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A B S T R A C T

Inherited thrombocytopenias (ITs) are a heterogeneous group of disorders characterized by low platelet count

resulting in impaired hemostasis. Patients can have spontaneous hemorrhages and/or excessive bleedings pro-

voked by hemostatic challenges as trauma or surgery. To date, ITs encompass 32 different rare monogenic

disorders caused by mutations of 30 genes. This review will focus on the major discoveries that have been made

in the last years on the diagnosis, treatment and molecular mechanisms of ANKRD26-Related Thrombocytopenia

and MYH9-Related Diseases. Furthermore, we will discuss the use a Thrombopoietin mimetic as a novel ap-

proach to treat the thrombocytopenia in these patients. We will propose the use of a new 3D bone marrow model

to study the mechanisms of action of these drugs and to test their efficacy and safety in patients. The overall

purpose of this review is to point out that important progresses have been made in understanding the patho-

genesis of ANKRD26-Related Thrombocytopenia and MYH9-Related Diseases and new therapeutic approaches

have been proposed and tested. Future advancement in this research will rely in the development of more

physiological models to study the regulation of human platelet biogenesis, disease mechanisms and specific

pharmacologic targets.

1. Introduction

Until the end of the last century, we knew a few forms of inherited

thrombocytopenias (ITs), all of them diagnosable by clinical aspects

and simple laboratory tests. One of the most “ancient” form of non-

syndromic IT is Bernard-Soulier syndrome, which was recognized based

on the recessive inheritance, the presence of giant platelets in periph-

eral blood films and the absence of in vitro platelet agglutination after

ristocetin stimulation due to defective platelet expression of glycopro-

tein (GP) I alpha (Caen et al., 1976). Another IT known since many

decades is gray platelet syndrome, easily recognizable by the “pale”

appearance of platelets on blood films due to the absence of alpha

granules (Raccuglia, 1971). The prototypical form of syndromic IT is

the Wiskott-Aldrich syndrome, easily recognized based on X-linked

transmission of deep congenital thrombocytopenia associated with

severe immunodeficiency (Root and Speicher, 1963). All these condi-

tions are characterized by severe bleeding tendency since birth, and

their genetic origin is therefore obvious. Since the beginning of this

century, the widespread availability of increasingly effective techniques

for gene sequencing greatly improved our knowledge of ITs, and we

presently know more than 30 ITs due to mutations in more than 30

genes. Of note, 8 “new” ITs have been identified and described in their

clinical and molecular aspects since 2015 (Balduini et al., 2017). Ana-

lysis of large series of patients with the “new” ITs changed our view of

these disorders in that we realized that most patients have mild to

moderate thrombocytopenia and, consequently, mild or absent

bleeding tendency. But the advancement of knowledge also revealed

that many asymptomatic subjects with apparently harmless ITs are at

risk of developing additional disorders that seriously endanger their

life. This is the case of the ITs deriving from RUNX1 (Liew and Owen,
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2011), ANKRD26 (Noris et al., 2011, 2013) and ETV6 mutations

(Noetzli et al., 2015; Zhang et al., 2015), which predispose to hema-

tological malignancies, the disorders caused by mutations in MPL

(Ballmaier and Germeshausen, 2011) or THPO (Seo et al., 2017), which

evolve into bone marrow aplasia, and the form caused by MYH9 mu-

tations, which exposes to the risk of developing kidney failure (Balduini

et al., 2011).

In this review we will discuss recent advances in the field of the ITs

caused by mutations in MYH9 (MYH9 related disease - MYH9-RD) and

ANKRD26 (ANKRD26 related thrombocytopenia - ANKRD26-RT). The

rationale of this choice is that, at least in our experience, they are the

most frequent forms of IT. Moreover, investigation of their pathogenic

mechanisms, also in the context of an international collaborative study

supported by ERARE, revealed new, interesting aspects of the molecular

mechanisms that regulate megakaryopoiesis and platelet biogenesis.

Since thrombopoietin (TPO) mimetic have been recently approved for

the clinical treatment of some acquired thrombocytopenias, we will

discuss the possibility that these molecules are effective also in ITs.

1.1. ANKRD26-Related thrombocytopenia

Thrombocytopenia 2 (THC2; OMIM 188000), also named

ANKRD26-related thrombocytopenia (ANKRD26-RT), is a non-syn-

dromic form of inherited thrombocytopenia with autosomal dominant

transmission. ANKRD26-RT was first reported in two families, one from

Italy and the second from North America (Drachman et al., 2000;

Savoia et al., 1999). In both cases, the ANKRD26-RT locus was mapped

through lineage analysis to chromosome 10p11.1-p12 and the possibly

causative genes, MASTL (Gandhi et al., 2003) and ACBD5 (Punzo et al.,

2010), were identified due to the missense mutations. More than 10

years later, a study performed on eight unrelated families has shown

that neither MASTL nor ABCD5 were implicated in the pathogenesis of

this disease; conversely, 6 different mutations in the 5′UTR region of

gene encoding ANKRD26 (Ankyrin repeat domain 26) were identified.

c.-116C > T, c.-118C > T, c.-125T > G, c.-127A > T, c.-128G > A

and c.-134G > A, all of them localized in a small stretch of 19 nu-

cleotides, conserved among primates and bovines (Pippucci et al.,

2011). All these mutations were cloned upstream of a luciferase-based

reporter and transiently transfected into two cell lines, K562 and DAMI,

showing an increased transcriptional activity and suggesting that these

mutations affect the ANKRD26 gene expression level. This discovery led

very quickly to the identification of 12 additional families affected by

ANKRD26-RT (Noris et al., 2011), picturing a more frequent condition

than expected. So far, more than 70 patients were reported in literature

(Noris et al., 2011) and ANKRD26-RT is presently considered one of the

most frequent forms of IT. Of note, this condition may be easily mis-

diagnosed with other disorders. In a series of 78 patients, 30 initially

had a diagnosis of ITP, and 16 received undue treatments, splenectomy

included (Noris et al., 2011). Moreover, two recently reported patients

were misdiagnosed and treated as myelodysplastic syndrome (MDS)

(Zaninetti et al., 2017). The diagnostic error occurs because the clinical-

laboratory picture of ANKRD26-RT is similar to that of both these

conditions and misdiagnosis occurs when the inherited origin of the

disease is not evident. Currently, the clinical picture of ANKRD26-RT is

defined for 78 affected members of 21 families; these patients show

mild to severe thrombocytopenia, normal platelet size, mild bleeding

diathesis, increased levels of serum TPO and dysmegakaryopoiesis in

the bone marrow (BM). No defects in platelet function or morphology

have been found, but several patients displayed defective GPIα ex-

pression on platelet surface and a reduction of platelet α-granules.

Overall, these findings suggested that the thrombocytopenia is a con-

sequence of a defect in megakaryocyte (Mk) differentiation and/or

maturation. Interestingly, about 10% of patients included in this study

developed acute myeloid leukemia (AML), myelodysplastic syndrome

(MDS) or chronic myeloid leukemia (CML) (Noris et al., 2011). In 2013,

other mutations in the same 5′UTR region were identified (c.-

116C > G, c.-118C > A, c.-119C > A, c.-126T > G, c.-127A > G,

c.-127delAT, c.-128G > C) in patients from France, Italy, Japan, US,

Netherlands, Canada and Argentina, and 10 new cases of AML, MDS

and CML were reported in those patients, while the incidence of lym-

phoproliferative disorders and nonhematologic cancers was not higher

than expected. Together with the previous cases, these results show that

ANKRD26-RT predispose to myeloid malignancies with incomplete

penetrance (Noris et al., 2013). More recently, the c.-140C > G variant

was also reported in two studies (Boutroux et al., 2015; Ferrari et al.,

2017), enlarging the original stretch of 19 nucleotides to 25. However,

this variant is relatively common, its mean allelic frequency ranges

from 0.04 to 0.06 (ExAc and gnomAD databases), thus its implication in

the disease should be confirmed. The leukemic transformation was re-

ported, in one case, to be associated with ASXL1 mutation in CMML

(Perez Botero et al., 2015). The ultrastructural studies of ANKRD26-RT

patient Mks and platelets revealed the presence of ubiquitin/protea-

some-rich particulate cytoplasmic structures (PaCS). These structures

show selective immunoreactivity for the proteasome as well as for

polyubiquitinated proteins. They were first detected in gastric epithe-

lium infected with Helicobacter pylori and related pre-neoplastic lesions,

later in different epithelial neoplasms and in blood neutrophils of pa-

tients with the Shwachman-Diamond syndrome. Their absence in un-

affected and non-neoplastic cells suggests that they could play a phy-

siologic role in ANKRD26-RT, in particular accelerating the apoptosis.

