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Abstract

Mechanisms through which mature megakaryocytes (Mks) and their progenitors

sense the bone marrow extracellular matrix to promote lineage differentiation in

health and disease are still partially understood. We found PIEZO1, a mechanosensi-

tive cation channel, to be expressed in mouse and human Mks. Human mutations in

PIEZO1 have been described to be associated with blood cell disorders. Yet, a role for

PIEZO1 in megakaryopoiesis and proplatelet formation has never been investigated.

Here, we show that activation of PIEZO1 increases the number of immature Mks in

mice, while the number of mature Mks and Mk ploidy level are reduced. Piezo1/2

knockout mice show an increase in Mk size and platelet count, both at basal state

and upon marrow regeneration. Similarly, in human samples, PIEZO1 is expressed

during megakaryopoiesis. Its activation reduces Mk size, ploidy, maturation, and pro-

platelet extension. Resulting effects of PIEZO1 activation on Mks resemble the pro-

file in Primary Myelofibrosis (PMF). Intriguingly, Mks derived from Jak2V617F PMF

mice show significantly elevated PIEZO1 expression, compared to wild-type controls.
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1K08HG010061-01A1, 3UL1TR001085-04S1,

NIH OD/ORIP SERCA K01 OD025290 Accordingly, Mks isolated from bone marrow aspirates of JAK2V617F PMF patients

show increased PIEZO1 expression compared to Essential Thrombocythemia. Most

importantly, PIEZO1 expression in bone marrow Mks is inversely correlated with

patient platelet count. The ploidy, maturation, and proplatelet formation of Mks from

JAK2V617F PMF patients are rescued upon PIEZO1 inhibition. Together, our data sug-

gest that PIEZO1 places a brake on Mk maturation and platelet formation in physiol-

ogy, and its upregulation in PMF Mks might contribute to aggravating some hallmarks

of the disease.

1 | INTRODUCTION

Megakaryocytes (Mks), the platelet progenitors, differentiate from

hemopoietic stem cells within bone marrow under the control of

thrombopoietin (TPO). Besides soluble stimuli, physical cues such as

extracellular matrix (ECM) architecture, composition, and mechanical

stimulation also contribute to Mk differentiation and function. Previ-

ous studies, including our own, demonstrated that Mks cultured on

soft substrates exhibit enhanced maturation and platelet production

compared to stiffer substrates.1–7 However, the underlying mecha-

nisms through which Mks sense and respond to the bone marrow

environment, and how it influences their differentiation, remain poorly

understood in both healthy and diseased conditions.

Cellular mechanosensitive ion channels play key roles in interpret-

ing extracellular information, translating it into intracellular signals that

impact various biological processes, including blood cell functions.8

We previously showed that Mks express the Transient Receptor

Potential Vanilloid 4 cation channel, which gets activated by soft sub-

strates and promotes platelet formation.5 PIEZO1 is another cation

channel that senses mechanical forces acting on the lipid plasma

membrane and influences cell fate transitions and tissue homeostasis

in multiple tissues.9–12 Loss-of-function mutations lead to an autoso-

mal recessive form of lymphatic malformation 6 (LMPHM6;

616843),13 while gain-of-function PIEZO1 mutations are associated

with autosomal dominant Dehydrated Hereditary Stomatocytosis

(DHS1; 194380), a syndrome characterized by hemolytic anemia.14

PIEZO1 is expressed by erythrocytes and following mechanical activa-

tion controls their hydration status.15 Interestingly, PIEZO1 has also

been implicated in platelet function.16–18 Studies have shown that

shear stress or the agonist Yoda1 activates PIEZO1 in platelets and

Meg-01 cell line, while the peptide inhibitor GsMTx4 attenuates cal-

cium (Ca2+) influx.16 The presence of PIEZO1 in platelets implicates

its potential role earlier during Mk development, and potentially also

in platelet biogenesis. This could be particularly relevant in the con-

text of diseases associated with a stiff ECM as PIEZO1 expression

and function are increased in diseases with altered tissue stiffness,

such as fibrotic conditions.9,19

Chromosome Philadelphia-negative Myeloproliferative Neoplasms

(MPN) are a group of clonal hematological neoplasia originating

from hemopoietic stem cells. They comprise three clinically distinct

disorders: Polycythemia Vera, Essential thrombocythemia (ET), and Pri-

mary Myelofibrosis (PMF), characterized by a fibrotic, stiff marrow.

MPNs share common driver mutations affecting the MPL, the CALR,

and most commonly the JAK2 gene (JAK2V617F).20–22 PMF hallmarks

are megakaryocytosis, with atypical immature Mks, and the accumula-

tion of cross-linked collagen and reticulin fibers in the bone marrow,

which gradually alter ECM architecture and stiffness.23–26 With the

progression of the disease, PMF patients often present with thrombo-

cytopenia, and high fibrosis grade, which are indicative of a more

advanced disease state.27 In vitro, Mks derived from PMF patients

recapitulate most of the alterations found in vivo, including reduced

maturation and proplatelet formation.28–30

In this study, we present novel findings demonstrating the

expression and function of the mechanosensitive cation channel

PIEZO1 in mouse and human Mks. Pharmacological modulation of

PIEZO1 in culture or genetic knockout in vivo was found to impact

Mk and platelet development under normal conditions and in the con-

text of PMF. These results expand our understanding of the repertoire

of mechanosensors involved in the regulation of megakaryopoiesis.

2 | MATERIALS AND METHODS

2.1 | Transgenic mouse models

JAK2V617F mice, constitutively expressing the Vav1-hJAK2V617F

transgene carrying the human JAK2V617F mutation (generous gift of

Dr. Zhizhuang Joe Zhao from University of Oklahoma)31 were back-

crossed with C57BL/6J (Jackson laboratory), brought to homozygosity

and used within at least 10 generations. Age- and sex-matched

C57BL/6J wild-type mice served as controls.

