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Myosin VI (MYO6) is the only myosin known to move toward the
minus end of actin filaments. It has roles in numerous cellular
processes, including maintenance of stereocilia structure, endocy-
tosis, and autophagosome maturation. However, the functional
necessity of minus-end–directed movement along actin is unclear
as the underlying architecture of the local actin network is often
unknown. To address this question, we engineered a mutant of
MYO6, MYO6+, which undergoes plus-end–directed movement
while retaining physiological cargo interactions in the tail. Expres-
sion of this mutant motor in HeLa cells led to a dramatic reorga-
nization of cortical actin filaments and the formation of actin-rich
filopodia. MYO6 is present on peripheral adaptor protein, phos-
photyrosine interacting with PH domain and leucine zipper 1
(APPL1) signaling endosomes and MYO6+ expression causes a dra-
matic relocalization and clustering of this endocytic compartment in
the cell cortex. MYO6+ and its adaptor GAIP interacting protein, C
terminus (GIPC) accumulate at the tips of these filopodia, while
APPL1 endosomes accumulate at the base. A combination of
MYO6+ mutagenesis and siRNA-mediated depletion of MYO6 bind-
ing partners demonstrates that motor activity and binding to endo-
somal membranes mediated by GIPC and PI(4,5)P2 are crucial for
filopodia formation. A similar reorganization of actin is induced by
a constitutive dimer of MYO6+, indicating that multimerization of
MYO6 on endosomes through binding to GIPC is required for this
cellular activity and regulation of actin network structure. This unique
engineered MYO6+ offers insights into both filopodia formation and
MYO6 motor function at endosomes and at the plasma membrane.

unconventional myosins | filopodia | endosomes | actin dynamics |
motor–cargo complexes

Myosin VI (MYO6) is a monomeric motor protein with a
large working stroke (1), which takes processive 36-nm

steps along actin filaments in vitro when dimerized (2). Uniquely
among myosin motors, it takes these steps toward the minus end
of actin filaments (3). In cells and tissues, MYO6 has been im-
plicated in an ever-growing list of functions, including secretion,
endocytosis, cell migration, stereocilia maintenance, and auto-
phagy (4). It mediates these functions through interactions with a
wide array of cargo adaptor proteins that bind to the tail region
of MYO6, thereby localizing and potentially activating the motor
through conformational change and unfolding of the lever arm
(5) mediated by calcium (6). However, how the mechanical
properties (for instance step size, duty ratio, stall force, etc.) and
in particular the directionality of MYO6 relate to its biological
roles is poorly understood.
Isolated, purified MYO6 is primarily monomeric (1), but can

dimerize in vitro through interactions between the cargo binding
domain and adaptor molecules (2, 7). Whether any of these
adaptors are capable of inducing functional MYO6 dimers in
cells is not known and there has been little definitive evidence as
to whether MYO6 functions as a monomer or as a processive
dimer in cells and how motor processivity relates to its biological
function (8, 9).
The cellular requirement for MYO6 to move toward the minus

end of actin filaments is similarly poorly understood. The organi-
zation of the actin network at the plasma membrane, where plus

ends are found adjacent to the membrane and minus ends toward
the cytoplasm, implies MYO6 has a role in retrograde transport
along actin, away from the plasma membrane. However, in other
locations where a role for MYO6 has been identified, such as at the
Golgi complex or nascent autophagosomes, the organization of the
actin network is poorly characterized and it is far from obvious why
a minus-end motor would be required.
To begin to address these questions, we created a mutant of

MYO6, MYO6+, which moves toward the plus end of actin fil-
aments. Expression of this mutant in HeLa cells led to formation
of filopodia and the reorganization cortical endosomes and MYO6
adaptor proteins. This suggests that MYO6may play a transient and
highly regulated role in actin organization around endosomes un-
derneath the plasma membrane and potentially at its other sites of
function. We further validate the role of MYO6 in mediating the
interaction of peripheral endosomes with the actin cortex, initiating
movement away from the plasma membrane.

