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Objective: MYH9 disorders include autosomal dominant macrothrombocytopenias with leukocyte
inclusion bodies.  These disorders are caused by heterozygous mutations in MYH9, the gene encodes
nonmuscle myosin heavy chain-IIA.  However, it remains to be clarified how tail mutations make an
impact on the molecular property of myosin.
Methods: We used Baculovirus expression system, and successfully produced functional recombinant
nonmuscle myosin IIA (NMIIA) hexamer, and analyzed the actin-activated Mg2+-ATPase activities
and ability of filament formation.  As in vivo analysis, we over-expressed GFP-tagged MYH9 tail
mutants in HEL cells, and examined the proplatelet-like projections under TPA-induced differentiation.
Result: The ATPase activities of tail mutants were essentially the same as the wild type, indicating that
these tail mutations do not influence the motor activity of NMIIA.  The tail mutants failed to disassemble
to monomers upon the addition of ATP in contrast to the wild type.  Electron microscopic analysis also
revealed that the mutations impaired the ATP-induced disassembly of myosin filaments, and produced
large aggregates.  Consistent with these functional alterations of NMIIA, MYH9 tail mutants significantly
inhibited proplatelet-like projections in differentiated HEL cells.
Conclutsion: Tail mutations hampered the ATP-induced formation of a folded monomer of NMIIA
producing NMIIA aggregates and inhibiting dynamic actomyosin cytoskeletal rearrangements.  These
effects may contribute to the clinical features of MYH9 disorders.

Key words: MYH9 disorders, macrothrombocytopenias, leukocyte inclusion bodies, nonmuscle
myosin heavy chain-IIA, HEL cells

Introduction

ay-Hegglin anomaly (MHA) is one of the
hereditary thrombocytopenic disorders, which are

characterized by thrombocytopenia, giant platelets and
cytoplasmic inclusions in leukocytes (Döhle-like bodies).
Recently, mutations in MYH9, nonmuscle myosin heavy
chain IIA (NMMHC-IIA) have been shown to be
responsible for such hereditary macrothrombocytopenias
as MHA, and Sebastian, Fechtner, and Ebstein

syndromes.1,2  The term "MYH9-related disorders" has
been proposed as a clinical entity.  However, correlations
between specific MYH9 mutations and clinical
phenotypes have not been identified.

Nonmuscle myosin II is a hexameric mechanoenzyme,
composed of two heavy chains and two distinct classes
of light chains, which converts ATP energy to mechanical
work thus functioning as a molecular motor.3-5  Each N-
terminus of the heavy chain forms a globular head,
containing the ATP hydrolysis site and the actin binding
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site, and is thus called the motor domain.  The C-terminal
end of the head is complexed with a pair of light chains
and functions as a regulatory domain.  This is followed
by a long tail domain, where the heavy chains dimerize
via formation of a coiled-coil structure.  It is the C-terminal
end of the coiled-coil structure that is responsible for
myosin filament formation.6-8  After the end of the coiled-
coil, there is a nonhelical tail-piece containing
phosphorylation sites, which may influence filament
stability.9,10

Nonmuscle myosin is ubiquitously expressed and is
involved in many cell functions, such as cell motility,
cytokinesis, and membrane trafficking.  There are three
nonmuscle myosin isoforms, IIA, IIB, and IIC.4,5  Most
types of cells express both IIA and IIB isoforms, but only
IIA is expressed in blood cells.11  Accordingly, phenotypic
modulation by mutations of NMMHC-IIA in MHY9-
related disorders is most evident in blood cells.12  However
the molecular mechanisms by which the mutations of
NMMHC-IIA induce the clinical phenotypes are poorly
defined.

It was reported that, the MYH9 mutants in the motor
domain (N93K and R702C) of HMM (heavy meromyosin)
had impaired actin translocation activities in vitro.13

However, missense mutations of MYH9-disorder families
are centered in the tail domain.  The purpose of this study
was to understand the mechanism of the functional
deficiency of MYH9 tail mutations at the molecular and
cellular levels.  To address these questions, we expressed
functionally active, full-length myosin IIA, because it is
well known that interaction between the tail and the head/
neck region of nonmuscle/smooth muscle myosin
significantly influences myosin filament formation.14  The
properties of the tail domain alone may not, therefore,
reveal the physiological defects caused by tail mutations.

