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Abstract: Long-tailed unconventional class I myosin, Myosin 1E (MYO1E) and Myosin 1F (MYO1F)
are motor proteins that use chemical energy from the hydrolysis of adenosine triphosphate (ATP) to
produce mechanical work along the actin cytoskeleton. On the basis of their motor properties and
structural features, myosins perform a variety of essential roles in physiological processes such as
endocytosis, exocytosis, cell adhesion, and migration. The long tailed unconventional class I myosins
are characterized by having a conserved motor head domain, which binds actin and hydrolyzes ATP,
followed by a short neck with an isoleucine-glutamine (IQ) motif, which binds calmodulin and is
sensitive to calcium, and a tail that contains a pleckstrin homology domain (PH), a tail homology
1 domain (TH1), wherein these domains allow membrane binding, a tail homology 2 domain (TH2),
an ATP-insensitive actin-binding site domain, and a single Src homology 3 domain (SH3) susceptible
to binding proline rich regions in other proteins. Therefore, these motor proteins are able to bind
actin, plasma membrane, and other molecules (adaptor, kinases, membrane proteins) that contribute
to their function, ranging from increasing membrane tension to molecular trafficking and cellular
adhesion. MYO1E and MYO1F function in host self-defense, with a better defined role in innate
immunity in cell migration and phagocytosis. Impairments of their function have been identified
in patients suffering pathologies ranging from tumoral processes to kidney diseases. In this review,
we summarize our current knowledge of specific features and functions of MYO1E and MYO1F in
various tissues, as well as their involvement in disease.
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1. Unconventional Myosins: General Introduction

The myosin protein superfamily found in eukaryotic cells comprises at least 18 classes [1]. Myosins
are motor proteins that bind actin filaments (F-actin) in an adenosine triphosphate (ATP)-regulated
manner. Binding of F-actin promotes ATP hydrolysis by myosin that, in turn, can power movement of
the actin filament or movement of the myosin along the filaments. Structurally, these proteins have an
N-terminal “head”, a middle “neck” region, and a C-terminal “tail” [1].

The N-terminal head is responsible for motor activity, containing a nucleotide binding pocket,
where ATP hydrolysis occurs, and has an actin binding site. Most myosins contain between one and
seven isoleucine-glutamine (IQ) motifs characterized by the IQXXXRGXXXR sequence [2] in the neck
region, and these follow the conserved motor domain sequences directly. Often, calmodulin (CaM)
or CaM-related proteins are associated with stabilizing the α-helical conformation adopted by these
IQ motifs [3,4]. In fact, the IQ motifs and bound light chains form a rigid structure that serves as a
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mechanical lever [5]. The number of IQ motifs determines the length of the lever arm and, therefore,
the step-size and the force of the myosin motor [6]. The C-terminal tail is the region that diverges most
among myosins, having a role in dimerization and being responsible for binding to a diverse array of
partners, targeting each myosin to its particular subcellular location and regulatory function [7].

An evolutionary hypothesis supports that class I and II myosins evolved first among all myosins.
Class II myosins were the first to be discovered and are considered “conventional”, with all other classes
considered “unconventional”. The conventional myosins form large bipolar filaments via tail-directed
homo-oligomerization, whereas the unconventional myosins do not form filaments, although some can
dimerize, and their tails bind directly to the membrane or other proteins [8]. Unconventional myosins
may function to move membranous organelles along actin filaments. Using the “highways and local
roads” analogy, microtubules serve as long range highways for organelle transport powered by the
motor proteins kinesin or dyneins (opposite direction), whereas F-actin serves as short range roads
managed by unconventional myosins [9]. In addition, these myosins can play roles other than cellular
trafficking, such as exocytosis, endocytosis, signal transduction, cell adhesion, and cell migration.
To perform these diverse mechanical tasks, a large number of specialized myosin isoforms have
evolved, which are adapted for high-speed force generation, processive movement over long distances,
tension sensing, and linking signal pathways to motor activity [10].

A striking feature of myosin motors is the great variability in the length of the neck region formed
by the α-helix of IQ motifs, which are stabilized by binding light chains of the calmodulin family.
Variations in these light chain motifs and in the length and stiffness of the myosin appear to affect the
mechanical properties of the myosin motor [10] and give rise to the different classes of unconventional
myosins [11].

In this review, we will focus on class I unconventional myosins, particularly regarding our current
knowledge of how long-tailed forms function and are involved in disease.

2. Class I Unconventional Myosins

Class I myosins are the largest group of unconventional myosins and are evolutionary ancient,
existing in a wide range of species from yeast to vertebrates [12]. Type I myosin functions as a monomer,
with one end connecting to lipids in the plasma membrane and the other connecting to cortical actin
(i.e., the network of actin filaments underneath the plasma membrane). When myosin type I connects
to cortical actin and hydrolyzes ATP, it tucks in and moves along the actin filament (to the plus end)
and creates tension but reinforces the connection between the plasma membrane and cortical actin,
enabling the cell to support the plasma membrane [13].

Mice and humans have a total of eight class I heavy-chain myosin genes, of which six encode
short-tailed forms (Myosin 1A, -B, -C, -D, -G, and -H) and two encode long-tailed forms (MYO1E
and MYO1F) [14]. MYO1B and MYO1E are expressed in most cells, but MYO1A and MYO1F are
more restricted to the intestines and hematopoietic cells, respectively [15]. Myosin class I associates
with between one and six calmodulins, and all have either a pleckstrin homology (PH) domain or a
basic tail homology 1 domain (TH1) in their tail that are thought to affect membrane interaction [16].
The PH domain bears the KXn(K/R)XR (where K is lysine, R arginine, X any amino acid) canonical
sequence for binding to phosphoinositides and is located between the β1 and β2 sheets within the TH1
domain [17]. TH1 is basic in charge and may effect interactions with negatively charged phospholipids.
The lipid specificities and function in membrane interaction are highly dependent on the isoform [11].
The long-tailed forms also contain a proline-rich tail homology 2 domain (TH2) domain; this domain
contains an ATP-insensitive actin binding site [18] and a large number of basic amino acids suitable
for binding membrane phospholipids [19].The C-terminal end of the tail has a single Src homology 3
(SH3) domain, which binds to proline rich regions, particularly proteins carrying the PXXP (where P is
a proline and X any amino acid) motif [20] (Figure 1).
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Figure 1. Schematic representation and structure of human unconventional type 1 myosins. All 
myosins comprise conserved motor heads (orange), different numbers of isoleucine-glutamine (IQ) 
motifs (green), a helical region (pink), IQ and helical extension comprising the neck region, and 
distinct tails with various functional domains. Long-tailed myosins, such as MYO1E and MYO1F, also 
have an Src homology 3 domain (SH3) domain for protein–protein interaction. 
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MYO1E and MYO1F are long-tailed class I myosins that have similar structures and patterns of 
tissue expression. Although their similarities reveal some convergences between the two myosins, 
they have important differences that result in discrepancies in cellular function and their role in 
diseases. Both MYO1E and MYO1F are expressed mainly in immune system cells. MYO1E has a 
wider expression pattern than MYO1F, and is highly present in the spleen, mesenteric lymph nodes, 
and lung, as well as to a lesser extent in the intestines and skin. By contrast, MYO1F is mostly 
expressed in the spleen, mesenteric lymph nodes, thymus, and lungs [15]. Lymphoid tissues, natural 
killer cells, macrophages, and dendritic cells express considerable levels of both MYO1E and MYO1F, 
with selective expression reported in B cells and neutrophils, respectively [15]. Lately, MYO1F has 
also been reported as being expressed in mast cells [21]. 

