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Chatenay-Malabry, France; 6Institut Gustave Roussy, Villejuif, France

Platelets are released by megakaryocytes
(MKs) via cytoplasmic extensions called
proplatelets, which require profound
changes in the microtubule and actin
organization. Here, we provide evidence
that the Rho/ROCK pathway, a well-known
regulator of actin cytoskeleton, acts as a
negative regulator of proplatelet forma-
tion (PPF). Rho is expressed at a high
level during the entire MK differentiation
including human CD34� cells. Thrombo-
poietin stimulates its activity but at a

higher extent in immature than in mature
MKs. Overexpression of a dominant-
negative or a spontaneously active RhoA
leads to an increase or a decrease in PPF
indicating that Rho activation inhibits PPF.
This inhibitory effect is mediated through
the main Rho effector, Rho kinase (ROCK),
the inhibition of which also increases
PPF. Furthermore, inhibition of Rho or
ROCK in MKs leads to a decrease in
myosin light chain 2 (MLC2) phosphoryla-
tion, which is required for myosin contrac-

tility. Interestingly, inhibition of the MLC
kinase also decreases MLC2 phosphory-
lation while increasing PPF. Taken to-
gether, our results suggest that MLC2
phosphorylation is regulated by both
ROCK and MLC kinase and plays an im-
portant role in platelet biogenesis by con-
trolling PPF and fragmentation. (Blood.
2007;109:4229-4236)
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Introduction

Megakaryocytes (MKs) are the highly specialized precursor cells
that lead to platelet production. MK differentiation is a continuous
process characterized by sequential steps.1 First, MKs increase
their ploidy via endomitosis and begin to increase their size.2 Then,
the synthesis of storage organelles is enhanced, as well as the
synthesis of plasma membrane to form the demarcation mem-
branes. This cytoplasmic maturation is associated with a marked
increase in the MK size. Finally, mature MKs release platelets
probably through cytoplasmic fragmentation at the tips of long and
thin extensions called proplatelets (PPTs) that contain all the
platelet organelles.3,4 The mechanisms controlling proplatelet for-
mation (PPF) are still incompletely understood. However, PPF is
associated with remarkable morphologic changes that require a
profound reorganization of the cytoskeleton.5 Increasing evidence
indicates that PPTs arise from the unfolding of demarcation
membranes. The microtubule cytoskeleton provides the sliding
power to unfold demarcation membranes and thus to induce the
pseudopodial elongations corresponding to PPTs.6 In addition,
microtubules permit the organelle transport in the PPTs and
maintain the platelet discoid shape.7-10

Although not studied in detail, the actin cytoskeleton may also
participate in PPF because cytoplasmic polymerized actin is
associated with demarcation membranes and actin is highly
aggregated in cultured MKs when PPF occurs.11 In addition, a
crucial role of the actin cytoskeleton has been reported in platelet
functions since it regulates platelet shape in unstimulated and

activated platelets.12 Evidence suggests that actin cytoskeleton may play
important roles during PPT formation at 2 different stages: (1) at early
stages, inhibition of actin polymerization blocks PPF before pseudopo-
dial elongation.11,13 This may be related to a role of actin cytoskeleton in
the repartition of demarcation membranes. (2) During PPF, actin
cytoskeleton may be involved in branched extensions of linear PPTs and
thus may allow an increase in platelet-shedding efficiency.10 Thus, the
actin cytoskeleton may play an important role at both early and late
stages of platelet biogenesis.

The Rho GTPase family (about 20 members in humans) works
as a molecular switch that controls signal transduction pathways in
numerous cellular processes by cycling between an inactive GDP
and an active GTP form.14-16 Rho proteins (RhoA, RhoB, and
RhoC), the best characterized members of this family, were initially
described for their roles in the dynamics of the actin structure.
ROCK is a key Rho effector that phosphorylates myosin light chain
2 (MLC2) at Ser19 and inhibits myosin phosphatase.17,18 MLC2
phosphorylation is necessary for actin/myosin motor activation to
provide essential contractile forces for a diversity of cellular
processes, such as cell contraction, cytokinesis, cell migration, and
membrane blebbing.19-21 The Rho/ROCK pathway is implicated in
platelet shape changes during activation by mediating MLC2
phosphorylation.22-25 We have shown previously that MK adhesion
to collagen leads to an inhibition of PPF likely through the
activation of the Rho/ROCK pathway.26 Nevertheless, the expres-
sion and activation of Rho during MK differentiation as well as the
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precise role of the Rho/ROCK pathway in PPF remain poorly
understood. In this study, we address these issues by using a
serum-free liquid culture system. Our results reveal that the
Rho/ROCK pathway is a negative regulator for PPF likely through
MLC2 phosphorylation.