However their generation and precise role in ANKRD26-RT physio-

pathology remains to be clarified (Necchi et al., 2013).

ANKRD26 is a member of the POTE gene family, a group of primate

specific protein-coding genes, with a mouse homolog (Hahn et al.,

2006); it is coding for a 192 kDa protein, highly enriched with spectrin

helices and ankyrin repeats, both protein domains with confirmed in-

teractions with cytoskeletal and signaling proteins (Djinovic-Carugo

et al., 2002; Mosavi et al., 2004). The disruption of Ankrd26 in mouse

causes hyperphagia, severe obesity, gigantism and diabetes (Bera et al.,

2008) with defects in the primary cilia in the regions of the central

nervous system that control appetite and energy homeostasis (Acs et al.,

2015). Disruption of ANKRD26 in human could thus explain certain

forms of genetic obesity that were described to be linked to the 10p12

locus (Dong et al., 2005). In a knock-out Ankrd26 mice, a marked

adipogenesis was shown to be mediated by an increased activation of

the ERK and the mTOR pathways (Fei et al., 2011); the same group

described also at least four interacting partners, isolated by two-hybrid

assay and IP (Liu et al., 2012). Overall, the Ankrd26 deregulation could

be involved in the modulation of signaling pathways, although there is

no explanation of the precise mechanism.

To shed light on the physiopathological mechanism leading to

ANKRD26-RT, we have recently investigated the megakaryopoiesis of

ANKRD26-RT patients, focusing on a major signaling pathway that

control megakaryopoiesis, TPO/MPL (Bluteau et al., 2014) (Fig. 1).

First, we have shown that ANKRD26 expression in healthy individuals

decreases during the megakaryopoiesis, while in ANKRD26-RT patients

the expression of ANKRD26 is persistent in mature Mks (CD41+/

CD42+) and platelets. The in silico analysis of the 5′UTR region revealed

the presence of the binding motifs for the transcription factors RUNX1

(from −125 nt to −114 nt) and FLI1 (from −111 nt to −105 nt), two

main regulators of megakaryopoiesis whose genetic alterations cause

inherited thrombocytopenia. Indeed, RUNX1 germline alterations

(missense, frameshift mutations, intragenic deletion) are at the origin of

familial platelet disorder predisposing to acute myeloid leukemia (FPD/

AML) (Song et al., 1999), while FLI1 monoallelic deletions are found in

Jacobsen syndrome or the Paris-Trousseau Thrombocytopenia (Raslova

et al., 2004). Recently, some cases of germline point mutations in FLI1

have been related to inherited thrombocytopenia (Stevenson et al.,

2015). RUNX1 and FLI1 co-regulate many Mk-specific genes (Tijssen

et al., 2011), and as we have shown, they physically bind to the 5′UTR

of ANKRD26. Interestingly ANKRD26 gene expression is down-regu-

lated during normal megakaryopoiesis, and the absence of RUNX1/FLI1
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binding, due to the mutations in the 5′UTR, leads to a persistent ex-

pression of ANKRD26, suggesting a repressive activity of the tran-

scriptional complex. The expression of ANKRD26 in patient platelets

could therefore be used as a biomarker of ANKRD26-RT. The in-

vestigation of in vitro megakaryopoiesis has shown no defect in Mk

differentiation but a severe defect in proplatelet formation, affecting

both the percentage of proplatelet forming Mks and the number of

proplatelet branches per Mk.

The fact that ANKRD26 is located in the inner part of cell membrane

(Bera et al., 2008) and could act as an adaptor between the receptors

and the signaling molecules suggested that ANKRD26 overexpression in

Mks could affect the TPO/MPL signaling. Using in vitro culture of pa-

tient Mks we have demonstrated that the TPO/MPL downstream

pathways JAK/STAT, PI3K and MAPK were over-activated, with a more

important stimulation of the MAPK cascade (Bluteau et al., 2014). In-

terestingly, the progressive silencing of MAPK pathway during the

normal megakaryopoiesis was shown to be important for proplatelet

formation. In accordance to these findings, the use of MAPK inhibitor

PD98059 led to an increased proplatelet formation potential in patient

Mks. In conclusion, we have demonstrated that the sustained ANKRD26

expression modulates positively TPO/MPL signaling, and the increased

MAPK activity leads to the defective proplatelet formation, thus ex-

plaining the observed thrombocytopenia (Bluteau et al., 2014).

Nevertheless, the precise mechanism linking the ANKRD26 over-

expression to the TPO/MPL signaling remains to be investigated. It

could not be excluded that ANKRD26 overexpression alters TPO/MPL

signaling not only in mature Mks but also in immature progenitors

expressing MPL. Indeed, our preliminary results show that the in-

creased ANKRD26 expression leads to the hypersensitivity to TPO and

increased proliferation that could contribute to a first step of leukemic

transformation (Donada et al., personal observation).

1.2. MYH9-Related Disease

With more than 300 families reported in the literature, MYH9-RD is

the most frequent form of IT. It encompasses four dominant entities

previously considered as different disorders: May-Hegglin, Sebastian,

Epstein and Fechtner syndromes. Diagnosis of May-Hegglin and

Sebastian syndromes was based on the presence of congenital macro-

thrombocytopenia and characteristic leucocyte inclusions, while the

diagnosis of Epstein and Fechtner syndromes were given in patients

with the additional features of cataracts, hearing loss and/or nephro-

pathy often leading to end-stage renal disease (ESRD).

The disease locus was mapped to 22q12.3-q13.2 chromosome in

1999 (Kunishima et al., 1999) and one year later, mutations in MYH9

gene were identified (Seri et al., 2000) in all the four conditions that are

actually named as MYH9-RD (OMIM155100).

MYH9-RD is an autosomal dominant disorder characterized since

birth by macrothrombocytopenia with more than 40% of large platelets

(> 3.9 μm in diameter). All neutrophils of all patients have in their

cytoplasm clumps of MYH9 that can be recognized by immuno-

fluorescence microscopy with antibodies against this protein.

Sometimes these inclusion bodies are recognized also in May-Grünwald

Giemsa stained blood films and are named Döhle-like bodies. Despite

the bleeding episodes are usually rare and mild, or even absent, MYH9-

RD is not a trivial disorder because 25% of patients develop a protei-

nuric nephropathy that in most cases evolves into renal failure (ESRF)

and requires dialysis or kidney transplantation. Moreover, near 50% of

patients develop sensorineural deafness and 18% presenile cataract.

Thus, the clinical course of MYH9-RD is quite variable, ranging from

isolated and asymptomatic thrombocytopenia to a complex disorder

that severely affects the quality of life.

