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Abstract Background Platelets are an abundant source of micro-ribonucleic acids (miRNAs)
that may play a role in the regulation of platelet function. Some miRNAs, such as miR-
126-3p, have been noted as potential biomarkers of platelet reactivity and the
recurrence of cardiovascular events. However, the biological relevance of these
associations remains uncertain, and the functional validation of candidate miRNAs
on human-derived cells is lacking.
Objective This article functionally validates miR-126-3p as a regulator of platelet
reactivity in platelet-like structures (PLS) derived from human haematopoietic stem
cells.
Materials and Methods CD34þ-derived megakaryocytes were transfected with miR-
126-3p and differentiated in PLS. PLS reactivity was assessed using perfusion in a
fibrinogen-coated flow chamber. miR-126-3p’s selected gene targets were validated
using quantitative polymerase chain reaction, protein quantification and a reporter
gene assay.
Results CD34þ-derived megakaryocytes transfected with miR-126-3p generated PLS
exhibiting 156% more reactivity than the control. These functional data were in line
with those obtained analysing CD62P expression. Moreover, miR-126-3p transfection
was associated with the down-regulation of a disintegrin and metalloproteinase-9
(ADAM9) messenger RNA (mRNA), a validated target of miR-126-3p, and of Plexin B2
(PLXNB2) mRNA and protein, an actin dynamics regulator. Silencing PLXNB2 led to
similar functional results to miR-126-3p transfection. Finally, using a reporter gene
assay, we validated PLXNB2 as a direct target of miR-126-3p.
Conclusion We functionally validated miR-126-3p as a regulator of platelet reactivity
in PLS derived from human haematopoietic stem cells. Moreover, PLXNB2was validated
as a new gene target of miR-126-3p in human cells, suggesting that miR-126-3p
mediates its effect on platelets, at least in part, through actin dynamics regulation.
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Introduction

Platelets play a crucial role, not only in haemostasis but also
in inflammation, cell proliferation and immune system
modulation.1–3 Identifying the determinants of platelet reac-
tivity may thus have clinical implications on the prognoses
for several diseases and may help to tailor drug treatments.
The discovery that platelets are an abundant source ofmicro-
ribonucleic acids (miRNAs)4 and that miRNA expression
profiles within platelets correlate with platelet reactivity5,6

raised the exciting possibility of finding novel disease bio-
markers and therapeutic targets.7,8

The vastmajority of studies designed to address the role of
miRNAs in platelet reactivity regulation are association-type
studies investigating correlations betweenmiRNA levels and
platelet reactivity scores or the recurrence of ischaemic
events. A functional approach is needed to understand the
mechanisms involved and to validate the role of miRNAs in
platelet function. Several studies have described methods
using animal models9,10 and immortalized cell lines,11,12 but
the functional validation of candidate miRNAs in human-
derived cells is lacking. However, studying the function of
miRNAs in anucleated platelets that are refractory to trans-
fection is a major limitation.13

Platelet-like structures (PLS) derived frommegakaryocytes
can be used as a model to identify the functional impact of
miRNAs on platelet reactivity. Over the last few years, several
researchgroupshave focusedonproducing PLSwith theaimof
creating in vitro transfusable platelets. PLS produced from
haematopoietic stem cells are functionally close to human
platelets.14–18 Indeed, the secretion of PLS after agonist sti-
mulation, as well as their function in relation to fibrinogen
receptors, is comparable to the results observed with human
platelets.19,20

Microfluidic flow chambers are currently used to study
thrombotic processes by monitoring platelet incorporation
into the clot, to study cell adhesion in dynamic conditions or
to test the function of blood bank platelets in whole or
reconstituted blood.21,22 This process is recognized as a
powerful, promising method to investigate platelet function.

