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Abstract

The human genome contains 39 genes that encode myosin heavy chains, classified on the basis
of their sequence similarity into 12 classes. Most cells express at least 12 different genes, from at
least 8 different classes, which are typically composed of several class 1 genes, at least one class
2 gene, and classes 5, 6, 9, 10, 18 and 19. While the different myosin isoforms all have specific
and non-overlapping roles in the cell, in combination they all contribute to the organisation of the
actin cytoskeleton, and the shape and phenotype of the cell. Over (or under) expression of these
different myosin isoforms can have strong effects on actin organisation, cell shape, and contribute
to the cancer phenotype as discussed in this review.
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Introduction

Myosins are molecular motors that generate force and movement when they interact with
filamentous actin, powered by ATP. They consist of a combination of heavy chains (1 or 2) and
light chains (usually calmodulin, regulatory or essential light chains, from 1 to 6 in total depending
on the myosin isoform). In total, there are 39 genes encoding myosin heavy chains in the human
genome, which are organised into 12 classes based on their sequence similarity (Fig. 1). The
largest class of myosins is class 2, which contains 13 genes including 9 genes that encode skeletal
and cardiac myosin heavy chains, 1 that encodes the smooth muscle myosin heavy chain and 3
that encode non-muscle myosin heavy chains [1, 2]. Class 1 is the next largest class, containing 8
separate genes (1A-H). The remaining genes are subdivided into a further 10 classes (3, 5, 6, 7, 9,
10, 15, 16, 18 and 19) that contain between 1 and 3 genes.

Each myosin is composed of several distinct domains. The N-terminal motor domain contains the
actin binding and nucleotide binding regions, and is responsible for the ATP-driven movement
along actin filaments. The motor domain is followed by the lever, which binds light chains and
amplifies the size of the step that myosin takes as it interacts with actin. The size of this lever
varies between myosin isoforms. Following the motor and lever, subsequent domains are more
variable, distinctive for each class of myosin [1, 2], and linked to their cellular functions (Fig. 1).

A single mammalian non-muscle cell is well known to express multiple myosin isoforms [3, 4].
Each of these myosin isoforms are specialised for specific cellular roles, with little in the way of
overlapping functions. Together with our recent screening of myosin expression by different
prostate cancer cell lines [5], it is likely that any particular cell type is likely to express at least 12
different types of myosin isoforms from 8 different classes. These include at least one class 2
myosin (a non-muscle myosin isoform), several class 1 myosins, and myosins from classes 5, 6, 9,
10, 18 and 19. Of the remaining myosin classes, those in class 3, 7 and 15 (Fig. 1) have a much
more restricted expression pattern, and are mainly found in the ear and the eye [6-8]. MYO16
(Myr8; Fig. 1) is expressed in most but not all cultured cells [5, 9]. While each myosin isoform has
specific roles in cells, they can work together in concert to generate a cellular phenotype. It is
therefore important to know which myosin isoforms are expressed in any particular cell and how
each of them influences the organisation of the actin cytoskeleton.

The actin cytoskeleton is well known to be important in cancer as discussed in recent reviews on
this topic [10-14]. In particular, filopodia, filopodium-like protrusions, and related structures known
as invadopodia, are important in driving metastasis. Overexpression of the protein fascin, which
bundles actin filaments and is required to form filopodia and related structures, was one of the first
filopodial markers associated with aggressive metastatic cancer (reviewed in [11]). Likewise
MYO10 is important in both filopodia and invadopodia, and its overexpression has already been
linked to several aggressive cancers (reviewed in [11]). In addition to MYQO10, there are many
examples of individual links between cancers and myosin (recently reviewed in [13]). This review
will first provide an brief overview of the different myosin isoforms, and then specifically highlight
findings in prostate cancer cells and tissue ([5], Fig 1) in which a comprehensive approach was
taken to look at the entire myosin family.

