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Abstract (196 words) 28 

Adherent filopodia are elongated finger-like membrane protrusions, extending from the edges of 29 

diverse cell types and participating in cell adhesion, spreading, migration and environmental sensing. 30 

The formation and elongation of filopodia are driven by the polymerization of parallel actin filaments, 31 

comprising the filopodia cytoskeletal core. Here, we report that adherent filopodia, formed during the 32 

spreading of cultured cells on galectin-8-coated substrates, tend to change the direction of their 33 

extension in a chiral fashion, acquiring a left-bent shape. Cryo-electron tomography examination 34 

indicated that turning of the filopodia tip to the left is accompanied by the displacement of the actin 35 

core bundle to the right of the filopodia midline. Reduction of the adhesion to galectin-8 by treatment 36 

with thiodigalactoside abolished the filopodia chirality. By modulating the expression of a variety of 37 

actin-associated filopodia proteins, we identified myosin-X and formin DAAM1 as major filopodia 38 

chirality promoting factors. Formin mDia1, actin filament elongation factor VASP, and actin filament 39 

crosslinker fascin were also shown to be involved. Thus, the simple actin cytoskeleton of filopodia, 40 

together with a small number of associated proteins are sufficient to drive a complex navigation process, 41 

manifested by the development of left-right asymmetry in these cellular protrusions.  42 
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Introduction 43 

The development of left-right asymmetry, directed by the actin cytoskeleton, was observed in individual 44 

cells and cell collectives in vitro (Chen et al., 2012; Tee et al., 2015; Wan et al., 2011), as well as in a wide 45 

variety of in vivo developmental systems, such as Caenorhabditis. elegans oocytes (Middelkoop et al., 46 

2021; Naganathan et al., 2014), Drosophila hindgut and genitalia (Hozumi et al., 2006; Lebreton et al., 47 

2018; Spéder et al., 2006; Taniguchi et al., 2011), and in snails, presenting a classic example of biological 48 

chirality (Abe and Kuroda, 2019; Davison et al., 2016; Kuroda et al., 2016). Altogether these data suggest 49 

that specific actin filament structures, based on actin-associated proteins, such as diverse formins 50 

(DAAM1, Cyk1, snail Dia1) and myosins (1D and 1C), can translate and extend the asymmetric helical 51 

structure of actin filaments into asymmetric cellular and multicellular morphologies. The mechanisms 52 

underlying these multi-scale transformations, and the roles of individual actin associated proteins in 53 

these processes, are still poorly characterized.  54 

 55 

Filopodia are relatively simple cylindrical membrane protrusions, the formation of which is driven by 56 

actin filament self-organization and membrane remodeling. Specifically, filopodia growth is thought to 57 

be driven by actin polymerization at the tip, which is regulated by members of the formin family, mainly 58 

mDia2 and FMNL2 (Dimchev et al., 2021; Mellor, 2010), in concert with VASP-family proteins (Barzik et 59 

al., 2014; Cheng and Mullins, 2020). It was also shown that the Arp2/3 complex can participate in 60 

filopodia initiation at the cell’s leading edge (Yang and Svitkina, 2011)  and that the actin crosslinking 61 

protein fascin is required for the straight growth of filopodia (Machesky and Li, 2010; Vignjevic  et al., 62 

2006), in cooperation with another formin, DAAM1 (Jaiswal et al., 2013). Several myosins, were shown 63 

to be localized in distinct domains of filopodia (Houdusse and Titus, 2021), primarily, myosin-X (myo10), 64 

which is enriched at the filopodia tips (Berg and Cheney, 2002; Bohil et al., 2006) .The overexpression of 65 

myosin-X strongly promotes filopodia formation in many cell types (Kerber and Cheney, 2011). The 66 

inverse bar domain protein, IRSp53, is also enriched at the filopodia tips and shafts, and facilitates 67 

filopodia formation by inducing negative membrane curvature, and by recruiting several actin 68 

associated proteins promoting the assembly of actin filament core (Ahmed et al., 2010; Zhao et al., 69 

2011). Finally, filopodia tips were shown to be adhesive sites, enriched with transmembrane adhesion 70 

receptors, such as integrins, as well as the proteins connecting these receptors with the actin core, such 71 

as talin (Gallop, 2020; Lagarrigue et al., 2015). Myosin-X cooperates with talin in integrin activation at 72 

filopodia tip (Miihkinen et al., 2020).  73 

 74 
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Filopodia take active roles in cell navigation, migration and invasion, through their functions as 75 

environmental sensors (Heckman and Plummer, 2013), that can recognize not only the biochemical 76 

properties of the extracellular matrix (ECM) but also its physical properties (Alieva et al., 2019; Wong et 77 

al., 2014). In relation to chirality development, it was proposed that filopodia of nerve cell growth cone 78 

can direct a large scale left-right asymmetric axonal growth (Tamada et al., 2010). 79 

 80 

In the course of a previous study (Li et al., 2021b), we have shown that early spreading of Hela-JW cells 81 

on substrate coated with the animal lectin, galectin-8, is characterized by an intense formation of 82 

filopodia, extending radially from the cells’ edge, while being tightly attached to the substrate, as can be 83 

inferred from interference reflection microscopy images. Based on these initial observations, we further 84 

revealed that galectin-8 adherent filopodia can deviate from the common pattern of straight, radial 85 

extension, and change their growth direction in a defined left-right asymmetric manner.   We 86 

investigated the dynamic and structural changes underlying the asymmetric behavior of this seemingly 87 

simple actin-filament based structure. We show here that the asymmetric turning of filopodia depends 88 

on their adhesion to the substrate, that myosin-X and formin DAAM1 are the primary drivers of turning 89 

chirality, and that the actin polymerization regulators mDia1, mDia2, and VASP, as well as the actin 90 

crosslinking protein fascin can fine-tune the development of filopodia chirality.  91 

 92 

Results 93 

Filopodia turn counter-clockwise in cells spreading on galectin-8 94 

The vast majority (>90%) of filopodia, extended by Hela-JW cells, during their spreading on galectin-8-95 

coated substrate, are largely straight, while a small fraction is bent (mostly in a counter-clockwise 96 

fashion) (Fig 1A). Overexpression of myosin-X or knock-down of Arp2, a key component of the Arp2/3 97 

complex, increased the length of filopodia at twenty minutes following cell plating on galectin-8, without 98 

affecting the filopodia number (Fig 1B, 1C). This increase in length was accompanied by a striking 99 

increase in the fraction of bent filopodia (Fig 1A, D). Further analysis of these bent filopodia revealed an 100 

apparent left-right asymmetry (chirality) in their shape (Fig 1A, F), manifested by a major prevalence of 101 

left-bent filopodia. 102 

 103 

To assess this asymmetry, we calculated, for each cell, a chirality index, defined as (L-R)/(L+R+W) where 104 

L, R and W are the numbers of the left-bent, right-bent, and “wavy” filopodia respectively. The “wavy 105 

filopodia” are those filopodia that change direction more than once, along their length (Fig 1E), and are 106 
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observed relatively rarely (Fig 1F) and thus, they were not included in the chirality index numerator. To 107 

further clarify the nature of the chirality index: if all curvy filopodia are bent left, the chirality index is 108 

equal to 1, and if all curvy filopodia are bent right, the chirality index would be -1. An index equals to 0 109 

corresponds to an identical number of left and right bent filopodia (lack of chirality).  110 

 111 

In control, non-transfected cells, spreading on galectin-8 the fraction of bent filopodia was low (7.4% ± 112 

8.5%, N=174 cells), but these few filopodia clearly demonstrated asymmetric bending with a chirality 113 

index of 0.58± 0.07. Arp2 knockdown resulted in many more bent filopodia, the majority of which 114 

turned left. This effect was observed upon Arp2 knockdown using two different single siRNAs (Fig S2).  115 

The chirality index of filopodia following Arp2 knockdown did not, however, exceed the values observed 116 

in control cells (Fig 1G). Myosin-X overexpression also increased the fraction of bent filopodia, and in 117 

addition significantly augmented their chirality, resulting in a chirality index of up to 0.76± 0.02. 118 

Overexpression of truncated mutants of myosin-X, lacking the FERM domain (Myo10-ΔFERM) and even 119 

lacking the entire complex of C-terminal PH, MyTH4 and FERM domains (Myo10-HMM) also increased 120 

the fraction of bent filopodia and, remarkably, their chirality index (Fig S3). A similar increase in filopodia 121 

chirality was observed using an additional cell line, mouse melanoma B16F1 (Fig S1), pointing to the 122 

generality of the chiral turning phenomenon.  123 

  124 

Time lapse imaging of myosin-X expressing cells and Arp2 knockdown cells, spreading on galectin-8, 125 

clearly show that the “bent” morphology of filopodia occurs upon a change in the direction of filopodia 126 

growth, rather than by physical bending of existing, fully extended filopodia (Fig 2A, Movie 1, 2), and the 127 

alteration of the direction of filopodia growth is often preceded by a decrease in filopodia growth 128 

velocity (Fig 2B). In cells expressing GFP-myosin-X, the change of filopodium direction is often 129 

accompanied by an apparent duplication of myosin-X positive patch at the tip of filopodium. The GFP-130 

myosin-X patch associated with the “old” tip stops moving while the new, tilted segment of the 131 

filopodium, acquire a new GFP-myosin-X patch at its tip (Fig 2C). In less than 20 seconds, however, the 132 

old myosin-X patch disappears and the new filopodium front segment becomes curved (Fig 2E, Movie 3). 133 

 134 

The results of Cryo-EM examination of filopodia induced by overexpression of GFP-myosin-X are 135 

presented in Fig 3. The straight and bent filopodia can be distinguished at lower magnification (insights 136 

in tomograms A-F). Higher magnification of filopodia tips revealed that in many cases, the cylindrical 137 
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filopodia were ended by bulbous extensions. Among bent filopodia, almost half (47%) had such bulb-like 138 

ending while straight filopodia displayed such structure in much rarer cases (5.6%).  139 

 140 

The filopodia actin core appeared as a tight bundle of essentially continuous filaments (Fig 3). Short 141 

filament fragments found sometimes in the filopodia (Fig 3A-F, also shown in 3D rendering isosurface, 142 

Fig 3G) are expected due to the resolution limitation in the condensed environment. In straight filopodia, 143 

the actin core was located symmetrically in the centre of the membrane tube (Fig 3A, B, G), while in 144 

bent filopodia, the position of the actin core relative to the membrane was always asymmetric at the 145 

filopodia tip (Fig 3C-F, G). The segment of the actin core bundle in the proximity of filopodium tip was 146 

always located at the side opposite to the bulb, so that the distance from the core to right edge of 147 

filopodium was always smaller than to the left edge (Fig 3C-F, G). Thus, in the majority of filopodia tips, 148 

the membrane bulbs were shifted to the left and either did not contain actin filaments at all (Fig 3C) or 149 

contained few filaments splayed from the actin bundles (Fig 3D, E). However, in some cases, the actin 150 

bundles aligned along the right edge of the tip, bent to the left and sometimes form a loop along the 151 

edge of bulb (Fig 3F, G).  152 

 153 

Adhesion to galectin-8 coated substrate is essential for chiral turning 154 

Interference reflection microscopy  (IRM) shows that filopodia of cells, growing on galectin-8 coated 155 

substrates, maintain a close proximity to the substrate (IRM-dark areas in Fig 2 and (Li et al., 2021b). To 156 

determine whether the tight adhesion to the underlying matrix is needed for the chiral turning, we 157 

added to the spreading cells, thiodigalactoside (TDG), a homolog of galectins ligand β-galactoside, which 158 

is known to block the binding of galectin-8 to its membrane receptors (Levy et al., 2001; Li et al., 2021). 159 

