
HAL Id: hal-04792968
https://hal.science/hal-04792968v1

Preprint submitted on 20 Nov 2024

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Interactions of netrin-1 through its glycosylation sites
immobilize Deleted in Colorectal Cancer (DCC) by favoring

its constitutive clustering
Karen Uriot, Olivier Blanc, Nicolas Audugé, Orestis Faklaris, Olivier Blanc,

Nathalie Chaverot, Evelyne Bloch-Gallego, Nicolas Borghi, Maïté Coppey-Moisan,
Philippe P Girard

To cite this version:
Karen Uriot, Olivier Blanc, Nicolas Audugé, Orestis Faklaris, Olivier Blanc, et al.. Interactions of netrin-1
through its glycosylation sites immobilize Deleted in Colorectal Cancer (DCC) by favoring its constitutive
clustering. 2024. ⟨hal-04792968⟩

https://hal.science/hal-04792968v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


Interactions of netrin-1 through its

glycosylation sites immobilize

Deleted in Colorectal Cancer (DCC) by

favoring its constitutive clustering

Karen Uriot1, Olivier Blanc1, Nicolas Audugé1, Orestis Faklaris1, Olivier Blanc1,

Nathalie Chaverot2, Evelyne Bloch-Gallego2, Nicolas Borghi1, Maïté

Coppey-Moisan1†, Philippe P. Girard1†

*For correspondence:

philippe.girard@ijm.fr (PPG);

maite.coppey@ijm.fr (MC)

†These authors contributed

equally to this work

1Université Paris Cité, CNRS, Institut Jacques Monod, F-75013 Paris, France; 2Université

Paris Cité, INSERM U. 1016, CNRS UMR 8104, F-75006, Paris, France

Abstract Netrin-1 is a protein that attracts neurons expressing the membrane receptor

Deleted in Colorectal Cancer DCC. In colon carcinoma, the interaction between netrin-1 and DCC

prevents apoptosis. Crystallographic data suggest that these processes involve the clustering of

DCC, the observation of which in cells remains elusive, as do the molecular determinants of

DCC-netrin-1 interactions and their impact on DCC organization and mobility. To address these

questions, we used fluorescence photobleaching, single-particle tracking and super-resolution

techniques to characterize DCC organization and mobility on the cell surface. Our results show

that netrin-1 impedes DCC mobility in the plasmamembrane by promoting the growth of

constitutive DCC nanoclusters at the expense of free DCC. Furthermore, we show that these

effects are mediated primarily by the three glycosylation sites in the LamVI domain of netrin-1

and, to a lesser extent, by the C-terminal domain and its RGD binding site.

Introduction
Netrins are secreted extracellular proteins that are involved in axon guidance (Bloch-Gallego et al.,

1999; Hedgecock et al., 1990; Serafini et al., 1996; Keino-Masu et al., 1996; Kolodziej et al., 1996;

Fazeli et al., 1997; Tessier-Lavigne et al., 1988; Hamelin et al., 1993). While initially identified for

their ability to orient axons in the developing central nervous system, netrins are also involved

in sculpting neuronal architectures and wiring the brain through the regulation of neuron branch-

ing (Dent et al., 2004), synaptogenesis (Xu et al., 2004) and axon regeneration (Dun and Parkinson,

2017). Moreover, netrins influence tissue morphogenesis and structural maintenance outside of

the central nervous system by directing cell migration and regulating cell adhesion (Hinck, 2004;

Baker et al., 2006;Hebrok and Reichardt, 2004; Yebra et al., 2003;Marcos et al., 2009;Rappaz et al.,

2016), andarealso implicated in tumorigenesis and cancer invasiveness (Chen et al., 2017; Fitamant et al.,

2008; Ylivinkka et al., 2016). Netrin-1 is the prototype of the netrin family of laminin-related pro-

teins. Its N-terminal sequence contains the Laminin VI domain and the Laminin V domain that con-

sists in three epidermal growth factor (EGF) repeats (Yamagishi et al., 2015). Its positively charged

C-terminal domain contains an RGD motif allowing binding to integrins (Bányai and Patthy, 1999).

The receptor Deleted in Colorectal Cancer (DCC) is the generic receptor of netrin-1 involved in at-

tractive responses in contexts of axon guidance, cellmigrationand tumorigenesis (Fearon and Vogelstein,
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1990). DCC is a transmembrane protein characterized by the presence of four Ig domains and six

fibronectin type III (FNIII) repeats in its extracellular domains (Hedrick et al., 1994). Additionally,

DCC intracellular domain contains a caspase-3 proteolysis site at Asp 1290 (Mehlen et al., 1998).

Functional studies in C. elegans have shown that both the laminin VI, EGF-2 and EGF-3 repeat do-

mains of netrin-1 are required for dorsal and ventral axon migrations (Lim and Wadsworth, 2002).

Structural studies have revealed three sites of interaction between Netrin-1 and DCC in the crys-

talized complex of netrin-1 deleted of its C- terminal domain and different isolated fragments of

DCC (Xu et al., 2014; Finci et al., 2014). However, only some of these interactions were confirmed

in biochemical assays (Geisbrecht et al., 2003). Nevertheless, a model based on netrin-1 interac-

tions with FNIII repeats of DCC proposes that netrin-1 signaling emerges from netrin-1-induced

DCC homodimerization followed by large-scale clustering (Finci et al., 2014, 2015). On the other

hand, fluorescence microscopy studies suggest that exposure to netrin-1 increases cell surface

levels of DCC (Gopal et al., 2016) and micrometer-scale clustering at the surface of cortical ax-

ons (Bouchard et al., 2004;Matsumoto and Nagashima, 2010). However, the roles of the different

netrin-1 domains in the interaction with full length DCC in a physiological cell context remain to be

determined.

