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Review Article

INTRODUCTION

Myosin X was first found in vertebrates and subsequently in 
filasterea (Berg & Cheney, 2002; Petersen et al., 2016). Evident-
ly, myosin X is known to induce the formation of filopodia, an 
actin based membrane protrusion, which plays a critical role 
in cell migration and cell-cell interaction in various cell types 
(Berg & Cheney, 2002; Kerber et al., 2009). Recently, studies 
have revealed that the unique cellular function of myosin X 
can be explained exclusively by the structural and functional 
properties at the molecular level. This review is based upon a 
recent progress in the regulation of myosin X and its function 
on actin cytoskeletal rearrangement to facilitate the formation 
of membrane protrusion, and maintain of structural integrity 
of membrane protrusive structures. 

STRUCTURE OF MYOSIN X

Myosin X is composed of a conserved motor domain in its N-

terminal region, a neck region consisting of three IQ motifs 
serving as light chain binding sites, a predicted coiled-coil 
domain and a unique tail domain, which consists of a PEST 
domain, three pleckstrin homology domains, a myosin tail 
homology 4 (MyTH4) domain and a band 4.1/ezrin/radixin/
moesin (FERM) domain (Berg et al., 2000) (Fig. 1A). The IQ 
motif has a consensus sequence (IQxxxRGxxxR) which binds 
to Ca2+ binding proteins (Cheney & Mooseker, 1992; Rhoads 
& Friedberg, 1997). Generally, the IQ motifs of conventional 
myosin (myosin II) bind specific light chains, i.e., regulatory 
light chain and essential light chain, while majority of the 
unconventional myosin uses calmodulin as its light chain 
associated with the IQ motifs (Wolenski, 1995). Recent stud-
ies have revealed that myosin 18A binds an ELC and a RLC 
(Guzik-Lendrum et al., 2013) and myosin 15A binds RLC 
and ELC (Bird et al., 2014) in its IQ domain. Previously, we 
demonstrated that human myosin VIIA can bind RLC at its 
IQ domains, although the affinity for RLC was lower than 
that of calmodulin (Sakai et al., 2015). It was reported that 
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calmodulin-like protein can bind to the IQ domain of myosin 
X and it colocalizes with myosin X in MCF-7 breast cancer 
cell (Rogers & Strehler, 2001). These results suggest that myo-
sin X can associate with multiple light chains. It is plausible 
that the light chains associated with myosin X is dependent 
on the expression level of these Ca2+ binding proteins in each 
cell types, and identity of physiological light chain of myosin 
X is an unsolved question.
Because of the presence of a predicted coiled-coil domain, 
myosin X was originally thought to be a dimeric myosin (Berg 
et al., 2000). However, there have been reports illustrating the 
full length myosin X as being monomeric (Knight et al., 2005; 
Umeki et al., 2011), suggesting the coiled-coil association of 
myosin X not being strong enough to maintain a stable di-
mer formation. Proximal region of the predicted coiled-coil 
domain forms a stable single alpha-helix (SAH) (Knight et 
al., 2005) and it is this structure which may be functioning as 
an extension of a lever-arm contributing to a large step size 
of myosin X having only three IQ motifs (Fig. 1A). Another 
important feature of this domain is that the distal coiled-coil 
domain fragment forms an anti-parallel dimer based upon 
the structural analysis using nuclear magnetic resonance 
(NMR) spectroscopy (Lu et al., 2012) (Fig. 1B). In addition 
the antiparallel nature of the coiled-coil of myosin X is associ-
ated with a unique stepping of myosin X (Caporizzo et al., 
2018; Ropars et al., 2016; Sato et al., 2017). Determination of 
the three-dimensional structure of MyTH4-FERM domain 
present in myosin X tail (Hirano et al., 2011; Wei et al., 2011), 
revealed an interaction of the two domains to form a supra-
module with some key polar residues forming an interface 
between MyTH4 and FERM subdomains.
The tail domain being able to bind various proteins and sig-
naling molecules is critical for determining the targets to exert 
its motor activity. Myosin X transports vasodilator-stimulated 
phosphoprotein (VASP), an actin uncapping protein, to filo-
podial tips thus facilitating actin elongation (He et al., 2017; 
Tokuo & Ikebe, 2004). Integrin-β was shown to co-localize 
with myosin X at the filopodial tips, and elimination of the 
MyTH4-FERM domain hampered the colocalization (Wata-
nabe et al., 2010; Zhang et al., 2004). Originally, myosin X was 
proposed to move integrin-β towards filopodial tips as a cargo 

