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Abstract

Bernard Soulier syndrome (BSS) is a severe bleeding disorder with moderate to severe thrombocytopenia, giant platelets, 
and platelet dysfunction, caused by biallelic mutations in GP1BA, GP1BB, or GP9 genes. We generated induced pluripotent 
stem cells (iPSC) from a BSS patient with a novel heterozygous GP1BA p.N103D mutation, resulting in moderate macrothrom­
bocytopenia. The mutation does not affect megakaryocyte (MK) differentiation or GPIb-GPIX complex expression but reduc­
es affinity to von Willebrand factor (VWF). It induces increased signaling independent of VWF and αIIbβ3-mediated outside-in 
signaling, causing a profound defect in proplatelet formation after adhesion on fibrinogen. Pre-activation of αIIbβ3 integrin 
and heightened stress fiber formation linked to RhoA pathway overactivation were observed, likely due to increased phos­
phorylation of SRC at Y419 downstream of GPIbα. Dasatinib, a SRC inhibitor, restored stress fiber formation. Using a 3D bone 
marrow model to mimic platelet release under flow, we demonstrated that the ROCK1/2 inhibitor Y27632 increased platelet 
number and restored platelet size in GPIbαN103D MK, as well as in MK from two other patients with heterozygous GP1BA mu­
tations (p.L160P and p.N150S). However, Y27632 had no additional effect on platelet generation from MK of two patients with 
biallelic BSS, suggesting a distinct molecular mechanism in biallelic cases.
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Introduction

Bernard Soulier syndrome (BSS; MIM #231200) is an auto­
somal recessive disorder due to quantitative or qualitative 

defects of the GPIb-IX complex with a severe bleeding 
diathesis. Presently, more than 50 missense, nonsense or 
frameshift mutations have been reported in GP1BA, GP1BB 
or GP9 genes coding for GPIbα, GPIbβ and GPIX, while no 
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defect has been found in the GP5 gene, coding for the GPV 
subunit.1 BSS is characterized by moderate to severe throm­
bocytopenia, giant platelets, and platelet dysfunction, and 
has an estimated incidence of 1/1,000,000. Although it was 
reported that giant platelets could be related to defects in 
proplatelet formation (PPF) from patient megakaryocytes 
(MK), the precise mechanisms leading to macrothrombo­
cytopenia are unknown.
A few cases with autosomal dominant transmission (monoal­
lelic BSS) and mild bleeding have also been described. 
GP1BAA156V (or p.A172V) also called Bolzano mutation is the 
most frequent heterozygous mutation.2,3

The role of glycoprotein GPIb-IX complex in platelet func­
tions is well established. Its interaction with von Wille­
brand factor (VWF) plays a major role in platelet adhesion 
and plug formation at sites of vascular injury. However, 
its involvement in regulating platelet production remains 
poorly understood. The use of Gp1ba and Gp1bb knockout 
(KO) mice revealed a role of this receptor during the final 
stages of MK maturation, notably the formation of the 
demarcation membrane system (DMS) and proplatelet ex­
tension,4,5 likely independently of VWF since Vwf KO mice 
display no MK poiesis defect.6 Similarly, human MK derived 
from induced pluripotent stem cells (iPSC) of homozygous 
BSS patients carrying mutations in GP1BA or GP1BB, did not 
express the GPIb-GPIX complex on their cell surface. This 
led to the production of abnormally large proplatelets and 
macroplatelet-like particles with a dilated DMS,7 mirroring 
the findings in mice.
In platelets, it is well established that VWF binding to the 
GPIb-IX complex initiates platelet activation turning on 
several signaling pathways such as Src family kinases (Lyn 
and Src), SYK, Rac1, PI3-kinase/Akt, BAD, cGMP-dependent 
protein kinase and MAP kinases.8-10 Indeed, the interaction 
of the intracytoplasmic domain of GPIbα with 14-3-3ζ, af­
ter VWF binding, initiates a signaling cascade leading to 
integrin αIIbβ3 activation.11 However, less is known about 
GPIb-GPIX-mediated signaling in the MK lineage. It has 
been shown that the absence of the cytoplasmic tail of 
GPIbα prevents 14-3-3ζ interaction and phosphorylation 
of AKT, which could impair thrombopoietin-mediated re­
sponses.12 However, this does not explain the defect in DMS 
and the presence of macrothrombocytopenia in BSS. The 
interaction between GPIbα with cytoskeleton proteins and 
mainly with filamin A (FLNa) was proposed as regulator of 
platelet formation and size in mouse models5,13-15 but only 
a slight effect on in vitro PPF was detected in the absence 
of GPIbα/FLNa interaction in human MK derived from iPSC 
induced from patients with filaminopathy A,16 suggesting 
that other mechanisms could be involved.
In heterozygous BSS, the Bolzano Ala156Val mutation was 
shown to reduce PPF by half.17 However, the mechanism 
by which mutations in the extracellular domain of GPIbα, 
while maintaining intracellular interactions, lead to such a 
defect, has not been explored. Here, we derived iPSC from 

a BSS patient with a novel heterozygous mutation in the 
extracellular leucine-rich repeats (LLR) domain of GP1BA 
GP1BAN103D, resulting in mild macrothrombocytopenia. We 
report an overactivation in the RhoA pathway due to in­
creased SRC phosphorylation. Employing a 3D bone marrow 
model to simulate platelet release under flow conditions,18,19 
we demonstrate that ROCK1/2 inhibition restores platelet 
number and size for heterozygous BSS patients with mu­
tations in the extracellular LRR domain of GP1BA but not 
for homozygous BSS patients with a homozygous mutation 
in the extracellular LRR domain of GP1BA or GP1BB.

