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ABSTRACT 
 

Chemotactic migration is a fundamental cellular process generated by a concentration gradient of a 

specific mediator that allows cells to orient their movement in the surrounding space. Chemotactic migration 

represents a universal mechanism that affects several areas of study, such as embryogenesis, tissue 

regeneration, tissue repair following injury, inflammatory response, and cancer. This process is tightly 

regulated by the coordinated flux of lipids and cargo proteins to the migration front that allows the cell to 

develop cellular protrusions, such as lamellipodia and filopodia, to optimize their migration. The trafficking of 

lipids and proteins fluxes in the cell are also important for another fundamental mechanism, autophagy. 

Autophagy is a catabolic process in which various cellular components, proteins and organelles, are directed 

to the lysosomal compartment to be degraded. This process begins with the sequestration of cytoplasmic 

components in a double membrane structure called the phagophore. The closure of the phagophore gives rise 

to the autophagosome, which fuses to the lysosome to complete the degradation of its contents. It has now 

been widely accepted that autophagy is involved in cell migration, with the degradation of adhesion proteins 

(integrins and paxillin) or GTPases (RhoA and Src).  

Vesicular trafficking is essential in both autophagy and cell migration and therefore must be finely 

regulated. In autophagy, many ATG proteins that play an essential role have been identified. These include 

ATG9A, the only transmembrane protein that cycles between the Golgi apparatus, the plasma membrane and 

the recycling compartment during autophagy induction. Extensive studies have demonstrated the critical role 

of ATG9A protein in autophagosome formation, proposedly by functioning in vesicular delivery to the 

phagophore initiation site, and by translocating lipids from the outer to the inner leaflet of the phagophore 

membrane in order to enable its expansion. In addition to this well-recognized function of ATG9A in 

phagophore expansion, recent studies point to the fact that it may have a wider role than anticipated and 

could be a general regulator of vesicular trafficking. 

Based on these data, the objectives of my thesis work were i) to evaluate the role of ATG9A in 

chemotactic migration and ii) to study its role in the vesicular trafficking that supports the formation of cellular 

protrusions and adhesions to the extracellular matrix and iii) to evaluate if mammalian ATG9A may potentially 

control actin polymerization at the leading edge, by interacting with major actin regulators (profilin-1, Mena, 

VASP, Evl). To do so, we used the HeLa and HEK-293 cell lines and the highly invasive human glioblastoma cell 

lines U87 MG and 42 MG. 

We first tested the role of the ATG9A protein in chemotactic migration induced by EGF, ligand of EGFR, 

and CXCL12, ligand of CXCR4, using the transwell assay in HeLa, HEK293, U87 MG, and 42 MG cell lines. We 

found that downregulation of ATG9A by siRNAs strongly decreased or abolished EGF- and CXCL12-induced 

chemotactic migration in the different cell lines. Because lamellipodia are the main structures mediating cell 
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migration, we examined the impact of ATG9A deletion on the morphology of protrusions in U87 MG cells. Cells 

transfected with a control siRNA developed prominent lamellipodia, revealed by F-actin staining. In contrast, 

ATG9A-depleted cells exhibited abnormal protrusions. We then focused on the dynamics of these protrusions 

using time-lapse microscopy and found that ATG9A-depleted cells exhibited protrusions with normal velocity, 

but reduced distance and persistence. In order to test whether ATG9A can reach the plasma membrane, we 

next analyzed the localization of endogenous ATG9A and found that a fraction of ATG9A-positive vesicles 

localized in F-actin-labelled lamellipodia. EGF treatment induced an increase in the amount of endogenous 

ATG9A at the plasma membrane, as well as an increase in its co-localization with F-actin. To understand how 

ATG9A-positive vesicles are transported to the leading edge, we overexpressed ATG9A-mCherry in U87 MG 

cells and observed the movement of these vesicles by using live-cell TIRF microscopy. By tracking analyses, we 

found that about 80% of the ATG9A-positive vesicles located in protrusions were directed toward the 

migration front. 

This led us to analyze whether these vesicles could perform exocytosis at the plasma membrane. For 

this, we created a construct encoding ATG9A, fused to the highly pH-sensitive GFP variant superecliptic 

pHluorin. The fluorescence of pHluorin is quenched at the acidic endosomal pH, but upon fusion with the 

plasma membrane, low luminal pH is immediately neutralized, resulting in a sudden increase in fluorescence 

intensity. We observed that ATG9A-pHluorin exocytosis was highly polarized toward the migration front in 

cells that exhibited an antero-posterior axis. In contrast, exocytosis was observed all over the cell surface of 

non-polarized cells. Furthermore, chemotactic stimulation of U87 MG cells with EGF increased the exocytosis 

frequency of ATG9A-pHluorin vesicles. 

Delivery of cargo proteins, such as integrins, from the Golgi apparatus to the plasma membrane is critical 

for directional cell migration. We then performed co-localization experiments and found that ATG9A-mCherry 

partially co-localized with the trans-Golgi marker TGN46 and β1 integrin in the perinuclear area and in puncta 

dispersed throughout the cytosol or near the cell membrane, likely representing bona fide post-Golgi carriers. 

Importantly, we found that depletion of ATG9A using siRNAs strongly inhibited EGF-induced redistribution of 

TGN46 and β1 integrin toward cell protrusions, suggesting that ATG9A might be a constitutive component of 

vesicular trafficking from the Golgi apparatus. 

ATG9A trafficking from the trans-Golgi has been shown to be tightly controlled by clathrin adaptor 

complexes, through a canonical AP sorting signal (8YXXØD/E12) located in its N-terminal domain. We 

demonstrated that, in cells depleted of endogenous ATG9A, overexpression of wild-type recombinant ATG9A-

mCherry efficiently rescued EGF-induced delivery of TGN46 and β1 integrin to the leading edge. A the contrary, 

a mutant form of ATG9A-mCherry, in which Tyrosine 8 of the AP sorting signal was replaced by a Phenylalanine, 

did not rescue TGN46 and β1 integrin trafficking to the cell periphery. Based on the essential role of β1 integrin 

in the formation/maturation of adhesion complexes, we next tested the impact of ATG9A protein on the 
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formation and turnover of adhesion complexes, in cells expressing paxillin-eGFP. We demonstrated that 

depletion of ATG9A induced a marked reduction in the number of both assembling and disassembling 

adhesions. Finally, overexpression of ATG9A-pHluorin led us to observe that exocytosis occurred in close 

proximity of paxillin-containing adhesions, with an obvious clustering. 

Altogether, data obtained in the first part of my thesis uncover a new function of ATG9A protein and 

indicate that ATG9A-positive vesicles originating from the Golgi apparatus are mobilized during chemotactic 

migration to facilitate the expansion of the lamellipodium and its anchorage to the extracellular matrix.  

The second part of my thesis work was focused on the investigation of the ATG9A role in the actin 

polymerization at the leading edge, by studying possible molecular actin partners interacting with ATG9A. It 

has been recently shown that Drosophila Atg9 was able to interact with the well-known actin regulator Ena 

and profilin. This prompted us to investigate whether human ATG9A, similar to the Drosophila homolog, has 

the capacity to interact with Ena/VASP family members and/or profilin. Binary interactions, evaluated in the 

yeast two-hybrid system, allowed us to demonstrate that the C-terminal domain of ATG9A specifically interacts 

with profilin-1. By using site-directed mutagenesis, we further demonstrated that this interaction was partially 

mediated by several proline clusters located in the C-terminal domain of ATG9A. Interaction between ATG9A 

and profilin-1 suggested that these proteins function together in the regulation of the lamellipodial actin 

cytoskeleton. In support of this hypothesis, we found that ATG9A-myc and endogenous profilin-1 strongly 

colocalized at the migration front of U87 MG cells and that downregulation of ATG9A, by siRNAs or 

overexpression of the C-terminus of ATG9A (as a dominant negative), blocked the EGF-induced transport of 

profilin-1 to the cell periphery.  

Collectively, data from the second part of my thesis suggest that regulation of the lamellipodial actin 

cytoskeleton constitutes another function of the transmembrane protein ATG9A. How the different 

interactions and regulatory functions of ATG9A are coordinated in migrating cells remains to be established.  
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RESUMÉ 

La migration chimiotactique est un processus cellulaire fondamental généré par un gradient de 

concentration d'un médiateur spécifique, permettant aux cellules d'orienter leur mouvement dans l'espace 

environnant. Elle représente un mécanisme universel qui régule de nombreux processus physiologiques et 

physiopathologiques, tels que l'embryogenèse, la régénération des tissus, la réponse inflammatoire et le 

cancer. Ce processus est étroitement régulé par le flux coordonné de lipides et de protéines cargo vers le front 

de migration, permettant à la cellule de développer des protrusions cellulaires, telles que les lamellipodes et 

les filopodes. 

De façon intéressante, le trafic intracellulaire des lipides et de protéines est également essentiel à un 

autre mécanisme fondamental, l'autophagie. L’autophagie est un processus catabolique par lequel certains 

composants cellulaires, protéines et organites, sont dirigés vers le compartiment lysosomial, afin d’y être 

dégradés. Ce processus débute par la séquestration de constituants cytoplasmiques par une structure 

précurseur appelée phagophore. La fermeture du phagophore donne naissance à une vésicule à double 

membrane nommée autophagosome, qui fusionne avec les lysosomes, conduisant à la dégradation du 

contenu de sa lumière. Alors que la plupart des protéines participant à la formation de l’autophagosome sont 

cytosoliques, la protéine ATG9A possède plusieurs domaines transmembranaires, et représente ainsi la seule 

protéine autophagique intégrée aux membranes cellulaires. Lors de l’induction de l’autophagie, les vésicules 

ATG9A-positives, émanant essentiellement du réseau trans-Golgien, sont alors dirigées vers le phagophore 

afin d’y apporter les protéines et phospholipides nécessaires à son expansion. En plus de cette fonction bien 

caractérisée de l’ATG9A, des études récentes indiquent qu’elle pourrait exercer un rôle bien plus étendu, en 

tant que régulateur intrinsèque du trafic vésiculaire. L’ensemble de ces informations nous ont conduits à 

émettre l’hypothèse selon laquelle la protéine ATG9A, en participant à la biogenèse des vésicules post-

Golgiennes, pourrait jouer un rôle majeur dans l’expansion des lamellipodes et l’activité migratoire.  

Les objectifs de mes travaux de thèse étaient donc d’évaluer, au sein de différentes lignées cellulaires, 

le rôle de la protéine ATG9A sur : 

 i) la migration chimiotactique, ainsi que le trafic vésiculaire sous-tendant la formation des protrusions 

cellulaires et leur ancrage à la matrice extracellulaire,  

ii) la polymérisation de l’actine, au front de migration cellulaire. 

Rôle de la protéine ATG9A sur la dynamique des protrusions cellulaires et la migration chimiotactique 

Par une analyse en chambre de Boyden et l’utilisation d’ARN interférents, nous avons dans un premier 

temps démontré que la déplétion des pools de protéines ATG9A au sein de cellules de glioblastome humain 

(U87 MG et 42 MG), de cellules HeLa et de cellules HEK 293 abolit ou réduit fortement leur migration 
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chimiotactique induite par l’EGF (ligand de l’EGFR) ou le CXCL12 (ligand du CXCR4). En accord avec le rôle 

déterminant des lamellipodes au cours de la migration cellulaire, nous démontrons par une analyse en 

microscopie Time-Lapse que la déplétion des pools d’ATG9A conduit à la formation de lamellipodes anormaux, 

dont la durée de la phase d’expansion ainsi que l’amplitude d’expansion sont altérées. De plus, une analyse 

des trajectoires cellulaires (Cell Tracking) indique que les cellules déplétées de l’ATG9A présentent une vitesse 

de migration réduite.  

Par un immuno-marquage de l’ATG9A endogène, nous démontrons qu’une fraction de l’ATG9A est 

localisée dans les lamellipodes (co-marquage F-actine), à la membrane plasmique ou au sein de vésicules 

localisées sous la membrane plasmique. La stimulation chimiotactique des cellules par l’EGF augmente de 

façon significative l’intensité de l’immuno-marquage dans les protrusions cellulaires. La transfection des 

cellules par un construit permettant l’expression de la protéine de fusion ATG9A-mCherry nous a permis de 

constater que la plupart des vésicules ATG9A-positives localisées dans les protrusions cellulaires présentaient 

un trafic antérograde. Afin d’évaluer si les vésicules ATG9A s’orientant vers le front de migration fusionnent 

finalement avec la membrane plasmique, nous avons produit un construit permettant l’expression de la 

protéine ATG9A fusionnée à la pHluorine, un variant pH-sensible de la Green Fluorescent Protein. L’exocytose 

des vésicules ATG9A-positives est alors révélée par l’apparition de spots fluorescents suite à l’exposition de la 

pHluorine au pH neutre du milieu extracellulaire lors de l’ouverture du pore de fusion. L’analyse en 

microscopie TIRF (Total Internal Reflection Fluorescence) de cellules U87 MG ou HeLa transfectées avec ce 

construit indique que l’exocytose des vésicules ATG9A-positives est fortement polarisée et intense au front de 

migration. La stimulation chimiotactique des cellules par l’EGF augmente de manière significative le nombre 

d’évènements d’exocytose. 

Des données récentes de la littérature ont permis de révéler un rôle essentiel du trafic polarisé de 

l’intégrine β1, de l’appareil de Golgi vers la membrane plasmique, au cours de la migration cellulaire 

directionnelle. Dans ce contexte, nous avons constaté que la protéine de fusion ATG9A-mCherry co-localise 

partiellement avec le marqueur trans-Golgien TGN46 ainsi qu’avec l’intégrine β1, dans la zone périnucléaire 

mais également au sein de vésicules périphériques localisées à proximité du front de migration. Par 

l’expression de formes mutées de l’ATG9A au sein de cellules U87 déplétées de l’ATG9A endogène, nous avons 

démontré que i) l’ATG9A est essentielle au transport de l’intégrine β1 et du TGN46 au front de migration et 

que ii) cet effet de l’ATG9A est dépendant de sa capacité d’interagir avec les complexes adaptateurs de la 

clathrine (complexes AP). En accord avec un rôle essentiel de l’intégrine β1 au cours de formation/maturation 

des complexes d'adhésion, nous démontrons finalement par microscopie Time-Lapse qu’une déplétion de 

l’ATG9A réduit fortement les activités d’assemblage et de désassemblage des complexes d’adhésion 

(marquage Paxilline-eGFP), et que la plupart des évènements d’exocytose des vésicules ATG9A-positives se 

situent à proximité de ces complexes d’adhésion.  
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L’ensemble des résultats obtenus au cours du premier volet de ma thèse permettent de mettre en 

lumière une nouvelle fonction de la protéine ATG9A et indiquent que les vésicules ATG9A-positives en 

provenance de l’appareil de Golgi sont mobilisées au cours de la migration chimiotactique afin de faciliter 

l’expansion du lamellipode et son ancrage à la matrice extracellulaire.    

Rôle potentiel de la protéine ATG9A au cours de la polymérisation de l’actine au front de migration 

Le second objectif de ma thèse s’appuie sur une étude récente, ayant permis de mettre en évidence 

une fonction non-autophagique de la protéine Atg9 de Drosophile. Ces travaux ont en effet démontré que 

l’Atg9 de Drosophile est capable d’interagir avec deux protéines participant à la polymérisation de l’actine, 

Enabled (Ena) et Profiline. La déplétion de l’Atg9 bloque la localisation normale d’Ena et de la Profiline à la 

membrane plasmique, altérant ainsi le réseau cortical d’actine. Ces données de la littérature sont 

particulièrement relevantes dans le cadre de mon travail de thèse puisque les protéines Mena, Vasp et Evl de 

vertébrés, homologues de la protéine Ena de Drosophile, ainsi que la profiline-1, constituent des acteurs 

essentiels à la machinerie de polymérisation de l’actine dendritique au sein du lamellipode. 

 Par l’utilisation du système double-hybride chez la levure, nous avons donc évalué la capacité de 

l’ATG9A humaine à interagir avec chacune de ces protéines. Nous démontrons ainsi qu’aucun des domaines 

cytosoliques de l’ATG9A n’est capable d’interagir avec les protéines Mena, Vasp et Evl. En revanche, cette 

stratégie nous a permis de mettre en évidence une interaction spécifique entre le domaine cytosolique C-

terminal de l’ATG9A et la protéine profiline-1. La mutagenèse dirigée des vecteurs de double-hybride nous a 

permis de préciser que cette interaction est en partie relayée par des « clusters » de résidus proline localisés 

dans le domaine C-terminal de l’ATG9A.  

 En parallèle à ces résultats obtenus par la technique de double-hybride, des expériences réalisées sur 

des cellules U87 MG nous ont permis de démontrer que l’ATG9A et la profiline-1 présentent une forte co-

localisation au niveau du front de migration cellulaire. La déplétion de l’ATG9A, par l’utilisation d’ARN 

interférents, ou la surexpression du domaine C-terminal de l’ATG9A (dominant-négatif), bloquent la 

redistribution EGF-dépendante de la profiline-1 vers les protrusions cellulaires.   

De façon collective, les données obtenues au cours du second volet de ma thèse suggèrent que l’ATG9A 

participe également au transport dirigé de la profiline-1 vers le front de migration, afin d’y favoriser la 

formation du réseau d’actine nécessaire à l’expansion du lamellipode.   
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CHAPTER I: CELL MIGRATION 
 

Cell migration is a central physiological process during embryonic development, immune response and 

wound healing. It is likewise important in the survival of the species, by which organisms obtain nutrients, 

escape from toxic agents and predators. Cell migration is also important in pathological processes such as 

inflammatory diseases, i.e. multiple sclerosis, vascular diseases, cancer formation and development of 

metastases. Therefore, studying the fundamental mechanisms underlying cell migration is the key to better 

understand the physiology of the organisms as well as diseases, and thus, to find suitable therapeutic 

approaches.  

Since the 17th century, more than 400 years ago, man has begun to study cell migration thanks to the 

advent of microscopy. In 1675, Antoni van Leeuwenhoek, a tailor by profession, published his observations 

about the movement of protozoa detected in different liquids in the journal "Philosophical Transactions of the 

Royal Society”. In the following centuries, Theodor Engelmann (1881) and Wilhelm Pfeffer (1884) conducted 

experiments on bacteria and discovered that motility could be directed by external stimuli. It was only around 

the 1900s that the concept of cell migration became more consistent, when Il'ja Mečnikov described the 

phagocytic activity of neutrophils and their migration toward the site of infection (Mečnikov, 1905). 

Around 1970s, Michael Abercrombie established modern theories on cell migration observing that cells 

move through the development of protrusions leading directed migration. This process included the formation 

of adhesions and collapsed protrusions when a nearby cell came into contact. At this point, the cell emitted a 

new protrusion in a different area and changed direction by retracting the back of the cell body (Abercrombie 

& Ambrose, 1958; Abercrombie & Dunn, 1975). These observations have given life to the new concept of 

"protrusion-contraction". These studies on cell migration, along with others, led to think that migration was 

first characterized by the alternation of a protrusion phase. They also led to the idea that this mechanism could 

be “directed” in response to local accumulation of molecules, hence the birth of directional migration.  

1. Directional migration and cell polarization 

Cell migration is a dynamic event and can be divided into individual and collective cell migration (Trepat 

et al., 2012). Individual cell migration is typical of inflammatory processes and consists in the migration of 

immune cells at the site of infection, and fibroblasts in wound healing for extracellular matrix (ECM) secretion. 

Collective migration, on the other hand, is involved in the embryonic development and formation of 

metastases. It is defined as the migration of two or more cells using similar processes than individual cell 

migration (polarization, retraction and adhesions to the ECM) but in a set of cells that are joined together by 

adhesions, such as integrins and cadherins (Friedl & Gilmour, 2009). These junctions connect the actin 

cytoskeletons of the cells to create a "supracellular" structure that allows a dynamic and precise coordination 
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of migrating cells. The coordination of this process is ensured by a "leader" cell able to detect the molecular 

gradient and drive the migration of the cells with which it comes into contact (Vitorino & Meyer, 2008). By the 

use of in vivo imaging, Haas and Gilmour have shown that cells carrying a mutation in C-X-C chemokine receptor 

type 4 (CXCR4), an important receptor acting in directional migration, were inhibited to be leaders in the 

Zebrafish lateral line primordium (Haas & Gilmour, 2006). 

1.1. Chemotactic migration 

It is important to distinguish disorderly or random migration from organized and directional migration. 

In contrast to random migration, directional migration is the persistent one-way movement of a cell in 

response to an external stimulus. Depending on the nature of the external stimulus, we can distinguish:  i) the 

directional migration induced by a gradient of a soluble factor, i.e. chemotaxis or chemotactic migration, ii) 

the migration induced by a substrate-bound immobile factor, i.e. haptotaxis, iii) a mechanical cue exerted on 

the cell, i.e. mechanotaxis and iv) a mechanical gradient which arises from different properties of the 

extracellular matrix, i.e. durotaxis. From here on out, I will be focusing on chemotaxis, which is characterized 

by the activation of receptors located at the plasma membrane, that in turn activate intracellular pathways to 

keep this process active over time. It is nowadays accepted a model of chemotactic migration that is divided 

into five different cyclic steps (Lauffenburger & Horwitz, 1996). Following the recognition of a chemotactic 

stimulus, the first step is the polarization of the cell (Figure 1), with a clear distinction between a front (or 

leading edge) and a back (or retracting edge). This step involves the segregation of different molecular actors, 

such as actin. The consequence of polarization is the formation of a membrane protrusion (second step) called 

lamellum, made up of actomyosin fibres that end at the plasma membrane with an essential structure, called 

lamellipodium, consisting in a dense actin network. These protrusions are stabilized by the formation of 

adhesion complexes that serve as anchorage points to the ECM, and progressively mature and strengthen 

(third step). The protrusive force required to extend the lamellipodium forward is given by actin polymerization 

within this structure, while the contractile force is given by the actomyosin fibres present in the lamellum and 

at the back of the cell. The contraction of actomyosin filaments on mature adhesions allows the cell body to 

move forward (fourth step). The adhesions that no longer serve this process are demolished and/or recycled 

(fifth step) to generate a new cycle (Figure 1).  

1.2. Cell polarization  

The polarization of the cell is essential to direct its movement toward a chemotactic stimulus. The basic 

knowledge we have about this event comes mainly from studies conducted on the amoeba Dictyostelium 

discoideum (Weiner, 2002a) and neutrophils (Weiner et al., 2002). According to the Weiner’s theory, also 

called the “chemotactic compass”, the molecular actors of cell migration rapidly segregate in a front-to-back 

manner in response to a chemotactic gradient. This theory includes three different events: i) activation of 

chemotactic receptors, ii) accumulation of phosphatidylinositol 3,4,5-triphosphate (PIP3) beneath the plasma 
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membrane and iii) stimulation of Rho small GTPases Rac1, Cdc42 and RhoA. The most characterized 

chemotactic receptors are the seven-domain transmembrane G proteins-coupled receptors (GPCR) and the 

receptors tyrosine kinase (RTK). Xiao and colleagues have demonstrated that the receptor of the cyclic 

adenosine monophosphate (cAMP), the GPCR cAR1, fused to a green fluorescent protein (GFP) is evenly 

distributed over the surface of the Dictyostelium discoideum, and this distribution is essential to allow this 

LamellipodiumLamellum

Chemotactic stimulus

Chemotactic stimulus

LamellipodiumLamellum

Extracellular matrix

Actin
Actomyosin

Nascent adhesion

Mature 
adhesions

Nucleus

Nucleus

Nucleus

Integrins

Fig. 1 The different steps of chemotactic cell migration

Figure 1. The different steps of chemotactic cell migration. In response to an extracellular chemotactic stimulus, 

intense actin polymerization induces the formation of a protrusion in the cell front, the lamellum ( ), consisting 

of the lamellipodium ( ) at its end. The cell polarizes and synthesizes nascent adhesions, consisting of integrins 

and other components, to stabilize the growing protrusion ( ). During progression, these adhesions mature and 
serve as anchors to the extracellular matrix. Mature adhesions contact actomyosin contractile fibers in the 

lamellum ( ). Contraction of these actomyosin fibers allows the cell body to retract ( ) and allows the cell to 
advance toward the source of the chemotactic signal. Adhesions located at the back are disassembled and 

integrins are recycled to form new adhesions at the cell front ( ). 
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organism to accurately detect external gradient changes. Furthermore, during chemotactic migration, these 

receptors are not re-distributed toward the migration pole but remain evenly distributed over the entire 

surface (Xiao et al., 1997). The demonstration that receptors are homogeneously distributed during directional 

migration has also been shown by expressing the C5a receptor fused to GFP (C5aR-GFP) in a neutrophil-like 

cell line (Servant et al., 1999). In fact, chemotactic stimulation of the cells induced polarization toward the 

gradient without changing the distribution of the C5aR-GFP over the surface (Servant et al., 1999). These data 

suggest that cell polarization is, in fact, driven by the activation of signaling cascades in a local and polarized 

manner beneath the membrane.  

