition in platelets is clearly distinct from that of nucleated cells. Conceiv-

ably, this fundamental difference would alter the nature of pro-apoptotic signaling in platelets.

For example, the nucleus is a major intracellular target during apoptosis. Caspases degrade the

nuclear envelope, allowing entry of caspase and nuclease, leading to chromatin condensation

Fig 5. ABT-737-induced caspase-3 cleavage in human platelets is not affected by the induction of actin polymerization. A. Washed human

platelets were incubated in the absence (-) or presence (+) of the actin polymerizing drug jasplakinolide, and in the absence or presence of 1 μM ABT-

737, for the indicated times. Equal amounts of platelet lysate were resolved by SDS-PAGE; immunoblots were probed for pro-caspase-3 and cleaved

caspase-3. Beta-actin (β-actin) is shown as a loading control. B. Bar graph depicts caspase-3 cleavage (normalized to beta-actin levels) induced by 1 μM

ABT-737 in the absence (ABT-737, white bars) or presence (ABT-737+Jasp) of jasplakinolide. Data are mean ± SEM, analyzed by 2-way ANOVA and

Bonferroni post-hoc multiple comparison tests, and represent a minimum of 3 independent experiments using blood from different donors. C.

Immunoblots represent pro-caspase-3 and cleaved caspase-3 levels in platelets treated with 10 μM ABT-737, in the presence or absence of

jasplakinolide. Beta-actin (β-actin) is shown as a loading control. D. Bar graph depicts caspase-3 cleavage (normalized to beta-actin levels) induced by

10 μM ABT-737 in the absence (ABT-737, white bars) or presence (ABT-737+Jasp) of jasplakinolide. Data are mean ± SEM, analyzed by 2-way

ANOVA and Bonferroni post-hoc multiple comparison tests, and represent a minimum of 3 independent experiments using blood from different

donors.

https://doi.org/10.1371/journal.pone.0276584.g005
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Fig 6. ABT-737-induced mitochondrial depolarization and PS externalization in mouse platelets is unchanged by the loss of gelsolin.

A. Western blot confirms the deletion of gelsolin expression in mouse platelets (WT, wild-type; Gsn-/-, knockout). β-tubulin is shown as a

loading control. B. Mitochondrial depolarization was measured in washed mouse wild-type (WT, grey bars) and gelsolin-null (Gsn-/-, black

bars) platelets using the JC-1 dye. Bar graph depicts the loss of mitochondrial membrane potential in platelets treated with DMSO vehicle

alone, with 1 μM ABT-737 or with 10 μM ABT, for 60 or 120 minutes as indicated. Data are mean ± SEM, analyzed by 2-way ANOVA and

Bonferroni post-hoc multiple comparison tests, and represent a minimum of 3 independent experiments. C. Phosphatidylserine (PS)

exposure was measured in washed mouse wild-type (WT, grey bars) and gelsolin-null (Gsn-/-, black bars) platelets using the Annexin V dye.

Bar graphs depict PS exposure in platelets treated with DMSO vehicle alone, with 1 μM ABT-737 or with 10 μM ABT, for 60 or 120 minutes

as indicated. Data are mean ± SEM, analyzed by using 2-way ANOVA and Bonferroni post-hoc multiple comparison tests, and represent a

minimum of 3 independent experiments.

https://doi.org/10.1371/journal.pone.0276584.g006
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and DNA degradation [39, 40]. Notably, jasplakinolide reportedly activates DNase I in HL-60

cells [12, 41], suggesting that the actin cytoskeleton is involved in nuclear DNA degradation.

The mitochondria is another prominent organelle targeted by Bax proteins to promote cyto-

chrome c release during apoptosis [42]. Again, the actin cytoskeleton is likely involved in this

Fig 7. ABT-737-induced caspase-3 cleavage in mouse platelets is unchanged by the loss of gelsolin. A. Washed wild-

type (WT) and gelsolin-null (Gsn-/-) platelets were treated with DMSO vehicle alone, with 1 μM ABT-737 or with 10 μM

ABT, for 60 or 120 minutes as indicated. Equal amounts of lysate were resolved by SDS-PAGE; immunoblots were probed

for pro-caspase-3 and cleaved caspase-3. Beta-actin (β-actin) and beta-tubulin (β-tubulin) are shown as loading controls.