As shown in Fig 4, TDG reduces filopodia formation, though numerous filopodia were still formed and 160 

the fraction of bent filopodia was slightly reduced in the presence of 10 mM TDG (Fig 4A, B). Remarkably, 161 

however, TDG reduced chirality of filopodia in both myosin-X expressing and Arp2 depleted cells, so that  162 

the fractions of left and right turning filopodia were approximately equal (Fig 4A, B).  163 

 164 

Filopodia chiral turning is myosin-X-dependent 165 

Myosin-X was shown to be important for filopodia formation (Bohil et al., 2006), and consequently, 166 

myosin-X depleted cells form significantly fewer filopodia than control cells, even on galectin-8 coated 167 

substrates (Fig S3G, S4B). Since the fraction of bent filopodia was rather low in both control and myosin-168 

X knockdown cells (Fig S3F, G, S4A, B) and given that Arp2 knockdown strongly enhances the fraction of 169 
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bent filopodia (Fig 1), we first checked whether myosin-X function is required for asymmetric filopodia 170 

turning after Arp2 knockdown. As shown in Figure 4, double depletion of Arp2 and myosin-X indeed 171 

resulted in the formation of larger number of bent filopodia than the knockdown of myosin-X alone. 172 

Among these bent filopodia, the fractions of left and right bent filopodia were approximately equal (Fig 173 

5A, B). This result was observed upon knockdown of myosin-X by Dharmacon™ smartpool siRNAs as well 174 

as by the individual siRNAs constituting the smartpool (Fig S4D-F). Thus, depletion of myosin-X strongly 175 

decreases filopodia chirality in Arp2 knock-down cells while, myosin-X overexpression increases 176 

filopodia chirality in Arp2 knockdown cells (Fig 5). 177 

 178 

We further show that filopodia turning chirality following myosin-X knockdown, can be restored in 179 

human Hela-JW cells, by the expression of bovine (rather than the human) protein (Fig S3). This 180 

significantly increased the number of filopodia, their length and their filopodia turning chirality. 181 

Interestingly, truncated myosin-X mutants also rescued the formation and chirality of filopodia in 182 

myosin-X knockdown cells. Filopodia formed by cells lacking endogenous myosin-X and expressing 183 

tailless myosin-X-HMM instead, remained chiral even though to a less extent than filopodia expressing 184 

full length myosin-X (Fig S3). Chirality of filopodia in cells expressing myosin-X lacking FERM domain 185 

(GFP-Myo10-ΔFERM) was like that in control cells (Fig S3).   186 

 187 

We further checked whether myosin-X induces chirality also in cells with unperturbed Arp2 levels. Given 188 

the very low number of bent filopodia in control and myosin-X knockdown cells, we have tested many 189 

cells, enabling us to reliably assess and compare the chirality index of their filopodia. Our results showed 190 

that knockdown of myosin-X significantly decreases the chirality of filopodia in cells spreading on 191 

galectin-8 (Fig S4). These results, together with the data shown in Fig 1b, indicate that myosin-X is 192 

essential for the development of filopodia chirality, irrespective of Arp2 levels.  193 

 194 

Myosin-1D and 1C depletion does not affect filopodia turning chirality 195 

Several other members of the myosin super-family were previously shown to be involved in different 196 

forms of cell chirality. Myosin 1D and 1C were shown to be critical for the development of chirality in 197 

Drosophila embryos (Hozumi et al., 2006; Lebreton et al., 2018; Spéder et al., 2006). Myosin 1C binds to 198 

phosphatidylinositol 4, 5-bisphosphate (PIP2) and was shown to be clustered at the tips as well as the 199 

base of a special type of membrane extension, stereocilia (Garcı́a et al., 1998; Gillespie and Müller, 200 

2009).  201 
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 202 

As shown in Fig. S5, both myosin 1D and 1C affect filopodia formation in control and myosin-X 203 

overexpressing cells; myosin 1D apparently down-regulates filopodia formation (based on the 204 

observation that its knockdown enhances filopodia number and length, while its overexpression 205 

suppresses filopodia), and myosin 1C promoted filopodia formation (its knockdown reduced filopodia 206 

number in control cells and filopodia length in myosin-X overexpressing cells). However, despite these 207 

effects, neither myosin 1D nor myosin 1C depletion affected the fraction of bent filopodia or filopodia 208 

bending chirality (Fig S5).    209 

 210 

Effects of depletion of regulators of actin polymerization at the filopodia tip on chiral turning  211 

Filopodia growth is driven by actin polymerization at the tip of filopodia, which is regulated, locally, by 212 

formin and VASP family proteins. Among the major formins in Hela cells (Krainer et al., 2013), mDia1, 213 

mDia2 and FMNL2 were reported to be enriched at the filopodia tips  (Block et al., 2012; Goh and 214 

Ahmed, 2012; Mellor, 2010; Yang et al., 2007). VASP was also found to be localized at the tip of filopodia 215 

(Applewhite et al., 2007). Here, we directly investigated the functions of mDia1, mDia2 and FMNL2, as 216 

well as VASP, in the regulation of filopodia chiral turning on galectin-8. We examined how depletion of 217 

these molecules affect filopodia growth in control cells and cells where enhanced formation of bent 218 

filopodia was induced by myosin-X overexpression or Arp2 knockdown.  219 

 220 

mDia2 depletion strongly reduced filopodia number and length in control cells, but overexpression of 221 

myosin-X or knockdown of Arp2 significantly rescued filopodia formation and elongation in cells without 222 

mDia2 (Fig S5). Remarkably, depletion of mDia2 significantly increased the chirality index of filopodia in 223 

cells overexpressing myosin-X or lacking Arp2 (Fig 6). Of note, changes in chirality index in these 224 

experiments did not correlate with the fraction of bent filopodia, since upon mDia2 knockdown, this 225 

fraction decreased in Arp2 knockdown cells but increased in myosin-X expressing cells (Fig 5B). Similarly, 226 

mDia2 and FMNL2 knockdown also moderately increased filopodia chirality in Arp2 knockdown cells but 227 

did not affect filopodia chirality in cells overexpressing myosin-X (Fig 6). Thus, the two formins that play 228 

a major role in filopodia growth, mDia2 and FMNL2, appear to be dispensable for filopodia chirality and 229 

may even suppress chiral turning.  230 

 231 

Knockdown of mDia1 slightly increased filopodia number in control and myosin-X overexpressing cell 232 

but not in Arp2 depleted cells, and had, essentially, no effects on filopodia length (Fig 6). It also did not 233 
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affect the fraction of curved filopodia and the chirality index in control and myosin-X overexpressing 234 

cells (Fig 5). However, in Arp2 knockdown cells, depletion of mDia1 resulted in a pronounced decrease in 235 

both the fraction of bent filopodia, and the filopodia chirality index (Fig 6, S5). Thus, while mDia1 is 236 

dispensable for filopodia chirality in control and myosin-X overexpressing cells, filopodia chiral turning in 237 

Arp2 depleted cells requires mDia1. VASP overexpression was shown to reduce filopodia formation in 238 

Hela cells spreading on galectin-8 coated substrate (Li et al., 2021b). Like mDia1, VASP depletion 239 

significantly reduced the fractions of curved filopodia and filopodia chirality index in cells lacking Arp2. 240 

Thus, filopodia chiral turning in Arp2 depleted cells requires myosin-X, mDia1, and VASP.  241 

 242 

Requirement of filopodia shaft proteins DAAM1, and fascin for chiral turning of filopodia  243 

We next set to investigate several proteins that are mainly located at the filopodia shaft. Actin filament 244 

crosslinking protein fascin along with formin DAAM1 are reported to function to bundle actin filaments 245 

(Jaiswal et al., 2013). In addition, DAAM1 is one of the highly expressed formins in Hela cells (Krainer et 246 

al., 2013). Thus, we examined the roles of fascin and DAAM1 in regulating filopodia chirality.  247 

 248 

The depletion of DAAM1 significantly increased filopodia length and the fraction of bent filopodia in 249 

control as well as in myosin-X overexpressing and Arp2 depleted cells (Fig S7). The fraction of wavy 250 

filopodia also increased upon DAAM1 depletion (Fig S7). Strikingly, however, DAAM1 depletion resulted 251 

in the loss of filopodia chirality (Fig 7). The depletion of fascin dramatically inhibited filopodia number 252 

and length. It also increased the fractions of bent filopodia in control and myosin-X overexpressing cells 253 

but not in Arp2 knockdown cells. Fascin depletion significantly decreased the chirality in myosin-X 254 

overexpressing cells, even though the chirality index remained positive. In Arp2 knockdown cells as well 255 

as in control cells, the fascin depletion did not reduce the ratio between left and right turning filopodia 256 

and therefore did not reduce the chirality index. However, the fraction of wavy filopodia was increased 257 

markedly by fascin knockdown in these cases too, resulting in less chiral phenotype. Thus, while both 258 

DAAM1 and fascin are required for filopodia chirality, the effect of DAAM1 depletion was more 259 

pronounced than that of fascin depletion. 260 

Discussion 261 

In this study, we observed a new phenomenon: a chiral turning of matrix-associated filopodia during 262 

their elongation. We showed here that growing filopodia, attached to a planar substrate, uniformly 263 

coated with galectin-8, tend to turn, more often, to the left than to the right, during their growth. An 264 

asymmetric movement of filopodia was previously observed in some nerve cells, where a straight 265 
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filopodium moves as a generatrix of a cone with its apex coinciding with the filopodium base and the tip 266 

following a circular path in one direction (Tamada and Igarashi, 2017; Tamada et al., 2010). Unlike these 267 

non-adherent filopodia rotations, the chirality of filopodia in our system emerges due to an asymmetric 268 

change in the direction of filopodium extension, resulting in the formation of filopodia that are curved in 269 

the plane of the substrate. To address the mechanisms underlying this asymmetric turning, three major 270 

aspects of filopodia growth were considered: the elongation dynamics, the involvement of the adhesion 271 

to extracellular matrix, and the cytoskeletal machinery that, most likely, regulates the turning direction.  272 

 273 

Even though the galectin-8 coated substrate stimulates the formation of adherent filopodia, the vast 274 

majority of them remain straight and only few display a chiral turning. We found two main conditions 275 

that strongly increase the fraction of turning filopodia: (i) overexpression of myosin-X or (ii) knockdown 276 

of Arp2 expression, thereby suppressing Arp2/3 mediated actin polymerization. Under both conditions, 277 

filopodia length increases and the changes in filopodia growth direction occur in 40%-60% of filopodia. 278 

The majority of these filopodia turned left (counter-clockwise), as seen by an observer looking at the cell 279 

