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Abstract

The MYH9 gene encodes the heavy chain of non-muscle myosin IIA, a widely expressed 

cytoplasmic myosin that participates in a variety of processes requiring the generation of 

intracellular chemomechanical force and translocation of the actin cytoskeleton. Non-muscle 

myosin IIA functions are regulated by phosphorylation of its 20kDa light chain, of the heavy 

chain, and by interactions with other proteins. Variants of MYH9 cause an autosomal-dominant 

disorder, termed MYH9-related disease, and may be involved in other conditions, such as chronic 

kidney disease, non-syndromic deafness, and cancer. This review discusses the structure of the 

MYH9 gene and its protein, as well as the regulation and physiologic functions of non-muscle 

myosin IIA with particular reference to embryonic development. Moreover, the review focuses on 

current knowledge about the role of MYH9 variants in human disease.
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INTRODUCTION

The MYH9 gene encodes the heavy chain of non-muscle myosin of class II, isoform A (NM 

IIA). Myosins constitute a superfamily of motor proteins that bind to actin and produce 

mechanical force through magnesium-dependent hydrolysis of ATP. The members of this 

family are grouped into more than 30 classes that have variable distribution and play distinct 

functions (Foth et al., 2006; Odronitz and Kollmar, 2007; Sebé-Pedrós et al., 2014). Class II 

includes muscle myosins, which generate the contraction of striated and smooth muscles. 

This class also includes non-muscle myosins, which are expressed in all eukaryotic cells 

where they participate in a variety of processes requiring the production of force and 

translocation of the actin cytoskeleton, such as cytokinesis, cell migration, polarization, and 

adhesion, maintenance of cell shape, and signal transduction. Mammalian cells express three 

isoforms of class II non-muscle myosin, NM IIA, IIB, and IIC, which differ in their heavy 

chains, which are encoded by three distinct genes, MYH9, MYH10, and MYH14, 

respectively (Marigo et al., 2004). This review will focus on the structure, regulation, and 

physiologic functions of MYH9 and NM IIA, and will then discuss the current knowledge 

on the role of variants of MYH9 in human disease. For general reviews on class II non-

muscle myosins, see (Dulyaninova and Bresnick, 2013; Heissler and Manstein, 2013; 

Heissler and Sellers, 2016; Ma and Adelstein, 2014; Vicente-Manzanares et al., 2009).

STRUCTURES OF THE MYH9 GENE AND PROTEIN

MYH9 is a large gene localized on chromosome 22q12.3, spanning more than 106 kbp and 

composed of 41 exons. The open reading frame, spread from exon 2 to exon 41, encodes a 

protein of 1,960 amino acids, the non-muscle myosin heavy chain IIA (NMHC IIA) (Figure 

1A). The analysis of the basal promoter region indicates that MYH9 is a typical 

housekeeping gene having no TATA box but high GC content, with multiple GC boxes. Two 

enhancer regions have also been characterized 23–150 kb downstream of the promoter in 

intron 1.

Similar to all myosins of class II, NM IIA is a hexameric molecule consisting of a 

homodimer of heavy chains (230 kDa), two regulatory light chains (20 KDa) controlling the 

myosin activity, and two essential light chains (17 kDa), which stabilize the heavy chain 

structure (Figure 1B). Each heavy chain recapitulates the general structure of class II 

myosins and comprises two anatomically distinct domains: the N-terminal head domain, 

which consists of the globular motor domain and the neck domain, and the C-terminal tail 

domain (Eddinger and Meer, 2007). The motor domain is responsible for actin binding and 

generation of force through MgATPase activity. The three-dimensional structure of the 

motor domain consists of four subdomains connected by flexible linkers: the N-terminal 

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

(Sellers, 2000). The neck acts as a lever arm that amplifies the movement produced by 

conformational changes of the motor domain and serves as the binding site for the light 

chains through two IQ motifs. The tail domain is responsible for both dimerization of the 

heavy chains and formation of NM IIA functional filaments. In fact, two heavy chains 

dimerize through the tail domain forming a long alpha-helical coiled-coil rod constituted of 

typical heptad repeats. In the unfolded active form of NM IIA (6S, see below), dimers self-

Pecci et al. Page 2

Gene. Author manuscript; available in PMC 2019 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



associate through the coiled-coil region to form bipolar filaments, which bind to actin 

through the protruding head domains and move actin filaments in an anti-parallel manner 

(Figure 2). The tail domain ends at the C-terminus with a 34-residue non-helical tailpiece, 

which contains a phosphorylation site (Serine 1943) with regulatory functions, as detailed 

below. Of the MYH9 coding exons, the region from exon 2 to exon 19 encodes the motor 

domain, exon 20 the neck, and exons 21 to 40 the coiled-coil of the NMHC IIA. The 34 C-

terminal amino acids of the non-helical tailpiece are encoded by exon 41.

MYH9 is a well-conserved gene through evolution from fungi to mammals. Its mouse 

ortholog (Myh9) is localized in a syntenic region on chromosome 15 (D’Apolito et al., 

2002). Spanning more than 81 kbp, Myh9 has the same genomic organization as that of the 

human gene and encodes a protein of the same length, with 97.1% amino acid identity with 

the MYH9 protein, suggesting that the mouse is a good model to study the role of MYH9 
and the pathogenetic mechanisms responsible for human diseases due to MYH9 mutations.

Other non-muscle myosins of class II

The MYH10 gene is located on chromosomes 17p13.1 and encodes the heavy chain of NM 

IIB, which is a protein of 1,976 amino acids sharing 77.7% identity and 88.5% similarity 

with NMHC IIA. On chromosome 19q13.33 is MYH14 encoding the heavy chain of NM 

IIC, a protein 1,995 amino acids long with 63.4% identity and 79.7% similarity with NMHC 

IIA. Within the three heavy chains similarity is 90–92% among the motor domains and 75–

77% among the tail domains (Marigo et al., 2004). There are isoforms of MYH10 and 

MYH14 due to insertions of one or two in-frame alternative exons. Considering that MYH9, 

MYH10 and MYH14 have the same genomic structure with the first exon being untranslated 

and 40 coding exons, they are likely to have been generated from duplications of a common 

ancestral gene and to have evolved to play different functions, though their high homology 

allows the NMs II to have partially redundant biological properties, as discussed below.

REGULATION OF THE STRUCTURE AND FUNCTION OF NM IIA

NM IIA is the most widely distributed of the three NM II isoforms. It is present in a large 

variety of cells and is expressed during early embryonic development. It accounts for 80% of 

total NM II in the protein extract prepared from cultured mouse embryonic stem cells 

(mESCs), where no NM IIC is detected (Ma et al., 2010). It is the sole NM II detected in the 

developing visceral endoderm in mice (Conti et al., 2004) and though it is present in the 

early developing cardiac outflow tract, it is entirely absent from mature cardiac myocytes 

(Ma and Adelstein, 2012). NM IIA is detected in all other cells examined in developing 

mouse embryos by immunostaining of tissue sections. As seen in Figure 3, NM IIA is 

present in the early embryo and surrounding, supporting structures (A), in the developing 

embryonic organs (B) and in the vasculature of the developing brain (B,C). By E16.5 it is 

absent from the cardiac myocytes in the heart but is present in the non-muscle cells and 

vasculature (D). At this embryonic age it is present throughout the lungs (E) and enriched in 

the intestinal cells (F). Mature platelets and lymphocytes contain only NM IIA. Moreover, in 

a number of cell lines and adult tissues the percent of NM IIA is significantly greater than 

the other two isoforms (Ma et al., 2010; Golomb et al., 2004). Cells, including cardiac 
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myocytes and smooth muscle cells, when placed into culture with serum initiate or increase 

the expression of NM IIA (Takeda et al, 2003; Kawamoto and Adelstein, 1991).

