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Introduction
Remodeling of  the cytoskeleton is pertinent to the morphological changes that cells have to endure during 
processes such as cytokinesis, cell polarization, and migration. Actin filament disassembly is a dynamic 
event involving many cellular components, and among the known filamentous actin (F-actin) severing pro-
teins, the members of  the actin-depolymerizing factor (ADF)/cofilin family play a pivotal role by spatially 
and temporally regulating actin turnover. The activity of  ADF and cofilin is tightly regulated via (de)phos-
phorylation of  a regulatory serine residue. Upon dephosphorylation, ADF/cofilin associates preferentially 
in a cooperative manner with ADP-bound F-actin (1). This binding induces a twist in the actin filament 
and enhances actin disassembly by filament severing and by dissociation of  actin monomers (reviewed in 
ref. 2). Major reorganizations of  the cytoskeleton are also required when mature megakaryocytes (MKs) 
proceed to generate proplatelets, an event that precedes liberation of  platelets in the blood stream (3). In the 
initial phase of  this process, MKs extend their demarcation membranes to form proplatelets. Subsequently, 
additional changes in cytoskeletal structures cause proplatelets to extend further and allow the relocaliza-
tion of  organelles (4, 5). Actin cytoskeleton and microtubules are involved in proplatelet extension and in 
the final abscission and cleavage leading to platelet formation in the blood stream of  marrow sinusoids 
(5–7). In vivo, actin filament turnover is a critical step in the terminal phase of  platelet formation, as well 
as in the maturation and sizing of  platelets to produce the homogeneous mature platelet population (6, 8).

von Willebrand disease type 2B (VWD-type 2B) is characterized by gain-of-function mutations 
of von Willebrand factor (vWF) that enhance its binding to platelet glycoprotein Ibα and alter the 
protein’s multimeric structure. Patients with VWD-type 2B display variable extents of bleeding 
associated with macrothrombocytopenia and sometimes with thrombopathy. Here, we addressed 
the molecular mechanism underlying the severe macrothrombocytopenia both in a knockin murine 
model for VWD-type 2B by introducing the p.V1316M mutation in the murine Vwf gene and in a 
patient bearing this mutation. We provide evidence of a profound defect in megakaryocyte (MK) 
function since: (a) the extent of proplatelet formation was drastically decreased in 2B MKs, with 
thick proplatelet extensions and large swellings; and (b) 2B MKs presented actin disorganization 
that was controlled by upregulation of the RhoA/LIM kinase (LIMK)/cofilin pathway. In vitro and 
in vivo inhibition of the LIMK/cofilin signaling pathway rescued actin turnover and restored normal 
proplatelet formation, platelet count, and platelet size. These data indicate, to our knowledge for 
the first time, that the severe macrothrombocytopenia in VWD-type 2B p.V1316M is due to an MK 
dysfunction that originates from a constitutive activation of the RhoA/LIMK/cofilin pathway and 
actin disorganization. This suggests a potentially new function of vWF during platelet formation 
that involves regulation of actin dynamics.
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Interestingly, in many disorders characterized by macrothrombocytopenia 
the underlying mechanism remains unclear. A noticeable example thereof  is 
von Willebrand disease (VWD)-type 2B, a bleeding disorder caused by muta-
tions in the gene encoding von Willebrand factor (vWF). vWF is a circulating 
multimeric protein expressed in endothelial cells and MKs that plays a crucial 
role in the recruitment of  platelets to sites of  vascular injury via interactions 
with the platelet receptor glycoprotein Ibα (GPIbα). In VWD-type 2B, gain-
of-function mutations in the GPIbα-binding A1 domain of  vWF increase the 
affinity for this platelet receptor, provoking spontaneous interactions between 
vWF and platelets and loss of  high-molecular-weight vWF multimers (9). The 
underlying causes of  thrombocytopenia in VWD-type 2B are multiple, such as 
the incorporation of  platelets bound to plasma vWF into circulating aggregates 
that display an increased platelet clearance (10, 11). While platelet apoptosis 
does not seem to be involved (12), defective platelet production appears central 
to the mechanism of  thrombocytopenia in VWD-type 2B. Recently, it became 
clear that the vWF-GPIbα interaction might play a role in megakaryocytopoie-
sis with the inventory of  macrothrombocytopenic VWD-type 2B patients (13). 
Indeed, the presence of  giant platelets in VWD-type 2B was suggested to result 
from enhanced binding of  endogenous vWF to GPIbα of  MKs (14). However, 
no insight into the molecular mechanisms that could lead to such a dramatic 
effect on platelet production was provided. The severity of  VWD-type 2B is 

strikingly mutation dependent and one of  the most severe mutations is the p.V1316M replacement, which 
is associated with a constant thrombocytopenia and the presence of  giant platelets (15). Interestingly, in 
a model of  platelet formation upregulated by exposure of  cultured MKs on a vWF surface to high shear 
forces, we have previously established a defect in platelet release from normal MKs exposed to immobilized 
p.V1316M vWF (16). We have recently engineered a knockin murine model for severe VWD-type 2B by 
introducing the p.V1316M mutation in the A1 domain of  the Vwf gene, and we have demonstrated that 
these mice display a bleeding phenotype that we attributed to both macrothrombocytopenia and throm-
bopathy (17). Given the crucial role of  the cytoskeletal changes to allow megakaryocytopoiesis, we used 
this mouse model of  VWD-type 2B to investigate the hypothesis that a disturbed regulation of  actin remod-
eling contributes to impaired proplatelet formation in VWD-type 2B. Our studies reveal a dysregulation 
of  LIM kinase (LIMK)/cofilin-dependent disassembly of  actin filaments in VWD-type 2B. Inhibition of  
LIMK rescues proplatelet formation in vitro and increases platelet counts to near-normal levels in vivo. 
Altogether, our results indicate that expression of  the type 2B mutant vWF/p.V1316M severely disturbs the 
signaling pathways in MKs required for platelet formation, thereby contributing to the macrothrombocyto-
penia associated with this disorder.

Results
The type 2B mutant vWF/p.V1316M induces macrothrombocytopenia in mice. The presence of  giant platelets 
in type 2B mutant vWF/p.V1316M (hereafter referred to simply as 2B) mice has been previously associ-
ated with reduced platelet counts (17). Platelet parameters of  2B mice are depicted in Table 1: the mean 
platelet volume (MPV) was increased by 44% compared with WT. Blood smear staining (Figure 1A), and 
transmission electron microscopy (TEM) (Figure 1B and Supplemental Figure 1; supplemental material 
available online with this article; doi:10.1172/jci.insight.88643DS1) confirmed the presence of  giant 
platelets. The number of  α-granules in platelets was similar in both groups (Supplemental Figure 1). In 
2B mice, the average platelet count was decreased by 50% compared with WT mice (466 ± 27 × 103 plate-
lets/μl in 2B vs. 930 ± 25 × 103 platelets/μl in WT, P < 0.001; Table 1), but the number of  MKs was not 
different in the bone marrow (BM) of  2B mice compared with WT mice, suggesting that the thrombocy-
topenia did not result from a reduced number of  MKs (Figure 1C). Other blood cell counts were similar 
between 2B and WT mice (Table 1). We also investigated the expression of  vWF in MKs. vWF expres-
sion was restricted to α-granules in WT and 2B MKs from BM or those obtained after cell culture in 
permeabilized conditions (Figure 1D), and was not observed at the surface of  nonpermeabilized mature 
MKs (Supplemental Figure 2). Altogether, these data suggest that the features of  the macrothrombocy-
topenia observed in human VWD-type 2B are reproduced in mice expressing mutant vWF/p.V1316M.

