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Actomyosin filament assembly is a critical step in tumor cell migration. We previously found that myosin
binding protein H (MYBPH) is directly transactivated by the TTF-1 lineage-survival oncogene in lung ade-
nocarcinomas and inhibits phosphorylation of the myosin regulatory light chain (RLC) of non-muscle
myosin IIA (NM IIA) via direct interaction with Rho kinase 1 (ROCK1). Here, we report that MYBPH also
directly interacts with an additional molecule, non-muscle myosin heavy chain IIA (NMHC IIA), which
was found to occur between MYBPH and the rod portion of NMHC IIA. MYBPH inhibited NMHC IIA assem-
bly and reduced cell motility. Conversely, siMYBPH-induced increased motility was partially, yet signif-
icantly, suppressed by blebbistatin, a non-muscle myosin II inhibitor, while more profound effects were
attained by combined treatment with siROCK1 and blebbistatin. Electron microscopy observations
showed well-ordered paracrystals of NMHC IIA reflecting an assembled state, which were significantly
less frequently observed in the presence of MYBPH. Furthermore, an in vitro sedimentation assay showed
that a greater amount of NMHC IIA was in an unassembled state in the presence of MYBPH. Interestingly,
treatment with a ROCK inhibitor that impairs transition of NM IIA from an assembly-incompetent to
assembly-competent state reduced the interaction between MYBPH and NMHC IIA, suggesting that
MYBPH has higher affinity to assembly-competent NM IIA. These results suggest that MYBPH inhibits
RLC and NMHC IIA, independent components of NM IIA, and negatively regulates actomyosin organiza-

tion at 2 distinct steps, resulting in firm inhibition of NM IIA assembly.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Cell migration is a critical step in tumor invasion and metastasis,
while the contractile motion of cancer cells is associated with con-
tinuous structural transitions between assembled and disassem-
bled states of actomyosin bundles [1-3]. Non-muscle myosin II
(NM II), a major component of the actomyosin cytoskeleton, is com-
prised of 2 non-muscle myosin heavy chain (NMHCs), 2 myosin
essential light chains (ELCs), and 2 myosin regulatory light chains
(RLCs). In human cells, 3 NMHCs (IIA, IIB, and IIC) are encoded by
distinct genes (MYH9, MYH10, and MYH14, respectively) and con-
stitute the NM Il isoforms, which are named NM IIA, NM 1IB, and NM
IIC, respectively [4,5]. Accumulating evidence indicates that NM Il
members, especially NM IIA, play crucial roles in cancer cell migra-
tion via bivalent binding to and linking of actin filaments [6-8].

One of the major activators of the NM II assembly is Rho kinase
1 (ROCK1), a downstream effector of RhoA, which phosphorylates
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RLC and induces subsequent unfolding of NM II into an assem-
bly-competent form. This assembly-competent NM II is capable
of NM II dimer formation via assembly of NMHC [9,10]. It has also
been shown that RLC phosphorylation is crucially involved in cell
morphogenesis and motility, as well as cancer invasion and metas-
tasis [11-14]. In contrast, little is known about the regulatory
mechanisms of the subsequent NMHC IIA assembly steps, while
previous reports have focused on regulatory phosphorylation of
NMHC by protein kinase C (PKC), casein kinase II (CK II), and tran-
sient receptor potential melastatin 7 (TRPM7) at the C-terminus of
the NMHC [15,16].

TTF-1 is a lineage-specific transcription factor required for the
development and the physiological functions of peripheral lung
[17-19]. TTF-1 is also expressed in a major fraction of lung adeno-
carcinomas, which appears to reflect their derivation from the ter-
minal respiratory unit [18,19]. We and others previously identified
that TTF-1 also plays a role as a lineage-survival oncogene and
exhibits focal amplification in lung adenocarcinomas [20-23]. In
addition, we recently found that TTF-1 induces expression of the
receptor tyrosine kinase-like orphan receptor 1 (ROR1), which in
turn sustains a favorable balance between prosurvival PI3K-AKT
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and pro-apoptotic p38 signaling [24]. However, TTF-1 expression is
paradoxically known to be associated with favorable prognosis in
lung adenocarcinoma patients [25], which can be explained, at
least in part, by our recent discovery that myosin binding protein
H (MYBPH) is directly transactivated by TTF-1 and inhibits RLC
phosphorylation via direct interaction with ROCK1, which in turn
reduces cell motility and metastasis [26].