The floxed Piezo1 (Piezo1tm2.1.Apat/J, # 029213) and Piezo2

(B6(SLJ)-Piezo2tm2.2.Apat/J, # 027720) mice were obtained from

the Jackson Laboratory. Positive founder mice were bred and

cross-bred with C57BL/6-Tg(Pf4-icre)Q3Rsko/J mice (denoted

as Pf4Cre+/+) from Jackson laboratory (#008535) to obtain mice

with inactivation of both Piezo1 and Piezo2 in the MK lineage

(named hereafter Piezo1/2 DKO mice). Pf4Cre+/+ transgenic

mice express a codon-improved Cre recombinase (iCre) under the

control of the mouse platelet factor 4 (Pf4) gene promoter.32,33

RT-PCR was performed to confirm exons deletion in Piezo1

mRNA (forward primer 50CCTTCTGTTGCTGGTGTTTGAG30 and

reverse primer 50AGCGTGAGGAACAGACAGTAG30) and Piezo2 (for-

ward primer 50CGTGCTGATGTTTCTGGCTG30 and reverse primer
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50GAAGATGACCTTGCCCAGCT30). All mouse work was performed

under a Boston University Institutional Animal Care and Use Committee-

approved protocol and agreement for experimentation was obtained

from the French government (N°15336-2018060110203508).

2.2 | Primary mouse bone marrow culture
and small compound treatments

Bone marrow was flushed from the femurs and tibias of either control or

transgenic mice as previously described.34 Cells were cultured in Iscove's

modified Dulbecco's medium (Gibco, cat# 21056-23) supplemented with

10% heat-inactivated fetal bovine serum, 100 units/mL of penicillin and

100 ug/ml of streptomycin (Gibco, cat# 15140-122), 200 mM Gluta-

MAX (Gibco, cat# 35050-061), and 25 ng/mL of TPO (PEG-MGDF, gift

of Kirin Brewery, Japan). PIEZO1 agonist, Yoda-1 (Tocris, cat# 5586)

was solubilized in dimethyl sulfoxide (DMSO). Under these culturing con-

ditions (for 3–5 days) bone marrow cells develop and provide an ECM

composed of lawn of cells, such as fibroblasts and mesenchymal stem

cells, as well as matrix proteins released by the cells. The short spider

venom peptide GsMTx4 (Smartox Biotechnology, cat#1209500-46-08)

was solubilized in water and used fresh for each experiment. For experi-

ments conducted with Yoda-1 and GsMTx4, 2–6 μM concentrations

were delivered to each bone marrow culture at the start of culture (Day

0). Control wells were set up to receive equal volume concentrations of

DMSO as vehicle control, typically at a 103 dilution. Cultures were main-

tained at 37°C in a tissue culture incubator at 95% O2/5% CO2 for 4–

5 days before being used in downstream applications.

2.3 | Mouse bone marrow Lineage-negative cells
(Lin�) sorting for 3D culture in methylcellulose
hydrogel

Mk differentiation in liquid or 3D hydrogel culture was performed as

described.35 Briefly, cells recovered from femurs and tibias using the

mouse hematopoietic progenitor (Lin�) cell enrichment kit (Stem Cell

Technologies, cat# 19856) were encapsulated in 2% methylcellulose

(MC) gel (R&D systems, cat# HSC001) at room temperature at a concen-

tration of 1 � 106 cells/mL in the presence of TPO (50 ng/mL) (Stem Cell

Technologies, cat# 78210), hirudin (100 U/mL, Transgene) and 10% fetal

calf serum (FCS). After 4 days in culture, cells were recovered by gel dilu-

tion in phosphate-buffered saline (PBS), and mature Mks were isolated by

a bovine serum albumin (BSA) density gradient as previously described.36

2.4 | Isolation of Mks from mouse bone marrow
cultures

Mks derived from bone marrow cultures of either control or trans-

genic mice were isolated by a BSA density gradient.36 Briefly, a 1.5%°

w/v solution of BSA was layered onto 3% w/v solution of BSA dis-

solved in Dulbecco's phosphate-buffered saline (DPBS) in a conical

tube. Bone marrow cultures were suspended in serum-free media and

layered at top of the gradient. After 30 min, cells that settled at the

bottom of the tube were collected and rinsed twice with pre-warmed

37°C DPBS before the start of all downstream applications.

2.5 | Human Mk culture

Human cord blood (CB) was collected from the local CB bank follow-

ing healthy pregnancies and deliveries with the informed consent of

the parents. All samples were processed following the ethical commit-

tee of the Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS)

Policlinico San Matteo Foundation and the principles of the Helsinki

Declaration. Human peripheral blood samples were obtained from

healthy donor controls and patients with MPNs after informed con-

sent. CD34+ hematopoietic progenitor cells were separated by immu-

nomagnetic bead selection (Miltenyi Biotec, cat# 130-046-702) and

differentiated in Stem Span medium (STEMCELL Technologies Inc.

cat# 09650), as previously described.37

2.6 | Patients

This study was approved by the Foundation IRCCS Ca' Granda Ospe-

dale Maggiore Policlinico, Milan, Italy, and the Foundation IRCCS Poli-

clinico San Matteo, Pavia, Italy. The procedures followed were in

accordance with the Helsinki Declaration of 1975 (revised 2000). Sam-

ples were obtained after written informed consent. Diagnosis of MPN

was made according to the 2016 revision of the World Health Organi-

zation classification of myeloid neoplasms.20 Genetic mutations were

studied as previously described.38 Patient characteristics are given in

Tables S1, S2. For platelet RNA-seq, study approval was provided by

the Stanford University Institutional Review Board (#18329). We col-

lected blood from MPN patients enrolled in the Stanford University

and Stanford Cancer Institute Hematology Tissue Bank between

December 2017 and 2020 after written informed consent from

patients or their legally authorized representative. Eligibility criteria

included age ≥ 18 years and Stanford MPN clinic diagnosis of essential

thrombocythemia or myelofibrosis (defined using the consensus criteria

at the time of this study). For healthy controls, blood was collected

from adult donors selected at random from the Stanford Blood Center.