This studydescribes theuseofaflow-basedassay, usingPLS
derived from human haematopoietic stem cells, to assess the
functional impact of candidate miRNAs for regulating platelet
reactivity. As a functional proof-of-concept experiment, we
used miR-126-3p, one of the most promising platelet-derived
miRNAs associated with platelet reactivity11 and a potential
biomarker of recurring cardiovascular events in humans.23

Materials and Methods

Cell Culture and Differentiation
Human CD34þ cells were isolated from the buffy coats of
healthyadulthumandonorsprovidedby theGenevaUniversity
Hospitals’ blood bank using a CD34 MicroBead Kit (Miltenyi
Biotec, BergischGladbach,Germany). CD34þ cell quantification
wasevaluatedusingananti-CD34PEantibody (MiltenyiBiotec)
followedbyflowcytometry analysis.More than 95%of the cells
were positive for CD34. CD34þ cells were cultured for 7 days in

StemSpan Serum-Free Expansion Medium (Stemcell Technol-
ogies, Vancouver, Canada) supplemented with 20 ng/mL
human low-density lipoprotein (LDL, Stemcell Technologies),
StemSpan Megakaryocyte Expansion Supplement (CC220,
Stemcell Technologies), penicillin-streptomycin-glutamine
(PSG, Gibco, Thermofisher, Waltham, Massachusetts, United
States) and1μMStemRegenin1 (SR1, CellagenTechnology, San
Diego, California, United States), as described elsewhere.15

Next, the cells were washed, seeded and cultured in the
presence of 0.5 μg/mL thrombopoietin (TPO, Stemcell Technol-
ogies), LDL, PSG and SR1 for an additional 8 days
(►Supplementary Fig. S1A, available in the online version).

All the experiments described below were repeated with
different, independent batches of cells from different blood
bank donors.

Flow Cytometry
Megakaryocytes and PLS were analysed using flow cytome-
try with selected antibodies against specific markers of cell
differentiation (CD34, CD41, CD42b and CD42d).

Anti-CD34 PE (Miltenyi Biotec), anti-CD41 fluorescein
isothiocyanate (BioLegend, San Diego, California, United
States) and anti-CD42b PE-vio770 (Miltenyi Biotec) antibo-
dies were added directly to the cell suspension for 20
minutes, at room temperature, in the dark, and were then
washed and re-suspended in phosphate-buffered saline.

Anti-CD42d mouse primary antibody (Santa Cruz, Dallas,
Texas, United States) was added to the cells for 20 minutes.
The cells were washed and then incubated with the second-
ary PE goat anti-mouse antibody (BioLegend) for 20minutes.

Flow cytometry was performed using Attune (Thermo-
Fisher, Ecublens, Switzerland) and Accuri C6 (BD Biosciences,
Allschwil, Switzerland) cytometers. Positive cells were
defined using appropriate isotypic control. The data acquired
were analysed using the FlowJo software (TreeStar, Ashland,
Oregon, United States).

Isolation and Quantification of Megakaryocytes
and PLS
Megakaryocytes were isolated at day (D) 13 using a 10-
minute centrifugation step at 400 � g. We used a Tali Image-
Based Cytometer (ThermoFisher) to quantify megakaryo-
cytes defined as elements > 6 μm.

At D15, PLS andmegakaryocytes were quantified using the
Tali Image-Based Cytometer; PLS were defined as elements
� 4 and � 6 μm. The number of PLS was then normalized to
the number of megakaryocytes to evaluate production.

Activation of PLS
Non-PLS cells were discarded at D15 using a 5-minute
centrifugation step at 100 � g after addition of 25 μM
prostaglandin I2 (Cayman Chemical Company, Ann Arbor,
Michigan, United States) and 0.02 U/mL apyrase (Sigma, St.
Louis, Missouri, United States). The supernatant was centri-
fuged at 1,000 � g for 10 minutes and PLS were re-sus-
pended in Tyrode’s buffer (5.5 mM glucose, 137 mM NaCl,
2 mM KCl, 12 mM NaHCO3, 0.3 NaH2PO4, 5 mM HEPES,
1 mMMgCl2 and 2 mM CaCl2; pH was adjusted to 7.3). After
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1 hour at 37°C, PLS were stimulated with 1 U/mL thrombin
(Sigma) and stirred for 10 minutes. PLS were labelled with
CD62P PE antibody (BD Biosciences) and CD41 APC (BioLe-
gend). PLS labelled with an isotypic antibody (PE, BD Bios-
ciences, and APC, BioLegend) were used to define positive
cells. Flow cytometry was performed using an Accuri C6 flow
cytometer (BD Biosciences), and the data were analysed
using the FlowJo software (TreeStar).

