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Platelets are critical mediators of hemostasis and thrombosis. Platelets circulate as discs
in their resting form but change shape rapidly upon activation by vascular damage and/or
soluble agonists such as thrombin. Platelet shape change is driven by a dynamic remod-
eling of the actin cytoskeleton. Actin filaments interact with the protein myosin, which is
phosphorylated on the myosin light chain (MLC) upon platelet activation. Actin-myosin
interactions trigger contraction of the actin cytoskeleton, which drives platelet spreading
and contractile force generation. Filamin A (FLNA) is an actin cross-linking protein that
stabilizes the attachment between subcortical actin filaments and the cell membrane. In
addition, FLNA binds multiple proteins and serves as a critical intracellular signaling scaf-
fold. Here, we used platelets from mice with a megakaryocyte/platelet-specific deletion of
FLNA to investigate the role of FLNA in regulating platelet shape change. Relative to con-
trols, FLNA-null platelets exhibited defects in stress fiber formation, contractile force gen-
eration, and MLC phosphorylation in response to thrombin stimulation. Blockade of Rho
kinase (ROCK) and protein kinase C (PKC) with the inhibitors Y27632 and bisindolylmalei-
mide (BIM), respectively, also attenuated MLC phosphorylation; our data further indicate
that ROCK and PKC promote MLC phosphorylation through independent pathways.
Notably, the activity of both ROCK and PKC was diminished in the FLNA-deficient plate-
lets. We conclude that FLNA regulates thrombin-induced MLC phosphorylation and plate-
let contraction, in a ROCK- and PKC-dependent manner.

Introduction
Platelets are anucleate cells produced by megakaryocytes in the bone marrow and are important regu-
lators of hemostasis, wound healing, and inflammation [1–3]. Platelets circulate as discs and become
activated in response to vascular damage and/or soluble agonists [4]. Platelet activation is tightly regu-
lated and requires co-ordinated signaling pathways to promote efficient blood clot formation [5].
However, abnormal activation of platelets can lead to arterial thrombosis, a pathologic condition that
underpins myocardial infarction and stroke [6]. In their quiescent state, platelets circulate in the blood
as miniscule discoid cells. Once activated, platelets undergo a drastic shape change that is driven by
the dynamic remodeling of the actin cytoskeleton in concert with actomyosin contraction [3,7]. This
shape change is one of the earliest physiological responses upon platelet activation, which accompan-
ies granule secretion, aggregation, and adhesion to the damaged blood vessels [7,8]. Despite the
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recognition that extensive actin reorganization and internal contraction occur during platelet activation [9,10],
the precise biochemical signals that link membrane receptors and the actin cytoskeleton during platelet contrac-
tion remain undefined.
Nonmuscle myosin IIa (NM IIA) is the predominant heavy-chain myosin isoform expressed in platelets, and

is the main driver for platelet contraction [11]. This contractility is essential for platelet function, since variants
of the gene for NM IIA (MYH9) are associated with bleeding disorders in both humans and mice [12,13].
Activation of platelets by thrombin initiates signaling cascades that drive the phosphorylation of the myosin
light chain (MLC); this step is required for NM IIA to adopt an active conformation with increased actin
binding affinity [14]. The phosphorylation of MLC also increases the actin-stimulated ATPase activity in NM
IIA; when sufficient ATP is present, NM IIA moves along the actin filaments providing cellular contractile
forces [15]. Thrombin cleaves G-protein coupled receptors on the platelet surface, termed protease-activated
receptors (PARs) [16]. Following PAR activation, there are two pathways to MLC phosphorylation. One is a
calcium (Ca2+)-dependent pathway that activates MLC kinase (MLCK), which in turns phosphorylates MLC at
serine 19 [16,17]. The second pathway is Ca2+-independent and involves the activation of the small GTPase
RhoA and its effector Rho kinase (ROCK), which phosphorylates and thereby inactivates MLC phosphatase
(MLCP). This phosphatase normally dephosphorylates MLC at serine 19 [18,19]. These co-ordinated signaling
events ultimately lead to actomyosin contraction and platelet shape change.
Filamin A (FLNA) is a 280-kDa actin-binding protein that has a critical role in platelet function and morph-

ology. Mice with a platelet-specific deletion of FLNA exhibit macrothrombocytopenia and increased tail bleed-
ing time [20]. In humans, multiple variants of the FLNA gene are associated with aberrant platelet function
[21]. FLNA is a homodimeric protein that cross-links and stabilizes actin filaments into orthogonal networks,
thus conferring cellular structural integrity [22]. Moreover, FLNA reportedly interacts with over 50 protein
partners [21]. These binding partners include cell surface receptors, other cytoskeletal proteins, and protein
kinases, making FLNA a crucial signaling scaffold. Of note, FLNA interacts with multiple proteins in the MLC
phosphorylation pathway, including RhoA and ROCK [23–26].
To define the role of FLNA in regulating actomyosin contraction in platelets, we studied platelets derived

from mice with a megakaryocyte/platelet-specific deletion of FLNA. Here we show that thrombin-stimulated
FLNA-null platelets have severe defects in stress fiber formation and contractile force generation, as measured
by traction force microscopy. Biochemical studies of the FLNA-null platelets revealed that FLNA is a critical
regulator of thrombin-induced MLC phosphorylation. Specifically, we determined that FLNA regulates the
activity of ROCK and protein kinase C (PKC), both of which promote MLC phosphorylation. However, our
data indicate that ROCK and PKC promote MLC phosphorylation independently of each other.

