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ABSTRACT

Myosin heavy chain 9 (MYH9)-related platelet disorders belong to the group of
inherited thrombocytopenias. The MYH9 gene encodes the nonmuscle myosin heavy
chain ITA (NMMHC-IIA), a cytoskeletal contractile protein. Several mutations in the
MYHY gene lead to premature release of platelets from the bone marrow, macro-
thrombocytopenia, and cytoplasmic inclusion bodies within leukocytes. Four overlapping
syndromes, known as May-Hegglin anomaly, Epstein syndrome, Fechtner syndrome,
and Sebastian platelet syndrome, describe different clinical manifestations of MYH9
gene mutations. Macrothrombocytopenia is present in all affected individuals, whereas
only some develop additional clinical manifestations such as renal failure, hearing loss,
and presenile cataracts. The bleeding tendency is usually moderate, with menorrhagia
and easy bruising being most frequent. The biggest risk for the individual is inappropriate
treatment due to misdiagnosis of chronic autoimmune thrombocytopenia. To date, 31
mutations of the MYH9 gene leading to macrothrombocytopenia have been identified, of
which the upstream mutations up to amino acid ~1400 are more likely associated with
syndromic manifestations than the downstream mutations. This review provides a short
history of MYHO9-related disorders, summarizes the clinical and laboratory character-
istics, describes a diagnostic algorithm, presents recent results of animal models, and

discusses aspects of therapeutic management.
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The correct diagnosis of hereditary chronic
thrombocytopenias is important for planning appropri-
ate treatment of individuals with these conditions and
reducing their risk of unnecessary therapy for an incor-
rect diagnosis, such as chronic (auto)immune thrombo-
cytopenia (ITP). Several of the conditions associated
with chronic thrombocytopenia are referred to as “mac-
rothrombocytopenias” as platelet size is greatly increased
in these disorders (Fig. 1).

Hereditary macrothrombocytopenias are often
autosomal dominant although some have an X-linked
or recessive inheritance." These conditions can present

as isolated platelet count reductions or as part of
more complex clinical syndromes. Individuals with
hereditary macrothrombocytopenia and minor bleed-
ing symptoms are very often misdiagnosed as having
the more common disorder, chronic ITP, which can
place them at higher risk for receiving inappropriate
clinical treatments. In our own series of 39 affected
families, 6 affected individuals had undergone (inef-
fective) splenectomy, and nearly all had received
immunosuppressive treatment with corticosteroids,
azathioprine, or intravenous IgG, some of them for
years.
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Figure 1 Histogram of (A) normal platelets (PLT) shows a semilogarithmic curve, and (B) the line of the respective leukocyte
histogram starts close to baseline. In contrast, the histograms of an individual with macrothrombocytopenia show (C) a typical
broad distribution and indeterminate, but greatly increased, MPV, with (D) the line of the respective leukocyte (WBC) histogram
shifted upward due to the peak of large platelets (dotted line), which are erroneously gated as leukocytes. PDW, platelet
distribution width; MPV, mean platelet volume; P-LCR, platelet-large cell ratio; fl, femto liter.

After characterization of genetic mutations in
the myosin heavy chain 9 (MYHY) gene that lead to
the formation of giant platelets due to alterations of the
protein nonmuscle myosin ITA (NMM-IIA),>” there is
increasingly recognition that at least half of all macro-
thrombocytopenias with defined underlying defects are
caused by MYH9 mutations.® In this review, we address
the history of this group of macrothrombocytopenias,
provide a brief overview on their clinical presentation
and laboratory diagnosis, summarize the genetic muta-
tions and the known biological functions of NMM-IIA,
and provide data on potential mutation-function rela-
tionships. Finally, we summarize treatment recommen-
dations based on our experience of managing individuals
with dominantly inherited macrothrombocytopenias in
various clinical situations.

HISTORY OF VIYH9-RELATED DISORDERS
In 1909, May described a family in which several
members had enlarged platelets but minor if any bleed-
ing symptoms.9 In 1945, Hegglinlo found Dohle body-
like inclusions within the leukocytes of affected individ-
uals with a dominantly-inherited giant platelet disorder.
This led to the term May-Hegglin anomaly (MHA) to
describe the triad of thrombocytopenia, giant platelets,
and leukocyte inclusion bodies. These inclusion bodies
are spindle shaped and appear bright blue in standard
blood films.'*

In 1972, Epstein et al'? described Epstein syn-
drome (EPS) as the first macrothrombocytopenic syn-
drome characterized by giant platelets, associated with
deafness and nephritis; however, in contrast with MHA,

leukocyte inclusion bodies were absent. About a decade
later, in 1985, Peterson et al'® characterized another
dominantly inherited macrothrombocytopenic syn-
drome, characterized by interstitial nephritis, cataract,
deafness (i.e., a syndrome complex resembling Alport
syndrome), and leukocyte inclusions. These inclusion
bodies were much smaller than those observed in the
MHA and typically round rather than spindle shaped.
These authors called the disorder Fechtner syndrome
(FS). In 1990, Greinacher et al'* described a milder
variant macrothrombocytopenia, Sebastian platelet syn-
drome (SPS), with small inclusion bodies in leukocytes.
At the time of the initial report, the affected SPS family
members did not show cataracts, renal impairment, or
high-tone neurosensorial deafness. However, when this
family was reevaluated 18 years later, several affected
individuals were recognized to have developed cataracts
at a young age (45 to 50 years), and all affected family
members that were >50 years of age had developed
high-tone hearing impairment.

