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Heterozygous mutations of the integrin αIIbR995/β3D723 intracytoplasmic salt bridge cause macrothrombocytopenia, platelet functional defects and enlarged α-granules
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Rare gain-of-function mutations within the ITGA2B or ITGB3 genes have been recognized to cause macrothrombocytopenia (MTP). Here we report three new families with autosomal dominant (AD) MTP, two harboring the same mutation of ITGA2B, αIIb R995W, and a third family with an ITGB3 mutation, β3D723H. The two mutated amino-acids are directly involved in the salt bridge linking the intra-cytoplasmic part of IIb to 3 of the integrin αIIbβ3.

For all affected patients, the bleeding syndrome and MTP was mild to moderate. Platelet aggregation tended to be reduced but not absent. Electron microscopy associated with a morphometric analysis revealed large round platelets; a feature being the presence of abnormal large -granules with some giant forms showing signs of fusion. Analysis of the maturation and development of megakaryocytes reveal no defect in their early maturation but abnormal proplatelet formation was observed with increased size of the tips.

Interestingly, this study revealed that in addition to the classical phenotype of patients with αIIbβ3 intracytoplasmic mutations, an abnormal maturation of -granules. It will be interesting to determine if this feature is a characteristic of mutations disturbing the IIb R995/3 D723 salt bridge.

INTRODUCTION

Integrin αIIbβ3 is the platelet receptor for fibrinogen (Fg) and other adhesive proteins and mediates platelet aggregation playing a key role in hemostasis and thrombosis. It circulates on platelets in a low-affinity state becoming ligand-competent as a result of conformational changes induced by "inside-out" signaling following platelet activation [START_REF] Coller | The GPIIb/IIIa (integrin αIIbβ3) odyssey: a technology-driven saga of a receptor with twists, turns, and even a bend[END_REF]. Inherited defects of αIIbβ3 with loss of expression and/or function are causal of Glanzmann thrombasthenia (GT), an autosomal recessive bleeding disorder [START_REF] George | Glanzmann's thrombasthenia: The spectrum of clinical disease[END_REF][START_REF] Nurden | Glanzmann thrombasthenia: a review of ITGA2B and ITGB3 defects with emphasis on variants, phenotypic variability, and mouse models[END_REF]. Rare gain-of-function mutations of the ITGA2B or ITGB3 genes encoding αIIbβ3 also cause macrothrombocytopenia (MTP) with a low platelet count and platelets of increased size [START_REF] Nurden | Glanzmann thrombasthenia: a review of ITGA2B and ITGB3 defects with emphasis on variants, phenotypic variability, and mouse models[END_REF][START_REF] Nurden | Glanzmann thrombasthenia-like syndromes associated with macrothrombocytopenias and mutations in the genes encoding the αIIbβ3 integrin[END_REF]. Mostly heterozygous with autosomal dominant (AD) expression these include D621_E660del*, L718P, L718del and D723H mutations in β3, and G991C, G993del, R995Q or W in αIIb (Table I) [START_REF] Hardisty | A defect of platelet aggregation associated with an abnormal distribution of glycoprotein IIb-IIIa complexes within the platelet: The cause of a lifelong bleeding disorder[END_REF][START_REF] Peyruchaud | R to Q amino acid substitution in the GFFKR sequence of the cytoplasmic domain of the integrin αIIb subunit in a patient with a Glanzmann's thrombasthenia-like syndrome[END_REF][START_REF] Ghevaert | A nonsynonymous SNP in the ITGB3 gene disrupts the conserved membrane-proximal cytoplasmic salt bridge in the αIIbβ3 integrin and cosegregates dominantly with abnormal proplatelet formation and macrothrombocytopenia[END_REF][START_REF] Jayo | L718P mutation in the membrane-proximal cytoplasmic tail of β3 promotes abnormal αIIbβ3 clustering and lipid microdomain coalesce, and associates with a thrombasthenia-like phenotype[END_REF][START_REF] Kunishima | Heterozygous ITGA2B R995W mutation inducing constitutive activation of the αIIbβ3 receptor affects proplatelet formation and causes congenital macrothrombocytopenia[END_REF][START_REF] Kashiwagi | Demonstration of novel gain-of-function mutations of αIIbβ3: association with macrothrombocytopenia and Glanzmann thrombasthenia-like phenotype[END_REF][START_REF] Kobayashi | Identification of the integrin β3 L718P mutation in a pedigree with autosomal dominant thrombocytopenia with anisocytosis[END_REF][START_REF] Nurden | An intracytoplasmic β3 Leu718 deletion in a patient with a novel platelet phenotype[END_REF]. While Asp621_Glu660del affects the extracellular cysteine-rich βA domain of β3, the others affect transmembrane or intracellular cytoplasmic domains and in particular the salt bridge linking the negatively charged D723 of β3 with the positively charged R995 of the much studied GFFKR sequence of αIIb [START_REF] Hughes | The conserved membraneproximal region of an integrin cytoplasmic domain specifies ligand-binding affinity[END_REF][START_REF] Hughes | Breaking the integrin hinge. A defined structural constraint regulates integrin signaling[END_REF][START_REF] Kim | Interactions of platelet integrin αIIb and β3 transmembrane domains in mammalian cell membranes and their role in integrin activation[END_REF]. These mutations permit residual or even total αIIbβ3 expression but give rise to conformation changes that propagate through the integrin and which are recognized by binding of the monoclonal antibody, PAC-1 [START_REF] Shattil | Changes in the platelet membrane glycoprotein IIb.IIIa complex during platelet activation[END_REF]. The MTP appears related to cytoskeletal changes during the late stages of megakaryocyte (MK) development and altered proplatelet formation [START_REF] Bury | Outside-in signaling generated by a constitutively activated integrin αIIbβ3 impairs proplatelet formation in human megakaryocytes[END_REF][START_REF] Bury | Cytoskeletal perturbation leads to platelet dysfunction and thrombocytopenia in variant forms of Glanzmann thrombasthenia[END_REF][START_REF] Hauschner | Abnormal cytoplasmic extensions associated with active αIIbβ3 are probably the cause for macrothrombocytopenia in Glanzmann thrombasthenia-like syndrome[END_REF]). Yet, while most of the above variants combine MTP with a substantial loss of platelet aggregation and a GT-like phenotype, the D723H β3 substitution had no effect on platelet aggregation and was called a non-synonymous single nucleotide polymorphism (SNP) by the authors [START_REF] Peyruchaud | R to Q amino acid substitution in the GFFKR sequence of the cytoplasmic domain of the integrin αIIb subunit in a patient with a Glanzmann's thrombasthenia-like syndrome[END_REF]. This was surprising as another cytoplasmic domain mutation involving a near-neighbour Arg724Ter truncating mutation in β3, while not preventing αIIbβ3 expression gave a full GT phenotype [START_REF] Wang | Truncation of the cytoplasmic domain of beta3 in a variant form of Glanzmann thrombasthenia abrogates signaling through the integrin alphaIIbbeta3 complex[END_REF]. We recently reported a heterozygous intracytoplasmic β3 Leu718del that resulted in loss of synchronization between the cytoplasmic tails of β3 and αIIb; changes that gave moderate MTP, a reduced platelet aggregation response and, unexpectedly, enlarged α-granules [START_REF] Nurden | An intracytoplasmic β3 Leu718 deletion in a patient with a novel platelet phenotype[END_REF]. It is in this context that we now report our studies on a second European family with a heterozygous β3 D723H variant as well as the first two families to be described outside of Japan with a heterozygous αIIb R995W substitution. Significantly, not only both of these variants of the αIIbR995/β3D723 salt bridge give rise to moderate MTP and platelet function defects; their platelets also contained enlarged α-granules.

