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Abstract

The actin cytoskeleton, which regulates cell polarity, adhesion, and migration, can influence

cancer progression, including initial acquisition of malignant properties by normal cells, invasion

of adjacent tissues, and metastasis to distant sites. Actin-dependent molecular motors, myosins,

play key roles in regulating tumor progression and metastasis. In this review, we examine how

non-muscle myosins regulate neoplastic transformation and cancer cell migration and invasion.

Members of the myosin superfamily can act as either enhancers or suppressors of tumor

progression. This review summarizes the current state of knowledge on how mutations or

epigenetic changes in myosin genes and changes in myosin expression may affect tumor

progression and patient outcomes and discusses the proposed mechanisms linking myosin

inactivation or upregulation to malignant phenotype, cancer cell migration, and metastasis.
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Introduction

Myosin superfamily

Myosins are actin-dependent molecular motors that utilize the energy of ATP hydrolysis to

generate force. The many functions of myosins include cell contractility, cell signaling,

endocytosis, vesicle trafficking and protein/RNA localization [Hartman and Spudich, 2012;

Krendel and Mooseker, 2005; Woolner and Bement, 2009]. All myosins share certain

structural and functional features, particularly the presence of an actin-binding head domain,

which is also responsible for myosin ATPase activity. Actin-dependent ATPase activity is

used by myosin motors to generate force and to translocate cargo along actin filaments.

Myosins also contain a neck domain, which can bind light chains, and a tail, which is

variable in sequence and length and is likely to determine myosin intracellular localization

and cargo binding specificity.
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The first myosin to be studied biochemically was skeletal muscle myosin, also known as

myosin II [reviewed in Szent-Gyorgyi, 2004]. Muscle myosin forms heterohexamers

consisting of a dimer of heavy chains associated with four light chains, which can be further

assembled into thick filaments that promote the contraction of muscle fibers. Following the

discovery of non-muscle myosins, myosin family was subdivided into two groups: class I

(small, mostly monomeric motors) and class II (dimeric myosins similar to skeletal muscle

myosin; this class includes both muscle and non-muscle myosins). Class II myosins are also

known as conventional myosins. Subsequent identification of a multitude of other non-

muscle myosins, along with the progress of the human genome sequencing, dramatically

changed our understanding of myosin diversity [Berg et al., 2001]. Currently, myosin

superfamily of motor proteins is divided into multiple classes; this classification is based

primarily on the phylogenetic analysis of the motor domain [Berg et al., 2001; Foth et al.,

2006; Hodge and Cope, 2000; Odronitz and Kollmar, 2007; Richards and Cavalier-Smith,

2005]. Of these, 12 classes (I, II, III, V, VI, VII, IX, X, XV, XVI, XVIII, XIX) are found in

vertebrates, including humans. All myosin classes distinct from myosin II are known as

unconventional myosins and typically function as either monomers or dimers of heavy

chains associated with calmodulin-like light chains, which bind to the IQ motifs in the neck

region. The light chains stabilize the neck region and amplify the conformational changes in

the motor domain to produce movement along actin filaments. Myosin velocity and step size

are proportional to the length of the neck region (the lever arm) [Tyska and Warshaw, 2002].

Functional diversity of myosin motors

Myosin isoforms exhibit variations in their mechanochemical properties, such as the duty

ratio (fraction of the ATPase cycle spent in the strong actin-bound state) and processivity

(the ability to move continuously along an actin filament without diffusing away)

[O'Connell et al., 2007]. Low duty ratio myosins may function in rapid contractile events or

serve as dynamic, short-lived tethers between actin filaments and myosin cargo while high

duty ratio myosins are better adapted to generating sustained tension. Processive myosins

are best suited for the long-range transport of organelles and macromolecules. The diversity

of mechanochemical properties and cargo binding domains allows non-muscle myosins to

contribute to many processes important for cancer progression, including cell migration and

invasion through the extracellular matrix, regulation of protein and organelle localization,

cell shape changes, and cell signaling.

Non-muscle myosins are associated with a wide variety of actin-containing cellular

structures. These include microvilli, stereocilia, and filopodia (membrane protrusions

supported by the linear, unipolar bundles of actin filaments), stress fibers (linear structures

composed of actin filaments of mixed polarity that are reminiscent of muscle sarcomeres in

their periodic organization and are associated with cell-substrate contacts), adhesion belts

(parallel bundles of actin filaments running along the apical portion of epithelial cells and

associated with cell-cell junctions), and other types of actin assemblies (Figure 1). Actin

polymerization in cells relies on the activity of actin nucleators, protein complexes that

promote formation of short nuclei composed of 2–3 actin monomers, to initiate filament

assembly. Distinct actin structures are formed through the activity of different nucleators

(including Arp2/3 complex, which promotes formation of branched actin networks, formins,
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which nucleate parallel bundles, and other nucleators) and are associated with distinct

subsets of actin-binding and crosslinking proteins [Arjonen et al., 2011; Campellone and

Welch, 2010; Michael and Yap, 2013; Vindin and Gunning, 2013; Yang and Svitkina,

2011].

Some myosin classes display preferences for specific actin structures. For example, yeast

and metazoan myosins II and yeast myosin V have been shown to preferentially associate

with parallel actin bundles nucleated by formins and containing the actin-binding protein

tropomyosin, while class I myosins are excluded from tropomyosin-containing actin

assemblies and preferentially bind to the Arp2/3-nucleated branched actin networks [Ostap,

2008; Pollard and Lord, 2014; Pruyne, 2008; Stark et al., 2010; Tojkander et al., 2011;

Wang and Coluccio, 2010]. In mammalian cells, tropomyosin is present in stress fibers,

cytokinetic contractile rings, and apical adhesion belts; these structures are highly contractile

due to myosin II activity. Members of myosin class I, on the other hand, bind to actin

structures that do not contain tropomyosin, such as branched actin networks surrounding

clathrin-coated vesicles, actin filaments associated with nascent (immature) junctional

complexes, and fimbrin-crosslinked actin bundles in the microvilli (Figure 1). Another

example of a preferential association between a specific actin structure and a particular

myosin class is found in filopodia, which contain parallel bundles of actin filaments cross-

linked by fascin and enriched in Myo10; the precise mechanism that governs Myo10

localization to filopodia has not been determined [Kerber and Cheney, 2011]. Myosin

specificity toward particular cytoskeletal structures provides an additional mode of

controlling myosin activity; for example, changes in tropomyosin or fascin expression that

are often observed in cancer cells [Arjonen et al., 2011; Wang and Coluccio, 2010] could

lead to changes in myosin-mediated cell motility and tension.

