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Summary 26 

 27 

At the basis of cell shape and behavior, actomyosin organization and force-generating property are 28 

widely studied, however very little is known about the regulation of the contractile network in space 29 

and time. Here we study the role of the epithelial-specific protein EpCAM, a contractility modulator, 30 

in cell shape and motility, and we show that it is required for the maturation of stress fibers and front-31 

rear polarity acquisition at the single cell level. There, EpCAM ensures the remodeling of a transient 32 

active RhoA zone in the cortex of spreading epithelial cells. GTP-RhoA follows the endosomal 33 

pathway mediated by Rab35 and EHD1, where it co-evolves together with EpCAM. In fact, EpCAM 34 

balances GTP-RhoA turnover in order to tune actomyosin remodeling for cell shape, polarity and 35 

mechanical property acquisition. Impairment of GTP-RhoA endosomal trafficking either by EpCAM 36 

silencing or Rab35 / EHD1 mutant expression prevents correct myosin-II activity, stress fiber 37 

formation, and ultimately cell polarization. Collectively, this work shows that the coupling of 38 

EpCAM/RhoA co-trafficking to actomyosin rearrangement is critical for spreading, and advances our 39 

understanding of how biochemical and mechanical properties can be coupled for cell plasticity.  40 

 41 

 42 
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Introduction 47 

 48 

Biological processes as diverse as cell division, extrusion, maintenance of cell shape or 49 

morphogenetic movements rely on the proper regulation of the contractile network patterning and 50 

activity (Rosenblatt et al., 2001; Yamada and Nelson, 2007; Abe and Takeichi, 2008; Papusheva and 51 

Heisenberg, 2010; Green et al., 2012; Munjal and Lecuit, 2014; Munjal et al., 2015; Heer and Martin, 52 

2017; Hannezo and Heisenberg, 2019). Biochemical and mechanical inputs’ coupling is increasingly 53 

studied (Hannezo and Heisenberg, 2019) and, as places of actin remodeling and force generation and 54 

transmission, stress fibers are privileged sites to tackle this issue (Vogel and Sheetz, 2006; Ladoux et 55 

al., 2016). 56 

Stress fibers are formed by cross-linked actin bundles that display an alternate pattern of α-actinin and 57 

myosin-IIA, are attached at both ends to FAs, and constitute the force generating fibers (Burridge and 58 

Wittchen, 2013). Radial fibers, devoid of myosin-IIA perpendicularly elongate from focal adhesion at 59 

cell periphery and connect circumferential actin arcs which arise from the bundling of short actin 60 

filaments following the actin retrograde flow near the dorsal surface of the cell (Hotulainen and 61 

Lappalainen, 2006; Tojkander et al., 2012). Circumferential arcs also exert contractile forces that are 62 

collectively transmitted to radial fibers, which in turn passively transmit tension from the cell center 63 

to the FA anchoring them (Burnette et al., 2014). As such, radial fibers exert low forces on the 64 

substrate (Soiné et al., 2015; Lee et al., 2018). A first study by Hotulainen and colleagues 65 

demonstrated that radial fibers grow by formin-mediated actin polymerization at FAs, and that ventral 66 

stress fibers arise from the fusion of radial fibers and associated-transverse arcs following the arcs 67 

contraction during the retrograde flow of the SF (Hotulainen and Lappalainen, 2006; Tojkander et al., 68 

2015; Tee et al., 2015). Another study reported the existence of stress fiber assembly de novo from the 69 

concatenation of short actin filaments (Machesky and Hall, 1997; Vallenius, 2013). Stress fiber 70 

formation and dynamics have been actively scrutinized in fibroblasts and mesenchymal cells, where 71 

symmetry breaking and acquisition of front-rear polarity, as well as stress fiber maturation requires 72 

α4-actinin and contractility (Hotulainen and Lappalainen, 2006; Prager-Khoutorsky et al., 2011; 73 

Roca-Cusachs et al., 2013; Gupta et al., 2015). 74 

Force generation and regulation rely on the presence and the activity of the non-muscle myosin-II 75 

motor. Phosphorylation of its regulatory light chain (MRLC) on serine 19 (S19) and threonine (T18) 76 

favors myosin-II ATPase activity and its assembly with actin filaments (Craig et al., 1983; Watanabe 77 

et al., 2007; Vicente-Manzanares and Horwitz, 2010). In addition, myosin-II dephosphorylation is 78 

required for the motor displacement along actin fibers (Watanabe et al., 2007). Several signaling 79 

pathways modulate myosin-II activity, among which the Rho pathway has been extensively studied 80 

(Hall, 1998; Spiering and Hodgson, 2011; Hodge and Ridley, 2016). In fact, Rho-associated coiled 81 

coil-containing kinases (ROCK) promote contractility by MRLC phosphorylation but also by 82 

inactivating the Myosin Light Chain Phosphatase (MLCP) (Amano et al., 2000; Vicente-Manzanares 83 

et al., 2009). Upstream, the small GTPase RhoA mediates ROCK stimulation (Julian and Olson, 84 

2014), therefore its distribution and activity levels must be tightly controlled to ensure the correct 85 

contractile response within the cell (Agarwal and Zaidel-Bar, 2019). RhoGTPases are described as 86 

molecular switches, as they transition between an activated (GTP-loaded) and inactivated (GDP-87 

loaded) state. This cycling between inactive and active form is important for the maintenance of 88 

active RhoA zones, and would occur near the plasma membrane (Rossman et al., 2005; Bos et al., 89 

2007; Hodge and Ridley, 2016). Although RhoA activation facilitates its translocation to the plasma 90 

membrane (Michaelson et al., 2001), it is now clear that RhoA inactivation is as important as its 91 

activation, since it enables a pulsatile behavior of myosin-II activity needed for efficient contractility 92 

(Mason et al., 2016; Teo and Yap, 2016).  Current research efforts particularly focus on understanding 93 

the upstream controlling mechanisms of this canonical contractility regulator.  94 

Being subjected to the most acute remodeling events, epithelial tissues are especially sensitive to any 95 

cues affecting their tensional homeostasis and have thus received a lot of attention in the study of this 96 

process. EpCAM (Epithelial Cell Adhesion Molecule) is a transmembrane protein, exclusively 97 

expressed in epithelial cells in physiological conditions, and primarily described as a Ca2+-98 

independent cell-cell adhesion molecule crucial for epithelial integrity (Litvinov et al., 1994; Balzar et 99 

al., 1998). During early stages of zebrafish or Xenopus development, EpCAM’s extinction leads to 100 

epiboly defects and numerous lesions of the future epidermis (Slanchev et al., 2009; Maghzal et al., 101 
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2013). In addition, the loss of EpCAM leads to the development of a rare human disease so-called 102 

Congenital Tufting Enteropathy (CTE), characterized by the formation of distinctive lesions in the 103 

intestinal epithelium (Patey et al., 1997; Salomon et al., 2014, 2017). However, the conflicting 104 

functional interaction of EpCAM with E-cadherin and recent structural analyses tend to challenge its 105 

initial function (Litvinov et al., 1997; Winter et al., 2003, 2007; Pavšič et al., 2014; Gaber et al., 106 

2018), and emphasize the need to reconsider its mechanism of action. A link between EpCAM and the 107 

actin cytoskeleton was proposed in the 1990’s, with an influence of EpCAM deprivation or 108 

overexpression on actin organization (Guillemot et al., 2001), but how it would influence the actin 109 

network remained unclear. More recently, several reports highlighted EpCAM as an intriguing 110 

regulator of actomyosin contractility for the organization of epithelial assemblies. In Xenopus 111 

ectoderm explants, Fagotto and colleagues demonstrated an internalization of C-Cadherin and an 112 

increase of cell contractility under EpCAM’s deprivation, which was further confirmed in human 113 

Caco2 cells (Maghzal et al., 2010, 2013). Moreover, EpCAM’s silencing triggers an inappropriate 114 

distribution and magnitude of actomyosin activity at tricellular contacts, impacting the epithelial 115 

apico-basal polarity and the global monolayer arrangement in CTE patients and Caco2 cells (Salomon 116 

et al., 2017; Gaston et al., 2017). The impact of EpCAM on cell contractility modulation was 117 

pioneered by Fagotto and colleagues, who showed that the excess of cell contractility in mutant 118 

Xenopus explants was under the control of nPKC-dependent Erk signaling (Maghzal et al., 2010, 119 

2013). However, the Erk signaling pathway is likely not the only mechanism involved. In fact, within 120 

the same studies, dominant negative (dnRhoA) expression or drug treatments affecting RhoA 121 

signaling were equally effective in restoring a normal phenotype in EpCAM-MO explants than PKCη 122 

inhibitor treatment. Although dnRhoA expression was even more effective in limiting the loss of 123 

integrity in EpCAM-MO explants than treatment with a PKC-negative dominant (Maghzal et al., 124 

2013), the participation of the RhoA pathway in the EpCAM’s mechanism of action was not further 125 

pursued by the authors. Given these results and the numerous feedback controls between the different 126 

pathways regulating contractility, the molecular mechanism linking EpCAM to cellular contractility 127 

deserves therefore further analyses. 128 

Here we aimed to understand the participation of EpCAM in cell polarization and actomyosin 129 

organization. Facing the diversity and complexity of interconnected regulating mechanisms in 130 

monolayers, we decided to conduct this study in isolated cells. We reveal that EpCAM plays a role 131 

independently of cell-cell contacts in single cell polarization. There, it controls the development of 132 

proper contractility for stress fiber maturation and self-organization through RhoA signaling 133 

modulation. From a mechanistic point of view, we show that EpCAM is required for the endosomal 134 

remodeling of an active RhoA zone at the cell cortex during cell spreading and polarization. 135 

 136 

 137 

Results 138 

  139 

EpCAM is required for cell polarization independently of cell-cell contacts 140 

In an epithelial context, EpCAM has been exclusively studied in cell clusters and monolayers (Schnell 141 

et al., 2013; Mueller et al., 2014; Herreros-Pomares et al., 2018). We thus first analyzed the 142 

expression of EpCAM in epithelial Caco2 cells cultured on collagen-coated substrates at different 143 

culture times, i.e. either as 21-days monolayers or 2-days post-plating at very low density to obtain a 144 

vast majority of single cells. We observed that EpCAM was already expressed in single cells at a level 145 

comparable to monolayers (Figure 1a-b), suggesting that EpCAM may play important functions early 146 

at the single cell stage. To determine the impact of EpCAM silencing on individual cell behavior and 147 

organization, we used the stable control and EpCAM-silenced Caco2 clones that were previously 148 

established (Salomon et al., 2017) and assessed cell spreading and migration by time-lapse imaging. 149 

Right after seeding, almost all control cells were able to attach and spread while only half of 150 

EpCAM-silenced cells did so (Figure 1c). Within two hours, control cells completed spreading and 151 

spontaneously developed an elongated polarized shape before active crawling (Supplementary video 152 

1; Figure 1d-e). In sharp contrast, mutant cells abnormally spread and failed to polarize 153 

(Supplementary video 2; Figure 1d). The isotropic organization as a circular or “fried-egg” shape, 154 

characteristic of unpolarized single cells, was stable over 2-days post seeding (Figure 1f). 155 

Quantification of the aspect ratio (Figure 1g) and the distance between the nucleus and the cell 156 
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centroid (Figure 1h) further confirmed the cell polarization defect induced by the loss of EpCAM 157 

(aspect ratio of 1.76+/-0.42 for control cells; 1.19+/-0.13 and 1.17+/-0.11 for EpCAM shRNA#1 and 158 

#2 (mean +/- SD)). Noteworthy, a subpopulation of fried-egg shaped EpCAM-depleted cells showed a 159 

symmetry breaking event and eventually displayed a large C-shaped protrusion reminiscent of fish 160 

keratocytes migration mode (31 and 36% in Caco2 shEpCAM#1 and #2, respectively; Figure 1i, 161 

Supplementary Figure 1), as was reported in fibroblasts after ROCK1 inhibition (Cai et al., 2010). 162 

Nevertheless, these EpCAM-KD C-shaped cells do not show any directional motility, instead rotating 163 

on themselves and detaching rapidly from the substrate (Supplementary video 3). The loss of front-164 

rear polarity in mutant cells prompted us to test their cell migratory behavior.  Whereas control cells 165 

exhibit an active motile behavior, as assessed by cell displacement (Figure 1j; Supplementary video 166 