molecule, but recent study suggestes that the apparent colo-
calization of myosin X and integrin-β at the filopodial tips is 
not due to the direct transportation of integrin-β by myosin 
X (He et al., 2017). The tail domain is involved not only in 
binding various proteins but also in phospholipid binding 
through its pleckstrin homology (PH) domains (Haslam et 
al., 1993; Lu et al., 2011; Musacchio et al., 1993; Umeki et al, 
2011). Moreover, this PH domain plays a critical role in the 
regulation of myosin X molecules (Lu et al., 2011; Umeki et 
al., 2011) (see Regulation of the motor activity of myosin X).

REGULATION OF THE MOTOR ACTIVITY OF 
MYOSIN X MOLECULE

One of the most important concept in understanding the 
cellular function of myosin X is the regulation mechanism of 
myosin X at the molecular level. The regulation of the myosin 
motor activity is seen to be closely correlated with the confor-
mational change in the myosin molecule. The motor activity 
of vertebrate smooth muscle and non-muscle myosin II is 
activated by the phosphorylation of the regulatory light chain 
associated with its neck domain, and the phosphorylation 
changes the conformation of myosin II from a folded inhib-
ited conformation, wherein the two heads interacts with each 
other to stabilize the inhibited conformation, to an extended 
conformation (Ikebe, 2008; Sellers & Knight, 2007; Tan et 
al., 1992; Trybus, 1991). Vertebrate myosin V forms a folded 
inhibited conformation, where the globular tail domain folds 
back to attach the motor head domain, and Ca2+ binding at 
the calmodulin light chain at the neck destabilizes the head-
tail interaction to release the inhibited conformation (Kre-
mentsov et al., 2004; Li et al., 2004, 2006, 2008; Wang et al., 
2004).
Originally, actin-activated ATP hydrolase (ATPase) activity 
of full-length myosin X was recognized to be significantly 
lower than that of the tail-truncated myosin X (Umeki et al., 
2011), suggesting that the tail domain may function as an 
intra-molecular inhibitor. Supporting this notion, the isolated 
tail domain was found to inhibit the ATPase activity of the 
tail-truncated myosin X (Umeki et al., 2011). Electron micro-
scopic observation revealed that a full length myosin X is a 
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Fig. 1. Structure of myosin X. (A) Domain structure of myosin X. SAH, single alpha-helix; PEST, peptide sequence that is rich in proline, glutamic acid, ser-
ine, and threonine; MyTH4, myosin tail homology 4; FERM, F for 4.1 protein, E for ezrin, R for radixin and M for moesin. Amino acid number is shown on 
the top. (B) Schematic drawing of myosin X dimer with antiparallel coiled-coil structure. Two heavy chains are indicated by red and orange.
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monomer and forms a compact folded structure, in which the 
tail domain folds back towards the head-neck domain (Umeki 
et al., 2011). These findings indicate that the tail domain in-
teracts with the head-neck domain to produce an inhibited 
conformation. However, the critical question is how the inhi-
bition is reversed to activate myosin X. Unlike other myosins 
such as myosin V and myosin VIIa (Krementsov et al., 2004; 
Li et al., 2004; Sakai et al., 2015; Umeki et al., 2009; Wang et 
al., 2004), Ca2+ does not activate the myosin X’s ATPase activ-
ity (Umeki et al., 2011). Since the interaction between the tail 
and the motor-neck domain is involved in the tail-dependent 
inhibition, it is plausible that the molecules binding at the tail 
domain of myosin X influence the stability of the inhibited 
conformation, thus activating the motor function of myosin 
X. As described above, myosin X contains the PH-domain be-
tween the PEST domain and the MyTH4 domain, and it was 
found that PtdIns(3,4,5)P3 can bind to this PH domain (Plan-
tard et al., 2010; Umeki et al., 2011). A critical finding was 
that binding of PtdIns(3,4,5)P3 at the PH domain of myosin 
X activates the actin-activated ATPase activity of full-length 
myosin X to that of tail-truncated myosin X, indicating that 
PtdIns(3,4,5)P3 binding to the PH domain interferes with the 
tail-head interaction, thus activating myosin X (Umeki et al., 
2011). As described above, myosin X has a coiled-coil domain 
at the C-terminal side of the IQ domain, thus it was originally 
predicted that myosin X is a dimer. Importantly, PtdIns(3,4,5)
P3 binding at the PH domain of myosin X tail induced the 
dimerization of myosin X. Since PtdIns(3,4,5)P3 binding 
abolishes that tail-head interaction, the folded conformation 
of myosin X monomer is expected to be disrupted to form 
an extended conformation. It is thought that this exposes the 
coiled-coil domain that facilitates the coiled-coil formation to 
produce a myosin X dimer (Fig. 2). 