The signaling cascade, triggered by receptor stimulation, induces the accumulation of PIP3 at the plasma 

membrane. This accumulation depends on the activation and asymmetric distribution of the enzyme 

phosphoinositide 3-kinase (PI3K), that processes phosphatidylinositol 4,5-biphosphate (PIP2) into PIP3 at the 

leading edge (Weiner et al., 2002). PIP3 can activate some guanine nucleotide exchange factors (GEF) which in 

turn stimulate Rho small GTPase, such as RhoA, Rac1 and cell division control protein 42 (Cdc42). These 

GTPases act as a “molecular switch” shifting, under the control of specific GEF, from an "inactive" guanosine 

diphosphate (GDP)-bound form to an "active" guanosine triphosphate (GTP)-bound form (Weiner, 2002b) 

(Figure 2). 

Cdc42 GTPase is a main actor of cell polarity and acts as a stabilizer of polarization. In budding yeast, 

Cdc42 localizes to the budding site (Adams et al., 1990) while, in neutrophils and other migrating mammalian 

cells, Cdc42 is found at the leading edge (Etienne-Manneville, 2008). Cdc42 inhibition strongly destabilizes 

cellular polarization in neutrophils (Srinivasan et al., 2003; Van Keymeulen et al., 2006), while its 

overexpression significantly improved HeLa cell migration by enhancing the formation of lamellipodia and 

filopodia (Huveneers & Danen, 2009; Ye et al., 2015). Cdc42 establishes this polarization by acting on the 

effector proteins P21 activated kinase 1 (PAK1), along the cell protrusion structures, which in turn stabilizes 

the cytoskeleton (Parsons et al., 2005). In addition, PAK1 activates Cdc42 in a positive feedback loop, resulting 

in very high Cdc42 activity in the leading edge (Li et al., 2003) (Figure 2). 

Another player of cell polarization is Rac1, which promotes actin polymerization in the migration front 

as well as lamellipodia development (Parri & Chiarugi, 2010). Rac1 is part of a positive loop involving the 

production of PIP3 through the activation of PI3K. Srinivasan and colleagues have demonstrated that 

constitutive over-expression of Rac1 induces the accumulation of PIP3 at the plasma membrane, as well as the 

formation of actin polymers. Accordingly, a dominant negative form of Rac1 inhibits the accumulation of actin 
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polymers at the membrane as well as PIP3 following chemotactic stimulation and prevents polarity from being 

achieved (Srinivasan et al., 2003). Interestingly, data indicate that receptor-induced activation of Rac1 can also 

operate independently of the classical PI3K/PIP3 pathway. In this context, a more direct link between CXCR4 

and Rac1 activation has been demonstrated. Indeed, Li and colleagues have shown that CXCR4 stimulation, by 

its ligand C-X-C Motif Chemokine Ligand 12 (CXCL12), induces the translocation of engulfment and cell motility 

protein (ELMO) 1 at the plasma membrane and its interaction with the Gαi2 subunit. The Gαi2:ELMO1 complex, 

in turn, recruits the GEF dedicator of cytokinesis 180 (Dock180), which activates Rac1 and promotes actin 

polymerization as well as migration of breast cancer cells (Li et al., 2013). Similarly, activated epidermal growth 

factor receptor (EGFR) also leads to the activation of Rac1, through the recruitment of a complex containing 

Fig. 2 : The distribution of the main molecular actors of 
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Figure 2. The distribution of the main molecular actors of polarized cell migration. At the origin of polarization (left), the 
GPCR and RTK membrane receptors are locally activated by a chemotactic gradient, capable of inducing simultaneous 
recruitment of PI3K and the ELMO1 and dock180 proteins. PI3K induces the accumulation of PIP3, and continuous 
stimulation of GEF proteins translates with the recruitment of the active forms of the GTPases Rac1 and Cdc42. Cdc42, 
can also be stimulated by the PAK1 protein, one of the effector kinases of the signaling pathways of some membrane 
receptors. Activation of the Rho-GTPases Rac1 and Cdc42 allows the formation of a molecular gradient and polarization 
between the front and back of the cell (right). In fact, Rac1 catalyzes actin polymerization and the subsequent formation 
of protrusion and causes, through a positive feedback phenomenon on PI3K, the accumulation of PIP3 in the cell front. 
Cdc42 establishes polarization by acting on PAK1. The accumulation of PIP3 is tightly constrained in the cell front by the 
phosphatase PTEN, which is localized in the back of the cell, and which catalyzes the dephosphorylation of PIP3 forming 
PIP2. This mechanism fuels the formation of an antero-posterior PIP3-PIP2 gradient. In the back of the cell, the GTPase 
RhoA predominates and phosphorylates the Rac1 adaptor, FilGAP, inducing Rac1 inactivation in this area and promoting 
cell tail detachment. 
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the ELMO2 GEF protein, inducing actin remodelling and cell polarity in keratinocytes (Ho & Dagnino, 2012) 

(Figure 2). 

If Cdc42 and Rac1 are involved in the early spreading steps of cell migration, RhoA is instead involved in 

later stages of the process. Cdc42 and Rac1 are gradually activated toward the leading edge where they control 

actin cytoskeleton rearrangements to promote protrusive activity, while RhoA is mainly active at the back of 

the cells where, by inducing actomyosin contractility, it controls the retraction of the rear (Etienne-Manneville, 

2008; Nobes & Hall, 1995; Park & Bi, 2007) (Figure 2). Studies have shown that RhoA distribution is well 

polarized in migrating cells, as well as Rac1, with a cross-inhibition mechanism between these two GTPases. 

One of these studies has shown that the tail detachment depends on the activation of the RhoA downstream 

effector Rho-associated, coiled-coil-containing protein kinase (ROCK) which induces the phosphorylation of the 

Rac1 adapter Filamin A GTPase-activating protein (FilGAP) (Figure 2). This phosphorylation event finally 

promotes Rac1 inactivation at the rear of HEK293 cells (Ohta et al., 2006). In the same year, Van Keymeulen 

and colleagues demonstrated a more complex mechanism of mutual inhibition between these different 

GTPases. Expression of a constitutively active Cdc42 mutant increased RhoA activation in the back of the cell 

while the use of inhibitors for PIP3 synthesis reduced both the activation of Cdc42 and RhoA suggesting a long-

range inhibitory effect of PIP3 and Cdc42 on RhoA activity (Van Keymeulen et al., 2006). 

In addition to RhoA, the phosphatase and tensin homolog (PTEN) also acts as a “rear determinant”, by 

converting the PIP3 pool into PIP2 at the back of the cell (Funamoto et al., 2002; Worby & Dixon, 2014). The 

strict antero-posterior distribution of PI3K and PTEN, respectively, has been demonstrated (Merlot & Firtel, 

2003). Recent studies have shown that loss of PTEN causes a constitutive enrichment of PIP3 in the entire cell 

membrane, leading to the formation of multiples pseudopods toward different directions. Single-molecule 

measurements and kinetic analyses have demonstrated that local accumulation of PIP3 at subdomains of the 

cell membrane inhibits the binding of PTEN, which may contribute to the exclusion of PTEN from the cell front 

following chemotactic stimulation (Matsuoka & Ueda, 2018). The exclusion of PTEN from the migration front 

also depends on the activation of Cdc42 via PAK1, which itself depends on PIP3 (Li et al., 2003), as already 

discussed (Figure 2). All these data indicate that there is a precise control organization to maintain an antero-

posterior axis that serves to establish cell polarity. 

2. Membrane protrusions and actin cytoskeleton 

The extension of the cell surface is essential in the early events of many processes such as phagocytosis, 

neurite growth and cell migration (Lauffenburger & Horwitz, 1996; Rogers et al., 1983). This event is the first 

step for the formation of the two main cell protrusions driving cell migration, called lamellipodia and filopodia. 

These two structures are guided by actin filaments that generate the intracellular force necessary for their 

formation as well as their disassembly. The distinction between lamellipodia and filopodia lies in the way actin 

polymerization takes place. In fact, lamellipodia are generated by an highly branched actin filament network 
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(Svitkina & Borisy, 1999) while filopodia are arranged as finger-like actin filaments forming bundled projections 

(Mattila & Lappalainen, 2008). Lamellipodia and filopodia are built at the outer edge of the plasma membrane 

and they constitute the protrusive module (Faix & Rottner, 2006; Gupton & Gertler, 2007; Pollard & Borisy, 

2003). The contractile module is called lamellum, a structure consisting of a variety of filamentous-actin (F-

actin)–myosin II structures located just behind the leading edge, formed by lamellipodia and filopodia (Ponti, 

2004).  

Each actin filament consists of two helices of globular-actin (G-actin) that are twisted together. 

Nucleation of an actin filament is stimulated by nucleating factors, which mimic a G-actin dimer and are 

important for this initial step. Once nucleation has started, G-actin is needed to continue the elongation of the 

filament. F-actin filaments are polarized with a fast-growing (+) end, called barbed-end, in which G-actin:ATP 

monomers are added and a slow-growing (-) end, called pointed end, in which G-actin:ADP monomers 

dissociate from the filament (Figure 3). The binding of ATP to G-actin (G-actin:ATP) reinforces the stability of 

the filament at the barbed end, while moving away toward the pointed end, ATP is hydrolyzed into ADP (G-

actin:ADP), reducing its structural stability and increasing the chance of depolymerization, a mechanism called 

treadmilling (Figure 3). 

 

 

 

 

Fig. 3 : Regulation of actin treadmilling 
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Figure 3. Regulation of actin treadmilling. Actin depolymerization factors bind to G-actin:ADP (steady state) at the 

pointed-end, inducing filament depolymerization ( ). The concentration of G-actin at steady state increases. Nucleating 
factors, such as profilin-1, increase the likelihood of exchange of ADP for ATP to recycle G-actin at steady state. The 

profilin-1:G-actin:ATP complex is directed toward the barbed end of the actin filament ( ), inducing its rapid 

polymerization ( ). 



Chapter I Introduction Cell migration 

page 40 
 

2.1. Lamellipodia 

The lamellipodium is a highly dynamic protrusion developed at the cell front and is the main actor 

leading mesenchymal cell migration. This structure has a thickness ranging from 0.1 to 0.3 µm and a length 

from 1 to 5 µm (Innocenti, 2018), and is built up of a dense branched network of F-actin (Svitkina & Borisy, 

1999). To build the lamellipodium, the F-actin fast-growing end generates the necessary force to push the 

membrane outwards, allowing directional and persistent migration (Ridley et al., 2003). The formation of this 

protrusion depends on the synthesis of nascent adhesions at its growing edge and the stabilization of 

adhesions located more internally, in the lamellum, where myosin II resides. Once the nascent adhesion is 

formed, the continuous polymerization of actin filaments in the area between this adhesion and the more 

mature adhesion located in the lamellum induces an accumulation of actin filaments that deforms the plasma 

membrane. Myosin II, located in the mature adhesion, pushes the actin filaments of the lamellipodium forward 

generating enough tension to allow the protrusion to advance into the surrounding space. At this point, a new 

nascent adhesion is formed at the end of the lamellipodium and the cycle begins again (Giannone et al., 2007) 

(Figure 4).  Fig. 4 : Representation of the lamellipodium periodic regeneration 

model

Lamellipodium
regeneration from the 
actin polymerization

machinery

The released
lamellipodium is

bundled at the back 

The cycle 
begins again

Myosin II

New adhesion

Mature adhesion

Lamellipodium

Lamellum

Actin polymerization
machinery

Plasma membrane

High tension on 
cell edge and 

retraction

Lamellipodium
conncetion with

Myosin II

Lamellipodium
bending

Adhesion site 
initiation

Lamellipodium actin
release from tip

Figure 4. Representation of the lamellipodium 
periodic regeneration model. Polymerization of 
lamellipodium-associated actin (green) in the 
front induces its growth toward the back until it 
reaches a new adhesion site (dark yellow) where 

myosin II (blue) clusters ( ). Myosin II pulls the 
growing lamellipodium, generating a strong 
tension in the cell front and thus its retraction (

). This induces deformation of the outward-

pushing lamellipodium ( ), and formation of a 

new adhesion (dark yellow) ( ). The 
lamellipodium continues to be pulled until it is 

released from the tip ( ), where it regenerates 
from the actin polymerization machinery (red) (

). The previously generated lamellipodium 
continues to be pulled by myosin II into a bundle, 
shrinking it to the level of the previous adhesion 

( ), while the new lamellipodium reaches the 

next adhesion and the cycle begins again ( ). 
Cartoon adapted from Giannone et al., 2007. 
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2.1.1. Mechanisms of lamellipodia formation and actin regulators  

The development of lamellipodia is controlled by the actin-related protein (Arp) 2/3 complex, 

constituted by the association of seven proteins: Arp2, Arp3 and Arpc1-5. This complex associates with actin 

filaments to induce actin polymerization. The Arp2/3 complex is not constitutively active and cannot induce 

nucleation of actin filaments alone. In fact, its activity is promoted by the nucleation promoting factors (NPF), 

such as proteins of the Wiskott-Aldrich syndrome protein (WASP) family, consisting in WASP itself, N-WASP, 

WASP-family verprolin-homologous protein (WAVE) 1-3, WASP homolog-associated protein with actin, 

membranes, and microtubules (WHAMM) and Wiskott-Aldrich syndrome protein and scar homolog (WASH). 

The exact functional role of each of these proteins is still unclear, but it would appear that they have similar 

functions, dependent on the cell type. These proteins essentially recruit Rho GTPases at the plasma membrane 

and organize the platform from which the actors of actin nucleation are recruited. For example, the WAVE 

complex is activated by Rac1 which induces its association with plasma membrane phospholipids at the leading 

edge (Chen et al., 2010) (Figure 5A). WAVE complex association with the plasma membrane leads the 

recruitment of Arp2/3 complex that binds the C-terminal WCA domain of the WAVE protein promoting Arp2/3 

initial processivity. Arp2/3 complex can finally associate with pre-existing actin filaments where new 

“daughter” filaments develop from the “mother” ones, inducing branching. The resulting protrusion, formed 

by a branched and complex network of F-actin, constitutes the lamellipodium (Ridley, 2011; Rotty et al., 2013) 

(Figure 5A). The critical role of Arp2/3 in this process has been extensively studied and, accordingly, Arp2/3 

accumulates at the barbed ends of the filaments following chemotactic stimulation (Bailly et al., 1999). Arp2/3 

downregulation resulted in loss of lamellipodia and reduced directed migration induced by different cues in 

fibroblasts, epithelial cells, oligodendrocyte precursors and glioma cells (Beckham et al., 2014; Li et al., 2015; 

Liu et al., 2013; Suraneni et al., 2015; Wang et al., 2015; Wu et al., 2012). Interestingly, Arp2/3-deficent cells 

are still able to migrate but with reduced speed and the appearance of filopodia-like structures, instead of 

classical lamellipodia (Beckham et al., 2014; Li et al., 2015; Suraneni et al., 2012; Wu et al., 2012).  

Other factors actively contribute to the ongoing polymerization, such as profilin-1 and proteins of the 

Enabled (Ena)/Vasodilatator-stimulated phosphoprotein (VASP) family. Profilin-1, by interacting with G-

actin:ATP (Figure 3), constitutes an important source of actin monomers supplied at the barbed end of the 

filaments. Ena/VASP proteins improve F-actin elongation i) by inhibiting the association of “capping proteins” 

at the barbed ends of the growing filaments, and ii) by participating to the recruitment of the profilin-1:G-actin 

complex, as detailed below (Barzik et al., 2005) (Figure 5B). The Ena/VASP family consists of Drosophila Ena, 

Caenorhabditis elegans Unc-34, Dictyostelium DdVASP, and the three mammalian family members VASP, 
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mammalian Ena (Mena), and Ena-VASP-like (Evl). The specific roles of the mammalian proteins are still poorly 

understood, and mechanistic data mainly arise from studies performed on VASP from invertebrates.  

All the members of the Ena/VASP family have conserved structural domains, consisting of a N-terminal 

domain defined Ena-VASP-homology (EVH)-1, a central proline-rich domain and a C-terminal domain, EVH2 

(Figure 5B). The EVH1 domain interacts with adhesion proteins, such as zyxin and vinculin. The proline-rich 

domain binds and recruits profilin-1, while the EVH2 domain binds both G-actin and F-actin, through specific 

subdomains called G-actin binding (GAB) and F-actin binding (FAB), respectively (Brühmann et al., 2017).  

Fig. 5 : Molecular actors involved in lamellipodium formation 
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Ena/VASP proteins exert their actions immediately after initiation of the daughter filament, following 

dissociation of the WAVE complex from the Arp2/3 complex. They first anchor to the barbed end of the 

filament via their FAB domain, then induce the recruitment of profilin-1 via their proline-rich domain. Under 

this configuration, G-actin:ATP monomers are then transferred from profilin-1 to the GAB domain of 

Ena/VASP, and finally charged on the barbed end of F-actin (Hansen & Mullins, 2010; Pasic et al., 2008) (Figure 

5B). Free profilin-1 moves away to be loaded with new G-actin:ATP, continuing to provide monomers to the 

GAB domain of Ena/VASP protein. Although, as stated above, the specific functions mammalian of Ena/VASP 

family members are still unclear, it has been shown that depletion of Evl, VASP or Mena proteins perturbs 

lamellipodial architecture with reduced F-actin assembly and an increased rate of capping activity, leading to 

reduced cell migration and lamellipodia persistence (Damiano-Guercio et al., 2020). Mutation of the poly-

proline domain of Ena/VASP, implicated in profilin-1 binding, reduced the actin polymerization rate. Similar 

results were observed in a mutated form of profilin-1, that cannot bind G-actin (Hansen & Mullins, 2010).  

Other proteins participate to lamellipodium formation, such as cofilin and cortactin. Cofilin mediates 

the cutting of existing cortical actin filaments, which generates new barbed ends to which the Arp2/3 complex 

can bind and stimulate polymerization (van Rheenen et al., 2009). Cortactin is a scaffold protein recruited to 

the Arp2/3 complex to stabilizes the new synthetized branches and new filaments, giving stiffness to the whole 

structure. This allows the lamellipodium to be mechanically more rigid, increasing persistence during migration 

(Lai et al., 2009; Ren et al., 2009) (Figure 5C). 

 

 

 

Figure 5.  Molecular actors involved in lamellipodium formation. Lamellipodia formation and progression require the 
formation of an extensive dendritic network of actin filaments that pushes the plasma membrane outward. A| Following 
cell polarization, Rac1 is activated at the migration front and recruits the WAVE protein which binds the plasma 

membrane phospholipids ( ). Next, the WAVE protein induces the recruitment of the nucleation factor Arp2/3 that 

initiates branching and polymerization of a new actin filament from a pre-existing filament ( ). The Arp2/3 protein 
provides new spots for the formation of new barbed ends of actin filaments which ends in an extensive network of 

branched actin ( ). B| During actin polymerization Ena/VASP protein allows for fast synthesis and acts as an anti-capping 
agent. (Upper) The structure of the human Ena/VASP protein consists of an EVH1 domain at the N-terminal end, capable 
of interacting with the vinculin and zyxin adhesion proteins; a poly-prolines-rich domain, which gives the ability to interact 
with profilin-1; and an EVH2 domain at the C-terminal end, consisting of the GAB, FAB, and coiled-coil subdomains. The 
GAB subdomain interacts with G-actin while FAB interacts with F-actin. The coiled-coil subdomain allows homo-
tetramerization with other Ena/VASP proteins. (Lower) A tetramer of Ena/VASP in association with actin filaments. 
Interaction between the EVH1 domain of Ena/VASP and adhesion proteins aid in the positioning of the Ena/VASP tetramer 
near the plasma membrane. The profilin-1:G-actin loading mechanism by which Ena/VASP is thought to supply actin 
monomers to the barbed end of actin filaments while antagonizing association of capping proteins that terminate 
filament elongation. Cartoon adapted from Bear and Gertler, 2009. C| Cofilin, by cutting pre-existing actin filaments, 
provides the Arp2/3 complex with new free barbed-ends. Finally, by binding to the Arp2/3 complex and actin filaments, 
cortactin stabilizes the actin network and thus the lamellipodium. 
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2.1.2. Rho GTPases and lamellipodium formation 

Small GTPases of the Rho superfamily are particularly involved in actin network development. In 

particular, Rac1 and Cdc42 play a leading role in lamellipodia formation (Ridley, 2011). Rac1 mutants cells 

shown impaired lamellipodia formation while the development of a genetically-encoded photo-activatable of 

Rac1 could rescue lamellipodia formation and ruffling (Wu et al., 2009). Rac1 is able to activate the WAVE 

complex, normally sequestered and inactive, which in turn activates Arp2/3 (Chen et al., 2010). Furthermore, 

expression of a dominant negative form of Rac1 blocked lamellipodia spreading and generated a large number 

of filopodia (Guillou et al., 2008). Cdc42 can activate both WASP and N-WASP and induce their binding on PIP2 

located at the plasma membrane (Rohatgi et al., 2000). This mechanism is similar to that observed for Rac1-

induced activation of the WAVE protein, which leads to the same result of recruiting Arp2/3 complex at the 

leading edge.  

2.2. Filopodia 

Filopodia are tiny (0.2 µm2) finger-like structures arising from the plasma membrane (Innocenti, 2018). 

They consist of 10 to 30 linear actin filaments arranged in parallel that push toward the tip (Yang & Svitkina, 

2011). The role of the filopodia seems to be to function as "antennas" for the cell to probe the surrounding 

space during cell migration. It has been demonstrated that ErbB1 receptors localize within these structures 

and detect both the presence and concentration of effector molecules far from the cellular body to activate 

local signaling cascades (Lidke et al., 2005). Interestingly, filopodia are the scaffold structures for lamellipodia 

nucleation and can be dynamically converted into lamellipodia-like protrusions (Guillou et al., 2008). It is also 

accepted that filopodia control the persistence of cell migration by promoting the stabilization of focal 

adhesions at the cell front, stabilizing in turn the lamellipodium (Bornschlögl, 2013; Heckman & Plummer, 

2013; Mattila & Lappalainen, 2008). 

2.2.1. Mechanisms of filopodia formation and actin regulators 

The development of filopodia is mainly controlled by proteins of the formin family, of which the most 

studied mammalian diaphanous 2 (mDia2) protein belongs. mDia2 catalyzes the processive assembly of G-

actin monomers at the tip of filopodia, promoting polymerization. Other NPFs sustain this process, such as the 

insulin receptor phosphotyrosine 53 kDa substrate (IRSp53), Ena/VASP and profilin-1 proteins (Campellone & 

Welch, 2010; Chhabra & Higgs, 2007; Mellor, 2010). The formation of filopodia can occur de novo from the 

plasma membrane or from barbed ends of actin filaments, generated by a Arp2/3-dependent mechanism, 

without branching out. De novo formation of filopodia occurs as follow: the mDia2 protein is activated by 

Cdc42 which induces its association with plasma membrane lipids at the leading edge (Goh et al., 2012). Cdc42 

also binds and recruits the scaffolding protein IRSp53 (via Cdc42/Rac-interactive binding (CRIB) motif), a 

member of the inverted-Bin-Amphiphysin-Rvs (I-BAR) family protein, known for their ability to bend the 
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membranes via their N-terminal I-BAR domain. IRSp53 localized at the basis of the forming filopodia and then 

bends the plasma membrane outwards (Ahmed et al., 2010). The profilin-1:G-actin:ATP complex is finally 

recruited in order to allow the formation of actin filaments, which push the plasma membrane outwards and 

give shape to the filopodia (Le Clainche & Carlier, 2008; Ridley, 2011). Fascin, another actin-binding protein, is 

important in holding the actin filaments in a parallel direction along the filopodia, acting as a bridge and giving 

the characteristic shape of parallel bundles (Machesky & Li, 2010) (Figure 6). Loss- and gain-of-function 

approaches have shown that mDia2 depletion strongly inhibited filopodia formation, while a constitutively 

active form of mDia2 induced the accumulation of long and linear actin filaments in lamellipodia which 

subsequently exhibit high tendency to converge into filopodia (Yang et al., 2007). Moreover, mDia2 is highly-

concentrated at the tip of cortical neurite filopodia (Dent et al., 2007; Yang et al., 2007). These results suggest 

that mDia2 protects the fast-growing (+) ends of actin filaments from capping and promotes their linear 

polymerization without branching, typical of filopodia.  

 

Fig. 6 : Molecular actors involved in filopodia formation 
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2.2.2.  Rho GTPases and filopodia formation 

The Small GTPases of the Rho superfamily are involved in the development of the actin filaments during 

the formation of filopodia, and Cdc42 plays a crucial role (Nobes & Hall, 1995). Once Cdc42 is activated by 

GEFs, it recruits IRSp53 which leads membrane bending. This deformation acts as a platform for assembling 

the complex and once actin regulators are recruited the polymerization is started, generating the filopodium 

(Ahmed et al., 2010).  

The role of Cdc42 in filopodia formation has been the focus of many studies. Expression of a dominant-

negative form of Cdc42 impaired cell spreading and inhibited filopodia formation (Guillou et al., 2008). 