Results
Expression of MYO6+ Reorganizes Actin at the Plasma Membrane. To
investigate the requirement of minus-end–directed movement of
MYO6 for cellular function, we reengineered MYO6 into a plus-
end–directed motor by replacing the unique insert and neck
regions with the myosin V lever arm (Fig. 1A). Similar replace-
ments in porcine MYO6 have been previously shown to lead to
plus-end–directed movement in vitro (10). When this construct was
transfected into HeLa cells, we observed a dramatic reorganization
of the actin cortex with formation of filopodia-like (11) protrusions
of actin, where MYO6+ accumulated at the tips (Fig. 1B). This
observation is reminiscent of the previously reported accumulation
of myosin X (12) and dimeric myosin VIIA (13) at tips of filopodia,
indicating that MYO6+ was acting as a processive plus-end–directed
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motor in cells. A shorter replacement of the unique MYO6 neck
region with only two isoleucine–glutamine calmodulin binding motifs
(IQ) motifs (retaining the lever arm extension) led to a similar
formation of filopodia (Fig. S1 A and B). To confirm whether
MYO6+ was indeed accumulating at actin filament plus ends, we
cotransfected GFP-MYO6+ with myosin X (MYO10) labeled with-
mCherry (Fig. 1C). MYO6+ was observed to colocalize with
MYO10, a protein known to induce filopodia and accumulate
at filopodia tips (12). MYO6+ had a similar propensity to in-
duce filopodia as MYO10 in HeLa cells (Fig. 1D), indicating
that MYO6+ was functioning in a similar capacity. The actin-rich
protrusions induced by MYO6+ were positive for fascin along the
shaft (Fig. 1E), indicating they are indeed filopodia. We extracted
the lengths of filopodia from total internal reflection fluorescence
(TIRF) images and found they adopted a log-normal distribution
(Fig. 1F), as previously reported for both filopodia (14) and neu-
ronal spines (15). The mode length of this distribution is 5.66 ±
0.14 μm compared with 3.22 ± 0.04 μm in cells transfected with
GFP-MYO6. The average length of filopodia in cells expressing
GFP-MYO6+ is 6.3 ± 3.7 μm (SD, n = 233) compared with 2.95 ±
1.1 μm (SD, n = 149) in cells expressing wild-type GFP-MYO6 (P <

0.0001) and 5.3 ± 2.9 μm (SD, n = 180) in cells expressing GFP-
MYO10 (in agreement with a previous report, ref. 12), indicating
the activity of MYO6+ is capable of significantly increasing the
length of filopodia. To assess the requirement for endogenous
MYO6 in this process, we expressed MYO6+ in HeLa cells ren-
dered null for MYO6 by modification with CRISPR/Cas9 (16). We
found no difference in the propensity of GFP-MYO6+ to induce
filopodia in these cells compared with wild-type HeLa cells, in-
dicating that indeed expression of MYO6+ alone leads to the for-
mation and elongation of filopodia with MYO6+ localized to the
tip (Fig. S1C). Expression of GFP-MYO6+ did not affect the level
of endogenous MYO6 (Fig. S1D).

