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Myosin X is a downstream effector of
PI(3)K during phagocytosis
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Phagocytosis is a phosphatidylinositol-3-OH-kinase (PI(3)K)-dependent process in macrophages. We identified Myo10
(Myosin-X), an unconventional myosin with pleckstrin homology (PH) domains, as a potential downstream target of
PI(3)K. Myo10 was recruited to phagocytic cups in a wortmannin-sensitive manner. Expression of a truncation construct
of Myo10 (Myo10 tail) in a macrophage cell line or cytosolic loading of anti-Myo10 antibodies in bovine alveolar
macrophages inhibited phagocytosis. In contrast, expression of a Myo10 tail construct containing a point mutation in
one of its PH domains failed to inhibit phagocytosis. Expression of Myo10 tail inhibited spreading, but not adhesion,
on IgG-coated substrates, consistent with a function for Myo10 in pseudopod extension. We propose that Myo10 pro-
vides a molecular link between PI(3)K and pseudopod extension during phagocytosis.

Phagocytosis is the principal mechanism through which leuko-
cytes engulf and kill pathogenic microbes. Phagocytosis
through Fc receptors (FcγRs) requires actin assembly, pseudo-

pod extension and phagosome closure (reviewed in refs 1,2).
Recent data suggest that a lipid product of PI(3)K, phosphatidyli-
nositol-3,4,5-trisphosphate (PIP3), is required for the latter two
events. First, after ligation of FcγRs in macrophages, there is a rapid
and transient accumulation of PIP3 in vivo3,4 that is localized to

phagocytic cups5. Second, inhibition of PI(3)K activity blocks
pseudopod extension and phagocytosis without affecting actin
polymerization4. Third, SHIP, an SH2 domain-containing inositol
5′-phosphatase that specifically hydrolyses PIP3, is localized to
phagocytic cups, where it has been implicated in terminating PIP3

accumulation5,6 and inhibiting phagocytosis6. Finally, expression of
a catalytically inactive allele of SHIP in a macrophage cell line is
associated with enhanced phagocytosis, similar to that seen in
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Figure 1 Myo10 is present in macrophages. a, RNA was isolated from equivalent
cell numbers of the indicated cell types and RT-PCR was performed using Myo10-
specific oligonucleotides that span intron–exon boundaries. Myo10 cDNA was used
as a positive control. b, Whole cell lysates were prepared from equivalent cell num-

bers of the indicated cells. Detergent lysates were separated by SDS–PAGE and
analysed by immunoblotting with an affinity-purified rabbit antibody against Myo10.
Arrows indicate full-length Myo10 (black) or its major proteolytic fragment (grey).
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Figure 2 Myo10 is localized to phagocytic cups. Adherent bovine alveolar macrophages were incubated at 37 ° C with human IgG-coated erythrocytes for the indicated
times. After fixation, cells were stained for F-actin, Myo10 and for phosphotyrosine (PY). In the merged image, Myo10 is blue, F-actin is green and PY is red. Scale bar, 10 µm.
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Figure 3 Myo10 is recruited to phagocytic cups in a PI(3)K-dependent man-
ner. a, The enrichment of Myo10 in phagocytic cups in the presence or absence of
100 nM WM was quantified (see Methods). Data are expressed as the relative pixel
intensity of Myo10 staining beneath attached particles, or Myo10 staining present
in the cell periphery without bound particles. Data represent the mean ± SEM, n =
30. The differences between Myo10 staining in phagocytic cups in the presence

and absence of WM were significant (p < 0.005). There was no significant differ-
ence between Myo10 staining in the periphery, either in the presence or absence of
WM (p > 0.05). b, Adherent bovine alveolar macrophages were incubated in the
absence (−WM) or presence (+WM) of 100 nM WM for 30 min before addition of
human IgG-coated erythrocytes for 5 min at 37 °C. After fixation, cells were stained
for F-actin and Myo10. Scale bar, 10 µm.
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SHIP−/ − macrophages6. The reciprocal roles of PI(3)K and SHIP in
phagocytosis indicates that PIP3 is a critical effector in the sig-
nalling pathway that induces phagocytosis and pseudopod exten-
sion. Because PIP3 and other phosphoinositides bind to PH-
domain containing proteins, we sought to identify PH domain-
containing protein targets of PIP3 that are recruited locally during
phagocytosis.