miR-126-3p Expression Profile during Differentiation
and after Transfection
On selected culture days, cells were recovered in QIAzol lysis
reagent (Qiagen, Hilden, Germany). Isolation of RNAs using
the miRNeasy Mini Kit (Qiagen) was followed by a reverse
transcription procedure using the TaqMan Advanced miRNA
cDNA Synthesis Kit (Applied Biosystems, Foster City, Califor-
nia, United States). miRNAs were detected in triplicate on a
7900HT Sequence Detection Systemusing TaqManAdvanced
miRNA assays (Applied Biosystems) with pre-designed miR-
NAs probes (Applied Biosystems). miRNAs were quantified
by normalizing miRNA reverse transcriptase-polymerase
chain reaction (RT-PCR) data using a panel of stably
expressed miRNAs. Using the geNorm algorithm, three of
the sixmiRNAs constituting the platelet normalization panel
given by Kok et al24—miR28, miR151 and miR29c—were
identified as the best combination of normalizers in mega-
karyocytes and these were assessed in each sample.25

The transfection procedure’s impact on miR-126-3p and
miR-223-3p (a control platelet-derived miRNA) expression
was quantified at D15 in PLS only.

Cell Transfection
Megakaryocytes isolated at D13were seeded in an antibiotic-
free medium at 1 � 106 cells per well for 2 hours in 6-well
plates. They were then transfected at 200 nM using an hsa-
miR-126-3p mimic, or scramble miRNA (ThermoFisher),
which does not target any specific messenger RNA
(mRNA), using Lipofectamine 2000 Transfection Reagent
(Invitrogen, Carlsbad, California, United States). Plexin B2
(PLXNB2) small interfering RNA (siRNA) (SI00687603, Qia-
gen) or scramble siRNA were transfected at 50 nM using
RNAiMAX Transfection Reagent (Invitrogen). Five hours after
transfection, themediumwas replaced and the cells were re-
suspended in StemSpan supplemented with 0.5 μg/mL TPO,
20 ng/mL LDL and 1 μMSR1. Results were compared to those
of the mock condition (cells with transfection reagent only).

Transfection procedure efficiency was assessed at D13, 5
hours aftermegakaryocyte transfection, using siRNA AllStars
negative Alexa Fluor 488 (Qiagen). The percentage of trans-
fected cells was measured using Accuri C6 flow cytometer.

Flow Chamber Assay
Flow chambers (Vena8fluoro þ, Cellix, Ireland) were coated
overnight with 200 μg/mL fibrinogen (Sigma) at 4°C and
washed with StemSpan Serum-Free Expansion Medium
(Stemcell Technologies) for 1 minute at 80 μL/min. At D15,
the cell suspension (44 � 5.2% PLS, the rest being CD34þ-
derived megakaryocytes) was adjusted to 5 � 106 cells/mL.

The cell suspension was perfused for 5 minutes at 2 μL/min
(shear rate of 50 s–1) and rinsed for 8 minutes at 3 μL/min
using the StemSpan medium. Pictures of each channel were
taken at five different points along them, 4 mm apart, with
picture #1 closest to the injection site, using a Si-3000
camera and XLi Cap V18 driver software (Ceti, Medline
Scientific, Chalgrove, England).