Materials and methods

In vitro culture of MKs derived from human CD34� cells in
liquid serum-free medium and purification
of the CD41� population

CD34� cells were obtained, after informed consent in agreement with our
Institute Ethic Committee (Assistance Publique des Hôpitaux de Paris) and
in accordance with the Declaration of Helsinki, either from leukapheresis
samples after mobilization performed on patients or from umbilical cord
blood. CD34� cells were isolated by a positive selection using an
immunomagnetic cell sorting system (AutoMacs; Miltenyi Biotec, Ber-
gisch Gladbach, Germany) and were cultured in serum-free medium in the
presence of recombinant human thrombopoietin (TPO; 10 ng/mL; Kirin
Brewery, Tokyo, Japan). Ingredients used to prepare the serum-free medium
were as previously described.27 To purify the CD41� population, cells in
culture were collected at day 5, stained with an anti–CD41a-PE monoclonal
antibody (mAb; PharMingen, San Diego, CA) and purified by cell sorting
(FacsDIVA, Becton Dickinson, le Pont de Claix, France). The CD41� cell
population was grown in serum-free medium for an additional 6 to 9 days.

Retroviral plasmid construction and retrovirus production

The active and dominant-negative forms of Rho (RhoAV14 and RhoAN19)
were inserted upstream the internal ribosome entry site (IRES) of the
murine stem cell virus-internal ribosome entry site-green fluorescence
protein (MSCV-IRES-GFP) retrovirus (Migr-GFP). Migr-GFP, Migr-
RhoAV14-GFP, and Migr-RhoAN19-GFP retroviruses were produced by
293 EBNA cells cotransfected with 2 other plasmids, pCMV gag-pol and
pCMV-VSV-G (vesicular stomatitis virus envelope glycoprotein; provided
by J. Morgenstein, Cambridge, MA) as previously described.28 Superna-
tants were collected 48 hours, 72 hours, and 96 hours after transfection,
pooled, and concentrated about 100-fold by centrifugation (1000g, 1 hour at
4°C) over a Centricon plus-70 (Millipore, MA). Viruses stocks were
aliquotted and kept frozen at �70°C. Viruses stocks were thawed
freshly used.

MK infection

CD34� cells isolated from cord blood were cultured 6 days in serum-free
medium in the presence of TPO (10 ng/mL; Kirin Brewery) and recombi-
nant human stem cell factor (SCF; 25 ng/mL; Amgen, Thousand Oaks CA).
CD34� cells isolated from leukapheresis were cultured 3 days with TPO,
IL-3 (100 U/mL; kindly provided by Novartis, Paris, France), SCF, and
FLT3-L (10 ng/mL; Amgen). The cells then were seeded in 24-well plates
(500 � 103 cells/well) and infected by adding 100 �L concentrated
retrovirus stock and 400 �L serum-free medium with TPO plus SCF for the
cells derived from cord blood (day 7) or a cocktail of cytokines for the cells
derived from leukapheresis (day 4), as described. A second round of
infection was performed 24 hours later by changing fresh medium with
cytokines and adding fresh virus. After an additional 24 hours, cells were
extensively washed in serum-free medium and stained with an anti–
CD41a-PE mAb. The CD41�GFP� cell population was purified by cell
sorting and cultured in serum-free medium in 96 wells in the presence of
TPO for 10 to 13 days (MKs derived from leukapheresis) or for 12 to
15 days (MKs derived from cord blood) at which times PPF was scored.

Conventional and confocal microscopy

CD34� cells isolated from leukapheresis cultured 6 days or 12 days in
serum-free medium with TPO or the CD41�GFP� cell population were
plated on slides coated with poly-L-lysine (O. Kindler, Freiburg, Germany)

for 1 hour at 37°C with 5% CO2 in air and 100% humidity. The cells were
then fixed in 4% paraformaldehyde for 5 minutes, permeabilized by 0.1%
Triton X-100 for 5 minutes, and incubated with different antibodies for 1
hour at room temperature. After 3 washes, the cells were incubated with the
appropriate secondary antibodies conjugated with FITC or TRITC (Jackson
ImmunoResearch, West Grove, PA) or Alexa 633 (Molecular Probes,
Leiden, The Netherlands). TOTO-3 iodide (Molecular Probes) was used for
nucleus staining. Cells were examined under a Zeiss laser scanning
microscope (LSM 510 Zeiss, Jena, Germany) equipped with a 63 �/1.4
numerical aperture (NA) oil objective. The following antibodies were used:
mouse anti-Rho mAb (Upstate Biotechnology, Lake Placid, NY), mouse
anti–phospho-MLC2 Ser19 mAb (pMLC2; Cell Signaling Technology,
Beverly, MA), and phalloidin-TRITC and rabbit anti–von Willebrand factor
(VWF) polyclonal antibody (Dako, Glostrup, Denmark).

