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Abstract

Myosin X (Myo10), an actin-based molecular
motor, induces filopodia formation and con-
trols cell migration in vitro. In the 25 years
since Myol0 was first identified, it has been
implicated in several different functions in dif-
ferent cell types including phagocytosis in
macrophages, axon outgrowth in neurons,
cell-cell adhesion in epithelial and endothelial
cells, podosome formation in osteoclasts,
spindle-pole positioning in meiosis and mito-
sis of cultured cells, migration of melanocytes
and cranial neural crest cells, and invadopodia
formation in cancer cells. Recently, the avail-
ability of Myo10-knockout (Myol0KO) mice
has allowed for tremendous progress toward
understanding the biological function of
Myol10 in vivo.

In this chapter, I address the structure of the
Myol0O gene; the molecular structure of
Myo10 protein with its multiple domains, e.g.,
PH, MyTH4, and FERM domains; the regula-
tion of actin structures induced in cells by
Myo10; the expression and function of Myo10
in vitro and in vivo; and the role of Myo10 in
cancer. Previous reviews on Myol0 include
Divito MM, Cheney RE, (Myosins: a super-
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17.1 Introduction

Myo10 was first identified in 1994 in the sensory
epithelia of the inner ear of bullfrogs using a PCR
screen with primers based on regions of high
amino acid homology among motor domains of
myosins known at that time (Solc et al. 1994). By
2000 the full-length cDNA sequences of mouse,
human, and cow MyolO had been determined
along with the first information regarding its
molecular structure, its wide expression in tis-
sues, and its localization in dynamic actin-rich
regions of the cell including membrane ruffles,
lamellipodia, and the tips of filopodia (Berg et al.
2000; Yonezawa et al. 2000). The following year,
an expressed and purified Myol0 construct rep-
resenting the head domain and coiled-coil domain
of Myol0 was shown to bind to actin filaments
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and to hydrolyze ATP, the first demonstration of
Myo10’s motor activity (Homma et al. 2001). In
2002, expression of exogenous full-length
Myol0 was shown to exhibit both forward and
rearward movements within filopodia of HeLa
cells and to increase both the number and the
average length of the filopodia in COS-7 cells
(Berg and Cheney 2002). Subsequent studies
focused on revealing the identification of its
binding partners including phospholipids (Umeki
et al. 2011), Mena/VASP (Mammalian enabled/
vasodilator-stimulated phosphoprotein) (Tokuo
and Ikebe 2004), microtubules (Weber et al.

a
1

2004) and integrins (Zhang et al. 2004) in order
to gain insight into its cellular functions.

17.2 Gene Structure of Myo10

The class X myosin gene (MYOI0) is found
exclusively in vertebrates and gives rise to the
alternatively-spliced proteins full-length Myo10
and headless MyolO (Sousa et al. 2006).
Figure 17.1a shows the genomic structure of
mouse Myol0 and the MyolOKO mouse
Myol0m>®KoMPWisi = which will be discussed in
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Fig. 17.1 Genomic structure and protein expression of
Myol0. (a) Allele structure of mouse full-length Myol0
and three variants formed by alternative splicing referred
to as “headless Myol0” (top) with magnification of the
lesion from exon 18-20. Vertical lines on the schematic
gene represent exons, and purple lines represent first
exons specific for headless Myol0. Below is the genomic
structure of Myo10™KOMPWisi jn Myo10KO mice in which

the lacZ and neomycin (neo) expression cassette was
inserted between exon 18 and exon 20 (Genome Build
GRCm38) resulting in the removal of functionally critical
exon 19 and a portion of intron 19 (Tokuo et al. 2018). (b)
Schematic diagram of a dimerized Myol0 molecule
showing its N-terminal motor domain, followed by a neck
domain with IQ region, SAH domain, and coiled coil, and
tail domain with PEST, PH, MTH4 and FERM domains
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Sect. 17.5.1. This Myo10KO strategy is useful in
identifying and confirming the expression of
splice variants because it deletes full-length, but
not headless, Myo10. We detected headless and
full-length MyolO in immunoblots of brain
lysates from control mice, but only headless
Myol10 in brain lysates from MyolOKO mice,
evidence that the Myol0™*KOMPWisi gllele knocks
out full-length, but not headless, Myo10.