NM IIA in Visceral Endoderm Cell-Cell Adhesion

Expression of NM IIA is essential for the formation of a functional visceral endoderm 

during early embryonic development of mice (Conti et al., 2004). Mice genetically ablated 

for NM IIA die by E6.5 with a major defect in visceral endoderm formation. These knock 

out (Myh9 −/−) mice fail to form E-cadherin mediated adherent cell-cell junctions between 

the endoderm cells. Instead of forming a normal polarized columnar layer, the NM IIA 

ablated visceral endoderm is disorganized and fails to support embryo development through 

gastrulation. The visceral endoderm of these mice also shows marked evidence for defects in 

cytokinesis, including multinucleation and malformed nuclei. Interestingly, the role of NM 

IIA in the development of a functional visceral endoderm can be substituted for by either 

NM IIB (Wang et al., 2010) or NM IIC1 (the most abundant alternatively spliced isoform of 

NM IIC). Mice expressing NM IIB or IIC1 in place of NM IIA were generated by 

genetically ablating and replacing NMHC IIA with cDNA encoding NMHC IIB or NMHC 

IIC1, thereby expressing NMHC IIB or IIC1 under control of the endogenous NMHC IIA 

promoter. These mice develop a normal visceral endoderm and survive beyond 

organogenesis. E-cadherin localization is restored to the normal cell-cell adhesion complex 

together with NM IIB (or NM IIC1) and no defect in cytokinesis is observed in these mice. 

Moreover, the function of NM IIA in maintaining cell-cell adhesion in the visceral 

endoderm does not require full NM IIA motor activity. This was demonstrated by 

substituting arginine 702 with cysteine (p.R702C) in NMHC IIA (Zhang et al., 2012). This 

point mutation results in a compromised myosin MgATPase activity but the mutant myosin 

can still support functional visceral endoderm formation in mice, despite causing other 

severe abnormalities such as defects in placenta formation.

Embryonic stem cells also require NM II to maintain E-cadherin mediated adherent cell-cell 

junctions. Unlike the visceral endoderm where no other NM II isoforms (IIB and IIC) are 

expressed, mESCs express NM IIB. The endogenous expression of NM IIB in mESCs 

however is not sufficient to maintain cell-cell junctions in these cells when NM IIA is not 

expressed (Conti et al., 2004). NM IIA ablated mESCs form less compact colonies and 

individual cells migrate away from the colonies which show a marked reduction of E-

cadherin at the cell-cell junctions. Together with findings from NM IIA knockout mice and 

NM IIB and IIC genetic swapping experiments the function of NM IIA in maintaining cell-

cell adhesions is dependent on the level of NM IIA expression but not on its specific kinetic 

properties.

NM IIA in mouse placenta formation

In contrast to the visceral endoderm, the normal development of the mouse placenta requires 

NM IIA exclusively and neither NM IIB nor IIC can substitute for NM IIA. Ablation of 

either NM IIB or IIC, or even IIB and IIC together shows no obvious effects on placenta 

formation in mice (Ma et al., 2010). Mice ablated for NM IIA die before placenta 

development whereas mice expressing NM IIB (or NM IIC1) in place of NM IIA under 

control of the endogenous NM IIA promoter survive up to E11.5, but show major defects in 
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placental development manifested by a compact and underdeveloped labyrinthine layer 

lacking fetal blood vessel invasion (Wang et al., 2010). Moreover, homozygous mice 

expressing mutant p.R702C NM IIA also show similar defects in placental formation, 

although they are less severe than those shown by mice expressing NM IIB (or IIC1) in 

place of NM IIA (Zhang et al., 2012). In vitro analyses show that mutant p.R702C heavy 

meromyosin (HMM) IIA displays a reduction in MgATPase activity and a reduction in in 

vitro motility of actin-filaments compared to wild-type HMM IIA (Hu et al., 2002). 

Therefore, normal placenta formation requires both the proper levels of NM IIA expression 

as well as the full NM IIA enzymatic activity. Interactions of allantoic mesoderm with 

chorionic-derived trophoblasts play important roles in labyrinth morphogenesis and 

vascularization (Cross et al., 2006). One function of NM IIA in placental development can 

be attributed to its role in trophoblast-lineage cells (Crish et al., 2013). Mice specifically 

ablated for NM IIA in the mouse trophoblast-lineage cells demonstrate placental defects 

similar to mice in which NM IIA is replaced by IIB (or IIC1).

In vitro analyses of NM IIs show that the three isoforms vary significantly with respect to 

their enzymatic and mechanical properties. Among the three NM II isoforms, NM IIA 

demonstrates the highest actin-activated MgATPase activity as well as the rate of sliding 

actin filaments (in vitro motility) (Kim et al., 2005). Moreover, each NM II isoform exhibits 

a specific cellular localization encrypted in the C-terminal tail domain of the NM II isoforms 

(Sandquist and Means, 2008, Wang et al., 2010). Each of these unique attributes of NM IIA 

contributes to its specific roles for placental formation.

Regulation of NM IIA by light chain phosphorylation

NM IIA, similar to the other two isoforms present in humans, can assume two markedly 

different three-dimensional structures: a folded, assembly incompetent, inactive form that 

sediments as a faster peak in the ultracentrifuge (10S) than the asymmetric, unfolded active 

form (6S), which can assemble into filaments of 14–16 molecules (Figure 2). In the folded, 

10S structural form three of the most critical biological properties of NM II are inhibited: 

bipolar filament formation, the ability of myosin to hydrolyze MgATP and the ability of 

myosin to slide actin filaments (Burgess et al., 2007, Jung et al., 2008, Milton et al., 2011, 

Wendt et al., 1999). This inhibition can be removed by phosphorylation of the 20kDa light 

chain on serine 19 (S-19) and threonine 18 (T-18), by a number of kinases, most 

prominently myosin light chain kinase (MLCK) and Rho kinase (also called Rock, Rho-

associated, coiled-coil-containing protein kinase) (Figure 2). Recent work shows that MLCK 

is active at the periphery of the cell whereas ROCK is active at the cell center (Kassianidou 

et al., 2017; Totsukawa et al., 2000). Phosphorylation of the 20 kDa regulatory light chain 

initiates bipolar filament formation (Craig et al., 1983), markedly increases the actin-

activated MgATPase activity (Adelstein and Conti, 1975, Sellers et al., 1981) and permits 

the sliding of actin filaments by myosin (or even sub-fragments of myosin containing the 

amino-terminal globular head). Each of the myosin isoforms shows differences in their 

MgATPase activity as well as the rate at which they slide actin filaments in the in vitro 

motility assay. In addition, each isoform has a particular duty ratio, the amount of time that 

myosin is bound to actin during a contractile cycle (Heissler and Manstein, 2013). Although 

there are multiple kinases that can phosphorylate S-19 and T-18, there is at present only a 
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single known phosphatase, protein phosphatase 1 that dephosphorylates these sites in vivo. 

Of note is that the activity of this phosphatase can be decreased by phosphorylation of its 

regulatory subunit catalyzed by Rho kinase. Thus, Rho kinase phosphorylation, unlike 

MLCK activity, acts to increase NM II activity by both phosphorylating the NM II 

regulatory light chain and inactivating the phosphatase that dephosphorylates the light chain.

In addition to the above regulatory phosphorylation of S-19 and T-18, the 20 kDa light chain 

of NM II can be phosphorylated by protein kinase C (PKC) on serine1,2 and threonine 9 

(Figure 1B). Phosphorylation of NM II on these residues renders NM II a poorer substrate 

for MLCK and thus deceases NM II activity (Ikebe and Reardon, 1990, Nishikawa et al., 

1984). However, unlike S-19/T-18 phosphorylation, the phosphorylation of these residues 

appears to be modulatory with respect to an effect on NM II activity in vivo (Beach et al., 

2011b), the exception possibly being platelet derived growth factor induced reorganization 

of NM IIA filaments in platelets (Komatsu and Ikebe, 2007).

Regulation of NM IIA by heavy chain phosphorylation

Phosphorylation of NMHC IIA plays an important role in myosin assembly-disassembly 

(Dulyaninova and Bresnick, 2013). Most of the sites of heavy chain phosphorylation reside 

in the carboxyl-terminal end of the molecule, that is the coiled-coil and the non-helical tail 

piece (Figure 1B) and can be phosphorylated by a number of kinases including PKC, casein 

kinase II (CK II) and transient receptor potential melastatin 7 (TRPM7). Figure 1B depicts 

the sites in NM IIA that have been identified as phosphorylation sites. The function of heavy 

chain phosphorylation is either to dissociate the myosin filaments by adding the negatively 

charged phosphate group or to prevent filament formation (Figure 2).

