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Abstract: Filopodia are dynamic membrane protrusions driven by polymerization of
an actin filament core, mediated by formin molecules at the filopodia tips. Filopodia
can adhere to the extracellular matrix and experience both external and cell generated
pulling forces. The role of such forces in filopodia adhesion is however insufficiently
understood. Here, we induced sustained growth of filopodia by applying pulling force
to their tips via attached fibronectin-coated beads trapped by optical tweezers.
Strikingly, pharmacological inhibition or knockdown of myosin IIA, which localized
to the base of filopodia, resulted in weakening of filopodia adherence strength.
Inhibition of formins, which caused detachment of actin filaments from formin
molecules, produced similar effect. Thus, myosin IIA-generated centripetal force
transmitted to the filopodia tips through interactions between formins and actin
filaments is required for filopodia adhesion. Force-dependent adhesion led to
preferential attachment of filopodia to rigid versus fluid substrates, which may

underlie cell orientation and polarization.

Filopodia are ubiquitous cell extensions involved in cell motility, exploration of the
microenvironment and adhesion "%, These finger-like membrane protrusions help
cells to determine the direction of movement °, establish contacts with other cells *°
and capture inert particles or living objects (bacteria), which cells subsequently engulf
%9 Filopodia are involved in numerous processes of embryonic development, as well
as in cell migration in adult organisms. Moreover, augmented filopodia activity is a

hallmark of tumor cells, which use them in the processes of invasion and metastasis .

The main element of filopodia is the actin core, which consists of parallel actin

filaments with barbed ends oriented towards the tip, and pointed ends toward the cell
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body "> '°. Actin filaments are connected to each other by several types of

11-14

crosslinking proteins . The filopodia grow via actin polymerization at the tip, in a

process driven by formin family proteins such as mDia2 ">"'", FMNL2 & 3 '*%, as

15,21,22

well as by actin elongation protein Ena/VASP . In addition to proteins that

crosslink and polymerize actin, filopodia also contain actin based molecular motors,
such as myosin X localized to the tip of the filopodia. Although the function of
myosin X is unclear, it is known to be required for filopodia growth, and its

. . . 23,24
overexpression promotes filopodia formation = .

Adhesion of the filopodia to the extracellular matrix (ECM) is mediated by the

226 which are localized to the tip area. One

integrin family of receptors (e.g. af3)
possible function of myosin X is the delivery of integrins to this location *. In
addition to integrins, filopodia tips have been shown to contain other proteins
involved in integrin mediated adhesion, such as talin and RIAM *’. Several studies
suggest that typical cell matrix adhesions, known as focal adhesions, could in some

28,29

cases originate from filopodia . Thus, filopodia could be considered primary

minimal cell matrix adhesion structures.

The hallmark of integrin mediated adhesions of focal adhesion type is their

3932 They grow in response to pulling forces applied to them,

mechanosensitivity
either by the actomyosin cytoskeleton, or exogenously by micromanipulations and
may play a role in matrix rigidity sensing. Indeed, correlation between focal adhesion

d . Filopodia also may participate in

size and matrix rigidity is well documente
matrix rigidity sensing. For example, it was demonstrated that cell durotaxis, a

preferential cell movement along a gradient of substrate rigidity is mediated by
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filopodia *°. However, force dependence of filopodia adhesion has not yet been

explored.

In the present study, we monitored filopodia adhesion and growth under conditions of
pulling with a constant rate. We have demonstrated that adhesion of filopodia to the
ECM strongly depends on myosin II activity and found myosin II filaments localized
to the base of filopodium. Moreover, formin family protein activity at the filopodia
tips is also required for filopodia adhesions, most probably through a role in the
transmission of force through the actin core, from the filopodium base to the
filopodium tip. Thus, filopodia are elementary units demonstrating adhesion

dependent mechanosensitivity.

