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Abstract

Recent advances in the field demonstrate the high diversity and complexity of endocy-

tic pathways. In the current study, we focus on the endocytosis of L1CAM. This glyco-

protein plays a major role in the development of the nervous system, and is involved in

cancer development and is associated with metastases and poor prognosis. Two

L1CAM isoforms are subject to endocytosis: isoform 1, described as a clathrin-

mediated cargo; isoform 2, whose endocytosis has never been studied. Deciphering

the molecular machinery of isoform 2 internalisation should contribute to a better

understanding of its pathophysiological role. First, we demonstrated in our cellular con-

text that both isoforms of L1CAM are mainly a clathrin-independent cargo, which was

not expected for isoform 1. Second, the mechanism of L1CAM endocytosis is specifi-

cally mediated by the N-BAR domain protein endophilin-A3. Third, we discovered

PSTPIP1, an F-BAR domain protein, as a novel actor in this endocytic process. Finally,

we identified galectins as endocytic partners and negative regulators of L1CAM

Abbreviations: ALCAM, activated leukocyte cell adhesion molecule; BAR, Bin/Amphiphysin/Rvs; PSTPIP, proline-serine-threonine phosphatase-interacting protein; CHC, clathrin heavy chain;

CIE, clathrin-independent endocytosis; CLIC, clathrin-independent carrier; CME, clathrin-mediated endocytosis; CTxB, cholera toxin, B subunit; EFC, extended FC; Endo, endophilin; FCH, Fer/

CIP4 homology; FEME, fast endophilin-mediated endocytosis; Gal, galectin; GEEC, GPI-anchored protein early endosomal compartment; GL-Lect, glycolipids-lectins; GSL, GlycoSphingoLipid; KIF,

kifunensine; L1CAM, L1 cell adhesion molecule; LacNAc, N-acetyl-D-lactosamine; LLSM, lattice-light sheet microscopy; PAPA, pyogenic sterile arthritis, pyoderma gangrenosum and acne; PEST,
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endocytosis. In summary, the interplay of the BAR proteins endophilin-A3 and

PSTPIP1, and galectins fine tune the clathrin-independent endocytosis of L1CAM.

K E YWORD S

BAR domain proteins, Clathrin-independent endocytosis, endophilin-A3, galectin, L1CAM, PSTPIP1

1 | INTRODUCTION

Endocytosis is a key cellular process for maintaining plasma membrane

homeostasis. A quick look in the literature is enough to grasp the high

diversity and complexity of endocytic pathways.1 Among them, CME

(Clathrin-Mediated Endocytosis) is the best characterised mechanism,

where clathrin molecules are recruited to the plasma membrane, form a

coat to deform the cargo-enriched endocytic site and help to generate

endocytic vesicles.2 Less well characterised are CIE (Clathrin-

Independent Endocytosis) mechanisms, in which membrane curvature

is driven by other molecular players, such as BAR domain proteins. BAR

domain proteins sense or induce membrane curvature, thanks to the

ability of their curved-shape oligomers to interact with membranes.3–6

Several BAR domain proteins have already been described to function

in different endocytic mechanisms. For example, in CME, FCHo1 and

FCHo2 initiate membrane bending.7–9 In CIE, endophilin-A2 plays a

major role in FEME (Fast Endophilin-Mediated Endocytosis) and in the

uptake of bacterial toxins,10,11 GRAF 1 is involved in the CLIC/GEEC

(Clathrin-Independent Carrier/GPI-anchored protein Early Endosomal

Compartment) pathway7,12,13 as well as PICK1 and IRSp53.14 More

recently, we described a CIE mechanism mediated by endophilin-A3

(endoA3) which controls CD166/ALCAM (Activated Leukocyte Cell

Adhesion Molecule) internalisation.15,16

The endophilin A (endoA) subfamily belongs to the N-BAR proteins,

which contain an N-terminal BAR domain, a middle variable region, and

a C-terminal SH3 domain. In addition, they possess an N-terminal

amphipathic helix (main characteristic of the N-BAR family), which can

insert into the membrane to amplify curvature3,4,17–20 or help proteins

to be recruited at the membrane.11 EndoA subfamily is composed of

three isoforms: endoA1, -A2 and -A3. These proteins are known to act

in both clathrin-dependent and -independent endocytosis. Initially,

endoAs were considered as redundant given their high sequence similar-

ity. For example, in CME, endoAs were shown to be recruited to the

neck of clathrin-coated pits, acting like a support for uncoating after

membrane fission.21,22 In CIE, endoAs were discovered as key molecular

players in FEME with their abilities to be a cargo recruitment adaptor

and to curve membrane.10 Later on, it was demonstrated that among

the three endoAs, A2 isoform was the most important for FEME.23

Always in CIE, endoA2 has been shown to form a scaffold around

plasma membrane invaginations induced by Shiga toxin, which primes

membrane tube for fission under the pulling forces of molecular

motors.11 Finally, endoA3 isoform was described as a major player in

CD166/ALCAM internalisation.16 These different studies depict the

isoform-specific functions of endoAs in distinct endocytic mechanisms.

In the F-BAR subfamily, several candidates have also been

involved in CME, such as FCHo1 and FCHo2,7–9 as well as in CIE, for

example, FBP17 and CIP4, playing a role in early stages upon FEME

activation.23,24 F-BAR domain proteins are characterised by the pres-

ence of the F-BAR domain, also called EFC (Extended FC) domain,

composed of a FCH (Fer/CIP4 homology) domain with a nearby

coiled-coil region.25 This family usually shows a more extended shape

and a shallower curvature.19,26 However, to date, several F-BAR

domain proteins have never been studied in the context of endocyto-

sis. Among them, PSTPIP (proline-serine-threonine phosphatase inter-

acting protein) proteins are particularly interesting candidates (see

below in our study). These proteins exist in two isoforms: PSTPIP1

and -2. PSTPIP1 contains a typical F-BAR domain in the N-terminal

part, a PEST sequence (enriched in proline [P], glutamic acid [E], serine

[S] and threonine [T]) and a C-terminal SH3 domain.27,28 Compared

with PSTPIP1, PSTPIP2 (also called MAYP for Macrophage actin-

associated tyrosine phosphorylated protein) lacks the SH3

domain29,30 and is not able to interact with WASP (Wiskott Aldrich

syndrome protein), an actin cytoskeleton regulator.31 Both PSTPIP

proteins regulate filopodia formation in macrophages and F-actin

cytoskeleton, and their mutated versions lead to autoinflammatory

diseases.32–34 Mutations of PSTPIP1 are responsible for a pathology

called the PAPA syndrome (Pyogenic sterile Arthritis, Pyoderma gang-

renosum and Acne).34,35 Mutated PSTPIP2 results in macrophage-

mediated autoinflammatory diseases.31 Those cytosolic proteins are

able to bind to the phospholipids PI(4,5)P2 (Phosphatidylinositol

4,5-bisphosphate) and to induce tubulation in liposomes in vitro.25 In

this work, we focused on the role of PSTPIP1.

Next to cytosolic factors involved in the construction of endocy-

tic pits, cargoes are also important actors in endocytosis. In the cur-

rent work, we focused on L1CAM (L1 Cell Adhesion Molecule), a

transmembrane glycoprotein belonging to the immunoglobulin-like

family. It is composed of (i) a large extracellular domain, divided into

six immunoglobulin-like domains and five fibronectin-III domains, (ii) a

transmembrane span and (iii) a short cytosolic tail of �110 amino

acids.36–38 The protein contains 22 potential N-glycosylation sites and

is therefore heavily glycosylated. L1CAM was first identified in neu-

rons, and described as essential during brain development and matu-

ration.39 L1CAM undergoes alternative splicing generating three

different isoforms: (1) the full-length version (called isoform 1 hereaf-

ter); (2) the short-version lacking exon 2 and 27 (called isoform 2 here-

after) and (3) the soluble version without the exon 25 (transmembrane

region, not considered in the current work). The isoform 1 is

expressed in neurons and Schwann cells.40 The isoform 2 is also found

in Schwann cells, but also haematopoietic and epithelial cells.41,42 The

third isoform was discovered in epithelial cells.43 L1CAM is also over-

expressed in several cancers where it promotes invasion and motility,

and correlates with poor prognosis.44,45 Interestingly, early studies
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have proposed that the isoform 1 is endocytosed through CME,

thanks to the motif YRSL present in the cytosolic tail.46,47 This motif

allows the interaction with the μ2-subunit of AP2 complex, involved

in the uptake of cargoes via CME. Interestingly, isoform 2 lacks this

motif, partially encoded by the exon 27 (YRSLE), but its trafficking

properties have never been explored. The absence of the tyrosine

motif in isoform 2 makes it a potential cargo candidate for a CIE

mechanism.

In the current study, we focused on the endocytosis of the iso-

forms 1 and 2 of L1CAM. First, we demonstrated that the isoform

2, lacking the tyrosine motif, is preferentially endocytosed in a

clathrin-independent manner, and more specifically through the

endoA3-mediated mechanism. In addition, we discovered that

PSTPIP1, a F-BAR domain protein, is a novel molecular player in this

endocytic mechanism. Surprisingly, we observed that isoform 1 uptake

is not strictly dependent on CME in our cellular model, bringing some

nuance to the conclusions obtained in early studies. Interestingly, both

isoforms 1 and 2 rely partially on endoA3 for their endocytosis.

Finally, we identified several galectins as endocytic partners of

L1CAM. Altogether, our data provide new knowledge on

endoA3-mediated CIE with the identification of a new cargo, L1CAM

and a new cytosolic actor, the F-BAR protein PSTPIP1. Our study also

brings a more nuanced perspective on the uptake mechanism of

L1CAM, which was initially considered as a CME cargo. Our results

contribute to decipher the molecular mechanism of L1CAM internali-

sation and to better understand its physiopathological role.

2 | RESULTS

2.1 | L1CAM isoform 2 is preferentially
endocytosed through CIE

For the study of the endocytosis of L1CAM isoform 2, we used HeLa

and U2OS cell lines. By performing PCR on cDNA and sequencing the

PCR products, we confirmed that these cell lines express solely the
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F IGURE 1 L1CAM isoform 2 is preferentially endocytosed in a clathrin-independent manner. Anti-L1CAM antibody uptake assays in HeLa
cells treated for 72 h with indicated siRNAs: control (siCtrl), μ2-adaptin (siAP2M1), clathrin heavy chain (siCLTC) or dynamin-2 (siDNM2). (A, B)
Uptake measurement by loss of surface assays in flow cytometry, upon μ2-adaptin depletion (AP2M1). Cargoes are L1CAM (A) or Transferrin (B).

Three independent experiments. NS, not significant; **p < 0.01; ****p < 0.0001 (two-way ANOVA with Bonferroni's multiple comparison test).
(C) Continuous uptake of L1CAM for 10 and 30 min. Internal fluorescence was quantified from confocal images and plotted as the relative
percentage of siCtrl (after 10 min) condition. N cells, three independent experiments. NS, not significant. *p < 0.05 (Kruskal–Wallis test with
Dunn's multiple comparison post hoc test, two-tailed). (D) Western-blots against clathrin heavy chain (anti-CHC), dynamin (anti-Dynamin) and
μ2-adaptin (anti-AP2M1) highlight siRNA efficacy. α-tubulin was used as loading control. Data are mean ± SEM (A, B) or median ± 95% CI (C).
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second isoform of L1CAM (Figure S1). In order to explore the role of

CME in the process, we first measured the uptake of L1CAM anti-

bodies over time upon μ2-adaptin depletion, using loss-of-surface

assays. As explained above, L1CAM isoform 2 lacks the tyrosine motif

allowing binding to the AP2 complex. As expected, the depletion of

μ2-adaptin had no effect on the uptake of this L1CAM isoform

(Figure 1A). As a control, we measured the internalisation of transferrin,

its receptor being considered as a canonical cargo of CME.48–50 Trans-

ferrin uptake was strongly inhibited when μ2-adaptin was silenced

(Figure 1B). Next, using continuous antibody uptake assays, we mea-

sured the uptake of L1CAM isoform 2 upon clathrin-heavy chain and

dynamin-2 depletion, after 10 and 30 min. Of note, clathrin heavy chain

and dynamin-2 are well-described key players in CME.51–54 Dynamin-2

depletion did not affect significantly L1CAM isoform 2 endocytosis

(Figure 1C). However, at the short time point (10 min), we could

observe a significant decrease (±35%) of L1CAM isoform 2 internalisa-

tion upon clathrin heavy chain depletion, which is no longer observed

at the later time point (30 min) (Figure 1C). This suggests that L1CAM

can still be partially endocytosed with the help of clathrin, and this is

particularly visible at early time points. Of note, western blot analysis

confirmed the efficacy of siRNA used for the depletions (Figure 1D).

