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ABSTRACT 10 

Endocytic mechanisms actively regulate plasma membrane composition and sustain fundamental cellular 11 

functions. Recently, we identified a clathrin-independent endocytic (CIE) modality mediated by the BAR 12 

domain protein endophilin-A3 (endoA3), which controls the cell surface homeostasis of the tumor 13 

marker CD166/ALCAM. Deciphering the molecular machinery of endoA3-dependent CIE should therefore 14 

contribute to a better understanding of its pathophysiological role, which remains so far unknown. Here, 15 

we investigate the role in this mechanism of actin, Rho GTPases and microtubules, which are major 16 

actors of CIE processes. We show that the actin cytoskeleton is dynamically associated with endoA3- and 17 

CD166-positive endocytic carriers and that its perturbation strongly inhibits the uptake process of 18 

CD166. We also reveal that the Rho GTPase Rac1, but not Cdc42, is a master regulator of this endocytic 19 

route. Finally, we provide evidence that microtubules and kinesin molecular motors are required to 20 

potentiate endoA3-dependent endocytosis. Of note, our study also highlights potential compensation 21 

phenomena between endoA3-dependent CIE and macropinocytosis. Altogether, our data deepen our 22 

understanding of this CIE modality and further differentiate it from other unconventional endocytic 23 

mechanisms.  24 
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CIE: Clathrin-Independent Endocytic 29 

CLIC: Clathrin-Independent Carriers 30 

CME: Clathrin-Mediated Endocytosis 31 

DYNCH: Dynein Heavy Chain 32 

EIPA: ethylisopropyl amiloride 33 

FDS: Friction-driven scission 34 

FEME: Fast Endophilin-Mediated Endocytosis 35 

GEEC: GPI-anchored protein Early Endosomal Compartment 36 

GEF: Guanine-nucleotide Exchange Factor 37 

GL-Lect: GlycoLipid-Lectin 38 

GUV: Giant Unilamellar Vesicle 39 

IgSF: Immunoglobulin Superfamily 40 

MLCP: Myosin Light Chain Phosphatase 41 

ROCK: Rho-associated Coiled-coil Kinase 42 

Tf: Transferrin 43 

SUMMARY STATEMENT 44 

This study uncovers the role of actin and Rac1 GTPase in endoA3-mediated clathrin-independent 45 

endocytosis. In addition, evidences that microtubules and molecular motors potentiate this endocytic 46 

modality are provided. 47 

INTRODUCTION 48 

CD166 (also termed ALCAM for Activated Leukocyte Cell Adhesion Molecule) is a cell surface 49 

transmembrane glycoprotein that belongs to a small subgroup of the Immunoglobulin Superfamily (IgSF). 50 

This protein acts as a cell-cell adhesion molecule via homophilic (CD166-CD166) or heterophilic (CD166-51 

CD6) interactions between adjacent cells (Ferragut et al., 2021). Heterophilic interactions are particularly 52 

important at the immune synapse, where CD166 is exposed at the cell surface of antigen presenting cells 53 
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and can interact with its ligand CD6 expressed at the surface of T cells (Zimmerman et al., 2006). Given 54 

its broad tissue distribution, CD166 is involved in cellular processes as diverse as neuronal growth (Bye et 55 

al., 2019; Pollerberg et al., 2013), hematopoiesis (Chitteti et al., 2014; Ohneda et al., 2001), cell migration 56 

(Cayrol et al., 2008; Willrodt et al., 2019), and T cell activation (Hassan et al., 2004; Zimmerman et al., 57 

2006). More importantly, CD166 is dysregulated in various types of tumors (e.g. pancreatic and 58 

colorectal cancers) in which its high protein expression level often correlates with poor prognosis 59 

(Kahlert et al., 2009; Munsterberg et al., 2020; Sanders et al., 2019; Zhang et al., 2017).  60 

Recently, we have shown that CD166 is endocytosed through a clathrin-independent endocytic (CIE) 61 

modality controlled by the BAR (Bin/Amphiphysin/Rvs) domain protein endophilin-A3 (endoA3) and 62 

galectin-8 (Renard et al., 2020). In this mechanism, distinct from the previously described FEME (Fast 63 

Endophilin-Mediated Endocytosis) (Boucrot et al., 2015), extracellular galectin-8 is thought to cluster 64 

glycosylated CD166 as well as glycosphingolipids to initiate plasma membrane deformation, according to 65 

the GL-Lect (GlycoLipid-Lectin) hypothesis (Johannes et al., 2016). The current model hypothesizes that 66 

clustering of CD166 molecules is followed by the recruitment of endoA3, which further increases plasma 67 

membrane curvature to form endocytic carriers. Strikingly, we could demonstrate that this endocytic 68 

modality allows the fine-tuning of CD166 molecules at the surface of some cancer cells, directly 69 

modulating intercellular adhesiveness as well as ensuring optimal collective migration (Renard et al., 70 

2020). Still, further characterization of the molecular players as well as more insight into their 71 

coordination will help to better understand the physiological role of this endocytic modality, especially in 72 

the context of cancer. 73 

As previously described by Nelissen et al (2000), CD166 organization at the plasma membrane is highly 74 

modulated by the actin cytoskeleton, which is crucial to assemble strong and stable cell adhesion 75 

complexes. Of note, actin polymerization contributes to the formation and scission of many CIE carriers 76 

(Boucrot et al., 2015; Renard et al., 2015), modulating membrane tension at the site of invagination 77 

(Boulant et al., 2011) and providing pulling forces through myosin-based motor activity (Kumari et al., 78 

2019; Soriano-Castell et al., 2017). Small Rho GTPases, such as RhoA, Rac1 and Cdc42, actively regulate 79 

actin dynamics in CIE mechanisms. For instance, Cdc42 is the main regulator of CLIC/GEEC (Clathrin-80 

Independent Carriers/GPI-anchored protein enriched Early Endosomal Compartment) endocytosis 81 

(Rossatti et al., 2019), whereas RhoA and Rac1 regulate the internalization of IL2Rβ (Grassart et al., 82 

2008). FEME requires all three Rho GTPases, with Cdc42 acting as the key regulator of FEME priming 83 
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complex (Boucrot et al., 2015; Chan Wah Hak et al., 2018). Finally, it is worth mentioning that 84 

macropinocytosis is highly dependent on Rac1 activation (Egami et al., 2014).   85 

In addition to the actin cytoskeleton, a number of studies have highlighted the ability of microtubules to 86 

deform membranes (Day et al., 2015) as well as to mediate scission during CIE (Ferreira et al., 2021; 87 

Renard et al., 2015; Simunovic et al., 2017). In both cases, the presence of a pulling force is required and 88 

provided by microtubule-based motors, gathering two classes of motor proteins: dyneins and kinesins. 89 

While plus-end kinesins can deform giant unilamellar vesicles (GUVs) in vitro (Leduc et al., 2004), the 90 

minus-end directed motor dynein proved to be the main driving force during endocytosis (Ferreira et al., 91 

2021) given the preferential growth of plasma membrane invaginations towards the cell center. Minus-92 

end directed Kinesin-14 members might also contribute to endocytosis, although these proteins are 93 

mainly associated with mitotic spindle assembly and vesicle transport (Loncar et al., 2020; Noda et al., 94 

2001; Yang and Sperry, 2003). In the context of CIE, microtubule-based scission requires the synergic 95 

action of the actin cytoskeleton, dynamin, dynein, and a membrane-bound protein scaffold (e.g. BAR 96 

domain proteins) imposing frictional forces onto the membrane (Simunovic et al., 2017). This so-called 97 

friction-driven scission (FDS) mechanism has been described to mediate the scission of bacterial toxin-98 

induced plasma membrane invaginations (Renard et al., 2015) and FEME carriers (Boucrot et al., 2015; 99 

Ferreira et al., 2021), with endophilin-A2 providing the scaffold that generates friction. 100 

In this study, we investigate the role of the actin cytoskeleton, small Rho GTPases and microtubules in 101 

the endoA3-dependent endocytosis of CD166. To do so, we performed a molecular screen using various 102 

inhibitors and siRNAs against components of the actin and microtubule cytoskeleton, and systematically 103 

looked for functional effects by monitoring CD166 uptake. Functional data were completed by 104 

colocalization experiments in order to visualize if these molecular players are physically associated with 105 