1), the displacement of EpCAM-KD cells on the substrate was less extensive (Figure 1k-l; 167 

Supplementary video 2). Taken together, the data show that: i) EpCAM plays a role in single cells, 168 

independently of cell-cell contacts, and ii) the absence of EpCAM provokes changes early during cell 169 

morphology acquisition, generating a stable unpolarized state which impinges on the migratory 170 

behavior of epithelial cells.  171 

 172 

Block in stress fiber maturation in the absence of EpCAM 173 

Many studies reported that acquisition of single cell polarity is achieved through changes in the 174 

ordering of actin cytoskeleton and adhesive structures (Geiger et al., 2009; Prager-Khoutorsky et al., 175 

2011; Ladoux et al., 2016; Gupta et al., 2019). In line with this idea, monitoring the actin dynamics 176 

during spreading and polarity acquisition revealed that in control epithelial cells, actin cables 177 

dynamically reorganize while the cells spread and acquire a front-rear axis. First, circumferential arcs 178 

form, at the boundary between lamellipodium and lamella, coupled with the appearance of radial 179 

fibers within 30 min, which then give rise to stress fibers within 2 hours, as previously described in 180 

fibroblasts (Shemesh et al., 2009; Burnette et al., 2011, 2014) (Figure 2a, Supplementary video 4). 181 

However, although EpCAM-KD cells generated circumferential arcs and radial fibers, they kept this 182 

actin cable organization in a seemingly frozen state during the 2-hour course of the experiment 183 

(Figure 2a, Supplementary video 5), suggesting that the process of stress fiber formation may be 184 

impaired in mutant cells. Accordingly, we first analyzed the actin network architecture 2-days post 185 

seeding together with the distribution of the focal adhesion marker paxillin. While control cells 186 

displayed a majority of stress fibers (Figure 2b-c), EpCAM-silenced cells exhibited very few, instead 187 

containing a dense central network of circumferential arcs and longer radial fibers compared to 188 

control cells (Figure 2b-d). We then analyzed the co-distribution of α4-actinin and myosin-IIA. Stress 189 

fibers in control cells are cross-linked by a periodic distribution of α4-actinin that alternates with 190 

myosin-IIA (Supplementary Figure 2a). By contrast, in EpCAM-KD cells, α4-actinin accumulated on 191 

radial fibers devoid of myosin-IIA, which is enriched along circumferential arcs (Supplementary 192 

Figure 2a), in agreement with the canonical radial fibers and circumferential arcs as described in 193 

fibroblasts and osteosarcoma cell line (Cai et al., 2010; Burridge and Wittchen, 2013). Coincidently, 194 

as the major fibers in EpCAM-KD cells are radial, the connected FAs are radially oriented and mainly 195 

located in a 5µm belt at the cell periphery (Figure 2e). However, FA’s length was only slightly 196 

increased in mutant cells (Supplementary Figure 2c-d), and β1-integrin, the tension-sensitive proteins 197 

talin and vinculin, and zyxin were still located at radially-oriented FAs in the absence of EpCAM 198 

(Supplementary Figure 2b), showing that EpCAM’s loss barely impacts FA’s composition or 199 

morphology per se but rather their location. The specificity of these abnormalities was tested with 200 

rescue experiments by transfecting an EpCAM-GFP shRNA-resistant construct in EpCAM-depleted 201 

cells. Correct actin and FA localization was recovered after EpCAM rescue (Supplementary Figure 202 

3a). These results show that EpCAM depletion perturbs actin organization and subsequently FA 203 

location in single epithelial cells, and suggest that stress fiber formation may be impaired in the 204 

absence of EpCAM.  205 

 206 

Loss of EpCAM modifies cell mechanical properties 207 

Given the stress fiber subtype differences in tension-bearing and force generation properties (Lee et 208 

al., 2018), we reasoned that the distinct actin organization could account for a modification of the cell 209 

mechanical properties and would explain the defective migratory behavior of EpCAM-KD cells. 210 

Atomic force microscopy experiments showed that similar rigidity was detected in the central region 211 
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containing the nucleus, i.e. in cell heights range comprised between 2 and 5μm, in control and mutant 212 

cells (Figure 3a-b). However, as expected, different rigidities were measured in the cell protrusion, 213 

considered as the area where the cell height is below 2μm (two-fold increase in Young’s modulus for 214 

EpCAM-KD cells in the cell area under 2μm in height) (Figure 3a,c), demonstrating that EpCAM 215 

depletion resulted in a higher cortical stiffness of the protrusion. This difference is most likely due to 216 

the higher density of contractile circumferential fibers in the EpCAM-KD cells resolved by the AFM 217 

nanoindentation (Figure 3a). This finding suggests that EpCAM may play a role in regulating 218 

intracellular stiffness through its action on the actin cytoskeleton, its depletion leading to stiffer cells, 219 

less deformable and thus less polarized, as previously suggested for rigidity sensing mechanism 220 

(Trichet et al., 2012). 221 

Furthermore, traction force microscopy (TFM) experiments (Trepat et al., 2009) allowed 222 

measurement of the impact of actin remodeling in mutant cells on their ability to generate traction 223 

forces on the substrate. The data revealed that EpCAM-KD cells exerted lower traction forces on the 224 

substrate than the control cells (mean of 388.1 ± 75.0 Pa and 577.4 ± 49.9 Pa, respectively) (Figure 225 

3d). Additionally, time-lapse analysis of TFM data showed that control cells generate traction in a 226 

dynamic manner, probing the substrate, while EpCAM-KD lower forces are maintained throughout 227 

the experiment (Figure 3e). Thus, changes in the organization of the actin cytoskeleton between 228 

normal and mutant cells impact the level of traction forces as well as its distribution. Consequently, 229 

the absence of contractile stress fibers at FA sites in EpCAM-KD leads to lower forces as previously 230 

observed in similar cases (Ladoux et al., 2016). Altogether, the data demonstrate that EpCAM 231 

deprivation modifies the mechanical properties of single epithelial cells.  232 

 233 

EpCAM expression potentiates stress fiber formation 234 

EpCAM is expressed in several simple epithelia, and we wondered whether its impact on stress fiber 235 

organization could be observed in cell assemblies. Similar mis-arrangement of FAs and actin cables 236 

was observed in EpCAM-KD cell islands (Supplementary Figure 3b), showing that the impact of 237 

EpCAM on cell-substrate adhesion and actin organization also takes place when cell-cell contacts are 238 

formed. To investigate if this effect of EpCAM expression could be generalized, we probed the stress 239 

fiber organization of other EpCAM-expressing or non-expressing cell types, reasoning that they 240 

would behave as our control, or EpCAM-deprived clones, respectively. We used the renal epithelial 241 

MDCK cells, which display an EpCAM expression level comparable to control Caco2 cells, and 242 

osteosarcoma U2OS cells and endometrial epithelial HeLa cells, showing similar lack of EpCAM 243 

expression as EpCAM-depleted Caco2 clones (Figure 4a, b). Whereas control MDCK cells exhibited 244 

tangential stress fibers, their formation was impaired upon EpCAM-siRNA silencing (Figure 4c, f; 245 

Supplementary Figure 4). Conversely, while U2OS and HeLa cells display a vast majority of radial 246 

and transverse arcs, as previously reported (Burridge and Wittchen, 2013), the introduction of an 247 

EpCAM-GFP construct induced a remodeling towards  stress fibers, demonstrating that ectopic 248 

EpCAM expression is sufficient to drive actin fiber rearrangement in EpCAM non-expressing cells 249 

(Figure 4d-e, g-h). We conclude that EpCAM participates to a cell-autonomous general regulatory 250 

mechanism for cell polarity, by potentiating stress fiber maturation. 251 

 252 

Aberrant contractile activity is at the origin of stress fiber formation and cell polarity failure 253 

Several mechanisms were put forward to explain stress fiber maturation. The striking phenotype 254 

developed by EpCAM-KD cells prompted us to investigate the participation of α4-actinin and 255 

myosin-IIA. α4-actinin first appeared as a candidate of choice, since it has been reported in literature 256 

as an EpCAM binding partner (Balzar et al., 1998). However, in our hands, no interaction between 257 

EpCAM and α4-actinin was detected using co-immunoprecipitation (Supplementary Figure 5a). In 258 

addition, α4-actinin silencing by siRNA was not able to restore the presence of stress fibers in the 259 

EpCAM-KD cells (Supplementary Figure 5b-c). Previous studies described that the intensity and 260 

distribution of cell contractility were modulated by EpCAM in epithelial assemblies (Maghzal et al., 261 

2013; Salomon et al., 2017). We therefore focused on cell contractility mechanisms to determine 262 

whether they are involved in the development of the EpCAM-KD phenotype in isolated cells. As 263 

shown in Supplementary Figure 2a, myosin-IIA remains associated with circumferential arcs in 264 

mutant cells. To assess the contractile ability of myosin-IIA, we performed an immunostaining against 265 
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the phosphorylated form of the myosin regulatory light chain (P-MLC2). In absence of EpCAM, the 266 

P-MLC2 signal intensified, as described previously in Caco2 cell clusters (Magzhal et al., 2013). 267 

Moreover, the P-MLC2 signal was concentrated along circumferential arcs in comparison to control 268 

cells (Figure 5a-b). This result was confirmed by Western blot, where P-MLC2 levels increased 269 

relative to the total amount of MLC2 in comparison with control cells (Figure 5c-d). These data 270 

demonstrate that actomyosin activity is increased in single EpCAM-silenced cells but restricted to 271 

circumferential actin arcs, creating a uniform hypercontractile ring at the cell cortex. 272 

To test whether the local hyperactivity of the actomyosin network was at the origin of stress fiber and 273 

FA abnormalities and to identify the involved signaling pathway, we submitted EpCAM-KD cells to 274 

diverse drug treatments affecting cell contractility and actin polymerization. Reducing myosin-II 275 

ATPase activity using incubation with a classical 10μM blebbistatin dose led to total disappearance of 276 

radial fibers and circular arcs, as previously described (Supplementary Figure 6a) (Burnette et al., 277 

2014; Tee et al., 2015). However, treatment with 2 μM blebbistatin resulted in a decreased number of 278 

circumferential arcs, the swirling of actin cables with the development of few stress fiber, as well as 279 

more numerous and more centrally distributed FAs (Supplementary Figure 6a). Similarly, treatment 280 

with a classical 10 μM Y27632 dose to reduce ROCK activity totally abolished the formation of radial 281 

fibers and circumferential arcs (Supplementary Figure 6a), but a low dose (Y27632, 0.5 μM) led to 282 

the disappearance of radial stress fibers, the formation of linear stress fibers and the FA redistribution 283 

within the cell body (Figure 5f). In addition, almost one third of the EpCAM-KD treated cells 284 

recovered a polarized shape after Y-27632 low dose treatment (Figure 5e-f). We concluded that mild 285 

adjustments of the level of circumferential arc contractility is able to trigger partial or full recovery of 286 

the stress fiber maturation as well as recovery of polarized shape using blebbistatin and Y-27632 287 

treatment, respectively. Interestingly, these data pointed towards RhoA signaling. To further assess 288 

the upstream RhoA involvement, we directly evaluated the level of endogeneous active RhoA by 289 

FRET experiment in control or EpCAM-silenced cells. We used  the FRET probe developed by 290 

Matsuda and colleagues (Yoshizaki et al., 2003), consisting of YFP, Rhotekin-RBD and CFP 291 

(Supplementary Figure 6b). EpCAM silencing led to a significant decrease of FRET ratio, testifying 292 

of an increase of RhoA activity in the absence of EpCAM (Supplementary Figure 6c-d). Accordingly, 293 

the over-activation of RhoA by treating mutant cells with RhoA activator (CN03) dramatically 294 

worsened the EpCAM-KD phenotype (Figure 5f). Moreover, EpCAM-KD cells display longer radial 295 

stress fibers (Figure 2d). This data prompted us to test the participation of formins since they are 296 

involved in radial fiber polymerization and are also well-known effectors of RhoA (Kühn and Geyer, 297 