17.3 Structural, Biochemical
and Biomechanical
Properties of Myo10

The ~237-kDa Myo10 heavy chain consists of a
head, neck, and tail domain (Berg et al. 2000).
The MyolO head, or motor, domain has a
nucleotide-binding site and an actin-binding site
and is responsible for its actin-activated ATPase
activity. The neck, or IQ domain, binds three
molecules of calmodulin or calmodulin-like pro-
tein (Rogers and Strehler 2001; Caride et al.
2010) and consists of a single a-helix (SAH)
region (Knight et al. 2005) followed by a coiled-
coil region involved in dimerization (Lu et al.
2012). A carboxy-terminal (C-terminal) tail
domain, which is primarily involved in cargo
binding, consists of four parts: three PEST
sequences, which are rich in the amino acids pro-
line, glutamate, serine, and threonine and confer
sensitivity to certain proteases, three pleckstrin
homology (PH) domains, a Myosin Tail
Homology 4 (MyTH4) domain, and a band 4.1,
Ezrin, Radixin, Merlin (FERM) domain (Berg
et al. 2000) (Fig. 17.1b).

Myo10 exists as both a monomer and a dimer
in the cytoplasm. The coiled-coil region follow-
ing the SAH domain is involved in dimerization
and was shown by nuclear magnetic resonance
(NMR) spectroscopy to adopt an anti-parallel
conformation (Lu et al. 2012). This finding led to
the prediction that each of the two heads of
dimeric Myo10 could bind to two parallel actin
filaments and thus support the movement of
Myo10 along actin bundles as well as single fila-
ments (Lu et al. 2012). Previously, a forced dimer
of Myo10 heavy meromyosin (HMM) consisting

of the motor, neck, coiled-cold and leucine zipper
had been shown to move processively on actin
filaments bundled with fascin (Nagy et al. 2008),
although in another report using a different forced
Myol0 HMM dimer, no selectivity for bundles
was observed (Sun et al. 2010). Subsequently,
full-length Myol0 molecules (anti-parallel
dimers) labeled at the N-terminus with the GFP
derivative mWasabi were shown to take 36-nm
steps in the forward direction on single actin fila-
ments and steps as large as 52-57nm along
fascin-actin bundles (Ropars et al. 2016). The
SAH domain and following o-helical domain
form a long a-helix that lengthens the Myol0
lever arm and contributes to its ability to take par-
ticularly large steps (Ropars et al. 2016).
Importantly, MyolO) moves along fascin-actin
bundles at a rate nearly twice the rate of on a sin-
gle actin filament due to an ~two-fold increase in
the rate of transition between Pi and ADP release
(Ropars et al. 2016).

17.3.1 Monomer-to-Dimer Transition
of Myo10 Supports Filopodia
Formation

Strikingly, in live-cell imaging studies Myol0
exhibits both forward and rearward movements
within filopodia (Berg and Cheney 2002). The
speed of the forward movement as determined by
total internal reflection fluorescence (TIRF)
microscopy is ~600 nm/s in living cells (Kerber
et al. 2009), very close to that reported in one
recent study tracking full-length Myol0 on fas-
cin bundles (Ropars et al. 2016) and somewhat
larger that the 340780 nm/s reported for move-
ment of a forced dimer of Myol0 heavy mero-
myosin consisting of the motor, neck, coiled-coil
and leucine zipper on artificial actin bundles
(Nagy et al. 2008). The rearward movement of
Myol10 in filopodia is slow at 10-20 nm/s (Berg
and Cheney 2002) and closely matches the rate of
the retrograde flow of actin in filopodia.
Importantly, only dimerized MyolO exhibits
intrafilopodial motility, suggesting that dimeriza-
tion of Myo10 is necessary for its proper move-
ment in cells. Moreover, the dimers must form
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Leading edge of migrating cell

o oo

Monomer Dimer

Fig. 17.2 Model of filopodia initiation by dimerization
of Myo10. (a) Myol0 is present in the cytosol as both a
monomer and a dimer. (b) Once Myo10 dimerizes to form
a two-headed structure, it moves to the tips of the actin
filaments. (c¢) The tips of actin filaments move laterally

through an antiparallel coiled-coil dimerization
or else localization at the tips of filopodia and
filopodia induction are compromised (Lu et al.
2012).