Next, we performed co-localisation studies on cells transiently

expressing mCherry-tagged μ2-adaptin, at several time points of

L1CAM antibody endocytosis, using super resolution Airyscan confocal
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F IGURE 2 The majority of endocytic carriers of L1CAM isoform 2 are devoid of CME markers. Uptake experiments of anti-L1CAM antibody
or Transferrin (Tf) in cells expressing fluorescently labelled CME markers. (A–D) Continuous uptake in HeLa cells transiently expressing mCherry-
tagged μ2-adaptin (red). Cargoes (green) are L1CAM (A) and Tf (B). Representative Airyscan images from three independent experiments are
shown at the indicated time points (A, B). Graphs show quantifications of co-localisation with μ2-adaptin at different time points of uptake of
anti-L1CAM antibody (C) or Alexa Fluor 488-tagged Tf (Tf-A488, D). n = 15 cells, three independent experiments. (E–G) Endocytosis imaged by
LLSM on live U2OS cells. Full 3D volume of 60 planes per cell acquired within 3 s. (E) Average endocytic normalised intensity tracks and
classification of endocytic events for anti-L1CAM and Tf uptake. Endogenous genome-edited CLTA-mRFP (green); cargo (red). Lifetime cohorts of
endocytic trajectories show a “dome”-shaped intensity profile of cargoes and co-tracking or not with clathrin. Blue horizontal line reflects the
threshold for clathrin fluorescence intensity. Nine experiments. (F, G) 2D projections of acquired 3D stacks of cargo (red) and clathrin (green).

Representative of nine experiments per cargo. Data are mean ± SEM (C, D) or mean ± SD (E). Scale bars, 10 μm (A, B), 5 μm (F, G).
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microscopy (Figure 2A–D). Interestingly, very little co-localisation

between L1CAM and μ2-adaptin (<5%) was observed all along the

experiment (from 30 s to 40 min) (Figure 2A, C). As a control, we

observed a high level of co-localisation between transferrin and

μ2-adaptin at early time points (±60%), which decreased over time due

to endocytosis of the cargo (Figure 2B, D). These data support the

hypothesis that L1CAM isoform 2 is a clathrin-independent cargo.

To obtain a more quantitative and statistical view of the propor-

tion of endocytic events of L1CAM isoform 2 associated with clathrin,

we used lattice light-sheet microscopy to track the endocytic vesicles

in the whole 3D volume of living cells. This approach was successfully

used in a previous study.16 Briefly, we followed the uptake of fluores-

cently labelled anti-L1CAM antibody in genome-edited clathrin-mRFP

U2OS cells (Figure 2E–G and Movies S1–S4). This experiment showed
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F IGURE 3 L1CAM isoform 2 is a new cargo of endoA3-mediated CIE. (A–C) L1CAM uptake in HeLa cells. Anti-L1CAM antibody uptake
experiments in cells treated for 72 h with negative control siRNA (siCtrl) or siRNAs against endophilin-A1 (siEndoA1), endophilin-A2 (siEndoA2),
or endophilin-A3 (siEndoA3). (A) Continuous uptake after 10 and 30 min. Internal fluorescence was quantified from confocal images and plotted
as the relative percentage of siCtrl (after 10 min) condition. n cells. Number of independent experiments: five for siCtrl, two for siEndoA1, three
for siEndoA2 and siEndoA3. NS, not significant. **p < 0.01. ****p < 0.0001 (Kruskal–Wallis test with Dunn's multiple comparison post hoc test,
two-tailed). (B) Uptake by loss-of-surface assays in flow cytometry. Four independent experiments. NS, not significant; ***p < 0.001;
****p < 0.0001 (two-way ANOVA with Bonferroni's multiple comparison test). (C) Uptake rescue experiments. siRNA-treated cells were further
transfected with plasmids allowing transient expression of siRNA-resistant free GFP or EndoA3-GFP. Continuous uptake after 10 min. Internal
fluorescence was quantified from confocal images and plotted as the relative percentage of siCtrl + Free-GFP condition. n cells. Number of
independent experiments: two for siEndoA3 + Free-GFP, three for all other conditions. NS, not significant; ****p < 0.0001 (Kruskal–Wallis test
with Dunn's multiple comparison post hoc test, two-tailed). (D, E) Co-localisation experiments on fixed (D) and living (E) cells stably expressing
GFP-tagged endophilin-A3 (green). (D) Continuous uptake of anti-L1CAM antibody (red) for 10 min. White arrows on representative images show
co-localisation events. Graph shows quantification of co-localisation. n = 30 cells, three independent experiments. ****p < 0.0001 (two-tailed
unpaired Mann–Whitney t test). (E) Transient expression of mCherry-tagged L1CAM-ΔRSLE (red). Representative time series of live Airyscan
confocal microscopy. White arrow highlights the dynamic association of both proteins. See Movie S5. Data are median ± 95% CI (A, C) or mean
± SEM (B, D). Scale bars, 10 μm (D), 1 μm (E).
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that 62% of L1CAM isoform 2 endocytic events are devoid of clathrin

(Figure 2E), even if some co-localisation events could be observed

(Figure 2F and Movies S1 and S2). By contrast, transferrin endocytosis

showed 67% of clathrin-dependent events (Figure 2E) and many more

co-localisations events were noticed (Figure 2G and Movies S3

and S4).

Taken together, our data clearly show that L1CAM isoform 2 is

preferentially endocytosed through a clathrin-independent mecha-

nism. A limited but significant fraction of L1CAM (38%) remains endo-

cytosed in clathrin-positive structures.

2.2 | Endophilin-A3 controls the CIE of L1CAM
isoform 2

In order to decipher the molecular features of the CIE mechanism of

L1CAM isoform 2, we performed co-localisation experiments with

some well-described CIE markers: bacterial toxins (Cholera, Shiga) and

endophilin-A proteins. First, we did not observe L1CAM on plasma

membrane tubules induced by Cholera and Shiga toxin B subunits

(CTxB and STxB, respectively; Figure S2A, B). Next, we carried out

anti-L1CAM antibody uptake experiments in cells depleted for

EndoA1, -A2 or -A3 (Figure 3A). Interestingly, L1CAM uptake was sig-

nificantly reduced upon silencing of endoA3 (more than 55% after

10 and 30 min), but not of the two other A1 and A2 isoforms

(Figure 3A). The involvement of endoA3 was further confirmed via

loss-of-surface assays in flow cytometry using the same antibody

(Figure 3B). Finally, we performed rescue experiments in conditions

similar to Figure 3A, by expressing a siRNA-resistant GFP-tagged

endoA3 construct in cells where endogenous endoA3 was depleted

by RNA silencing (Figure 3C). Strikingly, uptake was completely res-

cued by expression of the endoA3-GFP construct, as compared with

the expression of free GFP alone (Figure 3C). Altogether, these data-

sets demonstrate a functional involvement of endoA3 in the uptake

of L1CAM isoform 2, suggesting that the protein is a new cargo of the

previously described endoA3-mediated CIE mechanism.16

Besides functional tests, we carried out co-localisation experi-

ments to further confirm the role of endoA3 in the uptake of L1CAM

isoform 2. First, super resolution images obtained after 10 min anti-

body uptake with Airyscan technology revealed clear co-localisation

events between the two proteins (Figure 3D). We further confirmed

this association by live-cell imaging using the same microscopy

technology. For this purpose, we designed a mCherry-tagged L1CAM-

ΔRSLE construct, mimicking the cytosolic tail of isoform 2. As

previously explained, these four amino acids, encoded by exon 27 and

present in the cytosolic tail of L1CAM isoform 1, allow the binding of

the AP-2 complex. We observed a clear dynamic association between

GFP-tagged endoA3 (stable expression) and L1CAM-ΔRSLE-mCherry

(transient expression) in cells co-expressing the two proteins

(Figure 3E and Movie S5). Interestingly, we were able to observe the

formation of vesicular structures containing L1CAM and wrapped

with endoA3, followed by the disappearance of both signals

(Figure 3E and Movie S5). To confirm that those structures are

endocytic events, we performed live-cell TIRF microscopy (Movie S6).

Of note, we visually selected cells that we considered as low or

medium expressing cells in order to minimise over-expression arte-

facts. Upon high expression, we have observed the formation of big-

ger and more stable L1CAM-positive structures (more than 1 μm

diameter, compared with previously observed structures <0.5 μm) sur-

rounded by endoA3-GFP (Figure S3 and Movie S7). Altogether, these

results confirm the specific and dynamic association between endoA3

and L1CAM isoform 2 during endocytosis.

2.3 | The F-BAR domain protein PSTPIP1 is a
novel molecular player in endoA3-mediated CIE
involved in the uptake of L1CAM isoform 2

To go deeper into the molecular mechanism of endocytosis, we per-

formed a wide functional screening with siRNAs against most BAR

domain proteins, using the uptake of L1CAM as a readout (data not

shown). Two major hits stood out: endoA3 as expected, and the F-BAR

domain protein PSTPIP1. Interestingly, loss-of-surface experiments in

flow cytometry confirmed the involvement of PSTPIP1 in L1CAM iso-

form 2 uptake over time (Figure 4A). The role of PSTPIP1 was also

observed in direct uptake experiments of anti-L1CAM antibodies,

where antibody accumulation into cells was reduced by 34% upon

PSTPIP1 depletion (Figure 4B). Of note, we confirmed the efficiency of

the siRNA smartpool against PSTPIP1 by qRT-PCR (Figure S4A). We

also confirmed that the decrease of uptake of L1CAM isoform 2 was

not due to off-targets of siRNAs by monitoring the effect of two sepa-

rate sequences (Figure S4B, as compared with Figure 4B). Next, we

combined the silencing of endoA3 and PSTPIP1 to look for a potential

additive effect on L1CAM endocytosis (Figure 4C). Interestingly, the

combination did not lead to a stronger reduction of L1CAM uptake as

compared with the depletion of endoA3 alone. This suggests that

endoA3 and PSTPIP1 both contribute to the same endocytic route.

Next, we further studied the involvement of PSTPIP1 in the

endocytic mechanism via co-localisation experiments with L1CAM

isoform 2 or endoA3, using super resolution Airyscan confocal and

TIRF microscopy. First, we performed anti-L1CAM antibody uptake

experiments in cells expressing GFP-tagged PSTPIP1. In line with the

previous results obtained with endoA3 (Figure 3D), we observed a

similar degree of co-localisation between L1CAM isoform 2 and

PSTPIP1 (Figure 4D). Next, using live-cell TIRF microscopy, we

observed a very strong co-localisation (39%) between transiently

expressed GFP-tagged PSTPIP1 and mCherry-tagged endoA3

(Figure 4E and Movie S8). From TIRF time series, we quantified the

lifetime of each protein spot at the cell surface, either when they co-

localise or when they do not co-localise (Figure 4F). We observed a

very significant increase of the lifetime of each protein upon co-locali-

sation—2.2-fold increase for PSTPIP1 and 1.5-fold increase for

endoA3—while non-co-localising spots were much shorter lived. Inter-

estingly, we could also determine the sequence of appearance and

disappearance of protein spots at the cell surface. Remarkably,

PSTPIP1 appeared 3.32 s before endoA3 and disappeared 3.14 s after
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endoA3 (Figures 4G–I, S5 and Movie S9). This suggests an early role

of PSTPIP1 in the endocytic process.