Class 1 myosin isoforms

All myosin 1 isoforms are monomeric, with a single motor domain, lever and a tail domain (Fig. 1)
that binds to lipids, linking the plasma membrane and/or vesicles to the F-actin cytoskeleton. 4 of
the 8 genes that encode class 1 myosins (MYO1B, MYO1C, MYO1D and MYO1E) are widely
expressed, and the remainder (MYO1A, MYO1lF, MYO1G, MYO1H) have a more restricted
expression pattern. Of the widely expressed myosins, MYO1B is known to regulate actin
organisation on post-Golgi carriers [15] and endocytic organelles [16, 17] and it maintains cortical
tension at the plasma membrane, where it specifically associates with dynamic, non-tropomyosin
containing actin filaments [18, 19]. Its localisation to plasma/vesicular membranes depends on its
ability to bind Ptdins(3,4,5)Ps and Ptdins(4,5)P, [20] (Fig. 2A). MYOL1C regulates the endocytosis
of cadherin [21] and promotes fusion of exocytic vesicles to the plasma membrane [22]. MYO1D is
important in the organisation of basal bodies of cilia in epithelial cells of the trachea and the
ependyma [23], and is found in the terminal web, and tips of apical microvilli (brush border) of
epithelial cells lining the intestine [24]. MYOLE has been implicated in endocytosis, is associated



with the slits formed by podocytes in the kidney, and has been associated with invadopodia [25-
27].

Of the class 1 myosins, MYO1B is of particular interest as it is most strongly implicated in
metastasis. MYO1B (Myr1/MM1a) [28] is expressed at high levels in metastatic prostate cancer
tissue [5] and the metastatic prostate cancer cell line (PC-3), head and neck cancers [29] and
melanomas [30]. High levels of MYO1B expression are likely to affect the organization of the actin
cytoskeleton. In MYO1B overexpressing cells, MYO1B'’s ability to bind to lipids in the plasma
membrane and to the F-actin cytoskeleton is likely to increase the levels of cortical actin. This may
increase the cortical stiffness of these cells enabling them them to migrate more effectively through
the extracellular matrix in vivo. We found that knockdown of MYO1B expression in PC-3 cells,
increases their spread area, and induces the formation of long, sparse stress fibres (Fig. 2A) [5].
We speculated that this could be consistent with partial re-organisation of cortical actin into stress
fibres.

Two further class 1 myosins have also been implicated in metastasis. MYOLF is highly expressed
by cells in the immune system [31, 32] and in some cases of infant acute leukaemia, exon 7 or
exon 9 of the mixed lineage leukaemia (MLL/KMTA) gene is fused to the second exon of MYOL1F
[33, 34]. This places approximately the first half of the MLL protein at the N-terminus of MYO1F,
disrupting MLL function, and potentially contributing to the increased expression levels of MYOL1F
found in leukaemic cells [34]. The loss of MYOL1F in neutrophils reduces cortical actin, and
increases exocytosis of integrin-containing granules and cell adhesion. Thus overexpressing
MYO1F may have the opposite effects, thus contributing to the metastatic phenotype in a similar
way to MYO1B. In contrast, MYO1A expression levels commonly decrease, rather than increase in
colorectal tumours [35]. MYO1A is highly enriched in the microvilli of epithelial cells of the intestine
where it links actin bundles to the plasma membrane, and it is important for polarization and
differentiation of these cells. Its loss contributes to a re-organisation of the actin cytoskeleton, and
dedifferentiation of intestinal epithelial cells, leading to tumour progression (reviewed in [13]).

Class 2 non-muscle (NM) myosin isoforms

Myosin isoforms in class 2 all contain a long coiled-coil tail that enables them to form filaments. In
non-muscle cells the non-muscle myosin (NM) isoforms 2A, 2B and 2C form short filaments of
~20-30 molecules, which are about ~200nm long [36]. Moreover, filament formation is highly
dynamic [37] and organization of NM2 filaments contributes to cell shape, adhesion and
cytokinesis [38, 39]. Inactive NM2 forms a globular shape (‘10S’ conformation), in which the long
extended coiled-coil tail wraps around one of the motor domains (Fig 2B). Phosphorylation of the
regulatory light chain (RLC) activates NM2 by abolishing this head-tail interaction. This allows the
molecule to adopt an extended (‘6S’) conformation, which can assemble into filaments, and
interact with actin [40].