Results
FLNA-deficient platelets exhibit defects in stress fiber formation
To evaluate the role of FLNA in the platelet shape change reaction, we used platelets from conditional knock-
out (KO) mice. The deletion of FLNA from the platelets of the conditional KO mice was verified by immuno-
blotting (Figure 1A). Floxed (control) and FLNA-deficient (platelet-specific KO) platelets were activated with
thrombin and seeded onto fibrinogen-coated coverslips; F-actin was labeled with Alexa-488-phalloidin
(Figure 1B,C). Notably, the higher magnification images illustrated marked morphological differences between
the control and FLNA-deficient platelets (Figure 1B,C). At 45 min, control platelets exhibited lamellipodia with
thick stress fibers (Figure 1B) that are characteristic of advanced spreading [27]. Conversely, FLNA-deficient
platelets exhibited spike-like filopodia without lamellipodia or stress fibers (Figure 1C), suggesting that these
platelets were still in the early stages of spreading. Accordingly, the percentage of platelets with visible stress
fibers was significantly reduced (P < 0.05) in FLNA-deficient platelets relative to floxed controls (Figure 1D).

Reduced contractile force generation in FLNA-deficient platelets
Since contractile force generation is an integral part of the platelet shape change reaction, we used traction
force microscopy to measure the force exerted by individual platelets. Specifically, we utilized a high-yield con-
traction force microscopy technique in which ‘black dots’ are microcontact-printed onto flexible polydimethyl-
siloxane (PDMS) substrates [28,29]. Control and FLNA-KO platelets were pre-stimulated with thrombin for
10 min, seeded onto the flexible black dot substrates (Figure 2A) and labeled with Alexa-488-phalloidin. The
displacement of the black dots from the undeformed grid was used to calculate the magnitude and direction of
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forces using regularized Fourier transform traction cytometry [30,31]. The total force for each platelet was cal-
culated by summing the force magnitudes within the boundary of each platelet. After 45 min, the mean force
generated by the FLNA-KO platelets (mean = 10.4 nN) was significantly less (P < 0.05) than that generated by
the control platelets (mean = 13.5 nN) (Figure 2B). Since force generation is affected by spread area [28,32,33],
we used linear regression to analyze force generation as a function of area. After 45 min, the control platelets
produced significantly more force per unit area than did FLNA-KO platelets (Figure 2C). These data indicate

Figure 1. FLNA-deficient platelets have diminished stress fiber formation compared to control platelets.

(A) Lysates from floxed (control) FLNA-deficient (platelet-specific KO) platelets were resolved by SDS–PAGE and probed with

an anti-FLNA antibody. Beta-actin is shown as a loading control. (B and C) Floxed (control, B) and FLNA-deficient

(platelet-specific KO, C) Platelets were allowed to spread on fibrinogen-coated coverslips for 45 min prior to labeling with

Alexa-488-phalloidin. Insets: higher magnification images of the floxed (control) and FLNA-deficient (platelet-specific KO)

allowed to spread for 45 min on immobilized fibrinogen. (D) Bar graph depicts the quantification of the presence of visible

stress fibers in floxed (control, blue bar) and FLNA-deficient (platelet-specific KO, pink bar) platelets. Calculations were based

on the mean percentage (%) of stress-fiber positive platelets per field of view. Data are mean ± SEM and represent three

independent experiments. *P < 0.05, based on Student’s t-test.
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Figure 2. Reduced contractile force generation by FLNA-deficient platelets.

(A) Floxed (control) and FLNA-deficient (platelet-specific KO) platelets were seeded onto the black dots and labeled with

phalloidin (top panels; middle panels depict the cells on the black dots). The bottom panels depict the traction forces exerted

by individual platelets (cyan arrows) that were calculated based on the displacement of the black dots. (B) Dot-plot depicts the

forces generated by control platelets (blue, n = 251 at 20 min, n = 270 at 45 min) and FLNA-deficient platelets (platelet-specific

KO, red, n = 242 at 20 min, n = 283 at 45 min). Gray dots represent all of the individual platelets measured. *P < 0.05; **P < 0.01;

****P < 0.0001, based on one-way ANOVA and Sidak’s multiple comparisons tests. Data were obtained from six independent

experiments. (C) Line graph depicts linear regression analysis of force generation by floxed (control, blue line) and

FLNA-deficient (platelet-specific KO, red line) platelets. ****P < 0.001. (D) Photographs depict fibrin clot retraction by floxed

(control) and FLNA-deficient (platelet-specific KO) platelets in fibrinogen (1 mg/ml), stimulated with thrombin (1 U/ml) after