3.1. MYO1E and MYO1F in Neutrophils 

Neutrophils play an important role in innate immunity, and their extravasation in response to 
an infection or injury is the factor that contributes fastest to the elimination of a pathogen and 
subsequent wound healing [22,23]. Neutrophil recruitment to the site of inflammation must be 
carefully regulated because deficient or excessive levels can have severe pathological consequences. 
As reported recently, neutrophils can contribute to tissue injury by amplifying the inflammatory 
response and direct release of toxic effectors and assist in the development of many noninfectious 
diseases, such as lung injury, autoimmune diseases, and cancer [24]. Neutrophil extravasation 
implies, among other things, proper adhesion to the vascular endothelium and migration to the 
infected tissue, which depends on actin remodeling and the regulated action of myosins [25,26]. 
Motile neutrophils exhibit a polarized morphology characterized by the formation of leading edge 
pseudopods and a highly contractile cell rear known as the uropod [23].  

Figure 1. Schematic representation and structure of human unconventional type 1 myosins. All myosins
comprise conserved motor heads (orange), different numbers of isoleucine-glutamine (IQ) motifs
(green), a helical region (pink), IQ and helical extension comprising the neck region, and distinct tails
with various functional domains. Long-tailed myosins, such as MYO1E and MYO1F, also have an Src
homology 3 domain (SH3) domain for protein–protein interaction.

3. The Long-Tailed Unconventional Class I Myosins

MYO1E and MYO1F are long-tailed class I myosins that have similar structures and patterns of
tissue expression. Although their similarities reveal some convergences between the two myosins,
they have important differences that result in discrepancies in cellular function and their role in
diseases. Both MYO1E and MYO1F are expressed mainly in immune system cells. MYO1E has a
wider expression pattern than MYO1F, and is highly present in the spleen, mesenteric lymph nodes,
and lung, as well as to a lesser extent in the intestines and skin. By contrast, MYO1F is mostly expressed
in the spleen, mesenteric lymph nodes, thymus, and lungs [15]. Lymphoid tissues, natural killer
cells, macrophages, and dendritic cells express considerable levels of both MYO1E and MYO1F, with
selective expression reported in B cells and neutrophils, respectively [15]. Lately, MYO1F has also been
reported as being expressed in mast cells [21].

3.1. MYO1E and MYO1F in Neutrophils

Neutrophils play an important role in innate immunity, and their extravasation in response
to an infection or injury is the factor that contributes fastest to the elimination of a pathogen and
subsequent wound healing [22,23]. Neutrophil recruitment to the site of inflammation must be carefully
regulated because deficient or excessive levels can have severe pathological consequences. As reported
recently, neutrophils can contribute to tissue injury by amplifying the inflammatory response and direct
release of toxic effectors and assist in the development of many noninfectious diseases, such as lung
injury, autoimmune diseases, and cancer [24]. Neutrophil extravasation implies, among other things,
proper adhesion to the vascular endothelium and migration to the infected tissue, which depends on
actin remodeling and the regulated action of myosins [25,26]. Motile neutrophils exhibit a polarized
morphology characterized by the formation of leading edge pseudopods and a highly contractile cell
rear known as the uropod [23].

Although MYO1E is barely expressed in neutrophils, it has been shown to be required for their
efficient extravasation [27]. Recently, MYO1E-deficient neutrophils were shown to have diminished
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arrest, spreading, uropod formation, and chemotaxis due to defective actin polymerization and
integrin activation. Indeed, β2 integrin-mediated rolling and adhesive interactions are affected in
MYO1E knock out neutrophils. This phenotype resulted in increased rolling velocity, decreased
firm adhesion, aberrant crawling, and strongly reduced transmigration. Thus, MYO1E appears to
regulate the adhesive interactions of neutrophils with the vascular endothelium needed for neutrophil
extravasation, reducing both 2D and 3D migration [27].

MYO1F is highly expressed in neutrophils, where it plays an essential role in their migration.
Neutrophils from MYO1F-deficient mice showed stronger adhesion to integrin ligands, including
intercellular adhesion molecule-1 and fibronectin, and most of this adhesion was mediated by β2
integrin. Indeed, MYO1F-deficient neutrophils exhibited high levels of cell-surface β2 integrin [15].
Given that regulated integrin-mediated adhesion to the vascular endothelium is critical to neutrophil
migration to infected tissue, MYO1F-deficient mice unsurprisingly presented higher mortality when
exposed to infection by Listeria monocytogenes. Similarly, effects on defective neutrophil migration have
been found in SH3-binding protein 2 (3BP2)-knockout mice, which also resulted in a higher mortality
to Listeria infection [28]. Interestingly, the adaptor protein 3BP2 has been reported to be a ligand of
MYO1F [21]. However, the mechanistic details of how these binding partners regulate neutrophil
migration remains to be elucidated.

In the analysis of neutrophil migration in 3D experiments, transmigration and migration in
collagen networks showed that neutrophil extravasation into the tissue was also severely compromised
in MYO1F-deficient mice due to a defective dynamic deformation of the nucleus [29]. For successful
cell migration in these contexts, the nucleus must undergo defined changes in position and shape that
are dependent on cytoskeletal dynamics and the mechanical linkage between actin filaments and the
nuclear membrane. MYO1F was found to be enriched at the rear and the front ends of the elongated
nucleus during the initiation and deformation phases, and it was probably involved in pushing and/or
pulling the nucleus through the constriction sites, transmitting force from the cytoskeleton to the inside
of the nucleus [29]. Together, these results support the contention that MYO1F is key to host defenses
by facilitating neutrophil migration to the site of inflammation.

The impaired neutrophil migration observed in MYO1E- and MYO1F-deficient mice have distinct
molecular foundations. In the case of MYO1F, its absence did not lead to reduced neutrophil rolling or
adhesion on endothelial cells, a phenomenon that was described in MYO1E-deficient neutrophils [27].
MYO1F-mediated neutrophil migration has been reported to be critical to acute neuroinflammation in
ischemic stroke, directly affecting outcomes. During the acute phase of a stroke, neutrophils from the
peripheral blood are the first to arrive in the ischemic brain, which then attracts other immune cells
that exacerbate neuroinflammation in the ischemic tissue [30]. Although further research on dissecting
the ligand partners and mechanisms will be important to unraveling the causes of the functional
differences between MYO1E and MYO1F, data currently points to long-tailed class I myosins having a
key role in neutrophil function.

3.2. MYO1E and MYO1F in Macrophages

Phagocytosis of invading pathogens and/or cellular debris are processes carried out mainly
by macrophages in the different tissues. These events needed for host defense, tissue remodeling,
and repair require significant changes in phagocyte morphology that accounts for the coordinated
participation of a plethora of molecules involved in adhesion, membrane arrangements, and actin
cytoskeleton dynamics [31].

The sensing of infectious danger by macrophages through the ligation of toll-like receptors (TLR)
triggers fast and robust cytoskeletal changes, including an integrin-mediated spreading response that
is dependent on actin polymerization [32,33]. MYO1E, along with its closely related family member
MYO1F, are strongly serine phosphorylated in the tail domain after triggering TLR4, with several sites
located in the TH2 domain and one threonine in the PH domain within the TH1 region [34]. Although
these data indicate a regulatory mechanism in the action of these myosins in macrophage function
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against pathogens, no further evidence has been reported. The function of these two myosins seems
to be redundant in contributing to lipopolysaccharide-triggered macrophage spreading [35]. In the
context of macrophages as antigen presenting cells, MYO1E may control the exocytosis of cytoplasmic
vesicles to the plasma membrane (containing major histocompatibility complex class II) through the
interaction with the ARF7 effector protein (ARF7EP; also known as ARL14) and contributing to antigen
presentation [36]. Consequently, the lack of MYO1E correlates with a deficient antigen-specific T cell
proliferation [35].