CASE HISTORIES

We now report three families (A from Reunion island; B and C from France) with inherited MTP transmitted across 2 or 3 generations suggestive of autosomal dominant (AD) inheritance.

The family pedigrees are shown in Fig. 1 and the three index cases (AII.1 an adult female, BI.1 and CI.1 adult males) identified. Other family members known to have MTP and significant subpopulations of enlarged platelets are also highlighted. All showed moderate to mild thrombocytopenia and often a higher proportion of immature platelets when analyzed with the Sysmex XE-5000 automat (Sysmex,Villepinte, France) (Table I). Increased mean platelet volumes were observed for BI.1, CI.1, and C1.2 (Table I) but values are not given when the large diameter of many of the platelets meant that they were not taken into account by the machine (particularly so for members of family A with MTP). Other blood cell lineages were usually present for affected family members and all routinely tested coagulation parameters were normal. As quantitated by the ISTH-BAT bleeding score, members of family A with MTP were the most affected (Table I). For example, AII.1 suffered from severe menorrhagia and severe post-partum bleeding requiring platelet and red blood cell transfusions after her second childbirth although two other children were born without problems (including a cesarean section). AII.1 also experienced occasional spontaneous bruising and episodes of iron-deficient anemia of unknown cause. An affected sister also has easy bruising and childbirth was under the cover of platelet transfusion. In family B the index case BI.1 suffered epistaxis but no bleeding has been reported for other family members. No bleeding was seen for the index case (CI.1) in family C despite major surgery following a bomb explosion while working as a war photographer. His daughter (CII.1) however experiences mild bleeding with frequent hematomas. Our study was performed in accordance with the declaration of Helsinki after written informed consent, and met with the approved protocol from INSERM (RBM-04-14).

