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Abstract

We sought novel approaches to improve transfection efficiencies of microRNAs (miRNAs) in 

platelets, and to apply these approaches to investigate roles of miRNAs in regulating signal

activated protein translation and functional effects. We found that ex vivo human platelets 

support gymnosis - internalization of ectopic miRNAs following co-incubation in the absence of 

conventional transfection reagents or schemes - and subsequently incorporate transfected miRNA 

into ARGONAUTE2 (AGO2)-based RNA-induced silencing complexes (RISC). Thrombin/

fibrinogen stimulation activated translation of miR-223–3p target SEPTIN2, which was suppressed 

by miR-223–3p transfection in an AGO2/RISC-dependent manner. Thrombin/fibrinogen-induced 

exosome and microvesicle generation was inhibited by miR-223–3p transfection, and this effect 

was reversed with a RISC inhibitor. Platelet gymnosis of naked miRNAs appeared to be mediated 

in part by endocytic pathways including clathrin-dependent and fluid-phase endocytosis and 

caveolae. These results demonstrate the ability of ex vivo platelets to internalize ectopic miRNAs 

by unassisted transfection, and utilize them to modulate signal-activated translation and platelet 

function. Our results identify new roles for miR-223–3p in extracellular vesicle generation in 

stimulated platelets. High efficiency gymnotic transfection of miRNAs in ex vivo platelets may be 

a broadly useful tool for exploring molecular genetic regulation of platelet function.
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Introduction

Anucleate platelets are highly enriched in microRNAs (miRNAs), 19–22 nucleotide 

non-coding RNAs which function as translational suppressors by multiple mechanisms 

collectively referred to as RNA inhibition (RNAi). Platelet miRNAs originate in the 

megakaryocyte nucleus as unprocessed pri-miRNA transcripts, which undergo initial 
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processing and are exported to the megakaryocyte cytosol as short hairpin pre-miRNAs.1 

Platelets inherit pre-miRNAs and mature miRNAs from megakaryocytes, and harbor all the 

protein machinery necessary to support RNAi.1 The endoribonuclease DICER1, expressed 

in megakaryocytes and platelets, removes the hairpin to generate mature double-stranded 

(ds) miRNA duplexes comprised of two putative functional miRNAs, the so-called −5p and 

−3p miRNA arms of the cognate pre-miRNA. The RNA-induced silencing complex (RISC) 

recruits functional miRNAs by ds miRNA docking into a binding pocket in the central 

RISC protein ARGONAUTE2 (AGO2), and selection of one of the miRNA strands to retain 

as the active strand. The active miRNA strand can then suppress translation by recruiting 

a cognate target mRNA to the binding pocket in AGO2 via seed site complementarity2. 

Platelets harbor AGO2-based RNAi machinery, but functional roles for miRNAs and RNAi 

in platelets are not well understood.1

Platelet miRNAs may play important roles in platelet function, but this has been difficult 

to test experimentally. Platelet activation following agonist exposure stimulates splicing 

of pre-mRNAs and translation of new protein from newly spliced as well as extant 

mature mRNAs, suggesting the possibility that miRNAs may modulate signal-activated 

translation.14,15 Individual variation in platelet miRNA expression levels in humans is 

associated with platelet reactivity,3, 4 and depletion of most miRNAs by platelet-specific 

deletion of Dicer1 in mice yields increased mRNA expression and platelet hyper-reactivity.5 

However, these effects may reflect alterations in expression of proteins inherited from 

megakaryocytes, potentially obscuring functional roles of miRNAs in platelets. Hence, the 

ability to over-express or antagonize miRNAs ectopically in platelets could be valuable for 

both research and clinical applications. Transfection of miRNAs in ex vivo platelets has been 

achieved using coupling reagents such as liposome carriers which are standard reagents for 

transfection of nucleated cells; however, transfection efficiencies with these approaches have 

generally been low as reported by us and others, limiting their utility.6–8

Circulating platelets internalize plasma-borne RNAs including miRNAs; indeed, platelets 

are currently being investigated as repositories of RNA-based biomarker signatures for 

diseases including cancer.9 Recent studies identified microvesicles as a major delivery 

vehicle for platelet uptake of extracellular mRNAs derived from vascular cells including 

endothelium, contributing to platelet heterogeneity, and modulating platelet lifespan.10 

However, in addition to vesicle-encapsulated miRNAs, many plasma miRNAs appear to 

be non-vesicular, protected from RNase degradation by encapsulation in AGO2-based RISC 

or association with other protein macromolecular complexes.11–13 Whether platelets can 

internalize non-vesicular extracellular miRNAs is not known. Moreover, various cell types 

have recently been shown to harbor the ability to internalize “naked” miRNAs not associated 

with protein complexes and without addition of transfection reagents in vitro, through a 

poorly understood process referred to as “gymnosis”, but this yet to be investigated in 

the context of platelets.14–16 Platelets can utilize small locked nucleic acid antagomiRs 

introduced by intravenous transfusion in mice, suggesting the possibility that platelets may 

employ gymnosis as a mechanism for uptake of short naked RNAs, although potential 

uptake in megakaryocytes and transfer to nascent platelets was not investigated in those 

studies.1718, 19 The functional consequences of uptake of naked miRNAs in platelets remains 

to be characterized. In this study, we explored gymnosis as a putative mechanism and 
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experimental approach of high efficiency miRNA transfection in platelets, and investigated 

effects on signal-activated protein translation and functional outcomes.

Methods

Materials

Mouse monoclonal anti-GP1bα (CD42b), goat anti-SEPTIN2, and rabbit anti-CD63 

antibodies were from Santa Cruz Biotechnologies (Santa Cruz, CA, USA). Rabbit 

anti-AGO2 and anti-β-ACTIN were from Cell Signaling (Danvers, MA, USA). Rabbit 

anti-TC21 antibodies were from Abnova (Taipei City, Taiwan). Fluorophore-conjugated 

secondary antibodies and pre-immune IgG were from Jackson (West Grove, PA, USA). 