Table 1. Hematologic parametersA

WT 2B
Platelets (× 103/μl) 930 ± 25 466 ± 27B

MPV (fl) 5.43 ± 0.05 8.53 ± 0.11B

RBC (× 106/μl) 9.75 ± 0.18 9.58 ± 0.20
MCV (fl) 50.5 ± 0.3 49.8 ± 0.3
Hgb (g/dl) 15.4 ± 0.3 15.1 ± 0.3
Hct (%) 49 ± 1 47 ± 1

WBC (× 103/μl) 5.7 ± 0.5 6.8 ± 0.5
Lymphocytes (× 103/μl) 5.1 ± 0.5 6.3 ± 0.4

TPO (pg/ml)C 303 ± 19 488 ± 24B

AFor blood cell parameters, WT n = 30 and 2B n = 29. BP < 0.001, 
as determined by Student’s t test. CFor TPO measurement, WT 
n = 8 and 2B n = 6. Hct, hematocrit; Hgb, hemoglobin; MCV, 
mean corpuscular volume; MPV, mean platelet volume; RBC, 
red blood cells; TPO, thrombopoietin; WBC, white blood cells. 
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2B mice exhibit abnormal MK proplatelet extensions and platelet production. The observation that platelet count 
is reduced in 2B mice suggests that the presence of  mutant vWF inside MKs might reduce their platelet pro-
duction. An indicator of  platelet production in vivo is platelet recovery following antibody-mediated deple-
tion (18). Depletion of  circulating platelets by administration of  anti–mouse GPIbα antibodies resulted in a 
similar thrombocytopenia for both WT and 2B mice 48 hours after injection (33 ± 4 × 103 platelets/μl vs. 50 
± 12 × 103 platelets/μl, respectively). A significant delay in platelet count recovery was observed in 2B mice 
(Figure 2A). For instance, 72 hours after depletion, platelet count was 97 ± 24 × 103 platelets/μl in 2B mice 
vs. 288 ± 69 × 103 platelets/μl in WT mice (P < 0.01). In WT mice, a transient increase in mean platelet vol-
ume (MPV) was measured during the recovery, followed by a return to normal, suggesting the production of  
newly formed platelets. In contrast, MPV remained unchanged during the recovery in 2B mice, suggesting an 
intrinsic inability of  these mice to produce platelets with normal MPV (Figure 2A). We then evaluated the 
proplatelet formation in a native microenvironment as previously described (19). In WT BM, distinct mor-
phological features of  MKs included those with a spherical shape, others that were deformed, or developed 
thick extensions (proplatelets) and a decreased cell body size (Supplemental Figure 3). In contrast, in 2B BM, 
major alterations were observed, since the number of  2B MKs forming proplatelets was drastically decreased 
compared with WT (1.7% ± 1.1% vs. 28% ± 11% in 2B and WT mice, respectively), while 62% ± 7% of 2B 
MKs retained a round shape compared with 32% ± 4% in WT mice (Figure 2B). Functional responses of  2B 
MKs were then analyzed in vitro with cultured BM-derived MKs on fibrinogen-coated surfaces, as previously 
described (7, 20). The number of  2B MKs undergoing proplatelet formation was significantly reduced com-
pared with WT MKs (17% ± 5% vs. 45% ± 6%, P < 0.05) (Figure 2, C and D). Furthermore, the number of  
proplatelets per MK was also decreased for 2B MKs (3.6 ± 1.1 vs. 8.8 ± 1.6 for WT MKs, P < 0.05) (Figure 
2, C and D). Interestingly, the average diameter of  platelet-like structures occurring along the proplatelets was 
increased in 2B MKs (17 ± 3 μm) versus WT MKs (3 ± 1 μm, P < 0.01) (Figure 2D). Because platelets are 
released in the circulation following rupture of  proplatelets, we analyzed the capacity of  MKs to release plate-
lets in a flow chamber model over a vWF matrix as previously described (16, 21). WT MKs were able to form 
proplatelets and release platelets in the flow (Figure 2E and Supplemental Movie 1). By contrast, 2B MKs 

Figure 1. Platelet volume and vWF expression in megakaryocytes (MKs) of the murine model type 2B mutant vWF/p.V1316M (2B). (A) Representative 
blood smears of WT and 2B mice. Platelets are shown with arrows. Scale bars: 10 μm. (B) Transmission electron microscopy of WT and 2B platelets. Scale 
bars: 2 μm. (C) Representative images of MKs (vWF staining [brown] plus H&E) within the bone marrow and quantification of the number of MKs/field in 
3 different mice in each genotype. Scale bars: 30 μm. Statistical significance was determined by Student’s t test (P < 0.05). (D) Representative images of 
vWF expression in MKs within the bone marrow or from cell culture. Scale bars: 10 μm.
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formed few proplatelets and the rupture process was impaired, with the proplatelet extension failing to break 
and remaining attached to the cell body (Figure 2E and Supplemental Movie 2). Our data thus demonstrate 
that the last steps of  platelet production are impaired in 2B MKs, consistent with a reduced rate of  platelet 
production and the presence of  giant platelets in vivo.