MYOSIN X AND FILOPODIA FORMATION

One of the most important function of myosin X is the pro-
motion of filopodia formation. Myosin X exhibits a striking 
localization at the tips of filopodia. (Berg & Cheney, 2002; 
Berg et al., 2000; Bohil et al., 2006; Kerber & Cheney, 2011; 
Tokuo & Ikebe, 2004; Tokuo et al., 2007; Umeki et al., 2011; 
Watanabe et al., 2010) implying its movement on actin paral-
lel bundles towards the filopodial tips. A key finding is that 
myosin X overexpression leads to a dramatic increase in the 
number and length of filopodia (Berg & Cheney, 2002), while 
knockdown of the expression of endogenous myosin X by 
small interference RNA led to the loss of filopodia (Berg & 
Cheney, 2002). These findings suggest that myosin X plays a 
critical role in filopodia formation. 
Filopodia, finger-like cell surface projections composed of 
parallel bundles of actin filaments, plays a vital role in diverse 
cell motility processes including exploratory functions in cell 

migration, adhesion to the extracellular matrix (ECM), guid-
ance towards chemo-attractants, and neuronal growth-cone 
path finding (Zhu et al., 2007), inferring the role of myosin X 
in the regulation of variety of cell motility activities. 

MECHANISM OF MYOSIN X INDUCED 
FILOPODIA FORMATION

Several actin regulatory proteins such as cdc42, formin, VASP, 
fascin regulate the formation of filopodia by changing actin 
polymerization/depolymerization and actin bundling (Bear et 
al., 2000, 2002; Faix & Rottner, 2006; Gupton & Gertler, 2007; 
Svitkina & Borisy, 1999; Svitkina et al., 2003; Welch & Mul-
lins, 2002). It was originally thought that myosin X-induced 
filopodia formation is due to the delivery of actin regulatory 
proteins to the cell peripheries by its motor activity, from 
where nascent filopodia are produced. A critical finding is that 
myosin X without cargo binding domain can initiate filopodia 
formation once it forms a dimer (Tokuo et al., 2007). Drug-
induced dimerization caused the tailless myosin X to induce 
filopodia (Tokuo et al., 2007), thus indicating the motor activ-
ity of the two heads of myosin X as essential and sufficient to 
initiate filopodia. However, produced filopodia is very short 
and unstable (Tokuo et al., 2007), and it is thought that the 
tail domain is important for producing long and stable filo-
podia.
Myosin X is evolved from the same ancestor of myosin VII 
(Petersen et al., 2016), both of which have MyTH4-FERM 
domain in their tail. While both myosins can localize at the 
filopodial tips, myosin X but not mammalian myosin VII 
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Fig. 2. Schematic drawing of myosin X activation and movement in filo-
podia. (A) Model for the activation of myosin X by the tail binding cargo 
molecules. (B) Schematic model of myosin X movement in filopodia. PH, 
pleckstrin homology.
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induces filopodia formation (Sakai et al., 2011; Umeki et al., 
2011). Using NMR spectroscopy, Lu et al. (2012) found the 
predicted coiled-coil domain of myosin X forms stable anti-
parallel dimer, and proposed that the anti-parallel coiled-coil 
dimerization may be critical for the myosin X induced forma-
tion of filopodia. 
On the other hand, it was found that full-length myosin X is 
monomeric, in which the tail domain folds back to the head-
neck domain (Umeki et al., 2011). Since PtdIns(3,4,5)P3 is 
enriched at the cell periphery, it is postulated that myosin X 
encounters PtdIns(3,4,5)P3 at cell peripheries, where myosin 
X produces an active dimer and utilizes its motor function to 
induce actin filament convergence to initiate filopodia forma-
tion (Umeki et al., 2011) (Fig. 2, 3). 
The proposed scenario is that the two-headed myosin X can 
bind to two adjacent single actin filaments (Nagy et al., 2008; 
Ricca & Rock, 2010; Sun et al., 2010; Tokuo et al., 2007). By 
acting like a zip fastener, myosin X helps to converge the local 
nucleated actin filaments to parallel actin filament bundles, 
thus forming the base of filopodia (Tokuo et al., 2007; Umeki 