More recently, it has been reported that MYO1F is induced in colonic macrophages and positively
influences αVβ3-integrin accumulation [37]. This process enhances intercellular adhesion between
macrophages and stimulates a proinflammatory (M1) phenotype by inducing integrin-linked kinase
(ILK)/Protein Kinase B (AKT)/ (mammalian Target of Rapamycin (mTOR) signaling, which, in turn,
induces Signal transducers and activators of transcription(STATS), STAT1 and STAT3 activation.
Consequently, macrophages lacking MYO1F show reduced intercellular association via integrin-β3 and
do not commit to the M1 phenotype. Furthermore, MYO1F upregulation leads to enhanced secretion
and production of interleukin-1β and, accordingly, lack of MYO1F has been shown to result in reduced
inflammation in a colitis model [37].

More recent data have shown that MYO1E and MYO1F are both required for efficient Fc receptors
(FcR)-mediated phagocytosis [38]. Engagement of FcR on the phagocyte with antibodies on the
target surface induces phagocytic cup formation (an actin-rich cup-like structure) to engulf the target.
The plasma membrane is extended around the phagocytic cup and the ensuing closure of the cup
results in phagosome formation where further processing of the target will occur. All these steps require
active cytoskeleton dynamics and mechanical forces [31,39]. Macrophages form circular dynamic actin
waves in the extending arms of the phagocytic cup, an event linked to phagocytosis [40]. MYO1E and F
are reported as being recruited to the phagocytic cup, and they are found to be enriched in the punctate
actin that makes up the wave. This location is dependent on the actin-binding via the motor domain, as
well as the TH2 domain (via phospholipid membrane binding through the basic amino acids present
in this domain), and thus it is exclusive to long-tailed unconventional class I myosins. The study of
Barger et al. suggests a model where MYO1E and F function to tether the plasma membrane to the
actin to successfully anchor the target to the cell, allowing actin polymerization within the cup to
progress and finish internalization. The absence of MYO1E-F alters the local membrane tension and
actin polymerization, resulting in an actin-dense phagocytic cup that leads to a slower closure of the
phagocytic cup and lower rate of phagocytosis [38].

3.3. MYO1F in Mast Cells

Mast cells are essential effector cells in both the innate and adaptive arms of the immune system.
They rely on their ability to migrate to inflammatory sites and release specific mediators stored
in preformed granules or synthesized de novo if they are to function [41]. These processes are
highly regulated by signaling events and precise cytoskeletal dynamics. Mast cells are resident in
tissues, meaning that their migration as progenitors is needed before recruitment to inflammatory
target tissue is possible [42]. Increased numbers of mast cells in inflamed tissue occur not only
in bacterial and parasitic infection, but also in asthma and urticarial [43]. In these settings, mast
cells recognize chemotactic stimuli and trigger signaling cascades that lead to integrin activation,
adhesion, and migration. Stem cell factor (the tyrosine-protein kinase KIT receptor ligand) is the key
chemotactic factor in mast cell proliferation, survival, homing, and migration [44].Recently, our group
showed that MYO1F is expressed in mast cells, where it colocalizes with the cortical actin ring [21].
We also found that 3BP2 interacts with MYO1F. The cytoplasmic adaptor protein 3BP2 contains a
PH domain, SH3-binding proline-rich regions, and a C-terminal SH2 domain [45], and it has roles
in mast cell degranulation [46], survival [47], and migration [21]. Interestingly, the 3BP2–MYO1F
interaction is modulated by KIT receptor signaling, possibly by the increase of phosphoinositide
3-kinase (PI3K) activity and consequently the production of phosphatidylinositol-3,4,5-triphosphate,
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ligands of the PH domains contained in 3BP2 and MYO1F, resulting in a major recruitment of both at
the plasma membrane.

Consequently, KIT inhibition alters MYO1F and 3BP2 translocation to the membrane,
and subsequently colocalization of both molecules [21]. In the context of KIT signaling, the absence
of MYO1F or 3BP2 impairs integrin-mediated mast cell adhesion and migration. MYO1F silencing
specifically achieves this by decreasing the expression of two integrin β chains on the cell surface,
β1 (Cluster of Differentiation 29) and β7, usually coupled with the α4 chain [21].

These data point to a model where MYO1F could serve as a link between the actin cytoskeleton
and the localization and function of integrin in the cell membrane after the activation of KIT receptors
(Figure 2). We further hypothesize that MYO1F could modulate integrin by regulating the cortical
actin mesh, on the basis of evidence that the cortical actin ring is necessary for mast cell migration [48].
Myo1E has not been reported in mast cells to date.
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Figure 2. The role of MYO1F in mast cell migration. In resting conditions, mast cells express
tyrosine-protein kinase KIT receptor and different integrins on the cell membrane. The actin cytoskeleton
and MYO1F are distributed along the cell membrane and in the cytoplasm, whereas Src homology 3
domain (SH3)-binding protein 2 (3BP2) is mostly found in the cytoplasm. Activation of the KIT receptor
initiates actin remodeling, which generates the leading edge (consisting of actin filaments) necessary for
cell movement. MYO1F is necessary for the secretion and localization of activated integrin molecules
that will induce adhesion to the extracellular matrix and aid cell migration.

3.4. MYO1E in B Lymphocytes

The migration of lymphocytes to lymph nodes is a crucial step for the immune response to
encounter antigens [49]. The adhesion of lymphocytes to high endothelial venules and their migration
through that network are regulated by adhesins, integrins, and chemokines, as well as the actin
cytoskeleton [50,51]. In lymphocytes, the expression of long-tailed unconventional class I myosins
appears to be restricted to MYO1E. Its expression is especially high in B lymphocytes, but until recently,
its role has been elusive. Consistent with its role in other immune cells, MYO1E has been reported
as being critical for the recruitment and adhesion of activated B cells to the inguinal lymph node.
Rolling and cellular transmigration are affected in activated B lymphocytes from MYO1E KO mice by a
reduction of cell spreading (a mechanism used to maximize cellular contact to allow transmigration)
due to a lack of CARMIL (capping protein, Arp2/3, and Myosin-I linker), which is important in cell
migration and a ligand of MYO1E [52,53]. On the other hand, activated B cells from MYO1E KO
mice have reduced levels of LFA-1 (Lymphocyte Function associated Antigen 1), CD44, and VLA-4
(Very Late Antigen-4) at the plasma membrane, suggesting that MYO1E is playing a role in vesicle
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trafficking of these adhesion molecules. The molecular mechanism involves the focal adhesion kinase
(FAK), which has a role in integrin-mediated signal transduction [54]. FAK activity is reduced in
activated B lymphocytes from MYO1E KO mice as well as AKT and the RAC-1 GTPase, both dependent
on PI3K activity [53]. An explanation for the reduction in FAK activity in the MYO1E KO model may
be by the fact that MYO1E interacts with FAK and promotes its autophosphorylation upon stimulation
with CXCL12 in activated B cells [53]. This MYO1E–FAK interaction has been reported previously in
melanoma, which we discuss in the next section.

4. Class I Unconventional Long-Tailed Myosins in Diseases

Considering the role of long-tailed myosin, any improper function can lead to aberrant cell
adhesion and migration, thereby compromising homeostasis and resulting in pathology. Altered
function has been associated with various diseases.

4.1. MYO1E and MYO1F in Cancer

Several recent studies have focused on the roles of myosins in cell invasion and migration and on
their potential role as tumor suppressors or activators in cancer [55].

4.1.1. MYO1E

MYO1E directly interacts with FAK, a protein involved in many biological processes, including
cancer [56]. This interaction, which occurs through a FERM-kinase linker domain, induces
conformational changes and Y397 autophosphorylation that is essential for in vivo FAK activity.
Once active, FAK accumulates in the nucleus, where it causes changes in gene expression (osteopontin
and other fibronectin-type matrix genes) that are often seen in aggressive cancers. The increase
of FAK activity and consequently of its target genes has been directly associated with metastatic
events [57,58]. FAK and MYO1E interaction can be involved in the molecular basis of tumoral processes
associated with FAK-dependent activity, such as melanoma. Indeed, the levels of phosphorylated
nuclear phosphor Y379 FAK have been found to be high in patient-derived tissues and cell lines [56].
Moreover, both FAK and MYO1E have been found to promote mammary tumor progression [59–61].

