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Summary
A balance between endocytosis and membrane recycling regulates the composition and dynamics of the plasma membrane.

Internalization and recycling of cholesterol- and sphingolipid-enriched lipid rafts is an actin-dependent process that is mediated by a
specialized Arf6-dependent recycling pathway. Here, we identify myosin1c (Myo1c) as the first motor protein that drives the formation
of recycling tubules emanating from the perinuclear recycling compartment. We demonstrate that the single-headed Myo1c is a lipid-

raft-associated motor protein that is specifically involved in recycling of lipid-raft-associated glycosylphosphatidylinositol (GPI)-linked
cargo proteins and their delivery to the cell surface. Whereas Myo1c overexpression increases the levels of these raft proteins at the cell
surface, in cells depleted of Myo1c function through RNA interference or overexpression of a dominant-negative mutant, these tubular
transport carriers of the recycling pathway are lost and GPI-linked raft markers are trapped in the perinuclear recycling compartment.

Intriguingly, Myo1c only selectively promotes delivery of lipid raft membranes back to the cell surface and is not required for recycling
of cargo, such as the transferrin receptor, which is mediated by parallel pathways. The profound defect in lipid raft trafficking in Myo1c-
knockdown cells has a dramatic impact on cell spreading, cell migration and cholesterol-dependent Salmonella invasion; processes that

require lipid raft transport to the cell surface to deliver signaling components and the extra membrane essential for cell surface expansion
and remodeling. Thus, Myo1c plays a crucial role in the recycling of lipid raft membrane and proteins that regulate plasma membrane
plasticity, cell motility and pathogen entry.
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Introduction
The plasma membrane of eukaryotic cells is in a constant state of

equilibrium with internal cellular membranes through membrane

uptake (endocytosis) and reinsertion (exocytosis/recycling) from

intracellular pools. In some cell types, the total cell surface is

renewed every 15 minutes through such cycles of endocytosis

and exocytosis (Steinman et al., 1983). This dynamic remodeling

of the plasma membrane is especially important for controlling

the surface area as well as for regulating the protein and lipid

composition of the cell surface, which is crucial for biological

processes such as cell migration, cell spreading and pathogen

invasion.

Proteins and lipids of the plasma membrane assemble into

small dynamic subdomains that can be stabilized to form larger

specialized microdomains (Simons and Gerl, 2010; Simons and

Toomre, 2000). These sphingolipid- and cholesterol-enriched

lipid microdomains (herein referred to as lipid rafts) attract

protein components and compartmentalize cellular processes

associated with cell signaling and membrane trafficking (Simons

and Gerl, 2010). Furthermore, it has recently been shown that

when a cell detaches from a surface, these lipid rafts are rapidly

internalized as part of the process to reduce the area of the plasma

membrane (del Pozo et al., 2004). After endocytosis these

membranes and associated rafts are delivered in an actin- and

microtubule-dependent pathway to a perinuclear recycling

endosome, which acts as a membrane storage compartment

(Balasubramanian et al., 2007; Gauthier et al., 2009). Integrin-

mediated re-adhesion of the cell during cell spreading triggers

lipid raft exit from the recycling endosomes and exocytosis of

glycosylphosphatidylinositol (GPI)-anchored lipid raft markers

(Balasubramanian et al., 2007; del Pozo et al., 2005; Gauthier

et al., 2009). These specialized lipid rafts are transported to the

plasma membrane in order to deliver the signaling components

and the extra membrane required for cell surface expansion and

remodeling that are essential for cell spreading. This process is

known to involve the small GTPase Arf6 (Balasubramanian et al.,

2010; Balasubramanian et al., 2007; Radhakrishna et al., 1999;

Radhakrishna and Donaldson, 1997), but the motor proteins

required to deliver these lipid raft membranes to the plasma

membrane have not yet been identified.

Myosin motor proteins are known to regulate the dynamic

organization of the plasma membrane by generating and

maintaining an actin-dependent force on the cell surface and by

transporting and fusing membrane vesicles with it. Myosins are a

large superfamily of more than 20 classes that use the energy

derived from ATP hydrolysis to interact and translocate along

actin filaments (Foth et al., 2006). Myosins occur as monomeric

or dimeric motors with a diverse range of cellular roles, such as

transporters, anchors or in tension maintenance (Krendel and

Mooseker, 2005). Myosin1c (Myo1c) is a monomeric class I

myosin with a single N-terminal catalytic motor (head) domain,

a regulatory neck region that contains three IQ-motifs for
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calmodulin binding and a C-terminal tail, which directly
associates, through a putative pleckstrin homology domain,

with phosphatidylinositol 4,5-bisphosphate [Ptd(4,5)InsP2] in
lipid membranes (Hokanson et al., 2006; Hokanson and Ostap,
2006; McKenna and Ostap, 2009). Although no adaptor proteins

linking Myo1c to cargo such as membrane vesicles have been
identified, the GTPase RalA has been shown to bind in a Ca2+-
calmodulin-dependent manner to the Myo1c regulatory neck
region (Chen et al., 2007).

Myo1c is expressed in most eukaryotic cells and it has been
shown that it localizes to the actin-rich cell periphery and the

plasma membrane (Bose et al., 2004; Ruppert et al., 1995;
Wagner et al., 1992). Myo1c has been shown to fulfill distinct
functions in a number of specialized cell types. For example, in
the sensory hair cells of the inner ear, Myo1c is present in the

stereocilia tips, where it controls the tension of the tip links that
connect neighboring stereocilia and thereby functions as a motor
for slow adaptation (Gillespie and Cyr, 2004). It also functions in

the trafficking of epithelial Na+ channels within cortical
collecting duct cells (Wagner et al., 2005) and in the
translocation of Neph1-containing signaling complexes to the

podocyte plasma membrane (Arif et al., 2011). Furthermore,
Myo1c has been implicated in insulin-stimulated glucose
transporter 4 (GLUT4) trafficking and plasma membrane fusion
in adipocytes through its interaction with RalA (Chen et al.,

2007). Thus, Myo1c facilitates the correct targeting of many
different cargoes to the plasma membrane in a number of highly
specialized cell types. However, because Myo1c is ubiquitously

expressed, it is expected to have a more universal function in
cargo delivery and membrane trafficking.

The objective of this study was to characterize the precise

cellular functions of Myo1c. We demonstrate that Myo1c is a
lipid-raft-associated motor protein that is crucial for the cellular
distribution and trafficking of cargo molecules associated with

these specialized membrane microdomains. Myo1c colocalizes
on recycling tubules enriched in GPI-anchored proteins and
specifically stabilizes these structures emanating from the

perinuclear recycling compartment. Depletion of Myo1c leads
to a loss of lipid-raft-linked proteins from the plasma membrane,
which suggests a role for Myo1c in the exocytosis of lipid raft

membranes from a perinuclear recycling compartment. These
results thus reveal a novel molecular function, crucial for cell
spreading, migration and pathogen entry, by which Myo1c
mediates lipid raft exocytosis to dynamic sites on the plasma

membrane.

Results
Myo1c associates with lipid raft microdomains

Myo1c has been shown to bind Ptd(4,5)InsP2 in vitro (Hokanson

and Ostap, 2006), a phospholipid found in cholesterol- and
sphingolipid-enriched lipid rafts in cells (Hope and Pike, 1996;
Rozelle et al., 2000). To investigate whether Myo1c associates

with lipid rafts, HeLa cells were transiently transfected with
GFP–Myo1c and incubated with the lipid-binding B subunit of
cholera toxin (CTB) labeled with Alexa Fluor 555. CTB is a

widely used lipid raft marker that binds to the glycosphingolipid
GM1 (Eidels et al., 1983). CTB labeling was performed at
4 C̊ so as to prevent its internalization and thus it exclusively

labeled cell surface lipid raft microdomains. Confocal imaging
demonstrated that GFP–Myo1c was enriched in regions of the
plasma membrane containing the lipid raft marker CTB

(Fig. 1A). Colocalization with CTB was also observed for

immunostained endogenous Myo1c (Fig. 1B).