B. Bar graph depicts caspase-3 cleavage (normalized to beta-tubulin levels) in wild-type (WT, grey bars) and gelsolin-null

(Gsn-/-, black bars) platelets were treated with DMSO vehicle alone, with 1 μM ABT-737 or with 10 μM ABT, and for 60 or

120 minutes as indicated. Data are mean ± SEM, analyzed by 2-way ANOVA and Bonferroni post-hoc multiple

comparison tests, and represent a minimum of 3 independent experiments.

https://doi.org/10.1371/journal.pone.0276584.g007
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process since latrunculin A treatment of MCF10A cells increased Bax translocation to the

mitochondria [19]. Since the mitochondria is a gateway during the cell’s commitment to apo-

ptosis, the cytoskeleton may therefore serve as an anti-apoptotic barrier. However, because

mitochondria are markedly less abundant in platelets than in nucleated cells [43], it is plausible

that cytoskeleton dynamics, with respect to mitochondrial depolarization, may be insignificant

in the context of platelet apoptosis. The differences between platelets and nucleated cells are

reflected in other studies that examined the role of gelsolin in apoptosis. For example, Koya

et al reported that Jurkat cells overexpressing gelsolin showed reduced mitochondrial potential

loss and caspase activation in response to apoptotic agents, suggesting an anti-apoptotic role

for gelsolin [29]. In contrast, Kothakota et al reported that gelsolin expression in neutrophils

had no effect on caspase-3 activation, but that a loss of gelsolin was associated with a delayed

onset of apoptotic morphological changes in response to tumor necrosis factor (TNF) plus

cycloheximide [34], suggesting a pro-apoptotic role for gelsolin. Collectively, findings from

our group and others suggest that the role of gelsolin (and by extension, the actin cytoskeleton)

in apoptosis may be highly cell type-specific.

There was general concordance among the outcomes of mitochondrial depolarization, cas-

pase-3 cleavage, and PS exposure in that all 3 experimental endpoints in platelets were largely

unaffected by cytoskeleton-modulating drugs or by the loss of gelsolin expression. Interest-

ingly, we observed that disruption of the cytoskeleton appeared to exert a different effect on PS

exposure, at certain time points. We noted that ABT-737-induced PS exposure was reduced by

cytochalasin D treatment at both the early (15 minute) and later (120 minute) time points after

ABT-737 treatment. Conversely, the loss of gelsolin accelerated ABT-737-induced PS expo-

sure. In both cases, these findings were not mirrored by changes in mitochondrial depolariza-

tion or caspase-3 cleavage; we instead noted a trend of reduced caspase-3 cleavage in Gsn-/-

platelets that was largely insignificant. Consequently, it does not appear that disruptions of the

cytoskeleton (and transient effects on PS exposure) have a significant bearing on platelet sur-

vival. These observations invite the speculation that the cytoskeleton may regulate specific spa-

tial/temporal aspects of ABT-737-driven PS exposure.

In conclusion, the present study demonstrates that ABT-737-induced platelet apoptosis

occurs independently of the actin cytoskeleton. The platelet’s anucleate nature and unique

structural characteristics likely contribute to a distinct programmed death response following

exposure to pro-apoptotic stimuli. It is therefore of considerable interest to identify the exact

determinants of the pertinent signaling pathways to identify potential therapeutic targets for

conditions characterized by thrombocytopenia.

Supporting information

S1 Data.

(ZIP)

S1 Raw images.

(PDF)

Acknowledgments

The authors thank Chris McCulloch and Gavin Oudit for the provision of the gelsolin-null

mice, and Takahide Murakami (UBC Biomedical Research Centre) for assistance with

genotyping.

PLOS ONE Platelet apoptosis is actin-independent

PLOS ONE | https://doi.org/10.1371/journal.pone.0276584 November 15, 2022 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0276584.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0276584.s002
https://doi.org/10.1371/journal.pone.0276584


Author Contributions

Conceptualization: Enoli De Silva, Manoj Paul, Hugh Kim.

Formal analysis: Enoli De Silva.

Funding acquisition: Hugh Kim.