Myosin activity and the hallmarks of cancer

This review will provide an overview of the roles that non-muscle myosins play in cancer

progression and metastasis. We will discuss the known associations between myosin

mutations and cancer, correlation between myosin expression levels and tumor progression,

and the mechanisms (either experimentally confirmed or hypothetical) that may link myosin

activity to tumor invasion and metastasis. Many of the findings on the role of myosins in

cancer progression are quite recent and limited to a relatively small number of patient cases;

however, as research continues to uncover the functions of myosins as tumor suppressors or

promoters, additional large-scale studies will undoubtedly follow.

The discussion of the contributions of the myosin superfamily to neoplastic transformation

and metastasis can be framed in terms of the more general pathways that drive tumor

progression. It has been proposed that most changes that lead to tumor formation and

metastasis can be described as associated with several hallmarks of cancer cells, which

represent the key properties that are necessary for cancer cell survival and tumor spreading

[Hanahan and Weinberg, 2011]. These hallmarks include uncontrolled proliferation and the

ability to prevent growth suppression, disruption of the programmed cell death mechanisms,

induction of angiogenesis, maintenance of replicative immortality, evasion of immune

surveillance, and the ability to invade and form metastases. While tumors isolated from
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different patients may exhibit genomic or epigenetic changes in distinct gene subsets, these

alterations can be categorized as targeting a few key pathways that promote tumor cell

survival and growth. Based on the known or hypothetical connections between these

pathways and myosin functions, it may be possible to propose how changes in myosin

expression or activity could affect the key cancer regulatory networks. Some of these

connections have been experimentally identified in cancer cells, as will be discussed in this

review, while others may offer a theoretical framework that can be used when considering

potential mechanisms that may link myosin genomic or epigenetic alterations and cancer.

Enhanced proliferation and avoidance of growth suppression—The uncontrolled

growth of transformed cells may be achieved via an upregulation of growth factor receptor

expression or receptor presentation on the cell surface, mutations that lead to constitutive

activation of growth factor signaling pathways (including activating mutations in the

transmembrane receptors or in the intracellular components of the pathway), disruption of

proliferation-controlling mechanisms such as growth suppressor pathways (governed by the

p53 and Rb proteins) or changes in the contact inhibition of cell division. Since many

myosins have been linked to endocytic, exocytic, and recycling pathways, it is easy to

envision that the disruption of myosin activity may interfere with the mechanisms that

regulate growth factor receptor signaling via receptor internalization and recycling.

Additionally, deficiency in myosins that are involved in the establishment and maintenance

of cell-cell adhesion could decrease the ability of epithelial cells to undergo contact

inhibition. Somewhat unexpectedly, recent findings concerning myosin IIA role as a tumor

suppressor have also identified a connection between myosin IIA and p53 stability

[Schramek et al., 2014], as will be discussed in the section on myosin II, indicating that

myosins may directly affect signaling pathways that induce growth suppression in response

to stress.

Replicative immortality—Unlike non-transformed cells, which are typically able to

undergo only a limited number of cell divisions, cancer cells acquire the ability to

continuously replicate their genome and divide without undergoing senescence. This ability

has been linked to the upregulation of telomerase activity as well as the disruption of p53-

mediated control of genomic integrity, which allows cells to divide in spite of the damage to

the chromosomes and the loss of telomeres [Bernardes de Jesus and Blasco, 2013; Hanel and

Moll, 2012]. The lack of the genomic quality control in p53-deficient cancer cells plays an

important role in the accumulation of carcinogenic mutations; thus, myosin IIA loss may

contribute to tumor progression via a number of p53-mediated pathways.

Defects in programmed cell death pathways—Programmed cell death, or apoptosis,

plays an important role in limiting the proliferation of tumor cells and in mediating the

cytotoxic effects of anti-cancer therapies. The ability to evade programmed death pathways

that are normally induced in response to DNA damage or other stressors leads to both an

uncontrolled growth of tumors and their resistance to chemotherapy [Adams and Cory,

2007; Hanahan and Weinberg, 2011]. Myosins that are known to interact with the

components of apoptosis-regulating pathways, such as the antiapoptotic proteins belonging

to the Bcl-2 family (see the section on myosin V), can modulate cell death program.
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Loss of epithelial cell polarity—The loss of cell polarity may contribute to tumor

initiation via disruption of asymmetrical cell division, a process that supports epithelial

tissue organization by maintaining distinct populations of epithelial stem cells and

differentiating epithelial cells [Royer and Lu, 2011]. Loss of cell polarity may also occur

during the late stages of epithelial tumor progression in the course of the epithelial-

mesenchymal transition (EMT) [Thiery, 2002]. EMT is characterized by the downregulation

of epithelial differentiation markers and the loss of cell polarity and tissue organization and

is generally associated with poor prognosis in patients with invasive cancers. Many

oncogenes and tumor suppressors regulate key cell polarity pathways, and mutations or

changes in the expression level of core polarity proteins are frequently observed in cancer

[Huang and Muthuswamy, 2010]. Mutations in myosins that are involved in the

establishment or maintenance of cell polarity may, therefore, be linked to cancer

progression.

Angiogenesis—The growth of new blood vessels that supply tumors with nutrients and

oxygen represents one of the key steps in tumor progression. The induction of angiogenesis

may be a required step for progression from a microscopic, asymptomatic tumor to a larger

neoplasm [Naumov et al., 2006]. VEGF signaling, which acts via a tyrosine kinase receptor,

plays a key role in promoting angiogenesis, and also contributes to other aspects of tumor

development. Thus, as discussed above, myosin motors that regulate receptor-mediated

endocytosis may contribute to suppression of angiogenesis under normal circumstances by

downregulating VEGF receptor signaling. Moreover, angiogenesis depends on cell

migration and cell shape changes, two processes that require myosin activity. In particular,

migration of endothelial cells during angiogenesis relies on filopodia formation at the

leading edge, which is associated with Myo10 activity [Almagro et al., 2010; Pi et al., 2007],

while branching of blood vessels is controlled by myosin II [Farber et al., 2011; Fischer et

al., 2009].

Inflammation—Recent studies have led to an appreciation of a link between tumors and

inflammation [Grivennikov et al., 2010]. Some inflammatory diseases, such as colitis/

inflammatory bowel disease, have been linked to an increased risk of cancer [Waldner and

Neurath, 2009]. On the other hand, growing tumors elicit an inflammatory response that

promotes establishment of a tumor-permissive microenvironment. Thus, myosins that affect

inflammatory pathways, such as those that modulate macrophage activity [Maravillas-

Montero and Santos-Argumedo, 2012] or have been linked to inflammatory disorders such

as Crohn’s disease and colitis [van Bodegraven et al., 2006], may influence tumor

progression.