The present study focuses on the tail mutants including
E1841K, and successfully expressed full-length myosin
IIA for the first time and showed that the tail mutations
hamper ATP induced disassembly of myosin IIA.  To
investigate the effect of the mutation on blood cell
phenotype, we employed a HEL (human erythroleukemic)
cell line, which differentiates to the megakaryocytic
lineage with 12-O-tetradecanoyl-phorbol-13-acetate
(TPA), producing proplatelet-like projections.  With this
experimental model, we investigated the effects of
mutation of MYH9 on thrombopoiesis by genetic
manipulation.  Our results suggest that the tail mutations
disrupt the proper assembly/disassembly of myosin IIA,
thus preventing dynamic rearrangement of the myosin
filaments.  This may lead to perturbation of the
proplatelet-like projections in blood cells.

Materials and methods

Expression of nonmuscle myosin IIA and the mutants
with Baculovirus expression system
We successfully obtained whole hexamer molecules of
nonmuscle myosin IIA (wild type and the tail mutants),
consisting of a pair of heavy chains, essential light chains
and regulatory light chains (RLC), by using the method
previously reported.15  Briefly, the plasmids containing
either wild type or the mutant MYH9 were transformed
into DH10BAC Escherichia coli.  Recombinant bacmids
(recombinant virus DNA) were isolated and prepared for
transfection.  We co-infected Sf9 cells with three kinds
of recombinant bacmids, which contained respectively
either wild type or mutant MYH9, essential and regulatory
myosin light chains.  The expressed myosin molecules
were purified using Anti-FLAG M2-agarose (Sigma-
Aldrich, St. Louis, MO, USA).

Analysis of actin activated Mg2+-ATPase activity and
KCL dependent Mg2+-ATPase activity
To analyse actin activated Mg2+-ATPase activity, the full-
length recombinant nonmuscle myosin IIA (wild type,
D1424H, and E1814K) were incubated in buffer I (30mM
NaCl, 30 mM Tris-HCl (pH7.5), 1 mM MgCl2, 0.2 mM
CaCl2, 0.3 mM[γ-32P]ATP (10μCi/ml), 10μg/ml
calmodulin, 20μg/ml MLCK(with or without), 1 mg/ml
F-actin) for 10 minutes at 25℃.  To analyse KCL
dependent Mg2+-ATPase activity, the full-length
recombinant nonmuscle myosin IIA (wild type, D1424H,
and E1814K) were incubated under different salt
conditions in buffer II (1.5 mM Tris-HCl (pH7.5), 1 mM
MgCl2, 50μM[γ-32P]ATP (10μCi/ml), 1 mM EGTA)
for 10 minutes at 25℃.  The ATPase activities of myosin
IIAs were determined by measuring the liberated 32P as
described previously.16

Electron microscopy
Rotary shadowing electron microscopy of myosin IIA
was performed as described previously.17,18  Briefly,
myosin IIA samples, diluted to about 4 nM in EGTA-
600 solution (1 mM MgCl2, 30% glycerol, 1 mM EGTA,
600 mM ammonium acetate [pH7.0]), were absorbed
onto a freshly cleaved mica surface for 30 seconds.
Unbound proteins were rinsed away, and then the
specimen was stabilized by brief exposure to uranyl
acetate before shadowing.19  For negative staining, myosin
samples were applied to carbon-coated grids (which in
some cases were glow-discharged), and then stained with
1% uranyl acetate.



33

Construction of mammalian expression vectors of GFP
(green fluorescent protein)-tagged MYH9 and various
mutants
We used the pEGFP-C1 vector containing NMMHC-
IIA cDNA in frame as previously reported.20  According
to the previous reports, we generated 3 mutants of MYH9
(R702C, D1424H, E1841K), using site-directed
mutagenesis.  Each sequence was confirmed by direct
sequencing analysis.