2014). Along this line, we evaluated their activity in EpCAM-depleted cells using the SMIFH2 298 

inhibitor. SMIFH2 low-dose treatment reduced the size of the radial fibers, as well as the cell 299 

protrusion depth (Supplementary Figure 6e) but failed to restore stress fiber development and cell 300 

shape remodeling. It is worth mentioning that a treatment with the Rac1 inhibitor NSC23766 strongly 301 

reduced the size of the lamellipodium but failed to rescue correct actin cable and adhesive structure 302 

arrangements (Supplementary Figure 6e). Moreover, Arp2/3 or MLCK inhibition, through CK666 or 303 

ML-7 treatment, respectively, had no effect on actin cytoskeleton arrangement in EpCAM-silenced 304 

cells (Supplementary Figure 6e). Together, the findings testified of a main participation of RhoA 305 

signaling towards cell contractility regulation rather than actin polymerization in the EpCAM-306 

dependent mechanism. We concluded that local actomyosin hyperactivity is at the core of the defects 307 

on stress fiber development and polarity acquisition induced by the silencing of EpCAM, and we 308 

hypothesized that EpCAM may act on upstream actomyosin apparatus activity, probably at the level 309 

of RhoA signaling. 310 

 311 

Cortical active RhoA zone is remodeled during epithelial cell spreading and required EpCAM 312 

To determine the impact of EpCAM on Rho signalling, we transfected Caco2 cells with either wt 313 

RhoA (GFP-Rho), a constitutively active mutant (GFP-RhoG14V) or a dominant negative mutant of 314 

RhoA (GFP-RhoT19N). In control cells, expression of mutant forms of Rho destabilized actin 315 

network and FA organization, as expected (Supplementary Figure 7). Whereas the expression of GFP-316 

RhoG14V led to an increase of FA number and stress fiber formation, the expression of GFP-317 

RhoT19N provoked a reduction of FA number, their concentration at the cell periphery and a decrease 318 

in stress fiber content (Supplementary Figure 7). Thus, the expression of both mutant forms of Rho 319 

only partially recapitulate parts of the EpCAM-KD phenotype in control cells. In addition, the 320 
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introduction of GFP-RhoG14V worsened the phenotype of EpCAM-silenced cells, resembling CN03 321 

treated cells (Figure 5f). After GFP-RhoT19N transfection, no obvious change was observed for actin 322 

arrangement and FAs in EpCAM-KD cells (Supplementary Figure 7). Together these results led us to 323 

conclude that RhoA activity may contribute to the development of defects under EpCAM silencing. 324 

Since gross RhoA modulation through the use of constitutively active or inactive mutants seems 325 

insufficient to explain the EpCAM-KD phenotype, we hypothesized that a spatial and/or a temporal 326 

factor might be missing in this analysis. 327 

We thus decided to assess the subcellular localization of the GTP-loaded form of RhoA by taking 328 

advantage of the fluorescent location biosensor derived from the C-terminus of anillin, AHPH (Tse et 329 

al., 2012; Priya et al., 2015). mCherry-tagged AHPH partially overlaps with total Rho-GFP 330 

(Supplementary Figure 8a) and significantly co-distributes with location biosensors of the RhoA 331 

effectors ROCK1 and mDia (ROCK1-GBD-GFP, based on the GTP-RhoA binding domain of 332 

ROCK1, and mDia-GBD-GFP, based on the GTP-RhoA binding domain of mDia) (Supplementary 333 

Figure 8b-c) (Budnar et al., 2019). Moreover, the expression of an AHPH mutated form in the RBD 334 

domain, unable to bind GTP-RhoA (AHPH
A740D

-GFP), generates a different intracellular pattern 335 

than the wt AHPH form (Supplementary Figure 8d) (Priya et al., 2015; Vassilev et al., 2017). These 336 

data testify of the specificity of AHPH-tagged for RhoA-GTP signal and confirm that it can be 337 

faithfully used to probe RhoA-GTP dynamics. We first scrutinized the spatial distribution of RhoA 338 

together with its GTP-loaded form (Rho-GFP and AHPH-mCherry, respectively; Figure 6a). Whereas 339 

control cells display partial colocalization of RhoA-GFP and AHPH-mCherry in intracellular 340 

structures, as previously reported in endothelial and neuronal cells (Bisi et al., 2013; Braun et al., 341 

2015; Vassilev et al., 2017), EpCAM-KD cells displayed an accumulation of both RhoA-GFP and its 342 

active form in large tubular compartments within the lamella (Figure 6a-b, c), where their 343 

colocalization drastically increases up to 70% (Figure 6b). These results suggest that a slow-down in 344 

the GTPase cycling might occur, keeping the GTP-RhoA form longer-lived in absence of EpCAM. 345 

This hypothesis would be supported by a block of RhoA dynamics in tubular compartments. We 346 

followed the reporter’s behavior, and the large spread of GTP-RhoA displacement patterns revealed a 347 

complex intracellular dynamics in the cell protrusion of control cells (Figure 6d-e; Supplementary 348 

video 6). In the absence of EpCAM however, GTP-RhoA movement was extremely impaired with a 349 

speed decrease and reduced displacement (Figure 6d-h; Supplementary video 7). Transfection the 350 

EpCAMr-GFP shRNA-resistant construct in EpCAM-silenced cells restored a correct distribution for 351 

AHPH (Supplementary Figure 9a). These data showed that EpCAM is required for the correct 352 

dynamics of RhoA-GTP in the cell protrusion.  353 

Furthermore, in EpCAM-KD cells, AHPH-positive compartments were subsequently enriched in the 354 

proximity of the circumferential actin cables (Figure 6i), prompting us to envisage a positive 355 

correlation between GTP-RhoA dynamics and actin cable remodeling in control cells. Although 356 

typical transitions in cytoskeletal rearrangement during cell spreading and polarity acquisition are 357 

described, a global spatial and temporal analysis of the contractility signaling in this context is still 358 

missing. By establishing the spatiotemporal dynamics of AHPH-mCherry, we determined that active 359 

RhoA displays drastic distribution changes during cell shape remodeling (Figure 6j). Within the first 360 

15 minutes post-seeding, whereas no clear actin cable can be distinguished yet, GTP-RhoA-positive 361 

compartments are perinuclearly located in still round-shaped cells. While spreading intensifies with 362 

the clear expansion of protrusions in circular shaped cells, GTP-RhoA concentrates in a central ring 363 

and co-distributes with an intense actin worm meshwork. The time of 30-minutes post-seeding is 364 

characterized by the appearance of circumferential arcs at the level of the active RhoA central ring. 365 

Starting from 1 hour after initiation of spreading, GTP-RhoA distribution is remodeled, causing the 366 

disappearance of the central ring zone and exhibiting a scattered and homogeneous patterning 367 

throughout the cytoplasm, concomitantly with the acquisition of stress fibers and a polarized cell 368 

shape. In conclusion, a correlation indeed exists between GTP-RhoA dynamics and actomyosin 369 

rearrangement. Altogether, these data led us to conclude that the reorganization of the cortical active 370 

RhoA zone allows the remodeling of actin fibers and the polarized cell reshaping, a pivotal step which 371 

is blocked in absence of EpCAM.  372 

 373 

EpCAM ensures endosomal turnover of active RhoA in the cell protrusion  374 
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Collectively, the data raised a basic question: how does EpCAM ensure proper cell spreading and 375 

actin fiber organization? In the light of afore described data, we hypothesized that EpCAM may 376 

directly act on the remodeling of the active RhoA zone during spreading. Analyzing EpCAM’s 377 

distribution together with the GTP-RhoA location biosensor, we found that a subpopulation of 378 

endogenous EpCAM- or EpCAM-GFP-positive intracellular compartments co-distributes with the 379 

RhoA reporter (Figure 7a-d, e; Supplementary Figure 9). This colocalization takes place in 380 

unpolarized cells and continues when cells acquire front-rear polarization (Figure 7a-b and 7c-d, 381 

respectively), testifying of a tight interplay between EpCAM and GTP-RhoA during cell spreading. 382 

To determine where this cooperation occurs and to go further in the comprehensive analysis of active 383 

RhoA dynamics, we screened candidate compartments and we notably used fluorescently tagged Rab 384 

GTPases as a proxy for organelle identity. For instance, EpCAM and GTP-RhoA were only barely 385 

detected in Rab5-, EEA1-, Rab7- or Rab4-positive organelles (not shown). In addition, the canonical 386 

recycling marker Rab11 only displayed 15% of colocalization with AHPH-positive compartments in 387 

Caco2 cells (Supplementary Figure 9b-c), in contrast with neural crest cells (Vassilev et al., 2017). 388 

But interestingly, we identified a preferential distribution of GTP-RhoA and EpCAM in a specific 389 

sub-fraction of endosomes controlled by Rab35 and C-terminal Eps15 homology domain-1 (EHD1). 390 

Both Rab35 and EHD1 function in fast-endocytic recycling at the level of cortical endosomes, in the 391 

early and late steps respectively (Caplan et al., 2002; Kouranti et al., 2006; Cai et al., 2013; Kobayashi 392 

and Fukuda, 2013; Kobayashi et al., 2014; Klinkert and Echard, 2016). In fact, RhoA-GTP and 393 

EpCAM co-distribute at 90% in Rab35-positive and at 60% in EHD1-positive compartments (Figure 394 

7f, h and 7g, i, respectively). These results showed that GTP-RhoA and EpCAM co-evolve at the cell 395 

cortex and prompted us to suggest that EpCAM dictates the endosomal turnover of RhoA-GTP. 396 

Along this line, we evaluated the effect of EpCAM silencing on the Rab35-/EHD1-turnover of GTP-397 

RhoA. Whereas a weak change was found at the level of Rab35-positive compartments (Figure 8a,c), 398 

the proportion of AHPH localized in EHD1-containing compartments significantly increased under 399 

EpCAM-KD (from 40% in control cells up to 60% in mutant cells; Figure 8b,d), suggesting that GTP-400 

RhoA may remain accumulated there. To test so, we further scrutinized the dynamics of AHPH 401 

together with EHD1-positive compartments (Supplementary video 8). Tracking in control cells 402 

revealed a short residence time of AHPH in EHD1-endosomes (yellow arrowheads; Figure 8e-f; 403 

Supplementary videos 8-9). It is worth mentioning that AHPH entering EHD1-compartments exited 404 

(Figure 8e, yellow arrow; Supplementary video 9), suggesting that RhoA inactivation per se likely not 405 

occurs in these endosomes. However, long-residence time was observed in EpCAM-KD cells, AHPH 406 

being sequestered in EHD1-compartments (yellow arrowheads, Figure 8e-f; Supplementary videos 10 407 

and 11). These findings showed that the cortical accumulation of the AHPH probe we observed in the 408 

absence of EpCAM reflected a block of the endosomal trafficking of GTP-RhoA-GTP during cell 409 

spreading. To provide further evidence that this endosomal pathway is required for turnover of GTP-410 

RhoA and cell organization, we used dominant negative mutant forms of either EHD1 (mutation of 411 

glycine 65 to arginine in the P-loop domain of EHD1 which renders EHD1 cytosolic, i.e. 412 

EHD1G65R-GFP) (Naslavsky and Caplan, 2011) or Rab35 (Rab35S22N-GFP) (Kouranti et al., 2006) 413 

(Figure 8g). Overexpression of the mutant forms in control cells led to the accumulation of the AHPH 414 

location biosensor in a circular manner within the cell protrusion, nicely mimicking the effect of 415 

EpCAM silencing on RhoA-GTP distribution. Interestingly, concomitant perturbation of the epithelial 416 

cell shape was observed after EHD1G65R-GFP or Rab35S22N-GFP expression (Figure 8g). 417 

However, although transfected cells exhibit modified arrangement of actin cables and focal adhesions, 418 

the phenotype resulting from the expression of endosomal mutants differed from the one of EpCAM-419 

