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This article is part of a series of reviews

covering The Cytoskeleton appearing in

Volume 256 of Immunological Reviews.

Summary: Myosins comprise a family of motor proteins whose role in
muscle contraction and motility in a large range of eukaryotic cells has
been widely studied. Although these proteins have been characterized
extensively and much is known about their function in different cellu-
lar compartments, little is known about these molecules in hematopoi-
etic cells. Myosins expressed by cells from the immune response are
involved in maintaining plasma membrane tension, moving and secret-
ing vesicles, endo- and exocytotic processes, and promoting the adhe-
sion and motility of cells. Herein, we summarize our current
understanding of class I myosins in B cells, with an emphasis on the
emerging roles of these molecular motors in immune functions.
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Introduction

Lymphocytes are cells with an incredible array of cellular

functions. Their most important job is the recognition of self/

non-self antigens through highly specialized receptors. During

the last 40 years, antigen receptors, costimulatory molecules,

adhesion receptors, chemokine, and homing receptors, etc.

have been described using many different strategies; however,

the role of the cytoskeleton and the connection between these

surface receptors and the proteins inside the cells have been

poorly analyzed. The varied functions of the cytoskeleton

include determining shape and motility, controlling the

mechanical resistance of the membrane, and establishing path-

ways for the transportation of internal components from the

sites of synthesis to the places of action.

Our group initially became interested in the cytoskeleton

after reproducing the observation initially made by Cambier

and Lehmann (1), who reported that activated B lympho-

cytes are able to spread over a surface precoated with anti-

major histocompatibility complex class II (MHC-II)

monoclonal antibodies (mAbs). At that time, we worked on
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the characterization of a series of monoclonal antibodies,

recognizing surface molecules on resting and activated B

lymphocytes. By using immobilized antibodies on plastic

plates, we found that not only were anti-MHC-II mAbs able

to induce spreading, but other molecules were also efficient

in inducing similar phenomena (2). The first molecule we

found that induced spreading was an antibody recognizing

CD44, an activation molecule present in both T and B cells.

We analyzed several antibodies recognizing different epi-

topes of CD44, and all of them were equally efficient in

inducing spreading (3). As was reported by Cambier (1),

spreading is only noted in activated B lymphocytes, because

resting cells do not change their morphology when cultured

under similar circumstances. The morphology of cells seen

under the microscope showed the generation of long and

pleomorphic appendages resembling the morphology of

neurons (Fig. 1A); staining with phalloidin revealed an

amazing array of fine dendrites all along the body of the cell

(Fig. 1B–D). There was no obvious polarity, since dendrites

could appear from one site or from multiple sites of the

cell. Moreover, those dendrites were not static structures;

they changed with time. The production of these structures

was dependent on temperature and energy, because reduc-

ing incubation temperature decreased and prevented their

formation, and the addition of low amounts of sodium

azide also had catastrophic consequences: in minutes, all

cells which had been spreading became rounded (J.L. Mara-

villas-Montero, O. L�opez-Ortega, G. Patiño-L�opez and L.

Santos-Argumedo, submitted manuscript).

Staining with phalloidin showed discrete and organized

microfilaments of actin, organized in the dendrites and the

tiny fine microvilli. All new appendages showed an accumu-

lation of F-actin, later becoming stabilized by tubulin. Not

surprisingly, dendrite formation was inhibited by cytochala-

sin D, colchicine, and nocodazole. Dendrites also showed

reorganization of vimentin intermediate filaments and accu-

mulation of the ezrin/radixin/moesin (ERM) family of

proteins (4).

As mentioned above, anti-MHC-II and anti-CD44 antibod-

ies equally induced spreading; interestingly, some other

molecules showed a similar property in inducing dendrite

formation of activated B cells. Antibodies against intercellu-

lar adhesion molecule-1 (ICAM-1), leukocyte function-

associated antigen-1 (LFA-1), and CD45R, among others,

induced spreading. However, not all surface molecules were

equally able to induce this phenomenon (5).