Using a dimer-inducing technique we found
that when expressed in cells, dimerized tail-less
Myol0 induces short unstable filopodia, or
microspikes, which may be an initial step in filo-
podia formation, evidence that the monomer-to-
dimer transition of Myol0 induces filopodia in
cultured cells (Tokuo et al. 2007). From these
results, we advocate a model in which Myol0
exists as both a monomer and a dimer in cells.
Although monomeric Myo10 does not localize at

along the leading edge powered by Myo10. (d) The lateral
drift induces a convergence of the barbed ends of the actin
filaments, thereby inducing the formation of microspikes,
which develop further into full-length filopodia by actin
assembly (Tokuo et al. 2007)

the leading edge of migrating cells, after dimer-
ization, Myol0 moves toward the tips of actin
filaments at the leading edge, presumably by
walking toward the barbed ends of actin filaments
(Fig. 17.2). The tips of actin filaments move lat-
erally along the leading edge supported by the
mechanical activity of Myo10. Finally, clustering
of Myo10 causes convergence of actin filaments
into parallel bundles to form the base of the filo-
podia. This convergence of actin filaments into
bundles is likely supported by the structure and
flexibility of the Myol0 lever arm, which may
facilitate parallel actin filaments being brought
together (Ropars et al. 2016).
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17.3.2 PH Domains

Pleckstrin Homology (PH) domains are regions
of ~120 amino acids with sequence similarity to
two regions in pleckstrin (Haslam et al. 1993;
Shaw 1993; Mayer et al. 1993), a major substrate
of protein kinase C in platelets. This domain, the
11th most common domain in the human pro-
teome, was first recognized for its ability to bind
phosphoinositides with high affinity and specific-
ity, although it is now understood that not all PH
domains share this property.

Myo10 contains three PH domains. The first
PH domain (PH1) is split by the insertion of a
second PH domain (PH2). The amino acid
sequences of PH1 and PH2 are most similar to
that of the PH domain in protein kinase B homo-
logs from Dictyostelium, but the sequence of the
C-terminal half of the third PH domain (PH3)
diverges from that of other PH domains (Berg
et al. 2000). PH2 and PH3 contain several resi-
dues also found in other proteins that bind phos-
phatidylinositol ~ lipids  phosphorylated by
phosphatidylinositol-3-kinase (PI3K) (Rameh
et al. 1997; Isakoff et al. 1998).

In a lipid pull-down assay using purified PH
domains of Myo10, PH2, but not PH1 or PH3,
specifically bound to phosphatidylinositol
(3,4,5)-triphosphate (PIP3). Deletion of PH2 or
point mutations in PH2 (Lys 1215 to Ala and
Lys 1216 to Ala) in full-length Myo10 results in
significantly less Myol0 at the tips of filopodia
and fewer filopodia (Plantard et al. 2010). These
results suggest that PIP3 binding to the PH2
domain of Myol0 is involved in Myo10 traffick-
ing and regulation of filopodia formation. PIP3
binding to the PH domain of MyolO is also
essential for axon development (Yu et al. 2012).

The Arg at position 1231 in Myo10, which is
within PH2, corresponds to a conserved residue
in the P2 strand of PH domain-containing pro-
teins such as GTPase-activating protein (Gapl)
and Bruton’s tyrosine kinese (Btk), which is criti-
cal for binding to lipid products of PI3K (Salim
et al. 1996; Fukuda and Mikoshiba 1996). Insight
into the importance of Arg 1231 in Myo10 comes
from studies examining phagocytosis in macro-
phages. Expression of MyolO tail in macro-

phages inhibits phagocytosis by a
dominant-negative effect; however, expression of
Myo10 tail in which Arg 1231 was mutated to
Cys (Myo10 tail?'?*€) did not change phagocyto-
sis indicating that Arg 1231 is required for the
inhibition of phagocytosis by the MyolO tail
(Cox et al. 2002).

