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Key Points

• Mimicking 3D BM stiffness
improves MK maturation with
in situ–like morphology and
higher ploidy and proplatelet
formation.

• The myosin IIA and MKL1
pathways contribute to 3D
hydrogel medium-mediated
increased proplatelet
formation.

Megakaryocyte (MK) differentiation occurs within the bone marrow (BM), a complex

3-dimensional (3D) environment of low stiffness exerting local external constraints. To

evaluate the influence of the 3Dmechanical constraints that MKsmay encounter in vivo,

we differentiated mouse BM progenitors in methylcellulose (MC) hydrogels tuned to

mimic BM stiffness. We found that MKs grown in a medium of 30- to 60-Pa stiffness more

closely resembled those in the BM in terms of demarcation membrane system (DMS)

morphological aspect and exhibited higher ploidy levels, as comparedwith MKs in liquid

culture. Following resuspension in a liquid medium, MC-grown MKs displayed twice

as much proplatelet formation as cells grown in liquid culture. Thus, the MC gel, by

mimicking external constraints, appeared to positively influence MK differentiation. To

determine whether MKs adapt to extracellular stiffness through mechanotransduction

involving actomyosin-based modulation of the intracellular tension, myosin-deficient

(Myh92/2) progenitors were grown in MC gels. Absence of myosin resulted in abnormal

cell deformation and strongly decreased proplatelet formation, similarly to features

observed forMyh92/2MKsdifferentiated in situ but not in vitro.Moreover,megakaryoblastic leukemia 1 (MKL1), awell-knownactor in

mechanotransduction, was found to be preferentially relocated within the nucleus of MC-differentiated MKs, whereas its inhibition

prevented MC-mediated increased proplatelet formation. Altogether, these data show that a 3D medium mimicking BM stiffness

contributes, through the myosin IIA and MKL1 pathways, to a more favorable in vitro environment for MK differentiation, which

ultimately translates into increased proplatelet production. (Blood. 2016;128(16):2022-2032)

Introduction

Bone marrow (BM) is a highly cellular and dynamic tissue
composed mostly of hematopoietic cells at all stages of differen-
tiation, which are in constant renewal and undergo migration from
the stem cell niche to the vascular sinusoids. Some stromal cells
are also present, surrounded by a loose network of extracellular
matrices composed essentially of fibrillar proteins and glycosami-
noglycans, which form a physically elastic network to which cells
can adhere.1,2 Within this complex environment, megakaryocytes
(MKs) interact with other cells and protein matrices in a
3-dimensional (3D) configuration. They are exposed to a soft
elastic medium with a Young’s modulus estimated to lie between
15 and 300 Pa,3,4 well below that ofmuscle (�10 kPa) or even brain
(#1 kPa).5-7 The relationship between substrate stiffness and cell
differentiation has been studied in a number of cellular systems,
and it is now thought that substrate elasticity, by converting
mechanical inputs into intracellular signals, controls the develop-
ment of stem cell fates, including hematopoietic stem cells (HSCs),
during their proliferation and differentiation.3,8

MKs are formed from HSCs through a complex and well-
orchestrated process of differentiation and maturation. During this
process, progenitors undergo several rounds of endomitoses, acquiring
a large polyploid nucleus.9 In the late stages, the cytoplasm con-
siderably enlarges simultaneously with the development of a broad
network of intracellular membranes called demarcation membrane
system (DMS).10 These membranes organize to form an intertwined
tubular network that further flattens to form membrane sheets.11 In
the more mature stage III MKs observed in situ,12 DMS membranes
occupy most of the cytoplasm with the exception of perinuclear
and peripheral zones. On transmission electron microscopy (TEM)
sections, they appear to be closely apposed and delineate homogeneous
cytoplasmic areas, initially called “platelet territories” because they
were thought to be the preformed future platelets.13-16 It is now
considered that platelets are not preformed within MKs, but that DMS
membranes serve as a reservoir for themembrane of the future platelets.
Platelets are produced at the end of proplatelets, long cytoplasmic
protrusions of the MK, projected through the endothelial sinusoid
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barrier.17,18 It is thought that the proplatelets then further remodel and
release platelets into the blood circulation. However, recent findings
have also revealed an alternative process without extension of long
protrusions19,20

We previously reported that in absence of myosin IIA, MKs
paradoxically displayed either decreased or increased proplatelet
formation, depending on whether they were differentiated in situ or
in vitro, respectively.21,22 This finding suggested that the in situ en-
vironment where MKs differentiate contributes in some way to the
finalplatelet productionprocess throughmodulationof the actomyosin
cytoskeleton, possibly through adaptation of cells to the environmen-
tal physical constraints. We thus hypothesized that mimicking in
vitro these mechanical constraints, which the progenitors encounter in
situ, could improve in vitro MK differentiation and maturation, with
consequences for platelet formation. Tomimic both the 3D aspect and
the physical constraints, we used a 3D culture system based on a
methylcellulose (MC) hydrogel known to be compatible with the
development of colony-forming unit–MK.23 We show here that in an
MC gel with a defined stiffness in the range of that of the BM, MKs
reach a higher ploidy than in liquid 2-dimensional culture and exhibit a
DMS that more closely resembles that observed in vivo. Furthermore,
MKsgrown inMCgel have an increased capacity to formproplatelets.
We propose that the external mechanical constraints activate the cel-
lular mechanotransduction machinery and show that both myosin IIA
and megakaryoblastic leukemia 1 (MKL1) contribute to this MC-
mediated increased proplatelet formation.