Cell culture and transfection
HEL cells (American Type Culture Collection) were
cultured with RPMI1640 containing 10% fetal bovine
serum, 50 U/ml of penicillin, and 50μg/ml of streptomycin
(Invitrogen, Carlsbad, CA, USA).  For the overexpression
experiments, tranfection was performed using Effectene
reagent (Qiagen, Hilden, Germany) according to the
manufacturer's protocol.  After transfection, cells were
cultured in growth medium overnight, followed by
exposure to TPA (10 nM) for 96 hours to induce
differentiation.

RNA interference
Expression of nonmuscle myosin IIA was knocked down
using the siRNA system as described,21 and selected
sequences were submitted to a BLAST search to ensure
that only MYH9 gene was targeted.  The targeting
sequence of human MYH9 cDNA (NM_002473, Entrez
Gene ID 4627), AAGAAGCUGGUAUGGGUGCCU,
corresponding to the coding region 85-105bp of MYH9
was used for siRNA and synthesized by Dharmacon
Research (Chicago, IL, USA).  Double strand siRNA
was prepared according to the manufacturer's protocol
(Dharmacon, IL, USA), and transfected using
OLIGOFECTAMINE reagent (Invitrogen).  As a negative
control (nonspecific siRNA), Cy3-labelled nontargeting
siRNAs (Dharmacon) were used.  The siRNA-transfected
cells were cultured for further experiments.

Cell imaging
Cells were fixed with 4% formaldehyde for 10 minutes.
Cells were viewed using a Leica DM IRBE inverted
microscope equipped with a TCS SP2 confocal system
(excitation, 468 nm) with interference contrast accessories
(Leica Microsystems Inc., Wetzlar, Germany).  TIFF
(Tag Image File Format) images were acquired and
analyzed with LCS software and Adobe Photoshop 5.5
software (Adobe Systems Inc., San Jose, CA, USA).

Results

Biochemical properties of the nonmuscle myosin IIA
mutants
D1424H and E1841K mutations in the tail domain were
found in MHA patients.22,23  In the present study, we
elucidated the molecular mechanism by which the tail
mutations induce the clinical features of MHA.

To address this question, we investigated the effect of
the E1841K mutation on myosin IIA function at the
molecular level.  Because the mutation is in the tail
domain, we focused on the filament assembly of myosin
IIA.  To clarify the effect of the mutation on the filament
assembly of myosin IIA, we expressed full-length myosin
IIA, because assembly via the tail is regulated by
phosphorylation of the RLC in the head, and it is thought
that interaction between the tail and the head/neck is
involved in stabilizing the disassembled myosin II.14,24,25

We successfully expressed and purified the full-length
myosin IIA containing the two classes of light chains
(Figure 1B).  The actin-activated ATPase activity was
measured in the presence of Ca2+ and EGTA, respectively,
in the presence of calmodulin and myosin light chain
kinase.  The ATPase activity of the wild type was
markedly activated in the presence of Ca2+ due to
phosphorylation of the RLC (Figure 2A), but not when
myosin light chain kinase was absent (not shown).  The
actin-activated ATPase activity in Ca2+ was comparable
to that reported for the natural isolate from platelets.26,27

The actin-activated ATPase activities of E1841K and
D1424H mutants were essentially the same as the wild
type (Figure 2A).  These results indicate that the recombinant
full-length myosin IIA retains the authentic properties of
the RLC phosphorylation dependent actin-activated
ATPase activity of tissue-isolated myosin IIA. The results
also suggest that E1841K and D1424H mutations do not
influence the motor activity of myosin IIA.

It is well known that the basal Mg2+-ATPase activity
of smooth and nonmuscle myosin II is inhibited at low
ionic strength.28  As shown in Figure 2B, the Mg2+-ATPase
activity of the recombinant wild-type myosin IIA was
markedly inhibited at low ionic strength.  This result is
similar to that of the natural isolates, further supporting
the conclusion that the recombinant myosin IIA retains
its authentic properties.  The ATPase activities of the
two mutants were also significantly changed between
0.2 and 0.3 M KCl concentration.  This result suggests
that the mutations in the tail domain did not influence the
basal ATPase activity of myosin IIA.

