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Abstract

Cells change direction of migration by sensing rigidity of environment and traction force,

yet its underlying mechanism is unclear. Here we show that tip actin barbed ends serve

as an active ‘force sensor’ at the leading edge. We established a method to visualize

intracellular single-molecule fluorescent actin through an elastic culture substrate. We

found that immediately after cell edge stretch, actin assembly increased specifically at the

lamellipodium tip. The rate of actin assembly increased with increasing stretch speed.

Furthermore, tip actin polymerization remained elevated at the subsequent hold step,

which was accompanied by a decrease in the load on the tip barbed ends. Stretch-induced

tip actin polymerization was still observed without either the WAVE complex or

Ena/VASP proteins. The observed relationships between forces and tip actin

polymerization are consistent with a force-velocity relationship as predicted by the

Brownian ratchet mechanism. Stretch caused extra membrane protrusion with respect to

the stretched substrate and increased local tip polymerization by >5% of total cellular

actin in 30 sec. Our data reveal that augmentation of lamellipodium tip actin assembly is

directly coupled to the load decrease, which may serve as a force sensor for directed cell

protrusion.
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1 | INTRODUCTION
Cells collect information about outer environment for their functions. Information, in a
narrow sense, is the input into the sensory systems composed of ‘receptor’ molecules. In
addition to chemical signals, cells sense mechanical properties of outer environment to
change morphology, direction of migration, proliferation and differentiation (Engler ef al.
2006). One example is found in durotaxis (Lo et al. 2000). In durotaxis, migration of
fibroblasts is guided to stiff culture substrates. Immediately after the lamellipodium edge
makes contact with the stiff substrate, the cell edge protrudes before translocation of the
cell body (Lo et al. 2000)
(http://users.ece.cmu.edu/~yuliwang/Videos/Migration/Durotaxis.html), suggesting that
the sensing mechanism(s) exists at the cell periphery. Another is found in the tension-
driven axonal growth. Application of traction force to the tip of a neurite in cultured
neurons induces neurite extension and differentiation into an axon (Bray 1984), which
continues 1-3 days after removal of the micromanipulation needle (Lamoureux et al.
2002).

The force generation at the cell leading edge is theorized by Brownian ratchet (BR)
models (Peskin et al. 1993; Mogilner & Oster 1996, 2003). These models predict force

generation by stochastic intercalation of actin monomers between the plasma membrane



and the actin filament tip. Free energy is provided by actin polymerization, which is

facilitated by abundant profilin-actin complex in vivo. Several studies have reported the

force-velocity relationship in in vitro actin-based motility of Listeria monocytogenes

(McGrath et al. 2003) and particles coated with N-WASP (Wiesner ef al. 2003). In

particular, an increase in F-actin mass upon lowering of the force is observed on the

surface of magnetic particles (Demoulin ef al. 2014), although it remains elusive whether

augmentation is solely due to decreased loads on the filament end. To elucidate the

traction force regulation of cell protrusion in vivo, direct monitoring of force-coupled

actin polymerization and its comparison with the velocity of the retrograde actin flow are

crucial.

To precisely quantify actin polymerization during cell edge stretch, we developed a

method enabling fluorescent single-molecule speckle (SiMS) microscopy (Watanabe &

Mitchison 2002; Yamashiro et al. 2014) through a thin layer (=50 um thick) of

polydimethylsiloxane (PDMS) silicone rubber. Our method avoids direct contact of the

manipulation needle on the cell surface which was employed in the previous studies

(Riveline et al. 2001; Heinemann et al. 2011; Houk et al. 2012; Mueller et al. 2017)

because we noticed that direct needle contact rapidly reduces F-actin density in

lamellipodia (Figure S1 and S2). Moreover, direct mechanical strain on the cell surface



triggers processive actin nucleation by formin homology proteins (Higashida ef al. 2013;

Watanabe et al. 2018). It is also important to monitor fluorescently-tagged actin directly

because distribution of F-actin binding probes including Lifeact could be affected by the

retrograde actin flow speed due to convection-induced mislocalization in live cells

(Yamashiro et al. 2019; Yamashiro & Watanabe 2019). Instead in this study, we applied

traction force to the cell edge by pulling the culture substrate nearby. We used PDMS

coated with poly-L-lysine (PLL). Single-molecule imaging through thick specimens has

been difficult due to spherical aberration of high numerical aperture objectives. Recently-

developed silicone oil objectives optimized for the refractive index of cell and tissue

samples (=1.4), which is close to that of PDMS (1.41) (Cai et al. 2013), greatly improved

signal detection. Our improved microscopy (eSiMS) (Yamashiro et al. 2014) using bright,

photostable DyLight550-labeled actin (DL-actin) allowed robust detection of single-

molecules of actin. Combining these techniques, we succeeded in visualizing single-

molecule speckles of fluorescent actin (actin SIMS) at the stretched cell periphery. This

enabled us to examine the effect of a decrease in the load on the leading edge actin barbed

end (down to zero), which contrasts with the previous studies focusing on near stall forces

of actin elongation (Parekh ef al. 2005; Prass et al. 2006; Footer et al. 2007; Heinemann

et al. 2011; Zimmermann ef al. 2012; Bieling et al. 2016).



The present study reveals a relationship between external force and tip actin

polymerization at the stretched cell edge in fast cell stretch and subsequent hold phases.

In both cases, tip actin polymerization is augmented with strengthening cell edge stretch,

which provides direct support for a force-velocity relationship of actin polymerization in

cells, as originally predicted by the BR model (Peskin et al. 1993). The retrograde actin

flow may contribute to this BR-based force sensing mechanism by enhancing the

reactivity of actin polymerization to the force change. Conceptually, the BR mechanism

can convert information on the location of a Brownian particle into energy (Astumian &

Derenyi 1998), which has been shown experimentally (Serreli et al. 2007; Toyabe et al.

2010). For cells, the locally increased F-actin mass by stretch-induced tip polymerization

may be regarded as biological information to guide cell protrusion and migration. We

propose that tip actin barbed ends may serve as a BR-like sensor which converts the

physical properties of outer environment to the local F-actin mass.



2 | RESULTS

2.1 |Substrate stretch instantaneously promotes actin assembly at the tip of
lamellipodia
The response of the overall lamellipodial actin network to the stretch of the PDMS
substrate is shown in Figure 1. XTC cells spreading on PLL-coated substrates extend
wide lamellipodia (Watanabe & Mitchison 2002) and barely develop focal adhesions
(Yamashiro & Watanabe 2014). The substrate was gradually displaced by using a
manipulation needle stabbed into the PDMS substrate near the cell edge, and the stretched
substrate was held for =3 min. Subsequently, tension was released. Upon stretch, an
increase in the actin network was observed at the cell leading edge (Figure 1a; Figure S3;
Movie 1 and 2). The bright actin network broadened from the tip to the base of
lamellipodia at the speed of the retrograde actin flow (Figure 1b). Increased actin
assembly at the cell edge was induced repeatedly by the stretch in cycles of stretch and
tension release. Fluorescence intensity of EGFP-actin within 1 pm from the stretched cell
edge was increased by 13.9%, 12.1% and 21.5% at 30 sec, 60 sec and 120 sec,
respectively (p < 0.05, #-test) after initiation of cell stretch (Figure 1c¢).

We then employed SiMS microscopy to elucidate the effect of cell edge stretch on

actin polymerization kinetics with high spatiotemporal resolution. The substrate was
8



displaced at a speed of up to 300 nm/s and the stretched substrate was held for =2 min.

The extent of the stretch was quantified by the displacement of beads buried into the upper

layer of the substrate. We found that outward stretch of the cell increased newly-emerged

actin SiIMS at the lamellipodium tip but not in the lamellipodium body (Figure 2a and 2b;

Movie 3). Upon tension release, the appearance of new actin SiMS at the leading edge

was decreased compared to before the stretch (Figure 2b).

We next focus on the initial reaction of actin assembly to the cell stretch manipulation.