Because activation is a prerequisite for the cells to spread,

we analyzed different stimuli. Stimulation by several

receptors such as the B-cell receptor (BCR), CD40, CD38,

and Toll-like receptor-4 equally prepared the cells for

spreading. IL-4 was one of the most important stimuli. On

its own, it induced a migratory morphology in most B cells,

but its combination with any of the stimuli mentioned

above induced the most dramatic forms of spreading (2)

(Fig. 2). Studies from the Severinson laboratory (6) have

also linked motility response and spreading to IL-4 stimula-

tion, with the participation of signal transducer and activator

A

C

D

B

Fig. 1. Actin cytoskeleton plasticity observed during B-cell
spreading. Pre-activated mouse B lymphocytes were set over plates
coated with antibodies, such as anti-CD44 or anti-MHC-II, to induce
spreading. During this process, the cells extend multiple membrane
extensions easily detected by bright field microscopy (A) that resemble
neuronal projections. (B). Spread B lymphocytes stained with FITC-
phalloidin (green) to denote microfilaments and DNAse (red) to label
the nuclei. (C) Magnification of a spread B cell stained with the same
dyes displaying both long and thicker dendrite-like extensions and
small thin filopodia; the digital representation of the same image is
presented in (D), showing the DNAse stain in red and the F-actin stain
in yellow.
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of transcription 6 as a transduction pathway. However, little

is known about how these receptors are linked to the reor-

ganization of the different elements of the cytoskeleton and

the signaling pathways involved in such phenomena. Among

other signaling molecules, Calcium and protein kinase C are

essential, because pharmacological interference prevents or

reverts both motility and spreading (2). For obvious rea-

sons, phospholipase C-c (PLC-c) then is also necessary to

generate the signaling molecules described above (5). Linker

molecules such as the ezrin–radixin–moesin (ERM) family

of proteins are activated both by interaction with phosphati-

dylinositol 4,5-bisphosphate [PI(4,5)P2] in the membrane

and by phosphorylation; they are known to interact with

CD44 to form a bridge with actin microfilaments (7–9).

During spreading, ERM proteins are equally reorganized and

bound preferentially in places where CD44 is located. These

interactions are not been fully explored for their relevance

during spreading, but they are abundant in the microvilli

and probably maintain surface molecules such as CD44,

ICAM-1, and LFA-1 in these tiny structures (10, 11).

These membrane protrusions have an important protein

content, comprising adhesion molecules, endosomal traffick-

ing molecules, and cytoskeleton-associated proteins (like

myosins), among others. The proteins associated to the actin

cytoskeleton are very important, because these proteins are

the bridge between the plasma membrane and the actin

cytoskeleton. Myosin deficiency affects the microvillar archi-

tecture; for example, deficiency of myosin-Ia (Myo1a) pro-

duces herniations in the apical region in a subset of

enterocytes (12).

Myosins represent a large family of motor proteins with

diverse functions in many cells and tissues. Muscular myosin

is the best studied and most characterized protein; however,

non-muscular myosins are, in fact, widely distributed and

have many different and diverse functions. The role of these

motor proteins in the physiology of lymphocytes is rela-

tively unknown and, recently, has been a matter for analysis

in several laboratories. Reports published recently focus on

understanding the role of myosins II and V, but the expres-

sion and function of other myosins is meager or frankly

missing.

Reports about the role of motor proteins in the motility

of lymphocytes led us to identify these molecules in B cells.

Although both information and reagents were scarce, we

used the tools available for determining the presence and

participation of myosins in B-cell spreading. First, we used a

pharmacologic approach, using 2,3-butanedione monoxime

(a rather non-specific myosin inhibitor); we found a dose-

dependent inhibition of spreading (5). Next, by using dif-

ferent cross-reactive antibodies, we searched for myosin.

The best results obtained were with an antibody against

myosin from Acanthamoeba castellanii (a kind gift from Dr.

A B

C D

Fig. 2. Dramatic shape changes in B lymphocytes during spreading. Scanning electron microscopy images showing B lymphocytes at resting
conditions (A), or after inducing the spreading with plate-bound anti-CD44 or anti-MHC-II (B, C, D). It is clear that the initial and characteristic
rounded shape of the cells (A) is dramatically altered after the cytoskeletal reorganization observed during spreading. The spread cells display
multiple and complex webs of plasma membrane extensions with different lengths and extension areas.
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Isaura Meza) that recognizes myosin-1 (Myo1) (J.L. Maravil-

las-Montero, O. L�opez-Ortega, G. Patiño-L�opez and L. San-

tos-Argumedo, submitted manuscript). By using the peptide

sequence recognized by that antibody as bait, we found

similarity with myosin-Ic (J.L. Maravillas-Montero, O.