Evasion of the immune response—Studies in immunodeficient mouse models and in

immunosuppressed patients indicate that tumors may develop more readily in the absence of

a robust immune response, and that the immune system may play a role in determining

tumor phenotype by selecting for less immunogenic tumor cells, a process known as

immunoediting [Kim et al., 2007; Teng et al., 2008]. Specific cell types implicated in tumor

control include T cells and NK cells. Myosins that contribute to the immune system
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functions and modulate immune response to tumor antigens could be important for

controlling tumor growth.

Tumor cell invasion and metastasis—Switch from the primary tumor growth to

metastasis requires acquisition of novel properties by tumor cells. These include the ability

to invade through the extracellular matrix and stroma, enter blood vessels, travel to distant

sites, and successfully colonize the new sites. Tumor cells can utilize a variety of migration

modes to achieve successful invasion and spreading. These include collective cell migration,

which is characteristic of many solid tumors of epithelial origin that have retained cadherin-

based cell-cell junctions, and single-cell migration, which is exhibited by leukemia and

lymphoma cells as well as cells derived from solid tumors that have undergone epithelial-

mesenchymal transition (EMT) and lost cadherin expression [Mierke, 2013; Sahai, 2005].

Furthermore, cells that migrate individually can exhibit one of the two types of migratory

behavior, specifically, either mesenchymal or amoeboid migration [Sahai, 2005].

Mesenchymal migration, similar to that observed in fibroblasts in culture, is characterized

by the spindle-like shape of the cell, the presence of a well-defined leading edge and trailing

tail, formation of numerous filopodia and lamellipodia at the leading edge and focal

adhesions and stress fibers in the cell body, and a relatively low speed of migration. This

mode of migration requires matrix degradation and, therefore, relies on the activity of matrix

metalloproteases that may be secreted by the tumor cells or tumor-associated macrophages.

Matrix metalloproteases secretion is often concentrated at invadopodia, actin-rich, integrin

anchored adhesive structures that are important for matrix degradation and tumor cell

invasion [Eckert and Yang, 2011; Linder et al., 2011; Sibony-Benyamini and Gil-Henn,

2012]. On the other hand, amoeboid migration is reminiscent of the mode of movement of

Dictyostelium amoeba and cells such as leukocytes, with the cells maintaining a rounded

shape and undergoing repeated cycles of contraction and relaxation. Cells using the

amoeboid migration mode are able to squeeze through the ECM without degrading it.

Tumor cells exhibit surprising plasticity in their ability to switch between mesenchymal and

amoeboid modes of migration, which makes the task of disrupting migration of cancer cells

particularly challenging. Both types of individual migration rely on cell contractility;

therefore, myosin activity is likely to be important for both mesenchymal and amoeboid

migration, although differential regulation of myosin isoforms may be important for

selection of a specific migration mode.

Collective cell migration, observed in many epithelial solid tumors, may utilize pathways

similar to those involved in collective migration during normal development and

morphogenesis; however, the precise mechanisms driving collective migration of cancer

cells remain to be identified [Friedl et al., 2012]. Moreover, different tumor types may

utilize distinct modes of collective migration. In some cases, the migrating cell sheet

develops distinct leader cells, which form actin-rich protrusions at the leading edge and

secrete proteases to digest the ECM; the “follower” cells then invade into the partially

degraded matrix and widen the areas of matrix depletion [Wolf et al., 2007]. In other cases,

migrating cells form a unified front without distinct leaders or protrusions; this is observed

during branching morphogenesis in normal mammary glands as well as in breast tumors

[Ewald et al., 2008]. Both types of collective migration require dynamic reorganization of
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cell-cell junctional complexes and associated cytoskeletal structures in order to allow cells

to change their positions without losing cell-cell contacts. Some myosins, such as myosins

II, VI and IX, have been implicated in collective cell migration in in vitro and in vivo

experimental models; thus, it is likely that they may contribute to collective migration in

some cancer types.

Myosin functions: motors, anchors, and tethers

In order to understand how changes in myosin expression and activity may affect cell

behavior, it is important to determine the contribution of myosin motor activity and myosin-

generated tension to the processes that lead to neoplastic transformation and metastasis.

Motor activity is likely important for the functions of myosin II, which may exert its effects

on cell contractility by actively moving actin filaments relative to each other. Similarly,

processive myosins that are responsible for long-range transport (for example, myosin V)

clearly rely on the motor activity for their functions. On the other hand, some myosins may

act as anchors, rather than as active motors, by promoting organelle or protein accumulation

at specific sites via anchoring of the cargo to actin filaments. Given the presence of multiple

protein and lipid interaction motifs in many myosins, one could also envision some myosins

acting simply as adaptor or scaffolding proteins, bridging multiple interacting partners

together and linking the resulting multimolecular complexes to actin. For example, class I

myosins that contain membrane binding motifs may be responsible for tethering the plasma

membrane to actin filaments and maintaining the shape of membrane-bound protrusions

such as microvilli or stereocilia. This function may not necessarily require myosin motor

activity since rigor binding of the motor domain to actin filaments may be sufficient for

tethering.

Myosins and cancer

In pinpointing the connections between myosin upregulation or inactivation and cancer, it is

important to distinguish between the data from in vitro studies examining the effects of

myosin overexpression, depletion, or inhibition on cell transformation and motility in culture

and the findings from the screens for genes or transcripts affecting metastasis or patient

survival in vivo. In this review, we will discuss the findings from both in vitro and in vivo

studies. In many cases, a combination of data from the genetic, epigenetic and

transcriptomic studies of tumor samples and in vitro tests of myosin effects on cell

transformation and invasion provides strong support for the role of specific myosin isoforms

in tumor suppression or tumor progression. In vivo data, such as mutations and epigenetic

modifications in myosin heavy chain genes, associations observed in gene signature screens,

and transcriptomic analysis of tumor samples are summarized in Table 1, while proposed

functions for myosins in cells are depicted in Figure 2. Analysis of the frequency of tumor-

associated somatic mutations in myosin genes (Table 1) shows that myosins that may

function as tumor suppressors are mutated in 2–45% of tumor samples, depending on the

myosin and the type of cancer. This mutation frequency is comparable to that of other tumor

suppressor genes. For example, TP53 gene, an important tumor suppressor, is mutated in 5–

50% of tumors, depending on the cancer type [Olivier et al., 2010].
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The discussion is this review has been limited to those myosin classes whose connections to

cancer have been relatively well established. As discussed above, myosins are involved in

many aspects of cell physiology that affect tumor progression and metastasis; thus, as

research progresses, other myosin classes may be implicated in cancer biology.