Moreover, by fluorescent resonance energy transfer (FRET), Peng and colleagues have shown that Cdc42 binds 

mDia2 and this interaction is essential for the recruitment of mDia2 at the tips of filopodia in migrating 

fibroblasts (Peng et al., 2003). Another strategy was to produce an engineered membrane receptor able to 

recruit activated Cdc42 at the plasma membrane. Inducible recruitment of Cdc42 to these receptors  

stimulated actin polymerization at the plasma membrane resulting in the formation of filopodia-like structure 

and recruitments of other proteins such as Ena/VASP (Castellano et al., 1999).  

2.3. Formation of filopodia versus lamellipodia: the regulatory roles of Arp2/3 and profilin-1 

As stated in the previous paragraphs, formation of lamellipodia and filopodia share common 

determinants. Indeed, extensive data indicate that proteins of the Ena/VASP family actively participate to both 

processes, using similar mechanisms, i.e. stimulation of actin polymerization and anti-capping activity. It 

therefore appears from the literature that the protrusive structure preferentially formed (lamellipodium or 

filopodia), tightly depends on Arp2/3 and profilin-1 availability. In cells that generally develop filopodia only, 

such as neurons, Arp2/3 might be excluded from the cell periphery, allowing mDia2 and Ena/VASP:profilin-1 

to polymerize F-actin without branching. In fact, without any external influence, Ena/VASP promotes linear 

filament bundling in vitro (Barzik et al., 2005; Bear et al., 2002). A similar result was recently found for testis 

myotubes, in which filopodial-dependent migration was strongly stimulated by treatment with CK-666, an 

Arp2/3 inhibitor, supporting the notion that Arp2/3 has to be excluded for the development of filopodia 

(Bischoff et al., 2021). 

Figure 6. Molecular actors involved in filopodium formation. The action of the GTPase Cdc42 induces filopodia formation 
either from a pre-existing actin network or de novo. In the first case, Cdc42 activates mDia2 which polymerizes actin from 
a pre-existing network. In the second case, Cdc42 activates mDia2 which polymerizes actin and creates new filaments. 
Cdc42 can also recruit and activate the IRSp53 protein, which is responsible for membrane curvature at the base of the 
filopodium. Once the filopodium begins to growth from the plasma membrane, the filaments are bound together, forming 
actin bundles, by the fascin protein. At the tip of the filopodium, Ena/VASP proteins promote processivity and 
polymerization of the actin filaments also thanks to profilin-1, which supplies actin monomers to the growing end. In 
addition, mDia2 allows branching-free growth of actin filaments by excluding Arp2/3 from the filopodia growth zone. 
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Interestingly, Skruber and colleagues have shown that profilin-1 expression level determines which 

leading-edge actin structure assemble from a common G-actin pool (Skruber et al., 2020). By introducing 

specific concentrations of profilin-1 in profilin-1 knockout (KO) cells, they have found that low levels of profilin-

1 caused filopodia to form exclusively at the leading edge, while higher concentrations of profilin-1 inhibited 

filopodia and favored lamellipodia formation (Skruber et al., 2020). 

3. Cell adhesions 

During migration, the cell builds transient adhesions at the migration front to allow its anchorage on the 

substrate. The later maturation of these adhesions generates the force necessary for the contraction of 

actomyosin fibres. The force generated enables the cells to disassemble the adhesions in the back and pushes 

the entire cell body forward (Ridley et al., 2003). Focal adhesions contact the surrounding space through 

specific cell surface receptors, such as integrins, and interactions with the extracellular matrix (Giancotti, 

1999). Adhesions also play a role in intracellular signalization and can control cell polarity through organization 

of the actin cytoskeleton (Giannone et al., 2007). In order for cell migration to be efficient, the assembly and 

disassembly of adhesions has to be tightly regulated. These events are connected to each other through a 

series of intracellular feedback loops that are spatially and temporally organized (Giannone et al., 2007; 

Machacek & Danuser, 2006; Totsukawa et al., 2004). This regulation takes place through the synergistic activity 

of the different Rho GTPases (Nobes & Hall, 1995; Rottner et al., 1999) already described in the previous 

paragraphs.  

3.1. Extracellular matrix components 

The ECM is a three-dimensional non-cellular structure present in the tissues of the organism and 

provides structural and biochemical support for the surrounding cells. The ECM is made up of proteoglycans, 

polysaccharides and proteins. The matrix is produced and secreted by specialized resident cells, i.e. fibroblasts, 

located in the connective tissues.  

Proteoglycans are the major constituents of the matrix and act to fill most of the interstitial space. They 

give to the matrix a gel-like appearance (Järveläinen et al., 2009), hydration, buffering (Iozzo & Murdoch, 1996) 

or filtering (Morita et al., 2005) depending on the tissue in which they take part. A growing number of studies 

indicate that proteoglycans also play an important role in migration, adhesion and proliferation, acting as 

receptors for molecules or ligands contained in the surrounding space (Kirkpatrick & Selleck, 2007; Schaefer 

& Schaefer, 2010).  

Hyaluronic acid is a polysaccharide that forms the ECM and gives tissues the ability to resist 

compressions thanks to its high capacity to absorb water. Its ability to bind the CD44 receptor makes it an 

important component during the formation of tumor metastases (Peach et al., 1993). 
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The ECM is mainly constituted of collagen, elastin, laminin and fibronectin. Collagen is the most 

abundant protein in the human body (Di Lullo et al., 2002). It provides traction strength to ECM and supports 

chemotactic cell migration (Rozario & DeSimone, 2010). Its function is to bridge other proteins, such as elastin, 

and to limit their stretching. Elastin fibres provide the rebound for tissues that undergo repeated stretching. 

This is the reason why collagen has the important role of protecting elastin by limiting its elongation, thanks 

to their close association (Wise & Weiss, 2009). 

Last but not least, fibronectin is another ECM constituent protein that, through its binding with integrin 

receptors located on the cell surface of migrating cells, acts as the central player in the communication 

between the inner part of the cell and the surrounding space. Integrins belong to a large family of 

heterodimeric transmembrane adhesion receptors. They are synthesized as inactive monomers, and 

heterodimerization makes them functionally active. Fibronectin is recognized by heterodimer integrin 

receptors (α and β subunits) via a sequence consisting of arginylglycylaspartic acid (RGD) contained in 

fibronectin (Pytela et al., 1985). There are several α and β subunit isoforms and their combinations result in 

specific binding with ECM proteins. The α5β1 and αvβ3 integrins specifically bind fibronectin, and are highly 

involved in tumor development, such as lung carcinoma, melanoma and glioblastoma (Adachi et al., 2000; 

Albelda et al., 1990; Bello et al., 2001). Two fibronectin isoforms exist, one containing the extra domain (ED)-

A and one the ED-B, whose sequences are derived from alternative splicing. These two isoforms are 

synthesized during embryogenesis and their precise roles remain unclear. In adults, ED-A and ED-B fibronectins 

are only expressed under specific conditions such as tissue repair, angiogenesis and cell migration (Chauhan 

et al., 2004; Magnuson et al., 1991). Although the expression of isoform ED-B remains very restricted in healthy 

adult tissues, it is also highly expressed in breast cancer (Kaczmarek et al., 1994), brain tumors (Castellani et 

al., 1994) and prostate cancer (Locher et al., 2014). It has been shown that cancer cells can produce the ED-B 

fibronectin isoform independently of fibroblasts leading to its secretion in the stroma instead of being 

expressed at the plasma membrane (Midulla et al., 2000). The ED-A isoform was associated with an increase 

in α5β1 integrin expression in breast cancer cells cultured in matrigel and up-regulation of total fibronectin 

(Nam et al., 2010). Since fibronectin is an essential protein during epithelial to mesenchymal transition (EMT), 

a key mechanism for tumor progression (Petrini et al., 2017), the expression of these isoforms may increase 

tumor migration through the extracellular matrix. Also, these isoforms can be secreted instead of being 

expressed at the plasma membrane of cancer cells potentially impacting tumor therapy which requires direct 

binding of the therapeutic molecule at the tumor cell surface (Midulla et al., 2000). 
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3.2. Different types of adhesions 

Chemotactic cell migration requires regulation of the adhesions cycle which consists in adhesion 

synthesis, adhesion stabilization and finally, adhesion degradation. During this process, adhesions differ in size, 

stability and molecular composition. Based on these characteristics, the level of adhesion maturation can be 

understood. The cycle of adhesion formation begins with the synthesis of the so-called nascent adhesions, 

small structures of about 0.2 µm2, appearing during the formation of the lamellipodium. Only a small 

population of nascent adhesions keeps maturing, while the others are disassembled within 76 seconds on 

average (Choi et al., 2008). The most stable adhesions continue to mature and give life to the focal complexes 

which are about 0.5 µm2 in size. These complexes mature definitively in very stable structures called focal 

adhesions, which are much larger (1-5 µm) (Choi et al., 2008). Focal adhesions can further develop into fibrillar 

adhesions, but these latter have a role in reshaping the ECM rather than promoting cell migration (Zaidel-Bar, 

2003) (Figure 7). 

 

Fig. 7 : Features of different forms of cell adhesions 
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Figure 7. The different forms of adhesions of a migrating cell. Adhesions are tightly coupled to protrusions of the leading 
edge of the cell (lamellipodia and filopodia). Nascent adhesions form initially in the lamellipodium and their rate of 
formation correlates with the rate of protrusion. Nascent adhesions can be disassembled or mature to form focal 
complexes, located in the transition zone between the lamellipodium and lamellum. Maturation of focal complexes into 
focal adhesions is accompanied by the bundling and cross-bridging of actin filaments with myosin, forming actomyosin 
contractile fibers, which stabilizes adhesions and increases their size. Fibrillar adhesions form from maturation of focal 
adhesions and are mainly found at the rear of the cell. 
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Nascent adhesions are located at the edge of the nascent lamellipodium and are mainly made up of 

α5β1 integrin, focal adhesion kinase (FAK), talin and paxillin (Bachir et al., 2014). Focal complexes begin to 

appear at the boundary between the lamellipodium and the lamellum and are constituted of αvβ3 integrins, 

FAK, phospho-paxillin, α-actinin (Laukaitis et al., 2001), vinculin  (Rottner et al., 1999) and talin. Focal adhesions 

are located at the cellular periphery and are made of αvβ3 integrins, phospho-paxillin, vinculin, FAK, talin, zyxin 

and VASP (Gardel et al., 2010). In these adhesions, different tyrosine residues within paxillin are 

phosphorylated, regulating its activation status (Choi et al., 2008). Fibrillar adhesions are located in the central 

part of the cellular body and mainly contain α5β1 integrin, vinculin, talin, FAK, paxillin, α-actinin and tensin 

(Zamir et al., 1999) (Figure 7). 

3.2.1.  Mechanisms of adhesions assembly  

The genesis of nascent adhesions is induced by integrin activation. As already mentioned (paragraph 3), 

integrins are heterodimeric membrane receptors consisting of two distinct subunits, an α and a β subunit. 

These proteins consist of a long extracellular domain, a single transmembrane domain and a short cytoplasmic 

domain. The long extracellular domain is responsible for binding to many ligands of the ECM, such as 

fibronectin. Integrins generally have two conformational shapes: a closed, inactive form that does not allow 

interaction with other proteins and an open, active form, that can interact with molecular partners (Shattil et 

al., 2010). Integrin activation can be done by a signaling mechanism called “inside-out”, that starts from the 

integrin tails located in the cytoplasm (inside) toward the heads of the long domains placed in the extracellular 

space (out). Although a number of candidates have been studied (Liu et al., 2000) for triggering inside-out 

signaling, it is now accepted that talin is the first actor involved in integrin activation of the integrins and the 

formation of nascent adhesions. Talin acts as an intracellular activator by binding to the tail of the β integrin. 

This induces the dissociation between the α and β tails with the consequent conformational change that passes 

through the membrane and reaches the integrin-head on the extracellular side. This conformational change 

activates the integrins, increasing its affinity for extracellular ligands (Shattil et al., 2010) (Figure 8). Several in 

vitro studies have shown that talin 1 is able to bind and activate β1, β2 and β3 integrin subunits (Simonson et 

al., 2006; Tadokoro, 2003). Accordingly, talin 1 depletion blocks the activation of β1 and β3 integrin subunits 

in platelets, in vitro and in vivo (Nieswandt et al., 2007).  

Although less studied, it has been suggested that the activation of the integrins can also take place 

according to a mechanism called “outside-in” in which the signaling mechanism comes from the extracellular 

space (outside) as the ECM components, such as fibronectin, to the intracellular compartment (in), inducing 

the conformational changes described above (Figure 8). Whilst talin 1 is an essential component of integrin 

activation during the inside-out mechanism, it seems to play a secondary role in the outside-in mechanism. In 

fact, it has been demonstrated that the recruitment of talin takes place after the activation of the integrins in 

the CHO cells and is an essential process for cell spreading (Nieves et al., 2010). This result was supported by 
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in vivo studies in which the activation of the integrins was unaffected even upon talin KO in muscle 

development (Conti et al., 2009). This suggests that regardless of what signal the cell receives (from inside or 

outside), the result still leads to the activation of the integrins. Furthermore, it cannot be excluded that the 

inside-out and outside-in mechanisms are activated in parallel during the formation of adhesions for greater 

adhesion efficiency, depending on intracellular and/or extracellular conditions. In any case, integrin activation 

induces clustering with the adjacent integrins heterodimers, forming hetero-oligomers local clusters with 

further increased affinity for extracellular ligands (Shattil et al., 2010).  

3.2.2. Maturation of adhesions 

The binding of talin is quickly followed by the recruitment of other proteins, such as paxillin, one of the 

first proteins present in nascent adhesions. Paxillin acts as a platform protein that regulates the interaction 

between the integrins and the actin cytoskeleton by modulating protein adhesion composition. 

Paxillin contains four Lin-11, Isl-1, Mec-3 (LIM) domains positioned in tandem. These domains are 

formed of double zinc-finger motifs and have the function of binding different proteins (Turner, 2000) (Figure 

9A). Several reports have attempted to clarify the role of the different LIM domains in adhesion maturation 

and for example, beyond paxillin, proteins containing the LIM domain have the ability of binding the 

cytoplasmic tail of β integrins (Wixler et al., 2000). Although it is unclear which of these domains is involved, 

Fig. 8 : The integrin activation cycle
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Figure 8. The integrin activation cycle. Integrin activation occurs by intracellular (inside-out) or extracellular (outside-in) 
pathways. In the first case, the activation of intracellular pathways result, in some cases, from the activation of a 
chemotactic receptor that induces the recruitment of talin to the cytoplasmic end of the β integrin. Talin induces a 
conformational change in integrins that acquire a high affinity for their ligand. In the second case, it is the binding of the 
ligand (e.g., fibronectin) to the integrins that causes the conformational change and their activation. Integrins with high-
affinity for their ligand can form clusters, increasing their avidity for the substrates. Talin is then recruited and makes 
contact with F-actin and recruits paxillin, which in turn binds to FAK. These two proteins stimulate GEFs, which are 
responsible for local activation of Rac1, which in turn activates integrins, by a positive feedback mechanism. 
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paxillin also interact with β1 integrins. In fact, it has been found that paxillin can bind to synthetic peptides 

mimicking  the cytoplasmic tail of the β1 integrin in chicken embryo cell lysate (Schaller et al., 1995) and, more 

recently, paxillin has been demonstrated to co-immunoprecipitate with β1 integrin in neural cells (Chen et al., 

2000). Recently, the LIM4 terminal domain of paxillin has been found to bind the plasma membrane and also 

interact with the cytoplasmic tail of β3 integrin (Ripamonti et al., 2021). Specifically, the authors have shown 

that mutation of specific paxillin residues, capable to interact with β3 integrin, blocks adhesion maturation 

and leads paxillin to slide on the substrate (Ripamonti et al., 2021).  

The N-terminal region of paxillin controls most of its signaling activity and provides the specificity for 

interaction with individual partners, such as dock180, ELMO, vinculin and actopaxin. Furthermore, the N-

terminal domain is the target for phosphorylation by tyrosine kinases. FAK phosphorylates paxillin at two main 

positions, tyrosine 31 and tyrosine 118 (Bellis et al., 1995; Schaller et al., 1995). The consequence of 

phosphorylation mainly consists in regulating the dynamics between the adhesion complex and the actin 

network (Nakamura et al., 2000). Although these phosphorylations are not necessary for the localization of 

paxillin in maturing adhesions, they are instead important for the recruitment of Crk and p130CAS (Kiyokawa et 

al., 1998) which in turn promotes the recruitment of dock180 and ELMO proteins for the formation of an active 

Rac1 GEF complex. This complex finally activates Rac1 to promote cell migration (Brugnera et al., 2002)  (Figure 

9A). 

While paxillin has a scaffold function to spatially and temporally integrate the action of the complexes 

in the adhesion sites (Deakin & Turner, 2008), vinculin has a structural role through direct interaction with the 

actin cytoskeleton (Galbraith et al., 2002). Once vinculin has been recruited by paxillin (Turner et al., 1990) it 

binds the actin filaments via its C-terminus and talin via its N-terminus (Humphries et al., 2007). This dual 

interaction is necessary for vinculin activation (Chen et al., 2006; Gilmore & Burridge, 1996). Once this complex 

has been formed, the focal adhesions are finally mature and can resist very intense forces (Hirata et al., 2014) 

(Figure 9B). 

The maturation and stabilization of adhesion complexes enable the cells to exert the force necessary 

for their movement. The contraction of the actin fibres depends on non-muscle myosin IIA (Cai et al., 2006) 

which allows the actin filaments to slide over each other, generating the force needed to move the cell 

forward. Reversible phosphorylation of myosin IIA by kinases regulates its continuous activity on contraction 

of actin filaments (Parsons et al., 2010) (Figure 9B). 
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Figure 9. Structure of paxillin and adhesion assembly. A| Paxillin is a scaffold for the recruitment of several signaling 
proteins to the plasma membrane. Paxillin contains specific tyrosine residues that can be phosphorylated at positions 31 
and 118, which specifically relates to induction of adhesion complex organization, actin network dynamics and 
recruitment of Crk and p130CAS proteins. The N-terminal end of Paxillin also recruits ELMO1 and its GEF dock180, as well 
as adhesion proteins such as Vinculin and Actopaxin. Paxillin contains four LIM domains, capable of binding other proteins 
(via zinc-finger motifs) and plasma membrane, as well as β integrins (via the LIM4 domain). B| During the assembly of 
adhesions and their maturation, additional proteins are recruited, such as zyxin and vinculin, the latter of which binds to 
talin and establishes actin binding. α-actinin and myosin IIA allow actin filaments to bind together, be stabilized, and 
contract. During the late stage of adhesion maturation (fibrillar adhesion), tensin allows further stabilization by 
connecting integrins to actin filaments. 
 

3.2.3.  Mechanisms of adhesions disassembly 

The disassembly of adhesions is an essential step for the cell to move forward and takes place both at 

the migration front (lamella-lamellipodium interface) and at the rear of the cell. Adhesion disassembly occurs 

via a protease-dependent cleavage mechanism and/or via endocytosis. Cleavage of specific adhesion proteins 

by the calpain proteases is a main determinant of adhesion disassembly (Franco et al., 2004). In fact, the 

inhibition of calpains either by inhibitors or pharmacologically active molecules, such as calpastatin or N-

acetylL-Leu-Leu-Norleu-al (ALLN) respectively, blocks the adhesion disassembly process (Bhatt et al., 2002). 

Among the proteins identified as sensitive substrates for calpain activity, we find β integrins, FAK, paxillin, talin 

1 and vinculin. Furthermore, the existence of two different isoforms, calpain 1 and 2, induces the proteolytic 
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Fig. 9 : Paxillin and adhesion assembling 



Chapter I Introduction Cell migration 

page 54 
 

cleavage of different adhesion molecules (Du et al., 1995; Franco et al., 2004; Pfaff et al., 1999; Serrano & 

Devine, 2004) (Figure 10). In fact, the production of a calpain-resistant talin 1 mutant strongly reduces the 

disassembly rate of adhesions and the use of small interfering RNA (siRNA) against calpain 2 inhibits the 

cleavage of paxillin, FAK and talin 1 (Franco et al., 2004). 

The disassembly of adhesions is also regulated by endocytosis mechanisms. Ezratty and colleagues have 

demonstrated that dynamin, a protein that mediates plasma membrane fission during clathrin-mediated 

endocytosis, contributes to focal adhesion disassembly by removing integrins and other components from 

adhesion sites (Ezratty et al., 2005). Indeed, the authors have found that dynamin strongly co-localizes with 

focal adhesions during disassembly induction, and expression of a dominant negative form of the protein, 

mutated within the GTP-binding site, totally blocked directed cell migration in a wound healing assay (Ezratty 

et al., 2005). The importance of clathrin-dependent endocytosis of integrins in focal adhesion disassembly was 

also described by Chao and Kunz, showing that depletion of dynamin 2 and adaptor protein (AP) 2 blocked β1 

integrin internalization (Chao & Kunz, 2009) (Figure 10). 

 

Fig. 10 : Adhesion disassembling 
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Figure 10. The adhesion disassembly mechanisms. The proposed model for the disassembly of adhesions describes that 
different destabilizing signals reach the adhesion sites. These signals arrive via microtubules or directly from the 
cytoplasm in the case of calpains. Calpain, can cleave vinculin, paxillin, zyxin and talin. Microtubules reach and interact 
with adhesions, in part through association via dynamin 2 and FAK. This interaction is mediated by the adaptor protein 
Grb2, which binds, on the one hand, to phosphorylated tyrosines of FAK and, on the other hand, to the proline-rich 
domains of dynamin 2. In addition, dynamin 2 can promote endocytosis of adhesions via clathrin adaptor proteins, such 
as AP-2. Dynamin 2 generates a collar in the forming vesicle where it pinches off from the plasma membrane. 
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Microtubules have been recognized as candidates for the stimulation of focal adhesion disassembly 

(Small et al., 2002) (Figure 10). The first findings came from Kaverina and colleagues which have shown that 

adhesions sites are specifically targeted by microtubules at the retracting edges of living fibroblasts (Kaverina 

et al., 1999) for their disassembly. Incubation of cells with nocodazole, a depolymerizing agent of microtubules, 

induced a lower adhesion turnover and a keep going elongation outwards of adhesion complexes already 

formed. Following nocodazole washout, microtubules regrew and localized again within disassembling focal 

adhesions (Kaverina et al., 1999). 

3.3. Endocytosis of integrins 

As already mentioned in the previous paragraph, endocytosis of integrins is the final step that allows 

the degradation or disassembly of adhesions. Integrins are also internalized to be recycled to new adhesions 

sites (Margadant et al., 2011). This mechanism takes place via a clathrin-dependent or clathrin-independent 

mechanism, the latter involving caveolins. Among these two mechanisms of internalization, clathrin-

dependent endocytosis is the best-characterized. The initial phase consists in the formation of specific areas 

of the inner face of the plasma membrane in which the structures to be internalized are clustered. Slight 

membrane depressions are formed, called “coated pits” because surrounded by clathrin proteins. As the 

icosahedron structure forms, the invagination of the membrane becomes more evident. The closure and 

scission of the vesicle is due to dynamin, a protein that is arranged in a ring around the neck of budding vesicle 

(Kaksonen & Roux, 2018). Dynamin is a GTPase that exploits the hydrolysis of GTP in GDP for final scission of 

the vesicle from the plasma membrane (Mousavi et al., 2004). Once the coated vesicle has formed, clathrin is 

released and returns to the plasma membrane to form new coated pits (Figure 11).  

During the disassembly of adhesions, different proteins are quickly recruited, together with clathrin, for 

integrin internalization, such as the adaptors disabled homolog 2 (DAB2), autosomal recessive 

hypercholesterolemia (ARH) and NUMB (Ezratty et al., 2009; Nishimura & Kaibuchi, 2007). These proteins 

recognize the NP-xY-motif in the β integrin cytoplasmic tails and then interact with clathrin and dynamin to 

regulate integrin endocytosis. Depletion of NUMB by siRNAs impaired both integrin endocytosis and cell 

migration (Nishimura & Kaibuchi, 2007) while ARH and DAB2 downregulation prevented microtubule-induced 

focal adhesions disassembly, also resulting in impaired cell migration (Ezratty et al., 2009). It has recently been 

demonstrated that AP-2, the most abundant clathrin adaptor, is also implicated in endocytosis of integrins. In 

fact, AP-2 binds to the cytoplasmic tail of α2 and α4 integrins inducing their endocytosis (De Franceschi et al., 

2016) (Figure 11). 
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For a long time, it has been thought that the internalization of integrins occurs only in the rear of the 

cell during migration, to allow the detachment of the retraction zone from the ECM (Bretscher, 1996). Today, 

we know that endocytosis actually occurs throughout the entire cell surface, even at the migration front, with 

no specific compartmentalization (Rappoport & Simon, 2003). The peculiarity lies in the different molecular 

actors involved during the endocytosis processes in the migration front and in the rear of the cell. In fact, in 

the migration front of polarized cells, the internalization of integrins takes place via processes involving the 

interaction between clathrin and NUMB (Nishimura & Kaibuchi, 2007).  