Materials and methods

Materials

Materials are described in the supplemental Methods section, available on the
BloodWeb site.

Mice

All mice had a C57BL/6 background and were 2 to 4 months old. Wild-type
(WT) mice were purchased from Charles River (L’Arbresle, France).The floxed
Myh9 strain was crossed with PF4-Cre mice24 to obtain animals with deletion of
the Myh9 exon 1 (Myh92/2 mice) in the megakaryocytic lineage, as described
previously.25

Culture of mouse BM Lin2 progenitor cells

Mouse BM Lin2 cells (referred to as Lin2 cells) were cultured as described
previously26 (see supplementalMethods). In some experiments, E13.5-14.5 fetal
Lin2 cells were also assayed. For culture in MC gels, cells were encapsulated in
the gel at room temperature. In some cultures, the MKL1 inhibitor CCG-1423
(10 mM) was added to the medium at the time of encapsulation and after
resuspension of the cells on day 3.

In vitro proplatelet formation

Cells were recovered from the gels after 3 days of culture by dilution of the MC
gel and resuspension in complete liquid medium, and the proportion of MK
forming proplatelets was determined at various time points (see supplemental
Methods).

Rheological measurements

The mechanical properties of MC hydrogels were deduced by measurement of
the complex shear modulus using a Haake, Mars III stress-controlled rheometer
in the oscillatory mode (see supplemental Methods).

TEM

Cells were fixed in 2.5% glutaraldehyde directly in the culture wells to prevent
morphological changes due to cell resuspension and processed for TEM (see
supplemental Methods). To directly observe in situ MKs, BMs were flushed
either directly in 2.5% glutaraldehyde or in collagenase (3 mg/mL) for isolation
of the cells and resuspension before fixation (see supplemental Methods).

Confocal microscopy

On day 3 of culture, cells were fixed in 4% paraformaldehyde directly in gels.
Following gel dilution and centrifugation, cells were cytospun and processed
for immunolabeling. Plateletlike fragments were recovered and processed
for analysis (see supplemental Methods). All confocal images were acquired in
the equatorial plane. Fluorescence was quantified using ImageJ software as
described by Burgess et al.27 The circularity or shape factor was analyzed using
ImageJ software, according to Khatau et al.28

Flow cytometry

The ploidy level was determined using propidium iodide22 and analyzed using a
BD LSRFortessa X20 flow cytometer and BD FacsDiva software (Becton
Dickinson, Le Pont-de-Claix, France).

Results

Normal MK maturation requires the BM environment

Differentiation of HSCs in vitro has become an essential tool in the
study of MK biology since the identification of thrombopoietin.
However, when examining the ultrastructure of mouseMKs following
Lin2 cell differentiation in liquid culture, major differences can be
observed as compared with cells differentiated in their native
environment (Figure 1). The most noticeable difference involves the
DMS. In most cells, the membranes have the appearance of small
round, oval, or elongated vesicleswithout delimitation of cytoplasmic
territories (Figure 1 lower right). Whether this is due to abnormal or
incomplete maturation is unclear, but 1 likely explanation is that it
results from the absence of the BM environment. One component of
this environment is the presence of surrounding local external
mechanical forces. We therefore reasoned that growing progenitors
in a 3D medium presenting a stiffness close to that of the BM could
have an impact on MK maturation.

Mechanical characterization of MC hydrogels

MCwas chosen to encapsulate Lin2 cells because it has long been used
in clonogenic assays and for this reason is known to be compatiblewith
hematopoietic progenitor growth. The results of shear measurements
performed on aqueous MC solutions at various concentrations after
annealing for 72 hours at 37°C are shown in Figure 2A. At a con-
centration of 0.8%, the elastic part G9 and the viscous part G0 of the
shear modulus exhibit the low-frequency terminal response character-
istic of a liquid state given by G9 ; f 2 and G0 ; f, where f is the
frequency. At a concentration of 1.3%, classically used for clonogenic
assays, the behavior of the G9 and G0 parts of the modulus corresponds
to the response of a solution with aggregates. In contrast, at con-
centrations of 2% and 2.5%, the elastic contribution dominates the
viscous contribution and displays an elastic plateau at low frequency,
characteristic of the gelled state. As expected for MC hydrogels,
extending the annealing time increases the stiffness of the network,
as shown by the evolution of the G9 values.