KD cells (Supplementary Figure 9d), suggesting that EpCAM’s loss does not block the Rab35-EHD1 420 

endosomal pathway process per se but rather the progression of GTP-RhoA there. In conclusion, our 421 

results demonstrate that active RhoA is processed along with EpCAM via the cortical endosomal road 422 

mediated by Rab35 and EHD1, and this GTP-RhoA turnover is required to ensure actin cable 423 

rearrangement and cell shape changes. Moreover, EpCAM potentiates active RhoA progression 424 

through the endosome pathway for proper turnover.  425 

 426 

Discussion 427 
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Our study advances the understanding of contractility control during cell shaping and reveals the 428 

central participation of EpCAM in this process. Work arising from our lab and others previously 429 

pointed to EpCAM as a critical player in the spatial organization of the actomyosin network in 430 

epithelial tissues and ultimately in the apico-basal polarity and monolayer integrity (Maghzal et al., 431 

2010, 2013; Salomon et al., 2017). EpCAM has been initially described as a “cell adhesion molecule” 432 

working at cell-cell contacts (Litvinov et al., 1994; Balzar et al., 1998). Here, we show that it is 433 

needed for isolated epithelial cells to structure their actomyosin network and properly self-organize in 434 

a front-rear axis (Figure 1e,f). We thus posit that the impact of EpCAM is a cell-autonomous general 435 

regulatory mechanism for epithelial cell plasticity. We provide further evidence of a direct implication 436 

of EpCAM in the regulation of cell contractility, where it coordinates the release of GTP-RhoA from 437 

cortical endosomes (Figures 6, 8) and may behave as a scaffolding molecule for GTP-RhoA turnover.  438 

From a mechanical point of view, what advantage would EpCAM expression give to an epithelial 439 

cell? It is interesting to note that fibroblasts or mesenchymal cells do not express EpCAM, but 440 

spontaneously self-organize and display active motility. However, in physiological conditions, 441 

EpCAM is specifically expressed in epithelial layers which, by their intrinsic nature of interfaces, are 442 

under continuous mechanical stimulation and are subjected to acute remodeling events. Furthermore, 443 

EpCAM expression often  increases in epithelial tumors, that are mechanically-challenging 444 

environments (Huang et al., 2018; Keller et al., 2019; Yahyazadeh Mashhadi et al., 2019). In addition, 445 

EpCAM is widely used as a marker for detection or isolation of circulating tumor cells derived from 446 

cancers of epithelial origin such as ovarian, breast or colorectal cancers (Dementeva et al., 2017; Li et 447 

al., 2019). Here we reveal than EpCAM potentiates RhoA turnover for proper stress fiber maturation 448 

and subsequent efficient migration of individual epithelial cells. Then, EpCAM’s expression in tumor 449 

cells might maximize the cycling robustness of RhoA through its fast-endosomal turnover for proper 450 

patterning of forces generated at the cell scale, and as a consequence facilitate or sustain cancer 451 

propagation. 452 

It is well-established that RhoA signaling dictates myosin-II-dependent contractility and stress fiber 453 

generation, and subsequently participates in cell morphogenesis and behavior (Nobes and Hall, 1995; 454 

Chrzanowska-Wodnicka and Burridge, 1996). Coordinated requirement of RhoA, Rac1 and Cdc42 455 

activity occurs at the cell leading edge to support protrusive activity as well as rear retraction 456 

(Raftopoulou and Hall, 2004). The development and use of FRET probes showed that RhoA was 457 

actually highly activated in a 2 µm wide band at the leading edge of migrating cells and participated 458 

to protrusive activity while Rac1 and Cdc42 stabilized the protrusion for directed motion in 459 

fibroblasts (Machacek et al., 2009). Although these studies were essential to our global understanding 460 

of RhoGTPases functions, FRET analyses only provide a fixed image and low spatial resolution of 461 

their activity at a given time (Supplementary Figure 6b-d). By using a fluorescence-based location 462 

biosensor which allows the direct tracking of GTP-RhoA (Tse et al., 2012; Priya et al., 2015), our 463 

analyses reveal the transient formation of a cortical ring of active RhoA during the early steps of 464 

spreading. This RhoA zone is remodeled during late step of spreading prior to actomyosin network 465 

reorganization (Figure 6j and Figure 9). In agreement with several studies reporting the importance of 466 

proper balance of contractile forces for spreading and polarization in fibroblasts cells (Prager-467 

Khoutorsky et al., 2011; Trichet et al., 2012), our study reveals a spatiotemporal modulation of RhoA 468 

activity during front-rear axis development. In addition, blocking of GTP-RhoA endosomal 469 

trafficking in EHD1-/Rab35-mutated or EpCAM-KD cells impairs the local regulation of RhoA 470 

signaling and subsequently the late spreading steps’ completion (Figures 6 and 8, respectively). We 471 

thus propose that a tight coupling between the remodeling of the active RhoA pool and the reshaping 472 

of actomyosin cables is necessary for correct initiation of front-rear polarity in epithelial cells. 473 

But what drives this timing? In other words, how is this process controlled and which signal triggers 474 

GTP-RhoA exit from cortical endosomes during cell spreading? One explanation might be that a 475 

RhoA trafficking is controlled via a mechanical feedback. Previous work from Sheetz and colleagues 476 

described a sequential mechanical model of cell spreading, where each phase represents a distinct 477 

mechanical state of the cells (Dubin-Thaler et al., 2008). Whereas early cell spreading is characterized 478 

by continuous protrusive activity of the edges with very low traction forces generation (P1 phase), the 479 

P2 phase is described as a slow spreading phase during which focal adhesion form and high 480 

membrane tension occurs. Control of membrane tension appears critical for the progression through 481 

this P2 phase (Gauthier et al., 2012), and would be ensured by coordinated regulation of membrane 482 
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trafficking events and myosin-II contractility (Apodaca, 2002; Gauthier et al., 2011; Pontes et al., 483 

2017). For instance, inhibition of myosin-IIA activity keeps fibroblasts blocked in P2 phase (Cai et 484 

al., 2010), and reduction of membrane tension triggers endocytosis pathway (Thottacherry et al., 485 

2018). Our findings show that EpCAM-KD cells fail to complete P2 phase and display isotropic and, 486 

to some extent, C-shapes (Figure 1d-i; Supplementary Figure 1), as do myosin-IIA mutant fibroblasts 487 

(Cai et al., 2010). There, loss of GTP-RhoA turnover leads to persistent RhoA signaling at the cell 488 

cortex, causing continuous actomyosin contractility in the dorsal domain. Consequently, protrusion 489 

stiffness remains very high in EpCAM-KD cells (Figure 3a-c), suggesting an increase of membrane 490 

tension. Along this line, low dose treatment with Y-27632 or blebbistatin, which partially restores cell 491 

organization of EpCAM-KD cells (Figure 5e-f), may lead to a softer cortex in the protrusion, more 492 

prompt to cell deformation. We thus hypothesize that active RhoA zone remodeling would take place 493 

during the P1-P2 transition phase and/or at the onset of P2 phase. The dynamic mechanism of RhoA 494 

signaling described herein would support this earlier spreading model, and we propose that the exit of 495 

RhoA from endosomal compartment may constitute a spatio-temporal signal in this sequence.  The 496 

RhoA trafficking may provide a rapid response to high membrane tension, and thus contribute to the 497 

progression through the late spreading cycle. Another explanation would involve actomyosin activity 498 

by itself. Several studies reported that pulsatile contractions take place at the medio-apical and 499 

junctional pools of actomyosin in diverse species to facilitate cell shapes changes and tissue 500 

morphogenesis (Mason et al., 2016; Wu et al., 2014). Constitutively active myosin-II phospho-mutant 501 

expression disrupts pulsatile contractility and delays tissue invagination during Drosophila 502 

gastrulation (Vasquez et al., 2014). Similarly, we could propose that persistence of GTP-RhoA at the 503 

cell cortex would hinder efficient contractility to ensure the transition from radial and circumferential 504 

cables to stress fibers. 505 

In contrast to the commonly accepted view of RhoA cycling at the plasma membrane, our work places 506 

a large pool of active RhoA in trafficking pathways, leading to the following question: why the need 507 

of a GTP-RhoA endosomal turnover? Several hypotheses could be envisioned. It may allow fine 508 

tuning of GTP-RhoA distribution during spreading and migration in an ever-changing cell shape 509 

environment. Moreover, contractility pulses may be related to cyclic activation / inactivation of RhoA 510 

and may thus potentiate the efficiency of contractility (Teo and Yap, 2016). The intracellular 511 

trafficking of RhoA might also be used to target GTP-RhoA to other intracellular or plasma 512 

membrane domains to meet regulators or effectors. RhoA cycling between its active and inactive state 513 

is promoted by the sequential action of its guanine nucleotide exchange factors (GEFs) that promote 514 

GTP-loading, and GTPase-activating proteins (GAPs) that favor GTP hydrolysis (Rossman et al., 515 

2005; Bos et al., 2007; Hodge and Ridley, 2016). Recent works and reviews pointing towards the 516 

same surprising distributions of active GTPases proposed that the patterns of RhoA activity relied on 517 

the subcellular distribution of GEFs and GAPs in function-oriented domains, rather than on the 518 

GTPase’s location in itself (Fritz and Pertz, 2016). More than 80 RhoGEFs and GAPs are reported in 519 

the human genome (Lawson and Ridley, 2018), suggesting that the RhoGTPases cycling is more 520 

specifically regulated than a simple ON-OFF switch. Depending on the trafficking pathway used to 521 

remodel the RhoA zone, different combinations of GEFs and GAPs would grant an extreme precision 522 

for the spatio-temporal control of RhoA activity. The careful characterization of subcellular patterning 523 

of GEFs and GAPs might be laborious but still remains an important subject of study for the future. 524 

An alternative view is that endosomal trafficking may regulate RhoA signaling by removing GTP-525 

RhoA away from the actomyosin cables region and/or to prevent the gathering of GTP-RhoA with its 526 

effectors ROCK1, mDia and MLCP.  527 

We propose a model where EpCAM-mediated endosomal remodeling allows the local modulation of 528 

RhoA signaling in space and time during epithelial cell spreading (Figure 9). The canonical picture 529 

states that activated RhoA is restricted at plasma membrane (Garcia-Mata et al., 2011; Hodge and 530 

Ridley, 2016). While transmembrane receptor trafficking, such as for integrins or cadherins, has been 531 

under intense scrutiny in the context of cell migration and cancer metastasis (Mellman and Yarden, 532 

2013; Paul et al., 2015; Kajiho et al., 2018), the link between traffic and Rho GTPases is only now 533 

coming to the fore and our data support the new idea that “endosomes serve as a hub for Rho GTPase 534 

activation and spatiotemporal signal generation” (Phuyal and Farhan, 2019). Recent studies 535 

highlighted the presence of active Rho GTPases in intracellular membranes and argue for an origin of 536 

Rho signaling from the endosomal network (Phuyal and Farhan, 2019). Vassilev et al. recently 537 
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showed that in neural crest cells RhoA trafficking is mediated by Rab11-positive recycling pathway 538 

(Vassilev et al., 2017). However, our findings revealed that, even though a small proportion of active 539 

RhoA was indeed carried by Rab11-positive compartments (Supplementary Figure 9b-c), the major 540 

endosomal pathway for RhoA is in fact mediated by Rab35/EHD1-positive compartments in epithelial 541 

cells (Figure 7). In cortical endosomes, Rab35 and EHD1 control a fast recycling process that 542 

parallels the canonical Rab11 pathway (Klinkert and Echard, 2016). Whereas Rab35 functions during 543 

early step of endosomal recycling, EHD1 is required for late endosomal scission events (Kouranti et 544 

al., 2006; Klinkert and Echard, 2016; Cauvin et al., 2016). Even though Rab35 functions’ in cell 545 

migration and adhesion vary according to the cell types or migration assays, it emerges as a pivotal 546 

component during cancer progression for receptor presentation, actin dynamics and cell polarity 547 