Streptavidin-conjugated AlexaFluor488 was from Jackson Immunoresearch (Pittsburgh, 

PA, USA). α-CD45- and α-CD235a-conjugated magnetic beads and MACS separation 

LD columns were from Miltenyi Biotec (Auburn, CA, USA). Oligonucleotides were 

from IDT (Coralville, IA, USA). hsa-miR-223–3p miRNA mimics harboring either a 

3’ biotin tag on the active strand and a 3’ DY547 fluorophore on the passenger 

strand (rendered ineffective by 3’ diuridylation), or a 3’ DY547 fluorophore on the 

active strand only, or with no tags, and miRIDIAN negative control miRNA (C. 
elegans Cel-miR-67) were from Dharmacon (Lafayette, CO, USA). The miR-223–3p 

active strand sequence was 5’-ugucaguuugucaaauacccca; the inactive passenger strand 

sequence was 5’-ugggguauuugacaaacugaca. The Cel-miR-67 active strand sequence was 5’- 

ucacaaccuccuagaaagaguaga. DNA sequencing was provided by Genewiz (South Plainfield, 

NJ, USA). Methyl β-cyclodextrin and dynasore hydrate were from Sigma (St. Louis, MO, 

USA), and LY294002 was from LC Laboratories (Woburn, MA, USA). Thrombin and 

BCI-137 were from Millipore Sigma (Burlington, MA, USA) and plasminogen-depleted 

fibrinogen was from EMD Millipore (Danvers, MA, USA). Mitotracker Deep Red FM was 

from Invitrogen (Carlsbad, CA, USA).

Platelet preparation

Human blood was obtained by venipuncture from a pool of healthy volunteers in a one-sixth 

volume of acid-citrate-dextrose. Red blood cells were removed by centrifugation at 230×g 
for 20 min at room temperature. Platelet-rich plasma was recovered, and platelets were 

pelleted at 800×g for 10 min at room temperature. The platelet pellet was suspended in 

Tyrode’s buffer (138 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 3 mM NaH2PO4, 5 mM 

glucose, 10 mM Hepes, pH 7.4 in distilled, DNase/RNase-free water with 0.01 units/ml 

of apyrase added fresh) containing 1 mg/ml bovine serum albumin (BSA). Leukocyte 

depletion was achieved by incubation of platelet suspensions with α-CD45- and α-CD235a

conjugated magnetic microbeads at 10 μl each per 10 ml blood, for 15 min with mixing 

at 4°C, followed by bead extraction with MACS separation LD columns according to the 

manufacturer’s instructions. Leukocyte depletion was confirmed by RNA extraction from 

a sample of the pre- and post-depleted platelet supernatants, followed by cDNA synthesis 

and PCR for CD45 mRNA as described below; data were obtained only from platelet 

samples with no detectable CD45 expression. Approval for this study was obtained from the 

Institutional Review Board of Thomas Jefferson University. Written informed consent was 

obtained after the nature and possible consequences of the study were explained.
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Platelet transfection and fluorometry

Platelets were kept in suspension in Tyrode’s buffer with or in some cases without BSA 

at 2 × 108/ml at room temperature. A stock solution of double-stranded miRNA mimic in 

distilled, DNase/RNase-free water was added directly to the platelet suspension at a final 

concentration of 200 nM and the mixture was kept at 37°C with gentle agitation for different 

times. For fluorometry studies, total mass of the miRNA mimic was calculated as the sum of 

the oligonucleotide mass (14.664 kDa). RNA concentrations after incubation with platelets 

were measured by optical density based on RNA fluorescence in a Qubit fluorometer 

(ThermoFisher Scientific, Waltham, MA, USA), and calculated using the oligonucleotide 

mass only. In some cases, transfected platelets were treated with 100 ng/ml of RNase III 

for 30 min followed by inhibition with Superase·In at 0.1 U/ml for 15 min, or miRNA 

mimic solutions were pre-treated with RNase III under the same conditions, all at room 

temperature. In some cases, platelets were first captured on coated surfaces prior to miRNA 

transfection. Platelets were washed in buffer before proceeding with further procedures.

Immunocytochemistry, fluorescence microscopy, and FACS

Platelet suspensions or platelet-depleted releasates were fixed in 0.5% formaldehyde and 

seeded for 16 hours at 4°C on coverslips coated with 0.01% v/v poly-L-lysine, or unfixed 

platelets were seeded for 1 h at 37°C on coverslips coated with 5 μg/ml fibronectin 

before being fixed and processed. Non-adherent material was washed away with PBS and 

coverslips were treated with 0.1% Triton X-100/PBS for 5 min, equilibrated in PBS, and 

processed for immunocytochemical staining by incubation with primary antibodies at a 

dilution of 1:200 plus 1:100 dilution normal donkey serum, or streptavidin-AlexaFluor488 

at 1:100 concentration, overnight at 4°C. The next day, coverslips were washed 4x, then 1 

mg/ml solutions of fluorescein isothiocyanate (FITC)-, Cy3- or Cy5-conjugated antibodies 

were applied at a dilution of 1:100 (FITC) or 1:2000 (Cy3/5), for 1 h at room temperature, 

washed, and mounted with Prolong™ Gold antifade reagent (Life Technologies Corporation, 

OR, USA). Images were acquired on an EVOS FL Auto microscope with a 60x/1.42 

NA oil-immersion objective at room temperature with Pearl EVOS software, or a Zeiss 

LSM 780 microscope with a 63x/1.40 NA oil-immersion objective at room temperature 

utilizing a TCS SL confocal system running Zeiss ZEN 2011 SP7 FP3 (64bit) software. 

Post-acquisition image processing was performed using ImageJ and Adobe Photoshop. 

Operations included brightness/contrast adjustment to all pixels in the images, grouping 

of images, and automated particle counting. Background particle counts with secondary 

antibodies only were subtracted from total particle counts. For FACS, suspensions of fixed 

platelets were run on a BD LSRII flow cytometer recording 100,000 events. Data was 

analyzed with FlowJo version 7.6.5.