At 2%MC,G9 lay in the range 10 to 20Pa after an annealing time of
72 hours (Figure 2B). An increase in MC concentration of only 0.5%
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led to a strong increase in the stiffness of the hydrogel (10-fold, G9 of
100-200 Pa). Assuming a Poisson’s ratio n of 0.5, these G9 values
correspond toYoung’smodulus values in the ranges 30 to60 and300 to
600 Pa at 2% and 2.5%MC, respectively, and are of the same order as
those reported for BM (Emarrow5 15-300 Pa).3,4 Thus, hydrogels with
MC concentration of 2% or 2.5% were further tested as a 3D medium
for MK differentiation.

In situ–like morphology of the DMS is dependent on

medium stiffness

On day 0, Lin2 progenitors were either seeded in liquid medium or
encapsulated in 2% or 2.5% MC. After 3 to 5 days, a similar viability
and number of MKs was observed in liquid cultures and 2% MC, but
the number of MKs was decreased 4-fold in 2.5% MC (supplemen-
tal Figure 1A-B). DMS amount was evaluated using anti-GPIbb
immunolabeling and fluorescence microscopy.11 MKs with distinct
amount and morphology of the DMS were classified according to
the presence of a mainly peripheral DMS that does not delineate
cytoplasmic territories (class 1), a cytoplasm filled with a DMS pre-
senting cytoplasmic territories resembling that of in situ mature type III
MKs (class 3) and class 2 cells, intermediate between classes 1 and 3
(Figure 3A). Increasing theMC concentration from 0.8% to 2%did not
significantly modify the size of MKs (Figure 3B lower left). However,
it shifted the development of the DMS toward the class 2 to 3, thus
promoting an in situ–like morphology (Figure 3B lower right). In
addition, the amount of DMS estimated from the GPIbb immunoflu-
orescence intensity was significantly increased in 2% MC gels as

comparedwith liquid cultures (Figure 3C). To examinewhether the 3D
confinement was absolutely required in addition to the stiffness of the
substrate, we grew cells on top of 2%MCgels.Under these conditions,
MKs adopted the morphology of liquid-grown cells, with a majority
of class 1 MKs (supplemental Figure 2). Thus, the 3D environment, in
addition to an MC concentration of 2%, appeared to confer optimal
stiffness, and increasing the rigidity 10-fold (2.5% MC) significantly
decreased MK size (Figure 3B) and DMS development.

A more precise insight into DMS aspect was obtained by TEM
analyses. Contrary to that of cells in liquid culture, the DMS of class 3
MKs grown in 2% MC, delimiting cytoplasmic territories, had
membranes that were closely apposed, as in MKs in situ (Figure 4A).
In contrast, cells differentiated in 2.5% MC appeared to be mostly
immature and contained very small amounts of DMS, in accordance
with their smaller size (supplemental Figure 3). To determine whether
our observations could be generalized to embryonic progenitors, we
differentiated Lin2 cells from fetal liver. Similarly to adult progenitors,
MKs fromembryonic progenitors differentiated in anMCgel exhibited
DMSmembranes closely apposed that also may delineate cytoplasmic
territories, again contrary to MKs grown in liquid medium (supple-
mental Figure S4A). Thus, growing cells in a soft 3D MC hydrogel
with a low stiffness similar to that of BM favored the appearance of
a nativelike morphology of the DMS of MKs from both adult or
embryonic origin.

To determine howMKs behave when local external constraints are
relieved, cells grown inMCgel were resuspended in liquidmedium for
2 hours before fixation for TEM. Interestingly, we found that the DMS
membranes were remodeled and acquired a structure resembling that

5 μμm

In situ

In vitro

Figure 1. Different ultrastructures of mature MKs

differentiated in situ or in vitro. Electron microscopy

images of WT murine MKs differentiated in the BM (in

situ, upper panel) or in liquid culture in vitro (lower

panel). The images of whole cells (left) and close-up

views (right) are representative of at least 4 different

mouse BM samples (in situ) and 10 different liquid

cultures.
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observed when MKs were continuously grown in liquid medium
(Figure 4B, compare with Figures 1 and 4A). In particular, the DMS
was mostly forming vacuoles or vesicles; its flattened aspect had
disappeared, and it no longer delimited cytoplasmic territories. These
surprising observations suggested that the DMS is highly dynamic
and can rapidly remodel.

Interestingly, this was also the case when native MKs directly
harvested from BM were resuspended in liquid medium for 2 hours.
Remarkably, these cells lost the DMS morphology typical of in situ
stage III MKs (see Figure 1 upper panel) and the DMS similarly
adopted a vacuolated and noncontinuous aspect (Figure 4C). Con-
versely, we asked whether MKs grown in liquid medium would adopt
an in situ–like morphology upon inclusion in MC gel. After 3 days of
liquid culture followed by cell encapsulation for 4 or 24 hours, we
observed a trend toward increased class 2 and 3 morphologies com-
pared with liquid culture (supplemental Figure 5).