Expression of MYO6+ Reorganizes MYO6 Binding Partners and Signaling
Endosomes. Given that MYO6+ dramatically reorganized cortical
actin structures and displayed a very different localization compared
with MYO6, we examined the distribution of well-characterized
MYO6 binding partners. The endosomal protein GAIP-interacting
protein, C terminus (GIPC) (17), which typically colocalizes with
MYO6 on adaptor protein, phosphotyrosine interacting with PH
domain and leucine zipper 1 (APPL1)-positive signaling endosomes
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Fig. 1. Expression of MYO6+ leads to formation of elongated filopodia. (A) Constructs used in this study: MD, motor domain; MT, medial tail; CBD, cargo
binding domain. (B) TIRF images of HeLa cells expressing either GFP-MYO6 (Top) or GFP-MYO6+ (Bottom) showing formation of filopodia, which extend
across the coverslip surface. Insets shown are 8× magnification. (C) TIRF image showing colocalization of MYO6+ and MYO10 at the tips of filopodia. Insets
shown are 4× magnification. (D) Box-and-whisker plot of the number of filopodia in cells either untransfected or expressing the indicated GFP-tagged
constructs (more than 60 cells per construct over three independent experiments). ***P < 0.001. (E) TIRF image showing MYO6+ at the tips of fascin bundles.
Insets shown are 4.5× magnification. (F) Normalized distribution of filopodia length in cells expressing GFP-MYO6 (black circles, 149 cells, three experiments),
GFP-MYO6+ (blue circles, 233 cells, three experiments), or GFP-MYO10 (red circles, 180 cells, three experiments). Errors shown are SEM. (Scale bars, 10 μm.)
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at the cell periphery, accumulated with MYO6+ at the tips of
filopodia (Fig. 2A). In contrast, the endosomes themselves, as de-
tected with an antibody against APPL1, clustered at the base of the
filopodia (Fig. 2B). This finding indicates that APPL1 endosomes
are guided to the base of the filopodia by MYO6+/GIPC com-
plexes, but are unable to move into the filopodial shaft, as it is
tightly packed with protein and surrounded by membrane. MYO6+/
GIPC complexes then detach from these endosomes and move
toward the filopodia tips. Examining these structures by structured
illumination microscopy (SIM), we observed many of these tips
were apparently extended and curved (Fig. S2A). Furthermore,
APPL1 endosomes clustered in an actin-rich region from which
filopodia emanate (Fig. S2B).
Interestingly, the MYO6 endosomal binding partner TOM1

(18) can only accumulate at the base of filopodia but not at the tips

(Fig. S3A), indicating it does not detach from signaling endosomes.
MYO6 and its binding partners often undergo transient interac-
tions, which are difficult to observe in cells. Intriguingly, MYO6+ is
able to sequester a selection of binding partners at the tips of filo-
podia, spatially segregating these complexes at the plasma mem-
brane. In particular, MYO6+ is able to recruit Tax1 binding protein
1 (TAX1BP1) (19) and dedicator of cytokinesis protein 7 (DOCK7)
(20) into newly formed filopodia (Fig. S3B), whereas optineurin
(21) and nuclear dot 52-kDa protein (NDP52) (19) were not relo-
calized (Fig. S3C). This finding was quantified by comparing Pear-
son’s correlation coefficients between cells expressing either GFP-
MYO6 or GFP-MYO6+ (Fig. S3D). Thus, MYO6+ may prove to
be a useful tool to interrogate the properties of various MYO6
binding partner complexes in intact cells via fluorescence imaging.

MYO6+ Requires the Arginine–Arginine–Leucine (RRL) and PI(4,5)P2
Binding Sites and Normal Actin Kinetics to Form Filopodia. Given
that MYO6+ was able to relocalize its binding partners, we ex-
amined whether sites in the MYO6 tail known to mediate inter-
actions with adaptor proteins (4) were important for filopodia
formation and the translocation of MYO6+ to filopodia tips. Mu-
tation of either the RRL motif (R1117A, known to coordinate in-
teractions with GIPC, TAX1BP1, NDP52, and optineurin) or the PI
(4,5)P2 interacting motif in the tail of MYO6+ led to a dramatic
reduction in the accumulation of MYO6+ at the tips of filopodia
(Fig. 3 A and B). In contrast, mutation of the tryptophan–trypto-
phan–tyrosine (WWY) site [W1202L, which binds to disabled ho-
molog 2 (DAB2), target of Myb1 (TOM1), and lemur tyrosine
kinase 2, Fig. 3 A and B] or the ubiquitin binding site (A1013G) had
no effect on this accumulation. Thus, the RRL site appears to be
the key site for formation of the processive (multimeric) form of
MYO6 in cells. To test whether processive movement on actin is
required, we made mutations in the motor domain of MYO6+. The
rigor mutant K157R, which is unable to bind ATP and so remains
tightly bound to actin, also prevented accumulation in filopodia
(Fig. 3 A and B). A mutation (D179Y), which has been shown to
accelerate phosphate release from MYO6 and thereby prevents
processive runs on actin (the mutation increases the rate of phos-
phate release before actin binding) (22), also leads to a complete
loss of MYO6+-induced filopodia (Fig. 3 A and B). Thus, proc-
essive movement on actin is required for accumulation of MYO6+
at the tips of filopodia. In contrast, mutation of the putative phos-
phorylation site in the motor domain Thr405 (23), to either alanine
or glutamic acid, had no effect on filopodia formation.