All donors were requested consent for genetic research. Together, our

platelet transcriptome data set39 comprised 87 human peripheral blood

samples as follows: healthy donor controls (n = 21) and World Health

Organization-defined MPN patients (24 ET and 42 MF) either

untreated, or on cytoreductives/biologics (e.g., ruxolitinib, hydroxyurea,

interferon-alpha), anti-thrombotic agents (e.g., aspirin, warfarin), or a

combination reflecting the real-life diversity among MPN patients.

2.7 | mRNA extraction, quantitative real-time
PCR, and in situ hybridization

BSA gradient-purified primary mouse Mks were lysed and homoge-

nized using QIAShredder columns (Qiagen, cat# 79656). For
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experiments where bone marrow cultures were derived from individ-

ual mice, the RNeasy micro kit (Qiagen, cat#74034) was used for RNA

extraction. The RNeasy mini kit (Qiagen, cat# 74034) was used for

mRNA isolation from bone marrow cultures obtained from pooled

samples. QuantiTect Reverse transcription reaction kit was used for

cDNA synthesis (Qiagen, cat # 205311). Quantitative Real-time

PCR was performed with the following TaqMan gene expression

primers and probes purchased from Applied Biosystems; Piezo1

(Applied Biosystems, cat# 4331192), Piezo2 (Applied Biosystems,

cat# 4331182), and 18s rRNA (Applied Biosystems, cat#

4319413E). Samples were run on an Applied biosystems Via7ii

(Thermo Fisher Scientific). Data was normalized to the housekeep-

ing gene 18S rRNA. For experiments conducted with bone marrow

that was cultured from individual mice the data was analyzed using

the ΔCT, and data from pooled cultures data was analyzed with the

ΔΔCT method.

Reverse transcription on human Mks was performed in a final

volume of a 20-μL reaction using the iScriptTM cDNA Synthesis Kit

(Bio-Rad, cat# 1708891) according to the manufacturer's instruc-

tions. Pre-designated KiCqStart™ primers for human PIEZO1 were

purchased from Sigma-Aldrich (cat# KSPQ12012G). Samples were

loaded on a 2% agarose gel containing ethidium bromide and visual-

ized with a ChemiDoc XRS Imaging System (Bio-Rad). Transcribed

samples were diluted up to three times with ddH2O and the

resulting cDNA was amplified in triplicate with 200 nM of each

primer and SsoFast EvaGreen Supermix (Bio-Rad, cat# 1725201).

The amplification was performed in a CFX real-time system

(Bio-Rad, USA).

In situ hybridization assay carried out on mouse Mks was per-

formed with the RNAscope technology (Bio-Techne) using a mix of

20 probes targeting the mus musculus Piezo1 mRNA (Bio-Techne cat#

400181).

2.8 | Flow cytometry assay

For analysis by flow cytometry, cells from mouse primary bone mar-

row cultures were collected on culture Day 4. Each sample was

rinsed twice with ice-cold PBS. All samples were assessed for viabil-

ity with live-dead staining using a 1:200 dilution of Aqua Zombie

(BioLegend, cat# 423102) and incubated for 15 min at room temper-

ature. To integrate the number of Mks present in each culture, sam-

ples were rinsed in ice-cold PBS then re-suspended in staining

buffer (PBS with 2 mM EDTA, 0.5% BSA) containing a 1:200 dilution

of phycoerythrin (PE) conjugated anti-CD41 antibody (eBioscience,

cat# 12-0411-83) and a 1:200 dilution of allophycocyanin (APC)

conjugated anti-CD42 antibody (Invitrogen, cat# 17042182). In

order to determine the expression of PIEZO1 on Mks, each sample

was first stained with a 1:100 dilution of anti-Piezo1 antibody

(Proteintech, cat# 15939-1-AP) for 1 h on ice followed by staining

with PE conjugated anti-mouse Ab (anti-rabbit Alexa flour 594 sec-

ondary) secondary antibody. Then samples were stained with a

1:200 dilution of APC conjugated anti-CD41 antibody. All samples

were run on a LSRII flow cytometer (BD Bioscience) and data was

collected using FACs Diva software and analyzed with FlowJo

version 10.

To analyze ploidy state of Mks from primary bone marrow cul-

tures, cells were collected on culture Day 4, rinsed in DPBS, and fixed

in ice-cold fresh 70% ethanol. Samples were stained for 15 min at

room temperate with a 1:200 dilution of FITC conjugated anti-CD41

antibody (BD Bioscience, cat# 553848). Samples were then rinsed

and resuspended in staining buffer. Just prior to analysis, propidium

iodide and RNase were added to each tube at a final concentration of

0.05 and 0.1 mg/mL, respectively. Samples were run on a LSRII flow

cytometer (BD Bioscience), data were collected using FACs Diva soft-

ware, and data were analyzed with FlowJo version 10.8.1 from BD

Biosciences. Events were gated around FITC CD41+ cells and then

analyzed for DNA content.