Investigation: Enoli De Silva, Manoj Paul.

Methodology: Enoli De Silva, Manoj Paul.

Supervision: Hugh Kim.

Writing – original draft: Enoli De Silva, Hugh Kim.

Writing – review & editing: Enoli De Silva, Manoj Paul, Hugh Kim.

References
1. Leytin V. Apoptosis in the anucleate platelet. Blood Rev. 2012; 26(2):51–63. Epub 2011/11/08. https://

doi.org/10.1016/j.blre.2011.10.002 PMID: 22055392.

2. Mason KD, Carpinelli MR, Fletcher JI, Collinge JE, Hilton AA, Ellis S, et al. Programmed anuclear cell

death delimits platelet life span. Cell. 2007; 128(6):1173–86. Epub 2007/03/27. https://doi.org/10.1016/

j.cell.2007.01.037 PMID: 17382885.

3. Goette NP, Glembotsky AC, Lev PR, Grodzielski M, Contrufo G, Pierdominici MS, et al. Platelet Apopto-

sis in Adult Immune Thrombocytopenia: Insights into the Mechanism of Damage Triggered by Auto-

Antibodies. PLoS One. 2016; 11(8):e0160563. Epub 2016/08/06. https://doi.org/10.1371/journal.pone.

0160563 PMID: 27494140.

4. Vrbensky JR, Nazy I, Toltl LJ, Ross C, Ivetic N, Smith JW, et al. Megakaryocyte apoptosis in immune

thrombocytopenia. Platelets. 2018; 29(7):729–32. Epub 2018/05/23. https://doi.org/10.1080/09537104.

2018.1475637 PMID: 29787328.

5. Xie L, Xu DM, Cai XJ, Zhang ZW, Yu WJ, Qiu JF, et al. Apoptosis in platelets from adult patients with

chronic idiopathic thrombocytopenic purpura. Blood Coagul Fibrinolysis. 2021; 32(7):434–42. Epub

2021/06/09. https://doi.org/10.1097/MBC.0000000000001054 PMID: 34102655.

6. De Silva E, Kim H. Drug-induced thrombocytopenia: Focus on platelet apoptosis. Chem Biol Interact.

2018; 284:1–11. Epub 2018/02/08. https://doi.org/10.1016/j.cbi.2018.01.015 PMID: 29410286.

7. Er E, Oliver L, Cartron PF, Juin P, Manon S, Vallette FM. Mitochondria as the target of the pro-apoptotic

protein Bax. Biochim Biophys Acta. 2006; 1757(9–10):1301–11. Epub 2006/07/14. https://doi.org/10.

1016/j.bbabio.2006.05.032 PMID: 16836974.

8. Dewson G, Kluck RM. Mechanisms by which Bak and Bax permeabilise mitochondria during apoptosis.

J Cell Sci. 2009; 122(Pt 16):2801–8. Epub 2009/10/02. https://doi.org/10.1242/jcs.038166 PMID:

19795525.

9. Lebois M, Josefsson EC. Regulation of platelet lifespan by apoptosis. Platelets. 2016; 27(6):497–504.

Epub 2016/04/22. https://doi.org/10.3109/09537104.2016.1161739 PMID: 27100842.

10. Giam M, Huang DC, Bouillet P. BH3-only proteins and their roles in programmed cell death. Oncogene.

2008; 27 Suppl 1:S128–36. Epub 2009/07/31. https://doi.org/10.1038/onc.2009.50 PMID: 19641498.

11. Pradelli LA, Beneteau M, Ricci JE. Mitochondrial control of caspase-dependent and -independent cell

death. Cell Mol Life Sci. 2010; 67(10):1589–97. Epub 2010/02/13. https://doi.org/10.1007/s00018-010-

0285-y PMID: 20151314.

12. Desouza M, Gunning PW, Stehn JR. The actin cytoskeleton as a sensor and mediator of apoptosis.

Bioarchitecture. 2012; 2(3):75–87. Epub 2012/08/11. https://doi.org/10.4161/bioa.20975 PMID:

22880146.

