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Oleg V. Kim,1,* Rustem I. Litvinov,1 Elmira R. Mordakhanova,2 Erfei Bi,1 Olga Vagin,3,4 and John W. Weisel1,5,*

SUMMARY

Although septins have been well-studied in nucleated cells, their role in anucleate
blood platelets remains obscure. Here, we elucidate the contribution of septins
to human platelet structure and functionality. We show that Septin-2 and
Septin-9 are predominantly distributed at the periphery of resting platelets
and co-localize strongly with microtubules. Activation of platelets by thrombin
causes clustering of septins and impairs their association with microtubules. Inhi-
bition of septin dynamics with forchlorfenuron (FCF) reduces thrombin-induced
densification of septins and lessens their colocalization with microtubules in
resting and activated platelets. Exposure to FCF alters platelet shape, suggesting
that septins stabilize platelet cytoskeleton. FCF suppresses platelet integrin
aIIbb3 activation, promotes phosphatidylserine exposure on activated platelets,
and induces P-selectin expression on resting platelets, suggesting septin involve-
ment in these processes. Inhibition of septin dynamics substantially reduces
platelet contractility and abrogates their spreading on fibrinogen-coated sur-
faces. Overall, septins strongly contribute to platelet structure, activation and
biomechanics.

INTRODUCTION

Septins are a family of GTP-binding cytoskeletal proteins originally identified in yeast as essential for cyto-

kinesis and morphological changes (Oh and Bi, 2011). In mammalian cells, 13 septins have been identified

(SEPTIN1-SEPTIN12 and SEPTIN14), which are classified in four subgroups according to their sequence

similarity and named after their prominent members: SEPTIN2, 3, 6, and 7 (Kinoshita, 2003). Previous

studies have shown that the simplest hetero-oligomeric complex of septins comprises either six or eight

subunits from three or four different subgroups, respectively, incorporating two copies of each subunit

(McMurray and Thorner, 2019; Mendonça et al., 2019) (Figure 1). Although septins are widely expressed

in human tissues (Hall et al., 2005), some septins (SEPTIN2,4,7,8,9, and 10) have ubiquitous distribution,

whereas others were found to be tissue-specific (Hall et al., 2005; Zuvanov et al., 2019). Septin protein sub-

units are known to self-associate, forming nonpolar rod-like oligomers and higher-order polymeric struc-

tures in yeast andmammalian cells (McMurray and Thorner, 2019). The septin rod-like oligomers form short

filaments that further assemble into bundles, rings, gauzes, and sheet-like structures (McMurray and

Thorner, 2019; Mendonça et al., 2019). Septins form a scaffold, mediating the association and/or organiza-

tion of many proteins or cellular structures including the cytoskeletal components, such as microtubules

and actin, with cell membranes (Bridges and Gladfelter, 2015; Dolat et al., 2014b; Mostowy and Cossart,

2012). In nucleated cells septins were found to mediate a variety of functions, including cytokinesis, sperm

motility, autophagy, exocytosis, cell migration and matrix adhesion (Dolat et al., 2014b; Ihara et al., 2005;

Longtine et al., 1996; Mostowy et al., 2010; Tokhtaeva et al., 2015; Verdier-Pinard et al., 2017). Septins can

affect branching, elongation, and receptor-membrane association of the cytoskeleton, as shown in axons

and during invasion of Listeria into host cells (Hu et al., 2012; Mostowy et al., 2011). Septins were shown to

play a role in inflammation by regulating pathogen uptake by phagocytes, controlling immune cell infiltra-

tion, regulating tissue barrier permeability, and contributing to post-inflammatory tissue fibrosis (Ivanov

et al., 2021).

Platelets are cytoplasmic fragments of megakaryocytes, polyploid cells residing in the bone marrow and

lungs (Junt et al., 2007; Lefrançais et al., 2017). Platelets are the smallest anucleate blood cells, 2–4 mm

in size that play a pivotal role in hemostasis and thrombosis. Their main function is to prevent blood loss

by forming sticky platelet aggregates (a hemostatic plug) at the site of vascular injury (Brass et al., 2017;
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Rosen et al., 2001). The initial interaction of platelets with the exposed sub-endothelium at a vessel injury

site is mediated by the receptor glycoproteins GPIb-IX-V, GPVI, GPIa/IIa (integrin a2b1) followed by intra-

cellular signaling that promotes platelet adhesion and aggregation. Platelet activation is accompanied by

an increase of cytosolic [Ca2+], secretion of intracellular granule content, cytoskeletal remodeling, and tran-

sition of the integrin aIIbb3 on the platelet surface from the inactive to active state capable of interacting

with extracellular ligands, such as fibrinogen and fibrin (Scharf, 2018; Shattil, 1999, 2005). Activated plate-

lets expose phosphatidylserines (PS), anionic phospholipids, mediating assembly of the enzymatic com-

plexes that catalyze thrombin generation on or near the platelet surface (Monroe Dougald et al., 2002).

Thrombin not only causes activation of circulating platelets but also catalyzes conversion of fibrinogen

into fibrin, resulting in formation of a polymeric network that stabilizes a blood clot or thrombus (Weisel,

2007). Platelet activation is accompanied by translocation of adhesive P-selectin from intracellular a-gran-

ules to the plasma membrane, allowing for platelet rolling over endothelial cells and platelet-leukocyte

aggregation (Frenette et al., 1995; Merten and Perumal, 2000; Yokoyama et al., 2005). Besides supporting

the blood clotting enzymatic cascade, activated platelets drive contraction or volume shrinkage of a blood

clot by pulling on fibrin fibers (Kim et al., 2017) that is an important pro- and antithrombotic mechanism

(Evtugina et al., 2020; Le Minh et al., 2018; Tutwiler et al., 2017).

Several septins (SEPTIN2, 4, 5, 6, 7, 8, 9, and 11) have been identified in human platelets, with the intraplatelet

distribution and function being studied for Septins-4, -5, -6 and -8. The relative abundance of septin proteins in

human platelets according to (Kim et al., 2014; Pinto et al., 2014) is the following: Septin-7>Septin-11>Septin-

2>Septin-5>Septin-6>Septin-9. Confocal microscopy of Septins-5 and -6 in human platelets showed that they

self-organize in higher-order ring-like structures (Martinez et al., 2006). Human platelet Septin-4 was shown to

interact with Septin-8 (Bläser et al., 2004) whereas Septin-5 formed a complex with Septins-6, -7, and -9 (Marti-

nez et al., 2006). Septin-5 was localized to the areas surrounding human platelet storage-granules (Dent et al.,
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Figure 1. Schematic representation of the organization of septins and their involvement in cell functions

(A) Septin domain structure comprises a GTP-binding domain, a phosphoinositide-binding polybasic region (PBR), a

septin unique domain (SUD), and one or several coiled-coil domains (Cavini et al., 2021). The lengths of N- and C- terminus

vary among different septins(Trimble, 1999). Septin inhibitor, forchlorfenuron (FCF), interacts with the Walker A motif,

preventing septin binding and hydrolysis (Angelis et al., 2014).

(B) Septin homology-based subgoups. Septins are classified into four distinct subgroups based on amino acid sequence

similarity (Kinoshita, 2003).

(C) Canonical heterooligomeric complexes of septins formed by alternate G-G and N-C interfaces and septins higher

order structures (Sirajuddin et al., 2009).

(D) The most well defined involvements of septins in cellular functions (Dolat et al., 2014a; Ivanov et al., 2021).
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2002) and formed a complex with syntaxin 4, a protein involved in platelet secretion. Septins-4 and -8 were

found to surround a-granules in human resting platelets and translocate toward platelet periphery upon

platelet activation, suggesting the involvement of septins in platelet granule transport and exocytosis (Bläser

et al., 2004). Involvement of septins in platelet functions has been studied inmousemodels. In particular, dele-

tion of Septin-5 in amouse causedplatelet aggregation and release of serotonin under the actionof subthresh-

old concentrations of collagen (Dent et al., 2002). Platelets from Septin-8 knock-out mice displayed impaired

activation of the aIIbb3 integrin, a-granule exocytosis, aIIbb3-mediated platelet aggregation and spreading

as well as reduced thrombin generation (Neubauer et al., 2021).

Although it is increasingly evident that septins are an important component of the platelet cytoskeleton,

the role of septins in human platelet biology, i.e. platelet production and fate, structure, and function, re-

mains largely unknown. In this study, we focused on Septin-2 and Septin-9 because of their involvement in a

relatively broad range of cellular functions compared to other septins (Beites et al., 2001; Ihara et al., 2005;

Nakahira et al., 2010; Pagliuso et al., 2016; Spiliotis and Nelson, 2006; Sun et al., 2020). Both Septin-2 and

Septin-9 are involved in exocytosis, intracellular trafficking, vesicle transport, cytoskeleton organization

(Beites et al., 2001; Ihara et al., 2005; Nakahira et al., 2010; Spiliotis and Nelson, 2006). In addition,

Septin-2 is involved in mitochondrial fission, neuronal differentiation and growth (Pagliuso et al., 2016;

Tada et al., 2007). Septin-9 participates in cytokinesis; it has also been associated with a variety of human

diseases, including the development of malignant tumors (El Amine et al., 2013; Sun et al., 2020). Also,

Septin-2 and Septin-9 belong to the most and least abundant septins that are present in human platelets

and plasma (see Table S1).

We used a combination of high-resolution confocal microscopy and a variety of platelet functional assays to

elucidate the contribution of human septins to platelet structure and function. Our results reveal that in

resting platelets Septin-2 and Septin-9 localize in closeness, proximity to the microtubule marginal ring.

Activation of platelets with thrombin decreases colocalization of Septins-2 and -9 with microtubules and

causes septin clustering. Inhibition of septin assembly with a septin inhibitor, forchlorfenuron (FCF) (Hu

et al., 2008; Iwase et al., 2004), disturbs septin organization in resting and activated platelets. Importantly,

the impairment of septin assembly with FCF alters the membrane expression of platelet activation markers,

including phosphatidylserine, active aIIbb3 integrin, and P-selectin. Moreover, FCF significantly affects

spreading of platelets on a fibrinogen-coated surface and their contractility, suggesting that septin dy-

namics is important for platelet biomechanics.