There are 3 forms of non-muscle myosin II (NMII), NMIIA, NMIIB

and NMIIC. A single unit of NMII consists of two heavy chains linked to

Fig. 1. Schematic summary of mechanisms of

thrombocytopenia in ANKRD26-RT. In healthy

Mks, TPO promotes thrombopoiesis by activating

MPL downstream signaling pathways. In this process

RUNX1/FLI1 complex negatively regulates

ANKRD26 gene expression. In Mks from ANKRD26-

RT, the mutations in 5′UTR of the ANKRD26 gene

prevent RUNX1/FLI1 inhibition, leading to its over-

expression. It is supposed that in this scenario

ANKRD26 accumulates at the inner part of the cell

membrane and modifies TPO/MPL signaling, leading

to ERK over-activation and consequent decreased

proplatelet formation and platelet production.
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two regulatory light chains (RLC) that regulate NMII activity and two

essential light chains (ELC) that stabilize heavy chain structure. MYH9

is the heavy chain subunit of NMIIA, MYH10 of NMIIB and MYH14 of

NMIIC. The phosphorylation of key residues on the RLCs induces a

conformational change in NMII molecules that promotes the filament

assembly and ATPase activity of NMII. NMII thus interacts with the

actin filaments in an ATP dependent manner to produce tension and

induce sliding of the actin filaments providing therefore mechanical

forces necessary for maintenance of cell shape, cell migration (adhesion

and polarity) and cytokinesis (Vicente-Manzanares et al., 2009). Only

MYH9 and MYH10 are present in Mks and MYH9 alone in platelets

(Lordier et al., 2012).

MYH9 is composed of two main domains, N-terminal and tail do-

mains. The N-terminal is composed of the head (HD) or motor domain

that interacts with actin and binds ATP and the neck domain that binds

myosin light chains. The HD consists of four subdomains, the N-term-

inal SH3-like motif, the upper and the lower 50 kDa subdomains and

the converter subdomain (Sellers, 2000). The C-terminal tail domain

(TD) is composed of two regions, a long alpha-helical coiled coil do-

main involved in dimerization of heavy chains and C-terminal non-

helical tailpiece (NHT) playing a role in phosphorylation.

Among the most frequent MYH9 mutations are those affecting S96

and R702 located in the HD, R1165, D1424, E1841 in the coiled coil

and R1933 in the NHT (Balduini et al., 2002). About 35% of cases are

sporadic with de novo mutations (Balduini and Savoia, 2012) and two

cases have been shown to be due to somatic or germinal mosaicism

(Kunishima et al., 2005, 2009). A substitution c.5765+2T > A in the

donor splice site of intron 40 was also reported. This missense mutation

induces a frameshift p.R1922Rfs*43 (Saposnik et al., 2014). Together,

about 83 genetic variations have been described so far (Saposnik et al.,

2014).

Correlation between clinical phenotype and MYH9 mutation loca-

lization showed that mutations in the motor domain are associated with

hearing loss and nephritis while those located in tail domain lead rather

to moderate thrombocytopenia with absence of renal disease and cat-

aract development (Pecci et al., 2008b). Recent analysis performed on

255 patients from 11 families defined disease evolution associated to

seven different MYH9 genotypes responsible for 85% of MYH9-RD

(Pecci et al., 2014). Almost complete penetrance for ESRD and severe

thrombocytopenia were associated to mutation at residue R702. ACE-

inhibitors or angiotensin receptor blockers were suggested to be effec-

tive in treatment of proteinuria and in decreasing progression of kidney

damage (Pecci et al., 2008a). After the R702 mutation, the highest risk

of developing all the noncongenital manifestations of disease was

shown for the p.D1424H substitution. High risk of deafness, but low

risk of nephropathy or cataract, were shown for substitutions at R1165

and low risk of noncongenital defects were reported for p.E1841K,

p.D1424N substitutions and for C-terminal deletion. In these three

cases, a thrombocytopenia is predicted to be the only manifestation of

the MYH9-RD throughout life.

With some exceptions, the HD mutations impair the ATPase activity

whereas those in TD alter molecule assembly (Balduini et al., 2011).

To study the mechanisms leading to a generation of macroplatelets,

different mouse models have been developed based on the myh9 dele-

tion or knock-in with the mutants found in patients. Since Myh9−/−

genotype causes early embryonic mortality (Conti et al., 2004;

Matsushita et al., 2004), major results have been obtained with animals

having Myh9 inactivation restricted to the megakaryocyte lineage.

Taking advantage of these models, premature proplatelet formation and

macrothrombocytopenia were observed only in homozygous but not

heterozygous knock-out mice (Eckly et al., 2009; Léon et al., 2007). The

increased proplatelet formation in vitro associated to macro-

thrombocytopenia in vivo was first explained by premature release of

proplatelets in the BM, however subsequent study using BM explants

showed that Mks displayed fewer proplatelets and increased Mk mor-

tality contributing to the thrombocytopenia (Eckly et al., 2010). Knock-

in models expressing R702C, D1424N and E1841K mutations found in

human were reported (Zhang et al., 2012). Homozygous expression of a

most severe R702C mutant affecting a head domain of myh9 led to the

embryonic death while homozygous D1424N and E1841K and all het-

erozygous knock-in mice developed macrothrombocytopenia. The het-

erozygous R702C mice also developed cataract, focal segmental glo-

merulosclerosis and hearing loss similarly to MYH9-RD patients.

Clearly, the Myh9 mutants do not phenocopy a pure haploinsufficiency

and rather behave as hypomorphic alleles or dominant negative mu-

tants.

Finally, the in vitro studies of Mks derived from MYH9-RD patients

harboring both head and tail domain mutations showed a decrease in

proplatelet formation associated with an abnormal spreading on poly-

lysine, fibronectin and collagen, an abnormal distribution of acto-

myosin cytoskeleton and a huge increase in contractile forces after

adhesion (Chen et al., 2013). Increased cell spreading on collagen was

also demonstrated after overexpression of frequently found MYH9

mutants in a megakaryoblastic Dami cell line (Pecci et al., 2011).

Overall, these results demonstrated that MYH9-RD is related rather to

an excess of acto-myosin contractility than to a loss of function. This is

in line with the work of Breckenridge showing that tailpiece is involved

in modulating the local filament assembly disassembly reaction prob-

ably via phosphorylation at S1943 (Breckenridge et al., 2009). Both,

myosin II inhibitor blebbistatin and the ROCK inhibitor Y27632 rescued

the defect in proplatelet formation. These results provided evidence

that MYH9 mutants induce defect in proplatelet formation through an

excess of acto-myosin contractility in spreading Mks that could re-

present a new therapeutic target (Chen et al., 2013).

However, more recently, Spinler at al. proposed that the myosin

activity is necessary for the cytofission of the preplatelets on normal

sized-platelets. They demonstrated that myosin IIA is inactive in normal

Mks and become activated in pre-platelets by dephosphorylation at

S1943 under the shear (Spinler et al., 2015). We can hypothesize that in

MYH9-RD, myosin IIA is slightly activated through Rho pathway

leading to the inhibition of proplatelet formation by increased con-

tractility. In contrast, at time of abscission, when it should be activated

at higher degree, the mutant may have suboptimal contractile functions

resulting in macroplatelet formation.

The pathogenesis of cataracts in MYH9-RD is completely unknown,

and only limited information has been obtained on the pathogenetic

mechanisms of kidney failure and deafness.

Although the development of kidney failure is a major risk for many

patients with MYH9-RD, a few studies addressed pathogenesis of ne-

phropathy in this condition. As already discussed, we know that some

mutations very frequently result in kidney failure, while others almost

never affect kidney function (Pecci et al., 2014), but the reasons for

these differences are unknown. Morphological and im-

munomorphological studies of a few kidney biopsies revealed defective

NMMHC-IIA distribution within podocytes, segmental effacement of

these cell, loss of the interpodocyte slit diaphragm, and a rapidly pro-

gressive focal segmental glomerulosclerosis (Balduini et al., 2011).

Recent studies of experimental models suggested that NMIIA is essential

for maintenance of podocyte cytoskeletal structure and mechanical

function (Bondzie et al., 2016), and MYH9 mutations renders podocytes

more susceptible to injury after a damaging stimulus (Cechova et al.,

2018).

Also the mechanisms of deafness in MYH9-RD are poorly under-

stood. Since NMIIA is expressed in the sensory hair cells of the organ of

Corti, it has been suggested that MYH9 mutations cause hearing loss by

disruption of the structural integrity of stereocilia, similarly to what has

been observed in experimental models of deafness caused mutations of

other members of the myosin family, such as myosins VI, VIIA and XVA

(Lalwani et al., 2008).
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1.3. Thrombopoietin mimetics and inherited thrombocytopenias

Patients with thrombocytopenia are at risk of hemorrhages, either

spontaneous or provoked by trauma or other hemostatic challenges.