CD166-containing endocytic carriers. Using this strategy, we show that the actin cytoskeleton is 106 

dynamically associated with CD166 endocytic carriers and that its disruption strongly inhibits endoA3-107 

dependent uptake of CD166. In addition, the actin-dependent molecular motor myosin 2A, which has 108 

been recently shown to act in the CIE of MHCI (Wayt et al., 2021), is a crucial effector of endoA3-109 

dependent uptake of CD166. We also demonstrate that the small Rho GTPase Rac1, but not Cdc42, 110 

modulates the function of actin in this process. Finally, we provide a strong body of evidence that 111 

microtubules and kinesin molecular motors are required to potentiate endoA3-dependent CIE, most 112 

likely through an FDS mechanism, similar to that proposed for endoA2-mediated CIE of bacterial toxins 113 

(Renard et al., 2015; Simunovic et al., 2017) and FEME (Ferreira et al., 2021). While our study identifies 114 
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new molecular players involved in the endoA3-dependent CIE modality, the data also further distinguish 115 

this mechanism from other unconventional endocytic processes such as macropinocytosis, FEME or 116 

CLIC/GEEC endocytosis. Strikingly, our data also point out potential compensation phenomena occurring 117 

between endoA3-dependent CIE and macropinocytosis. 118 

RESULTS 119 

The actin cytoskeleton dynamically associates with endoA3-dependent CIE machinery 120 

Super resolution observation of HeLa cells by Airyscan confocal microscopy revealed a strong association 121 

of CD166- and endoA3-positive endocytic structures with F-actin (Fig. 1A, left panel). When cells were 122 

treated with latrunculin A, an inhibitor of actin polymerization, membranous CD166 relocalized in dense 123 

actin clusters (Fig. 1A, right panel). This observation is consistent with previous studies showing that the 124 

disruption of the actin cytoskeleton with cytochalasin D results in an increased lateral mobility of the 125 

protein and in the formation of high avidity CD166 clusters (Nelissen et al., 2000; Zimmerman et al., 126 

2004). Interestingly, endoA3 also relocated at the edge of these actin-rich CD166 clusters, further 127 

highlighting the strong association between the three partners. Quantification of this association in the 128 

DMSO condition revealed that 36% of CD166-endoA3 positive structures colocalize with actin (Fig. 1B), 129 

unlike the clathrin adaptor complex AP2 (8%) used here as a negative control (representative image in 130 

Fig. S1). Confocal live-cell imaging provided a more dynamic view of GFP-tagged endoA3 association with 131 

the actin cytoskeleton, as revealed with LifeAct-mCherry (Fig. 1C, Movie 1). Remarkably, the appearance 132 

of an endoA3-positive spot at the cell surface was systematically escorted by a local actin enrichment 133 

(Fig. 1C). These observations are reminiscent of the dynamic codistribution previously documented 134 

between endoA2 isoform and actin, notably in the context of CIE of bacterial toxins (Renard et al., 2015) 135 

and FEME (Boucrot et al., 2015). Additionally, the tracking of fluorescently labelled CD166 antibody 136 

revealed endocytic structures simultaneously positive for both CD166 and endoA3, moving along with 137 

actin (Fig. 1D, yellow arrow, Movie 2). Altogether, these data highlight the dynamic and specific 138 

association of the endoA3-dependent endocytic machinery with the actin cytoskeleton. 139 

Disruption of the actomyosin cytoskeleton impairs CD166 uptake 140 

Next, we aimed to assess the functional consequences of this dynamic association between the actin 141 

cytoskeleton and endoA3-dependent CIE. To do so, we measured the uptake of the cargo CD166 upon 142 

acute impairment of actin polymerization using several drugs (Fig. 2A, representative images in Fig. S2A). 143 

Consistently, the inhibition of actin polymerization by latrunculin A, cytochalasin D and the ARP2/3 144 



 6

complex inhibitor CK-666 drastically reduced CD166 uptake (Fig. 2A, left panel). Of note, the most potent 145 

effect on CD166 uptake was obtained with jasplakinolide, a strong inhibitor of actin depolymerization. In 146 

addition, we focused on the role of ezrin, which has been demonstrated to interact directly with CD166 147 

and to connect it to the actin cytoskeleton (Tudor et al., 2014). Interestingly, an acute treatment with 148 

ezrin inhibitor NSC668394 (Bulut et al., 2012) resulted in a significant decrease of CD166 endocytosis by 149 

50%, which is similar to the effect observed with cytochalasin D or CK-666 drugs (Fig. 2A, left panel). On 150 

the other hand, actin disruption with the previous inhibitors had little to no effect on transferrin (Tf) 151 

uptake, used here as a marker of the canonical clathrin-mediated endocytosis (CME) (Fig. 2A, right 152 

panel). This observation is consistent with previous reports showing that actin is less crucial to mediate 153 

functional CME in animal cells (Boucrot et al., 2015; Fujimoto et al., 2000), although this can be 154 

dependent on the cell type and the size of the cargo (Mooren et al., 2012). As an alternative to molecular 155 

inhibitors, we also performed CD166 and transferrin uptake assays in cells treated with siRNAs against 156 

the ARP2/3 complex subunit 2 (ARPC2) (Fig. 2B, representative images in Fig. S2B). As for ARP2/3 157 

inhibitor CK-666, ARPC2 depletion led to a reduction of CD166 uptake (-42%) (Fig. 2B, left panel), while 158 

no effect was observed on transferrin uptake (Fig. 2B, right panel). Of note, TIRF live-cell imaging showed 159 

that ARPC2 dynamically co-distributes with endoA3 at plasma membrane (Fig. 2C, movie 3), as previously 160 

observed with actin (Fig. 1C).  161 

Contractile forces generated by myosin motors moving along F-actin filaments actively regulate the 162 

remodeling and dynamics of the actin cytoskeleton. This so-called actomyosin cytoskeleton was recently 163 

shown to participate in several CIE mechanisms (Soriano-Castell et al., 2017; Wayt et al., 2021; 164 

Williamson and Donaldson, 2019). More specifically, myosin 2A and B isoforms were shown to drive the 165 

internalization of distinct CIE cargoes, MHCI and CD59 respectively, presumably by regulating actin 166 

contractility and membrane tension at the invagination site (Wayt et al., 2021). To test if a similar 167 

function of myosin 2 isoforms is present in CD166 endocytosis, we treated cells with blebbistatin, a 168 

selective inhibitor of myosin 2 proteins (Fig. 2D, representative images in Fig. S2C). Interestingly, 169 

blebbistatin reduced the uptake of CD166 in a time-dependent manner (Fig. 2D, left panel), as opposed 170 

to what was observed with the CME cargo transferrin (Fig. 2D, right panel). An siRNA-based depletion of 171 

each myosin 2 isoform revealed a specific role of myosin 2A in the uptake of CD166 (Fig. 2E, 172 

representative images in Fig. S2D), which is reminiscent of the effect on MHCI internalization (Wayt et 173 

al., 2021). In addition, significant - but nonsystematic - colocalization between CD166-endoA3 positive 174 

structures and myosin 2A could be observed (23%, Fig. 2F), when compared to myosin 2B (15%, Fig. 2F, 175 

representative image in Fig. S1) or the clathrin adaptor complex AP2 (8%, negative control, Fig. 2F, 176 
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representative image in Fig. S1). This observation suggests a function of myosin 2A at CD166 uptake sites 177 

that is probably transient. Alternatively, myosin 2A might also regulate actin contractility and membrane 178 

tension further from of uptake sites, as proposed for MHCI (Wayt et al., 2021). Of note, if myosin 2A 179 

depletion does have a strong effect on CD166 and MHCI uptake, MHCI internalization is not affected by 180 

the depletion of any of the endoA isoforms (Fig. S3), indicating that both cargoes are endocytosed 181 

through distinct CIE mechanisms. Collectively, these results highlight the functional implication of the 182 

actin cytoskeleton and myosin 2A in the endoA3-dependent CIE of CD166.  183 

Rac1 - but not Cdc42 - regulates endoA3-mediated CIE 184 

In light of the crucial role of actin dynamics in the endoA3-mediated CIE of CD166, we next focused on 185 

the role of small Rho GTPases that could regulate the process. First, we measured the uptake of CD166 186 

cargo in cells transiently expressing GFP-tagged Rac1 or Cdc42 GTPases under their wild-type (WT), 187 

dominant negative (Rac1
N17

 and Cdc42
N17

 mutants) or constitutively active (Rac1
V12

 and Cdc42
L61

) forms 188 

(Fig. 3A and 3B, representative images in Fig. S4A and S4B). Strikingly, the expression of Rac1
N17