45 min. (E) Bar graph depicts clot retraction by floxed platelets (control, blue bar) and FLNA-deficient platelets (platelet-specific

KO, pink bar), based on the percentage (%) of the retracted clot area. Data are mean ± SEM and represent three independent

experiments. ***P < 0.001, based on Student’s t-test.
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that the differences in force generation between the floxed (control) and FLNA-KO platelets are not merely due
to differences in cell spreading.
To validate the force measurements and further investigate platelet contraction on a larger scale, we per-

formed a fibrin clot retraction assay to evaluate, in the context of a physiological assay, the contractile function
of control and FLNA-KO platelets. We observed that clot retraction was virtually nonexistent with the
FLNA-deficient platelets (Figure 2D,E). Collectively, these data suggest a key role of FLNA in regulating acto-
myosin contraction in platelets and fibrin clot maturation.

FLNA regulates RhoA activity and MLC phosphorylation via control of MLC
phosphatase
Given the role of the small GTPase RhoA in actomyosin contraction [34], we wished to compare RhoA activity
in control and FLNA-deficient platelets following stimulation by thrombin. A microplate-based colorimetric
assay revealed significantly (P < 0.05) diminished levels of active, GTP-bound RhoA in FLNA-deficient platelets
relative to controls (Figure 3A). To investigate the biochemical mechanism related to the weaker contractile
force observed in FLN-KO platelets, we measured MLC phosphorylation by immunoblotting in both control
and FLNA-KO platelets following thrombin stimulation. Since MLC phosphorylation is a relatively rapid event
following platelet activation, we treated floxed (control) and FLNA-KO platelets with thrombin (0.1 U/ml) for
5 or 10 min. Phosphorylation of MLC at the Ser19 residue was visibly reduced in the FLNA-KO platelets rela-
tive to controls (Figure 3B); this finding was quantified by densitometry (Figure 3C). MLC phosphorylation
was similarly reduced in FLNA-KO platelets following activation by collagen-related peptide (Supplementary
Figure S1A,B). This suggests that FLNA is essential in regulating MLC phosphorylation downstream of PAR
and GPVI signaling.
MLC is simultaneously phosphorylated by MLCK and de-phosphorylated by the corresponding MLC phos-

phatase (MLCP). Importantly, upon platelet activation by thrombin, Rho kinase (ROCK) phosphorylates the
regulatory subunit of MLCP (MYPT1) at Thr696 and/or Thr853 the regulatory subunit of thereby inactivating
the phosphatase activity of MLCP. Therefore, we evaluated the role of FLNA in modulating MLCP activity by
immunoblotting platelet lysates for phospho-MYPT1 (Thr 853). Notably FLNA-KO platelets had significantly
reduced (P < 0.05) levels of phospho-MYPT1 (Thr 853) relative to controls (Figure 3D,E). Similar results were
observed in FLNA-KO platelets treated with collagen-related peptide (Supplementary Figure S2A,B). These data
indicate that FLNA expression is required to maintain normal ROCK activity, and its subsequent ability to con-
strain the phosphatase activity of MLCP.

MLC phosphorylation is regulated by both PKC and ROCK
Protein kinase C (PKC) is another kinase responsible for MLC phosphorylation [35] and is also activated by
thrombin stimulation [36,37]. Like ROCK, PKC binds FLNA [24,38]. We therefore sought to determine the
individual and collective roles of PKC and ROCK in modulating MLC phosphorylation. We treated platelets
with the ROCK inhibitor Y27632 and the PKC inhibitor bisindolylmaleimide I (BIM I) prior to thrombin
stimulation. Inhibition of either ROCK or PKC resulted in a marked reduction in MLC phosphorylation
(Figure 4A,B). However, the effects of blocking both ROCK and PKC (using both inhibitors simultaneously)
were additive and essentially abrogated thrombin-induced MLC phosphorylation (Figure 4A,B). These data are
consistent with the notion that PKC and ROCK control MLC phosphorylation via independent pathways
despite both kinases binding FLNA. This notion is further exemplified by our finding that thrombin-induced
phosphorylation (hence inactivation) of MLCP was inhibited by Y27632 but not by BIM (Figure 4C,D), sug-
gesting that PKC regulation of MLC phosphorylation is independent of the ROCK-MLCP axis.

FLNA is required for thrombin-induced PKC activity in platelets
Since FLNA is a ligand for PKC [38], we wished to compare the activity of PKC in control platelets and
FLNA-deficient platelets. We evaluated the phosphorylation status of downstream effectors of PKC using a
primary antibody that targets proteins with phospho-serine residues surrounded by an arginine (Arg) or lysine
(Lys) at the −2 and +2 positions, and a hydrophobic residue at the +1 position [39]. We observed that the loss
of FLNA expression in platelets conferred a significant (P < 0.05) reduction in PKC substrate phosphorylation
following thrombin activation (Figure 5A,B), indicating that FLNA is essential for PKC activity in response to
stimulation by thrombin.
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Figure 3. FLNA-null platelets exhibit diminished RhoA activation and MLC phosphorylation compared to control platelets.