Neutravidin pulldown, immunoprecipitation and immunoblotting

Platelets were subject to crosslinking by exposure to 312 nm light on a Foto/PrepII UV 

transilluminator (Fotodyne, Hartland, WI, USA) for 2 min, rotated 90°, and then exposed 

again for 2 min. Platelets were collected, re-suspended in lysis buffer (10 mM Tris-Cl, pH 

7.5, 100 mM NaCl, 2 mM MgOAc, 0.5% Nonidet P-40, and a cocktail of protease inhibitors 

[Roche, Indianapolis, IN, USA]) for 30 min on ice. Insoluble material and ribosomes were 
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removed by ultracentrifugation at 30,000×g for 30 min at 4°C. For neutravidin pulldowns, 

supernatants were pre-cleared with agarose beads (Sigma) for 30 min at 4°C. Cleared lysates 

were incubated with neutravidin-coupled agarose beads (ThermoFisher Scientific) for 16 h 

at 4°C. For immunoprecipitations, supernatants were pre-cleared by incubation with Protein 

G-coupled agarose beads (Roche) for 30 minutes at 4°C. Cleared lysates were incubated 

with 5 μg of AGO2 antibodies for 16 h at 4°C, followed by antibody capture on Protein 

G-agarose beads for 1 h. Bead-bound complexes were pelleted by centrifugation, washed 

at least five times in lysis buffer, followed by RNA extraction and processing as described 

below. For all immunoblotting studies, platelet lysates were generated and normalized to 

total protein levels, and immunoblotting were performed as described.20

Nanoparticle tracking analysis

NT analysis was performed with a NanoSight NS300 fitted with a 488 nm laser (Malvern, 

Westborough, MA, USA). Filtered media or buffer (0.22 mm filter) was analyzed each time 

for background subtraction; typical counts were ~107 (i.e., ~1/100 of the particle counts in 

the samples). Final particle counts were derived from averaging the final concentrations with 

background subtracted, for six scans per sample, 30 sec per scan. Addition of 0.1% Triton 

X-100 caused immediate disappearance of event counts, indicating that the particle counts 

represented membranous structures (results not shown).

RNA extraction, cDNA synthesis, and PCR

RNA was extracted using TRIzol reagent according to the manufacturer’s instructions, 

except that 95% EtOH was used for RNA washes to preserve small RNAs. cDNA 

libraries were constructed using the NCode miRNA First-Strand cDNA Synthesis 

Kit (Life Technologies, Grand Island, NY, USA) according to the manufacturer’s 

instructions. Conventional PCR was carried out on an Eppendorf thermal cycler. 

Quantitative real-time PCR (qRT-PCR) analysis was performed using the LightCycler 

(Roche, Indianapolis, IN, USA) and the FastStart DNA Master SYBR Green I Kit, 

according to the manufacturer’s instructions. Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) was used as a housekeeping control for qRT-PCR experiments for mRNAs, 

and hsa-miR-24–5p-1 was used as a housekeeping control for miRNAs. Primers 

used for conventional PCR and qRT-PCR amplification included the following: 

CD45-F: 5’-ACAGCCAGCACCTTTCCTAC; CD45-R: 5’-GTGCAGGTAAGGCAGCAGA; 

miR-223–3p-F: 5’-TGTCAGTTTGTCAAATACCCA; Cel-miR-67-F: 5’

TCACAACCTCCTAGAAAGAG; SEPT2-F: 5’-TAAACAGCCTATTCCTAACT; SEPT2-R: 

5’- CCCCTCGCTCTTCAATTTC; P2RY12-F: 5’-GAAGACCACCAGGCCATTTAAAAC; 

P2RY12-R: 5’-GCCTGTTGGTCAGAATCATGTTAG; universal 3’ reverse primer 

from the NCode cDNA kit; GAPDH-F: 5’-CATGGCCTTCCGTGTTCCTA; 

GAPDH-R: 5′-CCTGCTTCACCACCTTCTTGAT; hsa-miR-24–5p-1-F: 5’

TGCCTACTGAGCTGATATCAGT. Single bands of predicted product size for each PCR 

reaction were confirmed by gel electrophoresis from all qRT-PCR samples. Gene expression 

levels relative to controls were determined using the 2-ΔΔCt method with housekeeping 

genes.
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Statistical methods

Statistical testing described throughout was done using GraphPad Prism software 

(Graphpad, La Jolla, CA). In some cases, data were normalized to starting measurements to 

control for baseline variation and statistical analysis was performed prior to normalization. P 
< 0.05 was considered statistically significant. Values are expressed as mean ± s.e.m. unless 

otherwise stated. Experiments were repeated at least 3 times unless otherwise stated.

Results

Rapid gymnotic uptake of naked double-stranded miRNA mimic in ex vivo platelets 
unassisted by transfection reagents

We considered whether platelets can support gymnosis of ds miRNAs ex vivo. miR-223 is 

enriched in platelets and apparently a major regulator of platelet function.4, 21, 22 Therefore 

we selected miR-223–3p as a model system to test platelet uptake and downstream effects, 

reasoning that stoichiometric increase in miR-223–3p would offset the homeostatic balance 

of target mRNA suppression in platelets and yield functional effects. We incubated human 

platelets at room temperature with ds miR-223–3p mimic harbouring a biotin tag at the 3’ 

end of the active strand and a DY547 fluorophore at the 3’ end of the passenger strand – 

rendered inactive by diuridylation at the 3’ end of this strand - directly in buffer containing 

0.1% bovine serum albumin but without supplemental transfection reagents, and then 

assessed association and internalization of the ectopic ds miRNA. Both active and passenger 

miRNA strand labels were detected in the platelet cytosol as early as 30 minutes after direct 

co-incubation. Moreover, nearly all the captured platelets displayed internalized miRNA, 

indicating rapid, high efficiency transfection per platelet by direct exposure, unassisted by 

transfection reagents (Figure 1A, B).

As a secondary approach to assess miRNA internalization and to quantify transfection 

efficiencies, we analysed transfected platelet populations by FACS, taking advantage of 

the DY547 fluorophore label on the passenger strand, coupled with addition of RNase 

III after miRNA co-incubation to degrade non-internalized ds RNA.23 We observed a 

marked rightward shift in mean fluorescence intensities of the entire population of single 

platelets in samples incubated with miRNA relative to un-transfected platelets. We observed 

a similar shift using the same miRNA mimic, but with a DY547 fluorophore at the 3’ end 

of the active strand only. The observed peak was even farther shifted to the right with 

this miRNA mimic than in platelets incubated with miRNA harboring DY547 anchored 

to the 3’ end of the passenger strand. These differences in mean fluorescence may reflect 

possible degradation of the passenger strand upon transfection; however, we cannot rule out 

the possibility of different transfection efficiencies of the ds miRNA mimics as a function 

of the strand placement of the fluorophore. Together these data indicate that ds miRNAs 

are internalized efficiently by the platelets on a per-platelet basis under these conditions 

(Figure 1C). RNase III treatment applied 60 min after miRNA transfection did not reduce 

the platelet fluorescence significantly for either the active or passenger strand, confirming 

that the increased fluorescence was derived from miRNA mimic internalized in the platelets 

(Figure 1C). Thus, ds miRNA was internalized in platelets under these conditions at close to 

100% efficiency on a per-platelet basis.