“top-down”, from the medium towards the substrate. These initial observations enabled a systematic 280 

study of the molecular mechanism underlying the process of filopodia chiral extension. 281 

                      282 

Previous studies revealed that adherent filopodia are growing in an intermittent fashion, with periods of 283 

extension that are alternating with the period of growth cessation and formation of tighter adhesions 284 

between filopodia tips and the substrates (Watanabe et al., 2010). We have shown here that changes in 285 

the direction of filopodia extension occur after such intermittent cessation of growth when the new 286 

segment of filopodium start to extend from the adherent tip. This suggests the possibility that filopodia 287 

adhesion to the substrate is essential for the chiral turning of the filopodia tip. To address this possibility, 288 

we have tested the effect of the galectin-8 inhibitory ligand, TDG, on the filopodia turning chirality. As 289 

shown in Fig 3, the inhibitor indeed abolished the chiral growth of the filopodia, confirming that 290 

adhesion to galectin-8 is needed for the induction of turning chirality.  291 

 292 

Searching for the cytoskeletal protein(s) that induce, or support filopodia chirality, we used a systematic 293 

siRNA mediated down regulation approach for identifying cytoskeletal components that affect the 294 

turning chirality without blocking filopodia growth. Fortunately, the formation of filopodia and their 295 

elongation appear to be highly robust processes, so that diverse combinations of the actin associated 296 

proteins could be sufficient to promote filopodia growth and the absence of some of them can be 297 
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compensated (Dobramysl et al., 2021). This is consistent with our results, showing that knockdown of 298 

myosin-X blocks the formation of filopodia on galectin-8 coated substrate, but combination of this 299 

knockdown with knockdown of Arp2 rescued filopodia formation, and permitted us to obtain enough 300 

bent filopodia and assess their chirality. This experiment clearly demonstrated that myosin-X is required 301 

for chiral filopodia turning even under conditions when it is dispensable for filopodia growth. Moreover, 302 

overexpression of myosin-X not only increases the fraction of bent filopodia but significantly increases 303 

their chirality. Myosin-X function as a filopodia chirality inducer is consistent with known characteristics 304 

of its molecular motor activity. Myosin-X is moving processively along actin filament bundles that are 305 

crosslinked by fascin (Caporizzo et al., 2018; Ropars et al., 2016) in a chiral helical fashion (Sun et al., 306 

2010). Even though the function of myosin-X in filopodia is thought to be related to delivery of different 307 

cargos to the filopodia tips (Tokuo and Ikebe, 2004), our experiments show that its involvement in 308 

filopodia chirality depends mainly on its interaction with the actin core. The truncated mutants of 309 

myosin-X, lacking the C-terminal domains involved in cargo binding, still support filopodia chirality, and 310 

myosin-X lacking the FERM domain induces chirality even better than the wild type protein.  311 

 312 

Besides myosins, the formin family proteins constitute another class of molecules that can, in principle, 313 

create asymmetric torque in the actin filament systems. Specifically, during formin driven actin 314 

polymerization, a mobile formin dimer, at the tip (barbed end) of the growing actin filaments, is 315 

expected to rotate upon incorporation of each new actin subunit, following the helical structure of the 316 

actin filament (Mizuno et al., 2011). When such rotation is restricted (e.g., by formin immobilization), 317 

the polymerizing actin filament should rotate in a chiral fashion, which may underlie the development of 318 

large scale left-right asymmetry, affecting the self-organization of the actin cytoskeleton in the cell (Tee 319 

et al., 2021; Tee et al., 2015). Since formins are localized to filopodia and play a critical role in their 320 

growth, we examined the involvement of some of the filopodial formins in the generation of filopodia 321 

chirality.  322 

 323 

mDia2 (a product of DIAPH3 gene) is one of the highly expressed formins localized to filopodia tips. 324 

mDia2 was shown to be required for the formation of filopodia, induced by a the small Rho GTPase Rif 325 

(Pellegrin and Mellor, 2005). This is consistent with our initial demonstration that knockdown of mDia2 326 

suppresses the formation of filopodia in Hela-JW cells on galectin-8 coated substrate (Li et al., 2021b). 327 

We show here that the formation of filopodia in mDia2-depleted cells can be rescued by overexpression 328 

of myosin-X or knockdown of Arp2. These filopodia were chiral with chirality index even higher than that 329 
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observed in filopodia induced by overexpression of myosin-X or knockdown of Arp2 in mDia2-containing 330 

cells. Another major formin localizes to the filopodia tips, FMNL2, was also dispensable for filopodia 331 

chiral turning and its knockdown even slightly increases chirality in filopodia of Arp2 knockdown cells. 332 

Thus, both major promoters of filopodia growth, mDia2 and FMNL2, are not required for filopodia 333 

chirality or even function as its negative regulator. It is interesting to note that actin filament rotation 334 

that could be generated by immobilized formins at the filopodia tip should occur in a direction that is 335 

opposite to the one generated by myosin-X, and therefore could interfere with it.  336 

 337 

Unlike mDia2 and FMNL2, the depletion of another diaphanous family formin, DAAM1, significantly 338 

suppressed the filopodia chirality. This effect was especially prominent in cells where filopodia 339 

formation was stimulated by myosin-X overexpression or Arp2 knockdown, but can also be observed in 340 

non-stimulated cells, spreading on galectin-8 coated substrate. DAAM1 is localized mainly to filopodia 341 

shafts due to interaction with the actin cross-linking protein fascin (Jaiswal et al., 2013). In our 342 

experiments, the knockdown of fascin also reduced the filopodia chirality. Thus, DAAM1 could promote 343 

chirality due to its participation in stabilization of actin core bundles in cooperation with fascin. This 344 

suggestion does not explain, however, why the knockdown of DAAM1 suppressed filopodia chirality 345 

stronger than the knockdown of fascin. 346 

 347 

Two other regulators of actin polymerization were shown here to participate in filopodia chirality 348 

regulation. mDia1 is shown to function at the filopodia shafts where it can affect actin polymerization 349 

and possibly act as  F-actin crosslinker (Goh and Ahmed, 2012) , and VASP, which is enriched at filopodia 350 

tips, is thought to be a major actin “elongator”, together with the formins mDia2 and FMNL2/3 351 

(Damiano-Guercio et al., 2020). Both mDia1 and VASP, in our experiments, were required for the 352 

filopodia chirality in cells depleted of Arp2 but not in cells overexpressing myosin-X. The reason for this 353 

specificity is presently unclear.  354 

 355 

Thus, our survey of filopodial actin associated proteins revealed that even in this relatively simple 356 

system, the development of chirality depends on several players including in particular myosin-X, formin 357 

DAAM1, as well as several actin regulators such as mDia1, fascin and VASP. Furthermore, the set of 358 

proteins involved in filopodia chiral turning differs from that involved in other types of actin-based 359 

chirality. While DAAM1 protein important for chiral morphogenesis in Drosophila developments 360 

(Chougule et al., 2020) is indispensable for filopodia chirality, the homologs of other Drosophila chirality 361 
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proteins, myosin-1C and 1D (Hozumi et al., 2006; Lebreton et al., 2018; Spéder et al., 2006), did not 362 

seem to affect the filopodia chirality in our cells. Similarly, the knockdown of mDia1 formin affected 363 

filopodia chirality in much less degree than the chiral swirling in human fibroblasts and chiral alignment 364 

of these cells (Tee et al., 2021). At the same time, we have found the important function of myosin-X in 365 

filopodia chirality, which was not detected in previously studied examples of actin based chiral 366 

morphogenesis.  367 

 368 

Despite all the differences in particular molecular players, all actin-based chiral systems have apparent 369 

common features. They all are based on interactions of helical actin filaments with two classes of 370 

proteins, formins and myosins, which can result in the generation of chiral movement. Such chiral 371 

movement (for example, axial filament twirling, or twisting of filament bundle) can be a basis for higher 372 

order chiral morphogenesis if it is acting in a well-defined system of coordinates. Such coordinate 373 

system can be defined by cell adhesion to the extracellular matrix or/and to other cells. In our system, 374 

the adhesion of cells and their filopodia to the planar substrate covered with galectin-8 is a necessary 375 

condition for the filopodia asymmetric growth.  376 

 377 

Taken together, the possible molecular mechanisms underlying filopodia turning chirality, share a 378 

common expectation, namely a local structural asymmetry in the organization of the tip of turning 379 

filopodia. A direct support to such possibility was provided by observations of turning filopodia using 380 

cryo-electron tomography (Fig 3).  381 

 382 

The first observation is that in filopodia that start turning left, the actin core bundle is shifted to the 383 

right. Thus, two questions should be addressed: (i) why the core actin bundle is shifting and (ii) how this 384 

shifting of the core lead to turning of the filopodium tip to the opposite side. Addressing the first 385 

question, namely, the shifting of the core, can be explained by its interactions with molecules of myosin-386 

X, which move along a helical path wrapped around the core (Sun et al., 2010). The movement of 387 

myosin-X molecules toward the tip of filopodia is accompanied by their counterclockwise rotation 388 

around the axis of the core, which may be a reason for the asymmetric accumulation of the myosin-X 389 

molecules between the core and the membrane at the left side of the core tip. If this myosin-X rotation 390 

is counteracted by some forces such as the friction with the surrounding cytoplasm and/or the 391 

interaction with the membrane, the angular momentum will be, partially, transmitted to the core and 392 

drive the clockwise axial rotation of the latter. Such core rotation can produce the core “rolling” along 393 
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the substrate-immobilized membrane to the right until the core distal end gets pushed against the right 394 

side of the filopodial membrane. Thus, shifting of the core towards the right edge of filopodia could be a 395 

consequence of an accumulation of myosin-X molecules on the left side of the filopodium tip and the 396 

myosin-X driven rolling of the core towards the right.  397 

As per the second question, namely how can such shift trigger a leftward turning of the filopodia, 398 

several general mechanisms might be considered. Recent published data suggests that filopodia growth 399 

is initiated by membrane remodeling with inverted BAR-domain proteins (Jones et al., 2020), while 400 

consequent polymerization of actin filaments stabilizes the protrusions and promotes their elongation. 401 

Assuming the concentration of the I-BAR domain proteins to be homogeneous all over the filopodial 402 

membrane, the mean membrane curvature (½ (c1+c2) = ½ (1/r1+1/r2), where c1 and c2 are the principal 403 

curvatures, and r1 and r2 the principal radii of curvature, respectively) should be constant over the entire 404 

filopodia surface. Since in the cylindrical filopodium shaft one of the principal curvatures is zero, the 405 

radius of the filopodium’s spherical tip will be two-fold larger than that of the filopodium’s cylindrical 406 

shaft, i.e. the tip will be swollen compared to the shaft. Indeed, we observed that in many cases the 407 

filopodia ended with a bulb with a radius higher than the radius of the shaft. Because of this swelling, 408 

the core cannot stick to the membrane of the tip in a symmetrical fashion like in the shaft. In the 409 

absence of factors shifting the core such as myosin-X, the core will stick to the right or to the left of the 410 

bulb with an equal probability. However, because myosin-X induces systematic shifting of the core to 411 

the right, the probability of the core attachment of the right side of the bulb membrane will be higher 412 

than probability of the attachment to the left side. It means that the bulb at the tip of filopodia will be 413 

shifted to the left relatively to the axis of the shaft. It is reasonable to suggest that this asymmetric bulb 414 

can serve as a bud for a newly forming segment of filopodia. Elongation of this segment can be driven by 415 

either new actin filament nucleation at the bud, or by partial straightening of the looped actin core. 416 