13. Bearer EL, Prakash JM, Li Z. Actin dynamics in platelets. Int Rev Cytol. 2002; 217:137–82. Epub 2002/

05/22. https://doi.org/10.1016/s0074-7696(02)17014-8 PMID: 12019562.

14. Gourlay CW, Carpp LN, Timpson P, Winder SJ, Ayscough KR. A role for the actin cytoskeleton in cell

death and aging in yeast. J Cell Biol. 2004; 164(6):803–9. Epub 2004/03/17. https://doi.org/10.1083/jcb.

200310148 PMID: 15024029.

15. Gourlay CW, Ayscough KR. The actin cytoskeleton in ageing and apoptosis. FEMS Yeast Res. 2005; 5

(12):1193–8. Epub 2005/09/08. https://doi.org/10.1016/j.femsyr.2005.08.001 PMID: 16144774.

PLOS ONE Platelet apoptosis is actin-independent

PLOS ONE | https://doi.org/10.1371/journal.pone.0276584 November 15, 2022 14 / 16

https://doi.org/10.1016/j.blre.2011.10.002
https://doi.org/10.1016/j.blre.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22055392
https://doi.org/10.1016/j.cell.2007.01.037
https://doi.org/10.1016/j.cell.2007.01.037
http://www.ncbi.nlm.nih.gov/pubmed/17382885
https://doi.org/10.1371/journal.pone.0160563
https://doi.org/10.1371/journal.pone.0160563
http://www.ncbi.nlm.nih.gov/pubmed/27494140
https://doi.org/10.1080/09537104.2018.1475637
https://doi.org/10.1080/09537104.2018.1475637
http://www.ncbi.nlm.nih.gov/pubmed/29787328
https://doi.org/10.1097/MBC.0000000000001054
http://www.ncbi.nlm.nih.gov/pubmed/34102655
https://doi.org/10.1016/j.cbi.2018.01.015
http://www.ncbi.nlm.nih.gov/pubmed/29410286
https://doi.org/10.1016/j.bbabio.2006.05.032
https://doi.org/10.1016/j.bbabio.2006.05.032
http://www.ncbi.nlm.nih.gov/pubmed/16836974
https://doi.org/10.1242/jcs.038166
http://www.ncbi.nlm.nih.gov/pubmed/19795525
https://doi.org/10.3109/09537104.2016.1161739
http://www.ncbi.nlm.nih.gov/pubmed/27100842
https://doi.org/10.1038/onc.2009.50
http://www.ncbi.nlm.nih.gov/pubmed/19641498
https://doi.org/10.1007/s00018-010-0285-y
https://doi.org/10.1007/s00018-010-0285-y
http://www.ncbi.nlm.nih.gov/pubmed/20151314
https://doi.org/10.4161/bioa.20975
http://www.ncbi.nlm.nih.gov/pubmed/22880146
https://doi.org/10.1016/s0074-7696%2802%2917014-8
http://www.ncbi.nlm.nih.gov/pubmed/12019562
https://doi.org/10.1083/jcb.200310148
https://doi.org/10.1083/jcb.200310148
http://www.ncbi.nlm.nih.gov/pubmed/15024029
https://doi.org/10.1016/j.femsyr.2005.08.001
http://www.ncbi.nlm.nih.gov/pubmed/16144774
https://doi.org/10.1371/journal.pone.0276584


16. Odaka C, Sanders ML, Crews P. Jasplakinolide induces apoptosis in various transformed cell lines by a

caspase-3-like protease-dependent pathway. Clin Diagn Lab Immunol. 2000; 7(6):947–52. Epub 2000/

11/04. https://doi.org/10.1128/CDLI.7.6.947-952.2000 PMID: 11063504.

17. Paul C, Manero F, Gonin S, Kretz-Remy C, Virot S, Arrigo AP. Hsp27 as a negative regulator of cyto-

chrome C release. Mol Cell Biol. 2002; 22(3):816–34. Epub 2002/01/11. https://doi.org/10.1128/MCB.

22.3.816-834.2002 PMID: 11784858.

18. Cotter TG, Lennon SV, Glynn JM, Green DR. Microfilament-disrupting agents prevent the formation of

apoptotic bodies in tumor cells undergoing apoptosis. Cancer Res. 1992; 52(4):997–1005. Epub 1992/

02/15. PMID: 1737363.