We found that the number of new actin SiMS was increased immediately upon cell stretch

(Figure 3a). The increase in actin SiMS appearance (=2-fold on average for 0~24 sec after

initiation of stretch, Figure 3a) was much larger than the increase in EGFP-actin intensity

near the cell edge (13.9% at 30 sec, Figure 1c). These data reveal that actin elongation is

markedly accelerated at the stretched cell edge whereas the F-actin density is only

marginally increased by the stretch. We further compared the relationship between the

pulling speed and the actin SiMS appearance rate. We found that at the fast stretch step

(0~24 sec after initiation of the stretch), the faster stretch speed was applied, the more

actin SiMS newly appeared at the leading edge (Figure 3b). Augmentation of actin

polymerization was significantly correlated with the stretch speed (Figure S4a). This

relationship between SiMS appearance and the stretch speed was observed as early as 8



sec of the stretch (green dots in Figure 3b and Figure S4a). Importantly, the weighted
average of new actin SiMS at the leading edge (columns in Figure 3b) indicates
significant augmentation of tip actin polymerization in the fast stretch group (Figure S4b).
The stretch manipulation led to transient slippage of actin SIMS toward the cell body with
respect to the substrate (Figure 3c¢). The formation rate of the new actin network area,
derived from the sum of the actin SiMS speed and the protrusion rate, was increased ~1.3
folds upon stretch (Figure 3c). The network area formation rate was increased before
slowing down of the retrograde actin flow and lasted until the tension was released
(Figure 3c¢), suggesting that increased actin assembly, but not slowing down of the actin
flow, promotes cell edge protrusion. Thus the data cannot be explained by a clutch model
mechanism (Mitchison & Kirschner 1988), in which strengthening the coupling between
actin and adhesion molecules slows the retrograde actin flow and thereby leads to cell

edge protrusion under the assumption that the tip actin assembly rate remains constant.

2.2 | Simulation based on a simple Brownian ratchet model recapitulates stretch-
enhanced tip actin polymerization

The above relationship between tip actin polymerization and the stretch speed is
reminiscent of the force-polymerization relationship in the BR models (Peskin et al. 1993;

10



Mogilner & Oster 1996, 2003): fast stretch speeds lead to large relative changes in actin

polymerization rate, similar to the model by Peskin et al. (Peskin et al. 1993) that predicts

an exponential dependence of velocity on force for single filaments. We therefore

developed a physical model assuming a simple exponential dependence as in the Peskin

et al. model. Force is generated by actin filaments in contact with the lamellipodium at

various angles, the distribution of which was measured by using electron micrograph

(Figure S5). We assumed that the viscosity of the cytosol and the slippage of the plasma

membrane and the actin network over the substrate works as a ‘damper’ and the elasticity

of the plasma membrane works as a ‘spring’ (see EXPERIMENTAL PROCEDURES for

details of the model). The elastic force of the membrane is assumed to be constant during

the stretch because cell stretch did not lead to an increase in the load on the tip actin

barbed ends (See below; evidence is in Figure 5a). We premise that the ‘damper’ is a

predominant mechanism for decreasing the load on the barbed end during fast stretch.

The relationship predicted by our BR-based model (dotted line in Figure 3b) corresponds

well with our results. These results reveal the BR mechanism operating at the

lamellipodium tip.

Notably, during a cycle of stretch and release, the leading edge protruded beyond the

initial position in accordance with the observed increased polymerization (Figure 4a),

11



supporting our notion that observed stretch-induced tip actin polymerization leads to cell

protrusion. Figure 4b-e summarize the force-tip polymerization relationship and cell

protrusion during the early phase of cell edge stretch. Deformation of the substrate

stretches the cell periphery via interaction between the cell membrane and the substrate.

This manipulation decreases the load to barbed ends in contact with the leading edge

plasma membrane. Immediately tip actin polymerization increases at the cell edge. The

increase in actin assembly with increasing stretch speeds is consistent with the

exponential-like force-velocity relationship predicted by BR models. Promoted tip actin

polymerization generates the protrusive activity. Membrane protrusion lasts on the

tensioned substrates because of low loads on the barbed ends (See also below).

2.3 | Enhanced tip actin polymerization in stretch-to-hold phase is accompanied by

reduced force on the tip actin barbed ends

The above data demonstrate the force-polymerization relationship supportive of a BR

mechanism during fast stretch. In Figure 1b and 2b, however, enhanced tip actin

polymerization continued during the hold step following the stretch. The ‘damper’ does

not contribute to the force during this step. During hold, the ‘spring’ may not decrease the

load on the barbed end compared to the initial condition. Therefore, there must be another

12



mechanism(s) by which tip actin polymerization is enhanced during the hold.

To estimate the load on the barbed end during the hold step following the stretch, we

employed cytochalasin D. Treatment with a high dose of cytochalasin D rapidly inhibits

elongation of cellular actin filaments (Forscher & Smith 1988; Higashida ef al. 2004),

leading to a loss of the actin-based pushing force for cell protrusion. Therefore, the extent

of cell edge retraction induced by cytochalasin D reflects the load on the barbed end

before the treatment. To accurately measure cell retraction, we monitored the contour of

the plasma membrane (Smith ef al. 2010) stained with PKH26. To our surprise, we found

that the more the substrate was stretched, the less the leading edge retracted (Figure Sa

and 5b; Movie 4 and 5). Retraction was reduced to less than one third of that observed in

control cells by stretching the substrate over =5 um (Figure 5b). These results indicate

that the load on the actin barbed end is decreased in stretched cells (Figure 5c¢). In addition,

these results suggest that elastic force of the plasma membrane does not increase upon

stretch, which was assumed in our BR-based physical model (Figure 3b).

As PDMS get stretched, PDMS may become stiffer due to the increase in the

instantaneous Young’s modulus (Liu ef al. 2009). The stiff substrate enhances cell

spreading (Pelham & Wang 1997). We also noticed the improvement in cell spreading on

the stretched substrate (Higashida er al. 2013). These observations imply that the

13



interaction between cell membrane and the substrate might be strengthened on the stiff

substrate. The tensile force may change the conformation of the binding molecules,

leading to the enhanced cell attachment. Thus the low load at the stretch and hold step

(Figure 5b) is associated with enhanced actin polymerization at the cell edge (Figure 1b

and 2b), which reveals another relationship compatible to the BR mechanism.

The dashed line in Figure 4a shows the estimated leading edge position based on the

data on the actin polymerization rate and force predicted by comparison between the data

in Figure 3b and 5b. The estimated leading edge position is roughly consistent with the

observed position of the leading edge. Thus the force-tip polymerization relationships in

early and hold steps of the stretch can account for the overall cell edge protrusion.

We further examined the force-tip polymerization relationship using pharmacological

perturbation. We used 2,3-butanedione monoxime (BDM) (Higuchi & Takemori 1989),

an inhibitor of skeletal muscle myosin-II and a blocker of the retrograde actin flow in

lamellipodia. BDM attenuated actin assembly specifically at the lamellipodium tip. The

dark region of EGFP-actin formed near the leading edge, and gradually expanded along

the retrograde actin flow (Figure S6a and S6b; Movie 6). Upon washout of BDM, tip actin

assembly was resumed and the dark band moved inward (Figure S6b). SIMS analysis

revealed that the retrograde flow speed was reduced from ~60 nm/s to =20 nm/s by 20

14



mM BDM, accompanied by a marked loss in the appearance of new actin SiMS at the

leading edge (Figure S6¢c; Movie 7). The decrease in the appearance of actin SIMS was

greater than the decrease in the actin flow speed. The reduction in the flow speed by BDM

should increase the load onto the barbed end, thereby providing additional evidence of

the force-polymerization relationship at the lamellipodium tip.