RESULTS

Dynamics of filopodia induced by expression of myosin X in HeLa-JW cells
Transfection of HeLa-JW cells with either GFP-myosin X or mApple-myosin X
resulted in a strong enhancement of filopodia formation in agreement with previous
studies *’. During filopodia movement, myosin X was concentrated at the filopodia
tips, forming characteristic patches sometimes also called “puncta” or “comet tails”
(fig. S1A, movie S1). Here, we focused on filopodia originating from stable cell edges
and extending along the fibronectin-coated substrate. These filopodia demonstrated
apparent dynamic instability, where periods of persistent growth, with an average
velocity of 67 £ 6 nm/s (mean £ SEM, n = 89), were interrupted by pauses and
periods of shrinking with an average velocity of 28 = 3 nm/s (mean + SEM, n = 100).

This behavior is consistent with previously published results **. In addition to myosin
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X, the filopodia tips were also enriched in several other proteins such as mDia2,

VASP and talin (fig. S1B).

To observe the dynamics of filopodia adhesion and protrusion under controlled
experimental conditions, we monitored the growth of filopodia that were adhered to
fibronectin-coated beads trapped by optical tweezers. First, 2um diameter fibronectin-
coated polystyrene beads were placed onto filopodia tips by the optical tweezers.
After 20-30 s, which is required for the initial attachment of the bead to the
filopodium, the movement of microscope piezo stage, in the direction from the tip to
base of filopodium, was initiated (Fig. 1, movie S2). The force exerted by filopodium
on the bead was monitored by measuring the bead displacement from the center of the
trap (Ax). In order to preserve the structural integrity of the filopodia, the velocity of
the stage movement was set to approximately 10-20nm/s, which is slower than the
average velocity of spontaneous filopodia growth. With this setup we observed
sustained filopodia growth for more than 10 mins, during which time the tdTomato-
Ftractin labelled actin core remained intact (Fig. 1B). Pulling-induced filopodia
growth depended on integrin mediated adhesion of filopodia tips to fibronectin-coated
beads. When the beads were coated with concanavalin A instead of fibronectin,
application of force usually resulted in the formation of membrane tethers, rather than

growth of the filopodia (movie S3).

During the first 3 mins after stage movement commenced, the exerted force
approached the maximal value of 3-5 pN. However, it then dropped to the 1.5-2pN
range, and remained at this level for a further 1-3 mins, after which it rapidly

increased again (Fig. 1C). In a typical experiment, we detected ~ 5 such peaks with a
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mean peak force value of 3pN alternating with the 1-3 min periods of lower force

(1.5-2pN).

Immediately after attachment of the bead to the filopodium tip, the myosin X patch,
or a significant portion that pinched off the main myosin X mass, started to move
centripetally with an approximate velocity of 31 £ 5 nm/s (mean + SEM, n = 42) (fig.
S2A). Experiments where myosin X and VASP were co-expressed revealed that the
retrograde movement of myosin X patches colocalized with the patches of VASP (fig.
S1B middle & fig. S6). However myosin X did not entirely disappear from the
filopodium tip and the original amount was fully restored after several minutes (Fig.
1C, kymograph), even though detachment and subsequent centripetal movement of
myosin X portions from the filopodium tip were occasionally observed throughout the

entire period of force-induced filopodium growth (movie S2).

Effects of myosin II inhibition

Expression of GFP labeled myosin light chain in HeLa-JW cells showed that myosin
IT does not localize to the filopodia tips or shafts, but is often located at the proximal
ends of the filopodia (Fig. 2A). Structure illumination microscopy (SIM) revealed few
myosin II mini-filaments either side of the filopodium base. We further studied how
the presence and activity of myosin II affects unconstrained and force-induced

filopodia growth.

The function of myosin II was suppressed in three separate experiments; through the
inhibition of ROCK by Y27632, by siRNA mediated knockdown of myosin IIA

heavy chain (MYH9), and through the inhibition of myosin IT ATPase activity by
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light-insensitive S-nitro-blebbistatin. Inhibition of ROCK blocks myosin II regulatory
light chain (RLC) phosphorylation, which interferes with myosin II filament assembly
3942 As a result, cells treated with Y27632 essentially lose their myosin II filaments
(Fig. 2B, movie S4). siRNA knockdown of MYH9 also resulted in a loss of most of
the myosin II filaments (fig. S3). Inhibition of myosin II ATPase activity by S-nitro-
blebbistatin did not disrupt myosin II filaments **, although this treatment did result in
profound changes to the organization of the actomyosin cytoskeleton, including a loss
of stress fibers. Myosin IIA knockdown or myosin II inhibition resulted in
disappearance of long (>10um) filopodia, but changed the average filopodia length
only slightly (Fig. 2C). Myosin X positive comet tails persisted at the tips of filopodia

in the treated cells (Fig. 2B).