Figure 2. Platelet/proplatelet formation in vivo and in vitro is affected by the p.V1316M mutation. (A) Whole-blood platelet counts of WT (solid line) or 
type 2B mutant vWF/p.V1316M (2B, dashed line) mice were obtained after immune-induced thrombocytopenia following intravenous injection of anti–
mouse GPIbα antibodies. Platelet counts (left) and mean platelet volume (MPV) (right) were measured at indicated times (n = 9 for WT and 6 for 2B). Sta-
tistical significance was determined by 1-way ANOVA followed by Dunnett’s test. **P < 0.01. (B) Quantification of shape change of megakaryocytes (MKs) 
in bone marrow explant experiments measured in 3 separate experiments (75–125 MKs were analyzed/experiment). (C) Mature MKs were incubated over a 
fibrinogen matrix for 5 hours. Representative images of MKs (left, scale bars: 50 μm) and representative images of α-tubulin staining in MKs (right, scale 
bars: 25 μm). (D) Quantification of the percentage of MKs forming proplatelets (left), the number of proplatelets/MK (middle), and the size of platelet-like 
structures (right) measured in 3 separate experiments. Statistical significance was determined by Student’s t test. *P < 0.05, **P < 0.01 (20–45 MKs were 
analyzed/experiment). (E) Representative images of WT and 2B MKs forming proplatelets during perfusion over a vWF matrix at a shear stress of 18 dyn/
cm2. Black arrows indicate proplatelets attached to the cell, and white arrows indicate platelets and proplatelets released from the MKs. Scale bars: 20 μm. 
Graph of the quantification of the number of platelets and proplatelets released in the flow chamber during perfusion of mature MKs at 10, 20, 30, and 40 
minutes over a vWF matrix. The number of platelets and proplatelets released from MKs and attached in the flow chamber was measured in 3 separate 
experiments (right). Statistical significance was determined by 1-way ANOVA followed by Dunnett’s test. **P < 0.01.
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2B mice display abnormal demarcation membrane system formation but normal MK differentiation. Because 2B 
MKs fail to develop proplatelets, we therefore evaluated whether this defect was due to an abnormality of  
MK morphology and/or MK differentiation during the maturation process. In situ observation of  the BM 
and myelogram analysis showed an increase in 2B MK size (Figure 3, A and B; 513 ± 14 μm2 vs. 435 ± 
12 μm2 in 2B and WT, respectively, n = 3 mice with 50–80 MKs/mouse, P < 0.001). To further investigate 
MK morphology, TEM was used to visualize the demarcation membrane system (DMS), which is known 
to be the only source of  proplatelet membranes (22) in stage III granular/mature MKs. For WT mice, 
TEM showed a normal MK morphology and platelet territories delimitated by a well-developed membrane 
system (Figure 3C). For 2B mice, the DMS was less developed within most MKs. The DMS represented 
29% ± 2% of  the area in 2B MKs, while it represented 44% ± 3% in WT MKs (P < 0.001) (Figure 3, C 
and D). We next investigated whether this decreased development of  the DMS reflected an abnormal dif-
ferentiation state of  the 2B MKs. As a marker of  MK differentiation, we examined DNA ploidy, and we 
also quantified the percentage of  MK/erythroid cell fraction, as well as the percentage of  MK progenitors 
(Supplemental Figure 4) in the BM and after in vitro differentiation. No difference was observed in ploidy 
distribution and in progenitor populations (Supplemental Figure 5). In addition, similar numbers of  MK 
CFU and myeloid CFU were found, indicating a normal commitment to MKs and thus a similar BM func-
tionality of  both populations (Supplemental Figure 6). Altogether, these data indicate that the p.V1316M 
mutation does not modify MK differentiation.

Overall, these data indicate that the macrothrombocytopenia of  2B mice is unlikely to result from 
defects in MK differentiation, but rather suggests a defect in the formation of  the DMS.

Actin disorganization and upregulation of  LIMK/cofilin signaling pathway in 2B MKs. Because 2B MKs 
failed to develop normal DMS and proplatelet extensions, we investigated the structure of  actin, a critical 
component of  the cytoskeleton controlling MK cytoplasmic morphogenesis (8, 23, 24). Actin distribution 
and organization were investigated in cultured MKs that were allowed to spread on a fibrinogen matrix. In 
WT MKs, cell spreading was associated with the organization of  actin into lamellipodia, stress fibers, and 
nodules (Figure 4A). By contrast, the organization of  F-actin was markedly different in 2B MKs (Figure 

Figure 3. Type 2B mutant vWF/p.V1316M (2B) mice display abnormal megakaryocyte mor-
phology with a decreased demarcation membrane system (DMS). (A) Representative image 
of the bone marrow after toluidine blue staining. Megakaryocytes (MKs) are identified with red 
asterisks. Scale bars: 40 μm. (B) Image of myelogram of the bone marrow. Bone marrow was 
spread on a coverslip and then stained with H&E. Scale bars: 30 μm. (C) Transmission electron 
microscopy of stage III MKs in the bone marrow in WT and 2B mice at 2 magnifications. Scale 
bars: 2 μm (top) and 1 μm (bottom). White squares indicate the magnification zone. n = 4. 
(D) Images of the threshold (ImageJ software [NIH], in red) in the central zone of MKs used to 
quantify the area of the DMS in WT (left) and 2B MKs (right) at stage III. Quantification of the 
area of the DMS of 13 MKs in each group. Statistical significance was determined by Student’s 
t test. ***P < 0.001.
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4, B and D–G). Although 2B MKs displayed lamellipodia, actin filaments behind the leading edge were 
unstructured in 66% ± 2% of  2B MKs compared with 7% ± 4% in WT MKs (P < 0.001; Figure 4, A, B, 
and D–G). These unusually thick peripheral zones enriched in disorganized F-actin displayed an increased 
ratio of  F-actin to globular actin (G-actin), indicating accumulation of  actin polymerization (Figure 4C 
and Supplemental Figure 7). Given the disorganization of  the actin network, we considered the hypothesis 
that the activity of  the actin turnover–regulating protein cofilin (8) or levels of  the actin-binding scaffold 
protein IQGAP1 (25) could be modulated in 2B MKs. However, levels of  IQGAP1 were similar in 2B and 
WT MKs (Figure 5A). In contrast, when analyzing levels of  the inactive phosphorylated form of  cofilin 
(at Ser3), we observed that it was increased significantly (2.6-fold, P < 0.01) in 2B MKs compared with 
WT MKs (Figure 5A). We subsequently analyzed levels of  phosphorylated LIMK, the kinase that induces 
cofilin phosphorylation. Interestingly, the level of  phosphorylated LIMK was also increased significantly 
(3.9-fold, P < 0.001) in 2B MKs compared with WT MKs (Figure 5A). Of  note, molecules reported to be 
involved in the GPIbα/vWF-dependent signaling pathway (such as phosphorylated Lyn, p38MAPK, and 
PLCγ2) were not modified in 2B MKs (Supplemental Figure 8). We then investigated the localization of  
the total and phosphorylated forms of  cofilin in MKs. In WT MKs, the distribution of  both forms was 
homogeneous. However, in 2B MKs, both forms were recruited to the disorganized F-actin structures, indi-
cating accumulation of  cofilin in the disturbed actin polymerization zones (Figure 5B).

Together, these data indicate defects in the actin network of  2B MKs pointing to a perturbation of  the 
LIMK/cofilin axis.