L�opez-Ortega, G. Pati~no-L�opez and L. Santos-Argumedo,

submitted manuscript). With the kind collaboration of Dr.

Peter Gillespie from The Oregon Health & Science University

in the USA, we used specific reagents against mouse myosin

1c (Myo1c) that allowed us to corroborate our initial obser-

vations, indicating differential localization of Myo1c during

B-cell spreading (5).

Regardless of the exact nature of spreading and its role in

B-cell physiology, we used this assay for initial screening

because it is simple to perform, highly reproducible, and

provides a very useful tool for analyzing interactions

between surface receptors and cytoskeleton. Some authors

question the physiology of this assay, contrasting it with the

equally artificial analysis via synthetic planar membranes.

However, we believe both assays can provide useful initial

data about the connection between surface molecules and

the cytoskeleton during the recognition of antigens and the

recruitment of costimulation. Finally, activated B cells are

not sessile, passive components of the immune response,

but active participants that use the help they need for fur-

ther proliferation and differentiation.

Myosin studies in B cells

Molecular motors represent nano-engines that generate

directional movement using chemical energy. Historically,

since the muscle myosins were the first to be characterized,

they receive the designation of ‘conventional’, whereas the

rest of the myosins expressed elsewhere were called ‘uncon-

ventional’. The discovery and extensive research of uncon-

ventional myosins exposed the importance of these motors

in several cellular processes, such as transport of organelles,

transport of protein-RNA complexes, cytokinesis, control of

membrane dynamics, mechanotransduction of signals in the

inner ear hair cells and in stress fibers, and even gene

transcription regulation (13–15).

These motors usually are composed of one or two heavy

chains plus a variable number of associated light chains

(15). Thus far, close to 40 different myosin classes have

been identified, classified by their amino acid sequence

homology and the presence of conserved domains in the

heavy chain (16). The basic molecular architecture of a

myosin heavy chain features an N-terminal catalytic motor

domain that both hydrolyses ATP and binds to F-actin, a

neck domain that binds the light chains and acts as a lever

arm, and a C-terminal tail domain, which is responsible for

the specific function of the given myosin as it allows the

association with other molecules by the presence of interac-

tion domains, such as Src-homology 3 domain (SH3), PH,

rhoGAP, zinc finger, etc. (15).

The presence of unconventional myosins in hematopoietic

cells has typically been associated with cell motility

(17–20); however, now, these versatile molecular motors

have been identified as regulators of totally different cellular

functions. In the context of B cells, the main reports about

the participation of these kinds of molecules in biological

processes are commonly related with the antigen uptake

ability (21–23).

Because the activation of B lymphocytes depends primar-

ily on the recognition of specific antigens by the BCR, the

processes involved in antigen recognition have an important

role. By using lipid membranes or antigen-loaded dendritic

cells (DCs), it has been shown that the class II unconven-

tional myosin IIA (MyH9 or NMMH-IIA) is one of the main

regulators of antigen uptake, since it exerts the mechanical

forces necessary for the B cell to pinch antigen clusters off

the presenting membranes. Thus, MyH9 is required for

membrane-tethered antigen recognition and further internal-

ization, a prerequisite for subsequent antigen presentation to

T cells. Although there is some evidence for the role of

MyH9 in antigen presentation, the possibility that other

myosins could be participating in these processes is not

excluded (22).

Class I myosins are of particular interest, since some are

reported to be highly expressed in lymphocytes; however,

little information exists about the specific roles of class I

myosins in these cells. Myosins in this particular class have a

unique heavy chain with a characteristic tail domain (TH1)

that promotes direct binding to phosphoinositides in the

plasma membrane (24, 25).

Vertebrate class I myosins are formed by just one heavy

chain of 110–140 kDa (26, 27) and, unlike conventional

myosin II present in muscular and non-muscular cells, do

not form filaments (Fig. 3). In this myosin heavy chain, we

can distinguish the head (or motor), the neck, and the tail

domains (Fig. 3). The motor or head domain contains the

ATP-binding site and an actin-binding site, then, it is the

region responsible to generate movement.