Based on these functional and co-localisation data, we then won-

dered if the two BAR domain proteins—endoA3 and PSTPIP1—and

L1CAM physically interact. To answer this question, we performed

pull-downs assays using the cytosolic tails of either L1CAM isoform

1 or 2 as baits, expressed from bacteria. The baits were then incu-

bated with lysates of HeLa cells expressing either endoA3-GFP (sta-

ble) or PSTPIP1-GFP (transient). Interestingly, both L1CAM isoforms

led to the efficient pull-down endoA3 and PSTPIP1 (Figure 5A, B). Of

note, ezrin is known to interact with L1CAM55 and was used as a pos-

itive control. In addition, we used endogenous endoA2 as a negative

control as previously published,16 proving again that the different

endoA isoforms are not redundant and have specific functions.

Altogether, all these functional, co-localisation and physical inter-

action studies converge towards PSTPIP1 as a new actor in

endoA3-mediated CIE involved in the uptake of L1CAM isoform

2. Interestingly, our data suggest that PSTPIP1 plays an early role in

endoA3-mediated CIE.

2.4 | L1CAM isoform 1 is also a cargo of endoA3-
mediated CIE

Long time ago, L1CAM isoform 1 was described as a CME cargo and

is considered as such since these very early studies.47 However, the

results from our pull-down experiments show that both endoA3 and

PSTPIP1, considered here as CIE markers, can also physically interact

with the cytosolic tail of the isoform 1 of L1CAM. Our observations

suggest thus that L1CAM isoform 1 might also be a CIE candidate. In

order to test this hypothesis, we generated a HeLa cell line stably

expressing GFP-tagged L1CAM isoform 1 (Figure 5C, D). As a

reminder, HeLa cells do not express this isoform of L1CAM

(Figure S1). From Western blot analysis using an antibody recognising

both isoforms, it appears that the expression level of exogenous

L1CAM isoform 1 protein in our cell line is close to the endogenous

expression level of L1CAM isoform 2 (Figure 5C). In addition, GFP-

tagged L1CAM isoform 1 shows a plasma membrane localisation, with

an expected enrichment at the intercellular junctions (Figure 5D).

First, we performed uptake experiments with anti-L1CAM anti-

bodies in our L1CAM isoform 1 expressing cell line, where endoge-

nous L1CAM isoform 2 was depleted by RNA interference. We

looked at the co-localisation between the antibody and clathrin heavy

chain detected by immunofluorescence at early uptake time points

(5 min, Figure 5E). Interestingly, we could observe weak but specific

co-localisation events between the two proteins.

Next, we performed quantitative uptake assays upon depletion of

clathrin heavy chain, endoA3 and combinations (Figure 5F). As in the

previous experiment (Figure 5E), endogenous L1CAM isoform 2 was

specifically silenced using siRNAs. Interestingly, clathrin heavy chain

depletion partially inhibited L1CAM isoform 1 internalisation (45%

decrease). Upon endoA3 silencing, L1CAM isoform1 endocytosis was

reduced by about 27%. The combined depletion of clathrin heavy

chain and endoA3 showed a reduction in uptake of the same magni-

tude as the depletion of clathrin heavy chain alone (46%). Of note, we

verified the efficiency of the depletions by Western blot analysis

(Figure 5G). In addition, we quantified the uptake of L1CAM isoform

1 uptake upon PSTPIP1 depletion and observed a signification reduc-

tion (33%) in this condition (Figure 5H), which is very similar with

what we observed for L1CAM isoform 2 (Figure 4B).

Altogether, these data suggest that L1CAM isoform 1 is not

strictly dependent on CME for its endocytosis and that a significant

fraction of this isoform is endocytosed via endoA3-mediated CIE.

2.5 | L1CAM and galectins are endocytic partners

In this section, all experiments were performed on L1CAM isoform

2, naturally expressed in HeLa cells. We therefore use the term

L1CAM instead of L1CAM isoform 2.

F IGURE 4 F-BAR protein PSTPIP1 is functionally involved in L1CAM isoform 2 endocytosis and co-localises dynamically with endoA3 at the
cell surface. Experiments on HeLa cells. (A–C) Anti-L1CAM antibody uptake experiments in cells treated for 72 h with negative control siRNA
(siCtrl) or siRNAs against endoA3 (siEndoA3), PSTPIP1 (siPSTPIP1) or combinations. (A) Uptake by loss-of-surface assays in flow cytometry. Three
independent experiments. NS, not significant. ***p < 0.001. ****p < 0.0001 (two-way ANOVA with Bonferroni's multiple comparison test). (B, C)
Continuous uptake experiments after 10 min. Internal fluorescence was quantified from confocal images and plotted as the relative percentage of
siCtrl condition. n cells, three (B) or four (C) independent experiments. (B) Depletion of PSTPIP1 alone. ****p < 0.0001 (two-tailed unpaired
Mann–Whitney t test). (C) Combined depletion of endoA3 and PSTPIP1. ****p < 0.0001 (Kruskal–Wallis test with Dunn's multiple comparison
post hoc test, two-tailed). (D–I) Co-localisation experiments on fixed (D) and live (E–I) cells transiently expressing GFP-tagged PSTPIP1 (green).
(D) Continuous uptake of anti-L1CAM antibody (red) for 10 min. White arrows on representative images show co-localisation events. Graph
shows quantification of co-localisation. n = 30 cells, three independent experiments. ****p < 0.0001 (two-tailed unpaired Mann–Whitney t test).
(E–I) Transient co-expression of mCherry-tagged endoA3 (red). (E) Representative TIRF images of living cells. Graph shows quantification of
co-localisation. White arrows show co-localisation events. n = 30 cells, three independent experiments. ****p < 0.0001 (two-tailed unpaired
Mann–Whitney t test). (F–I) Quantitative analysis of TIRF live-cell time series. (F) Spot lifetime of PSTPIP1-GFP and EndoA3-mCherry upon
co-localisation or not. n = 6 cells, one experiment. ****p < 0.0001 (two-tailed unpaired Mann–Whitney test). (G) Sequence of appearance and
disappearance of PSTPIP1-GFP and EndoA3-mCherry signals in co-localising tracks. All tracks were synchronised on the appearance of PSTPIP1
signal (time = 0 s). n = 4481 tracks from six cells, one experiment. (H) Representative kymograph of co-localising tracks quantified in ‘G’.
(I) Fluorescence intensity profile of both proteins, along the white line drawn on the kymograph in ‘H’. Maximum fluorescence in both channels
was set at 100%. Data are mean ± SEM (A, D, E) or median ± 95% CI (B, C, G). Box plots (F) show median, 25th and 75th percentiles (boxes), and
data range from min to max (whiskers). Scale bars, 10 μm (D, E), 1 μm (H).
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Like CD166/ALCAM,16 L1CAM is an immunoglobulin-like protein

endocytosed with the help of endoA3. As the endocytosis of CD166

is driven by Galectin-8 (Gal8),16 we wondered if the CIE of L1CAM is

also dependent on galectins and if it follows the GL-Lect (GlycoLipid-

Lectin) hypothesis.56 According to this hypothesis, glycosylated cargo

proteins and glycosphingolipids (GSLs) are clustered by extracellular

lectins—such as endogenous mammalian galectins—to drive plasma

membrane invagination leading to endocytic pit construction. Galec-

tins and GSLs, as well as cargo glycosylations, are thus crucial parame-

ters in this mechanism.

First, we performed co-uptake experiments of anti-L1CAM

antibody with fluorescently labelled galectins, Gal-1, -3 and -8

(Figure 6A–C). Interestingly, we observed L1CAM-containing endo-

cytic structures positive for all three galectins, with a significantly
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higher co-localisation for Gal-1 and Gal-8 (Figure 6D). Next, to

explore the role of galectins in the endocytic process of L1CAM,

we first measured the uptake efficiency in the absence of serum

(which contains galectins) or in the presence of serum supplemen-

ted 10 mM LacNAc (which is a galectin competitor). Strikingly,

these treatments significantly increased the uptake of L1CAM as

compared with the 10% serum condition only (Figure 6E, F), in

stark contrast to previously published results for CD166.16 This

result seems to indicate that a global inhibition of interaction with

galectins apparently stimulates L1CAM endocytosis.

In order to dissect the role of galectins more precisely, we

performed further L1CAM uptake experiments in the presence of

specific galectin inhibitors. inhibitors. For this, we had at our dis-

posal four different inhibitors: GB1490 (Gal1), GB1107 (Gal3)

(compound 2h in Reference 57, 2 in Reference 58 and 11b in

Reference 59), 19a (Gal3 + Gal8N)60 and 10b (N-terminal carbohy-

drate recognition domain of Gal8, or Gal8N).61 Kd values of these

inhibitors are available in Table S1. First, we validated these inhib-

itors by measuring their dose-dependent effect on the cell surface

binding of galectins at 4�C (Figure S6A, C, E, G) or on the uptake

of galectins at 37�C (Figure S6B, D, F, H) by flow cytometry.

These results allowed to determine efficient doses for each inhibi-

tor, which were used in subsequent experiments where we

explored how the inhibition of specific galectins affects L1CAM

uptake. Strikingly, L1CAM uptake remained unaffected in the

presence of any of these inhibitors or their combination

(Figure 6G). This data suggests that other unidentified galectins,

or combinations thereof, may be involved in the modulation of

L1CAM uptake.

Endocytic mechanisms following the GL-Lect hypothesis require

GSLs. Therefore, we investigated the role of these lipids in L1CAM

uptake. For this purpose, we measured L1CAM endocytosis upon

inhibition of GSL synthesis by Genz 123346 compound.62,63 First, we

monitored the efficiency of Genz treatment conditions by measuring

the cell surface binding of fluorescently labelled STxB, which is well-

known to use the globoside Gb3 (globotriaosylceramide) as a

receptor.64,65 As expected, STxB binding to Genz-treated cells was

strongly decreased as compared with control cells (�87%), demon-

strating the efficiency of GSL depletion (Figure S7A). However, the

uptake of L1CAM remained unaffected in the same GSL depletion

conditions (Figure 6H).

Finally, we explored the role of L1CAM glycosylations on the

uptake process of the protein. To do this, we treated cells either

with a deglycosylation enzyme—neuraminidase (removing sialic

acids from complex sugars)—or with a glycosylation inhibitor—

Kifunensine (mannosidase I inhibitor, generating high-mannosylated

proteins). 2,3-sialylations are known to be important for N-

terminal Carbohydrate Recognition Domain (CRD) of Gal8 (Gal8N)

binding to glycosylated proteins, but not for Gal3 binding.66,67

Interestingly, neuraminidase treatment led to an expected reduc-

tion of Gal8 uptake (�30%), but did not affect Gal3 uptake

(Figure S7B). In the same neuraminidase treatment conditions,

L1CAM uptake remained unaffected (Figure S7C). From these

experiments, we can conclude that sialic acids are not crucial for

the endocytosis of L1CAM. Next, we decided to induce stronger

glycosylation modifications of L1CAM, using Kifunensine. Strik-

ingly, Kifunensine treatment led to a > 50% increase of L1CAM

uptake (Figure S7D). Combination of Kifunensine treatment and

serum depletion led to additive effects, boosting further L1CAM

endocytosis (Figure S7E). Of note, Western blot analysis con-

firmed that Kifunensine indeed induces the appearance of highly

mannosylated forms of L1CAM, which are very sensitive to endo-

glycosidase H treatment (Figure S7F).

Altogether, these data suggest that although the CIE of L1CAM is

mediated by endoA3, its apparent endocytic features are very differ-

ent from previously studied CD166.16 According to our current data,

L1CAM uptake seems to be inhibited by galectins, while it is increased

upon either general inhibition of galectin binding, or global perturba-

tion of cargo glycosylation. In addition, perturbation of GSL synthesis

had no apparent effect on L1CAM uptake. Nevertheless, L1CAM and

galectins are endocytic partners, as they were found together in endo-

cytic compartments.