Altogether, these results indicate that the morphology of the
DMS depends on the mechanical constraints of the environmental
medium.

Culture in MC hydrogels improves MK differentiation and

proplatelet formation

We next examined whether the progenitor culture in MC gel led to an
overall increase in MK differentiation. The integrin aIIbb3, GPIbb,
and GPV markers increased upon differentiation but had a similar
expression pattern between liquid and MC cultures (Figure 5A). The
ploidy ofMKs.4Nwas overall increased in cells cultured inMCgels,
with a significant lower amount of 16 N and a higher amount of 64 and
128 N (Figure 5B).

We then looked at the capacity of MC-grown MKs to form
proplatelets. As they do not extend proplatelets within the gel, this
property was analyzed after resuspension of the cells in liquidmedium.
Proplatelet formation began 4 hours following resuspension and
gradually increased (Figure 5C). MC-grown MKs extended more
proplatelets than liquid-grownMKs as early as 10 hours and reached
42.2% after 24 hours compared with 22.6% for liquid-grown MKs
(P, .05) (Figure 5C). A similar difference was also observed when
fetal liver Lin2 cells were similarly processed (33.6 vs 63.5% MKs
formingproplatelet for liquidvsMCculture after 24hour resuspension)
(supplemental Figure 4B).

The proplatelets, observed by light microscopy, adopted a similar
morphology whether cells had been previously differentiated in liquid
or MC medium, with thin shafts, branchings, and proplatelet buds at
their extremities (Figure 5D). Following pipetting to release plateletlike
elements, we observed the presence of barbell platelets as well as
discoid platelets exhibiting a marginal band, and able to become
activated and fully spread upon adhesion to fibrinogen (supplemental
Figure 6). Overall, these data indicate that growing hematopoietic
progenitors in an MC gel of low stiffness modifies the way MKs dif-
ferentiate with positive consequences in proplatelet formation.

The MC-mediated increase in proplatelet formation depends on

myosin IIA

Cells adapt to extracellular stiffness by regulating their intracellu-
lar tension in response to mechanotransduction signals, possibly
through modulation of actomyosin contractility. To determine
whether myosin was involved, we first looked at myosin IIA
distribution within cells. As shown in Figure 6A, myosin
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Figure 2. Viscoelastic properties of MC. (A) Fre-

quency sweep at 37°C for MC at different concentra-

tions (0.8% to 2.5%). Curves are representative of 3
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appeared mostly localized at the cell cortex in all the MKs grown
in liquid medium. By contrast, the cortical myosin IIA distribu-
tion became discontinuous in MC-grown MKs, and some myosin
patches appeared within the cytoplasm. In addition, quantification
of myosin labeling showed a slight but significant increase when
MKs were grown in MC gel (mean 6 standard error of the mean
[SEM]: 54 212 6 2505 a.u. for MKs differentiated in MC vs
46 595 6 2271 for MKs in liquid, P , 0.05). These data clearly
pointed to a role of myosin IIA in cell adaptation to the
extracellular medium, which we next investigated using myosin-
deficient progenitors (Myh92/2). The absence of myosin had no
significant impact on MC-mediated DMS aspect as observed by
confocal microscopy, and the classification of DMS morphology
was similar in Myh92/2 and WT cultures (Figure 6B). However,
we found that Myh92/2 MKs grown in MC gel adopted an
abnormal, noncircular morphology. TEM analyses after glutaral-
dehyde fixation to better preserve the cell shape showed cells
having extensions or constricted areas. This morphology was
never observed in the WT and was reminiscent of the “leaky”MK
morphology present in situ in Myh92/2 BM (Figure 6C).22 The

cell shape index was calculated as a measure of circularity and
was found to be decreased by 33% in Myh92/2 MKs grown in an
MC hydrogel, reproducing the in situ picture (Figure 6C). By
contrast, MKs grown in a liquid medium displayed almost perfect
circularity whatever the genotype (Figure 6C and supplemental
Figure 7). Interestingly, Myh92/2 cells differentiated in liquid
medium were also ultrastructurally very close to their WT
counterparts (supplemental Figure 7). Altogether, these findings
point to the involvement of myosin IIA in the mechanism of MK
adaptation to medium stiffness.