The role of MYO1E in breast cancer has become more evident in recent years. An increase of
MYO1E expression was found as a gene signature in patients with poor outcome in basal-like breast
cancer (BLBC) [62]. This is a particularly aggressive molecular breast cancer subtype characterized by
a specific gene cluster expressed by epithelial cells located in the basal or outer layer of the mammary
gland. BLBC is a major clinical challenge because of its high relapse and prevalence in young women.
More recently, a meta-analysis of human data has shown a correlation between high MYO1E expression
and poor prognosis in BLBC and grade-1 breast cancer [61]. To delve into the role of MYO1E in breast
cancer, studies have been performed with MYO1E knockout mice carrying the MMTV-PyMT transgene
(mouse mammary tumor virus–polyoma middle T antigen). MMTV is a promoter that is expressed
exclusively in mammary epithelium, thus conferring tissue specificity in this accepted mouse breast
cancer model [63]. MYO1E KO have shown reduced cell proliferation and enhanced cell differentiation
compared with MYO1E wild-type controls. The molecular mechanism underlying this effect could
be related to the cell–cell junction dynamics. Although, the authors did not find differences in the
localization of structural components of cell–cell junctions, the functional data provides evidence
of reduced cell permeability in the MYO1E KO mice. Thus, the cell–cell junction in MYO1E WT is
different compared with MYO1E KO, and may account for the distinct tumor morphology, proliferation,
differentiation, and progression [61]. Further analysis will be needed in order to understand the
molecular basis.

MYO1E is a component of the invadosome core that contributes to regulating their dynamics [64].
Invadosomes are actin-rich adhesion structures containing a dense meshwork of actin filaments at their
center, as well as a ring of adhesion adapter proteins representing a site of intense matrix degradation by
tumor cells. These play an important role in tumor cell invasion [65,66]. Targeting MYO1E activity may
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have therapeutic potential by preventing the metastasis of tumor cells that depend on invadosomes for
migration. Furthermore, MYO1E expression may be used as a biomarker of highly invasive tumors.

4.1.2. MYO1F

A recent study has shown that mutated MYO1F alters the mitochondrial network and induces
tumor proliferation in thyroid cancer [67]. This arises due to a mutated MYO1F gene at the TCO locus
(Gly134Ser) that leads to increased oncogenic potential in vitro in terms of cell growth and invasion.
The mitochondrial membrane potential was similar in mutant versus control cells, suggesting that the
mitochondria were still functional. However, in the mutant cell lines, analysis by live-cell visualization
revealed that the mitochondria appeared as separate rod-shaped organelles with increased mass that
produced significantly more intracellular and extracellular reactive oxygen species. How MYO1F
regulates the mitochondrial network needs to be addressed.Several somatic mutations in MYO1F
related to different types of cancer have been found in genetic databases [67]. One example is the fusing
of the mixed lineage leukemia gene with the MYO1F gene, which has been described as recurrent
in infant acute monocytic leukemia [68,69]. Interestingly, a VAV1-MYO1F fusion protein (where the
SH3 domain of VAV1 is replaced by the SH3 domain of MYO1F) has been found in a heterogeneous
non-Hodgkin peripheral T cell lymphoma. The aberrant fusion protein increases the oncogenic ability
of VAV1 and is associated with a poor prognosis. What derives from these data is the fact that
the MYO1F SH3 domain, possibly by recruitment of proteins, increases the VAV1-dependent tumor
activity [70,71].

4.2. MYO1E in Kidney Diseases

MYO1E regulates actin reorganization during cell–cell adhesions in podocytes, major components
of the glomerular filtration barrier. The podocyte actin cytoskeleton and its highly specialized cell–cell
junctions (also called slit diaphragm complexes) play key roles in controlling glomerular filtration.
MYO1E expression is enriched in these slit diaphragm complexes [72] and is recruited to the newly
formed cell–cell junctions [73]. Moreover, MYO1E functions by linking the plasma membrane and actin
filaments early in the process of cytoskeletal rearrangements in the newly stablished cell–cell contact in
renal podocytes. To accomplish this, the TH1 and TH2 domains target MYO1E to the cell junctions,
and the SH3 domain serves as an effector that interacts with the tight junction protein ZO-1 [74],
therefore regulating the formation and dynamics of cell–cell junctions and compromising tissue
permeability [73]. Consistent with this, MYO1E KO and podocyte-specific MYO1E KO show defects
in podocyte organization and disruption of glomerular filtration, showing an increase in proteinuria,
complement and IgG deposition. Interestingly, the observed renal defects do not seem to be immune
mediated but rather result from impaired podocyte functions [75,76]. Furthermore, MYO1E mutations
are associated with childhood-onset, glucocorticoid-resistant, focal segmental glomerulosclerosis that
manifests as nephrotic syndrome with hypoalbuminemia, proteinuria, hyperlipidemia, and edema [77].
MYO1E may function as a linker between the plasma membrane phospholipids, protein components
of cell–cell junctions, and actin filaments, maintaining the integrity of the glomerular filtration barrier
for proper kidney function.

4.3. MYO1F in Hearing Loss

Myosins are necessary for hearing because they contribute both to the structure of stereocilia
found in hair cells of the inner ear [78] and to auditory mechanotransduction. Specifically, MYO1F
is expressed in the inner ear [15], and mutations in its gene may be responsible for nonsyndromic
deafness [79,80]. Such mutations have been detected in the head domain, where they could affect
ATPase activity or the actin binding process. However, it is not known whether hearing loss occurs
due to an increased susceptibility to infection or to an abnormal neutrophil response, leading to the
production of reactive oxygen species and the subsequent involvement of proteolytic enzymes and
antimicrobial proteins.
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5. Conclusions and Perspectives

Long-tailed unconventional class I myosins are involved in several physiological roles from
endocytosis to cell migration, and these must be finely regulated to avoid pathology. The presence
of specific domains, such as SH3 in their tail region, appears to be responsible for their individual
cellular functions by facilitating association with adaptors and other binding proteins. In this way,
the interaction between MYO1F and 3BP2 links the KIT receptor, which is involved in mast cell migration
to the actin cytoskeleton. Alternatively, the interaction between MYO1E and FAK modulates the
activity of the latter, and is important in cell proliferation, survival, and cellular motility. Both MYO1F
and MYO1E regulate actin cytoskeleton dynamics and allow biological events such as phagocytosis for
the clearance of pathogens, dead cells, and aberrant proteins, thereby promoting health. Cell migration
is also critical for fighting infection and for allowing tumor cells to metastasize. Improving our
understanding of the function and regulation of MYO1F and MYO1E could lead to developments that
affect diseases, ranging from immune system alterations to cancer. Ultimately, it is hoped that we may
identify specific myosin inhibitors or activators that have therapeutic potential.

Author Contributions: A.N.-F. and M.M. drafted the work and revised it, A.N.-F. made the figures, and both
authors approved the submitted version.