F IGURE 5 L1CAM (isoform 1), clathrin-dependent cargo, is also controlled by endophilin-A3 and PSTPIP1. (A, B) GST pull-down experiments
with the cytosolic tail of L1CAM isoform 1 (GST-iso1), of L1CAM isoform 2 (GST-iso2), or GST alone on lysates from HeLa cells either expressing
stably GFP-tagged endoA3 (A) or transiently PSTPIP1-GFP (B). Positive control, ezrin; negative control, endophilin-A2; loading control, Coomassie
staining. Representative of three independent experiments. (C, D) Generation of a stable HeLa cell line expressing GFP-tagged L1CAM isoform
1 (L1CAM-iso1-GFP). (C) Western-blots against L1CAM and GFP highlight an expression of L1CAM-iso1-GFP construct close to the endogenous
protein level (black arrow). α-tubulin was used as loading control. (D) Representative Airyscan image of the stable cell line. L1CAM-iso1-GFP,
green; nuclei, blue. (E) Co-localisation of L1CAM isoform 1 (red) with clathrin heavy chain (CHC) (green). HeLa cells stably expressing L1CAM-
iso1-GFP were treated for 72 h with siRNAs against endogenous L1CAM. Representative Airyscan images of continuous uptake of anti-L1CAM
antibody (red) after 5 min. Graph shows quantification of co-localisation. White arrows show co-localisation events. n = 15 cells, three

independent experiments. *p < 0.05 (two-tailed unpaired t test). (F, H) Anti-L1CAM antibody uptake experiments after 10 min on HeLa cells
stably expressing L1CAM isoform 1. Endogenous L1CAM (L1CAMe, corresponding to isoform 2) was depleted using siRNAs (siL1CAMe). Cells
were further treated with siRNAs against: (F) clathrin heavy chain (siCLTC), endoA3 (siEndoA3) or (H) PSTPIP1 (siPSTPIP1). Internal fluorescence
was quantified from confocal images and plotted as the relative percentage of siL1CAMe condition. n cells, three independent experiments.
****p < 0.0001 (Kruskal–Wallis test with Dunn's multiple comparison post hoc test, two-tailed for ‘F’; two-tailed unpaired Mann–Whitney t test
for ‘H’). (G) Western blots against L1CAM (anti-L1CAM), clathrin heavy chain (anti-CHC) and endoA3 (anti-EndoA3) highlight siRNA efficacy.
α-tubulin was used as loading control. Data are mean ± SEM (E) or median ± 95% CI (F, H). Scale bars, 20 μm (D), 10 μm (E).
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anti-L1CAM Gal1-Cy5 Overlay(A)

anti-L1CAM Gal3-A488 Overlay(B)

anti-L1CAM Gal8-Cy3 Overlay(C)
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F IGURE 6 Galectins are endocytic partners of L1CAM, although GlycoLipid-Lectin hypothesis is apparently not involved in the uptake
process. (A–D) Co-uptake experiments of L1CAM and galectins. Anti-L1CAM antibodies were continuously incubated for 10 min on HeLa cells in
the presence of fluorescently labelled (A) Gal1 (Gal1-Cy5), (B) Gal3 (Gal3-A488), or (C) Gal8 (Gal8-Cy3). Graph shows quantification of co-
localisation of L1CAM with the three galectins (D). n cells. Number of independent experiments: three for Gal1 and Gal8, two for Gal3. NS, not
significant. ***p < 0.001. ****p < 0.0001 (ordinary one-way ANOVA with Bonferroni's multiple comparison test). (E–H) Anti-L1CAM antibody
uptake in HeLa cells for 10 min. (E, F) Uptake in the absence of serum (0% FBS) or after 10 mM LacNAc treatment. (E) Internal fluorescence was
quantified from confocal images and plotted as the relative percentage of 10% FBS (control) condition. n cells, three independent experiments.
****p < 0.0001 (Kruskal–Wallis test with Dunn's multiple comparison post hoc test, two-tailed). (F) Representative confocal images of the uptake
assay presented in (E). Note more internal fluorescence in 0% FBS and 10 mM LacNAc conditions compare to the 10% FBS condition. (G) Uptake
upon treatment with galectin inhibitors. HeLa cells were treated with DMSO (negative control) or with indicated galectin inhibitors (GB1107 and
GB1490: 3 μM; 19a and 10b: 50 μM). Internal fluorescence was quantified from confocal images and plotted as the relative percentage of DMSO
condition. n cells. Number of independent experiments: 10 for control (DMSO) condition, six for GB1107 and GB1490 conditions, and four for
19a, 10b and the combination of all inhibitors. ****p < 0.0001 (two-tailed unpaired Mann–Whitney t test). (H) Uptake under glycosphingolipid
depletion. HeLa cells were treated for 48 h with the glucosylceramide synthase inhibitor Genz-122 346 (5 μM). Internal fluorescence was
quantified from confocal images and plotted as the relative percentage of DMSO condition. n cells, three independent experiments.
****p < 0.0001 (two-tailed unpaired Mann–Whitney t test). Data are mean ± SEM. (D) or median ± 95% CI (E, G, H). Scale bars, 10 μm (A–C),
20 μm (F).
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3 | DISCUSSION

In this study, we provide data demonstrating that L1CAM isoform

2 protein is mostly a CIE cargo. Interestingly, we found that both

L1CAM isoforms 1 and 2 are partially dependent on endoA3 for their

uptake. Surprisingly, we did not observe significant differences

between isoforms 1 and 2 regarding their dependency on endoA3 or

clathrin, whereas we expected isoform 1—containing a tyrosine sort-

ing motif—to rely more stringently on CME according to previous

studies.46,47 In our hands, the endocytosis of both L1CAM isoforms

was partially affected by clathrin heavy chain depletion at 10 min

uptake time point (Figure 1C vs. Figure 5F). To quantify more pre-

cisely the fraction of the protein taken up in clathrin-positive and

clathrin-negative endocytic carriers, lattice light-sheet microscopy and

advanced quantification approaches were used. This strategy revealed

that 38% of L1CAM isoform 2 endocytic events were clathrin-posi-

tive. For comparison, this is 10% more clathrin-positive endocytic

events than for CD166/ALCAM cargo in our previous study.16 While

this may explain the partial effect of clathrin heavy chain depletion on

L1CAM isoform 2 uptake at early time points (10 min), these data are

surprising given that the YXXØ (YRSL) motif is lacking in the isoform

2. Other sorting signals recognised by cargo-selective clathrin adap-

tors are mentioned in the literature68: [DE]XXXL[LI] recognised by the

α-σ2 hemicomplex of AP-2,69,70 II (di-isoleucine) also recognised by

AP-2,71 and [FY]XNPX[YF] recognised by the PTB domain of ARH,

DAB2 and NUMB.70,72 However, none of these motifs are present in

the cytosolic tail of L1CAM. How L1CAM isoform 2 can be sorted in

CME carriers remains thus enigmatic and raises the question of the

existence of new motifs for cargo sorting in CME, or the association

of L1CAM with proteins having sorting signals. As a corollary, our

observations question the functionality of the tyrosine motif in iso-

form 1, as no apparent difference could be detected with isoform

2 (lacking the motif).

More interestingly, our work also reveals a previously unnoticed

role for the F-BAR domain protein PSTPIP1 in endoA3-mediated CIE.

We observed that the depletion of both BAR domain proteins signifi-

cantly reduced L1CAM isoform 1 and 2 internalisation. PSTPIP1 has

never been studied in the context of endocytosis previously. How-

ever, this new function may not be so surprising. Indeed, other F-BAR

domain proteins such as CIP425 and FBP1773 are known to play a role

in endocytosis. Thanks to their EFC domain, they bind to the mem-

brane lipids, more precisely to PI(4,5)P2, and induce shallow curva-

ture. Like CIP4, PSTPIP1 was shown to induce strong tubulation on

liposomes.25 All those F-BAR proteins also possess a SH3 domain

capable of binding to N-WASP and dynamin-2.25 These last two pro-

teins form a complex present in the fission stage of CME.74

In addition, our pull-down data showed that both endoA3 and

PSTPIP1 physically interact with the cytosolic tail of L1CAM isoform

1 and 2. Whether these physical interactions are direct or indirect

remains to be elucidated. However, a study demonstrated that

PSTPIP1 strongly binds to the membrane lipid PI(4,5)P2.25 This sug-

gests that phosphoinositides could also be involved in the interaction

and the recruitment of the F-BAR protein to endocytic sites; this will

require further investigations. Interestingly, our TIRF live-cell imaging

data demonstrate that endoA3 and PSTPIP1 dynamically co-distribute

at the cell surface. Strikingly, the lifetime of the spots for each protein

was longer when they co-localised together. This suggests that there

is likely a coordination between the two proteins for the stabilisation

of the deformation at the plasma membrane. In addition, we observed

that PSTPIP1 is systematically recruited 3.32 s before endoA3 to the

plasma membrane and leaves the recruitment site 3.14 s after

endoA3. This could make sense as PSTPIP1 is a F-BAR domain pro-

tein, depicting a much larger intrinsic curvature radius than the

N-BAR domain protein endoA3.4,26 Of note, some F-BAR proteins,

like FCHo1 and 2, are known to act as initiators of membrane curva-

ture in CME.8,9,75 By analogy, a very tempting hypothesis could be

that the F-BAR PSTPIP1 intervenes earlier in the CIE process

described here to initiate shallow bending of plasma membrane, which

would then be further deformed by the N-BAR endoA3.

Given that endoA3 was previously shown to play a role in the

uptake of CD16616 and that L1CAM is part of the same

Immunoglobulin-like family, the comparison between the two cargoes

is particularly attractive. They are both cell adhesion molecules, pre-

senting similarities in their structures and functions. They are com-

posed of a short cytosolic tail, one transmembrane span and a

glycosylated extracellular region containing Ig-like domains.36 They

are expressed in neurons and play an important role in cell adhesion

and neuronal development.39,76 An early study has shown that they

even interact together to promote axonal growth.77 In addition, both

CD166 and L1CAM are subject to cleavage of their extracellular part

by proteases such as ADAM-10, -17 or MMP-14, -16.78,79 In the con-

text of cancer, they are both implicated in migration, proliferation and

used as tumoral markers.44,80–82 Finally, their CIE uptake both rely on

endoA3, as shown in previous studies15,16 and demonstrated the cur-

rent study.

Apart from these commonalities, distinct behaviours between

L1CAM and CD166 appear when it comes to the role of glycosylation,

galectin binding and glycosphingolipids in their endocytosis. While the

uptake of CD166 seems to be driven very specifically by Gal8,16 the

situation is apparently very different for L1CAM in the current study.

Although we found Gal1, -3 and -8 in endocytic compartments

together with L1CAM, inhibition of galectin binding either led to no

change in L1CAM uptake (when specific galectin inhibitors were

used), or to an increase in L1CAM uptake (when global galectin bind-

ing was inhibited either by LacNAc, in the absence of serum or upon

glycosylation perturbation by Kifunensine treatment). A hypothesis

could be that galectins—which are able to form a lattice at the cell sur-

face83—sequester L1CAM. A refined version of this hypothesis could

be that two L1CAM populations exist at the cell surface—one being

“free” and another one “trapped” in galectin lattices—in equilibrium

(Figure 7). The free L1CAM would require very low local doses of

galectins (nanomolar) to drive endocytosis, while L1CAM trapped in

lattices would be the consequence of much higher local concentra-

tions of galectins (micro- or millimolar), which would have an inhibi-

tory effect on endocytosis. Accordingly, the study of CD4484 and

CD16616 uptake demonstrated that only nanomolar doses of galectins
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are sufficient to drive cargo endocytosis. On the contrary, micromolar

doses of galectin-3 resulted in inhibition of CD44 uptake.84 Similarly,

Nabi and Dennis showed that the internalisation of TGF-β and EGFR

receptors was blocked because of galectin lattices.85,86 As proposed

by Mathew and Donaldson,87,88 endocytosis of a cargo is thus depen-

dent on the strength of galectin-glycan interactions: it can be initiated

by low amounts of galectins which trigger pit formation, or on the

contrary, the cargo can be sequestered at the cell surface due to the

formation of lattices by high galectin concentrations. These two

extreme situations are part of a continuum between endocytosis and

sequestration. Coming back to L1CAM, a global disruption of galectin

lattices (with LacNAc treatment, for instance) could thus dramatically

modify the equilibrium between “free” and “trapped” L1CAM popula-

tions, leading to the release of massive amounts of free L1CAM, avail-

able for endocytosis. In this situation, even if L1CAM uptake would

be driven by galectins, this massive release of L1CAM from lattices

would completely hide this phenomenon, leading to an apparent

global increase of L1CAM uptake, even in the absence of galectins.

