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ABSTRACT
The actin motor protein non-muscle myosin II (NMII) acts as a master
regulator of cell morphology, with a role in several essential cellular
processes, including cell migration and post-synaptic dendritic spine
plasticity in neurons. NMII also generates forces that alter
biochemical signaling, by driving changes in interactions between
actin-associated proteins that can ultimately regulate gene
transcription. In addition to its roles in normal cellular physiology,
NMII has recently emerged as a critical regulator of diverse,
genetically complex diseases, including neuronal disorders,
cancers and vascular disease. In the context of these disorders,
NMII regulatory pathways can be directly mutated or indirectly altered
by disease-causing mutations. NMII regulatory pathway genes are
also increasingly found in disease-associated copy-number variants,
particularly in neuronal disorders such as autism and schizophrenia.
Furthermore, manipulation of NMII-mediated contractility regulates
stem cell pluripotency and differentiation, thus highlighting the key
role of NMII-based pharmaceuticals in the clinical success of stem
cell therapies. In this Review, we discuss the emerging role of NMII
activity and its regulation by kinases and microRNAs in the
pathogenesis and prognosis of a diverse range of diseases,
including neuronal disorders, cancer and vascular disease. We also
address promising clinical applications and limitations of NMII-based
inhibitors in the treatment of these diseases and the development of
stem-cell-based therapies.
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Introduction
Non-muscle myosin II (NMII) is a major contributor to cellular
organization, polarity and regulation, with altered NMII activity
contributing to numerous disease pathologies. NMII crosslinks and
slides actin filaments past each other, contracting them into
actomyosin filament bundles (Fig. 1). Through interaction with
adhesion complexes, these actomyosin filament bundles generate
forces capable of deforming the cell membrane and associated
substrate, and that have underlying functions in processes as diverse
as cell migration and neuronal synaptogenesis (reviewed in Vicente-
Manzanares et al., 2009a,b). These contractile forces not only shape
the cell, they can also be converted into biochemical signals by
altering the conformation, association and organization of actin-
associated protein complexes, leading to downstream signaling
changes such as altered gene expression (reviewed in Humphrey

et al., 2014). This process of converting mechanical stimuli into
biochemical signals is known as mechanotransduction.

Given the crucial functions that it serves in a diverse range of
tissues, it is not surprising that NMII also contributes to diverse
disease pathologies, including neuronal disorders, cancer and
cardiovascular diseases (reviewed in Ma and Adelstein, 2014). It
is also an attractive therapeutic target. For example, vasodilators that
target myosin to regulate blood pressure are now being used to treat
conditions that result from altered NMII activity. One such
vasodilator, fasudil, which is used to increase blood flow
following stroke, has also been successfully used to improve
learning and working memory in Alzheimer’s rodent models
(Huentelman et al., 2009; Song et al., 2013), as well as neuron
survival and motor function in amyotrophic lateral sclerosis (ALS)
and Parkinson’s disease rodent models (Tönges et al., 2014; Zhao
et al., 2015). Additionally, inhibitors of NMII support the efficient
production of pluripotent stem cells and the directed differentiation
of specific cell types in vitro (see Box 1 for a glossary of terms)
(Chen et al., 2010, 2014; Kim et al., 2015; Walker et al., 2010).

This Review focuses on how NMII and its regulatory pathways
contribute to various disorders, while also exploring potential
therapeutic benefits and limitations of NMII inhibitors in disease
treatment and stem cell therapies. Given the multiple roles of NMII
in diverse tissues, therapeutically targeting NMII presents
challenges, although targeting upstream regulatory pathways can
increase specificity for particular biological processes. We thus
describe some of the known upstream regulatory pathways
involved, highlighting how Rho GTPase and Ca2+ signaling
pathways activate kinases that regulate NMII in normal conditions
and disease pathology. In addition, we discuss evidence for an
emerging role of microRNAs (miRNAs; see Box 1) in the regulation
of NMII activity in disease. Because both differential NMII
expression and regulation can impact disease pathology, the
following section discusses the structure of NMII, different NMII
isoforms, and how phosphorylation mediates its association with
and bundling of actin filaments, resulting in morphological and
signaling changes.

NMII: structure, function and regulation
The multimeric, bipolar structure of NMII determines its ability to
crosslink and contract actin filaments (Pollard, 1982). There are
three NMII isoforms (A, B and C; see Box 2), which consist of
different NMII heavy chains and shared essential and regulatory
light chains (ELCs and RLCs; see Box 1) (D’Apolito et al., 2002;
Golomb et al., 2004; Simons et al., 1991). The heavy chain is
comprised of a globular head domain, which binds both actin and
adenosine triphosphate (ATP) (Rayment et al., 1993a,b); a neck
region, which binds both the ELC and RLC (Winkelmann et al.,
1984); and a tail region, which homodimerizes in a helical fashion
(Côté et al., 1984) (Fig. 1). The non-helical end of the heavy chain
tail exhibits the most sequence divergence between the three
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isoforms, and directs their differential subcellular distributions
(Hodge et al., 1992; Ronen and Ravid, 2009; Sandquist and Means,
2008), although recent evidence demonstrates that heterotypical
complexes form between NMII isoforms particularly during initial
cell spreading (Beach et al., 2014). In addition to homodimerization,
NMII filaments associate with each other in an anti-parallel fashion,
allowing them to crosslink and contract actin filaments during ATP
binding and hydrolysis (Ricketson et al., 2010; Turbedsky et al.,
2005). The phosphorylation of the RLC on Ser19 and/or Thr18
regulates the conformation and activity of NMII, with
phosphorylation of both residues resulting in increased ATPase
activity and a corresponding increase in actin association and
bundling (Umemoto et al., 1989; Vicente-Manzanares and Horwitz,
2010; Vicente-Manzanares et al., 2008; Yuen et al., 2009). The
resulting actomyosin filament bundles that are at the rear of the cell
drive directional migration, and also the post-synaptic maturation of
dendritic spines in neurons (Hodges et al., 2011; Vicente-

Manzanares et al., 2008, 2011) (see Box 1). Owing to the
fundamental role of RLCs in regulating NMII activity, the
upstream signaling pathways that mediate the phosphorylation and
dephosphorylation of Ser19/Thr18, and the RLC kinases and
phosphatases involved, are well studied and play important roles in
NMII-mediated cellular processes and pathologies (reviewed in
Somlyo and Somlyo, 2003). In the following section, we discuss
signaling pathways that mediate NMII activation, and focus on
specific kinases that promote RLC phosphorylation leading to NMII
activation.

NMII: activity regulation
Serine/threonine kinases regulate NMII and function downstream
of small Rho GTPases, such as Rac, RhoA and Cdc42, and
Ca2+/calmodulin signaling pathways (reviewed in Somlyo
and Somlyo, 2003) (Fig. 1). In their GTP-bound state, Rho
GTPases promote downstream signaling through kinases, such as
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Fig. 1. The structure of NMII and its
regulation by serine/threonine
kinases. (A) NMII consists of a heavy
chain, which includes a globular head
domain that binds both actin and ATP;
a neck region, which binds both the
essential and regulatory light chains
(ELC and RLC, respectively); and a tail
region, which homodimerizes in a helical
fashion, as well as a non-helical tail
region that directs the subcellular
localization of the NMII isoform. Serine/
threonine kinases regulate NMII activity
by phosphorylation of the myosin RLC on
residues Thr18 and Ser19. These
kinases function downstream of small
Rho GTPases, as well as downstream
of Ca2+/calmodulin signaling pathways.
This figure also indicates
pharmacological inhibitors of myosin
regulatory kinases that can be used to
modulate NMII activity. (B) NMII filaments
associate with each other in an
anti-parallel fashion, allowing them to
crosslink and slide actin filaments past
each other. RLC Ser19 phosphorylation
increases NMII ATPase activity, leading
to contraction of actin filament bundles,
and phosphorylation of both Ser19 and
Thr18 increases NMII ATPase activity,
driving the association of multiple actin
filaments into actomyosin filament
bundles, often referred to as stress fibers.
MLCK, myosin light chain kinase; MRCK,
myotonic dystrophy kinase-related
Cdc42-binding kinase; PAK,
p21-associated kinase; ROCK,
RhoA-associated kinase; MLCP, myosin
light chain phosphatase.
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p21-associated kinase (PAK), myotonic dystrophy kinase-related
Cdc42-binding kinase (MRCK), RhoA-associated kinase (ROCK)
and citron kinase (Chew et al., 1998; Zeng et al., 2000; reviewed in
Heasman and Ridley, 2008 and Vicente-Manzanares et al., 2009b).
Guanine nucleotide exchange factors (GEFs) activate Rho GTPases
by loading GTP onto them, whereas GTPase-activating proteins
(GAPs) stimulate GTP hydrolysis, to inactivate Rho GTPase
signaling (reviewed in Heasman and Ridley, 2008). Although able
to activate NMII, Rac and Cdc42 signaling pathways generally
promote actin polymerization, whereas RhoA, through its effector
ROCK, activates NMII and drives the formation of actomyosin
filament bundles, which are commonly referred to as ‘stress fibers’
(Chrzanowska-Wodnicka and Burridge, 1996; Jean et al., 2013;
Wilkinson et al., 2005; reviewed in Heasman and Ridley, 2008). As
a result of its ability to dually regulate NMII activity through direct
RLC phosphorylation and indirectly through inhibition of myosin
light chain phosphatase (MLCP) (Amano et al., 1996; Katoh et al.,
2001; Kimura et al., 1996), ROCK serves as a master regulator of
NMII activity. ROCK inhibitors are amongst the most promising
therapeutics for NMII-related disorders (reviewed in Mueller et al.,
2005 and Pan et al., 2013). Ca2+/calmodulin-activated kinases, such

as myosin light chain kinase (MLCK) and zipper-interacting
protein kinase (ZIPK) (Goeckeler and Wysolmerski, 1995; Murata-
Hori et al., 1999), also promote the phosphorylation of RLC on
Ser19 and Thr18 (Fig. 1), and are increasingly promising
therapeutic targets, especially for cancer treatment (Fu et al.,
2015; Gu et al., 2006). NMII kinases can also cooperatively
regulate actomyosin organization; for example, in fibroblasts,
MLCK-mediated NMII activation forms cortical actin bundles,
whereas activation by ROCK generates stress fibers (Totsukawa
et al., 2000). In addition to phosphoregulation of NMII activity,
increasing evidence demonstrates that miRNAs regulate expression
of NMII and its associated regulators. In each of the following
sections, we will examine how specific kinases and miRNAs
regulate NMII activity to contribute to disease pathology,
beginning with an emerging role for NMII misregulation in
complex neuronal disorders.

The role of NMII in neuronal disorders
The presence of actomyosin-like proteins in the brain was first
described in 1968 (Puszkin et al., 1968), followed by biochemical
and ultrastructural evidence for the presence of NMII at synapses

Box 1. Glossary
Adhesion-dependent cell migration: during this process, cells adhere to the extracellular matrix (ECM) through integrin-mediated focal adhesions. This
attachment transmits forces to the cell interior, where they are balanced by NMII-mediated tension and result in signaling changes.

Adhesion-independent cell migration: cells show weak or no interaction with the ECM; however, cortical actomyosin contractility propels cells through
ECM fibers, resulting in a fast migratory process.

Amoeboid-like cell migration: a fast migration process that relies on actin cytoskeleton and cell contractility; results in the formation of membrane blebs
that allow cells to squeeze through confined spaces. Depending on extracellular cues, cells can switch between amoeboid andmesenchymal cell migration.