Here, we address this question by investigating the effects of various mutants of netrin-1 on the

mobility and the nanoscale organization of DCC in human HEK 293T embryonic kidney cells and

in human Caco-2 colorectal cancer cells, two model cell lines of netrin-1/DCC signaling that do not

endogenously express netrin-1 or DCC (Mehlen et al., 1998). Altogether, our results converge to-

ward a model by which DCC mobility emerges from its constitutive nanoscale clustering, which is

promoted by netrin-1 interaction primarily through its glycosylation sites and to a lesser extent

through its RGD site.

Results

Recombinant netrin-1-mCherry is chemoattractive and captured by neurons

To visualize netrin-1 in live cells, we made a recombinant full-length netrin-1 tagged with mCherry

at its C-terminus (FL, Fig. 1A). We measured its attracting effect on neurons in a chemotaxis assay

betweenmouse rhombic lip explants and aggregates of either HEK EBNA cells stably expressingun-

labeled recombinant netrin-1 (HEK NTN1, Fig. 1B and C), or HEK293T stably expressing full-length

netrin-1 tagged with mCherry (HEK FL, Fig. 1D). As expected, the surface area covered by axons

elongating from spinal cord explants as well as the surface area occupied by nuclei performing

nucleokinesis were both larger towards the HEK NTN1 aggregate (proximal growth and nucleoki-

nesis) than in the opposite direction (distal growth and nucleokinesis) (Fig. 1E-F). Moreover, we

found that the neural explant exhibited the same behavior toward HEK FL cells. This confirms that

FL is functional at attracting neurons. Moreover, we found that FL colocalized with proximal but

not distal axons from the neural explants (Fig. 1D). This shows that neurons capture FL secreted

by HEK cells.

Netrin-1 glycosylation is the major determinant of its recruitment by DCC at the cell sur-

face

To address the roles of netrin-1 domains and post-translational modifications on its capture by its

receptor DCC, we derived deleted or mutated variants from the FL construct stably expressed in

HEK cells: a variant deleted of its Lamin VI domain (dLamVI) and one where we mutated the four

putative N-glycosylated asparagines (AAC) to alanines (GCC) in the LamVI (N97, N118 and N133)

and LamV-3 (N419) domains (glycoM), one deleted of its C-terminus (dC) and one with an RGE se-

quence replacing the integrin-binding RGD in the C-terminus (RGE) (Fig. 2A).

To validate the secretion of netrin-1 variants and their capture by cells expressing DCC, we quan-

tified by Fluorescence Activated Cell Sorting (FACS) the proportion of “green”-positive and “red”-

positive cells in co-cultures of HEK cells expressing them or mCherry alone together with HEK cells
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Figure 1. (A) Full length netrin-1 construct (FL). LamVI = Laminin G domain, EGF = epidermal growth factor

(EGF)-like repeat, Cter = C-terminal domain, 6xHis tag = six consecutive histidine residues. (B) Principle of

quantification of neuritic outgrowth and neuronal migration. Proximal and distal quadrants (grey) for neuritic

processes and cell bodies quantification. (C-D) Rhombic lip explants from E12 mouse embryos cocultured 72

hours with aggregates of HEK EBNA cells secreting unlabeled recombinant netrin-1 (HEK NTN1) (C) or HEK

cells secreting full-length netrin-1 tagged with mCherry (HEK FL) (D). Scale bar: 500 µm. (E) Surface area

covered by neuritic processes in the proximal and distal quadrants. (F) Surface area covered by cell nuclei in

proximal and distal quadrants. Mean ± SEM, ns P > 0.05, ∗∗∗∗ P < 0.0001, ∗∗ P ≤ 0.01, Student’s paired t-tests.
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expressing GFP alone or DCC-GFP (Fig. S1, see Materials and Methods). We observed the capture

of all netrin-1 variants by cells expressing DCC-GFP and to a larger extent than by cells expressing

just GFP (Fig. S1C). Futhermore, in co-cultures with FL, dC and RGE variants, the amount of netrin-1

variant recruited by DCC- GFP cells more strongly correlated with the expression level of DCC-GFP

than it did in co-cultures with mCherry alone, dLamVI or glycoM. It is worth noting that the amount

of any netrin-1 variant recruited by GFP cells was low and did not correlate with GFP levels. These

findings support that a DCC-specific capture of netrin-1 occurs and that it requires intact putative

glycosylation sites of netrin-1, while its C- terminus and the RGD peptide are dispensable.

Then, we examined the relative subcellular localizationsof netrin-1 andDCCby confocalmicroscopy

in fixed Caco-2 cell lines expressing netrin-1-mCherry variants or mCherry alone and transiently

transfected with DCC-GFP, to mimic autocrine signaling. We found that DCC- GFP localized mainly

at the plasmamembrane and to some extent in intracellular vesicles, in all conditions, even in the

absence of netrin-1 (Fig. 2B). This shows that the presence of DCC at the plasma membrane does

not require cell exposure to netrin-1. Moreover, we found that at the plasma membrane, the lev-

els of FL, dC and RGE variants scaled with that of DCC-GFP, while it was not the case for mCherry,

dLamVI or glycoM (Fig. 2C). In agreementwith FACS of co-cultures, this supports that an interaction

with DCC and netrin-1 occurs at the plasmamembrane and that it requires intact putative glycosy-

lation sites of netrin-1, while its C-terminus and the RGD peptide are dispensable.

Netrin-1 impairs DCC mobility at the minute time-scale by interacting with DCC

To assess the impact of netrin-1 on DCC mobility at the minute time-scale, we conducted fluores-

cence recovery after photobleaching (FRAP) measurements on DCC-GFP (Fig. 3A) in Caco-2 cells

co-expressing the FL construct or the mCherry construct as a control. Control experiments were

also performed on DCC-GFP cells in presence of the AF5 antibody known to prevent the interac-

tion between netrin-1 and DCC (Keino-Masu et al., 1996), or on cell expressing DCC-GFP D1290N

which cleavage by caspases is prevented (Mehlen et al., 1998) (Fig. 3B). For all conditions, DCC-GFP

fluorescence recovered to a stable plateau within minutes (Fig. 3C). A fit with a reaction-diffusion

model showed that FL increased the immobile fraction of DCC-GFP and to a lesser extent the re-

action fraction at the expense of the diffusive fraction (Fig. 3C-D). Addition of the AF5 antibody

reverted the immobile and diffusive fractions of DCC-GFP in cells exposed to netrin-1 close to that

in the absence of netrin-1 (Fig. 3C-D), as expected. Overall, this shows that netrin-1 substantially

stabilizes DCC at the plasma membrane by its interaction with DCC.