Unfortunately, the results obtained with specific galectin inhibitors

did not allow us to identify the galectins responsible for L1CAM uptake

or sequestration at the cell surface. A likely hypothesis could be that

inhibition of a single galectin is not sufficient to impact L1CAM endocy-

tosis, probably due to compensation phenomena by other galectins.

Even upon combination of inhibitors against Gal1, -3 and -8, other

galectins could take over, as many more galectins are expressed89 or

present in the serum. The complex role of galectins and glycosylations

in L1CAM endocytosis will require further investigations.

In addition, the uptake of L1CAM remained unaffected when the

glycosphingolipid synthesis was inhibited using Genz compound.

These results, in combination with the previous data on galectins, sug-

gest that the CIE of L1CAM does not seem to follow the GL-Lect

hypothesis.56 In comparison, the endocytosis of several cargoes such

as CD44,56,84 β1-integrin56,90 and CD16616 was strongly reduced by

glycosphingolipid depletion and by galectin inhibition. However, given

that a significant fraction of L1CAM can be taken up by CME, the pos-

sibility exists that compensatory endocytic mechanisms may take over

and thwart the effect of Genz. Re-routing of L1CAM via

micropinocytosis might be another possibility, as observed previously

for CD166,15 but this remains to be explored.

What may explain the apparent differences between L1CAM and

CD166 in terms of endocytic behaviour? L1CAM possesses a larger

extracellular domain—1120 amino acids37—as compared with

CD166—500 amino acids.91 The number of glycosylation sites is also

higher for L1CAM (22)36 than for CD166 (10).91 This may completely

change the galectin-binding pattern of the two proteins, their interac-

tion with galectin lattice and consequently their endocytic behaviour.

Globally, this is valid for every protein, but also for every different cel-

lular context, where glycosylation patterns of the same protein and

galectin expression patterns may totally differ, such as in some can-

cers. Further investigations will be necessary to characterise more

thoroughly the molecular mechanism of L1CAM endocytosis via

endoA3-mediated CIE in various cellular contexts and establish if

molecular determinants are shared with or distinct from CD166 cargo.

Additional studies will also be necessary to better grasp the compen-

sation and regulatory mechanisms of multiple endocytic routes.

Moreover, very few publications have addressed the distinction

between the two isoforms in pathological contexts. In cancers, both iso-

forms are co-expressed, but the isoform 2 is generally more abun-

dant.92,93 In breast cancer cells, both promote motility.92 However, in

ovarian cancer, colorectal cancer, fibrosarcoma and T-cell lymphoma,

only the isoform 1 is responsible for metastasis.93 Thus, deciphering the

endocytic process of each isoform will contribute to a better understand-

ing of how their regulation and localisation in cells impact their functions.

To conclude, our study sheds light on a new cargo of

endoA3-mediated CIE and will contribute to the better understanding

of the physiological relevance of this mechanism in the future.

4 | MATERIALS AND METHODS

4.1 | Cell culture

HeLa (human cervix adenocarcinoma, ATCC CCL-2), and genome-

edited U2OS CLTA-mRFP were grown in DMEM high glucose

LacNAc
KIF

Apparent increase of
«Free» L1CAM uptake

Massive release of
«Trapped» L1CAM

«Free» L1CAM «Trapped» L1CAM

Galectin

L1CAM

F IGURE 7 Equilibrium between “free” L1CAM and “trapped” L1CAM population. Schematic representation of the hypothesis that galectins
sequester L1CAM. Two L1CAM populations exist in equilibrium at the cell surface: one being “free” and another one “trapped” in galectin
lattices. The balance is broken after LacNAc or Kifunensine (KIF) treatment, leading to the release of massive amounts of free L1CAM, available
for endocytosis. In this situation, even if L1CAM uptake would be driven by galectins, this massive release of L1CAM from lattices would
completely hide this phenomenon, leading to an apparent global increase of L1CAM uptake.
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GlutaMAX Supplement (Gibco, 61965059) supplemented with 10%

FBS (Sigma, F7524), 100 U ml�1 penicillin and 100 μg ml�1 strepto-

mycin (Pen Strep, Gibco, 15140122) and 1 mM pyruvate (Gibco,

110360070). Genome-edited U2OS cells expressing endogenous

levels of clathrin light chain (CLTA) tagged with mRFP were a gift

from David Durbin's laboratory and were sorted for homogenous

expression using FACS. HeLa cells stably expressing GFP-FKBP-

tagged endophilin-A3 were generated in our lab16 and grown in the

same medium as the mother cell line, supplemented with

0.125 mg ml�1 G418 (Roche, 04727879001). HeLa cells stably

expressing L1CAM (isoform 1) tagged with GFP were generated for

this study (see below) and grown in the same medium as the mother

cell line, supplemented with 0.125 mg ml�1 Hygromycin B (Invitrogen,

10687010).

4.2 | Antibodies

The following antibodies were used for immunofluorescence: mouse

monoclonal anti-L1CAM clone L1-OV198.5 (BioLegend, 371 602,

1:200, 2.5 μg ml�1); mouse monoclonal anti-clathrin heavy chain anti-

body clone X22 (gift from E. Smythe, 1:50); anti-mouse conjugated

secondary antibodies Alexa Fluor 488 (Invitrogen, A32723, 1:250),

Alexa Fluor 546 (Invitrogen, A11030 or A21133, 1:250), or Alexa

Fluor 647 (Invitrogen, A21236 or A21240, 1:250).

The following antibodies were used for western-blot analysis:

rabbit monoclonal anti-L1CAM clone D5N9S (Cell Signalling Technol-

ogy, 89 861, 1:1000); mouse monoclonal anti-clathrin heavy chain

clone 23 (BD Biosciences, 610 500, 1:5000); mouse monoclonal anti-

dynamin clone 41 (BD Biosciences, 610 245, 1:4000); mouse mono-

clonal anti-α-tubulin clone B-5-1-2 (Sigma, T5168, 1:5000); rabbit

monoclonal anti-ezrin clone 2086 (R&D Systems, MAB72391,

1:1000); rabbit polyclonal anti-endoA3 (Sigma Life Sciences,

HPA039381, 1:1000); rabbit polyclonal anti-GFP (ChromoTek,

PABG1, 1:1000); anti-mouse secondary antibodies conjugated to

horseradish peroxidase (Sigma, AP308P); anti-rabbit secondary anti-

bodies conjugated to horseradish peroxidase (Dako, P0448012).

4.3 | Other reagents

Cholera Toxin Subunit B (Recombinant), Alexa Fluor 488 Conjugate

(CTxB-A488) was purchased from ThermoFisher Scientific (Invitrogen,

C34775). Transferrin From Human Serum, Alexa Fluor 488 Conjugate

was purchased from ThermoFisher Scientific (Invitrogen, T13342).

Human transferrin-biotin labelled was purchased from Sigma (T3915,

1:500). Streptavidin, Alexa Fluor™ 647 conjugate was purchased from

ThermoFisher Scientific (Invitrogen, S21374, 1:200). Genz-123 346

free base compound was purchased from MedChemExpress (HY-

12744). GB1107 and GB1490 were kindly synthesised and provided

by Galecto Biotech (Lund, Sweden). 19a60 and 10b61 were kindly

synthesised and provided by Mujtaba Hassan and Ulf Nilsson (Lund

University, Sweden). Kd values of these inhibitors are available in

Supplementary Table 1. N-Acetyl-D-lactosamine (LacNAc) was pur-

chased from Carbosynth (OA08244). Kifunensine was purchased from

Biosynth (MK10316). Neuraminidase (Sialidase) was purchased from

Roche (10269611001). Endo Hf was purchased from New England

Biolabs (P0703S). PFA (Paraformaldehyde 16%) was purchase from

Electron Microscopy Sciences (15710) diluted in PBS to obtain 4%

concentration. PBS (Phosphate Buffered Saline), BSA (Bovine Serum

Albumine) and saponin were purchased from Sigma (D5652-50L,

A9647, 47 036, respectively).

4.4 | Recombinant protein production

Recombinant wild-type STxB were purified exactly as mentioned in

Reference 16.

Galectins were also cloned and purified as mentioned in Refer-

ence 16. In short: All galectins used in this study—Gal3-His, Gal1-His

and His-Gal8 in pHis-Parallel 2—were expressed at 20�C overnight in

Rossetta2-pLysS E. coli (Novagen) in LB media, supplemented with

60 μM IPTG. Bacterial pellets were resuspended and sonicated in:

PBS pH 7.3 for Gal3; PBS pH 7.3, 10% glycerol, 5 mM

β-Mercaptoethanol for Gal1; 25 mM HEPES pH 7.3, 300 mM NaCl,

10 mM imidazole, 10% glycerol for Gal8. The Gal8 lysate was adjusted

to 5% (w/v) ELUGENT (Merck), kept agitating for 30 min at 4�C. All

lysates were cleared by centrifugation at 75000�g for 1 h. 95% purity

by Coomassie staining was achieved using Cobalt-resin (Pierce) affin-

ity chromatography. Cobalt-resin was washed with resuspension

buffer containing 10 mM imidazole for Gal1 and Gal3, and resuspen-

sion buffer containing 1% ELUGENT for Gal8. Elution was performed

with the following buffers: resuspension buffer containing 300 mM

imidazole for Gal1 and Gal3; resuspension buffer containing 20 mM

trehalose, 0.2% (w/v) PEG8000 and 300 mM imidazole for Gal8. Gel

filtration (HiLoad Superdex 75 16/600) was performed in elution

buffer without imidazole. Galectin aliquots were snap frozen in liquid

nitrogen and stored at �80�C.

4.5 | Recombinant protein and antibody labelling

For lattice light-sheet microscopy (LLSM), anti-L1CAM antibody or

Transferrin were labelled with Alexa647 NHS-ester dye

(ThermoFisher Scientific) and Att647N NHS-ester dye (ATTO-TEC

GmbH), according to manufacturers' recommendations. Briefly, the

protein was labelled in Hepes buffer at pH 8.0 using a 4- to 5-fold

molar excess of dye (resuspended and conserved in anhydrous

DMSO). The reaction mix was protected from light and incubated for

3 h at 16�C under mild agitation. Free dye was then removed by gel

filtration on two to three PD SpinTrap G-25 columns (GE Healthcare),

and the labelled protein was recovered in PBS. Galectins were

coupled to mono-amine-reactive (NHS-ester) Cy3, Cy5

(GE Healthcare) or Alexa-488 in final purification buffer supplemented

with 10 mM lactose for 3 h at 16�C, using a molar ratio of 1:4 (pro-

tein/dye). The mixture was purified in the same buffer without lactose
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and a PD-10 column (GE Healthcare). Labelling efficiency was 0.9

(Gal1), 1.1 (Gal3) and 0.96 (Gal8-N-CRD), and 1.2 (Gal8).

4.6 | siRNA transfection

Cells were transfected with a mix containing Opti-Mem (Gibco,

31985062), siRNA at a final concentration of 40 nM, and HiPerFect

(Qiagen, 301705). Experiments were performed 72 h after transfection.