Chromosomal passenger complex (CPC): the CPC consists of aurora B kinase, survivin, borealin and inner centromere protein (INCENP), and regulates
mitotic events, including microtubule–kinetochore attachment and cytokinesis.

Collective cell migration: two or more cells move as a group owing to the presence of cell–cell junctions, and the migratory output depends on coordinated
cytoskeleton dynamics and cell signaling among all cells in the group.

Copy number variants (CNVs): these are large deletions or duplications within the genome, of around ≥30 kb in size.

Dendritic spines: post-synaptic protrusions that synapse with pre-synaptic axon terminals. They contain a post-synaptic density (PSD) that clusters
neurotransmitter receptors and signaling scaffolds adjacent to the pre-synaptic terminal. In response to repeated excitatory stimulation, the size of the spine
head and PSD increases, resulting in synaptic strengthening.

Growth cones: dynamic actin-enriched structures at the tips of neurites, axons or dendrites that drive their motility toward a desired target.
Chemoattractants and repellents steer growth cones.

Mesenchymal-like cell migration: a multi-step process that involves the remodeling of the ECM, the formation of cell protrusions and of adhesions to the
substrate, the contractility of the cell body, and the detachment of adhesions at the cell’s rear. Depending on extracellular cues, cells can switch between
mesenchymal and amoeboid cell migration.

microRNA (miRNA): a type of small non-coding RNA that regulates gene expression by silencing complementary RNA targets. Typically, miRNAs consist
of ∼22 nucleotides.

Myosin regulatory light chain (MLC/RLC): the regulatory light chain for NMII, which is encoded by theMYL9 gene. The phosphorylation of MLC on Ser19
and/or Thr18 increases myosin ATPase activity, resulting in actin bundling and contraction.

Pluripotent stem cell: a cell with the potential to self-renew and to differentiate into any cell lineage of the three germinal layers: ectoderm, endoderm and
mesoderm.

Pre-synaptic terminals: the axonal compartment in contact with a post-synaptic spine. Pre-synaptic terminals contain synaptic vesicles, which release
neurotransmitters into the synaptic cleft in response to action potentials.

Protrusion: the broadmembrane projection that cells extend during migration. They are characterized by nascent adhesions and fast actin polymerization,
which pushes the membrane forward. NMII activity within protrusions results in actin retrograde flow and also leads to adhesion maturation.

Single-cell migration: cells move individually and the migratory output relies mainly on the intrinsic properties of the migrating cell and the composition of
the microenvironment, such as the presence of chemokines and ECM composition.

Synaptic plasticity: stimuli-induced changes in neuronal spine morphology that underlie learning and memory formation.

Synaptopathies: neuronal disorders that exhibit altered post-synaptic spine morphology and/or density, and include both neurodevelopmental disorders,
such as autism, and neurodegenerative disorders, such as Alzheimer’s disease.

Transendothelial migration: the process by which cells pass through the endothelial barrier. It can occur through remodeling of cell–cell adhesions at the
border of two endothelial cells (paracellular) or by passage of the extravasating cell through the endothelial cell body (transcellullar).
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(Blitz and Fine, 1974; Korobova and Svitkina, 2010; Morales and
Fifková, 1989). However, NMII has emerged only recently in the
complex pathologies that contribute to a diverse range of
neurological disorders (reviewed in Nadif Kasri and Van Aelst,
2008). These include synaptic disorders, or synaptopathies (see
Box 1), which manifest with altered post-synaptic spine
morphology and/or density (reviewed in Penzes et al., 2011).
These disorders include: neurodevelopmental disorders, such as
autism; neurodegenerative disorders, such as Alzheimer’s disease;
neuronal migration disorders, such as lissencephaly (Tsai et al.,

2007); and disorders of impaired process extension, such as axon
regeneration following central nervous system (CNS) injuries (Hur
et al., 2011). In addition to a direct role in neuronal cell biology,
NMII also regulates glia cell function (Beadle et al., 2008;
Rusielewicz et al., 2014), integrity of the blood–brain barrier (as
discussed later in this Review) (Beard et al., 2014; Srivastava
et al., 2013) and microglia activation in neuroinflammation
(Janßen et al., 2014). Here, we discuss the role of NMII in
brain development and function, its contribution to diverse
neuronal disorders, and the potential therapeutic applications of
pharmacological inhibitors of NMII for nervous system disorders
and injury.

NMII in synapse development and function
In neurons, NMII localizes to dynamic actin-enriched structures,
including growth cones (see Box 1) and synapses (Fig. 2). Although
neurons express all three NMII isoforms (A, B and C; see Box 2),
they are particularly enriched in the NMIIB isoform (Rochlin et al.,
1995). Whereas NMIIA, B and C localize to growth cones, where
they regulate process extension (Rochlin et al., 1995; Wylie and
Chantler, 2008; Wylie et al., 1998), NMIIB is the predominant
isoform present at synapses (Ryu et al., 2006). NMIIB localizes
both to pre-synaptic terminals (see Box 1), where it mediates
synaptic vesicle recycling (Chandrasekar et al., 2013), and post-
synaptic dendritic spines (see Box 1), where it regulates the
maturation of spines and the clustering of glutamate receptors in
the post-synaptic density (PSD) in response to activation of the
N-methyl-D-aspartate (NMDA) receptor (Hodges et al., 2011; Rex
et al., 2010; Ryu et al., 2006). Thus, NMII serves as an important
regulator of stimuli-induced changes in spine morphology that
underlie learning and memory formation (reviewed in Hotulainen
and Hoogenraad, 2010).

Box 2. NMII isoforms
Non-muscle myosin IIA (NMIIA): the myosin isoform consisting of non-
muscle myosin heavy chain IIA (NMHCIIA), encoded by theMYH9 gene,
and regulatory and essential light chains that are shared with other NMII
isoforms. In humans, mutations in MYH9 result in MYH9-related
disorders, including May-Hegglin anomaly, Fechtner syndrome and
Sebastian syndrome (Heath et al., 2001). In migrating cells, NMIIA
preferentially localizes to protrusions and the central region of the cell,
where it regulates adhesionmaturation (Kolega, 1998; Ronen andRavid,
2009; Sandquist and Means, 2008; Vicente-Manzanares et al., 2008).

Non-muscle myosin IIB (NMIIB): the myosin isoform consisting of
NMHCIIB, encoded by the MYH10 gene, and regulatory and essential
light chains that are shared with other NMII isoforms. In migratory cells,
NMIIB preferentially localizes to the rear of the cell (Vicente-Manzanares
et al., 2008). It is also the primary NMII isoform found at synapses in
neurons (Ryu et al., 2006).

Non-muscle myosin IIC (NMIIC): the most recently discovered non-
muscle myosin isoform, consisting of NMHIIC, encoded byMYH14, and
regulatory and essential light chains that are shared with other NMII
isoforms (Golomb et al., 2004). In neurons, NMIIC, along with NMIIB,
drives neurite outgrowth (Wylie and Chantler, 2008).
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Fig. 2. NMII regulates neuronal plasticity. (A) Confocal image of a GFP-expressing primary rat hippocampal neuron, highlighting the cell body, or soma, and
processes, including post-synaptic dendrites, which form spines, and pre-synaptic axons, which form axon terminals containing synaptic vesicles. (B) NMII drives
dynamic changes in neuronal morphology, including changes in dendritic spine formation andmaturation, driven primarily by the isoformNMIIB. At the post-synaptic
spine, NMII drives changes in actin organization that regulate spine and post-synaptic density (PSD) morphology and size, whereas, on the pre-synaptic side, NMII
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During embryonic development, dendritic spines emerge as
dynamic filopodia-like spine precursors (Fig. 2) (Dailey and Smith,
1996; Portera-Cailliau et al., 2003; Ziv and Smith, 1996; reviewed
in Yuste and Bonhoeffer, 2004). These spine precursors stabilize
upon contact with pre-synaptic terminals (Ziv and Smith, 1996).
This results in the formation of thin spines that have a distinct spine
head and clustering of glutamate receptors into a signaling scaffold,
known as the PSD, at the tip of the spine adjacent to the pre-synaptic
terminal (Marrs et al., 2001). In response to further excitatory
stimulation, spines mature into a mushroom shape and have a larger
PSD, further strengthening the synaptic connection (Fortin et al.,
2010; reviewed in Lynch et al., 2007). In the absence of NMII,
spines persist as filopodia-like spine precursors with small PSDs
and have an impaired ability to respond to excitatory stimulation
(Hodges et al., 2011; Rex et al., 2010; Ryu et al., 2006). However, in
response to excitatory stimulation, NMII is activated by RLC Ser19,
Thr18 di-phosphorylation, resulting in a mature, mushroom-shaped
spine and increased PSD size (Hodges et al., 2011).
Serine/threonine kinases regulate myosin activation to drive these

changes in spine morphology (Fig. 2). In particular, kinases
associated with Rho GTPase signaling pathways are important
regulators of synaptic development. For example, RhoA and its
effector kinase ROCK promote synaptic strengthening in response to
excitatory stimulation by RLC di-phosphorylation, leading to spine
maturation (Hodges et al., 2011; Newell-Litwa et al., 2015; Rex et al.,
2009). Likewise, the Rho GTPase Rac regulates the formation of
dendritic spines and synapses through its effector kinase, PAK, and
subsequent RLC phosphorylation (Zhang et al., 2005). Finally, there
is some evidence that Ca2+/calmodulin-activated MLCK regulates
both pre-synaptic vesicle trafficking (Polo-Parada et al., 2005;
Tokuoka and Goda, 2006; Yue and Xu, 2014), as well as post-
synaptic NMDA receptor currents (Lei et al., 2001). Thus, myosin
kinases are vitally important regulators of synaptic strengthening
through changes in synapsemorphology andmolecular composition,
which underlie excitatory neurotransmission. In the following
section, we will examine how altered Rho GTPase signaling and
kinase regulation of NMII contributes to both neuronal and glial
disorders, and how therapeutically targeting these pathways
alleviates disease symptoms in preclinical models.

NMII in synaptic disorders
Consistent with the role of NMII and its associated regulatory
pathways in synaptic formation andmaturation, these pathways have
recently emerged as major targets of multiple synaptopathies,
including genetically complex neurodevelopmental disorders (Pinto
et al., 2010; Zhao et al., 2014). In particular, individuals with non-
syndromic mental retardation (MR) exhibit mutations in proteins
associated with Rho GTPase signaling pathways that regulate
actomyosin activity, including the RhoA GAP, oligophrenin, the
Rac GEF, PAK-interacting exchange factor Pix, and the myosin
kinase, PAK (reviewed in Ramakers, 2002). Individuals with non-
syndromic MR have impaired cognitive ability, with intelligence
quotients below 70 (a standard diagnostic marker for intellectual
disability) (reviewed in Ramakers, 2002). The majority of non-
syndromic MR cases do not exhibit gross anatomical abnormalities,
but manifest altered brain ultrastructure, including immature
dendritic spines and decreased spine density in adolescence,
although fragile X MR results in a persistent increase of immature
dendritic spines reminiscent of early development (Irwin et al.,
2001; reviewed in Fiala et al., 2002 and Ramakers, 2002). Similarly,
schizophrenia is associated with decreased spine density and
maturation (Penzes et al., 2011), whereas autistic individuals

frequently exhibit increased spine density (Hutsler and Zhang,
2010; reviewed in Penzes et al., 2011). A recent study of de novo
mutations found in multiple neurodevelopmental disorders revealed
that MYH9 (Box 2) is one of only three affected genes shared by
autism, schizophrenia and intellectual disability, and de novo
mutations for MYH10 (Box 2) are reported for both schizophrenia
and autism (Li et al., 2015b). Additionally, pathways that regulate
NMII function, especially Rho GTPase signaling pathways, are
disproportionately targeted by autism and schizophrenia copy
number variants (CNVs; see Box 1) (Pinto et al., 2010; Zhao et al.,
2014). Whether these de novo mutations and CNVs in NMII and
NMII regulatory pathways contribute to disease progression still
needs to be established. However, recent evidence demonstrates
that altered NMII regulation contributes to disease pathology in
Timothy syndrome, which lies on the autism spectrum, through
RhoA-mediated NMII activation leading to dendrite retraction
(Krey et al., 2013).