In 1999, the inheritance of these giant platelet
disorders was linked to a 5.5-Mb region on the short
arm of chromosome 22q.2’15 Soon afterwards, two
groups™'® characterized mutations in the MYH9 gene
as the underlying cause of these macrothrombocytope-
nias. The syndromes MHA, EPS, FS, and SPS are now
recognized to be related disorders, caused by mutations
in the MYH?9 gene, with phenotypic differences related
to the presence or absence of the additional features of
cataracts, nephritis, and sensorineural hearing loss
(Table 1). It has therefore been suggested that these
disorders should be referred to as MYH9-related macro-

thrombocy‘copenizts.4’17’18
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Table 1 Clinical and Laboratory Findings in MYH9-
Related Disease

MHA FS EPS SPS

Macrothrombocytopenia + + + +
Inclusion bodies + + - +
Hearing loss - + + -
Nephritis - + + _
Cataract — + — _

CLINICAL PRESENTATION OF MYH9
DISORDERS

MYH9-related disorders present a spectrum of clinical
features. Giant platelets are present in all affected indi-
viduals, with platelet numbers varying from 30,000/pL to
100,000/pL. The associated clinical features can vary
considerably between individuals, even among family
members and others with the same mutation. The variable
teatures include the degree of bleeding tendency, renal
impairment, and the age of onset of cataracts and hearing
loss. Petechiae are rarely seen compared with problems
with bruising and hematomas. Although major bleeding
episodes are rare, one fatal spontaneous intracranial
bleeding has been reported in an individual with
MYH9-related disease.’” Women with MYH9-related
disorders often experience menorrhagia. In fact, the index
cases in affected families are often women, who are noted
to have macrothrombocytopenia when their iron-
deficiency anemia prompts a hematologic workup.
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Figure 2 shows the pedigree of one of the families
diagnosed in our laboratory, which exemplifies the
typical clinical presentation of affected families. The
13-year-old girl (ITI-III) presented to a pediatrician,
with menorrhagia and iron-deficiency anemia. Her
father (40 years old; II-11I), aunt (44 years old; II-1I),
cousin (19 years old; III-1), and grandfather (67 years
old; I-I) were then diagnosed with the same disorder.
Whereas the aunt had previously been identified
as having thrombocytopenia (during evaluation of men-
orrhagia and iron-deficiency anemia), the thrombocyto-
penia was unrecognized in the father, grandfather, and
cousin until our laboratory diagnosing MYH9-related
disorder in the proband led to investigations of other
family members. The aunt (II-II) was misdiagnosed as
having ITP several years earlier and received treatment
with several courses of intravenous immunoglobulin G
(IgG) and corticosteroids, without platelet count
increases. Splenectomy had also been recommended,
but this treatment was declined. Sensorineural high-
tone hearing impairment was detected, by audiograms,
in many affected family members (the father, aunt,
and grandfather), except for the younger individuals
(13-year-old proband and her 19-year-old cousin).

INCIDENCE OF IiYH9 DISORDERS
The prevalence of MYHO9-related disorders is probably

underestimated because of underreporting and frequent
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Figure 2 Pedigree of an affected family with macrothrombocytopenia. Individual IlI-lll is the proband, her aunt (lI-Il) was
misdiagnosed as having ITP, and the other family members were detected through family screening. PLT, platelets.

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



192

SEMINARS IN THROMBOSIS AND HEMOSTASIS/VOLUME 35, NUMBER 2 2009

misdiagnosis. In the literature, 101 unrelated families
with MYH9 disorders have been described*®2°=° in-
dicating a low prevalence (Table 2). However, we have
identified, in the Greifswald region only, an additional
five unrelated families with different MYH9 mutations
(catchment area of ~250,000 habitants). The many
different mutations in the 40 exons of the MYH9 gene
identified in association with hereditary thrombocy-
topenia (see later) further suggest that MYH9-related

disorders are not rare.

DIAGNOSIS OF MYH9 DISORDERS
A careful evaluation of platelet and granulocyte mor-
phology is important for the laboratory diagnosis of

MYH?9 disorders. All modern particle counters deter-
mine the mean platelet volume (MPV), and most
machines also generate a histogram showing size dis-
tribution of platelets. An MYH9-related macrothrom-
bocytopenia should be suspected in individuals that
have large platelets, a high MPV, a broad platelet
histogram, and a peak preceding the leukocyte histo-
gram (Fig. 1). For the clinical management of individ-
uals with an MYHY disorder, it is important to be
aware of the risk of obtaining an artifactually low
platelet count by standard automatic particle counters
as the large platelets are often counted as red blood cells
or leukocytes. Thus, platelet and white blood cell
enumeration should be performed manually, especially
when the individual also has “leukocytosis.”