The presence of Myo1c in these lipid microdomains was
confirmed using a second major class of lipid raft markers, namely
those that specifically anchor to the outer leaflet of raft

microdomains through the GPI lipid modification. A number of
functionally diverse cell surface proteins, including the CD55 and
CD59 receptors, are targeted to lipid rafts through their GPI

domain (Brown and Rose, 1992; Foster et al., 2003; Sprenger et al.,
2004). To visualize the cellular distribution of this class of raft
markers, we created a probe encoding GFP fused to a peptide

containing a GPI-modification site (GFP–GPI) (Legler et al.,
2005). When HeLa cells were co-transfected with mCherry–
Myo1c and GFP–GPI, extensive colocalization was observed
not only in filopodial extensions at the plasma membrane but

also in intracellular tubular and vesicular membranes (Fig. 1C;
supplementary material Movie 1). Time-lapse video microscopy
demonstrates that these Myo1c- and GFP–GPI-positive tubules

and vesicles were highly dynamic in live cells (supplementary
material Movie 1).

To confirm further the association of Myo1c with lipid rafts, we
used a flotation assay exploiting the inability of non-ionic

detergents, such as Triton X-100, to solubilize lipid rafts at 4 C̊,
which thus remain buoyant in low-density sucrose. HeLa cells
stably expressing GFP–Myo1c were incubated with CTB–HRP

(horseradish peroxidase) to label cell surface rafts, then lysed with
a buffer solution containing 1% Triton X-100 at 4 C̊ and
fractionated by ultracentrifugation on a bottom-loaded 40–5%

sucrose step gradient. SDS-PAGE of equal amounts of fractions 1–
10 demonstrated that most proteins were present in fractions 8, 9
and 10, whereas raft markers were found in fractions 3, 4 and 5,

highlighting the significant enrichment of lipid rafts by this
fractionation method (Fig. 1D). Immunoblotting demonstrated
that proteins such as actin, calnexin, tubulin and ezrin, typically not
associated with lipid rafts, were present in these detergent-soluble

fractions, whereas lipid raft markers such as placental alkaline
phosphatase (PLAP), flotillin-1 and flotillin-2 partitioned into the
detergent-resistant fractions 3, 4 and 5 (Fig. 1E). The presence of

lipid rafts in these floating fractions was further confirmed by dot-
blotting for CTB–HRP. Importantly, Myo1c was observed
enriched in lipid raft fractions, as were small amounts of RalA, a

known binding partner of Myo1c.

Absence of Myo1c redistributes lipid raft markers from the
cell surface to intracellular membranes

Because we have shown that Myo1c is present in specialized
lipid domains at the plasma membrane, we investigated whether
this myosin regulates lipid raft trafficking and distribution, thus
controlling the area and dynamics of the plasma membrane.

Therefore, we tested the effect of siRNA-mediated knockdown of
Myo1c on the localization of several lipid raft associated marker
proteins such as GFP–GPI and CD59 or CD55, as well as

caveolin-1 and flotillin-1 and -2, which represent members of two
other well characterized classes of membrane-associated proteins
that mark distinct types of lipid raft domains (Foster et al., 2003;

Sprenger et al., 2004). To ablate MYO1C expression, HeLa cells
were transfected with a smart pool of four combined siRNA
oligonucleotides specific to MYO1C or with the same four

specific oligonucleotides individually. After two transfections
Myo1c knockdown was confirmed by immunoblotting
(supplementary material Fig. S1A). In mock-transfected control
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cells, the marker proteins GFP–GPI, CD59, CD55, caveolin-1 and
flotillin-1 and -2 were present in small distinct patches at the plasma

membrane and in a number of intracellular vesicles (Fig. 2A,B;
supplementary material Fig. S2A, Fig. S3A,B). In Myo1c-depleted
cells, however, a substantial proportion of these marker proteins
was lost from the plasma membrane and accumulated on internal

membranes (Fig. 2A,B; supplementary material Fig. S2A, Fig.
S3A,B). In the knockdown cells, flotillin-1 and -2 redistributed into
internal swollen vesicles that partly colocalized with the lysosomal

marker LAMP1 (supplementary material Fig. S3B), whereas
caveolin-1 and GPI-anchored marker proteins accumulated in
the perinuclear region, where they were observed by

confocal microscopy to colocalize in a tight juxtanuclear spot
(supplementary material Fig. S4A).

The redistribution of lipid raft marker proteins following Myo1c

knockdown by the smart pool siRNA was not due to off-target
effects caused by the depletion of unrelated proteins, because
Myo1c knockdown mediated by each individual siRNA

oligonucleotides also triggered relocalization of caveolin-1 and
flotilin-2 from the plasma membrane to internal membranes
(supplementary material Fig. S1B). This specific phenotype was

further verified by overexpressing a dominant-negative Myo1c
variant (the ‘rigor’ mutant) in which the motor function is inhibited
by a single point mutation (K111R) in the ATP-binding site

(Aschenbrenner et al., 2004; Ruppel and Spudich, 1996; Toyoda
et al., 2011). In cells expressing this non-functional Myo1c rigor
mutant, caveolin-1 (Fig. 2C) and flotillin-2 (supplementary
material Fig. S3C) were depleted from the plasma membrane

and accumulated on intracellular membrane compartments. Thus,
abolishing Myo1c activity either by siRNA-mediated knockdown
or by expressing a dominant-negative Myo1c mutant leads to a

redistribution of lipid raft marker proteins from the plasma
membrane to the perinuclear region near the microtubule
organizing centre (Fig. 2). This collapsed lipid-raft-enriched

membrane compartment is distinct from the Golgi complex, as it
shows very little overlap with the Golgi marker GM130 and the
trans-Golgi network protein TGN46 (supplementary material Fig.
S4B,C), but shows partial colocalization with Rab11, a marker

for the common endocytic recycling compartment (Fig. 5B;
supplementary material Fig. S5C,D).

Because the absence of functional Myo1c leads to loss of lipid-

raft-associated marker proteins from the cell surface, we tested
whether elevated expression of Myo1c increases the level of lipid
rafts at the plasma membrane. HeLa cells were transiently

transfected with GFP–Myo1c and cell surface lipid rafts were
labeled with CTB–Alexa-Fluor-555 (Fig. 3A). In the population
of untransfected cells, a modest level of surface CTB was

observed in ,80% of cells (Fig. 3A, see the cells marked with an
asterisk), whereas ,20% displayed more intense surface CTB
staining. In the population expressing GFP–Myo1c (Fig. 3A, see
the cells marked with arrowheads), however, the percentage of

cells with an intense CTB staining more than doubled (from
,20% to ,50%). To confirm these observations, a HeLa cell

Fig. 1. Myo1c partitions into lipid rafts. Cell surface lipid rafts on HeLa

cells transiently transfected with GFP–Myo1c (A) and non-transfected HeLa

cells (B) were labeled with CTB–Alexa-Fluor-555 (CTB-Alexa555) and co-

stained with antibodies against GFP (A) and endogenous Myo1c (B) for

confocal microscopy. Cell nuclei are shown in blue in the merged image.

Arrowheads highlight examples of colocalization of Myo1c with lipid rafts.

(C) HeLa cells were co-transfected with GFP–GPI and mCherry–Myo1c,

seeded onto fibronectin-coated coverslips and imaged using live-cell

microscopy. The picture presented is a still image from the start point of a

representative movie (supplementary material Movie 1). Arrowheads

highlight the localization of Myo1c on lipid-raft-enriched tubules. Scale bars,

10 mm. The inserts are enlarged representations of the boxed regions.