(A) RhoA activation in response to thrombin stimulation was measured in floxed (control, blue bars) platelets and

FLNA-deficient (platelet-specific KO, pink bars) platelets. The level of active, GTP-bound RhoA was measured using a G-LISA

activation assay, and represented as relative fold change. Data are mean ± SEM and represent three independent experiments.

***P < 0.001, based on two-way ANOVA and Tukey post hoc multiple comparison tests. (B) Immunoblot depicts MLC

phosphorylation at Ser19 in control platelets (control) and FLNA-null platelets (platelet-specific KO) after thrombin treatment for

the indicated times. Total MLC is shown as a loading control. (C) Bar graph represents the densitometry quantification of

phospho-MLC2 (Ser19) relative to total MLC protein in floxed platelets (control, blue bars) and FLNA-deficient platelets

(platelet-specific KO, pink bars). Data are mean ± SEM, analyzed by two-way ANOVA and Tukey post hoc multiple comparison

tests, and represent a minimum of three independent experiments. ****P < 0.0001, based on two-way ANOVA and Tukey post

hoc multiple comparison tests. (D) Immunoblot depicts MYPT1 phosphorylated at Thr853 in floxed platelets (control) and

FLNA-null platelets (platelet-specific KO) after thrombin treatment for the indicated times. Total MYPT1 is shown as a loading

control. (E) Bar graph represents the densitometry quantification of phospho-MYPT1 (Thr853) relative to total MYPT1 in floxed

platelets (control, blue bars) and FLNA-null platelets (platelet-specific KO, pink bars). Data are mean ± SEM, analyzed by

two-way ANOVA and Tukey post hoc multiple comparison tests, and represent a minimum of three independent experiments.

***P < 0.001, ****P < 0.0001, based on two-way ANOVA and Tukey post hoc multiple comparison tests. NT, no treatment.
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Figure 4. PKC and ROCK regulate MLC phosphorylation.

(A) Immunoblot depicts MLC phosphorylation at Ser19 in wild-type mouse platelets pre-incubated with vehicle, the PKC

inhibitor BIM (15 mM), and/or the ROCK inhibitor Y27632 (50 mM) for 30 min prior to stimulation with thrombin (0.1 U/ml) for

10 min. Total MLC is shown as a loading control. (B) Bar graph represents the densitometric quantification of p-MLC2 (Ser19)

relative to total MLC in thrombin-activated platelets pre-treated with vehicle (TR, orange), BIM (BIM, green bar), Y27632

(Y27632, blue bar), or BIM plus Y27632 (BIM + Y27632, purple bar). Resting platelets serve as the negative control (NT, red

bar). Data are mean ± SEM and represent a minimum of four independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P

< 0.0001, based on one-way ANOVA and Tukey post hoc multiple comparison tests. (C) Immunoblot depicts MYPT1

phosphorylation at Thr853 in wild-type mouse platelets pre-incubated with vehicle, the PKC inhibitor BIM (15 mM), and/or the

ROCK inhibitor Y27632 (50 mM) for 30 min prior to stimulation with thrombin (0.1 U/ml) for 10 min. Total MYPT1 is shown as a

loading control. (D) Bar graph represents the densitometric quantification of p-MYPT1 (Thr853) relative to total MYPT1 in

thrombin-activated platelets pre-treated with vehicle (TR, orange), BIM (BIM, green bar), Y27632 (Y27632, blue bar), or BIM

plus Y27632 (BIM + Y27632, purple bar). Resting platelets serve as the negative control (NT, red bar). Data are mean ± SEM and

represent a minimum of four independent experiments. *P < 0.05, ****P < 0.001, based on one-way ANOVA and Tukey post hoc

multiple comparison tests.
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Figure 5. FLNA regulates the function of PKC in platelets.

(A) Immunoblot depicts phospho-serine PKC substrates in floxed platelets (control) and FLNA-null platelets (platelet-specific

KO) after treatment with thrombin or the phorbol ester PMA for the times indicated. Beta-actin is shown as a loading control.

(B) Bar graphs depict the densitometric quantification of phospho-serine PKC substrates relative to beta-actin in floxed

(control, blue bars) and FLNA-null platelets (platelet-specific KO, pink bars). Data are mean ± SEM, and represent a minimum of

three independent experiments. *P < 0.05, **P < 0.01, ****P < 0.0001, based on two-way ANOVA and Tukey post hoc multiple

comparison tests. (C) Immunoblot depicts MLC phosphorylation at Ser19 in floxed platelets (control) and FLNA-null platelets

(platelet-specific KO) after treatment with thrombin and/or PMA for 10 min. Total MLC is shown as the loading control. (D) Bar

graph depicts the densitometric quantification of phospho-MLC2 (Ser19) relative to total MLC in floxed (control, blue bars) and

FLNA-null platelets (platelet-specific KO, pink bars). Platelets were untreated (NT), treated with thrombin (TR), treated with PMA