Flow chamber images were analysed using a custom-
made software framework written in MATLAB (The Math-
Works, Inc. Natick, Massachusetts, United States). Briefly,
RGB imageswerefirst converted into greyscale. Theflowarea
was then automatically detected within the field of view of
the images; this enabled calibration of the image resolution
in accordancewith the chamber’s 400 µmwidth. The content
of the flow area was subsequently segmented using Otsu’s
method,26 preceded by a background subtraction through a
combination of low-pass filters. Separation of the multi-
object content was done using watershed transformations27

constrained by the regional extrema within the aggregate.
This approach is also effective in cases involving single cells.
Finally, each resulting individual object was classified by size
as either a megakaryocyte cell (> 6 μm), a PLS (� 4 and � 6
μm) or debris (< 4 μm). The number of PLS adhered to the
immobilized fibrinogen was quantified and normalized to
the mock condition.

Gene Expression Levels of Selected miR-126-3p Gene
Targets
Forty-eight hours after transfection (D15), mRNA was
extracted from the PLS using the trizol procedure. After
RNA isolation, total RNA was reverse-transcribed using
Improm-II reverse transcriptase (Promega, Madison, Wis-
consin, United States) according to the manufacturer’s
instructions. A quantitative real-time RT-PCR (qPCR) was
carried out using the ΔΔCt method to evaluate the levels of a
disintegrin and a metalloproteinase-9 (ADAM9) and PLXNB2
mRNAs. The level of HB2Mwas used as a housekeeping gene
to normalize the qPCR results (►Table 1).

Western Blot
A Western blot analysis was performed 48 hours after
transfection (D15) to quantify the PLXNB2 protein. Because
the amount of protein in the PLS was too low, we performed

Table 1 Oligonucleotide sequences used in this study

Gene Direction Sequence

HB2M Forward TGCTCGCGCTACTCTCTCTTT

HB2M Reverse TCTGCTGGATGACGTGAGTAAAC

ADAM9 Forward CCCCCAAATTGTGAGACTAAAG

ADAM9 Reverse TCCGTCCCTCAATGCAGTAT

PLXNB2 Forward GAAGACACCATCCACATC

PLXNB2 Reverse ACTGAACCTGACCGTACAATGC
ACGTCAAAGATGAAG

PmirGLO Forward GAGCTCTAGCGGCCGCCCTAC

PmirGLO Reverse CCTGCAGGCAGAGTGAAAAAGAC
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this quantification in PLS andmegakaryocytes. Proteinswere
labelled with an anti-PLXNB2 (AF5329, R&D, Minneapolis,
Minnesota, United States) and an anti-β-actin antibody
(Sigma). Horseradish peroxidase-conjugated secondary anti-
body (BioRad, Hercules, California, United States, and Abcam,
Cambridge, England) was used for detecting chemilumines-
cence in a myECL imager (ThermoFisher). Band intensities
were quantified using the ImageJ software (http//imagej.nih.
gov/ij), and the PLXNB2 protein level was normalized to β-
actin.

Reporter Gene Assay
The 3’ untranslated region (UTR) of PLXNB2 mRNA, contain-
ing the miR-126-3p binding sequence wild-type (wt) or a
mutant (mut) form (Invitrogen), was inserted into pmiRGLO
Dual-Luciferase miRNA Target Expression Vector (Pro-
mega). The final sequences were validated using deoxyr-
ibonucleic acid sequencing (►Table 1). The empty pmirGLO
plasmid containing no UTR sequence served as a negative
control. HT1080 cells were plated in 96-well plates at 8,000
cells per well and co-transfected with pmirGLO-3’-UTR-wt,
or pmirGLO-3’-UTR-mut and miRNA (50 nM scramble,
50 nM miR-126-3p mimic or 50 nM miR-126-3p inhibitor,
which shares a complementary sequence with the miRNA
mimic; ThermoFisher), using the Lipofectamine LTX and
PlusM reagent (Life Technologies). Each transfection was
done in quadruplicate. After 48 hours, luciferase assays
were carried out using the Dual-Luciferase Reporter Assay
System (Promega). Individual luciferase activity was nor-
malized to the corresponding Renilla luciferase activity
constitutively expressed in the pmirGLO vector. Lumines-
cence was measured using a Perkin Elmer Victor3 lumines-
cence detection instrument (Perkin Elmer, Waltham,
Massachusetts, United States).