Table 2 Mutations in MYH9-Related Thrombocytopenia and Reported Clinical Features* 52030

Number of Families with Additional Symp-
toms Beside Macrothrombocytopenia

Number of
Affected Families Hearing Renal

Exon Mutation Reported Thrombocytopenia Impairment Impairment Cataract

1 N93K 2 Yes 0 0 0

1 A95T 1 Yes 0 0 0

1 S96L 4 Yes 3 3 0
10 K371N 1 Yes 0 0 0
16 R702C 7 Yes 7 7 3
16 R702H 4 Yes 4 4 1
16 R705H 1 No 1 * *
16 Q706E 1 Yes * * *
16 R718W 1 Yes 1 1 1
24 E1066-A1072del 1 Yes 0 0 1
25 V1092-R1162del 1 Yes 0 1 0
25 D1114P 1 Yes 0 1 0
26 T1155A 1 Yes 1 1 1
26 T1155I 5 Yes 0 0 0
26 R1165C 5 Yes 2 2 2
26 R1165L 2 Yes 2 2 0
26 L1205-Q1207del 1 Yes 0 0 0
30 R1400W 1 Yes 0 1 0
30 D1424Y 2 Yes 1 1 1
30 D1424N 13 Yes 8 4 4
30 D1424H 3 Yes 2 1 1
30 D1447V 1 Yes * * *
31 V1516L 1 Yes * 1 1
37 11816V 1 Yes 1 1 0
38 E1841K 20 Yes 0 5 1
40 G1924fs 1 Yes * * *
40 D1925fs 1 Yes 0 0 0
40 P1927fs 1 Yes 0 0 0
40 R1933fs 1 Yes 0 0 0
40 R1933X 14 Yes 14 1 0
40 E1945 2 Yes 0 2 0

*no data available; fs, frameshift; del deletion.
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Figure 3 NMM-IIA in neutrophils stained with an anti-NMM-IIA monoclonal antibody (immunofluorescence) or May-
Grinwald-Giemsa. (A) Blood smear of a individual with MYH9-related disease: enlarged platelets; (B) normal blood smear; (C)
wild type, normal distribution of NMM-IIA; (D) mutation in exon 1: nearly normal distribution of NMM-IIA, just small
punctuate clusters; (E) mutation in exon 30: multiple oval-shaped cytoplasmic spots; (F) mutation in exon 38: one large,
intensely stained cluster. Arrows in figure point to typical cluster of NMMHC-IIA in neutrophils.

On peripheral blood, May-Griinwald-Giemsa
stained smears, the giant platelets can be easily seen.
Especially when a lower magnification is used, it becomes
obvious that most, if not all, platelets are nearly as big as
red blood cells (Fig. 3A). Often, the easiest diagnostic
approach is to perform routine blood counts in first-
degree relatives. If a second family member shows the
same features, neutrophils should be carefully assessed.
The abnormal distribution of NMM-IIA within the
neutrophils is also a characteristic feature of MYH9
disorders. Whereas the large spindle-shaped inclusion
bodies characteristic for the MHA are very prominent
(Fig. 3F), the smaller leukocyte inclusion bodies of the
other syndromes are more challenging to detect (Fig. 3D,
E). These inclusion bodies are best visualized when blood
smears are stained within 4 hours after blood taking14

using the classic May-Griinwald-Giemsa stain rather
than the more commonly used Wright's stain. The
current “gold standard” for demonstrating MYH9 leu-
kocyte inclusion bodies is the detection, by immunostain-
ing, of NMM-Ila clusters (see later).

Platelet aggregometry and platelet function studies
using the PFA-100 (Siemens Healthcare Diagnostics,
Marburg, Germany) do not show major defects in
MYHD9 disorders. Because of the altered composition of
the platelet cytoskeleton, the shape change in the aggre-
gation curve is typically absent’? (Fig. 4). Although this is
an additional typical feature of MYH? disorders, an absent
shape change may also be found in other platelet disorders,
as it depends on complex intracellular signaling.32

A bone marrow examination is not required for

diagnosing MYH9 disorders. If performed, the marrow
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Figure 4 (A) Normal-sized platelets: normal response to collagen with typical shape change. (B) Giant platelets: slight
impaired response to collagen and absent shape change, which is a typical finding in MYH9 disorders.

typically shows normal or moderately elevated numbers
of megakaryocytes with normal morphology. This con-
tributes to the frequent misdiagnosis of autoimmune
thrombocytopenia.

Diagnostic workup of MYH9 disorders should
also include exclusion of iron-deficiency anemia (espe-
cially in women at childbearing age) and an audiogram,
ophthalmologic screening for cataracts, and renal func-
tion assessment (creatinine clearance and proteinuria).
In our own practice, we recommend assessment of the
iron status once per year and also repeat renal function
tests every 5 years until the age of ~40 years and then
every 2 to 3 years thereafter, as early detection of renal
impairment has certain treatment implications (as out-
lined later).