How might these copy number variations that are found in NMII
signaling pathways contribute to synaptic abnormalities in
neurodevelopmental disorders? Although the mechanism is
unknown, altered expression of NMII regulatory proteins could
lead to abnormal NMII activation, particularly at critical periods of
brain development that involve synapse formation and synaptic
pruning. For example, increased NMII activation might underlie the
reduced synaptic density that features in schizophrenia by preventing
the formation of spine precursors that occurs in the absence of NMII
activity (Hodges et al., 2011; Ryu et al., 2006) or by promoting spine
retraction. Consistent with this hypothesis, increased levels of
phosphorylated RLCs have been observed in the anterior cingulate
cortex of brains from schizophrenics (Rubio et al., 2012).

Although NMII inactivation promotes the formation of spine
precursors (Hodges et al., 2011; Ryu et al., 2006), subsequent NMII
activation is necessary for spine maturation and stabilization (Hodges
et al., 2011; Zhang et al., 2005). Thus, decreased NMII activity could
account for the decreased spine density observed in individuals with
non-syndromic MR. Consistent with this hypothesis, inactivation of
the non-syndromic MR-related NMII kinase PAK in rat hippocampal
neurons resulted in decreased spine density, but this phenotype was
rescued by myosin activation through the co-expression of a
phosphomimetic RLC (Zhang et al., 2005). Alternately, decreased
spine density could arise from increased NMII contractility during
spine formation or through elevated contractility leading to spine
retraction and synapse pruning. In support of this hypothesis, the
knockdown of the non-syndromic MR-related protein oligophrenin in
rat hippocampal slices resulted in decreased spine density and/or
length, which could be rescued by inhibition of myosin activity
(Govek et al., 2004; Nadif Kasri et al., 2009). Thus, insights from
knownnon-syndromicMRdisease targets indicate that themechanism
that underlies similar synaptic deficits will likely depend on the
affected molecule(s) and when/where they are active during brain
development. Further studies are needed to elucidate how actomyosin
pathways are regulated both temporally and spatially to determine
spine morphology and density at distinct stages of brain development.
Furthermore, in genetically complex disorders, such as autism and
schizophrenia, studies are needed to elucidate the contribution of
specificCNV-associated genes,which is now possible through the use
of gene editing technologies inmodel organisms (Swiech et al., 2014).

In addition to genetic alterations in the components ofNMII-related
signaling pathways, miRNAs have recently emerged as regulators of
actomyosin signaling pathways that affect brain development and
disease. Forexample,miR-137,which suppresses PAKsignaling (Liu
et al., 2011), associates with schizophrenia (Ripke et al., 2011). In
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autism, differentially expressed miRNAs disproportionately target
actomyosin regulatory pathways (Mundalil Vasu et al., 2014). In
Down syndrome, miR-155 is upregulated, leading to synaptic
dysfunction through downregulation of sorting nexin 27 (SNX27)
(Lu et al., 2013; Wang et al., 2013a), although miR-155 can also
suppress NMII activation (Weber et al., 2014), highlighting that
miRNAs often regulate multiple targets that could function in disease
pathology. Thus, althoughmiRNAscould serve as clinical therapeutic
targets for multiple neurological disorders, further investigation into
their specificity for actomyosin pathways contributing to disease
pathology is necessary.

NMII regulators as therapeutic targets
NMII kinases are emerging as attractive therapeutic targets for the
treatment of diverse synaptopathies (Table 1). For example, PAK
inhibitors successfully reverse abnormal spine morphology in
animal models of both fragile X MR (Dolan et al., 2013) and
schizophrenia (Hayashi-Takagi et al., 2014). Likewise, ROCK
inhibitors, which promote neurite outgrowth to restore neuronal
connectivity, could be especially useful for the treatment of
neurodegenerative disorders, such as Parkinson’s disease and
Alzheimer’s disease, for which they are currently undergoing
preclinical trials in animal models (Couch et al., 2010; Huentelman
et al., 2009; Tatenhorst et al., 2014; Tönges et al., 2012; Zhao et al.,
2015). In addition to neurodegenerative disorders, ROCK inhibitors
are being explored as a mechanism to treat altered synaptic
connections and behavior that result from drug addiction (DePoy
et al., 2013; Roland et al., 2014). Thus, myosin regulatory kinases
represent attractive therapeutic targets for diverse synaptic
disorders. However, off-target effects of kinase inhibitors often
prevent systemic application, thus necessitating mechanisms for
localized delivery. For example, in addition to their effects on spine
morphology, ROCK inhibitors affect blood pressure and
permeability of the blood–brain barrier (Huang et al., 2011).
Moreover, the NMII inhibitor blebbistatin (Fig. 1) inhibits both
muscle and non-muscle myosin II, and thus affects both skeletal and

cardiac muscle contractions (Dou et al., 2007; Stewart et al., 2009).
These examples highlight the need for more specific inhibitors and
identification of alternate targets for perturbing NMII activity
specifically within the desired tissue.

NMII in neuronal regeneration following CNS injury
Unlike synapses, where NMIIB is the predominant isoform, growth
cones express all threeNMII isoforms (Rochlin et al., 1995;Wylie and
Chantler, 2008). In a neuroblastoma Neuro2A model of neurite
extension, NMIIB and NMIIC promote neurite outgrowth, whereas
NMIIA and NMIIC promote adhesion to the fibronectin substrate
(Wylie andChantler, 2001, 2008;Wylie et al., 1998) (Fig. 2).Whereas
NMIIA expression remains constant before and during neurite growth,
NMIIBmRNA levels increase during neurite outgrowth (Wylie et al.,
1998). During development, NMII-mediated actin remodeling drives
axonal extension and retraction in response to attractants, such as
nerve growth factor (NGF), or to repellents, such as netrin-1 and
semaphorin-3A, to refine the innervation of the correct brain targets
(Brown andBridgman, 2009; Brown et al., 2009; Loudon et al., 2006;
Murray et al., 2010; Myers et al., 2006).

Following CNS injury, some of the repellents that refine
neural circuitry during development, such as myelin-associated
glycoproteins (MAGs) and chondroitin sulfate proteoglycans
(CSPGs), inhibit axon regeneration and re-innervation within the
glia scar (Fig. 2) (reviewed in Busch and Silver, 2007). The
removal of these inhibitory factors has met with limited
therapeutic success, suggesting that adult axons must overcome
intrinsic factors that prevent their growth into an injury site
(reviewed in Wootla et al., 2012). RhoA/ROCK-mediated NMII
activation functions downstream of inhibitory CSPGs, and the
ROCK inhibitor Y-27632 partially rescued axon regrowth in an
in vivo rat spinal cord injury model and in vitro in chick dorsal root
and retinal ganglion cells as well as rat cerebellar granule neurons
(Borisoff et al., 2003; Kubo et al., 2008; Monnier et al., 2003).
However, blebbistatin restored, and even surpassed, control axon
growth on inhibitory substrates in vitro (Hur et al., 2011; Kilinc

Table 1. Targeting NMII kinases in the treatment of synaptopathies

Disease
NMII kinase
targeted Inhibitor Model Effect References

Fragile X syndrome PAK FRAX486 Fmr1 knockout mouse • Restored normal spine density
• Reduced seizure susceptibility
• Reversed hyperactivity and repetitive

behaviors

Dolan et al., 2013

Schizophrenia PAK FRAX120,
FRAX355,
FRAX486

Primary rat cortical neurons
and DISC1 knockdown
mouse

• Rescued spine density and
morphology

Hayashi-Takagi
et al., 2014

Alzheimer’s
disease

ROCK Hydroxyfasudil Aged rats • Improved learning and working
memory

Huentelman
et al., 2009

ROCK Fasudil AβPP/PS1 mice • Increased dendrite elongation Couch et al., 2010
Parkinson’s
disease

ROCK Fasudil Primary rat dopaminergic
neurons and MPTP mouse
model

• Increased dopaminergic neuron
survival

• Improved motor function

Tönges et al.,
2012

HA-1077 MPTP mouse model • Prevented microglia activation and
loss of dopaminergic neurons

Barcia et al., 2012

Drug addiction ROCK HA-1077 Mice administered cocaine;
BDNF knockdown mice

• When administered in adulthood,
protected against pathological reward
seeking

DePoy et al.,
2013

Seizures ROCK Y-27632 Kainic-acid-induced seizures
in mice

• Prevented neurodegeneration Jeon et al., 2013

Amyotrophic lateral
sclerosis

ROCK Fasudil SOD1 (G93A) mice • Prevented motoneuron loss and
neuroinflammation

• Increased survival and motor function

Tönges et al.,
2014

AβPP/PS1, amyloid precursor protein/presenilin; MPTP, 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine; BDNF, brain-derived neurotrophic factor.
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et al., 2014; Yu et al., 2012). These pharmacological differences
could be due in part to the observation that the ROCK inhibitor Y-
27632 leads to increased CSPGs within the glia scar in a rat spinal
cord injury model (Chan et al., 2007). Thus, NMII is emerging as
an attractive therapeutic target for axon regeneration in
debilitating spinal cord injuries and CNS lesions.

NMII in glia cell biology
Besides neurons, NMII is also involved in the biology of glia cells.
Three glia cell types reside in the CNS: astrocytes, oligodendrocytes
and microglia. Astrocytes are the predominant glial cell type in the
brain, where they serve multiple functions, including the regulation
of blood flow and glutamate uptake at synapses (reviewed in Rossi,
2015). A branched, stellate morphology allows astrocytes to interact
with these multiple targets, including the endothelium of the blood–
brain barrier and synapses between neurons (reviewed in Rossi,
2015). The inactivation of ROCK-mediated NMII activation is
required for this branched morphology (Murk et al., 2013;
Ramakers and Moolenaar, 1998), and is also responsible for the
reactive astroglial phenotype observed in response to interleukin
(IL)-1β, the cytokine that mediates astrocyte scar formation
following CNS injury (John, 2004). However, because the
directed migration of astrocytes toward the site of injury requires
NMII (Peng et al., 2013), ROCK inhibition could be used to prevent
glia scar formation (Lau et al., 2012). Thus, in addition to promoting
axon regrowth into the injured site, NMII inhibition can also help
prevent glial scar formation.
Astrocytes are also responsible for clearing glutamate from the

synaptic cleft, a process mediated by the excitatory amino acid
transporters (EAATs) (reviewed in Jensen et al., 2015). ROCK-
mediated myosin contractility regulates glutamate uptake by
determining the astrocyte surface expression of EEAT1/2
(Lau et al., 2011). Several neuronal disorders present with
increased glutamate, resulting in cytotoxicity and/or abnormal
neurotransmission (Nakagawa and Kaneko, 2013). For example,
increased glutamate lowers the seizure threshold in epilepsy,
although ROCK inhibition protects neurons from the resulting
cytotoxicity following a seizure (Jeon et al., 2013). Thus, the
myosin kinase ROCK is a promising therapeutic target for disorders
associated with glutamate misregulation.
NMII also regulates myelination, which enables the rapid