The motor domain is followed by the neck domain, a

region that includes one or more IQ motifs. These motifs

are composed by near to 30 amino acids with the consensus

sequence I-Q-X-X-X-R-G-X-X-X-R (28). The main function

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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of this neck region is the binding of myosin calmodulin

light chains, which regulates the activity of the class I

myosins (29).

The C-terminal region of the myosin heavy chain is

known as the tail domain. The tail domain is functionally

divided into three tail homology regions (TH1, TH2, and

TH3) (30). The TH1 region is enriched in basic amino acid

residues, a feature that allows its binding to membrane

anionic phospholipids such as phosphoinositides (31, 32).

The TH2 region is rich in glycine, proline, and alanine/glu-

tamine residues and contains an ATP-insensitive actin-

binding site (33). It has also been reported that the TH2

region allows microtubule binding (34), making this region

an attractive candidate to link both microtubule and micro-

filament cytoskeleton webs. The TH3 domain represents a

SH3 (35), which is a protein-protein interaction region that

allows the binding of several interacting partners (Fig. 3).

Class I myosin heavy chains that present all three TH

regions are known as ‘long-tailed’, whereas those containing

only the TH1 region are named as ‘short-tailed’ (Fig. 3). In

the human and the mouse, eight different genes encode the

eight heavy chains of class I myosins. Myosin 1a (Myo1a),

myosin 1b (Myo1b), Myo1c, myosin 1d (Myo1d), myosin

1g (Myo1g), and myosin 1h (Myo1h) represent the short-

tailed class I myosins whereas myosin 1e (Myo1e) and

myosin 1f (Myo1f) are long-tailed (36).

The microarray data depicted in Table 1 (29, 37) shows

that mouse splenic B lymphocytes express Myo1c, Myo1e,

and Myo1g as their main class I myosins. An interesting

observation arises from the fact that the expression levels of

these three molecules changes according to the maturation

stage of B cells; there are no reports that any of these myo-

sins could be related with B-cell ontogeny, but the

possibility is attractive.

Fig. 3. Class I versus class II myosins: differences in structure and functionality. Class I myosins differ substantially to the class II myosins.
They are formed by the motor, neck, and tail domains. The latter ones present differences between the short-tailed and the long-tailed class I
myosins. The short-tailed myosins include only the TH1 region that allows membrane association. The long-tailed sub-class presents the
additional TH2 and TH3 motifs, which are sequences that support the binding of several binding partners, like the ones displayed here.
Functionally, the class I myosins are related with membrane modification/stabilization processes while the class II myosins are well known for
exert contraction forces ‘pulling’ microfilaments at the muscle and non-muscle cells.

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Myo1c in B cells

When our group became interested in the presence and

function of class I myosins in B lymphocytes, both Myo1e

and Myo1g had been reported to be present in immune cells

and, in particular, in B-cell lines (38, 39). Thus, although

Myo1c has been extensively studied in different cell systems and

is associated with such exquisite roles as mechanotransduction

signaling at the inner ear (40) or transcription regulation and

chromosome territories establishment (41), there was not a sin-

gle description for the role of this myosin in leukocytes.

The first data that led us to suspect a possible function for

Myo1c in B-cell biology were the early observations show-

ing the presence of this protein in activated B lymphocytes

and its polarization toward the dendrite-like extensions

formed during the cell spreading process (5). This phenom-

enon could be induced by immobilized anti-CD44, B220,

LFA-1, or MHC-II antibodies (2, 42) and has been associ-

ated with cell migration, activation, and antigen uptake

(23). Further characterization of the expression patterns of

Myo1c indicated that this molecular motor is indeed present

at the different types of plasma membrane protrusions, such

as filopodia and lamellipodia, that B lymphocytes develop

during the spreading response (11). In addition, it was

observed that Myo1c is not only present but also enriched

at the microvilli (11).

Microvilli are protrusions present over the surface of lym-

phocytes, formed by a central F-actin bundle connected and

supported by linking proteins to the plasma membrane (10,

43), that differ in structure and function from lamellipodia

and filopodia. Microvilli are known to be enhanced in length

and number upon activation of resting B cells (10, 11).