Pull-down assay

Pull-down assays were performed with a Rho activation assay kit (Upstate
Biotechnology). The Rho protein signal was detected with a mouse
anti-Rho mAb from Pierce Biotechnology (Pierce, Rockford, IL). To
analyze Rho activity, CD34� cells isolated from leukapheresis were
cultured 5 days in serum-free medium with TPO and the CD41� cell
population was isolated as described in the first paragraph of “Materials and
methods.” The CD41� cell population was then grown in serum-free
medium with TPO. One day after (day 6) or 5 days after (day 11), CD41�

MKs were washed twice with serum-free medium and cytokine-deprived
overnight. The next day (day 7 or day 12), MKs were stimulated by TPO
(100 ng/mL) and collected at times indicated. Cells were washed twice in
Tris-buffered saline (TBS) at 4°C and manipulated according to the
protocol of the Rho activation assay kit. Pull-down assays were performed
with about 2.5 � 106 CD41� cells at day 7 and day 12.

Western blot analysis

CD34� cells isolated from leukapheresis were cultured in serum-free
medium with TPO and one part of CD34�-drived cells were harvested at
day 3. The remaining CD34� cells were grown with TPO until day 5. At day
5, CD41� MKs were selected as described in the first paragraph of
“Materials and methods” and grown for additional days with TPO. The
CD41� cell population was harvested at different times of culture, washed
once in PBS or TBS, lysed in 2 � Laemmli buffer (100 mM Tris, pH 6.8,
20% glycerol, 4% SDS, 0.05% bromophenol blue, and 10 mM DTT) and
the lysates were then gently sonicated on ice. Protein concentrations were
measured to ensure equal loading among lanes (Bio-Rad Dc protein assay
kit, Bio-Rad, Hercules, CA). Samples were boiled 5 minutes in loading
buffer and subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) gel. After transfer, nitrocellulose membranes were
blotted with the following antibodies: anti-Rho mAb (Upstate Biotechnol-
ogy), mouse anti-pMLC2 (Cell Signaling Technology), rabbit anti-MLC2
(Santa Cruz Biotechnology, Santa Cruz, CA), rat anti-Hsc70 (Stressgen,
Victoria, BC, Canada), and mouse anti–�-actin (Sigma, St Louis, MO).
Primary antibodies were revealed with appropriate secondary antibodies
conjugated with horseradish peroxidase and the filters were developed with
an enhanced chemiluminescence (ECL) system (ECL detection kit, Amer-
sham, Orsay, France).

Platelet activation analysis

CD34� cells isolated from leukapheresis were cultured in serum-free
medium with TPO. Then, 10 �g/mL Rho inhibitor Tat-C3, 50 �M myosin
light chain kinase inhibitor peptide 18 (P18), or 10 �M ROCK inhibitor
Y27632 (Calbiochem, Darmstadt, Germany) was added at day 10 of
culture. Platelet activation by thrombin was performed at day 11 as
described previously.27 Normal peripheral blood platelets were used as
control. Briefly, cultured cells were stimulated for 10 minutes at 37°C with
2 U/mL thrombin (Stago Diagnostica, Asnières sur Seine, France) added
directly to the culture well. Activated and nonactivated platelets were
incubated for 30 minutes with both rabbit anti–CD62-PE and mouse
anti–CD41a-FITC (Becton Dickinson, le Pont de Claix, France). Platelets
were then fixed for 1 hour with an equal volume of 0.5% paraformaldehyde
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and suspended in PBS; samples were analyzed with a FACSsort cytometer
and the Cell Quest software package (Becton Dickinson).

Electron microscopy

CD34� cells isolated from leukapheresis were cultured in serum-free
medium with TPO. At day 11, the cells were harvested 24 hours after
addition of the different inhibitors. The cells were fixed with 1.25%
glutaraldehyde in 0.1 mM phosphate buffer for 1 hour at room temperature,
washed, postfixed with osmium tetroxide, dehydrated, and embedded in
Epon (TAAB, Aldermaston, Berkshire, United Kingdom). Thin sections
were examined with a Philips CM 10 electron microscope (Philips,
Eindhoven, The Netherlands) after uranyl acetate and lead citrate staining.
Platelet large axis (a) and small axis (b) were measured on electron
micrographs; their surface was compared to an ellipse and calculated as:
s � � ab. Fifteen platelets were measured in each condition.

Confocal microscopy

Cover glasses of 17 mm were mounted on slides using a drop of Vectashield
hard set mounting medium (Vector, Burlingame, CA). Stacks of confocal
images were collected with a Zeiss LSM 510 laser scanning confocal
microscope (Carl Zeiss, Oberkochen, Germany) using a 63�/1.4 NA
oil-immersion Apochromat Plan objective lens. Z-protection of slices and
image analyses were performed using Zeiss Image Examiner software.