RESULTS

Intracellular distribution of Septin-2 and Septin-9 and their association with microtubules in

resting platelets

To gain insights into the role of septins in platelet structure and function, we first analyzed the distribution of

septins within resting unstimulated platelets and established the spatial relations of septins with microtu-

bules. Organization of the platelet cytoskeletal proteins was studied after immunofluorescent staining of

Septin-2 and Septin-9 as well as a-tubulin of microtubules. Analysis of confocal microscopy z stack images

of individual resting platelets revealed remarkable distinctions in the location and density of Septin-2 and

Septin-9. The majority of the platelet Septin-2 was concentrated at the cell periphery, forming a spotted cir-

cular structure (microscopic ring), while Septin-9 formed clusters at the platelet periphery as well as in the in-

ternal parts of the cells (Figures 2A, 2C, S1 and Complementary results, Analysis of colocalization between

Septin-2 and Septin-9 in resting platelets). Because humanplatelets contain circumferential subcortical micro-

tubules, we analyzed colocalization of Septin-2 and Septin-9 with a-tubulin based on the fluorescence inten-

sity correlation and co-occurrence (spatial overlap) of the corresponding pair of fluorophores (see STAR

Methods, section protein colocalization analysis). The difference between the co-occurrence and correlation

is that the co-occurrence measures the extent of the spatial overlap between two fluorescent probes whereas

the correlation evaluates the relationship between the fluorescence intensities in the corresponding pixels

comprising the images of the two fluorophores (Aaron et al., 2018).

The mean Pearson’s correlation coefficient (PCC) of fluorescence intensities between Septin-2 or Septin-9

and a-tubulin showed that both Septin-2 (SPT2) and Septin-9 (SPT9) were associated strongly with a-tubulin

(aT) in the subcortical marginal band (MB) at the periphery of resting platelets (Figures 2B and 2D): average

PCCSPT2/aT
MB = 0.82, PCCSPT9/aT

MB = 0.82 (the numbers are statistically significant with respect to the

random overlap by Costes’ method) (Costes et al., 2004). In contrast to the peripherally distributed septins,
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Figure 2. Differential distribution of Septin-2 and Septin-9 within resting platelets and their colocalization with

microtubules

(A) Confocal microscopy of unstimulated platelets immunostained for Septin-2, Septin-9, and a-tubulin. Septin-2 forms a

ring-like circular structure strongly co-localized with the microtubule marginal band. Septin-9 is located both in the

central part and cell periphery where it is co-localized with a-tubulin. Scale bar = 1 mm. The images are the projections of

optical z stack slices.

(B) Zoomed-in views of co-stained Septin-2/a-tubulin and Septin-9/a-tubulin (B left) at the platelet peripheral marginal

band (MB, ‘‘1’’) and central compartment (Central, ‘‘2’’) regions, schematically illustrated in (B right).

(C) Spatial distributions of Septin-2 and Septin-9 in a single platelet shown in orthogonal cross-sections of a reconstructed

3D image. Scale bar = 0.6 mm.

(D) Quantification of the degree of colocalization between Septin-2 and a-tubulin and Septin-9 and a-tubulin for the

platelet peripheral marginal band and the central part, schematically illustrated in (B).

The fluorescence correlation between Septin-2, Septin-9 and a-tubulin shown as Pearson’s correlation coefficient

(PCC) (D).

The results are presented as a median and IQR; significance tested by the Wilcoxon matched-pairs signed rank test.
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Septin-2 and Septin-9 located in the platelet central domains both displayed significantly lower

fluorescence correlation with a-tubulin (Figures 2B and 2D): average PCCSPT2/aT
Central = 0.32,

PCCSPT9/aT
Central = 0.46, Costes p-values > 0.95, p < 0.001. As an independent confirmation, quantification

of the co-occurrence of septins with a-tubulin in terms of the mean Mander’s colocalization coefficient

(MCC) (STAR Methods, section protein colocalization analysis) revealed strong spatial overlap of both

Septin-2 and Septin-9 with the microtubule band (MB) and their decreased overlap in central parts of

resting platelets (Complentary results, Analysis of co-occurrence between Septin-2,9 and a-tubulin for

resting and activated platelets and S2A.) Therefore, the high PCC and MCC values for Septin-2, Septin-9

and a-tubulin for the platelet marginal band suggest a strong association between septins and the subcor-

tical microtubules. At the same time, the reduced PCC andMCC values for septins and a-tubulin in the cen-

tral parts of platelets indicate poor colocalization and random and largely unrelated spatial organization of

the proteins, despite their presence in the cell center in detectable amounts.

Thus, in resting platelets, Septin-2 and -9 are preferentially located at the cell periphery, co-localizing with

a-tubulin, withminor punctate distribution in the central region (see also Table 1). Of note, the septins stud-

ied reveled strong colocalization with the membrane structure at the periphery and weak colocalization

within the internal portions of platelets, supporting the idea that the septins are likely to associate more

with the microtubule peripheral ring than with the plasma membrane (Figure S3). In addition, co-precipi-

tation of Septin-2 and a-tubulin suggests their direct interaction or a close association (Figure S4).

Changes in the intracellular distribution of Septin-2 and Septin-9 and their association with

microtubules in thrombin-activated platelets

Platelets treated with thrombin displayed dramatic intracellular rearrangement of septins as compared to

septin organization in resting cells. First, in thrombin-activated platelets both Septin-2 and Septin-9 formed

intense fluorescent clusters (Figures 3A and 3B), indicating condensation/densification of the proteins in

response to platelet stimulation. To quantify the degree of compaction of septins, the corresponding

Table 1. Summary of the structural and functional roles of septins in resting and activated human platelets revealed in this study

Findings Implications

In resting and thrombin-activated platelets, Septin-2 and -9 are preferen-

tially located at the cell periphery, colocalizing with a-tubulin, with minor

punctate distribution in the central region.

Septins may be associated with microtubules in resting platelets via

different molecular linkers (such as MAP4).

In resting and thrombin-activated platelets, FCF decreases colocalization

of both septins with a-tubulin. FCF at %50 mM has no effect on the

intraplatelet ATP content.

FCF alters septin localization in platelets with no effect on energy

metabolism and, hence, can be used as a tool to assess septin function

in platelets.

FCF induces changes in themorphology of resting platelets, including cell

elongation and formation of membrane protrusions

Septins play a role in stabilizing the platelet discoid shape and curved

plasma membrane.

In thrombin-activated platelets, Septin-2 and -9 form intense fluorescent

clusters, which is prevented by FCF.

Reorganization of septins may be involved in structural changes in

response to platelet activation.

In thrombin-activated platelets, colocalization between both septins and

a-tubulin is reduced. FCF does not prevent the effect.

Structural reorganization of septins during platelet activation dissociate

them from tubulins.

Fragmentation of thrombin-activated platelets in PRP-clots is enhanced

by pre-treatment of resting platelets with FCF.

Septins contribute to the structural integrity of activated platelets.

During spreading of resting platelets on fibrinogen-coated surfaces, the

Septin-2 ring structure disintegrate into filament- and puncta-like forms.

FCF prevents this effect and abrogates the ability of platelets to spread

and form actin stress fibers.

Septin dynamics are involved in cytoskeletal rearrangements underlying

the development of lamellipodia and cell spreading.

In resting platelets, FCF increases the surface expression of P-selectin Septins are involved in secretion of proteins from platelet a-granules

Pre-treatment of resting platelets with FCF increases surface exposure of

phosphatidylserine in stimulated platelets.

Septin dynamics are involved in regulation of the membrane asymmetry of

phospholipids in platelets.

Pre-treatment of resting platelets with FCF reduces the aIIbb3 integrin

activation in stimulated platelets and impairs their aggregation

Septins promote activation of integrin aIIbb3, increasing their

adhesiveness and ability to aggregate

Pre-treatment of resting platelets with FCF impairs contraction of clots

induced by adding thrombin to platelet-rich plasma.

Septins are involved in platelet contractile force generation and/or force

mechanotrunsduction to the extracellular fibrin matrix
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septin-related fluorescence intensities measured at identical microscope settings were compared in

resting and thrombin-activated platelets. Platelet stimulation with thrombin caused a �2-fold increase in

the average fluorescence intensity of Septin-2 and Septin-9 (Figures 3A and S5), suggesting polymeriza-

tion, aggregation or other type of densification of platelet septins. Of note, there was a significant increase

in Septin-2 protein synthesis following platelet activation (Figure S6). In addition, septin compaction was

assessed by evaluating the area of septins in z stack images of resting and activated platelets, revealing

about a 30–38% decrease in the septin-occupied area within platelets upon activation (Figure S7).

Second, septins changed their intracellular localization and the degree of association with microtubules, so

that the Septin-2 clusters were accumulated almost exclusively at the cell periphery whereas the Septin-9

clusters were seen both at the periphery and in the central regions of cells (Figures 3A and 3B). No

Figure 3. Redistribution of Septin-2 and Septin-9 in platelets upon thrombin-induced activation

(A, left) Confocal microscopy of platelets stained for Septin-2 and Septin-9 in resting and thrombin-treated platelets.

Scale bar = 3 mm. (A, right) Mean fluorescence intensity of a whole cell for Septin-2 (n = 110) and Septin-9 (n = 110)

measured at the identical settings of a confocal fluorescent microscope, computed as the mean intensity value of all the

non-background signal. A two-tailed Mann-Whitney U test.

(B) Distributions of Septin-2, Septin-9 and a-tubulin in a platelet before (top row) and after (bottom row) treatment of

platelets with thrombin. Scale bar = 1 mm. Projections of optical z stack slices.

(C) Changes in colocalization between Septin-2 and tubulin in resting and thrombin-activated platelets.

Quantification of colocalization between Septin-2, Septin-9 and a-tubulin based on the fluorescence intensity correlation

analysis and presented in terms of Pearson correlation coefficients (PCC).

The results are presented as a median and IQR. Significance tested by the Mann-Whitney U-test.
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externalization of septins was observed in platelets upon activation assessed by the absence of the

Septin-2 and Septin-9 immunofluorescence in non-permeabilized resting and activated platelets (Fig-

ure S8). Quantification of the colocalization between Septin-2 or Septin-9 and a-tubulin (in terms of cell vol-

ume averaged PCC) revealed that thrombin-induced platelet activation was followed by a significant 10%

reduction of the average PCC values for both types of septins associated with a-tubulin (Figure 3C). In addi-

tion, the average degree of spatial overlap of a-tubulin with Septin-2 and with Septin-9 (expressed as Man-

ders’ colocalization coefficients, MCC) in thrombin-activated platelets was significantly reduced compared

to resting platelets (Figure S2B). The reduction of the degree of colocalization between septins and

a-tubulin upon platelet activation suggests diminished association between the cytoskeletal proteins.