Hypothesis on the Mechanism of Bleeding
with MYH9-Related Disorders

The most important reason for bleeding is the reduced
clot stability due to impaired clot retraction by platelets
with a disturbed cytoskeleton.® This is aggravated in
case of iron-deficiency anemia. In general, larger par-
ticles, such as red blood cells, flow in the middle of the
microcirculatory bloodstream, whereas the smaller-sized
platelets flow near the vessel wall, thus enhancing their

potential for subendothelial interaction. However, when
there are giant platelets, as in MYH9-related disorders,
platelets localize more within the middle of the flowing
bloodstream because of their size and are less available
for subendothelial interaction (Fig. 5). In addition, this
is aggravated by anemia, which also reduces the red
blood cell contributions of arachidonic acid and adeno-
sine diphosphate for activating platelets.34

OTHER MACROTHROMBOCYTOPENIAS
TO BE CONSIDERED IN THE DIFFERENTIAL
DIAGNOSIS OF MIYH9 DISORDERS

Chronic autoimmune thrombocytopenia (chronic I'TP) is the
most important condition to distinguish from MYH9
disorders because of potential therapeutic consequences.
There are several characteristics that may help to differ-
entiate these entities. First, and potentially the easiest to
assess, is to evaluate platelet size using the blood film,
platelet size histogram, and (calculated) MPV. In ITP,
usually less than 10% of platelets are “giant” platelets with
a size approaching that of red blood cells, unless platelets
are evaluated during the early recovery phase of acute
severe I'TP after treatment with high-dose intravenous
IgG (unpublished observations of the authors). Second, a
determination of platelet counts of first-degree relatives
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middle of the blood vessel. Reduced red cell numbers (e.g., due to iron deficiency) also decrease the numbers of platelets that
flow near the vessel wall. Although flow rates are greatest in the middle of the vessels, the highest shear stresses (which
maximize VWF-mediated adhesion of platelets to injured subendothelium) are found at the vessel wall.

(which is also relatively easy to perform) can help deter-
mine if the thrombocytopenia is hereditary. If another
family member also exhibits thrombocytopenia, the diag-
nosis of ITP is unlikely. As individuals with MYH9
disorders usually show only minor bleeding, it is war-
ranted to request a complete blood count on all first-
degree relatives, regardless of their bleeding history.
Third, individuals with MYH?9 disorders do not respond
to intravenous IgG with a major increase in platelet
counts, although transient mild increases in platelet
counts (e.g., by 20,000 to 30,000/pL) can follow a course
of high-dose corticosteroids. Fourth, platelet glycopro-
tein—specific autoantibodies are not present in individuals
with MYH9 disorders but are detectable in ~50% of
individuals with chronic ITP.3* However, it is not helpful
to measure platelet-associated IgG levels as the giant
platelets of MYH9 disorders have increased non—glyco-
protein-specific IgG bound to their larger platelet mem-
branes. Nonetheless, acute ITP, complicating MYH9
thrombocytopenia, has been reported in a young woman
who first became clinically symptomatic after developing
postinfection I'TP.*® Although this individual responded
rapidly to corticosteroids, her platelet counts never
increased to >40,000/pL.

Bernard-Soulier syndrome (BSS) is an autosomal
recessive giant platelet disorder that is usually caused by

reduced or absent expression of the glycoprotein (GP)
Ib-IX-V receptor complex.’”*® Platelets in BSS are as
large as in the MYHY disorders and appear similar to
MYHD? platelets by light microscopy and electron micro-
scopy ultrastructural analysis. Aggregation studies can
help to distinguish a MYH9 disorder from the rare,
dominant Bolzano type of BSS, in which the GP Ib-
IX-V complex is expressed but functionally impaired.39
In BSS, there is typically absent agglutination with
ristocetin, despite aggregation responses to other ago-
nists. The diagnosis of BSS is typically confirmed by
quantitative analysis of GP Ib-IX complex expression on
the platelets or genetic testing.

It can be difficult to distinguish an MYH9 dis-
order from a heterozygous carrier of the BSS mutations,
as platelet agglutination with ristocetin is normal in BSS
carriers. Carriers of BSS can have a moderately decreased
platelet count (often 100,000 to 120,000/pnL) and some-
what enlarged platelets with only a few giant platelets.
Carriers of BSS typically have asymptomatic thrombo-
cytopenia that does not require treatment. An option to
consider, to distinguish heterozygote BSS carriers from
individuals with MYHY disorders (without genetic test-
ing), is to determine the ratio between GP Ib-IX and GP
IIb-IITa, which is characteristically reduced in BSS
carriers but not in MYH9 thrombocytopenia.
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Paris-Trousseau syndrome/Jacobson syndrome is a
disorder with large platelets that contain giant o-gran-
ules. This syndrome is distinguished from MYH9 dis-
orders by its features of mental retardation, facial and
cardiac abnormalities, and its genetic cause, which is a
heterozygous deletion of one part of chromosome
11q23.404