Results

Rho expression during MK differentiation

CD34� cells derived from leukapheresis were cultured in liquid
serum-free medium supplemented with TPO to induce MK differ-
entiation. As previously reported,27 MK differentiation in this
system is partially synchronous with most MKs being immature
before day 7 and with maturation occurring from day 7 to day 9. In
this culture system stimulated with TPO, the percentage of MKs on
day 9 exceeds 75%.27 Platelet shedding begins on day 10 and,
usually, peaks at day 12. Rho expression was analyzed by
costaining with an anti-VWF polyclonal antibody and an anti-Rho
mAb. Confocal microscopy revealed that Rho was expressed in
VWF-negative cells (probably corresponding to immature MKs,
data not shown), mature VWF-positive MKs (Figure 1Ai-iv) as
well as MKs forming PPTs (Figure 1Av-vi). Rho was diffusely
distributed in the cytoplasm. However, in some MKs, Rho was
clearly localized along the plasma membrane suggesting that Rho
is activated in some cultured MKs (Figure 1Aiii-iv). To measure
Rho expression during MK differentiation, Western blot analyses
were performed on whole cultures of CD34�-derived cells at day 3
and on CD41� cells at days 6, 9, and 12. As compared to Hsc70
used as a control for protein loading, the Rho protein was expressed
at an almost constant level during MK differentiation (Figure 1B).

TPO activates Rho in a differentiation-regulated manner

Pull-down analyses were performed to determine Rho activity
during in vitro megakaryopoiesis. The GST-RBD (Rhotekin Rho-
binding domain) was used to immunoprecipitate the active Rho-
GTP form. Cytokine-deprived CD41� MKs were stimulated by
TPO from 5 to 120 minutes. After an overnight starvation, a
residual Rho activity was found both in immature MKs collected at
day 7 and in more mature MKs collected at day 12. Nevertheless,
Rho could be further activated in response to TPO stimulation both
in immature (day 7) and more mature (day 12) MKs (Figure 2A).
Rho activity peaked at 5 minutes. The band intensities of active
Rho (Rho-GTP) and total Rho were quantified by densitometry.

Quantification results show that TPO-stimulated Rho activity
measured at 5 minutes was decreased about 22% at day 12
compared to day 7 (Figure 2B). This decrease in Rho activity was
confirmed in 3 independent experiments. These results indicate that
the TPO/Mpl signaling is implicated in Rho activation during
megakaryopoiesis and that Rho activation by TPO appears to be
slightly down-regulated during MK differentiation.

Rho activation inhibits PPF

To investigate the role of Rho during MK differentiation, we used
retroviral constructs encoding active or dominant-negative forms
of RhoA. Two MKs sources were infected by these retroviruses:
MKs derived from cord blood CD34� cells that were cultured 6
days with TPO and SCF and MKs derived from mobilized CD34�

cells that were cultured during 3 days with a mixture of cytokines
(TPO, SCF, IL-3, FLT3-L). MK populations expressing GFP
(CD41�GFP�) were sorted by flow cytometry 48 hours after
infection and seeded at 20 � 103 cells/mL in serum-free liquid
medium in the presence of TPO. The percentage of MKs bearing

Figure 1. Rho expression during MK differentiation. CD34� cells purified from
blood leukapheresis were cultured in the presence of TPO. At day 6 and day 12 of
culture, cells were dually stained with a VWF polyclonal antibody (green) and an
anti-Rho mAb (red). (A) Rho was uniformly distributed all over the cytoplasm of
mature MKs with a slight reinforcement along the plasma membrane (i-ii). Rho was
distributed clearly along the plasma membrane in another MK suggesting an
activation site (iii-iv). In MKs forming PPTs, Rho was localized all over the cytoplasm
(v-vi). Bars represent 5 �m. (B) The level of Rho was studied by Western blotting
using Hsc70 as the control. At day 3, Western blots were performed on total culture. In
contrast, at days 6, 9, and 12, Western blots were performed with CD41�MKs.
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PPTs was quantified daily under an inverted microscope. The
presence of at least one pseudopodial extension was considered as
PPT. Three independent experiments were performed with each
MKs source and results are illustrated in Figure 3A-B. Whether
MKs were derived from cord blood or leukapheresis CD34� cells,
overexpression of RhoAN19 led to an increase in PPF as compared
to the Migr control. In contrast, overexpression of RhoAV14
induced a 2- to 3-fold decrease in PPF that remained significant
during the time course of the study. The representative micrographs
to generate Figure 3B are illustrated in Figure 3C. These data
suggest that Rho activation could inhibit PPF.

Adhesion of primary human MKs onto fibrillar collagen I
substrate induces Rho activation and stress fiber formation.26 To
evaluate the functionality of our constructs, MKs derived from
leukapheresis CD34� cells were infected and selected as described.
CD41�GFP� cells were then cultured in liquid serum-free medium
supplemented with TPO for one additional day and allowed to
adhere during 1 hour onto collagen I to enumerate MKs showing
stress fibers. Stress fiber assembly was seen in 30.7% MKs infected
with the empty vector (Migr-GFP�), 42.7% Migr-RhoAV14-GFP�

MKs, and 20.4% Migr-RhoAN19-GFP� MKs (Figure 4B). Strik-
ingly, only thin stress fibers with faint actin filament bundles were
observed in Migr-RhoAN19-GFP� MKs; in contrast, stress fibers
seen in Migr-RhoAV14-GFP� MKs were much thicker and more
obvious than in the control (Figure 4A). These results demonstrate
that overexpression of RhoAV14 or RhoAN19 was functional in
altering the actin cytoskeleton.