It should be noted here that presently we are not aware of physiological processes in which left-right 417 

asymmetric filopodia extension is involved. Given the role of filopodia in environmental sensing and 418 

cellular navigation (Heckman and Plummer, 2013), it might be considered that asymmetric formation of 419 

filopodia at some structures, such as growth cone of nerve cells, could partake in the process of chiral 420 

growth of neurites, which was discovered many years ago (Heacock and Agranoff, 1977). Filopodia also 421 

participate in a variety of processes related to the formation of cell-cell junctions (Li et al., 2021a; 422 

Vasioukhin et al., 2000) and cell fusion (Hammers et al., 2021; Segal et al., 2016). For some of these 423 

processes, left-right asymmetry could be important, and intrinsic filopodia chirality may underly such 424 
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asymmetry. Irrespective to its particular role, the mechanism of asymmetric filopodia extension 425 

deserves to be further studied. Filopodia provide a challenging example of architecturally simple 426 

structures built of actin filaments and membrane, yet displaying new emerging features, such as chiral 427 

turning that might affect cellular morphogenesis. 428 

 429 

Acknowledgements 430 

We thank Dr R. E. Cheney (University of North Carolina at Chapel Hill, North Carolina), Dr N. O. Alieva (A-431 

star, Singapore), Dr Yee Han Tee and Dr P. Kanchawong (Mechanobiology Institute, Singapore) for the 432 

cells and the constructs. We thank Dr Yaming Jiu (Chinese Academy of Science, China), and Dr Yee Han 433 

Tee (Mechanobiology Institute, Singapore) for the discussions on the manuscript.  434 

B.G. is grateful to the Israel Science Foundation (personal grant (2749/17) and precision medicine grant 435 

(3617/19)), to the Minerva Center at the Weizmann Institute "Aging, from Physical Materials to Human 436 

Tissues” for their support and to the Jean-Jacques Brunschwig Fund for the Molecular Genetics of 437 

Cancer for supporting this research. 438 

A.D.B. acknowledge the support from the Singapore Ministry of Education Academic Research Fund Tier 439 

2 (MOE Grant No: MOE2018-T2-2-138), the National Research Foundation, Prime Minister’s Office, 440 

Singapore, and the Ministry of Education under the Research Centers of Excellence program through the 441 

Mechanobiology Institute, Singapore (ref no. R-714-006-006-271), and Singapore Ministry of Education 442 

Academic Research Fund Tier 3 MOE grants no. MOE2016-T3-1-002, and no. MOET32021-0003. 443 

A.D.B., B.G. and W.L. acknowledge the support from a Maimonides Israeli–France grant (Israeli Ministry 444 

of Science Technology and Space), and EU Marie Skłodowska-Curie Network InCeM (project ID 642866).  445 

W.L.C. and O.M. acknowledge ERC-Syg (810057-HighResCells) grant. 446 

 447 

References 448 

Abe, M., and R. Kuroda. 2019. The development of CRISPR for a mollusc establishes the formin Lsdia1 as 449 
the long-sought gene for snail dextral/sinistral coiling. Development. 146. 450 

Ahmed, S., W.I. Goh, and W. Bu. 2010. I-BAR domains, IRSp53 and filopodium formation. Seminars in cell 451 
& developmental biology. 21:350-356. 452 

Alieva, N.O., A.K. Efremov, S. Hu, D. Oh, Z. Chen, M. Natarajan, H.T. Ong, A. Jégou, G. Romet-Lemonne, 453 
J.T. Groves, M.P. Sheetz, J. Yan, and A.D. Bershadsky. 2019. Myosin IIA and formin dependent 454 
mechanosensitivity of filopodia adhesion. Nat Commun. 10:3593-3593. 455 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2022. ; https://doi.org/10.1101/2022.06.09.495577doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.09.495577
http://creativecommons.org/licenses/by-nc-nd/4.0/


Applewhite, D.A., M. Barzik, S.-i. Kojima, T.M. Svitkina, F.B. Gertler, and G.G. Borisy. 2007. Ena/VASP 456 
Proteins Have an Anti-Capping Independent Function in Filopodia Formation. Mol Biol Cell. 457 
18:2579-2591. 458 

Bai, M., B. Harfe, and P. Freimuth. 1993. Mutations that alter an Arg-Gly-Asp (RGD) sequence in the 459 
adenovirus type 2 penton base protein abolish its cell-rounding activity and delay virus 460 
reproduction in flat cells. J Virol. 67:5198-5205. 461 

Barzik, M., L.M. McClain, S.L. Gupton, and F.B. Gertler. 2014. Ena/VASP regulates mDia2-initiated 462 
filopodial length, dynamics, and function. Mol Biol Cell. 25:2604-2619. 463 

Berg, J.S., and R.E. Cheney. 2002. Myosin-X is an unconventional myosin that undergoes intrafilopodial 464 
motility. Nature Cell Biology. 4:246. 465 

Block, J., D. Breitsprecher, S. Kühn, M. Winterhoff, F. Kage, R. Geffers, P. Duwe, Jennifer L. Rohn, B. 466 
Baum, C. Brakebusch, M. Geyer, Theresia E.B. Stradal, J. Faix, and K. Rottner. 2012. FMNL2 467 
Drives Actin-Based Protrusion and Migration Downstream of Cdc42. Current Biology. 22:1005-468 
1012. 469 

Bohil, A.B., B.W. Robertson, and R.E. Cheney. 2006. Myosin-X is a molecular motor that functions in 470 
filopodia formation. Proc Natl Acad Sci U S A. 103:12411-12416. 471 

Boujemaa-Paterski, R., C. Suarez, T. Klar, J. Zhu, C. Guérin, A. Mogilner, M. Théry, and L. Blanchoin. 2017. 472 
Network heterogeneity regulates steering in actin-based motility. Nat Commun. 8:655. 473 

Caporizzo, M.A., C.E. Fishman, O. Sato, R.M. Jamiolkowski, M. Ikebe, and Y.E. Goldman. 2018. The 474 
Antiparallel Dimerization of Myosin X Imparts Bundle Selectivity for Processive Motility. 475 
Biophysical Journal. 114:1400-1410. 476 

Chen, T.H., J.J. Hsu, X. Zhao, C. Guo, M.N. Wong, Y. Huang, Z. Li, A. Garfinkel, C.M. Ho, Y. Tintut, and L.L. 477 
Demer. 2012. Left-right symmetry breaking in tissue morphogenesis via cytoskeletal mechanics. 478 
Circulation research. 110:551-559. 479 

Cheng, K.W., and R.D. Mullins. 2020. Initiation and disassembly of filopodia tip complexes containing 480 
VASP and lamellipodin. Mol Biol Cell. 31:2021-2034. 481 

Chougule, A., F. Lapraz, I. Földi, D. Cerezo, J. Mihály, and S. Noselli. 2020. The Drosophila actin nucleator 482 
DAAM is essential for left-right asymmetry. PLoS genetics. 16:e1008758. 483 

Damiano-Guercio, J., L. Kurzawa, J. Mueller, G. Dimchev, M. Schaks, M. Nemethova, T. Pokrant, S. 484 
Brühmann, J. Linkner, L. Blanchoin, M. Sixt, K. Rottner, and J. Faix. 2020. Loss of Ena/VASP 485 
interferes with lamellipodium architecture, motility and integrin-dependent adhesion. eLife. 486 
9:e55351. 487 

Davison, A., G.S. McDowell, J.M. Holden, H.F. Johnson, G.D. Koutsovoulos, M.M. Liu, P. Hulpiau, F. Van 488 
Roy, C.M. Wade, R. Banerjee, F. Yang, S. Chiba, J.W. Davey, D.J. Jackson, M. Levin, and M.L. 489 
Blaxter. 2016. Formin Is Associated with Left-Right Asymmetry in the Pond Snail and the Frog. 490 
Current biology : CB. 26:654-660. 491 

Dimchev, V., I. Lahmann, S.A. Koestler, F. Kage, G. Dimchev, A. Steffen, T.E.B. Stradal, F. Vauti, H.-H. 492 
Arnold, and K. Rottner. 2021. Induced Arp2/3 Complex Depletion Increases FMNL2/3 Formin 493 
Expression and Filopodia Formation. Frontiers in Cell and Developmental Biology. 9. 494 

Dobramysl, U., I.K. Jarsch, Y. Inoue, H. Shimo, B. Richier, J.R. Gadsby, J. Mason, A. Szałapak, P.S. Ioannou, 495 
G.P. Correia, A. Walrant, R. Butler, E. Hannezo, B.D. Simons, and J.L. Gallop. 2021. Stochastic 496 
combinations of actin regulatory proteins are sufficient to drive filopodia formation. Journal of 497 
Cell Biology. 220. 498 

Fidler, I.J. 1975. Biological behavior of malignant melanoma cells correlated to their survival in vivo. 499 
Cancer research. 35:218-224. 500 

Gallop, J.L. 2020. Filopodia and their links with membrane traffic and cell adhesion. Seminars in cell & 501 
developmental biology. 102:81-89. 502 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2022. ; https://doi.org/10.1101/2022.06.09.495577doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.09.495577
http://creativecommons.org/licenses/by-nc-nd/4.0/


Garcı́a, J.A., A.G. Yee, P.G. Gillespie, and D.P. Corey. 1998. Localization of Myosin-Iβ near Both Ends of 503 
Tip Links in Frog Saccular Hair Cells. The Journal of Neuroscience. 18:8637-8647. 504 

Gillespie, P.G., and U. Müller. 2009. Mechanotransduction by Hair Cells: Models, Molecules, and 505 
Mechanisms. Cell. 139:33-44. 506 

Goh, W.I., and S. Ahmed. 2012. mDia1-3 in mammalian filopodia. Communicative & Integrative Biology. 507 
5:340-344. 508 

Hadari, Y.R., K. Paz, R. Dekel, T. Mestrovic, D. Accili, and Y. Zick. 1995. Galectin-8: A NEW RAT LECTIN, 509 
RELATED TO GALECTIN-4. Journal of Biological Chemistry. 270:3447-3453. 510 

Hammers, D.W., C.C. Hart, M.K. Matheny, E.G. Heimsath, Y.i. Lee, J.A. Hammer, III, R.E. Cheney, and H.L. 511 
Sweeney. 2021. Filopodia powered by class x myosin promote fusion of mammalian myoblasts. 512 
eLife. 10:e72419. 513 

Heacock, A.M., and B.W. Agranoff. 1977. Clockwise growth of neurites from retinal explants. Science. 514 
198:64-66. 515 

Heckman, C.A., and H.K. Plummer. 2013. Filopodia as sensors. Cellular Signalling. 25:2298-2311. 516 
Houdusse, A., and M.A. Titus. 2021. The many roles of myosins in filopodia, microvilli and stereocilia. 517 

Current biology : CB. 31:R586-r602. 518 
Hozumi, S., R. Maeda, K. Taniguchi, M. Kanai, S. Shirakabe, T. Sasamura, P. Spéder, S. Noselli, T. Aigaki, R. 519 