Statistics
Data are expressed as means and standard error of themean.
The paired Student’s t-test or the one-way analysis of var-
iance followed by Dunnett’s multiple comparison test was
performed, when appropriate. Data were analysed using
GraphPad Prism 7 software (GraphPad Software Inc., USA).
p-Values of < 0.05 were considered statistically significant.

Results

Haematopoietic Stem Cell Differentiation
CD34þ cells were cultured for 7 days before induction of
differentiation via the addition of TPO. At D7, 69 � 12.3% of
the cells were positive for CD34, and 26 � 4.1, 16 � 2.8 and
17 � 4.1% were positive for the CD41, CD42b and CD42d
markers of differentiation, respectively. As expected, after
induction of differentiation, the percentage of CD34þ cells
had decreased at D15 to 42 � 6.4%, whereas cells positive for
CD41, CD42b and CD42d had increased to 86 � 0.7, 79 � 2.0
and 74 � 6.2%, respectively (►Supplementary Fig. S1B,
available in the online version).

Finally, we investigated the time-course pattern of miR-
126-3p levels during human haematopoietic stem cell differ-

entiation. As shown in ►Fig. 1, the level of miR-126-3p
decreased between D4 and D11, and then increased back
to its initial level at D17.

Transfection Procedure Efficiency
The transfection procedure was performed at D13. Tested 5
hours after the procedure, using siRNA labelled with Alexa
Fluor 488, transfection efficiency was of 47 � 3.2% (n ¼ 3,
►Supplementary Fig. S2A, available in the online version). In
the PLS, miR-126-3p expression had increased by a factor of
2.4 � 0.28 more than the mock condition (►Supplementary

Fig. S2B) 48 hours after the transfection procedure, without
affecting either the differentiation process (►Supplementary

Fig. S2C, available in the online version) or the production of
PLS (►Supplementary Fig. S2D, available intheonlineversion),
which was of 4.1 � 4.2 105 PLS/mL from 1 � 106 megakaryo-
cytes/mL at D13 in the mock condition (►Supplementary Fig.

S2D, available in the online version). Furthermore, transfection
ofmiR-126-3p did not affectmiR-223-3p level, one of themain
platelet-associated miRNAs (►Supplementary Fig. S2E, avail-
able in the online version).

Functional Impact of Over-Expression of miR-126-3p
on Platelet-Like Structures
At D15, corresponding to the end of megakaryocyte differ-
entiation and maturation, the functional impact of miR-126-
3p on the reactivity of PLS was assessed 48 hours after miR-
126-3p transfection. A cell suspension containing mature
megakaryocytes and PLS was perfused for 5 minutes at a
shear rate of 50 s–1 in a microfluidic device coated with
fibrinogen. The flow chamber assay showed that the number
of PLS immobilized in the channel increased by 156 � 14.9%
after miR-126-3p transfection compared to the mock condi-
tion (►Fig. 2A and B). Moreover, in the PLS over-expressing
miR-126-3p, we observed a 30% greater increase in CD62P
expression after thrombin activation (►Fig. 2C) in compar-
ison to the mean fluorescence after activation seen in the
mock condition.

Fig. 1 Expression level of miR-126-3p during differentiation. The
expression level of miR-126-3p is represented relative to the level in
CD34þ cells after 4 days of culture (n ¼ 4). ��p < 0.01.
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miR-126-3p Targets ADAM9 and PLXNB2 Genes in
Platelet-Like Structures Derived from Human
Haematopoietic Stem Cells
ADAM9 is a known miR-126-3p target, as previously shown
in mouse and human immortalized cell lines.11,28 In the PLS
derived from human CD34þ cells, we also observed thatmiR-
126-3p transfection was associated with a 30 � 3.7% down-
regulation of ADAM9 mRNA levels compared to the mock
condition (►Fig. 3A).