(Shaughnessy and Echard, 2018; Corallino et al., 2018). A link between Rab35 and RhoA was 548 

mentioned previously although not clearly demonstrated nor with any apparent impact (Chevallier et 549 

al., 2009). At this stage, we can only speculate that distinct endosomal compartments would constitute 550 

cortical reservoirs of GTP-RhoA that cells might differentially use to reorganize the contractile 551 

network and force generation in response to diverse situations or external cues. We realize that, for 552 

now, our study only provides a small window on the spatio-temporal regulation of contractility in 553 

epithelial cells, and a complete view of the upstream regulatory mechanisms and trafficking pathways 554 

involved in the regulation of RhoA activity will deserve future in-depth analyses. Moreover, as 555 

several reports pointed out the importance of RhoA activity for the maintenance of myosin-II activity 556 

and junctional integrity (Arnold et al., 2017; Priya et al., 2017), whether a similar endocytic 557 

mechanism occurs at cell contacts should be tested in the future. 558 

In summary, our results unveil endosomal trafficking as a key mechanism of spatial-temporal control 559 

of RhoA during stress fiber formation and cell polarity acquisition in epithelial cells, and provide a 560 

mechanistic understanding with the characterization of EpCAM-mediated active RhoA turnover 561 

through the cortical endosomes. 562 

 563 

 564 

  565 
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Materials & Methods 566 

 567 

Cell culture 568 

Caco2, U2OS and HeLa cells were kindly provided by Dr. S. Robine (Curie Institute, Paris) and 569 

Valérie Doye (Institut Jacques Monod, Paris), respectively. Caco2 and MDCK cells were routinely 570 

grown in DMEM 4.5 g/l glucose supplemented with 20% (Caco2 cells) or 10% fetal bovine serum 571 

and 1% penicillin-streptomycin (Gibco, Thermo Fischer Scientific, Waltham, MA, USA) for 572 

maximum 9 passages. The culture medium was renewed every 2-days. For all experiments cells were 573 

plated on collagen-coated substrates, obtained by adsorption of collagen I (Sigma) that was incubated 574 

at room temperature for 1h at 100 µg/mL in 0.02N acetic acid, and washed with PBS before cell 575 

seeding. 576 

EpCAM reduction was carried out by lentiviral delivery of shRNA constructs directed against human 577 

EPCAM shEpCAM#1: TRCN0000073734 5’-578 

CCGGGCCGTAAACTGCTTTGTGAATCTCGAGATTCACAAAGCAGTTTACGGCTTTTTG-3’, 579 

and shEpCAM#2: TRCN0000073737 5’-580 

CCGGCGCGTTATCAACTGGATCCAACTCGAGTTGGATCCAGTTGATAACGCGTTTTTG-3’ 581 

designed and cloned into the lentiviral pLKO.1 puromycin resistant vector Mission shRNA lentiviral 582 

Transduction particle (Sigma Aldrich). Control Caco2 clones (shNT) were generated using pLKO.1-583 

puro non-target shRNA control transduction particles SHC016V (5’-584 

CCGGGCGCGATAGCGCTAATAATTTCTCGAGAAATTATTAGCGCTATCGCGCTTTTT-3’). 585 

shRNA-resistant EpCAM sequence (shEpCAM#1 resistant : 5’- 586 

ATGGCGCCCCCGCAGGTCCTCGCGTTCGGGCTTCTGCTTGCCGCGGCGACGGCGACTTTT587 

GCCGCAGCTCAGGAAGAATGTGTCTGTGAAAACTACAAGCTGGCTGTGAATTGTTTCGTC588 

AACAATAATCGTCAATGCCAGTGTACTTCAGTTGGTGCACAAAATACTGTCATTTGCTCA589 

AAGCTGGCTGCCAAATGTTTGGTGATGAAGGCAGAAATGAATGGCTCAAAACTTGGGAG590 

AAGAGCAAAACCTGAAGGGGCCCTCCAGAACAATGATGGGCTTTATGATCCTGACTGCG591 

ATGAGAGCGGGCTCTTTAAGGCCAAGCAGTGCAACGGCACCTCCATGTGCTGGTGTGTG592 

AACACTGCTGGGGTCAGAAGAACAGACAAGGACACTGAAATAACCTGCTCTGAGCGAGT593 

GAGAACCTACTGGATCATCATTGAACTAAAACACAAAGCAAGAGAAAAACCTTATGATA594 

GTAAAAGTTTGCGGACTGCACTTCAGAAGGAGATCACAACGCGTTATCAACTGGATCCA595 

AAATTTATCACGAGTATTTTGTATGAGAATAATGTTATCACTATTGATCTGGTTCAAAATT596 

CTTCTCAAAAAACTCAGAATGATGTGGACATAGCTGATGTGGCTTATTATTTTGAAAAAG597 

ATGTTAAAGGTGAATCCTTGTTTCATTCTAAGAAAATGGACCTGACAGTAAATGGGGAAC598 

AACTGGATCTGGATCCTGGTCAAACTTTAATTTATTATGTTGATGAAAAAGCACCTGAAT599 

TCTCAATGCAGGGTCTAAAAGCTGGTGTTATTGCTGTTATTGTGGTTGTGGTGATAGCAG600 

TTGTTGCTGGAATTGTTGTGCTGGTTATTTCCAGAAAGAAGAGAATGGCAAAGTATGAGA601 

AGGCTGAGATAAAGGAGATGGGTGAGATGCATAGGGAACTCAATGCATAA – 3’) was 602 

provided by Invitrogen and cloned into a pEGFP-N1 backbone using the following primers (Eurofins 603 

genomics): Forward: 5’- aattctgcagtcgacggtaccATGGCGCCCCCGCAGGTC -3’,  604 

Reverse: 5’- caccatggtggcgaccaggtggatcccgggTGCATTGAGTTCCCTATGCATCTCA –3’. 605 

shEpCAM#1-resistant Caco-2 clones were generated by transfection with Lipofectamine 2000 606 

(Thermo Fisher Scientific) according to the manufacturer’s instructions, and selection was perfomed 607 

in DMEM supplemented with 20% FBS, 10% penicillin/streptomycin, 2 µg/ml puromycin and 0.5 608 

mg/ml geneticin (Life Technologies, Paisley, UK). 609 

Plasmid and siRNA transient transfections were performed using Lipofectamine 2000. ACTN4 610 

silencing was carried out using two siRNA targeting human ACTN4 mRNA, from Sigma Aldrich. 611 

siRNA ACTN4 #1: 5’- CUUCUCUGGUGCCAGAGAA[dT][dT]-3’, siRNA ACTN4 #2: 5’- 612 

GACAUGUUCAUCGUCCAUA[dT][dT] – 3’. EpCAM reduction in MDCK cells was carried out 613 

using two siRNA targeting dog EpCAM mRNA, purchased from Invitrogen: siRNA EpCAM #1: 5’- 614 

UUCAUAACCAAACAUUUGGUUGCCA -3’, siRNA EpCAM #2: 5’ – 615 

UGAUUGAGAGCUGCCUUUCUAUUUA -3’. EpCAM-GFP was purchased from Origene 616 

(NM_002354, CAT# RG201989). Rab11-dominant negative mutant was purchased from Addgene (# 617 

12678). AHPH-GFP, AHPH-mCherry, AHPH
A740D

, ROCK1-GBD-GFP and mDia-GBD-GFP 618 

constructs were a kind gift from Dr. A.Yap (Brisbane University, Australia). GFP-Rho wt was a gift 619 
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from Dr Anne Blangy (CRBM, Montpellier, France). Rab5a-mCherry and Rab11a-GFP constructs 620 

were a gift from Dr. C. Wunder (Curie Institute, France). EHD1-GFP and EHD1-G65R-GFP were a 621 

gift from Dr S. Caplan (University of Nebraska Medical Center, NE, USA). Rab35-RFP and Rab35-622 

S22N-RFP were provided by Dr A. Echard (Pasteur Institute, Paris, France). LifeAct-GFP was from 623 

Addgene. 624 

 625 

Antibodies and reagents 626 

Rabbit polyclonal antibody directed against EpCAM (#ab71916, IF dilution, 1:100) and mouse 627 

monoclonal antibody directed against zyxin (#ab58210, IF dilution 1:100) were from Abcam. Mouse 628 

monoclonal antibodies directed against paxillin (# 5H11, IF dilution, 1:100) and talin (#TA205, IF 629 

dilution, 1:100) were from Merck Millipore. Rat monoclonal antibody against activated β1-integrin 630 

was from BD Biosciences (#, IF dilution: 1/100). Rabbit polyclonal antibody against vinculin (# 631 

V4139, IF dilution, 1:100) was from Sigma-Aldrich. Rabbit polyclonal antibody directed against 632 

MLC2 (#3672, WB dilution 1:1,000) and P-MLC2 (T18/S19, #3674S IF dilution 1:100, WB dilution 633 

1:500) were from Cell Signaling (Danvers, MA, USA). Rabbit monoclonal antibody directed against 634 

α4-actinin was from Life Technologies (#42-1400, IF dilution, 1:100). Monoclonal antibody directed 635 

against GAPDH (#60004-1-Ig, clone 1E6D9, WB dilution, 1:500) was from Proteintech (Chicago, IL, 636 

USA). Rabbit polyclonal antibody directed against Myosin-IIA (#909801, IF dilution 1:100) was from 637 

Biolegend (Princeton, NJ, USA). Mouse monoclonal antibody directed against α1-actinin 638 

(#TA500072S, IF dilution 1:100) was from Origene. Phalloidin-Alexa488, 568 or 647 were from Life 639 

Technologies. Blebbistatin, Y-27632, CK666, ML-7, SMIFH2 were from Sigma Aldrich (Saint-640 

Louis, MO, USA). NSC-23766 was from Tocris (Bio-Techne, France), and CN03 was from 641 

Cytoskeleton (Denver, CO, USA).  642 

 643 

Biochemical analysis 644 

For Western blot, cell lysates were prepared 1 or 21 days after plating, for protein detection in single 645 

cells or polarized monolayer respectively. Cells were lysed for 30 min using the following lysis 646 

buffer: 50 mM Tris/HCl pH 8.0, 150 mM NaCl, 1 mM DTT, 0.5% NP-40, 1% Triton X-100, 1 mM 647 

EGTA, 1mM EDTA, with complete protease inhibitor cocktail and phosphatase inhibitor PhosSTOP 648 

(Roche, Basel, Switzerland). Insoluble debris were removed by centrifugation at 13,000 g for 15 min. 649 

Total protein content was measured by Bradford assay (Biorad). For each condition, 50mg of proteins 650 

were loaded per well in Novex Tris-Glycine pre-cast gels (Thermo Fischer Scientific)) and transferred 651 

on nitrocellulose membranes using iBlot Dry blotting system (Thermo Fischer Scientific)). Proteins 652 

were detected with either HRP-linked goat anti-mouse IgG antibody (dilution 1:10,000; Sigma-653 

Aldrich) or HRP-linked donkey anti-rabbit IgG antibody (dilution 1:10,000, GE Healthcare, 654 

Buckinghamshire, UK), and SuperSigna West Femto Maximum Sensitivity Substrate (Thermo 655 

Fischer Scientific), and visualized on ImageQuant LAS4000 (GE-Healthcare). Signal quantification 656 

was performed using Fiji software. 657 

For immunoprecipitation, cells were lysed as described above. Lysates were precleared with protein 658 

A–Sepharose beads (Sigma-Aldrich) for 1 h, incubated with antibodies overnight at 4°C, and 659 

incubated with newly prepared protein A–Sepharose beads the next day for 2 h. The beads were 660 

washed three times with the lysis buffer. Precipitates were separated by SDS-PAGE and analyzed by 661 

immunoblotting. 662 

 663 

Immunostaining 664 

Cells were fixed using 4% paraformaldehyde for 15 min, then permeabilized using 0.02% saponin 665 

solution in PBS for 20 min. 0.02% saponin/1% BSA solution was used for a 30min blocking step, 666 

before proceeding to incubation with the primary antibody at 4°C overnight. The next day, secondary 667 

antibody was added after 3 washing steps in PBS, and left to incubate for 2h at RT. Except for SIM 668 

analysis where Vectashield medium was used, all staining were mounted in Mowiol. 669 

 670 

Live imaging 671 

Live cell spreading and migratory assays were performed with the Biostation (Nikon, Tokyo, Japon) 672 

using the 20x objective. Time-lapse images were taken every 10 min for 2 to 4 hours. Cell were 673 
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treated with mitomycin C (10 µg/mL) (Sigma-Aldrich) for 1h to prevent division, before seeding on 674 

collagen-coated glass bottom fluorodishes (#FD35-100, World Precision Instruments, Sarasota, FL, 675 