All siRNAs were purchased from Qiagen. siCtrl (AllStars Negative Con-

trol siRNA, 1 027 281) served as a reference point. The depletion of

μ2-adaptin was achieved with one sequence: SI02777355 (50-

TGCCATCGTGTGGAAGATCAA-30). The depletion of endophilin-A1,

endophilin-A2, endophilin-A3, PSTPIP1 and endogenous L1CAM

(L1CAMe) was achieved with two different sequences pooled: siEndoA1

#1 (SI04149411: 50-AAAGACTCTTTGGACATAGAA-30), siEndoA1 #2

(SI04260949: 50-AAATCTGGTATCCAAGCTTAA-30), siEndoA2 #1

(SI03057250: 50-CACCAGCAAGGCGGTGACAGA-30), siEndoA2 #2

(SI03073931: 50-CATGCTCAACACGGTGTCCAA-30), siEndoA3 #1

(SI04170376: 50-CCAGACGAGAATACAAGCCAA-30), siEndoA3 #2

(SI04176529: 50-CCAGACGAAGAAGTCAGACAA-30), siPSTPIP1 #1

(SI00058576: 50- ACCGGGCGCTCTACGATTATA-30), siPSTPIP1 #2

(SI00058583: 50-CAGCATAGACGCCGACATCGA-30), siL1CAMe #1

(SI05051277: 50-TAGGTGGTTTCTAGGATTGAT-30) siL1CAMe #2

(SI05051284: 50-TGGCTGGGACTGGGAACAGAA-30). For uptake

rescue experiment (Figure 3C), two specific sequences against endoA3

were used in order to allow transient expression: siEndoA3 #1

(SI05081167: 50-TACCTGTGAATAGCCCAATAA-30) and siEndoA3 #2

(SI05081174: 50-TACTTTCGTAACTGAAATGAA-30). The depletion of

clathrin heavy chain and dynamin-2 and was achieved with a smartpool

of four sequences: siCLTC (SI00299873: 50-AAGGAGAGTCTCA

GCCAGTGA-30; SI00299880: 50-TAATCCAATTCGAAGACCAAT-30;

SI04152372: 50-AAGGGCTAACGTCCCAAATAA-30; SI04190417: 50-

CCCTGAGTGGTTAGTCAACTA-30), siDNM2 (SI02654687: 50-CTGCAG

CTCATCTTCTCAAAA-30; SI03233671: 50-TCGCAACCTGGTGGACT-

CATA-30; SI04224591: 50-CTCATACGTGGCCATCATCAA-30; SI04277

546: 50-CCCGCTGGTCAACAAACTGCA-30).

4.7 | Plasmid transfection and DNA constructs

For plasmid transfection, cells were transfected with a mix containing

Opti-Mem (Gibco, 31985062), plasmid and FuGene HD (Promega,

E2311). Experiments were performed 16-24 h after transfection.

mCherry-tagged μ2 subunit of AP-2 and GFP-tagged PSTPIP1 were

kindly provided by C. Merrifield and D. Gumucio, respectively. The

GFP and mCherry-tagged human endoA3 constructs were previously

engineered in the lab.16 The expression plasmid pEGFP-N1 (free-GFP)

was purchased from Clontech.

For this study, two L1CAM constructs were engineered: human

L1CAM-iso1 fused to GFP and human L1CAM-ΔRSLE (lacking

amino acids 1177 to 1180) fused to mCherry. For L1CAM-iso1 fused

to GFP, we first amplified GFP by PCR from the expression plasmid

pEGFP-N1 (forward primer with BamHI restriction site: 50-

CGCGGATCCATGGTGAGCAAGGGC-30; reverse primer with BstXI

restriction site: 50- ATGCATCCAGCACACTGGTTACTTGTACAGCTC-

30) and cloned the fragment obtained into the bicistronic vector pIRE-

Shyg3 (Clontech) between BamHI and BstXI restriction sites. Then,

L1CAM-ΔRSLE was incorporated into pIREShyg3-GFP thanks to the

Gibson Assembly method. Using PCR, we then amplified L1CAM-

ΔRSLE from the expression plasmid pcDNA3-hL1 (Gift from Fritz -

Rathjen, Addgene plasmid # 89411) (forward primer: 50- GGATCTGTA-

CAGGCCTTAAGATGGTCGTGGCGCTGCGGTA-30; reverse primer: 50-

TCACCATGGATCCGAATTCGCCTTCTAGGGCCACGGCAGG �30) and

pIREShyg3-GFP (forward primer: 50-ACCCTGCCGTGGCCCTAGAAGG

CGCGCTAGCGCTTCGAAG ACCCTGCCGTGGCCCTAGAAGGCGCG

CTAGCGCTTCGAAG-30; reverse primer: 50- TACCGCAGCGCCAC-

GACCATCTTAAGGCCTGTACAGATCC -30). The assembly of PCR frag-

ments was performed according to the manufacturer's instructions

(Gibson Assembly Master Mix, New England Biolabs, E2611S). Finally,

in order to obtain the full-length version of L1CAM, the insertion of the

12 nucleotides coding for the exon 27 (RSLE) was achieved with the

Q5 Site-Directed Mutagenesis Kit (New England Biolabs, E0554S)

according to the manufacturer's instructions (forward primer: 50-

CTGGAGAGTGACAACGAGGAGAAGGC-30; reverse primer: 50-

GGACCTGTACTCGCCGAAGGTCTCAT-30). For L1CAM-ΔRSLE fused

to mCherry, we first amplified mCherry sequence by PCR from the

expression plasmid pmCherry-N1 (Clontech) (forward primer with

BamHI restriction site: 50-CGCGGATCCATGGTGAGCAAGGGC-30;

reverse primer with NotI restriction site: 50-TTTTCCTTTTGCGGCCG

CCTACTTGTACAGCTC-30) and cloned the fragment obtained into

the bicistronic vector pIRESpuro3 (Clonetch) between BamHI and

NotI restriction sites. Then, L1CAM-ΔRSLE was incorporated into

pIRESpuro3-mCherry thanks to the Gibson Assembly method. Using

PCR, we amplified L1CAM-ΔRSLE from the expression plasmid

pcDNA3-hL1 (forward primer: 50-CGGCCTAGCTAGCGCTTAAGATGG

TCGTGGCGCTG CGGTA-30; reverse primer: 50-TCACCATGGATCC-

GAATTCGCCTTCTAGGGCCACGGCAGG-30) and pIRESpuro3-

mCherry (forward primer: 50-CCTGCCGTGGCCCTAGAAGGCGAATTC

GGAT CCATGGTGA-30; reverse primer: 50-TACCGCAGCGCCACGAC-

CATCTTAAGCGCTAGCTAGGCCG-30). The assembly of PCR frag-

ments was performed according to the manufacturer's instructions of

the Gibson Assembly Master Mix. At each step, correct clones were

validated by sequencing.

For pull-down assays, two GST-tagged constructs were generated:

the cytoplasmic tails of L1CAM isoform 1 (GST-iso1) and isoform

2 (GST-iso2). The cytoplasmic tail of L1CAM isoform 1 was amplified by

PCR from the expression plasmid pIREShyg3-L1CAM-iso1-GFP (see

above), and the cytoplasmic tail of L1CAM isoform 2 from the expres-

sion plasmid pcDNA3-hL1 (forward primer with EcoRI restriction site:

50-CCGGAATTCAAGCGCAGCAAGGGCGGCAA-30; reverse primer with

XhoI restriction site: 50-CCGCTCGAGCTATTCTAGGGCCACGGCA-30).

To obtain the final constructs, the amplified L1CAM tail sequences were

inserted into the expression plasmid pGEX-4T1 (GE Healthcare) encod-

ing for GST between EcoRI and XhoI restriction sites. Correct clones

were validated by sequencing.
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To generate HeLa cells stably expressing L1CAM-iso1-GFP,

pIREShyg3-L1CAM-iso1-GFP expression plasmid was transfected by

nucleofection (Lonza, Amaxa Cell Line Nucleofector Kit R, VCA-1001)

and selection was carried out with 0.25 mg ml�1 Hygromycin B for

10 days. Surviving colonies were harvested and grown individually.

The selection pressure was decreased to 0.125 mg ml�1 Hygromycin

B for further culture. Only the fluorescent colonies were conserved.

4.8 | Flow cytometry

The flow cytometer Guava easyCyte (Merck-Millipore) was used for the

measurements of loss-of-surface assay (Figures 1A, B, 3B and 4A), of

protein surface level, of galectin binding (Figure S6A, C, E, G) and of con-

tinuous uptake of galectins (Figure S6B, D, F, H). 10 000 cells were

counted per condition and median fluorescence intensity was measured.

4.9 | Loss-of-surface assay

The loss-of-surface assays of anti-L1CAM and transferrin (Figures 1A,

B, 3B and 4A) were performed as described previously.16 Briefly,

transfected cells were pre-incubated in DMEM containing 25 mM

HEPES (Gibco, 32 430 027) and 10% FBS for 30 min at 37�C under

5% CO2. For transferrin, cells were pre-incubated in the same medium

without FBS (and no FBS was added to the culture medium for the

rest of the experiment). Then, plates were transferred on ice and

washed with ice-cold culture medium. Cells were incubated with ice-

cold culture medium with anti-L1CAM (2.5 μg ml�1) or transferrin-

biotin (1:500) for 30 min on ice. After several washes, pre-warmed

culture medium was added on the cells, and they were put back to

37�C under 5% CO2 for different times to launch endocytosis. One

plate was kept on ice to provide the cell surface level of the cargoes,

corresponding to the 0 min time point (0% endocytosis). Cells were

put on ice again to stop endocytosis, washed with ice-cold PBS++

(PBS supplemented with 0.4 mM MgCl2 and 0.9 mM CaCl2) with 0.2%

BSA and incubated in the same solution for 15 min. The remaining

anti-L1CAM at the cell surface was then labelled with fluorescent sec-

ondary antibodies Alexa Fluor 488 or 647 (1:250) during 30 min in

ice-cold PBS++ with 0.2% BSA. The remaining transferrin-biotin at

the cell surface was labelled with the fluorescent streptavidin Alexa

Fluor 647 (1:250) in the same conditions. Cells were then washed sev-

eral times, and finally detached by an incubation of 45 min in ice-cold

PBS with EDTA 4 mM. Cell suspensions were kept on ice until mea-

surements by flow cytometry. The percentage of endocytosis at each

time point was derived from the fraction of the remaining cell surface

signal reported to the total surface signal at time 0.

4.10 | Surface level measurement

For uptake experiments on transfected cells (Figures 1C, 3A, C, 4B, C,

5F, H and S4B) or on cells treated with Genz or Kifunensine

(Figures 6H and S7D, E) surface level measurements of L1CAM were

performed in order to correct the total uptake of the cargo measured

per cell (see the “Quantification of cargo uptake from confocal images”
section). Briefly, cells were pre-incubated in DMEM supplemented with

25 mM HEPES and 10% FBS for 30 min at 37�C under 5% CO2. Then,

plates were transferred on ice and washed with ice-cold PBS++ con-

taining 0.2% BSA, and incubated for 15 min in this solution. Cells were

then incubated with ice-cold PBS++/0.2% BSA containing anti-

L1CAM (2.5 μg ml�1) for 30 min on ice. After several washings, cells

were incubated in ice-cold PBS++/0.2% BSA with secondary anti-

bodies conjugated to Alexa Fluor 488 or 647 (1:250). Cells were

washed again, and finally detached after an incubation of 45 min in ice-

cold EDTA 4 mM. Cell suspensions were kept on ice until analysis by

flow cytometry. For the measurements of efficacy and specificity of the

galectin inhibitors at 4�C (Figure S6A, C, E, G), the protocol is similar

except that cells were first incubated for 30 min at 37�C under 5% CO2

in pre-warmed Lactose Buffer (150 mM lactose, 20 mM HEPES,

45 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, pH 7.2) to com-

pete any present galectins. Then, for the labelling step, cells were incu-

bated in ice-cold PBS++/0.2% BSA with the inhibitors at the specified

concentration and the fluorescent galectins (50 nM Gal1-Cy5, 200 nM

Gal3-A488, 50 nM Gal8-Cy5, 50 nM Gal8-N-CRD-Cy5), for 1 h on ice.

4.11 | Continuous uptake in flow cytometry

For the measurements of efficacy and specificity of the galectin inhib-

itors at 37�C (Figure S6B, D, F, H), the inhibitors at the specified con-

centration and the fluorescent galectins (50 nM Gal1-Cy5, 200 nM

Gal3-A488, 50 nM Gal8-Cy5, 50 nM Gal8-N-CRD-Cy5) were first

incubated in DMEM supplemented with 25 mM HEPES at 37�C for

10 min. Then, the mix was incubated on cells for 30 min at 37�C, 5%

CO2. Next, plates were transferred on ice to directly go to the final

cell detachment step.

4.12 | Light microscopy

For immunofluorescence studies, cells were fixed in 4% PFA at 37 �C

for 15 min (Figures 2A, B, 3D, 4D, 5D, E and S2) or for 10 min at 4�C

followed by an additional 10 min at room temperature (Figures 1C, 3A,

C, 4B, C, 5F–H, 6A–C, 6E–H, S4B and S7A–E). All other subsequent

steps were performed at room temperature. PFA was quenched with

50 mM NH4Cl for 15 min. Cells were then permeabilised with a solution

of 0.02% saponin and 0.2% BSA in PBS for 30 min, and incubated with

primary or secondary antibodies diluted in the same solution for 40 min.