Lazar et al. Page 6

Platelets. Author manuscript; available in PMC 2022 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We considered whether platelet miRNA uptake is a general phenomenon or specific to 

the miR-223–3p mimic. To investigate this question, and also to quantify the relative 

increase in miR-223–3p over endogenous levels after transfection, we incubated platelets 

with either miR-223–3p mimic or Cel-miR-67 mimic (based on C. elegans Cel-miR-67 

which has minimal sequence identity with any known human miRNAs), both untagged, and 

assessed miRNA content in the treated platelets by qRT-PCR and conventional PCR. Direct 

incubation of platelets with miR-223–3p mimic increased the platelet load of this miRNA by 

2.81-fold ± 0.98 over untreated platelets as determined by qRT-PCR, indicating significant 

stoichiometric increase in miR-223–3p over endogenous levels by this transfection method. 

In contrast, pre-treatment of the ds miRNA mimic with RNase III prior to transfection 

resulted in 0.14 ± 0.11-fold change in miR-223–3p in platelets, whereas we observed 3.08 

± 1.02-fold increase in miR-223–3p when platelets were treated with RNase III beginning 

1 hr after transfection (Fig. 1D). Cel-miR-67 was undetectable in untreated platelets by 

qRT-PCR (not shown) or by conventional PCR, but increased dramatically in platelets upon 

co-incubation, demonstrating that miRNA uptake in platelets is not sequence-dependent. 

Both miRNA mimics were detected by conventional PCR in transfected platelets treated 

post-transfection with RNase III (Fig. 1D). To quantify the amount of ectopic miRNA that 

can be sequestered per platelet by direct co-incubation, we measured the concentration 

of miRNA remaining in buffer after incubation of 1 μM ds miRNA with serial dilutions 

of leukocyte-depleted platelets for 60 min, and used these observed values to calculate 

miRNA sequestration on a per platelet basis. As shown in Figure 1E, platelets sequestered 

ectopic ds miRNA with an observed maximal ds miRNA consumption of 0.00154 fmol/

platelet under these conditions, at the lower concentration of 5×106 platelets in a total 

volume of 100 μl. Interestingly, the ability of platelets to sequester ectopic miRNA dropped 

exponentially as platelet concentration increased in the same volume of buffer. This result 

could indicate that platelet uptake of miRNA may be very rapid and saturating under these 

conditions, such that increased platelet number dilutes the availability of miRNA molecules 

per platelet. Alternatively, the increased platelet concentration may alter or interfere with 

the ability of the platelets to access the ectopic miRNA. Together, these results demonstrate 

unassisted transfection of ex vivo platelets by direct co-incubation with ectopic ds miRNA, 

i.e., gymnosis of ectopic miRNA by isolated platelets, at nearly 100% per-platelet efficiency 

and high stoichiometry.

Transfected naked miRNA is rapidly incorporated into RNA-induced silencing complexes 
in resting platelets

miRNA-mediated translational suppression requires docking of a miRNA in RISC, 

separation of the ds duplex and ejection of the passenger strand, creating a template for 

sequence-driven recruitment of mRNA targets of the cognate RISC-bound miRNA.24 We 

assessed incorporation of gymnotically transfected miRNA into platelet RISC by detection 

of AGO2 in biotin-miRNA pulldown fractions with specific antibodies.8, 25 AGO2 was 

detected in the biotin-miR-223–3p pulldown fraction after platelet transfection for 60 

minutes, demonstrating rapid association of transfected miRNA with platelet RISC, as 

well as providing further confirmation of overall rapid uptake into the platelet cytosol. 

Pre-treatment of platelets with BCI-137, a small molecule inhibitor of AGO2/miRNA 

binding,26 reduced AGO2/miR-223–3p association, whereas the association was maintained 
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in the presence of DMSO vehicle, further supporting direct association of the transfected 

miRNA with AGO2 complexes (Figure 2A,B). We evaluated co-precipitation in reverse 

using immunoprecipitation with AGO2 antibodies from platelets transfected with untagged 

miR-223–3p mimic, followed by RNA extraction and qRT-PCR.8 We observed a 3.3-fold 

± 1.9 increase in miR-223–3p in AGO2 immunoprecipitate fractions in the transfected 

platelets compared to un-transfected platelets (n = 3, results not shown). Thus, unassisted ds 

miRNA transfection in platelets is associated with enrichment of the ectopic miRNA active 

strand in RISC.

Transfected naked miRNAs suppress signal-activated translation of target mRNAs in 
platelets

We considered whether ectopic over-expression of miR-223–3p by gymnotic transfection 

modulates signal-activated translation of target mRNAs in platelets. Established and 

predicted miR-223–3p target mRNAs coding for platelet-expressed proteins include 

SEPTIN2, SEPTIN6, P2RY12 encoding the P2Y12 ADP receptor, and RRAS2 (TC21) 

which we previously showed regulates glycoprotein (GP)VI pathway signalling and 

functional responses in platelets.1, 27–29 To investigate effects of miR-223–3p transfection on 

mRNA target translation in stimulated platelets, we used 0.5 U/ml thrombin combined with 

100 μg/ml plasminogen-depleted fibrinogen as stimulus, since this treatment has been shown 

to induce signal-activated translation in platelets.18, 19 We incubated leukocyte-depleted 

platelets with miR-223–3p mimic for 2 hours, then stimulated platelets with thrombin and 

fibrinogen for an additional 18 hours in the continuous presence of the miRNA mimic. 