A genetic screen for PH domains with potential high affinity for
PIP3 identified multiple candidates, including the unconventional
myosin, Myo10 (ref. 7). Myo10 is expressed in essentially all verte-
brates, from frogs to humans, but does not seem to be present in
invertebrates. The tail of Myo10 has three tandem PH domains, the
second of which binds PIP3 (ref. 7). Interestingly, a requirement for
unconventional myosins in phagocytosis had been proposed previ-
ously8,9. Various myosin isoforms are associated with phagocytic cups
in both Dictyostelium discoideum and mouse macrophages8,9.
Addition of butanedione monoxime, a general myosin ATPase
inhibitor, blocks phagocytosis at a stage similar to that seen with

PI(3)K inhibitors9. Deletion of several different myosin isoforms in
Dictyostelium results in a reduced efficiency of phagocytosis10.
Deletion of myosin VII, in particular, results in selective defects in
phagocytosis and dynamic adhesion11,12. Family tree analysis demon-
strated that Dictyostelium myosin VII is structurally similar to verte-
brate myosins VIIa, VIIb, X and XV. All these proteins contain
MyTH4 domains of uncertain function and carboxy-terminal FERM
domains13; however, of these, only Myo10 is widely expressed14–16 .
Myo10 is enriched in actin-rich protrusions, including lamellipodia
and filopodia, in several cells types16,17. Although mRNA for Myo10
is detected in peripheral blood leukocytes16, its expression and func-
tion in macrophages has not been reported. In this study we exam-
ined the function of Myo10 in FcγR-mediated phagocytosis.

Results
Myo10 is expressed in macrophages. We determined whether
Myo10 is expressed in macrophages. myo10 mRNA was present in
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Figure 4 Intact Myo10 function is required for FcγγR-mediated phagocytosis.
a, A schematic representation of the various constructs used in this study. b,
Adherent RAW LR5 cells transfected with the indicated constructs were treated with
EIgG for 15 min at 37 °C. Phagocytosis was determined as the number of internal-
ized EIgG per 100 transfectants and was expressed as a percentage of phagocyto-
sis in non-expressing control cells on the same slide. The phagocytic index of non-
expressing control cells was 317 ± 21. Data represent mean ± SEM, n = 3–4 inde-
pendent experiments. c, Expression levels of the indicated constructs were deter-
mined by flow cytometry, except for expression of Myo10*, which was quantified

by microspectrofluorometry (see Methods). The expression level of Myo10 tail was
arbitrarily set to 100. d, Adherent bovine pulmonary alveolar macrophages were
loaded with rhodamine–dextran and 0.4 mg ml−1 affinity purified anti-Myo10 or non-
immune IgG, before incubation with EIgG. Phagocytosis, enumerated in rhodamine-
positive IgG-loaded cells and unloaded controls, is expressed as ingested particles
per IgG-loaded cells divided by unloaded cells × 100. The phagocytic index of
unloaded controls was 987 ± 228. Data represent mean ± SEM, n = 3–4 independ-
ent experiments. Differences in phagocytosis between anti-Myo10 IgG- and control
IgG-loaded cells were significant (p < 0.005).
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macrophages from multiple sources, as determined by reverse tran-
scription (RT)-PCR using Myo10-specific oligonucleotides
(Fig.1a). To confirm that Myo10 protein was present, immunoblots
of macrophage lysates were probed with an affinity-purified poly-
clonal antibody raised against the head domain of Myo10 (Fig. 1b).
Myo10 was detected as a band with a relative molecular mass (Mr)
of 250,000 (250K), corresponding to full-length Myo10; a major
proteolytic fragment of 110K was consistently detected, despite the
use of multiple protease inhibitors (Fig. 1b). For comparison,
bands of similar molecular weights were detected in lysates derived
from Madin Darby Bovine Kidney cells16. The other bands present
in lanes derived from macrophage lysates are most likely break-
down products of intact Myo10, consistent with the avid proteolyt-
ic activity of macrophages. Myo10 was also expressed in human
monocyte-derived macrophages (data not shown). These data indi-
cate that Myo10 is expressed in macrophages derived from multiple
vertebrate species.
Myo10 is recruited to phagocytic cups in a PI(3)K-dependent
manner. A previous study showed that Myo10 was enriched in cell
surface protrusions16. Because cell surface protrusions in the form
of pseudopods are generated during phagocytosis, we determined
the distribution of Myo10 in bovine pulmonary alveolar
macrophages (PAMs) undergoing phagocytosis. Myo10 was
enriched in early phagosomes, coinciding with the appearance F-
actin-rich pseudopods (Fig. 2). Loss of phagosomal Myo10
immunoreactivity occurred with kinetics similar to those of phago-
somal F-actin, whereas phosphotyrosine immunoreactivity was
apparent even in late phagosomes (Fig. 2), indicating that dere-
cruitment of Myo10 from phagosomes was selective. Quantitative
immunofluorescence microscopy identified an eightfold enrich-
ment of Myo10 in phagocytic cups (Fig. 3). Incubation of PAMs
with wortmannin (WM), a potent inhibitor of PI(3)Ks, blocked the
enrichment of Myo10 in phagocytic cups (Fig. 3). These data indi-
cate that the recruitment of Myo10 during phagocytosis is depend-
ent on PI(3)K activity.
Myo10 is required for optimal FcγγR-mediated phagocytosis.
Because Myo10 was present in phagocytic cups, and a requirement
for myosin ATPase activity in phagocytosis has been reported9, we
examined the function of Myo10 in phagocytosis. Expression of a
green fluorescent protein (GFP)-tagged truncation fragment of