 189 

dominant-negative mutant reduced the uptake of CD166 by 42% as compared to control cells expressing 190 

free GFP only (Fig. 3A). By contrast, the expression of WT and Rac1
V12

 resulted in a strong increase in 191 

endocytosis by 82% and 187%, respectively (Fig. 3A). Regarding Cdc42, the expression of the WT form as 192 

well as the dominant-negative mutant Cdc42
N17

 did not alter CD166 uptake (Fig. 3B). Intriguingly, the 193 

expression of the constitutively active mutant Cdc42
L61

 resulted in a sharp increase of CD166 endocytosis 194 

by 159%, as observed for Rac1
V12

. These results obtained on CD166 uptake with the constitutively active 195 

mutants of Rac1 and Cdc42 likely depict non-specific effects, due to the global actin remodeling they 196 

prime. Nevertheless, the results obtained with the WT Rho GTPases and their dominant negative 197 

mutants point out a preponderant role of Rac1 in the endocytosis of CD166.   198 

To test this hypothesis more thoroughly, we disturbed the function of these Rho GTPases either by RNA 199 

interference (Fig. 3C, representative images in Fig. S4C) or by using a small molecular inhibitor (Fig. 3D, 200 

representative images in Fig. S4D). Remarkably, siRNA depletion of Rac1 reduced the endocytosis of 201 

CD166 by 51%, while no significant effect was observed upon Cdc42 depletion (Fig. 3C). Furthermore, we 202 

focused on Tiam1, a specific GEF (guanine-nucleotide exchange factor) of Rac1 that was recently shown 203 

to interact with endoA3, leading to the activation of the small GTPase (Poudel et al., 2018). Although 204 

displaying a weaker effect than the direct depletion of Rac1, the knockdown of Tiam1 induced a 205 

significant reduction of CD166 uptake by 30% (Fig.3C). This observation suggests that additional 206 

unidentified GEFs may account for residual Rac1 activation during CD166 endocytosis. Next, we explored 207 
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the function of these Rho GTPases by acute treatment of cells with ML141, a selective and reversible 208 

non-competitive inhibitor displaying nanomolar potency against Cdc42 (IC50=200nM), but high 209 

micromolar potency against Rac1 (IC50=100µM) in vitro (Surviladze et al., 2010). Very interestingly, low 210 

micromolar doses of ML141 (20 µM), thought to mainly inhibit Cdc42 but not Rac1, displayed only mild 211 

effects on CD166 endocytosis (Fig. 3D). By contrast, high micromolar doses of ML141 (100 µM), the point 212 

at which Rac1 starts to be inhibited, led to a drastic 50% reduction of CD166 uptake (Fig. 3D), in line with 213 

the previous data obtained upon Rac1 specific inhibition by the expression of a dominant-negative 214 

mutant (Fig. 3A) or by RNA interference (Fig. 3C). Accordingly, we could clearly observe triple 215 

colocalization events between Rac1, endoA3 and CD166, highlighting their association in the machinery 216 

(Fig. 3E). More precisely, 35% of CD166-endoA3 spots associated with Rac1, which, remarkably, is very 217 

similar to colocalization levels with actin (36%, Fig. 3F). The dynamic association between endoA3 and 218 

Rac1 at the cell surface was further confirmed by TIRF imaging on living cells (Fig. 3G and S5A, Movie 4). 219 

Since Rac1 is known to stimulate ARP2/3-mediated actin branching via its interaction with WAVE, we 220 

looked at WASF2 (WAVE isoform 2) distribution at plasma membrane by TIRF live-cell microscopy. In 221 

addition to a colocalization with endoA3, WASF2 overexpression led to a stabilization of endoA3 clusters 222 

at plasma membrane (Figure S5B and Movie 5), which is even more apparent when compared to non-223 

transfected cells (Movie 6). Strikingly, this stabilization of endoA3 at cell surface in WASF2 224 

overexpressing cells correlated with a decrease (-65%) of CD166 uptake (Fig. S5C). This effect might 225 

result from reduced membrane deformability, as WASF2 overexpression was shown to induce the 226 

formation of extremely dense actin meshworks presumably increasing cell surface tension (Graziano et 227 

al., 2019; Xia et al., 2019).  Overall, the data obtained with the expression of Rho GTPase mutants, RNA 228 

interference or small molecule inhibitor treatment converge, indicating a prominent role of Rac1 in 229 

endoA3-mediated CIE, rather than Cdc42. 230 

EndoA3-mediated CIE is distinct from macropinocytosis, FEME and CLIC/GEEC endocytosis 231 

To explore the possibility that CD166 is endocytosed through other Rac1-mediated CIE mechanisms, such 232 

as macropinocytosis or FEME, we incubated cells with EIPA (ethylisopropyl amiloride), a strong inhibitor 233 

of both processes (Boucrot et al., 2015; Koivusalo et al., 2010), and monitored CD166 internalization. 234 

Surprisingly, the treatment with EIPA led to a significant increase of CD166 uptake (+60%), with a clear 235 

burst of endocytic carriers at the cell periphery (Fig. 4A, representative images in Fig. S6A). Similarly, 236 

treatment with EIPA resulted in an increased peripheral distribution of endoA3 (Fig. 4B) and endoA3-237 

positive bursts colocalizing with CD166 endocytic carriers (Fig. 4C). Of note, depletion of Rac1 or endoA3 238 
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in EIPA-treated cells led to an almost complete inhibition of CD166 endocytosis – 70% inhibition upon 239 

Rac1 depletion and 79% inhibition upon endoA3 depletion (Fig. 4D, representative images in Fig. S6B). 240 

These observations are in sharp contrast with untreated cells, where Rac1 or endoA3 depletions induced 241 

a milder reduction of CD166 uptake, in a range of 40-to-50% (see Fig. 3C and our previous publication 242 

(Renard et al., 2020)). These results suggest that a fraction of CD166 can be retrieved from the plasma 243 

membrane via macropinocytosis, in addition to the specific endoA3-mediated CIE mechanism. More 244 

interestingly, these data highlight the existence of compensatory regulation mechanisms between 245 

endoA3-mediated CIE and macropinocytosis. 246 

Finally, we investigated the effect of GRAF1 depletion on CD166 uptake. GRAF1 is a BAR domain protein 247 

known to function in CLIC-GEEC endocytosis (Lundmark et al., 2008), which requires Cdc42 activation 248 

(Rossatti et al., 2019). Notably, endoA3-mediated CIE of CD166 shares strong similarities with CLIC-GEEC 249 

endocytosis, as both endocytic modalities operate according to the GL-Lect hypothesis, in which a 250 

clustering of glycosphingolipids and glycosylated proteins at the cell surface is driven by galectins and 251 

required to drive the formation of endocytic invaginations (Lakshminarayan et al., 2014; Renard et al., 252 

2020). The depletion of GRAF1 did not show any effect on CD166 endocytosis (Fig. 4E, representative 253 

images in Fig. S6C). Accordingly, low colocalization levels between GFP-tagged GRAF1 and CD166-254 

positive puncta was observed, in contrast to endoA3-GFP (Fig. 4F). To conclude, in combination with our 255 

previously published data (Renard et al., 2020), these new observations further indicate that endoA3-256 

mediated endocytosis of CD166 is a process distinct from macropinocytosis, FEME and CLIC/GEEC 257 

mechanisms. 258 

Microtubules and kinesin motors play a central role in the endocytosis of CD166 259 

To examine whether microtubules in the lamellar region are important for CD166 uptake, we treated 260 

cells with nocodazole – a strong inhibitor of microtubule polymerization – and then assessed their ability 261 

to internalize CD166. We also looked at the uptake of established CIE cargoes such as CD98 or MHCI, and 262 

the canonical CME cargo transferrin. Remarkably, nocodazole treatment drastically decreased CD166 263 

uptake (-75%), whereas transferrin, CD98 and MHCI uptake were not or only slightly affected (Fig. 5A). 264 

Instead, treatment with nocodazole mostly resulted in scattered transferrin-, CD98- and MHCI-positive 265 

endosomes at the cell periphery (Fig.5A and Fig. S7A). Of note, the surface levels of these proteins were 266 

slightly reduced in the presence of nocodazole (-7% for CD166 to -16% for MHCI, Fig. S7B), most likely 267 

due to sorting defects, as documented by Maldonado-Baez et al (2013). To our knowledge, CD166 is the 268 
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first transmembrane cargo, other than bacterial toxins (Day et al., 2015) or macropinocytic cargoes 269 