Samples were mounted with Fluoromount-G (Invitrogen, 00-4958-02).

Fixed samples were imaged with a Zeiss LSM 710 confocal microscope

equipped with an Airyscan 34-channel detector and with a Plan Apo

63� numerical aperture (NA) 1.4 oil immersion objective.

For live-cell imaging (Figures 3E, 4E–I, S3, S5 and Movies S5–S9),

cells were grown to sub-confluence on 24-well SensoPlate glass bot-

tom (Greiner bio-one, 662892) and observed at 37 �C under 5% CO2.
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Live-cell confocal images were acquired on the previously described

Zeiss LSM710 microscope. Live-cell TIRF images were acquired on a

Zeiss Axio Observer 7 microscope equipped with an iLas azimuthal

TIRF module (Gattaca Systems), an α Plan-Apo 100� NA 1.46 oil

immersion objective and an sCMOS Prime BSI Express camera

(Photometrics). Montages, kymographs and movies were prepared

with Fiji software (NIH).

4.13 | Uptake assays

4.13.1 | Anti-L1CAM antibody uptake in siRNA-
transfected cells

The uptake assays of anti-L1CAM antibodies in cells transfected with

specified siRNA (Figures 1C, 3A, C, 4B, C, 5F, H and S4B) were performed

as described previously.16 In order to reach sub-confluence on the day of

the experiment, cells were seeded in 4-well plates 16-24 h before the

experiment. Briefly, transfected cells were pre-incubated in DMEM sup-

plemented with 25 mM HEPES and 10% FBS for 30 min at 37�C, 5%

CO2. Cells were then incubated in pre-warmed culture medium contain-

ing anti-L1CAM antibody (2.5 μg ml�1) for 10 or 30 min at 37�C, 5%

CO2. Next, plates were transferred on ice and washed with ice-cold PBS

++ to stop intracellular trafficking processes. The remaining antibodies at

the cell surface were removed by three 20-s ice-cold acid washes

(300 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 0.2 M acetic acid,

pH 2.5). Cells were quickly and repeatedly washed with ice-cold PBS++.

Then, cells were fixed, permeabilised, incubated with the secondary anti-

bodies, and mounted as described in “Light microscopy” section.

4.13.2 | Anti-L1CAM antibody uptake in cells
treated with inhibitors

For these experiments, the protocol is similar but with various pre-

incubations:

• Galectins inhibitors (Figure 6G): Inhibitors solubilised in DMSO

(GB1107 and GB1490: 3 μM; 19a and 10b: 50 μM) were first incu-

bated in culture medium supplemented with FBS at 37�C for

10 min. Then, the inhibitor mix was put on the cells for 30 min at

37�C under 5% CO2. Next, anti-L1CAM antibody (2.5 μg ml�1) was

added to each well for an additional 10 min.

• Glycosphingolipid depletion (Figure 6H): Cells were pre-treated for

48 h with 5 μM Genz-123 346.

• 10 mM LacNAc (Figure 6E): Cells were pre-incubated in serum-free

culture medium with 10 mM LacNAc for 5 min at 37�C under

5% CO2. Then, cells were incubated in the same culture medium

containing anti-L1CAM antibody (2.5 μg ml�1) with or without 10%

FBS, or with 10 mM LacNAc, for 10 min at 37�C under 5% CO2.

• Neuraminidase treatment (Figure S7C): Cells were pre-incubated in

serum-free culture medium supplemented with Neuraminidase

(1:100, 35 mU per well) for 2 h30 at 37�C under 5% CO2.

• Mannosidase inhibition (Figure S7D, E): cells were pre-treated for

48 h with 2 μg ml�1 Kifunensine. For Figure S7D, cells were pre-

incubated in DMEM supplemented with 25 mM HEPES and 10%

FBS for 30 min at 37�C, 5% CO2. For Figure S7E, cells were pre-

incubated serum-free culture medium supplemented with 10 mM

LacNAc for 30 min at 37�C under 5% CO2. Then, cells were incu-

bated in pre-warmed culture medium with anti-L1CAM antibody

(2.5 μg ml�1), with or without 10% FBS, for 10 min at 37�C, 5% CO2.

4.13.3 | Galectin uptake

For the uptake of Gal3-A488 and Gal8-Cy3 (Figure S7B), cells were

first treated with Neuraminidase for 2h30 (see above). Then, cells

were incubated in DMEM supplemented with 25 mM HEPES and

50 nM Gal3-A488 or 50 nM Gal8-Cy3 for 10 min at 37�C under 5%

CO2. Next, plates were transferred on ice and washed with ice-cold

PBS++ to intracellular trafficking processes. The remaining galectins

on the cell surface were removed by three 5-min ice-cold Lactose

Buffer washes (150 mM lactose, 20 mM HEPES, 45 mM NaCl, 5 mM

KCl, 1 mM MgCl2, 1 mM CaCl2, pH 7.2). Cells were quickly washed

again with ice-cold PBS++. Then, cells were fixed and mounted as

described in “Light microscopy” section.

4.13.4 | Co-uptake of anti-L1CAM antibody and
galectins

The binding of ligands to the cell surface was performed sequentially—

galectins first, antibody second—as galectins are susceptible to bind to

glycosylations of antibodies, creating biased co-localisation

(Figure 6A–C). Briefly, cells were first pre-incubated in Lactose Buffer

for 30 min at 37�C, 5% CO2. Next, plates were transferred on ice,

washed with ice-cold PBS++ and incubated in ice-cold DMEM supple-

mented with 25 mM HEPES and a galectin (50 nM Gal1-Cy5, 200 nM

Gal3-A488 or 50 nM Gal8-Cy3) for 20 min. Then, cells were washed

again with ice-cold PBS++, incubated in ice-cold culture medium con-

taining anti-L1CAM antibody (2.5 μg ml�1) for 20 min, and washed a

third time. Afterwards, cells were switched to 37�C in pre-warmed cul-

ture medium for 10 min, to launch endocytosis. Plates were then placed

back on ice, washed first with ice-cold PBS++, followed by three

5-min ice-cold Lactose Buffer washes and three 20-s ice-cold acid

washes. Ice-cold PBS++ washes were performed before and after each

wash. Then, cells were fixed, permeabilised, incubated with the second-

ary antibodies and mounted as described in “Light microscopy” section.

4.13.5 | Continuous uptake in immunofluorescence

Cells were seeded in 4-well plates 16-24 h in advance to reach

sub-confluence on the day of the experiment. On the day of

experiment, for continuous uptake of anti-L1CAM antibody

(Figures 3D, 4D and 5E), cells were pre-incubated in culture medium
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supplemented with FBS, for 30 min at 37�C, 5% CO2. Then, cells were

incubated for 5 or 10 min in culture medium with anti-L1CAM antibody

(2.5 μg ml�1). For continuous uptake of transferrin and anti-L1CAM

antibody over time (Figure 2A, B), cells were first placed on ice

and washed with ice-cold PBS++. Then, they were incubated with

transferrin-A488 (10 μg ml�1) or anti-L1CAM antibody (2.5 μg ml�1) in

ice-cold PBS++ for 30 min, followed by several washes with ice-cold

PBS++. Afterwards, cells were switched to 37�C, 5% CO2 in pre-

warmed PBS ++ for various times, to launch endocytosis. Finally, for all

experiments, cells were fixed, permeabilised, incubated with the second-

ary antibodies and mounted as described in “Light microscopy” section.

4.13.6 | STxB binding

To measure the efficiency of Genz-122 346 (Figure S7A), STxB bind-

ing at the cell surface was achieved by confocal microscopy. First,

cells were pre-treated for 48 h with 5 μM Genz-123 346. Then, cells

were directly incubated in pre-warmed DMEM supplemented with

25 mM HEPES, 10% FBS and 200 nM STxB-A488 for 10 min at 37�C,

5% CO2. Then, cells were fixed, permeabilised, incubated with the

secondary antibodies and mounted as described in “Light microscopy”
section.

4.14 | STxB and CTxB-induced plasma membrane
tubulation

These experiments (Figure S2) were performed as previously

described.11 Briefly, cells were pre-incubated for 15 min at 37�C, 5%

CO2 in ATP depletion medium, composed of PBS++ supplemented

with 10 mM 2-deoxy-D-glucose (Sigma, D8375) and 10 mM NaN3.

Then, cells were incubated in the same pre-warmed medium supple-

mented with 200 nM STxB-Cy3 or 0.2 μg ml�1 CTxB-A488 for

15 min at 37�C, 5% CO2. Finally, cells were fixed and permeabilised,

L1CAM was detected by immunofluorescence and samples were

mounted as described in “Light microscopy” section.

4.15 | Live-cell lattice light-sheet microscopy

The experiment (Figure 2E–G and Movies S1–S4) was performed in

genome-edited U2OS cells expressing endogenous levels of clathrin

light chain (CLTA) tagged with mRFP. The endocytosis experiments of

fluorescent anti-L1CAM antibody or transferrin were performed as

previously established with minor modifications.16 In brief, U2OS-

CLTA-mRFP cells were plated 6 h before imaging on 5 mm #1.5

coverglass (Electron Microscopy Sciences, cat#72195-05). Media

was changed to CO2-independent lattice light-sheet (LLS) imaging

media (phenol-red free DMEM, high glucose, glutamax, supplemented

with sterile 1% BSA, 0.01% penicillin and streptomycin, 1 mM

pyruvate and 20 mM HEPES [pH 7.3]). Cells were incubated for

2 min with anti-L1CAM-Alexa647 antibody (90 nM, Biolegend, clone

L1-OV198.5, labelling efficiency 3.5) or with transferrin-Atto647N

(50 nM, labelling efficiency 4) diluted in LLS-imaging media at 21�C.

The coverslips were transferred into the imaging chamber containing

LLS-imaging media at 30 �C (for increased stability of the optical sys-

tem). 4D acquisition started within 2–3 min using a commercial LLS-

microscope of 3i (Denver, USA), as previously described.94 Cells were

scanned incrementally with a 20 μm long light sheet in 600 nm steps

using a fast piezoelectric flexure stage equivalent to �325 nm with

respect to the detection objective and were imaged using two sCMOS

cameras (Orca-Flash 4.0; Hamamatsu, Bridgewater, NJ). Excitation

was achieved with a 560 or 642 nm diode lasers (MPB Communica-

tions) at 10 acousto-optic tunable filter transmittance with 100 mW

initial box power through an excitation objective (Special Optics

28.6� 0.7 NA 3.74 mm water-dipping lens) and detected via a Nikon

CFI Apo LWD 25� 1.1 NA water-dipping objective with a 2.5� tube

lens. LLS imaging was performed using an excitation pattern of outer

NA equal to 0.55 and inner NA equal to 0.493. A composite volumet-

ric dataset of 60 slices per cell was acquired within 3 s using 20 ms

exposure per slice and channel. 50 time points were acquired per cell.

Raw images of obtained datasets were quantitative analysed using an

adapted version of cmeAnalysis3D software published previously16,95

and as described in the “Quantitative analysis and visualisation of live

cell lattice light-sheet dataset” section.

4.16 | Pull-down assays

Pull-down (Figure 5A, B) were performed as described in Reference 16

with slight modifications. Briefly, 2 L of BL-21 Escherichia coli were

transformed with GST-iso1, GST-iso2 and GST constructs (see “Plasmid

transfection and DNA constructs” section). Protein synthesis was

induced with 100 μM IPTG (Sigma, 16758) for 3 h at 30�C. From here,

each step was done at 4�C or on ice. Cell cultures were centrifuged at

8000�g, the pellets were washed with water, centrifuged again at

8000�g and finally the pellets were resuspended in a lysis buffer com-

posed of 150 mM NaCl, 25 mM HEPES, pH 7.4 and 2 mM EDTA com-

plemented with 1 mM PMSF, 2 mM DTT, 100 μg ml�1 lysozyme

(Sigma, 62 970) and protease inhibitor cocktail. Cells were kept on ice

for 30 min and lysed by snap-freezing in liquid nitrogen, quick thawing

and three 20 s sonications (amplitude 40). Lysates were clarified by

ultracentrifugation in a Beckman Ti45 rotor for 30 min at 41000 rpm

(�131 000�g). The supernatant, containing the proteins, was bound to

2 ml of Glutathione Sepharose resin (GE Healthcare, GE17-5132-01),

previously equilibrated with the lysis buffer (150 mM NaCl, 25 mM

HEPES, pH 7.4 and 2 mM EDTA), for 1 h under agitation on a tube

roller. Resin was washed twice with 20 ml of lysis buffer and twice with

40 ml of wash buffer (500 mM NaCl, 25 mM HEPES, pH 7.4 and 2 mM

EDTA). Finally, protein-bound resins were resuspended in 1.5 ml of lysis

buffer complemented with 0.02% NaN3.