LIMK inhibition rescues actin turnover and proplatelet formation in both mouse and human 2B MKs. To inves-
tigate whether hyperactivity of  LIMK contributed to disorganization of  the actin network in 2B MKs, 

Figure 4. The actin network in type 2B 
mutant vWF/p.V1316M (2B) mega-
karyocytes (MKs). (A and B) Mature 
MKs after thrombopoietin-induced dif-
ferentiation in culture were incubated 
over a fibrinogen matrix for 3 hours. 
Representative images of the actin 
structure of WT (A) and 2B MKs (B). 
Scale bars: 20 μm. (C) Quantification of 
the F/G-actin integrated intensity in the 
peripheral zone of 4 separate experi-
ments. Statistical significance was 
determined by Student’s t test (20–45 
MKs were analyzed/experiment). ***P 
< 0.001. (D and E) Confocal microscopy 
images of F-actin structure in WT 
(D) and 2B MKs (E). One image of the 
z-stack is presented. Scale bars: 10 μm. 
White squares indicate the magnifica-
tion zone in 2B MKs (right). (F and G) 
The complete z-stacks are represented 
as a 3D-volumetric reconstruction using 
Icy software. F, WT; G, 2B.
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experiments were performed using a LIMK inhibitor (LIMKi). First, treatment of  2B MKs with LIMKi (10 
μM) strongly decreased phosphorylation of  cofilin, thereby increasing cofilin activity (Figure 6A). In addi-
tion, a decreased accumulation of  actin was observed: only 16% ± 11% of  2B MKs presented with actin 
accumulation after LIMKi treatment compared with 68% ± 2% after vehicle treatment (P < 0.05) (Figure 
6B and Supplemental Figure 9). We next evaluated proplatelet formation on a fibrinogen matrix. For WT 
MKs, the percentage of  proplatelet-forming MKs was similar in LIMKi- and vehicle-treated (DMSO) cells 
(Figure 6C), which is compatible with the normal platelet count reported in LIMK-deficient mice (26). 
Interestingly, while the percentage of  2B MKs that formed proplatelets remained low in the presence of  
vehicle (18% ± 1%), treatment of  2B MKs with LIMKi restored proplatelet formation to a level similar to 
that of  vehicle-treated WT MKs (43% ± 2% and 52% ± 10% in LIMKi-treated 2B MKs and vehicle-treated 
WT MKs, respectively; P > 0.05; Figure 6C). Moreover, the average diameter of  platelet-like structures 
occurring along the proplatelets returned to normal in LIMKi-treated 2B MKs but not in vehicle-treated 
cells (4.1 ± 0.5 μm vs. 9.5 ± 0.5 μm, respectively [P < 0.01] compared with 4.6 ± 0.7 μm in WT MKs) (Fig-
ure 6D). These data indicate that LIMK inhibition rescues active cofilin levels and actin reorganization in 
2B MKs, resulting in normal proplatelet formation in vitro.

We next investigated in human VWD-type 2B cultured MKs whether a similar dysregulation of  the 
LIMK/cofilin/actin signaling pathway was also apparent. The patient harboring the p.V1316M mutation 
presented with a loss of  high-molecular-weight vWF multimers and markedly reduced platelet counts (40 
× 109 platelets/l) at the time of  examination. Human CD34+ cells from peripheral blood of  control and 
the patient were differentiated in vitro in the presence of  thrombopoietin (TPO). Following maturation, 
MKs were allowed to spread on a fibrinogen-coated surface in order to examine actin structure and cofilin 
phosphorylation. This approach revealed that actin was unstructured in the vast majority of  2B MKs, with 
actin accumulation in peripheral zones (Figure 7A), similar to that found in murine 2B MKs. Interestingly, 
regions of  actin accumulation were enriched in phosphorylated cofilin, the inactive form (Figure 7A), sug-
gesting that the defect in actin turnover was linked to hyperphosphorylation of  cofilin. Indeed, Western 
blot analysis confirmed an increase in phosphorylated cofilin compared with human control MKs (Figure 
7B). We then analyzed proplatelet formation of  human 2B and control MKs. At day 11, 2B MKs exhibited 

Figure 5. The LIM kinase 
(LIMK)/cofilin signaling path-
way is dysregulated in type 2B 
mutant vWF/p.V1316M (2B) 
megakaryocytes (MKs). (A) 
Western blot of IQGAP1, cofilin, 
phospho-cofilin (p-cofilin), 
and p-LIMK, and quantifica-
tion of p-cofilin (n = 5) and 
p-LIMK (n = 3) in mature MKs 
after thrombopoietin-induced 
differentiation. n = 5. (B) WT 
and 2B MKs after thrombopoi-
etin-induced differentiation 
in culture were incubated 
over a fibrinogen matrix for 3 
hours and stained for F-actin 
and total cofilin or p-cofilin 
(on Ser3). Scale bars: 10 μm. 
White squares indicate the 
magnification zone. Statistical 
significance was determined 
by Student’s t test. *P < 0.05, 
***P < 0.001.
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a proplatelet formation defect compared with control (9% vs. 23% of  proplatelet-forming MKs in patient 
and control, respectively), with the 2B MKs having shorter proplatelets and larger swellings than the control 
MKs (Figure 7, C and D). We then sought to rescue proplatelet formation in human 2B MKs using LIMKi. 
Whereas LIMKi had no effect on proplatelet formation (Figure 7, C and D) and on the average diameter 
of  platelet-like structures in human control MKs (data not shown), LIMK inhibition restored proplatelet 
formation in 2B MKs (~16% vs. ~9% of  proplatelet-forming MKs in LIMKi- and vehicle-treated 2B MKs, 
respectively; Figure 7, C and D. These percentages are based on analyzing several fields of  cells.). Also, we 
observed that proplatelet organization returned to normal, with thin and long extensions (Figure 7D) and 
a decreased average diameter of  platelet-like structures in LIMKi-treated 2B MKs (1.4 μm) compared with 
vehicle-treated patient MKs (2.9 μm) (Figure 7E). Our results demonstrate that in both mice and humans, 
the LIMK/cofilin/actin signaling pathway is dysregulated in the presence of  the type 2B p.V1316M muta-
tion and that LIMK inhibition restores (near) normal proplatelet formation in vitro.

RhoA signaling pathway regulates LIMK and cofilin phosphorylation and restricts proplatelet formation in mouse 
2B MKs. Phosphorylation of  LIMK and cofilin has been described to be regulated by Rho-family GTPases 
(reviewed in ref. 27). We then investigated whether a modified Rac1 or RhoA activity in mouse 2B MKs 
could be responsible for the upregulation of  LIMK and cofilin. Interestingly, we found an upregulation of  
RhoA-GTP in mature 2B MKs compared with WT MKs (Figure 8A), but no difference was observed for 
Rac-GTP (data not shown). To investigate whether hyperactivity of  RhoA contributed to the upregula-
tion of  LIMK and cofilin in 2B MKs, experiments were performed using a specific RhoA kinase (ROCK, 
effector of  RhoA) inhibitor, Y-27632. First, treatment of  mature WT and 2B MKs with Y-27632 (10 μM) 
strongly decreased phosphorylation of  both LIMK and cofilin, indicating that RhoA controls LIMK and 
cofilin phosphorylation in WT and 2B MKs (Figure 8B). We next evaluated proplatelet formation on a 
fibrinogen matrix. For 2B MKs, the percentage of  proplatelet-forming MKs and the number of  proplate-
lets per MK were increased in Y-27632–treated cells compared with vehicle-treated (DMSO) cells (Figure 
8C). Of  note, WT MKs treated with the ROCK inhibitor also showed an increase in the percentage of  