Recently, the opportunity to synthesize in vitro molecules able to mimic

the physiologic effect of TPO on Mk differentiation and platelet pro-

duction opened new perspectives for their treatment (Hitchcock and

Kaushansky, 2014). Different compounds have been shown to increase

platelet count in humans and/or animals, but only two molecules have

been so far approved for use in humans: romiplostim and eltrombopag

(Fig. 2).

Romiplostim competes with TPO for binding to the TPO receptor (c-

Mpl) and activates human and animal megakaryopoiesis through the

same mechanisms as TPO. Subcutaneous administration of romiplostim

increased platelet counts in patients with idiopathic (autoimmune)

thrombocytopenic purpura (ITP) (Bussel et al., 2006) and its use has

been approved in this disorder (Thompson, 2008).

Eltrombopag is a TPO nonpeptide mimetic (Erickson-Miller et al.,

2009) that has a binding site different from that of TPO (Kuter, 2007)

and is likely to act through an alternative signal transduction pathway,

as suggested also by the observation that its effect is additive to that of

TPO in cell-based assays. It has been approved for treating ITP and for

increasing platelet count in thrombocytopenia due to hepatitis C in-

fection (Bussel, 2009; McHutchison et al., 2007).

Currently, only two therapeutic options are approved for increasing

platelet counts in ITs: (1) platelet transfusions, which transiently im-

prove thrombocytopenia, but expose to the risks of acute reactions,

transmission of infectious diseases, and refractoriness to subsequent

platelet transfusions; (2) allogeneic hematopoietic stem cell (HSC)

transplantation, which can definitively cure the disease, but is a high

risk procedure (Balduini et al., 2012; Locatelli et al., 2003; Notarangelo

et al., 2008). Demonstration that TPO mimetics increase platelet count

in acquired thrombocytopenia raised the hypothesis that these drugs

can rescue the pathological phenotypes of ITs. However, ITs derive

from a variety of intrinsic genetic defects (Balduini et al., 2013), which

in some cases predispose patients to leukemic transformation, such as in

ANKRD26-RT (Melazzini et al., 2016), or development of BM fibrosis,

such as Grey Platelet Syndrome (GPS) (Nurden and Nurden, 2007),

aspects to take into account for the possible use of TPO mimetics in ITs

since it has been hypothesized that they may exert leukemogenic effect

and induce BM fibrosis in humans (Cuker et al., 2010; Oshima et al.,

2013). Of note, we have recently demonstrated that over-stimulation of

TPO receptor leads to Mk release of Transforming Growth Factor (TGF)-

β1 (Abbonante et al., 2016), one of the major BM pro-fibrotic cytokines,

which is involved in regulation of platelet formation and can induce

synthesis and release of extracellular matrix (ECM) components, typi-

cally involved in fibrosis, by both Mks themselves and BM Mesench-

ymal Stromal Cells (MSCs) (Abbonante et al., 2015, 2016; Badalucco

et al., 2013). Therefore, TPO mimetics represent an appealing ther-

apeutic hypothesis for treatment of ITs, but their efficacy and safety

may vary depending on the type of mutation. To open new prospective

application of TPO mimetics, we searched for the mechanisms of action

of these compounds. We demonstrated that increasing doses of romi-

plostim (100–2000 ng/mL) determines a progressive increase of Mk

proliferation with a parallel decrease in Mk ploidy and capacity of ex-

tending proplatelets. Most importantly, these differences in Mk function

Fig. 2. Schematic summary of different ef-

fects of eltrombopag and romiplostim com-

pared to TPO during megakaryopoiesis.

Megakaryopoiesis takes place under the activa-

tion of c-Mpl, the thrombopoietin receptor. TPO

binding to c-Mpl at residues F104, D261 and

L265, located at the extracellular domain of the

receptor, induces changes in c-Mpl conformation

and the activation of downstream signaling

pathways. Eltrombopag is a non-peptide TPO

mimetic that binds to c-Mpl mainly at residue

H499, located at the transmembrane domain of

the receptor, and greatly enhances AKT and ERK

activation, thus ensuring Mks proliferation and

increased proplatelet formation (PPF). At var-

iance, Romiplostim, which competes with TPO

for binding to the same sites on c-Mpl, promotes

increased AKT but not ERK activation with re-

spect to TPO. This leads to a significant increase

in Mk proliferation.
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seemed to be correlated to modulation of AKT phosphorylation (Currao

et al., 2013). These results were consistent with previous data, by Leon

et al., obtained administering romiplostim to Myh9−/− mice (Léon

et al., 2012). Mks increased to similar numbers in Myh9−/− and wild-

type (WT) mice (with an increase in immature Mks), but Myh9−/−

platelet count response was much less (2.5-fold vs 8-fold increase).

So far, only one clinical trial has been conducted with eltrombopag

on a small cohort of IT patients affected by MYH9-RD. Short-term

treatment demonstrated the ability of this drug to increase platelet

count and reduce bleeding tendency in most patients, but the short

duration of treatment did not provide any information on the side ef-

fects of long-term treatment with this drug (Pecci et al., 2010). On this

basis, we believe that eltrombopag has to be considered as an useful

alternative to platelet transfusion in preparing MYH9-RD patients to

elective surgery, but further clinical studies are required before re-

commending the its long-term administration in the few patients with

severe haemorrhagic diathesis. Unfortunately, in vivo studies on animals

with eltrombopag are prevented because of its specific affinity only for

human and chimpanzee c-Mpl (Erickson-Miller et al., 2009), while in

vitro human culture systems lack to recreate the complex architecture

and composition of BM environment (Balduini et al., 2016). Therefore,

future advancement in testing the efficacy and safety of eltrombopag

strongly depends on the opportunity to adopt bioengineering techni-

ques that accurately reproduce the physiologic features of the human

BM niche, including BM cells, soluble and surface-bound signaling

factors, ECM components, and blood shear, that together provide an

ideal habitat to support thrombopoiesis (Currao et al., 2015; Di Buduo

et al., 2016a; Di Buduo et al., 2017a, b; Mendelson and Frenette, 2014).

In this regard, we have recently developed a BM model made of silk

fibroin, derived from Bombyx mori silkworm cocoons, a naturally-de-

rived, biocompatible, non thrombogenic and tunable biomaterial ex-

tensively used in cell culture studies, regenerative medicine and bio-

medical applications (Altman et al., 2003; Meinel et al., 2005;

Omenetto and Kaplan, 2010). Our 3-dimensional (3D) BM niche

showed that silk vascular tubes, embedded in a silk sponge mimicking

the “spongy” marrow, support Mk growth and the release of functional

platelets into perfused vascular tube lumen, allowing the study of both

physiological and pathological thrombopoiesis (Di Buduo et al., 2015).

To investigate eltrombopag's impact on Mk functions, we employed our

established in vitro model for studying hematopoietic stem cell differ-

entiation combined with our latest 3D silk-based BM tissue model (Di

Buduo et al., 2016b). Results demonstrated that eltrombopag favors

human Mk differentiation and platelet production in a dose-dependent

manner. These effects are accompanied by increased phosphorylation of

AKT and ERK1/2 signaling molecules, which have been proven to be

crucial in regulating physiologic thrombopoiesis. These data further

clarify the different mechanisms of action of eltrombopag when com-

pared to romiplostim, which, as we have shown, induces the pro-

liferation of immature Mks rather than platelet production, due to the

unbalanced activation of AKT and ERK1/2 signaling molecules (Di

Buduo et al., 2016b).

2. Conclusions

ITs are transforming from mysterious diseases into natural experi-

mental models to better understand the mechanisms of platelet bio-

genesis. Continuing studies on these disorders is expected not only to

further improve knowledge on a complex and interesting biological

process, but also to offer for the first time the concrete possibility of

improving with a simple medical treatment the quality of life of af-

fected patients.

Acknowledgements

This paper was supported by ERA-Net for Research Programs on

Rare Diseases (EUPLANE).