MYH9 mutation inhibits nonmuscle myosin IIA
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Figure 2.  The ATPase activity of full-length myosin IIA and its mutants

A. Actin-activated ATPase activity of full-length myosin IIA.  B. The KCL dependence of the basal ATPase activity of the full-length
myosin IIA
Wild type, open triangle; E1424H, open circles; E1841K, closed circles

Kamata H. et al.

Figure 1.  Expression of full-length myosin IIA

Each recombinant nonmuscle full-length myosin IIA was purified using Baculovirus system and incubated under the different salt
conditions as described.  A. Schematic diagram of the full-length myosin IIA construct.  B. SDS-PAGE of the purified myosin IIA.
ELC, essential light chain; RLC regulatory light chain
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Figure 3.  Electron microscopy reveals the abnormal filament formation of NMMHC-IIA mutants

A, B. Negatively stained images of wild-type myosin; D, E. D1424H; and G, H. E1841K; and C, F, I. metal shadowed images of the wild-
type and mutant myosins.  A, D, G. The filamentous state of the myosins was visualized in the absence; and B, E, H. in the presence of
ATP; and C, F, I. single molecules were visualized in the presence of ATP.  A, D, E, G. White arrowheads in panels and inset images
indicate the position of head-to-head association between the mini filaments of large aggregates.  B. Gallery shows shorter (upper panel)
and longer (lower panel) minifilaments, observed with wild-type myosin in the presence of ATP.  E, H. Inset images show triangular
shaped aggregates of D1424H filaments and enlargement of one end of E1841K aggregates, indicated by the white arrow.  C. Black
arrowheads indicate the folded structure of wild-type myosin.  F. Black arrows indicate the typical structure of extended D1424H myosin
molecules.  I. Asterisk shows typical association among E1841K myosin molecules.  Scale bars are in μm.

MYH9 mutation inhibits nonmuscle myosin IIA



36

Microscopic structures analysis of the nonmuscle myosin
IIA mutants
To further address this issue, we used electron microscopy
to examine the effect of mutation on the assembly/
disassembly of myosin filaments.  In the absence of ATP,
myosin IIA (wild type) formed a self-assembled structure
in which myosin minifilaments associated end-to-end to
form large aggregates (Figure 3A).  Upon the addition of
ATP, the aggregates of wild-type myosin IIA
disassembled to minifilaments and nonfilamentous
molecules (Figure 3B,C).

The nonfilamentous molecules were visualized at
reduced protein concentration using rotary shadowing,
and were found to be predominantly monomeric, with
few dimers.  The monomers predominantly showed a
folded conformation with two heads associated with the
tail (Figure 3C), consistent with the structure previously
observed for platelet myosin II.24  Because only myosin
IIA among various myosin II isoforms is expressed in
platelets, this result suggests that the expressed

recombinant myosin IIA shows the same molecular
conformation as the natural isolates.  The minifilaments
appeared to be composed of approximately 4 to 6
molecules with a bipolar arrangement and a bimodal
length distribution, the shorter ones (143 ± 10 nm (n =
13); upper panel of montage in B) and the longer ones
(173 ± 6.8 nm (n = 11); lower panel).  This suggests that
myosin molecules in the minifilaments are partially
unfolded (assuming that the extended myosin tail length
is approximately 162 nm and the fully folded tail is
approximately 60 nm.29

In the absence of ATP, the D1424H mutant formed
large head-to-head aggregates similar to those formed
by the wild type (Figure 3D).  However, in contrast to the
wild type, these aggregates failed to disassemble to
monomers upon the addition of ATP (Figure 3E).  We
observed some rearrangement of the minifilaments into
triangular shaped aggregates in which the head portion
of the molecules associated with each other (Figure 3E).
The length of these minifilaments in the presence of ATP

Figure 4.  Impaired TPA-induced proplatelet-like projections of HEL cells by overexpression of NMMHC-IIA mutants