Human Mk maturation was analyzed using FITC anti-human

CD41 (Beckman Coulter, clone SZ22) and PE anti-human CD42b

(Beckman Coulter, clone SZ2). For human Mk ploidy, cells were fixed

overnight in ice-cold 70% ethanol at �20°C. Sample were incubated

in PBS with 100 μg/mL of RNAse and propidium iodide solution and

stained with 5 μL of FITC anti-human CD41. All samples were

acquired with a Beckman Coulter Navios flow cytometer. Non-stained

samples, FITC, and PE-isotype controls were used to set the correct

analytical gating. Off-line data analysis was performed using Beckman

Coulter Kaluza analysis software.

2.9 | Western blotting

Cord blood-derived human Mks were lysed for 30 min at 4°C in

HEPES-glycerol lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl,

10% glycerol, 1% Triton X-100 [Sigma Aldrich, cat# T9284], 1.5 mM

MgCl2, 1 mM EGTA) containing 1 μg/mL leupeptin (Sigma Aldrich,

cat# L2884) and 1 μg/mL aprotinin (Sigma Aldrich, cat# A1153). Sam-

ples were clarified by centrifugation at 15 700 � g at 4°C for 15 min.

Laemmli sample buffer was then added to supernatants. Samples were

heated at 95°C for 3 min, separated by electrophoresis on 3–8% Cri-

terion™ XT Tris-Acetate (Bio-Rad, cat# 3450129), and then trans-

ferred to polyvinylidene fluoride membranes (Bio-Rad, cat# 1620177).

Membranes were probed with primary antibodies, washed three times

with PBS (Sigma Aldrich, cat# P4417) and Tween 0.1% (Bio-Rad, cat#

1610781), and incubated with peroxidase-conjugate secondary anti-

bodies. Membranes were visualized using Immobilon western chemi-

luminescent horseradish peroxidase (HRP) substrate (Millipore, cat#

WBKLS0), images were acquired by UVITEC Alliance Mini HD9

(UVitec, U.K.), and the protein levels detected were quantified using

UVITEC NineAlliance 1D software.

Primary bone marrow Mks were isolated from bone marrow aspi-

rates derived from MPN patients by means of CD61 positive

immunomagnetic-bead selection (Miltenyi Biotec, cat# 130-051-101).

Mk purity was evaluated by CD42b staining and flow cytometry anal-

ysis. Samples with a Mk purity >85% were lysed. Mk lysates from

MPN patients were analyzed with an automated capillary-based

immunoassay platform (Wes, ProteinSimple), according to the manu-

facturer instructions. Briefly, Mk lysates were diluted to the required
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concentration with sample buffer, then prepared by adding master

mix containing 200 mM dithiothreitol, sample buffer, and fluorescent

standards (Standard Pack 1, cat# PS-ST01-8) and boiled for 5 min at

95°C. Wes 66–440 kDa prefilled microplates were used (cat# SM-

W008). Compass Software for Simple Western was used to analyze

results (version 3.1.7, ProteinSimple). Separation time was set to

25 min, stacking loading time to 15 s, and sample loading time to 9 s.

Primary antibodies were incubated for 30 min and the High Dynamic

Range (HDR) profile was used for detection. For each antibody, a lysate

dilution experiment was performed first to confirm the optimal dynamic

range of the corresponding protein on Wes. This was followed by an

antibody optimization experiment to compare a range of dilutions and

to select an antibody concentration that was close to saturation level

to allow a quantitative comparison of signals between samples.40

2.10 | Immunofluorescence

For immunofluorescence microscopy assays, mature human Mks

(1 � 105) were plated to adhere onto fibronectin-coated (Corning,

cat# 10526961) glass coverslips for the indicated time. For intracellu-

lar staining, adhering Mks were washed with PBS, fixed in 4% parafor-

maldehyde (PFA) for 20 min, permeabilized with 0.1% Triton X-100

for 5 min, and stained for immunofluorescence evaluation with anti-

PIEZO1 (Proteintech, cat# 15939-AP) and anti-β1-tubulin (Abcam,

cat# ab179511) as previously described.40 The coverslips were

mounted onto glass slides with ProLong Gold antifade reagent

(Invitrogen, cat# P10144). Images were acquired with a confocal

laser-scanning microscope Olympus FluoView FV10i (Olympus,

Tokyo, Japan).

F IGURE 1 PIEZO1 is expressed in mouse and human megakaryocytes (Mks). (A) RT-PCR analysis of Piezo1 gene expression performed on

mRNA from the mouse Mk culture. (B) PIEZO1 in situ hybridization showing its expression in fully mature MKs, revealed by red dots.
(C) Representative immuno-staining image (40�) of gradient-purified cultured Mks (see Section 2) derived from 12-week-old wild-type mice and
stained with anti-Piezo1, showing punctate peripheral staining in medium-size Mks, and diffused more dim staining in large ones. (D) RT-PCR
analysis of PIEZO1 gene expression in human Mks. (E) qRT-PCR analysis of PIEZO1 gene expression by human Mks during differentiation, n = 3.
(F–H) Western blot analysis of PIEZO1 protein expression by human Mks during differentiation, n = 3. (I) Immunofluorescence staining of
PIEZO1 protein (green) in human Mks. Nuclei were counterstained with HOECHST. Scale bar is 10 μm. Data are expressed as mean ± standard
deviation. *p < 0.05. [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 2 Legend on next page.
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2.11 | Mouse circulating platelet measurement

Mice were anesthetized with isoflurane and maintained at 38°C. The

tail extremity was cut (<0.5 mm) and a drop of 10 μL blood recovered

in EDTA anticoagulant (6 mM). Cell count was obtained using a veteri-

nary hematology counter (Element HT5—Scil veterinary excellence).

In some experiments, mice were injected i.p. with 150 mg/kg

5-fluorouracil (5-FU) and the kinetic of platelet loss and recovery

followed during the following 2 weeks.