(PMA), or treated with thrombin and PMA (TR + PMA). Data are mean ± SEM and represent a minimum of five independent

experiments. *P < 0.05, ****P < 0.0001, based on two-way ANOVA and Tukey post hoc multiple comparison tests.
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The phorbol ester, phorbol-12-myristate-13-acetate (PMA), is well-established as a potent activator of PKC
[40]. PMA mimics the effect of diacylglycerol, thereby bypassing the requirement for the upstream signals that
activate PKC [41]. Importantly, treatment with PMA effectively rescued the defect in PKC activation that was
observed in the FLNA-deficient platelets (Figure 5A,B). We then wished to determine whether the rescue of
PKC activity would also rescue the defect in MLC phosphorylation observed in FLNA-deficient platelets. In the
FLNA-null platelets, PMA largely restored the defect in thrombin-induced MLC phosphorylation (Figure 5C,
D), which is consistent with the notion that FLNA regulates MLC phosphorylation at least in part via PKC.
Collectively, our data support a proposed model in which FLNA modulates MLC phosphorylation via two par-
allel pathways: by controlling PKC activity and by inhibiting MLCP (Figure 6).

Discussion
Actomyosin contraction plays an essential role in multiple aspects of platelet function including shape change
[7], clot retraction [9], and granule secretion [36,42–44]. However, the precise nature of the signals that under-
pin actomyosin contraction remain unclear although we hypothesized that this process would be regulated in
part by actin-binding proteins. Here we found that the actin cross-linking protein FLNA is required for both
the efficient phosphorylation of MLC and actomyosin contraction downstream of activation by thrombin.
Moreover, our data provide further insights into the role of FLNA in regulating the RhoA/ROCK and PKC sig-
naling pathways that lead to MLC phosphorylation.

FLNA is required for contractile force generation
To the best of our knowledge, our study is the first to report a role for FLNA in regulating MLC phosphoryl-
ation and actomyosin contraction in platelets. Myosin IIA is the predominant myosin heavy chain expressed in

Figure 6. Proposed model of FLNA as a regulator of MLC phosphorylation.

Schematic diagram illustrating a proposed model in which FLNA regulates MLC phosphorylation and cell contraction in platelets. (A) FLNA acts as a

major scaffolding protein for both RhoA and ROCK to facilitate the phosphorylation (and therefore inhibition) of MLC phosphatase after thrombin

activation. (B) FLNA modulates the activity of PKC which also contributes to MLC phosphorylation.
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platelets and the actomyosin contraction mediated by this protein plays significant roles in platelet physiology
and hemostasis [11,45]. As platelets contract, the associated fibrin clot becomes smaller, thus increasing throm-
bus density and stability. This compaction allows for maintenance of blood vessel patency and tissue reperfu-
sion following vascular injuries [46]. Interestingly, FLNA-deficient mice exhibit a similar phenotype to those
mice lacking functional myosin IIA, which exhibit macrothrombocytopenia, defective platelet clot retraction,
and prolonged bleeding time [12]. Furthermore, platelets devoid of functional myosin IIA reportedly exhibit
defective stress fiber formation while spreading on fibrinogen [12], which is similar to our observations in
FLNA-deficient platelets. Our previous finding of diminished granule secretion by FLNA-deficient platelets
[47] is also consistent with a reported reduction in granule secretion resulting from the inhibition of myosin
IIA [48]. The striking similarity in the phenotype of platelets between these two mouse strains supports the
existence of a functional relationship between FLNA and myosin IIA.
The notion that FLNA is responsible for cellular contractility is supported by a report that mice with a dele-

tion of FLNA in smooth muscle exhibit a significant reduction of blood pressure and vascular tension [49].
Conversely, mice with impaired FLNA mRNA editing demonstrated increased vascular contraction and hyper-
tension, notably accompanied by an increase in MLC phosphorylation [50]. Together, these findings point to a
role for FLNA in the regulation of actomyosin activation in diverse cell types. However, ours is the first report
of FLNA regulation of MLC phosphorylation and force generation in platelets; this central finding is supple-
mented by mechanistic data on the MLC-associated kinases and phosphatases.

FLNA regulates the ROCK-MLCP pathway
ROCK is a critical mediator of megakaryocyte and platelet function [19,51,52]. For example, published data
indicate that ROCK activity and MLC phosphorylation in megakaryocytes is essential for the formation of pro-
platelets [52], which give rise to new platelets. Moreover, in platelets, defects in ROCK activity are associated
with impaired MLC phosphorylation, clot retraction, and platelet aggregation [19,53,54]. Furthermore, ROCK
is regulated upstream by the small GTPase RhoA [55]. Both RhoA and ROCK have been identified as FLNA
ligands [25,56]; the Ig repeat 24 interacts with the carboxy-terminal pleckstrin homology domain of ROCK to
control actin remodeling [21,23–25]. Our finding of increased MLCP activity in FLNA-deficient platelets sug-
gests that FLNA influences ROCK activity since phosphorylation of MYPT1 (Thr853) is an accepted marker
for ROCK activity [57]. Since both RhoA and ROCK bind FLNA near its C-terminus, it is plausible that FLNA
brings RhoA and ROCK into proximity, sustaining their activation and culminating in the phosphorylation
(and inactivation) of MLCP thus promoting MLC phosphorylation. Interestingly, FLNA reportedly interacts
with Trio [58], a guanine nucleotide exchange factor with documented RhoA-activating properties [59] thus
suggesting another mechanism by which FLNA may promote RhoA activity.