Changes in cellular distribution of septins in resting and activated platelets induced by the

septin inhibitor forchlorfenuron (FCF)

To elucidate further the role of septins in platelet structure and dynamics, isolated resting platelets were

incubated for 40 min with a septin inhibitor, FCF, known to impair septin assembly, organization, and dy-

namics without affecting actin or tubulin polymerization/depolymerization and structure (Hu et al., 2008). In

resting platelets, treatment with FCF caused dramatic alterations in the cellular organization of Septin-2

and Septin-9 and in their colocalization with tubulin (Figure 4). First, treatment of resting platelets with a

relatively low concentration of FCF (25 mM) triggered partial reorganization of the Septin-2 peripheral

ring revealed as a significant 20% increase of the mean ring thickness (Figures 4A and 4B). Second, treat-

ment of resting platelets with a higher FCF concentration (50 mM) induced partial or complete disruption of

the Septin-2 ring and formation of elongated Septin-2, -9 structures (Figure 4A). Third, the 50 mMFCF treat-

ment of resting platelets resulted in a significant 1.7- and 3.4-fold reduction in the mean fluorescence in-

tensity of Septin-2 and Septin-9, respectively, suggesting disassembly of septin supramolecular structures,

such as the marginal band and clusters of Septin-2 and Septin-9 in the central part of cells (Figure 4C).

Lastly, in resting platelets, FCF induced differential changes in the colocalization of Septin-2 and Septin-9

with a-tubulin, quantified in terms of the platelet volume-averaged Pearson’s correlation coefficients (Fig-

ure 4D) andMander’s colocalization coefficients (Figure S9). In particular, therewas an insignificant decrease

of themean PCCSPT2/aT value at%50 mMFCFwith respect to untreated cells, implying that FCF did not alter

the relation between Septin-2 and a-tubulin fluorophore intensities. At the same time, the average

PCCSPT9/aT value was significantly reduced by 20% at 50 mMFCF compared to untreated platelets, suggest-

ing that the association between Septin-9 and a-tubulin was weaker than that for Septin-2 and a-tubulin. It is

noteworthy that changes in the extent of spatial overlap in terms of Mander’s coefficients for both Septin-2/

a-tubulin and Septin-9/a-tubulin weremore sensitive to variations of FCF than PCC values (Complementary

results, Analysis of co-occurrence between Septin-2,9 and a-tubulin for resting and activated platelets in the

presenceof FCF, Figure S9). In particular, the extent of the overlapbetween Septin-2 and a-tubulin in resting

platelets revealed significant changes at 50 mM FCF, while a decrease in the overlap between Septin-9 and

a-tubulin was distinct at the lower concentration of FCF (25 mM) (Figure S9). These findings suggest that the

septin inhibitor FCF induces disruption of the septin spatial organization in resting platelets accompanied

by Septin-9 and tubulin structural rearrangements, leading to the reduction of the proteins’ spatial overlap.

Pre-treatment of platelets with FCF had remarkable consequences for the cytoskeletal remodeling in

response to platelet activation by thrombin, including changes in the densities of Septin-2 and Septin-9

and their colocalization with a-tubulin (Figure 5). In comparison to thrombin-activated cell without FCF,

activated FCF-treated platelets showed a significant three- and 3.3-fold decrease in the average fluores-

cence intensity of Septin-2 and Septin-9, respectively, implying reduced compactness/density of septins

in the presence of FCF (Figures 5A and 5B). The impairment of septin assembly in the presence of FCF

caused a significant 16 and 10% decrease of the platelet volume-averaged PCCSPT2/aT and PCCSPT9/aT

values, respectively, suggesting a weak association of the Septin-2, Septin-9 and a-tubulin in activated

platelets in the presence of FCF. In addition, FCF caused a significant decrease of Mander’s coefficients,

indicating diminished spatial overlap between Septin-2, Septin-9 and a-tubulin (Figure S9). Noteworthy,

the decrease in the PCCSPT2/aT and PCCSPT9/aT induced by FCF in thrombin-activated platelets was larger

than in resting FCF-pre-treated resting or untreated thrombin-activated platelets, implying that the

disruptive effects of thrombin and FCF on association between septins and tubulins are cumulative.

Thus, dysregulation of septin assembly with FCF resulted in reduced colocalization of septins and a-tubulin

following platelet activation. Overall, septin perturbations by FCF resulted in significant alterations in the
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spatial intracellular organization of Septin-2 and Septin-9 and their colocalization with a-tubulin in both

resting and thrombin-activated platelets.

Changes in morphology of platelets induced by forchlorfenuron (FCF)

Confocal microscopy imaging of FCF-treated and untreated resting platelets revealed that disruption of

septin assembly caused dramatic morphological changes in platelets (Figures 6A, 6B, and S10). Qualita-

tively, at the FCF concentrations larger than 25 mM platelets lost their discoid shape and became

Figure 4. Structural rearrangements of Septin-2 and Septin-9 in resting platelets induced by FCF, the inhibitor of

septin dynamics

(A) Representative immunofluorescence images of Septin-2, Septin-9 and a-tubulin in DMSO-treated (control) and FCF-

treated resting platelets showing dose-dependent intraplatelet structural alterations by FCF. Scale bar = 3 mm. Projec-

tions of optical z stack slices.

(B) FCF-induced changes in the thickness of Septin-2-ring-like circular structures: (left) a segment of the Septin-2 ring in

the absence and presence of FCF; (right) quantification of the Septin-2 ring thickness in untreated and FCF-treated

platelets (n > 70, Mean G SD). Scale bar = 0.4 mm. Significance tested by the two-tailed Mann-Whitney U test.

(C) Mean fluorescence intensity of Septin-2 and Septin-9 in the absence (n = 110 cells) and presence (n = 110) of 50 mMFCF

measured at the identical settings of a confocal fluorescent microscope. The results are presented as a median and IQR.

Significance tested by the Mann-Whitney.

(D) FCF-induced changes in the correlation of fluorescence intensity (Pearson) between Septin-2 and a-tubulin (D, left)

and Septin-9 and a-tubulin (D, right), showing reduction of the spatial overlap between septins and a-tubulin in the

presence of FCF. Data are presented as a median and IQR. Significance tested by the Kruskal-Wallis test with post hoc

Dunn’s correction for multiple comparisons. Data in (C and D) are presented as a median and IQR.
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elongated. A further increase of the FCF concentration (50 mM) resulted in emergence of thin, pseudopod-

like structures from the opposite ends of the elongated cells. To quantify the platelet shape changes result-

ing from disturbed assembly of septins, we have calculated platelet roundness and solidity, the geometric

parameters describing the extent of cell circularity and concavity, at different concentrations of FCF. Our

data showed that the morphometric parameters characterizing the platelet shape depended on the FCF

concentrations. Platelet roundness and solidity both significantly decreased on average by 16 and 16%

at 25 mM FCF and by 28 and 24%, respectively, at 50 mM FCF in comparison to FCF-untreated platelets

(Figures 6C and 6D). These observations suggest that septins play a structural role by supporting the

platelet curved discoid shape. Of note, our results demonstrate that inhibition of septin assembly by

FCF in thrombin-activated platelets can promote and accelerate platelet fragmentation, suggesting contri-

bution of septins in maintaining platelet integrity (Complementary results, Impairment of platelet-driven

clot contraction induced by FCF, Figure S11).

Figure 5. Structural alterations induced by a septin inhibitor FCF in thrombin-activated platelets

(A) Immunofluorescence confocal microscopy of Septin-2 and Septin-9 in thrombin-activated platelets in the absence and

presence of 50 mMof FCF showing decrease of sepins compaction caused by FCF. Scale bar = 3 mm. Projections of optical

z stack slices.

(B) Images in A quantified in terms of the mean fluorescence intensity measured at the identical settings of a confocal

fluorescent microscope (n = 80 cells, Median and IQR).

(C) Immunofluorescence microscopy of Septin-2, Septin-9 and a-tubulin in thrombin-activated platelets in the absence

and presence of 50 mM of FCF.

(D) FCF-induced changes in the fluorescence correlation (Pearson) between Septin-2 and a-tubulin (D, top) and Septin-9

and a-tubulin (D, bottom), displaying reduced spatial association between septins and tubulin. The results are presented

as a median and IQR. Significance tested by the Mann-Whitney U-test.
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Effects of septin perturbation on platelet functionality

FCF-induced changes in the surface expression of platelet activation markers

To assess the impact of septin perturbations on the surface expression of the markers of platelet activation

(P-selectin, phosphatidylserines, and active integrin aIIbb3), we performed flow cytometry of resting and

TRAP-activated isolated platelets in the absence and presence of FCF (Figure 7). In resting platelets

exposed to 50 mM FCF, there was a significant 2.6-fold increase of the average P-selectin expression level,

in comparison to the FCF-untreated platelets (Figure 7A). At the same time, FCF treatment did not affect

the exposure of phosphatidylserines in resting platelets (Figure 7B). In addition, the surface expression of

active aIIbb3 as well as the overall aIIbb3 (active and non-active conformations) were unaltered in resting

platelets treated with 50 mM FCF (Figures 7C and S12). These findings show that in resting platelets FCF at

50 mM increases the P-selectin expression without concomitant aIIbb3 integrin activation and phosphati-

dylserine exposure, suggesting that septin disruption by FCF promotes secretion of a-granules, the depot

of P-selectin.

In contrast to FCF-treated resting platelets, in TRAP-activated platelets pre-treated with 25 mM or

50 mM FCF the phosphatidylserine exposure increased significantly compared to the activated cells

not treated with FCF (Figure 7B). At the same time, thrombin-induced integrin aIIbb3 activation

was significantly reduced, on average 2-fold, at 50 mM FCF in comparison to activated control FCF-

untreated platelets (Figure 7C), with the overall integrin aIIbb3 expression being unaltered by FCF

(Figure S12), suggesting reduced integrin-ligand binding affinity for platelets with inhibited septin as-

sembly. Notably, FCF caused no significant changes in the expression of P-selectin in TRAP-activated

platelets (Figure 7A).