et al., 2011) (Fig. 3). Supporting this notion, it was found that 
myosin X moves along the leading edge toward the nascent 
focal adhesion, where the myosin X binding partners are lo-
calized, and myosin X induces the formation of filopodia (He 
et al., 2017; Tokuo et al., 2007; Umeki et al., 2011). 

MYOSIN X DEPENDENT STABLE FILOPODIA 
FORMATION AND MULTI-CYCLE EXTENSION 
OF FILOPODIA

Since the filopodia induced by the tailless myosin X dimer was 
short and unstable (Tokuo et al., 2007), it was thought that 
transportation of the tail-binding cargo molecules plays a role 
in producing the stable and long filopodia. Supporting this 
view, actin-regulating proteins (e.g., VASP and integrin-β) are 
involved in regulating myosin X-induced filopodia formation 
(Tokuo & Ikebe, 2004; Zhang et al., 2004). Myosin X binds to 
and co-localize with VASP at filopodial tips (Tokuo & Ikebe, 
2004) (Fig. 3). The lack of VASP proteins in cortical neurons 
markedly inhibited filopodia formation, which could be res-

Integrin

Vinculin

Monomeric Myo10 (inactive)

�

Monomeric Myo10 (active)

Dimeric Myo10 (active)

Arp 2/3

Actin

Fig. 3. Schematic model for myosin X in-
duced multicycle filopodia elongation.
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cued by the expression of myosin X (Dent et al., 2007). These 
results suggest that myosin X and VASP concertedly promote 
filopodia formation and elongation.
It was also reported that myosin X binds to integrin-β, which 
is involved in filopodia formation (Zhang et al., 2004). The 
filopodia protrusion thus is performed by machinery com-
posed of the interactions among actin-associated proteins 
mediated by myosin X (Tokuo & Ikebe, 2004; Zhang et al., 
2004). Importance of interaction between integrin-β and my-
osin X interaction in filopodia elongation has been reported 
(Watanabe et al., 2010). It was found that myosin X induces 
multicycle extension of filopodia, and the elimination of the 
integrin-β binding domain abolishes the multicycle exten-
sion, suggesting that the binding of integrin-β to myosin X is 
involved in the elongation of myosin X induced filopodia. 
Quite recently, He et al. (2017) proposed that myosin X is 
recruited to the focal adhesions at the cell peripheries, from 
which nascent filopodia formation is induced based upon 
following observations (Fig. 3). 1. Intense nucleation event of 
actin was found along the cell’s leading edge prior to filopodia 
formation; 2. Local nucleation of Arp2/3 was observed, from 
where subsequent filopodia formation took place, which sug-
gests abundance of branched actin filaments before filopodia 
formation; 3. Along with actin and Arp2/3, the focal adhesion 
proteins integrin-β and vinculin were also accumulated at 
discrete points along the cell’s leading edge prior to myosin 
X accumulation, from where nascent filopodia extended; 4. 
The lateral movement of myosin X along the leading edge of 
nucleation sites, where gradual clustering of myosin X took 
place that was accompanied by the convergence of the local 
nucleated actin and Arp2/3 structure.
He et al. (2017) showed by live cell imaging that the second 
phase of myosin X induced nascent filopodia extension 
changes the direction with a wide-angle distribution. Interest-
ingly, the long filopodia showed a bend at the middle of entire 
filopodia, where the focal adhesion proteins such as vinculin 
and integrin-β as well as Arp2/3 are found. These findings 
suggest the second phase of filopodia extension initiates at the 
tip of filopodia produced by the first elongation, where both 
focal adhesion and the Arp2/3 induced polymerized actin 
structure are present.
A question is whether the accumulation of myosin X at the 
tips is sufficient to induce the second phase of filopodial ex-
tension. An interesting finding is obtained when a filopodial 
tip merged with the shaft of adjacent long filopodia. Myosin X 
accumulated at the tip of merged filopodia rapidly moved to-
wards the tip of the long filopodia, however, the accumulated 
myosin X did not readily induce a second phase of extension 
from the tip of the newly produced filopodia. This suggests 
that myosin X accumulation at the filopodia tip is not suf-
ficient to induce the second cycle of filopodia elongation. It 
was observed the gradual accumulation of integrin-β, vincu-