NM myosin isoforms are important for cell shape, cell adhesion and migration, and thus mis-
regulation of their expression and/or organisation can affect the cellular phenotype and contribute
to metastasis. Moreover, NM2B was recently shown to be important for nuclear translocation
during 3D invasion, while NM2A was required for generating traction forces during intial adhesion
and spreading [41]. While no changes to NM2B have so far been reported in cancer, increased
expression levels of NM2A have been linked to gastric cancer [42], non small cell lung cancer [43],
oesophageal [44] and bladder cancer [45], while decreased levels are associated with squamous
cell carcinomas [46], where NM2A was identified as a tumour suppressor. In contrast, expression
levels of NM2A were the same for a range of LNCaP, PC3 and DU145 prostate cancer cell lines,
and were unchanged in prostate cancer tissues with low and high metastatic potential [5].
However, in highly metastatic prostate cancer (PC-3) cells, the level of NM2A filaments was low,
suggesting that while NM2A is expressed, filament formation is inhibited. The reduced number of
NM2A filaments is likely to contribute to the low numbers of stress fibres and focal adhesions
observed in PC-3 cells.

This raises the important point that the proportion of total NM2A organised into filaments is likely to
be important rather than the levels of expression per se. While both increased or decreased levels
of NM2A could affect the numbers of NM2A filaments, and thus affect F-actin organisation, a range
of other proteins can modulate the extent to which NM2A can form filaments. For example, the



metastasis inducing protein S100A4 binds to NM2A [47] and dissociates NM2A filaments, reducing
cell adhesion and increasing cell migration [48]. Intriguing, two other myosin isoforms; MYO9A and
MYO18A, can also modulate NM filament organisation, and are implicated in cancer.

MYO9B and MYO18A, modulators of NM2 filament organisation

There are two class 9 genes, MYO9A and MYQO9B (Fig. 1), both of which can modulate NM2
myosin filament organisation by specifically inactivating small Rho GTPases. MYQO9B is highly
expressed in leukocytes and at lower levels in some epithelial cells [3, 49]. MYOO9A is highly
expressed in ciliated cells in various organs [50]. Both isoforms contain a GTPase activating
domain in their tails, which inhibits Rho [51] (Fig. 1, 2B). Inhibition of Rho reduces ROCK (Rho-
kinase) activity, which in turn reduces levels of regulatory light chain (RLC) phosphorylation,
thereby reducing the numbers of NM2 filaments, and thus numbers of stress fibres (Fig. 2B). In
normal cells, MYO9B is mostly associated with the leading edge rather than the rear, where its
downregulation of Rho reduces filament formation and allows membrane ruffles to form [52].

High expression levels of MYO9B are associated with metastatic prostate cancer (PC-3) cells,
prostate cancer tumours [5], lung [53] and oesophageal cancer (resulting from a single nucleotide
polymorphism in intron 28) [54]. The human protein atlas shows MYO9B to be expressed at a high
level in a wide range of tumours (http://www.proteinatlas.org/ENSG00000099331-MYO9B/cancer).
High levels of MYQO9B expression are expected to decrease the extent of NM filament formation,
and indeed, we found low numbers of NM2A filaments and a lack of stress-fibres in PC-3 cells,
which express high levels of MYO9B (Fig. 2) [5]. MYO9B knockdown increased the number of
NM2A filaments, levels of RLC phosphorylation, and cell spread area in PC-3 cells [5]. Thus high
levels of MYO9B promote actin re-organisation, through a reduction in NM2A filaments,
contributing to the cancer phenotype by promoting stress fibre disassembly and reducing cell
adhesion, thereby promoting metastasis.