Figure 6. Changes in resting platelet morphology associated with septin perturbations induced by FCF

(A and B)Representative confocal microscopy images of DMSO-treated control resting platelets (A) and platelets treated

with 50 mM FCF (B). Scale bar = 5 mm. Projections of optical z stack slices.

(C and D) Morphometry of FCF-treated resting platelets in terms of platelet roundness (C) and solidity (D) at various FCF

concentrations (n = 100, Median and IQR). Gel-filtered platelets were incubated with various FCF concentration for

40 min, followed by fixation, staining for F-actin and imaging. Significance tested by the Kruskal-Wallis test with post hoc

Dunn’s correction for multiple comparisons.
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Remarkably, the observed alterations in platelet surface marker expression occurred in the absence of

noticeable changes in the intercellular ATP content (Figure S13), indicating that FCF-induced inhibition

of septin assembly did not alter platelet energy metabolism.

Overall, the impairment of septin dynamics in resting and activated platelets caused significant changes in

the surface expression of the markers of platelet activation, including an increase of P-selectin-expression

on resting platelets, an increase of phosphatidylserine exposure on activated platelets, and reduced

expression of the active aIIbb3 integrin on activated platelets.

Figure 7. Effects of FCF on the expression of molecular markers of activation in resting and TRAP-activated

platelets detected using flow cytometry

(A) Ratios of the fractions of P-selectin-expressing (CD62-positive) platelets in the presence of FCF and in the absence of

FCF (control) taken as 1.

(B) Ratios of the fractions of phosphatidylserine expressing (Annexin V-positive) platelets in the presence of FCF and in the

absence of FCF (control) taken as 1.

(C) Ratios of the fractions of platelets expressing active aIIbb3 (determined by PAC-1 binding) in the presence of FCF and

in the absence of FCF (control) taken as 1.

Data are presented as a median and IQR. Significance tested by the Kruskal-Wallis test with post hoc Dunn’s correction for

multiple comparisons: significance is shown compared to DMSO-treated control platelets.
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Defective spreading of platelets caused by FCF

To explore if damping of septin dynamics affects spreading of human platelets, we used confocal micro-

scopy to compare untreated and FCF-treated isolated platelets spread on a fibrinogen-coated surface

(Figure 8A). Characterization of individual platelets in terms of their area in the spread state and the per-

centage exhibiting stress fibers indicated remarkable differences between FCF-treated and untreated

platelets (Figure 8B). Specifically, in the presence of 50 mM FCF, the average area of spread platelets

(STAR Methods, section confocal microscopy image analysis) was significantly reduced by 56% and there

were 32% fewer individual platelets, in which stress fibers were detected, when compared to the FCF-un-

treated platelets. Spreading of untreated platelets was accompanied by disassembly of the Septin-2 ring,

while in FCF-treated platelets the Septin-2-containing subcortical ring was prevented from disruption

(Figure 8C). In addition to the continuous peripheral rings, in spread platelets three additional Septin-2-

containing structures were identified, namely: discontinuous peripheral rings, filamentous structures,

and fluorescent puncta stained for Septin-2 (Figure 8C). The majority of untreated platelets contained

the puncta (30% of the total number of untreated cells) and filamentous structures (62%) built of

Septin-2. In contrast, the dominant fraction of FCF-treated platelets contained partially disrupted

Septin-2 rings (45% of the total number of treated cells) and filamentous Septin-2 structures (30%) (Fig-

ure 8D). Overall, inhibition of septin dynamics with FCF prevented full spreading of platelets on a

fibrinogen-coated surface, suggesting that septin assembly and disassembly play a role in cytoskeletal

rearrangements underlying the surface spreading of human platelets.

Impairment of platelet-driven clot contraction induced by FCF

To study the impact of septin dynamics on platelet contractility assessed via the platelet-driven contraction

of blood clots, platelet-rich-plasma (PRP) clots were formed in the absence (control) and presence of FCF

and the temporal changes in the clot size, fibrin network density, and contractile stresses were measured as

described in STAR Methods (sections kinetics of clot contraction, fluorescent staining of isolated platelets

for septins, F-actin, a-tubulin, bIIbb3 integrin and membrane, platelet spreading). First, we tracked the size

changes of PRP clots over time using serial clot images acquired by the Thrombodynamics Analyzer System

(Figure 9A). Analysis of kinetic curves of the contracting PRP clots revealed that FCF caused a dose-depen-

dent delay of the onset of clot contraction as shown by a significant 2.5- and 6.6-fold increase of the mean

contraction lag time at 25 and 50 mM FCF, respectively (Figure 9B). Furthermore, both the mean extent of

clot contraction and the average velocity of clot contraction both decreased significantly, 1.5- and 10-fold

in the presence of 25 mM or 50 mM FCF, respectively, when compared to control clots. Next, analysis of the

fibrin network structural alterations using z-stack images collected over the course of clot contraction with a

confocal microscope revealed a significant 1.2-fold average decrease of fibrin densification in PRP clots in

the presence of 50 mM FCF (Figures 9C and 9D). Finally, measurements of the contractile stress generated

by platelets in the PRP clots formed between two parallel plates of the rheometer (see STAR Methods, sec-

tion fluorescent staining of isolated platelets for septins, F-actin, a-tubulin, bIIbb3 integrin andmembrane),

showed a substantial 6-fold reduction of the mean contractile stress in the presence of 50 mM FCF (Fig-

ure 9E). Taken together, the results indicate that FCF-induced impairment of the assembly of platelet

septins results in a significant reduction of platelet-induced volumetric shrinkage and densification of

PRP clots as well as a decrease of the contractile stress generated by activated platelets. These findings

suggest that septin reorganization plays a significant role in the generation of traction forces and mecha-

notransduction in platelets during contraction of blood clots.

Complementary results

Analysis of colocalization between Septin-2 and Septin-9 in resting platelets

Analysis of z stack confocal microscopy images of Septin-2 and Septin-9 in resting platelets show a mod-

erate colocalization of Septin-2 and Septin-9 (Pearson’s coefficient = 0.54) averaged over an individual cell

volume (Figure S1). The average Mander’s coefficients calculated for Septin-2 and Septin-9, characterizing

their fractional overlap, were about �0.5–0.6 mainly because of the septins overlap at the platelet periph-

ery. In summary, the colocalization analysis suggests a weak interaction between Septin-2 and Septin-9 in

human platelets.

Analysis of co-occurrence between Septin-2,9 and a-tubulin for resting and activated platelets

In resting platelets, the average MCCMB
SPT2/aT = 0.89, MCCMB

SPT9/aT = 0.74 (Figure S2A). In contrast with

the peripheral location, Septin-2 and Septin-9 in the central part revealed significantly lower spatial
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Figure 8. Abrogation of platelet spreading and supramolecular structural alterations of Septin-2 induced by FCF

in spread platelets

(A) Gel-filtered platelets spread on a fibrinogen-coated surface for 60 min, followed by fixation and staining for Septin-2

and F-actin. The images are the projections of optical z stack slices.

(B) The degree of platelet spreading in the absence and presence of FCF (50 mM) were quantified in terms of the spread

area per platelet. The effect of septin dynamics inhibition on formation of stress fibers in spread platelets was evaluated

by calculating the fraction of platelets having stress fibers in the presence and absence of FCF (n > 100 cells, Median and

IQR). Significance tested by two-tail Mann-Whitney.

(C) Representative confocal microscopy images of Septin-2 in isolated platelets spread on fibrinogen for 60 min in the

absence and presence of FCF, 50 mM.

(D) Four types of Septin-2 structures identified in spread platelets: continuous subcortical rings (i), partially discontinued

rings (ii), filamentous structures surrounded by fluorescent puncta (iii), single puncta stained for Septin-2 (iv). Quantifi-

cation of Septin-2 structures in spread platelets in the absence and presence of FCF in terms of the relative frequency of

Septin-2 structures defined in (i-iv). n = 50–80 cells per sample, N = 3 donors, Median and IQR. Significance tested by two-

tail Mann-Whitney.
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overlap with a-tubulin when compared to peripheral MB region: average MCCCentral
SPT2/aT = 0.53,

MCCCentral
aT/SPT9 = 0.47. In addition, MCC values averaged over the entire platelet space indicated that

the fraction of Septin-2 overlapping with a-tubulin is about 23% higher than that of Septin-9 (MCCSPT2/aT =

0.85 vs MCCaT/SPT2 = 0.69, p < 0.01, Mann-Whitney U-test).

In thrombin-activated platelets, the average degree of spatial overlap of a-tubulin with Septin-2 and with

Septin-9 (expressed as Manders’ coefficients, MCC) was reduced by 21 and 30%, respectively, compared to

resting platelets (Figure S2B). Yet, thrombin-induced platelet activation did not change the relative amount

of Septin-2 and Septin-9 overlapped with a-tubulin as revealed by the corresponding MCC values.

Figure 9. Impaired platelet-driven plasma clot contraction in the presence of FCF

(A) Photographic images of contracted platelet-rich-plasma clots in the absence and presence of FCF. Control (left) and

FCF-treated (right) PRP clots before (A top) and after (A middle, bottom) contraction at 25 and 50 mM of FCF (final

concentration) after 30 min of pre-incubation. Clotting was induced by 1 U/mL thrombin and 26 mMCaCl2 followed by the

optical tracking clot contraction.

(B) Quantification of clot contraction at various concentrations of FCF. Averaged kinetic curves of clot contraction for PRPwith

and without FCF (B top, left). Parameters of clot contraction (MeanG SD, n = 5–10): the lag time (B top, right), the extent of

contraction (B bottom, left), the average velocity of contraction (B bottom, right). Significance tested by Kolmogorov-Smirnov

(B top, left) and Kruskal-Wallis test with post hoc Dunn’s correction for multiple comparisons; significance shown with respect

to control with DMSO (B top right, B bottom).(C and D) Reduced platelet-induced densification of fibrin in the absence and

presence of FCF during clot contraction. PRP samples were preincubated without or with 50 mM FCF.

(C) Representative fluorescence confocal microscopy images of fibrin networks for a control PRP clot and PRP clot with

FCF after 40-min incubation. Projections of optical 10-mm thick z stack slices. Scale bar = 15 mm.

(D) Temporal changes of fibrin network densification assessed in terms of its fluorescence intensity relative to fibrin

fluorescence in the uncontracted clot at t = 0 (Mean G SD, n = 4).