We tested several commercial P2Y12 antibodies but we were unable to identify reliable 

P2Y12 antibodies for western blotting (results not shown). RRAS2/TC21 expression was 

unaltered by platelet stimulation, and miR-223–3p transfection did not have any apparent 

effect on RRAS2 expression in stimulated or resting platelets. These data suggest that 

further study is needed to establish RRAS2 mRNA as a functional target of miR-223–3p, 

as predicted by sequence analysis. We observed low levels of SEPTIN2 protein in freshly 

isolated resting platelets, confirming previous proteomics and western blot identification of 

SEPTIN2 in human platelets, although the low levels we and others observed differ slightly 

from apparently higher levels of SEPTIN2 observed recently in unstimulated platelets 

after 2 days in storage.28, 30, 31 However, in freshly isolated platelets SEPTIN2 protein 

expression increased dramatically after thrombin/fibrinogen stimulation, indicating signal

activated translation of SEPTIN2 in platelets under these conditions. Interestingly, gymnotic 

transfection with miR-223–3p mimic strongly inhibited signal-activated SEPTIN2 protein 

increase induced by thrombin/fibrinogen stimulation (Figure 3A,B). To assess whether 

the inhibitory effect of transfected miR-223–3p on induced SEPTIN2 was due to RISC

mediated translational suppression, we pre-treated platelets with BCI-137 or with vehicle. 

RISC blockade with BCI-137 but not vehicle treatment prevented the ability of miR-223–3p 

to suppress signal-activated translation of SEPTIN2, indicating that the transfected miRNA 

functionally inhibited translation of the SEPTIN2 target mRNA via a RISC-mediated 

process. miR-223–3p mimic, BCI-137 or vehicle alone had no effect on expression of any 

of the proteins analysed in platelets not stimulated with thrombin and fibrinogen (Figure 

3A,B). In contrast to miR-223–3p mimic, induced SEPTIN2 translation was sustained in 

platelets transfected with negative control miRNA Cel-miR-67 mimic, confirming specific 
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suppression of induced SEPTIN2 translation by miR-223–3p over-expression (Figure 3C). 

Suppression of induced increase in SEPTIN2 protein levels was not due to direct RNAi 

via the miRNA mimic passenger strand which resembles (although is not identical to) 

miR-223–5p, due to diuridylation of this passenger strand which renders it inactive for 

RNAi; moreover, this miRNA strand does not have predicted seed recognition sites in 

the human SEPTIN2 mRNA, whereas there are two tandem predicted miR-223–3p seed 

recognition sites in the SEPTIN2 mRNA 3’-UTR.28 We did not observe significant changes 

to SEPTIN2 or P2RY12 mRNAs in miR-223–3p-transfected platelets by qRT-PCR (fold 

change = 1.11 ± 0.4 and 0.83 ± 0.3, respectively, n = 3, results not shown), suggesting 

blockade of induced increase in SEPTIN2 protein levels by over-expressed miR-223–3p 

primarily via mechanisms other than target mRNA degradation. Thus, miRNA transfected 

by gymnosis is functionally active and suppresses signal-induced translation of specific 

mRNA targets via RISC-mediated suppression of translation in ex vivo platelets.

Platelet transfection with miR-223–3p suppresses extracellular vesicle release induced by 
thrombin/fibrinogen

We investigated functional outcomes of miR-223–3p over-expression by gymnotic 

transfection in platelets stimulated with thrombin and fibrinogen, focusing on long-term 

outcomes reflecting modulation of signal-activated protein translation of SEPTIN2, and 

putatively other proteins, by ectopic miR-223–3p. Specific functions of SEPTIN2 in 

platelets are not known. SEPTIN2 has been associated with SNARE-dependent exocytosis 

which mediates exosome secretion and microvesicle release,32, 33 and with mitochondrial 

fission.34–36 Whereas α- and δ-granule secretion from platelets occurs rapidly after 

stimulation, platelet exosome secretion and microvesicle generation and release occur 

over much longer time frames that may permit regulation by signal-activated protein 

translation.37–39 We considered whether platelet exosome and/or microvesicle generation 

may be modulated by miR-223–3p. We assessed the exosome and microvesicle content 

in platelet releasates collected 18 hours after stimulation by nanoparticle tracking 

analysis (NTA). Platelets maintained with gentle agitation but without thrombin/fibrinogen 

released exosomes, identified as vesicles with diameter ranging from 10–120 nm 

(hereafter abbreviated PEX for platelet exosomes), and a heterogeneous cohort of platelet 

microvesicles (PMV). Thrombin/fibrinogen stimulation enhanced PEX release, as well as 

an increase in generation of PMV as predicted, as evidenced by a decrease in release of 

small diameter vesicles coupled with concomitant increased concentration of vesicles of 

larger diameter after stimulation.37 In contrast, gymnotic transfection with miR-223–3p 

mimic inhibited thrombin/fibrinogen-induced release of both PEX and PMV. This inhibition 

of PEX and PMV generation by ectopic miR-223–3p was reversed by pre-treatment with 

BCI-137. Pre-treatment with BCI-137 also substantially enhanced induced PEX generation 

relative to resting platelets and to stimulated platelets without BCI-137 (Figure 4A).

To distinguish PEX and PMV on a basis other than diameter and to confirm that the 

observed differences in NTA events represented differences in specific cohorts of exosomes 

and PMV, we captured platelet-derived extracellular vesicles from the releasates on poly-

L-lysine-coated coverslips, and immunostained with antibodies to markers for exosomes 

(CD63) and PMV (GP1bα). Reflecting the NTA results, thrombin/fibrinogen stimulation 
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yielded a significant increase in CD63+ PEX and GP1bα+ PMV, whereas we observed 

a substantial reduction in both PEX and PMV in stimulated platelets that had been 

transfected with miR-223–3p relative to un-transfected platelets, and this suppressive 

effect of miR-223–3p was reversed by BCI-137 (Figure 4B–E). The increased exosome 

release with BCI-137 in stimulated platelets against a background of miR-223–3p over

expression, compared with stimulated platelets alone, suggests that other miRNAs in 

addition to miR-223–3p contribute to thrombin/fibrinogen-induced platelet exosome release. 

We note that due to the 200-nm limit of resolution of classical optical microscopy, the 

observed CD63+ puncta likely represent expanded fluorescence from point sources of 

individual exosomes but may also represent small aggregates of exosomes; however, we 

detected only background fluorescence in coverslips stained directly without exposure to 

platelet releasates or releasate-exposed coverslips with secondary antibody conjugates alone 

(results not shown; background subtracted in Figure 4C), confirming that the observed 

staining represents CD63+ platelet-derived material above background in the releasate 

samples (Figure 4B,C). Thus, ectopic over-expression of miRNAs by gymnotic transfection 

can modulate platelet function via RISC-mediated translational suppression. These data 

further demonstrate new functions for miR-223–3p in platelets: regulation of exosome and 

microvesicle release from thrombin/fibrinogen-stimulated platelets.