2.12 | Human platelet isolation, library
preparation, and RNA sequencing

All blood samples were collected into acid citrate-dextrose (ACD,

3.2%) sterile tubes (Becton, Dickinson and Co.) and platelets were iso-

lated with an established protocol41–44 within 4 h of collection. For

RNA-sequencing (RNA-seq), 1 � 109 isolated platelets lysed in TRIzol

were processed to extract RNA (all integrity numbers > 7.0) and

library preparation. Twelve pooled samples with individual indices

were run on an Illumina HiSeq 4000 (Patterned flow cell with HiSeq

4000 SBS v3 chemistry, Illumina, Inc.) as 2 � 75 bp paired end

sequencing with a coverage target of 40 M reads/sample.

2.13 | Fabrication of 3D silk fibroin-based
scaffolds

Silk fibroin aqueous solution was obtained from Bombyx mori, as pre-

viously described.5 Dewormed cocoons were boiled in Na2CO3 solu-

tion, and the dried fibers were solubilized in LiBr to obtain 8% or 16%

w/v silk fibroin solutions. The solutions were mixed with Type A gela-

tin and sterile alginic acid in the presence of ions and glucose, at pH

7.4. The formulations were then mixed with human Mks and dis-

pensed into a well-plate by a BIO-X extrusion bioprinter (CELLINK).

The printing process was performed with cylindrical steel needles.

After deposition, the 3D scaffold has been cross-linked with CaCl2

and cultured in classic culture medium, as described above.

2.14 | Mechanical test

Mechanical tests were carried out in a universal testing machine at a

crosshead speed of 10% h0/min (h0 is the sample's thickness). A cylin-

drical flat-faced plunger with a diameter of 50 mm and a load cell of

10 N were used. Experiments were performed up to achieving a

deformation of 20% of h0 in each sample, respectively.

2.15 | Statistical analysis

The data are reported as the mean ± standard deviation from at least

three replicates from independent experiments or per individual

mice. A 2-tailed Student's t-test was used for comparisons between

two groups. For comparisons of 1 factor across multiple groups, one-

way ANOVA was performed followed by the post-hoc Tukey test.

Platelet transcriptomic data were library-size-corrected, variance-

stabilized, and log2-transformed using the R package DESeq2,45 and

normalized gene expression determined for PIEZO1. For down-

stream analyses comparing any two groups, a parametric two-tailed

unpaired student t-test was used. Summary statistics were used to

describe the study cohort and clinical variables were expressed as

the mean ± error of the mean or as a number and percentage (%).

GraphPad Prism 8 (GraphPad Software) was used for statistical anal-

ysis and graphing. Values of p < 0.05 were considered statistically

significant.

3 | RESULTS

3.1 | Mouse and human Mks express PIEZO1

Mouse Mks were tested for the expression of the mechanosensitive

cation channel PIEZO1. RT-PCR showed clear expression of PIEZO1

in cultured Mks (Figure 1A). Presence of PIEZO1 in individual mature

Mks was confirmed by in situ hybridization (Figure 1B) and further

validated at the protein level through immunostaining (Figure 1C). The

expression of PIEZO1 was also confirmed in in vitro-derived human

F IGURE 2 PIEZO1 activation impairs megakaryocyte maturation and proplatelet formation. (A) Mouse platelet count in DKO mice compared
to Pf4-Cre control mice; data are expressed as mean ± standard error of the mean (sem), n = 28 for Pf4-Cre control mice, 8 for DKO mice.
(B) Platelet kinetic recovery following 5-fluorouracil intraperitoneal administration at day 0 (150 mg/kg); data are expressed as mean ± sem, n = 8
mice. (C) Representative hematoxylin and eosin staining of bone marrow sections from Pf4-Cre and DKO mice. Scale bar is 200 μm. (D) Number

of Mks per square surface unit (5000 μm2) of bone marrow. Data are expressed as mean ± standard deviation (SD), n = 3. (E) Area of Mks
expressed in μm2. Data are expressed as mean ± SD, n = 3. (F, G) Percentages of CD41 + CD42- and CD41 + CD42+ mouse Mks on day 4 of
dimethyl sulfoxide (DMSO; vehicle) or 4 μM Yoda1-treated bone marrow cultures were determined by flow cytometry. Cells were derived from
8- to 16-week-old female C57BL/6J control mice. At least four experiments were performed, and three mice were used per group in each
experiment. Data are expressed as mean ± SD. (H, I) Representative ploidy profiles of Mks derived as in panels (F, G) and treated with vehicle
(DMSO) or 4 μM Yoda1 (see also Figure S2). (J–N) Human CB-derived CD34+ cells were differentiated to Mks in presence or not of 3 μM of the
PIEZO1 pharmacological agonist Yoda1. DMSO was used as vehicle control. Data are expressed as mean ± SD, n = 4 DMSO, and n = 4 Yoda1.
(J, K) Flow cytometry analysis of the early Mk marker CD41 and the late Mk marker CD42b at the end of the culture. (L) Flow cytometry analysis
of low ploidy (2–4 N) and high ploidy (8–64 N) CD41+ Mks. (M) Proplatelet formation assay. Mks extending proplatelets were counted and
expressed as the percentage of adhered Mks with or without proplatelet extensions. A minimum of 40 Mks per sample was analyzed.
(N) Representative image of Mks extending proplatelets. Scale bar is 100 μm. *p < 0.05; **p < 0.01. [Color figure can be viewed at
wileyonlinelibrary.com]
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F IGURE 3 Legend on next page.
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Mks, both at mRNA and protein levels (Figure 1D–I). Of note, the

expression of PIEZO1 decreases during Mk maturation (Figure 1E,H).