A. Constructs of GFP-tagged NMMHC IIA and its mutants.  The schema shows the constructs used in this study.  NMMHC-IIA was
tagged with GFP at its N-terminal.  We made 3 mutants of NMMHC-IIA (R702C, D1424H, E1841K) at the head domain and at the two
different sites of the tail domain, respectively.
B. The representative GFP images of the HEL cells transfected with GFP-tagged either (a) wild type, (b) R702C, (c) D1424H, or (d)
E1841K of MYH9 under the TPA containing media.  White arrowheads represent proplatelet-like projections. Scale bar, 20μm
C. Effect of myosin IIA overexpression on the production of the proplatelet-like projections.  HEL cells were transfected with pEGFP-
C1 expression vector, shown in A.  The number of the cells producing the proplatelet-like projections was compared after incubation for
96 hours with TPA containing media.  Each bar demonstrates the percent population of differentiated HEL cells with proplatelet-like
formation among the transfected cells.  The values shown are the means ± SE from at least three independent experiments.

Kamata H. et al.
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was 277 ± 14 nm (n = 10), was similar to the length of
wild-type minifilaments in the absence of ATP (262 ±
18 nm (n = 8).  This result suggests that these minifilaments
are likely to be formed from fully extended myosin
monomers.

At low protein concentration and dilution of myosin
IIA directly from high to low ionic strength, we saw
some monomeric D1424H myosin upon the addition of
ATP.  Interestingly, while the head shape of monomeric
myosin II of this mutant was similar to the wild type, the
tail was extended, not folded (Figure 3F, C).  Since the
folded conformation promotes filament disassembly,24,30-32

the tendency of the mutant tail not to fold can explain the
continued existence of minifilaments in the presence of
ATP (Figure 3E)

In the absence of ATP, the E1841K mutant also
formed long head-to-head aggregates (Figure 3G); and
in the presence of ATP, large aggregates remained (Figure
3H) significantly larger than those of D1424H mutants.
By observing the ends of these aggregates, where staining
was thinnest, they were seen to be built from a unit
structure similar to that of D1424H, in which myosin
minifilaments associate head-to-head (Figure 3H).  Rotary
shadowing images of the E1841K mutant at low
concentration showed a predominantly aggregated form
of myosin (Figure 3I).

Overexpressed myosin IIA mutants impaired the
proplatelet-like projections of HEL cells under
TPA-induced differentiation.
We constructed mammalian expression vectors,
containing GFP-tagged MYH9 cDNA, either wild
type or three mutants, as previously reported7

(Figure 4A).  The GFP was attached at the N-
terminal end, which has been shown not to hamper
molecular function, such as ATPase activity and
filament formation.7

We overexpressed the MYH9 variants in HEL
cells and studied the effects on differentiation to
the megakaryocytic lineage, because HEL cells
differentiate to the megakaryotic lineage with TPA.
Fully differentiated cells with good proplatelet-
l ike project ions were observed in cel ls
overexpressing GFP-tagged MYH9 (wild type)
(Figure 4B,C), similar to nontransfected cells (not
shown).  For the mutant-overexpressing cells, we
observed only a few poorly differentiated
projections.  Furthermore, the number of cells
showing the projections was significantly less than
that of the wild type even when we included the
poorly differentiated ones (Figure 4C).  We found

that the GFP-tagged wild type and all the three MYH9
mutants can assemble to form filamentous structures,
although E1841K showed a more punctate pattern.

Induction of stabilizing mutants myosin filaments also
inhibited the proplatelet-like protrusion of HEL cells.
Based upon these findings, we hypothesized that the
abnormal filament stability of the E1841K and D1424H
mutants is responsible for the inhibitory effect on
projection formation.  In other words, the inhibition of
disassembly of myosin filaments prevents the dynamic
reorganization of myosin structure in cells needed for
formation of proplatelet-like projections.  To verify this
hypothesis, we attempted to stabilize the myosin filaments
in a different way and examined whether or not we could
observe the inhibition of proplatelet-like projections.