(Williamson and Donaldson, 2019), to heavily rely on microtubules for its endocytosis. 270 

Accordingly, immunofluorescence experiments revealed CD166 carriers in close association with the 271 

microtubule network (Fig. 5B). This association was monitored dynamically by confocal live-cell imaging, 272 

with endoA3-positive CD166 carriers moving along microtubules (Fig. S7C & Movie 7). Interestingly, 273 

some tubulation and scission events of endoA3-positive CD166 structures along microtubules could be 274 

observed (Fig. 5C). Previous spinning-disk live-cell experiments highlighted similar CD166 and endoA3-275 

positive tubular invaginations emanating from the cell surface, which displayed fission events that may 276 

occur through FDS (Renard et al., 2020). Consequently, we questioned whether microtubule-based 277 

motors could potentiate endocytic carrier formation or scission during CD166 endocytosis, as previously 278 

reported for bacterial toxins (Renard et al., 2015). To do so, we measured CD166 uptake in cells treated 279 

with siRNAs and inhibitors targeting dynein and kinesin motors (Fig. 5D, representative images in Fig. 280 

S8A). Surprisingly, depletion of dynein 1 and 2 heavy chains (Western blot in Fig. S8B) had no effect on 281 

CD166 uptake, which is in stark contrast with the FDS of bacterial toxin-containing and FEME carriers. On 282 

the other hand, the silencing of each individual member of the minus-end kinesin-14 subfamily 283 

significantly reduced CD166 uptake, especially in the case of KIFC1 (-41%) and KIF25 (-47%) depletion. 284 

Notably, the sum of their respective effects on CD166 uptake exceeds 100%, which could reflect a 285 

cooperative function of these motors in the process. In that direction, the combined depletion of all 286 

kinesin-14 members showed a decrease of CD166 uptake (-49%, Fig. S8C) to a similar extent than the 287 

depletion of KIF25 alone. As observed for dyneins, depletion of most plus-end kinesins tested in our 288 

study had no effect on CD166 endocytosis, except for KIF5B (kinesin-1 heavy chain) whose depletion 289 

resulted in a noticeable decrease of uptake (-50%, Western blot in Fig. S8B). This is surprising, since 290 

KIF5B is generally involved in plus-end motor activity such as vesicle transport to the cell periphery 291 

(Endow et al., 2010). Here, opposing forces resulting from both plus- and minus-end kinesin motors 292 

might be required for vesicle fission, as proposed by Nath, S. et al (2007) for KIF5B and KIFC1. In line with 293 

this hypothesis, depletion of KIF5B together with KIFC1 or KIF25 further accentuated, although not 294 

significantly, the inhibition of CD166 uptake (-60%, Fig. S8C). While these observations would require 295 

further investigation, they point to a potential role of minus-end kinesin members and KIF5B in this 296 

endocytic modality. 297 

DISCUSSION 298 
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In the present study, we carried out a functional and visual molecular screen with the aim to identify 299 

new molecular players involved in endoA3-dependent CIE. First, we could demonstrate that the actin 300 

cytoskeleton is dynamically associated with CD166 endocytic carriers and that its disruption strongly 301 

inhibits the endoA3-dependent uptake of CD166. In addition, the actin-dependent molecular motor 302 

myosin 2A contributes to the mechanism, as recently shown for the CIE of MHCI (Wayt et al., 2021). 303 

Myosin 2A probably regulates actin contractility and membrane tension near CD166 uptake sites.  304 

Next, we could show that the Rho GTPase Rac1, but not Cdc42, is required to mediate CD166 305 

endocytosis. This function of Rac1 is partially controlled by the GEF Tiam1, which was previously shown 306 

to interact with endoA3 in a process modulating cancer cell migration (Minard et al., 2006). These results 307 

are in stark contrast with FEME, in which both Rac1 and especially Cdc42 act as master regulators of the 308 

process. Of note, results obtained upon EIPA treatment (Fig. 4) suggest that a fraction of CD166 can be 309 

internalized from plasma membrane via macropinocytosis, in addition to the specific endoA3-mediated 310 

CIE mechanism that we identified. In particular, these data point out the existence of compensatory 311 

regulations between endoA3-mediated CIE and macropinocytosis. Although it remains unknown how 312 

this regulation is orchestrated at the molecular level, a tempting hypothesis could be that inhibition of 313 

macropinocytosis with EIPA increases the availability of Rac1 for endoA3-dependent CIE of CD166. On 314 

the other hand, while both CLIC/GEEC and endoA3-dependent endocytosis operate according to the GL-315 

Lect hypothesis, these endocytic modalities show differences in the type of BAR domain proteins (GRAF1 316 

and IRSp53 vs endoA3) and regulatory Rho GTPases (Cdc42 vs Rac1) they require (Lundmark et al., 2008; 317 

Rossatti et al., 2019; Sathe et al., 2018). Notably, we have recently shown that galectin-3 – previously 318 

involved in the biogenesis of some CLIC populations (Lakshminarayan et al., 2014) – does not seem to 319 

drive the endoA3-mediated CIE of CD166 (Renard et al., 2020), which further strengthens the idea that 320 

the current endoA3-mediated mechanism is distinct from the canonical CLIC/GEEC route.  321 

Very interestingly, Rac1 is a well-known upstream activator of myosin 2 activity. Actually, Rac1 activates 322 

Rho-associated coiled-coil kinases (ROCK), which in turn inhibit myosin light chain phosphatase (MLCP), 323 

resulting in the activation of myosin 2-based actin contractility (Amin et al., 2013). The activation of 324 

ROCK1 isoform by Rac1 was recently shown to prevent PI(4,5)P2-dependent tubule formation, 325 

presumably by enhancing tubule scission through local membrane tension increase (Soriano-Castell et 326 

al., 2017). Similarly, Wyat J. et al (2021) demonstrated that ROCK2 isoform controls the CIE of MHCI and 327 

CD59 via promotion of myosin 2 activity. Therefore, in the case of CD166 uptake, endoA3 might activate 328 

the Rac1/ROCK axis via the recruitment of Tiam1, leading to actin remodeling and local membrane 329 
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tension increase through myosin 2A activation (Fig. 6). In parallel, our data also supports a direct role of 330 

well-established Rac1 effectors such as WAVE and the ARP2/3 complex (Chen et al., 2017) in the 331 

polymerization actin in endoA3-mediated CIE (Fig. 6). In a more physiological context, numerous studies 332 

have reported elevated Rac1 signaling events (Espina et al., 2008; Gomez del Pulgar et al., 2005; 333 

Kotelevets and Chastre, 2020) as well as high Tiam1 expression in colorectal cancer (Minard et al., 2006; 334 

Minard et al., 2005), in which CD166 is strongly dysregulated (Hansen et al., 2013; Lugli et al., 2010; 335 

Ribeiro et al., 2016; Zhang et al., 2017). Here, in addition, we propose that the endoA3/TIAM1/Rac1 axis 336 

activates an endocytic mechanism that enables cancer cells to downregulate the cell surface levels of 337 

certain proteins, such as CD166, which would allow them to tune their migratory and adhesive 338 

properties. Further investigations will be necessary to validate this model.  339 

Finally, we present pieces of evidence that microtubules and molecular motors provide an important 340 

source of mechanical forces that drive either the formation or the scission of CD166 endocytic carriers. 341 

Such possibility has been previously described for bacterial toxin endocytosis, where an FDS mechanism 342 

(involving scaffolding of a membrane tube by the BAR domain protein endoA2 and pulling forces 343 

provided by dynein) acts in synergy with actin and dynamin to potentiate endocytic carrier release from 344 

the plasma membrane (Renard et al., 2015; Simunovic et al., 2017). Here, minus-end kinesin-14 345 

members - but not dynein - seem to be the main microtubule-based motors involved. These motors 346 

presumably act in cooperation, as their combined depletion does not further reduce CD166 uptake. 347 

Surprisingly, depletion of the plus-end kinesin KIF5B also resulted in a strong decrease of CD166 uptake. 348 

Opposing forces resulting from both plus- and minus-end kinesin motors might facilitate vesicle scission, 349 

potentially by increasing longitudinal tension along endocytic carriers. Although the physiological 350 

reasons for opposing motors acting on the same cargo are not clear, such a molecular display is not rare 351 

and has been reported for many intracellular structures (Stephens, 2012). Nevertheless, we cannot 352 

exclude an indirect effect of KIF5B depletion on CD166 uptake due to its important role in anterograde 353 

transport (Serra-Marques et al., 2020) and organelle positioning (Gupta et al., 2008). The myosin 2A actin 354 

motor might also contribute to membrane tubulation in conjunction with kinesin motors. Such 355 

cooperation between actin- and microtubule-based motors has been demonstrated in vitro for myosin 356 