(E) Temporal changes in platelet contractility in the absence and presence of 50 mM FCF. Significance tested by

Kolmogorov-Smirnov test. PRP samples were preincubated without or with 50 mM FCF. Clots were formed between

parallel plates of a rheometer and the contractile (normal) force on the movable upper plate was measured (Mean G SD,

n = 3). Clotting was induced with 1 U/mL thrombin and 26 mM CaCl2.
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Analysis of co-occurrence between Septin-2,9 and a-tubulin for resting and activated platelets in
the presence of FCF

In resting platelets (Figures S3A and S3B), MCCs for Septin-2 and a-tubulin indicated a significant increase

in the average fraction of Septin-2 overlapped with a-tubulin and a decrease in the fraction of a-tubulin

overlapped with Septin-2 at 50 mM FCF. The latter suggests that disruption of Septin-2 structures in resting

platelets induced by FCF was spatially nonuniform, such that the a-tubulin-associated fraction of the

platelet Septin-2 diminished (disassembled) slower than the fraction of Septin-2 not overlapping with

a-tubulin. In contrast to Septin-2, the influence of low FCF concentration (25 mM) on the overlap between

Septin-9 and a-tubulin in resting platelets was significant. Specifically, calculations of MCCSPT9/aT and

MCCaT/SPT9 indicated a 19 and 42% average decrease in the fraction of Septin-9 overlapping with a-tubulin

and the fraction of a-tubulin overlapping with Septin-9, respectively. Furthermore, treatment of platelets

with 50 mM of FCF significantly reduced the average MCCSPT9/aT value by 43%, which, when compared

to the decrease in MCCSPT2/aT by 14%, suggests that the spatial relation between Septin-9 and a-tubulin

is more sensitive to septin assembly disruption than the relation between Septin-2 and a-tubulin.

In thrombin-activated FCF-treated platelets (Figure S2C), MCCSPT2/aT and MCCSPT9/aT were lower than in

untreated activated cells on average by 19 and 11%, respectively at 50 mM FCF.

Impact of septin inhibition on platelet fragmentation

It was shown previously that thrombin-activated platelets in about 1 h and later after activation become

dysfunctional and undergo fragmentation (Kim et al., 2019). To examine if septins play a role in the frag-

mentation of platelets, wemonitored, in parallel, the fate of FCF-untreated and FCF-treated thrombin-acti-

vated platelets in PRP clots over the time course of 100 min, using a confocal microscope. Assessment of

platelet fragmentation dynamics in the absence and presence of FCF (in terms of the fraction of frag-

mented platelets) revealed that in the presence of 50 mM FCF, thrombin-activated FCF-treated platelets

started to disintegrate about 15 min earlier than thrombin-activated FCF-untreated platelets. Accordingly,

the average extent of platelet fragmentation in PRP clots after 100 min of incubation was 1.6-times higher

than in the FCF-untreated clots. These results show that inhibition of septin assembly by FCF in thrombin-

activated platelets can promote and accelerate platelet fragmentation.

Effects of the septin inhibitor, FCF, on platelet aggregation

Light transmission aggregometry (Chrono-log 700, PA, USA) of activated human platelets in PRP was per-

formed in the presence and absence of the septin inhibitor, FCF. We found that pre-treatment of platelets

with 50 mM FCF for 1hat 37 �C in PRP, significantly impaired platelet aggregation induced by 5 mMor 20 mM

of TRAP-6. 20 mM TRAP-6 induced irreversible platelet aggregation of both untreated and FCF-treated

platelets (Figure S16). Inhibition of septin dynamics with FCF in platelets stimulated with 20 mM TRAP-6

reduced the maximum extent of platelet aggregation and the rate of aggregation by 8 and 21%, respec-

tively, compared to non-treated platelets. 5 mM TRAP-6 induced reversible aggregation of both untreated

and FCF-treated platelets (Figure S16). FCF reduced the maximum degree of platelet aggregation 3.4-fold

and decreased the rate of aggregation by 33%, compared to untreated platelets stimulated with 5 mM

TRAP6. Therefore, our findings suggest that septin dynamics support aggregation of platelets.

DISCUSSION

In nucleatedmammalian cells, septins assemble into filaments and higher order structures that are involved

in a variety of cellular processes, including cytokinesis, cytoskeletal rearrangements, membrane remodel-

ing, and secretion (Bridges and Gladfelter, 2015; Gilden et al., 2012; Kartmann and Roth, 2001). Although

septins have been detected in platelets, very little is known about the role of septins in platelet biology

including participation of septins in platelet cytoskeletal remodeling upon activation and platelet function-

ality. Meanwhile, platelet cytoskeleton dynamics underlies platelet shape changes and is involved in mul-

tiple platelet functions such as adhesion, secretion, spreading, and contractility (Zaninetti et al., 2020).

Therefore, it is important to delineate the contribution of the septin cytoskeleton to platelet structure

and function. We studied resting and activated human platelets and revealed differential distributions of

Septin-2 and Septin-9 within the platelet volume. We found that septin assembly and disassembly play

an important role in maintaining platelet shape and is critical for platelet functions, including contractility,

spreading, and responses to activating stimuli. The aggregate of the results obtained in this study and their

biological implications are condensed in Table 1.
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Septin-2 and -9 (re)arrangements and association with microtubules in resting and activated platelets

Previous studies revealed that septins associate with other cytoskeletal components, including microtu-

bules (Bridges and Gladfelter, 2015; Lam and Calvo, 2019). Moreover, Septin-5 and Septin-6 were found

to be structurally and functionally associated with the microtubular network and to co-localize with the

cortical tubulin ring in platelets (Martinez et al., 2006). Similarly, the preferential circumferential arrange-

ments of Septin-2 and -9 and their localization with tubulin has been revealed in our work (Figure 2), sug-

gesting that septins may be engaged together with microtubules in providing shape stability of resting

platelets. The interaction between septins and tubulins could be mediated by MAP4, microtubule motors

or other linkers (Kremer et al., 2005; Spiliotis, 2010). Another possible mechanism, underlying the periph-

eral arrangement of Septin-2 and Septin-9 can be related to the interactions between polybasic domains of

septins and negatively charged phosphoinositides of the inner leaflet of the plasmamembrane (Song et al.,

2016). Accumulation of septins in platelet subcortical regions with largest curvature is in agreement with

the fact that septins can recognize micrometer-scale curvature in the absence of other cellular factors,

resembling septin distributions in mammalian cells of different types (Beber et al., 2019; Bridges et al.,

2016; Cannon et al., 2019).

Formation of condensed septin structures in thrombin-activated platelets (Figure 3) suggests septin clus-

terization, polymerization, and/or otherwise induced densification. It is likely that the observed septin

densification in activated platelets is a result of myosin-driven contraction and compaction of the actin

network, leading to concentration of cytoplasmic proteins, including septins. The increased immunofluo-

rescent signal in thrombin-stimulated platelets may result also from the enhanced de novo synthesis of sep-

tins regulated by platelet microRNAs, such as mir223-3p (Lazar et al., 2020), followed by polymerization of

newly formed septins. Indeed, our results indicate a significant increase in Septin-2 protein expression

following platelet activation (Figure S6). The above-mentioned possibilities, i.e., the cytoskeletal shrinkage

and/or septin expression, are not mutually exclusive and can work in concert.

Another structural feature of septins in the activated platelets is that the colocalization between septins and

a-tubulin is reduced (Figure 3), suggesting that septins and tubulin fall apart or dissociate. It is tempting to

speculate that septins partially dissociate from the microtubular networks for the sake of a higher structural

flexibility of the plasma membrane in activated platelets required for platelet morphological changes such

as formation of dynamic filopodia and lamellipodia (Ageta-Ishihara et al., 2013; Dolat et al., 2014b; Hu et al.,

2012; Tada et al., 2007). Although the interplay between septins and microtubules is not clear, septins may

be involved in the dynamics of the microtubule ring, needed for platelet shape changes (Diagouraga et al.,

2014). Indeed, dysregulation of septin assembly with FCF results in marked rearrangements of Septin-2 and

Septin-9 in both resting and activated platelets, accompanied by microtubules disorganization (Figures 4

and S14). In contrast to the tight band that microtubules form in untreated resting platelets, in FCF-treated

platelets, microtubules displayed separated concentric loops with microtubule ends diverging from the

circumferential orientation (Figure S14), suggesting that septins organize and maintain the dynamics of

circumferential microtubules in resting platelets. In fact, oligomeric complexes of septins 2/6/7 were shown

to directly promote microtubule formation by enhancing microtubule growth and elongation whereas sep-

tins in a polymeric state inhibited microtubule growth (Nakos et al., 2019).

Forchlorfenuron (FCF) as a tool to study platelet septins

Forchlorfenuron (FCF), a septin inhibitor, has been broadly used to study septins inside various cell types

(Hu et al., 2008; Iwase et al., 2004; Tokhtaeva et al., 2015; Vardi-Oknin et al., 2013; Zhang et al., 2016). FCF is

a plant cytokinin previously shown to disrupt septin localization in budding yeast (Iwase et al., 2004). In silico

studies have revealed that FCF interacts primarily with the nucleotide-binding pockets of septins (Angelis

et al., 2014). FCF was suggested to interact with the P loop Walker A motif GxxxxGKS/T, binding the

phosphatase of GTP, and the GTP specificity motif AKAD, interacting with the guanine base of GTP and

threonine, which is critical for GTP hydrolysis. Thus, the current working model for FCF suggest that FCF

stabilizes septins by preventing GTP binding and hydrolysis.

Although the specificity of FCF toward septins was questioned (Sun et al., 2019), still there has been good

evidence for the usefulness of applying FCF as a pharmacological tool to study structural and physiological

roles of septins in mammalian cells (Deb et al., 2016; Hu et al., 2008; Møller et al., 2018; Sharma et al., 2013;

Sidhaye et al., 2011). In particular, the effects of FCF on exocytosis, mitosis, cell migration and adhesion are

similar to those induced by knockdown of specific septins using siRNA (Hu et al., 2008; Sidhaye et al., 2011).
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At relatively low concentrations (<100 mM) FCF has been shown to specifically alter septin organization in

mammalian cells and, again, the effects of FCF on cells are similar to those observed when the septin

genes are silenced (Tokhtaeva et al., 2015). Platelets lack nuclei, but contain all essential cytoskeletal com-

ponents including septins, therefore representing a cellular system in which off-target effects of FCF are

minimized. It is noteworthy that in our experiments with human platelets FCF was applied at low concen-

trations (%50 mM) to exclude non-specific effects of the FCF on other cytoskeletal elements (Hu et al., 2008).