Murakami, and K. Matsuno. 2006. An unconventional myosin in Drosophila reverses the default 520 
handedness in visceral organs. Nature. 440:798-802. 521 

Jaiswal, R., D. Breitsprecher, A. Collins, I.R. Corrêa, Jr., M.Q. Xu, and B.L. Goode. 2013. The formin Daam1 522 
and fascin directly collaborate to promote filopodia formation. Current biology : CB. 23:1373-523 
1379. 524 

Jones, T., A. Liu, and B. Cui. 2020. Light-Inducible Generation of Membrane Curvature in Live Cells with 525 
Engineered BAR Domain Proteins. ACS Synthetic Biology. 9:893-901. 526 

Kerber, M.L., and R.E. Cheney. 2011. Myosin-X: a MyTH-FERM myosin at the tips of filopodia. Journal of 527 
Cell Science. 124:3733-3741. 528 

Krainer, E.C., J.L. Ouderkirk, E.W. Miller, M.R. Miller, A.T. Mersich, and S.D. Blystone. 2013. The 529 
multiplicity of human formins: Expression patterns in cells and tissues. Cytoskeleton (Hoboken, 530 
N.J.). 70:424-438. 531 

Kuroda, R., K. Fujikura, M. Abe, Y. Hosoiri, S. Asakawa, M. Shimizu, S. Umeda, F. Ichikawa, and H. 532 
Takahashi. 2016. Diaphanous gene mutation affects spiral cleavage and chirality in snails. 533 
Scientific Reports. 6:34809. 534 

Lagarrigue, F., P. Vikas Anekal, H.S. Lee, A.I. Bachir, J.N. Ablack, A.F. Horwitz, and M.H. Ginsberg. 2015. A 535 
RIAM/lamellipodin-talin-integrin complex forms the tip of sticky fingers that guide cell migration. 536 
Nat Commun. 6:8492. 537 

Lebreton, G., C. Géminard, F. Lapraz, S. Pyrpassopoulos, D. Cerezo, P. Spéder, E.M. Ostap, and S. Noselli. 538 
2018. Molecular to organismal chirality is induced by the conserved myosin 1D. Science. 539 
362:949-952. 540 

Li, J.X.H., V.W. Tang, K.A. Boateng, and W.M. Brieher. 2021a. Cadherin puncta are interdigitated dynamic 541 
actin protrusions necessary for stable cadherin adhesion. Proceedings of the National Academy 542 
of Sciences. 118:e2023510118. 543 

Li, W., A. Sancho, W.-L. Chung, Y. Vinik, J. Groll, Y. Zick, O. Medalia, A.D. Bershadsky, and B. Geiger. 544 
2021b. Differential cellular responses to adhesive interactions with galectin-8 and fibronectin 545 
coated substrates. Journal of Cell Science:jcs.252221. 546 

Machesky, L.M., and A. Li. 2010. Fascin. Communicative & Integrative Biology. 3:263-270. 547 
Manhart, A., T.A. Icheva, C. Guerin, T. Klar, R. Boujemaa-Paterski, M. Thery, L. Blanchoin, and A. 548 

Mogilner. 2019. Quantitative regulation of the dynamic steady state of actin networks. eLife. 549 
8:e42413. 550 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2022. ; https://doi.org/10.1101/2022.06.09.495577doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.09.495577
http://creativecommons.org/licenses/by-nc-nd/4.0/


Mellor, H. 2010. The role of formins in filopodia formation. Biochimica et Biophysica Acta (BBA) - 551 
Molecular Cell Research. 1803:191-200. 552 

Middelkoop, T.C., J. Garcia-Baucells, P. Quintero-Cadena, L.G. Pimpale, S. Yazdi, P.W. Sternberg, P. Gross, 553 
and S.W. Grill. 2021. CYK-1/Formin activation in cortical RhoA signaling centers promotes 554 
organismal left-right symmetry breaking. Proc Natl Acad Sci U S A. 118. 555 

Miihkinen, M., M.L.B. Grönloh, H. Vihinen, E. Jokitalo, B.T. Goult, J. Ivaska, and G. Jacquemet. 2020. 556 
Myosin-X is required for integrin activation at filopodia tips. bioRxiv:2020.2005.2005.078733. 557 

Mizuno, H., C. Higashida, Y. Yuan, T. Ishizaki, S. Narumiya, and N. Watanabe. 2011. Rotational movement 558 
of the formin mDia1 along the double helical strand of an actin filament. Science. 331. 559 

Naganathan, S.R., S. Fürthauer, M. Nishikawa, F. Jülicher, and S.W. Grill. 2014. Active torque generation 560 
by the actomyosin cell cortex drives left-right symmetry breaking. Elife. 3:e04165. 561 

Nilufar, S., A.A. Morrow, J.M. Lee, and T.J. Perkins. 2013. FiloDetect: automatic detection of filopodia 562 
from fluorescence microscopy images. BMC Systems Biology. 7:66. 563 

Otsu, N. 1979. A Threshold Selection Method from Gray-Level Histograms. IEEE Transactions on Systems, 564 
Man, and Cybernetics. 9:62-66. 565 

Paran, Y., I. Lavelin, S. Naffar-Abu-Amara, S. Winograd-Katz, Y. Liron, B. Geiger, and Z. Kam. 2006. 566 
Development and application of automatic high-resolution light microscopy for cell-based 567 
screens. Methods in enzymology. 414:228-247. 568 

Pellegrin, S., and H. Mellor. 2005. The Rho Family GTPase Rif Induces Filopodia through mDia2. Current 569 
Biology. 15:129-133. 570 

Ropars, V., Z. Yang, T. Isabet, F. Blanc, K. Zhou, T. Lin, X. Liu, P. Hissier, F. Samazan, B. Amigues, E.D. Yang, 571 
H. Park, O. Pylypenko, M. Cecchini, C.V. Sindelar, H.L. Sweeney, and A. Houdusse. 2016. The 572 
myosin X motor is optimized for movement on actin bundles. Nat Commun. 7. 573 

Schell, M.J., C. Erneux, and R.F. Irvine. 2001. Inositol 1,4,5-trisphosphate 3-kinase A associates with F-574 
actin and dendritic spines via its N terminus. The Journal of biological chemistry. 276:37537-575 
37546. 576 

Segal, D., N. Dhanyasi, E.D. Schejter, and B.-Z. Shilo. 2016. Adhesion and Fusion of Muscle Cells Are 577 
Promoted by Filopodia. Developmental Cell. 38:291-304. 578 

Spéder, P., G. Adám, and S. Noselli. 2006. Type ID unconventional myosin controls left-right asymmetry 579 
in Drosophila. Nature. 440:803-807. 580 

Sun, Y., O. Sato, F. Ruhnow, M.E. Arsenault, M. Ikebe, and Y.E. Goldman. 2010. Single-molecule stepping 581 
and structural dynamics of myosin X. Nature Structural and Molecular Biology. 17. 582 

Tamada, A., and M. Igarashi. 2017. Revealing chiral cell motility by 3D Riesz transform-differential 583 
interference contrast microscopy and computational kinematic analysis. Nat Commun. 8:2194. 584 

Tamada, A., S. Kawase, F. Murakami, and H. Kamiguchi. 2010. Autonomous right-screw rotation of 585 
growth cone filopodia drives neurite turning. J Cell Biol. 188:429-441. 586 

Taniguchi, K., R. Maeda, T. Ando, T. Okumura, N. Nakazawa, R. Hatori, M. Nakamura, S. Hozumi, H. 587 
Fujiwara, and K. Matsuno. 2011. Chirality in planar cell shape contributes to left-right 588 
asymmetric epithelial morphogenesis. Science. 333:339-341. 589 

Tee, Y.H., W.J. Goh, X. Yong, H.T. Ong, J. Hu, I.Y.Y. Tay, S. Shi, S. Jalal, S.F.H. Barnett, P. Kanchanawong, W. 590 
Huang, J. Yan, V. Thiagarajan, and A.D. Bershadsky. 2021. Actin polymerization and crosslinking 591 
drive left-right asymmetry in single cell and cell collectives. bioRxiv. 592 

Tee, Y.H., T. Shemesh, V. Thiagarajan, R.F. Hariadi, K.L. Anderson, C. Page, N. Volkmann, D. Hanein, S. 593 
Sivaramakrishnan, M.M. Kozlov, and A.D. Bershadsky. 2015. Cellular chirality arising from the 594 
self-organization of the actin cytoskeleton. Nat Cell Biol. 17:445-457. 595 

Tokuo, H., and M. Ikebe. 2004. Myosin X transports Mena/VASP to the tip of filopodia. Biochemical and 596 
Biophysical Research Communications. 319:214-220. 597 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2022. ; https://doi.org/10.1101/2022.06.09.495577doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.09.495577
http://creativecommons.org/licenses/by-nc-nd/4.0/


Vasioukhin, V., C. Bauer, M. Yin, and E. Fuchs. 2000. Directed Actin Polymerization Is the Driving Force 598 
for Epithelial Cell&#x2013;Cell Adhesion. Cell. 100:209-219. 599 

Vignjevic , D., S.-i. Kojima , Y. Aratyn , O. Danciu , T. Svitkina , and G.G. Borisy 2006. Role of fascin in 600 
filopodial protrusion. Journal of Cell Biology. 174:863-875. 601 

Wan, L.Q., K. Ronaldson, M. Park, G. Taylor, Y. Zhang, J.M. Gimble, and G. Vunjak-Novakovic. 2011. 602 
Micropatterned mammalian cells exhibit phenotype-specific left-right asymmetry. Proc Natl 603 
Acad Sci U S A. 108:12295-12300. 604 

Watanabe, T.M., H. Tokuo, K. Gonda, H. Higuchi, and M. Ikebe. 2010. Myosin-X Induces Filopodia by 605 
Multiple Elongation Mechanism. Journal of Biological Chemistry. 285:19605-19614. 606 

Wong, S., W.-H. Guo, and Y.-L. Wang. 2014. Fibroblasts probe substrate rigidity with filopodia extensions 607 
before occupying an area. Proceedings of the National Academy of Sciences. 111:17176-17181. 608 

Yang, C., L. Czech, S. Gerboth, S.-i. Kojima, G. Scita, and T. Svitkina. 2007. Novel Roles of Formin mDia2 in 609 
Lamellipodia and Filopodia Formation in Motile Cells. PLoS Biology. 5:e317. 610 

Yang, C., and T. Svitkina. 2011. Filopodia initiation. Cell Adh Migr. 5:402-408. 611 
Zhao, H., A. Pykäläinen, and P. Lappalainen. 2011. I-BAR domain proteins: linking actin and plasma 612 

membrane dynamics. Current opinion in cell biology. 23:14-21. 613 

 614 

  615 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2022. ; https://doi.org/10.1101/2022.06.09.495577doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.09.495577
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1: Filopodia turn counter-clockwise in cells spreading on galectin-8.  616 