At the cell rear, where the disassembly of adhesions becomes massive, kinesin family member (Kif) 15 

promotes the recruitment of DAB2 to trigger FAK- and dynamin-dependent vesicle scission (Eskova et al., 2014; 

Ezratty et al., 2005, 2009). Noteworthy is the different distribution of AP-2 during cell migration of 
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Fig. 11 : Clathrin-dependent endocytosis of integrins 
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Figure 11. Clathrin-dependent endocytosis of integrins. Integrins to be endocytosed are recognized by clathrin adaptor 
proteins, such as AP-2, DAB2, ARH, and NUMB, which arrive via the microtubule pathway, also due to the transport 
employed by the kinesin Kif15. Clathrin and dynamin 2 assemble around the cargo, along with other accessory proteins 
to form the plasma membrane invagination. Again, dynamin 2 allows the vesicle to detach from the cell membrane and 
be endocytosed. Finally, the vesicle loses its clathrin coat, as well as the other adaptor proteins and integrins are recycled. 



Chapter I Introduction Cell migration 

page 57 
 

glioblastoma cells. By the use of spinning-disk confocal and light-sheet microscopy, Kural and colleagues have 

shown that AP-2-coated pits initiated on the dorsal surface of the cell, at the leading edge, and continued to 

grow as they moved toward the back of the cell. Interestingly, these coated pits were absent from the 

corresponding ventral part of the cell, revealing a clear dorsal/ventral asymmetry (Kural et al., 2015) (Figure 

11). 

3.4. Intracellular trafficking and recycling of integrins 

Vesicular trafficking is essential during cell migration because it regulates the localization of the different 

actors located at the plasma membrane, such as integrins and other receptors, and is closely coordinated from 

a spatio-temporal point of view. Although some integrins are degraded via the lysosomal pathway, many 

studies suggest that the largest pool is recycled back to the plasma membrane (Caswell & Norman, 2006; 

Morgan et al., 2009; Scita & Di Fiore, 2010). This direct route to the plasma membrane is controlled by sortin 

nexin 17 (SNX17) and sorting nexin 31 (SNX31). These proteins are found in Ras-related protein Rab 5 (RAB5) 

early endosomes and by binding to the cytoplasmic tail of β integrins, they can divert traffic to the recycling 

route (Böttcher et al., 2012; Tseng et al., 2014) (Figure 12). From here the integrins return to the membrane 

via a slow recycling mechanism, driven by Ras-related protein Rab 11 (RAB11) and ADP-ribosylation factor 6 

(ARF6) passing through the perinuclear recycling compartment. The alternative is the Ras-related protein Rab 

4 (RAB4)-dependent fast recycling mechanism that does not pass through the recycling compartment 

(Bridgewater et al., 2012). The option of one of these two mechanisms seems to be due to the activation status 

of the integrins. In fact, although active and inactive integrins are endocytosed via clathrin- and dynamin-

dependent early endosomes routes, inactive β1 integrins are rapidly recycled via the actin- and RAB4-

dependent route at the plasma membrane, while active β1 integrins pass through the RAB11-dependent 

recycling route close the perinuclear compartment before returning to the plasma membrane (Arjonen et al., 

2012) (Figure 12). The consequence of this process is that the inactive forms of the β integrin are localized 

mostly to the membrane, while the active forms are more cytosolic. This could be due to the fact that the 

active forms are still bound to their ligands, such as fibronectin, and before being routed to the plasma 

membrane they undergo a proteolysis process that leads to the detachment of the ligand and makes the 

inactive integrin ready for a new activation cycle (Lobert & Stenmark, 2012). It has also been observed that 

only the inactive form of the integrins can be diverted to an extra Ras-related protein Rab 7 (RAB7) positive 

compartment, called late endosomes (Arjonen et al., 2012) (Figure 12). 

Although cellular trafficking of integrins has been extensively studied, little is known about anterograde 

transport from the site of synthesis, the endoplasmic reticulum (ER), to the site of maturation, the Golgi 

apparatus, for their secretion at the plasma membrane. The endoplasmic reticulum-Golgi intermediate 

compartment (ERGIC) is involved in ER-to-Golgi apparatus transport to facilitate the sorting of several cargos 

(Appenzeller-Herzog & Hauri, 2006), including integrins. An early report has shown that the cytosolic tail of β1 
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integrin overlapped with the ERGIC 58K marker and partially with the ER KDEL marker (Martel et al., 2000). 

Another study showed that the rat homologue of TGN46, a protein involved in regulation of membrane traffic 

from and to trans-Golgi network (TGN), interacts with β1 integrin and also colocalized with α5 integrin (Wang 

& Howell, 2000) (Figure 12).  

Figure 12. For caption see next page. 
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In addition, overexpression of the wild-type form of TGN46 induced the retention of both α5 and β1 

integrins in the Golgi. Whilst, mutation of a TGN46 residue, which induces blockage of endocytosis and thus 

its accumulation at the plasma membrane, also induced the accumulation of the α5 and β1 integrins at the 

plasma membrane (Wang & Howell, 2000). This shows that altering the trafficking of TGN46 also has an impact 

on the integrin trafficking to the periphery and this occurs through a direct interaction.  

More recently, several studies have also shown that integrins are transported via the Golgi network by 

retrograde transport (Riggs et al., 2012; Shafaq-Zadah et al., 2016). This is an alternative mechanism 

complementary to the slow recycling pathway described above. Retrograde transport to the Golgi is then 

followed by anterograde transport toward the migration front for integrin secretion in a polarized manner, 

which is important in the process of adhesion formation and thus cell migration. The authors propose a specific 

function for these two different “slow” pathways, the one involving the recycling compartment and the one 

involving the Golgi apparatus. It would appear that recycling of β1 integrins through the RAB11-recycling 

compartment is important for random migration (White et al., 2007), whereas recycling of β1 integrins 

through the Golgi apparatus is useful for persistent migration (Shafaq-Zadah et al., 2016) (Figure 12). These 

results demonstrated that the Golgi-to-plasma membrane route of β1 integrins is essential for persistent 

migration.  

4. Exocytosis and cell migration 

Many studies have indicated that biased vesicle trafficking toward the leading edge is crucial for the 

different steps of directed migration (Fletcher & Rappoport, 2010). Focal exocytosis of vesicles at the cell front 

can indeed accomplish several tasks, such as the recycling of integrins (Huet-Calderwood et al., 2017; Lawson 

& Maxfield, 1995; Paul et al., 2015), the delivery of bulk membrane for efficient lamellipodium expansion 

(Bretscher, 1996), and the supply of matrix metalloproteinases for enhanced matrix degradation (Kean et al., 

2009; Sneeggen et al., 2019). Other molecules trafficked in a migrating cell include receptors for chemotactic 

stimuli (Coombs et al., 2019; Maisel et al., 2018) and GTPases of the Rho family (RhoA, Rac1, Cdc42) 

participating in actin dynamics (Osmani et al., 2010; Williamson & Bass, 2015; Wu et al., 2011). Although focal 

exocytosis is well described during cell migration, the origin and diversity of the vesicles, as well as their modes 

of transport to the cell front are still unclear. Data obtained from several cell types indicate that recycling 

endosomes constitute an important source of membrane and cargo proteins that are incorporated at the 

Figure 12. Intracellular trafficking and recycling of integrins. Internalized active integrins are directed to the early 
endosomal compartment (markers: RAB5, SNX17, SNX31). From here, they can undertake a fast recycling route and 
return to the plasma membrane (marker: RAB4) or follow a longer pathway (slow recycling) that can pass either from 
the perinuclear recycling compartment (markers: RAB11, ARF6) or to the Golgi apparatus (markers: RAB6, SNX16, 
TGN46) where, in all cases, integrins are inactivated, and then return to the plasma membrane through mechanisms 
of exocytosis. From the early endosomal compartment, integrins can be degraded through late endosomes (marker: 
RAB7) to end up in lysosomes. Integrins can also traffic into the ERGIC compartment (marker: 58K), which connects 
the endoplasmic reticulum and the Golgi apparatus. 
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leading edge during cell migration (Kean et al., 2009; Proux-Gillardeaux et al., 2005; Riggs et al., 2012; 

Sneeggen et al., 2019; Tayeb et al., 2005; Veale et al., 2010, 2011). Using time-lapse total internal reflection 

fluorescence (TIRF) microscopy, post-Golgi vesicles of the constitutive secretory pathway were also found to 

exhibit polarized exocytosis toward the cell front of migrating fibroblasts and astrocytes (Letinic et al., 2009a; 

Schmoranzer, 2003). 

4.1. Molecular mechanism of exocytosis: focus on SNARE proteins 

Phospholipids coming from an internal source have to be incorporated into the plasma membrane. The 

two membranes have to fuse by a mechanism involving proteins called soluble N-ethymaleimide-sensitive 

factor attachment receptor (SNARE) (Bonifacino & Glick, 2004). The carrier vesicles of the internal source 

contain the vesicle-SNARE (v-SNARE) membrane protein that recognizes and binds the target-SNARE (t-SNARE) 

membrane protein. The most characterized SNARE complex is involved in the exocytosis of neuronal synaptic 

vesicles constituted of vesicle associated membrane protein (VAMP), also called synaptobrevin, syntaxin (STX) 

1 and soluble NSF attachment protein (SNAP) 25. During vesicle docking, the first step consists in the 

interaction between VAMP (v-SNARE) and STX1 (t-SNARE) cytosolic domains. Together with SNAP25, the 

structure become a tight coiled-coil motif characterized by four-helix bundles. To counteract the repulsive 

forces of the two approaching membranes, the mechanism requires energy. The progressive folding of the 

SNARE complex results in the conversion from a trans- to cis- configuration in which SNAREs are firmly 

anchored to the membrane. The interaction forms the trans-SNARE complex, and the vesicles are in a docked 

state. Then, a bridge is formed and the first phospholipids of the two membranes begin to interact and mix. 

The fusion of the two membranes ends with the formation of a pore and the vesicular membrane melts 

completely into the cell membrane (Han et al., 2017) (Figure 13). 

SNARE proteins can modulate cell migration by organizing the localization of the molecular actors 

involved. Experiments done in macrophages have established that recycling endosomes, expressing the v-

SNARE VAMP3, constitute an important source of internal membrane incorporated at the cell front (Veale et 

al., 2010, 2011). Along with the addition of extra membrane, VAMP3-positive endosomes were also found to 

participate in the recycling of integrins in macrophages, HeLa, CHO and epithelial cells (Proux-Gillardeaux et 

al., 2005; Riggs et al., 2012; Tayeb et al., 2005; Veale et al., 2010), and in the secretion of the matrix 

metalloproteinases, for enhanced degradation of the extracellular matrix and increased cancer cell invasion 

(Kean et al., 2009; Sneeggen et al., 2019). The use of siRNAs against SNAP23 or VAMP3 reduces the localization 

of integrins at the migration front by inhibiting lamellipodium development (Veale et al., 2010). Botulinum and 

tetanus neurotoxins carry a proteolytic activity which selectively cleaves SNAREs. These neurotoxins are zinc 

proteases that have been studied to demonstrate the involvement of SNAREs proteins during cellular 

trafficking as they inhibit synaptic vesicles fusion to the plasma membrane (Galli et al., 1998). 
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Figure 13. Molecular mechanisms of exocytosis. A| The vesicle is transported close to the plasma membrane, a process 

operated by microtubules and actin filaments ( ). The SNARE molecular machine used for fusion is constituted by VAMP 
(red), anchored to the vesicle membrane, syntaxin 1 (yellow) and SNAP25 (blue) complex which is instead anchored to 

the plasma membrane. Vesicle is docked at the fusion site by bundles actin filaments ( ) where SNARE complexes 

interact and the plasma membrane bends ( ). The bundling of actin filaments surrounding the vesicle links the vesicle 
to the plasma membrane by recruiting several proteins, such as annexin A2, which interacts with both membrane lipid 
(PIP2), actin bundles and myosin II. Membrane fusion is mediated by the formation of the SNARE four-helix bundle which 

pulls the vesicle membrane against the plasma membrane. A lipidic fusion pore is formed ( ) and the vesicle membrane 
collapses into the target membrane and the content is exocyted. Contraction of the actin coat, via myosin II, around the 
vesicle promote the expulsion of cargo. B| The membrane hemifusion model consists of the targeting of the vesicles 

toward the plasma membrane (PM) in which VAMP (red) and syntaxin 1 (yellow) are in a trans conformation ( ). Initial 

interaction between VAMP and the cytosolic domains of syntaxin 1 (yellow) and SNAP25 (blue) occurs ( ) and the energy 
released after the formation of the SNARE complex in trans conformation is used to bring the membranes into close 
proximity, this overcomes the repulsive force between the negative charges contained in the two membranes. After 
formation of the SNARE complex, the vesicle is docked. Hydrophobic contacts begin to form between the vesicle 

membrane (VM) and the plasma membrane ( ). Subsequently, outer wall lipids begin to mix ( ). The stalk continues 
to elongate until the inner walls of the membranes begin to mix, forming the fusion pore, and all lipids are incorporated 

into the plasma membrane ( ). 
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Exocytosis involves cortical actin network beneath the plasma membrane. The role of a dense actin 

filaments is mostly to form a platform that drives exocytic vesicles to the fusion hot spot, regulates the fusion 

pore opening and provides the necessary strength for final fusion (Li et al., 2018). It has been proposed that 

the early steps of exocytosis consist in the polymerization of G-actin monomers to form an actin coated 

structure around the vesicles beneath the plasma membrane. Together with myosin proteins, this coated 

structure can then contract to squeeze the vesicles against the plasma membrane promoting the fusion 

process (Miklavc et al., 2012; Nightingale et al., 2011, 2012). This process is sustained by pre-existing actin 

filaments which scaffold and stabilize the vesicles onto the hotspot. Interaction between cortical actin and 

plasma membrane is sustained by the actin-nucleating factor, annexin A2, which is recruited at the plasma 

membrane upon cell stimulation and interact with SNAP23 (Gabel & Chasserot-Golaz, 2016; Umbrecht-Jenck 

et al., 2010). A recent study has shown that annexin A2 provides membrane bridges during exocytosis (Grill et 

al., 2018) facilitating both the docking and fusion steps (Figure 13). 

4.2. Polarized exocytosis: Full-collapse fusion and Kiss-and-Run 

Over the last 50 years, the debate on the nature and the role of the molecular machinery involved in 

the exocytosis event remained open. Nowadays, two different mechanisms of exocytosis have been proposed: 

a mechanism in which the secretory vesicle is completely fused to the plasma membrane and retrieved by a 

clathrin-coat-dependent mechanism, i.e. full-collapse fusion event, or a mechanism in which the vesicle is 

partially fused to the membrane and then endocytosed, i.e. kiss-and-run fusion event. Although exocytosis has 

been described extensively in neurons or in other cellular systems, such as adrenal cells and astrocytes (Bowser 

& Khakh, 2007; He et al., 2006; Ryan, 2003), exocytosis during cell migration is less characterized.  

During chemotactic migration, the cell must produce a lamellipodium which is sufficiently developed to 

advance. In this context, the cell membrane at the front needs a source of phospholipids to develop properly 

and the coupled mechanism of exocytosis-endocytosis is essential (Bretscher, 2008; Schmoranzer, 2003). 

Whilst it remains a hypothesis, the following is the most credited model to explain how the exo-endocytosis 

mechanism sustain migration. By using photobleached experiments, Tanaka and colleagues have shown that 

the portion of the exocytozed membrane totally fuse (full spreading event) at the migration front of 

Dictyostelium and is moved dorsally and ventrally toward the back of the cell. Then it is internalized in the 

form of endosomes which are redirected, within the cell, toward the migration front for a new cycle of 

exocytosis (Tanaka et al., 2017). Interestingly, by using isotope-labelled surface, it has been calculated that it 

takes about 45 minutes to completely regenerate the cell membrane in Dictyostelium fast-migrating cells 

(Vogel et al., 1980). In support of this model of full-fusion polarized exocytosis, Schmoranzer and colleagues 

have shown that post-Golgi vesicles, loaded with the low-density lipoprotein receptor (LDLR)-GFP cargo, was 

polarized toward the leading edge of migrating fibroblasts (Schmoranzer, 2003) in a full spreading fashion. In 

polarized astrocytes, post-Golgi vesicles carrying the YFP-tagged vesicular stomatitis virus glycoprotein 
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exhibited biased exocytosis toward the cell front, while exocytotic events appeared uniformly distributed in 

non-polarized cells (Letinic et al., 2009).  

The mechanism of kiss-and-run seems to be instead predominant in cells that secret neurotransmitters, 

such as neurons and endocrine cells (MacDonald et al., 2006; Stevens & Williams, 2000). Little is known as to 

why the exocytic mechanism of full spreading is preferred over the kiss-and-run mechanism, and vice versa. It 

is likely that full spreading provides an important membrane source for the proper development of the leading 

edge. Moreover, this fusion mechanism is supported by dynamic F-actin assembly at the front, where 

lamellipodia are built, which provides sufficient membrane tension turning into a full spreading fusion (Wen 

et al., 2016). Otherwise, advantages of kiss-and-run events are that they can limit how much neurotransmitter 

is released due to a smaller fusion pore and they can recycle vesicles economically (Rizzoli & Jahn, 2007). A 

role of kiss-and-run events during cell migration is not yet established. 

5. Receptors-induced chemotactic migration 

As already introduced in paragraph 1.2, the main players of cell migration are chemotactic receptors 

that respond to the gradient by interacting with their own ligand. The most characterized receptors involved 

in cell migration are the seven-domain transmembrane GPCR and the RTK, which have been shown to mediate 

chemotactic response to chemokines and growth factors, respectively (SenGupta et al., 2021). 

5.1. Receptor Tyrosine Kinases: focus on EGFR 

There are 58 genes coding for RTKs in humans, which in turn are classified into 20 families according to 

the nature of their ligands and the molecular composition of their extracellular domain. These master 

regulators control several processes such as cell migration, invasion, proliferation and survival (Schlessinger, 

2000) and numerous signaling cascades involving RTKs have a relevant impact on the development of human 

malignancies (Ségaliny et al., 2015). Among the RTKs, the most involved in cell migration are EGFR, the platelet 

derived growth factor receptor (PDGFR), the fibroblast growth factor receptor (FGFR) and the vascular 

endothelial growth factor receptor (VEGFR) (Glen et al., 2011; Taeger et al., 2011). 

The RTKs are plasma membrane receptors, characterized by a single α-helix transmembrane domain, a 

large extracellular N-terminal domain and an intracellular C-terminal domain. The C-tail harbors a specific 

domain with tyrosine kinase activity that catalyzes autophosphorylation (Ullrich & Schlessinger, 1990). The 

extracellular domain is involved in the homodimerization process of the receptor to make it active. Once the 

receptor is conformationally in the open state, EGFR dimers without its ligands. This homodimer is however 

unstable and may uncouple unless epidermal growth factor (EGF) is present. When EGF binds to the EGFR 

binding domain, it becomes stabilized triggering further changes within the transmembrane domain (Moriki 

et al., 2001). Rotation of the transmembrane domain transduces the conformational change to the 

intracellular C-terminal kinase domain resulting in a cross-phosphorylation of the cytoplasmic tails (Honegger 
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et al., 1989; Kourouniotis et al., 2016; Moriki et al., 2001) (Figure 14A). The phosphorylated residues are then 

recognized by adaptor proteins. Among them, phospholipase Cγ (PLCγ) is the first to have been identified 

(Meisenhelder et al., 1989). Thanks to its Src homology 2 (SH2) domain, PLCγ binds the phosphorylated 

tyrosines of the receptor, resulting in an increase in the turnover of polyphosphoinositides (PIPs), elevation of 

cytosolic calcium concentration and activation of protein kinase C (PKC). The second adaptor protein, the 

growth factor receptor-bound protein 2 (Grb2) (Lowenstein et al., 1992) which is capable of activating a GEF 

called son of sevenless (Sos), identified for its ability to exchange GDP from the Ras protein for a GTP (Wolfman 

& Macara, 1990). The Ras protein can then bind the serine/threonine kinase Raf (Hallberg et al., 1994), which 

in turn recruits the mitogen-activated protein kinase/ERK kinase (MEK) which phosphorylates extracellular 

signal-regulated kinases (ERK) 1/2 (Kolch, 2000). All this work has made it possible to characterize this RTK-

induced activation of the Ras/Raf/MEK/MAPK pathway (Cook & McCormick, 1993) (Figure 14B). 

The PI3K/Akt is another major pathway activated by RTKs (Bjorge et al., 1990; Franke et al., 1995). PI3K 

activation phosphorylates and activates Akt, which is then recruited at the plasma membrane to exert several 

downstream effects, such as proliferation, cellular quiescence, cancer and aging (Díaz et al., 2012; King et al., 

2015). Both the Ras/Raf/MEK/MAPK and PI3K/Akt pathways have been shown to be important for EGFR-

induced cell migration. Indeed, overexpression of EGFR in breast cancer cell lines induces migration/metastasis 

via an MEK-dependent pathway (Verbeek et al., 1998), while inhibition of EGFR activation blocks migration of 

a breast cancer cell line (Hsieh et al., 2013). In this study, the use of inhibitors demonstrated that the effects 

of EGFR on migration via the PI3K/Akt pathway and the expression of the matrix metalloproteinase 9 (MMP9) 

(Hsieh et al., 2013). It has been shown that EGFR activation induces FAK phosphorylation via its binding to 

integrin (Schlaepfer et al., 2004). Subsequently, c-Src is recruited into the FAK complex and different tyrosine 

residues are phosphorylated. This multiple phosphorylation is critical for FAK-mediated cell migration 

(Schlaepfer et al., 2004; Westhoff et al., 2004) by building up a bridge interaction between EGFR and FAK, 

which recruit FAK at the plasma membrane (Long et al., 2010). Mutation of EGFR are common in cancer and, 

in fact, EGFR amplification or expression of the constitutively active mutant EGFRvIII are found in many 

glioblastoma (Shinojima et al., 2003; Smith et al., 2001) (Figure 14B). 

During chemotactic migration, the cell must continuously maintain a certain "sensitivity" thanks to the 

receptors at the membrane in response to their ligands. This mechanism helps the cell to protect itself in case 

of an excessive activation of the receptor and therefore an exaggerated intracellular response. In the absence 

of stimulation, the EGFR is continuously recycled via RAB11 recycling endosomes. The dynamics of this event 

leads to a slower mechanism of endocytosis and a faster mechanism of exocytosis, which results in an 

accumulation of EGFR at the membrane. If EGFR is activated by EGF binding the equilibrium is changed (Burke 

& Wiley, 1999; Herbst, 2004; Steven Wiley, 2003) and EGFR is rapidly internalized after triggering the 

intracellular response, spending more time into the recycling pathway.  
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Figure 14. For caption see next page. 
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The degree of EGFR stimulation by its ligand defines its fate. If the stimulation is weak, the EGFR recruits 

and phosphorylates the AP-2 β2 subunit and is endocytosed by clathrin-dependent mechanism (Rappoport & 

Simon, 2009; Robinson, 2015; Sigismund et al., 2005) and is transferred into RAB5 early endosomes to the 

perinuclear compartment where phosphatases will deactivate the receptor. Once the EGFR became inactive, 

it is recycled to the plasma membrane via RAB11 recycling endosomes. If, on the other hand, stimulation has 

been strong, EGFR is endocytosed by a clathrin-independent mechanism and is directly transported via RAB7-

late endosomes to the lysosomes to be degraded (Bakker et al., 2017; Sigismund et al., 2005).  

5.2. G proteins-coupled receptors 

5.2.1.  C-X-C chemokine receptor type 4 (CXCR4) 

We now know that GPCRs and their chemokines are involved in physiological processes requiring cell 

migration, such as wound healing, angiogenesis and cancer progression (Rahmeh et al., 2012). One of the best 

characterized chemokine receptors is CXCR4, because of its role in the internalization of the human 

immunodeficiency virus as well as for its involvement in the progression of cancer (Chatterjee et al., 2014). 

The endogenous ligand of this receptor is CXCL12 (Lazarini et al., 2003). CXCR4 can trigger several signaling 

cascades regulating a range of biological processes. Following CXCL12 binding, conformational changes occur 

at the receptor level leading to the activation of heterotrimeric G proteins. Dissociation of the Gα subunit from 

the Gβγ will be able to activate downstream signaling pathways that will orchestrate actin cytoskeleton 

reorganisation and cell migration. In fact, we can distinguish between the i) pro-migratory pathway dependent 

of the Gβγ subunits and PI3K activation, and ii) the pro-migratory pathway dependent of the Gα subunits 

(Figure 15).  