1C and KIF5A (McIntosh et al., 2018) or in vivo for myosin 2A and KIF5B (Miserey-Lenkei et al., 2010). A 357 

possible mechanism is that contraction of actin filaments by myosin 2A locally increases membrane 358 

tension, which will in turn facilitate membrane fission through FDS, with nascent endocytic carriers 359 

pulled along microtubule by kinesin motors, and with endoA3 providing the scaffold that generates 360 

friction (Fig. 6). Still, additional investigations will be required to see if CD166 carriers undergo FDS. In 361 
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addition, live-cell imaging and super resolution microscopy approaches with kinesin candidates should be 362 

considered to confirm their association with CD166/endoA3-positive carriers. 363 

Collectively, our data reveals new molecular players involved in the endoA3-dependent CIE modality and 364 

further distinguishes the mechanism from other unconventional endocytic processes such as 365 

macropinocytosis, FEME or CLIC/GEEC endocytosis. Our study also highlights potential compensation 366 

phenomena between endoA3-dependent CIE and macropinocytosis. To date, crosstalk, competition and 367 

potential compensatory regulations between endocytic mechanisms remain poorly explored. This 368 

situation calls for future studies on these important aspects, which will constitute important milestones 369 

in the field. 370 

  371 
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METHODS 372 

Antibodies and other reagents. The following antibodies were purchased from the indicated suppliers: 373 

mouse monoclonal anti-CD166 clone 3A6 (Bio-Rad, MCA1926, 1:250 for immunofluorescence and flow 374 

cytometry); rabbit monoclonal anti-endoA1 (Cell Signaling Technology, 65469, 1:1000 for Western 375 

blotting); mouse monoclonal anti-endoA2 (Santa Cruz Biotechnology, sc-365704, 1:500 for Western 376 

blotting); rabbit polyclonal anti-endoA3 (Sigma Life Sciences, HPA039381, 1:1,000 for Western blotting); 377 

mouse monoclonal anti-clathrin heavy chain (BD Biosciences, 610500, 1:5000 for Western blotting); 378 

mouse monoclonal anti-α-tubulin (Sigma, T5168, 1:5000 for Western blotting); rabbit polyclonal anti-379 

myosin IIA (Sigma, M8064, 1:2000 for Western blotting, 1:200 for immunofluorescence); rabbit 380 

polyclonal anti-myosin IIB (Biolegend, 909902, 1:2000 for Western blotting, 1:200 for 381 

immunofluorescence); mouse monoclonal anti-CD98 (Biolegend, clone MEM-108, 315602, 1:250 for 382 

immunofluorescence); mouse monoclonal anti-MHCI (Biolegend, clone W6/32, 311402, 1:250 for 383 

immunofluorescence); rabbit polyclonal anti-Tiam1 (Bethyl, A300-0994A-T, 1:1000 for Western blotting); 384 

mouse monoclonal anti-Rac1 (Merck Millipore, 05-389-25UG, 1:1000 for Western blotting); rabbit 385 

polyclonal anti-GRAF1 (Bethyl, A304-340A-T, 1:1000 for Western blotting); mouse monoclonal anti-386 

Cdc42 (Cytoskeleton. Inc., ACD03-S, 1:250 for Western blotting); rabbit polyclonal anti-DYNC1H1 387 

(Proteintech, 123456-1-AP, 1:1000 for Western blotting); rabbit polyclonal anti-KIF5B (Bethyl, A304-388 

306A-T, 1/1000 for Western blotting); rabbit polyclonal anti-ARPC2 (Bethyl, A305-394A-T, 1:1000 for 389 

Western blotting), secondary antibodies conjugated to Alexa Fluor 488, 546, or 647 (Thermo Fisher 390 

Scientific, 1:250 for immunofluorescence); anti-mouse and anti-rabbit secondary antibodies conjugated 391 

to horseradish peroxidase (Sigma and Dako, respectively). Phalloidin-Alexa Fluor 555 was purchased 392 

from Cell Signaling Technology (8953S, 1:5000 for immunofluorescence). Latrunculin A (L5163), 393 

Nocodazole (M1404), CK636 (C7374), ML141 (SML0407) and Monastrol (M8515) were purchased from 394 

Sigma. EIPA (3378) and Cytochalasin D (1233) were purchased from Tocris, Jasplakinolide (SC-202191) 395 

from Santa Cruz, NSC668394 (341216) from Calbiochem and human transferrin-Alexa Fluor 488 396 

conjugate (T13342, 1:500 for immunofluorescence) from Thermo Fisher Scientific. 397 

Cell culture. HeLa (human cervix adenocarcinoma, ATCC® CCL-2) were grown at 37 °C under 5% CO2 in 398 

DMEM high glucose glutamax (Gibco, 61965-059) supplemented with 10% FBS, 100 U ml
−1

 penicillin, 100 399 

μ gml
−1

 streptomycin, and 1mM pyruvate. HeLa cells stably expressing endoA3-GFP (Renard et al., 2020) 400 

were grown in the same medium as the mother cell line, supplemented with 0.125 mg ml
−1

 G418 (Roche, 401 

04727878001).  402 
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DNA constructs and transfection. Expression plasmids for N-terminally GFP-tagged Rac1 WT/N17/V12 403 

and Cdc42 N17 (F. Niedergang, Cochin Institute), N-terminally GFP-tagged Cdc42 WT (A. Ridley, King’s 404 

College London), mCherry-tagged µ2 subunit of AP2 complex (Christien Merrifield, Paris-Saclay 405 

University), and GFP-tagged GRAF1 (R. Lundmark, Umea University), were kindly provided by the 406 

indicated colleagues. N-terminally GFP-tagged Cdc42 L61 (12600), GFP-tagged alpha tubulin (12298), 407 

mCherry-WASF2 (55161), and C-terminally tagged ARPC2-mCherry (54979) were purchased from 408 

Addgene. The C-terminally GFP-FKBP-tagged human endoA3 construct was previously engineered in the 409 

lab, see Renard et al. (2020). For immunofluorescence and live-cell imaging experiments, plasmids were 410 

transfected with FuGene HD (Promega) in HeLa cells according to the manufacturer’s instructions. Cells 411 

were used for experiments 16–24 h after transfection.  412 

RNA interference. siRNAs used in this study were purchased from Qiagen and transfected with HiPerFect 413 

(Qiagen) according to the manufacturer’s instructions to reach efficient knockdown. Experiments were 414 

always performed 72 h after siRNA transfection, where protein depletion efficiency was maximal as 415 

shown by immunoblotting analysis with specific antibodies (routinely 80–100%). For most experiments, 416 

cells were replated 24 h before use, according to the needs of the experiment. AllStars Negative Control 417 

siRNA (siCtrl) served as a reference point. Depletion of endoA isoforms, Rac1, Tiam1 and GRAF1 were 418 

achieved with two different sequences, at a total final concentration of 40 nM: endoA1 #1 (SI04149411: 419 

5’-AAAGACTCTTTGGACATAGAA-3’), endoA1 #2 (SI04260949: 5’-AAATCTGGTATCCAAGCTTAA-3’), endoA2 420 

#1 (SI03057250: 5’-CACCAGCAAGGCGGTGACAGA-3’), endoA2 #2 (SI03073931: 5’-421 

CATGCTCAACACGGTGTCCAA-3’), endoA3 #1 (SI04170376: 5Y-CCAGACGAGAATACAAGCCAA-3Y) and 422 

endoA3 #2 (SI04176529: 5Y-CCAGACGAAGAAGTCAGACAA-3Y), Rac1 #1 (SI03065531: 5’-423 

CAGCACGTGTTCCCGACATAA-3’) and Rac1 #2 (SI03040884: 5’-ACGAAGTGGAGATTTACACTA-3’), Tiam1 #1 424 

(SI00049819: 5’-ACGGCGAGCTTTAAGAAGAAA-3') and Tiam1 #2 (SI03066259: 5’-425 

CAGCCCGAGGAAGACATCTAT-3’), GRAF1 #1 (SI02641247: 5’-AGGGAGTATACTAGTAGGTTA-3’) and GRAF1 426 

#2 (SI03077690: 5’-CCCGATATGCCTCTCACCAAT-3’). For Cdc42 depletion, a single siRNA sequence at a 427 

final concentration of 40 nM was used (SI04381671: 5’- GGCGATGGTGCTGTTGGTAAA-3’). For myosin 2A 428 

and 2B depletion, we ordered custom siRNA sequences against each protein (5’-429 

GGCCAAAGAGAACGAGAAGUU-3’ and 5’-AAGGAUCGCUACUAUUCAGGA-3’, respectively), that were 430 

previously validated by Wayt et al. (2021). All kinesins were knocked-down using one siRNA sequence at 431 

a final concentration of 40 nM: KIF5A (SI00070994: 5’-AAGGGTTGTACTGAACGCTTT-3’), KIF5B 432 