Heavy chain phosphorylation of each of the NM II isoforms by PKC inhibits NM II 

assembly in vitro. PKC phosphorylates NMHC IIA on S-1916 near the carboxyl end of the 

coiled-coil. Studies with cells demonstrate that phorbol esters, which activate PKC, induce 

phosphorylation of NM IIA on S-1916 in platelets, T-lymphocytes and RBL-2H3 mast cells 

(Kawamoto et al., 1989, Moussavi et al., 1993). In mast cells phosphorylation of the various 

sites on NM IIA correlates with mast cell exocytosis (Ludowyke et al., 2006).

Of note is the increase in NM IIA S-1916 phosphorylation in the α-helical rod and S-1943 

phosphorylation in the non-helical tailpiece following TGF-β-induced epithelial to 

mesenchymal transition (EMT) in mouse epithelial cells (Beach et al., 2011a). This co-

ordination between NMHC IIA phosphorylation and the accompanying decreased 

expression of NM IIC and increased expression of NM IIB most likely contributes to the 

increased invasive behavior of these cells following EMT. Similarly, mesenchymal stem 

cells migrate randomly on a soft matrix when NM IIA is phosphorylated on S-1943, but 

shifting the cells to a stiffer matrix results in dephosphorylation of NMHCs IIA, permitting 

NM IIA filament assembly and contributing to NM IIB polarization (Raab et al., 2012). 

Epidermal growth factor (EGF) stimulation induces transient S-1943 phosphorylation in a 

variety of cell types associated with a reduction in NM IIA assembly. Experiments using 

breast tumor cells expressing NM IIA phosphomimetic mutants demonstrate increased cell 

migration and EGF-stimulated lamellipod extension as compared with cells expressing wild 

type NM IIA (Dulyaninova et al., 2007). Conversely, replacing wild type NM IIA with a 
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non-phosphorylatable tailpiece (S1943A) results in NM IIA over-assembly at the lamellar 

margins of spreading cells and inhibits cell migration (Beach et al., 2011b).

In a study using three different cell lines (COS-7, 4T1 and MDA-MB 231), mutation of 

either S-1916 or S-1943 (or both residues) to alanine blocks recruitment of GFP-NM IIA 

filaments to the leading-edge protrusions in 2D migration which in turn blocked maturation 

of anterior focal adhesions. Moreover, cells depleted of NM IIA or expressing mutant forms 

of GFP-NM IIA displayed severe defects in invasion and in stabilization of protrusions in 

3D (Rai et al., 2017).

In addition to PKC and CK II, TRPM7 can phosphorylate all three NMHCs II. NM IIA is 

phosphorylated on T-1800, S-1803 and S-1808 in the coiled-coil domain and this 

phosphorylation reduces filament assembly in vitro and decreases the incorporation of NM 

IIA into the actin cytoskeleton in vivo (Clark et al., 2008a, Clark et al., 2008b).

Regulation of NM IIA by protein interactions

In addition to regulation by heavy and light chain phosphorylation, NM IIA localization and 

filament assembly can be modulated by interaction with other proteins such as S100A4, 

Lethal(2) giant larvae (Lgl1) and myosin binding protein H (Figure 2). S100A4 is a member 

of the S100 family of small, dimeric, EF hand proteins that function as Ca2+ -sensors to 

modulate a number of biological processes (Bresnick et al., 2015). S100A4 is also known as 

metastatin (mts-1) and is a well characterized metastatic factor. Calcium binding to the 

carboxyl-terminal EF hand induces a structural rearrangement resulting in the exposure of a 

hydrophobic cleft that binds to the C-terminal end of the NM IIA coiled-coil and 

disassembles NM IIA filaments. The overall structure of the S100A4-NM IIA peptide 

complex has been elucidated (Kiss et al., 2012, Ramagopal et al., 2013).

S100A4 expression is associated with enhanced cell migration, and phenotypic studies have 

demonstrated that S100A4 enhances chemotactic migration by maintaining cell polarization 

and inhibiting cell turning (Grum-Schwensen et al., 2005, Li and Bresnick, 2006). In vitro 

binding of S100A4 to NM IIA prevents filament formation and S100A4 binding to 

previously formed filaments promotes filament disassembly. Interestingly, the S1943 NM 

IIA residue lies outside of the NM IIA binding site for S100A4, but phosphorylation of 

S1943 still prevents binding of S100A4. In agreement with the in vitro regulation of NM IIA 

assembly by S100A4, S100A4 null macrophages over-assemble NM IIA filaments which 

results in reduced persistence in migration during chemotaxis (Li et al., 2010).

A second protein known to interact with NM IIA is the tumor suppressor, Lgl1 which 

inhibits its ability to assemble into filaments in vitro (Dahan et al., 2014, Ravid, 2014). Lgl1 

also regulates the cellular localization of NM IIA and the maturation of focal adhesions. 

Phosphorylation of Lgl1 by aPKCζ prevents its binding to NM IIA and is important for the 

organization of the cellular cytoskeleton. In addition to binding to NM IIA, Lgl1 forms a 

complex in vivo with Par6 and aPKCζ in two different parts of the cell. Of note is that 

aPKCζ and NM IIA compete to bind directly to Lgl1 through the same domain. Thus Lgl1 

and NM IIA appear to play a role in establishing front-rear polarity in migrating cells.
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A novel actin stress fiber associated protein, LIM and calponin-homology domains1 

(LIMCH1), which interacts with NM IIA but not NM IIB was identified in HeLa cells and 

shown to regulate NM IIA activity. The amino-terminus of LIMCH1 was found to bind to 

the head region of NM IIA. Depletion of LIMCH1 in HeLa cells decreases the number of 

actin stress fibers and focal adhesions, leading to enhanced cell migration (Lin et al., 2017).

The actin binding protein, tropomyosin 4.2 (Tpm4.2), is upregulated in rapidly migrating 

cells and specifically recruits NM IIA to actin filaments during stress fiber formation (Hundt 

et al., 2016). An investigation of how the decoration of actin filaments with Tpm4.2 affects 

the motor properties of NM IIA showed that in the presence of resisting loads the processive 

properties of NM IIA are enhanced. The authors suggest that Tpm4.2 supports NM IIA 

function in stress fibers by synchronizing myosin heads and enhancing load-dependent 

processivity.

Myosin binding protein H (MYBH) has been reported to inhibit NM IIA phosphorylation on 

the regulatory light chain by directly interacting with Rho kinase 1 in lung adenocarcinoma 

cells (Hosono et al., 2012). In addition, it was shown that MYBH can also inhibit myosin 

assembly by directly interacting with the rod portion of the NMHC IIA thereby reducing cell 

motility. The authors interpret their results to suggest that both modes of inhibition act 

together to reduce lung metastases. In another report, it was found that MYBH attenuates 

neointimal hyperplasia in a rat carotid injury model by inhibiting Rho kinase 1 (Zhu et al., 

2017).

Functions specific to NM IIA

In considering whether a specific NM II isoform is associated with a specific function, it is 

important to recall that there are major differences in the amounts of the various isoforms in 

different cells and tissues. Table 1 (Ma et al., 2010) lists a variety of cells and tissues with 

the relative percentage of each of the NM II isoforms as determined by mass spectroscopy 

analysis. Most tissues are a mixture of cell types so it is not surprising to find both NM IIA 

and IIB in many of them. The spleen, platelets and most blood cells contain only NM IIA, 

though macrophages contain NM IIB too. Mature cardiac myocytes contain only NM IIB 

though the non-myocytes in the heart contain both NM IIA and IIB. Lung tissue is 

exceptional in containing equivalent amounts of NM IIA and IIC (40% each) and about one-

half of this amount of IIB (Ma et al., 2010). Not only do cells contain more than one isoform 

but there are a number of reports showing that all three NM II isoforms can co-assemble 

intracellularly into heterotypic filaments in a variety of settings throughout the cell. This 

suggests that individual NM II isoforms could be performing both isoform-specific and 

isoform redundant functions when co-assembled with other NM II isoforms (Beach and 

Hammer, 2015, Beach et al., 2014, Shutova et al., 2014). Of note is a report showing that 

copolymerization of NM IIA and IIB, along with their different rates of turnover results in 

self-sorting of the NM IIs along the front-rear axis, resulting in a polarized actin-NM II 

cytoskeleton (Shutova et al., 2017). Further complicating matters is the finding that myosin 