Figure 14. Representation of EGFR activation and its signaling pathways. A| Schematic representation of the EGFR and 
EGF‐induced receptor activation. The extracellular region of EGFR consists of domains 1, 2, 3 and 4 (D1-D4); followed by 
a transmembrane domain (TD) and an intracellular region made up of a tyrosine kinase (TK) domain and a carboxy-
terminal tail, rich in tyrosine residues. In the absence of EGF, EGFR can be in an inactive, closed state in which D1 and D2 
interact or in an open and unstable state in which D1 and D2 do not interact revealing the pocket in which EGF can bind. 
Binding of EGF to the receptor (D1 and D3) induces dimerization with another receptor. This triggers a conformational 
change to the intracellular tail that leads the TK domain to autophosphorylate tyrosine residues within the carboxyl 
terminus. The receptor is then fully active triggering an intracellular signaling cascade. B| Signaling pathways of EGFR. 
After EGFR activation, several proteins are recruited at the carboxyl terminal tail of the receptor. Phospholipase Cγ (PLCγ) 
binds directly to the receptor tail where it associates to plasma membrane PIP3 and hydrolyze PIP2 to produce 1,2-
diacylglycerol (DAG) and inositol (1,3,5)-triphosphate (IP3). DAG remains localized at the membrane, so as to mediate the 
association of protein kinase C (PKC) to the cell membrane, followed by its activation, initiating a chain of 
phosphorylations, which will contribute to the functional responses of the cell. IP3 is an intracellular cytoplasmic 
messenger, causing the release of stored Ca2+ into the smooth endoplasmic reticulum and, therefore, the elevation of 
cytosolic Ca2+ concentration (contraction and secretion). PI3K can also bind directly to EGFR tail and activates the Akt 
pathway leading to proliferation and tumor growth. The reduction of membrane PIP2 concentration by PLCγ is in itself a 
signal for the modulation of PI3K activity, which modulates actin filament polymerization by interacting with various actin-
binding proteins (profilin-1, cofilin, etc). EGFR activation also leads to Grb2 and Sos association which in turns promotes 
the removal of GDP with GTP on Ras that become active. Activated Ras activates Raf kinase which phosphorylates and 
activates MEK. MEK phosphorylates ERK1/2 triggering profiferation, cell migration, cancer growth and survival. Finally, 
EGFR activation induces Src-signaling which phosphorylates FAK and regulates integrin and adhesion assembly.  
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Although CXCR4 activates several classes of Gα subunits, it is mostly coupled to the Gαi and Gαq (Teicher 

& Fricker, 2010). Maghazachi and colleagues were one of the first to demonstrate that CXCR4 could be coupled 

to several isoforms of the Gα. By treating lymphocytes with blocking antibodies directed against specific 

subunits, they showed that Gαq was necessary for the induction of chemotaxis by CXCL12 (Maghazachi, 1997). 

Most of the functions of the CXCR4, including chemotaxis, are however sensitive to treatment with pertussis 

toxin (PTX), suggesting an essential role for the Gαi family (Rubin, 2009). Through the ADP-ribosylation of a 

cysteine residue located at the C-terminal end of the αi subunit, this bacterial toxin inhibits the entire signaling 

cascade downstream of the G protein (Kaslow & Burns, 1992). The Gαi protein is a direct inhibitor of adenylate 

cyclase (AC) and it is able to reduce the production of cAMPs. Generally, cAMP can inhibit cell migration by 

increasing the activity of protein kinase A (PKA). Although its effects seem to vary from one cell type to another, 

PKA can inhibit myosin light-chain kinase (MLCK), which is essential for the activation of myosin II, and 

therefore for the maturation of adhesions. Furthermore, in a breast cancer cell line, it has recently been shown 

that the Gαi2 subunit is capable of interacting with one of the Rac1 GEFs, ELMO1, in response to stimulation 

by CXCL12. This interaction seems to be essential for the activation of Rac1 as well as for the CXCR4-mediated 

chemotactic migration (Li et al., 2013) (Figure 15). 

GPCRs are also endocytosed after their activation, inducing desensitization. Following the binding of the 

agonist, phosphorylation of the cytosolic C-terminal end of the GPCR induces the recruitment of β arrestin, 

thus initiating the endocytosis process (Krupnick & Benovic, 1998). β arrestin induces receptor internalization 

by interacting with endocytosis proteins such as AP-2 and ARF6 (Lefkowitz et al., 2006). It has thus been shown 

that a reduction in β arrestin levels in lymphocytes decreases the desensitization phenomenon and increases 

the coupling of CXCR4 to G proteins. However, these cells also show a loss of chemotactic response to CXCL12, 

suggesting that GPCR internalization is required for its chemotactic properties (Fong et al., 2002). In fact, 

CXCR4/β arrestin coupling constitutes an intracellular platform that can induce activation of MAPK p38 and 

ERK1/2 (Luttrell et al., 2001; Rubin, 2009). These kinases induce chemotactic migration by activating/recruiting 

paxillin, MLCK, calpains and FAK (Huang et al., 2004) (Figure 15). Similar results were obtained in HEK293 cells 

overexpressing CXCR4. In these cells, siRNA against β arrestin blocks the activation of p38 and ERK, as well as 

chemotactic migration induced by CXCL12 (Cheng et al., 2000; Sun et al., 2002). As already described for EGFR, 

GPCR is internalized and dephosphorylated in order to be re-directed toward the plasma membrane (Krueger 

et al., 1997).  
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Figure 15. Representation of CXCR4 and its signaling pathways. A| CXCR4 activation induces the release of Gαi subunits 
that inhibit adenylate cyclase and stimulate adhesion formation. The Gαi2 subunit has specifically been shown to allow 
the recruitment of ELMO1 and dock180 to the membrane, for subsequent activation of GTPase proteins, such as Rac1. 
The Gβγ subunits activate PI3K which results in the activation of other GTPases, Cdc42 and Rho, that together promote 
directional migration. B| CXCR4 signaling is rapidly desensitized after CXCL12 binding and the receptor is internalized. The 
intracellular C-terminus of CXCR4 is rapidly phosphorylated after ligand binding and this process is followed by 
recruitment of β arrestin, AP-2 and ARF6, allowing clathrin-mediated endocytosis. Although CXCR4 is internalized, β 
arrestin can still trigger different effects, such as ERK activation, thereby promoting cell migration. 

Fig. 15 : Schematic representation and signalling pathway of CXCR4
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CHAPTER II: AUTOPHAGY 
 

6. Generalities and historical overview  

The term "autophagy" derives from the Greek "auto" and "phagy", meaning to eat itself. It is a catabolic 

process characteristic of eukaryotes, in which a cell digests and recycles parts of itself, organelles and 

molecules, such as damaged mitochondria, aggregates, incorrectly conformed or long-lived proteins and other 

components in a regulated manner within the autophagic machinery pathway. Its recycling function allows 

the cell to reuse non-essential cytoplasmic elements for the synthesis of other molecules. Autophagy is 

essential to maintain energy levels, to help the cell to survive low-nutrient conditions, protect it against various 

stresses or get rid of intracellular waste which would compromise its proper functioning. For example, non-

mitotic cells, such as neurons and muscle cells, rely heavily on autophagy to eliminate protein aggregates or 

defective organelles due to the fact that they are not able to dilute the accumulation of harmful substances in 

the cytoplasm through cell division (Damme et al., 2015). Defective autophagy leads to major 

neurodegenerative diseases such as Alzheimer's, Parkinson's, Huntington’s, multiple sclerosis or other 

pathologies such as tumours, metabolic and immune alteration (Eskelinen, 2019). Clearly, autophagy is also 

involved in other cellular functions such as development, differentiation, inflammation and elimination of 

intracellular pathogens (Eskelinen, 2019). For these reasons, autophagy is a homeostatic cellular process which 

must be continuously balanced.  

Historically, the first discoveries closely related to autophagy date back to the 1950s when Clark looked 

through his electron microscope at kidneys of newborn mice and noticed something he had never seen before. 

He later described this as membrane-bound structures within the cytoplasm of the kidney cells, in which 

altered mitochondria were contained (Clark, 1957). The discovery of autophagy also begins with that of the 

lysosome. De Duve succeeded in detecting the lysosomal activity in vesicle-like fractions by separation of 

cellular compartments through centrifugation. In 1955, de Duve named these compartments lysosomes, 

reflecting their digestive activity (de Duve et al., 1955). The same year, Novikoff and de Dude obtained 

confirmation of the presence of hydrolytic enzymes in lysosomes through the use of electron microscopy 

(Novikoff et al., 1956). For these discoveries, de Dude will receive the Nobel Prize for medicine in 1974. In 

1962, Ashford and Porter observed that liver cells exposed to glucagon had an increased number of lysosomes, 

as well as the cytoplasmic components into them (Ashford & Porter, 1962). Furthermore, Novikoff and Essner 

have found that these structures contained damaged mitochondria (Novikoff & Essner, 1962). One year later, 

in 1963, de Dude coined the term "autophagy" during the Ciba Foundation symposium on lysosomes to 

describe the presence of double-membrane vesicles containing parts of cytoplasm or entire organelles. 

Pursuing his studies, de Dude observed with electron microscopy that another type of vesicle contained 

cytoplasm as well as mitochondria at different stages of digestion within the cells, suggesting that something 
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else contributed to cellular degradation together with lysosomes. De Dude named these vesicles 

“autophagosomes” (de Duve, 1967). It was then demonstrated that autophagy was stimulated by glucagon 

(Ashford & Porter, 1962; Deter et al., 1967) while insulin could inhibit it (Pfeifer, 1977). It became therefore 

evident that cellular starvation promotes and enhances this process. In the 1980s, the use of radioactive 

probes to examine the different steps of autophagy provided a key by identifying new components of this 

mechanism, 1) the phagophore, an early sequestering vesicle that gives rise to the autophagosome and 2) the 

amphisome, a non-lysosomal structure formed by the fusion of an autophagosome with an endosome (Gordon 

& Seglen, 1988). Although studies on autophagy originate from mammalian organisms, an extensive amount 

of work and discoveries come from analyses in the yeast thanks to the pioneering work of Pr. Yoshinori Ohsumi. 

His work defined how the autophagic mechanisms observed in yeast were similar to those heretofore studied 

in mammals (Takeshige et al., 1992). Placing a culture of mutated yeast, i.e. lacking lysosomal enzymes, under 

starvation conditions, Ohsumi noticed an accumulation of autophagosomes in their vacuoles that would not 

form if yeasts were not mutated, because autophagosome would be readily degraded (Takeshige et al., 1992). 

These findings were followed by elucidation of several other mechanisms such as the degradation of 

peroxisomes (pexophagy) (Titorenko et al., 1995) and the cytoplasm-to-vacuole (Ctv) targeting pathway 

(Umekawa & Klionsky, 2012). In the mid-1990s, the discovery of autophagy-related (Atg) genes in the yeast 

Saccharomyces cerevisiae has led to a better understanding of the functioning. Autophagy-related 1 (Atg1) 

was the first identified autophagy gene in Saccharomyces cerevisiae (Matsuura et al., 1997; Tsukada & Ohsumi, 

1993) encoding for a protein kinase involved in phosphorylation that leads the regulation of the autophagic 

process. These discoveries have led Pr. Yoshinori Ohsumi to win the Nobel Prize for the Physiology or Medicine 

in 2016. Over the past 20 years, significant progress has been made in understanding the autophagic 

machinery with the discovery of its regulation and effects during physiological and pathological processes 

(Dikic & Elazar, 2018; Galluzzi et al., 2014; Mizushima, 2018). 

7. Different forms of autophagy 

To date, there are several cellular pathways by which material to be discarded or recycled can be 

directed to lysosomes. According to these pathways, we distinguish three forms of autophagy: 

microautophagy, chaperone-mediated autophagy and macroautophagy. 

7.1. Microautophagy 

Microautophagy is either a selective or non-selective degradation process in which the cytoplasmic 

material to be degraded is directly incorporated by the lysosome or the vacuole (the lysosome equivalent in 

yeast), through random tubular invaginations and evaginations of the membrane. This mechanism is better 

characterized in yeasts where, under nutrient deficiency, invaginations increase dramatically to form the so-

called “autophagic tubes”. The formation of the tube occurs spontaneously thanks to a lateral sorting 

mechanism which consists of a change in the distribution of membrane components with a strong 
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accumulation of lipids at the expense of proteins that are eliminated in the tip of the forming-autophagic tube 

(Müller et al., 2000). During the maturation of this tube, that gradually gives rise to a vesicle, enzymes and 

molecules to be discarded are ingulfed and bind to the inner leaflet of the membrane budding vesicle. The 

vesicle then buds off into the lumen of the lysosome and its content is thus degraded by hydrolases (Li et al., 

2012). Finally, the degraded contents are recycled by the permease Atg22p that recycles back the degradation 

products into the cytosol (Li et al., 2012). Regarding the selectivity of this mechanism, digestion of entire 

organelles has been described, for instance mitochondria (micromitophagy) in yeast and mammals 

(Lemasters, 2014; Sakai et al., 1989), and both peroxisomes (micropexophagy) (Farré & Subramani, 2004; Yuan 

et al., 1999) and nuclei (micronucleophagy) (Krick et al., 2008) in yeast only. Selectivity of yeast 

microautophagy has been further supported by the identification of specific cargo receptors, such as nucleus-

vacuole junction protein 1 (Nvj1p) during micronucleophagy (Kvam, 2004). 

At first, research on microautophagy in mammals was slowed down by the impossibility of 

demonstrating the mechanism of lysosome invagination already observed in yeast. Moreover, the genes 

responsible for microautophagy in yeast are not conserved in mammals. For these reasons, it remains less 

studied although two types of mechanisms have been described by using electron microscopy: the flap-like 

lysosomal membrane extension (FLLME) and the wrapping lysosome (WL) mechanisms (Mijaljica et al., 2011).  

The FLLME mechanism consists in the formation of a lysosomal extension encompassing a portion of the 

cytoplasm leading to the formation of an intra-lysosomal vesicle (Marzella et al., 1980). The WL mechanism 

instead consists in the direct engulfment of cytoplasmic components by lysosomes completely changing their 

structures, from spherical to elongated forms, with an arm-like extension. However, the mechanism by which 

these two processes occurs remains to be elucidated. A somewhat better-known variant of microautophagy 

in mammals is the so-called endosomal microautophagy (eMA), which consists in the digestion of proteins and 

organelles targeted to late endosomes instead of lysosomes. In non-selective eMA, cargos are randomly 

trapped by the late endosome membranes via the coordinated action of endosomal sorting complexes 

required for transport (ESCRT)-dependent mechanism, a dedicated machinery for membrane invagination. In 

selective eMA, instead, heat shock cognate 70 (hsc70) binds to a KFERQ pentapeptide motif contained in some 

substrates targeted to the late endosome, which will then be engulfed and digested by an ESCRT-dependent 

mechanism (Tekirdag & Cuervo, 2018) (Figure 16). 

7.2. Chaperone-mediated autophagy  

Chaperone-mediated autophagy (CMA) is a selective form of lysosomal degradation uniquely described 

in eukaryotes. This form of autophagy is mediated by chaperones that recognize protein substrates and 

transport them directly to the lysosome, without passing through intermediary vesicles. Substrate recognition 

is mediated by hsc70, already mentioned in paragraph 7.1, a chaperone protein that binds the specific KFERQ 

pentapeptide motif expressed by the substrate (Chiang et al., 1989; Chiang & Dice, 1988).  
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  Figure 16. Microautophagy. (Upper left)| Flap-like lysosomal membrane extension (FLLME) involves the engulfment 
of particles by an extension of the lysosomal membrane. (Upper right)| Wrapping lysosome (WL) mechanism 
concerns the engulfment of parts of cytoplasm by the conformational change of the entire structure of the lysosomal 
membranes. (Lower left)| Non-selective endosomal microautophagy consists of sequestering of cytosolic cargo 
proteins by an invagination that forms at the surface of the late endosome through the coordinated function of 
ESCRT (VPS4) and accessory proteins (ALIX). (Lower right)| Selective endosomal microautophagy consists in a 
selective targeting of cargo proteins containing a KFERQ-like motif to late endosomes. This mechanism is mediated 
by hsc70 and co-chaperones. Hsc70 interacts directly with the endosomal membrane phosphatidylserine and is 
internalized along with the cargo protein in a process depending on VPS4 and ALIX. Hsc70 and parts of others 
accessory proteins are degraded with the cargo. 
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Recognition of the KFERQ pentapeptide motif is necessary and sufficient to drive the hsc70:substrate 

complex to the lysosomal membrane, which is not the case for eMA (Tekirdag & Cuervo, 2018). Indeed, it has 

been shown that generation of a peptide containing the KFERQ motif fused to a fluorescent probe was only 

targeted toward lysosomes, and not toward late endosomes (Koga et al., 2011). Once hsc70 has recognized 

the substrate, the complex is directed to the cytosolic tail of the lysosome-associated membrane protein type 

2A (LAMP2) protein (Cuervo & Dice, 1996) which triggers multimerization of LAMP2, forming a complex of 700 

kDa, and then unfolds and linearizes the substrate that will be finally translocated into the lysosomal lumen 

for degradation (Tekirdag & Cuervo, 2018). CMA is essentially regulated by the LAMP2A protein level at the 

lysosomal membrane. In fact, an increase in CMA activity by oxidative stress or starvation induces the 

upregulation of the LAMP2A protein by preventing its degradation (Cuervo & Dice, 2000) (Figure 17). 

 

Figure 17. Chaperone-mediated autophagy. During chaperone-mediated autophagy (CMA) all cargo proteins, 
containing the KFERQ motif, are selectively targeted to lysosomes upon recognition by hsc70 and co-chaperones. 
The cargo complex then binds the lysosomal membrane through the LAMP2A protein which dimerizes. The cargo 
protein is then unfolded and internalizes into the lumen for degradation. LAMP2A dimer dissociates and hsc70 is 
recycled back to the cytoplasm. 
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Nutritional condition of the cell also influences whether this form of autophagy is upregulated/activated 

or not, although, in all cells CMA has minimal detectable activity. Intensive CMA upregulation takes place 

during prolonged nutrient deprivation, oxidative stress, hypoxia or exposure to toxic substances. Generally, 

macroautophagy is activated in the first line, switching from proteins to lipid degradation after five hours of 

starvation, then the CMA takes over to supply the cell with recycled amino acids essential for protein synthesis 

up to three days of starvation (Tekirdag & Cuervo, 2018).  

7.3. Macroautophagy 

Macroautophagy is the most widely known and studied form of lysosomal degradation in the scientific 

literature. Macroautophagy is commonly referred to as autophagy (herein referred to as autophagy) during 

which large portions of cytosol, containing different substrates, are sequestered in the inner leaflet of a 

double-membrane structure called the phagophore, which later matures to form an autophagosome. The 

autophagosome then fuses with the lysosome to form an autolysosome, in which substrates are degraded. At 

last, the degraded components are released into the cytoplasm and recycled by the cell. The difference with 

the other forms of lysosomal degradation described in the previous sections is that in autophagy, the 

substrates to be degraded are sequestered in structures located away from the lysosome, such as the 

phagophore. Furthermore, autophagy is both a selective and non-selective degradation mechanism in which 

entire damaged organelles, large protein complexes, long-lived proteins, nucleic acid complexes or invasive 

microbes can be degraded simultaneously (Feng et al., 2014). It is necessary to specify that, between selective 

and non-selective autophagy, the general mechanism is the same but with the difference that the forming 

autophagosome targets specific cargos in selective autophagy rather than random cytoplasm during non-

selective autophagy. Different types of selective autophagy are largely studied, such as mitophagy 

(degradation of mitochondria), pexophagy (degradation of peroxisomes), reticulophagy (degradation of 

portions of the endoplasmic reticulum), glycophagy (degradation of glycogen), lysophagy (degradation of 

lysosomes), nucleophagy (degradation of nuclei), aggrephagy (degradation of protein aggregates) and 

xenophagy (degradation of pathogens, such as bacteria or viruses) (Feng et al., 2014; Ke, 2018).  

8. Molecular mechanisms of the autophagic machinery 

The different steps involved in autophagy are as follow: initiation, nucleation, elongation of the 

phagophore, fusion of the autophagosome with the lysosome and finally the digestion of the content and 

nutrient recycling. Initiation consists in the activation of autophagy by initiator protein complexes in the 

perinuclear area near the ER, where the nucleation of the phagophore takes place. In yeast, this phagophore 

derives from a single membrane called pre-autophagosomal structure (PAS) (Suzuki et al., 2001). The 

phagophore continues to elongate and curves on itself during the elongation step, sequestering parts of 

cytoplasm inside it until it closes completely on itself. Once the closure of the double membrane vesicle is 

complete, the phagophore becomes an autophagosome. Finally, the autophagosome fuses with the lysosome 
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to form the autolysosome where the contents are degraded (digestion) by lysosomal hydrolases in an acidic 

environment for nutrient recycling (Figure 18).  

As already stated in paragraph 6, autophagy is orchestrated by Atg proteins that operate during the 

different steps of the process, from the formation of the phagophore to that of the autolysosome. Genetic 

screens for autophagy-defective mutants in yeast have so far identified more than 40 genes encoding Atg 

proteins (Ohsumi, 2014), many of which have one or more mammalian orthologues. In addition, about 15 Atg 

genes are conserved in mammals, indicating that autophagy is an evolutionarily conserved process in all 

eukaryotes (Klionsky et al., 2003; Nakatogawa et al., 2009).  

 

8.1. Initiation of autophagy 

The initiation of autophagy is driven by two molecular actors: Atg1/uncoordinated 51-like Ser/Thr kinase 

(ULK) complex and the class III phosphatidylinositol 3-kinase (PI3KIII). Besides, other factors determine the 

initiation of autophagy, such as the energy status of the cell, and in this view the energy sentinels mammalian 

target of rapamycin complex 1 (mTORC1) and 5’-adenosine-monophosphate-activated protein kinase (AMPK) 

Figure 18. Macroautophagy. The first step in macroautophagy is the formation of a double-membrane structure, called  
the phagophore, which is formed in specific domains of the endoplasmic reticulum (Initiation and Nucleation). The 
membranes of the phagophore elongate (Elongation) and incorporate cytoplasmic material until it fully matures, which 
forms the autophagosome. This autophagosome fuses with the lysosome (Fusion), giving rise to the autolysosome, in 
which the contents are degraded and recycled for nutritional purposes (Digestion and Nutrient recycling). 
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determine whether or not the cell needs to induce autophagy. The cross action of these actors induces the 

recruitment of the molecular machinery that will subsequently start with the nucleation of the phagophore. 

8.1.1. The Atg1/ULK complex: an initiator of autophagosome formation 

The ULK complex, homologue of yeast Atg1, consists of one of two kinases ULK1 or ULK2, ATG13 

(homologue of yeast Atg13), FAK family kinase-interacting protein of 200 kDa (FIP200) (homologue of yeast 

Atg17) and ATG101 (not conserved in yeast) (Hosokawa et al., 2009; Mercer et al., 2009). Until a while ago, 

the precise roles of ULK1 and ULK2 were not well defined, and it was thought that these two kinases had a 

redundant and even interchangeable function during autophagy induction. In fact, Tooze’s group has 

identified ULK1, but not ULK2, as responsible for initiating starvation-induced autophagy, by measuring the 

lipidation of microtubule-associated protein 1A/1B-light chain 3 (LC3) in HEK293 cells (Chan et al., 2007). A 

similar result in the critical role of ULK1, rather than ULK2, was also obtained in cerebellar granule neurons 

pointing out that the function of ULK2 may be to compensate the lack of ULK1 in a tissue-specific manner (Lee 

& Tournier, 2011). This later speculation on tissue-specific regulation of these two kinases has been recently 

supported by other studies (Demeter et al., 2020; Fuqua et al., 2019). A computational analysis based on 

interactions and structure predictions has shown that ULK1 and ULK2 molecular interactors were implicated 

in different types of selective autophagy, such as mitophagy, aggrephagy and xenophagy (Demeter et al., 

2020). ULK alone is unable to initiate autophagy, in fact the involvement of ATG13, FIP200 and ATG101 is 

critical to properly position ULK from the cytoplasm toward the initiation site and to induce its maximum kinase 

activity (Ganley et al., 2009). ATG13 protein is essential for autophagy induction in mammalian cells and 

mediates the interaction between ULK1 and FIP200 (Figure 19). The ULK binding of ATG13 has been shown to 

stabilize and activate ULK, leading to increased phosphorylation of both ATG13 and FIP200 by ULK (Jung et al., 

2009). ULK has a putative lipid-binding region located in its C-terminus which associates with cell membranes 

(Chan et al., 2009) and liposomes with a preference for small, highly curved vesicles (Ragusa et al., 2012; Rao 

et al., 2016). ATG13 also has a lipid-binding region at its N-terminus (Karanasios et al., 2013). The lipid affinity 

of these two proteins probably facilitates their recruitments to ER subdomains in order to activate phagophore 

initiation and nucleation. Studies focusing on the newly discovered ATG101 protein suggest that it is important 

to protect ATG13 from degradation, thus stabilizing its levels in the cytosol (Hosokawa et al., 2009; Mercer et 

al., 2009).   