USA). Cell tracks measurements and graphs were obtained using MATLAB (Mathworks, Natick, 676 

MA, USA). 677 

Cell edge protrusive activity was analyzed using kymographs from 10 min time-lapse movies with 5s 678 

frame rate, obtained on a wide field DMI6000 microscope (Leica, Wetzlar, Germany) using 679 

x100/1.4NA Plan apochromatic oil objective. Briefly, four lines per cell normal to a free cell edge 680 

were used to generate kymographs from which protrusion and retraction rates, time of protrusion and 681 

retraction, amplitude and period were measured with ImageJ. 682 

Actin dynamics experiments were performed using an inverted DMI8 Leica microscope equipped 683 

with a CSU-W1 spinning disk head (Yokogawa - Andor), using a x100 1.4 NA oil objective. Images 684 

were acquired every 5 or 12min for 2-4h. Active RhoA and EHD1 dynamics were followed on the 685 

same microscope, for 2min with a 1s frame rate. For the analysis of AHPH probe and EHD1-positive 686 

compartment contact time, AHPH-mCherry vesicles were manually tracked and EHD1-GFP contact 687 

length was manually assessed. 688 

Color-coded t-projection of AHPH-mCherry were generated from spinning disc acquisitions, as 689 

described by O’Neill and colleagues (Bach et al., 2014). 10 frame-t-stack were selected from time-690 

lapse series. The first image (t0) was false-colored green, the last image (t9) was false-colored in blue, 691 

and the intervening time points (t2-8) were submitted to t-projection and shown in red (t projection), 692 

and images were merged. 693 

 694 

Structured Illumination Microscopy 695 

3D-Structured Illumination Microscopy (SIM) was performed on a Zeiss Elyra Microscope coupled to 696 

an optovar 1.6, 63X objective and a camera EM CCD Andor SIM.  During z-stack acquisition, 5 697 

rotations were applied. Deconvoluted structured illumination images were generated by Zen software, 698 

and images were merged in ImageJ.  699 

 700 

Atomic force microscopy 701 

Cells were cultured in DMEM, 20% FBS, 1× penicillin-streptomycin, and 2 μg/ml puromycin. Plastic 702 

petri dishes (TPP, Switzerland) were incubated in 100 μg/mL rat tail collagen I (Gibco A10483-01) in 703 

0.1% acetic acid at 4°C overnight on a 60 rpm shaker. Cells were seeded at low density and allowed 704 

to adhere at least 5 hours. AFM nanoindentation experiments were performed with a Nanowizard 4 705 

(JPK Instruments, Germany) in QI™ mode. The imaging buffer was Leibovitz L-15 medium 706 

supplemented with 20% FBS and 1× penicillin-streptomycin and experiments were performed at 37°C 707 

with a petri dish heater. PFQNM-LC-A-CAL cantilevers (Bruker, USA) were used; the nominal tip 708 

radius is 70 nm, the semi-vertical angle is 17°, the probe spring constant was provided by the 709 

manufacturer, and the optical lever sensitivity was determined by the thermal tuning method. Force-710 

indentation curves were collected with 100 μm/s probe velocity, 400 pN trigger force, and variable 711 

indentation-retraction distance (scanning frequency) over a 60 μm2 area with 128×128-pixel 712 

resolution (each cell scan lasted ~10 min, the fast axis was horizontal in images shown). Data was 713 

analyzed using a custom-built MATLAB program; Young's modulus values are fit along the entire 714 

force-indentation curve using a linearization scheme (Staunton et al., 2016) with the Hertz model 715 

modified for a thin sample adhered to an infinitely rigid substrate (Garcia and Garcia, 2018). The 716 

height at each pixel was determined from the contact point and the Poisson's ratio was assumed to be 717 

0.5. 718 

 719 

Traction Force Microscopy 720 

Soft polydimethylsiloxane (PDMS) substrates of 15kPa rigidity containing red 200nm fluorescent 721 

beads (Life technologies) were prepared by mixing CY52-276 kit components (Dow Corning Toray) 722 

at 1:1 ratio and letting it spread and cure on glass bottom fluorodishes overnight. Collagen I (Sigma 723 

Aldrich) was adsorbed on the surface on the substrate as described above. Cells were plated on the 724 

substrate and imaged for 22-24h, at a 6 min interval in the Biostation using the x20 objective. Images 725 

were aligned to compensate for experimental drift before analysis of the beads displacement was 726 

performed, using Particle Imaging Velocimetry (PIV) script in MATLAB. From the displacement 727 

data, Fourrier transform traction cytometry (FTTC) plugin in ImageJ (available at 728 
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https://sites.google.com/site/qingzongtseng/tfm) was used to estimate the traction forces exerted on 729 

the substrate. The total traction force exerted by cells was calculated by summing the magnitudes of 730 

the traction vectors under and near the cell of interest and multiplying by the area covered by those 731 

vectors. 732 

 733 

FRET analyses 734 

The FRET probe Raichu-1502 (also named Raichu-RBD (Yoshizaki et al., 2003)) was transfected into 735 

Caco2 cells 48h before the experiment. Spectral imaging was performed on a confocal LSM780 736 

microscope (Zeiss, Zen software) with x63/1.4NA plan apochromat oil-immersion objective. CFP was 737 

excited by the 458-nm laser line of an Argon laser and emission was sampled at a spectral resolution 738 

of 9-nm within a 444–570-nm range. ImageJ was used to process images for analyses. FRET ratio 739 

was calculated as the ratio between the YFP and CFP signal. 740 

 741 

Statistical analysis 742 

All statistical analyses were performed using Prism (GraphPad Software, San Diego, CA, USA, 743 

version 7.0). Unless otherwise stated, experiments were replicated 3 times independently and 744 

comparison between samples were done without Gaussian distribution assumption of the data, 745 

meaning comparisons were carried out using Mann-Whitney test for two conditions comparison, or 746 

Kruzkal-Wallis test and Dunn’s multiple comparison tests for three and more conditions. P-values met 747 

the following criteria * p < 0.05, ** p < 0.01 and *** p < 0.001. 748 

Triple colocalization was analyzed from confocal stacks using a MATLAB-based custom program. 749 

Briefly, fluorescence was first segmented in each channel using local thresholding (Phansalkar 750 

method; (Neerad Phansalkar et al., 2011) and a local 2-D median filter with user-defined 16 751 

neighborhood size was applied to remove noise. Colocalization was then measured using the Manders 752 

split coefficients M1 and M2 (Manders et al., 1993) as such:  753 

�1 �
∑ ���,������

∑ ����
  and 2 �

∑ ���,������

∑ ����
 , where S1i,coloc = S1i if S1i > 0 AND S2i > 0, and S2j,coloc = S2j if 754 

S2j > 0 AND S1j > 0. The Matlab Code or the standalone user interface can be shared upon request. 755 

 756 

Data availability 757 

The data that support the findings of this study are available from the corresponding author upon 758 

request. Raw western blots are already presented in Supplementary Figures 10 and 11. 759 

 760 

 761 

  762 
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Figure legends 1080 

Figure 1: EpCAM is required for single cell front-rear polarization and migration. (a-b) 1081 

Western blot analysis (a) and statistical analysis (b) of the EpCAM expression in Caco2 21-days 1082 

monolayers or single cells spread on collagen-coated petri dish and coverslips, respectively. α-tubulin 1083 

was used as a loading control. Three independent experiments were carried out. (c) Statistical analysis 1084 

of cell adhesion within three hours post-seeding for control (Caco2 shNT) or EpCAM-depleted 1085 

(Caco2 shEpCAM #1 and #2) cells. Are represented the percentage of cells that attach and spread, 1086 

attach but do not spread, and cells that do not attach. N (Caco2 shNT) = 101 cells, N (Caco2 1087 

shEpCAM#1) = 121 cells, N (Caco2 shEpCAM #2) = 112 cells. Chi-square test computed on the 1088 

number of cells with given phenotype indicates a p-value < 0.0001. Three independent experiments 1089 

were carried out. (d) Phase contrast time-lapse of control and EpCAM-silenced cells during cell 1090 

spreading. Imaging was performed for three hours right after seeding. Scale bar, 5μm. (e-f) Phase 1091 

contrast representative images of control (e) or EpCAM-depleted (f) 2-days post-seeding Caco2 single 1092 

cells. Scale bar, 5μm. (g) Statistical analysis of the aspect ratio in control (Caco2 shNT) or EpCAM-1093 

deprived (Caco2 shEpCAM #1 and #2) cells. Mean aspect ratio for Caco2 shNT cells = 1.756±0.06, 1094 

Caco2 shEpCAM#1 = 1.188±0.0254, Caco2 shEpCAM#2 = 1.174±0.016. Data are mean +/- SEM. 1095 

(h) Statistical analysis of the distance between the nucleus and the centroid in control (Caco2 shNT) 1096 

or EpCAM-deprived (Caco2 shEpCAM #1 and #2) cells. Mean distance between the nucleus and the 1097 

centroid in Caco2 shNT cells = 6.28±0.46, Caco2 shEpCAM#1 =3.911±0.38, Caco2 shEpCAM#2 = 1098 

3.321±0.32. N (Caco2 shNT) = 41 cells, N (Caco2 shEpCAM#1) = 33 cells, N (Caco2 shEpCAM #2) 1099 

= 44 cells. Kruskal-Wallis test with Dunn’s multiple comparison test, ** adjusted P =0.0015, **** 1100 

adjusted P <0.0001. Three independent experiments were carried out. Values are mean ± s.e.m. (i) 1101 

Statistical analysis of polarity phenotypes in control (Caco2 shNT) or EpCAM-depleted (Caco2 1102 

shEpCAM #1 and #2) cells. N (Caco2 shNT) = 97 cells, N (Caco2 shEpCAM#1) = 58 cells, N (Caco2 1103 

shEpCAM #2) = 58 cells. Three independent experiments were carried out. (j-k) Color map of cell 1104 

tracks in control (Caco2 shNT) (j) and EpCAM-depleted (Caco2 shEpCAM) (k) cells. (l) Statistical 1105 

analysis of the distance traveled by control and EpCAM-silenced cells within 2 hours. N (Caco2 1106 

shNT) = 67 cells, N (Caco2 shEpCAM#1) = 37 cells, N (Caco2 shEpCAM #2) = 53 cells. ANOVA 1107 

test, * P-value=0,03. Values are mean ± s.e.m. Three independent experiments were carried out.  1108 

  1109 

 1110 

Figure 2: EpCAM participates in the maturation of ventral stress fibers in Caco2 cells. (a) Time-1111 

lapse images of actin cable rearrangement during cell spreading and polarity acquisition in LifeAct-1112 

GFP transfected control and EpCAM-KD cells. Scale bar, 5μm. (b) Confocal analysis of actin (green) 1113 

and paxillin (magenta) distributions in control (Caco2 shNT) and EpCAM-silenced (Caco2 1114 

shEpCAM) cells. Areas boxed in yellow are presented on the right. Accumulated z-stack are 1115 

presented. Scale bar, 5μm. (c) Statistical analysis of the number of ventral stress fibers, radial fibers 1116 

and circular arcs in control and EpCAM-depleted cells. N (Caco2 shNT) = 30 cells, N (Caco2 1117 

shEpCAM#1) = 30 cells, N (Caco2 shEpCAM #2) = 30 cells. Sidak’s multiple comparisons test, *P 1118 

<0.02, **P <0.0011. (d) Statistical analysis of the length of radial fibers in control and EpCAM-1119 

silenced cells. N (Caco2 shNT) = 36 cells, N (Caco2 shEpCAM#1) = 35 cells, N (Caco2 shEpCAM 1120 

#2) = 43 cells, n>160 dorsal fibers for each condition. Kruzkal-Wallis test and Dunn’s multiple 1121 

comparison test, ****P<0.0001. Values are mean ± s.e.m. (e) Statistical analysis of FA density in the 1122 

delimited 2μm, 5μm from the cell periphery or center area. Mean number of FA in the 2μm area for 1123 

Caco2 shNT cells = 55.03±4.12, Caco2 shEpCAM#1 = 54.50±5.26, Caco2 shEpCAM#2 = 1124 