18A, a NM II lacking actin-activated MgATPase activity, can co-assemble with NM II 

filaments thereby expanding the functional capabilities of each (Billington et al., 2015).
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In addition to genetic experiments examining substitution of one isoform of NM II for 

another using homologous recombination in mice, experiments using chimeric NM II 

isoforms have been of help in defining the requirement for the motor half of NM IIA in 

cells. In a study of cortical cytoskeletal pulses in cells of mesenchymal, epithelial and 

sarcoma origin it was determined that these pulses required phosphorylation of the 20kDa 

regulatory light chain for pulse contractile activity (Baird et al., 2017). Interestingly the 

pulses were absent from Cos-7 cells suggesting that they required NM IIA since this isoform 

is not present in these cells. To analyze whether it was the motor domain or the helical tail 

domain of IIA that was required for the pulsations, chimeras of NM IIA and IIB were used 

(Wang et al., 2010). These chimeras consisted of the GFP-tagged amino-terminus of the NM 

IIA head domain fused in frame to the NM IIB tail domain (NM II AB) and a second 

construct in which the GFP-N-terminus of the NM IIB head domain was fused in frame to 

the NM IIA tail domain (NM II BA). Analysis of time-lapse movies revealed that the pulses 

due to the GFP-NM IIAB chimera were similar in duration and frequency to those displayed 

following introduction of GFP-NM IIA into the same cell type. In contrast, the GFP-NM 

IIBA chimeras showed significantly lower pulse frequency and duration compared to the 

GFP-NM IIA controls. The results demonstrate that the NM IIA motor domain specifically, 

together with a tail domain capable of forming filaments, is necessary for pulsatile 

actomyosin dynamics. Interaction of NM IIA with a variety of proteins, including other 

myosins remains a promising area for further exploration.

ROLE OF MYH9 VARIANTS IN HUMAN DISEASE: MYH9-RELATED DISEASE

Mutations of MYH9 in humans cause a syndromic, autosomal-dominant disorder called 

MYH9-related disease (MYH9-RD) (Kelley et al., 2000; Seri et al., 2000; Kunishima et al., 

2001). All affected subjects have congenital thrombocytopenia, platelet macrocytosis and 

inclusions of NMHC IIA in the cytoplasm of neutrophil granulocytes. In some individuals, 

these hematological features remain the only manifestations of the disorder throughout life. 

However, most MYH9-RD patients develop one or more late-onset manifestations of the 

disease, namely sensorineural deafness, kidney disease, presenile cataract, and/or elevation 

of liver enzymes (Pecci et al., 2014a; Pecci et al., 2012a). MYH9-RD encompasses five 

syndromic pictures previously classified as distinct disorders, i.e. May-Hegglin anomaly 

(MIM 155100), Sebastian syndrome (MIM 605249), Fetchner syndrome (MIM 153640), 

Epstein syndrome (MIM 153640), and autosomal dominant deafness DFNA17 (MIM 

603622). After the identification of MYH9 as the gene responsible for all of these 

nosographic entities, it was recognized that they actually represent different clinical 

presentations of the same disease, now known as MYH9-RD or MYH9 disorder (Seri et al., 

2003; Verver et al., 2015). Although MYH9-RD is the most frequent form of inherited 

thrombocytopenia, it is a rare disease. Based on data from an Italian registry, its prevalence 

is estimated around 3:1,000,000 (Savoia and Pecci, 2015). However, the actual prevalence is 

expected to be higher, as mild forms are often discovered incidentally and patients are 

frequently misdiagnosed with other conditions. MYH9-RD has been reported worldwide and 

there is no evidence of variation in prevalence across ethnic populations.
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Clinical picture

Congenital features—The degree of thrombocytopenia varies greatly among MYH9-RD 

patients, ranging from mild reduction in platelet count to severe thrombocytopenia. Platelet 

count usually remains stable throughout life. Platelet function is normal and severity of 

bleeding tendency correlates with platelet count (Pecci et al., 2014a). Most patients have no 

spontaneous bleeding or only mild cutaneous bleeding (easy bruising) and are at risk for 

clinically significant hemorrhages only after hemostatic challenges, such as surgery or 

deliveries. Around 28% of patients present spontaneous mucosal bleeding, mainly 

menorrhagia, epistaxis, and gum bleeding (Pecci et al., 2014a). Life-threatening 

hemorrhages are rare.

An extreme degree of platelet macrocytosis is a hallmark of MYH9-RD and represents a 

crucial clue to the identification of these patients (Figure 4A, B). In fact, platelet 

macrocytosis is much more marked than in acquired thrombocytopenias and most of the 

other forms of inherited thrombocytopenia (Noris et al., 2014). Giant platelets (platelets 

larger than erythrocytes) are always present at the examination of blood smears. Routine 

automated cell counters do not recognize the very large platelets of MYH9-RD patients and 

thus overestimate the degree of thrombocytopenia and often do not detect the platelet 

macrocytosis (Noris et al., 2013). Microscopic or flow cytometry counting of platelets is 

therefore required for correct measurement of platelet count of MYH9-RD individuals and 

microscopic examination of blood smears is essential for the identification of the prominent 

platelet macrocytosis (Seri et al., 2003).

Inclusions of the NMHC IIA protein may be identified after conventional staining of blood 

smears in 42–84% of MYH9-RD patients (Seri et al., 2003). They appear as faint, mildly 

basophilic inclusions, called Döhle-like bodies, which can be observed in the cytoplasm of 

15–100% of neutrophil granulocytes (Figure 4C). However, the inclusions can be clearly 

detected in all neutrophils of all MYH9-RD patients after immunofluorescence staining for 

the MYH9 protein (Figure 4, D–F). For this reason, immunofluorescence assay for NMHC 

IIA on peripheral blood smear has been proposed and validated as a diagnostic test for 

MYH9-RD and today represents the gold standard for the identification of these patients. 

Several groups showed that this assay has a close to 100% specificity and sensitivity for the 

diagnosis (Kunishima et al., 2003; Savoia et al., 2010; Kitamura et al., 2009; Greinacher et 

al., 2017).

Late-onset manifestations—Hearing loss is the most frequent late-onset feature. The 

analysis of a large series of MYH9-RD patients showed that it is present in about 50% of 

cases at a mean age of 33 years and is expected to occur in almost all patients over time 

(Pecci et al., 2014a). The age at onset is homogenously distributed along the first to sixth 

decades. Features are those of a bilateral sensorineural hearing loss that is often progressive 

(Verver et al., 2016). At onset or in mild forms, hearing impairment affects mainly the high 

and mid tones, but in advanced or more severe forms it involves all frequencies. Forms with 

onset in childhood or adolescence usually show severe evolution and lead to severe or 

profound deafness. Kidney damage occurs in about 25% of MYH9-RD patients as a 

progressive proteinuric nephropathy. In most cases, nephropathy occurs before the age of 35 
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(mean age at onset, 27 years) and presents an aggressive course, as it evolves within a few 

years into end-stage renal disease requiring dialysis or kidney transplantation (Pecci et al., 

2014a). In some cases, proteinuria may appear later in life and/or show a slower progression 

(Rocca et al., 1993; Han et al., 2011).

Presenile cataracts affects about 20% of patients. Mean age at onset is 37 years; congenital 

forms have also been reported (Peterson et al., 1985; De Rocco et al., 2009). In most cases 

(75%) cataracts are bilateral (Pecci et al., 2014a).

About half of MYH9-RD patients present chronic or intermittent elevation of liver enzymes, 

especially transaminases and gamma-glutamyl transferase. This alteration seems benign 

since no patients have been reported to show evolution to liver dysfunction to date (Pecci et 

al., 2012a).

Diagnosis—MYH9-RD is easily suspected whenever the dominant inheritance of 

thrombocytopenia and the marked platelet macrocytosis are disclosed. Diagnostic suspicion 

is even stronger when thrombocytopenia associates with the extra-hematological features of 

the disease. However, MYH9-RD patients are frequently misdiagnosed with immune 

thrombocytopenia (ITP), the most frequent form of acquired thrombocytopenia, indicating 

that distinguishing between these patients is difficult. Misdiagnosis with ITP often leads to 

administration of undue immunosuppressive therapies. Among patients enrolled in the 

Italian registry, about 60% of index cases received a previous diagnosis of ITP, 30% 

inappropriate treatments, and 12% an unnecessary splenectomy (unpublished observations). 