Methods

Study approval
Blood samples from patients and healthy subjects were 
collected after informed written consent and obtained in 
accordance with the Declaration of Helsinki. The study was 
approved by the Comité de Protection des Personnes CPP 
N°2020T2-02, France.
Five unrelated individuals (P1-P5) were identified with 
macrothrombocytopenia during routine blood tests (Online 
Supplementary Table S1).
Induced pluripotent stem cell generation and expansion
CD34+ cells obtained from peripheral blood of P1 patient 
were cultured in a serum-free medium supplemented with 
cytokines for 6 days and transduced using the CytoTune 
iPS 2.0 Sendai Reprogramming Kit (Thermo Fisher).

Flow cytometry
Single cell suspensions were subjected to staining using 
monoclonal antibodies directly coupled to their respective 
fluorochromes. Analysis was conducted using BD Canto II 
or BD LSRFortessa cytometers (BD Biosciences). MK were 
isolated on Influx, ARIA III, or ARIA Fusion cell sorters (BD 
Biosciences).

Silk bone marrow model
Silk fibroin aqueous solution was obtained from B. mori 
silkworm cocoons according to previously published litera­
ture.20 Silk scaffolds have been produced by a salt-leaching 
method, as previously described.21 The dynamic perfusion 
of the 3D silk bone marrow model was performed by using 
a peristaltic pump (ShenChen Flow Rates Peristaltic Pump 
- LabV1) connected to a bioreactor chamber manufactured 
using 3D SLA printing technology (Form 3B, Formlab) and 
consisted of two wells each of which was equipped with a 
3D silk fibroin scaffold; 1.5×105 MK were seeded into each 
silk scaffold and kept at 37 °C and 5% CO2.

Statistics
All data are shown as mean ± standard error of mean (SEM), 
mean ± standard deviation (SD) or mean ± minimum to 
maximum. The statistical analyses were performed using 
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the PRISM software. Statistical significance was established 
using a Student’s t test or a one-way analysis of variance 
(ANOVA) specified in legends. Differences were considered 
significant at P<0.05.

Results

To investigate the mechanism of macrothrombocytopenia in 
patients with monoallelic GP1BA mutation, we derived iPSC 
from a female patient with mild macrothrombocytopenia 
(P1, 118x109 platelets/L) and rare hemorrhagic manifestations 
such as epistaxis and ecchymosis. The patient exhibited 
a slight defect in platelet aggregation (70-80% response 
to ADP, EPI, COL, AA, TRAP and ristocetin) and carried a 
new heterozygous p.N103D mutation in the extracellular 
LLR4 domain of the GP1BA gene that was initially identified 
by next-generation sequencing (NGS) and confirmed by 
Sanger sequencing (Online Supplementary Figure S1; Online 
Supplementary Table S1). For these reasons, the patient 
was classified as monoallelic Bernard Soulier syndrome. 
Three different clones were characterized and utilized 
for subsequent studies (Online Supplementary Figure S2). 
Additionally, three previously described independent iPSC 
lines were employed as controls.22-24

GPIbααN103D expression in megakaryocytes
MK were differentiated from iPSC using a previously de­
scribed protocol.16 The cell surface expression levels of 
αIIb (CD41), GPIX (CD42a), and GPIbα (CD42b) in MK were 
unaffected by the presence of the GP1BAN103D mutation 
(Figure 1A), as well as their total cellular level as shown 
by western blot analysis (Figure 1B; Online Supplementary 
Figure S3A). In computational modeling, the 3D structure 
of the GPIbαN103D mutant remained unaffected (Figure 1C). 
Immunological staining of MK showed no difference in GPIbα 
distribution (Figure 1D; Online Supplementary Figure S3B).

Normal maturation of GPIbααN103D megakaryocytes
GPIbaN103D did not affect the ploidy level (Online Supplemen-
tary Figure S3C). Electronic microscopy revealed no defect 
in maturation with normal DMS and α-granule formation 
(Online Supplementary Figure S3D), as also attested by the 
immunostaining of GPIbα, actin (Figure 1D) and VWF (On-
line Supplementary Figure S3E). A slight increase in actin 
distribution on the cell membrane was detected (Online 
Supplementary Figure S3B). GPIbα has been proposed to 
regulate DMS and PPF formation through its interaction 
with the cytoskeleton, particularly FLNa. However, filamin 
distribution was similar to that observed in control MK 
(Figure 1D; Online Supplementary Figure S3B), and the 
co-immunoprecipitation assay performed with anti-GPIBα 
antibody revealed no defect in the interaction between 
GPIbα and FLNa (Figure 1E). A trend towards reduced MK 
activation in response to thrombin was observed, with 

a significant decrease at 0.5 U/mL, as indicated by the 
membrane expression of P-selectin (Figure 1F).