40.93±2.86, in the 5μm area for Caco2 shNT cells = 124.4±8.13, Caco2 shEpCAM#1 = 76.40±7.68, 1125 

Caco2 shEpCAM#2 = 63.97±4.71, in the center area for Caco2 shNT cells = 181.5±17.07, Caco2 1126 

shEpCAM#1 = 38.87±9.67, Caco2 shEpCAM#2 = 49.73±7.47. N (Caco2 shNT) = 31 cells, N (Caco2 1127 

shEpCAM#1) = 30 cells, N (Caco2 shEpCAM #2) = 30 cells. Kruzkal-Wallis test and Dunn multiple 1128 

comparison test, **P <0.01, ****P<0.0001. For each experiment, three independent experiments 1129 

were carried out.  1130 

 1131 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 19, 2020. ; https://doi.org/10.1101/2020.04.19.044891doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.19.044891


 27

Figure 3: Loss of EpCAM provokes cell mechanical changes. (a) Representative maps showing the 1132 

cell topography (top) and local Young's modulus (bottom) for a representative control cell (left) and 1133 

shEpCAM cell (right). Scale bar, 20μm. (b-c) Average Young's modulus in the region of height in the 1134 

range of 2 to 5 μm (b) or in the region of height < 2 μm (c) for each cell. (N (Caco2 shNT) = 13 cells, 1135 

N (Caco2 shEpCAM#1) = 14 cells, and N (Caco2 shEpCAM #2) = 13 cells. Unpaired t-test, * P 1136 

=0.0149, **** P <0.0001. Three independent experiments were carried out. (d) Statistical analysis of 1137 

the mean traction forces measured in control (Caco2 shNT) and EpCAM-silenced (Caco2 #2) cells. N 1138 

(Caco2 shNT) = 40 cells, N (Caco2 shEpCAM #2) = 13 cells. Student test, *P = 0.0236. Three 1139 

independent experiments were carried out. (e) Representative phase contrast and color map images of 1140 

traction forces exerted by control (Caco2 shNT) and EpCAM-deprived (Caco2 shEpCAM) cells. Scale 1141 

bar, 5μm.  1142 

 1143 

Figure 4: EpCAM expression triggers the formation of stress fibers. (a) Western blot analysis of 1144 

EpCAM expression in control Caco2 (Caco2 shNT), MDCK, EpCAM-silenced (Caco2 shEpCAM#1 1145 

and #2), U2OS and HeLa cells. α-tubulin was used as a loading control. (b) Quantification of EpCAM 1146 

expression in control Caco2 (Caco2 shNT), MDCK, EpCAM-silenced (Caco2 shEpCAM#1 and #2), 1147 

U2OS and HeLa cells. Three independent experiments were carried out. (c-e) Confocal analysis of 1148 

actin and paxillin in control and EpCAM siRNA-treated MDCK cells (c), in GFP- and EpCAM-GFP-1149 

transfected U2OS cells (d), and in GFP- and EpCAM-GFP-transfected HeLa cells (e). Accumulated 1150 

z-stack are presented. Scale bar, 5μm. (f) Statistical analysis of the number of stress fibers (SFs), 1151 

radial fibers (RFs) and circumferential arcs (CAs) in control (siRNA Luciferase) or EpCAM-silenced 1152 

(siRNA EpCAM) MDCK cells. N (MDCK siRNA Luciferase) = 33 cells, N (MDCK siRNAEpCAM#1) 1153 

= 21 cells, N (MDCK siRNAEpCAM#2) = 11 cells. Multiple t-test, **** P<0.0001. (g) Statistical 1154 

analysis of the number of stress fibers, radial fibers and circular arcs in U2OS cells transfected with 1155 

either GFP (GFP U2OS) or EpCAM-GFP (EpCAM-GFP U2OS). N (GFP U2OS) = 50 cells, N 1156 

(EpCAM-GFP U2OS) = 58 cells. Multiple t-test, **** P<0.0001. (h) Statistical analysis of the 1157 

number of stress fibers, radial fibers and circular arcs in HeLa cells transfected with either GFP (GFP 1158 

HeLa) or EpCAM-GFP (EpCAM-GFP HeLa). N (GFP HeLa) = 36 cells, N (EpCAM-GFP HeLa) = 1159 

44 cells. Multiple t-test, ** P<0.01, **** P<0.0001. For each experiment, three independent 1160 

experiments were carried out.  1161 

 1162 

Figure 5: Defective cell contractility activity and distribution is responsible of the development 1163 

of the EpCAM-KD phenotype. (a) Confocal analysis of the distribution of P-MLC2 in control and 1164 

EpCAM-silenced Caco2 cells. Accumulated z-stack are presented. Color coded images for P-MLC2 1165 

intensity signal are presented on the right panel. Scale bar, 5μm. (b) Statistical analysis of the 1166 

corrected total fluorescence for P-MLC2 in control (Caco2 shNT) and EpCAM-silenced (Caco2 1167 

shEpCAM #1 and #2) cells. (Caco2 shNT) = 10 cells, N (Caco2 shEpCAM#1) = 10 cells, N (Caco2 1168 

shEpCAM #2) = 10 cells. One-way ANOVA with unpaired t-test, * P-value < 0,0252, *** P-value 1169 

<0,0005. (c) Western blot analysis of MLC and P-MLC amounts in control (Caco2 shNT) and 1170 

EpCAM-silenced (Caco2 shEpCAM #1 and #2) Caco2 cells. GAPDH was used as a loading control. 1171 

(d) Statistical analysis of P-MLC2 amount relative to MLC2 in control and EpCAM-depleted cells. 1172 

Kruskal-Wallis test, * P-value = 0.04. Three independent experiments were carried out. (e) Statistical 1173 

analysis of the number of unpolarized- and polarized-shaped Caco2 shEpCAM#1 and #2 cells after 1174 

DMSO or Y-27632 0.5 μM treatment. N (DMSO Caco2shEpCAM#1) = 192 cells, N (DMSO 1175 

Caco2shEpCAM#1) = 111 cells, N (Y-27632 Caco2shEpCAM#1) = 199 cells, N (Y-27632 1176 

Caco2shEpCAM#2) = 207 cells. Paired t-test, **** P<0.0001. Three independent experiments were 1177 

carried out. (f) Confocal analysis of paxillin (magenta) and actin (green) in EpCAM-depleted cells 1178 

upon DMSO, blebbistatin 2μM, Y-27632 0.5 μM, CN03 1μg/ml or SMIFH2 2μM treatment for 1 1179 

hour. Accumulated z-stack are presented. Scale bar, 5μm. 1180 

 1181 

Figure 6: Active RhoA distribution is impaired in the absence of EpCAM.  1182 

(a) Confocal analysis of the distribution of RhoA-GFP (green) together with AHPH-mCherry 1183 

(magenta) in control and EpCAM-silenced cells. Areas boxed in yellow are presented on the right. 1184 

Accumulated z-stack are presented. Scale bar, 5μm. (b) Quantification of the proportion of the 1185 

AHPH-mCherry probe overlapping with total RhoA. Manders overlap coefficient for AHPH-mCherry 1186 
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versus RhoA-GFP in Caco2 shNT cells = 0.5558±0.04, and in Caco2 shEpCAM cells = 0.6913±0.02. 1187 

Manders overlap coefficient for RhoA-GFP versus AHPH-mCherry in Caco2 shNT cells = 1188 

0.2485±0.03, and in Caco2 shEpCAM cells = 0.7165±0.03. N (Caco2 shNT) = 5 cells, N (Caco2 1189 

shEpCAM #1) = 5 cells. T-test, **P = 0.0049; ****P <0.0001. Values are mean ± s.e.m.. (c) AHPH-1190 

GFP intensity maps were generated in control and EpCAM-depleted cells with LUT table Physics 1191 

from ImageJ. Areas boxed in yellow are presented on the right. Accumulated z-stack are presented. 1192 

Scale bar, 5μm. (d) Color-coded t-projection of 10 frame time-lapse series of AHPH-mCherry in 1193 

control and EpCAM-KD cells. The first image (t0) is false-colored green, the last image (t9) is false-1194 

colored in blue, and the intervening time points (t2-8) are submitted to t-projection and shown in red 1195 

(t projection). Areas boxed in yellow are presented on the right. Arrows point at the position of some 1196 

AHPH compartment at the beginning of the time-lapse series, whereas the arrowheads point to the 1197 

position of the corresponding AHPH compartment at the end of the time-lapse series. Scale bars, 1198 

10μm. (e) Statistical analysis of the speed of AHPH-mCherry compartments in control and EpCAM-1199 

KD cells. BoxPlot line is median. Whiskers are 5-95 percentile. n (Caco2 shNT) = 1827 AHPH-1200 

positive vesicles, n (Caco2 shEpCAM) = 1234 AHPH-positive compartments. Mann-Whitney test, 1201 

**** P-value < 0.0001. Three independent experiments were carried out. (f-h) Analysis of the 1202 

displacement of the AHPH-mCherry compartments in the x (g), y (h) and z (i) direction in control or 1203 

EpCAM-KD cells. (i) Confocal analysis of the distribution of AHPH-GFP (green) and actin cables 1204 

(magenta) in the protrusion of EpCAM-silenced cells. Accumulated z-stack are presented. Scale bar, 1205 

5μm. (j) Confocal analysis of the distribution of AHPH-mCherry (magenta) and actin (black) in 1206 

control Caco2 cells during cell polarization and maturation of stress fibers from 0 to 2 hours. Areas 1207 

boxed in yellow are presented on the bottom panel. AHPH-mCherry intensity maps are presented in 1208 

the upper panel. Accumulated z-stack are presented. Scale bar, 5μm. 1209 

 1210 

Figure 7: EpCAM and active RhoA co-evolve in Rab35/EHD1-positive endosomal 1211 

compartments. (a-d) 3D-SIM microscopy analysis of EpCAM-GFP (magenta) and AHPH-mCherry 1212 

(green) in unpolarized single cells during cell spreading (a-b) and polarity acquisition (c-d) in the xy 1213 

plane (a,c) or the xz plane (b,d). Areas boxed in yellow are presented on the right, where arrowheads 1214 

point to colocalizations. Collagen substrate is delimited by an orange dotted line. Arrows point on 1215 

colocalizations. Scale bar, 5μm. (e) Quantification of the Manders overlap coefficient between 1216 

AHPH-mCherry versus endogenous EpCAM, AHPH-mCherry versus EpCAM-GFP, endogenous 1217 

EpCAM versus AHPH-mCherry, and EpCAM-GFP versus AHPH-mCherry in polarized single Caco2 1218 

cells. (f) Quantification of the Manders overlap coefficient between AHPH-GFP versus Rab35-RFP, 1219 

Rab35-RFP versus AHPH-GFP, AHPH-GFP+endogenousEpCAM versus Rab35-RFP, and Rab35-1220 

RFP versus AHPH-GFP +endogenousEpCAM in polarized single Caco2 cells. (g) Quantification of 1221 

the Manders overlap coefficient between AHPH-mCherry versus EHD1-GFP, EHD1-GFP versus 1222 

AHPH-mCherry, AHPH-mCherry+endogenousEpCAM versus EHD1-GFP, and EHD1-GFP versus 1223 

AHPH-mCherry +endogenousEpCAM in polarized single Caco2 cells. (h-i) 3D-SIM microscopy 1224 

analysis of EpCAM (magenta), AHPH-GFP (yellow) and Rab35-RFP or EHD1-GFP (blue) in 1225 

polarized single cells. Areas boxed in yellow are presented on the right, where arrowheads point to 1226 

colocalizations. Scale bar, 5μm.  1227 

 1228 

Figure 8: Active RhoA is blocked in Rab35/EHD1-positive endosomal compartments in the 1229 

absence of EpCAM. (a-b) 3D-SIM microscopy analysis of the distribution of Rab35-RFP (a, 1230 

magenta) or EHD1-GFP (b, magenta) together with AHPH-mCherry (green) in control and EpCAM-1231 

silenced cells. Areas boxed in yellow are presented on the right corner. Scale bars, 5μm. (c) 1232 

Quantification of the Manders overlap coefficient between AHPH-GFP versus Rab35-RFP or Rab35-1233 