METHODS

Platelet aggregation

Platelet aggregation was tested in citrated platelet-rich plasma (PRP) according to our standard protocols [START_REF] Bluteau | Thrombocytopenia-associated mutations in the ANKRD26 gene regulatory region induce MAPK hyperactivation[END_REF] and compared to PRP from healthy control donors without adjustment of the platelet count. The following agonists were used: 10µM adenosine diphosphate (ADP); 1mM arachidonic acid (AA); 1M U46619, (all from Sigma Aldrich, L'isle d'Abeau, Chesnes, France); 20 µM thrombin receptor activating peptide (TRAP) (Polypeptide Group, Strasbourg, France); 1µg/mL collagen (COL) (Chronolog Corporation, Havertown, USA); 5 M, epinephrine (Sigma), 1.5 mg/mL, and 0.6 mg/mL ristocetin (Helena Biosciences Europe, Elitech, Salon-en-Provence, France). Results were expressed as percentage maximal intensity.

Flow cytometric analysis (FCM)

Glycoprotein expression on unstimulated platelets was assessed using citrated PRP according to our standard protocols [START_REF] Nurden | An intracytoplasmic β3 Leu718 deletion in a patient with a novel platelet phenotype[END_REF][START_REF] Bluteau | Thrombocytopenia-associated mutations in the ANKRD26 gene regulatory region induce MAPK hyperactivation[END_REF]. On occasion, platelet surface labelling for αIIb, β3, GPIbα and P-selectin was quantified using the PLT Gp/Receptors kit (Biocytex, Marseille, France) at room temperature before and after stimulation with 10µM ADP and 50µM TRAP using the Beckman Coulter Navios flow cytometer (Beckman Coulter, Villepinte, France). Platelets were identified by their light scatter characteristics and their positivity for a PC5 conjugated plateletspecific monoclonal antibody (MoAb) (CD41). An isotype antibody was used as negative control. To study platelet αIIbβ3 activation by flow cytometry, platelets were activated with either 10 μΜ ADP or 20 μΜ TRAP in the presence of FITC-conjugated PAC-1. A fluorescence threshold was set to analyze only those platelets that had bound FITC-PAC1. In brief, an antibody mixture consisting of 40 μl of each MoAb (PAC-1 and CD41) was diluted with 280 μl of PBS. Subsequently 5μl of PRP were mixed with 40μl of the antibody mixture and with 5 μl of either saline or platelet activator. After incubating for 15 min at room temperature in the dark, 1ml of isotonic PBS buffer was added and samples were analyzed. Antibody binding was expressed either as the mean fluorescence intensity or as the percentage of platelets positive for antibody.

Transmission electron microscopy (EM)

PRP from blood taken into citrate or ACDA anticoagulant was diluted and fixed in PBS, pH 7.2, containing 1.25 %(v/v) glutaraldehyde for 1h as described [START_REF] Nurden | An intracytoplasmic β3 Leu718 deletion in a patient with a novel platelet phenotype[END_REF]. After centrifugation and two PBS washings, they were post-fixed in 150 mM cacodylate-HCl buffer, pH 7.4, containing 1% osmium tetroxide for 30 min at 4°C. After dehydration in graded alcohol, embedding in EPON was performed by polymerization at 60°C for 72 h. Ultrathin sections 70-80 nm thick were mounted on 200-mesh copper grids, contrasted with uranyl acetate and lead citrate and examined using a JEOL JEM1400 transmission electron microscope equipped with a Gatan Orius 600 camera and Digital Micrograph software (Lyon Bio Image, Centre d'Imagerie Quantitative de Lyon Est, France). Morphometric measurements were made using Image J software (National Institutes of Health, USA).

Genetic analysis and mutation screening.

DNA from AII.1, BI.1 and CI.1 was subjected to targeted exome sequencing (v5-70 Mb) as part of a study of a series of families with MTP due to unknown causes organized within the Paris Trousseau Children's Hospital (Paris, France). Single missense variants known to be pathological for MTP in the ITGA2B and ITGB3 cytoplasmic tails were highlighted and their presence in other family members with MTP was confirmed by Sanger sequencing (primers are available on request). The absence of other potentially pathological variants in genes known to be causal of MTP in the targeted exome sequencing analysis was confirmed.

In silico models to investigate αIIbβ3 structural changes induced by the mutations were obtained using the PyMOL Molecular Graphics System, version 1.3, Schrödinger, LLC (www.pymol.org) and 2k9j pdb files for transmembrane and cytosolic domains as described in our previous publications [START_REF] Nurden | Glanzmann thrombasthenia: a review of ITGA2B and ITGB3 defects with emphasis on variants, phenotypic variability, and mouse models[END_REF][START_REF] Nurden | Glanzmann thrombasthenia-like syndromes associated with macrothrombocytopenias and mutations in the genes encoding the αIIbβ3 integrin[END_REF][START_REF] Nurden | An intracytoplasmic β3 Leu718 deletion in a patient with a novel platelet phenotype[END_REF]. Amino acid changes are visualized in the rotamer form showing side change orientations incorporated from the Dunbrack Backbone library with maximum probability.