Abnormal proplatelet formation by GPIbααN103D 
megakaryocytes
We then investigated proplatelet formation by mutant 
versus control MK in a liquid culture containing thrombo­
poietin (TPO) and stem cell factor (SCF). No difference in 
the percentage of proplatelet-forming MK was detected 
(Figure 2A). The analysis of proplatelets revealed an in­
creased size of tips with a slight decrease in the distri­
bution of GPIbα on the tips and decreased GPIbα level 
at the surface of platelet-like particles generated in vitro 
(Online Supplementary Figure S4A-C). This is consistent 
with a slight increase in GPIbα shedding during proplatelet 
formation (Online Supplementary Figure S4D). After ad­
hesion on fibrinogen (20 mg/mL) for 72 hours, a 2.5-fold 
decrease in the percentage of MK forming proplatelets 
was detected (Figure 2B).
To accurately assess the differences in both quantity and 
size of platelets produced by mutant and control samples, 
CD41+CD42+ mature MK were introduced into a 3D bone 
marrow model made of silk fibroin and functionalized 
with 50 µg/mL fibrinogen. The system was perfused for 
6 hours with culture medium to collect platelets, which 
were then quantified using flow cytometry (Figure 2C). 
Platelet diameters were measured after adhesion on 
polylysine-coated slides using Arivis Vision 4D (Zeiss). 
Compared to controls, 3.35-times fewer platelets were 
recovered from GPIbαN103D MK (Figure 2D), and their size 
was significantly larger (Figure 2E), confirming that MK 
derived from patient-specific iPSC replicate the charac­
teristics of BSS. The increased size of platelets was also 
confirmed by electron microscopy (Figure 2F). A 1.57-fold 
reduction in platelet numbers was also observed when 
the 3D bone marrow model was functionalized with 50 
µg/mL fibronectin (Online Supplementary Figure S4D, E). 
Interestingly, only a slight increase in platelet size was 
detected (Online Supplementary Figure S4D, F) suggesting 
that the macrothrombocytopenia depends primarily on 
fibrinogen activation on αIIbβ3.

Decreased von Willebrand factor binding in the presence 
of GPIbααN103D mutant
To understand how the GPIbαN103D mutant affects receptor 
function and platelet aggregation, we first investigated the 
adhesion of MK on VWF. The adhesion of CD41+CD42+ MK on 
VWF for 30 min was not affected (Online Supplementary 
Figure S5A). However, when cells were incubated with ris­
tocetin (0.5 mg/mL) and different concentrations of soluble 
VWF for 30 min, decreased sensitivity was detected by 
flow cytometry in the presence of a low dose (0.1 mg/mL 
of VWF) (Online Supplementary Figure S5B). The specific­
ity of the binding of VWF (0.1 mg/mL) to the GPIb complex 
was confirmed after incubation with a blocking anti-CD42b 
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antibody (Online Supplementary Figure S5C). These results 
show that like other BSS monoallelic mutations that are 
not predicted to bind VWF,25 GPIbα p.N103D decreases the 
affinity of the GPIbα-GPIX receptor for VWF.

Increased RhoA activation in GPIbaaN103D megakaryocytes
Next, we assessed whether the GPIbαN103D mutant could 
affect αIIbβ3-mediated signaling in MK. We examined the 
activation of αIIbβ3 under basal conditions and after ac­

Figure 1. GPIbααN103D mutant does not affect megakaryocyte differentiation from iPSC. (A) Flow cytometry plots showing expression of 
CD41, CD42a and CD42b on control (CNT1, CNT2) and GPIbαN103D (2 different clones were used) megakaryocytes (MK). (B) Representative 
western blot of GPIb-GPIX complex (GPIbα, GPIbβ, GPIX) on mature control (CNT) and GPIbαN103D MK. GAPDH, HSC70 and actin were 
used as loading controls. Quantification is shown in Online Supplementary Figure S3A. (C) 3D structure predicted by using AlphaFold 
Protein Structure Database (https://alphafold.ebi.ac.uk/entry/P07359). hGPIbα wild-type and hGPIbαN103D mutants aligned, focus on N/
D103. (D) Representative immunofluorescence staining pictures of mature control (CNT) an GPIbαN103D MK: GPIbα (CD42b, green), F-ac­
tin (gray), filamin A (red), DAPI (nuclei, blue). Scale bar: 2 mm, z-stack middle frame is shown. (E) Co-immunoprecipitation assay per­
formed on control (CNT) and GPIbαN103D MK confirming the interaction between GPIbα and filamin A (FNLa). Mouse anti-GPIbα was used 
for immunoprecipitation and both anti-GPIbα and rabbit anti-FLNa antibodies were used for western blot assay. The quantification 
revealed no defect in the GPIbα-FLNa interaction in presence of GPIbαN103D mutant. (F) Flow cytometry analysis of P-selectin at cell 
surface after activation of MK with indicated concentration of thrombin for 5 minutes. Anti-P-selectin antibody conjugated with PE 
was used. Data represent the mean ± standard error of the mean, N=3; *P<0.05, paired t test.
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tivation with thrombin. In the basal state, integrins pre­
dominantly exist in an inactive state on the cell surface 
until they receive an external signal. In basal condition, 
incubation of MK with the PAC1 antibody, directed against 
the active αIIbβ3 conformation, or with fibrinogen-FITC 
showed no significant difference in PAC1 and fibrinogen 

binding between GPIbαN103D mutant and control MK, re­
spectively (Online Supplementary Figure S6A, B; Figure 
3A). To investigate whether the GPIbαN103D mutant could 
induce increased pre-activation of the αIIbβ3 complex, MK 
were activated with thrombin (1 U/mL) for 5 min and then 
incubated either with PAC-1 or with fibrinogen-FITC. As 