Epithelial cell microvilli are analogous to the microvilli in

lymphocytes. In intestine and airway epithelial cells, class I

myosins such as Myo1a promote the localization and stabil-

ization of transmembrane molecules to certain areas of the

plasma membrane, including microvilli (12, 44). Since

Table 1. Class I myosin expression in immune cell populations

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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enterocyte Myo1a binds and controls the movement of

enzyme-containing lipid rafts to the tips of the microvilli

(44), it seemed possible that Myo1c could perform a similar

function in B cells. By using various approaches, including

colocalization analyses, F€orster resonance energy transfer

(FRET) techniques, and immunoprecipitation, we could

ascertain that Myo1c is indeed associated with the lipid rafts

present in the B-cell plasma membrane, including the por-

tion that constitutes the microvilli (11); these data support

the hypothesis that Myo1c participates in the segregation of

receptors, adhesion molecules, or signaling proteins in B

lymphocytes.

Data from our group and others support the idea of

microvilli as protein/membrane-domain segregating devices.

Accordingly, the accumulation of different transmembrane

proteins have been described in these structures, including

the adhesion proteins CD44, L-selectin, LFA-1, and ICAM-1,

costimulatory molecules CD40 and B7.2 (CD86), and ion

channels CD20, CLIC1, and CLIC4 (10, 45–47).

Myo1c in B-lymphocyte antigen presentation

One of the most outstanding observations reported was that

MHC-II are also enriched in B-cell microvilli (11, 47). These

proteins, in conjunction with antigenic peptides, allow the

activation of T cells upon contact with antigen-presenting

cells (APCs); thus, MHC-II molecules represent key elements

for the antigen presentation process in B lymphocytes and

other APCs. MHC-II molecules have been thought to be

immersed in lipid rafts (or detergent-resistant membranes),

and their position inside these microdomains allows them

to initiate signaling events implicated in maturation, prolif-

eration, or cytokine production in B cells upon cross-linking

induced by monoclonal antibodies or cognate T cells, result-

ing in transient Ca+2 release and recruitment/activation of

Syk and Src family tyrosine kinases (48, 49).

Since both MHC-II molecules and Myo1c are present and

enriched in B-cell microvilli, it is not surprising that these

two proteins could be interacting at the plasma membrane;

by using FRET and immunoprecipitation, it was shown that

both molecules are in close contact, at least by an indirect

interaction mediated by the scaffold that represent the lipid

rafts (11).

Cross-linking experiments, performed using a monoclonal

antibody, provide further evidence for interaction between

MHC-II molecules and Myo1c. When the antibody is added

to pre-activated B lymphocytes, which exhibit abundant and

long microvilli, the above-mentioned signaling pathways are

triggered, generating the collapse of the microvilli as shown

in Fig. 4A. Interestingly, the coalescence of the MHC-II

molecules induced by the cross-linking antibody correlates

with a clear accumulation of Myo1c in the same membrane

spot, a phenomenon observed as a high level of colocaliza-

tion by confocal microscopy and named ‘co-capping’ (11).

Since the cross-linking by the anti-MHC-II antibody in

these experiments resembles that induced by contact with

a T lymphocyte, we further investigated whether some-

thing similar could also occur during the immunological

synapse (IS).

The contact between any APC and a T lymphocyte is

commonly referred as IS. Briefly, during this process, the

MHC-peptide complexes displayed over the surface of the

APC are recognized by a cognate T-cell receptor (TCR) to

activate a corresponding T-cell clone. This process involves

complex temporal and spatial regulation of protein com-

plexes to coordinate and tune signaling events (50–52). As

expected, and in concordance with the co-capping data,

Myo1c was found to accumulate at the B-cell side during IS

formation with T cells (11). This observation is highly

important, since some groups have previously investigated

the participation of leukocyte myosins such as MyH9 in the

organization and clustering of membrane receptors, such as

the TCR, during IS formation. Some authors have reported

that MyH9 regulates retrograde flow but is not required for

proper synapse assembly (17). Other reports suggest that

this myosin is necessary for centripetal motion and fusion

of signaling microclusters (53); however, they also indicate

that the accumulation of actin, ezrin, and the TCR at the IS

was not altered after the inhibition of MyH9. Consequently,

Myo1c emerges as a candidate protein for active transport of

membrane components to the IS interface.

Since we propose an organizational and tethering role for

Myo1c at the APC side of the IS, the obvious consequence

of inhibiting its functions should be an alteration in antigen

presentation. The introduction of a dominant negative form

of Myo1c (lacking the motor domain) or the downregula-

tion of Myo1c expression with specific siRNA was found to

generate a diminished antigen presentation ability in the

affected B cells, as determined by measuring IL-2 secreted

by activated T cells in co-culture (11).

