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Long-tailed unconventional class | myosin , Myosin 1E (MYO 1E) 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 | 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 (1Q) 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.
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| 1. Introduction

MYO1E and MYO1F are long-tailed class | 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 MYOL1F are expressed mainly in
immune system cells. MYO1E has a wider expression pattern than MYOLF, 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 lungsi. Lymphoid tissues, natural killer cells,
macrophages, and dendritic cells express considerable levels of both MYO1E and MYOLF, with selective expression
reported in B cells and neutrophils, respectivelyll. Lately, Myolf has also been reported as being expressed in mast
cellsi2,

| 2. MYO1E and MYOZ1F 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®4. 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®. 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€ld. Motile neutrophils exhibit a polarized morphology characterized by the formation of leading edge
pseudopods and a highly contractile cell rear known as the uropod4l.

Although MYOIE is barely expressed in neutrophils, it has been shown to be required for their efficient extravasationl&l.
Recently, MYO1E-deficient neutrophils were shown to have diminished arrest, spreading, uropod formation, and
chemotaxis due to defective actin polymerization and integrin activation. Indeed, B2 integrin-mediated rolling and adhesive
interactions are affected in MYOL1E 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(!.



MYOL1F 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 2 integrin. Indeed, MYO1F-deficient neutrophils exhibited high levels of cell-
surface B2 integrin. 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®. Interestingly, the adaptor protein
3BP2 has been reported to be a ligand of MYO1FZ. 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 MYOL1F-deficient mice due to a defective
dynamic deformation of the nucleus®, 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?¥. Together, these
results support the contention that MYOL1F 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 MYOLF, its absence did not lead to reduced neutrophil rolling or adhesion on endothelial cells, a phenomenon
that was described in MYO1E-deficient neutrophilsl®. myolf-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 tissuelLl. Although further research on dissecting the ligand partners
and mechanisms will be important to unraveling the causes of the functional differences between MYO1E and MYOL1F,
data currently points to long-tailed class | myosins having a key role in neutrophil function.

| 3. 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 dynamicsi22.

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 polymerization2324],
MYOL1E, 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
region2. Although these data indicate a regulatory mechanism in the action of these myosins in macrophage function
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€. In the context of macrophages as antigen
presenting cells, MYOL1E may control the exocytosis of cytoplasmic vesicles to the plasma membrane (containing major
histocompatibility complex class Il) through the interaction with the ARF7 effector protein (ARF7EP; also known as
ARL14) and contributing to antigen presentationd. Consequently, the lack of MYOLE correlates with a deficient antigen-
specific T cell proliferation!2€!,

More recently, it has been reported that MYO1F is induced in colonic macrophages and positively influences aVf3-
integrin  accumulation28. 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-33
and do not commit to the M1 phenotype. Furthermore, MYO1F upregulation leads to enhanced secretion and production
of interleukin-1p and, accordingly, lack of MYOLF has been shown to result in reduced inflammation in a colitis model2&!,

More recent data have shown that MYO1E and MYOL1F are both required for efficient Fc receptors (FcR)-mediated
phagocytosis¥. 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 forces229 Macrophages form circular dynamic
actin waves in the extending arms of the phagocytic cup, an event linked to phagocytosis2Y. 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 | 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 MYOL1E-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
phagocytosisiL<,

| 4. 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 function22. 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 possiblel23. Increased numbers of mast cells in inflamed tissue occur not only in bacterial and parasitic
infection, but also in asthma and urticariall?4. 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 migration22. Recently,
our group showed that MYOLF is expressed in mast cells, where it colocalizes with the cortical actin ring!&. We also found
that 3BP2 interacts with Myolf. The cytoplasmic adaptor protein 3BP2 contains a PH domain, SH3-binding proline-rich
regions, and a C-terminal SH2 domain28, and it has roles in mast cell degranulation[ﬂ], survival28l and migration@].
Interestingly, the 3BP2-MYOL1F 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,
ligands of the PH domains contained in 3BP2 and MYOL1F, 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 moleculesZ. In the context of KIT signaling, the absence of Myolf or 3BP2 impairs integrin-mediated mast cell
adhesion and migration. Myo1f silencing specifically achieves this by decreasing the expression of two integrin 3 chains
on the cell surface, B1 (Cluster of Differentiation 29) and 7, usually coupled with the a4 chainl2.

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 1). 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 migration22, Myol1E has not been reported in mast cells to date.
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Figure 1. 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 MYOL1F 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. MYOLF is necessary for the secretion and localization of activated integrin
molecules that will induce adhesion to the extracellular matrix and aid cell migration.



| 5. MYO1E in B Lymphocytes

The migration of lymphocytes to lymph nodes is a crucial step for the immune response to encounter antigensd. 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 cytoskeleton32. |n lymphocytes, the expression of long-tailed
unconventional class | myosins appears to be restricted to MYOLE. Its expression is especially high in B lymphocytes, but
until recently, its role has been elusive. Consistent with its role in other immune cells, Myole 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 MYOL1E 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[2I34] 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 MYOLE is playing a role in vesicle trafficking of these adhesion molecules. The
molecular mechanism involves the focal adhesion kinase (FAK), which has a role in integrin-mediated signal
transduction[32l, 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®4. An explanation for the reduction in FAK activity in the MYO1E KO model
may be by the fact that MYOL1E interacts with FAK and promotes its autophosphorylation upon stimulation with CXCL12
in activated B cellst34!,
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