Fig. 19 The ULK complex in mammals
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8.1.2. Class III PI3K: a PI3P source at the initiation site 

Among the various forms of lipids that can be found in cell membranes of eukaryotic cells, crucial for 

the initiation/nucleation of the phaphophore is phosphatidylinositol 3-phosphate (PI3P). PI3P production 

occurs at the level of the ER domains, via PI3KIII. PI3KIII consists of vacuolar protein sorting 34 (VPS34), 

VPS15/p150, Atg6/beclin 1 and ATG14L (Nishimura & Tooze, 2020). This complex forms a V-shaped structure 

(Figure 20) with one arm containing the lipid kinase VPS34, and VPS15/p150, that strongly influences the 

scaffolding of the complex and kinase activity. The other arm includes beclin 1, a modulator of Vps34 catalytic 

activity and ATG14L, thought to recruit the autophagy machinery to the ER and to sense membrane curvature  

(Matsunaga et al., 2010; Nishimura & Tooze, 2020). Once ULK1 has been activated by the 

ATG13:FIP200:ATG101 complex, it phosphorylates beclin 1 at Ser14 which in turn activates VPS34 (Russell et 

al., 2013) (Figure 20). The C-terminus of VPS34 has a dual function, that of to determine the orientation of the 

PI3KIII complex at the membrane and to recognize, with high affinity, phosphatidylinositol (PI) which is 

phosphorylated at the position three of the inositol ring to form PI3P (Jaber & Zong, 2013; Su et al., 2017) 

(Figure 20).  

 

Beclin 1 is a multi-domain protein consisting in a BCL2 homology 3 (BH3) domain, a coiled-coil domain 

(CCD), an evolutionarily conserved domain (ECD) followed by a β-α-repeated, autophagy-specific (BARA) 

domain (Figure 21A). Beclin 1 can therefore bind different partners via these specific domains, resulting in pro-

autophagic or anti-autophagic effects (Menon & Dhamija, 2018). Under normal conditions, beclin 1 is 

anchored to the cytoskeleton, preventing its pro-autophagic activity. This localization is mediated by 

autophagy and Beclin 1 regulator 1 (AMBRA1), one of the beclin 1 partners, which keeps beclin 1 bound to 

microtubules. Upon autophagy induction, phosphorylation of AMBRA1 by ULK1 releases beclin 1 from 

microtubules facilitating its translocation to the ER for autophagy induction (Di Bartolomeo et al., 2010) (Figure 

21B). By interacting with the CDD domain of beclin 1, UV radiation resistance associated (UVRAG) enhances 

the kinase activity of VPS34 and therefore exerts pro-autophagic functions (Liang et al., 2008) (Figure 21C). 

The effect of UVRAG seems to be independent from ATG14L, since both proteins compete for the same binding 

Figure 20. The PI3KIII complex. Representation of the 
proposed structural arrangement of the subunits of 
mammalian class-III PI3K complex. The V-shaped 
structure is formed by VPS34 and VPS15, in the right 
branch, which extends and forms contacts with the 
left branch of the complex, consisting of beclin 1 and 
ATG14L1. ULK phosphorylates beclin 1, thus 
increasing the activity of VPS34 that catalyzes the 
phosphorylation of PI at position 3 of the inositol ring, 
to produce PI3P. 

 

Figure 21. The PI3KIII complex. Representation of the 
proposed structural arrangement of the subunits of 
mammalian class-III PI3K complex. The V-shaped 
structure is formed by VPS34 and VPS15, in the right 
branch, which extend and form contacts with the left 
branch of the complex, consisting of beclin 1 and 
ATG14L1. ULK phosphorylates beclin 1, thus 
increasing the activity of VPS34 that catalyzes the 
phosphorylation of PI at position 3 of the inositol ring, 
to produce PI3P. 
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site in the CDD domain of beclin 1. It is interesting to note that, in addition to its function during autophagy 

initiation, UVRAG is also critical during the late steps of autophagy, by promoting the fusion between mature 

autophagosomes and lysosomes (Liang et al., 2008). By interacting with the BH3 domain of beclin 1, BCL2 and 

BCL-XL proteins inhibit the association of beclin 1 with VSP34, resulting in the inhibition of autophagosome 

biogenesis (Pattingre et al., 2005). Finally, the protein RUBICON also exerts an anti-autophagic function by 

interacting with UVRAG and thus inhibiting a specific subpopulation of PI3KIII complexes (Matsunaga et al., 

2009; Sun et al., 2015) (Figure 21C). 
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To conclude, the initiation of autophagy first requires the activation of ULK complex which, via a cascade 

mechanism, phosphorylates beclin 1 and thus activates the PI3KIII complex (Russell et al., 2013). Essential to 

the understanding of these mechanisms was the use of different pharmacological inhibitors of PI3KIII, such as 

wortmannin, LYS294002 and 3-methyladenine (Blommaart et al., 1997; Petiot et al., 2000) which have then 

shown to block autophagy in mammalian cells, and are thus commonly used in this field.  

8.1.3.  mTORC1 and AMPK: energy sentinels regulating autophagy initiation 

The activity of the ULK complex and thus autophagic activity also depends on its phosphorylation status. 

Several phosphorylation sites have been identified on ULK1 and ATG13. In this context, the kinase activities of 

mTORC1 complex and AMPK are able to finely regulate autophagy initiation as a function of the cell energy 

status (Wong et al., 2013). The mTORC1 complex is formed by the kinase mTOR, Raptor, mLST8, Deptor and 

PRAS40. In nutrient-rich conditions, the mTORC1 complex interacts with and phosphorylates ULK1 and ATG13, 

thus suppressing ULK1 activity and autophagy. In contrast, under nutritional-deficiency conditions or 

rapamycin treatment, mTORC1 is released from the ULK complex, resulting in ULK1 and ATG13 inhibitory 

dephosphorylations. The kinase activity of ULK1 is thus restored leading to efficient autophagy initiation 

(Hosokawa et al., 2009; Jung et al., 2009) (Figure 22). 

      AMPK is the cell's other energy sensing kinase, activated when the concentration of AMP reaches low levels 

that are inadequate for the cell energetic support. It has been shown that AMPK acts either by phosphorylating 

Raptor, thus decreasing the inhibitory impact of mTORC1 on ULK complex (Gwinn et al., 2008), or by direct 

phosphorylation/inhibition of ULK1 protein (Egan et al., 2011; Mack et al., 2012) (Figure 22).  

8.2. Nucleation and elongation of the phagophore 

Phagophore nucleation is enabled by the production of PI3P by the PI3KIII complex at specific ER 

subdomains. Here the autophagic platform takes place and where autophagic proteins are recruited. The PI3P-

rich ER region in which the phagophore nucleates is called the omegasome, due to its shape resembling the 

Greek letter “Ω“. In fact, it has been demonstrated that starvation by amino acid deficiency induced PI3P 

accumulation at ER subdomains, followed by the extension of ER membrane to generate the omegasome (Axe 

et al., 2008).  

Figure 21. Regulation of PI3KIII activity by beclin 1 partners. A| Structure of beclin 1 showing the BH3 domain, responsible 
for binding with BCL2/BCL-XL, a flexible helical domain that interacts with AMBRA1, a central coiled coil domain (CDD), which 
binds ATG14L, VPS34, UVRAG and RUBICON (via UVRAG) and a ECD-BARA domain for VPS34 and VPS15 proteins binding. B| 
(Left) In the presence of nutrients, the ULK complex is inhibited. In this scenario, a pool of AMBRA1:beclin 1 is associated, in 
an inactive form, with the molecular motor dynein. (Right) Upon nutrient deficiency, autophagy is induced and ULK1 is active 
to phosphorylate AMBRA1. This phosphorylation allows beclin 1 to dissociate from the complex with dynein and associate 
with the endoplasmic reticulum membranes, where VPS34 phosphorylates the PI to produce PI3P. C| UVRAG associates 
with beclin 1 and increase its ability to stimulate VPS34, thus promoting autophagy. RUBICON sequesters UVRAG, which is 
no longer available to stimulate beclin 1, strongly reducing autophagy activity. BCL2/BCL-XL interacts with beclin 1, inducing 
its dimerization with another beclin 1 protein, blocking beclin 1 association with the other PI3K complex partners and 
inhibiting autophagy. 
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Fig. 22 : Regulation of the ULK 

complex by mTORC1 and AMPK
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Once PI3P has been produced, chain recruitment of several proteins induces nucleation of the 

phagophore. In particular, proteins from the WIPI family are the first to localize on these PI3P-rich domains. 

They, in turn, induce the recruitment of other proteins such as Atg9, the ATG12-ATG5-ATG16L1 ternary 

complex, and the LC3 protein conjugated to phosphatidylethanolamine (PE), that will support the expansion 

of the phagophore until its complete maturation into an autophagosome (Figure 23). Synthesis of the ATG12-

ATG5-ATG16L1 ternary complex and of LC3-PE involves two conjugation systems, called “ubiquitin-like”, from 

the similarities they share with the ubiquitin system involved in the proteasomal degradation of proteins. The 

ubiquitination system requires three enzymes, called E1, E2 and E3 ligases, that sequentially act to induce the 

transfer of a ubiquitin residue on the target protein (Figure 24). In the context on autophagosome biogenesis, 

the mechanism does not involve the transfer of ubiquitin, but that of ATG12 and LC3 proteins. 

Figure 23. The key steps of initiation and phagophore nucleation. Representation that highlights, in a sequential manner, 
the most important moments in the formation of the phagophore. The ULK complex stimulates and activates the PI3KIII 
complex, which induces the accumulation of PI3P at specific domains of the endoplasmic reticulum. The PI3P-rich zones 
are hot spots where the omegasome is formed and where the numerous autophagy proteins are recruited for its 
nucleation and elongation. WIPI proteins, by binding to PI3P within the omegasome, acts as a platform for the recruitment 
of the ATG12-ATG5-ATG16L1 complex with which it interacts directly. ATG9A vesicles contribute to supply phospholipids 
to the omegasome for its elongation while LC3-II allows the fast elongation of the phagophore until its complete 
maturation into an autophagosome. 
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Figure 24. The Ubiquitination system. The ubiquitination of a substrate requires three enzymes: ubiquitin-activating 
enzyme (E1), ubiquitin-conjugation enzyme (E2) and ubiquitin ligase (E3). The process consists of three main steps: 
activation, conjugation and ligation. The activation step starts with ubiquitin activation via the E1. E1 binds ubiquitin and 

ATP and forms an ubiquitin-adenylate intermediate ( ). Then, the intermediate is transferred to an active site cysteine 

residue of E1, with the release of AMP ( ). The conjugation step involves the E2 enzyme which catalyzes the transfer of 

ubiquitin from E1 to its cysteine active site ( ). The ligation step requires E3 enzyme, able to interact with both E2 and 

the substrate, and catalyzes the direct transfer of the ubiquitin from E2 to the substrate ( ). Other enzymes, such as E4 

(ubiquitin-chain elongation enzyme) can eventually add pre-formed polyubiquitin chains to the substrate ( ). 
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8.2.1.  Formation of ATG12-ATG5-ATG16L1  

The first conjugation system allows the conjugation of the C-terminal glycine residue of ATG12 to the 

lysine-130 residue of ATG5, through the generation of an isopeptide bond. For this to occur, the C-terminal 

glycine of ATG12 is first activated by the E1-like activating enzyme ATG7. This mechanism requires ATP, and a 

thioester intermediates ATG12-ATG7 is formed. ATG12 is then transferred to the ATG10 E2-like conjugating 

enzyme, forming a second intermediate. Finally, the glycine at the C-terminal position of ATG12 is irreversibly 

conjugated on the lysine-130 residue of ATG5 (Mizushima et al., 1998) forming the ATG12-ATG5 complex. 

ATG12-ATG5 complex then interacts non-covalently with ATG16L1 forming the ATG12-ATG5-ATG16L1 ternary 

complex (Mizushima et al., 1999). As detailed in the next paragraph, this ternary complex will act as a E3-like 

ligase enzyme in the second conjugation system represented by LC3, facilitating the transfer of LC3 to 

phosphatidylethanolamine (PE) (Figure 25).  

It is interesting to note that ATG16L1 has been shown to homodimerize through its N-terminal domain. 

This leads to the formation of a large complex of approximately 800 kDa, consisting of two ATG16L1 proteins 

bound together with an ATG5-ATG12 complex associated to each of them (Mizushima et al., 2003) (Figure 25). 

Once the phagophore is formed, this large complex dissociates from the phagophore membrane. 

8.2.2.  The LC3-PE conjugation system: synthesis of LC3-PE on the nascent autophagosome  

The conjugation of LC3 to PE, a mechanism called LC3 lipidation, is essential for the elongation of the 

phagophore (Dooley et al., 2014). The process starts with the synthesis of a precursor form of LC3, called pro-

LC3. Cleavage of arginine at the C-terminus of pro-LC3 by the protease ATG4 leaves exposed a glycine residue, 

resulting in LC3-I. The E1-like ATG7 enzyme, shared with the ATG12-ATG5 conjugation system, processes LC3-

I to forms the thioester intermediate LC3-I-ATG7. This intermediate enables LC3-I to be transferred to the E2-

like enzyme Atg3, to form the intermediate LC3-I-ATG3. The final step, catalyzed by the ATG12-ATG5-ATG16L1 

complex, acting as E3-like ligase, consists in the conjugation of LC3-I from ATG3 to the amino-group of PE, 

resulting in the formation of LC3-PE or LC3-II (Hanada et al., 2007; Ichimura et al., 2000). Incorporation of LC3-

PE at the membrane of the phagophore is critical for the next steps of the autophagic process, including 

elongation of the phagophore, its closure, and fusion of the mature autophagosome with the lysosomal 

compartment (Kawabata & Yoshimori, 2020). Besides LC3 conversions, the protease ATG4 can cleave LC3-PE, 

in a process called LC3 delipidation, to recycle LC3 for another round of conjugation (Nakatogawa et al., 2012) 

(Figure 25). The critical role of LC3 has been extensively demonstrated by knockout experiments, in both yeast 

and mammals (Abeliovich et al., 2000; Kirisako et al., 2000; Weidberg et al., 2010; Xie et al., 2008). In fact, 

Atg8/LC3 downregulation induced the formation of autophagosomes with reduced size, and a delay in 

degradation of the inner part of the autophagosomal membrane and cargoes (Tsuboyama et al., 2016). 

Interestingly, while other Atg proteins are located outside the forming autophagosome and then released from 
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the membrane after autophagosome formation, LC3 is located both at the outer and inner part of this 

membrane, thus staying within autophagosomes. This characteristic arrangement of LC3 and therefore the 

fact that LC3 itself is degraded by autophagy makes this substrate extremely useful for studying autophagy. 

Increased conversion of LC3-I to LC3-II is used as a marker of increased autophagy activity (Klionsky et al., 

2021). In fact, fluorescent-tagged LC3 is the best-known marker used to monitor autophagosomes both in 

fixed and in living cells, as well as, its use in SDS-page since the LC3-I and LC3-II can be easily separated each 

other and be detected in a western blot (Klionsky et al., 2021).   

Figure 25. The two ubiquitin-like conjugation systems essential for autophagy. During phagophore elongation, two 
ubiquitin-like conjugation systems allow to form the ATG12-ATG5-ATG16L1 complex and the LC3-II protein. (Upper) 
Sequential reactions by the E1-like protein ATG7 and the E2-like protein ATG10 conjugate ATG12 to a lysine residue of 
ATG5, and the resulting ATG12-ATG5 complex then interacts non-covalently with ATG16L1. The ATG12-ATG5-ATG16L1 
ternary complex can form a homodimer with another complex. (Lower) After post-translational modifications, pro-LC3 is 
cleaved into LC3-I by ATG4. LC3-I is activated by the E1-like protein ATG7, then transferred to the E2-like protein ATG3 
and finally conjugated to phosphatidylethanolamine with the support of the E3-like ATG12-ATG5-ATG16L1 complex. 
Membrane-localized LC3-II can be delipidated by ATG4 to recycle LC3-I. 
 

In mammals, there are at least eight different Atg8 orthologues involved in the biogenesis of 

autophagosomes. They can be classified under two families: the LC3 family consisting of LC3A, LC3B and LC3C 

and the gamma-aminobutyric acid receptor-associated protein (GABARAP) family consisting of GABARAP1, 

GABARAP2, GABARAPL1, GABARAPL2 and GABARAPL3. The most studied and best characterized is LC3B. 

Although all these proteins are similarly lipidated by the conjugation system described above, proteins of the 

LC3 family seem to be mainly involved in the elongation of the phagophore, whereas proteins of the GABARAP 

subfamily participate in later stages of autophagy, i.e. phagophore closure and fusion with the lysosomes (Lee 

& Lee, 2016; Weidberg et al., 2010). In addition to their roles in autophagosome biogenesis, proteins of the 

Fig. 25 : ATG12-ATG5-ATG16L1 and LC3-II conjugation systems
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LC3 family have an important role in the recognition and specific recruitment of substrates to be degraded. 

This mechanism involves autophagic receptors containing an LC3-interacting region (LIR). This domain allows 

the autophagic receptors to bind the LC3-II conjugates present at the phagophore membrane and to sequester 

the elements to be degraded (Birgisdottir et al., 2013; Padman et al., 2019). A classic example of autophagic 

receptors is p62, also called sequestosome 1, used as an indirect indicator of autophagic activity as it 

accumulates within the cytosol when autophagy is impaired (Klionsky et al., 2021) (Figure 26).   Fig. 26 : Autophagic receptor, selective autophagy, p62 LIR motif
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Figure 26. The autophagic receptor p62 and selective autophagy.  A| The structure of the human p62 protein and its 
interacting partners. p62 consists in six domains: the Phox and Bem1 (PB1) domain is involved in self-oligomerization of 
p62 or heterodimerization with NBR1 (another autophagic receptor, similar to p62) and binding to atypical PKC (aPKC). 
The central zinc finger (ZZ) domain and the TRAF6-binding domain (TB) interact with the RIP1 and TRAF6 proteins, 
respectively in order to regulate NF-kB pathway. The LC3-interacting region (LIR) motif is involved in binding LC3-II protein, 
while the ubiquitin-associated domain (UBA) binds ubiquitinylated proteins to promote their selective degradation via 
autophagy. Finally, the Keap-interacting region (KIR) which binds Keap1 leading to the stabilization of transcription factors 
involved in oxidative stress. B| Model for the Ub-driven formation of the scaffold for selective autophagy. After self-

dimerization ( ), p62 protein can be mono- and polyubiquitylated by the E2 and E3 enzymes ( ). C| Model of cargo 
degradation via selective autophagy. After the substrate has been ubiquitylated, it associates with p62 dimers which then 
contact LC3-II, via their LIR domains. The cargo is then engulfed by the LC3-II-containing autophagosomal membranes and 
will be finally degraded via selective autophagy. 
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8.2.3. Autophagosome closure 

The use of specific markers for closed autophagosomes, such as STX17, has made possible the 

identification of the determinants of phagophore closure (Itakura et al., 2012). Many studies suggest an 

important role of the ESCRT machinery in this final step. For example, ESCRT depletion induced the 

accumulation of autophagosomes (Lee et al., 2007), although it is difficult to identify between those that are 

completely closed and those that have holes in ESCRT-depleted cells. Recent data revealed that components 

of ESCRT-I are primarily recruited to the phagophore by a yet unknown mechanism. The recruitment of 

charged multivesicular body protein (CHMP) 2A and CHMP4B then induces the polymerization of ESCRT-III 

filaments that bring the two membrane flaps close to each other, allowing membrane fission. The last step 

seems to be mediated by vacuolar protein sorting-associated protein (VPS) 4, an ATPase that resolves the 

fission process by facilitating ESCRT-III depolymerization (Melia et al., 2020; Takahashi et al., 2019; Zhou et al., 

2019) (Figure 27).  

 

8.3. Maturation of autophagosomes and fusion with lysosomes 

The maturation stage occurs immediately after autophagosome closure (paragraph 8.2.3) and consists 

of the fusion of the autophagosome with the lysosome to form the autolysosome, for its content degradation 

by lysosomal hydrolases. The autophagosome and lysosome originate from different parts of the cell and 

although autophagosomes originate randomly in the cytosol, lysosomes are specifically produced in the peri-

nuclear area, close the microtubule organizing centre (Kawabata & Yoshimori, 2020). Autophagosome and 
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Figure 27. Autophagosome closure. ESCRT-I proteins are first recruited to the phagophore edge membranes and then 

followed by the recruitment of ESCRT-III proteins and the filament-forming components CHMP2A and CHMP4B ( ). 
ESCRT-III proteins polymerize leading to the formation of a spiral-like filament that brings the leading edge of the 

phagophore membranes into close proximity and allowing membrane fusion ( ). The last step is facilitated by the ATPase 

VPS4 which resolves the fusion and facilitates depolymerization of the ESCRT-III spiral-like filament structure ( ). LC3-II 
is also involved in this process, but its mechanism has not yet been clarified. Cartoon adapted from Melia et al., 2020. 
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lysosome must be in close contact in order to fuse, and therefore both vesicles must travel onto microtubules 

to meet in the perinuclear area of the cell, where the fusion occurs. Autophagosome movement toward the 

minus-end of microtubules, or perinuclear area, is dictated by its binding with dynactin and dynein via Rab7, 

rab-interacting lysosomal protein (RILP) and oxysterol-binding protein-related protein 1L (ORP1L) (Jordens et 

al., 2001; Pankiv et al., 2010; Wijdeven et al., 2016). Whilst, Rab7 and its effector FYVE and coiled-coil domain 

autophagy adaptor 1 (FYCO1) drive the movement of the autophagosome toward the plus-end of 

microtubules, the periphery (Pankiv et al., 2010) (Figure 28). About the movement of lysosomes, inhibition of 

kinesins, such as Kif1B and Kif2A, has been shown to induce increased fusion with autophagosomes. 

Overexpression of kinesin 5B, on the other hand, causes lysosomes to disperse toward the periphery, reducing 

the rate of fusion as well as the accumulation of autophagosomes in the perinuclear zone (Cardoso et al., 2009; 

Korolchuk et al., 2011). These results suggest that lysosome positioning determinate whether 

autophagosome-lysosome fusion occur. 
Fig. 28 : Autophagosome and Autolysosome migration onto 
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Figure 28. Autophagosome and autolysosome trafficking onto microtubules. Proposed mechanism of 
autophagosome/autolysosome bidirectional migration on microtubules via Rab7. Rab7 links autophagosomes to the 
molecular motor kinesin through FYCO1 and facilitates the microtubule-dependent trafficking toward the plus end (cell 
periphery). The microtubule-dependent trafficking toward the minus end (perinuclear area) is also governed by Rab7, 
but Rab7 instead interacts with the effectors ORP1L and RILP, the latter which binds to the dynein:dynactin complex. 
Cartoon adapted from Kuchitsu and Fukuda, 2018. 
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Once the lysosome and autophagosome are in proximity, the high-energy barrier between the two 

membrane vesicles must be by-passed by the formation of a complex involving SNARE proteins. 

Autophagosomes are built by two lipid bilayer membranes whereas lysosomes are delimited by a single bilayer 

membrane. During the fusion between autophagosome and lysosome, the outer lipid bilayer membrane of 

autophagosomes fuses with the lipid bilayer membrane of lysosomes and here SNAREs take place. STX17, a 

SNARE protein located on autophagosomes form a complex with the cytosolic protein SNAP29 and with 

another SNARE protein, VAMP7/8, located on the lysosome membrane (Hikita et al., 2018). Assembly and 

stability of the STX17:SNAP29:VAMP7/8 complex is improved by the concomitant recruitment of a tethering 

modulator, called ectopic P-granules autophagy protein 5 homolog (EPG5), which interacts with both Rab7 

and VAMP7/8 located in the lysosome surface, and with LC3 and STX17:SNAP29 located on the 

autophagosomal surface (Figure 29). The critical role of EPG5 has been demonstrated in knockdown 

experiments, showing that its depletion strongly reduces autophagosome-lysosome fusion (Wang et al., 2016)  

8.4. Different membrane sources for phagophore elongation 

To date, the description of the molecular mechanism leading to the initiation of the phagophore has 

been based on a well-studied structure, the ER. In fact, it was generally accepted that the phagophore was 

generated de novo from the ER compartment (Axe et al., 2008; Ylä-Anttila et al., 2009). However, the origin of 

Figure 29. The fusion between autophagosome and lysosome. Proposed mechanism showing the role of EPG5 protein 
mediating the fusion between an autophagosome and a lysosome/late endosome. EPG5 is recruited to lysosome/late 
endosome membranes by binding with Rab7 and VAMP7/8 proteins. EPG5 also binds the autophagosome membranes by 
associating with LC3-II and STX17:SNAP29 and facilitates the organization of the trans-SNARE complex involved in the 
fusion between the two organelles. Cartoon adapted from Wang et al., 2016. 
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the membrane that contributes to the formation of the phagophore has been a much-debated topic in recent 

years. During the last years several studies have shown that other cell compartments, such as the plasma 

membrane (Moreau et al., 2012; Ravikumar et al., 2010), the Golgi apparatus (Ge et al., 2013; Orsi et al., 2012), 

mitochondria (Hailey et al., 2010) and recycling endosomes (Puri et al., 2013, 2018), contribute significantly to 

the expansion of the phagophore. In support of the view of ER as a major source of lipids, a recent study 

published by Schutter and colleagues has highlighted that de novo synthesized phospholipids from the ER are 

likely the main membrane sources for phagophore expansion rather than other organelles membranes 

(Schütter et al., 2020). Noteworthy, ER exhibits the most extensive membrane platform and forms the so-

called membrane contact sites (MCS) with almost every membrane-bound organelle in the cell (Helle et al., 

2013). Studies based on electron tomography revealed that the ER membrane was found in the inner and 

outer membranes of the phagophore, owning multiples MCSs (Hayashi-Nishino et al., 2010). 