conductance of action potentials. In the CNS, oligodendrocytes
branch to ensheath multiple axonal targets. During the process of
oligodendrocyte differentiation and branching in rodent in vitro
models, NMII is downregulated, with NMII activity preventing
oligodendrocyte differentiation and NMII inhibition enhancing
oligodendrocyte maturation and myelination (Wang et al., 2008,
2012a). NMII inhibition promotes re-myelination following brain
lesion in mice (Rusielewicz et al., 2014). In contrast to
oligodendrocytes, Schwann cells in the peripheral nervous system
require NMII to elongate on and ensheath axons (Wang et al., 2008),
with robust ROCK-driven myosin phosphorylation characterizing the
onset of myelination (Melendez-Vasquez et al., 2004). Thus,
pharmacological modulators of NMII activity could potentially be
used to promote myelination in demyelinating disorders, such as
multiple sclerosis.
Finally, NMII contributes to microglia function and to

neuroinflammation resulting from microglia activation and release
of inflammatory cytokines (reviewed in Schwartz et al., 2013). In a
mouse model of Parkinson’s disease, ROCK inhibition prevents
microglia activation and the phagocytosis of degenerating
dopaminergic neurons (Barcia et al., 2012). Similarly, ALS

results in increased pro-inflammatory cytokine production, which
is attenuated by ROCK inhibition, leading to increased mouse
motoneuron survival in vivo (Ding et al., 2010; Parisi et al., 2013;
Tönges et al., 2014). As in synaptopathies, NMII-regulatory
miRNAs might contribute to the pathology of neuroinflammatory
disorders. In line with this, miRNAs associated with myosin
regulation are upregulated in ALS (Parisi et al., 2013). In multiple
sclerosis, miR-155, which is known to regulate NMII activity
(Weber et al., 2014), promotes inflammation (Moore et al., 2013).
Thus, a detailed survey of myosin regulatory miRNAs in neuronal
and glia function, particularly at discrete stages of development,
would be greatly informative. In the following section we will
address how NMII regulation, which shapes neuronal and glial
functions, similarly drives morphological and signaling changes
associated with cancer cell division and migration.

NMII in cancer
Several cancers exhibit differential expression and/or activation of
NMII isoforms and their associated regulators (Table 2), leading to
changes in cell division and migration that underlie tumorigenesis
and invasion. Both oncogenes and miRNAs regulate this
differential NMII expression, although external factors within the
tumor microenvironment, such as the extracellular matrix (ECM)
and cytokines, also profoundly influence NMII activity.
Understanding how intrinsic genetic factors and external factors
within the tumor environment combine to regulate NMII
expression/activity could allow for therapeutic intervention at
distinct stages of cancer progression.

NMII and tumorigenesis
During tumorigenesis, mutations in oncogenes and/or in tumor
suppressor genes result in uncontrolled cell division, decreased
apoptosis, and changes in cell differentiation and motility. Several
oncogenes activate NMII to promote these tumorigenic properties.
For example, the oncogenes Ras and its downstream target BRAF,
a serine-threonine kinase, which regulate cell survival and
proliferation through a mitogen-activated protein kinase (MAPK)
signaling cascade, also increase NMII activation, leading to tumor
invasion in vitro and in a mouse melanoma model in vivo
(Arozarena et al., 2011; Chen et al., 2003; Helfman and Pawlak,
2005; Zhong et al., 1997). Conversely, some tumor suppressors
downregulate NMII-mediated contractility in vitro. The tumor
suppressor p53 decreases RhoA activation and also alters NMIIB
expression, both resulting in impaired tumor invasion (Xia and
Land, 2007; Yam et al., 2001). Interestingly, Schramek et al. (2014)
demonstrated that NMIIA acts as a tumor suppressor, with NMIIA
downregulation resulting in impaired activation of p53 in
keratinocytes both in vitro and in vivo. Additionally, non-coding
miRNAs might directly and/or indirectly target NMII and its
regulators, resulting in changes to tumor cell migration and
proliferation (Table 3). Taken together, these findings suggest that
diverse carcinogenic mutations act on the expression and activity of
NMII at the onset of tumorigenesis and later on during invasion,
implicating NMII regulation in the pathogenesis of multiple,
different tumor types. Below, we will specifically examine how
this altered NMII activity contributes to cancer progression through
the regulation of cell division and cancer cell migration/metastasis.

NMII in cell division: propagating genetic abnormalities
During cytokinesis, actomyosin filaments organize into a contractile
ring that separates dividing daughter cells (reviewed in Barr and
Gruneberg, 2007). The chromosomal passenger complex (CPC; see
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Box 1) positions RhoA activity within the cytokinetic ring, resulting
in localized NMII forces that drive cell division (DeBiasio et al.,
1996; Ou et al., 2010; Yang et al., 2012). Even after failed
cytokinesis, NMII-mediated traction forces resolve binucleate cells
into euploid progeny in interphase (Choudhary et al., 2013).
However, in cancer cells, the altered localization and regulation of
NMII activity can induce genetic abnormalities, such as aneuploidy
(Fig. 3A). For example, in breast cancer cell lines, the downregulation
of the tumor suppressor gene BRCA2 in vitro results in NMII
mislocalization during mitosis, leading to chromosome instability
and aneuploidy (Daniels et al., 2004; Takaoka et al., 2014). The
NMIIC isoform is associated with delayed cytokinesis in lung tumor
cells (Jana et al., 2006), whereas several tumor cell lines exhibit
decreased RLC phosphorylation and increased multinucleation,
likely resulting from failed cytokinesis (Wu et al., 2010). Thus, the
correct regulation of NMII activity and its positioning within the
cytokinetic ring preserves genome integrity. How genetic

abnormalities arising from dysregulated NMII contribute to disease
pathogenesis requires further investigation. However, NMII-
mediated cell division can also coordinate tumor cell invasion by
promoting cell detachment and facilitating the rupture of the
epithelial basement membrane (Vasiliev et al., 2004), thus serving
as a master regulator of cancer progression.

NMII in tumor invasion and metastasis
In addition to cell cycle regulation, NMII drives several key steps
that are necessary for tumor invasion and metastasis (Fig. 3B,C),
making it an attractive chemotherapeutic target. Cancer cells exhibit
diverse migratory behaviors, depending on tumor type and
localization (reviewed in Friedl and Alexander, 2011). These
include single versus collective cell migration (Fig. 3C), and
adhesion-dependent versus -independent migration (see Box 1; also
reviewed in Friedl et al., 2012). In all cases, NMII is emerging as
an important regulator of tumor metastasis. During adhesion-

Table 3. miRNA regulators of NMII function

miRNA Tissue/disease
Direct or indirect
effect Target/phenotype References

miR-106-363 Leukemia Indirect • Targets MLCK interacting
protein

Landais et al., 2007

miR-23b Breast cancer Indirect • Increases RLC
phosphorylation

Pellegrino et al., 2013

miR-155 Endothelial cell Direct • Targets MLCK and RhoA Weber et al., 2014
miR-374a, miR-374b,
miR-520c-3p

Endothelial cell in the lung Direct • Targets MLCK Adyshev et al., 2013

miR-430 Development (migration of zebrafish
primordial germ cells)

Indirect • Modulates bleb-based
cell migration

Goudarzi et al., 2012

miR-335 Neuroblastoma Indirect • Targets ROCK1 Lynch et al., 2012
miR-200c Breast cancer Indirect • Decreases RLC

phosphorylation
Jurmeister et al., 2012

MLCK, myosin light chain kinase; RLC, myosin regulatory light chain.

Table 2. Altered NMII regulation in cancer

Tumor type Defective NMII expression and/or regulation References

Breast • Increased MLCK levels detected by cDNA microarray
• Increased phosphorylation of NMIIA and MLCK
• Increased NMIIA and NMIIB expression in metastatic cells in the lymph

node

Perou et al., 2000
Geiger et al., 2010
Johann et al., 2009

Squamous cell carcinoma • Esophageal: NMIIA overexpression associates with a poor prognosis
• Skin, head and neck: NMII serves as tumor suppressor
• Oral and vulvar: increased expression of NMIIA, NMIIB, myosin regulatory

light chain 2 and MLCK

Xia et al., 2012
Schramek et al., 2014
He et al., 2004; Lo et al., 2007;
Sandberg et al., 2012

Adenocarcinoma • Lung, breast, prostate, colorectal, uterus, ovary: decreased MLCK mRNA
in metastases

• Ovarian and prostate: decreased MLCK mRNA expression

Ramaswamy et al., 2003

Ernst et al., 2002; Ono et al., 2000
Prostate • Downregulation of myosin light chain (MYL9) associates with poor patient

prognosis
Huang et al., 2014

Lung • Non-small cell lung cancer shows increased MLCKmRNA in patients with
distant metastasis

• Lung adenocarcinoma: NMIIA overexpression is associated with poor
prognosis

Minamiya et al., 2005

Maeda et al., 2008

Bladder • Increased NMIIA expression associates with poor prognosis Xiong et al., 2012
Chronic lymphocytic
leukemia

• Increased NMIIA expression associates with poor prognosis Chu et al., 2008; Chu et al., 2010

Glioma • Increased expression of NMIIA and variable expression of NMIIB and
NMIIC

Beadle et al., 2008

Soft-tissue sarcomas • Increased MLCK expression Nielsen et al., 2002
Pancreatic • Increased NMIIA expression Chen et al., 2005
melanoma • IncreasedNMIIB expression associates with aworse prognosis (metastatic

melanoma)
Mandruzzato et al., 2006

Colon • Increased myosin regulatory light chain 2 mRNA levels Alon et al., 1999

MLCK, myosin light chain kinase.
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dependent, mesenchymal-like single-cell migration (see Box 1), the
localized activity of distinct NMII isoforms determines the speed
and persistence of migration in vitro. For example, NMIIA localizes
to protrusions (see Box 1) at the front of the cell, where it regulates
adhesion maturation, whereas NMIIB forms the contractile rear and
drives adhesion maturation, nucleus dislocation and detachment
from the substrate, thus propelling the cell in a forward direction
(Gomes et al., 2005; Vicente-Manzanares et al., 2007). In adhesion-
independent, amoeboid-like single-cell migration (see Box 1),
NMII-mediated contractility allows normal cells (such as fibroblasts
and zebrafish progenitor cells) or tumor cells (human melanoma and
adenocarcinoma) to invade porous matrices in vitro without the
need for ECM remodeling by generating forces that influence actin
cortical flow to propel cells forward (Petrie et al., 2012; Ruprecht
et al., 2015; Sahai and Marshall, 2003). For example, gliomas use
NMII-dependent contractility to squeeze through submicrometer
pores within the brain, and inhibition of NMII activity by
blebbistatin prevents glioma invasion in situ and in vitro in
response to diverse pro-migratory signals (Beadle et al., 2008;

Salhia et al., 2008). Experiments in vitro and in vivo demonstrate
that, during collective tumor cell migration (see Fig. 3C), NMII
promotes traction forces at the leading edge of cells, which drags
the follower cells and generates a supra-cellular mechanical
organization that contributes to the migration process (Cai et al.,
2014; Gaggioli et al., 2007; Ng et al., 2012; Reffay et al., 2014).
NMII-mediated contractility also influences the transition between
collective and single-cell migration that is observed during
epithelial-to-mesenchymal transition underlying tumor invasion,
by exerting forces that accelerate the turnover of cell–cell junctions
(Peglion et al., 2014). Because NMII plays a central role in diverse
migratory behaviors, the pharmacological manipulation of NMII
might be considered as a complementary therapeutic tool for
improving the success of cancer therapies, especially in the
treatment of highly metastatic tumors.