lin and Arp2/3 at the myosin X-induced filopodia tips prior 
to the initiation of second cycle of filopodia extension (He et 
al., 2017). Conclusively, these findings raise the following sce-
nario for multicycle extension of myosin X induced filopodia 
formation (Fig. 3). 
Myosin X is recruited to the nascent focal adhesion at the 
cell’s leading edge. Myosin X moves laterally along the lead-
ing edge, converges the actin structure and then produces the 
base of filopodia. Furthermore, myosin X moves on the paral-
lel bundles of actin filaments in the newly produced filopodia 
and accumulates at the filopodial tip. Once myosin X is accu-
mulated at the filopodial tip, integrin-β diffuses along the filo-
podia and gathers at the tip via binding to myosin X. Arp2/3 
is also recruited to the tip and facilitates actin nucleation. 
Myosin X again converges the actin structures to facilitate 
actin bundle formation and subsequently induces the second 
cycle of filopodia extension.

MYOSIN X INDUCED FILOPODIA FORMATION 
AND PROCESSIVE MOVEMENT OF MYOSIN X 
WITH WIDE ANGLE DIRECTIONALITY

It is likely that myosin X’s unique activity of filopodia forma-
tion is correlated with the unique motor function of myosin 
X molecule. Myosin X is a high duty ratio motor (Homma & 
Ikebe, 2005). Consistently, myosin X dimer with exogenous 
parallel forced dimer motifs can show processive movement 
(Bao et al., 2013; Nagy et al., 2008; Sun et al., 2010; Takagi et 
al., 2014). However, processivity of myosin dimer on various 
actin structures has been controversial. Nagy et al. (2008) 
showed the tail-truncated myosin X with exogenous forced 
dimerization motif at the C-terminal end of the endogenous 
coiled-coil can processively move on fascin-actin bundles but 
is less processive on single actin filaments (Bao et al., 2013; 
Nagy et al., 2008) On the other hand, Sun et al. (2010) showed 
that the tail-truncated forced dimer of myosin X moves on 
single actin filaments as well as actin bundles without notable 
difference in processivity. The step size of myosin X is also 
controversial (Bao et al., 2013; Ricca & Rock, 2010; Sun et al., 
2010; Takagi et al., 2014), and the step size of the tail-truncat-
ed forced dimer of myosin X is reported to be 18 nm by one 
group (Ricca & Rock, 2010), while the other group reported 
the step size to be 31 to 35 nm (Bao et al., 2013; Sun et al., 
2010; Takagi et al., 2014). Apparent contradiction might be at-
tribute to the position of the forced dimerization motifs after 
the innate coiled-coil of myosin X that is reported to form an 
antiparallel dimer (Lu et al., 2012; Ropars et al., 2016). 
One of the best approaches to circumvent this problem and 
address the innate motor property of myosin X is the use of 
full-length myosin X. Recent studies have shown that the full-
length myosin X moves on synthetic actin bundles (Ropars 
et al., 2016) or filopodia (Sato et al., 2017) with wide range 
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of step sizes. The results suggest that myosin X movement is 
flexible enough to land the heads on actin filaments in the 
bundled actin. Supporting this view, Sato et al. (2017) ana-
lyzed two-dimensional (2D) movement of the full-length 
myosin X and found that the myosin X shows 2D movement 
on filopodia with wide variety of step sizes towards X-, Y- and 
diagonal directions, which implies that the landing position of 
the myosin head can be the side of actin filaments. In another 
word, the lever-arm of full-length myosin X is flexible enough 
to step on various positions on actin filaments. This finding 
suggests that myosin X is a motor that can step to various 
angles in filopodia. This raises an idea that myosin X’s flexible 
movement enables it to bridge different actin filaments in cell 
so that converge actin filaments to produce the base of filopo-
dia.