2.4 | Neither of the WAVE complex, Ena/VASP proteins are essential for stretch-

induced tip actin polymerization

In addition, we examined the roles of actin regulators at the leading edge. First we tested

the WAVE complex which activates the Arp2/3 complex (Machesky et al. 1999). In

neutrophil, aspiration of the cell body by a micropipette delocalizes the WAVE complex

from cell edge (Houk et al. 2012). This delocalization is attributed to the increase in the

membrane tension. Knockdown of a WAVE complex constituent Nap1 (Eden et al. 2002)

decreases the expression of other WAVE complex proteins (Kunda et al. 2003; Rogers et

al. 2003; Steffen et al. 2004). We confirmed that EGFP-tagged WAVE?2 and Sra-1 no

longer localized to the leading edge in Nap1 knockdown cells (Figure S7 and S8a). These

WAVE2 complex-depleted XTC cells formed somewhat shaggy lamellipodia with

numerous filopodia. In these cells, stretch-induced tip actin polymerization was still

15



observed (Figure S8b and S9; Movie 8 and 9). Moreover, in these cells, BDM reduced

the tip actin assembly which was rapidly resumed upon washout of BDM. (Figure S10;

Movie 10). These observations were further confirmed in XTC cells overexpressing Abil-

mito (Maruoka et al. 2012), a high level expression of which depletes the WAVE complex

from the leading edge (Figure S8c, S8d, S11 and S12; Movie 11-13). These results

indicate that the WAVE2 complex is not essential for the stretch-induced tip actin

polymerization.

Next we tested if Ena/VASP proteins mediate the stretch-induced tip actin

polymerization. Localization of VASP at the leading edge increases with the protrusion

rate (Rottner et al. 1999). VASP shields actin barbed ends from CapZ and promotes actin

polymerization (Gertler ef al. 1996; Bear et al. 2002). In the previous modeling studies

on the force-velocity relation for Listeria (Mogilner & Oster 2003), VASP has been

considered to act as a filament tether (Laurent ez al. 1999) or a motor-like molecule fueled

by ATP hydrolysis of actin (Dickinson & Purich 2002). We employed FP4-mito (Bear et

al. 2000) to sequester Ena/VASP proteins on the mitochondrial surface (Figure S8e). In

FP4-mito overexpressing cells, stretch-induced tip actin assembly was observed (Figure

S8f and S13; Movie 14 and 15). The response to BDM was also retained in VASP-

depleted cells (Figure S14; Movie 16). Thus, in response to stretch, cells lacking either

16



the WAVE complex or Ena/VASP proteins formed a dense actin network at the leading
edge. Furthermore, the rapid enhancement of tip actin polymerization (<8 sec) (Figure 3b
and Figure S4a) cannot be explained by the recruitment of the WAVE complex whose
characteristic time is =30 sec after tension release of the plasma membrane (Houk et al.

2012).

2.5 | Capping Protein and Formin homology proteins

We also found that lamellipodium tip-associated Capping Protein rapidly increases upon
cell edge stretch (Figure S15). Thus uncapping of the actin barbed end is not the
mechanism for stretch-induced tip actin polymerization. These results further support our
hypothesis because traction force appears to promote intercalation of not only actin
monomers but also Capping Protein between the actin barbed end and the plasma
membrane. Involvement of formin homology proteins is not likely because EGFP-actin,
which strongly suppresses the rate of processive actin elongation by formin homology
proteins (Yamashiro et al. 2014) (Figure S16), is able to detect the stretch-induced tip

actin assembly and subsequent cell edge protrusion (Figure 1 and Figure S3).
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3 | DISCUSSION
Our study has thus revealed the two force-tip polymerization relationships at the
mechanically stretched cell edge (Figure 4b-e and 5c¢). First, the rate of actin assembly at
the cell edge increases with increasing stretch speed (Figure 3b and Figure S4). Second,
at the hold step after the stretch, the displacement of the substrate decreases the load on
the barbed ends (Figure 5b), which is accompanied by enhanced tip actin polymerization
(Figure 2b). Neither the WAVE complex nor Ena/VASP proteins are essential in the
stretch-induced tip actin polymerization. These relationships are in agreement with the
force-velocity relationship predicted by the BR mechanism although the results do not
distinguish among BR models predicting similar exponential force-velocity curves
(Peskin et al. 1993; Mogilner & Oster 1996, 2003) and more complex models
incorporating the BR force-velocity relationship (Carlsson 2003; Holz & Vavylonis 2018).
Our results are contradictory with the previous cell study showing increases in the
density of actin network after loading force at the cell edge (Mueller et al. 2017). Our
data do not fit with a concave force-velocity relationship at the lamellipodium tip (Prass
et al. 2006; Heinemann et al. 2011; Zimmermann et al. 2012) either. In particular, the
marked augmentation of polymerization in the fast stretch group (Figure S4b) cannot be
explained by the concave relationship (Prass et al. 2006; Heinemann et al 2011;
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Zimmermann et al. 2012). This discrepancy might be attributable to the difference in the
range of forces applied to the cell. Based on the maximal actin elongation rate, =81
subunits s (Miyoshi et al. 2006), we predict that the load on the barbed end becomes
~zero by the stretch faster than =210 nm/s (Figure 3b, dashed line). Our current study
thus examined the force-polymerization relationship at normal to zero load on the barbed
end. On the contrary, the previous cell studies focused on the maximum force generated
by the lamellipodium tip when its forward movement was almost stalled against obstacles
(Prass et al. 2006; Heinemann et al. 2011; Zimmermann et al. 2012). Real-time
monitoring of actin SiMS is the key to our success in detecting the instantaneous reaction
of tip actin polymerization when the force fluctuates within or below the normal range.
Also in vitro, distinct types of force-polymerization relationships such as a “dynamic
stall”, which is analogous to dynamic instability of microtubules, of small actin bundles
(Footer et al. 2007) and an increase in the density and power of the dendritic actin network
(Parekh et al. 2005; Bieling et al. 2016) have been observed. These properties are not
necessarily contradictory with our findings in the present study. The properties of actin
bundles (Footer ef al. 2007) and the dendritic actin network (Parekh ef al. 2005; Bieling
et al. 2016) were examined when barbed-end growth was strongly restricted by forces,
which is distinct from the in vivo situation where the retrograde actin flow can constantly
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alleviate the physical constraint at the barbed end.

Almost all cultured cells growing on the culture substrate exhibit continuous

retrograde actin flow at their periphery (Abercrombie et al. 1970) although its biological

significance remains elusive. The retrograde flow is driven by an unknown flow-motor

protein(s) in addition to the force generated by tip actin polymerization. The assist from

putative flow-motors presumably elicits the force-polymerization relationship in favor of

the “polymerization sensor”. According to the force-polymerization relationship

predicted by the BR models (Peskin ef al. 1993; Mogilner & Oster 1996, 2003), the slope

is steeper at a low force than at a high force (Figure 5d). The load decrease enhances actin

polymerization more efficiently at barbed ends subject to low initial loads than high initial

loads. Thus the retrograde actin flow renders barbed ends sensitive enough to exert

stretch-induced enhanced polymerization by lowering the initial load. This enhanced

polymerization corresponds to the extent of subsequent cell edge protrusion (Figure 4a).

Generation of force to push the cell edge membrane forward has been conceived to

be the function of actin polymerization (Forscher & Smith 1988), which is referred to as

the “polymerization motor” (Theriot 2000). We hereby propose that actin polymerization

also serves as an active sensor for external force at the lamellipodium tip by utilizing the

force-polymerization relationship of the BR mechanism. Our data (Figure 3a and 3b)
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show that assembly of 5,700,000 actin subunits increased along the 20 pm-wide leading

edge (roughly 1/8 of the cell edge) for 30 sec by stretching <5 um, which exceeds 5 % of

the total actin subunits in the cell (100 million subunits or less), leading to cell protrusion

(Figure 4a). Thus actin polymerization functions as a ‘sensor’ of external force. We

designate this function at the cell leading edge as a ‘polymerization sensor’.

In theory, information can be converted into energy through the BR mechanism,

which is referred to as ‘information ratchet’ (Astumian & Derenyi 1998). Information on

the molecule’s position drives the ratchet mechanism of the molecular ring (Serreli ef al.