HeLa cells stably expressing GFP-tagged endoA3 or transiently

expressing PSTPIP1-GFP, were transferred on ice and washed with

ice-cold PBS. Cells were lysed with the same lysis buffer used before,

complemented with 1 mM PMSF, 1% NP-40, phosphatase inhibitor
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cocktail, and protease inhibitor (PhosSTOP, Roche, 04906845001),

incubated on ice for 30 min, followed by three 20-s sonications

(amplitude 40). Lysates were centrifuged for 15 min at 14000�g. The

supernatant was exposed to 100 μl of each resin (GST alone, GST-

iso1, GST-iso2) for 2 h at 4�C on a rotation wheel. The samples were

centrifuged at 500�g and washed five times with a washing buffer

(200 mM NaCl, 25 mM HEPES, pH 7.4 and 2 mM EDTA complemen-

ted with 1% NP-40). The resin was resuspended in sample buffer

(62.5 mM Tris–HCl, 2% SDS, 5% glycerol, 2.5% β-Mercaptoethanol,

0.005% blue bromophenol) and heated at 95�C for 10 min for elution.

10 μl of each sample were run on SDS-PAGE (“input” lane corre-

sponds to the total cell lysate diluted 30 times). The proteins were

transferred and immunoblotted using anti-ezrin, anti-endoA3, anti-

GFP and anti-endoA2 antibodies. In addition, gels were stained with

InstantBlue Coomassie (abcam, ab119211) to control the amount of

GST fragments in each sample.

4.17 | cDNA production

cDNA production was performed as described in Reference 16 with

slight modifications.

4.17.1 | RNA extraction

RNA extraction was performed with TRIzol (Invitrogen, 15596026),

according to manufacturer's instructions. Briefly, cells from one con-

fluent flask or 10 cm diameter dish were harvested by trypsinisation,

and then centrifuged. The pellet was resuspended in 1 ml of TRIzol

and incubated at room temperature for 5 min. 200 μl of chloroform

was added in the sample. Then, the sample was mixed by vortexing

and centrifuged at 12000�g for 15 min at 4�C, to allow phase separa-

tion. The upper aqueous phase containing RNA was retrieved. 500 μl

of isopropanol was added to the sample. This was incubated for

10 min at room temperature to allow RNA precipitation. Then, the

sample was centrifuged at 12000�g for 10 min at 4�C. The superna-

tant was discarded and the pellet obtained was washed in 75% etha-

nol (v/v). A final centrifugation was performed at 7500�g for 5 min at

4�C, the supernatant was discarded, and the sample was air-dried at

room temperature for ±10 min. The pellet was resuspended in 25 μl

of water and heated at 55�C for 10 min. RNA concentration was mea-

sured with a Nanodrop device and adjusted at 500 ng ml�1.

4.17.2 | Reverse transcription

Production of cDNA from RNA was performed with QuantiTect

Reverse Transcription Kit (Qiagen, 205 311), according to manufac-

turer's instructions. Briefly, traces of genomic DNA were first elimi-

nated, followed by reverse transcription for 15 min at 42�C. The

reverse transcriptase was inactivated by eating 3 min at 95�C. cDNA

was obtained from 1 μg RNA and stored at �20�C.

4.18 | Quantification of gene expression by qPCR

4.18.1 | Primer design

Primers for qPCR were designed using the “NCBI Primer Designing

Tool”. The protein PSTPIP1 was targeted with two couples of primers

(forward primer #1: 50-GCTTCTGGATGGCAGGAAGA-30; reverse

primer #1: 50-CGATCTGCACCAGCTCCTTC-30; forward primer #2:

50-AGCTGCAGTTCAAAGATGCC-30; reverse primer #2: 50-TGCA-

CATCTTCCTGCCATCC-30). Three genes were chosen as reference:

ACTB (forward primer: 50-CCTCGCCTTTGCCGATCC-30; reverse primer:

50-CTCGTCGCCCACATAGGAAT-30), GAPDH (forward primer: 50-GGT

CACCAGGGCTGCTTTTA-30; reverse primer: 50-TTCCCGTTCTCAGCCT

TGAC-30) and 18 s RNA (forward primer: 50-GGCCCTGTAATTGGAAT-

GAGTC-30; reverse primer: 50-CCAAGATCCAACTACGAGCTT-30).

4.18.2 | qPCR

qPCRs were performed with qPCR Mastermix Plus for SYBR Green

(Eurogentec, RT-SN2X-06+) on StepOnePlus (Applied Biosystems)

real-time PCR machine. Efficiency of primers was comprised between

90 and 110%.

4.19 | Cell lysates

To obtain cell lysates for western-blot analysis (Figures 1D, 5C, G and

S7F), cells were lysed with 50 μl of sample buffer and then heated at

95�C for 10 min. Lysates were conserved at �20�C. For the lysates

treated with Endo Hf (Figure S7F), 10 μg of protein lysate was

digested with Endo Hf for 1 h at 37�C.

4.20 | Western-blot

For all western-blot (Figures 1D, 5C, G and S7F), 8 μl of prestained

protein ladder (Thermo Scientific, 26 617) and 5 to 10 μg of protein

lysate were loaded on a Mini-Protean TGX 4%–15% gel, 10 or

15 wells (Biorad, 4 561 084 or 4 561 086). Migration was per-

formed in a TRIS-Glycine buffer for 30 min at 200 V, with a Power-

Pac machine (Biorad, 1645052). The proteins were transferred with

the Trans-Blot Turbo machine (Biorad, 1704150) for 3 min at 2.5A

and 25 V, using a Trans-Blot Turbo Transfer Pack (Biorad,

1704156). The membranes were cut according to the size of the

proteins of interest. Membranes were saturated in a PBS, Tween

20 0.1% and 5% milk solution for 30 min at room temperature, fol-

lowed by the primary antibody incubation in the same solution for

at least 1 h at room temperature or over-night at 4�C. Membranes

were washed three times with PBS, Tween 20 0.1% and then incu-

bated for a least 1 h in secondary antibody solution. Membranes

were washed three times and then revealed by chemiluminescence

with West Femto (Thermo Scientific, 34095) in an Amersham
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Imager 600 machine (GE Healthcare, 29-0834-61). Images were

treated and cropped with (Fiji Is Just) ImageJ 2.3.0/1;53t (NIH)

software.

4.21 | Image quantifications

All image quantifications were performed with (Fiji Is Just) ImageJ

2.3.0/1;53t (NIH) and Icy v2.4.2.0 (Institut Pasteur) softwares, except

for LLSM images. For LLSM image quantifications, please see the

“Quantitative analysis and visualisation of live cell lattice light-sheet

dataset” section.

4.22 | Quantitative analysis and visualisation of
live-cell lattice light-sheet dataset

Post-processing of raw data volumes was carried out as described

previously.95 Automated detection of clathrin-coated structures or

punctate structures of fluorescently labelled cargoes (CD171 antibody

or transferrin) in 3D was performed by numerical fitting with a model

of the microscope point spread function (PSF) as described previ-

ously.95 Automated tracking of cargo and clathrin was calculated using

the u-track software package,96 included in the cmeAnalysis3D

software,95 which was implemented in Matlab 2021b. We used cla-

thrin and cargo detection positions to map the membrane shape using

the Matlab function of alphaShape. We then calculated the displace-

ment of each cargo from the plasma membrane position orthogonally

into the interior of the cell. The distinction between point-like struc-

tures moving inside the plasma membrane and the internalised mole-

cules, whether clathrin-dependent or clathrin-independent, was made

using membrane position detection. An event was counted as an

endocytic event if an object undergoes a net displacement of at least

150 nm from the initial position inside the membrane proximal zone.16

The membrane proximal zone was limited by the contour of the alpha-

Shape and a line 400 nm inwards of the cell.16 To calculate the num-

ber of clathrin-dependent and clathrin-independent events, the

presence of clathrin was assessed for each qualified internalisation

event of the cargo channel using the cmeAnalysis3D software. Only

tracks with duration of more than 13.5 s were used for the analysis.

The calculation of the lifetime distributions and intensity cohorts were

performed as described previously in detail.95 The raw LLSM images,

used in Figure 2F, G and in Movies S1–S4, were deconvolved using

LLSpy v0.4.397 before video rendering and visualisation using

Napari.98 The analysis code can be found as part of the Github reposi-

tory of llsmtools in https://github.com/francois-a/llsmtools/.

4.23 | Quantification of cargo uptake from
confocal images

Cargo uptake quantification was performed as described previously.16

Confocal images were quantified using Icy software. Briefly, regions

of interest (ROIs) were drawn manually around each cell. Within each

cellular ROI, bright spots corresponding to endocytic structures were

automatically detected over dark background using the “Spot Detec-

tor” plugin. The plugin performs image denoising by computing wave-

let adaptive threshold (WAT) on the union of all ROIs present in an

image. This automatic thresholding was then manually adjusted,

depending on the size of the spots: for each independent experiment,

we chose scale 2 and adjusted sensitivity empirically. As an output,

we obtained the number of endocytic structures within each cell and

their respective intensities, which we summed to obtain the total

uptake of the cargo per cell. These uptake values were then corrected

with the surface level of the proteins (see the “Surface level measure-

ment” section). For each experiment, data were normalised to the

control condition (set as 100%).

4.24 | Quantification of co-localisation

Quantification of co-localisation between two channels was per-

formed using an object-based method with the JACoP plugin99 in Ima-

geJ software. First, background was substracted using a rolling ball

radius of 50 pixels, the outline of the cell was drawn manually and

everything outside was cleared in order to have one single cell per

image. Then, protein spots were detected by finding maxima in the

images using the “find maxima” plugin of ImageJ, whose noise toler-

ance parameter was set up visually independently for each channel.

This generated a map of the spots, and the spots were grown by

expansion to 2-pixel radius. Finally, the JACoP plugin was used and

measured the co-localisation based on distance between centres of

mass. This provided the data for the “specific co-localisation”. To
measure the “random co-localisation”, the spot map of a channel was

rotated by 90� to measure co-localisation due to chance. The results

were expressed as the percentage of co-localising spots over the total

number of spots in one of the two channels.

4.25 | Co-localisation of tracks in TIRF time series

Co-localisation of tracks (Figure 4F) was performed with Fiji 1.53t

(NIH) and JMP Pro v16.0 software. Briefly, for each channel, tracks

were detected in Fiji thanks to the TrackMate plugin.100 For spot

detection, the radius was set to 0.25 μm and the sensitivity threshold

was adjusted depending on protein expression levels. The tracking

was done with the LAP tracker with a maximum distance between

two spots of 0.3 μm and a maximum gap of one frame. The minimum

duration of tracks was set to 3 frames and only tracks starting

and ending during the imaging period were considered. Then, the

co-localisation between endoA3 and PSTPIP1 tracks was determined

using a custom script written in JMP. To co-localise, tracks had to be

within a maximum distance of 0.3 μm. Finally, the mean time of

appearance/disappearance was calculated for the co-localising tracks,

and the time 0 was arbitrarily defined by the initiation of PSTPIP1

tracks.
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4.26 | Statistical analyses

All statistical analyses were performed using GraphPad Prism 7.04

software. D'Agostino–Pearson omnibus normality test was used to

check the normality of datasets. If data passed the normality test,

parametric tests were used, and data were plotted on graphs as mean

± SEM as error bars. If data did not pass the normality test, nonpara-

metric tests were used, and data were plotted on graphs as median

± 95% CI as error bars. Details on the parametric and nonparametric

tests used for each analysis are indicated in figure legends. Signifi-

cance of comparisons is represented on the graphs by asterisks.
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