In vitro MK differentiation, ploidy analyses, quantification of proplatelets and immunofluorescence analysis

Plasma thrombopoietin (TPO) levels were measured as previously described [START_REF] Bluteau | Thrombocytopenia-associated mutations in the ANKRD26 gene regulatory region induce MAPK hyperactivation[END_REF]. Patient or control CD34 + cells were isolated using an immunomagnetic beads technique (Miltenyi, Biotec, France) and grown supplemented with 10 ng/mL TPO (Kirin Brewery, Tokyo, Japan) and 25 ng/mL Stem Cell Factor (SCF; Biovitrum AB, Stockholm, Sweden).

(i) Ploidy analyses. At day 10, Hoechst 33342 dye (10 μg/mL; Sigma-Aldrich, Saint Quentin Fallavier, France) was added to the medium of cultured MKs for 2 h at 37°C. Cells were then stained with directly coupled MoAbs: anti-CD41-phycoerythrin and anti-CD42aallophycocyanin (BD Biosciences, Le Pont de Claix, France) for 30 min at 4°C. Ploidy was measured in the CD41 + CD42 + cell population by means of an Influx flow cytometer (BD; Mountain View,USA) and calculated as previously described [START_REF] Bluteau | Thrombocytopenia-associated mutations in the ANKRD26 gene regulatory region induce MAPK hyperactivation[END_REF].

(ii) Quantification of proplatelet-bearing MKs. To evaluate the percentage of MKs forming proplatelets (PPTs) in liquid medium, CD41 + cells were sorted at day 6 of culture and plated in 96-well plates at a concentration of 2000 cells per well in serum-free medium in the presence of TPO (10 ng/mL). MKs displaying PPTs were quantified between day 11 and 13 of culture by enumerating 200 cells per well using an inverted microscope (Carl Zeiss, Göttingen, Germany) at a magnification of ×200. MKs displaying PPTs were defined as cells exhibiting ≥1 cytoplasmic process with constriction areas and were analyzed in triplicate in two independent experiments for each individual.

(iii) Fluorescence microscopy. Primary MKs grown in serum-free medium were allowed to spread for 1 h at 37 °C on 100 g/mL fibrinogen (Sigma Aldrich, Saint Quentin Fallavier, France) coated slides, then fixed in 4% paraformaldehyde (PFA), washed and permeabilized for 5 min with 0.2% Triton-X100 and washed with PBS prior to being incubated with rabbit anti-VWF antibody (Dako, Les Ulis, France) for 1 h, followed by incubation with Alexa 546-conjugated goat anti-rabbit immunoglobulin G (IgG) for 30 min and Phalloidin-FITC (Molecular Probes, Saint Aubin, France). Finally, slides were mounted using Vectashield with 4, 6 diamidino-2-phenylindole (Molecular Probes, Saint Aubin, France). The PPT-forming MKs (cells expressing VWF) were examined under a Leica DMI 4000, SPE laser scanning microscope (Leica Microsystems, France) with a 63×/1.4 numeric aperture oil objective.

RESULTS

Molecular genetic analysis:

We describe 3 previously unreported families, one based in Reunion Island and the others in France, with inherited MTP and mild to moderate bleeding. Targeted exome sequencing revealed heterozygous missense mutations of residues that compose the platelet αIIbR995/β3D723 intracytoplasmic salt bridge whose loss is integral to integrin signaling.

Probands AII.1 and BI.1 have the αIIbR955W variant previously identified in Japanese families with MTP [START_REF] Kunishima | Heterozygous ITGA2B R995W mutation inducing constitutive activation of the αIIbβ3 receptor affects proplatelet formation and causes congenital macrothrombocytopenia[END_REF]. In contrast CI.1 possesses β3D723H originally described as a nonsynonymous SNP and associated with MTP in a UK family [START_REF] Ghevaert | A nonsynonymous SNP in the ITGB3 gene disrupts the conserved membrane-proximal cytoplasmic salt bridge in the αIIbβ3 integrin and cosegregates dominantly with abnormal proplatelet formation and macrothrombocytopenia[END_REF]. Sanger sequencing confirmed the presence of both variants and showed that their expression segregated with MTP in the family members available for genetic analysis (see Fig. 

Platelet aggregation and flow cytometry analysis:

Citrated PRP from each index case was stimulated with ADP, TRAP, AA and collagen and platelet aggregation measured using standard procedures (Fig. 2A). Results were variable, and taking the curves obtained for ristocetin as a control of the low platelet count for each index case platelets from each family with αIIbR995 and β3D723 variants retained at least a partial aggregation response with family AII.1 showing the largest lossparticularly for TRAP. The response to epinephrine was also much reduced or absent for all samples (data not illustrated).