Strikingly, we observed that the absence of myosin IIA
abolished the increase in proplatelet formation observed in MKs
grown in MC gels and even decreased proplatelet production,
whereas it had no impact on cells in liquid culture (Figure 6D).
These features are reminiscent of the previously described
paradoxical phenotype of Myh92/2 mice.22,29 Therefore, these
data show that myosin IIA appeared to be dispensable for
proplatelet formation in liquid culture. By contrast, the 3D MC
medium re-creates some in vivo conditions that allow the recovery
of the in situ Myh92/2 impaired phenotype.
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MC-mediated increased proplatelet formation is promoted by

nuclear accumulation of MKL1

Among the effectors involved in mechanotransduction machinery,
MKL1 appeared to be a likely candidate as a transducer of
environmental stiffness30-32 and is likewise implicated in megakar-
yocytic differentiation.33-35 In response to an increase in cell rigidity
and tension created by the surrounding substrate, MKL1 is known to
shuttle from the cytoplasm to the nucleus, where it accumulates.33-36

MKL1 immunolabeling revealed an increased accumulation within
the nucleus in MKs differentiated in an MC gel as compared with
liquid culture (Figure 7A), with a 33% gain in the ratio of nuclear to
cytoplasmic fluorescence (Figure 7B).

To examine the functional importance of this MKL1 nuclear
translocation, MKs were differentiated in the presence of a specific
small molecule inhibitor of MKL1, CCG-1423.35,37 CCG-1423 had
only a minor impact on the class distribution according to DMS
morphology (Figure7C).However, althoughCCG-1423hadno impact
on proplatelet formation in liquid cultures, suggesting that under our
liquidculture conditions,MKL1does not play amajor role (Figure 7D),
it totally abolishedMC-mediated increasedproplatelet production.This
observation suggests that the MKL1 nuclear relocation occurring
during MK differentiation in a 2% MC medium has a functional

significance and contributes to the subsequent increase in proplatelet
formation, as compared with MKs differentiated in a liquid medium.

Discussion

BM is a cohesive tissue forming a complex microenvironment con-
sisting of cells and extracellular matrices organized in 3D.38 Because
hematopoietic cells undergoconstant renewal andmigration to theblood
vessels, contact and adhesion generating interactions and forces bet-
ween adjacent cells and the matrix are unavoidable. In this work, we
investigated simultaneously the impact of the 3D aspect and that of
medium stiffness to mimic BM constraints. We showed that growing
cells in a simple 3D hydrogel was sufficient to significantly improve
MKdifferentiation in comparisonwith liquid cultures, as evidencedby a
higher cell ploidy and modification of their ultrastructure to approach
that ofmatureMKs in situ.Ultimately, differentiation inMCgel led toan
increase in the number of MKs forming proplatelets.

A number of studies have already reported a role of substrate
elasticity in enhancing hematopoietic progenitor/stem cell viability
and expansion, which suggests that these cells can sense and react
to the physical signals provided by the environment.3,39-41 Recently,

In situ liquid 2% MC 

2 μm

A

B

C

5 μm

5 μm

Figure 4. DMSmorphology depends on the stiffness

of the medium. (A) Electron microscopy images of

stage III BM MKs (in situ) or MKs differentiated for

3 days in liquid or 2% MC cultures (class 3). Scale

bar5 2 mm. Images are representative of at least 4 mice

(in situ) or 10 cultures. (B) Left, electron microscopy

image of an MK differentiated for 3 days in 2% MC and

resuspended in a liquid medium for 2 hours before

fixation (representative of 3 independent experiments

with .90 MKs examined). Right, close-up view of the

cytoplasm of the MK. (C) Left, electron microscopy

image of an MK from BM after dissociation and

resuspension for 2 hours in a liquid medium (represen-

tative of 3 independent experiments with .90 MKs

examined). Right, close-up view of the cytoplasm of

the MK.
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Di Buduo et al found that a low stiffness supported higher proplatelet
formation.42 However, these results were obtained after adhesion of
MKs to silk having a stiffness inMPa range, far exceeding that of BM.
A study by the group of Discher using a more physiological stiffness
range showed that collagen I on soft gels promoted higher ploidy and
proplatelets.43 In our study, the gel formulation was tuned to mimic the
mechanical characteristics ofBM,whose stiffnesshasbeenestimated to
range from15 to300Pa.3,4Relatively small incremental changes inMC
concentration (from2% to 2.5%) increased the elasticmodulus 10-fold.
We found that the softer gel (2%, 30-60 Pa) was the optimal substrate
for MK differentiation, DMS development, and proplatelet formation.
The dramatic difference in MK culture between 2% and 2.5% MC
would point to a role of mechanical forces, although we cannot totally
rule out an impact of interaction with matrix proteins as our medium
contains serum which can provide fibrin, von Willebrand factor, and
fibronectin. In addition, the observations that the DMS morphology
can switch from in situ–like to liquidlike morphology, or conversely,
depending on the external medium, clearly argue for a component of
the matrix stiffness. Our data suggest that differentiation/maturation
is favored when MKs are in a softer environment, like those they
may encounter around sinusoid vessels, unlike the stiffer environments
encountered by cells closer to the endosteum. These observations are in
agreement with Malara et al,44 who showed the presence in situ of a

gradient of maturing MKs, based on their size, from the endosteal niche
(supposedlymore rigid) to vascular compartments (supposedly less rigid).