In the absence of netrin-1, DCC can be cleaved by caspases (Forcet et al., 2001). In that case, the

GFP-tagged cytoplasmic tail of DCCwould substantially contribute to its diffusive fraction. However,

we found that the D1290Nmutation only marginally affected the immobile and diffusive fractions

of DCC-GFP with or without netrin-1 (Fig. 3C-D). This shows that most of DCC is constitutively full

length, regardless of netrin-1 presence, and that DCC immobilization by netrin-1 does not result

from cleavage prevention but the trapping of the whole receptor.

Netrin glycosylation is the major determinant of DCC mobility impairment by netrin

Next, we assessed the roles of netrin-1 domains on DCC mobility. First, we found that the pres-

ence of the dLamVI and glycoM mutants led to DCC-GFP mobility resembling that seen without FL.

Specifically, the immobile fraction decreased significantly, while the diffusive fraction increased in

comparison to DCC-GFP with FL (Fig. 3E-F). These results highlight the essential role of the putative

glycosylation sites within netrin-1 for immobilizingDCC, particularly those in the LamininVI domain.

Comparatively, the decrease in DCC-GFP immobile fraction and the increase in diffusion fraction

were less pronounced when exposed to the dC and RGE mutants instead of FL (Fig. 3E-F). These

outcomes signify that the C-terminus of netrin-1 and the RGD sequence contribute to a significant

yet moderate extent to DCC immobilization.
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Figure 2. (A) Constructs used in this study: mCherry, and FL and its mutants (dC, dLamVI, glycoM and RGE)

fused to mCherry. (B) Representative confocal images of Caco-2 cells stably expressing constructs in (A)

transiently transfected with DCC-GFP. Scale bar: 20 µm. (C) Overlay of (B) with ROImemb (cyan, see Materials &

Methods) and its pixel fluorogram, r: Pearson’s correlation coefficient. (D) Pearson’s coefficients r (11 < n < 15

cells per construct, mean ± SE), ∗∗∗∗ P < 0.0001. Unpaired two-tailed Mann–Whitney test.
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Figure 3. (A) Representative images of DCC-GFP in Caco-2 cells expressing either FL (top) or mCherry (bottom)

construct during a FRAP experiment. Scale bar: 10 µm. (B) Left: AF5 antibody inhibiting the netrin-1 binding

site of DCC. Right, DCC-D1290N inhibiting cleavage by caspases. (C) Fluorescence recovery curves of DCC-GFP

or DCC-D1290N-GFP in Caco-2 expressing netrin-1 FL or mCherry with or without AF5 antibody (n > 18 cells

per condition, mean ± SEM) (D) Immobile fractions vs. diffusive fractions from (C). (E) Average fluorescence

recovery curves of DCC-GFP in Caco-2 cells expressing FL, dC, dLamVI, glycoM, or mCherry (n ≥ 18 cells per

condition, mean ± SEM). (F) Immobile fractions vs. diffusive fractions from (E).
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Figure 4. (A) Classification of single-molecule trajectories into free diffusion (green), confined diffusion (blue)

and immobile (red) based on their MSD. (B) Representative images of DCC-GFP in Caco-2 cells expressing FL,

dC, RGE, dLamVI, glycoM or mCherry with typical tracks of a particle for each diffusion mode (same colors as

in A). Scale bar: 5 µm (1 µm in zoomed-in panels). (C-E) MSD vs. time lag of free (C), confined (D) and immobile

(E) particles of DCC-GFP in cells above (5000 tracks from n > 10 cells per condition). (F) Immobile fractions vs.

free fractions from the same data as (C-E).Mean ± SEM.

Minute time-scale DCC mobility mostly arises from that at the second time-scale

To better resolve the scale at which DCC immobilization by netrin-1 occurs, we performed single

particle tracking (SPT) of DCC-GFP exposed to netrin-1 and its mutants (see Materials & Methods).

In all conditions, DCC-GFP exhibited an immobile fraction of receptors that remained within a sur-

face of about 20 × 103 nm2 for at least 500ms, a confined fraction that remained within a surface of

about 80 × 103 nm2 within the same time frame, and a free population that diffused without spa-

tial limits (Figs 4A-B and S2). We observed that the diffusion coefficient of free DCC lied around

0.06 µm∕s in the absence of netrin-1 or in the presence of the dLamVI or glycoM mutants, while it

dropped to about twice less in the presence of FL or the dC and RGE mutants (Fig. 4C). Addition-

ally, the confined fraction of DCC remained within a surface of about 80 × 103 µm2 in the absence of

netrin-1 or in the presence of the dLamVI or glycoM mutants while it dropped below 40 × 103 µm2

in the presence of FL or the dC and RGE mutants (Fig. 4D).

Consistently, in the absence of netrin-1, about 10% of DCC was immobile, 60% free and the rest

confined, while in the presence of FL, the immobile fraction raised to more than 30% and the free

fraction dropped to less than 35% (Fig. 4F). In the presence of the dLamVI or glycoM mutant in-

stead, DCC mobility reverted to that in cells not exposed to netrin-1 (Fig. 4F). Conversely, the dC

mutant had a milder effect, with immobile and free fractions of DCC falling around 18 and 50%,

respectively, while the effect of the RGE mutant was not substantially different from that of FL (Fig.

4F).