Phosphorylation of the RLCs at Ser19 and Thr18
induces myosin filament formation, and acidic residues
at these sites can mimic this effect of phosphorylation on
filament formation.33  We induced myosin filaments by
overexpressing the T18D/S19D mutant of the RLC.  We
previously observed that overexpressed T18D/S19D
mutants successfully replace endogenous RLC and
induced stress fibers in fibroblasts.20

Figure 5.  Impaired TPA-induced proplatelet-like projections of HEL
cells by overexpression of the T18D/S19D mutant RLC

HEL cells were transfected with pTracer-CMV expression vector,
containing either wild type or T18D/S19D mutant of RLC cDNA.  The
number of the cells producing the proplatelet-like projections was
compared after incubation for 96 hours with TPA containing media.
Each bar demonstrates the percent population of differentiated HEL
cells with proplatelet-like formation among the transfected cells.  The
values shown are the means ± SE from at least three independent
experiments.

MYH9 mutation inhibits nonmuscle myosin IIA
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We transfected HEL cells with pTracer-CMV
mammalian expression vector containing RLC cDNA
and overexpressed the T18D/S19D mutant or wild-type
RLC in HEL cells.  The pTracer-CMV expression vector
contains a super GFP expression cassette under the control
of an SV40 promoter, with the inserted foreign gene
under the control of a cytomegalovirus promoter.
Therefore, transfected cells expressing non-GFP-tagged
RLC can be selected by the fluorescence of the

independently expressed GFP.  This system can eliminate
possible artifacts of GFP-tagging.  As shown in Figure 5,
overexpressed T18D/S19D mutants significantly
interfered with the proplatelet-like projections.

Knockdown of MYH9 had no inhibitory effects on the
protrusions.
We tried to knock down myosin IIA expression in HEL
cells using RNA interference, to study the role of myosin

Figure 6.  Effects of NMMHC-IIA gene-silencing with siRNA on TPA-induced differentiation of HEL cells

A. The successful gene-silencing of NMMHC-IIA was obtained 9 days after the transfection.  HEL cells were transfected with siRNA,
and the whole cells were lysed after the indicated time and the same amount of proteins were applied to the Western blot analysis using
anti-nonmuscle myosin IIA antibodies detected with horse-radish peroxydase (HRP)-conjugated anti-rabbit IgG antibodies.
B. HEL cells transfected with siRNA of either (a and c) nonspecific control or (b and d) MYH9 were differentiated with TPA and applied
to the immunostaining.  (a and b) FITC-conjugated secondary antibodies detected anti-NMMHC-IIA antibodies, and (c and d) Texas
Red-conjugated secondary antibodies detected antitubulin antibodies.
Scale bar, 20μm

Kamata H. et al.
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IIA on proplatelet-like projections.  We transfected HEL
cells with the siRNA of MYH9 and confirmed with
Western blot that myosin IIA was successfully knocked
down by day 9 after transfection (Figure 6A).  Next we
examined the formation of the proplatelet-like projections
of the HEL cells transfected with siRNA of MYH9.  As
shown in Figure 6B, by staining with anti-alpha-tubulin
antibodies, we found that the MYH9-knocked-down cells
produced nicely elongated proplatelet-like projections
similar to the control cells.  These results demonstrate
that MYH9 itself is not essential for the proplatelet-like
projections of HEL cells.

Discussion

In this study, we elucidated the molecular mechanisms
of hereditary macrothrombocytopenia.  Because it has
been reported that the mutation of MYH9 (NMMHC-
IIA) is responsible for this disease, we investigated what
functional deficiency of myosin IIA caused by missense
mutations is responsible for abnormal platelet
development and the inclusion bodies in leukocytes.  We
also examined how this mutation hampers normal
thrombopoiesis.

We employed human leukemic cell line, HEL cells,
which can be differentiated to the megakaryocytic lineage
with TPA, producing proplatelet-like projections, and
investigated how nonmuscle myosin IIA is involved in
the cytoskeletal reorganizations during this differentiation.