Despite the morphological integrity of filopodia being preserved in myosin II
inhibited or depleted cells, adhesion of filopodia to the ECM was significantly
impaired. While in control cells application of pulling force via fibronectin-coated
bead induced sustained growth of attached filopodia accompanied by the development
of up to ~ 5 pN force, in the cells with impaired myosin II activity the filopodia
detached earlier, after developing rather small forces (Fig. 3B-C, E, movie S5B-C).
This suggests the filopodia are unable to establish a proper adhesion contact in the
absence of active myosin II. We also examined the immediate effect of Y27632
during the force-induced sustained growth of filopodia. After the drug was added,

filopodia detached from the bead (fig. S4, movie S6).

Interaction between actin filaments and formins is required for filopodia

adhesion and myosin X localization
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In myosin X-induced filopodia, the formin mDia2 is localized to the filopodia tip, and
overlaps with myosin X patches (fig. SIB). Small molecular inhibitor of formin
homology domain 2 (SMIFH2) * was used to investigate the role of formins in
attachment of filopodia to fibronectin-coated beads. We found that in SMIFH2
(40uM, lhour) treated cells, adhesion of filopodia to the beads was impaired in a
similar way to the adhesion of filopodia in myosin II inhibited/depleted cells. The
duration of contact between the filopodia and the bead was significantly shorter, and
the maximal force exerted by filopodia to the bead was significantly weaker than in

control cells (Fig. 3D-E, movie S5D).

While the number of filopodia in cells treated with SMIFH2 remained the same as in
control cells and their mean length decreased only slightly (Figs. 3D and 4A, fig. S5),
practically none of these filopodia had myosin X comet tails at their tips (Fig. 3D and
fig. S5) despite originally being induced by over-expression of myosin X. We found
that SMIFH2 induced rapid disintegration of the comet tails into myosin X patches,
which rapidly moved centripetally towards the cell body (Fig. 4B, movie S7).
Although such movement was occasionally observed in control cells (see above and
fig. S2A), it was much more prominent in cells treated with SMIFH2 (fig. S2B), and
led to the apparent disappearance of myosin X from the filopodia tips. Of note, the
movement of myosin X patches in SMIFH2 treated cells occurred together with the
movement of its partner VASP **, another protein associated with barbed ends of

actin filaments (fig. S6).

The velocity of retrograde movement of myosin X patches in filopodia of cells treated

with SMIFH2 was 84 + 22 nm/s (mean + SEM, n = 45) (fig. S2B). This is higher than
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the estimated velocity of actin treadmilling in filopodia, which is reported to be 10-
20nm/s *’. We therefore hypothesized that such movement results from the
detachment of myosin X-bearing actin filaments from the filopodia tips. Once free,
their subsequent retrograde movement is driven by myosin II located at the bases of
the filopodia. Indeed, incubation of SMIFH2 treated cells with Y27632 efficiently
stopped the retrograde movement of the myosin X positive patches (Fig. 4C, movies

S8A-C).

To prove that SMIFH2 treatment can detach actin filaments from formin located at
the filopodia tip, we performed in vitro experiments where the actin filaments were
growing from immobilized formin mDial construct (FHIFH2DAD) in the absence or
presence of SMIFH2. Following treatment with 100uM SMIFH2, a rapid decrease in
the fraction of filaments remaining associated with immobilized formin under
conditions of mild shear flow (“survival fraction”) was observed (fig. S7). Thus,
SMIFH2 treatment disrupted physical contacts between formin molecules and actin
filaments. Therefore, SMIFH2-induced rapid centripetal movement of myosin X is
driven by myosin II mediated pulling of actin filaments detached from the filopodia

tips.