Striking was the low response to AA for patients CI.1and CII.2, a finding reversed on addition of the thromboxane A2 analog U46619 (data not shown). Otherwise, the platelets retained a rapid response to ADP and collagen. Flow cytometry and MoAbs recognizing determinants specific for αIIb, β3 or the αIIbβ3 complex (data not shown) gave comparable results for each index case with surface levels for the 3 index cases ranging from 48 to 75% of those on normal platelets (Fig. 2B). Taking into account the increased platelet size, such intermediate levels would suggest that both mutations have a direct influence on αIIbβ3 expression. Enigmatically, the platelet expression of GPIb was particularly increased for the 4 tested family members (AII.1, AII.2, BI.1, BII.2) with the αIIbR995W mutation a finding only partially explained by the increased platelet volume of these patients with MTP. Binding of PAC-1 recognizing an activation-dependent epitope on αIIbβ3 was analyzed as a probe of the activation state of the integrin. Spontaneous binding of PAC-1 was seen for the platelets of index case AII.1 with the αIIbR995W mutation suggesting signs of activation but was not seen for the index case of the second family with this mutation or for the index case of the family with β3D723H (Fig. 2C).

Studies were extended to platelets stimulated with high doses of ADP and TRAP; increased binding was seen for AII.1 consistent with further activation of the residual surface αIIbβ3 of the platelets. However, no binding was seen for BI.1 or C.I.1. suggesting that for these patients the residual αIIbβ3 was refractory to stimulation under the non-stirred conditions of this set of experiments (Fig. 2B).

Fig. 2. Selected biological platelet findings for the three index cases. In A) Light transmission

aggregometry performed in citrated platelet-rich plasma (PRP) compares typical responses of platelets from the index cases (AII.1, BI.1, CI.1) to that of a typical control donor. For AII.1 aggregation with high doses of ADP, Col, TRAP and AA were reduced compared to ristocetin-induced platelet agglutination whose intensity reflected the low platelet count of the patient. For BI.1 platelet aggregation was moderately reduced with Col and TRAP while for CI.1 platelet aggregation was reduced essentially for TRAP and AA (it should be noted that it was restored with the thromboxane receptor agonist U46619, not shown). In B) Spontaneous PAC1 binding evaluated by flow cytometry on resting platelets was marginally increased for AII.1 but not for the other index cases. Binding increased for AII.1 after platelet activation with ADP and TRAP but remained low compared to the control. In contrast, PAC-1 binding was basal for BI.1 and CI.1 even after addition of ADP or TRAP. In C) we illustrate the levels of GPIb and αIIbβ3 receptors evaluated by flow cytometry not only for the probands but also for other selected family members. A decreased surface expression of αIIb and β3were found for all affected patients, values ranging between 43% (AII.2) and 70% (BII.2) of the control mean. Interestingly, levels of GPIb were increased for the patients and particularly so for families A and B with sometimes values beyond 150% of normal values.

Electron microscopy:

Platelets from the index cases of all 3 families were examined by transmission EM and for each subject a significant subpopulation of the platelets were larger than normal (Fig 3). Overall, the platelets showed wide size variations; many tended to be round in contrast to the discoid shape of controls (control platelets are illustrated by us in ref [START_REF] Nurden | An intracytoplasmic β3 Leu718 deletion in a patient with a novel platelet phenotype[END_REF]. Patients from all index cases possessed platelets with large variations in the numbers of vacuoles. Striking was a heterogeneous distribution of α-granules with the presence of giant forms particularly evident for patient AII.1 and what appears to represent granule fusion was seen (highlighted in panel 3b). All of the morphological changes were analyzed quantitatively; statistical significance was achieved for all measurements except for those concerning α-granule numbers of patient CI.1 with the β3D723H substitution (Fig. 3). Please note that the platelets of the patients with the αIIbR995W mutation tended to be larger and show more ultrastructural changes. Interestingly, the greater the frequency of giant granules, the lower is their concentration/µm 2 . The presence of giant α-granules repeats what we have recently seen for a patient with a heterozygous β3718del and is reminiscent of the feature that we have much earlier described in Paris Trousseau syndrome (12, 22, and 23). Targeted exome sequencing failed to show mutations in the FlI1 gene of the three index cases. 

Megakaryopoiesis:

Plasma TPO levels were within normal range for each of the index cases (Table I). Analysis of MK maturation and development did not reveal any defect in early megakaryocyte maturation.

Ploidy measured in theCD41 + CD42 + cell population at day 10 of culture by means of an Influx flow cytometer with the proportion of 2N-32N MKs being within the normal range (Fig. 4).

Proplatelet formation was examined on days 11 and 12 of culture using an inverted microscope and no difference in percentage of proplatelet bearing MKs was detected. Proplatelet morphology was analyzed at the same time using a SPE laser scanning microscope after dual fluorescent labeling of PFA-permeabilized cells with Phalloidin and antibody to VWF (green) (Fig. 4). While the mature MKs basically showed normal morphology proplatelet numbers tended to be lower and some extensions appeared swollen and with decreased branching.

Another finding was that the size of the tips and bulges occurring at intervals along the proplatelets tended to be larger than for control MKs and especially so for the two index cases with αIIbR995W (AII.1 and BI.1); an image of a giant granule can be observed in an illustrated extension of AII. 