Myo10 containing the tail of Myo10 (Myo10 tail) in a sub-line of
RAW 264.7 cells resulted in a 79% ± 2% reduction of EIgG (anti-
body-coated erythrocytes) phagocytosis, compared to non-
expressing control cells (p < 0.001). We determined which domains
of Myo10 were responsible for the inhibition of phagocytosis by
expressing GFP-tagged versions of the different domains of Myo10
(Fig. 4a). Expression of only those constructs that contained the
PH domains of Myo10 inhibited phagocytosis (Fig. 4b). In con-
trast, expression of GFP-tagged full-length Myo10 (Myo10 WT), or
untagged full-length Myo10 (Myo10 WT*), did not result in a sig-
nificant inhibition of phagocytosis (Fig. 4b). The lack of an effect
on phagocytosis by some of the constructs was not caused by lower
expression levels, as these constructs were expressed at higher levels
than Myo10 tail (Fig. 4c). The inhibition of phagocytosis by Myo10
tail was unlikely to be a result of simple sequestration of PIP3,
because expression of Myo10 tail inhibited phagocytosis to a
greater degree than did expression of the isolated tandem Myo10
PH domains, which were expressed at even higher levels (Fig. 4b,c).
The effect of expression of Myo10 tail on phagocytosis was specif-
ic, as it did not inhibit membrane ruffling in response to 12-O-
tetradecanoylphorbol-13-acetate (TPA; data not shown).

Because the second PH domain of Myo10 binds to PIP3 (ref. 7),
we tested its role in phagocytosis by substituting Cys for Arg 1231
in Myo10 tail. This Arg corresponds to a conserved residue in the β2

strand of PH domain-containing proteins, such as Gap1 and Btk,
that is required for selective, high-affinity binding to lipid products
of PI(3)K18,19. Cells expressing Myo10 tailR1231C ingested EIgG 94%
± 5% as efficiently as non-expressing controls (Fig. 4b), indicating
that Arg 1231 is required for the inhibition of phagocytosis by
Myo10 tail.

To confirm that Myo10 is required for phagocytosis, we intro-
duced affinity-purified antibodies raised against amino acids 1–952
of Myo10 into the cytosol of bovine alveolar macrophages. The
presence of these antibodies, but not control antibody, inhibited
phagocytosis (Fig. 4d). Thus, Myo10 function is required for opti-
mal phagocytosis in primary lung macrophages.

The localization of Myo10 tail was examined by immunofluo-
rescence microscopy to determine whether Myo10 tail was recruited
to phagocytic cups. Myo10 tail was present at the plasma membrane
and phagosomal membranes of transfected cells (Fig. 5a), as were
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Figure 5 Myo10 tail is present in phagocytic cups. a, RAW LR5 cells transfect-
ed with Myo10 tail were incubated in the absence (−WM) or presence (+WM) of 100
nM WM for 30 min before addition of EIgG for 5 min at 37 °C. After fixation, cells
were stained for F-actin and EIgG. In the merged image, Myo10 tail is green, F-actin
is red, and EIgG is blue. Scale bar, 10 µm. Myo10 tail is present in newly-formed
phagocytic cups in the absence of WM (top, arrowheads) but is absent in fully inter-

nalized phagosomes (top, arrows) or in phagosomes formed in the presence of WM
(bottom, arrowheads). b, Quantification of Myo10 tail or Myo10 tailR1231C in phago-
cytic cups in the presence or absence of 100 nM WM. Data are expressed as a
ratio of relative pixel intensity of GFP fluorescence beneath attached particles to the
relative pixel intensity of GFP in the cytosol of the same cell. Data represent the
mean ± SEM, n = 10–22 cells from two independent experiments.
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all of the constructs containing the PH domains of Myo10 (data
not shown). Constructs lacking the PH domain were not targeted to
the plasma membrane or phagosomal membranes (data not
shown). In common with endogenous Myo10, Myo10 tail was less
concentrated in the phagosomal membrane in the presence of WM
(Fig. 5b). The persistence of some degree of Myo10 tail staining in
the phagosome, despite the presence of WM, may be caused by its
relatively high level of expression. This may also explain the consti-
tutive association of Myo10 tail with areas of plasma membrane that
were not actively engaged in phagocytosis. Further enrichment of
Myo10 tail in the phagosome may not be possible because of a lim-
iting number of Myo10 binding sites at the phagosomal membrane.