MYO6+ Functions on Signaling Endosomes. As only a specific subset
of tail motifs was required for filopodia formation and only certain
binding partners were reorganized by MYO6+, we next examined
the role of these partners in the capacity of MYO6+ to induce
filopodia. Knockdown of the endosomal protein GIPC (Fig. 4 A–C)
led to a dramatic reduction in the number of cells with filopodia
induced by MYO6+. Likewise, ablation of the characteristic marker
of signaling endosomes, the GIPC-binding partner APPL1, dis-
placed GIPC from endosomes and prevented accumulation of
MYO6+ at tips of filopodia (Fig. 4 A–C). In contrast, depletion of
either NDP52 or DOCK7 had no effect on filopodia formation and
movement of MYO6+ to tips of filopodia (Fig. 4B). When APPL1
was depleted, GIPC became cytosolic but was still stable and not
degraded (Fig. 4D). However, MYO6+ no longer induces forma-
tion of filopodia, indicating that the MYO6 tail can only interact
with GIPC on endosomes. This finding is consistent with the re-
quirement for an intact PI(4,5)P2 binding site in the MYO6 tail to
ensure membrane binding.
To further probe the requirement for processive movement in

formation of filopodia, we transfected cells with a cargo binding
domain (CBD)-tailless version of MYO6+, comprising the head
and lever arm of MYO6+ and a leucine zipper at the C termi-
nus to enforce dimerizations (Fig. 4E). Expression of a leucine
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Fig. 2. Endosomal MYO6 binding partners are reorganized by MYO6+.
(A) HeLa cells were transfected with GFP-MYO6 or GFP-MYO6+, fixed, stained
for GIPC, and imaged by confocal microscopy. (B) HeLa cells were transfected
with GFP-MYO6 or GFP-MYO6+, fixed, stained for APPL1, and imaged by
confocal microscopy. (Scale bars, 10 μm.) (C) Pearson’s correlation coefficients
were calculated for cells expressing either MYO6 or MYO6+ and stained with
anti-GIPC or anti-APPL1 as indicated (more than 30 cells from three in-
dependent experiments).

Masters and Buss PNAS | February 14, 2017 | vol. 114 | no. 7 | 1597

CE
LL

BI
O
LO

G
Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
23

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616941114/-/DCSupplemental/pnas.201616941SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616941114/-/DCSupplemental/pnas.201616941SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616941114/-/DCSupplemental/pnas.201616941SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616941114/-/DCSupplemental/pnas.201616941SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616941114/-/DCSupplemental/pnas.201616941SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616941114/-/DCSupplemental/pnas.201616941SI.pdf?targetid=nameddest=SF3


www.manaraa.com

zippered MYO6+ lacking the CBD tail still led to the formation
of filopodia, but without recruitment of GIPC into the tips and
without clustering of endosomes at the base of filopodia (Fig. 4F
and Fig. S4). Further deletion of the leucine zipper led to a cy-
toplasmic construct (Fig. S4). This finding indicates that key to
the formation of filopodia is the multimerization of MYO6+, by
assembly of at least a dimer. Furthermore, this experiment in-
dicates that assembly of processive complexes of MYO6 requires
targeting to endosomes.