Figure 6. Inhibition of LIM kinase (LIMK) rescues proplatelet formation in type 2B mutant vWF/p.V1316M (2B) megakaryocytes (MKs). (A) Western 
blot of phospho-cofilin (p-cofilin) in 2B MKs in the presence or absence of LIMK inhibitor (LIMKi). Mature MKs were incubated for 3 hours with 10 μM 
LIMKi or DMSO (1:500 vol/vol) and then lysed in SDS denaturing buffer. n = 3. (B) Representative images of 4 separate experiments of the actin structure 
(white arrows) in 2B MKs treated or not with LIMKi (10 μM). DMSO was used as control. Scale bars: 20 μm. (C) Mature MKs after thrombopoietin-induced 
differentiation in culture were incubated over a fibrinogen matrix for 5 hours in the presence or absence of LIMKi (10 μM). DMSO was used as control. Rep-
resentative images of MKs forming proplatelets from 3 separate experiments. Scale bars: 50 μm. Quantification of the percentage of proplatelet-forming 
MKs in the presence or absence of LIMKi (right). The percentage of cells was measured in 3 separate experiments (50–80 MKs were analyzed/experiment). 
(D) Representative images (left) of 2B MKs in the presence or absence of LIMKi. Scale bars: 20 μm. Graph of the size of platelet-like structures (right) was 
measured in 3 separate experiments. Statistical significance was determined by 1-way ANOVA followed by Dunnett’s test. *P < 0.05, **P < 0.01.
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proplatelet-forming cells (Figure 8C), in agreement with previous observations (28). Taken together, our 
data demonstrate that the increase in LIMK and cofilin phosphorylation in 2B MKs is due to upregulation 
of  the RhoA signaling pathway restricting proplatelet formation.

In vivo administration of  LIMKi increases platelet counts and reduces MPV in 2B mice. Because our in vitro 
data demonstrate that LIMK inhibition was able to rescue proplatelet formation in 2B MKs, we then inves-
tigated the effect of  LIMKi in vivo. LIMKi or vehicle was injected subcutaneously daily for 3 days in WT 
and 2B mice. Hematologic parameters were measured before administration and then at days 6, 8, and 
10. Whereas LIMKi did not affect platelet count (Figure 9A) and MPV (data not shown) in WT mice, it 
increased the platelet count in 2B mice at days 6 and 8 compared with vehicle (Figure 9B). For instance, 
platelet count determined at day 6 was 706 ± 44 × 103 platelets/μl in LIMKi-treated 2B mice versus 483 
± 50 × 103 platelets/μl in vehicle-treated 2B mice (P < 0.001), representing an increase of  64% versus 10% 

Figure 7. Human type 2B mutant 
vWF/p.V1316M (2B) megakaryo-
cytes (MKs) exhibit defective 
actin structure and proplatelet 
formation, which is rescued by 
LIM kinase (LIMK) inhibition. 
(A) Control and patient 2B MKs 
after thrombopoietin-induced 
differentiation in culture were 
incubated over a fibrinogen 
matrix for 3 hours and stained 
for F-actin (green) and the 
Ser3-phosphorylated cofilin 
(p-cofilin, red). Scale bars: 10 
μm. White squares indicate the 
magnification zone. (B) Western 
blot of p-cofilin and total cofilin 
in control (C) and in patient MKs 
(P). (C) Proplatelet formation in 
liquid culture in the presence or 
the absence of LIMKi at day 11, 
in control and in patient MKs. 
LIMKi (10 μM) was added at 
day 10; DMSO (0.2%) was used 
as vehicle. Scale bars: 50 μm. 
(D) Control and patient 2B MKs 
after thrombopoietin-induced 
differentiation in culture were 
spread over a polylysine-coated 
coverslip for 3 hours and stained 
for F-actin. Scale bars: 20 μm. 
(E) Proplatelet structure after 
F-actin staining and graph of the 
size of platelet-like structures 
in the 2B patient in the pres-
ence or absence of LIMKi. Scale 
bars: 5 μm. MKs in the presence 
of DMSO (n = 15) and MKs in 
the presence of LIMKi (n = 10) 
were analyzed for the size of 
platelet-like structures. Statisti-
cal significance was determined 
by Student’s t test. ***P < 0.001.
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in LIMKi- and vehicle-treated 2B mice, respectively. Importantly, LIMKi treatment decreased MPV (at 
day 6 the MPV was 7.4 ± 0.2 fl in LIMKi-treated 2B mice vs. 8.1 ± 0.1 fl in vehicle-treated 2B mice, P < 
0.01) (Figure 9C). Of  note, vehicle treatment did not significantly change the platelet counts and MPV at 
the indicated time points compared with untreated mice. Other blood parameters such as red and white 
blood cell counts, hemoglobin, and hematocrit were unmodified after the injection of  the LIMKi (data not 
shown), suggesting a specific effect on MKs. These data demonstrate that treatment with LIMKi in 2B mice 
boosts platelet production and significantly reduces MPV in vivo.

We then evaluated the effects of  LIMKi on the function of  platelets from 2B mice. In vivo, WT and 
2B mice were injected subcutaneously with LIMKi (30 mg/kg) or DMSO as control, daily for 3 days. We 
then evaluated the platelet function in a tail bleeding time model at day 6, corresponding to the maximum 
elevation of  platelet count observed after LIMKi treatment in 2B mice (Figure 9D). The LIMKi treatment 
in WT mice did not modify the bleeding time. However, in 2B mice, the hemorrhagic phenotype of  these 
mice was not restored, suggesting that elevation of  platelet count was not sufficient to restore a normal 
hemostasis and that platelet function defects were still present. In vitro, we evaluated the effect of  LIMKi 
on integrin αIIbβ3 activation. We first evaluated the integrin αIIb expression (CD41), and observed an 
increase of  42% (Figure 9E). This increase correlates with the presence of  giant platelets in our model, 