To screen for further putative miR-126-3p gene targets in
human cells, we examined in silico databases and identified
PLXNB2 as the best candidate, with its Context þþ score of –
0.58 using TargetScan (http://www.targetscan.org) and an
miRSVR score of –0.45 using miRANDA (http://www.micro-
rna.org). In PLS, miR-126-3p over-expression was associated

with a 29 � 2.6% down-regulation of the PLXNB2 mRNA
level (►Fig. 3B) and a 30 � 6.1% down-regulation of the
PLXNB2 protein level (►Fig. 3C and D).

Finally, silencing PLXNB2 in megakaryocytes induced a
functional phenotype similar to that observed after transfec-
tion with miR-126-3p, and this was associated with a
148 � 11.8% increase in the number of PLS immobilized in
the flow chamber in comparison to the mock condition
(►Fig. 4).

Validation of PLXNB2 as a Direct Target of miR-126-3p
To investigate the causal relationship between miR-126-3p
and PLXNB2 down-regulation, a reporter gene assay was
performed using the 3’UTR sequence of PLXNB2 wt or mut
cloned into dualGLO luciferase reporter vector (►Fig. 5A).

Fig. 2 Effect of miR-126-3p overexpression on megakaryocytes and platelet-like structure (PLS). (A) Inverted microscopy photographs of PLS
and CD34þ-derived megakaryocytes in a fibrinogen-coated channel. Black arrows: megakaryocytes; white arrows: PLS. (B) miR-126-3p
transfection increased the adhesion of PLS in a fibrinogen-coated channel (n ¼ 12). Results are expressed relative to the mock condition.
���p < 0.001, ��p < 0.01. (C) CD62P relative mean of fluorescence of PLS before and after activation using thrombin 1 U/mL, compared to mock
condition (n ¼ 3). � p < 0.05.
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Co-transfection of HT1080 cells with pmirGLO-3’UTR
PLXNB2 wt andmiR-126-3p resulted in a 42 � 2.4% reduction
in luciferase activity compared with cells transfected in the
absence ofmiR-126-3p.Moreover, the addition ofmiR-126-3p
inhibitor reversed the effect of the miR-126-3p mimic (►Fig.

5B). No significant difference in luciferase activity was
observed upon transfection with scramble miRNA. Co-trans-
fection of miR-126-3p and the pmirGLO mut did not lead to a
significant change in luciferase activity (►Fig. 5C).

Discussion

In this study, we demonstrated the feasibility of functionally
validating a candidate miRNA of the regulation of platelet
reactivity by using human-derived PLS and a flow chamber
assay. Moreover, using this model, we validated PLXNB2 as a
target gene of miR-126-3p and as a potential regulator of
platelet reactivity.

PLS were derived from human haematopoietic stem cells
following a protocol described elsewhere that allows the

Fig. 3 Impact of miR-126-3p transfection on selected gene targets. Cell suspension was transfected at day (D) 13 using scramble micro-
ribonucleic acid (miRNA) or the miR-126-3p mimic, and messenger RNA (mRNA) was extracted at D15. (A) Relative expression levels of a
disintegrin and metalloproteinase-9 (ADAM9) mRNA in platelet-like structure (PLS) in different conditions (n ¼ 3). ��p < 0.01. (B) Relative
expression levels of Plexin B2 (PLXNB2) mRNA in PLS in different conditions (n ¼ 3). �p < 0.05, ��p < 0.01. (C) Western blot of PLXNB2 protein
after scramble or miR-126-3p transfection in megakaryocytes and PLS. The picture is representative of three independent experiments. (D)
Quantification of PLXNB2 protein relative to the mock condition (n ¼ 3). �p < 0.05.