Myosin I

Class I myosin heavy chains are relatively short compared to other myosins and do not

contain dimerization motifs. All class I myosins contain membrane binding tail homology 1

(TH1) domains, which are capable of binding to negatively charged phospholipids. Within

the TH1 domain lies a pleckstrin homology (PH) domain, which allows class I myosins to

bind to specific phosphoinositides [Hokanson et al., 2006; Patino-Lopez et al., 2010], as

well as additional basic or basic-hydrophobic motifs important for membrane interactions

[Brzeska et al., 2008; Feeser et al., 2010; Mazerik and Tyska, 2012]. These characteristics

provide class I myosins with the ability to bind to the plasma membrane or to the

membrane-bound organelles. For this reason, class I myosins may serve as linkers tethering

the plasma membrane to the underlying cortical actin and may act as a scaffold for

membrane protrusions as well as contribute to membrane remodeling during endo- and

exocytosis and cell migration [Greenberg and Ostap, 2013; McConnell and Tyska, 2010].

Some class I myosins (Myo1c, Myo1e) are broadly expressed in a variety of cell types while

others (Myo1a) are more restricted in their expression pattern. Class I myosins associate

with calmodulin-like light chains, which may allow them to be regulated by calcium

[Greenberg and Ostap, 2013].

Myosin 1a

Myosin 1a, also known as brush border myosin I or Myo1a, is highly expressed in the

intestinal and gastric epithelium, particularly in the intestinal brush border consisting of

actin-rich microvilli [Garcia et al., 1989; Mazzolini et al., 2013; Mooseker and Coleman,

1989]. Studies utilizing Myo1a knockout mice and expression of the dominant-negative

Myo1a construct show that Myo1a is important for maintaining the molecular composition

and overall organization of the intestinal microvilli; in addition, Myo1a also regulates

vesicle release at the tips of microvilli, which may contribute to gut immunity [McConnell

and Tyska, 2007; Tyska et al., 2005; Tyska and Mooseker, 2004]. Myo1a function relies on

its membrane binding ability via the TH1 domain, and the TH1 domain is sufficient for

Myo1a localization to microvilli in cultured cells [Mazerik and Tyska, 2012; Tyska and

Mooseker, 2002]. Enterocytes of Myo1a–null mice exhibit a partial disruption of apico-basal

polarity, as characterized by the redistribution of apical proteins (sucrase-isomaltase and

CFTR) to the basolateral cell surface and mislocalization of basolateral Myo1c to the brush

border, although they still form apical microvilli [Kravtsov et al., 2012; Tyska et al., 2005].

Since Myo1a contributes to maintaining apico-basal polarity in intestinal epithelial cells, it

may be important for resisting the EMT that occurs during neoplastic transformation. Thus,

loss of function of Myo1a may be expected to promote cancer progression. Indeed, both

frequent mutations and enhanced promoter methylation in the MYO1A gene have been found

in patients with colorectal cancer, leading to the hypothesis that Myo1a acts as a tumor

suppressor in intestinal epithelial cells [Mazzolini et al., 2012]. Knockdown of Myo1a in
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colon cancer cell lines resulted in decreased polarization and differentiation, enhancement of

anchorage-independent growth, and increased tumorigenicity [Mazzolini et al., 2012].

Similarly, genetically- or chemically-induced tumors showed faster progression in Myo1a–

knockout mice than in the animals expressing Myo1a [Mazzolini et al., 2012]. In patients

with colorectal cancer, lower level of Myo1a expression was associated with faster tumor

progression and poor prognosis [Mazzolini et al., 2012]. Similar findings (enhanced

mutation frequency and promoter hypermethylation of MYO1A) were observed in patients

with gastric tumors [Mazzolini et al., 2013]. Thus, several lines of evidence point to Myo1a

serving as an important tumor suppressor in colorectal cancers both in vitro and in vivo and

loss of Myo1a function may also serve as a prognostic indicator in colorectal and gastric

cancer.

Myosin 1e

Myosin 1e (Myo1e) is a broadly expressed myosin that is necessary for normal renal

filtration [Krendel et al., 2009] and formation of cell-cell adhesions between glomerular

epithelial cells [Bi et al., 2013]. In addition to its role in kidney functions, Myo1e

contributes to receptor-mediated endocytosis [Cheng et al., 2012; Krendel et al., 2007] and

has been identified as a component of cell-substrate adhesions in proteomic studies [Cervero

et al., 2012; Schiller et al., 2011]. Thus, Myo1e performs a variety of functions that impinge

on the interactions between cell surface receptors, plasma membrane, and the underlying

actin cytoskeleton. Recently, we identified Myo1e as a component of invadosomes in RSV-

transformed fibroblasts [Ouderkirk and Krendel, 2014]. Inhibition of Myo1e activity

through dominant-negative tail expression led to mislocalization of the newly forming

invadosomes in RSV-transformed cells. In cancer cells, invadosomes promote cell migration

and matrix degradation, therefore correct localization and assembly of these structures is

likely important for tumor cell invasion. Thus, loss or inhibition of Myo1e activity may

prevent metastasis of tumor cells that rely on invadosomes for their migration while

upregulation of Myo1e expression may serve as a marker of highly invasive tumors.

Indeed, Myo1e expression has been shown to correlate with poor prognosis in patients with

invasive breast cancer [Hallett et al., 2012]. This study examined gene expression in patients

with basal-like breast cancer – a subtype of breast cancer characterized by the expression of

the markers typical of basal, or myoepithelial, cells of mammary glands, rather than luminal

epithelial cells. Basal cells exhibit mesenchymal features and are more contractile and

motile than luminal epithelial cells. A number of gene expression profiling studies of

various breast cancer samples has identified gene signatures characteristic of basal-like

breast cancers (aggressive, highly metastatic, often triple-negative) and luminal-like breast

cancers, which have a better prognosis [Hu et al., 2006; Rakha et al., 2008]. Investigation of

gene expression signatures in a sample set of basal-like breast tumors showed a correlation

between Myo1e expression level and poor prognosis in patients with basal-like breast cancer

[Hallett et al., 2012]. We hypothesize that upregulation of Myo1e in cancer cells may

promote migration and invasion through extracellular matrix, thereby enhancing metastasis,

whereas the loss of Myo1e activity may be associated with decreased migration, as shown

for glomerular epithelial cells expressing mutant/non-functional Myo1e [Mele et al., 2011].
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In addition, Myo1e may potentially play a role in regulating growth factor receptor

internalization via receptor-mediated endocytosis, although this has not been shown directly.

Myosin 1f

Myo1f is an SH3-domain containing myosin similar to Myo1e. It is highly expressed in

some immune cells and has been identified as a component of the macrophage podosomes

[Cervero et al., 2012]. Further, Myo1f is essential for neutrophil migration, and Myo1f–null

neutrophils showed increased adhesion as a result of upregulated integrin exocytosis [Kim et

al., 2006]. These observations suggest that Myo1f could potentially contribute to changes in

cancer cell adhesion and migration properties or to modulation of the immune response and

inflammation in cancer, although no direct evidence of this has been found so far.