Although Myo10 tail was present beneath bound EIgG, it did
not inhibit the formation of F-actin-rich phagocytic cups (Fig. 5a).
The effect of expression of Myo10 tail on other actin-dependent
events was also determined. Expression of Myo10 tail did not
inhibit membrane ruffles stimulated by expression of Rac1Q61L or
filopodia stimulated by expression of Cdc42Q61L (Fig. 6). The phe-
notype observed by expression of Myo10 tail (that is, inhibition of
phagocytosis without an effect on actin assembly) was similar to
the phenotype seen after inhibition of PI(3)K4,20.
Myo10 is required for maximal pseudopod extension during
phagocytosis. Inhibition of PI(3)K activity in macrophages inhibits
the ingestion of large, but not small, particles that have been coated
with antibody, as a result of the requirement for greater pseudopod
extension in the ingestion of large beads4. To examine the function of
Myo10 in pseudopod extension, we tested whether inhibition of
Myo10 activity had an effect on the phagocytosis of antibody-coated

beads of varying sizes. There was no difference in the phagocytosis
of 2-µm antibody-coated beads between control and Myo10 tail-
expressing cells; however, there was a reduction in the phagocytosis
of 6-µm antibody-coated beads in Myo10-expressing cells (Fig. 7a).
Similarly, bovine alveolar macrophages loaded with antibodies
against Myo10 showed a reduction in the phagocytosis of 6-µm,
but not 2-µm, antibody-coated beads (Fig. 7b). These results are
consistent with a function for Myo10 in pseudopod extension.

Because pseudopod extension per se is difficult to quantify, we
measured the rate and extent of spreading of Myo10 tail-expressing
cells on antibody-coated substrates. Expression of Myo10 tail
inhibited the spreading of cells on antibody-coated substrates when
compared to non-expressing cells (Fig. 8a). Although deletion of
another unconventional myosin, Myo7, results in decreased phago-
cytosis as a result of decreased particle adhesion in Dictyostelium12,
this was not the case for Myo10 inhibition in macrophages. There
was no difference in the ability of Myo10 tail-expressing cells to
bind to EIgG when compared to non-expressing control cells (8.5 ±
1.1 versus 8.1 ± 0.9 particles per cell, respectively). In addition, flow
cytometry identified no difference in the surface expression of
FcγRs in cells expressing Myo10 tail when compared to non-
expressing control cells (data not shown). As an index of the
strength of adhesion to the antibody, we used interference reflec-
tion microscopy (IRM). In IRM images, areas of the cell that are
separated from the substrate by less than 50 nm appear darker than
the background, whereas areas of the cell that are more than
100 nm above the substrate appear lighter than the background21.
There was no apparent difference in the IRM patterns of Myo10

Rac1Q61L Cdc42Q61L

Control

Myo10
tail

Figure 6 Expression of Myo10 tail does not inhibit Rac1- or Cdc42-mediated
actin assembly. RAW LR5 cells were transfected with plasmids encoding

Myc–Rac1Q61L or Myc–Cdc42Q61L alone, or with Myo10 tail, and then fixed and
stained for Myc. Scale bar, 10 µm.
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tail-expressing cells when compared to non-expressing cells (Fig.
8b,c), indicating that in Myo10 tail-expressing cells, the closeness of
apposition of FcγRs to the antibody ligand was unaltered.
Collectively, these data are consistent with a function for Myo10 in
spreading on, but not adhesion to, antibodies.

Discussion
The inhibition of phagocytosis at similar stages by the PI(3)K
inhibitor, WM, and the myosin ATPase inhibitor, BDM, suggests a
functional convergence between PI(3)K-generated signals and
myosins. Our study shows that Myo10 is recruited to phagocytic
cups in a PI(3)K-dependent manner and that inhibition of Myo10
activity results in impaired phagocytosis and spreading on anti-
body-coated surfaces. Thus, we have implicated Myo10 as a molec-
ular link between PI(3)K activation and pseudopod extension dur-
ing phagocytosis.

At least 18 different classes of unconventional myosins have
been identified13,22. Multiple myosins are found in phagocytic cups;
in vertebrates, these include myosins IC, II, V, IXB8,9 and X (this
study). Of the former, only myosins I and II have been implicated
in phagocytosis. A role for members of the myosin I family in
phagocytosis has been suggested by studies in Dictyostelium.
However, deletion of several class I myosins in Dictyostelium result-
ed in only minor defects in phagocytosis. Targeted deletion of
either myoB or myoC results in reductions in phagocytosis23,
pinocytosis23 and membrane recycling (myoB; ref. 24), whereas dis-
ruption of myoK, a small myosin whose motor domain resembles
that of myosin I, results in decreased phagocytosis, chemotaxis, and
cortical tension25.