NMII activity also facilitates migration by enabling tumor cells to
respond to both physical and biochemical cues within the
microenvironment (Friedland et al., 2009; Meshel et al., 2005;
Zhong et al., 1998). The tumor microenvironment is a complex
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Fig. 3. NMII drives cancer cell progression. (A) NMII in cell division. At the end of anaphase during mitosis, the chromosomal passenger complex (CPC)
induces RhoA-mediated formation of an actin-NMII contractile ring (red), resulting in cytokinesis and division into two daughter cells (upper box; telophase).
However, mislocalization of the contractile ring (lower box) can result in genetic abnormalities that are linked to cancer, such as aneuploidy or multinucleation.
(B) NMII in cell migration and metastasis. During adhesion-dependent cell migration (see Box 1), cells polymerize actin at the cell front (unaligned yellow lines),
while integrin-based adhesions (purple circles) mediate attachment to the extracellular matrix. NMIIA (blue) generates forces that alter actin organization at the
cell front and initiate adhesion maturation (purple ellipses indicate adhesion elongation). NMIIB (blue) is involved in the formation of stress fibers (aligned
yellow lines), nucleus translocation and in the detachment of adhesions at the cell rear. These mechanical forces induced by NMII can also influence other
biochemical pathways (mechanotransduction) that are able to modify cell behavior. (C) NMII participates in various modes of cell migration. (i) Invasion of a single
tumor cell is either mesenchymal (adhesion-dependent) or amoeboid (adhesion-independent). For mesenchymal-like, single-cell migration, myosin regulates the
migration process as described in B; for amoeboid-like single-cell migration, increased NMII-mediated tension affects the cortical actin network (Ruprecht et al.,
2015), allowing for adhesion-independent migration through porous matrices. (ii) During collective cell migration, the leading cell generates NMII-mediated
traction forces that are propagated to the follower cells through cell–cell adhesions (see Fig. 4 for details).
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structure composed of ECM components, such as collagen,
fibronectin and laminin, as well as multiple, abnormally expressed
growth factors and chemokines that combine to regulate myosin
activity (Asokan et al., 2014; Dulyaninova et al., 2007; Harrison
et al., 2013; Kharait et al., 2006; Klemke et al., 1997; Liu et al., 2014;
Nakashima et al., 2011; Shinto et al., 2010; Straussman et al., 2001;
Zhou et al., 2008). The physical stiffness of the tumor
microenvironment positively correlates with NMII-mediated
contractility, and increased contractility facilitates migration on
stiffer substrates, as observed in bone metastasis (Liu et al., 2009).
Interestingly, cancer-associated fibroblasts exhibit increased NMII
activity, resulting in ECM fiber realignment and facilitating tumor
invasion of connective tissue (Calvo et al., 2013; Yamaguchi et al.,
2014). Furthermore, in mechanotransduction, physical forces
generated by NMII alter the adhesion properties and downstream
signaling pathways that regulate diverse cellular events, including
cell proliferation, apoptosis and gene expression (reviewed in
Humphrey et al., 2014). For example, glioma cells exhibit
increased proliferation and cell migration in vitro on stiffer
substrates owing to changes in NMII-related signaling (Ulrich
et al., 2009). Thus, NMII not only serves as amechanical regulator of
cell migration, but also as a pivotal regulator of biochemical

signaling that results from changes in adhesion composition and that
influences several hallmarks of cancer (reviewed in Hanahan and
Weinberg, 2011).

In addition to the physical stiffness of the tumor
microenvironment, soluble growth factors and cytokines can also
influence NMII activity and thus the behavior of cancer cells. In
prostate cancer, the activation of protein kinase C delta (PKCδ) by
epidermal growth factor (EGF) increases the phosphorylation of
NMIIB (Kharait et al., 2006; Straussman et al., 2001). Similarly,
signaling by EGF results in the increased phosphorylation of
NMIIA in both breast and pancreatic tumor cell lines in vitro
(Dulyaninova et al., 2007; Nakashima et al., 2011). The association
of hepatic growth factor (HGF) and EGF induces MLCK activation
in breast cancer cells, resulting in increased proliferation and
migration of the tumor cells (Harrison et al., 2013). In gastric cancer,
transforming growth factor β (TGFβ) induces RhoA activation and
RLC phosphorylation, increasing tumor migration speed and
invasiveness (Shinto et al., 2010). In addition, there are reports of
cross-talk between myosin regulatory proteins and mitogen-
activated pathways (Klemke et al., 1997; Zhou et al., 2008). There
is also in vitro evidence that interleukins and chemoattractants can
modulate myosin activation under physiological conditions
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Fig. 4. NMII regulates vascular biology and disease. (A) NMII remodels endothelial adherens junctions. VE-cadherin (orange ovals) mediates intercellular links
between neighboring cells. Intracellularly, catenins (beige ovals) link VE-cadherin with the actin cytoskeleton (yellow lines). Myosin (blue) generates forces that
stabilize intercellular bridges. However, enhanced NMII-mediated contractility can lead to the rupture of cell-cell adhesions. (B) NMII facilitates transendothelial
migration. During rolling, leukocytes (green) interact with ICAM or VCAM receptors at the membrane of endothelial cells, resulting in an influx of Ca2+. At the
adherens junctions at the cell border, increased NMII activity mediated by MLCK results in the rupture of cell–cell adhesions. After leukocytes squeeze and pass
by the border of the two endothelial cells (paracellular), there is a neo-formation of VE-cadherin. ICAM, intercellular adhesion molecule; VCAM, vascular cell
adhesion molecule; MLCK, myosin light chain kinase.
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(Asokan et al., 2014; Liu et al., 2014; Rah et al., 2007). The
contribution of immune cells and inflammation to tumor cell
behavior (reviewed in Hanahan and Weinberg, 2011) warrants
investigation into how abnormal IL expression affects NMII activity
in cancer disease pathology. As discussed below, vascular biology
might provide mechanistic insights into how inflammatory
cytokines regulate tumor behavior, because pro-inflammatory
cytokines can increase NMII activity in endothelial cells, leading
to the rupture of adherens junctions (Huppert et al., 2010; Weidert
et al., 2014).
Conserved roles for NMII in cancer progression of diverse tumor

types has led to the development of novel chemicals that regulate
NMII activity, many of which show promising results in vitro
(Table 4). Here, we have addressed how NMII promotes cancer by
generating genetic abnormalities and driving cell migration,
although NMII activity might also contribute to other stages of
cancer, such as blood vessel recruitment (discussed below). These
multiple roles in cancer progression make NMII an attractive
chemotherapeutic target.

Myosin and vascular diseases
Myosin-related contractility plays an important role in the
maintenance of blood vessel integrity. The vascular system
consists of arteries, veins and capillaries. While capillaries are
composed of an endothelial cell monolayer, which expresses NMII,
arteries and veins consist of three cell layers: the intima layer,
compromised of NMII-expressing endothelial cells; the muscular
layer, containing both NMII and smooth muscle myosin; and the
adventitial layer, which consists of connective tissue that contains
fibroblasts expressing NMII. Endothelial cells throughout the
vascular system are exposed to shear force fluctuations from
blood flow. In response to these forces, NMII mediates changes in
actomyosin organization and signaling that regulate endothelial
cell–cell adhesions and the resulting vascular permeability (Conway
et al., 2013; Tornavaca et al., 2015). However, both chronic and
acute vascular events, such as atherosclerosis and edema,
compromise NMII activity in endothelial and smooth muscle
cells, leading to drastic changes in blood vessel homeostasis and
contributing to the development of vascular pathologies. In this
section, we address the main roles of NMII in blood vessel integrity
and how NMII expression/function is deregulated during the
development of vascular diseases.

Myosin and vascular permeability
The permeability of the blood barrier regulates the flow of cells and
molecules between intravascular and extravascular compartments
(reviewed in Mehta and Malik, 2006). This paracellular
permeability relies on proper cell–cell adhesions, which are
regulated by NMII (Fig. 4A). In endothelial cells, adherens
junctions are mediated by vascular endothelial cadherin (VE-
cadherin), a member of the cadherin family of transmembrane
receptors, which interacts with the actin cytoskeleton network
through adaptor proteins, including β-catenin and p120-catenin
(reviewed in Giannotta et al., 2013). NMIIA and NMIIB isoforms
participate in the formation of actin bundles at the interdigitating
filopodia-like structures that are observed during the formation of
both VE-cadherin- and epithelial-cadherin (E-cadherin)-mediated
intercellular bridges (Hoelzle and Svitkina, 2012; Smutny et al.,
2010; reviewed in Yonemura, 2011). However, whereas NMII
normally stabilizes adherens junctions, increased NMII-mediated
contractility can disrupt endothelial junctions, as observed during
the transendothelial migration of leukocytes (see Box 1; reviewed in
Muller, 2011). Inflammatory factors, such as interleukins, nitric
oxide (NO) and oxidative stress, increase Ca2+ influx and MLCK-
mediated endothelial cell contractility, disrupting cell–cell
adhesions and increasing the permeability of microvessels
(Cromer et al., 2014; Gandhirajan et al., 2013; Liao et al., 2013;
Mishra et al., 2015; Rees et al., 2012; Shen et al., 2010). Thus, the
tight regulation of NMII activity maintains vascular integrity,
whereas its misregulation results in barrier dysfunction in acute
vascular pathologies, such as the accumulation of interstitial liquid
that occurs in edema, and in chronic diseases, such as inflammation
and cancer (discussed below).

NMII activity regulates endothelial cell–cell junctions,
facilitating transendothelial leukocyte migration (Fig. 4B). During
leukocyte rolling, the activation of vascular cell adhesion molecule
1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1) on
endothelial cells increases cytoplasmic Ca2+ levels, resulting in
MLCK-mediated contractility and a consequent rupture of cell–cell
adhesions (Haidari et al., 2011; Lorenzon et al., 1998; van Buul
et al., 2007, 2010; reviewed in Muller, 2011) (Fig. 4B). Leukocytes
also release inflammatory cytokines, such as IL-4, that increase
endothelial RLC phosphorylation, disrupting cell junctions and
allowing for transendothelial migration (Haidari et al., 2011;
Lorenzon et al., 1998; van Buul et al., 2007, 2010; reviewed in

Table 4. Potential NMII drugs for cancer therapy

Drug Mechanism of action Chemotherapeutic effects References

BDP5290 MRCK inhibitor Decreased cell migration Unbekandt et al.,
2014

Rhodblock6 ROCK inhibitor Blocks cytokinesis through RLC
mislocalization

Castoreno et al., 2010

RKI-18 and -1447 ROCK inhibitors Prevents invasion and anchorage-
dependent growth

Patel et al., 2012;
Patel et al., 2014

Blebbistatin NMII inhibitor Inhibits metastasis Mikulich et al., 2012
Thiosemicarbazone iron chelators (di-2-pyridylketone
4,4-dimethyl-3-thiosemicarbazone)