The mechanisms through which environmental elasticity promotes
a higher amount of DMS with in situ–like morphology remain to be
established. DMS formation is initiated by plasma membrane in-
vagination and fueled by Golgi complex– and endoplasmic reticulum–
mediated lipid transfer.10,11,45 How this membrane network is organized
and its structure ismaintainedwithin thecytoplasm is still not clear.Arole
of F-actin meshwork, assembled through the WASP-WAVE path-
way at its cytoplasmic face, has been proposed.45 Inactivation of genes
related to actin dynamics during the maturation process leads to DMS
abnormalities, as likewise freeing the filamin A–mediated membrane-
to-cytoskeleton link.46-50 Moreover, ex vivo incubation of BM with
cytochalasin D or latrunculin A results in strong vacuolization of the
DMS (F.P. and C.L., unpublished data), again suggesting a key role of
F-actin inmaintenance of themembrane structure once it has developed.
Spectrin, which forms a lattice underlying the DMS, also plays an
important part as a cytoskeletal support for DMS development.48 It is
possible that the external forces exerted by theMCgel have an impact on
interactions between F-actin, spectrin, and the DMS membranes, which
are rapidly modified upon cell resuspension. Interestingly, we showed
that MC-mediated in situ–like DMS morphology is independent of
myosin IIA and MKL1, pointing to a role of other mechanosensing
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elements such as microtubules or mechanosensitive channels, which
could also be linked to actin dynamics.51,52

Importantly, our data showing that both myosin and MKL1 con-
tribute to MC-mediated increased proplatelet formation but not to DMS
morphology would suggest that DMS intracellular organization and the
initiation of proplatelet extension are not directly related and could be
uncoupled. This finding is in agreement with observations that in liquid
culture, where theDMSdoes not adopt its in situ configuration,MKs are
still able to extend proplatelets. Furthermore, the DMS appears to be
highlydynamic,andourfinding that it reorganizesuponcell resuspension
raises the hypothesis that this type of membrane rearrangement is a
normal step before proplatelet extension, when the stiffness of the
medium decreases. Such conditions could be present when MKs reach
the sinusoid vessels, and above all when a cytoplasmic protrusion comes
into contact with the liquid environment of the blood. Whether this
membrane rearrangement involves the physical separation of the DMS
from the plasma membrane is unclear.53

It was shown a few years ago that the absence of myosin negatively
affects thedifferentiationprocess and consequent proplatelet formation,
provided that differentiation occurs in situ, where myosin is required
to counteract unavoidable mechanical constraints.22 Here we show
that myosin-deficient progenitors grown in an MC gel recover some
features onlyobserved in situ, especially a strongdecrease in proplatelet

formation and their abnormal morphology.21,22 In situ, myosin is
required duringMKmaturation to counterbalance external local forces
exerted by surrounding migrating cells. In MC gels, hydrophilic and
hydrophobic interactions promote physical crosslinks with a finite
lifetime. These crosslinks are transient in nature and heterogeneously
distributed.54,55 Somehow similarly to the in situ BM, myosin is likely
required to counterbalance and remodel the constraints generated by
these crosslinks. In accordance with this idea, we observed that myosin
IIA was distributed at the periphery but also within the cytoplasm of
MKs grown in MC gels, like in situ, contrary to liquid culture
(Figure6A). It appears that in liquid culturewithno stiffness,myosin IIA
is dispensable for late maturation because no gross morphological
differences are observed as compared with the WT, with no negative
repercussions in termsof proplatelet formation. Furthermore, decreasing
the RhoA/Rho kinase/myosin pathway in fully mature MKs favors
proplatelet extension21,56-58 probably by releasing cortical tension.43,59

Among the mechanotransduction pathways recognized to date,
MKL1 is well known to play a role in response to increasing substrate
stiffness by regulating the transcription of a number of cytoskeletal
genes.32,60 MKL1 nuclear relocation is also involved in MK differenti-
ation.35We showed that theMCgel promotes a greater amount ofMKL1
nuclear translocation as comparedwith liquid conditions.Ourfinding that
CCG-1423 inhibits proplatelet formation only whenMKs are grown
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in an MC gel supports the hypothesis that MKL1 is relocated to the
nucleus in response to the gel stiffness, where it will promote
proplatelet formation. Although we have not investigated the
sequence of events involved here, our data are in accordance with
previous observations that MKL1 knockdown or inactivation
decreases proplatelet and platelet formation,34,61 whereas MKL1
overexpression increases MK differentiation.33

In conclusion, we show in this work that re-creating 3D physical
constraints like those progenitor cells may encounter in BM improves
in vitro MK differentiation and proplatelet formation, in part through
adaptations involving myosin IIA and MKL1. Thus, hydrogel-based
3D culture represents a more relevant system than liquid culture for the
study of cell behavior during MK differentiation. Extended to human
CD341 cells, it could be an alternative way to evaluate samples from
patients with abnormal platelet biogenesis related to unrecognized
cytoskeletal alterations.
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Université de Strasbourg, Etablissement Français du Sang, 10,
Rue Spielmann, B.P. N°36, 67065 Strasbourg Cedex, France;
e-mail: catherine.leon@efs.sante.fr.