2007). Feedback manipulation of a Brownian particle on the basis of information about

its location converts information to energy (Toyabe ef al. 2010). In other words, the BR

mechanism may serve as a converter between information and energy. Our data show that

traction force controls actin monomer insertion in the manner predicted by the BR model.

In our experiments, traction force was eventually converted to a locally extended F-actin

mass, which can be regarded as storage of biological information to guide cell protrusion.

We therefore propose that the role of the polymerization sensor is to collect information

on the force exerted by the outer environment and store it in the form of the locally

extended F-actin mass. The locally extended F-actin mass is then used as biological

information for directed cell protrusion. Tip actin polymerization may be a unique BR-

21



based mechanism that constantly moves in one direction while efficiently sensing

fluctuations of external forces for directing cell protrusion.
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4 | EXPERIMENTAL PROCEDURES

4.1 | Plasmids and reagents

The expression vectors harboring the defective CMV promoter (delCMV) for EGFP-actin,
EGFP-VASP, mCherry-actin, EGFP-CPB1, EGFP-mDialFull and EGFP-mDialAN3
were described previously (Watanabe & Mitchison 2002; Miyoshi ef al. 2006; Higashida
et al. 2013; Yamashiro et al. 2014). Xenopus laevis WAVE2 cDNA was subcloned into
pEGFP-C1 and mRFP1-C1. EGFP-Sra-1 (Steffen et al. 2004) and mRFP1-Abil-mito
(Maruoka et al. 2012) were described previously. The cDNA of FP4-mito from Listeria
ActA (Bear et al. 2000) [a gift from Frank Gertler (MIT)] was subcloned into mRFP1-

C1. Butandione monoxime (BDM) and cytochalasin D were purchased from Sigma.

4.2 | Cell culture and electroporation of fluorescent labeled actin

XTC cells were maintained and subjected to electroporation as described previously
(Watanabe & Mitchison 2002; Yamashiro et al. 2014). Before electroporation, DL-actin
in G-buffer (2 mM Tris-HCI pH 8.0, 0.1 mM CaCly, 0.2 mM ATP, 0.1% mercaptoethanol)
was centrifuged at 346,000 g for 1 hour at 4 °C. Upper one half of the supernatant was
collected. The supernatant (DL-actin, =5 uM) was mixed with 15 uM recombinant human
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profilinl in G-buffer and incubated for 1 hour on ice. Trypsinized XTC cells were
resuspended in R buffer (Invitrogen) containing the DL-actin solution (DL-actin =0.75
uM, profilin =2.25 uM) at a density of 1.86 x 107 cells/ml. Two pulses (1005 V, 35 ms)
were applied by the Neon transfection system (Invitrogen, Carlsbad, CA). Electroporated
cells were washed 5 times with serum-free and riboflavin-free 70% Leibowitz L15

medium (Invitrogen) before seeding on the coverslips coated with PDMS.

4.3 | Cell membrane staining with PKH26

Cell membrane was stained with PKH26 Red Fluorescent Cell Linker (Sigma). XTC cells
were dissociated by trypsinization and collected by centrifugation. The pellet was
resuspended with 1 ml of 70% Leibowitz L15 medium (Invitrogen) without serum at a
density of 2x10° cells/ml. The suspension was added to 1 ml of PKH26 solution (2x107’
M final), and the solution was quickly mixed by pipetting. After incubation for 5 min, 2
ml of 70% Leibowitz L15 medium with 10% fetal calf serum was added to the suspension
to stop the reaction. The cells were washed 3 times with 4 ml of 70% Leibowitz L15
medium with 10% fetal calf serum, and then resuspended with 70% Leibowitz L15

medium without serum before seeding on the PDMS-coated coverslips.
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4.4 | RNA interference

The ¢cDNA sequence of Xenopus laevis Napl was predicted from EST sequences
(Accession numbers: DC116854, CF522709, BJ042100, CA787889, EB477047,
BU907699, CA790064, BQ734063 and CD302059) with reference to the sequence of
Homo sapience Nap1 (Accession number: NM_013436). The siRNAs targeting Xenopus
laevis  Napl (sense: 5-GAAAGAACUUGCUACCGUALtt-3’, antisense: 5’-
UACGGUAGCAAGUUCUUUCaa-3’, siRNA ID: s501411) were purchased from
Ambion. We transfected plasmids into XTC cells using polyethylenimine (Watanabe
2012). Two days after transfection of plasmids, XTC cells were trypsinized and collected
by centrifugation. Cells were resuspended at 2 x 107 cells/ml in R buffer containing 100
nM siRNA, and electroporated with three pulses of 1005 V for 35 ms using the Neon

transfection system. We observed cells after 48~84 hours.

4.5 | Live cell imaging and SiMS microscopy on elastic substrate

The PDMS substrate was fabricated by using Sylgard 184 silicone elastomer kit (Dow
Corning, Berry, UK). Sylgard 184 silicone elastomer base was mixed with curing agent
at 19:1, and then degassed. Ethanol-washed round glass coverslips (Matsunami, No.0)
were washed with H>O five times and dried for 30 min at 100 °C. One hundred pl of
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mixed PDMS was placed on the coverslip, and spin-coated using MS-A100 (Mikasa) at

3,000 rpm for 60 sec. Spin-coated PDMS was baked for 30 min at 100 °C. To overlay the

upper layer, latex beads (0.8 um diameter, Sigma) were mixed with the PDMS mixture at

10% by volume. The mixture (100 ul) was placed on the fabricated lower layer and spin-

coated at 5,000 rpm for 60 sec. The coverslips were baked for 30 min at 100 °C. The

PDMS surface was hydrophilized by exposing to plasma ion emitted from PIB-10 plasma

ion bombarder (Vacuum Device, Ibaraki, Japan) at 6.5 mA for 30 sec (soft mode). The

coverslips were floated on 200 pl of 1 mM sulfo-SANPAH (Thermo Scientific) coated-

side down in 50 mM HEPES pH 8.5 and irradiated with UV light from UV

transilluminator MUV21-365 (Major Science) for 30 min. The treatment with sulfo-

SANPAH was repeated twice. Then the surface was washed five times with H,O and

incubated with poly-L-lysine (PLL, MW 150000-300000, Sigma) at RT overnight. PLL-

coated PDMS was washed ten times with H,O and treated with 1 ml of 10 mM Tris-HCl

(pH 7.4) for 5 min, and then washed five times with H>O.

SiMS imaging and live-cell imaging were performed as previously described

(Watanabe 2012). Cells were observed on the stage of a microscope (IX71; Olympus)

equipped with 100-W mercury, a EMCCD camera (iXon Ultra 897, Andor) and silicone

immersion objective lens (UPLSAPO60XS2, NA 1.30, Olympus). PDMS coated
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coverslips were mounted to Attofluor cell chamber (Invitrogen, A7816). XTC cells
suspended with serum-free and riboflavin-free 70% L15 medium were seeded on the
PDMS and incubated for 30 min before imaging. For manipulation experiments, a bent
steel needle (27G x 17, Terumo) was mounted to micromanipulator 5171 (Eppendorf) and
stabbed into the PDMS substrate. The substrate was deformed by moving the stabbed
needle horizontally. Images were acquired using the MetaMorph software (Molecular

Devices).

4.6 | Drug perfusion experiment

Drug perfusion was carried out as previously described (Watanabe 2012). XTC cells
were spread on a glass coverslip (Matsunami, No.1) coated with PLL mounted on a
custom flow cell (Watanabe 2012). Drug perfusion was carried out 30 min (up to 1 hour)
after cell seeding. Observation was performed using a microscope (BX51, Olympus)
equipped with a xenon lamp, a Cascade I1:512 cooled charge-coupled device camera

(Roper Scientific) and an oil-immersion objective lens (PlanApox100 NA 1.40, Olympus).