Importantly, we observed no difference in the intracellular ATP content of platelets untreated and treated

with FCF (Figure S13), which makes the non-specific cytotoxic effect of FCF unlikely, at least at the exper-

imental conditions applied.

Septin cytoskeleton contributes to the platelet morphology

Our results provide evidence that septins contributing to platelet cytoskeletal deformability, enhancing their

structural stability. Surprisingly, the FCF-induced morphological changes in resting platelets (Figure 6)

resemble those observed in spherical HeLa cells, in which FCF also induced cell elongation (Hu et al., 2008),

implying that defects in cellular morphology caused by septin destabilization do not depend on the presence

of a nucleus. Localizationof septins at the platelet periphery suggests that the septin scaffold enhances cortical

stiffness andmembrane structure similar to that of nucleated cells, such in T-cells ormouse spermatozoa (Ihara

et al., 2005; Tooley et al., 2009). In addition, septins presumably stabilize the cell cortex through their interac-

tions with actomyosin complexes and the plasma membrane in platelets as in other cell types (Gilden et al.,

2012). Reduction in cortical stiffness can also partially explain accelerated fragmentation of activated platelets

(Figure S11), revealing the role of septins in supporting structural integrity of activated platelets.

Septins mediate surface expression of platelet activation markers (P-selectin,

phosphatidylserines, and the active integrin aIIbb3)

Examination of surface activation markers in platelets with FCF-inhibited septin assembly revealed the role

of septins in various mechanisms of platelet activation. One such mechanism is the release of platelet gran-

ules via exocytosis reflected by increased P-selectin expression in resting platelets (Figure 7). Meanwhile, in

activated platelets, the impact of FCF on P-selectin exposure has not been observed, most-likely due to the

strong platelet activation effect induced by TRAP, which resulted in a large fraction of CD62p-positive

platelets (72 G 18%), preventing detection of changes caused by FCF (Figure S15). Since P-selectin is

known to be located in platelet a-granules, structural rearrangements caused by septin disturbances might

enhance a-granule transport and release of contents at the platelet surface, therefore suggesting a role for

septin assembly in platelet secretion. This finding is in general agreement with previous studies, suggest-

ing involvement of Septin-5 and Septin-8 in mouse platelet granule release (Dent et al., 2002; Neubauer

et al., 2021). In particular, platelets in Septin5-knockout mice facilitated secretion of serotonin at subthresh-

old levels of collagen-induced platelet activation (Dent et al., 2002). Septin8-knock out in mice caused a

defect in a-granule but not in d-granule and lysosomal secretion (Neubauer et al., 2021), suggesting that

different septins may cause different secretion defects. It is noteworthy that both FCF and knockdown of

Septin-2 inhibited constitutive and stimulated exocytosis in various cell types (Tokhtaeva et al., 2015).

Another mechanism of platelet activation is increased procoagulant activity in thrombin-activated platelets

reflected by an increase in PS exposure (Figure 7). Septin hexamers can directly bind to PS through elec-

trostatic interactions (Szuba et al., 2021), suggesting that septin alterations may cause direct translocation

of PS at the absence of septin externalization (Figure S8). Perhaps, septin-driven membrane remodeling

indirectly affects the phospholipid flip-flopping catalyzed by flippases (Lhermusier et al., 2011). Flippase

activity could be modulated by a septin-associated kinase, such as Gin4 in yeast, which therefore may

contribute to asymmetric distribution of PS (Roelants et al., 2015). Interestingly, deletion of Septin8 in

mice reduces PS exposure in convulxin-treated platelets (Neubauer et al., 2021), whichsupports our find-

ings of septin participation in exposure of procoagulant PS.

At the same time, the reduced expression of the activated integrin on treatment of platelets with FCF sug-

gests that septin assembly is required for surface expression and/or activation of the integrin to make

platelets more adhesive and prone to aggregation (Figure S16). In fact, Septin-8 deletion in mice has

been shown to reduce activation of aIIbb3, along with a decrease in platelet adhesion and aggregation

(Neubauer et al., 2021). Possibly, integrin activation is indirectly affected by septins: expression of Sep-

tin-9_i1 was shown to positively correlate with paxillin (Zeng et al., 2019), forming a complex with kindlin

and talin needed to support aIIbb3 activation (Gao et al., 2017). Yet, the regulatory mechanism of how
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septins potentiate integrin activation requires further elucidation. Reduction of active integrin expression

in platelets with perturbed septin dynamics can partially explain the defective spreading of platelets on a

fibrinogen-coated surface (Figure 8). A previous study has shown that platelet spreading strongly and posi-

tively correlates with platelet PAC-1 binding, the degree of active integrin exposure on the platelet surface

(Hosseini et al., 2019), supporting the fact that the lack of aIIbb3-fibrinogen binding can result in an under-

developed lamellipodia. These results are also in agreement with a recent study, indicating that deletion of

Septin-8 in mouse caused a pronounced defect in integrin activation and significant reduction in platelet

spreading (Neubauer et al., 2021). Another potential role of septins in platelet spreading might be their

functional interdependence with actin; in particular, Septin-2 was shown to stabilize actin stress fibers, pre-

venting actin turnover, and therefore contributing to lamellipodia formation (Schmidt and Nichols, 2004).

Of interest, septin structures can undergo disintegration upon platelet spreading (Figure 8). The fact that

septins provide membranes with stiffness and structural stability suggests that septin remodeling might be

required for platelets to fully spread. Interestingly, Martinez et al., 2006, observed ring-like structures

formed by Septin-5 in platelets spread for 20 min whereas in our study the Septin-2 ring, presumably form-

ing complex with a Septin-5, became dismantled after 40 min, indicating that remodeling of septin ring-like

structures in spread platelets requires longer than a 20 min incubation period.

Septins modulate platelet contractility

The inhibited septin assembly in platelets was associated with significantly impaired contraction of

platelet-rich plasma clots (Figure 9), suggesting septins’ participation in the generation and/or transmis-

sion of platelet contractile force to fibrin. Based on the previous studies (Joo et al., 2007; Kinoshita

et al., 2002), septins may affect contractility of platelets through direct interaction with non-myosin IIA

(Joo et al., 2007) and also via anillin binding to F-actin (Kinoshita et al., 2002). On the other hand, mecha-

notransduction mediated via aIIbb3-fibrin(ogen) binding (Hansen et al., 2018) can be compromised in the

presence of FCF because of the reduced expression of active aIIbb3 on the surface of activated platelets

with perturbed septins (Figure 7C). Hence, septin-mediated platelet mechanics, including contraction of

blood clots, may be another link between septins and platelet physiology.

Conclusions

Septin-2 and Septin-9 localize at the periphery of human resting platelets where they demonstrate strong

association with microtubules. Thrombin-induced platelet activation caused condensation of Septin-2 and

Septin-9 into clusters and reduced their colocalization with a-tubulin. Damping of septin assembly with FCF

resulted in significant alterations of spatial intracellular organization of Septin-2 and Septin-9 and colocal-

ization with a-tubulin in both resting and activated platelets. Septin assembly provides stability of the

discoid shape of resting platelets. Impairment of septin dynamics increased phosphatidylserine exposure

on activated platelets and P-selectin expression on resting platelets, as well as reduced expression of

active aIIbb3 integrin on activated platelets. Septin assembly plays an important role in supporting platelet

biomechanical functions including spreading and contraction. In summary, our findings provide important

insights into the role of septins in human platelet biology.

Limitations of the study

Detailed molecular mechanisms of interactions between septins and microtubules and other cytoskeletal

components, as well as the role of individual septins in human platelet biology are not considered in the cur-

rent work andwarrant further investigation. Application of FCF and its limitations have beendiscussed in the

Discussion Section above. Our findings provide strong evidence for the role of septins in platelet biology;

however, further in vivo studies are needed to address the pathophysiological relevance of septins.
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Hämostaseologie 40, 337–347. https://doi.org/
10.1055/a-1175-6783.

Zeng, Y., Cao, Y., Liu, L., Zhao, J., Zhang, T.,
Xiao, L., Jia, M., Tian, Q., Yu, H., Chen, S.,
and Cai, Y. (2019). SEPT9_i1 regulates
human breast cancer cell motility through
cytoskeletal and RhoA/FAK signaling
pathway regulation. Cell Death Dis. 10, 720.
https://doi.org/10.1038/s41419-019-1947-9.

Zhang, N., Liu, L., Fan, N., Zhang, Q., Wang,
W., Zheng, M., Ma, L., Li, Y., and Shi, L.
(2016). The requirement of SEPT2 and SEPT7
for migration and invasion in human breast
cancer via MEK/ERK activation. Oncotarget
7, 61587–61600. https://doi.org/10.18632/on-
cotarget.11402.

Zuvanov, L., Mota, D.M.D., Araujo, A.P.U., and
DeMarco, R. (2019). A blueprint of septin
expression in human tissues. Funct. Integr.
Genomics 19, 787–797. https://doi.org/10.1007/
s10142-019-00690-3.

ll
OPEN ACCESS

22 iScience 25, 104654, July 15, 2022

iScience
Article

https://doi.org/10.1002/cm.20448
https://doi.org/10.1002/cm.20448
https://doi.org/10.1242/jcs.02746
https://doi.org/10.4251/wjgo.v12.i6.619
https://doi.org/10.4251/wjgo.v12.i6.619
https://doi.org/10.3390/cells9010084
https://doi.org/10.3390/cells9010084
https://doi.org/10.7554/eLife.63349
https://doi.org/10.7554/eLife.63349
https://doi.org/10.1016/j.cub.2007.09.039
https://doi.org/10.1016/j.cub.2007.09.039
https://doi.org/10.1074/jbc.M114.616201
https://doi.org/10.1038/ncb1808
https://doi.org/10.1038/ncb1808
https://doi.org/10.1161/ATVBAHA.116.308622
https://doi.org/10.1161/ATVBAHA.116.308622
https://doi.org/10.1007/s002329900519
https://doi.org/10.1007/s002329900519
https://doi.org/10.1182/blood-2015-05-647560
https://doi.org/10.1182/blood-2015-05-647560
https://doi.org/10.1371/journal.pone.0073179
https://doi.org/10.1038/srep44976
https://doi.org/10.1038/srep44976
https://doi.org/10.1111/j.1538-7836.2007.02504.x
https://doi.org/10.1111/j.1538-7836.2007.02504.x
https://doi.org/10.1016/j.jacc.2004.12.071
https://doi.org/10.1016/j.jacc.2004.12.071
https://doi.org/10.1055/a-1175-6783
https://doi.org/10.1055/a-1175-6783
https://doi.org/10.1038/s41419-019-1947-9
https://doi.org/10.18632/oncotarget.11402
https://doi.org/10.18632/oncotarget.11402
https://doi.org/10.1007/s10142-019-00690-3
https://doi.org/10.1007/s10142-019-00690-3


STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal antibodies against Septin-2 Invitrogen Cat# PA5-53814; RRID: AB_2647124

Rabbit polyclonal antibodies against Septin-9 Novus Bio Cat# NBP2-13294

Mouse monoclonal antibodies against human Septin-2 Proteintech Cat# 60075-1-Ig

Mouse monoclonal anti-a-tubulin Sigma-Aldrich Cat# T6199; RRID: AB_477583

Anti-chicken a-tubulin antibodies Sigma-Aldrich Cat# T9026; RRID: AB_477593

Chicken Alexa Fluor 488-conjugated anti-rabbit-IgG antibodies Invitrogen Cat# A-21441; RRID: AB_2535859

Goat Alexa Fluor 568-conjugated anti-mouse-IgG antibodies Invitrogen Cat# A-11004; RRID: AB_2534072

Anti-human-CD62p PE-conjugated antibodies Invitrogen Cat# 304904; RRID: AB_314476

FITC-conjugated PAC-1 antibodies against activated human aIIbb3 BD Biosciences Cat# 340507; RRID: AB_2230769

Horseradish peroxidase-conjugated anti-rabbit IgG antibodies SouthernBiotech Cat# 4051-05; RRID: AB_2795965

Horseradish peroxidase-conjugated anti-mouse IgG antibodies SouthernBiotech Cat# 1036-05; RRID: AB_2794348

Monoclonal anti-human-aIIbb3 integrin antibodies, A2A9, conjugated

with Alexa Fluor 488

Dr. Bennett Lab, University of

Pennsylvania; Bennett et al., (1983).

N/A

Chemicals, peptides, and recombinant proteins

Sepharose CL-2B Sigma-Aldrich CAS# 65099-79-8

Thrombin from human blood plasma Sigma-Aldrich Cat# T4393

Thrombin receptor-activating peptide (TRAP-6) Bachem Americas Ref# 01-H-7764

Calcein AM Molecular Probes Cat# C3100MP, Lot# 1890561

Alexa Fluor 647-labeled human fibrinogen Molecular Probes Cat# F35200

FITC-labeled Annexin V BioLegend Cat# 640906

Phalloidin-iFluor 594 Abcam Cat# Ab176757

Phosphate buffered saline (PBS) Fisher Scientific Cat# 10-010-072

Protease inhibitor cocktail Sigma-Aldrich Cat# P2714

Protein G- or A-coated magnetic beads EMD Millipore Cat# LSKMAGA02

HEPES Sigma-Aldrich Cat# H3375

Bovine serum albumin (BSA) Sigma-Aldrich Cat# A7030

Calcium chloride Sigma-Aldrich Cat# 383147

Magnesium chloride Sigma-Aldrich Cat# M8266

Potassium chloride Fisher Scientific Cat# BP366

Sodium chloride Fisher Scientific Cat# S271

Sodium phosphate Fisher Scientific Cat# S373

D-Glucose Sigma-Aldrich Cat# G8270

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich Cat# E-5134

Paraformaldehyde Electron Microscopy Sciences Cat# 15710

ECL Western Blotting Detection Reagents Cytiva Cat# RPN2209

Critical commercial assays

4-12% NuPAGE Bis-Tris gels Life Technologies Ref# NP0335BOX

Nitrocellulose membranes Life Technologies Ref# IB301001

Software and algorithms

Prism 8 GraphPad Prism https://www.graphpad.com/
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Data and code availability

d All data reported in this paper will be shared by the lead contact on request.
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d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human blood samples

Blood was drawn by venipuncture from 30 healthy volunteers (Age: 18–45 years old, 15 males and 15 fe-

males) not taking any medications known to affect platelet function for at least 14 days. Written informed

consent was obtained from the blood donors in accordance with a protocol approved by the University of

Pennsylvania Institutional Review Board and in compliance with the Declaration of Helsinki. For experi-

ments with platelet-rich plasma (PRP), whole blood stabilized with 3.2% trisodium citrate (9:1 v/v) was

centrifuged at 210 g, 25�C, for 15 min immediately after blood withdrawal. The PRP was kept at room tem-

perature and used within 4 h after blood collection.

METHOD DETAILS

Isolation and enumeration of platelets

Platelets were isolated from PRP at room temperature by gel-filtration on Sepharose CL-2B (Sigma-Aldrich,

Sweden) equilibrated with modified Tyrode’s buffer (5 mM HEPES, 134 mM NaCl, 3 mM KCl, 2 mMMgCl2,

5 mMD-glucose, 0.3 mMNaH2PO4, 1 mg/mL bovine serum albumin, Sigma A-7030, pH 7.4). Platelet count

was performed in a ProCyte Dx Hematology Analyzer (IDEXX Lab Inc., Maine, US). Isolated platelets were

used within 3 h after blood collection.

Activation of platelets by thrombin and formation of PRP-clots for confocal microscopy

Isolated untreated and FCF-treated platelets suspended in modified Tyrode’s buffer were activated by

adding human thrombin (Sigma-Aldrich, cat. #T4393, 1 U/mL final concentration) in the presence of

3 mM CaCl2 and incubating for 15 min. Clotting of PRP and platelet activation were induced by adding hu-

man thrombin (1 U/mL final concentration) and CaCl2 (26 mM final concentration). Immediately after acti-

vation, 30-mL PRP samples were quickly transferred onto 35 mm x 10 mm PELCO� clear wall glass bottom

cell culture dishes and placed into the environmental chamber of the confocal microscope for real-time dy-

namic imaging of fluorescently labeled platelets and the fibrin network. Phosphate buffered saline (PBS)

was added around the edge of a dish sealed with Parafilm to prevent sample evaporation.

Labeling of platelets and fibrin in PRP-clots for fluorescent confocal microscopy

PRP before activation with thrombin was spiked with fluorescent probes to visualize platelets and fibrin in a

confocal microscope. Live platelets were labeled with calcein AM (Molecular Probes, Grand Island, NY,

USA) at 0.2 mg/mL final concentration. Fibrin was visualized by adding Alexa Fluor 647-labeled human

fibrinogen (Molecular Probes) at 40 mg/mL final concentration to PRP.

Confocal microscopy of fluorescently labeled PRP-clots

Clots freshly formed on a microscope cover slip were imaged in a Zeiss LSM880 laser scanning confocal

microscope (Carl Zeiss MicroImaging GmbH, Germany) with Plan Apo 40x (NA 1.2) water immersion objec-

tive lens to obtain a series of high-resolution 212.5 mm3 212.5 mm x 20 mm z-stack images taken each 5 min

during 40 min after clot formation. The distance between each z-stack slice was 0.6 mm with a resolution of

1024 3 1024 pixels; voxel size was 0.2076 3 0.2076 3 0.6896 mm3. A combination of an argon laser beam
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with a 488-nm wavelength and a helium-neon laser with a 633-nm wavelength was used to visualize both

labeled platelets and fibrin at a time.

Measurement of contractile stress in PRP clots

To measure the dynamic bulk force induced by fibrin-attached activated platelets, a rheometer (ARG2; TA

Instruments, New Castle, DE, USA) was used. Clots were formed in a 400-mm gap between a 20-mm flat

parallel top plate and a fixed bottom plate of the rheometer by adding 1 U/mL thrombin and 26 mM

CaCl2 (final concentrations) to PRP. Force measurement started within 1 min after adding thrombin to

PRP. The contractile stress was measured over time as a negative normal (vertical) force applied to the up-

per horizontal rheometer plate by the contracting clot divided by the contact surface area of the upper

plate. To prevent sample drying at the clot-air interface, a thin layer of silicone oil was applied at the

clot edge.

Kinetics of clot contraction

Clot size changes were tracked optically using a Thrombodynamics Analyzer System (HemaCore Ltd, Rus-

sia)(Tutwiler et al., 2016). Briefly, plasma clots were formed in plastic cuvettes, in which the walls were pre-

lubricated with 4% v/v Triton X-100 in PBS to prevent fibrin sticking. Citrated PRP was recalcified with 26mM

CaCl2 followed by addition of 1 U/mL thrombin (final) for initiation of clotting and clot contraction. 80-mL

samples were transferred to transparent flat plastic cuvettes and imaged using a CCD camera. Changes

in clot size were followed by acquiring images every 15 s for 30 min. Image sequence was analyzed compu-

tationally to plot contraction kinetic curves and measure the lag time, final extent of contraction, and

average velocity.

Fluorescent staining of isolated platelets for septins, F-actin, a-tubulin, aIIbb3 integrin and

membrane

Isolated resting or thrombin-stimulated platelets (13106 platelets in 100 mL of Tyrode’s buffer) were fixed in

suspension by 2% paraformaldehyde for 20 min. After three consequent washes in PBS, 12 min each, cells

were permeabilized by incubation with 0.3% Triton X-100 for 5minat room temperature. Platelets were

incubated in a blocking buffer (1% BSA, 0.3% Triton X-100 in PBS) for 60 min and stained. To evaluate

possible externalization of septins on platelet activation, Triton X-100 was excluded from the blocking

buffer to prevent membrane permeabilization. Double immunostaining for Septin-2 or -9 and a-tubulin

was performed with rabbit polyclonal antibodies against Septin-2 (Invitrogen, PA5-53814, 1:50) or

Septin-9 (Novus Bio, NBP2-13294, 1:150), and a mouse monoclonal anti-a-tubulin (Sigma, T6199, 1:500)

antibody, respectively. Platelets were first incubated with primary antibodies diluted in the blocking buffer

overnight at 4�C, washed with PBS followed by 90-min incubation with secondary Alexa Fluor

488-conjugated anti-rabbit antibodies (Invitrogen, A21441 1:1000) or Alexa Fluor 568-conjugated anti-

mouse antibodies (Invitrogen, A-11004, 1:1000) at 37�C added simultaneously. To stain for F-actin, phalloi-

din-iFluor 594 (1:1000, Abcam) was added at the same time as the secondary antibody. To stain for the

aIIbb3 integrin, platelets were incubated with monoclonal anti-aIIbb3 integrin antibodies, A2A9, conju-

gated with Alexa Fluor 488 (Bennett et al., 1983), at 4�C overnight. To fluorescently label platelet plasma

membrane, fixed platelets were incubated with a lipophilic carbocyanine dye CellBrite Red, based on

DiD (Biotium) for 15 min. Finally, platelets were washed in PBS three times for 12 min and attached to cover-

slip, mounted on glass slides.