Concerning the contribution from other cell compartments, the involvement of mitochondria in the 

biogenesis of the phagophore has been demonstrated (Hailey et al., 2010). Disruption of the MCS between 

mitochondria and the ER inhibited the recruitment of both ATG14 and LC3 and thus autophagosome 

biogenesis. This result makes possible to speculate on the fact that autophagosomes are produced from 

phospholipids originated from the ER that are then transferred to the mitochondrion to support the 

phagophore initiation process (Hailey et al., 2010; Hamasaki et al., 2013). The Golgi apparatus has been 

recognized as another source of lipids for the phagophore. In fact, it has been demonstrated that autophagy 

induction leads the redistribution of ATG9A-positive vesicles from the Golgi to the initiation site (Mari et al., 

2010; Young et al., 2006), interacting transiently with the phagophore (Orsi et al., 2012). The plasma 

membrane has been found to be the source of production of so called “pre-autophagic endosomes”, a sub-

population of endosomes marked by ATG16L1 or ATG9 proteins which contribute to the autophagosome 

formation (Ravikumar et al., 2010). This mechanism also involves the recycling compartment, where the pre-

autophagic endosomes fuse (providing ATGs proteins) leading the recruitment of WD repeat domain 

phosphoinositide-interacting (WIPI) proteins and the machinery involved in the LC3 lipidation (Puri et al., 

2018). Since the recycling compartment and the ER are very close is likely that these compartments contribute 

at different steps of the phagophore formation, putting forward the idea of the difference between 

membranes that contribute to the phagophore initiation and the platform where the ATG16-ternary complex 

and LC3 lipidation take place (Figure 30). 
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Fig. 30  : Different membrane sources for phagophore elongation
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Figure 30. Different membrane sources for phagophore elongation. It has been accepted that different cellular 
compartments are involved in the autophagosome formation. The endoplasmic reticulum, the mitochondria, the Golgi 
apparatus, the recycling compartment and the plasma membrane with its pre-autophagic endosomes, are considered 
as different sources contributing to the omegasome/phagophore expansion. 
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9. The core autophagy protein ATG9A 

As already introduced previously, ATG9A is an important regulator of the autophagy machinery, 

involved in the early steps of autophagosome biogenesis. Nevertheless, its precise function for phagophore 

expansion is still a matter of debate. Latest studies done on both mammalian ATG9A and yeast Atg9 are 

bringing to light new evidence on its precise function, described later in this thesis manuscript.  

9.1. Topology and structural function of ATG9A 

ATG9A is the only multi-spanning transmembrane protein among the core Atg proteins. It was first 

characterized as an integral membrane protein about twenty years ago, and it was then believed that the 

protein consists of six transmembrane domains, with both N- and C-termini oriented toward the cytosolic side 

of the cell. The first 3D structure of the protein came from Arabidopsis thaliana (At-Atg9) with a 7.8-Å-

resolution, using single-particle cryo-electron microscopy (cryo-EM) (Lai et al., 2019). By combining predictive 

data from sequence co-evolution together with cryo-EM results, Lai and colleagues found that At-Atg9 

organizes into a homotrimer, with each protomer containing at least six transmembrane (TM) α-helices (TM1-

6) flanked by disordered N- and C-termini cytoplasmic regions. The homotrimer forms a central pore in which 

each protomer interacts, via its C-terminal region, with the other protomers in order to stabilize the entire 

complex (Lai et al., 2019) (Figure 31A). Although Lai and colleagues raised here important information, the 

cryo-EM “low” resolution did not allow to discern the arrangement of the transmembrane helices, as well as 

other structural details. Guardia and colleagues came to fill this gap by using cryo-EM at 2.9-Å-resolution on 

human ATG9A. They found that each homotrimer does not have six transmembrane helices, unlike At-Atg9, 

but only four (α2, α6, α14, and α15) and two more helices (α11 and α19) that are partially embedded in the 

membrane, without completely crossing it (Guardia et al., 2020). Juxtaposition between protomers is allowed 

by α14 and α15 that are stacked in a parallel fashion with α2 and α6 from neighbouring protomer, with specific 

interactions mainly observed between α2 and α14 (Guardia et al., 2020) (Figure 31B-C). An extensive domain 

located at the C-terminal of ATG9A, of about 250 amino acids, forms a platform presumably involved in 

protein-protein interactions with other partners. Interestingly, the ATG9A trimer displays an important 

network of internal cavities with a large central pore (Figure 31D) that was also observed in the plant Atg9. A 

lateral branch, extending from the central pore to the membrane-cytoplasm interface, is made of hydrophilic 

residues, suggesting a possible role of the protein in the transport of polar molecules such as lipids residing at 

the membrane. The critical role of these cavities was confirmed by mutating specific residues (Tryptophan) 

located at the lateral branch-central pore junction, or at the lateral branch-cytoplasmic interface (Figure 31D). 

In fact, expression of recombinant ATG9A proteins carrying these mutations was unable to rescue the normal 

size of LC3B puncta in ATG9A-KO cells, suggesting that the mutation-induced occlusion of the lateral branch 

impairs the possible transport of molecules for correct phagophore expansion (Guardia et al., 2020).  
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Fig. 31 : ATG9A topology and internal pore system (Guardia et al)
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Figure 31. Atg9/ATG9A topology and its internal pores system. A| Cartoon illustrating the predicted topology of Atg9 
from Arabidopsis, determined by using ultra-deep learning model from cryo-EM data at 7.8 Å resolution. Atg9 presents 
a disordered N-terminal tail, six transmembrane helices, three intra-luminal domains (IL1 to IL3) and a long-disordered 
C-terminal tail. The edges of the membrane are shown as soft blue rectangles. Cartoon adapted from Lia et al., 2020. B| 
Cartoon illustrating the topology of human ATG9A protomer obtained by cryo-EM at 2.9 Å resolution showing 22 α-
helices (although β-strands are contained in the structure, they are not shown in the cartoon) and two intra-luminal 
domains (IL1 and IL2). The edges of the membrane are shown as soft blue rectangles. Cartoon adapted from Guardia et 
al., 2020. C| Cryo-EM density map of human ATG9A homotrimer in conformation B is shown in side (Left) and top views 
(Right) and colored in cyan, magenta and dark yellow. The edges of the membrane are shown as soft blue rectangles. 
D| Branched network of internal pores of ATG9A trimer shown in C| in top (Left) and in side views (Right). The internal 
pore network is shown with blue color. Three lateral branches and three perpendicular branches are shown on the Left 
and only one lateral and one perpendicular branch is shown on the Right. The edges of the membrane are shown as soft 
blue rectangles. Images shown in C| and D| are adapted from Guardia et al., 2020. 
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9.2. Biogenesis of ATG9A vesicles and their trafficking to the phagophore 

ATG9A protein cycles between different cellular compartments, via vesicular transport, in order to 

deliver different sources of membrane to the forming autophagosome. It resides within highly dynamic 

vesicles with a diameter of 30 to 60 nm. In this section, I will detail the mechanism and protein complexes, 

emphasizing that ATG9A vesicles are synthetized and targeted to the phagophore during autophagy induction. 

9.2.1.   ATG9A-positive vesicles emanating from different sources contribute to autophagosome 

biogenesis 

ATG9A-containing vesicles originate from the trans-Golgi, the plasma membrane, or the endosomal 

compartment and are an essential source for the formation of the phagophore. The Golgi apparatus was the 

first compartment to be recognized as a primary source of phospholipids and ATG9A vesicles for phagophore 

biogenesis (Mari et al., 2010; van der Vaart et al., 2010; Young et al., 2006). In fact, upon amino acid 

deprivation, a fraction of ATG9A redistributes to the omegasome (Mari et al., 2010; Young et al., 2006) where 

it transiently interacts with the phagophore, without being totally incorporated into its membrane (Orsi et al., 

2012). The plasma membrane has been also found to be the source of production of so called “pre-autophagic 

endosomes”, a sub-population of endosomes marked by ATG9A and ATG16L1 proteins which contribute to 

the autophagosome formation (Ravikumar et al., 2010). This mechanism also involves the recycling 

compartment, where the pre-autophagic endosomes fuse (providing ATGs proteins) leading to the 

recruitment of WIPI proteins and the machinery involved in the LC3 lipidation (Puri et al., 2018). 

9.2.2. ATG9A trafficking via AP complexes 

Members of the AP family are heterotetrameric cytosolic complexes that are involved in the intracellular 

trafficking of cargo proteins between different organelles. Five AP complexes are nowadays known, from AP-

1 to AP-5 (Park & Guo, 2014) . These complexes can be incorporated into clathrin-containing vesicles or not. 

Intracellular clathrin-coated vesicles contain AP-1 or AP-2, whilst biogenesis of AP-3-containing vesicles can be 

partially dependent of clathrin. Formation of AP-4- or AP-5-containing vesicles is instead totally independent 

of clathrin. The N-terminus of ATG9A contains specific tyrosine- and dileucine-based sorting motifs, 8YQRLE12 

(8YXXØD/E12) and 22EEDLL26
 (22E/DxxLL26) that allow its sorting from the TGN (AP-1 and AP-4) or its sorting in 

pre-autophagic endosomes emanating from the plasma membrane (AP-2) (Imai et al., 2016; Zhou et al., 2017; 

Mattera et al., 2017) (Figure 32). ATG9A mutations within these motifs inhibit redistribution of the protein by 

keeping it blocked at the trans-Golgi or at the plasma membrane due to a severe endocytosis defect (Zhou et 

al., 2017). Interestingly, cell stimulation with EGF can induce Src kinase-dependent phosphorylation of Y8 into 

the N-terminus sorting motif of ATG9A, thereby promoting ATG9A-AP-1/2 interaction and ATG9A trafficking 

between compartments (Imai et al., 2016; Zhou et al., 2017). Although AP-1 and AP-2 sorting of ATG9A have 

been largely described, less is known about AP-4. AP-4 has recently been described in neuronal deficiencies, 
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in which AP-4 mutations lead to a form of hereditary spastic paraplegia (HSP) called the AP-4 deficiency 

syndrome. Purkinje and hippocampal neurones of HSP patients exhibit a missorting of the AMPA receptor 

which accumulates in abnormal LC3B structures (Matsuda et al., 2008). Later, Mattera and colleagues provided 

a direct link between AP-4 deficiency syndrome and autophagy, by demonstrating that AP-4 mutations induce 

the retention of ATG9A within the TGN, leading to autophagy impairment (Mattera et al., 2017). A work from 

Davies and colleagues provided additional mechanistic information by demonstrating that AP-4-dependent 

sorting and trafficking of ATG9A from the TGN is RUN and SH3 domain containing (RUSC)-dependent (Davies 

et al., 2018). RUSC1 and 2 are indeed accessory protein of AP-4, and mutations in RUSC2 cause a neurological 

disorder similar to the AP-4 deficiency syndrome (Alwadei et al., 2016) (Figure 32). 

Fig. 32 : ATG9A trafficking via AP complex
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Figure 32.  ATG9A trafficking via AP complexes. Representation of ATG9A trafficking between different cellular membrane 
compartments governed by AP complexes. ATG9A vesicles traffic from the Golgi apparatus toward the phagophore via 
AP-1, charged into clathrin-coated pits, and/or AP-4 complexes. Moreover, AP-4-containing vesicles are directed to the 
phagophore via RUSC2, which connects the cytosolic side of ATG9A with the molecular motor kinesin onto microtubules. 
ATG9A can be transported to the phagophore via AP-3-containing clathrin-coated pits, but this mechanism has not yet 
been clarified. In addition, ATG9A vesicles can come from the plasma membrane via AP-2-derived vesicles (also called 
pre-autophagic endosomes). ATG16L1-pre-autophagic endosomes are also internalized from the plasma membrane and 
meet ATG9A into the recycling compartment, which is another platform for phagophore elongation. 
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9.2.3.   ATG9A trafficking via BAR-domain proteins 

Traffic of ATG9A protein has been described to be also regulated by Bin/amphiphysin/Rvs (BAR)-domain 

containing proteins. BAR proteins are the best-known regulators of cell membrane curvature, and each BAR 

protein contains one of several BAR domains which differ in length, intrinsic curvature and binding affinity to 

the membrane. Combination of these features defines the specific cellular localization (Golgi, ER, plasma 

membrane, endosomes, filopodia etc) of BAR proteins into the cell (Simunovic et al., 2015). Three different 

classes of BAR proteins have been described: Bax-interacting factor 1 (Bif1), SNX18 and ADP-ribosylation factor 

(Arf) 2. 

Bif1, also known as endophilin B, participates to the sorting of ATG9A-positive vesicles from the TGN or 

the RAB11-positive perinuclear recycling compartment. Consistently, Bif1 downregulation suppresses fission 

of Golgi membranes as well as redistribution of ATG9A toward periphery (Takahashi et al., 2011). During 

autophagy induction, Bif1 cooperates with dynamin 2, a protein which, by forming a bottleneck, participates 

to the final steps of the vesicle fission. It has been proposed that recruitment of Bif1 at the membrane budding 

site of ATG9A reservoirs initiates membrane tubulation, and then promotes the subsequent recruitment of 

dynamin 2 for final membrane fission and generation of ATG9A-positive vesicles (Takahashi et al., 2016) (Figure 

33). 

The second class of BAR proteins comprises SNX18, responsible for the binding of SNXs to PIs. SNX18, 

has been reported to be involved in the biogenesis of ATG16L1-ATG9A-positive vesicles from the RAB11-

positive perinuclear recycling compartment. Depletion of SNX18 induces the accumulation of ATG9A proteins 

in RAB11-recycling endosomes. Similar to Bif1, SNX18 binds and recruits dynamin 2 to trigger the biogenesis 

of autophagic vesicles from the RAB11 compartment, and it is still unclear whether SNX18 and Bif1 compete 

or cooperate in this process (Søreng et al., 2018) (Figure 33). 

Last but not least is Arf, the third BAR family protein which localizes at the TGN via interaction between 

Arl1 motif and phosphatidylinositol 4-phosphate (PI4P). Arf1 is likely involved in the formation of secretory 

granules while Arf2 has been shown to regulate exocytosis of metalloproteinases and trafficking of ATG9A (De 

Tito et al., 2020). Interestingly, ATG9A vesicles contain and deliver class III phosphatidylinositol 4-kinase β 

(PI4KIIIβ) to the growing phagophore by a direct interaction between ATG9A and PI4KIIIβ to control PI4P 

production, which then recruits ULK1/2 to nascent autophagosomes (Judith et al., 2019). Downregulation of 

Arf2 protein or blocking its binding to PI4P induces an important dispersal of ATG9A vesicles from the 

perinuclear region as well as reduces ULK1-containing autophagic membranes and LC3B-positive 

autophagosome biogenesis (Judith et al., 2019) (Figure 33). 
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9.2.4. Yeast Atg9, the central hub for the recruitment of the autophagic machinery 

The first of the latest major report on Atg9 was recently published in Science, in which a more defined 

role of Atg9 was studied in yeast for the first time. By using an in vitro reconstituted system, including 21 

polypeptides and membrane platforms, Sawa-Makarska and colleagues built the entire yeast core autophagy 

machinery to better control the different reactions of the early steps of autophagy (Sawa-Makarska et al., 

2020). They have found that Atg9 vesicles are the substrates of PI3KIII and that PI3P production at their 
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Fig. 33 : ATG9A trafficking via BAR-domain proteins

Figure 33. ATG9A trafficking via BAR-domain proteins. Representation of ATG9A trafficking between the Golgi apparatus 
and the recycling compartment regulated by BAR-domain proteins. ATG9A transport between the Golgi apparatus is 
mediated by Bif1 and Arf2, which also controls the correct delivery of PI4KIIIβ to the phagophore via an interaction with 
ATG9A cytosolic side. PI4KIIIβ mediates the phosphorylation of PI to produce PI4P at the phagophore membrane. The 
biogenesis of ATG9A vesicles from the recycling compartment is controlled by SNX18. The activity of dynamin 2 pitches 
off the vesicles from both the recycling compartment and the Golgi apparatus. 
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surfaces mediates the recruitment of the autophagy machinery, including the Atg2-Atg18 “lipid transfer 

module”, and Atg12-Atg5-Atg16 ternary complex for Atg8 lipidation. Most importantly, since autophagosomes 

are generated in close proximity of ER, data from Sawa-Makarska and colleagues suggest that Atg9 vesicles 

may actually be the seeds of the phagophore. Atg9 vesicles would progressively expand and mature into 

autophagosomes thanks to the lipid transfer activity of Atg2, that would control the flux of lipids from the ER 

toward the outer leaflet of the Atg9 vesicle.    

According to this model, if Atg2 inserts lipids only into the outer leaflet of the vesicle, a mechanism must 

then exist to transport half of the absorbed lipid into the inner leaflet of the phagophore, in order to allow the 

two leaflets of the membrane to grow evenly over time. Two key reports, published almost at the same time 

than the work of Sawa-Makarska and colleagues, designated Atg9 as a prime candidate for playing this role 

(Figure 34). 

They indeed shed light on the scramblase activity of Atg9, i.e. the enzymatic-like ability to redistribute 

phospholipids from the outside to the inside of a lipid bilayer and vice versa with no use of ATP (Maeda et al., 

2020; Matoba et al., 2020). By using the dithionite assay, a molecule that quenches the fluorophores on the 

outer leaflet, they have found that Atg9 transports different types of fluorescent phospholipids (such as 

phosphatidylcholine, phosphatidylserine and phosphatidylethanolamine), from the inner to the outer leaflet 

of liposomes, in a non-selective manner (Maeda et al., 2020; Matoba et al., 2020). Taken together, these 

results propose a very attractive model by which lipids insert their head groups into the vertical pore and then 

are flipped laterally (Maeda et al., 2020). Although the mechanism by which Atg9 uses its pores to transport 

lipids has not yet been elucidated, these reports have uncovered an unexpected and appealing role for this 

protein (Figure 35). 

Could ATG9A-positive vesicles also be the seeds of autophagosomes in mammals? Although human 

ATG9A also possesses scramblase activity (Maeda et al., 2020; Matoba et al., 2020) and ATG9A trimers contain 

internal cavities that may allow the transfer of lipids (Guardia et al., 2020), this scenario is not consistent with 

earlier observations. Indeed, in mammals, retention of ATG9A in mature autophagosomes and prolonged 

colocalization of the protein with the conjugation systems have never been observed. Several studies have 

instead proposed that ATG9A-positive vesicles emanating from different sources establish dynamic and 

transient contacts with the phagophore to deliver lipids and important components for its expansion (Orsi et 

al., 2012). In this alternative scenario, the specific roles of mammalian ATG9A scramblase and ATG2 lipid 

transfer activities deserve further investigations.   
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Fig. 34: Atg9 in yeast (Article sur Science)
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Figure 34. Model for the initial steps of yeast Atg9-mediated phagophore generation. A| Atg9 vesicles are recruited to 
the cargo via the Atg19:Atg11 scaffold complex. Then, Atg9 vesicles recruit Atg2:Atg18 lipid transfer complex and PI3K in 
order to transfer phospholipids from the donor compartment (endoplasmic reticulum exit sites, ERES) to the nascent 
phagophore and to produce PI3P, respectively. Production of PI3P by PI3K induces the recruitment of Atg21 and the E3-
like Atg12-Atg5-Atg16 complex which control the Atg8 conjugation to the membrane. B| Lipid influx from the donor 
compartment, via the lipid transfer machinery favors expansion of nascent phagophore membranes and C| supplies 
component for Atg8 lipidation, until the autophagosome matures. Cartoon adapted from Sawa-Makarska et al., 2020.  
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10. Signaling pathways regulating the autophagy machinery 

Eucaryotes have developed different strategies for maintenance of the normal physiological status and 

homeostasis of nutrient metabolism is critical for this purpose. Signaling pathways, including transcription, 

translation and post-translation modifications are necessary for cell adaptation in an environment that is 

constantly changing and subject to nutrient deficiencies or excesses. Generally, when nutritional stress 

deficiency occurs, cells respond by activating autophagy, whereas nutrition excess inhibits this mechanism. 

Autophagy regulation is then crucial for both cell survival and death. Next paragraphs are going to describe 

how different energy sources have an impact on autophagy. 

10.1. Regulation by amino acids 

 The main key factor of amino acid-mediated regulation of autophagy is mTORC1 that is sensitive to 

amino acids levels as well as growth factors. As already mentioned (paraphaph 8.1.3), mTOR activation inhibits 

autophagy by acting on the ULK complex. The clearer mechanism for mTORC1 activation by amino acids came 

from the identification of the Rag GTPase complexes that interact with mTORC1 at the membrane of lysosomes 

(Kim et al., 2008; Sancak et al., 2008). Amino acid levels are detected by the Rag family proteins, that include 

four members (Rag A, Rag B, Rag C and Rag D) able to form heterodimers. In the presence of amino-acids, Rag 

A-B-GTP and Rag C-D-GDP heterodimers recruit mTORC1 at the lysosomal membrane (Sancak et al., 2008) 

Fig. 35: Atg9 as a scramblase
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Atg18

Isolation membrane edge

ERES

Figure 35. Model of the scramblase activity of Atg9/ATG9A. During membrane isolation, the lipid transfer enzyme Atg2 
transport lipids from the donor compartment (endoplasmic reticulum exit sites, ERES) to the nascent phagophore, with 
the support of the Atg18 scaffold protein. Atg9/ATG9A redistributes the phospholipids from the cytoplasmic leaflet of 
the isolation membrane to the luminal leaflet, via its scramblase activity, enabling the expansion of the phagophore. A 
vesicle lacking Atg9/ATG9A is unable to expand because phospholipids are distributed in the cytoplasmic leaflet only, 
inhibiting the luminal leaflet to grow. Cartoon adapted from Maeda et al., 2020 and Matoba et al., 2020. 
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through another complex called ragulator (Sancak et al., 2010). There, another small GTPase, named Ras 

homolog enriched in brain (RHEB), can finally activate mTORC1 and autophagy is then inhibited (Russell et al., 

2014). Amino acid deficiency, instead, switches the Rag heterodimer into an inactive form containing GDP-

bound Rag A-B, hence releasing inactivated mTORC1 from the lysosomal membrane (Rabanal-Ruiz et al., 2017) 

(Figure 36). 

 

10.2. Regulation by growth factors 

The control of autophagy is also exerted by growth factors. In the presence of growth factors, such as 

EGF, PI3K signaling pathway is activated and induces the inhibition of tuberous sclerosis complex 1/2 (TSC1/2) 

which, by acting as a GTPase protein, in turn inactivates RHEB (Russell et al., 2014). As already mentioned 

above, RHEB activates mTORC1 and autophagy is inhibited. Conversely, withdrawal of growth factors from the 

extracellular medium is sufficient to stimulate autophagy despite the presence of other nutrients (Lum et al., 

2005). The action of growth factors can also be independent of mTOR, as it has been shown that activated 

EGFR can directly phosphorylate beclin 1 on different tyrosine residues. In fact, phospho-beclin 1 owns a higher 

as
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Fig. 36 : Pathways regulating autophagy (amino acids)
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Figure 36. Regulation of autophagy by amino-acid availability. (Left) Under optimal amino acids conditions, amino acids 
activate Rag GTPases which associate with Ragulator on the lysosomal membrane. This induces Rag A-B to exchange 
GDP for GTP and causes the recruitment of mTORC1 and its interaction with RHEB protein. RHEB finally activates 
mTORC1, leading to autophagy inhibition. (Right) Upon amino acid deficiency, Rag A-B does not exchange GDP with 
GTP and mTORC1 cannot be recruited and remains inactive, leading to autophagy induction.  
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affinity for Rubicon and a moderate affinity for Vps34, two proteins already addressed in paragraph 8.1.2., the 

outcome will be a reduction of PI3KIII activity and thus, of autophagic activity (Wei et al., 2013) (Figure 37). 