Diagnostic difficulties derive from the high frequency of sporadic cases and the fact that the 

low platelet count is often discovered only in adulthood, two factors that can make it difficult 

to recognize the genetic origin of thrombocytopenia. The failure of routine automated 

counters in detecting platelet macrocytosis also contributes to mistaken diagnoses. Once 

MYH9-RD is suspected, diagnosis can be confirmed by immunofluorescence assay for 

NMHC IIA on peripheral blood smear. The identification of the causative MYH9 mutation 

is not strictly required in the presence of typical NMHC IIA leukocyte inclusions, however, 

it is important for providing prognostic assessment (see below, genotype-phenotype 

correlations).

Mutation spectrum

More than 80 different mutations have been identified in families affected with MYH9-RD 

(reviewed in Table 2). In most cases, they are single nucleotide substitutions that affect 

either the head domain or the coiled-coil region of the tail domain. In the head domain, the 

most frequently affected residue is arginine 702 located in the short functional SH1 helix. 

Many head domain mutations other than the R702 substitutions appear to cluster in a distinct 

hydrophobic seam at the interface between the SH3 motif and the upper 50 kDa subdomain 

(Kahr et al., 2009; Pecci et al., 2014a). In about 20% of families, the disease is caused by 

splicing, nonsense or frameshift mutations that affect intron 40 or exon 41, and results in 

alterations of a variable portion of the non-helical tailpiece (Pecci et al., 2014a; Saposnik et 

al., 2014; Kunishima et al., 2003). In a few cases, the causative mutation is an in-frame 

deletion or duplication, frequently in exon 25, where they are likely to occur because of the 
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presence of repetitive sequences. Of note is that almost 70% of families have mutations 

affecting only 6 residues: serine 96 and arginine 702 of the head domain, arginine 1165, 

aspartate 1424, and glutamine 1841 of the coiled-coil, or arginine 1933 of the non-helical 

tailpiece.

Although MYH9-RD is transmitted as an autosomal-dominant trait, about 35% of index 

cases are sporadic (Savoia et al., 2010). In more than half of these cases, a de novo mutation 

was confirmed by segregation analysis in the parents. Characterization of somatic or 

germinal mosaicism explains a few sporadic cases, which might be more frequent if it were 

possible to analyse more biological samples from apparently healthy family members 

(Kunishima et al., 2005; Kunishima et al., 2009; Kunishima et al., 2014; Gresele et al., 

2013).

Genotype-phenotype correlations

The risk of developing late-onset manifestations of MYH9-RD and their severity are 

dependent on the specific MYH9 mutation (Dong et al., 2005; Pecci et al., 2008a; Pecci et 

al., 2014a; Verver et al., 2016). A recent analysis of 255 consecutive patients identified 

statistically significant genotype-phenotype correlations and defined the disease evolution 

associated with 7 MYH9 genotypes, which, together, are responsible for about 85% of 

disease cases (Pecci et al., 2014a). The amino acid substitutions of arginine at residue 702 of 

the head domain are associated with the most severe evolution: all patients carrying these 

mutations develop end-stage renal disease and severe deafness before the fourth decade 

(Pecci et al., 2014a; Verver et al., 2016; Sekine et al., 2010). The p.D1424H mutation in the 

coiled-coil region results in a relatively high risk of developing the late-onset manifestations. 

The mutations affecting the interface between the SH3 motif and the upper 50 kDa 

subdomain of the head domain are associated with high risk of deafness but low risk of 

kidney damage or cataract. A similar phenotype derives from the substitutions of the 

arginine 1165 of the coiled-coil. Finally, the p.D1424N and p.E1841K missense 
substitutions, as well as the frameshift or nonsense alterations affecting the non-helical 

tailpiece are associated with a low risk of the extra-hematological features. Thus, in patients 

carrying these mutations, thrombocytopenia usually remains the only feature of the disease 

throughout life or associates only with mild and late-onset hearing defect (Pecci et al., 

2014a; Verver et al., 2016). Regarding platelet phenotype, patients with mutations affecting 

the head domain have more severe thrombocytopenia and larger platelets than those carrying 

alterations in the tail domain (Pecci et al., 2014a; Noris et al., 2014; Kunishima et al., 2007). 

Mean platelet count is approximately 30 ×109/L in patients with head domain mutations and 

80 ×109/L in those with tail domain variants; as a consequence, individuals with head 

domain mutations have a more severe bleeding tendency (Pecci et al., 2014a). Finally, 

genotype-phenotype correlations have also been reported for the morphological features of 

leukocyte NM IIA aggregates following immunofluorescence staining (Kunishima et al., 

2003; Miyazaki et al., 2009; Savoia et al., 2010).

Pathogenesis

Macrothrombocytopenia in MYH9-RD derives from defects of the late events of platelet 

biogenesis, i.e. the formation of proplatelets from mature megakaryocytes and the release of 

Pecci et al. Page 12

Gene. Author manuscript; available in PMC 2019 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



platelets from proplatelet free ends (or tips) (Kaushansky, 2015). NM IIA is dispensable for 

megakaryocyte differentiation and maturation (Chen et al., 2007) and patients with MYH9-

RD show normal production of fully-developed megakaryocytes (Heynen et al., 1998; Pecci 

et al., 2009). However, megakaryocytes of MYH9-RD individuals present a profound 

alteration of the morphology of proplatelets, including an evident defect in branching and 

increased diameter of the buds at the proplatelets tips (Pecci et al., 2009). Consistently, 

mouse models that closely reproduce the phenotype of the human disease show normal or 

increased production of mature megakaryocytes and alteration of proplatelets formation in 
vitro and in vivo (Zhang et al., 2012; Suzuki et al., 2013). The morphology of proplatelets of 

these mice appears very similar to that observed in MYH9-RD patients. The defect of 

proplatelets branching contributes to thrombocytopenia, as it results in a reduced number of 

free ends that generates platelets (Italiano et al., 1999; Thon and Italiano, 2012). The 

increased size of proplatelet tips correlates with platelet macrocytosis (Pecci et al., 2009; 

Zhang et al., 2012) and reflects the impairment of the constrictive force generated by the 

actomyosin cytoskeleton that splits platelets from proplatelets free ends and limits platelet 

size (Thon et al., 2012; Thon and Italiano, 2012a; Badirou et al., 2015).

Even an ectopic platelet release within the bone marrow could contribute to defective 

platelet biogenesis of MYH9-RD. In fact, NM IIA mediates the suppression of proplatelets 

extension exerted by megakaryocyte adhesion to type I collagen through integrin α2β1 

(Chen et al., 2007; Balduini et al., 2008). This mechanism serves to prevent megakaryocytes 

from extending proplatelets before they reach the sinusoids during their migration within the 

bone marrow (Chen et al., 2007; Larson and Watson, 2006), and is defective in MYH9-RD 

patients (Pecci et al., 2009). Mutations responsible for MYH9-RD also reduce the ability of 

megakaryocytes to migrate on type I collagen, an effect that may contribute to ectopic 

platelet release (Pecci et al., 2011).

Investigations of the pathogenesis of nephropathy suggested that MYH9 mutations cause 

proteinuria and progressive glomerulosclerosis deriving from defects in the function of the 

podocytes, highly specialized kidney epithelial cells that have a central role in glomerular 

filtration. Mouse knock-in mutant models reproducing the human disease present focal 

segmental glomerulosclerosis associated with signs of podocyte injury, such as effacement 

of the podocyte foot processes and loss of the filtration slits between the foot processes 

(Zhang et al., 2012; Chechova et al., 2018). Interestingly, a similar phenotype was induced 

in mice through the ablation of NMHC IIA exclusively in the podocytes (Zhang et al., 

2012). Primary podocytes isolated from a mouse knock-in mutant model showed altered 

structure and reorganization of the actomyosin cytoskeleton along with increased motility in 
vitro, a functional alteration that reflects podocyte foot effacement in vivo (Chechova et al., 

2018). The abnormalities observed in mutant mice closely resemble those found in kidney 

biopsies of MYH9-RD patients (Sekine et al., 2010; Kopp, 2010). The mechanisms of 

hearing loss caused by MYH9 mutations are poorly understood. Studies of the mouse 

cochlea showed that NM IIA is localized in the hair cells of the organ of Corti, the spiral 

ligament and the spiral limbus. In the hair cells, NM IIA is strongly expressed within the 

stereocilia, the structures whose movement triggers transduction of the sound stimulus into 

electric signals directed to the brain (Mhatre et al., 2006; Lalwani et al., 2008). Mouse 

models of human deafness caused by mutations in three other myosins (myosins VI, VIIa 
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and XVA) indicated that structural abnormalities of the stereocilia were the common feature 

underlying hearing loss. This led to the hypothesis that MYH9 mutations also cause 

deafness by disrupting the structural integrity of stereocilia (Mhatre et al., 2006; Ebrahim et 

al., 2013). Pathogenesis of cataract and liver enzymes alteration is completely unknown.