Figure 2. GPIbaaN103D mutant alters proplatelet formation and platelet generation. (A) Frequency of proplatelet forming control (CNT) 
and GPIbaN103D mutant megakaryocytes (MK) cultured in liquid medium in presence of thrombopoietin (TPO) and stem cell factor 
(SCF). Data are expressed as mean ± standard error of the mean (SEM) (CNT N=7, GPIbαN103D N=10). (B) Frequency of proplatelet 
forming control (CNT) and GPIbαN103D mutant MK on after adhesion of slides coated with 20 mg/mL of fibrinogen. Data are expressed 
as mean ± SEM (CNT N=6, GPIbαN103D N=3); ***P<0.001, unpaired t test. (C) Schematic representation of ex vivo platelet collection 
from MK cultured into the silk bone marrow model functionalized with fibrinogen (50 μg/mL); 1.5x105 control (CNT) and GPIbαN103D 
mutant MK were seeded into scaffolds. Samples were perfused with culture medium, into a multi-well flow chamber, for 6 hours. 
Released platelets were collected into gas-permeable bags. Samples were mixed with counting beads to quantify the number of 
platelets that were identified as CD41+CD42a+ events. (D) The number of recovered platelets is shown. Data are expressed as mean 
± SEM (CNT N=3, GPIbαN103D N=3); *P<0.05, unpaired t test. (E) Platelet diameters (mm) of ex vivo-released platelets were measured 
by Arivis Vision 4D (Zeiss). Data are expressed as mean ± minimum to maximum, CNT N=127, GPIbαN103D N=136; ****P<0.0001, un­
paired t test. (F) Transmission electron microscopy of ex vivo produced platelets (scale bar: 2 μm).
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Figure 3. GPIbaaN103D mutant induces an increase in RhoA activity downstream aIIbbb3. (A) Flow cytometry analysis fibrinogen (Fb) 
binding to aIIbb3 receptor on control (CNT) and GPIbaN103D mutant megakaryocytes (MK) before and after its activation by throm­
bin (Thr). MK were stimulated or not for 5 minutes with thrombin (1 U/mL) and then incubated with Alexa 488-conjugated fibrin­
ogen. Representative picture of plots is shown on the left panel. The histogram presenting the mean fluorescence intensity (MFI) 
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depicted in Figure 3A, a slight but significant increase in 
fibrinogen binding was detected for the mutated MK after 
activation with thrombin and a similar tendency was de­
tected for PAC-1 (Online Supplementary Figure S6A, C). To 
confirm that the GPIbαN103D mutant induces unusual αIIbβ3 
activation, MK were plated onto a fibrinogen matrix for 30 
min, and cell morphology was analyzed by fluorescence 
microscopy after labeling the F-actin network. GPIbαN103D 

led to an increased spreading with a higher percentage of 
MK forming stress fibers (56.4% for mutant MK vs. 22.4% 
for control MK) (Figure 3B). This increased stress fiber for­
mation was not observed after adhesion onto fibronectin 
and VWF. This suggests that although no increased αIIbβ3 
activation was detected by flow cytometry under basal 
conditions, the GPIbαN103D mutant may prime αIIbβ3 for 
activation in the absence of VWF. Interestingly, throm­
bin stimulation significantly increased the percentage of 
stress fiber-forming MK in the control group, rising from 
20.3% to 50.6%, which matched the frequency of spread 
MK observed in GPIbαN103D mutant MK without stimulation 
(Online Supplementary Figure S6D). The effect was even 
more pronounced in GPIbαN103D mutant MK, where the per­
centage increased from 41.6% to 81.6%.
Stress fiber formation being a hallmark of RhoA activation, 
we further focused on RhoA pathway. Using a lentiviral 
FRET biosensor based on the Raichu probe,16 we measured 
RhoA activity. A slight but significant increase in RhoA 
activity was detected in GPIbαN103D MK after adhesion to 
fibrinogen compared to controls (Figure 3C). This finding 

matches with the mild macrothrombocytopenia induced 
by this mutant. Previously, it was demonstrated that the 
GPIb-GPIX complex regulates the balance between RhoA 
and CDC42 signaling.26 Therefore, we also measured CDC42 
activity under the same conditions and observed a slight 
decrease in CDC42 activity (Figure 3C), confirming that the 
GPIbαN103D mutant deregulates the RhoA/CDC42 balance.

Inhibition of RhoA pathway restores stress fiber 
formation, platelet production and platelet size
The main RhoA effector that regulates acto-myosin cy­
toskeleton reorganization through myosin light chain 2 
(MLC2) phosphorylation in MK is the Rho-associated kinase 
(ROCK). To assess its overactivation in GPIbαN103D MK, we 
first investigated the localization of P-MLC2 and demon­
strated its co-localization with F-actin during abnormal 
stress fiber formation after adhesion to fibrinogen (Online 
Supplementary Figure S7A). Notably, treatment of MK with 
the Y27632 ROCK1/2 inhibitor resulted in a 3.9-fold decrease 
in the proportion of stress fiber-forming MK (Figure 3D, E) 
after adhesion to fibrinogen for 30 min.
ROCK1/2 inhibition increased the percentage of proplate­
let-forming GPIbαN103D MK after adhesion to fibrinogen to a 
level close to normal MK (Figure 3F; Online Supplementary 
Figure S7B). To precisely quantify the impact of ROCK1/2 
inhibition on platelet production and platelet size, MK were 
seeded in the 3D silk bone marrow model functionalized 
with fibrinogen and incubated or not with Y27632. This niche 
mimic was housed in a perfusable chamber. The flow through 