19. Martin SS, Leder P. Human MCF10A mammary epithelial cells undergo apoptosis following actin depo-

lymerization that is independent of attachment and rescued by Bcl-2. Mol Cell Biol. 2001; 21(19):6529–

36. Epub 2001/09/05. https://doi.org/10.1128/MCB.21.19.6529-6536.2001 PMID: 11533241.

20. Puthalakath H, Villunger A, O’Reilly LA, Beaumont JG, Coultas L, Cheney RE, et al. Bmf: a proapoptotic

BH3-only protein regulated by interaction with the myosin V actin motor complex, activated by anoikis.

Science. 2001; 293(5536):1829–32. Epub 2001/09/08. https://doi.org/10.1126/science.1062257 PMID:

11546872.

21. Mashima T, Naito M, Tsuruo T. Caspase-mediated cleavage of cytoskeletal actin plays a positive role in

the process of morphological apoptosis. Oncogene. 1999; 18(15):2423–30. Epub 1999/05/06. https://

doi.org/10.1038/sj.onc.1202558 PMID: 10229193.

22. Povea-Cabello S, Oropesa-Avila M, de la Cruz-Ojeda P, Villanueva-Paz M, de la Mata M, Suarez-Riv-

ero JM, et al. Dynamic Reorganization of the Cytoskeleton during Apoptosis: The Two Coffins Hypothe-

sis. Int J Mol Sci. 2017; 18(11). Epub 2017/11/16. https://doi.org/10.3390/ijms18112393 PMID:

29137119.

23. Pollard TD, Cooper JA. Actin and actin-binding proteins. A critical evaluation of mechanisms and func-

tions. Annu Rev Biochem. 1986; 55:987–1035. Epub 1986/01/01. https://doi.org/10.1146/annurev.bi.

55.070186.005011 PMID: 3527055.

24. Kwiatkowski DJ, Janmey PA, Yin HL. Identification of critical functional and regulatory domains in gelso-

lin. J Cell Biol. 1989; 108(5):1717–26. Epub 1989/05/01. https://doi.org/10.1083/jcb.108.5.1717 PMID:

2541138.

25. Silacci P, Mazzolai L, Gauci C, Stergiopulos N, Yin HL, Hayoz D. Gelsolin superfamily proteins: key reg-

ulators of cellular functions. Cell Mol Life Sci. 2004; 61(19–20):2614–23. Epub 2004/11/05. https://doi.

org/10.1007/s00018-004-4225-6 PMID: 15526166.

26. Tellam R, Frieden C. Cytochalasin D and platelet gelsolin accelerate actin polymer formation. A model

for regulation of the extent of actin polymer formation in vivo. Biochemistry. 1982; 21(13):3207–14.

Epub 1982/06/22. https://doi.org/10.1021/bi00256a027 PMID: 6285961.

27. Mazumdar B, Meyer K, Ray R. N-terminal region of gelsolin induces apoptosis of activated hepatic stel-

late cells by a caspase-dependent mechanism. PLoS One. 2012; 7(8):e44461. Epub 2012/09/07.

https://doi.org/10.1371/journal.pone.0044461 PMID: 22952982.

28. Yermen B, Tomas A, Halban PA. Pro-survival role of gelsolin in mouse beta-cells. Diabetes. 2007; 56

(1):80–7. Epub 2006/12/29. https://doi.org/10.2337/db06-0769 PMID: 17192468.

29. Koya RC, Fujita H, Shimizu S, Ohtsu M, Takimoto M, Tsujimoto Y, et al. Gelsolin inhibits apoptosis by

blocking mitochondrial membrane potential loss and cytochrome c release. J Biol Chem. 2000; 275

(20):15343–9. Epub 2000/05/16. https://doi.org/10.1074/jbc.275.20.15343 PMID: 10809769.

30. Schoenwaelder SM, Yuan Y, Josefsson EC, White MJ, Yao Y, Mason KD, et al. Two distinct pathways

regulate platelet phosphatidylserine exposure and procoagulant function. Blood. 2009; 114(3):663–6.

Epub 2009/04/24. https://doi.org/10.1182/blood-2009-01-200345 PMID: 19387006.