References

1. Long MW, Briddell R, Walter AW, Bruno E,
Hoffman R. Human hematopoietic stem cell
adherence to cytokines and matrix molecules.
J Clin Invest. 1992;90(1):251-255.

2. Currao M, Malara A, Di Buduo CA, Abbonante V,
Tozzi L, Balduini A. Hyaluronan based hydrogels
provide an improved model to study
megakaryocyte-matrix interactions. Exp Cell
Res. 2016;346(1):1-8.

3. Choi JS, Harley BA. The combined influence
of substrate elasticity and ligand density on
the viability and biophysical properties of
hematopoietic stem and progenitor cells.
Biomaterials. 2012;33(18):4460-4468.

4. Shin JW, Buxboim A, Spinler KR, et al. Contractile
forces sustain and polarize hematopoiesis from
stem and progenitor cells. Cell Stem Cell. 2014;
14(1):81-93.

5. Discher DE, Mooney DJ, Zandstra PW. Growth
factors, matrices, and forces combine and control
stem cells. Science. 2009;324(5935):1673-1677.

6. Shen Y, Nilsson SK. Bone, microenvironment and
hematopoiesis. Curr Opin Hematol. 2012;19(4):
250-255.

7. Shin JW, Swift J, Ivanovska I, Spinler KR,
Buxboim A, Discher DE. Mechanobiology of bone
marrow stem cells: from myosin-II forces to
compliance of matrix and nucleus in cell forms
and fates. Differentiation. 2013;86(3):77-86.

8. Engler AJ, Sen S, Sweeney HL, Discher DE.
Matrix elasticity directs stem cell lineage
specification. Cell. 2006;126(4):677-689.

9. Trakala M, Rodrı́guez-Acebes S, Maroto M, et al.
Functional reprogramming of polyploidization in
megakaryocytes. Dev Cell. 2015;32(2):155-167.

10. Mahaut-Smith MP, Thomas D, Higham AB, et al.
Properties of the demarcation membrane system
in living rat megakaryocytes. Biophys J. 2003;
84(4):2646-2654.

11. Eckly A, Heijnen H, Pertuy F, et al. Biogenesis
of the demarcation membrane system (DMS) in
megakaryocytes. Blood. 2014;123(6):921-930.

12. Zucker-Franklin D. Megakaryocytes and platelets.
In: Zucker-Franklin D, Grossi CE, eds. Atlas

of blood cells, vol. 2. Milan: edi.ermes; 2003:
788–791.

13. Yamada E. The fine structure of the
megakaryocyte in the mouse spleen. Acta Anat
(Basel). 1957;29(3):267-290.

14. Tavassoli M. Megakaryocyte–platelet axis and the
process of platelet formation and release. Blood.
1980;55(4):537-545.

15. Zucker-Franklin D, Kaushansky K. Effect
of thrombopoietin on the development of
megakaryocytes and platelets: an ultrastructural
analysis. Blood. 1996;88(5):1632-1638.

16. Ru YX, Zhao SX, Dong SX, Yang YQ, Eyden B.
On the maturation of megakaryocytes: a review
with original observations on human in vivo cells
emphasizing morphology and ultrastructure.
Ultrastruct Pathol. 2015;39(2):79-87.

17. Junt T, Schulze H, Chen Z, et al. Dynamic
visualization of thrombopoiesis within bone
marrow. Science. 2007;317(5845):1767-1770.

18. Italiano JE Jr. Unraveling mechanisms that control
platelet production. Semin Thromb Hemost. 2013;
39(1):15-24.

19. Pertuy F, Eckly A, Weber J, et al. Myosin IIA
is critical for organelle distribution and F-actin
organization in megakaryocytes and platelets.
Blood. 2014;123(8):1261-1269.

20. Nishimura S, Nagasaki M, Kunishima S, et al.
IL-1a induces thrombopoiesis through
megakaryocyte rupture in response to acute
platelet needs. J Cell Biol. 2015;209(3):453-466.

21. Eckly A, Rinckel JY, Laeuffer P, et al. Proplatelet
formation deficit and megakaryocyte death
contribute to thrombocytopenia in Myh9 knockout
mice. J Thromb Haemost. 2010;8(10):2243-2251.

22. Eckly A, Strassel C, Freund M, et al. Abnormal
megakaryocyte morphology and proplatelet
formation in mice with megakaryocyte-restricted
MYH9 inactivation. Blood. 2009;113(14):
3182-3189.

23. Hara H, Ogawa M. Murine hemopoietic colonies in
culture containing normoblasts, macrophages,
and megakaryocytes. Am J Hematol. 1978;4(1):
23-34.