Figure 8. Active RhoA is upregulated in type 2B mutant vWF/p.V1316M (2B) megakaryocytes (MKs) and controls 
the phosphorylation of LIM kinase (LIMK) and cofilin. (A) Pull-down assays of RhoA-GTP were performed in WT 
and 2B mature MKs. Western blot and quantification of RhoA and Rhoa-GTP. Statistical significance was deter-
mined by Student’s t test. ***P < 0.001, n = 3. (B) Western blot of LIMK and cofilin phosphorylation in WT and 2B 
MKs in the presence or the absence of the RhoA kinase (ROCK) inhibitor, Y-27632. Mature MKs were incubated for 3 
hours with Y-27632 (10 μM) or DMSO (0.2%) and then lysed in SDS denaturing buffer. n = 3. These samples were run 
in the same gel but the lanes were noncontiguous, as indicated by the separate boxes. (C) Mature MKs after throm-
bopoietin-induced differentiation in culture were incubated over a fibrinogen matrix for 5 hours in the presence 
or absence of the ROCK inhibitor (10 μM) or DMSO (0.2%) used as control. Representative images of MKs forming 
proplatelets. Scale bars: 50 μm. Quantification of the percentage of proplatelet-forming MKs (top graph) and the 
number of proplatelets/MK (bottom graph) in 3 separate experiments. Statistical significance was determined by 
1-way ANOVA followed by Dunnett’s test (50–75 MKs were analyzed/experiment). *P < 0.05, ***P < 0.001.
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with a platelet size increase of  44%. Then, platelets of  WT and 2B mice were incubated with LIMKi or 
DMSO for 10 minutes before activation with ADP as agonist. We evaluated the activation level of  integrin 
αIIbβ3 by use of  JON/A, a mAb specific for the activated conformation of  mouse integrin αIIbβ3. Using 
flow cytometry, the level of  JON/A binding to integrin αIIbβ3 after stimulation with ADP was slightly 
increased but remained lower in 2B platelets than in activated WT platelets (Figure 9F). After LIMK inhi-
bition, the activation of  integrin αIIbβ3 of  WT platelets was not modified, and in 2B mice, the LIMKi was 
not able to restore the level of  αIIbβ3 activation to that observed in WT platelets (Figure 9F). Altogether, 
these data show that LIMKi does not reverse the platelet function defects in vivo (measured by the tail 
bleeding time) and in vitro (measured by the activation of  integrin αIIbβ3).

Discussion
Impaired platelet production is an important clinical problem, as it may result in severe bleeding, and 
many MK signaling pathways that are affected in disorders characterized by macrothrombocytopenia 
remain elusive. An example hereof  is the bleeding disorder in VWD-type 2B, in which thrombopathy (29) 
and macrothrombocytopenia are part of  complex clinical manifestations observed in patients (13). Long 
considered a paradoxical bleeding disorder because gain-of-function mutations of  plasma vWF should 

Figure 9. In vivo administration of LIM kinase inhibitor (LIMKi) increases the platelet count and reduces the mean platelet volume in type 2B mutant 
vWF/p.V1316M (2B) mice but does not reverse the hemostatic defect. Whole-blood platelet counts in WT (A) and 2B mice (B) of DMSO-treated and 
LIMKi-treated mice before and after 3 injections of LIMKi (30 mg/kg) or DMSO (1.6 μl/g body weight) at various times. n = 3. Mean platelet volume (MPV) 
(C) of DMSO-treated 2B mice and LIMKi-treated 2B mice. n = 4–12 mice in each group. Statistical significance was determined by 1-way ANOVA followed 
by Dunnett’s test. *P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant. (D) Tail bleeding time in WT (n = 3) and 2B mice (n = 6 and 9) of DMSO-treated 
mice and LIMKi-treated mice after 3 injections of LIMKi (30 mg/kg) or DMSO. Integrin αIIbβ3 expression (n = 4) (E) and activation (n = 3) (F) were assessed 
by flow cytometry using a CD41 antibody and integrin αIIbβ3 mAb (JON/A) specific for the activated conformation of the mouse integrin, respectively. The 
level of activated integrin is indicated by the mean fluorescence intensity (MFI) ratio JON/A:CD41, calculated with the WT JON/A:CD41 ratio equal to 1.
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have given rise to a prothrombotic condition, it is now accepted that several causes underlie the thrombo-
cytopenia, such as an increased platelet clearance of  vWF/platelet complexes (10). However, the presence 
of  giant platelets also point to vWF-type 2B mutants playing a role in the fine regulation of  the processes 
that result in platelet production. Indeed, previous studies have reported that proplatelet formation is dis-
turbed in VWD-type 2B (14, 30), an observation that we were able to reproduce in 2B mice (Figure 2). The 
severity of  VWD-type 2B is strikingly mutation dependent and one of  the most severe mutations is the 
p.V1316M replacement, which is associated with constant thrombocytopenia and the presence of  giant 
platelets (15). We therefore used our genetically engineered 2B mice to investigate in more detail the differ-
ent steps that lead to the formation of  platelets in order to determine the mechanism of  this macrothrom-
bocytopenia. This analysis first revealed that the 2B mice were indistinguishable from WT mice in all steps 
of  differentiation that are required for the generation of  mature round-shaped MKs (Supplemental Figure 
5). This seems compatible with the notion that vWF expression is initiated at the pre-MK stage (31, 32). 
Thus, vWF is absent in early stages of  megakaryocytopoiesis and mutant vWF/p.V1316M will therefore 
not influence these parts of  the process.

However, mature MKs from the 2B mice did display a number of  important differences compared with 
those in WT mice. First, we observed that 2B MKs were significantly increased in size (approximately 20%) 
compared with WT MKs (Figure 3). More importantly, DMS, which is the only known source of  proplate-
let membranes (22) and originates in part from plasma membrane invagination (33), was strongly reduced 
(Figure 3). Given that all markers of  MK maturity (such as CD41, CD42b, and the TPO receptor) were 
present, this underdeveloped DMS seems to be the consequence of  a reduced capacity to generate these 
membranes. Consecutive stages of  DMS organization do rely on F-actin dynamics to polarize membranes 
(24) and are also controlled by ROCK (34). It seems thus conceivable that the insufficiently developed 
membrane reservoir is in part responsible for the reduced platelet count and/or the increased platelet size 
in these 2B mice through dysregulation of  F-actin dynamics and RhoA activity, both found to be involved 
in proplatelet formation defects in 2B MKs.

A second aberrant characteristic that could affect platelet count and/or platelet size in 2B MKs relates 

Figure 10. Scheme of the regulation of actin turnover by LIM kinase (LIMK)/cofilin in WT and type 2B mutant 
vWF/p.V1316M (2B) megakaryocytes (MKs). LIMKs influence the architecture of the actin cytoskeleton by regu-
lating the activity of the cofilin family proteins. In WT mice, the equilibrium between nonphosphorylated and 
phosphorylated cofilin stimulates severance and depolymerization of actin, and promotes actin filament turnover, 
leading to proper platelet production. By contrast, in 2B MKs, the inactivation of cofilin by phosphorylation at Ser3 
is upregulated. This leads to cofilin losing its ability to bind actin and then suppresses actin turnover (2). RhoA/
ROCK regulates the LIMK/cofilin pathway in WT MKs and is upregulated in 2B MKs. ROCK, RhoA kinase.
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to the defect in actin cytoskeleton organization. Indeed, microscopic analysis revealed that actin behind the 
leading edge is unstructured  in the peripheral zone of  2B MKs, with an accumulation of  actin filaments. 
Changes in actin polymerization are key to many processes involving the formation of  proplatelets (4–6, 8, 
35). In particular, the formation of  extensions and proplatelet shaft bifurcations are clearly actin dependent, 
and it is not surprising that actin plays a fundamental role in the terminal step of  proplatelet production 
(8). Recently, it has been described that proplatelet formation was impaired and MKs displayed a reduced 
number of  proplatelet tips of  altered diameter, while actin polymerization was increased in vitro (36).