Dynamic Organization of MYO6+-Induced Filopodia. To investigate
the processes underlying formation of filopodia by expression of
MYO6+, we used live-cell TIRF microscopy to observe growing
filopodia. By coexpressing GFP-MYO6+ and Ruby-Lifeact (to
detect F-actin), growing filopodia could be identified (Fig. 5 A
and B and Movie S1). The average rate of growth of a filopodia
tip was 0.63 ± 0.02 μm·min−1 (SEM, n = 228), similar to the
previously reported rate of actin polymerization in filopodia
(0.5–1 μm·min−1) (24) and about 5–10 times slower than the rate
that MYO6 can slide actin filaments in vitro (1). In addition to
growth, we also frequently observed movement of GFP-MYO6+
patches away from the filopodia tips toward the base (Fig. 5 C and
D and Movie S2) at an average speed of 0.99 ± 0.09 μm·min−1

(SEM, n = 62), again similar to the rate of actin polymerization in
cells (Fig. 5E). Although most of the MYO6+ accumulates at the
tips of filopodia, it forms long lasting complexes with actin and thus
can be transported through actin filament treadmilling toward the
base of filopodia (opposite to their direction of motion).
In addition to simple growth and retrograde movement, the

filopodia were capable of more complex dynamics, including
wave propagation (Fig. 5F). These waves have a wavelength of
2.27 μm ± 0.18 μm (the distribution is shown in Fig. 5G, SEM,
n = 20) and propagate at a speed of 1.18 ± 0.09 μm·min−1 (Fig.
5H, SEM, n = 39), again very similar to the rate of actin tread-
milling. On some occasions, complete twisting of the wave into a
coil was observed (Fig. S5 A and B). Filopodia were also capable
of splitting at the head (Fig. S5 C and D).
We next analyzed whether MYO6+ induced the formation of

filopodia by recruiting or activating proteins regulating actin
organization (Fig. S6A). We did not observe a significant effect
of depleting actin-related protein 3 (ARP3), diaphanous-related
formin-3 (DIAPH3), or neural Wiskott–Aldrich syndrome pro-
tein (N-WASP) (shown in Fig. S6E) on the percentage of cells
with MYO6+-induced filopodia (Fig. S6 A and B). Depletion of

ARP3 in cells transfected with GFP-MYO6+, and thus reduced
actin branching, led to the formation of slightly more transfected
cells forming filopodia (Fig. S6B) and longer individual filopodia
(of mean length 13.3 ± 6.5 μm SD, n = 215 from three experiments,
vs. 6.6 ± 3.8 μm SD, n = 174 from three experiments, P < 0.0001,
Fig. S6C). However, ARP3 depletion significantly reduced the
propensity of filopodia induced by MYO6+ to themselves form
clusters (Fig. S6D that are not observed for MYO10, which does not
require endosomes to promote filopodia formation). This obser-
vation indicates that ARP2/3-induced network branching is impor-
tant for the reorganization of the actin cortex and the clustering of
peripheral endosomes. Depletion of the formin DIAPH3 had no
effect on filopodia induced by either MYO6+ or MYO10. Whereas
depletion of N-WASP had a limited effect on MYO6+-induced
filopodia, depletion of N-WASP led to a marked reduction in
filopodia formation by MYO10, indicating that differences exist in
the mechanism of filopodia formation between the two motors.
In summary, our data indicate that formation of filopodia by
MYO6+ is a robust phenotype that depends on motor activity and
cargo-mediated multimerization, but does not involve the estab-
lished actin polymerization machinery.

Discussion
We set out to address the cellular requirement of minus-end–
directed translocation of MYO6 by cloning and expression of
MYO6+, a plus-end–directed MYO6 mutant. Expression of
GFP-MYO6+ led to formation of numerous filopodia with GFP-
MYO6+ and its binding partner GIPC localized at the tips,
whereas endosomes, their site of interaction, accumulated in the
actin cortex at the base of the filopodia. Filopodia formation
depended on GIPC and its membrane anchor APPL1, but not on
other endosomal binding partners such as TOM1. Mutations in
residues crucial for ATPase activity, cargo, or membrane binding
prevented this process. Formation of filopodia could be re-
capitulated by forced dimerization of MYO6+ lacking the cargo
binding tail, indicating that both crosslinking of actin filaments and
processive movement along them by two or more actin-binding
motor domains was crucial for actin reorganization. Taken together,
these results indicate that MYO6 binds to APPL1 endosomes
through GIPC, requiring both the RRL and PI(4,5)P2 sites. MYO6
bound to GIPC on endosomes is functionally equivalent to a dimer
or multimer, in contrast to TOM1-bound complexes that may exist
as a monomer and thus may have a different functional role. The
importance of endosomal targeting to achieve multimerization