Fig. 4 Plexin B2 (PLXNB2) silencing modulates platelet-like structure
(PLS) reactivity. Silencing PLXNB2 increased the adhesion of PLS on
the fibrinogen-coated channel. Results are expressed relative to the
mock condition (n ¼ 6). ��p < 0.01.
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production of elements ultra-structurally and functionally
similar to circulating platelets.15 At D15, 86% of cells were
positive for CD41, and the proportions of CD42b and Cd42d
positive cells were in line with those expected during the
differentiation process.15 Moreover, the functional charac-
terization of the PLS generated in this study using flow
cytometry showed a 2.4-fold increase in CD62P expression
after stimulation, in line with the twofold increase in glyco-
protein (GP) IIb/IIIa activation15 and the 1.8-fold increase in
CD62P expression29 described in other studies. Finally,
recent data have demonstrated significant correlations
between the miRNA profile of primary human bone marrow
megakaryocytes and cultured megakaryocytes derived from
umbilical cord blood progenitors at D13.30 This further
supports our approach based on in vitro haematopoietic
stem cell culture and differentiation.

We quantified themiR-126-3p level during the differentia-
tion procedure and observed an initial decrease from D4 to
D11 followed by an increase up to D17. This U-shaped curve is
in linewith independent data on in vitro-differentiatedmega-
karyocytes derived from CD34þ haematopoietic progenitors.
Thissuggests thatmiR-126-3pmayplaya role in theregulation
of the megakaryocyte differentiation process by unblocking

miR-126-3p’s target genes during the proliferation stage (D7)
and the early stages of differentiation (D11).31 The initial
decrease in miR-126-3p was also evidenced during the first
steps of mouse megakaryocyte differentiation.32 We thus
speculate that the relatively low level of miR-126-3p could
be associatedwith anup-regulation of theproteins involved in
megakaryocyte differentiation.

It is of note that the transfection procedurewithmiR-126-
3p at D13 did not seem to alter the last stage of differentia-
tion (D13–D15) since it had no impact on PLS production and
the expression of differentiation markers.

Unstimulated PLSwere perfused in a flow chamber assay,
at a relatively low shear rate, to evaluate PLS adhesion on
immobilized fibrinogen. Indeed, at a low shear rate, platelet
immobilization is primarily mediated by fibrinogen through
the GPIIb/IIIa receptor, the main receptor involved in the
platelet aggregation process,33,34whereas immobilization at
higher shear rates relies more on a von Willebrand factor-
dependent adhesion process.34 Using a higher shear rate (up
to 1,000 s–1) in our assay was indeed associated with no PLS
adhesion on thefibrinogen-coated flow chamber. It is of note
that, instead of PLS only, we perfused a cell suspension that
included both megakaryocytes and PLS through the flow

Fig. 5 3’ Untranslated region (UTR) sequence of Plexin B2 (PLXNB2) is directly targeted by miR-126-3p. (A) The 3’UTR sequence of PLXNB2 wild-
type (wt) and mutant (mut) were designed and cloned into PmirGLO vector. (B) The PmirGLO-3’UTR PLXNB2 wild-type was co-transfected with
the miR-126-3p mimic and/or inhibitor in HT1080 cells. Luciferase activity was normalized on Renilla luminescence (n ¼ 4). ��p < 0.01,
���p < 0.001. (C) The PmirGLO-3’UTR PLXNB2 mutant was co-transfected with the miR-126-3p mimic and/or inhibitor in HT1080 cells (n ¼ 4).
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chamber assay: this was to favour themargination process of
PLS that is of the utmost importance in flow assays.35 In
addition to the flow chamber assay results, miR-126-3p
transfection was associated with a 30% increase in CD62P
expression in PLS after thrombin stimulation, compared to
themock condition. These data further support the existence
of miR-126-3p-mediated platelet reactivity modulation and
are in line with data showing a correlation between miR-
126-3p levels and soluble P-selectin in plasma.11

As expected, we observed that miR-126-3p transfection
was associated with a 30% down-regulation in the level of
ADAM9mRNAcompared to themockcontrol. This result was
in line with data using locked nucleic acid and a miRNA
mimic in a humanmegakaryoblastic cell line.11 Since immor-
talized cell lines can have different regulation mechanisms
than cells derived from human progenitors, our result pro-
vides a valuable confirmation that ADAM9 is indeed a target
gene for miR-126-3p in PLS derived from human haemato-
poietic stem cells.