Status of MLC2 phosphorylation during MK differentiation

One major role of the Rho/ROCK pathway is to regulate the
actin/myosin motor by modifying the MLC2 phosphorylation
status. To examine the localization of pMLC2 during MK differen-
tiation, cultures derived from leukapheresis CD34� cells were
dually stained with fluorescent-conjugated anti–phospho-MLC2
and anti-VWF antibodies. Confocal microscopy revealed that

pMLC2 was present in the cytoplasm in both mature or less mature
MKs identified on VWF expression (Figure 5Ai-iv). In some MKs,
pMLC2 was relatively abundant in the cell cortex (data not shown).
In MKs forming PPTs, pMLC2 was also localized along the
cytoplasm extensions (Figure 5v-vi, arrow 1) with the predominance in
the swellings (arrows 4 and 5) and the tips of PPTs (arrows 2 and 3).

We then analyzed the expression of total MLC2 and pMLC2
(Ser19) on whole cultures of CD34�-derived cells at day 3 and
purified CD41�MKs at days 6, 9, and 12. In 3 independent
experiments, both total MLC2 and pMLC2 increased during MK
differentiation (Figure 5B). Strikingly, the increase in pMLC2 level
was greater than the rise of total MLC2 protein level (Figure
5C-D). Quantification of the band intensities by densitometry
showed that pMLC2 augmented rapidly between day 3 (total
culture) and day 9 when MK polyploidization occurred in culture,
whereas the increase became much slighter between day 9 and day
12 when PPT formation started (Figure 5C-D). Noteworthy, �-actin
expression level also increased during differentiation (Figure 5B).

Figure 3. Differential effect of RhoAN19 and RhoAV14 overexpression on PPF.
CD41� MKs derived from CD34� cells from leukapheresis or umbilical cord blood
were infected either with Migr-GFP� or Migr-RhoAV14-GFP� or Migr-RhoAN19-
GFP�. At 48 hours after infection GFP� MKs were selected and then cultured. The
effects of the constructs were studied on PPF. On the day indicated, the percentage
of MKs exhibiting at least one PPT extension was determined by counting at least 300
MKs in each experimental group. Results are expressed as the mean � SD of 3
independent experiments. (A) CD41� MKs derived from leukapheresis CD34� cells
where PPF was scored every day from day 10 to day 13. Calculated percentages for
each time point were 4.2%, 7.2%, 9.6%, and 4.2% for control Migr-GFP; 7.4%, 9.6%,
13.2%, and 6.4% for RhoAN19; and 3.1%, 3.9%, 4.4%, and 2.4% for RhoAV14 (t test;
P 	 .05). (B) CD41� MKs derived from umbilical cord blood CD34� cells where PPF
was scored every day from day 12 to day 15. Calculated percentages for each time point
were 3%, 5.9%, 11.5%, and 8.3% for control Migr-GFP; 12.9%, 18.7%, 15.1%, and 13.7%
for RhoAN19; and 1.1%, 3.5%, 4.3%, and 3% for RhoAV14 (t test; P 	 .03). (C)
Representative micrographs of MKs derived from cord blood CD34� at day 13: i,
Migr-GFP�; ii, Migr-RhoAN19-GFP�; iii, Migr-RhoAV14-GFP�. Bars represent 20 �m.

Figure 2. Rho activity can be stimulated by TPO during MK differentiation.
CD41� MKs derived from leukapheresis were cytokine-starved overnight in serum-
free medium and then stimulated for 5 minutes and 120 minutes with 100 ng/mL TPO.
Pull-down RBD-bound Rho and total Rho in the lysate were detected by Western blot.
(A) Cultured MKs starved on day 6 and stimulated on day 7 (left panel) or starved on
day 11 and stimulated on day 12 (right panel). (B) Western blot quantification showing
the Rho-GTP/total Rho ratio at day 7 and day 12 of culture. Results are the average �
SD of 3 experiments. The same number of cells were used for pull-down analysis at
day 7 and day 12 of culture. In this experiment, the total quantities of Rho augmented
from day 7 to day 12 because the MK size markedly increases in culture during this time
lapse. Thus, the ratio between Rho-GTP and total Rho permits evaluation of the relative
activity of Rho. Quantification results show that TPO-stimulated Rho activity measured at 5
minutes decreased of about 22% at day 12 compared to day 7 (t test; P 	 .01).
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Rho, ROCK, and MLCK inhibitors decrease MLC2
phosphorylation while increasing PPF

To investigate whether Rho/ROCK inhibits PPF by regulating
MLC2 phosphorylation, a Rho inhibitor (Tat-C3) or a ROCK
inhibitor (Y27362) or a selective inhibitor of MLCK (P18)29 was
added at day 9 or day 10 in culture of CD41� cells derived from
leukapheresis when full MKs cytoplasmic maturation was ob-
served. PPTs were quantified 24 hours after addition of the
compounds. Three independent experiments were performed. Inhi-
bition of Rho, ROCK, and MLCK led to a significant increase in PPT
count as shown in Figure 6A. Moreover, the combined addition of
ROCK and MLCK inhibitors had an additive effect on PPF.