X-linked macrothrombocytopenia can be caused by a
mutation in the GATA-1 gene Xp11-12, a transcription
factor important for megakaryopoiesis and erythropoi-
esis. The disorder is associated with splenomegaly and
red cell abnormalities (reticulocytosis and anemia) and
thrombocytopenia with platelet function defects (de-
creased agglutination with ristocetin, weak aggregation
with collagen).***

Gray platelet syndrome (GPS) is an autosomal
recessive bleeding disorder associated with giant platelets
containing empty a-granules and moderate thrombocy-
topenia—the appearance of pale and gray platelets in the
blood smear is an important diagnostic clue to distin-
guish this condition from MYH9 disorders. The genetic

defect is unknown.***

IMMUNOSTAINING OF NMM-IIA
INCLUSION BODIES

The NMM-IIA inclusion bodies in the leukocytes can
be visualized using specific antibodies.®?! According to
the location of the mutation, clusters of NMM-IIA can
be detected as oval-spindle—shaped, oval-shaped, or
round inclusion bodies. Neutrophils with one or two
large oval-spindle—shaped inclusion bodies are typically

present in individuals with mutations in exons 38 and 40.

Smaller and round or slightly oval-shaped clusters are
usually associated with mutations within exons 26 to 30
(Fig. 3), whereas speckled small punctate clusters are
more often found in individuals with mutations in exon
1 and exon 37.%

MUTATION ANALYSIS

Mutation analysis is not crucial for diagnosis of MYH9
disorders. Moreover, a full assessment requires screening
of 40 exons, although exon 30 seems to be the site of
many mutations. Genetic testing has been postulated to
help assess the risk of development of high-tone hearing
loss, cataracts, or renal impairment, although there is

debate about the extent of mutation-phenotype correla-
tions in MYH?9 disorders.

NMM-IIA PROTEIN AND ITS GENE MYH9

The NMM-IIA Protein

Myosins are mechanoenzymes that play a fundamental
role in cell motility. They are involved in cytokinesis,
phagocytosis, cell motility, and maintenance of cell shape.
Nonmuscle myosin class II is part of the myosin super-
family,*® which consists of 18 myosin classes identified to
date. Three isozymes of nonmuscle myosin II are present
in humans: NMM-IIA, NMM-IIB, and NMM-IIC.
Eosinophils express NMM-IIA and NMM-IIB, whereas
platelets, lymphocytes, neutrophils. and monocytes
express only NMM-IIA*” (Table 3). Studies of individ-
uals with MYH9-related macrothrombocytopenia by

Kunishima et al*! demonstrated (by immunofluorescent

Table 3 Expression of NMM-IIA, NMM-IIB, and NMM-IIC in Mouse Tissue*”4°

Mouse Tissue l-A 1I-B II-C

Embryonic liver foci ++

Embryonic kidney ++ + +

Embryonic eye ++ (lens epithelium) + (retina) + (lens and retina)

Embryonic palate ++ +

Embryonic vessel endothelium ++

Hair follicles ++ +

Cochlea ++ + +++

Developing teeth ++ +

Lachrymal gland ++ +

Embryonic and neonatal ++ +
central nervous system

Heart + +/—

Embryonic cartilage +

Embryonic gut ++ + +

Platelet ++

Neutrophil granulocytes ++

Eosinophil granulocytes + +

Monocytes ++

Lymphocytes ++
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microscopy and immunoblotting) that while NMM-IIA
is uniformly diminished, without evidence of aggregates,
in the monocytes, large platelets, and CD34" cells of
affected individuals, their granulocytes contain NIMM-
ITA in clusters. These observations suggest NMM-IIa
has different blood cell type—specific functions.
NMM-IIA normally exists as a large hexamer,
composed of two nonmuscle myosin heavy chains
(NMMHC; MW 220 kDa) and 4 light chains
(MLC; MW 16.5 kDa), with a total molecular mass
of 453 kDa. It has a N-terminal head (exon 1 to 18), a

actin binding site
l ATP binding site

|

neck (exon 19), and a C-terminal tail (exon 20 to 40)*8~>°
(Fig. 6). The N-terminal head interacts with actin and
exposes the ATP-binding side. The neck includes the
IQ-motif, which is an important binding site for the
MLCs. The MLC is responsible for inducing the acto-
myosin contractile response. By phosphorylation of
MLC, myosin becomes activated and can interact with
actin filaments.’*™* The C-terminal tail domain consists
of two long a-helices important for filament assembly
and cargo-binding.”® These functionally different
parts of the molecule give a first hint toward functional
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Figure 6 NMM-IIA structure and mapping of genetic mutations. The upper part of the figure shows a schematic
representation of the NMM-lla protein, which consists of two heavy chains and four light chains (gray dots). The heavy chains
are structured into a head, a neck, and a tail. The light chains bind to the neck region. The middle part of the figure shows the
MYH9 gene schematically with the regions coding for the head and the neck shown in gray and the region coding for the tail
shown in black. The mutations reported in the literature are given at the respective parts of the gene. The lower part of the figure
shows the location of the more frequent mutations and the morphologic characteristics of the inclusion bodies in the
leukocytes, which are typically more than five small, speckle inclusion spots (mutation in exon 1), three to five small round to
oval bodies (mutation exon 30), and one large spindle-shaped inclusion body (mutation in exon 38).
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consequences of mutations. Although mutations in the
head region directly affect key functions of the motor-
protein, mutations in the tail region appear to have less
critical effects on function.