Here, we report findings showing that MYBPH has another
mode of inhibitory activity in regulation of NM IIA through direct
binding to NMHC IIA, suggesting the existence of dual roles of
MYBPH for firmly imposing inhibition of NM IIA assembly.

2. Materials and methods
2.1. Materials

Antibodies, reagents, PCR primers, siRNAs and recombinant
proteins are summarized in Supplementary Tables 1-3.

2.2. Immunoprecipitation-Western blot analysis (IP-WB)

Cells (2 x 107) were lysed with modified RIPA buffer containing
50 mM Tris-HCI (pH 8.0), 1 mM EDTA, 1% NP-40, 0.5% deoxycho-
late, 0.1% SDS, 20 mM B-glycerophosphate (pH 7.6), 50 mM NaF,
1 mM NasVOy4, and 150 mM NacCl, supplemented with Complete
Protease Inhibitor Cocktail Tablets (Roche) and incubated with
each antibody (5 pl) overnight at 4 °C, followed by addition of
80 pl of 50% protein G Sepharose (GE Healthcare) and subsequent
incubation for 1h. The immunoprecipitates were analyzed by
Western blotting. In the input lane, a 1/100 amount of total cell ly-
sate was applied to samples used in the immunoprecipitation
experiments. In some experiments, NCI-H441 cells were treated
with Y-27632 (5 uM) for 15 min before being harvested.

2.3. Negative staining and electron microscopy

The rod portions (0.66 pnM) of GST-tagged NMHC IIA, and His-
tagged MYBPH-wt or His-tagged MYBPHA-(1 + 2 + 3) were incu-
bated in 100 pl of reaction mixture containing 10 mM Tris-HCI
(pH 7.5), 0.1 mM EGTA, 1 mM EDTA, and 2.5 mM MgCl,, supple-
mented with Complete Protease Inhibitor Cocktail Tablets in the
presence of 150 mM NaCl overnight at 4 °C. For negative staining,
aliquots of protein solution were placed on copper grids covered
with carbon film and keep still for about 1 min to allow for adsorp-
tion of the molecules on the grids, after which the grids were
washed with several drops of 2% uranyl acetate solution. Excess
staining solution remaining on the grids was quickly absorbed
with filter papers and dried. Images were obtained using a Hitachi
H-7600 electron microscope (access 100 kV) onto film at a magni-
fication of 50,000x and further processed with Adobe PHOTOSHOP
software (Adobe Systems).

2.4. NMHC IIA sedimentation assay

The rod portions (0.66 pM) of GST-tagged NMHC IIA, and His-
tagged MYBPH-wt or His-tagged MYBPHA-(1 + 2 + 3) were incu-
bated in 100 pl of reaction mixture containing 10 mM Tris-HCl
(pH 7.5), 0.1 mM EGTA, 1 mM EDTA, and 2.5 mM MgCl,, supple-
mented with Complete Protease Inhibitor Cocktail Tablets in the
presence of various concentrations of NaCl overnight at 4 °C. After
ultracentrifugation at 186,000g for 60 min at 4 °C in a TLA 55 ultra-
centrifuge (Beckman), the supernatants were subjected to Western
blot analysis. Western blot images of triplicate experiments were
analyzed using Image] software with the input NMHC IIA utilized
as a normalization control.

Other materials and methods are given in the Supplementary
data.