The same B cells transfected with a dominant negative

form of Myo1c lack the ability to cluster MHC-II molecules

after cross-linking induced by the specific antibody (Fig. 4B

and C). In addition, these same B cells exhibit a reduced

spreading response compared with control cells (11).

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
196 Immunological Reviews 256/2013

Santos-Argumedo et al � Class I myosins in B-cell physiology



The evidence discussed above indicates that Myo1c pos-

sesses a dual role in B lymphocytes. First, this molecular

motor functions as an anchor in structures such as the

microvilli; here, the myosin could be promoting the segre-

gation of the membrane domains, represented by lipid rafts,

including proteins such as MHC-II (among others). It is also

possible that Myo1c, with its ability to link both the plasma

membrane and the cytoskeleton, could promote the spatial

homogeneous distribution of these domains during the

‘steady state’ of the cell in the same way as other linkage

proteins in B lymphocytes, such as ezrin (54, 55). This

activity could be responsible for inhibiting the spontaneous

coalescence of the lipid rafts and the signaling proteins that

they contain under resting conditions, as is supported by

different observations claiming a direct role for cytoskeleton

filaments and their associated proteins in the determination

of membrane topology (54–61).

Second, after the generation of activation signals such as

Ca+2 fluxes and kinase recruitment induced by IS formation,

the accumulation of Myo1c in the B cell toward the focal

contact zone coincides with a fast F-actin polymerization

under the contact zone (62). As the polarization of PI(4,5)

A

C

D

B

Fig. 4. Myosin 1c in B lymphocytes. (A). Presence of Myo1c (stained in green) in the B-cell microvilli at the plasma membrane; interestingly,
when previously lipopolysaccharide+IL-4 activated cells showing long and abundant microvilli (left panel) are stimulated with anti-MHC-II, the
microvilli collapse (right panel). (B). Induction of MHC-II clustering by a cross-linking anti-MHC-II; the ‘cap’ of histocompatibility molecules (in
red) is clearly observed at one pole of the cells. (C). The expression of a dominant negative-form of Myo1c (Myo1c IQ-Tail, tagged with EGFP)
abolished the MHC-II capping ability of B cells. (D). EGFP-tagged Myo1c was transduced into primary B cells to detect the membrane-associated
distribution of Myo1c, showed as a spectral 3D view indicating the concentration of the protein according to the color scales displayed (upper
left panels). Time-lapse experiments using live cells showed that the addition of a Ca+2 ionophore (ionomycin) alters Myo1c distribution that
becomes partially cytoplasmic (upper right panels). This is better observed when the mean fluorescence intensity of the pixels depicted by the
white line over the spectral images was calculated and graphed versus the length of mentioned line. In these graphs (lower panels) we can see
that the resting cell display two highly fluorescent peaks that correspond to the intersection points of the line with the plasma membrane. After
the addition of ionomycin the height of these peaks drops and it is possible to observe fluorescent pixels between these membrane borders,
which correspond to cytoplasmic tagged-Myo1c.
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P2 (63) (the phosphoinositide which binds to the Myo1c

TH domain) and MHC-II have been also detected in this

region, it is possible that Myo1c helps to stabilize the

agglomeration of membrane signaling complexes required at

the APC-T-cell interface; however, there is also the possibil-

ity that Myo1c, with its motor activity, could be actively

helping in the recruitment of these signaling complexes via

the agglutination of lipid rafts in that area. This latter

hypothesis may be supported by preliminary observations

that after a Ca+2 flux, such as the ones resulting from the

stimulation of a B cell through its BCR or via integrin activa-

tion, the membrane distribution of Myo1c is altered, since

it can be observed as soluble protein in the cytoplasm

(Fig. 4D). This alteration in distribution could be generated

both by changes in the Myo1c light chain affinity (which is

regulated by Ca+2 cytoplasmic concentrations) or via the

transient F-actin depolymerization induced by activating

signals.