Myo1f has also been identified as a fusion partner of the MLL (Mixed Lineage Leukemia)

gene in some patients with acute leukemia [Duhoux et al., 2011; Taki et al., 2005]. In

patients with acute infant myeloid leukemia, the MLL gene is often affected by

chromosomal translocations that lead to fusions with other genes [Slany, 2009]. MLL gene

encodes a histone methyltransferase. Some of the MLL fusions with nuclear proteins convert

MLL to a broad specificity transcription factor, leading to abnormal activation of gene

expression and subsequent transformation of cells. Other MLL fusion partners contain

dimerization motifs, such as coiled-coil domains, that lead to MLL dimerization. The

mechanism linking dimerization of MLL to neoplastic transformation is unknown, although

it has been shown that artificially dimerizing MLL is sufficient to induce cell

immortalization [Martin et al., 2003]. It is unclear how fusions with Myo1f could affect

MLL activity, although it has been proposed that the SH3 domain of Myo1f could interact

with the proline-rich motifs within MLL, inducing oligomerization of MLL [Duhoux et al.,

2011].

Diverse roles for Class I myosins in cancer progression

As discussed above, different members of myosin class I may play distinct and even

opposing roles in cancer progression. While Myo1a may help maintain epithelial cells in a

differentiated state, thus functioning as a tumor suppressor, other class I myosins that

promote cell motility, such as Myo1e, may be associated with tumor cell de-differentiation

and metastasis (Figure 2). Indeed, expression of Myo1a (brush border myosin I) and Myo1e

(formerly known as Myo1c) within intestinal epithelium correlates with the differentiation

state of epithelial cells, with the immature cells of the crypts having high level of expression

of Myo1e and the mature cells of the villi expressing mostly Myo1a [Skowron et al., 1998].

Although other class I myosins have not been implicated in cancer progression, many of

them are capable of serving as scaffolds between the actin cytoskeleton and the plasma

membrane, and, therefore, may contribute to cell shape changes involved in migration,

polarization, and/or metastasis. Furthermore, some class I myosins, such as Myo1b and

Myo1c, regulate post-Golgi protein trafficking or exocytosis of transmembrane proteins and,

therefore, may contribute to regulation of growth factor receptor presentation on the cell

surface [Almeida et al., 2011; Tiwari et al., 2013]. In addition, Myo1c has been implicated
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in regulating epithelial cell-cell adhesion, an important property of normal epithelial cells

[Tokuo and Coluccio, 2013].

Myosin II

Class 2 myosins include muscle myosins, responsible for the contraction of the sarcomeres,

and non-muscle myosins, implicated in force generation and actin crosslinking that regulates

cell migration [Aguilar-Cuenca et al., 2014; Vicente-Manzanares et al., 2009; Wang et al.,

2011]. Like muscle myosin 2, non-muscle myosin 2 heavy chains form dimers that can

further assemble into filaments [Billington et al., 2013]. Mammals have three different

isoforms of non-muscle myosin II heavy chains, each with a distinct localization and

functions. The genes encoding non-muscle myosin II heavy chains in humans are MYH9

(myosin IIA), MYH10 (myosin IIB), and MYH14 (myosin IIC). Class II myosin heavy

chains associate with 2 types of light chains, known as regulatory and essential light chain.

Rho GTPases, which play important roles in regulation of cancer cell migration, regulate

myosin II activity by modulating phosphorylation of the regulatory light chain. During cell

migration, the activity of class II myosins may contribute to several processes important for

cell translocation, such as regulating the traction applied by the cell to the substrate,

promoting directional migration by limiting formation of lamellipodia to the leading edge,

and tail retraction. Cell deformation, which is necessary for tumor cell migration through a

dense 3-D matrix, such as the neuropil in the brain, has also been shown to depend on the

activity of class II myosins, and inhibition of myosin II interfered with glioma cell migration

through the matrix [Beadle et al., 2008; Ivkovic et al., 2012]. In addition, class II myosins

participate in regulation of cell-cell adhesion, as evidenced by severe adhesion defects and

early embryonic lethality in mice lacking myosin IIA [Conti et al., 2004] and by the

hydrocephalus observed in mice lacking functional myosin IIB, which has been linked to a

cell-cell adhesion defect [Ma et al., 2007]. Since the loss of cell-cell adhesion often

represents one of the key steps in EMT, depletion of myosin II from epithelial cells may

promote cell dispersion and metastasis. Myosin II isoforms differ in their mechanochemical

properties, with myosin IIB having a high duty ratio and myosins IIA and IIC having low

duty ratio. Thus, the effects of class II myosin isoforms on cancer cell migration, invasion,

and metastasis are likely to be complex and isoform-, context- and cell type-dependent.

Non-muscle myosin IIA

Non-muscle myosin IIA localizes to actin stress fibers [Maupin et al., 1994] and has been

implicated in regulation of cell contractility and stress fiber organization in cell-based in

vitro assays. Depletion of myosin IIA in carcinoma cell lines using siRNA decreased the

number of stress fibers and focal adhesions and increased the rate of cell migration in a

wound-healing assay [Sandquist et al., 2006]. Myosin IIA ablation in ES cells resulted in a

marked decrease in contractility and an increase in cell migration velocity [Even-Ram et al.,

2007]. RNAi experiments show that myosin IIA appears to function as the key negative

regulator of cell spreading whereas myosin IIB depletion has little effect on spreading [Cai

et al., 2006]. Thus, myosin IIA may act as an inhibitor of cell migration, and, therefore, the

loss of myosin IIA may promote cancer metastasis (Figure 2).
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The notion of myosin IIA as a tumor progression inhibitor is supported by findings from a

recent large-scale RNAi-based in vivo screen for tumor suppressors, in which myosin IIA

was identified as a potent tumor suppressor of squamous cell carcinomas [Schramek et al.,

2014]. However, intriguingly, myosin IIA function as a tumor suppressor may not be limited

to its ability to regulate cell migration; in addition to influencing cell migration and invasion,

myosin IIA appeared to affect tumor progression via a novel pathway, which regulates p53

stability and nuclear accumulation [Schramek et al., 2014]. The same study also identified

mutations in the MYH9 gene in squamous cell carcinoma samples, including mutations in

the conserved regions of the motor domain involved in ATP binding. This finding, together

with the observation that myosin II inhibitor blebbistatin disrupted p53-stabilizing activity in

tumor cell lines, suggests that myosin II motor activity may be important for its tumor

suppressor function. Somatic mutations in the MYH9 gene have also been identified in

breast cancer samples [Ellis et al., 2012].