References

Abbonante, V., Di Buduo, C.A., Gruppi, C., Malara, A., Gianelli, U., Celesti, G., Anselmo,

A., Laghi, L., Vercellino, M., Visai, L., et al., 2016. Thrombopoietin/TGF-β1 loop

regulates megakaryocyte extracellular matrix component synthesis. Stem Cells 34,

1123–1133.

Abbonante, V., Gruppi, C., Catarsi, P., Avanzini, M.A., Tira, M.E., Barosi, G., Rosti, V.,

Balduini, A., 2015. Altered fibronectin expression and deposition by myeloproli-

ferative neoplasm-derived mesenchymal stromal cells. Br. J. Haematol. 172,

140–144.

Acs, P., Bauer, P.O., Mayer, B., Bera, T., Macallister, R., Mezey, E., Pastan, I., 2015. A

novel form of ciliopathy underlies hyperphagia and obesity in Ankrd26 knockout

mice. Brain Struct. Funct. 220, 1511–1528.

Altman, G.H., Diaz, F., Jakuba, C., Calabro, T., Horan, R.L., Chen, J., Lu, H., Richmond, J.,

Kaplan, D.L., 2003. Silk-based biomaterials. Biomaterials 24, 401–416.

Badalucco, S., Di Buduo, C.A., Campanelli, R., Pallotta, I., Catarsi, P., Rosti, V., Kaplan,

D.L., Barosi, G., Massa, M., Balduini, A., 2013. Involvement of TGFβ1 in autocrine

regulation of proplatelet formation in healthy subjects and patients with primary

myelofibrosis. Haematologica 98, 514–517.

Balduini, A., Di Buduo, C.A., Kaplan, D.L., 2016. Translational approaches to functional

platelet production ex vivo. Thromb. Haemostasis 115, 250–256.

Balduini, C.L., Iolascon, A., Savoia, A., 2002. Inherited thrombocytopenias: from genes to

therapy. Haematologica 87, 860–880.

Balduini, C.L., Melazzini, F., Pecci, A., 2017. Inherited thrombocytopenias-recent ad-

vances in clinical and molecular aspects. Platelets 28, 3–13.

Balduini, C.L., Pecci, A., Noris, P., 2012. Inherited thrombocytopenias: the evolving

spectrum. Hamostaseologie 32, 259–270.

Balduini, C.L., Pecci, A., Savoia, A., 2011. Recent advances in the understanding and

management of MYH9-related inherited thrombocytopenias. Br. J. Haematol. 154,

161–174.

Balduini, C.L., Savoia, A., 2012. Genetics of familial forms of thrombocytopenia. Hum.

Genet. 131, 1821–1832.

Balduini, C.L., Savoia, A., Seri, M., 2013. Inherited thrombocytopenias frequently diag-

nosed in adults. J. Thromb. Haemostasis 11, 1006–1019.

Ballmaier, M., Germeshausen, M., 2011. Congenital amegakaryocytic thrombocytopenia:

clinical presentation, diagnosis, and treatment. Semin. Thromb. Hemost. 37,

673–681.

Bera, T.K., Liu, X.F., Yamada, M., Gavrilova, O., Mezey, E., Tessarollo, L., Anver, M.,

Hahn, Y., Lee, B., Pastan, I., 2008. A model for obesity and gigantism due to dis-

ruption of the Ankrd26 gene. Proc. Natl. Acad. Sci. U. S. A. 105, 270–275.

Bluteau, D., Balduini, A., Balayn, N., Currao, M., Nurden, P., Deswarte, C., Leverger, G.,

Noris, P., Perrotta, S., Solary, E., et al., 2014. Thrombocytopenia-associated muta-

tions in the ANKRD26 regulatory region induce MAPK hyperactivation. J. Clin.

Invest. 124, 580–591.

Bondzie, P.A., Chen, H.A., Cao, M.Z., Tomolonis, J.A., He, F., Pollak, M.R., Henderson,

J.M., 2016. Non-muscle myosin-IIA is critical for podocyte f-actin organization,

contractility, and attenuation of cell motility. Cytoskeleton (Hoboken) 73, 377–395.

Boutroux, H., Petit, A., Auvrignon, A., Lapillonne, H., Ballerini, P., Favier, R., Leverger,

G., 2015. Childhood diagnosis of genetic thrombocytopenia with mutation in the

ankyrine repeat domain 26 gene. Eur. J. Pediatr. 174, 1399–1403.

Breckenridge, M.T., Dulyaninova, N.G., Egelhoff, T.T., 2009. Multiple regulatory steps

control mammalian nonmuscle myosin II assembly in live cells. Mol. Biol. Cell 20,

338–347.

Bussel, J.B., 2009. Update on eltrombopag for ITP. Oncology (Williston Park) 23,

1177–1178.

Bussel, J.B., Kuter, D.J., George, J.N., McMillan, R., Aledort, L.M., Conklin, G.T., Lichtin,

A.E., Lyons, R.M., Nieva, J., Wasser, J.S., et al., 2006. AMG 531, a thrombopoiesis-

stimulating protein, for chronic ITP. N. Engl. J. Med. 355, 1672–1681.

Caen, J.P., Nurden, A.T., Jeanneau, C., Michel, H., Tobelem, G., Levy-Toledano, S.,

Sultan, Y., Valensi, F., Bernard, J., 1976. Bernard-Soulier syndrome: a new platelet

glycoprotein abnormality. Its relationship with platelet adhesion to subendothelium

and with the factor VIII von Willebrand protein. J. Lab. Clin. Med. 87, 586–596.

Cechova, S., Dong, F., Chan, F., Kelley, M.J., Ruiz, P., Le, T.H., 2018. MYH9 E1841K

mutation augments proteinuria and podocyte injury and migration. J. Am. Soc.

Nephrol. 29, 155–167.

Chen, Y., Boukour, S., Milloud, R., Favier, R., Saposnik, B., Schlegel, N., Nurden, A.,

Raslova, H., Vainchenker, W., Balland, M., et al., 2013. The abnormal proplatelet

formation in MYH9-related macrothrombocytopenia results from an increased acto-

myosin contractility and is rescued by myosin IIA inhibition. J. Thromb. Haemostasis

11, 2163–2175.

Conti, M.A., Even-Ram, S., Liu, C., Yamada, K.M., Adelstein, R.S., 2004. Defects in cell

adhesion and the visceral endoderm following ablation of nonmuscle myosin heavy

chain II-A in mice. J. Biol. Chem. 279, 41263–41266.

Cuker, A., Chiang, E.Y., Cines, D.B., 2010. Safety of the thrombopoiesis-stimulating

agents for the treatment of immune thrombocytopenia. Curr. Drug Saf. 5, 171–181.

Currao, M., Balduini, C.L., Balduini, A., 2013. High doses of romiplostim induce pro-

liferation and reduce proplatelet formation by human megakaryocytes. PLoS One 8,

e54723.

Currao, M., Malara, A., Di Buduo, C.A., Abbonante, V., Tozzi, L., Balduini, A., 2015.

Hyaluronan based hydrogels provide an improved model to study megakaryocyte-

matrix interactions. Exp. Cell Res. 346, 1–8.

Di Buduo, C.A., Balduini, A., Moccia, F., 2016a. Pathophysiological significance of store-

operated calcium entry in megakaryocyte function: opening new paths for under-

standing the role of calcium in thrombopoiesis. Int. J. Mol. Sci. 17.

Di Buduo, C.A., Currao, M., Pecci, A., Kaplan, D.L., Balduini, C.L., Balduini, A., 2016b.

A. Balduini et al. European Journal of Medical Genetics xxx (xxxx) xxx–xxx

6
Téléchargé pour Anonymous User (n/a) à Institut Gustave  Roussy à partir de ClinicalKey.fr par Elsevier sur mai 08, 2018.