The signaling cascade that controls actin dynamics involves a variety of  proteins, including cofilin. 
When nonphosphorylated, cofilin stimulates severing and depolymerization of  actin and promotes actin 
turnover. In contrast, when phosphorylated at Ser3, cofilin enters an inactive state and loses its ability 
to bind actin (reviewed in ref. 2). Consequently, actin filaments are stabilized and accumulate in areas 
enriched in phosphorylated cofilin (Figures 5 and 7). This extends previous findings showing that hyper-
phosphorylation of  cofilin induces a platelet-formation defect (8, 35). In addition, mutations in the cofilin 
partner Aip1/Wdr1 lead to macrothrombocytopenia (37). We investigated whether dysregulation of  cofilin 
could explain the defect in the control of  the actin network in 2B MKs. Analysis of  both human and murine 
2B MKs identified the presence of  significantly increased levels of  phosphorylated cofilin, i.e., the inactive 
form of  cofilin. Our data sustain the following model: in 2B mice, the balance between the nonphosphory-
lated and phosphorylated cofilin is disturbed and cofilin loses its ability to bind actin, which suppresses 
actin turnover (Figure 10).

Because LIMK participates in actin dynamics by phosphorylating cofilin (1), additional investigative 
work was then directed to LIMK. Members of  the LIMK family (Lin-11/Isl-1/Mec-3 domain–containing 
protein kinases) contain 2 N-terminal LIM domains that are protein-binding domains frequently found in 
cytosolic proteins interacting with the actin cytoskeleton. Indeed, LIMKs have been shown to influence the 
architecture of  the actin cytoskeleton by regulating the activity of  the cofilin family proteins (2). We also 
found increased levels of  phosphorylated LIMK in 2B MKs (Figure 5), which were probably responsible 
for increased levels of  inactive cofilin, thereby dysregulating actin turnover. To support this hypothesis, we 
performed in vitro and in vivo studies using a LIMKi. When added to 2B MKs, the LIMKi resulted in a 
reduction of  the level of  the inactive, phosphorylated form of  cofilin (Figure 6). Furthermore, the inhibitor 
normalized not only formation of  proplatelet-forming MKs, but also the size of  the new proplatelets (Fig-
ures 6 and 7). Also, treatment of  mice with the LIMKi had tremendous implications, as it resulted in signifi-
cantly increased platelet counts and reduced MPV values (Figure 9). These in vitro and in vivo data confirm 
that dysregulation of  the LIMK/cofilin pathway in VWD-type 2B is at the origin of  impaired proplatelet 
formation, and thereby contributes to the macrothrombocytopenic phenotype of  the patients (Figure 10).

How does the vWF/p.V1316M mutation induce dysregulation of  the LIMK/cofilin pathway? Two 
aspects are of  relevance in this regard. First, it has been reported that artificial, ristocetin-stimulated com-
plex formation between vWF and GPIbα induces activation of  the LIMK/cofilin pathway (26). We there-
fore considered the possibility that outside-in signaling induced upon complex formation by freshly secret-
ed vWF/p.V1316M and cell-surface-exposed GPIbα could be responsible for the activation of  the LIMK/
cofilin pathway. However, in line with previous reports (38), we could not detect any vWF at the MK 
surface, by immunofluorescence or by flow cytometry. This suggests that the mutation p.V1316M enables 
vWF to modulate the signaling cascade from its endogenous location, as previously described in human 
2B MKs (30). Indeed, addition of  2B vWF in the cell culture boosts platelet production and has an effect 
opposite that of  vWF synthesized by the MK (30).

The second aspect that is of  relevance is how vWF/p.V1316M might be able to disturb the LIMK/
cofilin pathway. It is known that the activity of  LIMK is regulated by the Rho-family GTPases RhoA, 
Rac1, and Cdc42 via their effector kinases ROCK and p21-activated kinase (reviewed in ref. 27). Several 
of  these components have indeed been reported to be involved in the regulation of  the actin network 
and proplatelet formation (28, 35). In 2B MKs, an increase in the active form of  RhoA (RhoA-GTP) but 
not Rac1 was observed. Moreover, the presence of  ROCK inhibitor reduces the level of  phosphorylated 
LIMK and of  inactive cofilin, both in WT and 2B MKs (Figure 8) and normalized the formation of  
proplatelet-forming 2B MKs. Our data are in agreement with previous studies providing evidence that the 
Rho/ROCK pathway acts as a negative regulator of  proplatelet formation (28, 39). Indeed, overexpres-
sion of  a spontaneously active RhoA leads to a decrease in proplatelets, indicating that RhoA activation 
inhibits proplatelet formation (28). Of  note, it was reported that the Rho signaling pathway could be 
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controlled by the small GTPase Rap1 (40). Interestingly, we have recently demonstrated in VWD-type 
2B p.V1316M that the thrombopathy originates from an impaired activation of  Rap1 (29). It is therefore 
tempting to speculate that a similar lack of  Rap1 activation occurs in 2B MKs, thereby dysregulating 
the RhoA/ROCK/LIMK/cofilin pathway, which subsequently provokes destabilization of  the actin net-
work. This is ultimately manifested by a severely affected proplatelet formation, and explains at least in 
part the macrothrombocytopenia in VWD-type 2B.

The risk of  bleeding in VWD-type 2B patients with thrombocytopenia was shown to be 5 times higher 
than that of  patients with a normal platelet count, notably with the severe p.V1316M mutation (13). Treat-
ment of  VWD relies either on replacement therapy with vWF concentrates or on desmopressin (DDAVP) 
to increase levels of  circulating vWF (41). However, DDAVP is not recommended in VWD-type 2B 
because of  the possibility of  worsening the thrombocytopenia and further increasing the risk of  bleeding 
(42). Given these major challenges in the prevention or treatment of  bleeding in VWD-type 2B patients 
with thrombocytopenia, a breakthrough might be provided by a treatment favoring platelet production. 
Whether LIMK could also represent a potential therapeutic target in the treatment of  VWD-type 2B was 
tested in our study. LIMK inhibitors are already under consideration for several indications (43), such as 
cancer (44), elevated intraocular pressure (45), pulmonary hypertension (46), and human immunodefi-
ciency virus type 1 (HIV-1) (47). Our results (Figure 9) show indeed that targeting LIMK restores platelet 
counts in 2B mice. However, we also demonstrated that the hemorrhagic phenotype of  these mice was not 
corrected, suggesting that elevation of  platelet count was not sufficient to restore a normal hemostasis. Fur-
thermore, we previously demonstrated that platelets from 2B patients (29) and 2B mice (17) are defective in 
integrin αIIbβ3 activation. After LIMK inhibition, the activation of  integrin αIIbβ3 of  2B platelets was not 
restored. Altogether, these data show that the LIMKi does not reverse the platelet function defects in vivo 
and in vitro and provide evidence that: (a) the platelet function defect in this model is a more important 
contributor to the hemostatic defect than the thrombocytopenia, and (b) the LIMK signaling pathway is 
not involved in the integrin αIIbβ3 activation defect in severe VWD-type 2B. Based on the present study, 
LIMK inhibitors may be used to restore platelet counts in the treatment of  VWD-type 2B patients exhibit-
ing thrombocytopenia, but such treatments need to be combined with hemostatic agents.