Class I myosins are phosphorylated by the PAK family of ser-
ine/threonine kinases, which results in the activation of actin-
dependent ATPase activity26,27. Members of the PAK family are
direct targets of Cdc42 and Rac, suggesting that myosin I motor
activity and actin assembly may be coordinately regulated.
However, vertebrate myosins I lack the consensus site for PAK
phosphorylation, suggesting other means of regulation exist.
Studies have implicated (conventional) myosin II in phagocytosis
by human neutrophils28, but not by macrophages29.

Additional myosins may be expected to contribute to phagocy-
tosis in vertebrates. For example, Class I, V, VI and VII myosins have
been shown to be involved in vesicle transport (reviewed in ref. 30)
and local exocytosis of endocytic vesicles is required for pseudopod
extension during phagocytosis4,31. Myosin VII has been shown to be
required for phagocytosis and dynamic cell adhesion in
Dictyostelium11 and myosin VIIa is involved in opsin transport in
vertebrate photoreceptors32. However, myosin VIIa is not expressed
in mouse macrophages9 and myosin VIIb has a highly restricted
distribution15. Recently, myosin Vb has been shown to interact with
Rab11 and to be required for exocytosis from the transferrin recep-
tor-containing recycling compartment in fibroblasts33. The vesicles
that are required for phagocytosis and pseudopod extension in
macrophages share these characteristics31,34 and recycling from this
compartment in other cells requires PI(3)K activity35,36. It is not
known whether myosin Vb contributes to phagocytosis.

Myo10 is structurally related to myosins VIIa, VIIb and VX, and
all contain MyTH and FERM domains. In contrast to myosins VIIa,
VIIb and XV, which have a relatively restricted tissue distribution,
the distribution of Myo10 is widespread14–16. However, Myo10 is
unique in that it is the only vertebrate myosin to contain PH
domains. The presence of a PH domain in Myo10 that binds with
high affinity to PIP3 (ref. 7) makes it a potential direct molecular
target of PI(3)K; the data provided herein support this hypothesis.
First, Myo10 is recruited to phagocytic cups in a WM-inhibitable
fashion. Second, only those Myo10 constructs that contained PH
domains conferred plasma membrane targeting and phagocytic
inhibition. Finally, mutation of Arg 1341, the residue predicted to
confer high-affinity PIP3 binding7, abrogated inhibition by Myo10
tail. However, we cannot eliminate the possibility that other
PI(3)K-generated signals during phagocytosis contribute indirectly
to either the localization or function of Myo10.

Little is known about the requirement for PI(3)K in phagocyto-
sis by lower organisms. Phagocytosis has been extensively charac-
terized in Dictyostelium, but the role of PI(3)K in phagocytosis in
this organism is unclear. In one study, deletion of two of the three
genes in Dictyostelium with homology to the p110 catalytic subunit
of mammalian PI(3)K resulted in no reduction in phagocytosis37.
In another study, deletion of the same two genes resulted in a 50%
decrease in phagocytosis38. In a third study, incubation of
Dictyostelium with WM had no effect on the phagocytosis of 1-µm
latex beads39. It should be noted that the size of the particles used in
the Dictyostelium studies were small, and even in macrophages, the
phagocytosis of small particles shows little sensitivity to WM4.
There are no reports concerning the requirement for PI(3)K in
phagocytosis by organisms such as Drosophila melanogaster or
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Figure 7 Inhibition of phagocytosis by Myo10 tail expression is dependent
on particle size. a, RAW LR5 cells transfected with Myo10 tail were incubated
with either 2- or 6-µm IgG-coated beads for 30 min at 37 °C. Phagocytosis was
determined as the number of internalized beads per 100 transfectants and
expressed as a percentage of phagocytosis in non-expressing control cells on the
same slide. Data represent mean ± SEM, n = 3–5 independent experiments.
Differences in the phagocytosis of 6-µm beads by Myo10 tail-expressing cells and
non-expressing controls were significant (p < 0.005). b, Adherent bovine alveolar
macrophages were permeabilized in the presence of 0.4 mg ml−1 affinity purified
anti-Myo10 IgG (grey bars) or non-immune IgG (black bars) and rhodamine–dextran
(as a marker of permeabilization) before incubation with either 2- or 6-µm IgG-coat-
ed beads for 30 min at 37 °C. Phagocytosis is expressed as ingested particles per
IgG-loaded cells divided by unloaded control cells × 100. Data represent mean ±
SEM, n = 3 independent experiments. The differences in phagocytosis of 6-µm
beads between anti-Myo10 IgG-loaded and control IgG-loaded cells were significant
(p < 0.005).
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Caenorhabditis elegans. Phagocytosis of yeast or red blood cells by
ascidian haemocytes, immune cells of the sea squirt, is a PI(3)K-
dependent process40. It is not known whether PI(3)K is required for
pseudopod extension during phagocytosis in these cells. Class X
myosins have not been identified in the complete genomes of
Saccharomyces cerevisiae, C. elegans or Drosophila, suggesting that
Myo10 is expressed only in vertebrates16. It may be possible that
pseudopod extension during phagocytosis in lower organisms is
mediated by one or more different unconventional myosins that
lack PH domains. Recruitment of these unconventional myosins
may or may not be PI(3)K-dependent.