Funding: This study was funded by the Spanish Ministry for Economy and Competitiveness and European
Regional Development Fund/European Social Fund “Investing in your future”, grant number: RTI2018-096915-B100
and by the Instituto de Salud Carlos III (ISCIII), co-founded by the Fondo Europeo de Desarrollo Regional (FEDER)
for the Thematic Networks and Co-operative Research Centres: ARADyAL, grant number: RD16/0006/0007.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Foth, B.J.; Goedecke, M.C.; Soldati, D. New insights into myosin evolution and classification. Proc. Natl.
Acad. Sci. USA 2006, 103, 3681–3686. [CrossRef] [PubMed]

2. Langelaan, D.N.; Liburd, J.; Yang, Y.; Miller, E.; Chitayat, S.; Crawley, S.W.; Côté, G.P.; Smith, S.P. Structure of
the Single-lobe Myosin Light Chain C in Complex with the Light Chain-binding Domains of Myosin-1C
Provides Insights into Divergent IQ Motif Recognition. J. Biol. Chem. 2016, 291, 19607–19617. [CrossRef]
[PubMed]

3. Houdusse, A.; Cohen, C. Target sequence recognition by the calmodulin superfamily: Implications from light
chain binding to the regulatory domain of scallop myosin. Proc. Natl. Acad. Sci. USA 1995, 92, 10644–10647.
[CrossRef]

4. Bähler, M.; Rhoads, A. Calmodulin signaling via the IQ motif. FEBS Lett. 2002, 513, 107–113. [CrossRef]
5. Forkey, J.N.; Quinlan, M.E.; Shaw, M.A.; Corrie, J.E.T.; Goldman, Y.E. Three-dimensional structural dynamics

of myosin V by single-molecule fluorescence polarization. Nature 2003, 422, 399–404. [CrossRef] [PubMed]
6. Veigel, C.; Schmitz, S.; Wang, F.; Sellers, J.R. Load-dependent kinetics of myosin-V can explain its high

processivity. Nat. Cell Biol. 2005, 7, 861–869. [CrossRef]
7. Krendel, M.; Mooseker, M.S. Myosins: Tails (and Heads) of Functional Diversity. Physiology 2005, 20, 239–251.

[CrossRef]
8. Woolner, S.; Bement, W.M. Unconventional myosins acting unconventionally. Trends Cell Biol. 2009, 19,

245–252. [CrossRef]
9. Langford, G.M. Actin- and microtubule-dependent organelle motors: Interrelationships between the two

motility systems. Curr. Opin. Cell Biol. 1995, 7, 82–88. [CrossRef]
10. Batters, C.; Veigel, C. Mechanics and Activation of Unconventional Myosins. Traffic 2016, 17, 860–871.

[CrossRef]
11. Fili, N.; Toseland, C.P. Unconventional Myosins: How Regulation Meets Function. Int. J. Mol. Sci. 2019, 21,

67. [CrossRef] [PubMed]
12. Thompson, R.F.; Langford, G.M. Myosin superfamily evolutionary history. Anat. Rec. 2002, 268, 276–289.

[CrossRef] [PubMed]
13. Nambiar, R.; McConnell, R.E.; Tyska, M.J. Control of cell membrane tension by myosin-I. Proc. Natl. Acad.

Sci. USA 2009, 106, 11972–11977. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.0506307103
http://www.ncbi.nlm.nih.gov/pubmed/16505385
http://dx.doi.org/10.1074/jbc.M116.746313
http://www.ncbi.nlm.nih.gov/pubmed/27466369
http://dx.doi.org/10.1073/pnas.92.23.10644
http://dx.doi.org/10.1016/S0014-5793(01)03239-2
http://dx.doi.org/10.1038/nature01529
http://www.ncbi.nlm.nih.gov/pubmed/12660775
http://dx.doi.org/10.1038/ncb1287
http://dx.doi.org/10.1152/physiol.00014.2005
http://dx.doi.org/10.1016/j.tcb.2009.03.003
http://dx.doi.org/10.1016/0955-0674(95)80048-4
http://dx.doi.org/10.1111/tra.12400
http://dx.doi.org/10.3390/ijms21010067
http://www.ncbi.nlm.nih.gov/pubmed/31861842
http://dx.doi.org/10.1002/ar.10160
http://www.ncbi.nlm.nih.gov/pubmed/12382324
http://dx.doi.org/10.1073/pnas.0901641106
http://www.ncbi.nlm.nih.gov/pubmed/19574460


Int. J. Mol. Sci. 2020, 21, 2555 10 of 13

14. Berg, J.S.; Powell, B.C.; Cheney, R.E. A millennial myosin census. Mol. Biol. Cell 2001, 12, 780–794. [CrossRef]
[PubMed]

15. Kim, S.V.; Mehal, W.Z.; Dong, X.; Heinrich, V.; Pypaert, M.; Mellman, I.; Dembo, M.; Mooseker, M.S.; Wu, D.;
Flavell, R.A. Modulation of Cell Adhesion and Motility in the Immune System by Myo1f. Science 2006, 314,
136–139. [CrossRef]

16. Patino-Lopez, G.; Aravind, L.; Dong, X.; Kruhlak, M.J.; Ostap, E.M.; Shaw, S. Myosin 1G Is an Abundant Class
I Myosin in Lymphocytes Whose Localization at the Plasma Membrane Depends on Its Ancient Divergent
Pleckstrin Homology (PH) Domain (Myo1PH). J. Biol. Chem. 2010, 285, 8675–8686. [CrossRef]

17. Yamamoto, E.; Kalli, A.C.; Yasuoka, K.; Sansom, M.S.P. Interactions of Pleckstrin Homology Domains
with Membranes: Adding Back the Bilayer via High-Throughput Molecular Dynamics. Structure 2016, 24,
1421–1431. [CrossRef]

18. Yu, H.Y.E.; Bement, W.M. Multiple myosins are required to coordinate actin assembly with coat compression
during compensatory endocytosis. Mol. Biol. Cell 2007, 18, 4096–4105. [CrossRef]

19. Feeser, E.A.; Ignacio, C.M.G.; Krendel, M.; Ostap, E.M. Myo1e binds anionic phospholipids with high affinity.
Biochemistry 2010, 49, 9353–9360. [CrossRef]

20. Kurochkina, N.; Guha, U. SH3 domains: Modules of protein–protein interactions. Biophys. Rev. 2013, 5,
29–39. [CrossRef]

21. Navinés-Ferrer, A.; Ainsua-Enrich, E.; Serrano-Candelas, E.; Sayós, J.; Martin, M. Myo1f, an Unconventional
Long-Tailed Myosin, Is a New Partner for the Adaptor 3BP2 Involved in Mast Cell Migration. Front. Immunol.
2019, 10. [CrossRef] [PubMed]

22. Nourshargh, S.; Alon, R. Leukocyte Migration into Inflamed Tissues. Immunity 2014, 41, 694–707. [CrossRef]
23. Hind, L.E.; Vincent, W.J.B.; Huttenlocher, A. Leading from the Back: The Role of the Uropod in Neutrophil

Polarization and Migration. Dev. Cell 2016, 38, 161–169. [CrossRef] [PubMed]
24. Jorch, S.K.; Kubes, P. An emerging role for neutrophil extracellular traps in noninfectious disease. Nat. Med.

2017, 23, 279–287. [CrossRef] [PubMed]
25. Vestweber, D. How leukocytes cross the vascular endothelium. Nat. Rev. Immunol. 2015, 15, 692–704.