31. Patel VB, Zhabyeyev P, Chen X, Wang F, Paul M, Fan D, et al. PI3Kalpha-regulated gelsolin activity is

a critical determinant of cardiac cytoskeletal remodeling and heart disease. Nat Commun. 2018; 9

(1):5390. Epub 20181219. https://doi.org/10.1038/s41467-018-07812-8 PMID: 30568254.

32. Cooper JA. Effects of cytochalasin and phalloidin on actin. J Cell Biol. 1987; 105(4):1473–8. Epub

1987/10/01. https://doi.org/10.1083/jcb.105.4.1473 PMID: 3312229.

33. Bubb MR, Spector I, Beyer BB, Fosen KM. Effects of jasplakinolide on the kinetics of actin polymeriza-

tion. An explanation for certain in vivo observations. J Biol Chem. 2000; 275(7):5163–70. Epub 2000/

02/15. https://doi.org/10.1074/jbc.275.7.5163 PMID: 10671562.

34. Kothakota S, Azuma T, Reinhard C, Klippel A, Tang J, Chu K, et al. Caspase-3-generated fragment of

gelsolin: effector of morphological change in apoptosis. Science. 1997; 278(5336):294–8. Epub 1997/

10/10. https://doi.org/10.1126/science.278.5336.294 PMID: 9323209.

PLOS ONE Platelet apoptosis is actin-independent

PLOS ONE | https://doi.org/10.1371/journal.pone.0276584 November 15, 2022 15 / 16

https://doi.org/10.1128/CDLI.7.6.947-952.2000
http://www.ncbi.nlm.nih.gov/pubmed/11063504
https://doi.org/10.1128/MCB.22.3.816-834.2002
https://doi.org/10.1128/MCB.22.3.816-834.2002
http://www.ncbi.nlm.nih.gov/pubmed/11784858
http://www.ncbi.nlm.nih.gov/pubmed/1737363
https://doi.org/10.1128/MCB.21.19.6529-6536.2001
http://www.ncbi.nlm.nih.gov/pubmed/11533241
https://doi.org/10.1126/science.1062257
http://www.ncbi.nlm.nih.gov/pubmed/11546872
https://doi.org/10.1038/sj.onc.1202558
https://doi.org/10.1038/sj.onc.1202558
http://www.ncbi.nlm.nih.gov/pubmed/10229193
https://doi.org/10.3390/ijms18112393
http://www.ncbi.nlm.nih.gov/pubmed/29137119
https://doi.org/10.1146/annurev.bi.55.070186.005011
https://doi.org/10.1146/annurev.bi.55.070186.005011
http://www.ncbi.nlm.nih.gov/pubmed/3527055
https://doi.org/10.1083/jcb.108.5.1717
http://www.ncbi.nlm.nih.gov/pubmed/2541138
https://doi.org/10.1007/s00018-004-4225-6
https://doi.org/10.1007/s00018-004-4225-6
http://www.ncbi.nlm.nih.gov/pubmed/15526166
https://doi.org/10.1021/bi00256a027
http://www.ncbi.nlm.nih.gov/pubmed/6285961
https://doi.org/10.1371/journal.pone.0044461
http://www.ncbi.nlm.nih.gov/pubmed/22952982
https://doi.org/10.2337/db06-0769
http://www.ncbi.nlm.nih.gov/pubmed/17192468
https://doi.org/10.1074/jbc.275.20.15343
http://www.ncbi.nlm.nih.gov/pubmed/10809769
https://doi.org/10.1182/blood-2009-01-200345
http://www.ncbi.nlm.nih.gov/pubmed/19387006
https://doi.org/10.1038/s41467-018-07812-8
http://www.ncbi.nlm.nih.gov/pubmed/30568254
https://doi.org/10.1083/jcb.105.4.1473
http://www.ncbi.nlm.nih.gov/pubmed/3312229
https://doi.org/10.1074/jbc.275.7.5163
http://www.ncbi.nlm.nih.gov/pubmed/10671562
https://doi.org/10.1126/science.278.5336.294
http://www.ncbi.nlm.nih.gov/pubmed/9323209
https://doi.org/10.1371/journal.pone.0276584


35. Neunert CE. Current management of immune thrombocytopenia. Hematology Am Soc Hematol Educ

Program. 2013; 2013:276–82. Epub 2013/12/10. https://doi.org/10.1182/asheducation-2013.1.276

PMID: 24319191.