4.7 | TEM observation and analysis of the angle of actin filaments at the leading
edge
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Samples for transmission electron microscopy (TEM) were prepared according to the

modified Auinger’s methods (Auinger & Small 2008). We put the handmade negative

grid mask using HF 15 finder grid (Maxtaform No. G245) on the formvar-coated coverslip.

Then the coverslips were coated with carbon using vacuum evaporator VE-2030 (Vacuum

Device Inc.). The coverslips were glow-discharged using ion bombarder PIB-10 (Vacuum

Device Inc.) before use. Then the coverslips were mounted to Attofluor cell chamber

(Invitrogen, A7816) and coated with 10 ug/ml PLL at RT overnight. After washing with

H>O 20 times, cells were seeded on the chamber. After spreading, cells were

permeabilized and fixed with 5% Triton X and 0.1% glutaraldehyde in cytoskeleton buffer

for 5 sec according to previous method (Watanabe & Mitchison 2002). Then cells were

washed with PBS including 500 mM NacCl 2 times and fixed with 2% glutaraldehyde in

PBS. Fixed cells were remounted on the grid (Auinger & Small 2008). Samples were

negatively stained with 2% phosphotungstic acid. Images of negatively stained cells were

acquired by H7650 electron microscope (Hitachi) equipped with AMT XR-41C CCD

camera system (Advanced Microscopy Techniques). To measure the filament angle, we

used JFilament plugin of ImageJ (Smith ez al. 2010). The angle was calculated from the

slope of lines on the filament and the cell contour.
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4.8 | Image analysis

To analyze single-molecule SiMS and the position of beads, we used Speckle TrackerJ
plug-in (Smith et al. 2011) of ImagelJ. JFilament plug-in (Smith e al. 2010) was used to
detect the cell edge. The pseudo-color images were converted from grayscale images by
using lookup tables “royal” in ImageJ.

We defined newly-emerged actin SiMS outside of preexisting actin SIMS as new actin
SiMS at the leading edge. To normalize the density of actin SiMS in individual cells, we
averaged new actin SiMS at the leading edge during -16~0 sec of stretch initiation. The
average number was used for normalization of new actin SiMS in each time window (dots
in Figure 3b). To derive the relationship between tip actin polymerization and stretch
speed using the data from cells with various actin SIMS densities, we first let (i, j) be a
set which satisfies (k-1)4v <y;; = kAv where y;; represents the average speed of actin
SiMS at time # in i-th cell. Here i=1,2,...,8,j=1,2, ..., 10, k=-4,-3, ..., land 4v =
60 (nm/sec). When k = -4, we calculated (i, j) which satisfies y;; = k4v. We then

calculated the weighted averages Ni (columns in Figure 3b)

iy Xixij

N - —Z - 7
TONX,

where X; represents the total number of new actin SIMS observed at the cell edge within
-16~24 sec in i-th cell and x;; represents the normalized number of new actin SiMS near
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the leading edge (dots in Figure 3b).

4.9 | Physical modeling of force and polymerization relationship

To examine the consistency between the observed lamellipodial response to substrate
stretch (Figure 3b) and the Brownian ratchet theory, we constructed a simple physical
model which will be described in detail below.

In the present modeling, we focused on the response of leading edge against
unidirectional substrate stretch and thus the model can be reduced to 1-dimension on
which we describe the response of leading edge in the same direction as substrate stretch.
Note that we defined all the model variables and parameters on the lab frame and took
their signs the same as experimental data presentation. The velocity of lamellipodial tip
v; is given by the difference of the two opposing velocities, namely, membrane
protrusion velocity v, caused by actin polymerization and retraction velocity by actin
retrograde flow v,

v =1, + v (1).

Based on the Brownian ratchet mechanism (Mogilner & Oster 1996), we assumed that
the protrusion velocity v, exponentially changes to the total force f applied on the tip
of a single actin filament pushing the membrane:
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U, = —V, cos 6 exp [—af cos 0] -+ (2)

where v, is actin assembly velocity in the absence of load (f = 0) and 6 represents the
contact angle at which actin filaments push the membrane. The coefficient @ in Eq. (2)
is given by a = §/(kgT) where § represents the monomer size and kzT is thermal

energy at temperature T. Substituting Eq. (2) into Eq. (1) and solving with respect to f

gives

f(8) = ———In(= L2 ). (3).

acosf Vg cos O

For an arbitrary set of 6 and v;, we calculated the average force f as f =
N [ P(68)f(8)dO where N is the total number of actin filament pushing the membrane
and P(0) represents the probability distribution of contact angle of actin filaments
(Figure S5). Plotting v, as a function of f yields the 8-averaged force-velocity curve.
To transform the force-velocity curve into polymerization rate-stretch speed curve, we
need to know the dependency of f on the substrate stretch speed v. Here we employed
a phenomenological treatment where f is expressed as a Taylor series of v, truncated
by the first order like f = av, + b. Note that this first order approximation means that
force caused by substrate stretch is modeled as the sum of force avg and constant force
derived from elastic force of the plasma membrane b.

We assumed that elastic force of the membrane, which works like a ‘spring’, is
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constant because the force does not appear to increase even when cells were stretched for
more than >5 um (Figure 5). av, derives from the force between the substrate and the
plama membrane and the force arising from the resistance of the actin network against
stretch. The former force is generated by fast association and dissociation of
electrostatically charged molecules between the substrate and the membrane, which pulls
leading edge forward. The effect of this force can be monitored by the displacement of
the beads because the displacement of the leading edge was approximately proportional
to the beads displacement (with a 20% reduction, Figure 3c and 4a). As the leading edge
is pulled, hydrostatic pressure is reduced and pulls cytosol through the actin network
forward. We assume that the latter force is the friction between the cytosol and the actin
network which is proportional to the speed of forward movement of the leading edge and
works like a ‘damper’. The sum of the former and the latter forces can therefore be
regarded as proportional to vs. The coefficients a and b were numerically determined
in such a way that the point where v, = —v, is satisfied in the force-velocity curve
corresponds to the point at vg = 0 in the polymerization rate-stretch speed curve. We
also introduced another scaling factor to match the point where v, reaches the maximum
in the force-velocity curve to the point at v = —220 nm/s in the polymerization rate-
stretch speed curve. About the model parameters, we set the value of v, as 0.22 um/s
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(Miyoshi et al. 2006) and that of v, as 0.1 pm/s based on our experiment (Figure 3c¢).
The monomer size § is 2.7 nm and §/(kzT) = 0.66 pN'! at room temperature. In the
present study, we considered lamellipodia being 10 x 10 um? wide and 0.16 pm high. The
number of actin filaments N in contact with the 10 um-wide leading edge plasma
membrane was estimated to be 3000 by taking account for that the actin concentration in
lamellipodia is ~1 mM (Abraham et al. 1999) and a 1 pm-long actin filament is composed
of 360 subunits.

The cell edge protrusion in Figure 4a was estimated based on the data in Figure 3b
and 5b by assuming that force reduction in Figure 5b gives rise to enhanced

polymerization following the relationship verified in Figure 3b.
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FIGUREURE LEGENDS

Figure 1

Increase in the density of the actin network at the lamellipodium edge upon stretch. (a)

Images of an XTC cell expressing EGFP-actin before (left) and after (right) stretch are

shown. Arrows indicate increases in the density of the actin network near the cell edge.

Scale bars, 10 um. (b) Images of EGFP-actin (top) and bright field (bottom) in the area

indicated by the rectangle during cycles of the stretch and tension release manipulation

are paneled at the interval of 10 sec. Note that upon stretch, the formation of a dense actin

network is initiated at the lamellipodium tip (indicated by arrowheads), which gradually

expands toward the cell center along the retrograde flow (see also Figure S3, Movie 1, 2).

Scale bar, 5 um. (¢) Change in the EGFP-actin fluorescence intensity within 1 pm from

the stretched cell edge. A significant increase was observed at 30 sec, 60 sec and 120 sec

after initiation of stretch (p < 0.05, two-tailed #-test) but not after the release of stretch

force at 300 sec. Mean + s.d. is shown (n = 6).