(D) HeLa cells stably expressing GFP–Myo1c were incubated with CTB–

HRP on ice, lysed with cold 1% Triton X-100 and subjected to a sucrose

gradient ultracentrifugation. The fractions were separated on SDS-PAGE and

Coomassie stained. (E) Floating fractions (3–5) and detergent-soluble

fractions (8–10) were identified based on the distribution of CTB–HRP by

dot-blot analysis (top panel) and localization of marker proteins using western

blotting with indicated antibodies (bottom panels).
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line stably expressing homogenous levels of GFP–Myo1c was

created using FACS sorting (Fig. 3B). FACS analysis showed

that the levels of cell-surface-bound CTB–Alexa-Fluor-647

increased in cells stably expressing GFP–Myo1c as compared
with those in control cells (Fig. 3C).

Therefore, not only does the loss of Myo1c, but also its
overexpression, affects the cellular distribution of proteins

associated with lipid rafts. In cells without functional Myo1c,

lipid raft markers accumulate on intracellular membranes,

suggesting a role for Myo1c either in recycling or exocytosis

of lipid-raft-enriched membranes from intracellular membrane
compartments back to the cell surface.

Myo1c localizes on lipid-raft-enriched recycling tubules

RalA, a Myo1c-binding partner, has recently been shown to

regulate lipid raft exocytosis from recycling endosomes to the

cell surface to control plasma membrane expansion during
cell spreading (Balasubramanian et al., 2010). Therefore, to

investigate a role for Myo1c in the trafficking of lipid-raft-
associated marker proteins, we compared the cellular distribution
of Myo1c and RalA in HeLa cells. In cells expressing HA–RalA
alone or HA–RalA and GFP–Myo1c, RalA and endogenous

Myo1c or GFP–Myo1c colocalized at the plasma membrane,
especially at sites where the membrane was undergoing dynamic
rearrangement such as membrane ruffles (Fig. 4A,B, black

arrowheads). Furthermore, Myo1c and RalA were enriched
along intracellular membrane tubules and vesicles that
emanated from the perinuclear region, indicative of the tubular

morphology and cellular localization of the endocytic recycling
compartment (Fig. 4A,B, white arrowheads). RalA-mediated raft
recycling was shown to require its effector ExoC2, a component
of the exocyst complex also known as Sec5 (Balasubramanian

et al., 2010), and indeed we observe that RalA-positive tubules
contained not only Myo1c but also ExoC2 (Fig. 4C). This RalA-
and Myo1c-positive tubular compartment was found to be

enriched in GPI-anchored proteins, such as CD59, CD55 and
the GFP–GPI probe, suggesting that Myo1c associates with
endocytic recycling tubules that are highly enriched in lipid-raft-

associated marker proteins (Fig. 4D–F; see also Fig. 1C and
supplementary material Movie 1) (Eyster et al., 2009; Naslavsky
et al., 2004).

Myo1c promotes lipid-raft-enriched membrane tubule
formation

In mammalian cells, at least two distinct recycling pathways have

been identified whereby tubular carriers bring internalized cargo
back to the plasma membrane. In the first pathway, cargo such as
the transferrin receptor (TfnR), internalized by clathrin-mediated

endocytosis, is recycled back to the cell surface via the well-
studied Rab11-positive endocytic recycling compartment. The
second pathway, which recycles molecules internalized by

clathrin-independent endocytosis, is less well understood, but is
typically characterized by the trafficking of GPI-linked raft
markers such as CD55 and CD59 (Eyster et al., 2009; Naslavsky
et al., 2004).

The localization of Myo1c on membrane tubules emanating
from the perinuclear recycling compartment prompted us to
investigate whether Myo1c is required for tubule formation in

one of these specific recycling pathways. In mock-transfected
cells, we frequently observed RalA- and GFP–GPI-positive
tubules extending from a perinuclear region to the plasma

membrane (Fig. 5A), whereas in Myo1c-knockdown cells these
tubules are lost and the RalA- and GPI-containing compartment
was redistributed into a condensed perinuclear structure
(Fig. 5A); this is similar to the redistribution observed for the

lipid-raft-associated caveolin-1, CD59 and CD55 (Fig. 2;
supplementary material Fig. S2). Overall the number of cells
containing lipid raft tubules was reduced from 37.564.9% in

mock cells to 1964.2% (6s.d.) in Myo1c-knockdown cells.
Myo1c specifically stabilized only the RalA- and GPI-positive
membrane tubules because the morphology and tubular

membranes associated with the Rab11-positive recycling
compartment was unaffected in Myo1c-knockdown cells
(Fig. 5B; supplementary material Fig. S5B–D). Furthermore,

loss of Myo1c did not affect the subcellular distribution of TfnR
(supplementary material Fig. S5A,B) and no defect in TfnR
recycling was observed in cells lacking Myo1c (Fig. 5C,D).

Fig. 2. Depletion of Myo1c causes accumulation of lipid rafts in the

perinuclear region. (A) HeLa cells stably expressing GFP–GPI were either

mock transfected or transfected with siRNA specific to MYO1C and labeled with

antibodies against caveolin-1 and GFP for immunofluorescence microscopy.

(B) Mock- or Myo1c-depleted HeLa cells were labeled with antibodies against

the raft markers caveolin-1 and CD55. (C) HeLa cells transiently transfected

with the dominant-negative GFP–Myo1cK111R rigor mutant were labeled with

antibodies against GFP and caveolin-1. Scale bars, 10 mm.
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Previous studies have demonstrated that proteins not

associated with lipid rafts such as CD98, CD147 and the class

I MHC (MHC-I), can use the same recycling pathway as CD55

and CD59 (Eyster et al., 2009). Interestingly, depletion of Myo1c

has a more dramatic effect on the redistribution of lipid-raft-

associated cargo than on non-raft proteins CD98 and MHC-I

(supplementary material Fig. S2B,C). Similar to Rab11, CD98

and MHC-I showed some colocalization with the collapsed raft-

enriched recycling compartment in Myo1c-depleted cells, but the

formation of tubular carriers marked by these proteins was not

affected (supplementary material Fig. S2B,C, arrowheads).

Collectively these results thus demonstrate that Myo1c is

specifically required for the formation of lipid-raft-enriched

membrane tubules emanating from a juxtanuclear recycling

compartment but is clearly not involved in Rab11-dependent

recycling of the TfnR to the plasma membrane.

Myo1c facilitates recycling but not internalization of

lipid rafts

Our data so far indicates that Myo1c plays a role in exocytosis

and/or recycling of lipid-raft-associated marker proteins to

the plasma membrane. To confirm further this observation,

automated microscopy was employed to measure the rate of lipid

raft recycling in adherent cells using antibodies against CD55. As

shown in Fig. 6A, the rate of CD55 antibody recycling is

significantly (P,0.05) slower in Myo1c-depleted cells as

compared with that in mock-treated cells. This lower rate of

steady-state raft recycling in Myo1c-depleted cells caused a

dramatic accumulation of CD55, as the levels of intracellular

CD55 were more than twice as high as those in control cells

(Fig. 6B). The total amounts of CD55 expressed in control and

Myo1c-knockdown cells, however, are similar as assessed by

western blotting (Fig. 6C) and microscopy (data not shown).

The intracellular accumulation of CD55 in Myo1c-depleted

cells was due to a defect in exocytosis and/or recycling of lipid

raft marker proteins and no changes in the internalization of lipid

rafts, labeled with antibodies against CD55 or CD59 were

observed by immunofluorescence microscopy (Fig. 6D,E). In

both mock-treated and Myo1c-depleted cells antibodies against

CD55 and CD59 were internalized at a similar rate, however, in

knockdown cells these markers accumulated in the juxtanuclear

spot that was previously identified as the collapsed recycling

compartment (Figs 4,5; supplementary material Figs S4, S5). The

uptake efficiency of lipid-raft-associated CD55 was measured

using automated microscopy and imaging software and

demonstrated no significant difference in the rate of

endocytosis of CD55 (Fig. 6F). These measurements were

performed in the presence of primaquine, a drug known to

inhibit endocytic recycling.