Therapy

For many years, treatment of thrombocytopenia in MYH9-RD patients has been similar to 

that of most other forms of inherited thrombocytopenia, essentially based on general 

measures to prevent bleeding, empirical administration of drugs improving hemostasis 

(antifibrinolytics or desmopressin), and platelet transfusions (Balduini et al., 2013). In recent 

years, eltrombopag, a drug that stimulates platelet production by activating the 

thrombopoietin receptor and is licensed for treatment of some forms of acquired 

thrombocytopenia, has been successfully tested in MYH9-RD patients. A phase 2 clinical 

trial showed that short-term eltrombopag was highly effective in increasing the platelet count 

in 11 out of 12 individuals with MYH9-RD and severe thrombocytopenia. The drug induced 

remission of spontaneous hemorrhages in all the patients with bleeding symptoms at 

baseline (Pecci et al., 2010). Based on these results, eltrombopag was successfully used for 

preparing patients with severe MYH9-related thrombocytopenia for elective surgery (Pecci 

et al., 2012b; Favier et al., 2013; Favier et al., 2017). Romiplostim, another agonist of the 

thrombopoietin receptor was also used for this purpose in one MYH9-RD patient 

(Yamanouchi et al., 2015). Dialysis and kidney transplantation are the only possible 

treatments for MYH9-RD patients with end-stage renal disease. Some observations 

suggested that drugs that block the renin-angiotensin system reduce proteinuria in MYH9-

RD individuals presenting with early-stage kidney involvement (Pecci et al., 2008b; Sekine 

et al., 2010). Long-term benefit of this treatment on the progression of kidney damage is still 

to be assessed.

Cochlear implantation is highly effective in restoring hearing function in MYH9-RD patients 

who develop severe to profound deafness (Pecci et al., 2014b).

MYH9 VARIANTS IN OTHER HUMAN DISEASES

A role for MYH9 has been suggested in human diseases other than MYH9-RD. In particular, 

inherited variants in MYH9 have been associated with predisposition to chronic kidney 

disease and non-syndromic hearing loss. Recent studies in mice provide evidence that Myh9 
acts as a tumor suppressor in certain types of cancer, suggesting that defects of MYH9 could 

contribute to oncogenesis in the corresponding human diseases.

Chronic kidney disease

Chronic kidney disease is more prevalent in populations of African ancestry than in those of 

European or Asian origin. In 2008, genetic variations in MYH9 were found to be associated 

with non-diabetic end-stage renal disease and focal segmental glomerulosclerosis in African 

Americans. In particular, a set of SNPs close to the 3′ end of MYH9, reported as haplotype 

E1, was associated with the strongest risk according to a recessive inheritance model. This 

haplotype was much more frequent in African than in European Americans and the 
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association fully explained the increased burden of kidney disease among individuals of 

African origin (Kopp et al., 2008; Kao et al., 2008). However, no mutations in MYH9 with 

potentially causal effects have been characterized so far. In 2010, the association of the 

22q12.3 region with non-diabetic kidney disease in African Americans was re-evaluated 

using the dataset of the 1000 Genome Project. The study concluded that the association was 

actually due to two distinct sets of variants in the apolipoprotein L1 (APOL1) gene, the 

haplotypes G1 and G2, which are located approximately 20 kb downstream of the 3′ end of 

MYH9. All the previously reported associations with MYH9 variations were explained by 

strong linkage disequilibrium with these two APOL1 haplotypes (Genovese et al., 2010). 

Further studies confirmed these findings (Tzur et al., 2010; Kopp et al., 2011). Moreover, a 

recent investigation showed that transgenic podocyte-specific expression of APOL1 G1 and 

G2 in mice induces kidney damage that closely resemble the human disease (Beckerman et 

al., 2017). Nevertheless, a few studies suggested further associations of MYH9 with specific 

forms of chronic kidney disease that appear to be independent of the linkage with APOL1 
G1 and G2. In particular, associations were identified between some SNPs in MYH9 and 

nephropathy in the European and Asian populations, in which APOL1 G1 and G2 are almost 

absent (Cooke et al., 2012; Cheng et al., 2011; O’Seaghdha et al., 2011). Whether additional 

high-risk variants are localized in MYH9 or these SNPs are tagging variants in the 

neighboring APOL1 to APOL6 gene region is still unknown and justifies further 

investigation.

Sensorineural deafness

Inherited MYH9 variants have been identified in a few families with non-syndromic hearing 

loss (Table 3). In most of these cases, deafness was transmitted as a dominant trait and had 

the features of a bilateral and progressive sensorineural defect that predominantly involves 

the mid and high frequencies, similar to the hearing loss of MYH9-RD patients. We cannot 

exclude the possibility that some of these variants actually cause MYH9-RD presenting with 

deafness as the most prominent feature. In fact, the p.R705H mutation of MYH9 was 

initially associated with the non-syndromic deafness DFNA17 (Lalwani et al., 2000), 

whereas subsequent studies showed that this variant actually induces a form of MYH9-RD 

characterized by mild thrombocytopenia, severe deafness and a very low risk of the other 

disease manifestations (Verver et al., 2015). However, in some of the patients reported in 

Table 3, hematological, kidney or lens abnormalities were excluded (Wu et al., 2013; Sloan-

Heggen et al., 2016), indicating that MYH9 could be involved in non-syndromic deafness.

Cancer

Several investigations suggested that MYH9 plays a role in cancer. Many of these studies 

propose that NM IIA expression or its functions in neoplastic cells promote the progression 

of various types of cancers (Derycke et al., 2011; Katono et al., 2015; Liao et al., 2017; Ye et 

al., 2017). However, the investigations that obtained the strongest evidence of a driving role 

of MYH9 alterations in oncogenesis found that this gene acts as a tumor suppressor. 

Schramek et al. searched for squamous cell carcinoma (SCC) driver mutations through an in 
vivo RNA interference screen in which epithelial cell-specific delivery of silencing RNA 

was carried out in utero on pregnant mice. In animals predisposed to SCC because of TGFβ-
receptor-II conditional knockout, silencing Myh9 induced metastatic SCCs in the skin and 
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head and neck with median latencies of 3 to 7 months. Ablation of Myh9 also led to 

development of skin SCC in 30% of TGFβ-receptor-II wild-type mice after 1-year 

observation. Investigation of mouse and human keratinocytes showed that NM IIA 

deficiency, or inhibition of its ATPase activity, induce defective activation of the p53 protein 

upon DNA damage, as a result of impaired p53 stability and nuclear localization. The 

authors found that 24–31% of human skin and head and neck SCCs are characterized by no 

or very weak NM IIA expression. Analysis of data from The Cancer Genome Atlas 

indicated that low MYH9 RNA expression associates with poor survival in patients with 

head and neck SCC, thus also supporting a role for MYH9 as a tumor suppressor in humans. 

MYH9 is mutated in 5% of human head and neck SCCs, and hemizygous MYH9 loss is 

present in 15% of these tumors. Most of the MYH9 mutations cluster in the ATPase domain 

and were found to impair an in vitro p53 response to DNA damage (Schramek et al., 2014). 

Interestingly, another mouse model, in which Myh9 was ablated in the heart and the tongue 

epithelium, showed the development of tongue SCC (Conti et al., 2015). SCC occurred very 

early during embryonic epithelium development, with a 100% penetrance, and on a wild-

type background. In this model, oncogenesis was independent of defective p53 activation. 

Recently, Kas and colleagues searched for mutations driving the development of invasive 

lobular breast carcinoma (ILC) through an insertional mutagenesis screen in E-cadherin 

conditional knockout mice. The authors found that mutations resulting in heterozygous loss 

of Myh9 act as driver events for the development of tumors recapitulating the features of 

human ILC (Kas et al., 2017). Consistently, inactivation of Myh9 in mammary glands by in 
situ gene editing induced the rapid development of ILC in these mice. The effects of Myh9 
haploinsufficiency were not mediated by an altered p53 response in this mouse model either, 

suggesting that alternative mechanisms are involved in oncogenesis driven by Myh9 
deficiency. The Cancer Genome Atlas showed that MYH9 is aberrant in 46% of human ILCs 

and that most mutations correlate with reduced mRNA expression.