A. Confocal images of typical HeLa-JW cells, non-transfected (left), transfected with GFP-Myosin-X 617 

(middle), and treated with siRNA against Arp2 (right). Cells were fixed 20 minutes following spreading on 618 

galectin-8 coated substrate and stained with phalloidin to visualize actin (magenta). GFP-Myosin-X is 619 

shown in green.  620 

          621 

B-D. Filopodia number (B), length (C), and fractions of bent filopodia (D) in HeLa-JW cells, non-622 

transfected (control), transfected with GFP-Myosin-X (Myo10), and treated with siRNA against Arp2 623 

(siArp2), as assessed 20 minutes following plating on galectin-8 coated substrate. Each dot corresponds 624 

to an individual cell. Pooled data from more than three experiments in each case are presented as box & 625 

whisker plots. p values were calculated using non-parametric Mann-Whitney test.  626 

 627 

E. Typical images of left-bent, right-bent, wavy, or straight filopodia.  628 

 629 

F. The pie diagrams representing percentage of the filopodia with different morphology in cells treated 630 

as indicated. Sectors of the pies, corresponding to left-bent, right-bent, wavy filopodia and straight 631 

filopodia are denoted by red, blue, green and gray, respectively. Data on non-transfected (control), GFP-632 

myosin-X transfected (Myo10), and Arp2 knockdown (siArp2) cells were calculated by assessment of all 633 

filopodia from pooled experiments. The number of experiments (N), number of cells assessed, and total 634 

number of filopodia are indicated under each pie.  635 

 636 

G. Chirality index is defined as the number of left-bent minus right bent filopodia divided by the total 637 

number of non-straight filopodia. Each dot corresponds to an individual cell. Pooled data from no less 638 

than three experiments were presented. The bars show the mean values and error bars the standard 639 

deviation. p values were calculated using non-parametric Mann-Whitney test.  640 

 641 

Figure 2: Dynamics and structure of turning filopodia.  642 

A. Time course of the formation of bent filopodia by changing the direction of extension of straight 643 
filopodia in cells transfected with GFP-Myosin-X (Myo10) or Arp2 knockdown cells (siArp2) during cell 644 

spreading on substrates coated with galectin-8. Cells were imaged using interference reflection 645 
microscopy (IRM), in combination with epi-fluorescence microscopy for visualization of GFP-Myosin-X. 646 

Scale bars: 15 µm. Time after cell seeding (minutes) is indicated in each image.  647 

B. Left: Kymograph showing the time course of extension and turning of a typical filopodium of cell 648 
transfected with GFP-Myosin-X. Notice the bent filopodium was formed from a straight filopodium 649 

which changed the direction of extension. Right: The velocity of the filopodia tip relative to the substrate 650 
during the growth period calculated for the filopodia shown in the left. Notice that the velocity of 651 

filopodia tip is reduced before filopodia change the direction of extension. 652 

C. Kymograph showing the myosin-X (magenta) dynamics during filopodia turning process. Note the 653 
filopodia turning is accompanied by splitting of the myosin-X patch into two. One is associated with the 654 
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former end of the filopodia as it was before turning and eventually disappeared, the other is associated 655 

with the new filopodia tip.   656 

 657 

Figure 3: Cryo-electron tomography images of filopodia tips.  658 

A-F. A slice of Cryo-ET images in x-y plane of straight filopodia (A and B) and left bent filopodia (C-F) in 659 

cells overexpressing GFP-Myosin-X spreading on galectin-8 coated substrates for 20 minutes. Slice 660 
thickness: 8.9 nm, see the movies 4-9 respectively. G. 3D rendering isosurface of the images in B, C, and 661 

F (red: actin, gray: membrane). Note that in straight filopodia (A, B and G-left) the filament cores are 662 
located symmetrically along the mid-line of filopodia and approached the filopodia tips. In the bent 663 

filopodia (C-F, G-middle and right), the bulbous membrane extensions are located asymmetrically 664 
relatively to the bulk of the actin cores, which are shifted to the right side of the bulbs. The left halves of 665 

the bulbs either did not contain actin filaments (C, G-middle), or contained splayed filaments (D, E), or 666 
the loop formed by the continuation of the core (F, G-right).  667 

 668 

Figure 4: Reduction of cell adhesion to galectin-8 by thiodigalactoside abolished filopodia chirality.  669 

A.B. Confocal images of HeLa-JW cells expressing GFP-Myosin-X (Myo10) (A) and depleted of Arp2 670 

(siArp2) (B) spreading on galectin-8 coated substrate for 20 minutes in the absence or in the presence of 671 
10mM galectin-8 ligand thiodigalactoside (TDG). Cells were stained with phalloidin to visualize actin 672 

(magenta). GFP-Myosin-X is shown in green.  673 

C.D. The pie diagrams representing percentage of the filopodia with different morphology in cells 674 
treated as indicated. Color coding is the same as in Figure 1. The number of experiments (N), cells and 675 

filopodia assessed are indicated under each pie. Note that incubation with TDG significantly decreased 676 
the fraction of left-bent filopodia (C) and increased the fraction of right-bent filopodia (C, D).  677 

E-G. Filopodia number (E), length (F), and fractions of bent filopodia (G) in cells treated as indicated. 678 

Each dot corresponds to an individual cell. Pooled data from two experiments for each condition are 679 

presented as box & whisker plots. p values were calculated using non-parametric Mann-Whitney test.  680 

 681 

H. Filopodia chirality index in cells treated as indicated. Each dot corresponds to an individual cell. 682 

Pooled data from two experiments were presented. The bars show the mean values and error bars the 683 

standard deviation. p values were calculated using non-parametric Mann-Whitney test. Note that 684 

treatment with TDG reduced filopodia chirality.  685 

 686 

Figure 5: Myosin-X is required for filopodia chirality in Arp2 knockdown cells.  687 

A. Confocal images of Arp2 depleted cells (siArp2), Arp2 and myosin-X depleted cells (siArp2+siMyo10), 688 

and Arp2 depleted cells expressing GFP-Myosin-X (siArp2+GFP-Myo10) fixed 20 minutes following 689 
spreading on galectin-8 coated substrate and stained with phalloidin to visualize actin (magenta). 690 

GFP-Myosin-X is shown in green.  691 
 692 
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B. The pie diagrams representing percentage of the filopodia with different morphology in cells treated 693 

as indicated. Color coding is the same as in Figure 1. The numbers of experiments (N), cells and 694 
filopodia assessed are indicated under each pie. Note that myosin-X knockdown significantly 695 

reduced the fraction of left-bent filopodia while its overexpression increased that fraction.  696 
 697 

C. Filopodia number, length, and fractions of bent filopodia in cells treated as indicated. Each dot 698 
corresponds to an individual cell. Pooled data from two experiments for each condition are 699 

presented as box & whisker plots. p values were calculated using non-parametric Mann-Whitney 700 
test.  701 

 702 
D. Filopodia chirality index in cells treated as indicated. Each dot corresponds to an individual cell. 703 

Pooled data from two experiments were presented. The bars show the mean values and error bars 704 
the standard deviation. p values were calculated using non-parametric Mann-Whitney test. Note 705 

that knockdown of myosin-X reduced filopodia chirality index.  706 
 707 

Figure 6: The effects of knockdowns of mDia1, mDia2, FMNL2, and VASP on filopodia chirality. 708 

 709 
A. The pie diagrams representing percentage of the filopodia with different morphology in cells treated 710 

as indicated. Color coding is the same as in Figure 1. The numbers of experiments (N), cells and 711 
filopodia assessed are indicated under each pie. In the left column, the data for non-transfected 712 

(control) cells and cells with single knockdown of mDia1, mDia2 FMNL2, or VASP are presented. The 713 
middle column shows the data for GFP-myosin-X expressing cells (Myo10), without or with the 714 

knockdown of mDia1, mDia2 FMNL2, or VASP, respectively. In the right column, the data for Arp2 715 
depleted cells without or with additional knockdown of mDia1, mDia2 FMNL2, or VASP are shown.  716 

 717 
B. Filopodia chirality index in cells treated as indicated. Each dot corresponds to an individual cell. 718 

Pooled data from two experiments were presented. The bars show the mean values and error bars 719 
the standard deviation. p values were calculated using non-parametric Mann-Whitney test. Note 720 

that depletion of mDia1 and VASP reduced chirality in Arp2 knockdown cells, while depletion of 721 

mDia2 and FMNL2 slightly increased filopodia chirality index.  722 

 723 

Figure 7: The effects of knockdown of fascin and DAAM1 in filopodia formation and filopodia chirality.  724 

A. The pie diagrams representing percentage of the filopodia with different morphology in cells treated 725 

as indicated. Color coding is the same as in Figure 1. The numbers of experiments (N), cells and 726 

filopodia assessed are indicated under each pie. In the left column, the data for non-transfected 727 

(control) cells and cells with single knockdown of DAAM1 or fascin are presented. The middle 728 

column shows the data for GFP-myosin-X expressing cells (Myo10), without or with the knockdown 729 

of DAAM1 or fascin, respectively. In the right column, the data for Arp2 depleted cells without or 730 

with additional knockdown of DAAM1 or fascin are shown. Note that knockdown of DAAM1 731 

increased the fraction of right-bent filopodia while knockdown of fascin reduced the fraction of 732 

straight filopodia and increased the fraction of right-bent and wavy filopodia. 733 
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B. Filopodia chirality index in cells treated as indicated. Each dot corresponds to an individual cell. 734 

Pooled data from two experiments were presented. The bars show the mean values and error bars 735 

the standard deviations. p values were calculated using non-parametric Mann-Whitney test. Note 736 

that knockdown of DAAM1 reduced chirality index stronger than knockdown of fascin.  737 

 738 

 739 

 740 

Figure S1: Mouse embryo fibroblast and melanoma B16 cells exhibit filopodia chirality upon 741 

overexpression of GFP-Myosin-X 742 

A and B. Confocal images of typical mouse embryo fibroblast (A) and melanoma B16 cells (B), non-743 

transfected (left image in each panel) and transfected with GFP-Myosin-X (right image in each panel). 744 

Cells were fixed 20 minutes following plating on galectin-8 coated substrate and stained with phalloidin 745 

to visualize actin (magenta). GFP-Myosin-X is shown in yellow.  746 

 747 

C and D. The pie diagrams representing percentage of the filopodia with different morphology in mouse 748 

embryo fibroblast cells (C) and melanoma B16 cells (D), non-transfected (left pie in each panel) and 749 

transfected with GFP-Myosin-X (right pie in each panel). Color coding is the same as in Figure 1. The 750 

number of experiments (N), cells and filopodia assessed are indicated under each pie. Note in both cell 751 

types, myosin-X overexpression increased the fraction of bent filopodia and these filopodia demonstrate 752 

chirality.  753 

 754 

Figure S2: Validation of the data on effects of Arp2 knockdown on the fractions of bent filopodia and 755 
chiral filopodia  756 

A. Confocal images of Hela-JW cells treated with control siRNA (left) and with two individual siRNAs 757 

against Arp2 (middle and right panels). Cells were fixed 20 minutes following plating on galectin-8 758 
coated substrate and stained with phalloidin to visualize actin (magenta).  759 

B. Pie diagrams representing percentage of the filopodia with different morphology in cells treated as 760 
indicated. Color coding is the same as in Figure 1. The numbers of experiments (N), cells and 761 

filopodia assessed are indicated under each pie. 762 
C. Fractions of bent filopodia in cells treated as indicated. Each dot corresponds to an individual cell. 763 