Myo1c-mediated lipid raft exocytosis is crucial during

cell spreading

During cell spreading, the plasma membrane surface area is

increased by the exocytosis of membranes enriched in GPI-

anchored proteins and other lipid raft markers that are recycled

back to the cell surface (Balasubramanian et al., 2010;

Balasubramanian et al., 2007; Gauthier et al., 2009). To test

whether Myo1c has a role in cell spreading, mock and Myo1c-

depleted HeLa cells were seeded onto fibronectin-coated

coverslips and allowed to spread for 2 hours. The cells were

then fixed, the actin cytoskeleton labeled with Rhodamine–

phalloidin and random fields of cells analyzed using Volocity

Imaging software to measure the area that the cells had covered

during spreading. Representative images of mock-transfected

cells or cells transfected with MYO1C siRNA are shown in

Fig. 7A. Quantification of a total of 5781 cells from three

independent experiments showed that cell spreading was reduced

by 44.567.1% following Myo1c knockdown (Fig. 7B).

Similarly, spreading of cells transiently transfected with the

non-functional dominant-negative rigor GFP–Myo1cK111R

mutant was impaired by 38.162.5%. A similar impairment in

cell spreading was recently observed in cells expressing non-

functional RalA (Balasubramanian et al., 2010).

Cell spreading requires the assembly of focal adhesion contacts

that mediate adhesion to the extracellular matrix. In control cells,

the focal adhesion markers vinculin and paxillin were enriched in

Fig. 3. Overexpression of Myo1c increases surface raft levels.

(A) Cell surface lipid rafts of HeLa cells transiently transfected with

GFP–Myo1c were visualized with CTB–Alexa-Fluor-555. 82% of non-

transfected control cells exhibited a modest level of surface CTB

staining (indicated by * in the example pictures). Scale bar, 10 mm.

Overexpression of GFP–Myo1c increases the percentage of CTB

positive cells (arrowheads) from 18% in control cells to 49%. A total

number of 2544 cells from three independent experiments were

analyzed. Values are means6s.e.m. (B) A stable HeLa cell line

expressing homogenous levels of GFP–Myo1c was created by FACS

sorting. Cell lysates of control HeLa cells and HeLa cells stably

expressing GFP–Myo1c were analyzed by SDS-PAGE and

immunoblotted with antibodies against Myo1c and a-tubulin, used as a

loading control, demonstrating that endogenous and exogenous Myo1c

are expressed at similar levels. (C) For labeling of cell surface lipid

rafts, control HeLa cells and HeLa cells stably expressing GFP–Myo1c

were incubated with or without CTB–Alexa-Fluor-647 (CTB-

Alexa647), while in suspension. The amount of cell-surface-bound

CTB-Alexa647 was determined by FACS analysis.
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numerous discrete foci at the ventral side of the cell (Fig. 7C). By

contrast, in Myo1c-knockdown cells, which exhibited a rounded

cell morphology, the focal adhesions, labeled with antibodies

against vinculin or paxillin, were clustered in a continuous band

at the edge of the cell. The same phenotype was observed in cells

overexpressing the dominant-negative Myo1cK111R mutant

(Fig. 7C) or when Myo1c knockdown was performed through

using the four individual smart pool siRNA oligonucleotides

individually (supplementary material Fig. S1B). Thus, Myo1c

clearly plays a role during cell spreading and impaired cell

spreading leads to the accumulation of focal adhesion markers

around the edge of the cell.

To determine whether the defect in cell spreading observed in

the Myo1c-depleted cells is linked to impaired lipid raft

exocytosis, we compared cell surface levels of lipid rafts in

control and Myo1c-knockdown cells during cell spreading. After

detachment, mock- and Myo1c-depleted cells were held in

suspension to encourage lipid raft endocytosis, then reseeded

onto fibronectin-coated coverslips and allowed to spread, before

fixation and labeling of cell surface lipid rafts with antibodies

against CD59 or CD55. Quantification of surface raft levels using

Volocity Imaging Software revealed a significant decrease in the

amount of the raft markers CD59 (Fig. 7D) and CD55 (Fig. 7E)

on the cell surface in Myo1c-depleted cells as compared with that

in control cells. These data demonstrate that Myo1c facilitates

lipid raft exocytosis during cell spreading.

Myo1c is required for random cell migration

Having established that Myo1c modulates cell spreading owing

to its role in lipid raft trafficking, we next investigated whether

Myo1c is also required during cell migration. Motile retinal

pigment epithelial (RPE) cells were depleted of Myo1c (Fig. 8A)

and the random migration of fully spread cells on fibronectin-

coated coverslips was captured by time-lapse video microscopy.

The motility of more than 240 individual cells in three

independent experiments was followed over 3 hours using

Volocity tracking software. The single-cell trajectories of one

representative experiment are shown in Fig. 8B. Quantitative

analysis revealed that the average track length covered by

Myo1c-knockdown cells over 3 hours was reduced by over 50%

from ,59 mm to ,26 mm compared with that in control cells

(Fig. 8C). Similarly, the velocity of movement was reduced;

whereas control cells migrated with a speed of ,0.36 mm/

minute, in Myo1c knockdown cells the velocity of movement

was decreased to ,0.16 mm/minute (i.e. a ,50% reduction)

(Fig. 8C). Interestingly, a similar phenotype was observed upon

siRNA-mediated depletion of RalA or upon a Myo1c, RalA

double knockdown (Fig. 8B,C). We therefore conclude that the

loss of Myo1c and its interacting protein RalA negatively impacts

upon both the migration speed and the track length of randomly

moving cells.

Myo1c promotes ruffle formation required for

macropinocytosis and pathogen invasion

The presence of cholesterol-enriched lipid rafts at the plasma

membrane recruits activated Rac1, which regulates actin

dynamics at the cell surface and stimulates membrane ruffle

formation (Balasubramanian et al., 2007; Radhakrishna et al.,

1999). These membrane ruffles are not only linked to cell

motility but are also required for macropinocytosis, a specialized

endocytic mechanism for the uptake of large amounts of fluids.

To assess whether the loss of lipid raft domains from the cell

surface in Myo1c-knockdown cells has an impact on plasma

membrane dynamics and membrane ruffle formation, we

measured the rate of macropinocytosis in Myo1c-depleted cells

by incubating the cells with fluorescent dextran (70 kDa). Loss of

Myo1c reduced the number of cells containing dextran-positive

macropinosomes (vesicles larger than 0.5 mm) from 23.262.82%

Fig. 4. Myo1c colocalizes with RalA on lipid raft enriched tubules.

(A) HeLa cells were co-transfected with HA–RalA and GFP–Myo1c, or

(B) transfected with HA–RalA and stained for HA–RalA and endogenous

Myo1c for confocal microscopy. White arrowheads highlight colocalization

of Myo1c and RalA on tubules, black arrowheads exemplify colocalization on

membrane ruffles of the plasma membrane. Cell nuclei are shown in blue in

the merged images. (C) HeLa cells expressing HA–RalA were labeled with

antibodies against HA and the exocyst component ExoC2. (D–F) HeLa cells

were co-transfected with GFP–GPI and HA–RalA or transfected with GFP–

GPI and stained with antibodies against GFP and HA (D), CD59 (E) or CD55

(F). The inserts are enlarged representations of the boxed regions. Scale bars,

10 mm.
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in control cells to 12.161.2% in Myo1c-knockdown cells

(Fig. 9A).

Bacterial pathogens like Salmonella enterica trigger membrane

ruffle formation to invade host cells, a process that requires the

delivery of membranes to sites of pathogen entry. To investigate
whether Myo1c is recruited to sites of bacterial invasion,

HeLa cells stably expressing GFP–Myo1c were infected with
Salmonella enterica serovar Typhimurium. Infected cells show
profound membrane ruffling at sites of Salmonella entry and
intriguingly, Myo1c was strongly recruited to these invasion

ruffles (Fig. 9B), indicating that there is a role for Myo1c in this
process. Interestingly, RalA, ExoC2 and the raft marker GFP–
GPI also localize to these invasion ruffles (Fig. 9B). To examine

further the role of Myo1c during pathogen entry, HeLa cells
depleted of Myo1c were infected with Salmonella enterica

serovar Typhimurium and the efficiency of bacterial invasion

was quantified by counting the number of bacterial colonies
grown from the infected HeLa cell lysates (Fig. 9C).
Interestingly, invasion was inhibited by 34.169.1% in Myo1c-
knockdown cells. When cells were depleted of RalA, bacteria

uptake was reduced by 44.566.2%, confirming previous findings
by Nichols and Casanova (Nichols and Casanova, 2010). Thus,
Myo1c regulates the trafficking of lipid raft microdomains to the

cell surface, which has an impact not only on cell spreading and
motility but also on other cellular processes that require
cholesterol-rich lipid rafts on the plasma membrane, such as

macropinocytosis and pathogen invasion.