FINAL REMARKS

MYH9 encodes the heavy chain of NM IIA, a cytoplasmic myosin that plays a major role in 

human development and disease. Mutations of MYH9 cause an autosomal-dominant 

disorder, MYH9-RD, characterized by thrombocytopenia with giant platelets and a variable 

risk of developing kidney damage, sensorineural deafness, cataracts, and/or abnormalities of 

liver enzymes. Moreover, NM IIA appears to act as a tumor suppressor and loss of the 

MYH9 gene has been associated with epithelial cancers in both mice and humans. Although 

many functional roles of NM IIA have been elucidated, our knowledge of the pathogenetic 

mechanisms responsible for the different diseases is limited. Since current evidence suggests 

that the genetic manipulation at the MYH9 locus recapitulates the human phenotypes in 

mice, these animals are good models for studying the role of NM IIA in different organs and 

how mutations lead to pathological phenotypes, including MYH9-driven oncogenesis. 

Future work in this field should result in important new insights into a number of different 

disease mechanisms related to abnormalities in the MYH9 gene and its gene product, NM 

IIA.
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HIGHLIGHTS

• The MYH9 genes encodes the heavy chain of the non-muscle myosin IIA 

(NM IIA), a cytoplasmic myosin expressed in most cells and tissues.

• NM IIA participates in several processes requiring the generation of 

intracellular chemomechanical force and translocation of the actin 

cytoskeleton.

• NM IIA functions are finely regulated by phosphorylation of its 20kDa light 

chain, of the heavy chain, and by interactions with a variety of other proteins.

• Mutations in MYH9 cause a syndromic autosomal-dominant disorder, termed 

MYH9-related disease.

• MYH9 variants may also be involved in other human diseases, such as cancer, 

chronic kidney disease, and non-syndromic deafness.
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Figure 1. MYH9 gene and protein organization
(A): Genomic structure of the MYH9 gene. MYH9 spans more than 106 kbp on 

chromosome 22q12.3 and is composed of 41 exons. The open reading frame spans exon 2 to 

exon 41 and encodes the non-muscle myosin heavy chain IIA, a protein of 1,960 amino 

acids. The numbers of the exons affected by the almost 90 different mutations responsible 

for MYH9-related disease (listed in Table 2) are indicated. Exons where hot spots of 

mutations are located, as well as the most frequent mutations, which account for 

approximately 70% of the MYH9-related disease families, are indicated in bold. (B): 

Schematic representation of non-muscle myosin IIA (NM IIA). NM IIA is a hexameric 

molecule consisting of a dimer of heavy chains, two regulatory light chains (RLC) and two 

essential light chains (ELC). Each heavy chain comprises the N-terminal head domain, 

which includes the motor (globular head, encoded by exons 1–19 of MYH9) and the neck 

(exon 20), and the C-terminal tail domain. The tail domain includes the long coiled-coil 

region (exons 21–40) and the short non-helical tailpiece (exon 41). Serine and threonine 

residues of RLC and heavy chains involved in phosphorylation, as well as the specific 

kinases, are indicated. PKC, protein kinase C; MLCK, myosin light chain kinase; ROCK, 

Rho-associated protein kinase; TRPM7, transient receptor potential melastatin 7; PKCβ, 

protein kinase Cβ; CKII, casein kinase II.
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Figure 2. Regulation of non-muscle myosin IIA filament assembly
(A): Diagram of the folded, inactive 10S form of non-muscle myosin IIA (NM IIA) which is 

unable to assembly into filaments. Myosin light chain kinase (MLCK) and Rho-associated 

protein kinase (ROCK) phosphorylate RLC on serine 19 and threonine 18, allowing NM IIA 

to assume an unfolded active 6S conformation (B) and to assemble into bipolar filaments 

(C). The only known phosphatase that removes the phosphate group from these residues is 

protein phosphatase 1 (PP1). Assembly and disassembly of the bipolar filaments is also 

regulated by the interaction of NM IIA with S100A4, Lethal giant larvae (Lgl1), or myosin 

binding protein H (MYBH). (D) Phosphorylation of residues at the C-terminus of NM IIA 

by different kinases, such as protein kinase C (PKC), casein kinase 2 (CKII), and transient 

receptor potential melastatin 7 (TRPM7), either disassemblies the bipolar filaments or 

prevents their formation.
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Figure 3. Expression of NM IIA in Developing Mouse Embryos
Sections of paraformaldehyde-fixed mouse embryos were stained with antibodies to NMHC 

IIA (green). NM IIA is widely distributed throughout the mouse embryos at E6.5 (A) and 

E11.5 (B). In E6.5 embryos, NM IIA is detected in all cells with similar staining intensity in 

both embryonic and extra-embryonic tissues (A). In E11.5 mouse embryos, different tissues 

and cells show marked variation in their staining intensity (B). In E16.5 mouse embryos, 

NM II-A is enriched in vasculature (endothelial cells) in brain (C), non-myocytes in heart 

(D), epithelial as well as interstitial mesenchymal cells in lung (E), and epithelial cells in 

intestine (F).
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Figure 4. Abnormalities detectable at the examination of peripheral blood smears in patients 
with MYH9-related disease (MYH9-RD)
(A–C): Conventional panoptical May-Grünwald-Giemsa staining. (D–F): 

Immunofluorescence staining for the MYH9 protein (NMHC IIA). (A): Platelets of MYH9-

RD patients are characterized by an extreme degree of macrocytosis: some platelets are even 

larger than erythrocytes (giant platelets). In (B) platelets of a healthy subjects are shown for 

comparison. (C): Aggregates of the MYH9 protein in the cytoplasm of neutrophil 

granulocytes may be identified after conventional staining of blood smears as faint 

basophilic (sky-blue) inclusion bodies, called “Döhle-like” bodies (arrow). (D–E): 

Immunofluorescence staining with antibodies to NMHC IIA allows to clearly detect the 

typical NMHC IIA aggregates in the cytoplasm of granulocytes of MYH9-RD patients and a 

definite diagnosis of the disorder. In (F) the distribution of the MYH9 protein in a 

granulocyte of a healthy individual is shown for comparison. The MYH9 genotypes of each 

individual are indicated in each image. WT, wild type. Scale bars correspond to 10 μm.
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Table 2

Mutations identified in the MYH9 gene and associated with MYH9-related disease.

Exon DNAa Proteinb Referencesc

2

c.97T>A
p.Trp33Arg

Jang et al., 2012

c.97T>C Sun et al., 2012

c.99G>C
p.Trp33Cys

Saposnik et al., 2014

c.99G>T Balduini et al., 2011

c.99_103delinsTGTGG p.Trp33_Pro35delinsCysValAla Miyajima et al., 2009

c.101T>A p.Val34Glu Saposnik et al., 2014

c.101T>G p.Val34Gly De Rocco et al., 2013

c.121T>C p.Phe41Leu Yoshimi et al., 2016

c.130G>C p.Ala44Pro Saposnik et al., 2014

c.220A>G p.Lys74Glu Kanematsu et al., 2016

c.228_245del p.Asn76_Ser81del Balduini et al., 2011

c.277A>G p.Asn93Asp Saposnik et al., 2014

c.279C>G p.Asn93Lys Balduini et al., 2011

c.283G>A p.Ala95Thr Balduini et al., 2011

c.284C>A p.Ala95Asp Balduini et al., 2011

c.284C>T p.Ala95Val Saposnik et al., 2014

c.287C>T p.Ser96Leu Balduini et al., 2011

11
c.1115A>G p.Gln372Arg Saposnik et al., 2014

c.1119G>C p.Lys373Asn Balduini et al., 2011

17

c.2104C>T p.Arg702Cys Balduini et al., 2011

c.2104C>A p.Arg702Ser De Rocco et al., 2013

c.2105G>A p.Arg702His Balduini et al., 2011

c.2114G>A p.Arg705His Balduini et al., 2011

c.2116C>G p.Gln706Glu Balduini et al., 2011

c.2152C>T p.Arg718Trp Balduini et al., 2011

21
c.2539_2559dup p.Met847_Glu853dup Glembotsky et al., 2012

c.2548A>G p.Lys850Glu Saposnik et al., 2014

22

c.2680G>A p.Glu894Lys Saposnik et al., 2014

c.3142_3162del p.Lys1048_Glu1054del De Rocco et al., 2013

c.3164_3205del p.Gly1055_Gln1068del Balduini et al., 2011

c.3195_3215del p.Glu1066_Ala1072del Balduini et al., 2011

c.3195_3215dup p.Glu1066_Ala1072dup Balduini et al., 2011

c.3202_3222del p.Gln1068_Leu1074del Ishida et al., 2013

c.3250_3252del p.Glu1084del Balduini et al., 2011

26
1220 kb del p.Val1092_Arg1162del Balduini et al., 2011

c.3340T>C p.Ser1114Pro Balduini et al., 2011
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Exon DNAa Proteinb Referencesc