FLNA regulates PKC activity
PKC is another critical effector of platelet function [60] that also binds FLNA [38]. The notion that PKC activity
is contingent on FLNA expression is supported by our finding of diminished PKC substrate phosphorylation in
FLNA-deficient platelets. Importantly, the rescue of PKC function in FLNA-deficient platelets by PMA suggests
that FLNA has a synergistic role with PKC. Traditionally, the activation of PKC involves a transition from the
inactive latent form to an active membrane-bound form [61]. Since FLNA is ideally positioned between the
membrane and F-actin [22], it is conceivable that FLNA also serves as a scaffold to approximate PKC with its
downstream targets. Specifically, PKC reportedly phosphorylates the smooth muscle protein CPI-17; this protein
binds and inhibits MLCP at its catalytic subunit (PP1) thereby increasing cellular contraction [62]. Our data in
platelets partially corroborate this concept since PKC inhibition reduced MLC phosphorylation. However, block-
ade of PKC did not affect MLCP phosphorylation, which is consistent with published data indicating that
CPI-17 inhibits MLCP by direct binding, i.e. in a phosphorylation-independent manner [62,63].
An important and novel finding from our study is that PKC and ROCK both regulate MLC phosphorylation

but appear to do so independently. Moreover, PKC does not appear to promote MLC phosphorylation by inhi-
biting MLCP. In one study, the activity of MLCK was enhanced by PKC, although PKC-specific phosphoryl-
ation sites that directly activate myosin have not been identified [64]. In light of the functional diversity of PKC
isoforms and the complexity of signaling cross-talk [60], it is conceivable that PKC could drive MLC phosphor-
ylation independently of MLCP.
A limitation of our current study is that the exact binding site of ROCK on FLNA was not identified. Due to

the many proteins with which FLNA interacts [21], a complete inhibition of FLNA would likely perturb other
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FLNA-containing signaling pathways, and would therefore be of limited practical use. Therefore, identification
of the exact binding interface(s) between ROCK and FLNA would provide valuable insight into facilitating
novel drug designs to specifically disrupt (or enhance) the FLNA-ROCK interaction. Furthermore, we did not
identify the specific PKC isoform responsible for FLNA-mediated MLC phosphorylation. However, since
FLNA-deficient platelets exhibit a normal calcium rise in response to thrombin stimulation [47], one can
surmise that a calcium-independent isoform — such as from the novel PKC subfamily [65] — could be the
operative isoform. Additional research is required to elucidate the mechanisms of action that govern FLNA and
PKC in the context of platelet shape change.
In summary, this study identifies FLNA as a critical mediator for the generation of contractile force and

shape change in thrombin-stimulated platelets. We propose that FLNA is a major scaffold for the subcellular
localization of ROCK and PKC to facilitate the appropriate downstream signaling required to phosphorylate
MLC and to generate actomyosin contraction. It should be noted that therapies aimed at blocking FLNA func-
tion also confer the potential for off-target effects since FLNA is expressed in multiple tissues. Nonetheless,
given the critical scaffolding role played by FLNA, a better understanding of this complex signaling system
(and related protein-protein interactions) — combined with ongoing advances in targeted tissue-specific drug
delivery [66] — will facilitate the identification of therapeutic targets for improved management of bleeding dis-
orders and/or thrombotic diseases.

Methods
Reagents
Antibodies against p-MLC2 Ser19 (cat. #3671), MLC2 (cat. #8505), p-MYPT1 Thr853 (cat. #4563), MYPT1
(cat. #2634), and p-Ser PKC substrate (cat. #2261) were purchased from Cell Signaling Technologies (Danvers,
MA, U.S.A.). HRP-conjugated anti-beta-actin was purchased from Santa Cruz Biotechnology (Dallas, TX, U.S.
A.). Anti-rabbit IgG, HRP-linked antibody (cat. #7074) was purchased from Cell Signaling Technologies
(Danvers, MA, U.S.A.). Fibrinogen (F3879), BIM I, phorbol 1,2-myristate 1,3-acetate (PMA), and formaldehyde
solution were purchased from MilliporeSigma (Oakville, ON, Canada). Thrombin was purchased from
Chrono-Log (Havertown, PA, U.S.A.). The GPVI-specific collagen-related peptide was obtained from the
Versiti Blood Research Institute Protein Chemistry Core Laboratory (Milwaukee, WI, U.S.A.). Bovine serum
albumin (BSA) was purchased from Cytiva HyClone Laboratories (Logan, UT, U.S.A.). 100X Halt protease and
phosphatase inhibitor cocktail, Alexa Fluor® 488, ProLong™ Gold Antifade Mountant, and Fluoromount-G™
Mounting Medium were obtained from Thermo Fisher Scientific (Mississauga, ON, Canada). The ROCK
inhibitor Y27632 (ab120129) was purchased from Abcam (Cambridge, MA, U.S.A.).