3. Results and discussion

3.1. Combined treatment with siROCK1 and non-muscle myosin
inhibitors inhibited cell motility increased by siMYBPH treatment

We recently showed that MYBPH inhibits ROCK1, and reduces
cell motility and metastasis [26]. To better understand the func-
tions of MYBPH in actomyosin organization, we treated MYBPH-
silenced NCI-H441 cells with an NM II inhibitor blebbistatin [27].
Interestingly, increased cell motility of MYBPH-silenced NCI-
H441 cells was partially suppressed by either siROCK1 or blebbist-
atin treatment, while combined treatment with those exhibited
more profound effects than each alone (Fig. 1A). Another NM II
inhibitor, 2,3-butanedione monoxime (BDM) [28], showed similar
results (Fig. 1B). These findings suggest that MYBPH affects the
assembly process of NM II not only at the ROCK1-mediated myosin
regulatory light chain (RLC) phosphorylation step, but also via an-
other as yet unidentified mechanism.

3.2. MYBPH binds to rod portion of NMHC IIA

It is well known that assembly of NMHC IIA is a crucial step
toward actomyosin organization, because of its requirement for
facilitating cell migration activity [4-8]. Therefore, we speculated
that MYBPH somehow inhibits the NMHC IIA assembly process.
To test this, we first examined the interaction between MYBPH
and NMHC IIA using immunoprecipitation-Western blotting
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Fig. 1. Combined treatment with both siROCK1 and non-muscle myosin inhibitors
inhibits increased cell motility induced by siMYBPH. (A) Motility assay in NCI-H441
cells co-treated with si-ROCK1 and the non-muscle myosin-specific inhibitor
blebbistatin [27], as compared to each alone. Bars, mean * SD; *P < 0.05; **P < 0.005.
(B) Motility assay in NCI-H441 cells co-treated with si-ROCK1 and pan-myosin
inhibitor 2,3-butanedione monoxime (BDM) [28], as compared to each alone. Bars,
mean * SD; *P < 0.05; **P < 0.001.
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Fig. 2. MYBPH binds to the rod portion of NMHC IIA. (A) Immunoprecipitation-Western blot (IP-WB) analysis in MDCK cells expressing exogenous MYBPH. VC, vector
control. (B) Top panel: findings of IP-WB analysis using anti-NMHC IIA antibody in H441 cells expressing endogenous MYBPH. Bottom panel: IP-WB analysis using anti-
MYBPH antibody. (C) In vitro protein-protein binding assay of purified proteins of MYBPH and rod portion of NMHC IIA. The binding assay was performed as previously
described [26]. (D) Top panel: schematic representation of domain organization of MYBPH. Bottom panel: in vitro protein-protein binding assay between MYBPH and NMHC

IIA.

(IP-WB) analysis, and found that MYBPH bound to NMHC IIA in
MYBPH-over-expressing MDCK cells, as well as NCI-H441 cells that
endogenously express MYBPH (Fig. 2A and B). To assess the speci-
ficity of this interaction, an in vitro protein-protein binding assay
using recombinant proteins was performed, which clearly demon-
strated that MYBPH directly interacts with the rod portion of
NMHC IIA (Fig. 2C). We also investigated which domain of MYBPH
is important for its binding to the rod portion of NMHC IIA using
various deletion mutants. The fibronectin type Il domain of
MYBPH was shown to be required for MYBPH binding to NMHC
IIA (Fig. 2D), which appears to be in agreement with its structural
resemblance to MYBPC [29].

3.3. MYBPH inhibits NMHC IIA assembly

To examine the effect of MYBPH on NMHC IIA assembly, we
performed electron microscopy analysis, and visualized the assem-
bled structures of NMHC IIA rod fragments in the presence of
either wild-type MYBPH or an MYBPH-A (1 + 2 + 3) mutant. The
rod-portion of NMHC IIA formed long and well-ordered paracrystal
structures in the presence of an MYBPH-A (1+2+3) mutant,
which lacks a capacity to bind to NMHC IIA, whereas those para-
crystals were poorly developed in the presence of wild-type
MYBPH. (Fig. 3A). To confirm that MYBPH inhibits NMHC IIA
assembly, we also performed sedimentation assays under various
salt concentrations using the rod portion of NMHC IIA, and either
wild-type MYBPH or the MYBPH-A (1 +2 +3) mutant. A greater
amount of unassembled NMHC IIA was observed in the presence
of the wild-type than with the mutant (Fig. 3B). These results indi-
cated that MYBPH inhibited the assembly of NMHC IIA through di-
rect interaction. Phosphorylation of NMHC IIA on its tail region has
been shown to cause NMHC IIA disassembly [5], suggesting its
potential involvement. However, MYBPH did not appear to be

involved in that process, since the phosphorylation status of NMHC
[IA was not affected by knockdown of MYBPH in NCI-H441 cells or
its over-expression in MDCK cells (Fig. 3C).