ROCK1 and RLC inhibition Decreased cell migration Sun et al., 2013

Acetohexamide, nifedipin, isoxsuprine and proadifen RLC inhibitor Inhibits transendothelial migration Kretschy et al., 2013
Berberine RhoA/ROCK inhibitor Decreased cell migration Liu et al., 2015
Combrestatatin Increases RLC phosphorylation Reduces transendothelial migration and

disrupts blood vessels
Pollock et al., 2014

17e Fluorescent small-molecular
inhibitor of MLCP

Inhibits cell migration and arrests cells
at G2/M

Grindrod et al., 2011

MRCK, myotonic dystrophy kinase-related Cdc42-binding kinase; ROCK, RhoA-associated kinase; RLC, myosin regulatory light chain; MLCP,myosin light chain
phosphatase.
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Muller, 2011). As previously discussed, NMII activity facilitates
leukocyte nuclear compression, allowing cells to traverse through
endothelial cell–cell junctions (Jacobelli et al., 2013; Manes and
Pober, 2013; Stroka et al., 2013). Interestingly, CD4+ T cells from
elderly individuals exhibit decreased NMIIA expression and
defective transendothelial migration (Cane et al., 2012). Thus,
NMII regulates immune response and inflammation by remodeling
endothelial cell–cell adhesions, allowing for leukocyte invasion.
Consistent with a role for NMII in inflammation, the NMII inhibitor
blebbistatin decreases inflammation in the rat kidney in vivo by
blocking leukocyte infiltration (Si et al., 2010).
Changes in endothelial permeability and leukocyte migration

might also contribute to atherosclerosis, in which chronic
inflammation of the endothelial layer results in plaques
containing lipids and minerals that obstruct arteries and perturb
blood flow, and, when ruptured, can lead to blood vessel occlusion
(reviewed in Galkina and Ley, 2009). These plaques are commonly
formed in regions of bifurcation of large and medium arteries,
which are characterized by disturbances in blood flow (reviewed in
Davies et al., 2013). A possible explanation for this coincidence is
that localized perturbations in fluid shear stress result in NMII-
mediated mechanotransduction signals that modulate the behavior
of, and patterns of gene expression in, endothelial cells (reviewed
in Hahn and Schwartz, 2009). Consistent with this hypothesis,
NMIIB and its associated RLCs are increased in atherosclerotic
plaques (de la Cuesta et al., 2011; Nikol et al., 1997), and oxidized
phospholipids associated with atherosclerosis increase RhoA-
driven myosin activity (Essler et al., 1999; Zimman et al., 2010).
The pharmacological inhibition of myosin kinases, either MLCK
or ROCK, have been found to reduce the development and
progression of atherosclerotic plaques in mouse models of
atherosclerosis (Wu et al., 2009). Chronic upregulation of
myosin activity in atherosclerosis likely increases endothelial
permeability as previously discussed, resulting in localized
inflammation in the intima vascular layer as observed during the
early development of atherosclerosis (Haidari et al., 2011).
These differential effects of NMII activity on endothelial cell–cell

junctions are also observed in cancer metastasis, where tumor cells
increase endothelial NMII activity, disrupting adhesions and
allowing for transcellular migration and tissue invasion (Khuon
et al., 2010; Li and Zhu, 2015; Li et al., 2015a). For example,
melanoma cells increase endothelial cell contractility in vitro,
leading to the rupture of cell–cell adhesion by the simultaneous
activation of VCAM and IL1β- and IL8-mediated signaling
pathways (Weidert et al., 2014). Interestingly, although better
known for triggering microtubule destabilization, the anti-
angiogenic drug combretastatin (Table 4) also regulates RLC
phosphorylation in endothelial and T cells, disrupting T-cell
translocation (Kanthou and Tozer, 2002; Nathan et al., 2012;
Pollock et al., 2014). Thus, NMII is a promising therapeutic target
for conditions of exacerbated transendothelial migration, such as
cancer and chronic inflammation, because of its dual roles in
endothelial adhesion and migration of the invading cell.

NMII in angiogenesis and disease therapy
During the process of angiogenesis, when new blood vessels form
from existing vessels, NMII similarly regulates endothelial cell–cell
junctions, while also directing cell–matrix interactions that promote
endothelial cell migration. During initial vascular sprouting and vessel
branching, the disruption of endothelial cell junctions increases cell
interactionwith theECM, facilitating themigration of tip cells (Fig. 5).
The subsequent proliferation and elongation of cells from behind the

tip cell results in vessel stabilization and lumen formation, followed by
lumen consolidation through fusion of the neovessel with the pre-
existing vascular network (reviewed in Carmeliet and Jain, 2011).
NMII coordinates these stages of angiogenesis, and thus exhibits
complex spatial and temporal regulation depending on the process. For
instance, localized NMII inhibition in vitro promotes angiogenic
sprouting (Fischer et al., 2009) and initial vascular branching (Elliott
et al., 2015) in 3D angiogenic models by decreasing the tension on
actin stress fibers, which disrupts VE-cadherin-mediated intercellular
bridges and weakens cell–cell adhesions (Hoelzle and Svitkina, 2012;
reviewed in Yonemura, 2011). Simultaneously, at the tip cell, NMIIA
and NMIIB activity are necessary for endothelial cell migration
(Kolega, 2006). For the formation of the vascular lumen, NMII
generates forces that stabilize VE-cadherin at cell–cell contacts
(Fig. 4B), thus blocking further angiogenic sprouting (Abraham et al.,
2009; Strilic ́ et al., 2009). Interestingly, Nogo-A, a protein expressed
by oligodendrocytes and neurons in the CNS, inhibits endothelial cell
migration via a mechanism that involves RhoA–ROCK–NMII
activation (Wälchli et al., 2013). This negative modulation of
angiogenesis in the CNS compromises the repair of brain injuries.
As a result of the complex regulation of NMII at diverse stages of
blood vessel development, themodulation ofmyosin activity could be
a powerful, yet still unexplored, tool for both the repression and
induction of angiogenesis in disorders such as cancer, stroke and
diabetic chronic wounds.

NMII in other diseases
MYH9-related diseases: NMII functions in development
Although this Review focuses primarily on emerging roles of NMII
in genetically complex disorders, autosomal dominant mutations in
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vascular
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Vascular
sprouting
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branching or
stabilization

Stalk 
cell 

NMII
inhibition

NMII
activation

Migration of
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cell-cell

adhesions

Stabilization of
cell-cell
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NMII
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Angiogenesis 

Fig. 5. Differential NMII activity defines distinct stages of angiogenesis.
After the detection of stimuli (hypoxia or growth factors), NMII inhibition results
in the loosening of endothelial adherens junctions, favoring the detachment of
migrating endothelial cells (tip cell). The tip cell migrates into the connective
tissue, in a mechanism that relies on NMII activation (see Fig. 3B). During
collective cell migration (stalk elongation), NMII activation stabilizes the
junctions of the follower endothelial cells, resulting in stalk elongation. During
stalk elongation, the localized activation or inhibition of NMII results in the
inhibition or induction of vascular branching, respectively.
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NMHCIIA (Box 2) have provided fundamental insights into how
altered NMII activity contributes to disease. These autosomal
dominant NMIIA mutations result in various MYH9-related
disorders (MYH9-RD), including May-Hegglin anomaly, Epstein
syndrome, Fechtner syndrome and Sebastian syndrome; the
hallmark features of which are fewer, but giant, platelets (referred
to clinically as macrothrombocytopenia) and leukocyte inclusions.
Individuals affected by aMYH9-related disorder often present with
deafness, cataracts and nephropathy (Balduini et al., 2011). In the
process of platelet formation, megakaryocytes extend pro-platelet
projections into the bloodstream, where fluid shear stress results in
their release and fragmentation into platelets (reviewed in Thon and
Italiano, 2012). MYH9-RD megakaryocytes from affected humans
and mouse models exhibit enlarged pro-platelet buds (Eckly et al.,
2009; Pecci et al., 2009). Recent in vitro evidence demonstrates that
fluid sheer stress locally activates cortical NMIIA, resulting in
fragmentation of pro-platelets into platelets (Spinler et al., 2015).
Decreased platelet number in MYH9-RD could also result from
reduced collagen adhesion and premature platelet release outside
the bloodstream (Balduini et al., 2011; Eckly et al., 2009),
highlighting the need for in vivo disease models that capture the
role of NMII in diverse events leading to disease pathology. The
following section addresses how NMII contributes to body and
tissue patterning, and highlights isoform-specific roles for NMII
that help to explain tissue-specific defects in MYH9-RD (Kim
et al., 2005).

NMII in development and developmental disease
During development, NMII activity contributes to morphogenesis
and tissue patterning. A recent study of individuals with congenital
heart defects arising from incorrect left–right body patterning
revealed that disease-associated CNVs commonly include an
isoform of ROCK, ROCK2 (Fakhro et al., 2011). Although
CNVs do not necessarily contribute to disease pathology, animal
models provide further evidence for a role of ROCK-mediated
myosin contractility in body axis asymmetry, and demonstrate that
ROCK negatively regulates TGFβ signaling through receptor
internalization and degradation (Wang et al., 2011, 2012b; Zhang
et al., 2009). This is of particular interest because TGFβ serves as a
critical regulator of other NMII-dependent processes discussed in
this Review, including the epithelial-to-mesenchymal transition that
underlies cancer metastasis (Xu et al., 2009) as well as stem cell
renewal and differentiation (Watabe and Miyazono, 2009).
At the tissue level, NMII functions downstream of non-canonical

Wnt planar cell polarity (PCP) pathways to regulate polarity. In
the auditory epithelium, PCP pathways polarize NMII-driven
contractile forces to pattern hair cells, which regulate sound
perception (Lee et al., 2012; Yamamoto et al., 2009), providing a
possible mechanism for the deafness associated with MYH9-RD.
Similarly, in cardiac development, NMII activity functions
downstream of PCP signaling in the polarized migration of the
myocardium during the development of the heart’s outflow tract, a
process that relies primarily on NMIIB and possibly on NMIIC (Ma
and Adelstein, 2012; Marigo et al., 2004; Phillips et al., 2005).
However, NMIIA directs convergence and extension tissue
movements during the development of the kidney tubules
(Lienkamp et al., 2012), accounting for nephropathy in some
MYH9-RD cases, characterized by altered NMIIA localization in
renal structures and reduced NMIIA expression in podocytes
(Ghiggeri et al., 2003). Altered NMII expression has been reported
for several glomerular diseases (Hiroi et al., 1996; Miura et al.,
2013). In addition to regulating tissue patterning, PCP-mediated

NMII activity might also contribute to cancer progression, with
more aggressive ovarian cancers showing increased PCP signaling
pathways corresponding with changes in actomyosin organization
(Feske et al., 2009). Thus, disrupted NMII activity results in
developmental defects that provide insights into how NMII might
contribute to the pathology of more genetically complex diseases,
such as cancer.

NMII in stem cell therapies
Given the increasing use of stem cells in research, it is imperative to
understand the mechanisms that underlie the self-renewal of
pluripotent stem cells and their directed differentiation to specific
tissues in order to advance stem cell therapies. Recent findings
demonstrate that NMII acts as an important regulator of both stem
cell self-renewal and committed differentiation toward a specific
cell type (Engler et al., 2006; Watanabe et al., 2007; Zhang and
Kilian, 2013). For example, NMII activity in response to substrate
stiffness directs the differentiation of mesenchymal stem cells to
muscle and bone on stiffer substrates and to neurons on softer
substrates (Engler et al., 2006). This suggests that altering the
physiological stiffness of a stem cell’s substrate and/or mimicking
the activity of NMII to match that of a particular tissue might
be sufficient to direct stem cells towards a particular fate (Fig. 6).
In addition to discussing the mechanisms by which
NMII differentially regulates stem cell self-renewal versus
differentiation, we also discuss potential clinical applications of
NMII inhibitors (Chen et al., 2014).