DISCUSSION

In the resting state, the trans-membrane and intra-cytoplasmic segments of the two subunits of αIIbβ3 interact, an interaction that is key to maintaining the extracellular domain of the integrin in its bent resting state [START_REF] Kim | Interactions of platelet integrin αIIb and β3 transmembrane domains in mammalian cell membranes and their role in integrin activation[END_REF][START_REF] Litinov | Activation of individual alphaIIbbeta3 integrin molecules by disruption of transmembrane domain interactions in the absence of clustering[END_REF]. One area of contact between the cytoplasmic tails involves π interactions and aromatic cycle stacking of consecutive F residues within the highly conserved αIIb GFFKR (aa991-955) sequence with W713 of β3 (shown in Fig. 1). A second interaction principally involves a salt bridge between the positively charged αIIbR995 and negatively charged β3D723 [START_REF] Hughes | The conserved membraneproximal region of an integrin cytoplasmic domain specifies ligand-binding affinity[END_REF][START_REF] Hughes | Breaking the integrin hinge. A defined structural constraint regulates integrin signaling[END_REF][START_REF] Kim | Interactions of platelet integrin αIIb and β3 transmembrane domains in mammalian cell membranes and their role in integrin activation[END_REF]. Early studies including site-directed mutagenesis, truncation models and charge reversal mutations showed that loss of this intra-molecular clasp led to integrin activation and modified function [START_REF] Hughes | The conserved membraneproximal region of an integrin cytoplasmic domain specifies ligand-binding affinity[END_REF][START_REF] Hughes | Breaking the integrin hinge. A defined structural constraint regulates integrin signaling[END_REF]. Hence the mutations described in our patients are of high significance for integrin biology. Enigmatically, the β3D723H change has the more pronounced structural effect resulting in (i) repulsive electrical charge forces with the positively charged H now facing the positively charged R995 and (ii) steric encumbrance due to the larger H. The net result is a widening of the interval between R995 and H723 and a weakening of the salt bridge, changes that accompany the acquisition of a higher affinity state [START_REF] Adair | Three-dimensional model of the human platelet integrin alphaIIbbeta3 based on electron cryomicroscopy and x-ray crystallography[END_REF]. Of similar consequence but milder in nature is the replacement of αIIb995R by the neutral W while both mutations potentially also interfere with π interactions involving αIIbF992.

A novel feature of our study is the presence of enlarged α-granules in the platelets of all 3 index cases. This is of interest for we have recently reported enlarged α-granules for a patient with MTP associated with a β3 L718del resulting in loss of synchronization between opposing amino acids of the αIIb and β3 cytoplasmic tails and a weakening of the αIIbR995/β3D723 salt bridge (Table SI) [START_REF] Nurden | An intracytoplasmic β3 Leu718 deletion in a patient with a novel platelet phenotype[END_REF]. The presence of enlarged α-granules in platelets of patients from 3 unrelated families with MTP linked to cytoplasmic tail mutations in ITGA2B or ITGB3 in our current study strongly suggests that they have a role in the ultrastructural changes with emphasis on the αIIbR995W mutation. But further studies will be required to define this role and rule out secondary genetic variants in linkage disequilibrium with the primary mutations. Classically, enlarged α-granules are a consistent feature of the Paris-Trousseau syndrome first being seen on stained blood smears and then confirmed by EM [START_REF] Breton-Gorius | A new congenital dysmegakaryopoietic thrombocytopenia (Paris-Trousseau) associated with giant platelet α-granules and chromosome 11 deletion at 11q23[END_REF][START_REF] Favier | Paris-Trousseau syndrome: clinical, hematological, molecular data of ten cases[END_REF]. Paris-Trousseau syndrome results from genetic variants and haplodeficiency of the FLI1 transcription factor [START_REF] Favier | Progress in understanding the diagnosis and molecular genetics of macrothrombocytopenia[END_REF], variants that were absent from our families when studied by targeted exome sequencing. For our previously studied patient with the L718del, immunogold labeling and EM clearly showed the association of P-selectin, αIIbβ3 and fibrinogen with the giant α-granules suggesting a normal initial granule biosynthesis [START_REF] Nurden | An intracytoplasmic β3 Leu718 deletion in a patient with a novel platelet phenotype[END_REF]. Whether the giant granules are formed as part of the secretory pathway, as has been proposed for normal platelets [START_REF] Eckly | Respective contributions of single and compound granule fusion to secretion by activated platelets[END_REF], or perhaps are the consequences of premature apoptosis remain subjects for further study. In this context it would be interesting to know if they are more abundant in aging platelets and at what stage they appear in maturing MK and/or during platelet biogenesis. Preliminary immunofluorescence studies showed what appeared to giant granules in the proplatelets of cultured megakaryocytes from AII.1. It is also important to know if enlarged α-granules have been overlooked in previously published cases of cytoplasmic tail mutations affecting αIIbβ3 or are restricted to certain cases. In parallel, we also keep in mind that FLI-1 with others transcription factors coregulate directly ITGA2B and ITGB3 [START_REF] Tijssen | Genome-wide analysis of simultaneous GATA1/2, RUNX1, FLI1, and SCL binding in megakaryocytes identifies hematopoietic regulators[END_REF].