Mitochondrial count is not affected by miR-223–3p over-expression or RNAi inhibition in 
resting or stimulated platelets

Based on roles for SEPTIN2 in mitochondrial fission in nucleated cells, we considered 

whether miR-223–3p over-expression or RISC inhibition affects the number of mitochondria 

in resting and stimulated platelets. Imaging of platelet mitochondria with Mitotracker 

revealed the presence of ~2–8 mitochondria per platelet (median, 3–4) under resting 

conditions as anticipated, but we did not observe significant changes in platelet 

mitochondrial count under any of the conditions tested (Figure 5), consistent with 

recent indications that mitochondrial fission occurs during late megakaryopoiesis or early 

thrombopoiesis rather than as an ongoing or stimulated process in platelets.40 From 

these results we conclude that mitochondrial count is stable and not altered by thrombin/

fibrinogen stimulation in platelets, and miRNA-mediated translational suppression does not 

modulate mitochondrial count in resting or stimulated platelets.

Gymnosis of naked miRNAs in platelets is partially mediated by caveolae and clathrin
dependent or fluid-phase endocytosis

We next examined cellular mechanisms for gymnosis of naked ds miRNAs in platelets. 

We first considered whether the linked biotin on the miRNA mimic mediates platelet 

association and subsequent uptake. We incubated platelets with excess free biotin prior to 

transfection and RNase A post-transfection treatment, and assessed miRNA uptake by flow 

cytometry. We observed minimal blockade of uptake of miRNA with excess biotin, by which 

blockade appeared to be dose-dependent but only reached significance at 20-fold molar 

excess competitive free biotin, with only 20% inhibition at the highest dose of competitor 

(Figure 6A, B). We conclude from these results that the biotin linker has a very minor role 

in uptake of free miRNA in ex vivo platelets. We next considered whether the albumin (0.1% 

bovine serum albumin) added to the Tyrode’s platelet buffer was involved in miRNA uptake. 
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Platelet albumin is well-known to be internalized by circulating platelets through multiple 

mechanisms, and as a carrier protein, albumin could facilitate miRNA internalization.41 

Surprisingly, platelets kept in Tyrode’s buffer with or without added albumin internalized 

ectopic naked miRNA to similar levels, indicating that platelet gymnosis of extracellular 

miRNA does not require exogenous albumin (Fig. 6C).

Gymnosis of extracellular RNA in nucleated cells has been proposed to involve 

endocytic engulfment, requiring subsequent translocation of engulfed RNA from the 

endo-lysosomal system into the cytosol.42 To identify putative endocytic mechanisms of 

miRNA gymnosis in platelets, we incubated platelets with specific inhibitors targeting lipid 

rafts/caveolae (methyl-β-cyclodextrin, MβCD), macropinocytosis (LY294002), clathrin

dependent endocytosis (hyperosmotic sucrose, which also inhibits fluid-phase endocytosis), 

or dynamin (dynasore) prior to and concurrent with miRNA transfection, and monitoring of 

internalized miRNA by flow cytometry.43–47 Treatment with sucrose or MβCD each caused 

partial inhibition of miRNA uptake in platelets, whereas LY294002 and dynasore had little 

effect. Combined treatment with sucrose and MβCD had an additive inhibitory effect over 

each inhibitor alone, whereas addition of 20-fold molar excess biotin in combination with 

sucrose did not yield further inhibition of uptake beyond sucrose treatment alone (Figure 

6D,E). These results indicate that clathrin-dependent endocytosis and potentially fluid-phase 

endocytosis, and caveolae independently contribute to gymnotic ds miRNA uptake in ex 
vivo platelets, with apparently minimal roles for macropinocytosis.

Discussion

The major findings of this study are that human platelets are capable of internalizing 

naked double-stranded miRNAs ex vivo in the absence of supplemental transfection 

reagents, and platelets incorporate internalized naked miRNAs into RNA-induced silencing 

complexes and subsequently utilize the transfected miRNA to mediate RNA inhibition. We 

confirmed that internalized miRNAs can function to suppress signal-dependent translation 

in platelets, as evidenced by suppression of signal-activated SEPTIN2 expression using 

unassisted transfection of a miR-223–3p mimic, which in turn inhibited signal-activated 

release of extracellular vesicles in a RISC-dependent manner. MiRNA uptake was mediated 

by multiple independent mechanisms including clathrin-dependent and/or fluid-phase 

endocytosis and caveolae. Together, these results demonstrate the utility of gymnotic 

transfection to investigate functional roles of ectopic miRNAs in platelet protein expression 

and platelet cellular function.

Whereas miRNA transfection in platelets has been achieved in recent years by us and 

others using variations of traditional liposome-based transfection approaches, efficiencies 

were generally low, although functional effects could be observed in some cases even 

with these low efficiencies.6–8, 48 High efficiency gymnosis of miRNAs by platelets ex 
vivo offers improved utility as a simple and effective technique for molecular genetics 

studies of platelet function. Whether circulating platelets can support gymnosis of plasma 

miRNAs in vivo has not been investigated. However, naked miRNAs are unlikely to be 

prevalent in plasma due to RNase activity; plasma miRNAs are highly stable due primarily 

to protection from degradation by association with various plasma proteins such as HDL 
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or extra-vesicular AGO2.12, 13, 49 Several groups have also transfused locked nucleic acid 

(LNA) antagomiRs, which are refractory to cleavage by plasma RNases due to the LNA 

linkages.15, 17 Therefore, it is possible that these oligonucleotides could be internalized 

directly as “free” oligonucleotides by circulating platelets, although whether the transfused 

antagomiRs remain unbound from other molecules or vesicles in plasma, or potential uptake 

in megakaryocytes and transfer to new platelets, was not investigated in those studies.

Gymnotic over-expression of miR-223–3p suppressed translation of SEPTIN2 in stimulated 

human platelets, identifying SEPTIN2 as a new target of miR-223–3p in platelets. 