[CrossRef]
26. Schnoor, M.; García Ponce, A.; Vadillo, E.; Pelayo, R.; Rossaint, J.; Zarbock, A. Actin dynamics in the

regulation of endothelial barrier functions and neutrophil recruitment during endotoxemia and sepsis. Cell.
Mol. Life Sci. 2017, 74, 1985–1997. [CrossRef]

27. Vadillo, E.; Chánez-Paredes, S.; Vargas-Robles, H.; Guerrero-Fonseca, I.M.; Castellanos-Martínez, R.;
García-Ponce, A.; Nava, P.; Girón-Pérez, D.A.; Santos-Argumedo, L.; Schnoor, M. Intermittent rolling is a
defect of the extravasation cascade caused by Myosin1e-deficiency in neutrophils. Proc. Natl. Acad. Sci. USA
2019, 116, 26752–26758. [CrossRef]

28. Chen, G.; Dimitriou, I.; Milne, L.; Lang, K.S.; Lang, P.A.; Fine, N.; Ohashi, P.S.; Kubes, P.; Rottapel, R. The 3BP2
Adapter Protein Is Required for Chemoattractant-Mediated Neutrophil Activation. J. Immunol. 2012, 189,
2138–2150. [CrossRef]

29. Salvermoser, M.; Pick, R.; Weckbach, L.T.; Zehrer, A.; Löhr, P.; Drechsler, M.; Sperandio, M.; Soehnlein, O.;
Walzog, B. Myosin 1f is specifically required for neutrophil migration in 3D environments during acute
inflammation. Blood 2018, 131, 1887–1898. [CrossRef]

30. Wang, Y.; Jin, H.; Wang, W.; Wang, F.; Zhao, H. Myosin1f-mediated neutrophil migration contributes to acute
neuroinflammation and brain injury after stroke in mice. J. Neuroinflammation 2019, 16, 77. [CrossRef]

31. Freeman, S.A.; Grinstein, S. Phagocytosis: Receptors, signal integration, and the cytoskeleton. Immunol. Rev.
2014, 262, 193–215. [CrossRef] [PubMed]

32. Blander, J.M.; Medzhitov, R. Regulation of Phagosome Maturation by Signals from Toll-Like Receptors.
Science 2004, 304, 1014–1018. [CrossRef] [PubMed]

33. Wenzel, J.; Held, C.; Palmisano, R.; Teufel, S.; David, J.-P.; Wittenberg, T.; Lang, R. Measurement of
TLR-Induced Macrophage Spreading by Automated Image Analysis: Differential Role of Myd88 and MAPK
in Early and Late Responses. Front. Physiol. 2011, 2, 71. [CrossRef] [PubMed]

34. Weintz, G.; Olsen, J.V.; Frühauf, K.; Niedzielska, M.; Amit, I.; Jantsch, J.; Mages, J.; Frech, C.; Dölken, L.;
Mann, M.; et al. The phosphoproteome of toll-like receptor-activated macrophages. Mol. Syst. Biol. 2010, 6,
371. [CrossRef] [PubMed]

http://dx.doi.org/10.1091/mbc.12.4.780
http://www.ncbi.nlm.nih.gov/pubmed/11294886
http://dx.doi.org/10.1126/science.1131920
http://dx.doi.org/10.1074/jbc.M109.086959
http://dx.doi.org/10.1016/j.str.2016.06.002
http://dx.doi.org/10.1091/mbc.e06-11-0993
http://dx.doi.org/10.1021/bi1012657
http://dx.doi.org/10.1007/s12551-012-0081-z
http://dx.doi.org/10.3389/fimmu.2019.01058
http://www.ncbi.nlm.nih.gov/pubmed/31143189
http://dx.doi.org/10.1016/j.immuni.2014.10.008
http://dx.doi.org/10.1016/j.devcel.2016.06.031
http://www.ncbi.nlm.nih.gov/pubmed/27459068
http://dx.doi.org/10.1038/nm.4294
http://www.ncbi.nlm.nih.gov/pubmed/28267716
http://dx.doi.org/10.1038/nri3908
http://dx.doi.org/10.1007/s00018-016-2449-x
http://dx.doi.org/10.1073/pnas.1902502116
http://dx.doi.org/10.4049/jimmunol.1103184
http://dx.doi.org/10.1182/blood-2017-10-811851
http://dx.doi.org/10.1186/s12974-019-1465-9
http://dx.doi.org/10.1111/imr.12212
http://www.ncbi.nlm.nih.gov/pubmed/25319336
http://dx.doi.org/10.1126/science.1096158
http://www.ncbi.nlm.nih.gov/pubmed/15143282
http://dx.doi.org/10.3389/fphys.2011.00071
http://www.ncbi.nlm.nih.gov/pubmed/22028692
http://dx.doi.org/10.1038/msb.2010.29
http://www.ncbi.nlm.nih.gov/pubmed/20531401


Int. J. Mol. Sci. 2020, 21, 2555 11 of 13

35. Wenzel, J.; Ouderkirk, J.L.; Krendel, M.; Lang, R. Class I myosin Myo1e regulates TLR4-triggered macrophage
spreading, chemokine release, and antigen presentation via MHC class II. Eur. J. Immunol. 2015, 45, 225–237.
[CrossRef]

36. Paul, P.; van den Hoorn, T.; Jongsma, M.L.M.; Bakker, M.J.; Hengeveld, R.; Janssen, L.; Cresswell, P.;
Egan, D.A.; van Ham, M.; ten Brinke, A.; et al. A Genome-wide Multidimensional RNAi Screen Reveals
Pathways Controlling MHC Class II Antigen Presentation. Cell 2011, 145, 268–283. [CrossRef]

37. Piedra-Quintero, Z.L.; Serrano, C.; Villegas-Sepúlveda, N.; Maravillas-Montero, J.L.; Romero-Ramírez, S.;
Shibayama, M.; Medina-Contreras, O.; Nava, P.; Santos-Argumedo, L. Myosin 1F Regulates M1-Polarization
by Stimulating Intercellular Adhesion in Macrophages. Front. Immunol. 2019, 9, 3118. [CrossRef]

38. Barger, S.R.; Reilly, N.S.; Shutova, M.S.; Li, Q.; Maiuri, P.; Heddleston, J.M.; Mooseker, M.S.; Flavell, R.A.;
Svitkina, T.; Oakes, P.W.; et al. Membrane-cytoskeletal crosstalk mediated by myosin-I regulates adhesion
turnover during phagocytosis. Nat. Commun. 2019, 10, 1249. [CrossRef]

39. García-García, E.; Rosales, C. Signal transduction during Fc receptor-mediated phagocytosis. J. Leukoc. Biol.
2002, 107, 357–362.

40. Masters, T.A.; Sheetz, M.P.; Gauthier, N.C. F-actin waves, actin cortex disassembly and focal exocytosis
driven by actin-phosphoinositide positive feedback. Cytoskeleton 2016, 73, 180–196. [CrossRef]

41. Galli, S.J.; Kalesnikoff, J.; Grimbaldeston, M.A.; Piliponsky, A.M.; Williams, C.M.M.; Tsai, M. MAST CELLS
AS “TUNABLE” EFFECTOR AND IMMUNOREGULATORY CELLS: Recent Advances. Annu. Rev. Immunol.
2005, 23, 749–786. [CrossRef] [PubMed]

42. Dahlin, J.S.; Hallgren, J. Mast cell progenitors: Origin, development and migration to tissues. Mol. Immunol.
2015, 63, 9–17. [CrossRef] [PubMed]

43. Gilfillan, A.M.; Beaven, M.A. Regulation of mast cell responses in health and disease. Crit. Rev. Immunol.
2011, 31, 475–529. [CrossRef] [PubMed]

44. Halova, I.; Draberova, L.; Draber, P. Mast Cell Chemotaxis – Chemoattractants and Signaling Pathways.
Front. Immunol. 2012, 3, 119. [CrossRef] [PubMed]

45. Ren, R.; Mayer, B.J.; Cicchetti, P.; Baltimore, D. Identification of a ten-amino acid proline-rich SH3 binding
site. Science 1993, 259, 5098. [CrossRef] [PubMed]

46. Ainsua-Enrich, E.; Álvarez-Errico, D.; Gilfillan, A.M.; Picado, C.; Sayós, J.; Rivera, J.; Martín, M. The Adaptor
3BP2 Is Required for Early and Late Events in FcεRI Signaling in Human Mast Cells. J. Immunol. 2012, 189,
2727–2734. [CrossRef]

47. Ainsua-Enrich, E.; Serrano-Candelas, E.; Álvarez-Errico, D.; Picado, C.; Sayós, J.; Rivera, J.; Martín, M.
The Adaptor 3BP2 Is Required for KIT Receptor Expression and Human Mast Cell Survival. J. Immunol.
2015, 194, 4309–4318. [CrossRef]

48. Dráber, P.; Dráber, P. Membrane-Cytoskeleton Dynamics in the Course of Mast Cell Activation. Methods Mol.
Biol. 2015, 1220, 219–237.