Myo1g in B cells

Myo1g has been identified as a myosin exclusive to hema-

topoietic cells (29, 37, 64), where its expression levels

vary between the different lineages, being especially abun-

dant in B cells and activated T cells. Mass spectrometric

proteomic profiling of lymphocyte proteins indicates that

Myo1g is actually the most abundant class I myosin

expressed by T lymphocytes (39), in which, as observed

by immunofluorescence assays, it localizes to the plasma

membrane, is particularly enriched at cell surface microvil-

li, and is associated in an ATP-releasable manner to the

actin cytoskeleton (39, 64).

Although there are currently very few reports concerning

the role of Myo1g, it is known that this motor protein is

involved in the maintenance and regulation of plasma mem-

brane tension in cells where is expressed. It has been

shown, by using specific siRNA for Myo1g, that the elastic-

ity of the T-cell membrane is diminished in response to this

motor protein deficiency (64).

As described earlier, Myo1g is also present in B lympho-

cytes (11, 39) (Table 1). In the experiments discussed above

in which Myo1c was knocked down, it was possible to

observe defects in lymphocyte migration and cytoskeleton

rearrangements during cell spreading (11). This observation

suggests that Myo1g could also participate in these processes

by regulating membrane dynamics.

Myo1g was reported to be found associated with the

plasma membrane of lymphocytes through its TH1 region

(39). We detected the presence of Myo1g at the microvilli

protrusions of spleen B cells activated for 48 h with

lipopolysaccharide and IL-4 and confirmed the abundance of

Myo1g in these microstructures (Fig. 5A). Examination of B

lymphocytes spread over an anti-CD44-coated surface

showed that Myo1g is located in adhesion/motility-related

protrusions, such as actin-dependent lamellipodia and filo-

podia, and is also visible at the longer highly dynamic den-

drite-like protrusions (Fig. 5B).

Possible roles of Myo1g in vesicular traffic

Myo1g has been shown to bind to PI(4,5)P2 (39) and phos-

phatidylinositol 3,4,5trisphosphate (65) and thus may have

a role in the vesicular transportation of endosomes. Several

endosomes have a rich concentration of these lipids, such as

endosomes in HeLa cells (66) and recycling endosomes in

epithelial cells (67). On the other hand, Myo1g has been

found in lipid rafts from neutrophils (68), in human T lym-

phocytes (69), and in fractions containing lipid rafts from

late endosomes derived from baby hamster kidney cells

(70). Lipid rafts are microdomains that are present in the

plasma membrane; these microdomains facilitate the forma-

tion of clusters for signaling. Thus, these microdomains play

a critical role in signaling via membrane receptors. These

receptors initiate the recruitment and assembly of more sig-

naling subunits, forming supramolecular complexes that

regulate signal transduction (71). Therefore, we investigated

whether Myo1g was present in these microdomains. Myo1g

was found in lipid rafts purified by sucrose gradients from

activated B lymphocytes; rafts were identified by the pres-

ence of flotillin and the ganglioside GM1 (J. L. Maravillas-

Montero, manuscript in preparation). Thus, Myo1g may

help in recruiting receptors and signaling molecules to

establish supramolecular signaling complexes that induce the

activation and differentiation of B cells.

Lipid rafts have been implicated in the vesicular traffic of

several types of proteins, such as integrins (72, 73), CD44

(74), MHC-II (75), CD55, and CD59 (76), among others.

The model of transportation based on these microdomains

implies that the mechanism of apical transport is based on

lipid-lipid and lipid-protein interactions. These events occur

in specific microdomains with a high content of cholesterol

and glycolipids. Glycosphingolipids are associated with and

form clusters on the membranes of the trans-Golgi network

(TGN). These clusters may act as platforms for the inclusion

of protein ‘loads’ intended to be transported to the apical

membrane, whereas proteins destined for the basolateral

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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membrane are excluded. The lipids and protein loads could

be assembled, together with accessory proteins, on the

cytoplasmic face of the TGN to create a subdomain able to

form vesicles containing the apparatus necessary to ensure a

specific distribution to the apical membrane (77). In rounded

(not polarized) cells such as lymphocytes, the traffic of mol-

ecules can also have a directed transport. For example, the

interaction between B cells (acting as APCs) and T cells pro-

motes the concentration of specific receptor sat the interface

of the IS. Secretion by T cells has also been shown to have

this directional-specific transport to the site of contact:

secretion of IL-2 and IFN-c by CD4+ T cells or perforin/

granzyme granules by CD8+ T cells is directed to the site of

contact with the target cells to maximize its function (78).