In order to further investigate the mechanism associated
with the increased reactivity of PLS mediated by miR-126-3p
over-expression, we selected the most promising in silico-
predicted gene target of miR-126-3p, which was PLXNB2.
Interestingly, thisgenehasalsobeen identifiedasdifferentially
expressed in cardiovascular patients with an extreme platelet
reactivity phenotype.6 We thus observed that miR-126-3p
transfection induced a 29% down-regulation in PLXNB2
mRNA in PLS, and a 30% down-regulation at the protein level
inmegakaryocytes and PLS.Moreover, the reporter gene assay
validated that miR-126-3p directly regulates PLXNB2 gene
expression, in linewith recentdataonovariancancer.36Finally,
transfectionwithmiR-126-3por the silencingof PLXNB2using
siRNAresulted ina similar functionalphenotype.This suggests
that miR-126-3p mediates its effect, at least in part, through
the down-regulation of PLXNB2. The relative contributions of
ADAM9, PLXNB2 or other gene targets to this hyper-reactivity
phenotype are unknown.

Plexins—a family of transmembrane proteins—act as
receptors for semaphorins, which control RhoGTPase signal-
ling. There are several clues as to the possible roles of PLXNB2
and semaphorins in the regulation of actin dynamics. Sema-
phorin 4D, a PLXNB2 ligand, was recently shown to support
communication between platelets in the early stages of
thrombus formation in mice.37–39 In human glioblastoma
cells, semaphorin 4C was shown to stimulate PLXNB2-indu-
cing cellular actin dynamics regulation.40 In mouse macro-
phages, PLXNB2 negatively regulates the Rac1 and CDC42
Rho family proteins.38,41 Finally, by modulating Rho/Rac
activity, PLXNB2 enables the modification of actin dynamics
and, due to their effect on Ras/PI3K, they can modulate cell
adhesion and migration.38 These observations support the
hypothesis that the PLXNB2 gene might regulate platelet
actin dynamics, and therefore platelet function, through the
regulation of Rho family protein.

This work represents a significant step forward since,
until now, the functional validation of miRNA in platelet
physiology has been scarce. A first attempt was made in an
animal model via the systemic administration of an antag-

omiR sequence against miR-126-3p in mice, followed by ex
vivo platelet aggregation.11 However, predictive mRNA/
miRNA pairs are species-dependent, and mouse-model pre-
diction does not always reflect human gene expression and
regulation.42

It is worth noting that this study’s main limitation is that
its flow assay may not be suitable for the functional valida-
tion of all the candidate miRNAs regulating platelet reactiv-
ity: it will be dependent on the mechanism involved in the
modulation of platelet reactivity.

In conclusion, we have described a method for the func-
tional validation, using human-derived cells, of a candidate
miRNA in the regulation of platelet reactivity. This model
also enables the investigation of potential gene targets to
improve our understanding of the regulation of platelet
reactivity in humans. Using this method—and for the first
time—we validated the impact of miR-126-3p and one of its
targets, the PLXNB2 gene, as regulators of platelet function in
human-derived cells.

What is known about this topic?

• MicroRNAs have been noted as potential biomarkers of
the recurrence of cardiovascular events.

• miR-126-3p is a putative regulator of platelet
reactivity.

• Functional validation of microRNAs in human-derived
cells is lacking.

What does this paper add?

• We used a flow-based assay with platelet-like struc-
tures derived from human haematopoietic stem cells.

• We functionally validatedmiR-126-3p as a regulator of
platelet reactivity using human cells.

• We validated PLXNB2 as a target gene of miR-126-3p,
regulating the reactivity of platelet-like structures
derived from human haematopoietic stem cells.
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