17.3.3 MyTH4 and FERM Domains

The myosin tail homology 4 (MyTH4) domain
was first named to distinguish it from tail homol-
ogy domains 1-3 in myosins-I (Hammer 1994).
In addition to Myo10, MyTH4 was identified in
vertebrate Myo7 (Chen et al. 1996) and Myol5
(Wang et al. 1998). The name of the FERM
domain (F for 4.1 protein, E for ezrin, R for
radixin, and M for moesin) reflects the initial
identification of this domain in a family of
peripheral membrane proteins that functions as
membrane-cytoskeleton linkers (Chishti et al.
1998). Dozens of FERM domains are encoded by
multiple genes in the human genome (Frame
et al. 2010). In the myosin superfamily, only
Myo7, Myo10, and Myol5 include this domain
in the C-terminal tail; these myosins constitute
the MyTH4-FERM subfamily of unconventional
myosins. The FERM domain consists of three
lobes, and lobes F2 and F3 in the FERM domain
of Myol0 are required for interaction and relo-
calization of beta-integrins (Zhang et al. 2004).
MyTH4 and FERM always appear in tandem
in Myo7, Myol0O, and Myol5. The MyTH4-
FERM myosins have conserved physiological
functions with all involved in forming actin-rich
membrane protrusions: Myo7 in microvilli,
Myol0 in filopodia, and Myol5 in stereocilia.
Both the FERM domain and the MyTH4 domain
are required for the cellular functions of Myo10:
deletion of either domain decreases the ability of
Myol0 to form filopodia (Bohil et al. 2006;
Tokuo et al. 2007; Watanabe et al. 2010).
Myol0 is speculated to exist primarily as a
folded monomer in the cytoplasm with its head
bound to the PH and FERM domains in the tail;
however, association with PIP3 results in its
unfolding and dimerization to promote its activ-
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ity as a processive motor able to transport cargo
(Umeki et al. 2011). This interaction also recruits
Myo10 to the cell membrane of the leading edge
for filopodia formation (Plantard et al. 2010).

The MyTH4-FERM tandem of Myol0 binds
to microtubules, but the individual domains do
not (Weber et al. 2004), and binding of Myo10 to
deleted in colorectal cancer (DCC) or neogenin
also requires a covalent connection between
MyTH4 and FERM domains (Zhu et al. 2007).
By crystal structure analysis, the MyTH4 and
FERM domains interact with each other and form
an integral structural supramodule (Wei et al.
2011).

The interaction of Myol0 with microtubules
was first identified in 2004 (Weber et al. 2004) as
an important factor for nuclear anchoring, spin-
dle assembly, and spindle-F-actin association
during meiosis in Xenopus laevis. These observa-
tions were also confirmed in mitosis of mamma-
lian cells (Toyoshima and Nishida 2007), and the
interaction of Myo10 with adducin-1 was found
to be essential for mitotic spindle assembly (Chan
et al. 2014). Studies of X-ray structures identified
specific residues (Lys1645 and Lys1650) within
the MyTH4 domain that are essential for direct
binding to the acidic C-terminal tail of tubulin
(Hirano et al. 2011; Wei et al. 2011; Wu et al.
2011). A double-point mutation in MyTH4
(Lys1645 to Asp and Lys1650 to Asp) in full-
length Myo10, which specifically disrupts micro-
tubule binding without altering the interaction of
Myol0 with the FERM domain-binding cargo
(Hirano et al. 2011), could not rescue the spindle
orientation defect resulting from Myo10 knock-
down (kd) (Kwon et al. 2015). These results sug-
gest that direct binding of Myo10 to microtubules
controls the proper positioning of centrosomes
toward retraction fibers and subcortical actin.

17.4 Regulation of Actin
Structures by Myo10

17.4.1 Filopodia

Myo10, which specifically localizes to the tips of
filopodia, was first identified as an inducer of

filopodia (Berg et al. 2000). Filopodia are actin-
rich, finger-like protrusions found at the leading
edge of cells and believed to modulate numerous
cellular processes including cell migration,
wound healing closure, adhesion to the extracel-
lular matrix and other substrates, guidance
towards chemoattractants and other guidance
cues, neuronal growth-cone path finding, and
embryonic development in many organs (Mattila
and Lappalainen 2008).

Many studies have reported that Myol10 pro-
motes filopodia formation by delivering specific
cargos to the cell periphery, e.g., Mena and VASP,
which bind to the tail domain of Myo10 (Tokuo
and Tkebe 2004; Lin et al. 2013). MyolO-
mediated delivery of VASP to filopodial tips
would support filopodia elongation as VASP
competes with capping protein at the plus end of
actin filaments and induces clustering of actin
filaments (Applewhite et al. 2007). Myo10 trans-
ports integrins to the tips of filopodia for support-
ing cell attachment to the extracellular matrix
(ECM) and promoting filopodia extension
(Zhang et al. 2004). In neurites, full-length
Myo10 interacts with the netrin receptor DCC to
enhance the formation of filopodia, whereas
headless Myo10 interacts preferentially with the
DCC-related protein neogenin, which could
inhibit filopodia formation induced by DCC and
Myol0 signaling and axon growth (Zhu et al.
2007). In endothelial cells, Myo10 mediates the
transport of VE-cadherin to cell edges and filopo-
dia to support the formation of cell-cell junctions
(Almagro et al. 2010).