Mice
Conditional KO mice were generated where FLNA expression was deleted in the megakaryocyte/platelet cell
lineage [39,47]. All parental strains were obtained from The Jackson Laboratories: STOCK Flnatm1.1Caw/J
(Strain #010907), with the allele simply called Flnafl hereafter (note Flna is on the X chromosome); C57BL/
6-Tg(Pf4-icre)Q3Rsko/J (Strain #008535), with the transgene simply called Pf4-cre hereafter. Both parental
strains were backcrossed onto 129S1/SvImJ (Strain #002448) at least six times for genetic background standard-
ization. Then, female Flnafl/fl mice that also carried Pf4-cre/+ were bred with male Flnafl/Y mice. All experi-
ments used FLNA-null platelets from Flnafl/fl, Pf4-cre/+ females and Flnafl/Y, Pf4-cre/+ males; littermate Flnafl/
fl females and Flnafl/Y males were employed as controls. Approval for animal work was obtained from the
University of British Columbia’s Animal Care Committee.

Mouse platelet preparation
Mouse blood was drawn by retro-orbital plexus bleeding using heparinized capillary tubes and collected into
acid citrate dextrose buffer. Whole blood was diluted with Tyrode’s buffer (0.32 mM NaH2PO4, 150 mM NaCl,
2.65 mM KCl, 10.5 mM HEPES, 12 mM NaHCO3, 2.1 mM MgCl2, and 5 mM glucose) and centrifuged at 200
g for 7 min. The platelet-rich plasma was harvested and centrifuged at 800 g for 10 min to isolate the platelet
pellet which was then gently resuspended in Tyrode’s buffer. The platelet suspension was adjusted to a concen-
tration of 2 × 108 - 5 × 108 platelets/ml and allowed to rest at room temperature for 20 min. Washed platelets
were supplemented with 2 mM CaCl2 prior to stimulation with agonists.
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Fluorescence microscopy and quantification of stress fibers
Coverslips were coated with fibrinogen (0.1 mg/ml), followed by a gentle wash with PBS. Platelets were stimu-
lated with 0.05 U/ml thrombin for 1 min, plated on to fibrinogen-coated coverslips, and allowed to spread at
37°C for 45 min. After incubation, platelets were fixed with 4% paraformaldehyde, permeabilized with 0.1%
Triton X-100, and labeled with Alexa Fluor-488 phalloidin. Samples were mounted with ProLong™ Gold
Antifade (ThermoFisher Scientific, Grand Island, NY, U.S.A.) mounting medium. Platelets were imaged using a
Leica SP5 laser scanning confocal, with a 100× oil immersion objective. To quantify stress fiber formation, mul-
tiple fields of view (FOV) were analyzed to determine the percentage (%) of platelets (control and
FLNA-deficient) with visible stress fibers per FOV.

Clot retraction assay
Washed platelets in Tyrode’s buffer (3 × 108/ml) were incubated with 1% BSA, 1 mg/ml fibrinogen, and 2 mM
calcium chloride in an aggregometer tube for 5 min. Platelets were then stimulated with 1 U/ml thrombin and
incubated at 37°C for 45 min. Photographic images of the retracting clots were obtained, and the areas of the
retracted clots were analyzed with ImageJ software.

Black dot fabrication
Black dots were fabricated by microcontact printing of fluorescent BSA onto flexible PDMS substrates as previ-
ously described [28]. Briefly, Sylgard 184 PDMS (Dow Corning) was prepared at a base to curing agent ratio of
10 to 1 by weight, cast against a silicon master structure containing an array of 850 nm diameter posts with
2 mm center-to-center spacing, and baked at 110°C for 20 min. Cured PDMS was peeled from the master struc-
ture, resulting in a PDMS stamp with an array of holes. Alexa-Fluor 594-conjugated BSA diluted in PBS to
2.5 mg/ml was pipetted onto the PDMS stamp and incubated for 45 min. The stamp was then dipped into
dishes of PBS 3X and gently dried with nitrogen. To transfer the pattern, a polyvinyl alcohol film was
plasma-etched for 1 min, pressed onto the BSA-adsorbed stamp, and incubated for 20 min under a 50 g weight.
The polyvinyl alcohol film was peeled away from the stamp and pressed against a flexible (6.54 kPa) PDMS
substrate. The flexible PDMS substrate was fabricated by mixing 98% Sylgard 527 (prepared at a part A to part
B ratio of 1 to 1 by weight) with 2% Sylgard 184 (prepared at a base to curing agent ratio of 10 to 1 by
weight), pipetting onto glass coverslips, and curing overnight at 65°C. After allowing 20 min for the fluorescent
pattern to transfer onto the flexible PDMS substrate, the substrate was submerged in PBS. Upon rehydration,
the polyvinyl film detached from the flexible PDMS and was discarded. The black dot substrates were stored in
PBS at 4°C and were used within 3 weeks.