Other studies show that the level of myosin IIA expression may correlate with the increased

migration and invasion of tumor cells [Derycke et al., 2011]. Upon EMT, a process that

facilitates cell migration, myosin IIA phosphorylation is increased, indicating a role for

myosin IIA activity in promoting a motile phenotype [Beach et al., 2011]. Myosin IIA is

also regulated by S100A4, a protein associated with metastasis [Li and Bresnick, 2006].

Further studies will be needed to dissect and reconcile the paradoxical findings on the role of

myosin IIA (tumor suppressor activity in squamous cell carcinomas vs. invasion promoting

activity in some cancer cell lines).

Non-muscle myosin IIB

Localization of non-muscle myosin IIB may depend on the cell type, although it exhibits at

least partial colocalization with stress fibers in various cell types. In Xenopus A6 kidney

epithelial cells, myosin IIB is enriched at the leading edge [Kelley et al., 1996], while in

cultured endothelial cells it is concentrated at the trailing edge of the cell [Kolega, 1998].

Mouse embryonic fibroblasts with decreased expression of myosin IIB display defects in

directionality and response to mechanical stimulation, as evidenced by formation of unstable

protrusions and rapid changes in cell shape and direction of movement [Lo et al., 2004].

Myosin IIB may be necessary to establish the front to back cell polarity associated with

efficient cell migration and to define the position of the cell rear/tail (Figure 2) [Lo et al.,

2004; Vicente-Manzanares et al., 2007]. Myosin IIB was able to partially compensate for

contractility defects but not migration defects in myosin IIA null fibroblasts [Even-Ram et

al., 2007]. Thus, myosins IIA and IIB may have some shared roles in stress fiber assembly

and contraction but perform distinct functions during cell migration.

Beach et al. [2011] found that basal-like breast cancer cell lines and myoepithelial (basal)

cells in sections of mouse mammary glands expressed primarily myosin IIB while luminal

epithelial cells and luminal-like breast cancer cell lines expressed mostly myosins IIA and

IIC. It has been proposed that, as a high duty ratio motor, myosin IIB may be well adapted

for maintaining prolonged contractile forces, which may be an important property for the

contractile myoepithelial cells of the mammary glands [Beach et al., 2011]. Further, when

EMT was induced in mammary epithelial cells (NMuMG cell line) using TGF-beta, the

Ouderkirk and Krendel Page 12

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2015 August 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



authors observed isoform switching: upregulation of myosin IIB expression and

downregulation of myosin IIC [Beach et al., 2011]. Depletion of myosin IIB did not affect

2-D migration but reduced invasion through a Transwell filter. Thus, myosin IIB may

contribute to cancer cell invasion in a 3-D setting by maintaining cell contractility, which is

required for squeezing through the pores in the ECM. In conclusion, myosin IIB is required

for normal cell migration and may contribute to tumor invasion.

Non-muscle myosin IIC

While myosin IIB is highly expressed in metastatic basal cancer breast cell lines, such as

MDA-MB-231 cells, myosin IIC expression is observed in less aggressive “luminal” breast

cell lines [Beach et al 2011]. In fact, a decrease in myosin IIC is observed during EMT,

suggesting that it is not important for cancer cell migration and may even act as a negative

regulator during metastasis.

Myosin V

There are three class V myosin isoforms in vertebrates (5a, 5b, 5c). Class V myosins are

highly processive motors that are well suited for vesicular trafficking and long-range

transport of proteins, mRNA, and organelles [Hammer and Sellers, 2012; Hammer and

Wagner, 2013]. At least two of the binding partners/cargoes of Myo5a are proteins with

known connections to cancer. One is PTEN, a lipid phosphatase that serves as a tumor

suppressor by antagonizing PI3-kinase-mediated growth regulatory pathways [van Diepen et

al., 2009], and the other is Bmf, a pro-apoptotic protein [Puthalakath et al., 2001]. Both

PTEN and Bmf bind to Myo5a tail, with Bmf binding being mediated by the dynein light

chain DLC2, which interacts with the tail of Myo5a. Myo5a interaction with PTEN has been

shown to contribute to the regulation of neuronal size by modulating PTEN signaling

pathways [van Diepen et al., 2009]; this study also indicated that Myo5a and 5b may play

redundant roles in PTEN regulation. Whether regulation of PTEN by Myo5 may also

contribute to cancer progression remains to be determined.

In case of Bmf-Myo5a complex, sequestration of Bmf to the actin cytoskeleton via binding

to Myo5a may prevent apoptosis, allowing cancer cell survival. Expression of a Myo5a tail

fragment that disrupts Bmf sequestration resulted in enhanced apoptosis of melanoma cells

and decreased melanoma growth in mice, indicating that Myo5a may regulate tumor cell

death [Izidoro-Toledo et al., 2013]. Further, Myo5a is highly expressed in metastatic cancer

cell lines derived from various tissue types, and its knockdown disrupted tumor cell

spreading and migration in vitro and decreased pulmonary metastasis of tumor cells in a

chick embryo chorioallantoic membrane model in vivo [Lan et al., 2010]. The expression of

Myo5a was also elevated in metastatic colorectal cancers [Lan et al., 2010]. On the other

hand, decreased expression of Myo5b isoform was found in gastric cancer [Dong et al.,

2012]; the direct connection between Myo5b and cancer has not been established.

Myosin VI

Myo6 is distinguished from other myosin motors by its ability to move towards the actin

filament pointed end (minus end), rather than the barbed end (plus end). It has diverse
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functions within cells, from endocytosis to cell migration [Buss et al., 2004]. Some of Myo6

intracellular functions may rely on its unusual directionality, which allows it to transport

endocytic vesicles away from the cell periphery, towards actin filament minus ends, and to

tether the plasma membrane at the base of membrane protrusions, such as stereocilia and

microvilli. Myo6 localizes to the leading edge, the Golgi apparatus, and endosomal and

clathrin-coated vesicles. Myo6 was first shown to be necessary for collective cell migration

in the Drosophila border cell migration model [Geisbrecht and Montell, 2002], in which

border cells of the ovary undergo collective migration. As discussed in the Introduction,

collective cell migration plays an important role in tumor progression and spreading in some

cancers [Friedl and Gilmour, 2009], therefore, Myo6 role in collective migration could also

contribute to tumor invasion. Indeed, the level of expression of Myo6 has been shown to

correlate with the aggressiveness of human ovarian cancers, while antisense inhibition of

Myo6 expression in metastatic ovarian cancer cells decreased both their migration in vitro

and spreading and metastasis throughout the abdominal cavity in vivo in a mouse model

[Yoshida et al., 2004]. Microarray comparison of healthy and cancerous prostate specimens

identified Myo6 overexpression in tumor tissue [Dunn et al., 2006], although, unlike the

ovarian cancer study where Myo6 expression directly correlated with tumor aggressiveness,

the highest level of Myo6 expression was observed in medium-grade prostate tumors, rather

than in the most aggressive tumors. Knockdown of Myo6 in prostate cancer cells resulted in

defects in the in vitro migration and growth [Dunn et al., 2006].