Pour un usage personnel seulement. Aucune autre utilisation n´est autorisée. Copyright ©2018. Elsevier Inc. Tous droits réservés.

http://refhub.elsevier.com/S1769-7212(17)30572-4/sref1
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref1
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref1
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref1
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref2
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref2
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref2
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref2
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref3
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref3
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref3
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref4
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref4
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref5
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref5
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref5
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref5
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref6
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref6
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref7
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref7
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref8
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref8
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref9
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref9
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref10
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref10
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref10
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref11
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref11
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref12
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref12
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref13
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref13
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref13
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref14
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref14
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref14
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref15
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref15
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref15
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref15
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref16
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref16
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref16
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref17
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref17
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref17
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref18
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref18
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref18
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref19
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref19
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref20
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref20
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref20
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref21
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref21
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref21
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref21
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref22
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref22
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref22
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref23
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref23
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref23
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref23
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref23
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref24
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref24
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref24
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref25
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref25
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref26
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref26
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref26
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref27
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref27
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref27
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref28
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref28
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref28
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref29


Revealing eltrombopag's promotion of human megakaryopoiesis through AKT/ERK-

dependent pathway activation. Haematologica 101, 1479–1488.

Di Buduo, C.A., Kaplan, D.L., Balduini, A., 2017a. In vitro generation of platelets: where

do we stand? Transfus. Clin. Biol. 4, 273–276.

Di Buduo, C.A., Soprano, P.M., Tozzi, L., Marconi, S., Auricchio, F., Kaplan, D.L., Balduini,

A., 2017b. Modular flow chamber for engineering bone marrow architecture and

function. Biomaterials 146, 60–71.

Di Buduo, C.A., Wray, L.S., Tozzi, L., Malara, A., Chen, Y., Ghezzi, C.E., Smoot, D., Sfara,

C., Antonelli, A., Spedden, E., et al., 2015. Programmable 3D silk bone marrow niche

for platelet generation ex vivo and modeling of megakaryopoiesis pathologies. Blood

125, 2254–2264.

Djinovic-Carugo, K., Gautel, M., Ylänne, J., Young, P., 2002. The spectrin repeat: a

structural platform for cytoskeletal protein assemblies. FEBS Lett. 513, 119–123.

Dong, C., Li, W.D., Geller, F., Lei, L., Li, D., Gorlova, O.Y., Hebebrand, J., Amos, C.I.,

Nicholls, R.D., Price, R.A., 2005. Possible genomic imprinting of three human obe-

sity-related genetic loci. Am. J. Hum. Genet. 76, 427–437.

Drachman, J.G., Jarvik, G.P., Mehaffey, M.G., 2000. Autosomal dominant thrombocyto-

penia: incomplete megakaryocyte differentiation and linkage to human chromosome

10. Blood 96, 118–125.

Eckly, A., Rinckel, J.Y., Laeuffer, P., Cazenave, J.P., Lanza, F., Gachet, C., Léon, C., 2010.

Proplatelet formation deficit and megakaryocyte death contribute to thrombocyto-

penia in Myh9 knockout mice. J. Thromb. Haemostasis 8, 2243–2251.

Eckly, A., Strassel, C., Freund, M., Cazenave, J.P., Lanza, F., Gachet, C., Léon, C., 2009.

Abnormal megakaryocyte morphology and proplatelet formation in mice with

megakaryocyte-restricted MYH9 inactivation. Blood 113, 3182–3189.

Erickson-Miller, C.L., Delorme, E., Tian, S.S., Hopson, C.B., Landis, A.J., Valoret, E.I.,

Sellers, T.S., Rosen, J., Miller, S.G., Luengo, J.I., et al., 2009. Preclinical activity of

eltrombopag (SB-497115), an oral, nonpeptide thrombopoietin receptor agonist.

Stem Cells 27, 424–430.

Fei, Z., Bera, T.K., Liu, X., Xiang, L., Pastan, I., 2011. Ankrd26 gene disruption enhances

adipogenesis of mouse embryonic fibroblasts. J. Biol. Chem. 286, 27761–27768.

Ferrari, S., Lombardi, A.M., Putti, M.C., Bertomoro, A., Cortella, I., Barzon, I., Girolami,

A., Fabris, F., 2017. Spectrum of 5'UTR mutations in ANKRD26 gene in patients with

inherited thrombocytopenia: c.-140C > G mutation is more frequent than expected.

Platelets 1–4.

Gandhi, M.J., Cummings, C.L., Drachman, J.G., 2003. FLJ14813 missense mutation: a

candidate for autosomal dominant thrombocytopenia on human chromosome 10.

Hum. Hered. 55, 66–70.

Hahn, Y., Bera, T.K., Pastan, I.H., Lee, B., 2006. Duplication and extensive remodeling

shaped POTE family genes encoding proteins containing ankyrin repeat and coiled

coil domains. Gene 366, 238–245.

Hitchcock, I.S., Kaushansky, K., 2014. Thrombopoietin from beginning to end. Br. J.

Haematol. 165, 259–268.

Kunishima, S., Kojima, T., Tanaka, T., Kamiya, T., Ozawa, K., Nakamura, Y., Saito, H.,

1999. Mapping of a gene for May-Hegglin anomaly to chromosome 22q. Hum. Genet.

105, 379–383.

Kunishima, S., Matsunaga, T., Ito, Y., Saito, H., 2009. Mutations in MYH9 exons 1, 16, 26,

and 30 are infrequently found in Japanese patients with nonsyndromic deafness.

Genet. Test. Mol. Biomarkers 13, 705–707.

Kunishima, S., Matsushita, T., Yoshihara, T., Nakase, Y., Yokoi, K., Hamaguchi, M., Saito,

H., 2005. First description of somatic mosaicism in MYH9 disorders. Br. J. Haematol.

128, 360–365.

Kuter, D.J., 2007. New thrombopoietic growth factors. Blood 109, 4607–4616.

Lalwani, A.K., Atkin, G., Li, Y., Lee, J.Y., Hillman, D.E., Mhatre, A.N., 2008. Localization

in stereocilia, plasma membrane, and mitochondria suggests diverse roles for NMHC-

IIa within cochlear hair cells. Brain Res. 1197, 13–22.

Liew, E., Owen, C., 2011. Familial myelodysplastic syndromes: a review of the literature.

Haematologica 96, 1536–1542.

Liu, X.F., Bera, T.K., Kahue, C., Escobar, T., Fei, Z., Raciti, G.A., Pastan, I., 2012.

ANKRD26 and its interacting partners TRIO, GPS2, HMMR and DIPA regulate adi-

pogenesis in 3T3-L1 cells. PLoS One 7, e38130.

Locatelli, F., Rossi, G., Balduini, C., 2003. Hematopoietic stem-cell transplantation for the

Bernard-Soulier syndrome. Ann. Intern. Med. 138, 79.

Lordier, L., Bluteau, D., Jalil, A., Legrand, C., Pan, J., Rameau, P., Jouni, D., Bluteau, O.,

Mercher, T., Leon, C., et al., 2012. RUNX1-induced silencing of non-muscle myosin

heavy chain IIB contributes to megakaryocyte polyploidization. Nat. Commun. 3,

717.

Léon, C., Eckly, A., Hechler, B., Aleil, B., Freund, M., Ravanat, C., Jourdain, M., Nonne, C.,

Weber, J., Tiedt, R., et al., 2007. Megakaryocyte-restricted MYH9 inactivation dra-

matically affects hemostasis while preserving platelet aggregation and secretion.

Blood 110, 3183–3191.

Léon, C., Evert, K., Dombrowski, F., Pertuy, F., Eckly, A., Laeuffer, P., Gachet, C.,

Greinacher, A., 2012. Romiplostim administration shows reduced megakaryocyte

response-capacity and increased myelofibrosis in a mouse model of MYH9-RD. Blood

119, 3333–3341.