Although the PH domain of Myo10 seems to be required for
recruitment of Myo10 to the plasma membrane and for phagocy-
tosis, the FERM domain also seems to contribute to its phagocytic
function. This was demonstrated by the reduced ability of the
Myo10 PH and Myo10 PH-MyTH constructs, which lack the
FERM domain, to inhibit phagocytosis (Fig. 4b). FERM domains in
other proteins have been shown to interact with multiple ligands,
including several transmembrane glycoproteins and phosphatidyli-
nositol-4,5-bisphosphate41. It is possible that the FERM domain of
Myo10 may stabilize membrane–cytoskeletal interactions that
occur during pseudopod extension, perhaps by binding to these lig-
ands42. Our data do not indicate a function for the FERM domain
in plasma membrane targeting, as the presence of this domain in
Myo10 tail constructs did not enhance either plasma membrane or
phagosomal membrane targeting. It is possible that the Myo10
FERM domain participates in intra- or inter-molecular associa-
tions with other domains in Myo10, or mediates multiple unchar-
acterized protein–protein interactions required for phagocytosis.

We do not yet know the precise function of Myo10 in pseudopod
extension and phagocytosis. Unlike Dictyostelium myosin VII,
Myo10 does not directly participate in FcγR-directed dynamic adhe-
sion (see Fig. 8b). Given the apparent requirement for the head of
Myo10 in phagocytosis (this study) and its association with filopo-
dia43, it is likely that some interaction with F-actin is important for

its function. In common with all myosins, other than myosin VI,
Myo10 is a motor protein that moves towards the barbed ends of
actin filaments44. The velocity of recombinant Myo10 head on actin
filaments is approximately 0.5 µm sec−1, which is comparable to
that of myosin V and II (ref. 44). The biochemical profile of Myo10
suggests that it a non-processive motor44. Thus, in contrast to
myosin V, it is less likely to function as a vesicle transporter. Indeed,
Myo10 does not seem to be involved in the delivery of FcγRs to the
cell surface (this study), nor does it affect the delivery of endocytic
vesicles to the forming phagosome (see Supplementary
Information, Fig. S1) or influence the extent of macropinocytosis
(see Supplementary Information, Fig. S2). We speculate that
Myo10 molecules bind to PIP3 generated at the plasma membrane
through their PH domains, which functions to recruit Myo10 to
sites of phagocytosis. Myo10 would then engage locally generated
actin filaments and contribute to bulk plasma membrane move-
ment in the direction of the barbed ends (that is, towards
pseudopodial tips). Because intraphagosomal PIP3 has restricted
mobility5, Myo10 may serve as a PIP3-dependent force transducer,
functioning to couple movement of the actin-based cytoskeleton
with outward movement of the plasma membrane. This interpreta-
tion predicts that the base of the phagosome is anchored, relative to
the nascent pseudopods.

Methods
Cell and reagents
RAW LR5 cells were derived from RAW 264.7 cells45. Bovine alveolar macrophages were isolated from

cow lungs (obtained after non-survival surgery) by segmental broncho-alveolar lavage. Thioglycollate-

elicited peritoneal macrophages were isolated by peritoneal lavage from mice 4 days after intraperi-

toneal injection of thioglycollate broth46. Cells were maintained in RPMI medium containing 10%

foetal calf serum, 100 µg ml−1 streptomycin and 100U ml−1 penicillin G (Sigma, St Louis, MO). Human

mononuclear cells were isolated by density gradient centrifugation of blood obtained from the New