Discussion
In the cell, the plasticity, composition and surface area of the

plasma membrane is controlled by specialized endocytic
recycling pathways, which maintain the fine balance between
the endocytosis and exocytosis of specific proteins and lipids.

Cargo proteins associated with lipid raft membranes are
internalized by clathrin-independent endocytosis; however, the
molecular determinants that regulate intracellular trafficking in

this pathway have yet to be established (Eyster et al., 2009; Grant
and Donaldson, 2009). Under steady-state conditions most of the
lipid raft markers are at the cell surface, but a small pool of the

markers cycles constitutively between the plasma membrane and
the Golgi complex (Nichols et al., 2001). When external signals
during pathogen entry or cell spreading initiate a rapid
remodeling of the plasma membrane, however, internalized

lipid raft domains are recycled from a perinuclear storage
compartment, which is distinct from the Golgi complex, back to
the cell surface (Balasubramanian et al., 2007; Gauthier et al.,

2009).

In this study, we have identified Myo1c as a vital component
of the machinery that regulates this pathway, as demonstrated

after Myo1c knockdown, which induces a dramatic loss of GPI-
anchored proteins and raft membranes from the cell surface and
their accumulation at a perinuclear location. Indeed, whereas
depletion of Myo1c decreases raft levels at the cell surface, its

overexpression increases exocytosis of raft markers. Myo1c
function in this recycling pathway involves RalA, a known
Myo1c-interacting protein (Chen et al., 2007) that regulates the

exocytosis of raft domains from a perinuclear recycling
compartment to the plasma membrane during cell spreading
(Balasubramanian et al., 2010; Gupta et al., 2006). Myo1c and

RalA colocalize at the plasma membrane and along dynamic
membrane tubules that emanate from the perinuclear recycling
compartment and are enriched in GPI-anchored cargo molecules.

Our results therefore strongly suggest that Myo1c facilitates raft-
enriched cargo delivery to the cell surface through a tubular
recycling network.

Fig. 5. Myo1c depletion reduces formation of lipid raft enriched tubules,

but does not affect recycling of transferrin receptor. (A) HeLa cells co-

transfected with GFP–GPI and HA–RalA were treated with siRNA targeting

MYO1C and labeled with antibodies against HA and GFP. (B) HeLa cells

stably expressing GFP–Rab11 were mock- or Myo1c-depleted and stained

with antibodies against GFP and caveolin-1. Scale bars, 10 mm. (C) Control

and Myo1c-depleted cells were pulsed with Tfn–Alexa-Fluor-647 (Tfn-

Alexa647) at 37 C̊ for 30 minutes, then washed and incubated at 37 C̊ in the

presence of excess unlabeled Tfn for indicated times. The amount of Tfn-

Alexa647 remaining in the cell was determined by FACS analysis and

expressed as a percentage of total endocytosed Tfn-Alexa647 at time zero.

Graphs represent the means6s.d. of three independent experiments. ns, not

significant. (D) Cell lysates from mock- and Myo1c-depleted HeLa cells were

blotted and probed with antibodies against transferrin receptor (TfnR), Myo1c

and a-tubulin as a loading control to confirm that mock and knockdown cells

express similar levels of TfR.
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Interestingly, an association of Myo1c with lipid raft

microdomains was first indicated by proteomics studies, which

identified this myosin in purified lipid raft fractions isolated from

B-cells (Gupta et al., 2006; Saeki et al., 2003). Similarly, we and

Arif et al. (Arif et al., 2011) have shown that Myo1c co-

fractionates with lipid raft markers on sucrose gradients after

Triton X-100 extraction. Although so far no cargo adaptor

proteins have been shown to bind to the Myo1c tail region,

phosphoinositides such as Ptd(4,5)InsP2 bind directly to a

putative pleckstrin homology domain in the tail domain

(Hokanson et al., 2006; Hokanson and Ostap, 2006). Therefore,

Myo1c targeting to lipid rafts is likely to involve Ptd(4,5)InsP2,

which is enriched in these lipid microdomains, and possibly also

RalA, which binds to the neck region of this myosin and might

serve as a cargo receptor for this myosin. However, lipid

association of RalA might be very transient because very little

Fig. 6. Myo1c facilitates lipid raft recycling, but is dispensable for lipid raft internalization. (A) Control and Myo1c-depleted cells were loaded with

antibodies against CD55 at 37 C̊ for 2 hours. After acid stripping the cells were incubated at 37 C̊ for indicated times to allow CD55 recycling. The remaining

anti-CD55 antibodies were detected with secondary antibodies conjugated to Alexa Fluor 488, quantified by automated microscopy and are expressed as a

percentage of total endocytosed CD55 antibodies at time zero. Graphs represent the means6s.e.m. of three independent experiments. A total number of .76,000

cells were quantified, with a minimum of 3000 cells per time point. (B) To quantify steady-state levels of intracellular CD55, mock- or Myo1c-depleted cells were

incubated for 2 hours with anti-CD55 antibodies. After acid stripping intracellular anti-CD55 antibodies were detected with Alexa-Fluor-488-conjugated

secondary antibodies and quantified using automated microscopy. Graphs represent the means6s.e.m. for three independent experiments (.18,000 cells). (C) Cell

lysates from mock- and Myo1c-depleted HeLa cells were blotted and probed with antibodies against Myo1c, CD55 and a-tubulin, as a loading control, to confirm

that mock and knockdown cells express similar levels of CD55. (D) Antibodies against CD55 or (E) CD59 were taken up into mock- or Myo1c-depleted HeLa

cells, before fixation and labeling with antibodies against caveolin-1 for immunofluorescence microscopy. (F) Control and Myo1c-knockdown cells were

prelabeled with antibodies against CD55 on ice, then incubated at 37 C̊ for indicated times to allow internalization in the presence of primaquine. Intracellular

anti-CD55 antibodies were stained with fluorescently labeled secondary antibodies. Internalized CD55 antibodies are expressed as a percentage of the total amount

of anti-CD55 antibodies bound to the cell surface before uptake. Graphs represent the means6s.e.m. of three independent experiments. A total number of .90,000

cells were quantified, with a minimum of 3000 cells per time point. ns, not significant.
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RalA partitioned into raft fractions in our flotation assay,

indicating that RalA is not involved in the lipid raft recruitment

of Myo1c.

The key role of Myo1c in the trafficking of lipid raft associated

proteins, as well as the localized delivery of cholesterol and

sphingolipid-enriched membranes, is the regulation of cell

spreading, cell migration, macropinocytosis and Salmonella

invasion. All these processes depend on active plasma

membrane remodeling and expansion and suggest that there is a

synergy between Myo1c and RalA. For example, RalA has

recently been shown to be necessary for exocyst-dependent

membrane delivery for Salmonella uptake by membrane ruffles

(Nichols and Casanova, 2010). We confirmed this observation and

further showed that RalA accumulates at Salmonella invasion sites

and promotes pathogen-induced macropinocytosis. These invasion

ruffles are also enriched in both Myo1c and raft membranes,

indicating that Myo1c is required for bacterial invasion. In this

process, Myo1c might regulate the recycling of membranes to

enable plasma membrane expansion for pathogen uptake and it

might also deliver membrane-raft-associated signaling molecules

to the plasma membrane. Defective raft trafficking has been shown

to lead to the mislocalization of the Rho GTPases Rac1 and Cdc42

and block Salmonella-induced macropinocytosis (Misselwitz et al.,

2011).