The genotypes and phenotypes of previously published cases associating cytoplasmic tail mutations of αIIb or β3 and MTP are compared in Table S1. There is much phenotypic variability but as in our cases all give rise to a mild to moderate thrombocytopenia and platelet size variations including giant forms. Inheritance is AD when family studies permit this conclusion, although two reports associate single allele missense mutations of the αIIb cytoplasmic tail with a second and different mutation causing loss of expression of the second allele [START_REF] Peyruchaud | R to Q amino acid substitution in the GFFKR sequence of the cytoplasmic domain of the integrin αIIb subunit in a patient with a Glanzmann's thrombasthenia-like syndrome[END_REF][START_REF] Kashiwagi | Demonstration of novel gain-of-function mutations of αIIbβ3: association with macrothrombocytopenia and Glanzmann thrombasthenia-like phenotype[END_REF]. Such a loss may exaggerate the effect of single allele missense mutations in these cases. In all but one of the published cases bleeding was mild to moderate or was absent and our cases follow this pattern. Platelet aggregation was never totally abrogated but tended to occur more slowly with a reduced final intensity as was largely the case for families A and B in our study. Platelets of family C (β3D723H) retained a good aggregation response, a finding in agreement with the report on the UK family with the same mutation [START_REF] Ghevaert | A nonsynonymous SNP in the ITGB3 gene disrupts the conserved membrane-proximal cytoplasmic salt bridge in the αIIbβ3 integrin and cosegregates dominantly with abnormal proplatelet formation and macrothrombocytopenia[END_REF]. For families A, B and C intermediate levels of αIIbβ3 were shown at the surface, results again consistent with many of the literature reports (Table S1). It is noteworthy that the platelet aggregation response of obligate heterozygotes for classic type I GT is normal [START_REF] George | Glanzmann's thrombasthenia: The spectrum of clinical disease[END_REF] suggesting that despite the influence of the low platelet count, the cytoplasmic domain mutations have a direct effect on the platelet aggregation response. Interestingly, a low platelet surface αIIbβ3 expression was shown to be associated with normal internal pools of αIIbβ3 in patients with αIIbR995Q and αIIbR99W substitutions suggesting defects in integrin recycling [START_REF] Hardisty | A defect of platelet aggregation associated with an abnormal distribution of glycoprotein IIb-IIIa complexes within the platelet: The cause of a lifelong bleeding disorder[END_REF][START_REF] Kashiwagi | Demonstration of novel gain-of-function mutations of αIIbβ3: association with macrothrombocytopenia and Glanzmann thrombasthenia-like phenotype[END_REF]. Our results for family C with intermediate platelet surface levels of αIIbβ3 differed from the results for the UK family where αIIbβ3 expression was normal [START_REF] Ghevaert | A nonsynonymous SNP in the ITGB3 gene disrupts the conserved membrane-proximal cytoplasmic salt bridge in the αIIbβ3 integrin and cosegregates dominantly with abnormal proplatelet formation and macrothrombocytopenia[END_REF]. Expression of the adhesion receptor GPIb was increased on the platelets of our index cases and especially so for the two with the αIIbR995W variant a finding that was previously observed for Japanese cases with the same mutation [START_REF] Kunishima | Heterozygous ITGA2B R995W mutation inducing constitutive activation of the αIIbβ3 receptor affects proplatelet formation and causes congenital macrothrombocytopenia[END_REF].

The reason for this is not known but could reflect altered megakaryopoiesis.

A feature of cytoplasmic domain mutations causal of MTP is that long-range conformational changes extend to the functional domains of the integrin and give what is often termed a partially activated state (6-12) (Table S1). This was indeed shown by Hughes et al [START_REF] Hughes | The conserved membraneproximal region of an integrin cytoplasmic domain specifies ligand-binding affinity[END_REF][START_REF] Hughes | Breaking the integrin hinge. A defined structural constraint regulates integrin signaling[END_REF] who expressed αIIbβ3 in CHO cells after modifying residues of the salt bridge through site-directed mutagenesis. While the changes permit binding of the activation-dependent IgM MoAb PAC-1, only for one report has spontaneous binding of Fg been observed for this class of mutation [START_REF] Kobayashi | Identification of the integrin β3 L718P mutation in a pedigree with autosomal dominant thrombocytopenia with anisocytosis[END_REF]. These results therefore differ from the C560R mutation in the β3 cysteinerich β (A) extracellular domain as reported for a French patient whose platelets circulated with αIIbβ3-bound Fg [START_REF] Ruiz | A point mutation in the cysteine-rich domain of glycoprotein (GP) IIIa results in the expression of a GPIIb-IIIa (alphaIIbbeta3) integrin receptor locked in a high-affinity state and a Glanzmann thrombasthenia-like phenotype[END_REF]. The conformational changes permitting spontaneous PAC-1 binding but only rarely Fg binding remain to be defined although αIIbβ3 clustering remains a potential explanation [START_REF] Jayo | L718P mutation in the membrane-proximal cytoplasmic tail of β3 promotes abnormal αIIbβ3 clustering and lipid microdomain coalesce, and associates with a thrombasthenia-like phenotype[END_REF]. The activation state of αIIbβ3 is also often greater in transfected heterologous cells than for platelets of the patients themselves perhaps due to abnormal recycling and concentration of the mutated integrin in internal pools. Unexpectedly, variable or no PAC-1 binding in our patients was seen after stimulation with TRAP despite these patients showing a residual aggregation response in citrated PRP. This apparent contradiction is possible related to the non-stirred conditions of the in vitro PAC-1 binding experiments. As patients from family C showed a markedly abnormal response to AA, a role for thromboxane A2 generation in αIIbβ3 activation merits investigation.