c.3463A>G p.Thr1155Ala Balduini et al., 2011

c.3464C>T p.Thr1155Ile Balduini et al., 2011

c.3485G>C p.Arg1162Thr Balduini et al., 2011

27

c.3486G>T p.Arg1162Ser/p.Ser1163fs*1 (skipping exon 26) Kunishima et al., 2012

c.3493C>T p.Arg1165Cys Balduini et al., 2011

c.3494G>T p.Arg1165Leu Balduini et al., 2011

c.3613_3621del p.Leu1205_Gln1207del Balduini et al., 2011

28 c.3751G>A p.Glu1251Lys Balduini et al., 2011

31

c.4270G>C p.Asp1424His Balduini et al., 2011

c.4270G>A p.Asp1424Asn Balduini et al., 2011

c.4270G>T p.Asp1424Tyr Balduini et al., 2011

c.4271A>G p.Asp1424Gly Saposnik et al., 2014

c.4272C>A
p.Asp1424Glu

Saposnik et al., 2014

c.4272C>G Saposnik et al., 2014

c.4306G>A p.Ala1436Thr Saposnik et al., 2014

c.4327_4335dup p.Gln1443_Lys1445dup Sun et al., 2012

c.4339G>C p.Asp1447His Balduini et al., 2011

c.4339G>T p.Asp1447Tyr De Rocco et al., 2013

c.4340A>T p.Asp1447Val Balduini et al., 2011

c.4340A>G p.Asp1447Gly Schleinitz et al., 2006

32

c.4423G>A p.Glu1475Lys Saposnik et al., 2014

c.4546G>C
p.Val1516Leu

Zhang et al., 2014

c.4546G>T Balduini et al., 2011

c.4546G>A p.Val1516Met Balduini et al., 2011

33

c.4562A>G p. His1521Arg Ghemlas et al., 2015

c.4670G>T p.Arg1557Leu Balduini et al., 2011

c.4679T>G p.Val1560Gly Saposnik et al., 2014

c.4687C>A p.Gln1563Lys Saposnik et al., 2014

35 c.4952T>C p.Met1651Thr Balduini et al., 2011

38 c.5446A>G p.Ile1816Val Balduini et al., 2011

39 c.5521G>A p.Glu1841Lys Balduini et al., 2011

40 c.5630G>A p.Arg1877Gln Saposnik et al., 2014

i40d c.5765+2T>A p.Arg1922Argfs*43 Saposnik et al., 2014

41

c.5770_5779del p.Gly1924Argfs*21 Balduini et al., 2011

c.5773del p.Asp1925Thrfs*23 Balduini et al., 2011

c.5774del p.Asp1925Alafs*23 Balduini et al., 2011

c.5780del p.Pro1927Argfs*21 Balduini et al., 2011

c.5788del p.Val1930Cysfs*18 Balduini et al., 2011

c.5794del p.Arg1932Alafs*16 Saposnik et al., 2014
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Exon DNAa Proteinb Referencesc

c.5797del p.Arg1933Glufs*15 Balduini et al., 2011

c.5797C>T p.Arg1933* Balduini et al., 2011

c.5788_5793delinsCGCGGGGACCGCGGGGACCG p.Val1930Argfs*23 Sirachainan et al., 2015

c.5800del p.Met1934Trpfs*14 Balduini et al., 2011

c.5803del p.Ala1935Profs*13 Liao et al., 2017

c.5809A>T p.Lys1937* Saposnik et al., 2014

c.5820_5821dup p.Asp1941Glyfs*8 Saposnik et al., 2014

c.5821del p.Asp1941Metfs*7 Balduini et al., 2011

c.5833G>T p.Glu1945* Balduini et al., 2011

c.5842G>A Asp1948Asn Ali et al., 2016

a
Nucleotide A of the ATG translation initiation start site of the MYH9 gene cDNA in GenBank sequence NM_002473.5 is indicated as nucleotide 

+1.

b
Residues affected by more than one amino acid substitutions are indicated in bold. In frame deletions/duplications/indels are in gray boxes.

c
References reporting mutations:

• Ali S, Ghosh K, Daly ME, et al. Congenital macrothrombocytopenia is a heterogeneous disorder in India. Haemophilia 2016; 
22:570–82.

• Balduini CL, Pecci A, Savoia A. Recent advances in the understanding and management of MYH9-related inherited 
thrombocytopenias. Br J Haematol 2011; 154:161–74.

• De Rocco D, Zieger B, Platokouki H, et al. MYH9-related disease: five novel mutations expanding the spectrum of causative 
mutations and confirming genotype/phenotype correlations. Eur J Med Genet 2013; 56:7–12.

• Ghemlas I, Li H, Zlateska B, et al. Improving diagnostic precision, care and syndrome definitions using comprehensive next-
generation sequencing for the inherited bone marrow failure syndromes. J Med Genet 2015; 52:575–84.

• Glembotsky AC, Marta RF, Pecci A, et al. International collaboration as a tool for diagnosis of patients with inherited 
thrombocytopenia in the setting of a developing country. J Thromb Haemost 2012; 10:1653–61.

• Ishida M, Mori Y, Ota N, et al. Association of a novel in-frame deletion mutation of the MYH9 gene with end-stage renal failure: 
case report and review of the literature. Clin Nephrol 2013; 80:218–22.

• Jang MJ, Park HJ, Chong SY, et al. A Trp33Arg mutation at exon 1 of the MYH9 gene in a Korean patient with May-Hegglin 
anomaly. Yonsei Med J 2012; 53:662–6.

• Kanematsu T, Suzuki N, Yoshida T, et al. A case of MYH9 disorders caused by a novel mutation (p.K74E). Ann Hematol 2016; 
95:161–3.

• Kunishima S, Tomii T, Kudo K, et al. G to T transversion at the first nucleotide of exon 26 of the MYH9 gene results in a novel 
missense mutation and abnormal splicing in platelets: comment on “A G to C transversion at the last nucleotide of exon 25 of the 
MYH9 gene results in a missense mutation rather than in a splicing defecton” by Vettore et al. Eur J Med Genet 2012; 55:763–5.

• Liao W, Luo X, Zhang X, et al. Genetic analysis of a pedigree affected with inherited thrombocytopenia caused by a novel mutation 
of MYH9 gene. Zhonghua Yi Xue Yi Chuan Xue Za Zhi 2017; 34:352–6.

• Miyajima Y, Kunishima S. Identification of the first in cis mutations in MYH9 disorder. Eur J Haematol 2009; 82:288–91.

• Saposnik B, Binard S, Fenneteau O, et al. French MYH9 network. Mutation spectrum and genotype-phenotype correlations in a large 
French cohort of MYH9-Related Disorders. Mol Genet Genomic Med 2014; 2: 297–312.

• Schleinitz N, Favier R, Mazodier K, et al. The MYH9 syndrome: report of a new case with a new mutation of the MYH9 gene. Rev 
Med Interne 2006; 27:783–6.

• Sirachainan N, Komwilaisak P, Kitamura K, et al. The first two cases of MYH9 disorders in Thailand: an international collaborative 
study. Ann Hematol 2015; 94:707–9.
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• Sun XH, Wang ZY, Yang HY, et al. Clinical, pathological, and genetic analysis of ten patients with MYH9-related disease. Acta 
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• Yoshimi A, Toya T, Nannya Y, et al. Spectrum of clinical and genetic features of patients with inherited platelet disorder with 
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