of fibrinogen (Fb) staining at basal state is shown on the middle panel and after stimulation by thrombin on the right panel. The 
MFI after stimulation was normalized to the corresponding condition without stimulation. The histograms present the MFI of Fb 
normalized to 1 control in each experiment. Three independent experiments are shown. Data are expressed as mean ± standard 
error of the mean (SEM) (CNT N=5, GPIbaN103D N=5); *P<0.05, Mann-Whitney test. (B) Spreading assay of mature control (CNT) and 
GPIbaN103D mutant MK plated on different substrates. Representative picture of immunofluorescence staining of MK plated on 
fibrinogen-coated surface and stained for F-actin (green) and DAPI (blue) is shown on the left panel, single z-stack frame at the 
glass adhesion site is shown. The histogram presenting the frequency (%) of stress fiber forming MK plated on fibrinogen-, von 
Willebrand factor (VWF)- or fibronectin-coated surface is shown on the right panel. Data are expressed as mean ± SEM, N=4; 
**P<0.01, paired t test. (C) FRET analysis for RhoA or Cdc42 activation on fibrinogen-coated surface. At least 15 cells per condition 
were analyzed in each experiment. The histograms represent the average of 4-5 independent experiments. Data are normalized 
to control condition (CNT) for each experiment and are expressed in arbitrary units (a.u.) as mean ± SEM, N=5 for RhoA, N=4 for 
CDC42; **P<0.01, Mann-Whitney test. (D, E) Immunofluorescence analysis of stress fibers formation by mature control (CNT) and 
GPIbaN103D mutant MK. Mature MK were plated on fibrinogen-coated surface in presence or absence of ROCK1/2 inhibitor Y27632 
for 30 minutes and stained for F-actin (green) and DAPI (blue). (D) Representative pictures of immunofluorescence staining. Scale 
bar: 30 μm, single z-stack frame at the glass adhesion site is shown. (E) The histogram presenting the frequency (%) of stress 
fiber forming MK plated on fibrinogen-coated surface. Data are expressed as mean ± SEM, N=4; *P<0.05; **P<0.01, one-way anal­
ysis of variance (ANOVA) with Tukey’s multiple comparison method was used. (F) Immunofluorescence analysis of proplatelet 
formation by mature control (CNT) and GPIbaN103D mutant MK. The histogram presenting the frequency (%) of proplatelet forming 
MK plated on the fibrinogen-coated surface in the presence or absence of ROCK1/2 inhibitor Y27632, for 24 hours. Data are ex­
pressed as mean ± SEM, CNT N=5, GPIbaN103D N=3; *P<0.05; ***P<0.001, one-way ANOVA with Tukey’s multiple comparison meth­
od was used. Representative pictures of immunofluorescence staining are shown in SF 7B. (G, H) 1.5x105 MK were seeded in the 
silk scaffolds for 48 hours with or without the ROCK1/2 inhibitor Y27632, perfused with culture media for 6 hours, and released 
platelets were collected into gas-permeable bags. (G) The histogram represents the number of ex vivo-released platelets. Sam­
ples were mixed with counting beads to quantify the number of platelets identified as CD41+CD42a+ events. Data are expressed 
as mean ± SEM, N=3; *P<0.05; **P<0.01, paired t test. (H) Platelet diameters (mm) of ex vivo-released platelets with or without 
ROCK1/2 inhibitor Y27632 were measured by Arivis Vision 4D (Zeiss). Data are expressed as mean ± min to max, CNT N=127, 
CNT+Y27632 N=133, GPIbaN103D N=136, GPIbaN103D +Y27632 N=127; ****P<0.0001, one-way ANOVA with Tukey’s multiple comparison 
method was used. Representative pictures of ex vivo-released platelets with or without ROCK1/2 inhibitor Y27632 are shown in 
Online Supplementary Figure S7C.
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Figure 4. Mechanism of RhoA pathway activation. (A) Phosphoproteome analysis of control (CNT) and GPIbaN103D mutant mega­
karyocytes (MK). Mature MK were seeded on fibrinogen-coated surface for 30 minutes (min), lysed and were analyzed using 
membrane-based human phospho-kinase antibody array. One of 2 experiments is shown. (B) Western blot analysis of P-SRC Y419 
and P-STAT3 Y705 in control (CNT) and GPIbaN103D mutant MK after 30 min incubation on fibrinogen-coated surface. Immunoblots 
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the scaffold enabled platelets to detach and release into 
the perfused culture medium, with or without Y27632. 
Platelets were collected into a collection bag, and their 
number was estimated using flow cytometry with counting 
beads. Incubation with Y72632 led to a 2.2-fold increase 
in the platelet count generated by GPIbαN103D MK, a level 
close to normal MK with a partial correction of platelet 
size (Figure 3G, H; Online Supplementary Figure S7C). A 
1.4-fold increase in the platelet number was also detected 
for normal MK.

GPIbaaN103D mutant induces increased P-SRC Y419 and 
P-STAT3 Y705 levels
How GPIb precisely regulates the RhoA pathway in MK re­
mains unclear. The GPIba is linked through its cytoplasmic 
domain to proteins necessary for the DMS formation, such 
as PACSIN2 and FLNa.15 Additionally, its interaction with 
the adaptor protein 14-3-3z activates a signaling cascade 
leading to αIIbβ3 activation in platelets. The GPIbαN103D 

mutation does not affect FLNa interaction and DMS for­
mation. To gain further insights into the mechanism by 
which this mutant could activate the RhoA pathway, we 
performed a phosphoproteome analysis on MK after adhe­
sion to fibrinogen. Two independent experiments revealed 
increased phosphorylation of different proteins, including 
SRC at tyrosine Y419 and STAT3 on tyrosine Y705 and ser­
ine S727 (Figure 4A; Online Supplementary Figure S8). SRC 
has been reported to activate GEF-H1 either directly or 
indirectly through STAT3 phosphorylation at tyrosine Y705, 
both leading to the release GEF-H1 from microtubules and 
allowing RhoA activation.27-29 Hence, we confirmed increased 
phosphorylation of STAT3 at Y705 and SRC at Y419 by west­
ern blot (Figure 4B). Finally, when phosphorylation of SRC 
was inhibited using a non-specific SRC inhibitor dasatinib 
(Figure 4C), a 2.14-fold decrease in the frequency of stress 
fiber-forming MK was detected (Figure 4D, E).