MYO18A also modulates NM2A filament formation [55]. Class 18 contains two genes, MYO18A
and MYO18B, which show a similar domain organisation (Fig. 1). MYO18A is widely expressed,
while MYO18B is highly expressed in striated muscle where it localises to Z-discs [56], but
expressed at low levels in other tissues [57]. Knockout of MYO18B is embryonic lethal in mice [58],
caused by major effects on myofilament formation in the heart. A mutation (52302*) in MYO18B in
humans, which truncates the protein and results in near loss of the protein through nonsense
mediated decay, causes skeletal muscle myopathy [59]. Unlike most other myosin isoforms,
MYO18A does not have an active motor domain, lacking key residues in regions of the molecule
important for ATP hydrolysis for example [60-62]. From their sequence similarity, it is likely that
MYO18B does not have an active motor domain either. MYO18A contains a long region of coiled
coil, but has been shown to be unable to form filaments [63]. However, it can co-polymerise with
filamentous NM2A through its coiled-coil domain, and this interaction reduces the number of NM2A
molecules in, and thus the length of, the NM2A filaments [63]. The N-terminal PDZ domain of
MYO18A binds to membrane proteins that can localize NM2A filaments to the plasma membrane
[63] (Fig. 1, 2D).

MYO18A is overexpressed in metastatic prostate cancer (PC-3) cells, and this is likely to
contribute to the reduction in NM2A stress fibres, and predominant localisation of NM2A close to
the plasma membrane that we observed in these cells (Fig. 2D) [5]. Knockdown of MYO18A in PC-
3 cells increased the cell-spread area, and markedly increased formation of centripetally organised
NM2A filaments in the lamella consistent with its effects on NM2A filament formation (Fig. 2D).
However, MYO18A was not overexpressed in prostate cancer tissues, and so far has not been
associated with other cancers. In contrast, MYO18B, has been identified as a tumour suppressor
gene, with loss of expression, deletions and/or mutations reported for a lung cancer cell line, and
malignant pleural mesothelioma [64] as well as ovarian [65] and other lung cancers [57, 66],
melanoma and pancreatic carcinoma [67]. Restoration of MYO18B expression in the lung cancer
cell line H1299 inhibited anchorage independent growth and motility through an interaction with
HOMER?2 [58]. Of the 18 missense mutations in MYO18B associated with lung cancers [57], one
(R661W) is in the P-loop, the sequence of which is GRSGAGKT for MYO18B, compared to the
conserved sequence of GESGAGKT for the majority of myosin isoforms. It is unclear how this
mutation would affect function, given that MYO18B is unlikely to have an active ATPase, and still



generally unclear how MYO18B acts as a tumour suppressor, unless it too is able to modulate
NM2 filament formation.

Class 5, 6, 10 and 19 myosin isoforms

The remaining widely-expressed myosin isoforms all play a role in trafficking. Class 5 myosins,
which are dimeric, have a range of functions. A specific splice isoform of MYOS5A traffics
melanosomes, pigment granules found in melanocytes [68], whereas in the brain MYOBA traffics
the endoplasmic reticulum in neurones [69]. MYOS5B traffics recycling endosomes (reviewed in
[70]). MYOS5C is highly expressed in epithelial cells, where it is found in F-actin rich apical regions,
and it has also been implicated in melanosome and secretory granule trafficking [71-73]. MYOG is
unusual in that it is the only ‘backwards’ motor, moving towards the pointed end of actin filaments
and not the barbed end [74]. It has diverse functional roles including endocytosis, in which it is
recruited to clathrin coated vesicles through its globular tail domain (Fig. 1) by Dab2, and
secretion, in which it is recruited to the Golgi through its globular tail domain via optineurin, and
autophagy [75]. MYO6 can also bind to phosphoinositides [76]. MYO19 (Fig. 1) is less well studied,
but was recently shown to traffic mitochondria [77], and it can position them towards the tips of
starvation-induced filopodia [78].