Myo1g in the IS

One of the main functions of activated B lymphocytes is the

presentation of antigen to T lymphocytes to receive costimu-

lation (via cytokines and other molecules). Antigen presen-

tation is realized by the IS, a specialized structure that

promotes mobilization of MHC molecules (79, 80) and

adhesion proteins (81). Within this interface [also called the

supramolecular activation cluster (SMAC)], three regions

have been determined (82); these regions are defined

A

B

C

Fig. 5. Myosin 1g in B lymphocytes is also present at membrane extensions and is polarized during capping. (A). Activated B cells displaying
multiple microvilli over their surface were stained with rhodamine-phalloidin (red) and anti-Myo1g (green). (B). Spread B lymphocytes over a
CD44-coated plate were stained for F-actin (red) and the anti-Myo1g (green) to detect the thin dendrite like extensions typically observed during
this phenomenon. (C). Myo1g (green) polarization after anti-CD44 (red) induced capping in primary B cells.
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according to the distribution of the proteins recruited to

and sorted within the IS. The most central cluster (cSMAC)

is characterized by the presence of the TCR, MHC (82, 83),

CD28 (84), and costimulatory molecules (85), among others.

The peripheral cluster (pSMAC) is defined by the distribution

of adhesion molecules such as LFA-1 (83) and ICAM1 (86),

and a more distal cluster (dSMAC) is determined by the local-

ization of CD45 (83). CD44 has also been found polarized to

IS in the APC (87). Myosins contribute in the mobilization of

several molecules to the IS; for example, MyH9 participates

in the maturation of this structure. The inhibition of MyH9

by siRNA in T lymphocytes has been shown to increase

spreading; however, these cells are unable to assemble cSMAC

and pSMAC. In addition, these cells exhibited a decrease in

phosphorylation of Src kinase and Cas-L (19, 88). The

increase in spreading may be a consequence of the interaction

between MyH9 and LFA-1 in T lymphocytes. Interaction

between MyH9 and LFA-1 has been observed at the uropod

of CXCL12-stimulated T lymphocytes. Pharmacological inhibi-

tion of MyH9 results in extreme uropod elongation and

decreased lymphocyte migration because the treated T lym-

phocytes have defective tail detachment (19).

We have shown that Myo1c participates in B-cell cyto-

skeleton rearrangements and is recruited to the IS, contribut-

ing to antigen presentation. Because some Myo1g is also

recruited into lipid rafts, it is possible that it may also par-

ticipate in the generation of the IS. In addition, we have

shown that cross-linking of CD44, ICAM-1, and LFA-1

induces the reorganization of Myo1g, indicating that it may

participate in the mobilization or recruitment of these mole-

cules during IS formation (Fig. 5C).

Concluding remarks

The study of B-cell spreading has allowed us to analyze

aspects of the cytoskeleton. Although we as yet do not have

a clear idea of the functional meaning of spreading, one of

the functions that has been hypothesized to explain this

phenomenon is that the extension of the membrane allows

the sensing of a larger area in search of antigens (23),

which involves several types of molecules, ranging from

signaling molecules, cytoskeleton-associated proteins, and

receptors, among others.

The dramatic changes in the morphology of B lympho-

cytes have fascinated us from the very beginning. We

believe that the plasticity of the B-cell membrane as seen

during spreading may be equivalent to phenomena such as

migration and cell-cell interaction, because there is a dra-

matic reorganization of several surface molecules, and dif-

ferent components of the cytoskeleton actively participate

to produce all the changes we have described above. In

any case, the analyses of more canonical interactions, such

as the formation of IS, has clearly shown that APCs, such

as B cells, actively participate in the phenomena and are

not merely passive objects of T-cell activation. New areas

of analysis have been opened in our laboratory as a result

of the analysis of the cytoskeleton and, in recent years,

more specifically, of the role of class I myosins. We have

shown the role of Myo1c in antigen presentation, IS for-

mation, and migration. Similar results are being obtained

from the analysis of Myo1g, where we have preliminary

data showing that this molecule may be also involved in

spreading, cell migration, phagocytosis, endocytosis, and

exocytosis (O. L�opez-Ortega, manuscript in preparation).

In summary, class I myosins are important in several func-

tions of B lymphocytes, and recent data confirm some of our

initial suspicions about the role of these proteins in the biology

of B lymphocytes.
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