17.4.2 Podosomes and Invadopodia

In addition to filopodia formation, Myol0
mediates the formation of other actin-based
structures such as the adhesive structures podo-
somes and invadopodia (Schoumacher et al.
2010). Podosomes are found on the ventral side
of a variety of cells including osteoclasts, mac-
rophages, and endothelial cells. Myol0 local-
izes in the podosomal ring of osteoclasts
between actin and microtubules and partici-
pates in osteoclast attachment and podosome
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positioning by directly actin  to
microtubules.

Invasive cancer cells display membrane pro-
trusions called invadopodia, which resemble
podosomes. They are primary sites of rapid actin
polymerization and major sites of matrix degra-
dation. Invadopodia contain several proteases
such as membrane-type 1 matrix metalloprotein-
ase (MT1-MMP) and seprase, which are used for
degrading the basement membrane. Myol0O
localizes to invadopodia, and Myo10 knockdown
in a breast cancer cell line reduces invadopodia
formation (Schoumacher et al. 2010).

Both podosomes and invadopodia are cell
matrix adhesion sites that connect the cortical
actin cytoskeleton within the cell to the
ECM. Although many of the same proteins are
found in both podosomes and invadopodia
including integrin, talin, and paxillin, their struc-
tures and dynamics differ. The ability to degrade
ECM in order to move through tissue barriers is a
hallmark of invasive tumors. At the subcellular
level, ECM-degrading activity occurs at the tips
of invadopodia where Myo10 accumulates.

linking

17.4.3 Tunneling Nanotubes (TNTs)

In 2004, Ruston and colleagues discovered thin
structures connecting single cells over long dis-
tances in vitro and named them tunneling nano-
tubes (TNTs) (Appenzeller et al. 2004). TNTs
hover above the cell culture substrate and contain
a straight, continuous actin rod enclosed in a lipid
bilayer. Since then, TNTs have been noted in
many different cell types and shown to act as
conduits for the intercellular transfer of cellular
compounds (Appenzeller et al. 2004; Gurke et al.
2008), transmission of depolarization signals
(Wang et al. 2010, 2012; Wittig et al. 2012),
spreading of pathogens (Onfelt et al. 2006;
Sowinski et al. 2008), and transfer of proteins
implicated in disease such as prions, misfolded
huntingtin, and pathological Tau protein assem-
blies (Gousset et al. 2009; Costanzo et al. 2013;
Tardivel et al. 2016). In 2013, Myo10 was first
reported as a key regulator for TNT formation by
interacting with several transmembrane proteins

(Gousset et al. 2013). Thus, it is probable that
Myo10 plays a significant role in the induction of
TNT and in TNT-mediated biological and patho-
logical functions.

17.4.4 Pseudopods

Pseudopods (“false feet”) are large dynamic pro-
trusions found at the front of migrating cells. The
term is used broadly to describe actin-rich mem-
brane protrusions without the defined geometry
of lamellipodia or filopodia. Thus, the definition
of pseudopod varies among cell types. In macro-
phages, pseudopods are defined as the leading
protrusions of phagocytic cups, Myo10 was iden-
tified as essential for pseudopod extension during
phagocytosis (Cox et al. 2002).

Pseudopods support cancer cell migration and
metastasis. Multiple filopodia are induced at the
front of pseudopods where they pull on collagen
fibrils resulting in a change in the position of both
the fibrils and filopodia (Starke et al. 2013).
Multiple Myo10-positive filopodia were observed
at the front of pseudopods protruding from
migrating mouse melanoma cells cultured in 3D
collagen matrices. The number of cells with long
pseudopods was less in Myol0-kd vs. control
cells (Tokuo et al. 2018). These results suggest
that Myol0 plays important roles in pseudopod
formation, which drives cell migration.