So how does Myo1c mediate raft trafficking and where along

the recycling pathway is Myo1c required? In the specialized lipid

raft recycling pathway studied here, activation of Arf6 is believed

to drive exit from the recycling endosome, whereas RalA and the

exocyst complex mediate docking at the plasma membrane

(Balasubramanian et al., 2010; Balasubramanian et al., 2007;

Radhakrishna et al., 1999; Radhakrishna and Donaldson, 1997).

The majority of Myo1c is present at the plasma membrane,

concentrated in actin-rich regions such as filopodia and

membrane ruffles (Bose et al., 2004; Diefenbach et al., 2002;

Ruppert et al., 1995; Wagner et al., 1992; Wagner et al., 2005).

However, in a number of cell types, endogenous Myo1c is also

distributed throughout the cytoplasm in a punctate pattern

(Ruppert et al., 1995; Wagner et al., 1992). We observed that

Myo1c, RalA and the exocyst are present at the plasma

membrane and also on tubular carriers emanating from the

Fig. 7. Myo1c is required for exocytosis of lipid rafts during cell

spreading and depletion of Myo1c impairs cell spreading and

rearranges focal adhesions. (A) HeLa cells, either mock- or Myo1c-

depleted, were detached from the tissue culture dish, held in suspension to

encourage raft internalization before seeding onto fibronectin-coated

coverslips. Their ability to spread after 2 hours was assessed using

Rhodamine–phalloidin as a cell label, which stains F-actin. Scale bars,

20 mm. (B) For quantification of cell spreading, images of randomly

selected fields were taken and the mean area covered by cells was

measured using Volocity Imaging software. A total of 5781 cells from

three independent experiments were analyzed. Values are means6s.e.m.

(C) HeLa cells, either mock- or Myo1c-depleted, or transiently transfected

with the GFP–Myo1cK111R rigor mutant, were labeled with antibodies

against the focal adhesion markers vinculin or paxillin. Scale bars, 20 mm.

(D,E) Mock- and Myo1c-depleted HeLa cells were detached, held in

suspension, reseeded onto fibronectin-coated coverslips and allowed to

spread for 3 hours. Cell surface lipid rafts were labeled with antibodies

against CD59 (D) or CD55 (E) and secondary antibodies conjugated to

Alexa Fluor 555. For quantification of surface rafts, randomly selected

fields were captured and the total fluorescence intensity per cell was

measured using Volocity Imaging software. A total number of 1213 cells

from three independent experiments (D) and 848 cells from three

independent experiments (E) were analyzed. Values are means6s.e.m.
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perinuclear recycling pathway, and that loss of Myo1c causes

the collapse of these recycling carriers into the perinuclear

membrane compartment.

The localization of Myo1c is mirrored by the distribution of

its lipid anchor Ptd(4,5)InsP2, which is found at the plasma

membrane and also in recycling tubules (Brown et al., 2001).

Thus, the dual localization of Myo1c on recycling tubules and at

the plasma membrane suggests possible multiple functions for

this myosin during lipid raft exocytosis. First, it could be

involved in tubule formation or cargo sorting at the recycling

endosome. Cargo is recycled back to the plasma membrane using

at least two distinct recycling pathways, one to transport GPI-

anchored proteins and lipid-raft-associated cargo and a second

separate pathway for recycling of cargo internalized by clathrin-

dependent endocytosis such as the TfnR and the low-density

lipoprotein (LDL) receptor (Grant and Donaldson, 2009). Sorting

is an important process at the perinuclear recycling compartment

and Myo1c could be part of the sorting machinery that clusters or

concentrates lipid-raft-associated cargo by anchoring specific

membrane domains to the surrounding actin cytoskeleton. This

hypothesis is supported by our observation that loss of Myo1c

changes the distribution of GPI-anchored proteins including

CD55 and CD59, but has less effect on trafficking of non-raft

cargoes such as CD98 and MHC-I. In addition, Myo1c could

promote tubule formation in the perinuclear region by anchoring

and pulling the specific membranes along actin filaments to form

tubules, which are then transported towards the plasma

membrane by kinesin motors moving along the microtubule

network. Similar to its function in transport of GLUT4-positive

vesicles in adipocytes (Bose et al., 2002; Bose et al., 2004),

Myo1c could also mediate the final steps during exocytosis

through the cortical actin network beneath the plasma membrane,

where Myo1c might promote the delivery and fusion of lipid-raft-

containing membranes with the plasma membrane.

What type of motor protein is Myo1c and how is it adapted to

carry out these specific cellular functions? In vitro kinetic and

single-molecule optical trap studies have shown that Myo1c is a

slow monomeric myosin that remains attached to actin during

most of its duty (ATPase) cycle, indicating that it is likely to have

an anchoring, membrane stabilizing and tension generating role

rather than a role in rapidly transporting cargo (Batters et al.,

2004a; Batters et al., 2004b). Unlike the other myosins that have

been studied in some detail, such as myosin V, VI and VII, which

have a wide range of tail-binding cargo and/or adaptor proteins,

no such adaptor proteins have been shown to bind to the Myo1c

tail. Instead the Myo1c tail binds specifically to Ptd(4,5)InsP2

through a pleckstrin homology domain site with a b1-loop-b2

motif (Hokanson et al., 2006; Hokanson and Ostap, 2006).

Mutation of two basic residues within this motif abolishes

binding of Myo1c to Ptd(4,5)InsP2 in vitro and binding to the

plasma membrane in vivo (Hokanson et al., 2006; Hokanson and

Ostap, 2006). A number of proteins however including RalA,

calcium-binding protein 1 and phosphoprotein regulator 14-3-3

have been shown to bind to the IQ motifs in the regulatory neck

Fig. 8. Random migration requires Myo1c and RalA. (A) Mock,

Myo1c, RalA and both Myo1c and RalA were depleted through siRNA

treatment in RPE cells, which were then lysed, blotted and probed with

antibodies against Myo1c, RalA and a-tubulin, as a loading control, to

confirm the successful protein knockdown. Single knockdowns of either

Myo1c or RalA led to a near complete protein depletion with undetectable

levels of Myo1c or RalA by western blotting. However, in the double-

knockdown protein depletion was less efficient as shown in the

representative immunoblots. (B) Time-lapse video microscopy was used

to capture the movements of individual control, Myo1c and RalA single-

knockdown and Myo1c and RalA double-knockdown cells on fibronectin-

coated coverslips over 3 hours. Migration tracks of 249 cells from at least

three independent experiments per knockdown were analyzed using

Volocity Imaging software. Individual cell trajectories of one

representative experiment are depicted. (C) Quantification revealed that

loss of Myo1c, RalA or Myo1c in combination with RalA significantly

reduces migration speed and track length. Values are means6s.e.m. ns,

not significant.
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region of Myo1c (Chen et al., 2007; Tang et al., 2002; Tang et al.,

2007; Yip et al., 2008). In the cell, Myo1c might spend most of

its time associated to lipid membranes through its tail domain

while it is bound to actin filaments by its motor domain. In the

exocytic pathway studied here, activated RalA binding to the

regulatory neck region between the motor and tail domains might

act as regulatory ‘switch’ to modulate these interactions.

Therefore, the cellular functions of Myo1c might be controlled

by the binding of its tail to Ptd(4,5)InsP2 clusters, known to

localize at specific sites in membranes and in the presence of

Ca2+ by the binding of RalA to the regulatory neck region. Thus,

Myo1c might facilitate raft trafficking by pulling, anchoring and

stabilizing Ptd(4,5)InsP2-rich membranes on actin filaments,

which enable dynamic events, such as membrane tubulation and

fusion with the plasma membrane, to occur.