At the same time, Western blot analyses were also performed
with CD41� MKs after 24 hours of treatment with Tat-C3, Y27362,
or P18. A partial inhibition of MLC2 phosphorylation was found
with all 3 compounds. However, the inhibition with P18 was more
marked than with Tat-C3 and Y27632. Furthermore, the effects of
P18 and Y27632 on the level of MLC2 phosphorylation were
additive (Figure 6B). Taken together, these results suggest that
MLC2 phosphorylation plays a key role in PPF and that MLC2
phosphorylation is partly regulated by the Rho/ROCK pathway.

Structure and function of PPTs or platelets produced in the
presence of the Rho/ROCK pathway inhibitors

CD34� cells isolated from leukapheresis were cultured in serum-
free medium with TPO and platelets were collected at day 11, 1 day

after addition of one of the 3 inhibitors in culture. Platelets derived
from cultures containing one of the 3 inhibitors were increased in
size and exhibited 
- and dense granules (Figure 7A). Their mean
surfaces, as estimated on thin sections, were respectively: 4.0 � 1.0
�m2 (Tat-C3); 4.1 � 3.0 �m2 (Y27362); 4.9 � 5.1 �m2 (P18),
consistently larger than the one of platelets produced in the control
conditions (2.3 � 1.9 �m2). Some platelets produced in the

Figure 5. MLC2 phosphorylation status during megakaryocyte differentiation.
(A) Immunolabeling was performed with an anti-pMLC2 (red), an anti-VWF (green),
and a TOTO-3 iodide (blue). Photomicrographs were taken using a Zeiss laser
scanning microscope equipped with a 63�/1.4 numerical aperture (NA) oil objective.
pMLC2 was localized in the cytoplasm of immature (i-ii) and mature MKs (iii-iv). In
MK-forming PPTs (v-vi), pMLC2 was localized along the cytoplasmic extensions
(arrow 1), in the swellings (arrows 4 and 5), and in the tips of PPTs (arrows 2 and 3).
Bars represent 5 �m. (B) CD34� cells derived from leukapheresis were cultured 3
days with TPO, and one part of the cells was collected. Culture was continued, and
CD41� MKs were selected at day 5 as described in “Materials and methods” and
grown for additional days with TPO. Western blots were performed on cells collected
on day 3 and on MKs collected on days 6, 9, and 12. �-Actin, MLC2, and pMLC2
protein levels increased from day 3 to day 12. Rho was expressed at an almost
constant level regardless of the MK differentiation stages. Anti-Hsc70 antibody was
used as a control of protein loading. (C-D) Western blot quantification showed the
increase in both pMLC2 (C) and pMLC2/MLC2 ratio (D) during MK differentiation.

Figure 4. Differential effects of RhoAN19 and RhoAV14 overexpression on fiber
stress formation induced by collagen I. (A) Migr-GFP�, Migr-RhoAV14-GFP�, and
Migr-RhoAN19-GFP� MKs were plated onto collagen I substrate for 1 hour on day 6, and
cells were dually stained with a pMLC2 mAb (blue) and phalloidin-TRITC (red). Bars
represent 5 �m. (B) The graph illustrates the mean percentage � SD of Migr-GFP�,
Migr-RhoAV14-GFP�, and Migr-RhoAN19-GFP� MKs showing stress fibers after 1 hour of
adhesion onto collagen I.At least 300 cells were counted in 3 separate experiments. Stress
fiber assembly was induced in 30.7% MKs infected with the empty vector (Migr-GFP�),
42.7% Migr-RhoAV14-GFP� MKs, and 20.4% MKs infected with Migr-RhoAN19-GFP�.
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presence of Y27632 were adherent but did not exhibit any
ultrastructural evidence of activation. No marked difference was
observed in the demarcation membrane system of MKs treated
with the different inhibitors.

Immunofluorescence labeling performed with an anti-VWF poly-
clonal antibody and an antitubulin mAb revealed a normal distribution
of VWF and microtubule coils in the vast majority of PPTs produced
with or without the different inhibitors (data not shown).

Finally, we tested whether the different inhibitors modify
platelet activation by studying CD62 (P-selectin) on the surface of
the platelets released in culture. Using flow cytometry, we consid-
ered platelets produced in vitro as CD41� elements with similar
scatter properties as blood platelets. Before thrombin addition, the
level of CD62 on the platelet surface was low in each condition
demonstrating further that none of these compounds induced
platelet activation. When thrombin (2 U/mL) was added for 5
minutes, the activation response of platelets produced with the
inhibitors was similar to the response obtained with control
platelets suggesting that the inhibitors did not alter platelet
functions (Figure 7B).