The precise mechanism leading to Myo6 effects on cell migration is unknown, although it

may involve regulation of anterograde trafficking of proteins involved in cell migration,

such as EGF receptors, to the leading edge [Chibalina et al., 2010]. Knockdown of Myo6 in

prostate cancer cell line LNCaP led to misregulated protein secretion, with no obvious

defects in endocytosis [Puri et al., 2010]. Thus, it is possible that Myo6 regulates cancer cell

metastasis via its effects on protein transport to the cell surface, which, in turn, may affect

cell migration. In addition to its effects on protein trafficking, Myo6 has been shown to

influence adherens junctions organization in epithelial cells [Maddugoda et al., 2007];

therefore, Myo6 effects on collective migration could also be explained by its role in cell-

cell adhesion.

Myosin VII

Myo7a and Myo7b are dimeric motors that have been implicated in cell adhesion, hearing

and vision loss, and melanosome distribution in retinal pigmented epithelium [Maniak,

2001; Williams and Lopes, 2011]. A link between Myo7a polymorphism and malignant

melanoma risk has been observed [Fernandez et al., 2009]; it remains to be determined

whether it is related to Myo7a role in pigmentation or in regulation of cell-cell adhesion.

Myosin IX

Class IX myosins include a GTPase activating (GAP) domain within their tail region

[Muller et al., 1997; Post et al., 1998]. The GAP domain promotes GTP hydrolysis by the

small GTPases belonging to the Rho family of signaling proteins, resulting in

downregulation of the activity of RhoA, RhoB, and RhoC. Rho GTPases act as important
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regulators of the actin cytoskeleton, cell adhesion, and cell motility; thus, class IX myosins

are likely to play an important role in coordinating cell migration and adhesion via

regulation of Rho-mediated pathways. Indeed, Myo9a is required for collective migration of

epithelial cells [Omelchenko and Hall, 2012]. As discussed above, collective cell migration

plays an important role in progression and metastasis of cancers of epithelial origin [Friedl

and Gilmour, 2009]; therefore, similarly to Myo6, Myo9a may prove to serve as a potent

promoter of metastasis.

Myo9b shows the highest level of expression in leukocytes [Wirth et al., 1996]. Genetic

studies have linked polymorphisms in the MYO9B gene to elevated risk of celiac disease and

other types of inflammatory bowel disease [Monsuur et al., 2005; van Bodegraven et al.,

2006]. It remains to be determined whether Myo9b variants increase susceptibility to

inflammatory bowel disease via their functions in the immune system (elevated

inflammatory or autoimmune response) or their role in regulation of intestinal permeability,

although Myo9b has already been shown to regulate wound healing response and junctional

permeability in intestinal epithelial cells in culture [Chandhoke and Mooseker, 2012].

Intriguingly, genetic variants of MYO9B have been linked to esophageal adenocarcinoma

and a precancerous lesion, Barrett’s esophagus [Menke et al., 2012]. As discussed in the

Introduction, both altered immune response to tumor antigens and upregulation of pro-

inflammatory pathways may contribute to cancer progression. Therefore, Myo9b mutations

may affect tumorigenesis either via its role in the immune system functions and regulation

of inflammation or via its effects on cell adhesion and migration.

Myosin X

Myo10 is important in phagocytosis and filopodia formation [Sousa and Cheney, 2005].

Myo10 is primarily localized to the tips of filopodia and is proposed to function in filopodia

formation and extension either by regulating integrin-dependent adhesion [Zhang et al.,

2004] or by stabilizing filopodia through integrin-independent mechanisms [Bohil et al.,

2006]. Additionally, Myo10 localizes to lamellipodia at the leading edge of migrating cells

[Berg et al., 2000] and is required for macrophage phagocytosis [Cox et al., 2002]. An

increase in filopodia number is associated with increased cancer progression, and

upregulation of genes that regulate filopodia formation, including MYO10, is associated with

the aggressive subtypes of breast cancer [Arjonen et al., 2011; Cao et al., 2014]. Moreover,

Myo10 is necessary for breast cancer cell growth, migration, and invasion in vitro and in

vivo [Arjonen et al., 2014; Cao et al., 2014; Shibue et al., 2012]. Myo10 lacking its integrin-

binding domain is unable to support breast cancer cell migration [Arjonen et al., 2014]. At

least two mechanisms linking Myo10-mediated extension of filopodia to breast cancer

metastasis may be envisioned, and the two might act in concert to promote tumor

proliferation and invasion. One mechanism is based on the direct contribution of filopodia to

cell invasion and migration [Arjonen et al., 2014] while the other involves formation of

specialized signaling complexes at the tips of filopodia-like protrusions [Shibue et al., 2012].

In addition to its key role in filopodia extension, Myo10 has also been shown to contribute

to formation of invadosomes/invadopodia, which may facilitate cancer cell metastasis and

invasion [Cao et al., 2014; Schoumacher et al., 2010]. Moreover, Myo10 has been shown to
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interact with calmodulin-like protein (CLP), which can serve as Myo10 light chain and

whose expression is downregulated in tumors [Rogers and Strehler, 2001].

Myosin XVIII

Myo18b was identified in the course of a search for a lung cancer tumor suppressor gene.

Many human lung cancers are characterized by allelic loss on chromosome 22. Mapping the

region altered in lung cancer led to isolation of a novel cDNA [Nishioka et al., 2002]

encoding a myosin-like protein. The protein encoded by this gene was named myosin

XVIIIb [Berg et al., 2001]. MYO18B gene, located at chromosome 22q12.1, was frequently

mutated or hypermethylated in lung cancers and expression of Myo18b in lung cancer cells

suppressed anchorage-independent growth [Nishioka et al., 2002]. The suppression of

anchorage-independent growth was enhanced by co-expression of Myo18b binding partner,

adaptor protein Homer2 [Ajima et al., 2007]. MYO18B mutations and epigenetic

modifications have also been detected in ovarian and colorectal cancer [Nakano et al., 2005;

Yanaihara et al., 2004].

Myo18b has been found to interact with the Golgi-associated protein GOLPH3; together,

Myo18b and GOLPH3 contribute to Golgi vesiculation and dispersal [Dippold et al., 2009]

and cooperate in promoting the dispersal of the Golgi in response to DNA damage [Farber-

Katz et al., 2014]. Overexpression of GOLPH3 promotes cell survival after DNA damage

[Farber-Katz et al., 2014], and this observation is in agreement with the finding that

GOLPH3 can act as an oncogene [Scott et al., 2009]. Since Myo18b and GOLPH3 play

cooperating roles in DNA damage response, it could be expected that genes encoding both

of these proteins would act as oncogenes, promoting tumor survival in spite of DNA

damage. Thus, it is somewhat puzzling that analysis of human cancers indicates that while

GOLPH3 appears to act as an oncogene, Myo18b may serve as a tumor suppressor. The cell

biological basis for this seeming contradiction remains to be determined.