3.4. MYBPH has higher affinity to assembly-competent NMHC IIA
monomer

Upon RLC phosphorylation, assembly-incompetent NM IIA un-
folds and changes to an assembly-competent form, which is a pre-
requisite prior to forming bipolar NM IIA filaments and
consequential linking of actin filaments [4,5]. IP-WB analysis
showed reduced interaction between MYBPH and NMHC IIA in
NCI-H441 cells treated with the ROCK inhibitor Y-27323, which
impairs transition of NM IIA from an assembly-incompetent
to -competent state (Fig. 3D), suggesting that MYBPH has a higher
affinity to assembly-competent NM IIA. In order to examine
whether MYBPH preferentially interact with the monomer form
of NMHC IIA and inhibit its assembly, we performed in vitro binding
assays using purified proteins of MYBPH and the rod portion of
NMHC IIA under low and high salt concentration conditions, in
which NMHC IIA is presumed to be in a predominantly dimer and
monomer state, respectively. Our results demonstrated that
MYBPH binds to NMHC IIA more efficiently in high as compared
to low salt concentrations (Fig. 3E). Thus, MYBPH has a higher affin-
ity to the assembly-competent and monomer forms of NMHC IIA.

3.5. Organization of peripheral actomyosin bundles induced by MYBPH
knockdown counteracted by simultaneous treatment with non-muscle
myosin inhibitors

MYBPH knockdown induces co-localization of NMHC IIA with
the peripheral actin bundles, forming peripheral actomyosin
bundles in NCI-H441 cells [26]. The present findings showed that



176

NMHC I1A (rod) +

Y. Hosono et al./Biochemical and Biophysical Research Communications 428 (2012) 173-178

NMHC IIA (rod) + 2
A YBPHA(1+2+3) MYBPH-wt B 100 -,
3
<
2
= 50
- =
o T
>3
2E
3 3 & MYBPH wt
- g B MYBPH-A(1+2+3)
350
050 150 600
Nacl (mM)
C NCI-H441 MDCK D NCI-H441 E s és
T ] ) £
Q o N o0 & [~
6"@ gb {?f’s’gé} "?(‘?(kna)
2 5o § uow § & § A e His-MYBPH <« s - 75
p-NMchA-:- - 2 MYBPH s s =50 GST-NMHG [1A (rod) s b =150
2350 NMHC A== .
NMHC [1A " s - e S = 150 IP: GST
=10 IP: MYBPH NMHC IIA

=75
MYBPH == - 50

c-tubulin ee— — - 5)

Fig. 3. MYBPH inhibits NMHC IIA assembly and has higher affinity to assembly-competent NMHC IIA monomer. (A) Electron microscopy analysis. Bar indicates 200 nm. (B)
Sedimentation assay using rod portion of NMHC IIA in presence of wt-MYBPH. Bars, mean # SD; *P < 0.01; **P < 0.005. (C) Western blot analysis in HCI-H441 cells knocked
down for MYBPH or MDCK cells overexpressing MYBPH. (D) IP-WB analysis in NCI-H441 cells treated with ROCK inhibitor Y-27632. (E) In vitro protein-protein binding assay

in various salt conditions.