RhoA inhibition restores platelet production from 
heterozygous but not homozygous Bernard Soulier 
syndrome
To confirm the implication of the RhoA pathway in het­
erozygous BSS, we examined the effect of the ROCK1/2 
inhibitor Y27632 on in vitro-derived megakaryopoiesis and 
platelet generation in two patients carrying GP1BAL160P (P2) 

and GP1BAN150S (P3) mutations in LRR6, respectively. MK 
differentiation (Figure 5A; Figure 6A) and the expression 
of αIIb (CD41) and the GPIb-GPIX complex (CD42) at the 
cell surface (Figure 5B; Figure 6B) were not affected. On 
day 10 of culture CD41+CD42+ MK were sorted, seeded 
into the 3D bioreactor (Figure 5C; Online Supplemen-
tary Figure S9), and perfused into the flow chamber to 
collect platelets. A 2.12-fold increase in platelet yield 
was detected for P2, compared to a 1.48-fold increase 
for control platelets after incubation with the ROCK1/2 
inhibitor (Figure 5D).
The inhibition of the RhoA pathway led to a 1.3-fold decrease 
in platelet size for P2 and a 1.19-fold decrease for control 
platelets (CNT2) (Figure 5E). For P3, the ploidy was also exam­
ined without detecting any defect (Figure 6C), and a 4.67-fold 
increase in platelet number was observed compared to a 
1.48-fold increase for control platelets (CNT) (Figure 6D). The 
inhibition of the RhoA pathway led to a 1.32-fold decrease in 
platelet size for P3 while no decrease was detected for control 
platelets (CNT3) (Figure 6E). Overall, these results demon­
strate that the inhibition of the RhoA pathway in heterozy­
gous BSS partially restores the generation of normal-sized 
platelets. The effect of RhoA inhibition is more significant in 
the patients’ samples than in controls, where RhoA is still 
activated but to a lesser degree, and thus its inhibition has 
a less pronounced effect on platelet generation.
Finally, we examined the effect of RhoA inhibition on ho­
mozygous BSS patients carrying homozygous GP1BBG43W (P4) 
and GP1BAL139P (P5) mutations, respectively. No defect in 
the frequency of MK was detected (Online Supplementary 
Figure S10A, E). However, while αIIb (CD41) expression at 
the cell surface of MK was normal, a substantial decrease 
in GPIb-GPIX complex (CD42) expression was observed for 
both patients (Online Supplementary Figure S10B,F). The 
modal ploidy level, measured only for P4, was also con­
siderably decreased (N=6.9 for control MK vs. N=3.35 for 
patient MK) (Online Supplementary Figure S10C). A decreased 
frequency of proplatelet-forming MK was detected for P4, 
with no specific effect of RhoA inhibition, as shown by a 
1.4-fold increase for control MK and a 1.38-fold increase 
for patient MK (Online Supplementary Figure S10D). For P5, 
the effect of RhoA inhibition on platelet production was 
evaluated in the 3D culture system, as for P2 and P3 (On-
line Supplementary Figure S10G-I). The number of platelets 

were probed with monoclonal antibodies directed against P-STAT3 Y705, P-SRC Y419, STAT3, SRC and actin as loading control. 
Representative picture of immunoblot is shown on the left. Quantification of P-STAT3 Y705/total STAT3 is shown in the middle 
panel and that of P-SRC Y419/total SRC on the right panel. The ratios for mutant GPIbaN103D MK were normalized to control MK. 
Data are expressed as mean ± minimum to maximum, P-STAT3 N=7, P-SRC N=8; *P<0.05, unpaired t test. (C-E) Effect of dasat­
inib on MK spreading. Control (CNT) and GPIbaN103D mutant MK were incubated in presence of dasatinib (10 μM) for 15 min and 
plated on fibrinogen-coated surface for 30 min. (C) Western blot on MK showing a decrease in P-SRC Y419 in CNT and GPIbaN103D 
mutant MK incubated with dasatinib. (D) Representative pictures of stress fiber forming MK stained with F-actin (green) and 
DAPI (blue). Scale bar: 30 μm, single z-stack frame at the glass adhesion site is shown. (E) Frequency of stress fiber forming MK. 
Data are expressed as mean ± standard error of the mean, CNT N=3, GPIbaN103D N=4; *P<0.05; **P<0.01, one-way analysis of vari­
ance (ANOVA) with Tukey’s multiple comparison method was used.
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generated by an identical number of MK was decreased, 
but no specific effect of RhoA inhibition was evidenced 
(Online Supplementary Figure S10H). The inhibition of the 
RhoA pathway led to only a 1.15-fold decrease in platelet 
size for P5 while no decrease was detected for control 

platelets (CNT) (Online Supplementary Figure S10I). These 
results indicate that RhoA inhibition does not restore 
platelet generation, suggesting, together with decreased 
ploidy for P4, that the mechanism of thrombocytopenia in 
homozygous BSS is not the same as in heterozygous BSS.