York Blood Center (New York, NY). Macrophages were isolated by adherence and maintained for 6

days of culture in human AB blood-type serum47. The affinity-purified rabbit anti-bovine Myo10 anti-

body used in this study was characterized previously16. PY99, a phosphotyrosine-specific monoclonal

antibody, was from Santa Cruz Biotechnology (Santa Cruz, CA). The rabbit anti-sheep erythrocyte
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Figure 8 Expression of Myo10 tail inhibits spreading, but not adhesion, of
macrophages on IgG-coated substrates. RAW LR5 cells transfected with Myo10
tail were incubated at 4 °C on IgG-coated coverslips to allow adhesion to occur,
before further incubation at 37 °C for the indicated times. After fixation, cells were
stained for the presence of F-actin. a, Data are expressed as mean adherent sur-
face areas for GFP-expressing cells (squares) or non-expressing cells (circles). Data

represent mean ± SEM, n = 3 independent experiments. b, Representative images
of GFP (Myo10 tail), F-actin and interference reflection microscopy (IRM) of cells
spreading for the indicated times are shown. Scale bar, 10 µm. c, The strength of
adhesion was estimated by determining the percentage of close apposition (see
Methods). Each bar represents the mean ratios derived from 10 individual Myo10
tail-expressing (grey bars) or non-expressing (black bars) cells.
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antibody was from Cappel (Aurora, OH). The horseradish peroxidase-conjugated donkey antibody

against rabbit IgG and F(Ab′)2 fragments, Cy5-conjugated donkey anti-rabbit and anti-human IgG

were from Jackson ImmunoResearch Laboratories (West Grove, PA). Rhodamine–phalloidin, Alexa

488–phalloidin, Alexa 568-conjugated goat anti-rabbit and anti-mouse antibodies were from

Molecular Probes (Eugene, OR). Glass beads (425–600 µm) were from Sigma. The superfect transfec-

tion reagent was from Qiagen (Valencia, CA). RNAzol B was from Tel-Test, Inc. (Friendswood, TX).

Construction of plasmids and transfection of cells
Myo10 (nucleotides 1–6588) was subcloned into pcDNA3.1 from Invitrogen (Carlsbad, CA). GFP-

tagged constructs were created by subcloning PCR-generated inserts coding for nucleotides: 1–6588

(amino acids 1–2052) of Myo10 wild-type, 3700–6588 (amino acids 1159–2052) of Myo10 tail,

3700–4783 (amino acids 1159–1520) of Myo10 PH, 3700–5398 (amino acids 1159–1797) of Myo10

PH-MyTH, 4783–5612 (amino acids 1521–2052) of Myo10 MyTH-FERM, 4783–5451 (amino acids

1521–1743) of Myo10 MyTH and 5452–6588 (amino acids 1744–2052) of Myo10 FERM into pEGFP

from Clontech (San Diego, CA). Mutation of Arg 1231 to Cys in Myo10 tail, to form Myo10 tailR1231C,

was generated using the QuikChange site-directed mutagenesis kit from Stratagene (La Jolla, CA). All

constructs were verified by DNA sequencing. Transfection of plasmids into RAW LR5 cells was per-

formed using Superfect, in accordance with the manufacturer’s instructions. Expression levels of trans-

fected GFP-tagged constructs were determined using flow cytometry.

myo10 expression
For RT-PCR, RNA was isolated from 5 × 106 bovine alveolar, human monocyte derived, thioglycollate-

elicited peritoneal macrophages and RAW LR5 macrophages using RNAzol B, according to manufac-

turer’s guidelines. RT-PCR was performed using Titan one-tube RT-PCR kit from Pharmingen BD

(San Diego, CA). The primers used were designed against sequences of Myo10 that were conserved in

mice, cows and humans, that lacked homology to other myosins and that spanned an intron–exon

boundary: 5′-GTTTGAACAGGCCCACGAAG-3′ and 5′-CCTGGAGCTGCCCTGGCTGC-3′. For

immunoblotting, detergent lysates were prepared from 5 × 106 bovine alveolar, human monocyte-

derived, thioglycollate-elicited peritoneal macrophages and RAW LR5 macrophages, separated by

SDS–polyacrylamide gel electrophoresis (PAGE), and electrophoretically transferred48. Blots were

probed with an affinity-purified rabbit antibody raised against the head domain of Myo10 and a

horseradish peroxidase-conjugated donkey anti-rabbit antibody before visualization by enhanced

chemiluminescence.

Phagocytosis and spreading assays
1 × 106 sheep erythrocytes opsonized with rabbit IgG (EIgG) were added to RAW LR5 cells that had

been previously transfected with the indicated constructs and incubated at either 4 °C (for binding) or

37 °C for 15 min (for phagocytosis), as described previously45. After fixation and permeabilization,

cells were stained with an Alexa 568-conjugated anti-rabbit antibody to detect particles. Thirty GFP-

positive cells per coverslip were scored for association or phagocytosis. Thirty non-expressing cells on

the same coverslip functioned as controls. Cells from a minimum of five separate microscopic fields

per coverslip were analysed. For introduction of the anti-Myo10 antibody into macrophage cytosol,

adherent bovine alveolar macrophages were transiently permeabilized with glass beads in the presence

of rhodamine–dextran and either 0.4 mg ml−1 affinity purified rabbit anti-bovine Myo10 or a control

rabbit antibody49. After a 1-h recovery, 1 × 106 EIgG was added and incubated at 37°C for 15 min.