17.5 Expression and Function
of Myo10

Myol0 protein expression is observed in all
vertebrate tissues (Berg et al. 2000; Yonezawa
et al. 2000; Yonezawa et al. 2003), and the
functional importance of this motor protein
has been found in several different cells and
tissues including phagocytic cup formation in
leukocytes (Cox et al. 2002), nuclear anchor-
ing and spindle assembly during meiosis in
Xenopus laevis (Weber et al. 2004), orienta-
tion of the mitotic spindle in cultured cells
(Toyoshima and Nishida 2007), endothelial
cell migration and angiogenesis (Pi et al.



398

H. Tokuo

2007), axonal path-finding regulated by netrin
(Zhu et al. 2007), migration of cranial neural
crest cells in Xenopus (Nie et al. 2009; Hwang
et al. 2009), sealing zone patterning
(McMichael et al. 2010) and differentiation
(Tasca et al. 2017) in osteoclasts, barrier for-
mation at tight junctions in polarized epithe-
lial cells (Liu et al. 2012), axon outgrowth in
cortical neurons (Raines et al. 2012), cell-to-
cell spreading of Shigella by membrane pro-
trusions (Bishai et al. 2013), dendritic spine
development by VASP transport (Lin et al.
2013), and leukocyte extravasation through
cultured endothelial cells (Kroon et al. 2018).
Most recently, diminished filopodia formation
was detected in isolated macrophages from
Myo10KO mice (Horsthemke et al. 2017) and
in retinal angiogenesis in the eyes of Myol0KO
mice (Heimsath et al. 2017).

17.5.1 Myo10 Functions In Vivo

The ability to knockout specific genes in mice
has been instrumental in elucidating gene func-
tion in vivo. The Sanger Mouse Genetics Project
generated ~ Myol0OKO (Myo 1 0Qm2KoMP)Wisi,
Myo10™™2) mice in 2013. After crossing het-
erozygous Myol0*"™? mice with each other, we
obtained Myol0"™?™? pups at almost the same
rate as observed with the MyolOKO mice
Myo10™!¥mid_Myo ] Qmi@mie and Myol0™7mY in
which both full-length and headless MyolO
were deleted (total-KO) (Heimsath et al. 2017).
A white spot on the belly was observed with
100% penetrance in Myol0™¥™? mice, the same
rate as in total-KO mice. The number of mela-
nocytes in the white patches of the Myol0™¥™2
mice was significantly reduced vs. dark patches
on wild-type mice, evidence that depletion of
Myol10 in the melanocyte lineage reduces the
number of melanocytes in the white belly spots
resulting in a pigmentation defect. Myol0Q™m?
mice also exhibit syndactyly in the form of
webbed digits in the forelimbs or hind legs, with
a slightly higher rate than that observed in total-
KO mice. The International Mouse Phenotyping
Consortium (IMPC) reported that Myol0™m?

mice had persistent hyaloid vasculature, fused
cornea and lens, corneal opacity, and an abnor-
mal pupil light response. These abnormal phe-
notypes in eyes are similar to those found in the
total-KO mice, which exhibited persistent hya-
loid vasculature (Heimsath et al. 2017). Other
phenotypes related to the Myol(Qm2(KOMPIWsi
allele including fused phalanges are described
on the IMPC website (http://www.mousepheno-
type.org/data/genes/MGI:107716).

These findings suggest that the phenotype of the
full-length Myol0 only KO mouse (Myol0"™m2)
is nearly identical as that of the total KO mouse.
This observation is understandable because most
tissues express only full-length Myol0, whereas
neuronal cells (neural stem cells, neurons, and
astrocytes) express both full-length and headless
Myol0 (Sousa et al. 2006; Raines et al. 2012).
Thus, the difference between the total Myol10 KO
mouse and the full-length only Myo10 KO mouse
is due to depleted expression of headless Myo10 in
neuronal cells. One idea is that headless Myo10 is
a negative regulator of full-length Myo10 (Raines
et al. 2012), but whether headless MyolO plays
other functions is unknown.