siMYBPH-induced formation of the peripheral actomyosin bundles
was significantly counteracted by simultaneous treatment with
blebbistatin or BDM (Fig. 4A, high power field; Supplementary
Fig. 1, low power field). Using a three-dimensional Matrigel inva-
sion assay, we previously showed that ROCK1 inhibition clearly
cancelled siMYBPH-induced single cell migration [26]. To examine
whether NMHC IIA inhibition similarly affects siMYBPH-induced
single cell migration, we treated NCI-H441 cells with siMYBPH
and/or blebbistatin. We found that while siMYBPH induced single
cell migration in accordance with our previous report, siMYBPH-
treated NCI-H441 cells did not revert to the collective migratory
phenotype in the presence of blebbistatin (Fig. 4B). In addition, it
has been proposed that collective cell migration requires decreased
ROCK1-driven actomyosin activity at the cell-cell junction in con-
junction with sustainment of CDC42-dependent actomyosin activ-
ity around the outside surface of cell clusters [30,31]. Therefore, it
is possible that cancelation of siMYBPH-induced single cell migra-
tion by the ROCK1 inhibitor alone may have been caused by
distinct actomyosin inhibition patterns between ROCK1 inhibitor-
and blebbistatin-treated cells, the latter of which inhibits actomy-
osin in both the cell-cell junction and on the cell cluster surface.

3.6. MYBPH may negatively regulate actomyosin organization at 2
distinct steps

We previously reported that MYBPH is a transcriptional target
of the TTF-1 lineage-survival oncogene and plays a crucial role in
inhibition of cancer cell motility, invasion, and metastasis [26].
While it was shown to be imposed through inhibition of RLC phos-
phorylation via physical interaction with and inhibition of ROCK1,
the present findings further demonstrate that MYBPH has an addi-
tional binding molecule, namely NMHC IIA. MYBPH binds to the
rod portion of NMHC IIA and inhibits its assembly, which is
thought to take place following acquisition of assembly-compe-
tence conferred through RLC phosphorylation by ROCK1 [9,10].
This implies that MYBPH inhibits 2 independent components of

NM IIA, i.e., RLC and NMHC IIA, and thereby negatively regulates
actomyosin organization at 2 distinct steps (Fig. 4C). Along this
line, the additive effects of combined treatment with siROCK1
and blebbistatin on siMYBPH-induced increased motility may re-
sult from residual basal level competence, as there is compelling
evidence showing that the transition between assembly-incompe-
tent and -competent NMHC state is in equilibrium at a physiolog-
ical ionic level (150 mM NaCl, pH 7.0) even in the absence of RLC
[32]. Thus, this dual step inhibition of NM IIA assembly by MYBPH
may play a role as a possible mechanism for imposing firmer
inhibition.

3.7. Physiological and pathological implication of MYBPH inhibition at
NMHC IIA assembly step

The NM IIA-attributed functions for regulating actomyosin
organization are thought to be involved in development and pro-
gression of various types of cancer [6-8], while the involvement
of RLC phosphorylation and RLC kinases such as ROCK1 in cancer
progression is well established [11-14]. Nevertheless, to date very
few regulators of NMHC IIA have been reported. S100A4, also
called MTS1, mediates NMHC IIA disassembly via direct interac-
tion, while casein kinase II (CK II) also disassembles NMHC IIA
through phosphorylation of NMHC IIA on its tail region [15,33].
The present results showed that MYBPH binding to NMHC IIA does
not affect this phosphorylation. Taken together, our findings add
MYBPH to the very short list of physiological inhibitors of NMHC
IIA assembly.

In addition to its effects on cancer progression, NMHC IIA has
been found to play important roles in a wide range of disease states
such as MYH9-related disorders, which exhibit a combination of
different phenotypic features including large platelets and throm-
bocytopenia [34,35]. Defects in NMHC IIA assembly due to muta-
tions in the rod portion of NMHC IIA are thought to be major
causes of MYH9-related disorders. Thus, we consider it interesting
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to search for MYBPH alterations in cases with similar disease phe-
notypes without NMHC IIA mutations.

In summary, our results demonstrate that MYBPH inhibits
the assembly of NMHC IIA through direct binding to assembly-
competent NMHC IIA, suggesting that this activity may in turn con-
tribute to suppression of cancer invasion and metastasis together
with its ROCK1 inhibitory function [26]. The dual roles of MYBPH
in NM IIA inhibition comprise an intriguing mechanism to impose
firm NM IIA inhibition. The present findings also provide clues for
better understanding of the molecular mechanisms involved in
inhibition of cancer invasion and metastasis by TTF-1 through
transcriptional activation of MYBPH, as well as for better prognosis
for TTF-1-positive lung adenocarcinoma patients.
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