49. Mesin, L.; Ersching, J.; Victora, G.D. Germinal Center B Cell Dynamics. Immunity 2016, 45, 471–482. [CrossRef]
50. Girard, J.-P.; Moussion, C.; Förster, R. HEVs, lymphatics and homeostatic immune cell trafficking in lymph

nodes. Nat. Rev. Immunol. 2012, 12, 762–773. [CrossRef]
51. Mionnet, C.; Sanos, S.L.; Mondor, I.; Jorquera, A.; Laugier, J.-P.; Germain, R.N.; Bajénoff, M. High endothelial

venules as traffic control points maintaining lymphocyte population homeostasis in lymph nodes. Blood
2011, 118, 6115–6122. [CrossRef] [PubMed]

52. Liang, Y.; Niederstrasser, H.; Edwards, M.; Jackson, C.E.; Cooper, J.A. Distinct Roles for CARMIL Isoforms in
Cell Migration. Mol. Biol. Cell 2009, 20, 5290–5305. [CrossRef] [PubMed]

53. Girón-Pérez, D.A.; Vadillo, E.; Schnoor, M.; Santos-Argumedo, L. Myo1e modulates the recruitment of
activated B cells to inguinal lymph nodes. J. Cell Sci. 2020, 133, jcs235275. [CrossRef] [PubMed]

54. Parsons, J.T.; Martin, K.H.; Slack, J.K.; Taylor, J.M.; Weed, S.A. Focal Adhesion Kinase: A regulator of focal
adhesion dynamics and cell movement. Oncogene 2000, 19, 5606–5613. [CrossRef]

55. Ouderkirk, J.L.; Krendel, M. Non-muscle myosins in tumor progression, cancer cell invasion, and metastasis.
Cytoskeleton 2014, 71, 447–463. [CrossRef]

56. Heim, J.B.; Squirewell, E.J.; Neu, A.; Zocher, G.; Sominidi-Damodaran, S.; Wyles, S.P.; Nikolova, E.;
Behrendt, N.; Saunte, D.M.; Lock-Andersen, J.; et al. Myosin-1E interacts with FAK proline-rich region 1 to
induce fibronectin-type matrix. Proc. Natl. Acad. Sci. USA 2017, 114, 3933–3938. [CrossRef]

http://dx.doi.org/10.1002/eji.201444698
http://dx.doi.org/10.1016/j.cell.2011.03.023
http://dx.doi.org/10.3389/fimmu.2018.03118
http://dx.doi.org/10.1038/s41467-019-09104-1
http://dx.doi.org/10.1002/cm.21287
http://dx.doi.org/10.1146/annurev.immunol.21.120601.141025
http://www.ncbi.nlm.nih.gov/pubmed/15771585
http://dx.doi.org/10.1016/j.molimm.2014.01.018
http://www.ncbi.nlm.nih.gov/pubmed/24598075
http://dx.doi.org/10.1615/CritRevImmunol.v31.i6.30
http://www.ncbi.nlm.nih.gov/pubmed/22321108
http://dx.doi.org/10.3389/fimmu.2012.00119
http://www.ncbi.nlm.nih.gov/pubmed/22654878
http://dx.doi.org/10.1126/science.8438166
http://www.ncbi.nlm.nih.gov/pubmed/8438166
http://dx.doi.org/10.4049/jimmunol.1200380
http://dx.doi.org/10.4049/jimmunol.1402887
http://dx.doi.org/10.1016/j.immuni.2016.09.001
http://dx.doi.org/10.1038/nri3298
http://dx.doi.org/10.1182/blood-2011-07-367409
http://www.ncbi.nlm.nih.gov/pubmed/21937697
http://dx.doi.org/10.1091/mbc.e08-10-1071
http://www.ncbi.nlm.nih.gov/pubmed/19846667
http://dx.doi.org/10.1242/jcs.235275
http://www.ncbi.nlm.nih.gov/pubmed/31964710
http://dx.doi.org/10.1038/sj.onc.1203877
http://dx.doi.org/10.1002/cm.21187
http://dx.doi.org/10.1073/pnas.1614894114


Int. J. Mol. Sci. 2020, 21, 2555 12 of 13

57. Hoek, K.S.; Schlegel, N.C.; Brafford, P.; Sucker, A.; Ugurel, S.; Kumar, R.; Weber, B.L.; Nathanson, K.L.;
Phillips, D.J.; Herlyn, M.; et al. Metastatic potential of melanomas defined by specific gene expression
profiles with no BRAF signature. Pigment Cell Res. 2006, 19, 290–302. [CrossRef]

58. Meves, A.; Nikolova, E.; Heim, J.B.; Squirewell, E.J.; Cappel, M.A.; Pittelkow, M.R.; Otley, C.C.; Behrendt, N.;
Saunte, D.M.; Lock-Andersen, J.; et al. Tumor Cell Adhesion As a Risk Factor for Sentinel Lymph Node
Metastasis in Primary Cutaneous Melanoma. J. Clin. Oncol. 2015, 33, 2509–2515. [CrossRef]

59. Serrels, A.; Lund, T.; Serrels, B.; Byron, A.; McPherson, R.C.; von Kriegsheim, A.; Gómez-Cuadrado, L.;
Canel, M.; Muir, M.; Ring, J.E.; et al. Nuclear FAK Controls Chemokine Transcription, Tregs, and Evasion of
Anti-tumor Immunity. Cell 2015, 163, 160–173. [CrossRef]

60. Lahlou, H.; Sanguin-Gendreau, V.; Zuo, D.; Cardiff, R.D.; McLean, G.W.; Frame, M.C.; Muller, W.J. Mammary
epithelial-specific disruption of the focal adhesion kinase blocks mammary tumor progression. Proc. Natl.
Acad. Sci. USA 2007, 104, 20302–20307. [CrossRef]

61. Ouderkirk-Pecone, J.L.; Goreczny, G.J.; Chase, S.E.; Tatum, A.H.; Turner, C.E.; Krendel, M. Myosin 1e
promotes breast cancer malignancy by enhancing tumor cell proliferation and stimulating tumor cell
de-differentiation. Oncotarget 2016, 7, 46419–46432. [CrossRef] [PubMed]

62. Hallett, R.M.; Dvorkin-Gheva, A.; Bane, A.; Hassell, J.A. A Gene Signature for Predicting Outcome in Patients
with Basal-like Breast Cancer. Sci. Rep. 2012, 2, 227. [CrossRef] [PubMed]

63. Guy, C.T.; Cardiff, R.D.; Muller, W.J. Induction of mammary tumors by expression of polyomavirus middle T
oncogene: A transgenic mouse model for metastatic disease. Mol. Cell. Biol. 1992, 12, 954–961. [CrossRef]
[PubMed]

64. Ouderkirk, J.L.; Krendel, M. Myosin 1e is a component of the invadosome core that contributes to regulation
of invadosome dynamics. Exp. Cell Res. 2014, 322, 265–276. [CrossRef]

65. Bravo-Cordero, J.J.; Hodgson, L.; Condeelis, J. Directed cell invasion and migration during metastasis. Curr.
Opin. Cell Biol. 2012, 24, 277–283. [CrossRef]

66. Weaver, A.M. Invadopodia: Specialized Cell Structures for Cancer Invasion. Clin. Exp. Metastasis 2006, 23,
97–105. [CrossRef]