Effect of myosin II and formin inhibition on the growth of unconstrained
filopodia

In addition to the studies of filopodia growing in response to pulling forces, we
examined the effects of myosin II and formin inhibition on the dynamics of free,
unconstrained filopodia (Fig. 5 inset). We found that knockdown of myosin IIA and

cell treatment with Y27632 or S-nitro-blebbistatin efficiently blocked growth and
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retraction of unconstrained filopodia, resulting in suppression of filopodia dynamics.
In untreated myosin X expressing cells, the fraction of filopodia in the “pause” state
(with the growth rate between -15 and +15nm/s) was 13% (n = 194). At the same
time, fractions of the “pausing” filopodia were 90% (n =41), 80% (n = 83) and 55%
(n =42) for myosin IIA knockdown, S-nitro-blebbistatin-treated and Y27632-treated
cells, respectively (Fig. 5). Similarly, the fraction of “pausing” filopodia in cells

treated with the formin inhibitor SMIFH2 was 75% (n = 44) (Fig. 5B).

DISCUSSION

In this study, we have shown that filopodia adhesion to the ECM is a force dependent
process. This conclusion is based on experiments in which sustained growth of
filopodia was maintained by the application of pulling force at the interface between a
fibronectin-coated bead, and the tip of a filopodia. With this setup, inhibition of
myosin II filament formation or myosin II ATPase activity resulted in suppression of
filopodia adhesion to fibronectin-coated bead. Our experiments were performed on
filopodia induced by over-expressing myosin X and, therefore, our conclusions are,
strictly speaking, only valid for this class of filopodia. However, myosin X has been
shown to be a universal component of filopodia **, so employment of such an

experimental system does not restrict the generality of our finding.

Since myosin II is located at the bases of filopodia (Fig. 2A-B), a question requiring
clarification is how the pulling force is transmitted to the tips of the filopodia
involved in adhesion. Our data are consistent with the idea that filaments of the actin
core transmit the force generated through their interaction with myosin II to the

filopodium tip. We have shown that formin inhibition by SMIFH2 suppresses

10
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filopodia adhesion to the beads in the same manner as inhibition of myosin II.
Moreover, we demonstrated that SMIFH2 treatment led to a rapid, myosin II-
dependent, movement of actin filament associated proteins, myosin X and VASP,
from the filopodia tip towards the cell body. We interpret such movements as
evidence of actin filament detachment from formins at the filopodia tips in the cells
treated with SMIFH2. Indeed, in vitro experiments demonstrated that addition of
SMIFH2 to actin filaments growing from the immobilized formin under a condition
of moderate flow results in the detachment of actin filaments from the formin
molecules. Together, these experiments suggest that myosin II inhibition, or the
inhibition of the formin-mediated association between actin filaments and the
filopodia tips, makes filopodia unable to form stable adhesions with fibronectin-

coated beads. This in turn prevents them from growing upon force application.

To check whether adhesion and growth of filopodia require the pulling force, we
compared behavior of unconstrained filopodia on rigid substrate with that on fluid
supported lipid bilayer (SLB) where the traction forces cannot develop **. To this end,
we created a composite substrate on which rigid surface was covered by orderly
patterned small islands (D = 3um) of SLB. Both rigid and fluid areas were coated
with integrin ligand RGD peptide with the same density (fig. S8). We found that
dynamics of filopodia extended over rigid regions of this substrate was similar to that
of filopodia growing on rigid fibronectin-coated substrate used in previous
experiments. At the same time, filopodia that encountered the SLB islands could not
attach properly and as a result spent over such substrate significantly shorter time than
over rigid area of the same geometry (Fig. 6A, B). Accordingly, the average density

of filopodia tips remaining inside the SLB islands during period of observation (>

11
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10min) was lower than that on the rigid substrate (Fig. 6C). Thus, not only inhibition
of myosin II or formin, but also micro-environmental conditions under which

filopodia tips do not develop traction force, prevent proper adhesion of filopodia.