(SI02781317: 5’-AACGTTGCAAGCAGTTAGAAA-3’), KIF1C (SI02781331: 5’-CTGGAGAATCAGTACCGGAAA-433 

3’), KIFC1 (SI02653336: 5’-TCGGGAAACACAGGCCATTAA-3’), KIFC2 (SI03019884: 5’-434 
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CCAGATGGATCCACATCCCAA-3’), KIFC3 (SI03035676: 5’-AAGGCTGTGCACGAGAATCTA-3’), and KIFC25 435 

(SI03075506: 5’-CCAGGTCTCACCTGATAATTA-3’). Depletion of dynein heavy chain 1 and 2 were achieved 436 

using a mixture of 8 siRNAs at a final concentration of 40nM, as performed by Renard et al. (2015): 437 

DYNC2H1 #1 (SI04306841), DYNC2H1 #2 (SI04159134), DYNC2H1 #3 (SI04339559), DYNC2H1 #4 438 

(SI04349184), DYNC1H1 #1 (SI02626141: 5’-CAGGTGGGTGTACATTACGAA-3’), DYNC1H1 #2 (SI02626162: 439 

5’-AAGGAGGTTCTTAGCAAATTT-3’), DYNC1H1 #3 (SI02626148: 5’-CAGGAGGTAATTGCAGACAAA-3’), and 440 

DYNC1H1 #4 (SI02626155: 5’-CCCGTGATTGATGCAGATAAA-3’). Finally, depletion of ARPC2 was achieved 441 

using a mixture of 4 siRNAs, used at a final concentration of 40nM, purchased from Dharmacon (SO-442 

3017698G): ARPC2 #1 (J-012081-05: 5’-CCATGTATGTTGAGTCTAA-3’), ARPC2 #2 (J-012081-06: 5’-443 

GCTCTAAGGCCTATATTCA-3’), ARPC2 #3 (J-012081-07: 5’-GGACAGAGTCACAGTAGTC-3’), ARPC2 #4 (J-444 

012081-08: 5’-GTACGGGAGTTTCTTCCTA-3’). 445 

Confocal microscopy. For immunofluorescence studies, cells were fixed with 4% paraformaldehyde at 37 446 

°C for 20 min or on ice for 10 min followed by an additional 10 min at room temperature, depending on 447 

the requirements of each experiment. After quenching with 50mM NH4Cl for 10 min and 448 

permeabilization with saponin (0.02% saponin, 0.2% bovine serum albumin (BSA) in phosphate-buffered 449 

saline (PBS)) for 30 min, both at room temperature, cells were incubated with primary and/or secondary 450 

antibodies for 40 min, and mounted with Fluoromount G (Invitrogen). Fixed samples were imaged with a 451 

34-channel Zeiss LSM 710 confocal microscope equipped with Airyscan system and with a Plan Apo 63× 452 

numerical aperture (NA) 1.4 oil immersion objective.  453 

Live-cell confocal microscopy. HeLa cells stably expressing endoA3-GFP or HeLa cells were transfected 454 

with specified plasmids 16 to 24h before the day of the experiment and grown on chambered glass 455 

coverslips (μ-slides with glass bottom, Ibidi) to reach subconfluence the next day. Time series of 30 or 60 456 

frames, with a 10 sec interval between each frame, were acquired with a 34-channel Zeiss LSM 710 457 

confocal microscope equipped with Airyscan system and with a Plan Apo 63× numerical aperture (NA) 458 

1.4 oil immersion objective. Observations were made at 37 °C and 5% CO2. If required, Atto647-labelled 459 

anti-CD166 antibody was added in the medium (5 μg ml
−1

). Montages, kymographs, and movies were 460 

prepared with Fiji software (NIH).  461 

Live-cell TIRF microscopy. HeLa cells transiently expressing the indicated plasmids were grown on 462 

chambered glass coverslips (μ-slides with glass bottom, Ibidi) to reach subconfluence the next day. Two-463 

color time series of 61 or 121 frames, with a 2 sec interval between each frame, were acquired with a 464 

Zeiss Axio Observer inverted microscope equipped with Plan Apo TIRF 100× NA 1.46 oil immersion 465 
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objective, an iLas2 azimuthal TIRF module (Gataca Systems) and a stage top incubator (Tokai Hit). 466 

Observations were made at 37°C and 5% CO2. Montages, kymographs, and movies were prepared with 467 

Fiji software (NIH).  468 

Uptake assays. HeLa cells or cells transfected with specified siRNAs or plasmid constructs were seeded in 469 

4-well plates, 16–24 h before the experiment, in order to reach subconfluence the following day. The day 470 

of the experiment, cells were first pre-incubated for 30 min at 37 °C in fresh serum-containing medium 471 

(+25mM Hepes) for CD166 uptake, and serum-free medium (+25mM Hepes) for transferrin uptake. For 472 

uptake assays using molecular inhibitors, indicated inhibitor concentrations were systematically added in 473 

the medium and the pre-incubation period was extended from 30 min to 1h depending on the inhibitor, 474 

as specified. Following pre-incubation, endocytosis was triggered by incubating cells at 37 °C in the 475 

continuous presence of anti-CD166 antibody (5 μg ml
−1

) or fluorescently labelled transferrin (Tf-A488, 10 476 

μg ml
−1

) in pre-warmed culture medium for 15 min. Endocytosis was stopped on ice, and unbound 477 

ligands were removed by extensive washes with ice-cold PBS++. Residual cell surface-accessible anti-478 

CD166 antibody or Tf-A488 were stripped by three 20-s acid washes on ice (200mM acetic acid, pH 2.5, 479 

300mM NaCl, 5mM NaCl, 1 mM CaCl2, and 1mM MgCl2). After neutralization by extensive washes with 480 

ice-cold PBS++, cells were fixed, permeabilized, incubated with secondary antibodies if necessary, and 481 

mounted as previously described (see the “Confocal microscopy” section). Samples were imaged, and 482 

internalized fluorescent signals were quantified as explained below. 483 

Flow cytometry. For uptake assays, endocytic levels quantified by confocal microscopy were corrected 484 

by their respective steady state CD166/Tf cell surface levels using flow cytometry. Briefly, cells were put 485 

on ice and washed 3 times with ice-cold PBS
2+

. Next, cells were incubated for 10 min with PBS
2+

 486 

supplemented with 0.2% BSA (Sigma), followed by a second incubation with the same buffer containing 487 

anti-CD166 primary antibody (5 μg ml
−1

) or fluorescently-labelled transferrin (Tf-A488, 10 μg ml
−1

) for 30 488 

min. Afterwards, cells were washed 3 times with PBS
2+

 0.2% BSA and then incubated for 30 min with a 489 

secondary Alexa-labelled antibody, if required. Finally, cells were washed 3 times with PBS and incubated 490 

for 45 min with PBS + 4mM EDTA to resuspend cells for flow cytometry analysis. Note that every 491 

incubation step was performed on ice with ice-cold (4°C) solutions to prevent endocytosis. 492 

Measurements were made with a Guava easyCyte (Merck-Millipore) flow cytometer (10,000 cells were 493 

counted per condition). 494 

Colocalization assays. Cells transfected with indicated plasmid constructs were seeded in 4-well plates, 495 

16–24 h before the experiment, in order to reach subconfluence the following day. The day of the 496 
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experiment, cells were pre-incubated for 30 min at 37 °C in fresh serum-containing medium (+25mM 497 

Hepes) for CD166 uptake. For experiments using molecular inhibitors, the pre-incubation period was 498 

extended to 1h and performed with indicated inhibitor concentrations. Endocytosis was then triggered 499 

by incubating cells at 37 °C in the continuous presence of anti-CD166 antibody (5 μg ml
−1