36. Deng G, Yu S, Li Q, He Y, Liang W, Yu L, et al. Investigation of platelet apoptosis in adult patients with

chronic immune thrombocytopenia. Hematology. 2017; 22(3):155–61. Epub 2016/10/14. https://doi.

org/10.1080/10245332.2016.1237004 PMID: 27734765.

37. Lee MKS, Kraakman MJ, Dragoljevic D, Hanssen NMJ, Flynn MC, Al-Sharea A, et al. Apoptotic Abla-

tion of Platelets Reduces Atherosclerosis in Mice With Diabetes. Arterioscler Thromb Vasc Biol. 2021;

41(3):1167–78. Epub 2021/01/15. https://doi.org/10.1161/ATVBAHA.120.315369 PMID: 33441028.

38. Dominguez R, Holmes KC. Actin structure and function. Annu Rev Biophys. 2011; 40:169–86. Epub

2011/02/15. https://doi.org/10.1146/annurev-biophys-042910-155359 PMID: 21314430.

39. Liu X, Zou H, Slaughter C, Wang X. DFF, a heterodimeric protein that functions downstream of cas-

pase-3 to trigger DNA fragmentation during apoptosis. Cell. 1997; 89(2):175–84. Epub 1997/04/18.

https://doi.org/10.1016/s0092-8674(00)80197-x PMID: 9108473.

40. Lindenboim L, Zohar H, Worman HJ, Stein R. The nuclear envelope: target and mediator of the apopto-

tic process. Cell Death Discov. 2020; 6:29. Epub 2020/05/01. https://doi.org/10.1038/s41420-020-

0256-5 PMID: 32351716.

41. Rao JY, Jin YS, Zheng Q, Cheng J, Tai J, Hemstreet GP 3rd. Alterations of the actin polymerization sta-

tus as an apoptotic morphological effector in HL-60 cells. J Cell Biochem. 1999; 75(4):686–97. Epub

1999/11/26. PMID: 10572251.

42. Green DR, Kroemer G. The pathophysiology of mitochondrial cell death. Science. 2004; 305

(5684):626–9. Epub 2004/08/03. https://doi.org/10.1126/science.1099320 PMID: 15286356.

43. Melchinger H, Jain K, Tyagi T, Hwa J. Role of Platelet Mitochondria: Life in a Nucleus-Free Zone. Front

Cardiovasc Med. 2019; 6:153. Epub 2019/11/19. https://doi.org/10.3389/fcvm.2019.00153 PMID:

31737646.

PLOS ONE Platelet apoptosis is actin-independent

PLOS ONE | https://doi.org/10.1371/journal.pone.0276584 November 15, 2022 16 / 16

https://doi.org/10.1182/asheducation-2013.1.276
http://www.ncbi.nlm.nih.gov/pubmed/24319191
https://doi.org/10.1080/10245332.2016.1237004
https://doi.org/10.1080/10245332.2016.1237004
http://www.ncbi.nlm.nih.gov/pubmed/27734765
https://doi.org/10.1161/ATVBAHA.120.315369
http://www.ncbi.nlm.nih.gov/pubmed/33441028
https://doi.org/10.1146/annurev-biophys-042910-155359
http://www.ncbi.nlm.nih.gov/pubmed/21314430
https://doi.org/10.1016/s0092-8674%2800%2980197-x
http://www.ncbi.nlm.nih.gov/pubmed/9108473
https://doi.org/10.1038/s41420-020-0256-5
https://doi.org/10.1038/s41420-020-0256-5
http://www.ncbi.nlm.nih.gov/pubmed/32351716
http://www.ncbi.nlm.nih.gov/pubmed/10572251
https://doi.org/10.1126/science.1099320
http://www.ncbi.nlm.nih.gov/pubmed/15286356
https://doi.org/10.3389/fcvm.2019.00153
http://www.ncbi.nlm.nih.gov/pubmed/31737646
https://doi.org/10.1371/journal.pone.0276584