Materials and Methods
Plasmid constructs and antibodies

Full-length human MYO1C cDNA (image clone 6144867) was obtained from
Source BioScience, Cambridge, UK, amplified by PCR using oligonucleotides
containing restriction enzyme sites (XhoI and BamHI or SacII, respectively) and
ligated into pEGFPC1 and p_mCherryC1 (Clontech, Mountain View, CA, USA).
The rigor mutant K111R was generated using the QuikChange site-directed
mutagenesis kit (Stratagene). GFP–GPI was engineered by fusing the signal
sequence of CD55 (a gift from Andrew Peden, University of Cambridge,
Cambridge, UK) to the N-terminus of GFP and the GPI anchor of CD55 to the C-
terminus of GFP. RalA was a gift from Channing Der, University of North
Carolina, Chapel Hill, NC (Lim et al., 2006), and was amplified by PCR to add
XhoI and BamHI restriction enzyme sites and the HA-tag sequence and ligated into
pCDNA3.1 (Invitrogen, Paisley, UK). GFP–Rab11 was kindly provided by

Matthew Seaman, University of Cambridge, Cambridge, UK. To generate
constructs for stable expression, inserts were subcloned into pIRESneo2

(Clontech, USA). All constructs were validated by sequencing using Source
BioScience.

The following commercial antibodies were used: rabbit polyclonal antibodies
against GFP (Molecular Probes), Myo1c and actin (Sigma-Aldrich), ezrin

(Abcam), caveolin-1 and calnexin (Santa Cruz Biotechnology), PLAP

(Rockland, USA), ExoC2 (Proteintech, Chicago, IL); mouse monoclonal
antibodies against GFP (Abcam), HA (Covance, Princeton, NJ), CD55 (Santa

Cruz Biotechnology), CD59 (Calbiochem), MHC-I (W6/32; kind gift from Paul
Lehner, University of Cambridge), vinculin and tubulin (Sigma-Aldrich), caveolin-

1, flotillin-1 and -2, GM130, CD98 and RalA (BD Biosciences), TfnR (Zymed);

sheep polyclonal antibodies against TGN46 (Serotech, Toronto, Canada).

Cell culture, transfection and siRNA

HeLaM cells (Tiwari et al., 1987) were grown in RPMI 1640, RPE cells in 50:50
DMEM:F12 Ham medium and A549 cells in DMEM, all containing 10% FCS,

2 mM L-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin in a 5%

humidified atmosphere. Cells were transfected using FuGENE (Roche
Diagnostics) according to the manufacturer’s instructions. To generate stably

expressing cell lines, HeLa cells were transfected with constructs in pIRESneo2
and selected in medium containing 500 mg/ml G418 (Gibco, Paisley, UK).

Expressing cells were enriched by FACS. All siRNA oligonucleotides (ON-

TARGETplus) were obtained from Dharmacon (Cramlington, UK). For efficient
protein depletion cells were transfected twice with siRNA on day 1 and 3 using

OligofectAMINE (Invitrogen). On day 5 cells were processed for corresponding

assays. The efficiency of protein knockdown was assessed by immunoblotting.

Immunoblotting

Cells were lysed in SDS loading buffer (2% SDS, 30% glycerol, 1 M b-
mercaptoethanol, 6 M urea, 0.125 M Tris pH 6.8, 0.01% Bromophenol Blue), and

analyzed by SDS-PAGE followed by immunoblotting with the indicated
antibodies. Blots were developed using the ECL detection reagent (GE

Healthcare).

Fig. 9. Myo1c depletion impairs membrane ruffle formation crucial

for macropinocytosis and Salmonella invasion. (A) To quantify

membrane ruffling, mock- and MYO1C-siRNA-treated A549 cells were

loaded with 70 kDa TMR-coupled dextran and the number of cells

containing dextran-positive structures larger than 0.5 mm in size were

quantified. A representative picture of one cell containing three dextran

macropinosomes (arrowheads) is shown. A total number of 2611 cells

from three independent experiments were analyzed. Values presented

are means6s.e.m. (B) HeLa cells transiently transfected with GFP–

Myo1c, HA–RalA or GFP–GPI were infected with wild-type

Salmonella Typhimurium labeled with Alexa555 conjugated

succinimidyl-esters and stained with antibodies against GFP, HA and

endogenous ExoC2. The merged images (bottom panel) show bacteria

in red. The inserts are enlarged, single colour representations of the

white boxes. Bars, 10 mm (C) Mock, Myo1c and RalA siRNA treated

HeLa cells were infected with Salmonella enterica serovar

Typhimurium for 1 hour. After a gentamicin protection assay to kill

extracellular bacteria, invasion was quantified by spreading cell lysates

onto LB agar for counting of bacterial colony forming units. Invasion

efficiency is presented as a percentage normalized to mock depleted

cells. Values are means6s.e.m. for four independent experiments, each

performed in triplicate. ns, non-significant.
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Flotation assay

To label surface lipid rafts, cells were cooled and incubated with 4 mg/ml CTB–
HRP conjugate (Sigma-Aldrich) on ice for 1 hour. Cells were washed and lysed in
cold TNE buffer (20 mM Tris-HCl pH 8.5, 150 mM NaCl, 5 mM EDTA)
containing 1% Triton X-100 (Pierce, Cramlington, UK) and CompleteTM protease
inhibitor cocktail (Roche Diagnostics). Samples were homogenized using a
Dounce homogenizer and brought to 40% sucrose and over-layered with a
decreasing step sucrose gradient (35–5%), followed by centrifugation at 42,000
rpm, 4 C̊, 18 hours in a SW 40Ti swinging bucket rotor (Beckman). 10 fractions
were harvested from the top of the gradient and aliquots run on an SDS-PAGE and
either Coomassie stained or analyzed by immunoblotting. For dot-blot analysis two
microliters of each fraction were directly spotted onto a nitrocellulose membrane,
before development using the ECL detection reagent.

Immunofluorescence

Cells grown on coverslips were fixed with 4% PFA (or ice-cold methanol for
flotillin labeling), permeabilized with 0.2% Triton X-100 and quenched with 10
mM glycine. Fixed cells were blocked with 1% BSA in PBS and processed for
indirect immunofluorescence using primary antibodies (as specified in the figure
legends) followed by secondary antibodies coupled to Alexa Fluor 488 or Alexa
Fluor 568 (Molecular Probes). F-actin was visualized using Rhodamine-coupled
phalloidin (Sigma-Aldrich). Surface lipid rafts were labeled using CTB–Alexa-
Fluor-555 conjugate and cell nuclei were stained with DAPI (both Invitrogen).
TfnR was visualized using human Tfn conjugated to Alexa Fluor 555 (Molecular
Probes). Images were obtained at a magnification of 636 using a Zeiss LSM510
META confocal microscope, a Zeiss LSM710 confocal microscope or a Zeiss
Axioplan epifluorescence microscope (Zeiss, Jena, Germany), equipped with a
Hamamatsu Orca R2 camera (Hamamatsu Photonics, Shizuoka, Japan). Data
obtained were analyzed using Volocity 5.2 software (PerkinElmer). For the
macropinocytosis assay, cells plated at low density on coverslips were serum
starved for 6 hours before incubating for 30 minutes with 0.5 mg/ml of 70 kDa
TMR-coupled lysine-fixable dextran (Molecular Probes) in the presence of 20 ng/
ml EGF. To quantify cell spreading, cells were detached using enzyme free cell
dissociation buffer (Gibco), seeded onto fibronectin-coated (20 mg/ml) coverslips,
allowed to spread for 2 hours before fixation and actin labeling. For semi-
automated quantification, randomly selected fields were captured on an
Improvision Open Lab deconvolusion microscope. The mean area covered by
cells was measured using the Volocity 5.2 Imaging Software (PerkinElmer). To
quantify cell surface lipid raft levels, cells were processed as for the spreading
assay, but allowed to spread for 3 hours. After fixation surface rafts were labeled
with antibodies against CD55 or CD59 and Alexa-Fluor-555-coupled secondary
antibodies. Randomly selected fields were captured and Volocity Imaging
Software was used to calculate the total CD55 or CD59 surface fluorescence per
cell.