Phagocytosis was determined for 30 rhodamine-positive EIgG-loaded cells and compared to 30 rho-

damine-negative cells on the same coverslip. Spreading of macrophages on human IgG was performed

essentially as described4. RAW LR5 cells were transfected with the indicated constructs and allowed to

adhere to 13-mm2 round coverslips coated with 1 mg ml−1 human IgG at 4 °C. Cells were allowed to

spread for varying times at 37 °C before fixation and staining for F-actin, using rhodamine–phalloidin

to facilitate delineation of cell margins. The average of 2 cell diameters in close contact with the cover-

slips was determined and the apparent adherent cell surface area was calculated. The adherent surface

areas of 30 expressing and non-expressing controls per coverslip were measured.

Fluorescence microscopy and image analysis
Human IgG-coated erythrocytes were prepared by biotinylating sheep erythrocytes before incubation

in 10 µg ml−1 streptavidin and subsequent incubation in 10 µg ml−1 biotinylated human IgG. Adherent

bovine alveolar macrophages were incubated with human IgG-coated erythrocytes at 4 °C to allow

particle binding, then incubation at 37 °C for various times before fixation in 3.7% formaldehyde.

Cells were permeabilized in 0.2% Triton-X100 and stained for F-actin with Alexa 488–phalloidin.

Myo10 was detected with an affinity-purified rabbit anti-Myo10 antibody before incubation with a

Cy5-conjugated anti-rabbit antibody. The presence of phosphotyrosine residues was detected with the

monoclonal antibody PY 99 and an Alexa 568-conjugated anti-mouse antibody. To quantify endoge-

nous Myo10 localization during phagocytosis, adherent bovine alveolar macrophages were incubated

with human IgG-coated erythrocytes in the presence or absence of 100 nM WM. Cells were stained for

F-actin with Alexa 488–phalloidin, for Myo10 with anti-Myo10 and an Alexa 568-conjugated anti-rab-

bit antibody, and for the particles with a Cy5-conjugated anti-human antibody. Images were collected

on a BioRad Radiance 2000 confocal microscope. Images were imported into Scion Image (Scion

Corporation, Frederick, MD). A 2-µm line was drawn at the base of a phagocytic cup (identified by

the presence of F-actin beneath a bound particle) and the mean pixel intensities of Myo10 staining in

the presence or absence of WM was determined for 30 cells. In the same cells, mean pixel intensities

were also determined for regions of the plasma membrane that lacked an associated particle. To deter-

mine the relative distributions of Myo10 tail constructs in phagosomes and the cytosol of transfected

cells, the relative pixel intensity of GFP fluorescence beneath attached particles was determined, as

described above, and compared to the GFP fluorescence in the cytosol of the same cell.

Interference reflection microscopy
IRM of cells spreading on IgG-coated coverslips was performed with a BioRad Radiance 2000 confocal

microscope equipped with polarizing filters to remove a central reflection and to allow for imaging across

the entire field. The method of using a confocal microscope for IRM has been described previously50. We

developed an estimate of the strength of ligand adhesion using images obtained by IRM and calculat-

ing the percentage of pixels corresponding to regions of close apposition. Images were selected for

analysis if they contained a GFP-positive cell and an adjacent GFP-negative cell. Using Image-J

(http://rsb.info.nih.gov/ij/), the boundaries of individual cells were traced manually and a greyscale

histogram was derived for each cell, which was then imported into Microsoft Excel. All thresholds for

histograms were set at a greyscale value of 46. Values below this corresponded to regions that appeared

black by IRM. A ratio was derived for each cell (percentage close apposition) that consisted of the sum

of pixels, 46 or less, divided by the total number of pixels contained within the boundaries of the cell.
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supplementary infomation

1

Figure 1 Expression of Myo10 tail does not inhibit transferrin receptor
recruitment to phagocytic cups. Adherent RAW LR5 cells, transfected with
Myo10 tail, were incubated with EIgG for 15 min at 4°C to allow binding but not

ingestion, then incubated at 37°C for 2 min. Cells were fixed and stained for trans-
ferrin receptors with mAb C2 followed by biotin-conjugated anti rat IgG and rho-
damine-streptavidin. Scale bar = 10 µm.

Figure 2 Expression of Myo10 tail does not inhibit macropinocytosis. RAW
LR5 cells, transfected with Myo10 tail, were incubated in 5 mg/ml rhodamine dex-
tran for 1 hour at 37°C, washed, and allowed to recover in suspension for 1 hour.
Cells were then plated on coverslips, fixed and then imaged. Scale bar = 10 µm.
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