3.2 | PIEZO1 negatively controls platelet level and
proplatelet formation by impairing Mk maturation

To study the role of PIEZO1 in megakaryopoiesis, we generated mice

deleted of Piezo1 and Piezo2 genes in the Mk lineage (DKO mice)

(Figure S1) by cross-breeding floxed mice with mice expressing Cre

recombinase under the control of the Pf4 promoter.33 Although we

found the expression of mouse Piezo2 mRNA to be minute (hardly

detectable by qRT-PCR) compared to Piezo1 (data not shown), to mit-

igate a possible compensatory effect of Piezo2, we focused on DKO.

DKO mice presented a slightly though significantly increased number

of circulating platelets (Figure 2A). Under conditions of acute myeloa-

blation/myeloregeneration induced by 5-FU challenge, we observed

the persistence of a significantly higher number of circulating platelets

in DKO mice (Figure 2B), thus suggesting that activation of PIEZO

channels may restrain platelet production. Analysis of bone marrow

sections showed a slightly though not significantly increased number

of Mks, which appeared to increase in size in DKO mice, compared to

controls (Figure 2C–E).

To gain further insight into the role of PIEZO1 in the regulation

of megakaryopoiesis, we treated mouse bone marrow cells with the

PIEZO1 pharmacological agonist Yoda1, a small molecule which acts

as a gating modifier by specifically binding PIEZO1, and lowering the

mechanical threshold for its activation.15,46 Culturing mouse bone

marrow cells in presence of Yoda1 resulted in a significant increase in

CD41+CD42� cells (less mature Mks) and a tendency for a decrease

in the number of CD41+CD42+ cells (mature Mks) (Figure 2F,G).

There was also a significant shift to lower Mk ploidy upon PIEZO1

activation (Figure 2H,I and Figure S2).

The effect of PIEZO1 activation on Mk differentiation and func-

tion was also tested using human samples. The differentiation of

human cord-blood-derived CD34+ progenitors in presence of Yoda1

treatment resulted in a statistically significant reduction of Mk matu-

ration as demonstrated by the increase in the percentage of CD41+

Mks and a significant reduction in the percentage of more mature

CD42b+ Mks (Figure 2J,K), as also supported by a shift toward lower

Mk ploidy (Figure 2L). To evaluate the functional consequences of the

reduced Mk maturation, we studied proplatelet formation. Mks differ-

entiated in presence of Yoda1 showed a significant reduction in pro-

platelet formation (Figure 2M,N).

3.3 | PIEZO1 is upregulated in JAK2V617F

myelofibrotic mice and patients

Myelofibrosis is a pathological condition that strongly modifies the

mechanical properties of the bone marrow. We thus evaluated

PIEZO1 in JAK2V617F mice that reproduce the human pathology. Inter-

estingly, qRT-PCR as well as flow cytometric assay showed an

increased expression of PIEZO1 at mRNA and protein levels in Mks

derived from JAK2V617F mice, compared to matching controls

(Figure 3A,B). In this case too, activation with Yoda1 resulted in a sig-

nificant increase in CD41+CD42� cells and a decrease in the

number of CD41+CD42+ cells (mature Mks) (Figure 3C). PIEZO1 acti-

vation also led to a sharp shift to a low Mk ploidy level (Figure 3D–F).

Using the GsMTx4 inhibitor at different concentrations and up to

5 μM (to avoid cell death) tended to shift Mk number to mature ones,

but it was not statistically significant (data not shown).

The analysis of a large cohort of MPN patients demonstrated the

upregulation of PIEZO1 expression in platelets from PMF patients

compared to ET patients and healthy donor controls (Figure 3G). Fur-

thermore, PIEZO1 expression was higher in platelets isolated from

F IGURE 3 PIEZO1 expression is increased in a primary myelofibrosis (PMF) mouse model and in patients affected by JAK2V617F PMF. (A) Mk
Piezo1 mRNA was determined by qRT-PCR in isolated Mks from cultured bone marrow cells derived from 12- to 16-week-old male and female
JAK2V617F (n = 8) and matching controls (n = 9). Data are expressed as mean ± standard deviation (SD). (B) Piezo1 cell surface expression was
determined by staining bone marrow cultures derived from matching control and JAK2V617F male mice with CD41+ and Piezo1 antibody. Data
shown are the mean fluorescent intensity ± SD, n = 3. (C) Percentages of CD41 + CD42� and CD41 + CD42+ Mks on Day 4 of DMSO-
(vehicle) or 4 μM Yoda1-treated bone marrow cultures were determined by flow cytometry. Cells were derived from 8- to 16-week-old female or
male JAK2V617F mice. At least four experiments were performed, and three mice were used per group in each experiment. Data are expressed as
mean ± SD. (D, E) Representative ploidy profiles of Mks derived as in panels (C, D) and treated with vehicle (DMSO; left panel) or 4 μM Yoda
(right panel). (F) Quantification of the percentage of CD41+ mouse Mks with lower (2–4 N) and higher (>8 N) ploidy derived as in panels (C, D)
and treated with vehicle (DMSO) or 4 μM Yoda1. (G) PIEZO1-normalized platelet gene expression in healthy controls (HC), ET, and PMF patients.
(H) PIEZO1 normalized platelet gene expression in HC, early PMF (fibrosis grade 0–1), and overt PMF (fibrosis grade 2–3) patients. (I) Mks were
isolated from bone marrow aspirates derived from patients affected by ET and PMF. PIEZO1 protein expression was analyzed by quantitative
capillary-based electrophoresis with anti-PIEZO1 antibody. Anti-vinculin antibody was used for loading control. Representative data are shown as

blots. (J) Peak areas were quantified and expressed as the ratio of PIEZO1/vinculin. (K) Correlation (r) between PIEZO1 protein expression in
bone marrow Mks and peripheral blood platelet count. (L) qRT-PCR analysis of Piezo1 gene expression in mouse Mks grown in 3D gel compared
to liquid culture. Data are expressed as mean ± standard error of the mean normalized to liquid culture, n = 3. (M) Human Mks were cultured in
3D bone marrow-like tissues having different mechanical features. (N) Elastic modulus of fibroin silk-based 3D bone marrow-like tissues. Data are
expressed as mean ± SD, n = 4. (O) qRT-PCR analysis of PIEZO1 gene expression in human Mks cultured in the 3D bone marrow-like tissues
having different mechanical features. Data are expressed as mean ± SD, n = 3. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. [Color figure
can be viewed at wileyonlinelibrary.com]
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patients affected by overt PMF (fibrosis grade 2–3) compared to early

PMF (fibrosis grade 0–1) (Figure 3H).