Figure 2

Stretch-induced actin polymerization in lamellipodia. (a) Single-molecule speckles

(SiMS) analysis of stretch-induced actin polymerization in lamellipodia (See also Movie
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3). Blue lines indicate the cell edge. Scale bars, 10 um. (b) Displacement of a bead buried

into the PDMS substrate near the cell edge (top), the distance of the newly-emerged actin

SiMS (middle) from the leading edge and their number at the leading edge (bottom) are

shown. Note that the distance of new actin SIMS may not reflect the exact distance at its

assembly because of their motion during image acquisition intervals and difficulty in

determining the position of the leading edge.

Figure 3

Kinetics of stretch-induced actin polymerization at the lamellipodium tip. (a) Appearance

of new actin SiMS at the stretched cell edge. The number of new actin SIMS normalized

by the average between 16 sec and 0 sec before initiation of stretch in each cell (gray, n

= 6) and its average (magenta) are shown. (b) The normalized number of new actin SIMS

(n = 399) at the leading edge is plotted as a function of the stretch speed every 4 sec (8

cells). Blue, green and magenta dots indicate normalized number of new actin SiMS

during hold (-16~0 sec), initial stretch (0~8 sec) and subsequent stretch (8~24 sec),

respectively. Columns show the weighted average of the data binned at 60 nm/s intervals.

The gray curve shows an exponential fit to the weighted average. The dashed curve shows

the overall polymerization rate simulated by our Brownian ratchet-based model. The

number of new actin SiMS is significantly correlated with the stretch speed. p < 0.0001
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for all data, p = 0.012 for data between -16 sec and 8 sec (see also Figure S4a). (c)

Comparison between actin SiMS kinetics and cell protrusion behavior during fast stretch

and hold phases. The average and the data from 6 individual cells are shown in colored

and gray lines, respectively. The top graph shows displacement of PDMS embedded

beads near the stretched cell edge, which was used to estimate the speed of actin SIMS

and the cell edge relative to the substrate (middle). The widening speed of the actin

network at the cell edge was calculated by subtracting the leading edge speed from the

speed of actin SIMS (bottom).

Figure 4

Summary of the polymerization sensor response to traction force. (a) Membrane

protrusion induced by a cycle of stretch and tension release. Displacement of beads buried

in the substrate (top) and position of the leading edge (bottom) are shown. The data from

individual cells (n = 6) and their average are shown by gray and blue lines, respectively.

The dashed line shows cell edge position estimated based on the data in Figure 3b and 5b

by assuming that force reduction in Figure 5b gives rise to enhanced polymerization

following the relationship in Figure 3b. The estimated cell edge position roughly

corresponds with the observed cell edge behavior. (b) Summary of the initial response of

tip actin polymerization during the fast stretch step. New actin filaments (light red)
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assemble at the barbed end of the old actin filaments (dark red) against the force between

the barbed end and the plasma membrane (the purple arrow). The actin filament flows

inward with respect to the substrate. The surface of the PDMS substrate contains beads

(green circles) for position reference. (c) The substrate is stretched by a stabbed

manipulation needle (1). Upon stretch, the load to the end of actin filaments from the

membrane presumably decreases (2). Simultaneously actin polymerization increases at

the leading edge (3). During this initial stretch (green arrows), the cell edge retracts

inward with respect to the substrate (blue dotted lines and blue arrows). Although the

speed of the retrograde actin flow also increases with respect to the substrate (red dotted

lines), the area of newly formed actin network (between blue arrows and red lines) was

found to increase (Figure 3¢). The density of new actin filaments also increases. Moreover,

the faster the cell edge was stretched, the more actin polymerized at the cell edge in a

manner predicted by the BR model (Figure 3b). (d) Promoted actin polymerization

replenishes the protrusive activity in the late phase of stretch. (e) Actin polymerization

continues to promote cell protrusion even after stretch is stopped (see also Figure 5).

Figure 5

Membrane retraction induced by cytochalasin D treatment was reduced on the tensioned

substrate. (a) XTC cells stained with PKH26 were stretched to various extents and kept
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in the hold phase for 40 sec before cytochalasin D treatment. Images of cells at 0 sec (red)

and 100 sec (green) of 5 uM cytochalasin D treatment on the substrate without tension

(top) and with tension (bottom) are shown. Scale bar, 10 um. (b) Retraction of the leading

edge 100 sec after 5 uM cytochalasin D. The average retraction distance of the leading

edge with respect to the substrate was measured in the range of center angle of +11.25°

from the stretch axis. Orange dots show the data from individual cells (n = 21). The line

shows an exponential curve fit with the data. The P-value of Pearson’s correlation

coefficient (r = -0.643, two-tailed) is shown on the graph. (c) Summary of the force-

polymerization relationship on the tensioned substrate. Sustained substrate stretch

augments tip actin polymerization, concomitantly decreasing the force on the barbed end

as evidenced by the data in Figure 1b, 2b and 4a. Stiffening of the substrate by the stretch

may thus assist cell adhesion and reduce the load on the lamellipodium tip actin barbed

end. (d) Retrograde flow-assisted BR-based actin polymerization sensor model. The

curve shows the force-polymerization relationship for a single filament predicted by the

Brownian ratchet mechanism (Peskin et al. 1993). The continuous retrograde actin flow

in lamellipodia keeps the initial load on the barbed end small. In the “flow-assisted”

situation, the rate of tip actin polymerization is greatly enhanced by traction forces (Figure

3b), leading to gradual cell protrusion (Figure 4a). In contrast, the case “with minimum
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flow-assist” cannot yield biologically meaningful protrusion. Red and blue dashed lines

indicate the range considering typical filament angles in lamellipodia (Figure S5). The

shaded area indicates the range of the actin flow speed in XTC cells.
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Supplementary Information for

Lamellipodium tip actin barbed ends serve as a force sensor

Supplementary Figure S1-S16

Movie captions



Figure S1

Brief deformation of cell cortex (3~8 sec) by direct needle contact
Lifeact-mCherry
(original images used in Nat. Cell Biol. 15: 395-405, 2013, Figure 6 analysis)
£efore ~15 sec after Before ~15 sec after

(RS

=

Brief deformation of the perinuclear cell cortex attenuates actin assembly in
lamellipodia. In this experiment, a glass microneedle was placed on the cell surface by
using a micromanipulator. The cell cortex near the nucleus was displaced laterally for 4~7
um and transiently for 3~8 sec, and the tension was released. The images show F-Actin
distribution visualized by Lifeact-mCherry before and =15 s after needle manipulation.
These data were originally used in our previous study (Figure 6a-c in Nat. Cell Biol. 15,
395-405, 2013). Eight cell examples which had apparent lamellipodia are shown out of
16 cell data. The decrease in the F-actin density in lamellipodia was observed (arrowheads
on the right images) all over the cell periphery regardless of the direction of cell cortex

deformation.



Figure S2

Prolonged deformation of cell cortex near the nucleus (~30 sec) by direct needle contact
Trajectories of processively-
moving EGFP-mDia1 SiMS

Before manipulation Before manipulation

Lifeact-mCherry

5 sec after manipulation 37 sec after manipulation

5um
Prolonged deformation (~30 sec) of the perinuclear cell cortex reduced F-actin

density in lamellipodia. The micromanipulation procedure was the same as in Figure S1
except that cell cortex was displaced for longer duration (~30 sec). Trajectories of
directionally-moving wild-type mDial (EGFP-tagged, visualized at the single-molecule
imaging level) are shown by orange circles on the left. F-actin visualized by Lifeact-
mCherry before and 37 sec after needle manipulation are shown on the right. Note the
marked F-actin decrease in lamellipodia and its increase in the lamella region, which is
attributable to massively enhanced activities of formin homology proteins (see also the
data for other formins in Nat. Cell Biol. 15, 395-405, 2013). These results (Figure S1 and
S2) prompted us to avoid the use of microneedles and pipettes directly in contact with the

cell surface to apply the force to the lamellipodium tip in the present study.