Matsushita, T., Hayashi, H., Kunishima, S., Hayashi, M., Ikejiri, M., Takeshita, K.,

Yuzawa, Y., Adachi, T., Hirashima, K., Sone, M., et al., 2004. Targeted disruption of

mouse ortholog of the human MYH9 responsible for macrothrombocytopenia with

different organ involvement: hematological, nephrological, and otological studies of

heterozygous KO mice. Biochem. Biophys. Res. Commun. 325, 1163–1171.

McHutchison, J.G., Dusheiko, G., Shiffman, M.L., Rodriguez-Torres, M., Sigal, S.,

Bourliere, M., Berg, T., Gordon, S.C., Campbell, F.M., Theodore, D., et al., 2007.

Eltrombopag for thrombocytopenia in patients with cirrhosis associated with hepa-

titis C. N. Engl. J. Med. 357, 2227–2236.

Meinel, L., Hofmann, S., Karageorgiou, V., Kirker-Head, C., McCool, J., Gronowicz, G.,

Zichner, L., Langer, R., Vunjak-Novakovic, G., Kaplan, D.L., 2005. The inflammatory

responses to silk films in vitro and in vivo. Biomaterials 26, 147–155.

Melazzini, F., Palombo, F., Balduini, A., De Rocco, D., Marconi, C., Noris, P., Gnan, C.,

Pippucci, T., Bozzi, V., Faleschini, M., et al., 2016. Clinical and pathogenic features of

ETV6-related thrombocytopenia with predisposition to acute lymphoblastic leu-

kemia. Haematologica 101, 1333–1342.

Mendelson, A., Frenette, P.S., 2014. Hematopoietic stem cell niche maintenance during

homeostasis and regeneration. Nat. Med. 20, 833–846.

Mosavi, L.K., Cammett, T.J., Desrosiers, D.C., Peng, Z.Y., 2004. The ankyrin repeat as

molecular architecture for protein recognition. Protein Sci. 13, 1435–1448.

Necchi, V., Balduini, A., Noris, P., Barozzi, S., Sommi, P., di Buduo, C., Balduini, C.L.,

Solcia, E., Pecci, A., 2013. Ubiquitin/proteasome-rich particulate cytoplasmic struc-

tures (PaCSs) in the platelets and megakaryocytes of ANKRD26-related thrombo-

cytopenia. Thromb. Haemostasis 109, 263–271.

Noetzli, L., Lo, R.W., Lee-Sherick, A.B., Callaghan, M., Noris, P., Savoia, A., Rajpurkar, M.,

Jones, K., Gowan, K., Balduini, C., et al., 2015. Germline mutations in ETV6 are

associated with thrombocytopenia, red cell macrocytosis and predisposition to lym-

phoblastic leukemia. Nat. Genet. 47, 535–538.

Noris, P., Favier, R., Alessi, M.C., Geddis, A.E., Kunishima, S., Heller, P.G., Giordano, P.,

Niederhoffer, K.Y., Bussel, J.B., Podda, G.M., et al., 2013. ANKRD26-related throm-

bocytopenia and myeloid malignancies. Blood 122, 1987–1989.

Noris, P., Perrotta, S., Seri, M., Pecci, A., Gnan, C., Loffredo, G., Pujol-Moix, N., Zecca, M.,

Scognamiglio, F., De Rocco, D., et al., 2011. Mutations in ANKRD26 are responsible

for a frequent form of inherited thrombocytopenia: analysis of 78 patients from 21

families. Blood 117, 6673–6680.

Notarangelo, L.D., Miao, C.H., Ochs, H.D., 2008. Wiskott-Aldrich syndrome. Curr. Opin.

Hematol. 15, 30–36.

Nurden, A.T., Nurden, P., 2007. The gray platelet syndrome: clinical spectrum of the

disease. Blood Rev. 21, 21–36.

Omenetto, F.G., Kaplan, D.L., 2010. New opportunities for an ancient material. Science

329, 528–531.

Oshima, Y., Yuji, K., Tanimoto, T., Hinomura, Y., Tojo, A., 2013. Association between

acute myelogenous leukemia and thrombopoietin receptor agonists in patients with

immune thrombocytopenia. Intern. Med. 52, 2193–2201.

Pecci, A., Bozzi, V., Panza, E., Barozzi, S., Gruppi, C., Seri, M., Balduini, C.L., 2011.

Mutations responsible for MYH9-related thrombocytopenia impair SDF-1-driven

migration of megakaryoblastic cells. Thromb. Haemostasis 106, 693–704.

Pecci, A., Granata, A., Fiore, C.E., Balduini, C.L., 2008a. Renin-angiotensin system

blockade is effective in reducing proteinuria of patients with progressive nephropathy

caused by MYH9 mutations (Fechtner-Epstein syndrome). Nephrol. Dial. Transplant.

23, 2690–2692.

Pecci, A., Gresele, P., Klersy, C., Savoia, A., Noris, P., Fierro, T., Bozzi, V., Mezzasoma,

A.M., Melazzini, F., Balduini, C.L., 2010. Eltrombopag for the treatment of the in-

herited thrombocytopenia deriving from MYH9 mutations. Blood 116, 5832–5837.

Pecci, A., Klersy, C., Gresele, P., Lee, K.J., De Rocco, D., Bozzi, V., Russo, G., Heller, P.G.,

Loffredo, G., Ballmaier, M., et al., 2014. MYH9-related disease: a novel prognostic

model to predict the clinical evolution of the disease based on genotype-phenotype

correlations. Hum. Mutat. 35, 236–247.

Pecci, A., Panza, E., Pujol-Moix, N., Klersy, C., Di Bari, F., Bozzi, V., Gresele, P., Lethagen,

S., Fabris, F., Dufour, C., et al., 2008b. Position of nonmuscle myosin heavy chain IIA

(NMMHC-IIA) mutations predicts the natural history of MYH9-related disease. Hum.

Mutat. 29, 409–417.

Perez Botero, J., Oliveira, J.L., Chen, D., Reichard, K.K., Viswanatha, D.S., Nguyen, P.L.,

Pruthi, R.K., Majerus, J., Gada, P., Gangat, N., et al., 2015. ASXL1 mutated chronic

myelomonocytic leukemia in a patient with familial thrombocytopenia secondary to

germline mutation in ANKRD26. Blood Canc. J. 5, e315.

Pippucci, T., Savoia, A., Perrotta, S., Pujol-Moix, N., Noris, P., Castegnaro, G., Pecci, A.,

Gnan, C., Punzo, F., Marconi, C., et al., 2011. Mutations in the 5' UTR of ANKRD26,

the ankirin repeat domain 26 gene, cause an autosomal-dominant form of inherited

thrombocytopenia, THC2. Am. J. Hum. Genet. 88, 115–120.

Punzo, F., Mientjes, E.J., Rohe, C.F., Scianguetta, S., Amendola, G., Oostra, B.A., Bertoli-

Avella, A.M., Perrotta, S., 2010. A mutation in the acyl-coenzyme A binding domain-

containing protein 5 gene (ACBD5) identified in autosomal dominant thrombocyto-

penia. J. Thromb. Haemostasis 8, 2085–2087.

Raccuglia, G., 1971. Gray platelet syndrome. A variety of qualitative platelet disorder.

Am. J. Med. 51, 818–828.

Raslova, H., Komura, E., Le Couédic, J.P., Larbret, F., Debili, N., Feunteun, J., Danos, O.,

Albagli, O., Vainchenker, W., Favier, R., 2004. FLI1 monoallelic expression combined

with its hemizygous loss underlies Paris-Trousseau/Jacobsen thrombopenia. J. Clin.

Invest. 114, 77–84.

Root, A.W., Speicher, C.E., 1963. The triad of thrombocytopenia, eczema, and recurrent

infections (Wiskott-Aldrich syndrome) associated with milk antibodies, giant-cell

pneumonia, and cytomegalic inclusion disease. Pediatrics 31, 444–454.

Saposnik, B., Binard, S., Fenneteau, O., Nurden, A., Nurden, P., Hurtaud-Roux, M.F.,

Schlegel, N., networka, F.M., 2014. Mutation spectrum and genotype-phenotype

correlations in a large French cohort of MYH9-Related disorders. Mol. Genet. Genom.