Alterations in miRNA:mRNA target stoichiometry are well known to be sufficient to affect 

target suppression.50 Human platelets harbor an abundance of miR-223 (−5p and −3p),4, 51 

and the −3p arm has recently been found to target SEPTIN2 in other cell types28, but 

a connection in platelets was not previously established. A recent quantitative proteomic 

screen of resting versus agonist-stimulated human platelets indicated moderate increase 

in total SEPTIN2 protein levels after 2 hr stimulation with thrombin receptor activating 

peptide (TRAP), which activates human platelets selectively via the PAR1 but not the 

PAR4 thrombin receptor.52 Our results showed substantial increase in SEPTIN2 protein 

levels after 18 hr stimulation with thrombin and fibrinogen. These differences in SEPTIN2 

expression under each condition may indicate continuing translation of SEPTIN2 over 

time upon platelet stimulation, or it may be the case that PAR4 and/or αIIbβ3 integrin 

fibrinogen receptor ligation stimulates robust SEPTIN2 translation through receptor-specific 

signaling pathways, although this question requires further investigation. Precise roles for 

SEPTIN2 in platelets remain unknown, but may include regulation of extracellular vesicles 

via interactions with SNARE proteins.35

We found that miR-223–3p inhibited agonist-induced generation of platelet exosomes 

and microvesicles, in particular PMV ranging in diameter up to 550 nm (compared to 

the reported upper limit of 2000 nm).37 These findings are consistent with long-term 

effects and physiological functions of prolonged platelet stimulation and the extended time 

required to translate new protein in stimulated platelets, beyond their ability to respond 

rapidly to stimulation in a hemostatic context (e.g., to secrete granule contents, activate 

integrins, and crosslink fibrinogen), which cannot rely on the much slower process of 

translation. Regulation of stimulated exosome and microvesicle release in platelets are 

new functions for miR-223–3p; however, we cannot rule out indirect effects of long-term 

incubation of platelets with miRNA mimics on this or other long-term platelet responses. 

The importance of blood cell-derived miR-223 in various processes and pathologies has 

been established, such as in cancer, angiogenesis, liver disease, vascular injury, and 

recently platelet-derived miR-223 was associated with vascular injury repair, but specific 

contributions of miR-223–3p to generation of platelet extracellular vesicles in these contexts 

remains to be investigated.22, 53–58 Genomic deletion of miR-223 in mice had surprisingly 

little effect on platelet production or reactivity, although roles in platelet extracellular vesicle 

generation were not tested under those conditions.59 Further studies are needed to elucidate 

the functional roles of modulation of platelet extracellular vesicle release by loss or over

expression of miR-223–3p. As miR-223 contained in extracellular vesicles has been shown 

to regulate function in distal cells and this transfer is associated with various pathologies, it 
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will also be important to consider packaging of miR-223–3p itself as well as other miRNAs 

in platelet exosomes and microvesicles in further studies.8, 60–63

Our results indicate that platelets can utilize multiple mechanisms for internalizing ectopic 

naked ds miRNA, with apparent contributions from various endocytic pathways spanning 

caveolae, clathrin-dependent and fluid-phase endocytosis. Platelets are well-known to 

support each of these endocytic pathways, which together provide platelets with both 

degrading and non-degrading mechanisms for internalizing plasma components.41, 64, 65 

Although albumin can act as a carrier protein in many contexts and is internalized by 

circulating platelets via a combination of the above mechanisms, ex vivo platelets were 

able to take up ectopic miRNA even in the absence of bovine serum albumin in the 

buffer, suggesting that albumin is not required for this process.66 However, a role for 

platelet-associated albumin carried over from the donor plasma could not be ruled out.

While caveolae and clathrin-based endocytosis typically mediate internalization of receptor

bound molecules, the specific surface receptors that may mediate double-stranded miRNA 

uptake via platelet gymnosis remain to be determined. Platelets express various surface 

proteins involved in RNA binding and uptake such as toll-like receptors. Our results also 

leave open the possibility of a receptor-independent mechanism of ectopic miRNA via 

fluid-phase endocytosis (pinocytosis). It will be interesting in future studies to elucidate the 

precise molecular mechanisms of miRNA uptake by ex vivo platelets. Ectopic miRNAs 

internalized via endocytic pathways must subsequently leave the endosomal system to 

access RISC in the cytosol, a process referred to as endosomal escape.67, 68 Mechanisms 

underlying endosomal escape of ectopic naked miRNAs that may be endocytosed by 

platelets also remain to be determined.42, 69 A portion of the internalized miRNA appeared 

non-vesicular and diffuse in the platelet cytosol at the earliest time points after miRNA 

exposure (Fig. 1), suggesting the presence of internalized miRNA that is available for 

RISC loading. Whether this pool of cytosolic internalized miRNA originated in endocytic 

vesicles or was transferred directly to the cytosol from the extracellular space could not be 

determined. Ultimately, gymnotically internalized miRNA reached sufficient levels in the 

cytosol to be detected in RISC and to mediate RNAi, indicating that endosomal entrapment 

is not a technical barrier to efficient platelet transfection of miRNAs by this method.

The overall mechanisms and functions of RNAi in platelet biology remain to be elucidated. 

Gymnosis of naked miRNAs is a novel technique for transfecting extracellular miRNAs 

into platelets ex vivo, which can be used to test molecular and functional effects of platelet 

miRNAs. This method provides a simple, direct, high efficiency approach to suppress 

expression of target genes in platelets without the need for pharmacological or genomic 

manipulations. However, as each miRNA has many mRNA targets, careful interpretation 

of functional data following miRNA over-expression is always warranted. We propose 

that, as with all miRNA expression studies, ex vivo miRNA transfection should mainly be 

considered for testing specific roles of miRNAs in platelet gene expression and function. 

Although the studies here focused on human platelets, platelets from other species may 

be amenable to gymnotic transfection with miRNAs, which may support adoptive transfer

based functional assays to investigate roles of miRNAs in platelet function in vivo.
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Figure 1. 
Rapid uptake of naked double-stranded miRNA mimic in ex vivo platelets unassisted 

by transfection reagents. Freshly isolated leukocyte-depleted platelets (2 × 108/ml, A-C) 

were suspended in Tyrode’s/BSA buffer and end-end-labelled DY547-miR-223–3p-biotin 

ds miRNA mimic was added to the platelet suspensions at a final concentration of 200 

nM for the indicated times. (A) Platelets were fixed and captured on poly-L-lysine-coated 

coverslips, permeablized with Triton X-100 and stained with antibodies to GP1bα followed 

by Cy5-conjugated secondary antibodies to label platelet surfaces (red pseudocolor), and 
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streptavidin-AlexaFluor488 to label the miR-223–3p active (top) strand (green). Confocal 

microscopy images were obtained including DY547 fluorescence indicating the passenger 