The presence of  giant platelets associated with a low platelet count is a condition that occurs sponta-
neously in patients with the most severe VWD-type 2B mutations or in stress conditions for patients with 
milder mutations. Because macrothrombocytopenic phenotypes are heterogeneous in VWD-type 2B, we 
can speculate that all ranges of  responses could be observed, notably the impaired actin turnover related to 
the RhoA/LIMK/cofilin pathway. Further investigations are required to determine the involvement of  this 
pathway in a mutation-dependent manner. By comparison, platelet-type VWD (PT-VWD) is an autosomal 
dominant inherited bleeding disorder caused by gain-of-function mutations of  GPIbα conferring to platelet 
integrin GPIb an enhanced affinity for vWF. This disorder is associated with moderate macrothrombocy-
topenia, which is currently explained by the formation of  vWF-platelet complexes that are then rapidly 
cleared from the circulation. No studies, however, have shown enhanced platelet clearance in patients with 
PT-VWD and defective platelet formation. Based on these premises, it is conceivable that defective pro-
platelet formation may also contribute to macrothrombocytopenia in PT-VWD, but this point requires 
further investigation. Gain-of-function mutations either in GPIb (PT-VWD) or in vWF (VWD-type 2B) 
lead to macrothrombocytopenia. It is therefore tempting to speculate that gain-of-function mutations in the 
receptor or ligand induce a common signaling pathway that dysregulates platelet production.

Methods
Additional description of  materials, including a list of  antibodies used, and experimental procedures can be 
found in the online supplemental methods and data.

Mice and hematologic analysis. The VWD-type 2B knockin mouse model (p.V1316M) has been described 
elsewhere (17). Mice homozygous for the p.V1316M mutation are referred to as 2B mice and their control 
littermates as WT mice. Blood counts were determined with an automatic cell counter (Scil Vet ABC Plus, 
Horiba Medical).

Preparation of  MKs and culture. BM cells were obtained by flushing femurs and tibiae of  2B mice and 
control littermates, and cells expressing 1 or more of  the lineage-specific markers on their surface (Ter119, 
B220, CD4, CD5, CD11b, and Gr-1) were depleted using immunomagnetic beads (sheep anti-rat IgG 
Dynabeads, Thermo Fisher Scientific). The remaining population (referred as Lin– cells) was cultured at 
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37°C in 5% CO2 in Iscove Modified Dulbecco’s Medium (IMDM; Invitrogen) supplemented with 15% BIT 
9500 serum substitute (STEMCELL Technologies), α-monothioglycerol (Sigma-Aldrich), and liposomes 
(phosphatidylcholine, cholesterol, and oleic acid; all from Sigma-Aldrich) (48), and in the presence of  10 
nM recombinant human TPO (Miltenyi Biotec). After 5 days of  culture, the cell population was enriched 
in mature MKs using a 1.5%/3% BSA gradient under gravity (1 g) for 45 minutes at room temperature as 
described (49). For human cells, CD34+ cells were isolated from peripheral blood by an immunomagnetic 
technique (Miltenyi Biotec). Human recombinant stem cell factor (SCF, 20 ng/ml, Miltenyi Biotec) and 
human TPO (50 nM) were added once on day 0 to the culture medium, followed by 20 nM TPO alone on 
day 6 without any addition of  SCF thereafter until day 12.

Actin structure and proplatelet formation over fibrinogen matrix. Coverslips were coated with fibrinogen 
(100 μg/ml, HYPHEN BioMed SAS) overnight at 4°C. After washing twice with PBS, the coverslips were 
blocked with BSA (5 mg/ml) for 1 hour at room temperature, and washed twice with PBS before use.

For actin assay, mature MKs were plated on a fibrinogen-coated surface for 3 hours at 37°C and then 
fixed (4% paraformaldehyde) and permeabilized with Triton X-100 (0.1%), and actin fibers were stained 
with 4 μg/ml Alexa Fluor 488–labeled phalloidin (Thermo Fisher Scientific) and then visualized by epi-
fluorescence microscopy (Eclipse 600, Nikon) or confocal microscopy (LSM700 confocal microscope, Carl 
Zeiss). Z-stack images (z-depth, 0.34 μm) were deconvolved using Huygens software (Scientific Volume 
Imaging). The complete z-stacks were represented as a 3D-volumetric reconstruction using Icy software 
(Pasteur Institute). To determine the F/G-actin ratio, MKs were stained for 30 minutes at room tempera-
ture with Alexa Fluor 488–phalloidin (4 μg/ml) to stain F-actin and with Alexa Fluor 594–labeled DNase I 
(17 μg/ml, Thermo Fisher Scientific) to stain monomeric G-actin. The F/G-actin integrated intensity was 
calculated in the peripheral zone of  MKs with Fiji software (50).

For proplatelet formation assays, mature MKs were plated on a fibrinogen-coated surface for 5 hours 
at 37°C. Adherent MKs were fixed (4% paraformaldehyde) and then visualized by TEM (see supplemental 
methods for details).

Patient 2B. The patient with a vWF mutation associated with VWD-type 2B was enrolled in this study 
after informed consent in accordance with the Declaration of  Helsinki. The patient is a man exhibiting a 
mutation corresponding to a p.V1316M substitution. The bleeding score of  the patient was high (score 27 
vs. control < 5) (12) associated with a loss of  high-molecular-weight vWF multimers and a low platelet 
count (40 × 109 platelets/l) at the time of  examination.

Study approval. For mouse studies, housing and experiments were done as recommended by French 
regulations and the experimental guidelines of  the European Community. This project was approved by the 
local ethics committee CEEA 34 under the number CEEA34.SC.040.12.

For human studies, control and patient gave written informed consent before participating in this 
study and were enrolled in the study in accordance with the Declaration of  Helsinki. The study was 
approved by the Ethical Committee of  the Institut National de la Santé et de la Recherche Médicale 
(INSERM RBM) 01–14.

Statistics. Quantitative data graphs are presented as dot plots, with the mean ± SEM, or as box and 
whisker plots, with the lower hinge representing the 25th percentile, and the upper hinge the 75th percen-
tile. The line inside the box marks the median and the mean is represented by a cross (+). The maxima and 
minima are at the ends of  the whiskers.

Statistical analyses were performed using Prism 6 for Mac (GraphPad Software). Statistical dif-
ferences were analyzed by parametric unpaired 2-tailed Student’s t test or 1-way ANOVA followed by 
Dunnett’s test as indicated. P values less than 0.05 were considered statistically significant. *P < 0.05, 
**P < 0.01, ***P < 0.001.
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