) in pre-warmed 500 

culture medium for 15 min (with or without inhibitor). Cells were then washed with pre-warmed PBS to 501 

remove unbound antibodies. Afterwards, cells were fixed with 4% paraformaldehyde at 37 °C for 20 min, 502 

permeabilized, incubated with secondary antibodies, and mounted as previously described (see the 503 

“Confocal microscopy” section). Samples were imaged, and colocalization levels were quantified as 504 

detailed below. 505 

Quantification of cargo uptake from confocal images. Confocal images were quantified using Icy v2.2 506 

(Institut Pasteur) software. Briefly, regions of interest (ROIs) were drawn around each cell, manually. 507 

Within each cellular ROI, bright spots corresponding to endocytic structures were automatically detected 508 

over dark background using the 'Spot Detector' plugin. The plugin performs image denoising by 509 

computing wavelet adaptive threshold (WAT) on the union of all ROIs present in an image. This 510 

automatic thresholding was then manually adjusted, depending on the size of the spots: for each 511 

independent experiment, we chose scale 2 and adjusted sensitivity empirically. In addition, we added a 512 

size filter to discard small spots up to 4-pixels. As an output, we obtained the number of endocytic 513 

structures within each cell and their respective intensities, which we summed to obtain the total uptake 514 

of the cargo per cell.  For each experiment, data were normalized to the control condition (set as 100%). 515 

Of note, endocytic levels were corrected with the respective cell surface levels measured by flow 516 

cytometry, relatively to the control condition (set as 100%). 517 

Quantification of colocalization. Quantification of co-localization between two channels was performed 518 

using ImageJ/Fiji v2.0.0-rc-65/1.51u (NIH) software. Briefly, an object-based method was used, as 519 

implemented in JACoP (Bolte and Cordelieres, 2006), based on the coincidence between two centroids 520 

with a 2-pixel tolerance. This was achieved in ImageJ by first segmenting the tagged proteins by spot 521 

detection in each channel, finding their position, and growing them by dilation to 2-pixel radius. The spot 522 

detection consisted in finding maxima in the images using the 'find maxima' plugin of ImageJ, whose 523 

noise tolerance parameter was set up visually independently for each channel. The results were 524 

expressed as the percentage of co-localizing spots over the total number of spots in one of the two 525 

channels. Regarding quantification of triple colocalization, a similar strategy combining detection of 526 

maxima and the JACoP plugin was used. First, centers of colocalizing spot between two channels (e.g. 527 
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red and green) were isolated by overlapping dilated maxima of each channel, then using a color 528 

thresholder to isolate overlapping regions (e.g. yellow), and finally by using the ‘find maxima’ plugin of 529 

ImageJ. Afterwards, isolated colocalizing centers were dilated to 2-pixel radius and colocalization with 530 

the spots of the third channel (e.g. blue) was assessed using JACoP object-based colocalization method. 531 

Quantification of fluorescence distribution. First, we extracted endoA3 spots from confocal images 532 

using Icy v2.2 software. Bright endoA3 spots were automatically detected over dark background using 533 

the 'Spot Detector' plugin. The threshold was manually adjusted, depending on the size of the spots: for 534 

each independent experiment, we chose scale 2 and adjusted sensitivity empirically. Next, we extracted 535 

the binary image resulting from the detection and used it to measure endoA3 distribution with Cell 536 

profiler software 4.1.3 (Broad Institute). The first step consisted in manually identifying cells using the 537 

“IdentifyObjectsManually” module and secondly to measure fluorescence distribution within each 538 

object/cell using the “MeasureObjectIntensityDistribution” module, with a segmentation into 4 scaled 539 

disks (bins) (see Fig.4B). In this way, we could extract the mean endoA3 fluorescence fraction within each 540 

disk/bin for all confocal images (2-3 cells per image) and extract the cellular distribution of endoA3 in 541 

different conditions. 542 

Statistical analyses. All statistical analyses were performed using Prism v7 software (Graphpad Inc). The 543 

normality of datasets was checked with D’Agostino–Pearson omnibus normality test. In the case of 544 

Gaussian distributions, parametric tests were used, and data were represented on graphs as mean ± 545 

s.e.m. as error bars. In the case of non-Gaussian distributions, nonparametric tests were used, and data 546 

were represented on graphs as median ± 95% c.i. as error bars. Details on the parametric and 547 

nonparametric tests used for each analysis, as well as other statistical details related to specific graphs, 548 

are indicated in figure legends. Significance of comparisons is represented on the graphs by asterisks. No 549 

statistical method was used to predetermine sample size. 550 
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FIGURE LEGENDS 572 

Figure 1: Actin cytoskeleton dynamically associates with endoA3-dependent CIE machinery. (A) 573 

Continuous anti-CD166 antibody uptake (red, Atto647N) in HeLa cells stably expressing GFP-tagged 574 

Endophilin-A3 (green) and treated for 1h with DMSO (left panel) or 500nM latrunculin-A (right panel). 575 

Cells were fixed and stained for the actin cytoskeleton with fluorescently-labelled phalloidin (cyan, Alexa 576 

Fluor 555). Images representative of three independent experiments. White arrows indicate 577 

colocalization events. (B) Quantification of colocalization between CD166-endoA3 positive structures and 578 

actin (panel A, DMSO condition) or mCherry-tagged µ2 subunit of the AP2 complex (negative control, 579 

representative image in Fig. S1). n = 15 cells, three independent experiments (One-way ANOVA with 580 

Sidak’s multiple comparison test). Error bars are mean ± s.e.m. (C-D) Live acquisitions of HeLa cells stably 581 

expressing GFP-tagged endoA3 and transfected with LifeAct-mCherry captured by Airyscan confocal 582 

microscopy in the absence (C) or presence (D) of fluorescently labelled anti-CD166 antibody (Atto647N). 583 

Kymographs illustrate the dynamic association of endoA3 with actin (C) and their strong association with 584 

CD166 endocytic carriers (yellow arrow in D). The dashed line indicates kymograph origins. Images are 585 

extracted from time series of 30 frames, with a 10 sec interval between each frame (Movie 1&2, 586 

respectively). Images representative of three independent experiments. Scale bars, 10 μm (A), 5 μm 587 

(C,D). 588 

Figure 2: Inhibition of the actin cytoskeleton and myosin 2A impairs CD166 uptake. (A-B,D-E) 589 

Continuous uptake of anti-CD166 antibody or Alexa488-labelled transferrin (Tf-A488) for 15 min in HeLa 590 

cells. The remaining signal at the cell surface was stripped by acid washes on ice. Internal fluorescence 591 

was quantified from confocal images and plotted as the relative percentage of the control condition: 592 

DMSO for A and D, and negative control siRNA (siCtrl) for B and E. n cells, three independent 593 

experiments. NS, not significant. ***P < 0.001, ****P < 0.0001 (A, D-E, Kruskal–Wallis test with Dunn’s 594 

multiple comparison post hoc test, two-sided; B, two-tailed unpaired Mann-Whitney t test). Error bars 595 

are median with 95% c.i. (A) CD166/Tf uptake in cells pre-incubated for 1h with inhibitors of actin 596 

polymerization (500nM latrunculin A, 100nM cytochalasin D, 200nM jasplakinolide) and of ARP2/3 597 

complex (50 µM CK-666), or pre-incubated for 5h with ezrin inhibitor (10µM NSC668394). (B) CD166/ Tf 598 

uptake in cells transfected with siRNAs against endogenous ARPC2. (C) TIRF live-cell imaging of HeLa cells 599 

transiently expressing mCherry-tagged ARPC2 and GFP-tagged endoA3. The dashed line indicates 600 

kymograph origins. Images are extracted from time series of 61 frames, with a 2.39 sec interval between 601 

each frame (see Movie 3). White arrows indicate colocalizing spots. Representative of 10 different time-602 



 22

series acquisitions (two independent experiments). (D) CD166/Tf uptake in cells pre-incubated for 30min 603 

and 1h with myosin 2 inhibitor blebbistatin at 10µM. (E) CD166 uptake in cells transfected with siRNAs 604 

against endogenous myosin 2A and 2B isoforms. (F) Myosin 2A labelling and continuous anti-CD166 605 

uptake in HeLa cells stably expressing GFP-tagged endophilin-A3. Representative of three independent 606 

experiments. Note the partial colocalization of CD166-endoA3 positive structures with myosin 2A, as 607 

highlighted by the fluorescence profiles. The graph shows quantification of colocalization between 608 

CD166-endoA3 positive structures and endogenous myosin 2 isoforms or mCherry-tagged AP2 complex 609 