MYO10 is required for filopodia formation [79, 80], thin actin-rich protrusions that are important for
cell migration [81], often termed the ‘pathfinders’ of the cell. Overexpression of MYO10 is well
known to result in high numbers of filopodia which are important for cell migration. Filopodia are
stabilised by integrins present at the tips of filopodia, and these integrins are trafficked and held at
the filopodial tips by MYO10 [82]. MYO10 has also been implicated in phagocytosis [83] and in
epithelial junction assembly [84]. It localises to the plasma membrane through its pleckstrin
homology (PH) domains (Fig. 2). Myo10 contains three PH domains (Fig. 1), of which the first one
is split, with the second domain emerging from a loop in the first. These domains bind to
Ptdins(3,4,5)Ps [83, 85] and can also bind to Ptdins(3,5)P, and to Ptdins(4,5)P. (the latter with
lower affinity) [86]). The PH domains are followed by a myosin tail homology (MyTH) 4 domain,
and a Four point one Ezrin Radixin Moesin (FERM) domain (Fig. 1). The MyTH4 domain has been
shown to interact with microtubules [87], and the FERM domain with integrins [82].

Myosin 5 isoforms have been associated with various cancers. MYO5A expression levels are
increased in colorectal cancer in response to the transcription factor Snail [88], and it was
suggested that its interaction with the pro-apoptotic protein Bmf, helps to prevent apoptosis as
cells become less adhesive and invade the surrounding tissue. Decreased levels of MYO5B are
associated with gastric cancer [89, 90] and microvillus inclusion disease, a rare homozygous
recessive disease [91]. Loss of MYOS5B affects apical cargo protein transport in intestinal cells,
which in turn causes intestinal brush border atrophy. A similar mechanism could lead to
dedifferentiation and tumour progression in patients with colorectal and gastric cancer. MYO5C
was expressed by all three prostate cancer cell lines we tested (LNCaP, PC-3, and DU145), and
its levels were similar in each of these [5]. MYOS5A was additionally expressed in DU145 cells, and
a GEO analysis appeared to show an increase in MYO5A expression (at the RNA level) in
tumours, but not in metastatic cells (unpublished). It would be interesting to determine if a loss of
MYOS5A might contribute to metastasis in prostate (or other) cancers.

MYQOG is overexpressed in lung [92] and breast cancer [93], hepatocellular carcinoma [94], high
grade ovarian carcinomas [95] and in prostate cancers (specifically medium-grade cancers, rather
than more aggressive types [96], [5]). The 3’ UTR of MYO6 has been reported to be a target for
miR-143 and miR-145 in prostate cancer, both of which are downregulated in cancerous tissue
[97], providing a mechanism by which MYOG6 levels can increase. However, levels of MYO6 are
only high in one of the three commonly used prostate cancer cell lines (LNCaP) [5]. In LNCaP
cells, MYOG6 is mostly associated with recycling endosomes and not endocytic vesicles or the
Golgi, likely due to the reduced levels of Dab2 and optineurin in these cells, and it increases
secretion of PSA and VEGF, which may increase cell motility [98] and thus enhance metastasis.
Decreasing MYO6 expression in hepatocellular carcinoma, lung and breast cancer cell lines,
decreases proliferation and blocks cell cycle progression and activates stress response signalling
pathways in hepatocellular carcinoma cell lines [94].



It is becoming clear that MYO10 is likely to play a key role in several cancers. MYO10 expression
levels are increased in breast cancer [99, 100], lung adenocarcinoma [101], non-small lung cell
cancers [102], and prostate cancer tissues and metastatic prostate cancer cell lines (e.g. PC-3) [5].
Knockdown of MYO10 in the prostate cancer cell line (PC-3) ablated filopodia, reduced cell
motility, increased cell spread area and initiated the formation of F-actin bundles in the centre of
the cell (Fig. 1C) [5]. As the actin bundling protein fascin is also overexpressed in prostate cancer
[103], we speculated that when MYO10 is knocked down in PC-3 cells, fascin mislocalises and
bundles actin filaments in the cell body. Overexpression levels of MYO10 have been linked to a
reduction in levels of miR-340 [104] and to an interaction with mutant p53 [99] in breast cancer.
However, we did not find a link between mutant p53 and MYO10 in prostate cancer cells [5].