INTERACTION OF MYOSIN X WITH VARIOUS 
PARTNER MOLECULES AND POSSIBLE 
FUNCTION OF MYOSIN X IN DIVERSE CELL 
MOTILITY

Myosin X and DCC (Deleted Colorectal Cancer) in 
Neuronal Cells
The axon path-finding is an important process during neural 
development and netrin and its receptors including DCC 
(deleted colorectal cancer) and neogenin play a role in this 
process (Chan et al., 1996; Keino-Masu et al., 1996; Kolodziej 
et al., 1996). Myosin X is reported to be involved in the 
transportation of netrin and its receptor DCC to the tips of 
neurites, where filopodial development takes place (Zhu et 
al., 2007). These findings suggest that myosin X plays a role in 
axon pathfinding during neuronal development. 
Effect of DCC and neogenin on myosin X function is com-
plex. DCC promotes myosin X movement on basal actin fila-
ments in brain tumor cell line, while neogenin suppress the 
movement at the basal filaments but increases the movement 
at the dorsal side, and promotes dorsal filopodia formation 
(Liu et al., 2011). DCC binds to myosin X at the MyTH4-
FERM domain in the tail (Wei et al., 2011). Since the tail 
domain is involved in the regulation of the motor activity of 
myosin X (Umeki et al., 2011), these myosin X binding pro-
teins may regulate the motor function of myosin X through 
the interaction with the tail domain, but further studies are 
required to clarify the regulation and function of myosin X in 
neuronal cell path finding process.
Myosin X depletion results in the defects in axon out growth 
(Yu et al., 2012). Myosin X expression induced multiple axon-
like neurites, but interestingly this effect was motor activity 
independent (Yu et al., 2012). In the case of myosin X induced 
filopodia formation, the motor activity of myosin X is essen-
tial, and that the motor activity of myosin X facilitates actin 
filament convergence to produce the base of actin bundles for 

filopodia formation (Tokuo et al., 2007). It requires further 
study to clarify how myosin X without motor activity can in-
duce axon-like neutrites.

Myosin X and Microtubule
Several reports have suggested that myosin X plays a role in 
mitotic spindle assembly and mitotic progression. ADD1 as-
sociates with mitotic spindles and is important for proper 
spindle assembly (Chan et al., 2014). Phosphorylation of 
ADD1 by cyclin-dependent kinase 1 induces ADD1 to bind 
myosin X. Since mitotic defects by ADD1 depletion were 
rescued by wild type expression of ADD1 but not its mutant 
defective in myosin X binding, myosin X is likely to play a role 
in proper mitotic spindle assembly (Chan et al., 2014).
Myosin X was shown to interact with microtubules and influ-
ences spindle assembly during meiosis (Weber et al., 2004; 
Wuhr et al., 2008) and that myosin X is involved in proper 
delivery of chromosomes to daughter cells via its interaction 
with microtubules (Hirano et al., 2011) demonstrated the 
interaction of myosin X MyTH4-FERM domain with micro-
tubules at the C-terminal acidic tail of tubulin (Hirano et al., 
2011). Of interest is that this binding is competed with the 
binding to DCC and integrin-β (Hirano et al., 2011). Myosin 
X may influence not only actin cytoskeletal organization but 
also microtubule based cytoskeletal structure.

Myosin X and Cadherin
Interaction of myosin X with cadherin has been suggested. 
Myosin X interacts with neuronal cadherin (N-cadherin) 
through the FERM domain and myosin X knock-down dis-
rupted the distribution of N-cadherin at cell surface (Lai et al., 
2015). In vascular endothelial cells, myosin X colocalized with 
VE-cadherin and co-immunoprecipitated with VE-cadherin 
complex (Almagro et al., 2010). Dominant negative myosin X 
disrupted the VE cadherin localization at cell edges, suggest-
ing the involvement of myosin X in the transportation of VE 
cadherin. As the tail domain functions as an intramolecular 
inhibitor of myosin X (Umeki et al., 2011), it is plausible that 
these molecules influence the motor activity of myosin X, 
presumably by disrupting the tail-head interaction of myosin 
X to release the tail-inhibition (Umeki et al., 2011). Further 
studies are required to clarify the effect of the interaction of 
cadherin with myosin X in the activation of the motor activity 
and function of myosin X. 