Because MHA is an autosomal dominant hereditary
disorder,1 we anticipated that the overexpression of MYH9
mutants might have induced some clinical phenotypes.
We found that the overexpression of MYH9 mutants in
HEL cells impaired the proplatelet-like projections during
differentiation with TPA. Interestingly, the impaired
proplatelet-like projection phenotype was similar to that
observed in the MHA patients.  Megakaryocytes from
MHA patients have previously been shown to disturb
cytoplasmic maturation34 and decreased proplatelet-
projections.35  This suggests that our model using
differentiated HEL cells reflects important aspects of
abnormal megakaryopoiesis and thrombopoiesis actually
taking place in MHA patients.

To understand the molecular basis of the impaired
proplatelet-like projections, we examined the effect of
tail mutations on the myosin IIA function.  The full-length
myosin IIA that we expressed showed phosphorylation-
dependent actin-activated ATPase activity that is similar
to the natural isolates.  Moreover, KCL dpendence of the
basal ATPase activity were much alike the natural isolates.
These results indicate that the recombinant myosin IIA

retains authentic function.  While E1841K and D1424H
mutations did not affect the actin-activated ATPase
activity, they inhibited the disassembly of myosin IIA
filaments.  Wild-type smooth muscle and nonmuscle
myosin IIA forms a folded conformation in which the
tail domain is bent back to the head-neck region at
physiological ionic strength in the presence of ATP.24,30,31

This conformation is destabilized by RLC phosphorylation
or increasing ionic strength to form an extended conventional
conformation.24,28,32,36  Because the folded conformation
is unfavorable for filament formation, it is thought that
its production is closely correlated with filament
disassembly.  For the D1424H mutant, we observed that
the monomeric myosin predominantly forms an extended
conformation in contrast to the wild type (Figure 3).  For
the E1841K mutant, a large number of myosin aggregates
was found (Figure 3), presumably due to inhibition of
the formation of the folded conformation.  We conclude
that these mutations destabilize the formation of the folded
conformation of myosin.  These results are also consistent
with the clinical features that E1841K mutant is prone to
make large spindle-shaped inclusions with filaments in
leukocytes, while Sebastian syndrome patients having
D1424H mutation show rather small round or oval
inclusions.37

It is noteworthy that the structure of the myosin
aggregates of the E1841K and D1424H mutants.  It seems
that the myosin minifilaments associate with each other
at the head/neck domain.  A similar structure was reported
in neuronal cells after saponin treatment,38 suggesting
that the observed structure can be present in cells.  Length
measurement of the mutant minifilaments revealed that
E1841K and D1424H myosin molecules are assembled
into minifilaments in the presence of ATP in the extended
form, in contrast to wild-type myosin, which is partially
folded.  We conclude that the tail mutations hamper the
ATP induced formation of the folded conformation thus
stabilizing the filaments of myosin IIA.

In nonmuscle cells, myosin filaments are thought to
mediate cell movements and cytoskeletal reorganization
by an assembly/disassembly cycle in response to signals
regulating RLC phosphorylation.  Therefore, it is likely
that the perturbation of this assembly/disassembly cycle
by the MYH9 mutations is involved in the decreased
proplatelet projections found in MHY9-related disorders.
This idea is supported by reduction in the number of
projections by overexpression of the RLC mutant (T18D/
S19D), which mimics phosphorylated myosin, thus
stabilizing the myosin filaments.20  These results suggest
that abnormal myosin filament stability impairs the
proplatelet-like projections in HEL cells.

MYH9 mutation inhibits nonmuscle myosin IIA
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Surprisingly, silencing the MYH9 gene caused no
significant effect on projection formation.  We suggest
that the disassembly of myosin IIA filaments leads to
microtubule expansion into the proplatelet-like projection,
bcause microtubules are the main structural component
of proplatelets.  Consistent with this view, it was recently
demonstrated that loss of myosin IIA induced nonpolarized
membrane ruffling associated with the expansion of
microtubules into the leading lamella.39  This finding is
consistent with the present observation that the mutations
at E1841K and/or D1424N hampered the induction of
the proplatelet-like projections in the HEL cells, which
is caused by the impairment of disassembly of the
filaments.  Thus, the stabilization of myosin IIA filaments
by mutations at E1841K and/or D1424N could hamper
induction of the proplatelet-like projections.  These results
suggest that disassembly of the filaments, i.e., a dynamic
rearrangement of myosin structure, may be essential,
while a large number of myosin filaments may not be
required for the proplatelet-like projections.