Platelet spreading

Glass-bottommicrowell dishes (MatTek) were coated with human fibrinogen (Sigma-Aldrich) in PBS (20 mg/

mL) overnight at 4�C, then rinsed with PBS and air-dried. Gel-filtered platelets in Tyrode’s buffer (pH 7.4)

were layered onto fibrinogen-coated surfaces and platelets were allowed to spread for 60 min. For fluores-

cent microscopy, adherent platelets were fixed with 2% paraformaldehyde (PFA) for 20 min, permeabilized

with 0.3% Triton X-100 in PBS for 5min and washed 3 times with PBS. For fluorescent staining, platelets were

incubated in the blocking buffer for 60minat a room temperature, followed by overnight incubation with

primary antibodies against septin 2 (Invitrogen, PA5-53814, 1:50) at 4�C. Platelets were washed with PBS

3 times, 5 min each, followed by 90-min incubation at room temperature with secondary Alexa Fluor

488-conjugated anti-rabbit antibodies (Invitrogen, A21441 1:1000) and phalloidin-iFLuor 594 (1:1000, Ab-

cam) added to each well with fixed platelets. Finally, platelets were washed in PBS three times for 5 min

and imaged with a Zeiss LSM 880 microscope.
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Confocal microscopy of isolated platelets

Fluorescent imaging of stained platelets was performed by confocal microscopy using an Airyscan mode of

a Zeiss LSM 880 laser scanning confocal microscope with a 633/1.4 oil-immersion objective lens.

66.5 mm 3 66.5 mm 3 4.2-mm z-stack images of platelets were acquired. The distance between adjacent

slices was 0.16 mm and the voxel size of each image was 0.04 3 0.04 3 0.16 mm3. 488-nm and 561-nm wave-

length excitation laser lines were used.

Confocal microscopy image analysis

Analysis of acquired z-stack images of platelets was performed using standard plugins of Fiji software

(Schindelin et al., 2012) to characterize platelet cytoskeletal alterations including changes in septin struc-

ture size, colocalization between septins and tubulin, and fluorescence intensity of septins. Measurements

of platelet roundness and solidity parameters as well as spread platelet area were also performed in Fiji

using standard functions. The area of spread platelets was assessed using z-projected images of platelets

stained for F-actin. Confocal microscopy-based three-dimensional reconstruction of septin distribution

was done in Imaris software (Imaris, Bitplane, USA).

The degree of septin compaction was assessed by the changes in the average septin fluorescence intensity

and septin-occupied area per platelet on platelet activation. Fluorescence intensity of Septin-2 and

Septin-9 in individual cells was measured in two ways. First, we determined the region of interest (ROI)

for individual cells using standard ImageJ functions, ‘‘Threshold’’ and ‘‘Mask’’, followed by septin fluores-

cence intensity calculations in the defined ROIs. Second, the septin area per platelet was measured in the

projections of optical z-stack slices of individual platelets. Using standard ImageJ functions, the 16-bit

high-resolution images of platelet Septin-2 and Septin-9 were converted to binary images, followed by

septin area calculations.

Protein colocalization analysis

To quantify the extent of intracellular colocalization of two fluorescent proteins in z-stack images of indi-

vidual platelets, the Pearson’s correlation coefficient (PCC), and Manders’ colocalization coefficients

(MCCs) were calculated, which characterize the fluorescence intensity correlation and co-occurrence

(spatial overlap) of the two fluorophores, respectively (Manders et al., 1992, 1993). For an image comprising

red and green fluorescent channels, the PCC values were calculated as PCC =

P
i
ðRi�RÞðG�GÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðRi�RÞ2
P

i
ðGi�GÞ2

p ; where Ri

and Gi refer to the intensity values for the i-th pixel, in the red and green channels, respectively; and R

and G are the mean intensities of the red and green channels, respectively, across the entire image. The

MCCs were defined as: M1 =

P
i
Ri;colocP

i
Ri

; where Ri;coloc =Ri for Gi>0 and Ri;coloc = 0 for Gi = 0, M2 =

P
i
Gi;colocP

i
Gi

;

whereGi;coloc =Gi for Ri>0 andGi;coloc = 0 for Ri = 0. ImageJ plugin JACoP was used for colocalization anal-

ysis of individual platelet z-stack images (Bolte and Cordelières, 2006).

Measurements of intracellular ATP content in platelets

Freshly isolated platelets (0.1mLat 107 cells/mL) in Tyrode’s buffer were incubated for 30, 45, and 60 min

without or with 50 mM thrombin receptor activated peptide (TRAP-6, Bachem Americas). Following incuba-

tion, platelets were spun down for 5minat 2,000 g and lysed with a lysis RIPA buffer (pH 7.4). Debris was

removed from the lysates by centrifugation at 8,000 g for 10 min. ATP concentration in the platelet lysates

wasmeasured with a plate reader, Infinite 200 PRO (Tecan, Switzerland) using an ATP Bioluminescent Assay

Kit (Sigma-Aldrich) according to the manufacturer’s instructions.

Flow cytometry of isolated platelets

To assess expression of platelet activation markers, freshly isolated 200,000 platelets in 50 mL of Tyrode’s

buffer were incubated without or with TRAP-6 for 3 min. Platelets were centrifuged at 1,000 g for 5 min and

re-suspended in 150 mL of a Ca2+-containing buffer (10 mMHEPES, 140 mMNaCl, 2 mMCaCl2, pH 7.4). The

platelets were treated for 10minat room temperature in the dark with one of the following reagents: FITC-

labeled Annexin V (BioLegend, USA), anti-CD62 PE-conjugated antibodies (Invitrogen, USA), or FITC-con-

jugated PAC-1 antibodies against activated aIIbb3 (BD Biosciences, USA). Labeled platelet suspensions

were diluted by the Ca2+-containing buffer followed by flow cytometry. Platelets were gated in a flow cy-

tometer by their forward scatter/side scatter (FSC/SCC) characteristics after size-based calibration with
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1-, 2-, and 4-mm polystyrene beads. About 97% of events in the gate were CD41-positive (platelet-specific

marker). For each sample analyzed, 30,000 events were collected using a FacsCalibur flow cytometer

(BD Biosciences, USA) equipped with an argon laser (l = 488 nm) and a diode red laser (l = 635 nm).

The data were analyzed using CellQuest Pro (BD Biosciences) and FlowJo software. At least six indepen-

dently isolated platelet preparations were examined under each experimental condition.

Western blot analysis of Septin-2 expression in resting and activated platelets

Platelets were washed with 10 mM HEPES buffer, pH 6.5, containing 150 mMNaCl, 3 mM EDTA, 1M PGE1,

and 0.3 units/mL apyrase. The washed platelets were re-suspended in modified Tyrode’s buffer (see STAR

Methods, Method details, section isolation and enumeration of platelets). Platelets were activated by incu-

bation with 1 U/mL thrombin and 3 mM CaCl2 for 15 min. Subsequently, five hundred-microliter aliquots of

isolated washed resting and activated platelets (2x108 cells/mL) were lysed with 125 mL of 50 mM

tris(hydroxymethyl)aminomethane (Tris) buffer containing 1% NP-40, 150 mM NaCl, 4 mM EDTA, and pro-

tease inhibitors (Protease Inhibitor Cocktail, Sigma-Aldrich). Proteins were then separated in 4-12%

NuPAGE Bis-Tris gels (Life Technologies), and transferred to nitrocellulose membranes (IB301001, Life

Technologies) for immunoblotting. Septin-2 was immunoblotted with the primary rabbit polyclonal anti-

bodies against Septin-2 (Invitrogen, PA5-53814, 1:450). Immunoblotted protein bands were visualized

using horseradish peroxidase-conjugated anti-rabbit IgG (SouthernBiotech, 4051-05, 1:1000) and ECL

Western Blotting Detection Reagent (GE Healthcare Life Sciences).

Co-immunoprecipitation of Septin-2 with a-tubulin in resting and activated platelets

500 mL of isolated washed resting and activated platelets (2x108 cells/mL) were lysed with 125 mL of 50 mM

tris(hydroxymethyl)aminomethane (Tris) buffer containing 1% NP-40, 150 mM NaCl, 4 mM EDTA, and pro-

tease inhibitors (Protease Inhibitor Cocktail, Sigma-Aldrich), centrifuged, and the supernatant was mixed

with 10 mL of protein G- or A-coated magnetic beads (3322488, EMD Millipore, Germany) preincubated

with mouse monoclonal anti-chicken a-tubulin antibodies (T9026, Sigma, 1:1000). After magnetic separa-

tion the products were eluted in a sample loading 2xSDS loading buffer from the beads for 5minat 70�C.
Immunoprecipitates were subjected to electrophoresis onto 4–12% acrylamide gels (SDS-PAGE) and then

transferred onto nitrocellulose (pore diameter 0.2 mm) membranes (Invitrogen). The presence of Septin-2

was detected by Western blot analysis. Septin-2 was immunoblotted with primary mouse monoclonal an-

tibodies against Septin-2 (Proteintech, 60075-1-Ig, 1:20000). Immunoblotted protein bands were visualized

using horseradish peroxidase-conjugated anti-mouse IgG (SouthernBiotech, 1036-05, 1:2000) and ECL

Western Blotting Detection Reagent (GE Healthcare Life Sciences).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using a GraphPad Prism 8 software package. Statistical significance of

the differences between paired groups or independent groups of samples were determined by aWilcoxon

matched-pairs signed rank test or a two-tail Mann-Whitney U test, respectively, with a 95% confidence

level. The p value was calculated to establish the degree of significance. Statistical significance for multiple

comparisons betweenmore than two groups of independent variables was tested by the Kruskal-Wallis test

with post-hoc Dunn’s correction. Results are presented as a median and interquartile range (25th and 75th

percentiles) unless otherwise indicated.
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