A B

ΔPIP2MYO6+ R1117A W1202L A1013G

D179Y K157R T405A T405E

Fig. 3. Mutations of MYO6 residues within MYO6+ disrupt filopodia formation. (A) HeLa cells were transfected with GFP-MYO6+ control, or with point
mutations at specific sites in the MYO6 motor domain (D179Y, K157R, T405A, and T405E), or tail (R1117A to ablate RRL binding site; W1202L to ablate WWY
binding site; ΔPIP2; A1013G) of MYO6+ as specified in the panels, fixed and stained with 568-phalloidin, and imaged by widefield microscopy. (B) Images in
A (MYO6+ wild type or head and tail mutants) were quantified by counting the percentage of transfected (GFP-positive) cells presenting GFP-MYO6+ at the
tips of filopodia [data are aggregate of three experiments with at least 50 cells per experiment, errors shown are SEM, P values for two-sample t tests with
wild type are R1117A P < 0.001, W1202L P = 0.12 (not significant), ΔPIP2 P < 0.001, A1013G P = 0.58 (not significant), D179Y P < 0.001, K157R P < 0.001, T405A
P = 0.83 (not significant), and T405E P = 0.57 (not significant)]. (Scale bars, 20 μm.)
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confirms previous studies demonstrating that vesicle-associated
MYO6 can exist as a dimer or multimer (25). These results are
summarized in our model (Fig. S7).
The binding of MYO6+ to GIPC on endosomes leads to

formation of higher-order complexes and movement of MYO6+
toward actin filament plus ends at the plasma membrane. Such
movements on the underlying network architecture induce
endosome clustering at the plasma membrane. Continued active
movements of MYO6+ dimers lead to actin filament conden-
sation and filopodia formation and elongation. MYO6+ and its
associated adaptor proteins migrate along actin filaments toward
the tips, whereas APPL1 endosomes are retained in an actin
meshwork at the base of the filopodia.

Actin Organization by MYO6. Increasing evidence indicates that
myosin motors not only use actin as a track, but can also organize
actin filaments. In vitro, MYO6 in a zippered-dimer format can

bundle arrays of filaments on a timescale of minutes to hours
(26). In vivo, actin organization has been shown to require
MYO6 in Drosophila spermatid individualization (27), at cell–
cell junctions (28), and on melanosomes (29). GIPC has been
identified as having a role in maintaining actin structures in hair
cells (30), indicating that the actin organizing function of MYO6
operates through GIPC on endosomal membranes. In the pre-
sent study, nascent actin filaments formed by MYO6+ activity
were apparently stabilized by the accumulation of fascin (Fig.
1E). Thus, the action of actin-associated motor proteins can also
affect the recruitment and activity of actin regulators. The un-
derlying mechanism may operate in concert with selective re-
cruitment of tropomyosin isoforms, which can serve to specify
actin filament identity (31).
Interestingly, we also observed rotational waves and coiling

within MYO6+-induced filopodia (Fig. 5). Traveling waves along
filopodia have been recently described by a helical buckling
model (32). This phenomenon was hypothesized to require a
rotational force at one end and a fixed point at the other end of
the filopodia. We propose that a rotation could also be generated
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Fig. 4. APPL1 endosomes are required for formation of filopodia by MYO6+.
(A) HeLa cells were transfected with GIPC or APPL1 siRNA, transfected with GFP-
MYO6+, fixed and imaged by confocal microscopy. (B) Quantification of MYO6+
accumulation in filopodia tips (data are aggregate of at least three experiments
with over 200 cells counted per condition). Respective P values are GIPC KD P <
0.001, APPL1 KD P < 0.001, NDP52 KD P = 0.11 (not significant), and DOCK7 KD
P = 0.17 (not significant). (C) Western blots showing knockdown efficiency for
GIPC, with EF-2 as loading control. (D) Knockdown of APPL1 does not cause
degradation of GIPC. (E) Schematic of GFP-MYO6-LZ+, a leucine zippered
MYO6+ lacking the cargo binding tail. (F) Cells were transfected with GFP-
MYO6-LZ+, fixed, stained with anti-GIPC and phalloidin (for F-actin), and imaged
by confocal microscopy. (Scale bars, 10 μm.)