Function of Myosin X in Cancer Development
Recently, a number of studies have suggested the involvement 
of myosin X in various types of cancer progression (Arjonen 
et al., 2014; Cao et al., 2014; Courson & Cheney, 2015). In-
volvement of myosin X in breast cancer cell invasion and 
dissemination was shown in multiple cancer cell lines and 
murine models of cancer metastasis (Arjonen et al., 2014). 
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Deletion of the integrin-β binding domain diminished the 
ability of the cancer cell invasion, providing its significance in 
translocation to filopodial tips. In clinical breast carcinomas, 
myosin X was predominantly expressed at the invasive edges 
and correlated with the presence of TP53 mutations and poor 
prognosis (Arjonen et al., 2014). It is conceivable that activa-
tion of myosin X is plays an important role in cancer progres-
sion, presumably due to the enhancement of metastasis. An 
actin based membrane protrusive structure, invadosome, 
plays a critical role in cellular invasion (Albiges-Rizo et al., 
2009; Linder et al., 2011; Murphy & Courtneidge, 2011; Saltel 
et al., 2011), and MMPs are thought to be released through 
invadosomes to degrade ECM proteins to facilitate cell inva-
sion. Myosin X is suggested to be involved in this process. 
Recent studies have revealed miRNAs to be involved in inva-
sion and metastasis in several types of human cancer (Hu et 
al., 2008; Lin et al., 2010). miR-124 was found to be a tumor-
suppressive microRNA in several cancers (Chen et al., 2015; 
Hunt et al., 2011; Peng et al., 2014), and decreased expression 
of miR-124 may be associated with tumorigenesis and metas-
tasis by regulating its target gene (Wan et al., 2014). Recently, 
myosin X was identified as a direct and functional target of 
miR-124 (Sun et al., 2015). miR-340 expression suppresses 
tumor cell migration and invasion (Chen et al., 2016) whereas 
knockdown of miR‑340 expression promotes breast cancer 
cell migration and invasion, and myosin X is found to be a 
direct miR‑340 target gene. The mechanism of miRNA based 
regulation of myosin X function is interesting future target of 
myosin X study.

PERSPECTIVE

Myosin X has a unique antiparallel coiled-coil structure, al-
lowing the formation of unique two-head orientation of my-
osin X that is likely to contribute to its unique 2D movement 
on actin bundles and myosin X’s characteristic filopodia for-
mation activity. However, the structural arrangement of myo-
sin X and its associated proteins such as integrin-β, VASP and 
DCC along with actin filament bundles is not known, and 
future high resolution structural studies are required to un-
cover the molecular and structural basis of myosin X induced 
filopodia formation. It still remains a challenge to understand 
how myosin X becomes activated. One of the studies reported 
motor activity of myosin X being inhibited due to the interac-
tion between the tail and the motor-neck domain of myosin 
X and PIP3 binding at the PH domain of the tail destabilizing 
the inhibited conformation, thus activating myosin X mo-
tor function. A number of myosin X binding proteins have 

been identified, and it is plausible that these binding partner 
molecules influence the interaction between the head-neck 
domain and the tail, thus activating the motor function of 
myosin X. The effect of the binding partner molecules on the 
motor function of myosin X needs to be clarified, and such 
studies would clarify the function of myosin X and its binding 
partner complex in diverse cellular function of myosin X.
Another challenge is to clarify the role of myosin X in mi-
crotubule based motility. Actin and microtubule structures 
are influenced with each other (Even-Ram et al., 2007), and 
myosin X is shown to interact with microtubules and plays a 
role in mitotic spindle assembly, suggesting that myosin X’s 
function on the reorganization of actin cytoskeletal structure 
might be involved in the microtubule structural network. 
Possible function of myosin X in the communication between 
actin and microtubule cytoskeletons in diverse cell motility is 
another research area of interest. 
Since myosin X plays a role in actin cytoskeletal reorganiza-
tion, it is expected that myosin X malfunction or over activa-
tion results in abnormal behavior of the cells.Role of myosin 
X in cancer progression is one of the most intriguing research 
areas, and a number of studies have suggested the involve-
ment of myosin X in cancer development. It is reasonable to 
assume that myosin X alters the actin cytoskeletal structures, 
thus promoting cell migration and invasion that might be in-
volved in the formation of actin protrusive structures such as 
invadosomes. However, the role of myosin X in the formation 
and activation of invadosomes including metalloproteinase 
secretion is poorly understood. Recent studies have suggested 
that myosin X is also involved in tunneling nanotube forma-
tion of neuronal cells (Gousset et al., 2013) and osteoclast 
precursors (Tasca et al., 2017), suggesting the role of myosin 
X in cell-cell communications. Future studies including struc-
tural analysis of actin protrusive structures with myosin X are 
required to uncover the role of myosin X in various biological 
processes and disease progression.
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