RFP versus AHPH-GFP in control or EpCAM-depleted cells. Unpaired t-test, *P=0.02. (d) 1234 

Quantification of the Manders overlap coefficient between AHPH-mCherry versus EHD1-GFP or 1235 

EHD1-GFP versus AHPH-mCherry in control or EpCAM-depleted cells. Unpaired t-test, *P=0.04, 1236 

****P <0.0001. (e) Time-lapse series and maximum projection (standard deviation) of EHD1-GFP 1237 

together with AHPH-mCherry in control and EpCAM-KD cells. Yellow arrowheads point at the 1238 

position of colocalized AHPH and EHD1 compartments. Yellow arrow point at AHPH-positive 1239 

vesicule at the exit of EHD1-postive compartment. Scale bars, 200nm. (f) Statistical analysis of the 1240 

residence time between the AHPH probe and the EHD1-positive compartments per track in control 1241 
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and EpCAM-silenced cells. Measurements were made on time-lapse series of 1sec intervals. N 1242 

(Caco2 shNT) = 8 cells (491 contacts), N (Caco2 shEpCAM#1) = 3 cells (55 contacts), N (Caco2 1243 

shEpCAM #2) = 7 cells (213 contacts). Unpaired t-test, ****P <0.0001. Three independent 1244 

experiments were carried out.  (g) Confocal analysis of AHPH-mCherry (green) after EHD1-GFP and 1245 

EHD1G65R-GFP expression (magenta; upper panel) or after Rab35-GFP and Rab35S22N-RFP 1246 

expression (magenta; lower panel) in control Caco2 cells. Scale bars, 5μm. 1247 

 1248 

Figure 9: Scheme depicting the proposed model of active RhoA dynamics in control and 1249 

EpCAM-KD cells during spreading. (a) In control cells, active RhoA (RhoA-GTP) dynamics are 1250 

promoted by EpCAM, to and from the Rab35+/EHD1+ endosomal platform. The resulting transient 1251 

signal induces normal Myosin-II-dependent contractility at the level of the transverse arcs during 1252 

spreading. At the cellular level, dynamic RhoA-GTP can be remodeled in a front-rear gradient as the 1253 

cell spreads, participating to the acquisition of front-rear polarity. Correct contractility at the levels of 1254 

the transverse arcs allows the formation of ventral stress fibers, and proper actomyosin cytoskeleton 1255 

reorganization to promote epithelial cell migration. (b) In EpCAM-KD cells, active RhoA is blocked 1256 

in the endosomal platform preventing the remodeling necessary for correct spreading, symmetry-1257 

breaking and polarity establishment. RhoA sustained activity increases Myosin-II contractility at the 1258 

transverse arcs level, which hinders the formation of ventral stress fibers. Active RhoA also increases 1259 

formin activity, producing longer dorsal fibers in EpCAM-KD cells. The absence of active RhoA and 1260 

actomyosin cytoskeleton remodeling impedes symmetry-breaking, giving EpCAM-KD cells a 1261 

characteristic unpolarized “fried-egg” shape and preventing efficient cell migration. 1262 

 1263 

 1264 

 1265 

1266 
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 1267 

Supplementary Figure Legends 1268 

 1269 

Supplementary Figure 1: Phase contrast time-lapse of EpCAM-silenced cells during cell spreading 1270 

showing C-shape development. Yellow arrows point on symmetry breaking events Scale bar, 5μm.  1271 

 1272 

Supplementary Figure 2: (a) Confocal analysis of the distribution of α4-actinin (magenta) and 1273 

myosin-IIA (green) in control and EpCAM-depleted cells. (b) Confocal analysis of the distribution of 1274 

β1-integrin, talin, vinculin and zyxin in control and EpCAM-silenced cells. Accumulated z-stack are 1275 

presented. Scale bar, 5μm. (c) Analysis of the distribution of focal adhesions according to their size in 1276 

control (Caco2 shNT) and EpCAM-depleted (Caco2 shEpCAM#1 and #2) cells. N (Caco2 shNT) = 31 1277 

cells, N (Caco2 shEpCAM#1) = 30 cells, N (Caco2 shEpCAM #2) = 30 cells. (d) Analysis of the 1278 

mean size of focal adhesions in control (Caco2 shNT) and EpCAM-depleted (Caco2 shEpCAM#1 and 1279 

#2) cells. Kruskal-Wallis test, P <0.0001. Values are mean±SD. N (Caco2 shNT) = 31 cells, N 1280 

(Caco2 shEpCAM#1) = 30 cells, N (Caco2 shEpCAM #2) = 30 cells. For each experiment, three 1281 

independent experiments were carried out. 1282 

 1283 

Supplementary Figure 3: (a) Confocal analysis of actin (gray) and paxillin (red) in Caco2 1284 

shEpCAM cells after EpCAM rescue through the expression of an EpCAM-GFP construct resistant to 1285 

the shRNA (EpCAMr-GFP, green). Accumulated z-stack are presented. Scale bar, 5μm. (b) Confocal 1286 

analysis of actin (green) and paxillin (magenta) distribution in control and EpCAM-depleted cell 1287 

islands. Accumulated z-stack are presented. Scale bar, 5μm. 1288 

 1289 

Supplementary Figure 4: (a) Western blot analysis of EpCAM expression in control or EpCAM 1290 

siRNA-treated MDCK cells. α-tubulin was used as a loading control. (b) Statistical analysis of 1291 

EpCAM expression in control and siRNA-treated MDCK cells. (extinction of 59% and 32% for 1292 

siRNA #1 and #2 respectively). Three independent experiments were carried out. 1293 

 1294 

Supplementary Figure 5: (a) Western blot detection of α4-actinin (upper panel) and EpCAM (lower 1295 

panel) after immunoprecipitation of α4-actinin or EpCAM from Caco2 shNT cell extracts. (b) 1296 

Western blot analysis of α4-actinin expression in control (Luciferase siRNA) or α4-actinin-deprived 1297 

(α4-actinin siRNA) Caco2 shNT and Caco2 shEpCAM cells. GAPDH was used as loading control. (c) 1298 

Confocal analysis of α4-actinin (magenta), actin (green) and paxillin (red) distribution in α4-actinin-1299 

depleted Caco2shNT cells (upper panel) or in α4-actinin-depleted Caco2 shEpCAM cells (lower 1300 

panel). Accumulated z-stack are presented. Scale bar, 10μm. 1301 

 1302 

Supplementary Figure 6: (a) Confocal analysis of paxillin (magenta) and actin (green) in EpCAM-1303 

depleted cells upon DMSO, blebbistatin 2 μM, blebbistatin 10 μM, Y-27632 10 μM treatment for 1 1304 

hour. Accumulated z-stack are presented. Scale bars, 5μm. (b) Scheme presenting the principle of the 1305 

FRET probe to measure RhoA activity developed by Matsuda and colleagues (Yoshizaki et al., 2003). 1306 

(c) FRET intensity maps were generated in control and EpCAM-depleted cells with LUT table “16 1307 

colors” from ImageJ. Scale bars, 10μm. (d) Statistical analyses of FRET intensity in control and 1308 

EpCAM-depleted Caco2 cells. FRET ratio in Caco2 shNT cells = 1.52±0.24, Caco2 shEpCAM 1309 

cells#1 = 1.06±0.49 and Caco2 shEpCAM cells#2 = 0.96±0.42 (mean±SD). One-way Anova test, 1310 

*P=0.04. Two independent experiments were carried out. (e) Confocal analysis of paxillin (magenta) 1311 

and actin (green) in EpCAM-depleted cells upon SMIFH2 2 nM, ML-7 10 μM, CK666 50 μM or 1312 

NSC23766 50 μM treatment for 1 hour. Accumulated z-stack are presented. Scale bars, 5μm. 1313 

Supplementary Figure 7: Confocal analysis of paxillin (magenta) and actin (gray) in control and 1314 

EpCAM-depleted cells transfected with RhoA-GFP, RhoA V14-GFP or RhoA N19-GFP constructs 1315 

(green). Accumulated z-stack are presented. Scale bars, 5μm. 1316 

Supplementary Figure 8: (a-c) Confocal analysis of total RhoA (Rho-GFP, green) (a), RhoA-GTP 1317 

binding domain of ROCK1 (ROCK1-GBD-GFP, green) (b) or RhoA-GTP binding domain of mDia 1318 

(mDia-GBD-GFP, green), together with GTP-RhoA (AHPH-mCherry, magenta) in control Caco2 1319 
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cells. (d) Confocal analysis of the localization of the wt AHPH-GFP and the mutant form 1320 

AHPH
A740D

-GFP in control Caco2 cells. Scale bar, 5 μm. 1321 

Supplementary Figure 9: (a) Confocal analysis of AHPH-mCherry in Caco2 shEpCAM cells after 1322 

rescue with EpCAMr-GFP (green) transfection. Areas boxed in yellow are presented on the right. 1323 

Scale bar, 5 μm. (b) Confocal analysis of AHPH-GFP (green) and Rab11-mCherry (magenta) in 1324 

control Caco2 cells. Scale bar, 5μm. (c) Quantification of the Manders overlap coefficient between 1325 

AHPH-GFP versus Rab11-mCherry in Caco2 cells. (d) Confocal analysis of actin (gray) and paxillin 1326 

(magenta) distribution after EHD1G65R-GFP transfection in control Caco2 cells. Scale bar, 5μm. 1327 

Supplementary Figures 10 and 11: Original western blots used in the manuscript. 1328 

 1329 

  1330 
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Supplementary Video Legends 1331 

 1332 

Supplementary Video 1: 3-hour time lapse imaging of Caco2 shNT cells during spreading and 1333 

polarity acquisition. Images were acquired every 6 min. Frame rate is 15fps. 1334 

 1335 

Supplementary Video 2: 3-hour time lapse imaging of Caco2 shEpCAM cells during spreading. 1336 

Images were acquired every 6 min. Frame rate is 15fps. 1337 

 1338 

Supplementary Video 3: 4-hour time lapse imaging of Caco2 shEpCAM cells during spreading, 1339 

showing symmetry breaking events and C-shape acquisition. Images were acquired every 6 min. 1340 

Frame rate is 15fps. 1341 

 1342 

Supplementary Video 4: 2-hour time lapse spinning-disc acquisition of Lifeact-GFP dynamics 1343 

(gray) in Caco2 shNT cells. Images were acquired every 5min. Frame rate is 10fps. 1344 

 1345 

Supplementary Video 5: 2-hour time lapse spinning-disc acquisition of Lifeact-GFP dynamics 1346 

(gray) in Caco2 shEpCAM cells. Images were acquired every 5min. Frame rate is 10fps. 1347 

 1348 

Supplementary Video 6: 2-min time lapse spinning-disc acquisition of AHPH-mCherry dynamics 1349 

(gray) in Caco2 shNT cells. Images were acquired every 5sec. Frame rate is 10fps. 1350 

 1351 

Supplementary Video 7: 2-min time lapse spinning-disc acquisition of AHPH-mCherry dynamics 1352 

(gray) in Caco2 shEpCAM cells. Images were acquired every 5sec. Frame rate is 10fps. 1353 

 1354 

Supplementary Video 8: 1-min time lapse spinning-disc acquisition of AHPH-mCherry dynamics 1355 

(red) together with EHD1-GFP (green) in Caco2 shNT cells. Images were acquired every 5sec. Frame 1356 

rate is 15fps. 1357 

 1358 

Supplementary Video 9: Close-up of AHPH-mCherry dynamics (red) together with EHD1-GFP 1359 

(green) during 15-sec time lapse spinning-disc acquisition in Caco2 shNT cells. Images were acquired 1360 

every 5sec. Frame rate is 10fps. 1361 

 1362 

Supplementary Video 10: 1-min time lapse spinning-disc acquisition of AHPH-mCherry dynamics 1363 

(red) together with EHD1-GFP (green) in Caco2 shEpCAM cells. Images were acquired every 5sec. 1364 

Frame rate is 15fps. 1365 

 1366 

Supplementary Video 11: Close-up of AHPH-mCherry dynamics (red) together with EHD1-GFP 1367 

(green) during 30-sec time lapse spinning-disc acquisition in Caco2 shEpCAM cells. Images were 1368 

acquired every 5sec. Frame rate is 10fps. 1369 
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