Discussion

The molecular mechanisms leading to platelet release in the
blood flow are still incompletely understood. Platelet biogenesis
depends on the formation of long and thin cytoplasm extensions
called PPTs. Such extensions are under the control of cytoskeleton
reorganizations that play an important role in PPT elongation, PPT
amplification, and platelet release. It has been reported that PPT
elongation is regulated by microtubules, whereas actin is involved in the

branching structures that lead to amplification and render platelet
shedding more efficient. We have previously reported that PPF was
impaired in MKs adherent onto collagen I and we have suggested that
this inhibition was related to the Rho/ROCK pathway.

Herein, we provide direct evidence that the Rho/ROCK path-
way, a well-defined regulator of actin dynamics, acts as a negative
regulator of PPF. This conclusion was reached by 2 main experi-
ments: first, overexpression of a dominant-negative Rho (RhoAN19)
led to an increase in PPF, whereas overexpression of a spontane-
ously active Rho (RhoAV14) inhibited PPF; second, inhibition of
the Rho/ROCK pathway by the specific Tat-C3 or Y27632
compounds resulted in a marked increase in PPF. In addition, our
data suggest that inhibition of PPF by the Rho/ROCK pathway
likely occurs through MLC2 phosphorylation. This conclusion is
supported by the significant increase of PPTs in the presence of
either Tat-C3 or Y27632 both of which inhibited MLC2 phosphor-
ylation. Moreover, in the presence of P18, a MLCK inhibitor, MLC2
phosphorylation was also inhibited and PPF increased. MLC2 phosphor-
ylation at Ser19 is mainly regulated by 2 different kinases: ROCK and
MLCK. As the key effectors of Rho, ROCK (especially isoform ROCK
II) promotes MLC2 phosphorylation by 2 mechanisms: it phosphory-
lates the myosin-binding subunit (MBS) of the myosin phosphatase
thereby inhibiting its phosphatase activity and also directly phosphory-
lates MLC2 at Ser19.17-20 MLCK, a Ca�/calmodulin-dependent kinase,
is the major kinase that phosphorylates MLC2 at Ser19.22,30,31 Thus,
MLC2 phosphorylation depends on a balance between myosin phospha-
tase and MLCK activation. The effects of the MLCK inhibitor on
MLC2 phosphorylation were more important than those of the ROCK
inhibitor in mature MKs. This result is consistent with previous reports
showing that platelets contain much lower amounts of ROCK than
MLCK and that MLC2 phosphorylation is regulated by both ROCK and
MLCK during platelet activation.22,23 However, we cannot exclude the

Figure 7. Structure and function of platelets produced in vitro in the presence
of inhibitors of the Rho/ROCK pathway. (A) Platelets obtained with Y27632 or
Tat-C3 or P18 display a normal ultrastructure under electron microscopy but an
increased size compared to the untreated control. (B) Platelets produced in
serum-free medium with or without inhibitors were activated by thrombin (2 U/mL)
and analyzed by flow cytometry. Platelets produced with all 3 inhibitors display a
normal response to thrombin activation.

Figure 6. Inhibition of Rho, ROCK, and MLCK decreases MLC2 phosphorylation
while increasing PPF. The Rho inhibitor Tat-C3 (10 �g/mL), ROCK inhibitor Y27632
(10 �M), or MLCK inhibitor P18 (50 �M) alone or in combination with Y27632 was
added at day 10 to CD41� MKs derived from leukapheresis. (A) PPT quantification on
day 11 showing a significant increase of PPT with all these inhibitors. Three
independent experiments were performed (t test; P 	 .04). Error bars indicate SD.
(B-D) Western blot performed on the CD41� MKs treated for 24 hours either with
Tat-C3, Y27632, or P18 showing a partial inhibition of pMLC2. An additive effect was
observed in combination P18 with Y27632.
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possibility that other Rho/ROCK effectors might be implicated in the
negative regulation of PPF such as LIM kinase, which can inactivate
cofilin, an actin depolymerizing protein.32-34

In contrast to our previous report in which MKs were allowed to
adhere onto matrix-coated slides, we used here a suspension
serum-free liquid culture devoid of cell/matrix interactions. In this
system, TPO alone could activate Rho, but the level of activation
slightly decreased in the mature stages. The link between Mpl
signaling and Rho activation is poorly known and will require
further studies. Nevertheless, our data imply that, during MK
differentiation, cell autonomous changes in the TPO-mediated Rho
activation must occur to allow PPF. Likewise, we have evidence
that TPO activation of the MAP kinase/ERK pathway, a pathway
also involved in the inhibition of PPF, is down-regulated at the end
of MK maturation (N.D., personal results). Thus, these data suggest
that some signaling pathways activated by TPO/Mpl are alleviated
at the end of MK maturation allowing PPF.