Much less is known about any association between MYO19 and cancer. In our experiments, we
did not find any changes in expression of MYO19 in prostate cancer cell lines [5]. However, a
recent report of a linkage analysis for part of chromosome 17 identified MYO19 as a possible
candidate for Glioma, with 2 missense mutations identified [105]. However, the chromosome
positions reported currently appear to map to an upstream lincRNA and not to the MYO19 gene. In
a breast cancer cell line BT-474, the first 30 basepairs encoding SKA2 are fused to the 382
basepair in the coding sequence of MYO19B [106]. The resulting fusion is out of frame for MYO19,
and this is likely to lead to a loss of functional MYO19B [106], which would be expected to disrupt
mitochondrial trafficking.

Conclusion

Overall, many different myosins have now been implicated in cancer, as tumour suppressors,
through overexpression, or through mutant isoforms/gene fusions. While many of these studies
have identified these myosins as candidate genes, very little work has been performed to
understand how these proteins contribute to the metastatic process, and in particular to effects on
the organisation of the actin cytoskeleton, which is important in both maintaining the differentiated
state in normal cells, and in promoting the metastatic phenotype in cancerous cells. Moreover,
more than one myosin could contribute to any cancer phenotype, as we showed for prostate
cancer. Overexpression, loss of expression, or mutations in these proteins would all be expected
to affect actin organisation, promoting de-differentiation, tumour progression and/or metastasis. A
clear example of this, is the link between MYO10 and filopodia formation. In addition, modulating
non-muscle myosin 2 organisation, through MYO18A (or B) and MYQO9B is also likely to contribute
to cell adhesion and migration. Overexpression of class 1 myosins, and in particular MYO1B,
affects cortical actin organisation, possibly resulting in a stiffer acto-myosin cortex. Working in
concert, disruption to normal myosin expression levels can contribute to a reduced cell-substrate
adhesion (through a reduction in stress fibres), an increased ability to navigate a path via an
increased number of filopodia, and a stiffer acto-myosin cortex, to increase the ability of these cells
to migrate through a 3D matrix. Thus, the mechanism by which different myosin isoforms
contribute to organising the actin cytoskeleton shapes the cells, and can contribute to the cancer
phenotype.
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Figure 1. The myosin family tree. An overview of the myosin superfamily, showing the domain

organisation for each class, and members within a class where appropriate. The

Uniprot reference number is shown in brackets, next to the name of each myosin (adapted from
[107]. MyTH: Myosin tail homology. SAH: single alpha helix. FERM: 4.1, Ezrin, Radixin, Moesin.
GAP: GTPase activating domain. 3HB: 3 helix bundle. Ank: Ankyrin. SH3: Src Homology 3 (grey
triangles). 1Q: 1Q matifs, to which light chains bind. CC: coiled coil. GTD: globular tail domain.
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Figure 2. Effects of depleting overexpressed myosin isoforms on actin organization in the prostate
cancer cell line PC-3. MYO1B, MYO9B, MYO10 and MYO18A, are all overexpressed in PC3 cells,
which have many filopodia, and few stress fibre bundles (as shown at the top of the figure).
Knockdown of MYO1B causes formation of long sparse actin stress fibres (A), knockdown of
MYQO9B (B) increases Rho activity, resulting in increased phosphorylation of the myosin light chain,
and increased actin and NM2A filament formation in stress fibres. Knockdown of MYO10 (C)
ablates filopodia, and increases F-actin bundles in the cell centre. Knockdown of MYO18A (D)
causes an increase in centripetally organized actin and NM2A filaments. The potential mechanism

by which this occurs is diagrammed.