Overall, the SPT results follow a similar trend as the FRAP results for most conditions (Fig. S3):
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DCC immobilization mostly relies on the putative glycosylation sites in the laminin VI domain of

netrin-1, while the C-terminus plays a more moderate role. The RGD sequence, however, does

not appear to affect the second scale mobility of DCC (Fig. 4), while it does affect its minute scale

mobility (Fig. 3). This indicates that the mechanisms underlying the control of DCC mobility by

netrin-1 occur at the second scale and micrometer scale, except for those that involve the RGD

sequence, which occurs at larger scales.

Netrin-1 increases constitutive nano-clustering of DCC through its glycosylation sites and,

to a lesser extend it RGD site

To investigate whether netrin-1 influences DCC mobility through changes in DCC clustering within

the plasmamembrane, we imaged single-molecule localizations of DCC-PAGFP by Photo-Activated

Localization Microscopy (PALM) in fixed cells stably expressing netrin-1 variants (see Materials &

Methods) (Fig. 5). We first observed that regardless of netrin-1 exposure, DCC formed clusters, and

the number of these clusters increased proportionally with DCC surface density (Fig. 5E-F-G). This

finding underscores that DCC nano-clustering is constitutive and concentration-dependent. More-

over, we found that cluster cardinality, surface area and the fraction of DCC involved in clusters

increased with DCC surface density, although in a netrin-1-dependent manner (Fig. 5). Specifically,

the presence of FL led to the steepest increase, followed by the dC and RGE mutants. In contrast,

the dLam and glycoM mutants exhibited a moderate increase akin to that seen in the absence of

netrin-1 (Fig. 5E-F-G). These findings indicate that even though cluster number is independent of

netrin-1 (Fig. 5D), netrin-1 favors bigger and larger clusters at the expense of free DCC. This effect

is primarily driven by the glycosylation sites within netrin-1 and, to a lesser extent, by the RGD site

in its C-terminal domain.

Overall, the impact of netrin-1 on nano-scale clustering of DCC exhibited a strong correlation with

its influence on DCC mobility at the second and minute time-scales (Fig. S4). Consequently, it

is possible to discriminate the two dLam and glycoM mutants, which display pronounced effects

abolishing most of netrin-1 properties, and the RGE and dC mutants, which induce comparatively

modest alterations (Fig. S4C).

Discussion
Our results show that DCC clusters are constitutive and concentration-dependent (Fig. 5D). There-

fore, netrin-1 is dispensable for DCC clusters nucleation and maintenance. Consequently, DCC

clusters must rely on interactions that do not involve netrin-1. For a given concentration of DCC,

addition of netrin-1 results in an increase in the fraction of DCC receptors in clusters and conse-

quently an increase in cluster cardinality and area (Fig. 5E-G), without increase in cluster number

(Fig. 5D). Thus, netrin-1 promotes the growth of existing clusters rather than their fusion, or the

nucleation of new ones. Cluster size depends on receptor concentration but never exceeds about

20 × 103 nm2 in the presence of netrin-1 and twice less without (Fig. 5F). In SPT experiments, this is

the range within which immobile particles stay below the second time-scale, while particles that

experience confined diffusion explore larger areas that decrease, rather than increase, upon addi-

tion of netrin-1 (Fig. 4D). These results are thus consistent with a model by which clusters contain

immobilized DCC receptors and confine mobile receptors travelling nearby in between them. Con-

sistently, the fraction of immobile receptors grows upon addition of netrin-1 in both FRAP and SPT

experiments while the confined fraction of receptors in SPT and fraction of receptors that experi-

ence reaction in FRAP remain mostly unaffected upon addition of netrin-1 (Fig. 3F). Since netrin-1

addition neither affect the number of clusters, we speculate that the fraction of confined parti-

cles is in fact the population of receptors that experience transient interactions from a cluster to

another and that will scale in proportion to the number of clusters. Interestingly, since the frac-

tion of confined receptors and the number of clusters remain unchangedwhile netrin-1 decreases

the area of confinement, we predict that the surface density of confined receptors must increase.

Ultimately, clusters grow upon addition of netrin-1 at the expense of the population of freely dif-
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Figure 5. (A) Cumulative intensity of 2000 PALM frames of DCC-PAGFP in HEK FL cells. (B) PALM localizations

of DCC-PAGFP before blinking correction from the acquisition shown in (A). (C) Single DCC-PAGFP molecule

localizations within the same area after blinking correction. (D-G) DBSCAN analysis of (D) cluster number vs.

localization number, (E) fraction of localizations in cluster vs. localization number, (F) cluster area vs.

localization number, (G) cluster cardinality vs. localization number. Mean ± SEM (nFL = 14,

ndC = nRGE = nmCherry = ndLamIV = 11, nglycoM = 9 cells).

fusing particles, as if netrin-1 favored the immobilization of receptors previously in transient inter-

action that previously free receptors would replace. We summarize this model in Fig 6. While

our results showing that netrin-1 favors DCC clustering are consistent with crystallographic data

(Xu et al., 2014; Finci et al., 2014), the existence of constitutive clusters in the absence of netrin-1

reveals other direct or indirect interactions that are instrumental for receptor clustering. This may

be due to DCC residing in lipid rafts (Guirland et al., 2004), as other axonal guidance receptors,

since lipid raft localization of DCC was shown to be required for netrin-1-induced DCC signaling

(Hérincs et al., 2005; Petrie et al., 2009).