Similarly, we measured PIEZO1 expression in Mks isolated from

bone marrow aspirates derived from MPN patients affected by PMF

or ET (Table S1). PIEZO1 expression was significantly higher in bone

marrow Mks isolated from patients affected by overt PMF compared

to early PMF and ET. (Figure 3I,J). Furthermore, the expression of

PIEZO1 in bone marrow Mks negatively correlated with peripheral

blood platelet count (Figure 3K), thus suggesting a role for PIEZO1 as

a negative regulator of platelet production.

To evaluate whether the typical alterations in the mechanical fea-

tures of the fibrotic bone marrow might be responsible for the

increased PIEZO1 expression,25 we cultured mouse and human Mks

in different 3D microenvironments (Figure 3L–O). First, we used an

in vitro model of 3D confinement by growing mouse Mks in a physical

hydrogel of MC and comparing them with Mks grown in liquid

F IGURE 4 PIEZO1 inhibition increases megakaryocyte (Mk) maturation and proplatelet formation of JAK2V617F primary myelofibrosis (PMF)
Mks. CD34+ progenitors derived from healthy controls (HC, n = 5) and patients affected by JAK2V617F primary myelofibrosis (PMF, n = 5) were

differentiated in Mks in presence or not of 5 μM of the PIEZO1 inhibitor GsMTx4. (A) Flow cytometry analysis of CD42b + Mks at the end of the
culture. (B) Flow cytometry analysis of the ploidy of CD41 + Mks. (C) Representative immunofluorescence images of HC and PMF Mks stained
with anti-β1-tubulin (green). Nuclei were counterstained with HOECHST. Scale bar is 20 μm. Where indicated, PMF Mks were differentiated in
the presence of 5 μM GsMTx4. (D) Proplatelet formation (PPF) assay. Mks extending proplatelets were counted and expressed as the percentage
of adhered Mks. A minimum of 40 Mks per sample was analyzed. (E) The proplatelet (PPT) area was calculated. (F) Representative phase contrast
and immunofluorescence microscopy images of proplatelet extending Mks. Scale bar is 100 μm. Data are expressed as mean ± SD *p < 0.05;
**p < 0.01. [Color figure can be viewed at wileyonlinelibrary.com]
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medium.4 We found Piezo1 to be overexpressed in the 3D culture

compared to classic liquid culture (Figure 3L). Then, we took advan-

tage of silk fibroin biomaterial to fabricate 3D bone marrow-like tis-

sues having different mechanical features (Figure 3M–O). Human Mks

grown into the stiff microenvironment demonstrated increased

expression of PIEZO1, when compared to the soft 3D matrix

(Figure 3O). This strongly suggested that the PIEZO1 overexpression

in overt PMF patients may result from alterations of marrow stiff-

ness/confinement.

3.4 | Rescue of some cellular hallmarks of PMF
in the presence of PIEZO1 inhibitor

We studied whether PIEZO1 inhibition in vitro might rescue the typ-

ical defects in maturation and proplatelet formation found in PMF

Mks.28–30 Mks were differentiated from CD34+ progenitors derived

from thrombocytopenic JAK2V617F overt PMF patients (Table S2)

and from healthy donor controls. A higher percentage of mature

CD42b+ Mks was obtained when PMF Mks were differentiated in

the presence of 5 μM GsMTx4, a PIEZO1 inhibitor acting as a gating

modifier47,48 (Figure 4A and Figure S3). The increase in Mk matura-

tion was further confirmed by ploidy analysis, showing a significant

increase in polyploid (≥8 N) Mks (Figure 4B,C and Figure S3). The

rise in Mk maturation was associated with an increase in proplatelet

formation (Figure 4D–F). We previously demonstrated that in vitro

cultured PMF Mks extend a reduced number of small proplatelet

when compared to healthy donor control-derived Mks.28 Differenti-

ation of PMF Mks in presence of GsMTx4 rescued both the percent-

age of proplatelet forming Mks and the branching area of

proplatelets to a level nearly comparable to healthy donor control-

derived Mks (Figure 4D–F).