24. Tiedt R, Schomber T, Hao-Shen H, Skoda RC.
Pf4-Cre transgenic mice allow the generation of
lineage-restricted gene knockouts for studying
megakaryocyte and platelet function in vivo.
Blood. 2007;109(4):1503-1506.
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C, Gachet C. Characterization of megakaryocyte
development in the native bone marrow
environment. Methods Mol Biol. 2012;788:
175-192.

30. Asparuhova MB, Gelman L, Chiquet M. Role of
the actin cytoskeleton in tuning cellular responses
to external mechanical stress. Scand J Med Sci
Sports. 2009;19(4):490-499.

31. Handorf AM, Zhou Y, Halanski MA, Li WJ. Tissue
stiffness dictates development, homeostasis, and
disease progression. Organogenesis. 2015;11(1):
1-15.

32. Huang X, Yang N, Fiore VF, et al. Matrix stiffness-
induced myofibroblast differentiation is mediated
by intrinsic mechanotransduction. Am J Respir
Cell Mol Biol. 2012;47(3):340-348.

33. Cheng EC, Luo Q, Bruscia EM, et al. Role for
MKL1 in megakaryocytic maturation. Blood. 2009;
113(12):2826-2834.

34. Gilles L, Bluteau D, Boukour S, et al. MAL/SRF
complex is involved in platelet formation and
megakaryocyte migration by regulating MYL9

BLOOD, 20 OCTOBER 2016 x VOLUME 128, NUMBER 16 MEDIUM STIFFNESS AND MEGAKARYOCYTE MATURATION 2031

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/128/16/2022/1396509/2022.pdf by guest on 03 M

ay 2024

http://orcid.org/0000-0002-8597-9929
mailto:catherine.leon@efs.sante.fr


(MLC2) and MMP9. Blood. 2009;114(19):
4221-4232.

35. Smith EC, Teixeira AM, Chen RC, et al. Induction
of megakaryocyte differentiation drives nuclear
accumulation and transcriptional function of MKL1
via actin polymerization and RhoA activation.
Blood. 2013;121(7):1094-1101.

36. McGee KM, Vartiainen MK, Khaw PT, Treisman
R, Bailly M. Nuclear transport of the serum
response factor coactivator MRTF-A is
downregulated at tensional homeostasis. EMBO
Rep. 2011;12(9):963-970.

37. Evelyn CR, Wade SM, Wang Q, et al. CCG-1423:
a small-molecule inhibitor of RhoA transcriptional
signaling.Mol Cancer Ther. 2007;6(8):2249-2260.

38. Wilson A, Trumpp A. Bone-marrow
haematopoietic-stem-cell niches. Nat Rev
Immunol. 2006;6(2):93-106.

39. Adamo L, Naveiras O, Wenzel PL, et al.
Biomechanical forces promote embryonic
haematopoiesis. Nature. 2009;459(7250):
1131-1135.

40. Demange E, Kassim Y, Petit C, et al. Survival
of cord blood haematopoietic stem cells in a
hyaluronan hydrogel for ex vivo biomimicry.
J Tissue Eng Regen Med. 2013;7(11):901-910.

41. Holst J, Watson S, Lord MS, et al. Substrate
elasticity provides mechanical signals for the
expansion of hemopoietic stem and progenitor
cells. Nat Biotechnol. 2010;28(10):1123-1128.

42. Di Buduo CA, Wray LS, Tozzi L, et al.
Programmable 3D silk bone marrow niche for
platelet generation ex vivo and modeling of
megakaryopoiesis pathologies. Blood. 2015;
125(14):2254-2264.

43. Shin JW, Swift J, Spinler KR, Discher DE.
Myosin-II inhibition and soft 2D matrix maximize
multinucleation and cellular projections typical of
platelet-producing megakaryocytes. Proc Natl
Acad Sci USA. 2011;108(28):11458-11463.

44. Malara A, Currao M, Gruppi C, et al.
Megakaryocytes contribute to the bone
marrow-matrix environment by expressing
fibronectin, type IV collagen, and laminin. Stem
Cells. 2014;32(4):926-937.

45. Schulze H, Korpal M, Hurov J, et al.
Characterization of the megakaryocyte
demarcation membrane system and its role in
thrombopoiesis. Blood. 2006;107(10):3868-3875.

46. Begonja AJ, Pluthero FG, Suphamungmee W,
et al. FlnA binding to PACSIN2 F-BAR
domain regulates membrane tubulation in
megakaryocytes and platelets. Blood.
2015;126(1):80-88.

47. Bender M, Eckly A, Hartwig JH, et al. ADF/n-
cofilin-dependent actin turnover determines
platelet formation and sizing. Blood. 2010;
116(10):1767-1775.

48. Patel-Hett S, Wang H, Begonja AJ, et al. The
spectrin-based membrane skeleton stabilizes
mouse megakaryocyte membrane systems and is
essential for proplatelet and platelet formation.
Blood. 2011;118(6):1641-1652.

49. Strassel C, Eckly A, Léon C, et al. Intrinsic
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