Pooled data from two experiments for each condition are presented as box & whisker plots. p values 764 
were calculated using non-parametric Mann-Whitney test.  765 

D. Filopodia chirality index in cells treated as indicated. Each dot corresponds to an individual cell. 766 
Pooled data from two experiments were presented. The bars show the mean values of chirality 767 

indices and error bars - the standard deviation. p values were calculated using non-parametric 768 
Mann-Whitney test.  769 

E. Western blot showing Arp2 protein levels in control siRNA treated cells (control), cells treated with 770 
smart pool siRNA against Arp2 (siArp2 smart pool), and cells treated with two individual siRNA 771 

against Arp2 (siArp2 siRNA1, and siArp2 siRNA2). The sequences are shown in Materials and 772 
Methods. 773 

Note that individual siRNA produces the same effects on filopodia bending and chirality as 774 

smartpool siRNA against Arp2. See also Fig 1A, D, F, G. 775 
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 776 

Figure S3: Truncated forms of Myosin-X still enhance filopodia chirality. 777 

A. A cartoon depicting the sequences of the full length and truncated forms of myosin-X.  778 

 779 

B-H: characterization of filopodia after transfection of different construct of myosin-X into control 780 

HelaJW cells (B-E) and Hela-JW cells depleted of endogenous myosin-X (F-H).  781 

 782 

B. Confocal images of HeLa-JW cells, transfected with GFP-Myosin-X (left), GFP-Myosin-X-HMM (middle) 783 

and GFP-Myosin-X-ΔFERM (right), fixed 20 minutes following spreading on galectin-8 coated substrate. 784 

Actin (magenta) was visualized by phalloidin-Alexa647 staining. GFP-Myosin-X and GFP-Myosin-X 785 

mutants are shown in green.  786 

 787 

C and F. Pie diagrams representing percentage of the filopodia with different morphology 20 minutes 788 
following spreading on galectin-8 in Hela-JW cells (C) and in Hela-JW cells transfected with siRNA against 789 

myosin-X (F) expressing full length and truncated forms of myosin-X. Color coding is the same as in 790 
Figure 1. The numbers of experiments (N), cells and filopodia assessed are indicated under each pie. 791 

D and G. The graphs showing (from left to right in each panel), filopodia number, length, and fractions of 792 

bent filopodia in Hela-JW cells (D) and the same cells transfected with siRNA against myosin-X (G) 793 
treated as indicated. Each dot corresponds to an individual cell. Pooled data from four experiments for 794 

each condition are presented as box & whisker plots. p values were calculated using non-parametric 795 
Mann-Whitney test.  796 

E and H. Filopodia chirality indices in Hela-JW cells (E) and the same cells transfected with siRNA against 797 

myosin-X (H) treated as indicated. Each dot corresponds to an individual cell. Pooled data from two 798 
experiments were presented. The bars show the mean values of chirality indices and error bars - the 799 

standard deviation. p values were calculated using non-parametric Mann-Whitney test.  800 

 801 

Note that, expression of myosin-X lacking FERM domain or containing only the motor domains 802 

promoted filopodia chirality in cells both with and without endogenous myosin-X.   803 

 804 

 805 

Figure S4: Myosin-1D and myosin-1C are not required for filopodia chirality.  806 

 807 

A. Pie diagrams representing percentage of the filopodia with different morphology in Hela-JW cells, 808 

non-treated, overexpressing myosin-X, or lacking Arp2, which were in addition transfected with 809 
siRNAs against myosin-1D (siMyo1D) and myosin-1C (siMyo1C) . Color coding is the same as in 810 

Figure 1. The numbers of experiments (N), cells and filopodia assessed are indicated under each pie. 811 

B-D.  Filopodia number, length, and fractions of bent filopodia in cells treated as indicated. Each dot 812 

  corresponds to an individual cell. Pooled data from four experiments for each condition are  813 

  presented as box & whisker plots. p values were calculated using non-parametric Mann-Whitney 814 

test. 815 
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 816 

E. Filopodia chirality index in cells treated as indicated. Each dot corresponds to an individual cell. The 817 

bars show the mean values and error bars the standard deviation (SD). p values were calculated 818 

using non-parametric Mann-Whitney test. 819 

 820 

F. Western blot showing myosin-1C and myosin-1D protein levels in control siRNA treated cells 821 

(control), and cells treated with smart pool siRNA. Tubulin was used as a loading control. 822 

 823 

 824 

Fig S5: Additional data on the effects of knockdowns of mDia1, mDia2, FMNL2, and VASP on filopodia 825 

(See figure 5) 826 

 827 

A-C: Filopodia number, length, and fractions of bent filopodia in cells treated as indicated. Each dot 828 

corresponds to an individual cell. Pooled data from four experiments for each condition are presented 829 

as box & whisker plots. p values were calculated using non-parametric Mann-Whitney test. 830 

 831 

D: Western blot showing mDia1, FMNL2 and VASP protein levels in control siRNA treated cells (control), 832 

and cells treated with corresponding smart pool siRNAs. 833 

 834 

Fig S6: Additional data on the effects of knockdowns of fascin and DAAM1 on filopodia (See figure 6) 835 

A-C: Filopodia number, length, and fractions of bent filopodia in cells treated as indicated. Each dot 836 

corresponds to an individual cell. Pooled data from two experiments for each condition are presented as 837 

box & whisker plots. p values were calculated using non-parametric Mann-Whitney test. 838 

 839 

D: Western blot showing fascin and DAAM1 protein levels in control siRNA treated cells (control), and 840 

cells treated with corresponding smart pool siRNA.  841 

 842 

Movie 1: Filopodia extension in cells overexpressing myosin-X spreading on galectin-8 coated 843 
substrates 844 

Representative time-lapse series showing a cell transfected with GFP-Myosin-X spreading on the 845 

galectin-8 coated substrate, imaged by interference reflection microscopy (IRM) together with 846 
fluorescent microscopy (green). The time interval is 5 seconds. Scale bar: 10 μm. Timestamp: mm:ss, The 847 

display rate: 3 frames per second. 848 

Movie 2: Filopodia extension in cells with Arp2 depletion spreading on galectin-8 coated substrates 849 

Representative time-lapse series showing a cell with Arp2 knockdown spreading on the galectin-8 850 

coated substrate, imaged by interference reflection microscopy (IRM) together with fluorescent 851 
microscopy (green). The time interval is 5 seconds. Scale bar: 10 μm. Timestamp: mm:ss, The display 852 

rate: 15 frames per second. 853 
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Movie 3: Filopodia extension in cells overexpressing myosin-X spreading on galectin-8 coated 854 

substrates 855 

Representative time-lapse series showing in detail filopodia extension in a cell transfected with GFP-856 

Myosin-X and TD-tomato-F-tractin spreading on the galectin-8 coated substrate, imaged by structured 857 
illumination microscopy. The time interval is 5 seconds. Scale bar: 10 μm. Timestamp: mm:ss, The 858 

display rate: 7 frames per second. 859 

Movie 4-5: Cryo-electron tomography of tips of typical straight filopodia 860 

Slices of Cryo-ET images in x-y plane of straight filopodia in cells overexpressing GFP-Myosin-X spreading 861 
on galectin-8 coated substrates for 20 minutes. Slice thickness: 8.9 nm. Tilt angle: from -60o to 60o. 862 

Movie 6-9: Cryo-electron tomography of tips of typical left-bent filopodia 863 

Slices of Cryo-ET images in x-y plane of left-bent filopodia in cells overexpressing GFP-Myosin-X 864 

spreading on galectin-8 coated substrates for 20 minutes. Slice thickness: 8.9 nm. Tilt angle: from -60o to 865 
60o. 866 

 867 

  868 
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Materials and Methods 869 

Cell culture, DNA constructs, and reagents 870 

Hela-JW is a subline of a HeLa cervical carcinoma cell line derived in the laboratory of J. Willams 871 

(Carnegie-Mellon University, USA) based on their better attachment to plastic dishes (Bai et al., 1993; 872 

Paran et al., 2006). In addition to Hela-JW cells, in some experiments we used primary mouse embryo 873 

fibroblast (MEF) at early passage level and mouse melanoma B16 cells (Fidler, 1975). The cells were 874 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum 875 

(FBS), 1 mM sodium pyruvate and 100 U/mL penicillin-streptomycin in 5% CO2 incubator at 37 °C. The 876 

cell culture reagents were purchased from Biological Industries, Ltd. (Beit HaEmek, Israel), and used 877 

according to the manufacturer’s instructions. No cell lines used in this study were found in the database 878 

of commonly misidentified cell lines that is maintained by ICLAC and NCBI Bio Sample. We did not 879 

attempt to authenticate them.  880 

Cells were transiently transfected with the following DNA plasmids. tdTomato-F-tractin (Schell et al., 881 

2001)  was received from Dr. Y. H. Tee (Mechanobiology Institute in Singapore). Three myosin-X 882 

constructs, full length myosin-X (1-2052), GFP-Myo10-ΔFERM (1-1916) and GFP-Myo10-HMM (1-843) 883 

were produced in the lab of R. E. Cheney (University of North Carolina at Chapel Hill, North Carolina) 884 

(Berg and Cheney, 2002; Bohil et al., 2006). GFP-Myo1D was purchased from ADDGENE (#134906). All 885 

the transfections were done using JetPEI (Polyplus-transfection® SA, France) following the 886 

manufacturer’s protocols. 887 

Transfection of siRNA 888 

Cells were seeded into a 35 mm dish on day 0 and transfected with 20 μM siRNA against of Arp2, mDia2, 889 

FMNL2, mDia1, DAAM1, VASP, fascin, and myosin-X (Dharmacon, ON-TARGET plus SMART pool siRNA) 890 

using Lipofectamine RNAiMAX (ThermoFisher, catalog number: LMRNA015) on day 1 and day 2. Control 891 

cells were transfected with scrambled control siRNA, ON-TARGET plus Non-targeting pool siRNA 892 

(Dharmacon, catalogue no. D-001810-10). Cells were imaged on day 3 after transfection, 20 minutes 893 

following trypsinization and re-plating on galectin-coated substrate. The siRNA sequences in the smart 894 

pools were summarized in Table 1.  895 

The degree of protein expression in control and knockdown cells was estimated by western blot. Total 896 

cell lysates were prepared using RIPA buffer (Sigma-Aldrich, catalogue no. R0278), supplemented with 897 

10 μL/ml protease inhibitors cocktail (Sigma-Aldrich, catalogue no. P1860). Protein concentration was 898 
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determined using BCA Protein Assay Kit (Thermo Fisher, 23225) according to manufacturer’s 899 

instructions. Cell lysate was dissolved in Laemmli sample buffer supplemented with 4% 2-900 

mercaptoethanol, separated by 8% SDS-PAGE gels at 100V for 1 hour and then transferred to a 0.45 μm 901 

pore size nitrocellulose membrane (Bio-Rad, catalog number: 162-0115) at 0.2 A for 1.5 hours in an ice 902 

bath. The nitrocellulose membrane was blocked using 5% BSA in TBS-T (Tris-buffered saline with 0.1% 903 