NMM-IIA is not restricted to hematopoietic cell
lines, as studies of mouse embryos indicate that many
tissues express this motoprotein.‘w’48 This makes the
protein an interesting candidate in other nonhemato-
logic disorders, and there is increasing evidence that
MYHDY is also relevant in other nonsyndromic diseases
(e.g., in nonsyndromic cleft lip and palate).’®

Heterozygote Mutation but Dominant
Phenotype of MYH9 Disorders

It has remained unresolved for a long time why a hetero-
zygote genotype leads to a dominantly inherited pheno-
type for MYH9 disorders. Pecci et al’” used two different
antibodies, one specific for a C-terminal polypeptide
sequence of the molecule and one specific for an N-
terminal globular head domain of the molecule, to solve
this question. They observed a 50% reduction of func-
tionally intact NMM-IIA expression in platelets,
which confirmed the results of Deutsch et al.”® Using
Western blot analyses of MYH9 leukocytes, they found,
however, that the amount of free NMM-IIA in leuko-
cytes was less than the 50% that would be expected in a
heterozygote individual, and that the normal NNM-IIA
molecules were complexed with the mutated forms within
the clusters, hereby depleting the cell from functional
NMM-IIA. Also, Kunishima et al*? found evidence for
complex formation of wild-type and mutated NMM-IIa
in leukocytes by immunofluorescence studies. In an in
vitro model, Franke et al’®® demonstrated assembly of
wild-type and mutated myosin into bipolar filaments.
Thus, in some cell lineages, the remaining 50% of func-
tionally normal NNM-IIa in heterozygous MYH9 dis-
orders is further depleted by “trapping” the unmutated
protein into complexes with the mutated proteins.

Toren et al®° provided another explanation for the
reduction of NMM-IIA in heterozygotes. They examined
the potential role of another gene, fibulin-1, encoding an
extracellular matrix protein, as a disease modifier. Eight
unrelated families with autosomal dominant giant-
platelet syndromes were studied for DNA sequence mu-
tations and expression of the four fibulin-1 splice variants
(A to D). A mutation in the splice acceptor site of fibulin-
1 exon 19 was found in affected individuals of one Israeli
FS family, whereas no MYH9 mutations were identified
in this family. Unexpectedly, fibulin-1 variant D expres-
sion was also absent in affected individuals from all eight
families, of whom seven had a MYH9 mutation as under-
lying cause. However, in all families, a putative antisense
RNA to fibulin-1D was expressed. Transfection of the
putative antisense RNA into H1299 cells abolished fibu-
lin-1 variant D expression. Based on the observation that
only affected individuals lack variant D expression and
demonstrate antisense RNA overexpression, the authors
suggested that some autosomal dominant giant-platelet
syndromes are modified by aberrant antisense gene regu-
lation of the fibulin-1 gene.

The MYH9 Gene

The MYHO9-gene encoding NMMHC-IIA consists of
40 exons and is located on chromosome 22q12-13.° Up
to now, 31 mutations in 11 different exons have been
described* %2030 (Fig. 6, Table 2). Exons 1, 10, and
16 encode the globular head and neck domain, and eight
exong?# 263031373840 oo de the coiled coil domain.
Most mutations in MYH9 disorders are missense
mutations. In exon 40, both nonsense mutations and
single-nucleotide deletions have been described.?*
Larger deletions are rare.”’ Two small in-frame deletion
mutations have been 1.‘epor'cf:d,6’24 as has one large in-
frame gene deletion in exon 24.*° Based on the Greifs-
wald data, one of the most frequent mutations in the
German population is located at position 1424 (Table 4).

Table 4 Mutations of the MYH9 Gene and Clinical Presentation of Thrombocytopenic Individuals Identified in

Greifswald
Number of Affected Individuals with Additional
Symptoms Beside Macrothrombocytopenia
Number
of Affected Number of Individuals Hearing Renal
Exon Mutation Individuals with Thrombocytopenia Impairment Impairment Cataract
1 S96L 2 2 0 0 0
10 K371N 2 2 0 0 1
16 R702C 1 1 1 0 0
16 R702H 3 3 3 3 0
25 R1165C 2 2 2 2 0
30 D1424N 23 23 6 3 5
30 D1424H 1 1 0 0 0
38 E1841K 6 6 0 0 0
40 R1933X 5 5 0 2 0
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To date, only heterozygote mutations have been identi-
fied in humans. Based on animal experiments, double
heterozygote mutations or homozygote mutations of the

MYH9 gene appear to be lethal !