(bottom) miRNA strand (blue), and merged images are shown to the right for each panel. (B) 

Confocal z-stack image slice (0.2 μm thick) shown as a central selected xy plane of platelets 

treated for 60 min as in (A), with xz orthogonal section shown below and yz orthogonal 

section to the right. (C) Platelets were incubated with miRNA mimics, harboring a DY547 

conjugated to the 3’ end of either the active or passenger strand, for 60 min followed in some 

cases by treatment with RNase III as indicated. Single platelets were analyzed for DY547 

fluorescence by FACS using phycoerythrin (PE-A) detection. (D) Platelets were transfected 

with untagged miR-223–3p mimic or C. elegans Cel-miR-67 miRNA mimic as above, 

with either pre-treatment of miRNA mimic or post-transfection treatment of the platelets 

with RNase III, and total extracted RNA was poly(dA) tailed, converted to cDNA and 

processed for qRT-PCR (upper panel, shown as fold change miR-223–3p over untransfected) 

or conventional PCR (lower panel, “RNase III” indicates post-treatment) as indicated. *, p 
< 0.05; n.s., not significant. n = 5. (E) Serial dilutions of platelets (lowest platelet counts 

shown, 5×106, 1×107) were incubated for 60 min with 1 μM ds miRNA mimic in 100 

μl volume of buffer, platelets were depleted by centrifugation, and non-sequestered total 

miRNA was measured by fluorometry in the supernatants. miRNA consumed per platelet 

was calculated from the differences from starting material to remaining fraction in each 

sample, shown ± s.e.m.
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Figure 2. 
Transfected naked miRNA is rapidly incorporated into RNA-induced silencing complexes 

in resting platelets. Platelets at 2 × 108/ml were subject to UV crosslinking at the indicated 

times after co-incubation with ds miR-223–3p mimic, with 10 μM BCI-137 or equivalent 

volume of DMSO vehicle as shown, and lysed under non-denaturing conditions. RNA

protein complexes containing the biotin-miRNA mimic were enriched by pulldown with 

neutravidin beads, and proteins in the whole cell lysate (WCL) and bead pulldown fractions 

were subject to Western blotting with antibodies to AGO2, and β-actin as loading control. 
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(A) Representative blot. (B) AGO2 pulldown/WCL ratios normalized to un-transfected 

samples, + s.e.m. *, p < 0.02; **, p < 0.05. n.s., not significant. n = 4.
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Figure 3. 
Transfected naked miRNAs suppress signal-activated translation of target mRNAs in 

platelets. Leukocyte-depleted platelets were suspended at 2 × 108/ml in buffer with or 

without 200 nM ds miR-223–3p, 10 μM BCI-137 or equivalent volume of DMSO (Vehicle) 

for 2 hours, then stimulated with 0.5 U/ml thrombin combined with 100 μg/ml plasminogen

depleted fibrinogen as indicated, for 18 hours at RT with gentle agitation. Platelet protein 

extracts were collected by precipitation with perchloric acid, separated by SDS-PAGE, and 

probed in immunoblots with antibodies to RRAS2, SEPTIN2, and β-actin as loading control. 
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(A) Representative blots. (B) SEPTIN2/β-ACTIN ratios normalized to thrombin/fibrinogen

only samples, + s.e.m. *, p < 0.02. n.s., not significant. n = 4. (C) Representative blots of 

platelets transfected with Cel-miR-67 and treated as in (A). n = 3.
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Figure 4. 
Platelet transfection with miR-223–3p suppresses exosome and microvesicle release induced 

by thrombin/fibrinogen. Leukocyte-depleted platelets at 2 × 108/ml were stimulated and 

transfected with 200 nM miR-223–3p mimic +/− 10 μM BCI-137 as shown for 18 hours, 

then platelets were collected by centrifugation and discarded. (A) Platelet releasates in the 

resulting supernatants were analyzed by NTA. Representative NTA tracings are shown. 

Brackets indicate 50–100 nm exosomes; arrows indicate ~400–550 nm diameter PMV. 

(B) Particles in releasates were fixed and captured on poly-L-lysine-coated coverslips, 
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and stained with α-CD63 and α-GP1bα antibodies. Shown are the central segments of 

representative micrographs of exosomes imaged by epifluorescence microscopy for CD63 

staining. (C) Exosomes/field were counted from full-frame micrograph images as in (B) for 

at least 5 fields per sample, shown as mean values after background subtraction + s.e.m. 

(D) Representative images of the same captured material as in (C), stained with GP1bα 
antibodies to label PMV. (E) PMV/field were counted from images as in (D) for at least 5 

fields per sample, shown + s.e.m. *, p < 0.01; **, p < 0.02.
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Figure 5. 
Mitochondrial count is not affected by miR-223–3p over-expression or RNAi inhibition in 

resting or thrombin/fibrinogen-stimulated platelets. (A) Mitotracker-labelled platelets were 

captured on fibronectin-coated coverslips and allowed to spread for 60 minutes before being 

treated as shown for 18 hours, stained with antibodies to GP1bα to indicate platelet borders 

(green), then imaged by confocal fluorescence microscopy. Mitochondria are shown in red. 

(B) Mitochondria per platelet are shown + max values for at least 50 platelets per sample 

from (A).
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Figure 6. 
Gymnosis of naked miRNAs in platelets is partially mediated by lipid rafts/caveolae and 

clathrin-dependent and fluid-phase endocytosis. Platelets at 2 × 108/ml were pre-treated 

with biotin or inhibitors for 30 min prior to addition of miR-223–3p mimic at 200 nM, 

incubated for 60 minutes in the continued presence of biotin or inhibitors, or in Tyrode’s 

buffer lacking 0.1% bovine serum album (BSA), washed and fixed, treated with RNase A 

followed by RNase inhibition, then analyzed by FACS for DY547 fluorescence. (A, C, D) 

Representative FACS histograms of DY547 fluorescence (PE-A) for platelets treated with 
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(A) fold molar excess free biotin or (D) endocytic pathway inhibitors, or (C) in the presence 

or absence of BSA as indicated. (B, E) Normalized mean fluorescence intensities (MFI) 

from (A, D, respectively) after background subtraction of transfected platelets treated as 

indicated, ± s.e.m. *, p < 0.01 compared to miRNA only, or as indicated; **, p < 0.05. n.s., 

not significant. n = 4.
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