In the present study, we have demonstrated that adhesion of filopodia tips depends on
myosin II filament formation and activity. We found few individual myosin II
filaments at the base of many filopodia. The force generated by one bipolar myosin
ITA filament (consisting of about 30 individual myosin molecules *°, 15 at each side)
can be estimated based on the stall force for individual myosin IIA molecule (3.4pN
according *") and duty ratio (5-11% according **) as 2.6-5.6pN. This value is
consistent with pulling forces generated by filopodium as measured in our
experiments. The myosin II-driven force is transmitted to the filopodium tip via actin
core associated with formin molecules at the tip. Such force appears to be sufficient to
overcome the actin filament crosslinking inside the core, which can explain the fast
retrograde translocation of some of core filaments (together with associated myosin X
and VASP) upon treatment with formin inhibitor that detaches the actin filaments

from formin.

Force-dependent growth of filopodia is an integrin-dependent process and was not
observed in experiments with integrin-independent adhesion of filopodia to beads
coated by concanavalin A. A major link between integrin and actin filaments, talin,
has been detected at the filopodia tips in this and other publications *’. It was
established that force-driven unfolding of talin facilitates interaction of talin with
another adhesion complex component, vinculin, resulting in reinforcement of the

association between talin and actin filaments *~'. Applicability of this mechanism to

12
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filopodia adhesion reinforcement requires additional studies. While vinculin was
detected in some filopodia **, a RIAM protein that compete with vinculin for talin-
binding in a force-dependent manner *”>* may also be involved. RIAM binds
Ena/VASP and profilin ** and could recruit these actin polymerization-promoting

proteins to the filopodia tips.

Another mechanism of myosin II-dependence of filopodia adhesion and growth might
involve formin-driven actin polymerization known to be a major factor in filopodia

15-20

extension . Recent studies demonstrate that formin-driven actin polymerization

can be enhanced by pulling forces >

. Thus, myosin II-generated force transmitted
via actin core to formins at the filopodium tip can stimulate actin polymerization,
promoting filopodia growth. Polymerization of actin could also be important for

recruitment of new adhesion components to the filopodia tips and adhesion

reinforcement >°.

Filopodia adhesion is tightly associated with filopodia growth and shrinking. In our
experiments, inhibition of myosin II and formins not only suppressed filopodia
adhesion but also resulted in reduction of motility of filopodia along the substrate.
During pulling-induced growth of bead-attached filopodia, periods of filopodia
elongation alternate with periods of growth cessation accompanied by increase of the
pulling force. Thus, force developed during growth cessation may trigger the
subsequent filopodia growth. Similarly, the growth of unconstrained filopodia along
rigid substrate can proceed via periods of attachment, development of force, and
consequent filopodia elongation **. Inhibition of force generation or transmission

suppresses such dynamics.

13
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Our finding that filopodia adhesion and growth is force-dependent explains how
filopodia could respond differently to substrates of varying stiffness. On a stiff
substrate, the force generated by myosin II and applied to the adhesion complex will
develop faster than on a compliant substrate °°. Accordingly, filopodia adhesion
should be more efficient on stiff substrates than on compliant substrates. Moreover,
integrin ligands associated with a substrate, which does not allow the development of
pulling force, cannot fully support filopodia adhesion and growth. Indeed, we showed
that the contacts of filopodia with RGD ligands associated with fluid membrane
bilayer were shorter and less stable than with the areas of rigid substrate covered with
RGD of the same density. These considerations can explain involvement of filopodia
in the phenomenon of durotaxis *°, a preferential cell movement towards stiffer

substrates °'. This may provide a mechanism to rectify directional cell migration.