Spinning disc live-cell microscopy

Cells were grown on coverslips and imaged at 37 C̊ in CO2-independent medium
(Invitrogen). Images were obtained on a Zeiss Cell Observer SD microscope
(Zeiss, Jena, Germany) using a 1006 lens and acquired with a Hamamatsu EM-
CCD Digital Camera (Hamamatsu Photonics, Shizuoka, Japan) and AxioVision
imaging software, version 4.8 (Zeiss).

Lipid raft internalization and recycling assay

For the internalization assay antibodies against CD55 were bound on ice to cell
surface receptors. Cells were then incubated at 37 C̊ for indicated times to allow
internalization in the presence of 300 mM primaquine (Sigma-Aldrich) to inhibit
recycling. Cell-surface-bound antibodies were removed by acid stripping for
4 minutes in 0.5 M NaCl and 0.2 M acetic acid, before fixation and
permeabilization for immunofluorescence as described above. Internalized anti-
CD55 antibodies were detected with secondary antibodies conjugated to Alexa
Fluor 488 and cell nuclei were stained using DAPI.

For the raft recycling assay, cells were incubated for 2 hours at 37 C̊ in with
antibodies against CD55. Antibodies were removed from the cell surface by acid
wash, before incubation at 37 C̊ for indicated times to allow CD55 recycling. After
a second acid strip to remove recycled antibodies from the cell surface, cells were
processed for immunofluorescence as described above to detect intracellular
CD55.

For the internalization and recycling assays the levels of CD55 were quantified
using a fully automated ArrayScan VTi High Content Screening Microscope
(Cellomics, Pennsylvania, USA) and imaging software (TargetActivation4
algorithm). The fluorescent signal was normalized to cell numbers using the
DAPI stain. A minimum of 3000 cells was analyzed per single timepoint and per
condition. Graphs represent three individual knockdown experiments.

FACS-based transferrin recycling assay

Transferrin recycling assays were performed as described previously (Peden et al.,
2004). Cells were incubated with Tfn–Alexa-Fluor-647 for 30 minutes at 37 C̊,

washed and incubated at 37 C̊ with 100 mg/ml unlabeled transferrin (Sigma-

Aldrich) for various time points before fixation. Levels of cell-associated Tfn–

Alexa-Fluor-647 were determined by FACS analysis using a BD FACS Calibur

flow cytometer using CellQuest software (BD Pharmingen). Flow cytometry data

was analyzed with FlowJo 8.4 Software.

FACS-based cell surface raft quantification

Cells were detached using enzyme-free cell dissociation buffer (Gibco) and held in

suspension before cooling them. Surface rafts of suspended cells were labeled with
CTB–Alexa-Fluor-647 (Molecular Probes) on ice for 60 minutes. Then cells were

washed and fixed for FACS analysis.

Migration assay

To assess random migration, cells were labeled with 10 mM of Cell Tracker

CMRA (Invitrogen) for 30 minutes according to the manufacturer’s instructions.

Labeled cells were detached using enzyme-free cell dissociation buffer (Gibco),

plated onto fibronectin-coated coverslips and left for 2 hours to adhere completely

before time-lapse video analysis. Cells were visualized on an Improvison OpenLab

deconvolusion microscope (magnification 206) in a heated environmental

chamber (37 C̊, 5% CO2) using a Hamamatsu Orca ER camera (Hamamatsu

Photonics, Shizuoka, Japan). Images of cells were taken at 2-minute intervals over
3 hours. Migration tracks were analyzed using the Volocity 5.2 Imaging Software

(PerkinElmer).

Salmonella invasion

Wild-type Salmonella enterica serovar Typhimurium SL1344 were grown in LB

broth for 16 hours at 37 C̊. Bacteria were then subcultured and grown till they

reached an OD600 of 2. For immunofluorescence, bacteria were labeled with

Alexa-Fluor-555-conjugated succinimidyl esters (Invitrogen) according to the

manufacturer’s instructions. The inoculum was diluted in RPMI medium

supplemented with 2 mM L-glutamine and added to serum-starved cells at a

multiplicity of infection (MOI) of 5. For the invasion assay cells were washed after

1 hour of infection and the medium replaced with RPMI containing 20 mg/ml

gentamicin to kill extracellular bacteria for 1 hour. Cells were then lysed in PBS
containing 0.5% Triton X-100 and 10 mM Tris-HCl pH 7.4. Bacterial dilutions

were made in PBS and plated onto LB- agar plates for quantification of bacterial

colony forming units. Experiments were performed in triplicates.

Statistical significance

Comparisons between two data points were made using Student’s t-test, between

three or more data points using ANOVA combined with post-hoc Bonferroni’s

multiple comparison test (GraphPad Prism 5.01).
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Fig. S1: Single siRNA oligos targeting Myo1c cause redistribution of lipid 
rafts and focal adhesions. (A) HeLa cells were either mock transfected, 
transfected with single siRNA oligos specific to Myo1c or with a siRNA smart 
pool, which combines all four oligos. Cell lysates were blotted and probed 
with antibodies to Myo1c and α-tubulin as a loading control to confirm the 
successful Myo1c depletion. (B) Mock and Myo1c depleted cells using single 
oligos were labeled with antibodies to flotillin2, caveolin1 or vinculin. Bars, 
10μm
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Fig. S2: Depletion of Myo1c redistributes CD59, but does not affect CD98 or MHC-
class I localization. (A) HeLa cells were mock treated or treated with siRNA specific to 
Myo1c and stained with antibodies to caveolin1 and lipid raft marker CD59 for immuno-
fluorescence microscopy. (B, C) Mock and Myo1c knockdown cells were incubated in the 
presence of antibodies to MHC-I (B) or CD98 (C) for 1 hour at 37°C, then fixed and 
labelled with anti-caveolin1 antibodies for immunofluorescence microscopy. Bars, 10μm
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Fig. S3: Depletion of Myo1c redistributes lipid raft markers 
flotillin1 and 2. (A) HeLa cells were mock treated or treated with siRNA 
specific to Myo1c and stained with antibodies to caveolin1 and flotillin2 for 
immunofluorescence microscopy. (B) Mock or Myo1c depleted HeLa cells 
were labeled with antibodies to flotillin1 and the late endosomes/lysosome 
marker LAMP1 for confocal microscopy. Cell nuclei are shown in blue in 
the merged images. (C) HeLa cells transiently transfected with the dominant 
negative GFP-Myo1cK111R rigor mutant were labeled with antibodies to 
GFP and flotillin2. Bars, 10μm
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Fig. S4: Depletion of Myo1c causes accumulation of lipid rafts in the peri-
nuclear position, which is distinct from the Golgi complex. (A) Myo1c depleted 
HeLa cells were labelled with anti-CD55 and anti-caveolin1 antibodies and 
z-stacks were captured using confocal microscopy. Images represent individual 
optical z-slices (0.33μm thickness). (B, C) Mock and Myo1c siRNA treated HeLa 
cells were stained with antibodies to caveolin1 and the Golgi marker GM130 (B) or 
CD55 and the trans Golgi protein TGN46 (C) for confocal microscopy. Images 
represent a confocal z projection of the whole cell. Bars, 10μm
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Fig. S5: Depletion of Myo1c does not change 
the distribution of the transferrin receptor or 
Rab11. (A) To detect the TfnR along the 
endocytic/recycling pathway mock or Myo1c 
depleted HeLa cells were incubated with Tfn-
Alexa555 for 1 hour at 37°C, then fixed and 
labeled with caveolin1 antibodies for confocal 
microscopy. (B) Control and Myo1c knockdown 
HeLa cells stably expressing GFP-Rab11 were 
incubated with Tfn-Alexa555 for 1 hour at 37°C, 
fixed and imaged using a confocal microscope. 
(C, D) To visualize the distribution of lipid rafts 
in mock and Myo1c siRNA treated HeLa cells 
stably expressing GFP-Rab11, cells were incu-
bated in the continuous presence of antibodies to 
CD55 (C) or CD59 (D) for 1 hour at 37°C, then 
processed for confocal microscopy. All images 
represent a confocal z projection of whole cells. 
Bars, 10μm
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