NMII: a driver of differentiation
NMII regulates cell identity by severalmechanisms, including signal
mechanotransduction, transcriptional changes, ion-channel
activation, and the regulation of cell–cell and cell–matrix
interactions. When cells adhere to their ECM, external forces are
transmitted through adhesion junctions to the inside of the cell,
where NMII-dependent contractile forces balance them. Through
mechanotransduction, these NMII-dependent contractile forces
drive changes in signaling by regulating the composition of
adhesion complexes. They also drive changes at the transcriptional
level through mechanosensitive transcriptional coactivators, such as
Yes-associated protein (YAP) (Dupont et al., 2011).

In stem cells, the nuclear translocation of YAP acts as a
transcriptional regulator of self-renewal or differentiation into
specific cell types. In multipotent mesenchymal stem cells,
integrin-β1 activation results in RhoA–ROCK-mediated myosin
activation and in the nuclear translocation of YAP, favoring

– NMII activity for survival 
(+ Y-27632 = ROCK inhibitor) 

+ NMII activity 
 

Differentiation
Neuron Muscle Bone 

Increasing stiffness/NMII activity 

  

Stem cells

 

Fig. 6. NMII determines stem cell fate. Pluripotent stem cells are cultured in
the presence of the ROCK inhibitor Y-27632 to prevent apoptosis (Chen et al.,
2010; Watanabe et al., 2007). NMII activity directs the differentiation of stem
cells to specific tissue lineages: decreased NMII activity leads to neuronal
fates, whereas increased NMII activity promotes the formation of stiffer tissues,
such as muscle and bone (Engler et al., 2006; Seo et al., 2014; Wang et al.,
2013b).
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differentiation to bone rather than to adipose or cartilage (Tang
et al., 2013). Intriguingly, mesenchymal stem cells retain
mechanical memory through YAP nuclear localization, such that
culturing these cells on stiff substrates prior to their differentiation
on soft substrates promotes osteogenesis rather than adipogenesis
(Yang et al., 2014). However, inhibiting YAP nuclear localization
by culturing cells on soft matrices promotes the robust
differentiation of stem cells into post-mitotic neurons, even in the
absence of neurogenic factors (Musah et al., 2014). This suggests
that physical stiffness of the substrate is sufficient to drive the
biochemical signaling events necessary for cells to differentiate into
specific tissues (Engler et al., 2006; Musah et al., 2014). However,
NMII-generated traction forces promote cortical neuron
differentiation by activating the stretch-activated ion channel
Piezo1, resulting in Ca2+ influx and YAP nuclear localization
(Pathak et al., 2014). Thus, the specific function of YAP
downstream of NMII activity likely results from cell-type-
dependent mechanisms, such as specific transcription-factor
interactions. This is illustrated in the intestinal epithelium, where
YAP interaction with TEA domain (TEAD) transcription factors
promotes stem cell self-renewal, whereas interaction with the
transcription factor Kruppel-like factor 4 (Klf4) promotes
differentiation into goblet cells (Imajo et al., 2014).
In addition to directing stem cell fate through transcriptional

regulation, NMII also negatively regulates stem cell survival
through apoptosis. RhoA–ROCK-mediated NMII activity
contributes to apoptosis through nuclear fragmentation, membrane
blebbing and the subsequent release of damaging proteins (Croft
et al., 2005; Mills, 1998; Wickman et al., 2013). Because NMII-
driven apoptosis limits stem cell viability, stem cell culture benefits
from the use of either ROCK inhibitors, such as Y-267632, or NMII
inhibitors, such as blebbistatin (Chen et al., 2010; Walker et al.,
2010; Watanabe et al., 2007) (Fig. 6).

Clinical applications of NMII inhibitors in stem cell therapies
Stem cell therapies hold promise for the treatment of numerous
disorders, including cardiovascular disorders, spinal cord injuries
and neurodegenerative diseases. However, several considerations
limit the usefulness of stem cells in clinical settings, including the
production of stem cells in sufficient quantities, the development of
xeno-free culture systems, and their directed differentiation into the
desired cell type. In each case, the manipulation of NMII activity is
informing the development of technologies that advance research
into stem cell therapies. For example, inhibition of ROCK-mediated
NMII contractility allows for stem cell expansion on microcarriers in
suspension, greatly enhancing stem cell production over traditional
2D culture methods (Chen et al., 2014). ROCK inhibition also
allows for stem cell growth under xeno-free culture conditions (Harb
et al., 2008). Finally, ROCK inhibition promotes neural
differentiation of placental-derived multipotent cells to generate
neural progenitor cells for the treatment of neurodegenerative
disorders (Wang et al., 2013b). Alternatively, increased NMII
activation, via fabricated micropits, promotes osteogenic
differentiation of mesenchymal cells (Seo et al., 2014). Likewise,
reducing substrate stiffness or inhibiting ROCK-mediated NMII
activation promotes neural induction and the subsequent
differentiation of neural stem cells to specific neuronal
populations, such as motor neurons (Sun et al., 2014). Thus, in
addition to pharmacological inhibition, fine-tuning NMII activity
through engineered scaffolds of a particular stiffness or substrate
holds promise for both stem cell expansion and their directed
differentiation (Musah et al., 2014; reviewed inMurphy et al., 2014).

Perspectives on NMII in disease
Emerging regulators of NMII function as therapeutic targets
In this Review, we have sought to highlight the emerging roles for
NMII in genetically complex disorders, such as cancer and neuronal
diseases. In so doing, we have revealed that these diverse
pathologies result from similar NMII-driven processes, including
mechanical forces that drive dynamic cell movements and
mechanotransduction that results in signaling changes that alter
cell behavior. For example, NMII-mediated contractile forces drive
both the cell migration that causes cancer metastasis and the
synaptic plasticity that underlies cognitive function and that
contributes to neurodevelopmental disorders (see Box 1).
Similarly, biochemical signaling pathways downstream of NMII
are shared across diverse disorders. In particular, recent evidence
demonstrates that the mechanosensitive transcription factors YAP
and transcriptional coactivator with PDZ-binding motif (TAZ; also
known as WWTR1), which regulate both cancer cell progression
and stem cell differentiation, also contribute to body axis patterning
(Porazinski et al., 2015) and angiogenesis (Choi et al., 2015). Thus,
understanding how altered NMII signaling contributes to a specific
disease might provide insights into the mechanisms of other NMII-
related disorders and ultimately help to identify novel therapeutic
targets for the successful treatment of these disorders.

In an attempt to identify novel therapeutic targets for the
treatment of NMII-related disorders, we have detailed common
upstream regulatory mechanisms that govern NMII activity. These
include diverse genetic mutations, as well as miRNAs, that
converge either directly or indirectly on NMII regulation.
Already, the miRNAs that regulate NMII activity in cancer and
endothelial cell function (Table 3) have been implicated in stem cell
pluripotency and differentiation (Mathieu and Ruohola-Baker,
2013), and are poised to provide further insights into the roles of
NMII in these processes. Thus, miRNAs that regulate NMII
function could serve as additional targets for directed differentiation
to desired therapeutic cell types. Furthermore, the pharmacological
inhibition of shared myosin kinases (Fig. 1) shows promise for
therapeutic intervention in numerous disorders, while creating
scaffolds of a particular stiffness provides an alternate strategy for
manipulating NMII activity. Furthering our understanding of the
particular molecular mechanisms that govern the precise spatial and
temporal activity of NMII in normal and disease states should also
provide increasing specificity for these therapeutic strategies.
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Volonté, C. (2013). Dysregulated microRNAs in amyotrophic lateral sclerosis
microglia modulate genes linked to neuroinflammation. Cell Death Dis. 4, e959.

Patel, R. A., Forinash, K. D., Pireddu, R., Sun, Y., Sun, N., Martin, M. P.,
Schönbrunn, E., Lawrence, N. J. and Sebti, S. M. (2012). RKI-1447 is a potent
inhibitor of the Rho-associated ROCK kinases with anti-invasive and antitumor
activities in breast cancer. Cancer Res. 72, 5025-5034.

Patel, R. A., Liu, Y., Wang, B., Li, R. and Sebti, S. M. (2014). Identification of novel
ROCK inhibitors with anti-migratory and anti-invasive activities. Oncogene 33,
550-555.

Pathak, M.M., Nourse, J. L., Tran, T., Hwe, J., Arulmoli, J., Le, D. T. T., Bernardis,
E., Flanagan, L. A. and Tombola, F. (2014). Stretch-activated ion channel
Piezo1 directs lineage choice in human neural stem cells. Proc. Natl. Acad. Sci.
USA 111, 16148-16153.

Pecci, A., Malara, A., Badalucco, S., Bozzi, V., Torti, M., Balduini, C. L. and
Balduini, A. (2009). Megakaryocytes of patients with MYH9-related
thrombocytopenia present an altered proplatelet formation. Thromb. Haemost.
102, 90-96.

Peglion, F., Llense, F. and Etienne-Manneville, S. (2014). Adherens junction
treadmilling during collective migration. Nat. Cell Biol. 16, 639-651.

Pellegrino, L., Stebbing, J., Braga, V. M., Frampton, A. E., Jacob, J., Buluwela,
L., Jiao, L. R., Periyasamy, M., Madsen, C. D., Caley, M. P. et al. (2013). miR-
23b regulates cytoskeletal remodeling, motility and metastasis by directly
targeting multiple transcripts. Nucleic Acids Res. 41, 5400-5412.

Peng, H., Ong, Y. M., Shah, W. A., Holland, P. C. and Carbonetto, S. (2013).
Integrins regulate centrosome integrity and astrocyte polarization following a
wound. Dev. Neurobiol. 73, 333-353.

Penzes, P., Cahill, M. E., Jones, K. A., VanLeeuwen, J.-E. and Woolfrey, K. M.
(2011). Dendritic spine pathology in neuropsychiatric disorders.Nat. Neurosci. 14,
285-293.

Perou, C. M., Sørlie, T., Eisen, M. B., van de Rijn, M., Jeffrey, S. S., Rees, C. A.,
Pollack, J. R., Ross, D. T., Johnsen, H., Akslen, L. A. et al. (2000). Molecular
portraits of human breast tumours. Nature 406, 747-752.