Figure S3
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The increase in the density of the actin network at the leading edge upon stretch
(other examples of Figure 1 experiments)

Time lapse images of GFP from the four XTC cells expressing EGFP-actin are shown.
White lines indicate the vertical position of the center of a bead buried into the PDMS
substrate. Time is the same as shown on the top of XTC-A images. Arrowheads indicate

lamellipodium tip areas associated with enhanced EGFP-actin signals. Scale bars, 5 um.



Figure S4
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Statistical analysis of Figure 3b data

(a) Correlation between the stretch speed and the normalized number of new actin SIMS
at the lamellipodium tip (n = 80 data points; 8 cells and 399 actin SiMS). The P-values
on the top of the graph were calculated using Pearson’s correlation coefficient (two-
tailed). (b) Comparison of the normalized numbers of new actin SiMS between hold (-16
s to 0 s from the initiation of substrate stretch, indicated by blue dots in Figure 3b and
Figure S3a), slow stretch (0 - 100 nm/s) and fast stretch (> 200 nm/s). * p < 0.05, **** p
< 0.0001, ns: not significant (Mann-Whitney test).



Figure S5
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Orientation distribution of actin filaments at the leading edge
(a) ATEM image of an XTC cell is shown. Scale bar, 500 nm. (b) Orientation distribution
of actin filaments at the leading edge is shown. We measured the orientations of filaments

at the edges with respect to the perpendicular line relative to the membrane in 3 cells (n

= 446).



Figure S6

After BDM

('n'e) Aysusyul

Speed of actin SIMS New actin SiIMS near

cell-X cell-Y cell-Z cell edge (3 cells)
20mMBDM 5 20 mM BDM
Ll L]

Gioo 20MMBDM __,, 20 MMBDM :

-E— 80| T 1 100 [ 1 80
£ 60 = 60
o 40 40 40 1
D 20 20| 20

0 120 240 360 00 120 240 360 °0 130 240 380 0 n
Time (s) 0 120 240 360
Time (s)

Reduction of tip actin polymerization upon inhibition of the retrograde actin flow

(a) BDM treatment attenuates actin assembly at the lamellipodium tip. EGFP-actin in
XTC cell spreading on a PLL-coated glass coverslip before (left) and 5 min after
treatment with 10 mM BDM (right) are shown. Scale bars, 10 pm. (b) Images in the
rectangle in A are paneled at the interval of 10 sec. Dashed lines indicate the actin
retrograde flow. Accompanied by the actin flow deceleration, newly emerged EGFP-actin
was markedly decreased at the cell edge (arrowhead). After wash out of BDM, bright
EGFP-actin label was recovered from the cell edge (arrow). Scale bar, 5 um. (¢) The
BDM-induced decrease in actin assembly was greater than the decrease in the flow speed.
The average and the standard deviation of the actin retrograde flow speed are shown in
gray and black, respectively. On the right, the summed number of newly appeared actin

SiMS near the edge of cells X-Z is shown.



Figure S7

mCherry-actin EGFP-Sra-1

Control

Nap1 siRNA

Mislocalization of Sra-1 from the leading edge in Nap1-depleted cells
Images of control cell (top) and Nap1-depleted cell (bottom) expressing EGFP-actin and
EGFP-Sra-1 are shown. Boxed regions in the images of EGFP-Sra-1 are shown in the

right of original images. Scale bars, 10 pm.



Figure S8
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Stretch-induced tip actin polymerization is not blocked by the depletion of either the
WAVE complex or Ena/VASP proteins

(a) Napl was depleted by RNAi in XTC cells expressing EGFP-actin and mRFP1-
WAVE2. Boxed regions are enlarged on the right, showing the loss of WAVE2 at the
lamellipodium tip by Napl knockdown. (b) Time lapse images of EGFP-actin in a
rectangle in the image of mRFP1-WAVE?2 (left) were paneled at the interval of 10 sec.
Dotted lines indicate the positions of a bead buried into the substrate. Arrowheads indicate
lamellipodium tip areas associated with enhanced EGFP-actin signals. See also Figure S9
for other examples. (¢) Depletion of the WAVE complex from the cell edge in cells
overexpressing mRFP1-Abil-mito. Boxed regions are enlarged on the right, showing
sequestration of WAVE2 on mitochondria in the Abil-mito expressing cell. (d) Images of
EGFP-actin in the rectangle (left) are paneled at the interval of 10 sec. Dotted lines
indicate the positions of a bead buried into the substrate. Arrowheads indicate
lamellipodium tip areas associated with enhanced EGFP-actin signals. See also Figure
S11 for other examples. (e) Ena/VASP proteins were depleted from the cell edge in XTC
cells expressing a high level of FP4-mito. Boxed regions were enlarged on the right. (f)
Images of EGFP-actin in the rectangle (left) are paneled at the interval of 10 sec. Dotted
lines indicate the position of a bead buried into the substrate. Arrowheads indicate
lamellipodium tip areas associated with enhanced EGFP-actin signals. See also Figure

S13 for other examples. Scale bars, 5 um.
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Figure S9
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The stretch-induced actin network formation is observed in cells with impaired

formation of the WAVE complex (all other cases of Fig. S8b experiments).

Time lapse images of EGFP-actin in five cells are shown. White lines indicate the vertical
position of the center of a bead buried into the PDMS substrate. Time is the same as
shown on the top of Cell-A images. Arrowheads indicate lamellipodium tip areas
associated with enhanced EGFP-actin signals. In cells A-D, the increase in the density of

the new actin network was observed. Scale bars, 5 pm.
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Figure S10
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Depletion of the WAVE complex does not affect the BDM-induced reduction in actin
assembly at the lamellipodium tip

(a, b) In a, images of Nap1 knock down cell are shown. EGFP-actin was co-expressed
with mRFP1-WAVE2. Images in a yellow rectangle are shown in b. Boxed region in the
image of mRFP1-WAVE2 is shown in the right of original image. Scale bar, 10 pm. In b,
an arrowhead indicates the reduction of EGFP-actin fluorescence from the cell leading
edge by BDM treatment. An arrow indicates the recovery of the density of the actin

network after was out. Scale bar, 5 um.
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Figure S11
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Before Stretch
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Stretch-induced actin assembly in cells where the WAVE complex is depleted from
the cell edge by Abil-mito overexpression (all other cases of Fig. S5d experiments)

Time lapse images of GFP from five cells co-expressing a high level of mRFP1-Abil-
mito and EGFP-actin. White lines indicate the vertical position of the center of a bead
buried into the PDMS substrate. Time is the same as shown on the top of Cell-A images.
Arrowheads indicate lamellipodium tip areas associated with enhanced EGFP-actin
signals. In cell A and B, the increase in the density of the new actin network was observed.
The marginal increase in the density of the new actin network was induced in cell C and

D. Scale bars, 5 um.
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Figure S12

a
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Reduction in actin assembly at the lamellipodium tip upon BDM treatment in cells
expressing a high level of Abil-mito

(a, b) In a, images of a cell co-expressing mRFP1-Abil-mito at a high level and EGFP-
actin are shown. Scale bar, 10 um. Images in a yellow rectangle are shown in b. Scale bar,
10 um. In b, an arrowhead indicates the reduction in the EGFP-actin fluorescence from
the cell leading edge by BDM treatment. An arrow indicates the recovery of the density

of the actin network after wash out. Scale bar, 5 pm.
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Figure S13
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Stretch-induced dense actin network formation at the edge of cells expressing a high
level of FP4-mito (all other cases of Fig. S8f experiments)

Time lapse images of GFP from the six cells co-expressing mRFP1-FP4-mito at high level
and EGFP-actin are shown. White lines indicate the vertical position of the center of a
bead buried into the PDMS substrate. Time is the same as shown on the top of Cell-A
images. Arrowheads indicate lamellipodium tip areas associated with enhanced EGFP-
actin signals. In cell A-C, the increase in the density of the new actin network was
observed. The marginal increase in the density of the new actin network was induced in

cell D and E. Scale bars, 5 um.
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Figure S14
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BDM attenuates actin assembly at the lamellipodium tip in the absence of Ena/VASP
proteins

(a, b) In a, images of the cell co-expressing mRFP1-FP4-mito at high level and EGFP-
actin are shown. Scale bar, 10 um. Images in a yellow rectangle are shown in b. Scale bar,
10 um. In b, an arrowhead indicates the reduction in the density of the actin network from
the cell leading edge upon BDM treatment. An arrow indicates the recovery in the EGFP-

actin signals after wash out. Scale bar, 5 um.
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Figure S15
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Leading edge association of Capping Protein increases in response to cell edge
stretch.