Orientation based on filopodia adhesion is characteristic for several cell types, in
particular for nerve cells. The growth cones of most neurites produce numerous
filopodia, and the adhesion of these filopodia can determine the direction of neurite

h > % Interestingly, the filopodial-mediated traction force in growth cones is

growt
myosin II-dependent ** and application of external force can regulate the direction of
growth cone advance ®. The results from these experiments can now be explained by
preferential adhesion/growth of filopodia, which experience larger force. The
mechanosensitivity of filopodia adhesion provides a mechanism of cell orientation
that complements that mediated by focal adhesions. Focal adhesions are formed by

cells attached to rigid two-dimensional substrates, whereas filopodia adhesion can be

formed by cells embedded in three-dimensional fibrillar ECM network. Thus, further

14
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investigation of filopodia mechanosensitivity could shed a new light on a variety of

processes related to tissue morphogenesis.
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Fig. 1. Dynamics of pulling-induced filopodia growth

(A) Experimental setup used to observe force-induced filopodia growth. Optical
tweezers was used to trap fibronectin-coated microbeads attached to filopodia tips.
(B) Images of a typical cell expressing GFP-myosin X and tdTomato-Ftractin with an
attached bead, taken immediately after starting of stage movement (top) and in the
course of sustained growth (bottom). Note that both myosin X and actin remain at the
filopodium tip during growth. (C) Top panel: A kymograph showing the dynamics of
myosin X and actin in the filopodium shown in (B). Middle panel: Filopodium growth
in relation to the coordinate system of the microscope stage. The origin of the
coordinate system corresponds to the bead position in the center of the laser trap at the
initial time point. The coordinate of the bead is changing due to the uniform
movement of the stage, and fluctuations of the bead position inside the trap. Lower
panel: Forces experienced by the bead. Note the discrete peak force values correspond
to the moments of filopodia growth cessation (seen in the middle panel) as marked
with dotted lines. Inset: The distribution of peak force values, based on the pooled
measurements of 21 peaks from 8 beads in 6 independent experiments. Scale bar,

Sum.
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Fig. 2. Myosin II filaments at the base of filopodia

(A) Structured illumination microscopy (SIM) visualization of myosin II (RLC-GFP,
green) and mApple-myosin X (red). Note myosin X at the filopodium tip and 2
bipolar myosin II filaments at the filopodium base (boxed area). Myosin II filaments
are seen as doublets of fluorescent spots, which correspond to the myosin II heads
(arrows in the inset). (B) Myosin II filaments gradually disappear following cell
treatment with Y27632 (30uM). Images of the same filopodium, taken at different
times, following inhibitor addition are shown. Filopodia contours in (A) and (B) are
marked by dashed lines. (C) Distributions and average lengths of free filopodia (those
not attached to beads) in control cells, and cells with myosin II function impaired by
different treatments. Symbols correspond to individual filopodia. The mean values are
indicated by thick horizontal red lines; the error bars correspond to SDs. The mean
lengths of control GFP-myosin X induced filopodia, and filopodia from myosin II
siRNA, S-nitro-blebbistatin (20uM, lhour), and Y27632 (30uM, 1 hour) treated cells,
were (mean+=SEM) 4.6+0.1um (n = 922, 38 cells), 3.8+0.2um (n = 160, 18 cells),
4.5£0.1um (n = 299, 24 cells), 4.4£0.1um (n = 656, 27 cells), respectively. Scale bars,

2um.
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Fig. 3. Inhibition of myosin II or formin reduces filopodia adhesion

(A) Filopodium growth upon application of pulling force. The deflection of the bead
from its initial position at the center of the laser trap (dashed line) is proportional to
the forces exerted by the filopodium (see Fig. 1). At 16:50 min the filopodium
retracted and pulled the bead out of the trap. (B-D) Filopodia in cells with suppressed
myosin II activity cannot maintain sustained adhesion to the bead and do not produce
forces sufficient for noticeable bead deflection during the stage movement. Cells
treated with 20uM of S-nitro-blebbistatin for 10-20 min (B), transfected with myosin
ITA siRNA (C), or treated for 1 hour with 40uM of the formin inhibitor SMIFH2 (D)
are shown. Yellow arrows indicate the filopodia detachment from the beads. GFP-
myosin X (green) and tdTomato-Ftractin (red) are labeled. Scale bars, 2pum. (E) Peak
values of the forces exerted by filopodia on the beads during the stage movement in
control cells (no treatment) and in cells transfected with myosin ITA siRNA, or treated
with S-nitro-blebbistatin, Y27632 (30uM, 10-20 min), or SMIFH2. Mean values
(horizontal lines) and SEMs (error bars) are indicated. The mean+SEM of the
maximal forces exerted by control filopodia (5.1+£0.4pN, n = 13) was significantly
higher than those in myosin IIA knockdown, as well as S-nitro-blebbistatin-, Y27632-
, and SMIFH2-treated cells (1.2+0.3, n=16; 1.0£0.2, n = 15; 0.4+0.2, n = 22; and