Previous studies have examined MK maturation in culture but have largely been performed for patients with a 40 amino acid del (p.647-686) in the β3 extracellular β-tail domain causal of MTP [START_REF] Bury | Outside-in signaling generated by a constitutively activated integrin αIIbβ3 impairs proplatelet formation in human megakaryocytes[END_REF][START_REF] Bury | Cytoskeletal perturbation leads to platelet dysfunction and thrombocytopenia in variant forms of Glanzmann thrombasthenia[END_REF][START_REF] Hauschner | Abnormal cytoplasmic extensions associated with active αIIbβ3 are probably the cause for macrothrombocytopenia in Glanzmann thrombasthenia-like syndrome[END_REF]. Among the changes that were noted were (i) fewer proplatelets and (ii) tips of larger size; changes associated with abnormal MK spreading on Fg and a disordered actin distribution and cytoskeletal defects seemingly linked to a sustained "outside-in" signaling induced by the constitutively active αIIbβ3 [START_REF] Bury | Outside-in signaling generated by a constitutively activated integrin αIIbβ3 impairs proplatelet formation in human megakaryocytes[END_REF][START_REF] Bury | Cytoskeletal perturbation leads to platelet dysfunction and thrombocytopenia in variant forms of Glanzmann thrombasthenia[END_REF][START_REF] Hauschner | Abnormal cytoplasmic extensions associated with active αIIbβ3 are probably the cause for macrothrombocytopenia in Glanzmann thrombasthenia-like syndrome[END_REF]. Analysis of megakaryopoiesis for our patients did not reveal a defect in MK maturation or in ploidy but confirmed the above studies and previous studies on MKs from Japanese families with αIIbR995W (9) or the UK family with β3D723H defect in that abnormal proplatelet formation with decreased branching and with bulges of increased size at their tips. This defect was quite similar between our patients even if the size of tips seemed larger for the patients with αIIbR995W. The relationship between defects in αIIbβ3 complexes to changes in α-granule size remains to be determined. VWF-labelled granules with increased size were detected already in proplatelets in AII.1 and interestingly for the three patients studied, the larger the platelet surface area the larger the α-granule diameter suggesting that the defect responsible for increased platelet size contributes also to determination of α-granule size. The cause of the apparent fusion or coalescing of granules as a mechanism of forming the giant granules not only observed for this patient but also for the β3 Leu718 deletion ( 12) merits further study. The fact that mutations modifying the salt bridge between the positively charged αIIbR995 and negatively charged β3D723 is particularly intriguing.

Our results therefore support a generalized hypothesis where mutations within αIIb or β3 cytoplasmic domains somehow lead to a facilitated MK surface interaction with stromal proteins in the marrow medullary compartment that in turn promote cytoskeletal changes that not only lead to altered proplatelet formation and platelet biogenesis but also, at least on occasion, an altered α-granule maturation.

Footnote

* Human Genome Variation Society nomenclature for the αIIb and β3 mature proteins are used in this study.
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  1 for families A, B and C) and absent from the subjects AIII.1, BI.2, CII.2 A who have a normal platelet count. The structural effect of the mutations was studied using the sculpting function incorporated in the PyMol in silico modeling program (see Methods); the images in Fig. 1 show the transmembrane and cytoplasmic domain segments of αIIb (blue) and β3 (green). The interactions creating the inner membrane association clasp are highlighted for wild type αIIbβ3 in dashed circles with the positive αIIbR995 and negative β3D723 represented as sticks. Both substitutions result in steric interference, especially when β3D723 is replaced by the larger H. The substitutions of αIIbR995 with neutral W or β3D723 with the positive H necessarily weaken or abrogate the salt bridge potentially leading to a separation of the subunit tails. Secondary influences also extend to other membrane proximal amino acids in π interactions shown as sticks and transparent spheres (see Discussion).
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 4 Fig. 4. In vitro derived MK differentiation. MK differentiation was induced from control (Cont1,