Crystallographic studies have previously shown the existence of one interaction site in the LamVI

domain and one in the EGF-3 domain (Xu et al., 2014), but that the three glycosylation sites of

the LamVI domain did not point at the receptor (Finci et al., 2014). This could be due the lack of

FN-4 in these experiments or to the limited glycosylation of the asparagine residues in crystalized

complexes, due to their chemical and conformational heterogeneity (Chang et al., 2007). A par-

tial glycan structure on these sites was identified as hetero-oligopolysaccharides of mannose and

acetylglucosamine (Grandin et al., 2016), which correspond to only a small fraction of the full chain

of glycosylation (Geisbrecht et al., 2003). The lack of fully glycosylated netrin-1 in a crystal complex

with DCC has therefore prevented to implicate glycosylation in the interaction (Krüger, 2014). Here,

our mutant approach shows that glycosylation at those sites is instrumental for netrin-1 capture

by DCC-expressing cells, colocalization with DCC and the subsequent growth of immobilized DCC

clusters (Figs 1-5). The abolition of netrin-1 effects by an antibody against DCC extracellular do-

main (Fig. 3) completes the picture by which the effects result from the direct interaction between

glycosylated netrin-1 and DCC extracellular domain.

The C-terminus of netrin-1 promotes axon outgrowth in spinal cord explants (Serafini et al., 1994)

and involves other interactions thanwithDCC (Yebra et al., 2003; Stanco et al., 2009;Nikolopoulos and Giancotti

2005). It is highly positively charged and has a strong affinity for cell membranes and the extracellu-
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Figure 6. Working model of the effect of Netrin-1 on DCC spatial organization and mobility. The DCC

receptors display either free diffusing (black), confined diffusing (blue) or immobilized (red) modes. At left, in

the absence of netrin-1, the few immobilized DCC receptors form nanoclusters (yellow) lockdown within

confined diffusion surface (light blue), the free diffusing DCC receptors hold dynamically exchange between

free space and confined space. At right, in the presence of netrin-1, nanoclusters of immobilized DCC

receptors grow (in size and area) by recruiting and stabilizing free diffusing receptors due to netrin-1

interactions mediated by netrin-1 glycosylation sites and, to some extent, netrin-1 interactions with other

proteins (integrins). The growth of nanoclusters area within the confined diffusion surface produce decrease

of confined diffusion surface.

lar matrix (Kappler et al., 2000; Tessier-Lavigne and Goodman, 1996). Here, we demonstrate that

netrin-1 lacking the C-terminal domain is captured by cells in proportion of their expression of

DCC (Figs 2 and S1), supporting that this domain is not involved in the interaction with DCC. How-

ever, the lack of C-terminal domain in netrin-1 results in effects on DCC only different inmagnitude

compared to the lack of glycosylation (Figs 3-5). This supports that the immobilization and cluster

growth of DCC that is promoted by glycosylationmay in part be mediated by interactions involving

the C-terminal domain and other proteins. The RGEmutant shows that impairment of interactions

with integrins recapitulates most of the effects of the deletion of the whole C- terminal domain, to

a milder extent in some cases (Figs 1-5). Therefore, interactions with integrins through an intact

RGD site is likely to account for most of the interactions involving the C- terminal domain. This

does not exclude other interactions such as with the extracellular matrix, and is consistent with an

involvement of mechanical forces in netrin-1 signalization (Stanco et al., 2009).

Overall, our findings underscore that netrin-1 signaling throughDCC operates through pre-existing

platforms whose size and compositionmodifications are central elements of the signaling process.

These modifications offer a promising array of regulation options, enriching our understanding of

the intricate netrin-1 DCC signaling pathway.

Methods and Materials

Chimeric netrin and DCC constructs

The plasmid constructs encoding full-length netrin-1 (FL, Fig. 1A) and truncated netrin-1 lacking

the C-domain, both fused to mCherry at the C terminus, were kindly provided by Simon W. Moore

(Columbia University, New York) (Moore et al., 2009). These two constructs were modified in FL

and dC by a fragment comprising a 6xHis tag and a SpeI recognizing site synthesized by GeneArt

(Life Technologies) and inserted between the SgrAI and MfeI sites present at the C-terminal end of

mCherry (restriction enzymes provided by NEB). Based on the FL plasmid, the constructs deleted

of the LamVI domain (dLamVI) or deleted of the entire netrin sequence (mCherry) were amplified

by PCR followed by homologous recombination according to the inFusion deletion protocol (Clon-

tech; dLamVI primers: ATTGTAGAACGGTAGCCGCCCGTGCTCGTCGTAGCA and GCCGATGGCAAGAT-

GTTACCCGTGCTCGTCGTAGCA ; mCherry primers: TGTCGAACGGTAGCCGCTGACGGTTCACTAAACC-

AGCTCT and CGGCTACCGTTCGACATCGCCACCATGGTGAGC). GlycoM and RGE were generated by
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PCR of FL using oligonucleotides with mismatch according to inFusion point-mutation protocol

(Clontech). For the glycoM plasmid, the four N-glycosylation sites were abolished by replacing

asparagines (AAC) by alanines (GCC): from N-terminal to C-terminal : mutation ‘A’: GTGCCACCTCT-

GCGCCGCCTCCGACCCC, mutation ‘B’: CTCAACAACCCGCACGCCCTGACGTGCTGGCA, mutation ‘C’:

TGCAGTACCCGCACGCCGTCACCCTCACGC, mutation ‘D’: CCGGCCAAACCTGCGCCCAAACCACGGGGC

(Fig. 2A). For the RGE plasmid, the RGD sequence (GAC) was replaced by the RGE sequence (GAG)

using the GCTGCGGCGCGGGGAGCAGACCCTGTGGGTG primer. The DCC-GFP plasmid was a gift

from Simon W. Moore (Columbia University, New York) (Moore et al., 2009). To perform super-

resolution microscopy GFP was replaced by the photoactivatable GFP from the pPAGFP-N1 vector.

The DCC-GFP D1290N mutant plasmid was generated by point mutation (GAC to AAC oligo CCAA-

CACTCTCAGTGAACCGAGGTTTCGGAG ; Infusion, Clontech).