Figure 5. RhoA inhibition restores the platelet generation in heterozygous Bernard Soulier syndrome. Hematopoietic progenitors 
were isolated from peripheral blood of 3 healthy controls and 1 patient carrying heterozygous GP1BA p.L160P (P2) mutation, and 
cultured in presence of thrombopoietin (TPO) and stem cell factor (SCF) for 10 days. (A, B) Flow cytometry analysis of control 
(CNT1, CNT2) and patient 2 (P2) megakaryocytes (MK). (A) Percent of mature CD41+CD42+ MK. (B) CD41 and CD42 expression lev­
el. (C-E) MK were seeded into the silk sponge with or without ROCK1/2 inhibitor Y27632. (C) Representative picture of control 
(CNT2) and P2 proplatelet forming MK. MK and platelets are stained with anti-CD61 the antibody (green) and the silk sponge is 
in blue. Scale bar: 50 μm, full 3D volume is shown. (D) Silk scaffolds were perfused with culture media for 6 hours, and released 
platelets were collected into gas-permeable bags. Samples were mixed with counting beads to quantify the number of platelets, 
identified as CD41+CD42a+ events. The number of recovered platelets is shown. A 1.48-fold increase in platelet number was de­
tected for controls after incubation with ROCK1/2 inhibitor (N=3, data are presented as mean ± standard deviation) and 2.12-fold 
increase for P2 after incubation with ROCK1/2 inhibitor. (E) Platelet diameters (mm) of ex vivo-released platelets with or without 
ROCK1/2 inhibitor Y27632 were measured by Arivis Vision 4D (Zeiss). Data are expressed as mean ± minimum to maximum, N=50; 
****P<0.0001, one-way analysis of variance (ANOVA) with Tukey’s multiple comparison method was used.
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Discussion

In this study we have developed an iPSC-based model 
of monoallelic BSS that demonstrates i) the mechanism 
by which heterozygous GP1BA mutations lead to a defect 
in platelet production by activating the RhoA pathway, 
ii) that by using a 3D bone marrow model we can detect 
the rescue of platelet formation and size from MK with 
heterozygous BSS, but not from homozygous BSS, under 
treatment with a ROCK1/2 inhibitor.
We report the first iPSC monoallelic BSS model derived 
from a patient with a new heterozygous mutation in the 
LRR4 domain of GPIbα, GP1BAN103D. This mutation does 
not affect the expression of the GPIb-GPIX complex, DMS 
formation and GPIbα/FLNa interaction in contrast to pre­
viously described BSS models that rely on homozygous 
deletions in mice4,5,30 or homozygous mutations in GP1BB 
and GP1BA in iPSC models,7 leading to the absence or a 
profound decrease in GPIb complex expression at the cell 

surface and defects in DMS development. These findings 
suggest a different mechanism as in homozygous BSS, 
leading only to mild macrothrombocytopenia.
The abrogation of the GPIb-VWF interaction was demon­
strated to affect proplatelet formation under shear, em­
phasizing the contribution of the extracellular domain of 
GPIb.31 However, IL-4R/GPIbα-Tg mice, with an extracellular 
interleukin-4 receptor and an intracellular GPIbα cytoplas­
mic tail, partially restored platelet formation and platelet 
size compared to GPIbα-deficient mice,13 suggesting that 
both intracellular and extracellular GPIbα domains are 
important for platelet generation.
This led us to hypothesize that point mutations in the 
extracellular domain of GPIbα and conserved intracellular 
domain in monoallelic BSS will affect inside-out signaling 
to αIIbβ3. A profound defect in PPF after adhesion on fi­
brinogen and increased stress fiber formation suggested 
an enhanced activation of the fibrinogen receptor αIIbβ3 
and an overactivation of the RhoA pathway. Despite the 