4 | DISCUSSION

Recent studies highlighted the crucial role of the ECM mechanical

properties within the bone marrow microenvironment in various

aspects of Mk development, including lineage commitment, polyploi-

dization, and proplatelet formation.1,5,7,49 Overall, the differentiation,

maturation, and proplatelet formation are favored when Mks sense a

softer environment. However, the specific plasma membrane sensors

in Mks that mediate the effects of the ECM have yet to be fully eluci-

dated. In our study, we unveil the involvement of the mechanosensor

PIEZO1 in the regulation of Mk maturation and proplatelet biogenesis

under normal physiological conditions. Moreover, we observed ele-

vated expression levels of PIEZO1 in Mks derived from both mice and

patients affected by JAK2V617F PMF, a condition characterized by a

stiff ECM. This upregulation of PIEZO1 expression may contribute to

the pathological megakaryopoiesis observed in PMF and the reduced

platelet production observed in advanced stages of the disease. Dif-

ferent mutation types may determine the characteristics of the dis-

ease leading to alterations in Piezo1 expression. This aspect could be

explored further in the future, particularly in the context of various

MPN driver mutations. We observed that PIEZO1 is expressed early

in Mk development during normal megakaryopoiesis, but its expres-

sion decreases during terminal maturation. This suggests that PIEZO1

plays a specific physiological role in the early phases of Mk matura-

tion. Supporting this hypothesis, we found that pharmacological acti-

vation of PIEZO1 in Mk progenitors hampers Mk maturation and

polyploidization, and their ability to extend proplatelets. To further

confirm the involvement of PIEZO1 in the regulation of megakaryo-

poiesis and platelet production, we generated mice with a specific

deletion of Piezo1/2 in the megakaryocytic lineage. Our unpublished

preliminary studies showed that in normal Mk the expression of

mouse Piezo2 is at least 10-fold lower than that of Piezo1. Still, we

resorted to double knockout mice to exclude any potential compensa-

tory mechanism of Piezo2. In these mice, we observed an increase in

Mk size and peripheral blood platelet count both under basal condi-

tions and after 5-FU challenge. Taken together, our data indicates that

PIEZO1 acts as a brake on fully mature Mk differentiation in vitro and

proper platelet production in vitro and in vivo. Interestingly, this role

appears to be shared by both Mk and erythroid progenitors. A recent

study also showed a higher expression of PIEZO1 in early erythroid

progenitors followed by a decrease during terminal maturation. In

these cells, PIEZO1 activation by either chemical or gain-of-function

mutations delayed erythrocyte differentiation,11 similar to our obser-

vations in the Mk lineage.

Reduced Mk differentiation is a hallmark of PMF, a clonal hema-

tological neoplasia characterized by profound alterations of the bone

marrow microenvironment due to the progressive accumulation of a

stiff ECM constituted of reticulin and collagen fibers.25,50,51 These

atypical Mks and the ECM alterations are not found in the bone mar-

row of patients affected by ET, a MPN subtype characterized by high

platelet count.51 We observed elevated expression levels of PIEZO1

protein in Mks isolated from the bone marrow of both mice and

patients affected by JAK2V617F PMF. Furthermore, our analysis dem-

onstrated that PIEZO1 expression in Mks increases in advanced

fibrotic PMF patients (grade 2–3). These findings were further sup-

ported by analysis of the platelet transcriptome from a large cohort

of PMF patients, ET patients, and healthy controls. Our analysis con-

firmed that PIEZO1 protein expression is higher in PMF patients

compared to ET patients and healthy controls, and this higher

expression level is characteristic of advanced fibrotic PMF patients.

All these data suggested that PIEZO1 might play a role in the patho-

genesis of PMF and that the altered bone marrow mechanical prop-

erties might upregulate PIEZO1 expression. Accordingly, we tested

this contention using cultured cells, since previous studies demon-

strated that the typical defects of Mk maturation found in PMF

patients, including polyploidization and proplatelet formation, are

maintained in vitro.28,30 Our results demonstrated that PIEZO1 phar-

macological inhibition partially rescued the aberrant Mk phenotype

associated with PMF. This finding suggests that the inhibition of

PIEZO1 activity holds potential as a therapeutic strategy to mitigate

the pathological effects observed in Mk development in PMF

patients.
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The excessive accumulation of ECM in fibrotic microenvironment,

combined with increased matrix crosslinking by lysyl oxidase,24 inevita-

bly leads to deregulated mechanical properties, such as under stiff-

ness.52,53 In these scenarios, PIEZO1 has been shown to have a pivotal

role through a feed-forward circuit, where the stiffer microenvironment

upregulates the expression and activation of the channel, leading to

pro-fibrotic responses.54,55 Recently, higher bone marrow stiffness has

also been shown in JAK2V617F mouse model of PMF.25,26 Accordingly, a

suggested correlation between PIEZO1 expression and the mechanical

characteristics of the bone marrow in PMF is further supported by our

experiments using 3D in vitro models that mimic the stiffness of fibrotic

bone marrow, which resulted in increased PIEZO1 expression in cul-

tured Mks. In our ex-vivo culture systems, changes in ECM elicited by

cells bearing the JAK2V617F mutation, whether through augmented

release of Mk lysyl oxidase or fibronectin or inflammatory factors,40,56–59

are likely to contribute to differential responses of Mk Piezo activation

in the control versus mutated condition.

PIEZO1 is known to play a crucial role in transducing externally

applied forces at the plasma membrane, and aberrant mechanical micro-

environments might negatively affect cells through this channel.60–62 In

the present study, we found an inverse correlation between the expres-

sion level of PIEZO1 protein, measured in bone marrow Mks, and

peripheral blood platelet counts, suggesting that high expression of the

channel negatively impacts platelet biogenesis. In addition, the central

role of PIEZO1 as a driver of a mechanothrombotic pathway has been

demonstrated in different scenarios such as diabetes and hyperten-

sion.17,18 Future studies will determine whether the increased PIEZO1

expression observed in platelets from PMF patients might contribute to

increased thrombotic risk that is described in these patients.63,64

In conclusion, our study highlights the involvement of the

mechanosensor PIEZO1 in regulating Mk maturation and proplatelet

biogenesis. The upregulation of PIEZO1 in PMF suggests its potential

contribution to the aberrant megakaryopoiesis observed in this dis-

ease. These findings underscore the significance of ECM sensors in

modulating Mk function and platelet production, providing a founda-

tion for future investigations aimed at developing targeted therapies

for Mk and/or platelet disorders associated with altered mechanosen-

sing pathways.
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