1.5+0.6pN, n = 14, respectively) (p<0.0001 for control vs all treatment cases).
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Fig. 4. Effect of formin inhibition on filopodia growth and centripetal movement of

myosin X patches

(A) The length of unconstrained filopodia in control cells expressing GFP-myosin X
4.1£0.1pum (n = 1710 in 34 cells) (mean+=SEM) exceeded that of SMIFH?2 treated cells
3.2+0.1pm (n = 1645 in 31 cells), while the numbers of filopodia per micron of cell
boundary did not differ significantly: 0.36+0.01 (n = 34 cells) and 0.39+0.02 (n =31
cells) (mean+=SEM). (B) Upper panel: disintegration of the myosin X comet tail
following a 2 hours exposure to 20uM SMIFH2, numerous myosin X patches are seen
in the filopodia shaft. Lower panel: a kymograph showing fast centripetal movement
of the patches boxed in the upper panel towards the cell body (red arrowheads, see
also movie S4). Intervals of constitutive slow centripetal movements are indicated by
yellow arrowheads. (C) Y27632 treatment stopped the movement of myosin X
patches in SMIFH2 treated cells. The same filopodium is shown before SMIFH2
treatment (upper panel), 15 min after the addition of 20pM SMIFH2 (middle panel)
and 15 min after subsequent addition of 30uM Y27632 (lower panel). Myosin X
patches are shown in the left images (see also movies S5A-C), and kymographs
representing the movement of the patches in the boxed area - in the images on the

right. Scale bars, Sum.
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Fig. 5. Inhibition of myosin II or formins interfere with growth of unconstrained

filopodia

A graph showing the distribution of growth/retraction velocities of unconstrained
filopodia for control, myosin II siRNA knockdown, S-nitro-blebbistatin, Y27632 and
SMIFH?2 treatment, observed in the same experiments as those assessing bead
attached filopodia. n represents the number of filopodia (with number of cells in
parenthesis). (Inset) A cell expressing GFP-myosin X and tdTomato-Ftractin, which
is representative of those used in experiments assessing filopodia growth. The
filopodium attached to the laser trapped fibronectin-coated bead is indicated by red

arrowhead. Such filopodia were excluded from the score. Scale bar, Sum.
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Fig. 6. Attachment of filopodia to RGD-coated rigid and fluid substrate

(A) The cells expressing GFP-myosin X were plated on micropatterned coverslips
covered with circular islands (D = 3um) of supported lipid bilayer (SLB) conjugated
to RGD (orange circles), organized into a square lattice. The glass between the islands
was covered with poly-L-lysine-PEG conjugated to RGD at the same density (Fig.
S8). Trajectories of GFP-positive filopodia tips acquired during a 14-36 min time
interval are shown. The cell border is shown by a yellow dashed line. For comparison
of the trajectories on rigid and fluid substrates, the circles of similar diameter were
drawn by computer in the centers of the square lattice formed by SLB islands
(outlined by gray contours). The segments of the trajectories located inside either the
SLB islands or the drawn circles on the rigid substrate are shown in red, and the
remaining parts of the trajectories are shown in white. Scale bar, Sum. (B-C)
Quantification of the trajectories of filopodia tips inside rigid and fluid circular
islands for five cells (at least 200 individual trajectories per cell were scored). (B) The
bars represent the average dwelling time that filopodia tips spent inside rigid
(turquoise) or fluid (red) circles defined above. (C) Fraction of filopodia tip
trajectories remaining inside rigid circles (green bar) and fluid circles (orange bar)
relatively to the total number of trajectories in the circles during the period of

observation. Error bars correspond to the SEM.
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Materials and Methods

Figs. S1 to S8
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Captions for Movies S1 to S9

Movies S1 to S9
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