1512

REVIEW Disease Models & Mechanisms (2015) 8, 1495-1515 doi:10.1242/dmm.022103

D
is
ea

se
M
o
d
el
s
&
M
ec
h
an

is
m
s

http://dx.doi.org/10.1093/carcin/bgs114
http://dx.doi.org/10.1093/carcin/bgs114
http://dx.doi.org/10.2741/3942
http://dx.doi.org/10.2741/3942
http://dx.doi.org/10.4161/bioa.29766
http://dx.doi.org/10.4161/bioa.29766
http://dx.doi.org/10.1038/sj.bjc.6604197
http://dx.doi.org/10.1038/sj.bjc.6604197
http://dx.doi.org/10.1038/sj.bjc.6604197
http://dx.doi.org/10.1038/sj.bjc.6604197
http://dx.doi.org/10.1186/1479-5876-4-50
http://dx.doi.org/10.1186/1479-5876-4-50
http://dx.doi.org/10.1186/1479-5876-4-50
http://dx.doi.org/10.1186/1479-5876-4-50
http://dx.doi.org/10.4049/jimmunol.1201817
http://dx.doi.org/10.4049/jimmunol.1201817
http://dx.doi.org/10.4049/jimmunol.1201817
http://dx.doi.org/10.1016/j.ygeno.2003.12.012
http://dx.doi.org/10.1016/j.ygeno.2003.12.012
http://dx.doi.org/10.1016/j.ygeno.2003.12.012
http://dx.doi.org/10.1016/j.ygeno.2003.12.012
http://dx.doi.org/10.1038/nn717
http://dx.doi.org/10.1038/nn717
http://dx.doi.org/10.1038/nn717
http://dx.doi.org/10.1007/978-94-007-6621-1_18
http://dx.doi.org/10.1007/978-94-007-6621-1_18
http://dx.doi.org/10.1152/physrev.00012.2005
http://dx.doi.org/10.1152/physrev.00012.2005
http://dx.doi.org/10.1523/JNEUROSCI.4920-03.2004
http://dx.doi.org/10.1523/JNEUROSCI.4920-03.2004
http://dx.doi.org/10.1523/JNEUROSCI.4920-03.2004
http://dx.doi.org/10.1038/ncb1216
http://dx.doi.org/10.1038/ncb1216
http://dx.doi.org/10.1038/ncb1216
http://dx.doi.org/10.1016/j.bbagen.2012.04.003
http://dx.doi.org/10.1016/j.bbagen.2012.04.003
http://dx.doi.org/10.1016/j.bbagen.2012.04.003
http://dx.doi.org/10.1083/jcb.140.3.627
http://dx.doi.org/10.1083/jcb.140.3.627
http://dx.doi.org/10.1159/000086487
http://dx.doi.org/10.1159/000086487
http://dx.doi.org/10.1159/000086487
http://dx.doi.org/10.1073/pnas.1422759112
http://dx.doi.org/10.1073/pnas.1422759112
http://dx.doi.org/10.1073/pnas.1422759112
http://dx.doi.org/10.1073/pnas.1422759112
http://dx.doi.org/10.1093/ndt/gft350
http://dx.doi.org/10.1093/ndt/gft350
http://dx.doi.org/10.1093/ndt/gft350
http://dx.doi.org/10.1093/ndt/gft350
http://dx.doi.org/10.1093/ndt/gft350
http://dx.doi.org/10.1016/S1044-7431(02)00035-0
http://dx.doi.org/10.1016/S1044-7431(02)00035-0
http://dx.doi.org/10.1016/S1044-7431(02)00035-0
http://dx.doi.org/10.1016/S1044-7431(02)00035-0
http://dx.doi.org/10.1002/ana.23967
http://dx.doi.org/10.1002/ana.23967
http://dx.doi.org/10.1002/ana.23967
http://dx.doi.org/10.1002/cne.902790412
http://dx.doi.org/10.1002/cne.902790412
http://dx.doi.org/10.1038/nrd1719
http://dx.doi.org/10.1038/nrd1719
http://dx.doi.org/10.1146/annurev-pathol-011110-130224
http://dx.doi.org/10.1146/annurev-pathol-011110-130224
http://dx.doi.org/10.1186/2040-2392-5-40
http://dx.doi.org/10.1186/2040-2392-5-40
http://dx.doi.org/10.1186/2040-2392-5-40
http://dx.doi.org/10.1016/S0014-5793(99)00550-5
http://dx.doi.org/10.1016/S0014-5793(99)00550-5
http://dx.doi.org/10.1016/S0014-5793(99)00550-5
http://dx.doi.org/10.1242/jcs.125146
http://dx.doi.org/10.1242/jcs.125146
http://dx.doi.org/10.1242/jcs.125146
http://dx.doi.org/10.1242/jcs.125146
http://dx.doi.org/10.1038/nmat3937
http://dx.doi.org/10.1038/nmat3937
http://dx.doi.org/10.1186/1749-8104-5-16
http://dx.doi.org/10.1186/1749-8104-5-16
http://dx.doi.org/10.1186/1749-8104-5-16
http://dx.doi.org/10.1073/pnas.1415330111
http://dx.doi.org/10.1073/pnas.1415330111
http://dx.doi.org/10.1073/pnas.1415330111
http://dx.doi.org/10.1073/pnas.1415330111
http://dx.doi.org/10.1073/pnas.1415330111
http://dx.doi.org/10.1111/j.1600-0854.2006.00476.x
http://dx.doi.org/10.1111/j.1600-0854.2006.00476.x
http://dx.doi.org/10.1111/j.1600-0854.2006.00476.x
http://dx.doi.org/10.1007/s00424-007-0385-1
http://dx.doi.org/10.1007/s00424-007-0385-1
http://dx.doi.org/10.1101/gad.1783809
http://dx.doi.org/10.1101/gad.1783809
http://dx.doi.org/10.1101/gad.1783809
http://dx.doi.org/10.1101/gad.1783809
http://dx.doi.org/10.2174/18744672113069990033
http://dx.doi.org/10.2174/18744672113069990033
http://dx.doi.org/10.1186/1476-4598-10-79
http://dx.doi.org/10.1186/1476-4598-10-79
http://dx.doi.org/10.1186/1476-4598-10-79
http://dx.doi.org/10.1186/1476-4598-10-79
http://dx.doi.org/10.1186/1476-4598-10-79
http://dx.doi.org/10.1158/1078-0432.CCR-11-3376
http://dx.doi.org/10.1158/1078-0432.CCR-11-3376
http://dx.doi.org/10.1158/1078-0432.CCR-11-3376
http://dx.doi.org/10.1158/1078-0432.CCR-11-3376
http://dx.doi.org/10.1083/jcb.201504046
http://dx.doi.org/10.1083/jcb.201504046
http://dx.doi.org/10.1083/jcb.201504046
http://dx.doi.org/10.1083/jcb.201207148
http://dx.doi.org/10.1083/jcb.201207148
http://dx.doi.org/10.1083/jcb.201207148
http://dx.doi.org/10.1016/S0140-6736(02)08270-3
http://dx.doi.org/10.1016/S0140-6736(02)08270-3
http://dx.doi.org/10.1016/S0140-6736(02)08270-3
http://dx.doi.org/10.1016/S0140-6736(02)08270-3
http://dx.doi.org/10.1016/S0021-9150(96)06047-9
http://dx.doi.org/10.1016/S0021-9150(96)06047-9
http://dx.doi.org/10.1016/S0021-9150(96)06047-9
http://dx.doi.org/10.1126/science.1196112
http://dx.doi.org/10.1126/science.1196112
http://dx.doi.org/10.1126/science.1196112
http://dx.doi.org/10.1016/j.drudis.2013.09.010
http://dx.doi.org/10.1016/j.drudis.2013.09.010
http://dx.doi.org/10.1016/j.drudis.2013.09.010
http://dx.doi.org/10.1038/cddis.2013.491
http://dx.doi.org/10.1038/cddis.2013.491
http://dx.doi.org/10.1038/cddis.2013.491
http://dx.doi.org/10.1158/0008-5472.CAN-12-0954
http://dx.doi.org/10.1158/0008-5472.CAN-12-0954
http://dx.doi.org/10.1158/0008-5472.CAN-12-0954
http://dx.doi.org/10.1158/0008-5472.CAN-12-0954
http://dx.doi.org/10.1038/onc.2012.634
http://dx.doi.org/10.1038/onc.2012.634
http://dx.doi.org/10.1038/onc.2012.634
http://dx.doi.org/10.1073/pnas.1409802111
http://dx.doi.org/10.1073/pnas.1409802111
http://dx.doi.org/10.1073/pnas.1409802111
http://dx.doi.org/10.1073/pnas.1409802111
http://dx.doi.org/10.1160/th09-01-0068
http://dx.doi.org/10.1160/th09-01-0068
http://dx.doi.org/10.1160/th09-01-0068
http://dx.doi.org/10.1160/th09-01-0068
http://dx.doi.org/10.1038/ncb2985
http://dx.doi.org/10.1038/ncb2985
http://dx.doi.org/10.1093/nar/gkt245
http://dx.doi.org/10.1093/nar/gkt245
http://dx.doi.org/10.1093/nar/gkt245
http://dx.doi.org/10.1093/nar/gkt245
http://dx.doi.org/10.1002/dneu.22055
http://dx.doi.org/10.1002/dneu.22055
http://dx.doi.org/10.1002/dneu.22055
http://dx.doi.org/10.1038/nn.2741
http://dx.doi.org/10.1038/nn.2741
http://dx.doi.org/10.1038/nn.2741
http://dx.doi.org/10.1038/35021093
http://dx.doi.org/10.1038/35021093
http://dx.doi.org/10.1038/35021093


Petrie, R. J., Gavara, N., Chadwick, R. S. and Yamada, K. M. (2012).
Nonpolarized signaling reveals two distinct modes of 3D cell migration. J. Cell
Biol. 197, 439-455.

Phillips, H. M., Murdoch, J. N., Chaudhry, B., Copp, A. J. and Henderson, D. J.
(2005). Vangl2 acts via RhoA signaling to regulate polarized cell movements
during development of the proximal outflow tract. Circ. Res. 96, 292-299.

Pinto, D., Pagnamenta, A. T., Klei, L., Anney, R., Merico, D., Regan, R., Conroy,
J., Magalhaes, T. R., Correia, C., Abrahams, B. S. et al. (2010). Functional
impact of global rare copy number variation in autism spectrum disorders. Nature
466, 368-372.

Pollard, T. D. (1982). Structure and polymerization of Acanthamoeba myosin-II
filaments. J. Cell Biol. 95, 816-825.

Pollock, J. K., Verma, N. K., O’Boyle, N. M., Carr, M., Meegan, M. J. and Zisterer,
D. M. (2014). Combretastatin (CA)-4 and its novel analogue CA-432 impair T-cell
migration through the Rho/ROCK signalling pathway. Biochem. Pharmacol. 92,
544-557.

Polo-Parada, L., Plattner, F., Bose, C. and Landmesser, L. T. (2005). NCAM 180
acting via a conserved C-terminal domain and MLCK is essential for effective
transmission with repetitive stimulation. Neuron 46, 917-931.

Porazinski, S., Wang, H., Asaoka, Y., Behrndt, M., Miyamoto, T., Morita, H.,
Hata, S., Sasaki, T., Krens, S. F. G., Osada, Y. et al. (2015). YAP is essential for
tissue tension to ensure vertebrate 3D body shape. Nature 521, 217-221.

Portera-Cailliau, C., Pan, D. T. and Yuste, R. (2003). Activity-regulated dynamic
behavior of early dendritic protrusions: evidence for different types of dendritic
filopodia. J. Neurosci. 23, 7129-7142.

Puszkin, S., Berl, S., Puszkin, E. andClarke, D. D. (1968). Actomyosin-like protein
isolated from mammalian brain. Science 161, 170-171.

Rah, S.-Y., Park, K.-H., Nam, T.-S., Kim, S.-J., Kim, H., Im, M.-J. and Kim, U.-H.
(2007). Association of CD38 with nonmuscle myosin heavy chain IIA and Lck is
essential for the internalization and activation of CD38. J. Biol. Chem. 282,
5653-5660.

Ramakers, G. J. A. (2002). Rho proteins, mental retardation and the cellular basis of
cognition. Trends Neurosci. 25, 191-199.

Ramakers, G. J. A. and Moolenaar, W. H. (1998). Regulation of astrocyte
morphology by RhoA and lysophosphatidic acid. Exp. Cell Res. 245, 252-262.

Ramaswamy, S., Ross, K. N., Lander, E. S. and Golub, T. R. (2003). A molecular
signature of metastasis in primary solid tumors. Nat. Genet. 33, 49-54.

Rayment, I., Rypniewski, W. R., Schmidt-Bäse, K., Smith, R., Tomchick, D. R.,
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