Cell lines, culture and reagents

Caco-2 TC7 (gift from Françoise Poirier’s lab, Institut Jacques Monod) or HEK293T (ATCC Catalog

No. CRL-11268) cell lines stably expressing mCherry-netrin-1 constructs or mCherry alone were

generated by using TurboFect (Life Technologies) and maintained in a selective medium (DMEM

Gibco + GlutaMAX + 4.5 g∕lD-Glucose + Pyruvate (Life Technologies) + 10% Fetal Bovine Serum (Life

Technologies) supplemented with 100 µg∕ml G418 Geneticin (Life Technologies) during 2 weeks at

37 °C in a humidified 5% CO2 atmosphere. Fluorescent Caco-2 and HEK293T cells were sorted by

Fluorescence Activated Cell Sorting (FACS) two times and kept under selection. Cells were imaged

in non-fluorescent culturemedium (FluoroBrite 4.5 g∕l Glucose, 1% PenStrep, 2% FBS, L-Glutamine

from Life Technologies). For secretion and capture, colocalization, FRAP, and SPT experiments,

Caco-2 cells were transiently transfected with DCC-GFP or GFP plasmids, for PALM experiments

HEK293T cells were transfected with DCC-PAGFP (TurboFect, Life Technologies). The HEK EBNA

cell line stably expressing unlabeled recombinant netrin-1 (HEK NTN1) was generated previously

(Kennedy et al., 1994). DCCmonoclonal antibody (clone AF5, Thermo Fisher Scientific) frommouse

was used for FRAP experiments.

Chemotaxis assay for netrin-1-mCherry functionality

Aggregates of HEK293T stably expressing FL were co-cultured with rhombic lip explants from E12

mouseembryosembedded in rat-tail collagenaccording to themethoddescribedbefore (Causeret et al.,

2002). The HEK NTN1 cell line stably expressing unlabeled recombinant netrin-1 and convention-

ally used for the study of axonal guidance, served as a positive control. After 72 hours in a 5%

CO2, 37 °C, 95% humidity incubator, collagen assays were fixed in 4% paraformaldehyde. The ax-

ons were labeled with amonoclonal antibody against neuron-specific class III �-tubulin (clone Tuj-1

Babco) and the nuclei with DAPI (Sigma Aldrich). Pictures of explant were taken using a Leica flu-

orescent microscope and a Photometrics Coolsnap fx monochrome CCD camera (Roper Scientific,

Duluth, GA). The blue channel allows visualization of cell nuclei staining with DAPI, the green chan-

nel allows visualization of Tuj1 staining with an Alexa-488-conjugated secondary antibody and the

red channel allows visualization of expressed netrin-1-mCherry. Each explant was virtually divided

into four quadrants with respect to the source of secreting netrin-1 from HEK cell aggregate. The

axon outgrowth and nuclear migration effects are determined by measuring the area covered by

Tuj1 immunostaining and by DAPI labeling, respectively, outside of the explant over proximal and

distal quadrants from the netrin-1 expressing cell aggregates as indicated in Fig. 1A. The fluores-

cence associated with the body of the explant was excluded from the analysis.

Netrin secretion assay by Fluorescence Activated Cell Sorting (FACS)

Caco-2 cells expressing DCC-GFP, GFP (“green cells”) or transfected with an empty vector (∅) were

co-cultured for 48h in normal culture conditionswith Caco-2 cells expressingnetrin-1-mCherry con-

structs (dC, dLamVI, RGE or glycoM), mCherry (“red cells”) or transfected with an empty vector (∅).

Cells were then treated with Accutase at 37 °C and filtered through 30 µm filters (CellTrics, Sysmex)
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to discard aggregates. Each condition contained about 90 000 cells and was repeated three times.

Samples were analyzed with FACSAria Fusion flow cytometer (BD biosciences, Le Pont de Claix,

France) equipped with two laser lines (488 and 561 nm). Data were acquired with BD CellQuest

PRO software and analyzed with FlowJo software (Tree Star, Inc., Ashland, OR). To discriminate un-

labelled cells (blue dots), DCC-GFP or GFP cells that did not capture netrin-1-mCherry (green dots),

netrin-1-mCherry or mCherry cells (red dots) and DCC-GFP or GFP cells that captured mCherry(-

netrin-1) (yellow dots), a sequential gating protocol was applied as follows:

1) Green threshold: First, on cells transfected with empty vectors, the cumulative intensity dis-

tribution in the red channel was fitted with a Gaussian distribution of mean � and standard

deviation � to define a threshold � + 3� below which are 99.87% of those cells and above

which cells were considered red. Next, on cells expressingmCherry(-netrin-1) constructs, the

cumulative intensity distribution above this threshold was fitted with a Gaussian distribution

to define a second threshold � + 3�, consistently close across all six mCherry(-netrin-1) con-

structs, above which cells were considered green.

2) Red threshold: On co-cultured cells, the cumulative intensity distributions above the green

threshold (defined in step 1) were fitted with one or two Gaussian distributions. The best fit

was scored with

NBIC =
1

eBIC2−BIC1 + 1

where BIC1 and BIC2 are the Bayesian information criterions for one and two Gaussians, re-

spectively. NBIC ranges from 0 (one Gaussian) to 1 (two Gaussians). When NBIC > 0.5, the two

populations were separated at the midpoint between their means, which defines the red

threshold. Based on this threshold, the proportion �D of DCC-GFP or GFP cells that captured

mCherry(-netrin-1) (yellow dots) over all DCC-GFP or GFP cells (green and yellow dots) was

determined for every co-culture.

Finally, we assessed the correlation between the expression levels of DCC-GFP or GFP and the cap-

ture of mCherry(-netrin-1) with the Pearson’s correlation coefficient r of green and red intensities

on all DCC-GFP or GFP cells (green and yellow dots).