It was recently reported that the D1424N mutation
results in an unstable protein causing approximately 50%
decrease in the total amount of nonmuscle myosin IIA in
platelets.40 Another group demonstrated that the protein
level of NMMHC-IIA was decreased in megakaryocytes
in MYH9-related disease patients having the E1841K
mutation as well as other missense mutations, such as
E1933X and/or D1424N.41  Based on these findings, they
proposed that haploinsufficiency was responsible for the
pathogenesis of the May-Hegglin anomaly.  However
their results showed that the NMMHC-IIA level in
granulocytes was significantly lower than that in
megakaryocytes and platelets in the patients.  Because
they applied the samples after centrifugation in their low
ionic strength lysis buffer, in which, according to our
data, the mutant myosins are insoluble (Figure 2), it is
likely that their western blot samples may have lost the
inclusion bodies and filamentous aggregates of myosin
mutants.  Supporting this view, the elimination of myosin
IIA did not show a significant phenotype of the differentiated
HEL cells in the present study.

A recent in vivo study showed that MYH9+/- mice
were viable and fertile without gross anatomical,
hematological, or nephrological abnormalities with the
normal cytoplasmic distribution of NMMHC-IIA.42

Elimination of actin filaments by cytochalasin also does
not affect proplatelet-project formation of megakaryocytes.43

These findings support the idea that haploinsufficiency
is not a major reason for the abnormal proplatelet-like
projections.  Futhermore, heterozygous and homozygous
mutant mice in MYH9 (R702C, D1424N, and E1841K)

show macrothrombocytopenias with prolonged bleeding
times, a defect in clot retraction, and increased
extramedullary megakaryocytes.44

Recent electron microscopic analysis of paracrystal
morphology of the mutant MYH9 rod (R1165C, D1424N,
E1841K, and R1933Stop) containing LMM (light
meromyosin) and a part of the S2 fragment without the
motor head-light chain domains, revealed that mutant
rods have a dominant effect on nonmuscle myosin IIA
assembly.45  The E1841K mutant can only form very
short paracrystal-like structures with frayed ends, and
similar structures are observed when mixed with the wild
type (dominant activity).  Based on these results, we
hypothesed that the mutant prevents assembly of wild-
type filaments in vivo.

However, unlike striated myosin II, filament formation
by smooth muscle myosin and nonmuscle myosin IIA is
regulated by RLC phosphorylation (in the neck domain
of the head) and interaction between the tail and the
head-neck domain is critical for regulation of filament
formation.  While myosin assembly domains are located
at the C-terminal portion of the tail,6-8 dephosphorylation
of smooth muscle and nonmuscle myosin II induces
filament disassembly to monomers due to formation
of a folded conformation, which is unfavorable for
intermolecular assembly.24,30,31  Therefore, it is critical to
examine full-length myosin IIA for the effects of missense
mutations on the assembly/disassembly of filaments. In
the present study, we demonstrated that each full-length
mutant MYH9 can form filaments in vitro similar to the
wild type, and that the difference is an inability to
disassemble normally like the wild type.

Among other mutations of MYH9 ,  we also
demonstrated that the R702C head mutant interferes with
proplatelet-like projections in differentiated HEL cells
(Figure 4).  While this mutation affects the ATPase
activity of myosin IIA,13 it is also known that modification
of myosin II in the head can cause the stabilization of
filaments by obstructing the formation of a folded
conformation, possibly by destabilizing the interhead
interaction observed by 2D crystal analysis of the inhibited
form of smooth muscle myosin,46 which may be necessary
for head-tail binding.47  Therefore, it is plausible that this
mutation influences the filament disassembly by
destabilizing the interhead interaction observed in the
inhibited form.

These results indicate that the obstruction of filament
disassembly of myosin IIA by MHA mutation inhibits
proplatelet-like projections during megakaryocytic
differentiation of HEL cells.  We propose that the
dominant negative effects of the mutant myosin would
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be the key for the pathophysiology of MYH9-related
disorders.
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