In addition to MYO18B, chromosome 22 also contains the MYH9 gene at q13.1; thus, at least

two myosins that act as tumor suppressors are located in the 22q12–22q13 chromosomal

region. Another member of the same class, MYO18A, has been found to interact with

important regulators and effectors of Rho GTPase signaling (PAK2 kinase and βPIX/GIT1

complex) and may regulate cell migration by modulating GIT1 and PAK2 localization [Hsu

et al., 2010]. Interestingly, a fusion between MYO18A gene and FGFR1 gene has been

found in a patient with myeloproliferative/myelodisplastic disease (a chronic myelogenous

leukemia-like disease that likely results from constitutive activation of FGF receptor kinase)

[Walz et al., 2005].

Members of myosin class 18 possess structural similarity to myosin II and may share a

common evolutionary origin with myosin II [Foth et al., 2006]. Like myosin II, myo18

contains extensive coiled-coil regions in the C-terminal tail domain, which may allow

Myo18 to dimerize or assemble into filaments. At the same time, members of this myosin

class have some distinctive functional features, such as the lack of ATP hydrolysis activity

and the presence of both ATP-dependent and ATP-independent actin-binding sites in some

isoforms [Guzik-Lendrum et al., 2011; Taft et al., 2013]. Based on these properties, it
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appears likely that Myo18 may serve as a tethering protein or an actin cross-linker, rather

than an actual motor protein.

Conclusions and Perspectives

Non-muscle myosins have been implicated in cancer progression through their roles in cell

migration and invasion as well as their tumor suppressor functions. Genetic and epigenetic

modifications of genes encoding myosin heavy chains are found in many types of cancer. In

some cases, alterations in myosin expression serve as predictors of patient survival; thus,

some members of the myosin superfamily may have potential use as cancer biomarkers. In

addition, myosins represent attractive targets for drug development since small molecule

inhibitors or activators of myosin activity can be readily screened using ATPase activity

assays. Indeed, a number of small molecule myosin inhibitors and activators have been

identified [Bond et al., 2013]. Further identification of compounds suitable for potential in

vivo use, as well as studies in cancer models to test how myosin activation or inhibition

affects tumor progression and metastasis, will be needed in order to harness the full

therapeutic potential of myosin-targeting drug candidates.
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Figure 1.
Organization of the actin-based cytoskeletal structures associated with myosin motors.

Stress fibers (1) and apical adhesion belts (2) are composed of linear actin bundles cross-

linked by alpha-actinin and associated with tropomyosin and myosin II; assembly of these

structures requires the activity of formins. These are highly contractile structures that can

promote elongation and maturation of focal adhesions (stress fibers) or apical constriction of

epithelial cells during morphogenesis (adhesion belts). Nascent cell-cell adhesions (3) are

formed following the engagement of transmembrane adhesion receptors such as cadherins

on the surfaces of adjacent cells, leading to assembly of junctional complexes. Junctional

complexes initiate formation of branched, Arp2/3-nucleated actin assemblies associated with

myosin I and cortactin but devoid of tropomyosin. The transition from nascent cell-cell

adhesions to apical adhesion belts during junctional maturation is not well understood. Actin
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networks assembled at clathrin-coated endocytic invaginations (4) consist of branched,

Arp2/3 nucleated actin and are associated with myosin I. Microvilli (5) contain parallel

bundles of actin filaments cross-linked by fimbrin that exclude tropomyosin and myosin II

but are enriched in myosin I. Invadosomes (6) are specialized adhesion complexes involved

in ECM degradation. Invadosome structure is especially complicated since they consist of an

actin core made up of a branched actin meshwork and a ring of adhesion and adaptor

proteins that surrounds the core and is associated with a more loosely organized actin cloud.

This structural complexity is reflected in the diverse assortment of cytoskeletal proteins

associated with invadosomes, including both Arp2/3 and formins, class I and II myosins,

and tropomyosin. We have presented a hypothetical model of invadosome organization,

where the core consists of branched actin networks associated with cortactin and myosin I

while the ring and cables contain tropomyosin and myosin II; whether this accurately

reflects invadosome organization remains to be determined.

Ouderkirk and Krendel Page 27

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2015 August 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
Schematic representation of some of the roles that have been proposed for the various

members of myosin superfamily during tumor progression and metastasis. Myosins that may

contribute to tumor suppression are indicated by the blue font while myosins that may

promote tumor cell migration and invasion are designated by the red font.
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Table I

Known associations between myosin expression level or genetic or epigenetic modifications and cancer

Myosin Mutations or
allelic loss
associated
with cancer
(frequency of
mutations
shown in
parentheses)

Epigenetic
modifications

Transcriptomic data
(gene signature, RT-
PCR,
immunohistochemistry,
and microarray
studies)

Proposed
function

Myo1a Colorectal
tumors
[Mazzolini et al., 2012]
(>30% of
tumors with
microsatellite
instability),
gastric tumors
[Mazzolini et al., 2013]
(>45% of
tumors with
microsatellite
instability).

Methylation
[Mazzolini et al., 2012;
Mazzolini et al., 2013].

Tumor
suppression

Myo1e Component of the gene
signature for invasive
breast cancer [Hallett et al., 2012].

Cell invasion

Myo1f Fused to MLL
in infant acute
leukemia
[Duhoux et al., 2011;
Taki et al., 2005].

Modifying
MLL activity

MYH9
(myosin
IIA)

Squamous cell
carcinoma and
other cancers
[Schramek et al., 2014].

Tumor suppression

Myosin Va Elevated in colorectal
cancer (qRT-PCR) [Lan et al., 2010];
decreased
in gastric cancer (IHC)
[Dong et al., 2012].

Myosin VI Elevated in ovarian
(IHC) and prostate (IHC
and cDNA microarrays)
cancers [Dunn et al., 2006;
Yoshida et al., 2004].

Promotes
collective
migration of
tumor cells

Myosin IXb Polymorphic
allele
associated with
esophageal
cancer [Menke et al., 2012].

Myosin X Elevated in breast cancer
[Arjonen et al., 2011;
Cao et al., 2014].

Cell invasion

Myosin XVIIIb Mutations in
lung (13%),
colorectal
(2%), ovarian
(∼6%)
[Nakano et al., 2005;
Nishioka et al., 2002;
Yanaihara et al., 2004].

Hypermethylation,
histone acetylation
[Nakano et al., 2005;
Nishioka et al., 2002;
Yanaihara et al., 2004].

Tumor
suppression

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2015 August 18.