Mouse platelet seeding onto black dots
Black dot substrates were incubated with 1 mg/ml of human fibrinogen at room temperature for 1.5 h in the
dark and submerged in PBS after incubation. Washed platelets (3.2 × 106/ml per substrate) were pre-stimulated
with 0.05 U thrombin in the presence of 1 mM Ca2+ for 1 min and seeded directly onto the black dot substrates
for 10 min at room temperature. After 10 min, unbound platelets were removed by dipping the substrate in
PBS and immediately transferring to Tyrode’s buffer for further incubation at 37°C. Substrates were then fixed
with 4% paraformaldehyde at room temperature and gently rinsed with PBS twice. Fixed platelet substrates
were permeabilized with 0.1% Triton X-100 at room temperature and washed 3x with PBS. Permeabilized plate-
lets were stained with Alexa Fluor-488 phalloidin prior to mounting with Fluoromount-G mounting medium
(ThermoFisher Scientific, Grand Island, NY, U.S.A.).

Black dot imaging and single-platelet force analysis
Fixed and stained platelets were imaged on a Leica SP5 confocal microscope with a 63× oil immersion objective
(NA = 1.4). The images of platelets were taken with a large enough field of view to ensure the clarity of the plate-
let spreading morphology. All image analysis was conducted in MATLAB. Cell boundaries were determined
from the fluorescent F-actin image with a user-adjusted threshold and shape fill. Black dot boundaries and cen-
troids were determined via automated detection. Black dot displacement from the undeformed grid was used to
calculate the magnitude and direction of forces using regularized Fourier transform traction cytometry. Total
force for each platelet was calculated by summing the force magnitudes within each platelet boundary.
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RhoA activation assay
RhoA activity was determined in control and FLNA-deficient platelets using the absorbance-based G-LISA®
RhoA Activation Assay Kit, cat. #BK124 (Cytoskeleton Inc., Denver, CO, U.S.A.). Briefly, 100 ml of control and
FLNA-deficient mouse platelets (3 × 108 cells/ml) were activated with 0.1 U thrombin for 5 min at 37°C. The
platelets were solubilized with ice-cold lysis buffer supplied by the manufacturer, and the levels of active,
GTP-bound RhoA were determined in the lysates in accordance with the manufacturer’s specifications.
Absorbance was read at 490 nm using a SpectraMax i3 microplate reader.

Immunoblotting
Washed platelets (3 × 108 cells/ml) were solubilized and resuspended in 5X sample buffer. Samples were heated
at 95°C for 5 min. Proteins were resolved using SDS–PAGE and transferred to a PVDF membrane. The mem-
branes were incubated with various primary antibodies overnight at 4°C, followed by incubation with
HRP-conjugated secondary antibodies for 1 h at room temperature. Bands were detected by enhanced chemilu-
minescence (Cell Signaling Technologies, Danvers, MA, U.S.A.) and visualized with a Bio-Rad ChemiDoc
imaging system (Mississauga, ON, Canada).

Statistical analysis
Statistical analyses were performed using GraphPad Prism 9 software. Differences between two groups were
analyzed using the Student’s t-test. Differences between three or more groups were analyzed using an analysis
of variance (ANOVA) and Tukey or Sidak’s post hoc multiple comparison tests. Statistical significance was set
at P < 0.05.

Data Availability
The relevant data that support the conclusions of this study are contained within the article. The original,
full-sized unprocessed images for all of the immunoblots presented in the Figures are provided as
Supplementary Figures.
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Supplemental Figure S1

Supplemental Figure S1.  A. Immunoblot depicts MLC phosphorylation at Ser19 in floxed
platelets (control) and FLNA-null platelets (platelet-specific KO) after treatment with the GPVI 
agonist collagen-related peptide (CRP) at 1 µg/mL for 5 minutes. Total MLC is shown as a 
loading control.  B. Bar graph represents the densitometry quantification of the expression of p-
MLC2 (Ser19) relative to total MLC proteins in floxed (control, blue bars) and FLNA-deficient 
(platelet-specific KO, pink bars) platelets in response to CRP. Data are mean ± SEM, analyzed 
by two-way ANOVA and Tukey post-hoc multiple comparison tests, and represent a minimum of 
3 independent experiments. ****, p<0.0001, based on two-way ANOVA and Tukey post-hoc 
multiple comparison tests. NT=no treatment.

A.

B.



Supplemental Figure S2

Supplemental Figure S2.  A. Immunoblot depicts MYPT1 phosphorylated at Thr853 in floxed
platelets (control) and FLNA-null platelets (platelet-specific KO) after stimulation with the GPVI 
agonist collagen-related peptide (CRP) at 1 µg/mL for 5 minutes. Total MYPT1 is shown as a 
loading control.  B. Bar graph represents the densitometry quantification of the expression of p-
MYPT1 (Thr853) relative to total MYPT1 in floxed platelets (control, blue bars) and FLNA-null 
platelets (platelet-specific KO, pink bars) in response to CRP treatment. Data are mean ± SEM, 
analyzed by two-way ANOVA and Tukey post-hoc multiple comparison tests, and represent a 
minimum of 3 independent. ***, p<0.001, based on two-way ANOVA and Tukey post-hoc 
multiple comparison tests. NT=no treatment.
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