Figure 6. RhoA inhibition restores the platelet generation in heterozygous Bernard Soulier syndrome. Hematopoietic progenitors 
were isolated from peripheral blood of 3 healthy controls and 1 patient carrying heterozygous GP1BA p.N150S (P3) mutation re­
spectively, and cultured in presence of thrombopoietin (TPO) and stem cell factor (SCF) for 10 days. (A-C) Flow cytometry anal­
ysis of control (CNT3) and patient 3 (P3) megakaryocytes (MK). (A) Percentage of mature CD41+CD42+ MK. (B) CD41 and CD42 
expression level. (C) Ploidy level. CD41+CD42+ cells were incubated with Hoechst for 2 hours to label the nucleus. N represents a 
mean ploidy level. (D) MK were seeded into the silk scaffold with or without ROCK1/2 inhibitor Y27632. Silk scaffolds were per­
fused with culture media for 6 hours, and released platelets were collected into gas-permeable bags. Samples were mixed with 
counting beads to quantify the number of platelets, identified as CD41+CD42a+ events. The number of recovered platelets is shown. 
A 4.67-fold increase was detected for P3 after incubation with ROCK1/2 inhibitor. (E) Platelet diameters (mm) of ex vivo-released 
platelets with or without ROCK1/2 inhibitor Y27632 were measured by Arivis Vision 4D (Zeiss). Data are expressed as mean ± 
minimum to maximum, CNT N=57, CNT+Y27632 N=102, P3 N=57, P3+Y27632 N=57; ****P<0.0001, one-way analysis of variance 
(ANOVA) with Tukey’s multiple comparison method was used.
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absence of increased PAC-1 and fibrinogen binding at the 
steady state, their increased binding after activation by 
thrombin confirmed an increased αIIbβ3 pre-activation 
in the presence of the GPIb mutant. The enhanced RhoA 
activation after the adhesion of mutant MK on fibrino­
gen was probably due to increased signaling mediated 
by αIIbβ3. It is now well established that RhoA should 
be partially inactivated at the end of MK maturation to 
ensure normal thrombopoiesis,32 and that GPIb controls 
a RhoA/CDC42 balance in this process,26 which is clearly 
deregulated in the presence of the GPIbαN103D mutant. As 
a result, the treatment of MK with a ROCK1/2 inhibitor 
not only decreased stress fiber formation but also re­
stored PPF. Utilizing the recently described 3D silk-based 
bone marrow model,18,19 which provides a favorable niche 
for thrombopoiesis, and includes a flow-through system 
that mimics the bloodstream to enable platelet release 
and collection, we demonstrated that treatment with a 
ROCK1/2 inhibitor not only restores the number of plate­
lets generated but also their size.
In agreement with the basal RhoA activation, a slight effect 
of the ROCK1/2 inhibitor was also observed on healthy MK 
but was less pronounced than in mutant MK. Excessive 
acto-myosin contractility due to the overactivation of 
RhoA or its effectors leads to macrothrombocytopenia in 
MYH-9 syndrome33 and in filaminopathy A.16 Under normal 
conditions, FLNa maintains RhoA in an inactive state, 
and in its absence, RhoA becomes activated. However, in 
GPIbαN103D MK, FLNa is normally localized, and no defect 
in the GPIbα-FLNa interaction is detected, suggesting that 
the mechanism of RhoA activation is different.
The cytoplasmic domain of GPIbα also interacts with the 
signal transduction molecule 14-3-3ζ,11 which mediates the 
phosphorylation of many substrates in platelets. In MK, 
disruption of this interaction was shown to increase P-AKT 
levels, ploidization, and proliferation of MK.12 However, the 
domain necessary for the interaction between GPIbα and 
14-3-3ζ is conserved in the GPIbαN103D mutant. Thus, to 
better understand the mechanism, proteomic arrays were 
performed and revealed increased phosphorylation in some 
proteins, including SRC at tyrosine Y419, which caught our 
attention. Indeed, SRC belongs to the Src family kinases 
that are associated with or in close proximity to αIIbβ3 and 
GPIb-GPIX receptors, transmitting signals to downstream 
effectors. Alongside Fyn and Lyn, SRC was shown to be 
implicated in the early stages of VWF-GPIb-GPIX mediated 
inside-out signaling to αIIbβ3 in platelets.34,35 Through its 
direct interaction with the β3 subunit of αIIbβ3 integrin, 
SRC could also be involved in outside-in signaling after 
binding to fibrinogen.36 Although VWF binding is required 
for GPIbα-mediated inside-out signaling in platelets, the 
GPIb-mediated signaling in MK is poorly understood. The 
affinity of VWF is decreased in the presence of GPIbαN103D 

mutant, and this could lead to a defect in platelet release 
under shear31 and thus participate to thrombocytopenia. 

However, no thrombocytopenia is observed in vwf KO 
mice,6 and defects in platelet generation were observed 
in the absence of VWF, suggesting that the increased 
signaling is directly linked to the GP1BAN103D mutation. The 
precise mechanism remains to be understood, but one 
of the explanations would be the induction of GPIb-GPIX 
receptor clustering leading to increased signaling to aIIbb3 
in the absence of VWF. Indeed, GPIb-GPIX clustering has 
been shown to increase adhesive function of aIIbb3 after 
exposition to immobilized fibrinogen.37

Whether the increased phosphorylation of SRC on Y419 is 
directly mediated by mutant GPIbαN103D, or indirectly as a 
consequence of GPIbαN103D-induced pre-activation of αIIbβ3, 
or both, remains to be understood. Interestingly, SRC was 
shown to activate GEF-H1, the exchange factor involved in 
RhoA activation in MK,38 by its release from microtubules. 
GEF-H1 activation could be mediated by SRC either direct­
ly27 or indirectly through SRC-mediated phosphorylation of 
STAT3 on tyrosine Y705.39,40,28,29 Therefore, the overactivation 
of RhoA could be a consequence of increased P-SRC Y419 
downstream of GPIbαN103D. According to this hypothesis, the 
SRC inhibitor dasatinib decreases stress fiber formation, 
however further studies are necessary to confirm GEF-H1 
activation in presence of GPIba mutant.
Finally, the 3D silk-based model was employed to closely 
replicate the bone marrow structure and perfusion, allow­
ing us to validate the restoration of platelet generation and 
size following ROCK1/2 inhibition for two other monoallelic 
BSS patients with GP1BA p.L160P and p.N150S mutations. 
Notably, the application of Y27632 had no additional impact 
on platelet generation from MK derived from two patients 
with biallelic BSS, as compared to control.
In conclusion, our findings indicate that monoallelic BSS 
is, at least in part, attributed to a defect in the late stages 
of megakaryopoiesis. This defect arises from dysregulated 
GPIbα-mediated VWF-independent signaling to aIIbb3, 
leading to increased aIIbb3 pre-activation, and increased 
SRC phosphorylation and RhoA activation after fibrino­
gen binding. In contrast, biallelic BSS involves different 
mechanisms, more closely aligning with the phenotype 
observed in Gp1ba and Gp1bb KO mice, which is charac­
terized by a defect in DMS.
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