Med. 2, 297–312.

Savoia, A., Del Vecchio, M., Totaro, A., Perrotta, S., Amendola, G., Moretti, A., Zelante, L.,

Iolascon, A., 1999. An autosomal dominant thrombocytopenia gene maps to chro-

mosomal region 10p. Am. J. Hum. Genet. 65, 1401–1405.

Sellers, J.R., 2000. Myosins: a diverse superfamily. Biochim. Biophys. Acta 1496, 3–22.

Seo, A., Ben-Harosh, M., Sirin, M., Stein, J., Dgany, O., Kaplelushnik, J., Hoenig, M.,

Pannicke, U., Lorenz, M., Schwarz, K., et al., 2017. Bone marrow failure unresponsive

to bone marrow transplant is caused by mutations in thrombopoietin. Blood 130,

875–880.

Seri, M., Cusano, R., Gangarossa, S., Caridi, G., Bordo, D., Lo Nigro, C., Ghiggeri, G.M.,

Ravazzolo, R., Savino, M., Del Vecchio, M., et al., 2000. Mutations in MYH9 result in

A. Balduini et al. European Journal of Medical Genetics xxx (xxxx) xxx–xxx

7
Téléchargé pour Anonymous User (n/a) à Institut Gustave  Roussy à partir de ClinicalKey.fr par Elsevier sur mai 08, 2018.

Pour un usage personnel seulement. Aucune autre utilisation n´est autorisée. Copyright ©2018. Elsevier Inc. Tous droits réservés.

http://refhub.elsevier.com/S1769-7212(17)30572-4/sref29
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref29
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref30
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref30
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref31
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref31
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref31
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref32
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref32
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref32
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref32
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref33
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref33
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref34
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref34
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref34
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref35
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref35
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref35
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref36
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref36
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref36
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref37
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref37
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref37
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref38
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref38
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref38
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref38
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref39
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref39
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref40
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref40
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref40
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref40
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref41
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref41
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref41
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref42
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref42
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref42
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref43
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref43
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref44
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref44
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref44
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref45
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref45
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref45
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref46
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref46
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref46
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref47
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref48
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref48
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref48
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref49
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref49
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref50
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref50
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref50
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref51
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref51
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref52
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref52
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref52
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref52
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref53
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref53
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref53
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref53
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref54
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref54
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref54
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref54
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref55
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref55
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref55
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref55
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref55
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref56
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref56
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref56
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref56
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref57
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref57
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref57
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref58
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref58
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref58
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref58
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref59
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref59
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref60
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref60
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref61
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref61
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref61
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref61
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref62
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref62
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref62
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref62
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref63
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref63
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref63
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref64
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref64
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref64
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref64
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref65
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref65
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref66
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref66
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref67
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref67
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref68
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref68
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref68
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref69
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref69
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref69
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref70
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref70
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref70
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref70
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref71
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref71
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref71
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref72
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref72
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref72
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref72
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref73
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref73
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref73
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref73
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref74
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref74
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref74
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref74
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref75
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref75
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref75
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref75
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref76
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref76
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref76
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref76
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref77
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref77
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref78
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref78
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref78
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref78
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref79
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref79
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref79
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref80
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref80
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref80
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref80
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref81
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref81
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref81
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref82
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref83
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref83
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref83
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref83
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref84
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref84


the may-Hegglin anomaly, and Fechtner and sebastian syndromes. The may-

Heggllin/Fechtner syndrome consortium. Nat. Genet. 26, 103–105.

Song, W.J., Sullivan, M.G., Legare, R.D., Hutchings, S., Tan, X., Kufrin, D., Ratajczak, J.,

Resende, I.C., Haworth, C., Hock, R., et al., 1999. Haploinsufficiency of CBFA2 causes

familial thrombocytopenia with propensity to develop acute myelogenous leukaemia.

Nat. Genet. 23, 166–175.

Spinler, K.R., Shin, J.W., Lambert, M.P., Discher, D.E., 2015. Myosin-II repression favors

pre/proplatelets but shear activation generates platelets and fails in macro-

thrombocytopenia. Blood 125, 525–533.

Stevenson, W.S., Rabbolini, D.J., Beutler, L., Chen, Q., Gabrielli, S., Mackay, J.P.,

Brighton, T.A., Ward, C.M., Morel-Kopp, M.C., 2015. Paris-Trousseau thrombocyto-

penia is phenocopied by the autosomal recessive inheritance of a DNA-binding do-

main mutation in FLI1. Blood 126, 2027–2030.

Thompson, C.A., 2008. FDA approves thrombopoiesis-stimulating agent. Am. J. Health

Syst. Pharm. 65, 1788.

Tijssen, M.R., Cvejic, A., Joshi, A., Hannah, R.L., Ferreira, R., Forrai, A., Bellissimo, D.C.,

Oram, S.H., Smethurst, P.A., Wilson, N.K., et al., 2011. Genome-wide analysis of

simultaneous GATA1/2, RUNX1, FLI1, and SCL binding in megakaryocytes identifies

hematopoietic regulators. Dev. Cell 20, 597–609.

Vicente-Manzanares, M., Ma, X., Adelstein, R.S., Horwitz, A.R., 2009. Non-muscle myosin

II takes centre stage in cell adhesion and migration. Nat. Rev. Mol. Cell Biol. 10,

778–790.

Zaninetti, C., Santini, V., Tiniakou, M., Barozzi, S., Savoia, A., Pecci, A., 2017. Inherited

thrombocytopenia caused by ANKRD26 mutations misdiagnosed and treated as

myelodysplastic syndrome: report on two cases. J. Thromb. Haemostasis 15,

2388–2392.

Zhang, M.Y., Churpek, J.E., Keel, S.B., Walsh, T., Lee, M.K., Loeb, K.R., Gulsuner, S.,

Pritchard, C.C., Sanchez-Bonilla, M., Delrow, J.J., et al., 2015. Germline ETV6 mu-

tations in familial thrombocytopenia and hematologic malignancy. Nat. Genet. 47,

180–185.

Zhang, Y., Conti, M.A., Malide, D., Dong, F., Wang, A., Shmist, Y.A., Liu, C., Zerfas, P.,

Daniels, M.P., Chan, C.C., et al., 2012. Mouse models of MYH9-related disease: mu-

tations in nonmuscle myosin II-A. Blood 119, 238–250.

A. Balduini et al. European Journal of Medical Genetics xxx (xxxx) xxx–xxx

8
Téléchargé pour Anonymous User (n/a) à Institut Gustave  Roussy à partir de ClinicalKey.fr par Elsevier sur mai 08, 2018.

Pour un usage personnel seulement. Aucune autre utilisation n´est autorisée. Copyright ©2018. Elsevier Inc. Tous droits réservés.

http://refhub.elsevier.com/S1769-7212(17)30572-4/sref84
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref84
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref85
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref85
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref85
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref85
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref86
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref86
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref86
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref87
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref87
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref87
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref87
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref88
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref88
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref89
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref89
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref89
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref89
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref90
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref90
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref90
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref91
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref91
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref91
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref91
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref92
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref92
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref92
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref92
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref93
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref93
http://refhub.elsevier.com/S1769-7212(17)30572-4/sref93

	Clinic, pathogenic mechanisms and drug testing of two inherited thrombocytopenias, ANKRD26-related Thrombocytopenia and MYH9-related diseases
	Introduction
	ANKRD26-Related thrombocytopenia
	MYH9-Related Disease
	Thrombopoietin mimetics and inherited thrombocytopenias

	Conclusions
	Acknowledgements
	References