17.5.2 Myo10 in Melanoblast
Migration

Studies of naturally occurring mutations that
lead to white belly spots in mice have signifi-
cantly increased our understanding of melano-
blast (precursors to melanocytes) migration
including the identification of molecules essen-
tial for melanoblast migration. To investigate
the effects of Myol0 loss on melanoblast func-
tion, we reduced MyolO expression in the
mouse melanoblast cell line Melb-a with short
hairpin RNA (shRNA). Melb-a cells retain the
character of melanoblasts versus that of mature
melanocytes or melanoma cells (Sviderskaya
et al. 1995). The number of cells with long
pseudopods was significantly lower in Myo10kd
vs. control cells cultured on collagen matrices,
and the migration rate of MyolOkd cells was
slower than control cells (Tokuo et al. 2018).
These results are consistent with studies show-
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ing that Myol0kd inhibits migration of breast
cancer cells (Cao et al. 2014). Together, the
studies indicate that long pseudopods play a
major role in the migration of melanoblasts and
that MyolO is required for pseudopod
formation.

17.6 Myo10in Cancer

Recently, Myol0 was found to play important
roles in a variety of cancers, e.g., increased
MYOI10 expression correlates with aggressive-
ness and metastasis of breast cancer (Cao et al.
2014; Arjonen et al. 2014); expression of MYO10
is up-regulated and contributes to lung adenocar-
cinoma metastasis (Bidkhori et al. 2013); the
MYOI0 gene is a target of microRNA-124, which
is suppressed in aggressive non-small cell lung
cancer (Sun et al. 2015) and also a target of
microRNA-340, which impedes the metastasis of
breast cancer (Chen et al. 2016); MYO10 expres-
sion is higher in prostate cancer than in normal
tissue; and MYOI10kd reduces the migratory
speed and directional persistence of a prostate
cancer cell line (Makowska et al. 2015).

17.6.1 Myo10 in a Mouse Melanoma
Model

Melanoblast migration in development correlates
well with melanoma metastasis, and past migra-
tory behavior in melanoblasts may incline pri-
mary melanomas to form remote metastases
(Gupta et al. 2005; Uong and Zon 2010; Strizzi
et al. 2011). Thus, Myo10 may function in mela-
noma metastasis as well as melanoblast
migration.

To study this, we employed a mouse mela-
noma induction model consisting of mice with
melanocyte-specific expression of activated Braf,
a proto-oncogene, combined with silencing of the
Pten tumor suppressor gene (Tyr-CreER/BrafCA/
PtenKO); all Tyr-CreER/BrafCA/PtenKO mice
develop melanoma (Dankort et al. 2009). When
Myo10KO mice were crossed with Tyr-CreER/
BrafCA/PtenKO mice, tumor formation was

delayed, the average tumor volumes were mark-
edly reduced, lymph node metastasis was signifi-
cantly decreased, and the medial survival time
was significantly extended in Tyr-CreER/
BrafCA/PtenKO/Myo10KO mice vs. Tyr-CreER/
BrafCA/PtenKO/Myo10 wild type mice (Tokuo
et al. 2018), evidence that Myol0 is involved in
melanoma initiation and development.

17.6.2 Myo10 in Human Melanoma

Using the PROGgeneV?2 prognostic biomarker
identification tool (Goswami and Nakshatri
2014), we found in studies designed to investi-
gate the role of Myol0 in human melanoma
patients that the amount of MYOI0 mRNA was
significantly higher in malignant melanoma than
in benign nevi and that elevated expression of the
MYOI0 gene was associated with inferior sur-
vival outcomes (Tokuo et al. 2018). We also
investigated MYO10 protein expression in human
melanoma and nevi using a tissue microarray and
found that MYO10 staining intensity was signifi-
cantly higher in melanoma lesions than in nevi,
consistent with the results showing that MYO10
mRNA expression is higher in melanoma vs.
benign nevi. These results suggest that the Myo10
expression level correlates with melanocytic neo-
plastic progression in humans and overall sur-
vival of melanoma patients.

17.7 Summary and Perspectives

Myo10 has been studied in many types of cells
and organs, and regulation of actin-based protru-
sions is the main physiological function of this
interesting motor protein. These findings are now
confirmed in MyolOKO mice, which will con-
tinue to provide opportunities for in-depth analy-
ses of the biological and pathological functions
of Myo10 in vivo. For example, the function of
headless Myo10 in vivo should be investigated by
comparing neuronal function in total Myol0 KO
mice vs. full-length Myo10 only KO mice to give
new insights into motor domain regulations.
Also, in particular, human diseases (including
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cancer) related to MYO10 should be recon-
structed in mice and challenged for the develop-
ment of new therapies.
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