Colocalization analyses by confocal imaging

Cells were imaged in glass bottom dishes (35mm dish, 10mm glass diameter, MatTek) with a Zeiss

LSM780 confocal microscope equipped with a Plan-Apochromat 63x/1.4 oil objective. Images of

DCC-GFP (488-nm excitation) and ofmCherry(-netrin-1) (561-nm excitation) were recorded sequen-

tially with Zen software (Zeiss). Correlation analysis was performed using FIJI. The plasma mem-

brane region of interest (ROImemb, Fig. 2C in cyan) was obtained as follows: (1) images were blurred

to attenuate the noise, (2) cell were then segmented by applying a manual threshold (outer bound-

aries of ROImemb) and (3) these cell boundaries were eroded of 10 pixels and manually adjusted

to include all protrusions (inner boundaries of ROImemb). The correlation between red and green

intensities within ROImemb was assessed with the Pearson’s correlation coefficient r.

FRAP experiments and analysis

Cells were imaged on a Leica DMI6000 inverted microscope equipped with a Yogogawa CSU22

spinning-disk head, a Plan-Apochromat 100x/1.4 oil-immersion objective and an EMCCD camera

(PhotometricsQuantEM512S). Six spots of 2×2pixels on the basalmembranewerephoto-bleached

at 100% laser power of a 473-nm diode laser, and image acquisitions were performed with a 491-

nm diode laser every 1 s for 5 s prebleach, then every 0.5 s for 30 s and 5 s for 300 s after bleach. For

each cell, fluorescence levels were analyzed with ImageJ in 8 ROIs of the same surface (“Base”:

background, “Whole”: not bleached area, 6 bleached spots). For each ROI, the intensity I was mea-

sured and normalized such that IBase(t) = 0% and IROI(pre − bleach) = 100%. Normalized FRAP time-

series were pooled and mean curves were fitted by adapting the reduced two-state model from
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(Sprague et al., 2004) to account for the processes of binding and diffusion of DCC, leading to the

following reaction-diffusion model :

FRAP(t) = Feq e
−�eff ∕2t

[

I0

( �ef f

2t

)

+ I1

( �ef f

2t

)]

+ Ceq

(

1 − e−koff t
)

where Feq and Ceq are the diffusive and reactive fractions, I0 and I1 are modified Bessel functions

of the first kind, koff is the off-rate of the reactive fraction, and �ef f is defined as:

�ef f =
!2

Def f

with !2 the bleached area and Def f the effective diffusion coefficient. The immobile fraction is

defined by the following expression:

Fim = 1 − (Feq + Ceq).

Single Particle Tracking (SPT) and analysis

Imagingwasperformedon a TIRFmotorizedmicroscope (ELYRAZeiss) equippedwith aPlan-Apochromat

100x/1.46 oil objective and an EMCCD camera (Andor, iXon Ultra 897; frame-transfer mode; verti-

cal shift speed: 0.9 µs; -70°C), using a 488 nm excitation laser and an exposure time of 50ms. The

incubation chamber maintained a humidified 37 °C atmosphere with 5% CO2. SPT data was ana-

lyzed (detection and tracking) and converted into trajectories using a custom-writtenMatlab (Math-

Works Inc.) implementation of the Multiple-Target Tracing (MTT) algorithm (Sergé et al., 2008). To

assess whether tracked particles are single, we developed a custom MATLAB (Mathworks, Natick,

MA) script to measure the temporal decay of particles fluorescence intensity (from MTT). Particles

were considered single when their decay displayed a single step to reach average local background

intensity as definedwithin a ROI of 20×20 pixels centred on the particle position or on its last known

position after it disappears. The percentage of single particles in 1000 randomly picked trajectories

was around 50% for all conditions. The SPT analysis was then carried out exclusively on trajecto-

ries that were identified as corresponding to single entities. Any trajectories that did not meet this

criterion were excluded and discarded from further analysis. First the mean square displacement

(MSD) was computed up to 12 time-lags for trajectories comprising at least 20 positions according

to:

MSD(nΔt) =
1

N − n

N−n
∑

i=1

[

(xi+n − xi)
2 + (yi+n − yi)

2
]

where xi and yi are the coordinates of a particle in the ith image,N is the total number of images of

the experiment andΔt is the time lag between two images. The instantaneous diffusion coefficient

Dinst was measured by fitting each trajectory with MSD = Dinstt over the first three intervals of

each trajectory. Using the average resolution of each particle provided by MTT, we determine a

threshold corresponding to the smallest measurable diffusion coefficient:

Dmin =
�2

2Δt

where � the mean localization error in spot detection. Particles exhibiting Dinst < Dmin were then

considered as immobile. The remaining MSD curves were then fitted with a model of confined

diffusion:

MSD(nΔt) = r2
c

(

1 − e−nΔt∕�c
)

where r2
c
is the confinement area and �c the characteristic time to reach r2

c
. We used �c to sort par-

ticle in sub-diffusion (�c < 200ms) and free diffusion categories. Finally, MSD curves were averaged

according to their diffusion type: ‘Immobile’, ‘Confined’ and ‘Free’.
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Validation of SPT analyses

In Matlab 9.4 (Mathworks, Natick, MA), we simulated a SPT dataset of 18 000 trajectories using a

Monte Carlo algorithm with a computational time step of 20Hz within 256 × 256 pixels of 100 nm2

and three diffusion modes (6000 trajectories each) (Fig. S2):

(1) Simple diffusion mode: Brownian diffusion simulations were performed by generating a set

of random displacements at each time step as explained in Michalet (2010). These displace-

ments follow a zero-mean Gaussian distribution with a standard deviation equal to (2DΔt)1∕2,

where D is the diffusion coefficient and Δt is the time step between two successive frames.

(2) Confined diffusion mode: particles were initially placed at random positions defined as the

center of a the 2D circular boundary of radius rc . At each time step, x and y displacements

from simple diffusion were sampled from a Gaussian distribution with zero mean and stan-

dard deviation (2DΔt)1∕2 (mode (1)). The position of the particles was then updated only if the

distance from the starting point to the new coordinates is smaller than rc .

(3) Immobile mode: particles follow a simple diffusionmode but with a diffusion coefficientDinst

randomly chosen for each trajectory between [D∕10, D∕5], where D is diffusion coefficient

used in mode (1).