67. Diquigiovanni, C.; Bergamini, C.; Evangelisti, C.; Isidori, F.; Vettori, A.; Tiso, N.; Argenton, F.; Costanzini, A.;
Iommarini, L.; Anbunathan, H.; et al. Mutant MYO1F alters the mitochondrial network and induces tumor
proliferation in thyroid cancer. Int. J. Cancer 2018, 143, 1706–1719. [CrossRef]

68. Taki, T.; Akiyama, M.; Saito, S.; Ono, R.; Taniwaki, M.; Kato, Y.; Yuza, Y.; Eto, Y.; Hayashi, Y. The MYO1F,
unconventional myosin type 1F, gene is fused to MLL in infant acute monocytic leukemia with a complex
translocation involving chromosomes 7, 11, 19 and 22. Oncogene 2005, 24, 5191–5197. [CrossRef]

69. Duhoux, F.P.; Ameye, G.; Libouton, J.-M.; Bahloula, K.; Iossifidis, S.; Chantrain, C.F.; Demoulin, J.-B.;
Poirel, H.A. The t(11;19)(q23;p13) fusing MLL with MYO1F is recurrent in infant acute myeloid leukemias.
Leuk. Res. 2011, 35, e171–e172. [CrossRef]

70. Abate, F.; da Silva-Almeida, A.C.; Zairis, S.; Robles-Valero, J.; Couronne, L.; Khiabanian, H.; Quinn, S.A.;
Kim, M.-Y.; Laginestra, M.A.; Kim, C.; et al. Activating mutations and translocations in the guanine exchange
factor VAV1 in peripheral T-cell lymphomas. Proc. Natl. Acad. Sci. USA 2017, 114, 764–769. [CrossRef]

71. Boddicker, R.L.; Razidlo, G.L.; Dasari, S.; Zeng, Y.; Hu, G.; Knudson, R.A.; Greipp, P.T.; Davila, J.I.;
Johnson, S.H.; Porcher, J.C.; et al. Integrated mate-pair and RNA sequencing identifies novel, targetable gene
fusions in peripheral T-cell lymphoma. Blood 2016, 128, 1234–1245. [CrossRef] [PubMed]

72. Pierchala, B.A.; Muñoz, M.R.; Tsui, C.C. Proteomic analysis of the slit diaphragm complex: CLIC5 is a protein
critical for podocyte morphology and function. Kidney Int. 2010, 78, 868–882. [CrossRef] [PubMed]

73. Bi, J.; Chase, S.E.; Pellenz, C.D.; Kurihara, H.; Fanning, A.S.; Krendel, M. Myosin 1e is a component of the
glomerular slit diaphragm complex that regulates actin reorganization during cell-cell contact formation in
podocytes. Am. J. Physiol. Physiol. 2013, 305, F532–F544. [CrossRef]

74. Fanning, A.S.; Van Itallie, C.M.; Anderson, J.M. Zonula occludens-1 and -2 regulate apical cell structure
and the zonula adherens cytoskeleton in polarized epithelia. Mol. Biol. Cell 2012, 23, 577–590. [CrossRef]
[PubMed]

75. Krendel, M.; Kim, S.V.; Willinger, T.; Wang, T.; Kashgarian, M.; Flavell, R.A.; Mooseker, M.S. Disruption of
Myosin 1e Promotes Podocyte Injury. J. Am. Soc. Nephrol. 2009, 20, 86–94. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1600-0749.2006.00322.x
http://dx.doi.org/10.1200/JCO.2014.60.7002
http://dx.doi.org/10.1016/j.cell.2015.09.001
http://dx.doi.org/10.1073/pnas.0710091104
http://dx.doi.org/10.18632/oncotarget.10139
http://www.ncbi.nlm.nih.gov/pubmed/27329840
http://dx.doi.org/10.1038/srep00227
http://www.ncbi.nlm.nih.gov/pubmed/22355741
http://dx.doi.org/10.1128/MCB.12.3.954
http://www.ncbi.nlm.nih.gov/pubmed/1312220
http://dx.doi.org/10.1016/j.yexcr.2014.01.015
http://dx.doi.org/10.1016/j.ceb.2011.12.004
http://dx.doi.org/10.1007/s10585-006-9014-1
http://dx.doi.org/10.1002/ijc.31548
http://dx.doi.org/10.1038/sj.onc.1208711
http://dx.doi.org/10.1016/j.leukres.2011.04.022
http://dx.doi.org/10.1073/pnas.1608839114
http://dx.doi.org/10.1182/blood-2016-03-707141
http://www.ncbi.nlm.nih.gov/pubmed/27297792
http://dx.doi.org/10.1038/ki.2010.212
http://www.ncbi.nlm.nih.gov/pubmed/20664558
http://dx.doi.org/10.1152/ajprenal.00223.2013
http://dx.doi.org/10.1091/mbc.e11-09-0791
http://www.ncbi.nlm.nih.gov/pubmed/22190737
http://dx.doi.org/10.1681/ASN.2007111172
http://www.ncbi.nlm.nih.gov/pubmed/19005011


Int. J. Mol. Sci. 2020, 21, 2555 13 of 13

76. Chase, S.E.; Encina, C.V.; Stolzenburg, L.R.; Tatum, A.H.; Holzman, L.B.; Krendel, M. Podocyte-specific
knockout of myosin 1e disrupts glomerular filtration. Am. J. Physiol. Physiol. 2012, 303, F1099–F1106.
[CrossRef] [PubMed]

77. Mele, C.; Iatropoulos, P.; Donadelli, R.; Calabria, A.; Maranta, R.; Cassis, P.; Buelli, S.; Tomasoni, S.; Piras, R.;
Krendel, M.; et al. MYO1E Mutations and Childhood Familial Focal Segmental Glomerulosclerosis. N. Engl.
J. Med. 2011, 365, 295–306. [CrossRef]

78. Nambiar, R.; McConnell, R.E.; Tyska, M.J. Myosin motor function: The ins and outs of actin-based membrane
protrusions. Cell. Mol. Life Sci. 2010, 67, 1239–1254. [CrossRef]

79. Chen, A.H.; Stephan, D.A.; Hasson, T.; Fukushima, K.; Nelissen, C.M.; Chen, A.F.; Jun, A.I.; Ramesh, A.;
Van Camp, G.; Smith, R.J.H. MYO1F as a Candidate Gene for Nonsyndromic Deafness, DFNB15. Arch.
Otolaryngol. Neck Surg. 2001, 127, 921. [CrossRef]

80. Zadro, C.; Alemanno, M.S.; Bellacchio, E.; Ficarella, R.; Donaudy, F.; Melchionda, S.; Zelante, L.; Rabionet, R.;
Hilgert, N.; Estivill, X.; et al. Are MYO1C and MYO1F associated with hearing loss? Biochim. Biophys. Acta
Mol. Basis Dis. 2009, 1792, 27–32. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1152/ajprenal.00251.2012
http://www.ncbi.nlm.nih.gov/pubmed/22811491
http://dx.doi.org/10.1056/NEJMoa1101273
http://dx.doi.org/10.1007/s00018-009-0254-5
http://dx.doi.org/10.1001/archotol.127.8.921
http://dx.doi.org/10.1016/j.bbadis.2008.10.017
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Unconventional Myosins: General Introduction 
	Class I Unconventional Myosins 
	The Long-Tailed Unconventional Class I Myosins 
	MYO1E and MYO1F in Neutrophils 
	MYO1E and MYO1F in Macrophages 
	MYO1F in Mast Cells 
	MYO1E in B Lymphocytes 

	Class I Unconventional Long-Tailed Myosins in Diseases 
	MYO1E and MYO1F in Cancer 
	MYO1E 
	MYO1F 

	MYO1E in Kidney Diseases 
	MYO1F in Hearing Loss 

	Conclusions and Perspectives 
	References