C
E

F

A B

D

G

H

500 s450 s

120 s

500s

100 s

Fig. 5. Analysis of filopodia dynamics. (A) Image sequence showing a
growing filopodia tip imaged by TIRF microscopy (MYO6+ in green; F-actin
probe Lifeact in magenta. (Scale bar, 1 μm, 50 s per frame.) White arrow
indicates growing tip. See also Movie S1. (B) Kymographs of image sequence
in A (MYO6+, green; Lifeact, magenta). (Scale bar, 1 μm, 5 s per pixel.)
(C ) Image sequence of retrograde movement away from filopodia tips
(MYO6+, green; Lifeact, magenta). (Scale bar, 2 μm, 20 s per frame.) See also
Movie S2. (D) Kymographs of image sequence in C (MYO6+, green; Lifeact,
magenta). (Scale bar, 2 μm, 2 s per pixel.) (E) Histogram plots quantifying A
and B. (F) Image sequence showing retrograde wave movement in filopodia
(MYO6+, green; Lifeact, magenta). (Scale bar, 2 μm, 50 s per frame.) White
arrow indicates a traveling wavefront. See also Movie S3. (G) Histogram of
wavelengths. (H) Histogram of wave velocities.
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by the coupling of MYO6+ to both the filopodial membrane
through binding to PI(4,5)P2 and actin through the motor domain.
Consistent with this notion, helical movement of MYO6 around
actin filaments has been reported in vitro (33). Furthermore, the
hook-like shape of the tips of MYO6+ filopodia, as observed in
our SIM images (Fig. S2), may indicate that the accumulation of a
high density of MYO6+ motors at the tip may exert signification
bending or torsional forces on the actin core. This process may in
turn be coupled to the initiation of waves (Fig. 5). Retrograde
movement of MYO6+ was seen to occur in large patches (sig-
nificantly brighter than a single molecule), as previously observed
for MYO6 (34) and myosin XV(MYO15) (35), indicating that
formation of large teams of motors is an important and conserved
mechanism of motor regulation.

Actin Organization by Other Motors. Why do filopodia form at the
plasma membrane? Similar observations of motor translocation
to the tips of filopodia have been made when expressing other
plus-ended myosins such as MYO10 (12), MYO7A (13), MYO3
(36), and MYO15 (37). MYO19 is even capable of translating
mitochondria to the tips of filopodia (38). Taken together, our
data and these reports indicate that formation of filopodia, or at
least condensation of actin filaments, may be a general property
of multimeric plus-ended myosins that must be regulated by
cells. We speculate that one factor allowing growth of filopodia
in the MYO6+ system is the protection of actin filaments from
severing factors (e.g., gelsolin, villin, severin) and depolymerizing
factors (ADF/cofilin), caused by sequestration of F-actin away

from the cytosol and into filopodia. It is interesting to note that
despite much investigation of the mechanisms underlying filo-
podia formation by MYO10, a similar phenomenon can be
generated by a motor that is usually not associated with this
process and is thus unlikely to contain any specific structural
adaptations. Filopodia formation thus appears to be a universal
property for multimeric plus-end–directed myosins.
In conclusion, we have shown that reversing the direction of

MYO6 leads to the reorganization of peripheral actin and
endosomes, reinforcing the link between MYO6 function and
actin organization. This reversal adds to the list of situations in
which MYO6 has been shown to affect actin organization. Many
questions remain about the interaction of MYO6 with actin in its
numerous functions, which will be probed in concert with the
development of novel tools and methods.

Materials and Methods
MYO6+was cloned by overlap extension PCR as described in SI Materials and
Methods. Details of cell culture, Western blotting, and all reagents used or
generated can be found in SI Materials and Methods. Details of sample
preparation; structured illumination; confocal, TIRF, and widefield micros-
copy; and image analysis are described in SI Materials and Methods.
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