Increasing evidence indicates that Rho/ROCK stimulates the
contractile activity of actin/myosin, accelerates membrane retrac-
tion,15,16,35 and, thus, may inhibit a pseudopodial process. In
contrast, studies performed with fibroblasts have indicated that
Cdc42 and Rac, 2 other major members of the Rho GTPase family,
promote membrane protrusion. The fibroblast model has been used
extensively to explain the effects of Rho, Rac, and Cdc42 in neurite
outgrowth and differentiation. Rac and Cdc42 signaling promotes
neurite formation, whereas Rho activation antagonizes this effect
and causes neurite retraction.16,36,37 According to the neurite model,
it can be speculated that Rac or Cdc42 may provide protrusion
forces in MKs leading to PPF, whereas Rho/ROCK through MLC2
phosphorylation would generate opposite forces restraining cyto-
plasmic extensions. During the early stages of maturation, Rho
activation predominates and thus restricts PPF. At the end of
maturation, the decline in Rho activation or presumably an increase
in Cdc42 activation allows an advantage to protrusion forces
leading to PPF. Therefore, when the Rho/ROCK pathway was
inhibited between day 10 and day 11, which corresponds to the
onset of PPF in cultured MKs, the opposite force equilibrium in
MKs was disrupted and led to an increase in PPF. Supporting this
hypothesis, a recent work has shown that a dominant-negative
N-WASp repressed PPF by inhibiting local assembly of actin fibers
along demarcation membranes.13 Our ongoing studies aiming to
address the role of Cdc42 and Rac in PPF show that an overexpres-
sion of a dominant-negative Cdc42 (Cdc42N17) strongly inhibited
PPF, whereas overexpression of a spontaneously active Cdc42
(Cdc42V12) led to an increase in PPF (data not shown).

The fact that we observed a similar increase in expression levels
of actin, phospho-MLC2, and total MLC2 all along MK differentia-
tion raises another important question: What is the role of the
actin/myosin motor during MK differentiation? The increased
expression may be directly related to the marked enlargement in
MK size after endomitosis because actin/myosin activation is
strongly implicated in cell volume response, during cell swelling
and shrinkage.38,39 To rapidly adapt to the cell volume augmenta-
tion and to keep a normal shape, MKs probably need to enhance
actin/myosin activity to provide more contractility. The parallel
increase between actin and phospho-MLC2 suggests that actin/
myosin contractility may be needed to keep a normal cell shape
during polyploidization and to impair premature PPT formation.
Another role of MLC2 phosphorylation may be related to PPT
constrictions and platelet shedding. This assumption is based on the
observation that phospho-MLC2 was localized along the cytoplas-
mic extension, especially in swellings and tips of PPTs. It was

shown that PPTs could develop segmented constrictions along their
length that impart a beaded appearance (swelling). Then, with a
rapid retraction, PPT strands were separated from residual nuclear
mass.10 Here, we suppose that actin/myosin motor could supply
contractility for both constrictions and retraction of PPTs. When
pMLC2 was inhibited, platelet size was increased in absence of
enough contractile force. Together, the data suggest that pMLC2
may have 2 opposite roles: one at the beginning of platelet
biogenesis possibly by impairing the unfolding of demarcation
membranes13 and an opposite role by regulating platelet release and
size. These results suggest that both the level and the localization of
pMLC2 might be tightly regulated during megakaryopoiesis.

Interestingly, at least 2 human platelet disorders associated with
an increased platelet size may be due to defects in actin/myosin
activation.40 The Bernard-Soulier syndrome is associated with an
absence or a deficient expression of the GPIb-GPIX-GPV complex
that is linked to the membrane actin cytoskeleton and may
participate in cytoskeletal transduction signaling leading to normal
platelet formation. The May-Hegglin syndrome is a rare inherited
human macrothrombocytopenia caused by an inactivating mutation
in the nonmuscle myosin heavy-chain 9 gene (MYH9). MYH9
encodes the heavy chain of nonmuscle myosin IIA (NMMHC-IIA)
that is the only myosin isoform present in platelets. A myosin II
molecule is composed of 2 heavy chains, each of which is
associated with 2 MLC2 chains. Myosin heavy chain contains an
ATPase activity and MLC2 phosphorylation is essential for myosin
activation.31,41 The precise effects of the MYH9 mutations on
myosin functions are controversial and the way they lead to
macrothrombocytopenia has not been documented.42 Nevertheless,
it has been hypothesized that the defect in platelet production is
linked to an abnormal PPT formation because both MKs numbers
in bone marrow and platelet clearance were normal.43

Altogether, the present report shows for the first time that inhibition
of MLC2 phosphorylation by either Tat-C3 or Y27632 or P18 increases
PPF but these PPTs were abnormal and associated with an increased size
in the produced platelets. These data suggest that the regulation of
pMLC2 probably plays a critical role in the formation of normal-
sized platelets and may prevent disorganized cytoplasmic extension.
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