Tween® 20 Detergent) (BioLab Ltd, Israel) for 1 hour at room temperature before incubation at 4 ºC 904 

overnight with appropriate primary antibodies diluted in blocking buffer at their respective 905 

concentrations summarized in Table 2. After 3 washes in TBS-T, the membrane was probed with the 906 

appropriate secondary antibodies conjugated with horseradish peroxidase (Jackson ImmunoResearch 907 

Inc, 115-035-003 and 111-035-003) for 1 hour at room temperature. The membrane was then washed 908 

for 3 times and developed using SuperSignal ECL reagents (Thermo Fisher Scientific), and visualized 909 

using Image lab software. 910 

 911 

Substrate coating 912 

Bacterially expressed recombinant galectin-8 were purified as previously described (Hadari et al., 1995). 913 

α-Lactose-Agarose beads used for galectin-8 purification were purchased from Sigma (Catalog no. 914 

L7634). The glass-bottomed petri-dishes (MatTek, P35G-1.5-14-C) were incubated with 25 µg/ml 915 

galectin-8 solution in PBS for 2 hours at room temperature and washed five times with PBS before the 916 

plating of cells. 917 

Cell suspension preparation 918 

Cells from 70%-80% confluent culture were first washed with warm PBS once, then incubated in Trypsin 919 

EDTA Solution B (Trysin 0.25%, EDTA 0.05%) (Biological Industries USA, 03-052-1B) at 37oC for two 920 

minutes and gently suspended by addition of serum-free DMEM with trypsin inhibitor (T9003, Sigma-921 

Aldrich) (1mg of trypsin inhibitor per milliliter Trypsin EDTA Solution B). The suspension was centrifuged 922 

at 1500 rpm for 5 minutes, supernatant was removed and serum-free medium was added to re-suspend 923 

the cells. Then, the cells were plated to the pre-coated petri dish and either imaged or fixed at 924 

appropriate time points.  925 

Drug treatment 926 

For sugar inhibition studies, 10 mM thiodigalactoside (TDG) (17154, Cayman Chemical) was added to 927 

cells in suspension and incubated for 10 minutes at 37oC before the cells were seeded on the substrates 928 

in the medium containing the same concentration of TDG.  929 
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 930 

Immunofluorescence staining 931 

For immunostaining, cells cultured on glass bottomed dish were fixed/permeabilized in phosphate-932 

buffered saline (PBS) containing 0.25% Triton X-100, 0.25% glutaradehyde and 3% paraformaldehyde at 933 

37°C for 15 min. The cells were then twice washed for 10 minutes with PBS. Before staining, the fixed 934 

cells were treated with 1mg/ml sodium borohydride in PBS for 15 min on ice. The cells were then 935 

washed with PBS, incubated with blocking solution (5% bovine serum albumin (BSA) in PBS) for 1 h at 936 

room temperature and washed with PBS again. The cells were incubated with appropriate primary 937 

antibodies at room temperature for one hour, washed three times with PBS, and then incubated with 938 

appropriate fluorescently labelled secondary antibodies or/and phalloidin to visualize actin. Goat anti-939 

Rabbit/mouse IgG (H+L) Cross-Adsorbed ReadyProbes™ Secondary Antibody, Alexa Fluor 488/647 was 940 

purchased from Thermo Fisher (catalogue no. R37116/ R37114, A21245/A32728), and was used at 941 

dilution 1:400. Phalloidin–Tetramethylrhodamine B isothiocyanate was obtained from Sigma-Aldrich 942 

(catalogue no. P1951) and was used at 1:400 dilution.  943 

Microscopy and live cell imaging 944 

Cells were plated at a density of 5 × 104 cells ml−1 onto the 35 mm cell culture dish with 14 mm-diameter 945 

glass bottom (MatTek, catalogue number: P35G-1.5-14-C) coated with galectin-8 as described above. 946 

Video recordings started 5 minutes following cell seeding. Interference reflection microscopy (IRM) 947 

time-lapse imaging were carried out using the DeltaVision RT microscopy system (Applied Precision Inc., 948 

Issaquah, WA, USA), equipped with a ×100 oil immersion objective (1.3 NA, UPlanSApo), at 5 seconds 949 

time intervals between frames. Confocal images and videos were taken with ANDOR Dragonfly spinning 950 

disk confocal microscope using 100X objective and a sCMOS (Zyla) camera. Super-resolution SIM 951 

imaging was performed using W1-spinning-disc confocal unit coupled with the live super-resolution (SR) 952 

module (instant SIM) (GatacaSystems), mounted on Eclipse microscope (Nikon) with Perfect Focus 953 

System, supplemented with the objective Plan Apo 100x oil NA1.45 and scientific complementary 954 

metal–oxide–semiconductor (sCMOS) camera Prime95B (Photometrics).  955 

Cryo-electron tomography  956 

Cells were applied onto galectin-8 coated EM grids with carbon support film (R2/2, Au mesh; Quantifoil, 957 

Jena, Germany). After 15-20 min incubation, a 4µl drop of fiducial gold marker (10nm; Aurion, 958 

Wageningen, Netherlands) was added to the sample prior to plunge freezing into liquid ethane. A Titan 959 
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Krios transmission electron microscope (Thermo Fisher Scientific, Waltham, USA) equipped with a 960 

Quantum energy filter and a K2-Summit direct electron detector (Gatan, Pleasanton, USA) was used for 961 

cryo-EM data acquisition.  962 

The tomograms were recorded with an electron flux of around 10 electrons per pixel per second using 963 

SerialEM (Mastronarde, 2005). Tilt series were acquired at a magnification of 64’000x with exposure 964 

time 1.6 sec, and a dose-fractionated frame rate at 6.25 frame/sec. The tilt-series covered an angular 965 

range of -60° to +60°, and were recorded with tilt increments of 3° at a defocus of -4hμm. The 966 

accumulated electron dose was around 134 e-/Å2. Finally, the tomograms were reconstructed in IMOD 967 

(Kremer et al., 1996) and the isosurface visualizations were rendered with AMIRA (Thermo Fisher 968 

Scientific, Waltham, USA). 969 

Filopodia image analysis 970 

Filopodia length and number were measured automatically using Matlab programs from confocal 971 

images of cells stained with phalloidin, as described previously (Li et al., 2021b). Briefly, intensity 972 

thresholding by Otsu's method (Otsu, 1979) was firstly applied to segment the cell. Then filopodia were 973 

identified using FiloDetect algorithm (Nilufar et al., 2013). Filopodia were defined as high aspect ratio 974 

(≥1.5: 1) objects protruding from the “main cell body” with a smooth boundary. The filopodia shorter 975 

than 0.6 µm were ignored.  976 

For chirality measurement, all images were arranged as if the observer looked at the cells from the 977 

medium towards the substrate. This was routinely checked by filming of asymmetric test-object in the 978 

same way as the cells. The assessment of left-bent, right-bent and wavy filopodia was performed 979 

manually in a blind fashion (without the knowledge of the condition of the experiments). 980 

Box and whisker plots show median values (middle line inside the box), mean (circle), upper and lower 981 

quartiles (upper and lower bound of the box), and outliers (whiskers) (values which are 1.5 times larger 982 

than the upper or 1.5 times smaller than the lower quartiles). In chirality bar plots, the height of the bar 983 

indicates the mean, and error bar indicates the standard deviation. Calculation of p value was 984 

performed using two-tailed Mann-Whitney tests using OriginLab software.  985 

 986 

 987 
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 988 

Table 1: List of siRNAs used. 989 

siRNA name and catalog number sequence 

siArp2  

(M-012076-01-0005) 

GAAGUUAACUACCCUAUGG (siRNA1), 
GCAAGUGAAUUACGAUCAA (siRNA2), 
GAAACGGUUCGCAUGAUUA, UGGUGUGACUGUUCGAUAA 

Myosin-X 

(M-007217-01-0005) 

CGUCGUAGCUGAUGUCUUA (siRNA1) 
CGGGAGAAUUGUAGAUUAU (siRNA2) 
CGUAUAAGAUCGUGGUCGA 
CAACACUAAUCGACCGUAA 

mDia1  

(M-010347-01-0005) 

GAAGUGAACUGAUGCGUUU 
GAAGAGAGAGCAACUCAUA 
GGAGAUGGAUGACUUUAAU 
GAUAUGAGAGUGCAACUAA 

mDia2 

(M-018997-01-0005) 

GAUCAGACCUCAUGAAAUG 
GAGAAGAAAUCGAUUAAGA 
GUAUGCAGCUCAUCAAUGC 
GUAGACAUUUGCAUAGAUC 

FMNL2 

(M-031993-01-0005) 

GAACCUACCUCCUGACAAA 
UAAGAGAACUGGAAAUUUC 
UAACAGACAUGUAUAUGAG 
AAUUAGGCCUGGACGAAUA 

DAAM1 

(M-012925-01-0005) 

GAGAUAAGUUUGUGUCUGU  
GUACGAAUGUUGGUUAAUG  
CGGAAUCGCAAACGUAUUA 
GAGCCGAAUUAAUCACUAU 

Fascin 

(M-019576-01-0005) 

GCAAGUUUGUGACCUCCAA 
GAGCAUGGCUUCAUCGGCU 
GUAUGGACCUGUCUGCCAA 
UGGCUGUAGUAGCGAGUGA 

VASP  

(M-019763-01-0005) 

GGGCCACUGUGAUGCUUUA 
GCGAGACGGUCAUCUGUUC 
GAAGAACAGCACAACCUUG 
GAGUGAAUCUGUGCGGAGA 

Myosin-1C  

(M-015121-01-0005) 

GGGAGCCCGUCCAGUAUUU 
CGGUGCCUGUUGUGAAAUA 
CGGCUGAAUUCUCGGUGAU 
ACGCCAACCUGACCGGAAU 

Myosin-1D  

(M-023316-01-0005) 

CAGAAUUGCUCUCUACUAA 
GAUCGUUACUCGCAUCAAU 
GAAGUCGUCGUUUCUGUGA 
GCUAAUGAAUUGAAACGGA 

NON-TARGETING UAAGGCUAUGAAGAGAUAC 
AUGUAUUGGCCUGUAUUAG 
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(d-001206-14-05) AUGAACGUGAAUUGCUCAA 
UGGUUUACAUGUCGACUAA 

Table 2: List of antibodies used  990 

Protein Company  Catalog 

number 

Dilution  

mDia1 BD Biosciences 610848 1:1000 

mDia2 Santa Cruz Biotechnology Inc sc-293288 1:10 

FMNL2 Santa Cruz Biotechnology Inc sc-390298 1:100 

DAAM1 Proteintech 14876-1-AP 1:200 

Myosin-X Sigma-Aldrich HPA024223 1:500 

Arp2 Abcam ab49674 1:500 

VASP Weizmann Institute of Science 

bioservices.weizmann.ac.il/antibody/about.html 

 1:50 

Vinculin Weizmann Institute of Science 

bioservices.weizmann.ac.il/antibody/about.html 

 1:50 

Tubulin Sigma-Aldrich T6199 1:1000 

Myosin-1C Santa Cruz Biotechnology Inc sc-136544 1:200 

Myosin-1D Santa Cruz Biotechnology Inc sc-515292 1:200 
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