To simulate localization noise, we added to each position a normal Gaussian noise with zeromean

and a standard deviation set arbitrarily to 10 ×DΔt. The diffusion coefficientD = 0.04 × 10−12 µm2∕s

and radius of confinement rc = 225 nm were taken from the experimental data. Results of the

classification of simulations are summarized in the confusionmatrix (Fig. S2.C). The precision (true

positives/all positives) and recall (true positive/(true positive/false positive)) of this classification

were above 80% for all modes. Its overall accuracy (true positives and negatives/all trajectories)

was above 85%.

PALM experiments and nanoclusters analysis

PALM imaging was performed on cells fixed in paraformaldehyde on an ELYRA Zeiss microscope

equipped with a Plan-Apochromat 100x/1.46 oil objective in total internal reflection fluorescence

(TIRF) mode, using the same laser wavelength 488 nm for simultaneous activation and excitation

of PAGFP (laser intensity set to 10 µW measured at the rear aperture of the objective). Fluores-

cence emission was detected with an EMCCD camera (Andor, iXon Ultra 897) and acquired with

Zen black 2012 (Zeiss). Time lapses of 2000 frames of 25 µm × 25 µm were collected with an expo-

sure time of 50ms per frame and with drift correction. Nanocluster analyses were performed on

cropped images of 25 µm2. We used the SLIMfast MATLAB (MathWorks) code (Institut Curie, France)

(Normanno et al., 2015) to recover single molecule localizations. The average localization preci-

sion ranged from 18 to 32 nm (half width at half height of gaussian fit). To remove blinking (and

sequential localization of the same molecule), we used the Distance Distribution Correction (DDC)

algorithm (Bohrer et al., 2021). Briefly, the duration over which a fluorophore blinks is first ob-

tained from the rate at which the pairwise distance distribution converges to a steady state. Here,

the Z parameter (normalized, summed differences of the cumulative distributions for each frame

interval) reached a plateau for N = 200 frames. This value of N and distance " = 60 nm (two times

the precision of localization) were then fed in the DDC algorithm to remove multiple detections of

blinking fluorophores. We then used DBSCAN (Tran et al., 2013) to identify and quantify nanoclus-

ters with a minimal cardinality k = 4 within a distance " = 60 nm among remaining localizations.

We finally retrieved the number of clusters, their cardinality and surface area, and the fraction of

localization in clusters all as a function of localization number for each field of view.

Hierarchical Cluster Analysis (HCA)

Hierarchical clusteringof netrin-1 constructswasperformedwith the Python librarypvclust (Suzuki and Shimodaira

2006) using the Euclideandistancemetric and theWard clusteringmethodon a dataset of 9metrics
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obtained from FRAP (immobile fraction, dissociation rate), SPT (immobile fraction, diffusion coeffi-

cient, confinement size), colocalization (Pearson coefficient), or nanocluster analyses (Cluster area,

% in clusters and number of molecules in clusters as a function of localization number). To balance

statistical weight betweenmetrics andmaximize bootstrap resampling power, a linear transforma-

tion normalized eachmetric value between themCherry condition set to 0 and the FL condition set

to 1. The statistical significance of each cluster was measured by two types of p-values calculated

by bootstrap resampling: the Bootstrap Probability value (BP) and the Approximately Unbiased

(AU) p-value.

Other statistical analyses

Data were analyzed with GraphPad Prism software (GraphPad Software, Inc., San Diego, CA, USA).

All values are expressed as mean ± SE. Statistical significance was assessed with Student’s paired

t-test or two-way ANOVA. Resulting P values are ns when P > 0.05; ∗ when P ≤ 0.05, ∗∗ when

P ≤ 0.01, ∗∗∗ when P ≤ 0.001 and ∗∗∗∗ when P < 0.0001.
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Figure S1. (A) Principle of the co-culture between Caco-2 cells expressing mCherry or netrin-1 constructs (red)

and Caco-2 cells expressing GFP or DCC-GFP (green). (B) Cytograms of co-cultures between Caco-2 cells

transfected with an empty vector (∅), or expressing mCherry, FL, dC, RGE, dLamVI or glycoM, and Caco-2 cells

transfected with an empty vector (∅), which shows cells expressing no construct (blue dots) and cells

expressing mCherry or netrin-1 constructs (red dots). (C) Cytograms of co-cultures between Caco-2 cells

transfected with an empty vector (∅), or expressing mCherry, FL, dC, RGE, dLamVI or glycoM, and Caco-2 cells

transfected with GFP or DCC-GFP, which shows cells expressing no construct (blue dots), cells expressing

mCherry or netrin-1 constructs (red dots), the original DCC-GFP cells (green dots), and DCC-GFP cells that

captured netrin-1 constructs (yellow dots).
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Figure S2. (A) Typical individual trajectories simulated for each diffusion mode: free diffusion, confined

diffusion and immobile. (B) MSD curves for the trajectories shown in (A). (C) Confusion matrix of the diffusion

mode classification (n = 18 000 trajectories).
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Figure S3. Correlation of normalized diffusion fractions (A) and immobile fractions (B) between SPT and FRAP

experiments for netrin-1 variants (FL, dC, RGE, dLamVI and glycoM) and mCherry. r: Pearson’s correlation

coefficient. (C) FRAP and SPT metrics used for hierarchical clustering in (D). (D) Hierarchical clustering of

mCherry and netrin-1 constructs based on FRAP and SPT data.
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Figure S4. Normalized immobile fractions from FRAP (A) and SPT (B) vs. normalized fraction in cluster per

localization (see Fig. 5E) for mCherry, FL, dC, RGE, dLamVI and glycoM, r: Pearson’s correlation coefficient. (C)

Hierarchical clustering of mCherry and netrin-1 constructs based on FRAP (immobile fraction, dissociation

rate), SPT (immobile fraction, diffusion coefficient, confinement size), colocalization (Pearson coefficient), and

nanocluster analyses (Cluster area, % in clusters and number of molecules in clusters as a function of

localization number).
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