(negative control) (representative images in Fig. S1). n = 15 cells, three independent experiments (One-610 

way ANOVA with Sidak’s multiple comparison test). Error bars are mean ± s.e.m. Western blots in B and 611 

E highlight knockdown efficiency. Scale bar, 2 µm (C), 10 µm (F).  612 

Figure 3: Rac1, but not Cdc42, regulates the clathrin-independent uptake of CD166. (A-D) Continuous 613 

uptake of anti-CD166 antibody for 15 min in HeLa cells. The remaining CD166 signal at the cell surface 614 

was stripped by acid washes on ice. Internal fluorescence was quantified from confocal images and 615 

plotted as the relative percentage of the control condition: free GFP for A and B, negative control siRNA 616 

(siCtrl) for C, and DMSO for D. n cells, three independent experiments. NS, not significant.  *P < 0.05, **P 617 

< 0.01, ***P < 0.001, ****P < 0.0001 (Kruskal–Wallis test with Dunn’s multiple comparison post hoc test, 618 

two-sided). Error bars are median with 95% c.i. (A-B) CD166 uptake in cells transiently expressing GFP-619 

tagged Rac1 or Cdc42 GTPases under their wild-type (WT), dominant negative (Rac1N17 and Cdc42N17 620 

mutants) or constitutively active (Rac1V12 and Cdc42L61) forms. (C) CD166 uptake in cells transfected 621 

with siRNAs against endogenous Cdc42, Rac1 and Tiam1. Western blots show knockdown efficiency. (D) 622 

CD166 uptake in cells pre-incubated for 1h with ML141. (E) Continuous anti-CD166 uptake in HeLa cells 623 

co-transfected with endoA3-mCherry and Rac1-GFP constructs. Representative of three independent 624 

experiments. Note the association of both endoA3 and Rac1 with CD166-positive puncta, as highlighted 625 

by the fluorescence profiles. (F) Quantification of colocalization between CD166-endoA3 positive 626 

structures and GFP-tagged Rac1 (image in Fig. 3E), actin (image in Fig. 1A) or mCherry-tagged µ2 subunit 627 

of the AP2 complex (negative control, image in Fig. S1).  n = 15 cells, three independent experiments 628 

(One-way ANOVA with Sidak’s multiple comparison test). Error bars are mean ± s.e.m. (G) Live TIRF 629 

imaging. Time series of an isolated event at plasma membrane, showing dynamic codistribution of GFP-630 

tagged Rac1 and mCherry-tagged endoA3 (related to Fig. S5A, white arrow, and Movie 4). Scale bar, 10 631 

µm (E).  632 
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Figure 4: EndoA3 mediated-endocytosis is distinct from macropinocytosis, FEME and CLIC/GEEC 633 

endocytosis. (A, D-E) Continuous uptake of anti-CD166 antibody for 15 min in HeLa cells. The remaining 634 

CD166 signal at the cell surface was stripped by acid washes on ice. Internal fluorescence was quantified 635 

from confocal images and plotted as the relative percentage of the control condition: DMSO for A, and 636 

negative control siRNA (siCtrl) for D and E. n cells, three independent experiments. NS, not significant. 637 

***P < 0.001, ****P < 0.0001 (A and E, two-tailed unpaired Mann-Whitney t test ; D, two-sided Kruskal–638 

Wallis test with Dunn’s multiple comparison post hoc test). Error bars are median with 95% c.i. (A) CD166 639 

uptake in cells pre-incubated for 1h with DMSO or 25 µM EIPA. Images highlight bursts of CD166 640 

endocytic carriers (red) at the cell edge in the EIPA condition. Cell border is depicted in white. (B) 641 

Quantification of GFP-tagged endoA3 distribution in cells incubated for 1h with DMSO versus 25 µM EIPA 642 

(left panel). 15 confocal images (n=15) were acquired for each condition (2-3 cells per image, 643 

representative images in the right panel). Cells were segmented into four disks (see central panel) to 644 

measure fluorescence distribution with Cell profiler software. Three independent experiments (Two-way 645 

ANOVA with Sidak’s multiple comparison test). Error bars are mean ± s.e.m. Representative images of 646 

each treatment in the right panel. (C) Continuous anti-CD166 uptake in HeLa cells stably expressing GFP-647 

tagged endoA3 and incubated for 1 hour with 25 µM EIPA. Cell border is depicted in white. (D) CD166 648 

uptake in cells transfected with siRNAs against endogenous Rac1 or endoA3, and treated for 1h with 25 649 

µM EIPA. (E) CD166 uptake in cells transfected with siRNAs against endogenous GRAF1. (F) Continuous 650 

anti-CD166 uptake (red) in HeLa cells transfected with GFP-tagged GRAF1 or endoA3 (green). Note the 651 

absence of overlap between GRAF1 and CD166 signals. White arrows indicate colocalization events. 652 

Quantifications of colocalization are shown on the graph. n = 15 cells, three independent experiments 653 

(two-tailed unpaired Mann-Whitney t test). Error bars are mean ± s.e.m. Western blots in panels D and E 654 

highlight knockdown efficiency. Scale bar, 5 µM (A,C), 10 µm (B), 2 µm (F). 655 

Figure 5: Microtubules and kinesin motors drive the endoA3-mediated CIE of CD166. (A,D) Continuous 656 

uptake of antibodies (anti-CD166, anti-CD98 or anti-MHCI) or Alexa Fluor 488-labelled transferrin for 15 657 

min in HeLa cells. The remaining signal at the cell surface was stripped by acid washes on ice. Internal 658 

fluorescence was quantified from confocal images and plotted as the relative percentage of the control 659 

condition: DMSO in A and D, negative control siRNA (siCtrl) in D. n cells, three independent experiments. 660 

NS, not significant. *P < 0.05, ***P < 0.001, ****P < 0.0001 (A, two-tailed unpaired Mann-Whitney t test 661 

; D, two-sided Kruskal–Wallis test with Dunn’s multiple comparison post hoc test). Error bars are median 662 

with 95% c.i. (A) CD166, Tf, CD98 and MHCI uptake in cells pre-incubated for 1h with DMSO or 10 µM 663 

nocodazole. Representative images of anti-CD166 and Tf-A488 condition in the right panel. Cell border is 664 
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depicted in white. (B) Continuous anti-CD166 uptake and α-tubulin labelling in HeLa cells stably 665 

expressing GFP-tagged endophilin-A3. Image representative of three independent experiments. (C) Live 666 

acquisitions of HeLa cells co-transfected with mCherry-tagged endoA3 and GFP-tagged tubulin and 667 

incubated with Atto647N-labelled anti-CD166 primary antibody. Note the tubulation (10 sec) and 668 

scission (20 sec) of an endoA3-positive CD166 carrier, as indicated by the white arrows. Intensity profile 669 

plots highlight the superposition of fluorescent signals. The dashed line indicates intensity profile origins. 670 

Images are extracted from time series of 30 frames, with a 10 sec interval between each frame. Three-671 

independent experiments. (D) CD166 uptake (left panel) in cells transfected with siRNAs against 672 

endogenous dynein heavy chains 1 and 2 (DYNCH1&2), KIF5A, KIF5B, KIF1C, KIFC1, KIFC2, KIFC3 and 673 

KIF25 or treated for 1h with DMSO or 200µM monastrol (KIF11 inhibitor). Scheme depicts dynein/kinesin 674 

motor directions along microtubules (right panel). Scale bars, 20 µm (A), 10 μm (B), 1 μm (C). 675 

Figure 6: Working model for endoA3-mediated endocytosis of CD166. CD166 carrier formation initiates 676 

with the clustering of CD166 molecules driven by extracellular galectin-8 at the cell surface (1), which is 677 

followed by the recruitment of endoA3 that further increases plasma membrane curvature (2). EndoA3 678 

recruitment at CD166 uptake sites stimulates carrier formation via Tiam1 binding, which in turn activates 679 

the Rac1/ROCK axis leading to actin remodeling and increased membrane tension through myosin 2A 680 

activity (3). Rac1 can also directly modulate branched actin nucleators (WAVE, ARP2/3 complex). 681 

Stimulation of actin polymerization and contraction of actin filaments by myosin 2A locally increases 682 

membrane tension, which facilitates membrane fission - possibly through FDS - with nascent endocytic 683 

carriers pulled along microtubule by kinesin motors (KIF5B and Kinesin-14?) and endoA3 providing the 684 

BAR domain scaffold that generates friction (4).685 
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