ANIMAL MODELS OF MIYH9 MUTATIONS
In mice, the gene ortholog to the human MYH9 gene is
localized on chromosome 15. Mouse NMMHC-IIA
shows a 98% homology to human NMMHC-IIA.%?
Knockout mice for the NMMHC-IIA gene show a
loss of cell-cell adhesion, due to a decrease in E-cadherin
and B-catenin expression in the cell membrane. These
proteins were instead diffusely distributed within the cell
plasma. These defects were reproduced by introducing
small interfering RNA (siRNA) directed against
NMMHC-IIA into wild-type embryonic stem cells.®®
MYH9 '~ mice are not viable,®*™*° whereas MYH9 ™~
mice were viable and fertile without gross anatomic,
hematologic, or renal abnormalities. The heterozygous
mice show normal distribution of NMM-IIA, and actin
concentrations, but myosin concentrations are ~50% of
the concentrations in wild-type animals in all cell lines
assessed (Pecci et al®’ and Deutsch et al’® previously
reported this reduction of NMMHC-IIA in platelets
from patients with MYH9 disorders). Blood cell
morphology and kidneys in the MYH 9"/~ were normal,
but interestingly, two of six mice exhibited hearing loss.

Léon et al*? generated mice with targeted knock-
out of the MYHY gene in megakaryocytes. This platelet
MYH9 '~ mice showed a strong increase in bleeding
time and impaired thrombus growth and organization
under flow conditions. Despite increased bleeding time,
platelet aggregometry with any agonist remained nearly
normal, although clot retraction was impaired.

Unexpectedly, NMM-IIA negatively regulates
thrombopoiesis. MYH9 ' ~-deficient stem cells differ-
entiate into megakaryocytes that are fully capable of
proplatelet formation. When NMM-IIA was reintro-
duced into these cells, proplatelet formation was de-
creased. Thus, thrombocytopenia in MYH9 disorders
results in ineffective platelet maturation due to the
cytoskeletal abnormalities rather than from impaired
megakaryopoiesis.66

GENOTYPE-PHENOTYPE CORRELATION
There is a controversial debate on whether a genotype-
phenotype correlation exists in MYH9 disorders
(Table 2). A major problem for such an analysis is that
many mutations reported were identified by highly
specialized genetic laboratories that received DNA sam-
ples without having the chance to assess the clinical
presentations of these individuals.

In vitro studies have shown that NMM-IIA

binds to the membrane via COOH-terminal regions

with variable affinity and is therefore modulated by the
tail domain,®”*°® whereas the head region of the protein
is important for the interactions with actin. According
to different locations of the mutations in MYH9 dis-
orders, variable phenotypes should be expected. There
seems to be general agreement that individuals with
mutations in exon 16 seem to have a higher risk for
bleeding, renal impairment, and hearing impairment.
Individuals with exon 16 mutations affecting amino
acid 702 seem to be most affected (the Greifswald
individual with this mutation is completely deaf). In-
dividuals with this mutation also seem to have signifi-
cantly larger plattelets.69 This is plausible, as the R702C
mutation has been shown by molecular modeling to
result in conformational changes of the globular head of
the protein, which results in impairment of the myosin-
ATP-ase system (25% MgATPase activity).7’70 It
seems that other mutations in the head domain or close
to the neck domain are also associated with a higher
prevalence of other MYH9 syndromic manifestations.
Mutations close to the neck could potentially impair
actin-binding as mutations of R702C and R705H in
cultured HEK293 cells showed a disturbed interaction
of myosin and actin.”? Additionally, deletion mutants
of N592 and C570 (generated to assess the effect of
N- and C-terminal deletions) where transfected into
HeLa and HEK293 cells alter cell shape, actin cytos-
keleton, and cell adhesion properties. Interestingly,
there is a mutation described in exon 16 of MYH9 at
position R705, which causes hearing loss without
thrombocytopenia.”>”* Individuals with mutations in
exon 30 (especially at position 1424) seem to have a
higher risk of developing cataracts and sensorineural
hearing loss.?® For individuals diagnosed in our labo-
ratory, both complications seem to appear at ~40 years
of age or later indicating that compensatory mecha-
nisms effective at younger age fail to compensate the
NMM-IIa deficiency at older age.

Mutations in the tail region usually exhibit the
mildest clinical phenotype. Although thrombocytopenia
is present from birth, cataracts, hearing loss, and renal
impairment occur only at older ages and are often sub-
clinical. However, we identified one family with a muta-
tion in exon 40 in whom the inclusion bodies were also
small and very disorganized (as judged by ultrastructure)
and in whom bleeding symptoms, renal impairment, and
hearing loss were present. It might be that in these
individuals, the tail function was more impaired, or an
unknown modifier protein was additionally affected in
this family. Table 4 summarizes data for the Greifswald
individuals with MYH9 disorders, including their gene
mutations and clinical presentations, which suggest a
hierarchical order of mutation-phenotype correlates. In-
dividuals with mutations in the head of the protein have a
much higher risk for syndromic manifestations of MYH9

mutations than that of individuals with mutations in the
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tail region. Mutations in exon 30 seem to be at inter-
mediate risk.

NMM-IIA is known to interact within the cy-
toskeletal protein network directly and indirectly with a
large number of other proteins.74 Several of these inter-
acting proteins are likely to modify the function of
NMM-IIA and impact loss of function caused by
reduced or dysfunctional NMM-IIA in individuals
with MYH9 mutations. A greater understanding of
the function of NMM-IIA and its binding partners is
needed to better understand the different clinical pre-
sentations of patients with the same MYH9 mutation.