The graph shows the intensity of EGFP-CPB1 along the line perpendicular to the cell
contour measured using the Line Scan command of the Metamorph software (average of
5 experiments; intensity was normalized for peak fluorescence of each measurement).
Representative images of EGFP-CPf1 before and after initiation of the stretch are shown
on the top. The regions indicated by boxes were used for the measurement. The data
indicate that barbed end uncapping is not a mechanism for the stretch-induced

lamellipodium tip actin assembly.
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Figure S16
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Impaired processive actin polymerization by formin homology proteins in cells
overexpressing mRFP1-actin

Our previous study (Mol. Biol. Cell 25, 1010-1024, 2014) reported impaired processive
actin elongation by mDialAN3 (composed of FH1 and FH2 domains, aa 543-1192) in
cells overexpressing mRFP1-actin. The average speed of mDial AN3 SiMS including the
stopping phase is calculated and shown on the graph for a control cell (a) (n = 24) and a
cell overexpressing mRFP1-actin (b) (n = 28). The average speed in a is comparable to
the data in our previous study (Science 303, 2007-2010, 2004) and it was reduced to 37%
of control in b. Because the cell in b expresses a comparable amount of fluorescent
protein-tagged actin (the right image) to those used in Figure 1 and Figure S3 analyses,
the stretch-induced increase in EGFP-actin signals at the lamellipodium tip is not
attributable to the activity of formin homology proteins. It is important to note that EGFP-
actin not only impairs the formin-mediated processive actin elongation but also poorly
incorporates into formin-assembled F-actin. The graphs and the image are reproduced

from Mol. Biol. Cell 25, 1010-1024, 2014.
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Captions for Supplementary Movies

Movie 1
Stretch manipulation increases the density of EGFP-actin at the cell edge.
The left and right movies show images of EGFP-actin (left) and bright field (right) during

stretch manipulation (Figure 1). Time is in minute:second. Scale bar, 10 um.

Movie 2

Stretch manipulation increases the density of EGFP-actin at the cell edge (other
examples of Figure 1).

Time-lapse movie shows images of EGFP-actin during stretch manipulation (Figure S3).
White lines indicate the vertical position of the center of a bead buried into the PDMS

substrate. Time is in minute:second. Scale bars, 5 um.

Movie 3
Stretch manipulation increases the number of new actin SiMS near the cell edge.
The left and right movies show images of DL-actin (left) and bright field (right) during

stretch manipulation (Figure 2a and b). Time is in minute:second. Scale bar, 10um.

Movie 4

Cells retract after cytochalasin D treatment.

Time-lapse movie shows images of PKH26-stained XTC (green) on non-stretched
substrate (gray) during cytochalasin D treatment (top of Figure 5a). Cells were treated

with 5 uM cytochalasin D at 0:00. Time is in minute:second. Scale bar, 10 pm.

Movie 5

Cytochalasin D-induced cell edge retraction is attenuated in cells on the stretched
substrate.

Time-lapse movie shows images of PKH26-stained XTC (green) on stretched substrate
(gray) during cytochalasin D treatment (bottom of Figure 5a). Cells were treated with 5

UM cytochalasin D at 0:00. Time is in minute:second. Scale bar, 10 um.
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Movie 6

BDM treatment reduces the density of the actin network at the cell edge.
Time-lapse movie shows images of EGFP-actin during BDM treatment (Figure S6a and
b). Cells were treated with 10 mM BDM from 3:00 to 8:00. Time is in minute:second.

Scale bar, 10 pm.

Movie 7

BDM treatment reduces the number of new actin SiMS near the cell edge.
Time-lapse movie shows images of DL-actin during BDM treatment (Figure Sé6c).
Twenty mM BDM was treated from 1:30 to 3:30. Time is in minute:second. Scale bar, 10

um.

Movie 8

The increase in the density of EGFP-actin upon stretch is observed in Napl
knockdown cells.

Time-lapse movie shows images of EGFP-actin during stretch manipulation in Napl
knockdown cell (Figure S8b). White lines indicate the vertical position of the center of a

bead buried into the PDMS substrate. Time is in minute:second. Scale bar, 5 um.

Movie 9

The increase in the density of EGFP-actin upon stretch is observed in Napl
knockdown cells (all other cases of Fig. S8b experiments).

Time-lapse movies show images of EGFP-actin during stretch manipulation in Napl
knockdown cells (Figure S9). White lines indicate the vertical position of the center of a

bead buried into the PDMS substrate. Time is in minute:second. Scale bars, 5 um.

Movie 10
The reduction in the density of EGFP-actin upon BDM treatment is observed in
Nap1 knockdown cells.

Time-lapse movie shows images of EGFP-actin during BDM treatment in Napl
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knockdown cells (Figure S10). Cells were treated with 10 mM BDM from 3:00 to 8:00.

Time is in minute:second. Scale bar, 10 um.

Movie 11

The increase in the density of EGFP-actin upon stretch is observed in cells
expressing a high level of Abil-mito.

Time-lapse movie shows images of EGFP-actin during stretch manipulation in the cell
expressing high level of Abil-mito (Figure S8d). White lines indicate the vertical position
of the center of a bead buried into the PDMS substrate. Time is in minute:second. Scale

bar, 5 um.

Movie 12

The increase in the density of EGFP-actin upon stretch is observed in cells
expressing a high level of Abil-mito (all other cases of Fig. S8d experiments).
Time-lapse movies show images of EGFP-actin during stretch manipulation in the cell
expressing high level of Abil-mito (Figure S11). White lines indicate the vertical position
of the center of a bead buried into the PDMS substrate. Time is in minute:second. Scale

bars, 5 um.

Movie 13

The reduction in the density of EGFP-actin upon BDM treatment is observed in cells
expressing a high level of Abil-mito.

Time-lapse movie shows images of EGFP-actin during BDM treatment in the cell
expressing high level of Abil-mito (Figure S12). Ten mM BDM was prefused from 3:00

to 8:00. Time is in minute:second. Scale bar, 10 um.

Movie 14

The increase in the density of EGFP-actin upon stretch is observed in cells
expressing a high level of FP4-mito.

Time-lapse movie shows images of EGFP-actin during stretch manipulation in the cell

expressing high level of FP4-mito (Figure S8f). White lines indicate the vertical position
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of the center of a bead buried into the PDMS substrate. Time is in minute:second. Scale

bar, 5 um.

Movie 15

The increase in the density of EGFP-actin upon stretch is observed in cells
expressing a high level of FP4-mito (all other cases of Fig. S8f experiments).
Time-lapse movies show images of EGFP-actin during stretch manipulation in the cell
expressing high level of FP4-mito (Figure S13). White lines indicate the vertical position
of the center of a bead buried into the PDMS substrate. Time is in minute:second. Scale

bars, 5 um.

Movie 16

The reduction in the density of EGFP-actin upon BDM treatment is observed in cells
expressing high level of FP4-mito.

Time-lapse movie shows images of EGFP-actin during BDM treatment in the cell
expressing high level of FP4-mito (Figure S14). Ten mM BDM was perfused from 3:00

to 8:00. Time is in minute:second. Scale bar, 10 um.
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