THERAPY, MANAGEMENT, AND
PROPHYLAXIS OF MYH9 DISORDERS

General Measures to Avoid Bleeding
Complications

As recommended for other bleeding disorders, medi-
cations that impair platelet function (e.g., aspirin)
should be avoided in individuals with an MYH9 dis-
order. Regular dental care reduces the risk of gingival
bleeding, and application of oily nose ointment can help
reduce frequency of epistaxis. It is very important to
prevent the development of iron-deficiency anemia,
because a low hematocrit will exacerbate the impaired
platelet-subendothelial interactions (impaired primary
hemostasis).>*”>

Management of Menorrhagia

There are no systematic studies on treatment of menor-
rhagia in women with MYH9 disorders. Based on our
experience in Greifswald, hormonal modulation of the
menses and antifibrinolytic agents at standard doses were
effective, whereas DDAVP (deamino-8-D-arginine vas-
opressin; desmopressin [Minirin; Ferring GmbH, Kiel,
Germany/CLS Behring, Marburg, Germany]) given as
nose spray had little effect on menstrual blood loss in
women with MYH9 disorders. This is consistent with
the normal in vitro platelet function but impaired clot
stability in the mouse model.

Prevention of Renal Impairment

In a randomized controlled trial of individuals suffering
from nondiabetic renal disease, a combination of an
angiotensin-II receptor blocker and an angiotensin-con-
verting enzyme inhibitor showed effect in retarding
progression of disease.”® In MYH9-related disease,
pharmacologic blockade of the renin-an%iotensin system
reduced proteinuria in four individuals.”” It seems rea-
sonable to start this treatment at the early stage of renal

insufficiency in individuals with MYH9 disorders.

Prevention of Hearing Impairment

There is no effective primary treatment of hearing loss,
although hearing aids and cochlear implants may be of
benefit. However, as the inner ear cilia are fixed in their
position by NMM-IIA, it is plausible that avoiding very
loud noises at younger ages may postpone deterioration
of ciliary function.

Pregnancy and Childbirth

Pregnancy and childbirth do not appear to be associated
with a major increase in bleeding complications in
individuals with MYH9 disorders. Furthermore, family
histories suggest that these conditions may not put
individuals at an increased risk for fetal or neonatal
intracerebral hemorrhage. MYH9 macrothrombocyto-
penia by itself does not mandate caesarean section.
However, in case of prolonged labor, caesarean section
might be less traumatic than other obstetric interven-
tions.

Vaccination

Individuals with MYH9 disorders should receive vacci-
nation for pertussis (to avoid cough-induced hemorrhage)
and measles (to avoid viral megakaryocytotoxicity).

Surgical Interventions

We have managed individuals with MYH9 disorders
through a wide variety of surgical interventions, in-
cluding dental extraction, tonsillectomy and adenec-
tomy, cataract lens replacement, caesarean section,
orthopedic joint replacement, cardiopulmonary bypass
surgery, and neurosurgical interventions. None of the
individuals showed severe hemorrhage, although den-
tal surgery was associated with greater bleeding than
usual. Our standard protocol is to give desmopressin
(DDAVP) 0.3 ng/kg body weight before surgery and
24 hours later, and to combine this with tranexamic
acid 0.5 g orally 3 times daily for 5 days after surgery
(local application by mouth rinse after dental extrac-
tion). When the platelet counts of individuals
with MYH9 disorders are monitored (e.g., before
and during interventions), it is important to use
always the same counting machine, as different ma-
chines show different error rates with giant pla-
telets, and a large unexpected decrease in platelet
counts may simply result from using another machine.
Sehbai et al’® reported a neurosurgical intervention
in a individual with MHA with administration of
DDAVP without bleeding complications. Hip arthro-
plasty has also been performed in an individual
with MYHO9-related disorder without abnormal
bleeding.79
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Thrombosis Prophylaxis after Surgery for MYH9
Disorders

Although their platelet counts are decreased, individuals
with MYHO9 disorders are not protected from thrombo-
sis.5° If DDAVP and antifibrinolytics are given, the risk

for

thrombosis might even be higher than that in the

normal populaltion,81 and thromboprophylaxis should be
strongly considered in situations (e.g., postsurgery) with
a high risk of thrombosis.

ABBREVIATIONS

BSS

Bernard-Soulier syndrome

DDAVP deamino-8-D-arginine vasopressin
EPS Epstein syndrome
FS Fechtner syndrome
GP glycoprotein
GPS gray platelet syndrome
IgG immunoglobulin G
ITP (auto)immune thrombocytopenia
MHA May-Hegglin anomaly
MLC myosin light chain
MPV mean platelet volume
MW molecular weight
MYH9 myosin heavy chain 9
NMM-ITA nonmuscle myosin ITA
NMMHC-IIA  nonmuscle myosin heavy chain ITA
P-LCR platelet-large cell ratio
SPS Sebastian platelet syndrome
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