 

10.3. Regulation by hypoxia 

Low oxygen availability, or hypoxia, represents a feature that can be encountered in both pathological 

and normal conditions. Together with nutrient deprivation, hypoxia is the most powerful factor relaying 

autophagy induction. Under hypoxic conditions, the transcription factor hypoxia-inducible factor (HIF)-1α is 

stabilized and induces the expression of key genes involved in autophagosomes biogenesis, including BCL2 

interacting protein 3 (BNIP3), beclin 1, PI3KIII, ATG7, ATG5 and ATG9A (Zaarour et al., 2021). Although not a 

core protein of the autophagy machinery, BNIP3 is a pivotal protein for hypoxia-induced autophagy. Its 

increased expression indeed induces the formation of a BNIP3:BCL2 complex, which releases the inhibitory 

tone exerted by BCL2 on beclin 1. Sequestration of BCL2 away from beclin 1 then makes beclin 1 available to 

interact with VPS34, thereby initiating the autophagic process (Zhang et al., 2008). Consistent with this model, 

depletion of BNIP3 totally abrogates hypoxia-induced autophagy (Bellot et al., 2009) (Figure 38). 
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Fig. 37 : Pathways regulating autophagy (growth factor)
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Figure 37. Regulation of autophagy by growth factors. (Left) Under optimal growth factor conditions, growth factor 
receptors (such as EGFR) activate the downstream pathway involving PI3K/Akt axis. PI3K/Akt cascade inhibits TSC1/2 
proteins, removing the inhibitory brake they had on RHEB. RHEB can activate mTORC1 to mediate signaling for 
autophagy inhibition. (Right) Upon growth factor deficiency, PI3K/Akt axis is not triggered, leading to activation of 
TSC1/2 proteins which inhibit RHEB protein. mTORC1 is then removed and inhibited, resulting in autophagy induction.  
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11.  Other normal and pathophysiological roles of autophagy  

11.1. Cellular homeostasis and quality control 

The activation of autophagy is not only induced by nutritional deficiency or cellular stress but is 

constantly active at basal levels. Basal activation of autophagy is not necessarily linked to the energy status of 

the cell but mostly in maintaining cellular homeostasis by controlling clearance of aggregate-prone proteins, 

misfolded proteins, or damaged organelles. This role has been deeply investigated during the last decade in 

the context of neurodegenerative diseases, as a selective autophagy mechanism called aggrephagy. The brain 

needs to be protected under nutrients withdrawal by constant supply from other organs and autophagy does 

not cooperate in response to nutritional starvation, suggesting that autophagy occurs at basal rate in the brain 

and is not enhanced during starvation. It is also admitted that autophagy activity decreases over the age, 

making it more difficult to treat neurodegenerative diseases in which protein aggregates accumulate and 
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Figure 38. Hypoxia-dependent pathways regulating autophagy. (Upper) HIF-1α regulation under normoxia. In the 
presence of oxygen, HIF-1α subunits are hydroxylated on proline residues (P402 and P564) by prolyl hydroxylase 2 
(PHD2). Hydroxylation is important for Von Hippel-Lindau protein (VHL) binding to HIF-1α, which recruits the E3 
(ubiquitin ligase) enzyme that ubiquitinates HIF-1α. Ubiquitination of HIF-1α directs it for degradation via the 
proteasomal machinery, and autophagy is thus inhibited. (Lower) HIF-1α regulation under hypoxia. Upon hypoxia 
induction, HIF-1α becomes stable and dimerizes with HIF-1β. In these conditions, BNIP3 is overexpressed, leading 
sequestration of BLC2/BCL-XL which normally inhibits Beclin-1. Beclin-1 is then free to associate with the other 
components of the PI3K complex and favors autophagy induction.  
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induce neuronal death (Komatsu et al., 2007). To investigate the pathophysiological roles of basal autophagy 

in the brain, autophagy-deficient mice have been generated. Atg7-deficient mice exhibited several 

neurological and behavioural deficits and died within 28 weeks after birth. Furthermore, Atg7-KO mice have 

shown neuronal loss in both cerebellar and cerebral cortex as well as accumulation of polyubiquitylated 

proteins which increased in size and number with aging (Komatsu et al., 2006). Similar results were obtained 

in Atg5-deficient mice (Hara et al., 2006). Although aggregation of proteins induced cell death in neurons and 

hepatocytes (Hara et al., 2006; Komatsu et al., 2005, 2006) deficient for autophagy genes, this did not occur 

in fast growing cells such as mouse embryonic fibroblasts or astroglia cells with the same deficient-gene 

battery (Komatsu et al., 2007). This leads the scientific community to suggest that fast and dividing cells often 

manage to resist very efficiently the accumulation of these protein aggregates because cell division allows 

dilution of these waste in daughter cells. On the other hand, cells that do not undergo mitosis, such as neurons 

and hepatocytes, are much more susceptible to the accumulation of these aggregates because they cannot 

dilute the waste, making the accumulation phenomenon toxic and irreversible. 

11.2. Function in secretion and exocytosis (ATG gene-dependent secretion) 

Autophagy genes are not involved in autophagy process only but also in targeting intracellular cargo to 

the plasma membrane or extracellular environment, putting forward the new paradigm of “secretory 

autophagy” or ATG gene-dependent secretion in which the part of the term “phagy” is not really involved. In 

mammalian cells, the mechanism of exocytosis of the pro-inflammatory cytokine IL-1β, driven by Atg5, has 

been described. Dupont and colleagues have shown that autophagy induction cooperates with GTPase 

proteins, such as Rab8a, controlling post-Golgi polarized trafficking and exocytosis of IL-1β, uncovering how 

the autophagy machinery is employed for unconventional secretion (Dupont et al., 2011). How can these 

secretory vesicles bypass the autophagic pathway to be directed to the plasma membrane? Kimura and 

colleagues have shown that autophagosome-like vesicles containing IL-1β are directed toward the plasma 

membrane thanks to the residence of SNARE proteins, such as SEC22B, instead of STX17 which normally directs 

the autophagosome-like vesicles toward the degradative pathway and support the fusion with lysosomes 

(Kimura et al., 2017). Although this mechanism has been proposed in vitro, it remains difficult to verify in vivo, 

as deletion of Atg5, Atg7 and Atg16L1 is instead associated with increased level of IL-1β secretion (Kimmey et 

al., 2015; Saitoh et al., 2008) (Figure 39). In Alzheimer disease, Atg7-KO neurons have a diminished amyloid β 

secretion and the Atg7 rescue restores its secretion (Nilsson et al., 2013) (Figure 39). Recent work from Galli’s 

lab has shown a new mechanism called secretory reticulophagy/ER-phagy (SERP) that consists in the 

incorporation of ER components into late endosomes targeted to the secretory pathway, instead of an 

incorporation in forming autophagosomes during “regular” ER-phagy. They have found that Atg5 KO induced 

a more efficient SERP mechanism leading to an increased secretion of LC3B-II as well as LC3-interacting region-



Chapter II Introduction Autophagy 

page 104 
 

containing proteins of the ER. This mechanism is VAMP7-dependent and is particularly active and important 

during neurite growth (Vats & Galli, 2021; Wojnacki et al., 2020) (Figure 39). 
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Figure 39. The role of autophagy in exocytosis. (Upper) Unconventional protein secretion of pro-inflammatory cytokines, 
such as IL-1β, or amyloid β requires ATG12-ATG5-ATG16L1 complex, ATG3 and ATG7 proteins. Autophagosome-like 
vesicles containing LC3-II protein are then target toward the plasma membrane and secretion is facilitated by a 
mechanism involving RAB8A, SEC22B and the SNARE proteins STX3/4 and SNAP-23/29. (Lower) Model of VAMP7-
dependent secretory reticulophagy/ER-phagy (SERP). The ER adaptor protein, RTN3L contains a LIR motif, and is then 

capable to interact with LC3-II protein and packed ER fragments into nascent phagophore ( ). This led to degradation 

via autophagy ( ). Eventually, ATG5 KO moves RTN3 traffic to a SERP mechanism ( ), rather than autophagy. 

Alternatively, ER fragments containing RTN3 protein can be associated to ER-derived vesicles ( ) and then fuse with late 

endosomes which contain VAMP7 ( ). This late endosome fuses with the plasma membrane via a mechanism involving 

the SNARE proteins VAMP7, STX1 and SNAP25, thereby secreting ER cargo called reticulons in the extracellular space (

). This mechanism is important during membrane expansion and neurite growth. Cartoon adapted from Vats and Galli, 
2021. 



Chapter II Introduction Autophagy 

page 105 
 

12. Autophagy and cancer 

The relationship between autophagy and cancer is now increasingly well researched. However, the 

exact connection of these two processes remains elusive. In the biology of cancer, autophagy plays two 

different roles, an anti-tumour or pro-tumour role. In this context some antitumoral drugs can regulate 

autophagy but this can act by inducing either expression of cancer suppressor proteins or oncogenes. The pro- 

or anti-tumoral activity of autophagy then strictly depends on the context in which the tumour develops. 

12.1. Anti-tumoral role of autophagy  

Many studies have shown that autophagy has an anti-tumour role. This tumour-protective role is 

already inherent in the meaning of the term 'autophagy' because it acts by decreasing various stresses 

(nutrient deprivation and oxidative stress), eliminating damaged cellular compartments, including organelles, 

misfolded and long-lived proteins, that may finally interfere with cellular homeostasis. When homeostasis is 

no longer balanced, the formation of malignancies is thus favored (Yun & Lee, 2018). Early studies have shown 

that monoallelic deletion of the BECN1 gene, encoding beclin 1, is frequent in several types of breast, ovarian 

and prostate cancers (40 to 75% of cases) (Liang et al., 1999). Loss of beclin 1 in both cancer cell lines and 

mouse models has shown a reduction of autophagy activity and an increase of cell proliferation. Instead, beclin 

1 overexpression is linked to inhibition of proliferation in the MCF7 breast cancer cell line and tumorigenesis 

in nude mice. Moreover, beclin 1 protein is endogenously weakly expressed in human breast carcinoma, 

whereas it is highly expressed in normal breast epithelium (Liang et al., 1999; Qu et al., 2003). These data show 

that beclin 1 acts as an oncosuppressor gene.  

Other autophagy genes have been shown to be associated with tumour growth. For example, loss of 

Atg5 and Atg7 in hepatocytes induces the formation of liver cancer due to the accumulation of p62, damaged 

DNA, mitochondria alteration and thus oxidative stress (Takamura et al., 2011). The mono-allelic loss of ATG5 

is a factor of poor prognosis in patients suffering from melanoma, and this alteration, reproduced in mice, 

increases the metastatic potential of cancer cells as well as their resistance to treatments (García-Fernández 

et al., 2016). In glioma, previous work has demonstrated that autophagic activity was inversely correlated to 

the tumoral grade. Specifically, downregulation of beclin 1 and LC3B-II was associated with glioblastoma 

(Huang et al., 2010). Also correlative, these data suggest that alteration in autophagy genes may constitute a 

key event during glial tumorigenesis. Also, autophagy may inhibit the early stages of tumorigenesis by limiting 

inflammation, tissue and genome damages. This suggests that stimulation of autophagy might prevent some 

forms of cancer. Indeed, it has been widely demonstrated that low-calorie diets combined with physical 

activity have a positive effect in aging as well as cancer prevention that could be attributed to autophagy 

(Blagosklonny, 2010; He et al., 2012).  

 

 



Chapter II Introduction Autophagy 

page 106 
 

12.2. Pro-tumoral role of autophagy 

Many studies indicate that autophagy acts as a tumour inducer in advanced cancers. In some cancers, 

cells are exposed to extreme stressful conditions, such as low nutrients and hypoxia due to abnormal 

vascularisation. In this view, autophagy is an important source for drawing energy from its constituents and 

maintaining a satisfactory energy need (Yun & Lee, 2018), allowing cell survival. For example, loss of beclin 1 

and thus inhibition of autophagy induces cell death in solid tumours, especially in highly hypoxic regions 

(Degenhardt et al., 2006). Autophagy is also upregulated in cells carrying mutation of Ras, a GTPase involved 

in cell proliferation and tumour survival. The accumulation of altered mitochondria is observed in these cells 

as well as a decrease in cell growth (Guo et al., 2013; Guo & White, 2013). Collectively, the extensive literature 

on autophagy and cancer leads to the view that autophagy has several functions during cancer development. 

It is thought that autophagy slows the early stages of tumour progression by limiting the toxic effects of 

substance accumulation and DNA damage. In the later stages, autophagy would promote cancer cell survival 

in an environment where cells are deprived of oxygen and nutrients. 

12.3. Autophagy modulation as a therapeutic cancer target 

Autophagy is a protective mechanism in many types of tumours undergoing drug therapy and 

modulation of autophagy is a potential strategy to enhance patient outcome. Chemotherapy is a common 

treatment for cancer, but it is often limited by induction of chemoresistance.  Furthermore, chemotherapy 

enhances autophagy inducing failure of cell death and thus cancer-cell survival. Different autophagy regulators 

are used in cancer therapy which act at different steps of the autophagic process, such as rapamycin, 

chloroquine (CQ) and hydroxychloroquine (HCQ) (Mulcahy Levy & Thorburn, 2020). The most used approach 

to inhibit autophagy in cancer therapy is the use of chloroquine and hydroxychloroquine, a well-known drug 

that prevent and treat malaria acting as lysosomal inhibitors (by altering lysosomal pH) and then inhibiting 

autophagic flux. It has been shown that these molecules are effective in vitro to inhibit tumour growth by 

blocking autophagy and inducing apoptosis in bladder, colon and pancreatic cancer cells (Frieboes et al., 2014; 

Jiang et al., 2018; Lin et al., 2017). Several clinical trials have been carried out to test CQ and HCQ and, although 

relatively safe when used for short periods, the effective doses to have a clinical response were often toxic for 

some patients, notably in kidney cancer. Moreover CQ/HCQ have to be used for a longer time to be effective, 

which can result in cardiotoxicity (Kimura et al., 2013). Some studies have used combination therapies, 

including HCQ with other classical anti-tumour drugs, showing surprising efficacy in patients with melanoma, 

renal carcinoma and colon cancer, highlighting that certain types of tumours are more susceptible to this type 

of treatment strategy (Mahalingam et al., 2014; Rebecca & Amaravadi, 2016). HCQ in combination with 

temozolomide and radiation in glioblastoma multiforme required a smaller daily dose showing to be two-fold 

effective in doubling the medial survival of patients (Rosenfeld et al., 2014; Sotelo et al., 2006). Some in vivo 

studies have shown that the use of Lys05, a CQ analogue and a more potent and selective lysosomal inhibitor, 
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exhibited a more efficient activity result at lower doses compared to CQ in xenograft murine model of 

melanoma, colon and breast cancer (McAfee et al., 2012; Rebecca et al., 2017). Recent studies are uncovering 

other and more potent derivatives of CQ, such as DC661. DC661 has shown impressive activity in vivo, in 

melanoma and colorectal cancer (Rebecca et al., 2019). Other drugs have been developed for tumour therapy 

blocking the early stages of autophagy, such as VPS34 and ULK1. Since ULK1 is the only serine/threonine kinase 

in the autophagy machinery, it has been found that its inhibition efficiently induced a cytotoxic apoptotic 

response in lung cancer (Egan et al., 2015). Similarly, VPS34 inhibitors have been shown to efficiently act on 

brain tumour cells by inhibiting autophagy (Zahedi et al., 2019), and to reduce tumour growth in xenograft 

models of breast cancer (Dyczynski et al., 2018). Ultimately, it is very complex to control autophagy in cancer 

and achieve a beneficial effect in patients. The strategy remains to find the right way to modulate autophagy 

in order to maximize benefits and extend the survival of patients. 

13. Autophagy and cell migration 

An increasing number of studies are highlighting the role of autophagy in cell migration and the greatest 

efforts have been made in the field of oncology. Unfortunately, the functional link between these two 

important processes is still not well understood. As mentioned above, the role of autophagy in tumour 

processes is sometimes contradictory, assuming that autophagy acts at different steps of tumorigenesis. Cell 

migration in this context is extremely important because it allows tumour cells to move away from the primary 

mass and to form secondary masses or metastases. Several studies conflict on whether autophagy supports 

the metastatic process or not. The role of autophagy appears to be multifactorial depending on cell type, 

microenvironment, tumour stage and other factors. Autophagy would act at different levels of cell migration: 

dynamics of focal adhesions, integrin trafficking, cytoskeleton remodelling, EMT and ECM remodelling.   

13.1. Pro-migratory effects of autophagy 

Autophagy has emerged as an important machinery in focal adhesion turnover, in particular in 

regulating the disassembling of adhesion complexes. Loss of ATG7 or ATG12 proteins impaired cell migration 

as well as increased FA size and FA accumulation in epithelial cells (Kenific et al., 2016). Interestingly, co-

localization of LC3 and neighbor of BRCA1 (NBR1) has been found in FAs concomitantly of their disassembling. 

This leads to the assumption that during cell migration, FAs have to be disassembled and/or recycled so as to 

enable the cell to move forward. In fact, LC3-positive structure found in FAs are likely forming-

autophagosomes responsible of their degradation. Moreover, NBR1 is a cargo receptor which mediates 

selective autophagy by targeting the autophagy machinery in FAs regions. NBR1 biochemically interacts with 

several FA proteins, such as paxillin, vinculin and FAK and its downregulation significantly attenuates the 

targeting of autophagosomes to the FAs at the leading edge (Kenific et al., 2016). Furthermore, after 

recruitment of LC3 in a NBR1-mediated mechanism, NBR1 binds LC3 via its LIR motif. Generation of a mutant 

form of NBR1, without the LIR motif, rends null the binding with LC3 and thus its recruitment (Kenific et al., 
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2016). A recent study indicates that phosphorylation of paxillin by Src induced its interaction with LC3 protein 

via the N-terminal of paxillin which also contains a LIR motif. This interaction promotes autophagic degradation 

of paxillin and thus FA disassembly. Loss of LC3 by siRNAs induced paxillin accumulation and reduced cell 

migration (Sharifi et al., 2016). These data suggest that autophagy is actively involved during cell migration for 

efficient FA degradation which allows the cell to detach and advance more efficiently (Figure 40). 

 

13.2. Anti-migratory effects of autophagy 

Several studies have shown that autophagy is involved in the inhibition of cell migration. In particular, 

endosomal trafficking and autophagy play an important role in integrin transport as autophagy has been found 

to modulate integrin recycling. For example, starvation-induced autophagy increases the colocalization 

between LC3-containing autophagosomes and β1 integrin and correlates with reduction of cell migration 

(Tuloup-Minguez et al., 2013). It has been also shown that during autophagy induction, migration of 

Figure 40. Pro-migratory effects of autophagy. Paxillin contains a LIR motif and can then be bound to LC3-II after its 
phosphorylation by Src enzyme. This induces the disassembly of the adhesion complex and degradation via selective 
autophagy. The autophagy cargo receptor NBR1 can bind to both LC3-II (via its LIR motif) and adhesion proteins, which 
also induces the formation of a phagophore around the adhesion to be selectively degraded by autophagy. Within the 
autophagosome, adhesion components can be recycled back to the plasma membrane in order to form nascent 
adhesions. 

Fig. 40 : Pro-migratory effects of autophagy
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glioblastoma cells was impaired and the two-master regulators of EMT, SNAIL and SLUG, were downregulated. 

Conversely, depletion of beclin 1 was sufficient to increase migration of glioblastoma cells resulting in the up-

regulation of the SNAIL and SLUG proteins in these cells (Catalano et al., 2015). The loss of other autophagic 

proteins, such as ULK1, has been demonstrated to be important in cell migration. In fact, ULK1 KO increased 

fibronectin deposition to the ECM and promoted metastasis in breast cancer cell lines (Dower et al., 2017). A 

work from our team has shown that activation of the two GPCRs urotensin II receptor (UT) and CXCR4, 

receptors of the urotensin II and CXCL12 ligands, respectively, leads to inhibition of autophagy in glioma cells 

(Coly et al., 2016). In fact, UII or CXCL12 chemotactic stimulation induced both accumulation of p62 and 

reduction of LC3B accumulation in the cytosol. They further demonstrated that calpain activation, induced by 

CXCR4 or UT, reduces the pool of ATG5 at the plasma membrane and inhibits the recruitment of ATG16L1 

protein to endocytic vesicles, thereby limiting the formation of pre-autophagic endosomes required for the 

expansion of the phagophore (Coly et al., 2016). Coly and colleagues have then proposed a new paradigm in 

which a competition between lamellipodium expansion and autophagosome biogenesis for a common source 

of membrane may exist, resulting in the compartmentalization of autophagy following GPCR activation (Coly 

et al., 2017). Specifically, activation of GPCRs at the cell front locally inhibits the formation of pre-autophagic 

endosomes with the subsequent reduction of ATG proteins pool in the recycling compartment. This reduction 

may then induce a “targeting switch” which reduces the flux of membrane toward the phagophore to favor 

endosomal recycling to the plasma membrane. The source of phospholipids coming from these endosomes 

would be critical for lamellipodium expansion as well as exocytosis of integrins-containing endosomes within 

nascent adhesions (Coly et al., 2017). Inhibition of autophagy at the leading edge would also protect from 

degradation several proteins involved in remodelling of the actin cytoskeleton.  Nevertheless, autophagy may 

be still activated at the rear of the cell, at distance from chemotactic GPCRs, to participate in adhesion 

disassembly of large adhesions (Coly et al., 2017) (Figure 41). 

13.3. Autophagy and epithelial-to-mesenchymal transition 

The EMT is a process in which the phenotype of an epithelial cell changes completely, losing its polarity 

and cell-cell adhesions to become a mesenchymal cell with migratory and highly invasive properties. This 

mechanism is important in many physiological processes, from embryonic development with the formation of 

embryonic leaflets, to wound healing repair, tumour progression and metastasis. In order to migrate, epithelial 

cells must activate a series of morphological changes and transcribe certain key transcription factors that 

enable phenotypic transformation. The regulators of this transformation are SNAIL, SLUG, ZEB1/2 and 

TWIST1/2 because they induce the transcription of some proteins important for migration such as vimentin, 

fibronectin and N-cadherin, which are characteristic of the mesenchymal phenotype. Conversely, they must 

silence other genes that induce the production of E-cadherin, occludin and claudin, which are characteristic of 

epithelial cells (Colella et al., 2019).  
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Fig. 41 : Anti-migratory effects of autophagy
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EMT has been well characterized in carcinoma cells and its role in glioma development has been recently 

investigated (Iser et al., 2017). Gliomas do not undergo classical EMT but a sort of glial-to-mesenchymal 

transition or EMT-like since the cell phenotype is not really epithelial and different genetic subtypes have been 

classified by The Cancer Genome Atlas (TCGA): mesenchymal, classical, neural and proneural (Colella et al., 

2019). It has been shown that autophagy directly affects the regulation of the transcription factors mentioned 

above during EMT. For example, TWIST1 is responsible for the loss of E-cadherin-mediated cell-cell adhesion 

and the loss of ATG3, ATG5, ATG9 or ATG12 in vivo induces p62 accumulation, which determines the 

stabilisation of TWIST1 by preventing its degradation in both autophagosomes and proteasomes. This increase 

in TWIST1 levels then participates to tumoral growth and metastasis in mice (Qiang et al., 2014). In a similar 

way, it has been shown that ATG7 KO reduces the expression of epithelial markers and increases the levels of 

mesenchymal markers in hepatocytes (Grassi et al., 2015). It should be however noted that even in the context 

of EMT, the literature is contradictory, as modulation of autophagy leads to different outputs depending on 

the cell type.  

 

 

 

 

 

 

 

 

 

Figure 41. Compartmentalized regulation of autophagy by chemotactic GPCRs. A| Under basal conditions, ATG5-
ATG16L1-positive pre-autophagic endosomes bud from the plasma membrane and are directed to the recycling 
endosome compartment. From there, SNX18-dependent tubules target vesicles containing ATG5-ATG16L1 and LC3 to 
the expanding phagophore. B| Upon activation by chemoattractant stimuli, chemotactic GPCRs locally inhibit the 
formation of pre-autophagic endosomes. The subsequent reduction of ATG proteins in the recycling compartment may 
trigger a “targeting switch” which reduces membrane flux toward the phagophore to favor VAMP3-enabled recycling 
to the plasma membrane. Exocytosis allows integrins to be recycled to nascent adhesions, while phospholipids are 
incorporated into the lamellipodium and contribute to its expansion. Autophagy inhibition at the leading edge may also 
locally protect proteins involved in actin remodelling and adhesion assembly, which would otherwise be sequestered 
and degraded. Autophagy could remain active at distance from chemotactic GPCRs in order to participate in the 
disassembly of large focal adhesions. 
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AIM OF THE THESIS 

Work done in our team aims at better understanding the intracellular mechanisms engaged by 

chemotactic receptors during migration, with a special focus on the mechanisms of glioblastoma cell invasion 

(Coly et al., 2016; Lecointre et al., 2015). According to the information presented in the introduction section, 

there are increasing evidenceS for a critical role of autophagy during cell migration and cancer invasion. The 

functional connection between these processes is, however, incompletely understood and constitutes the 

topic of extensive research. 

In addition to the well-recognized function of ATG9A in phagophore expansion (Mari et al., 2010; Orsi 

et al., 2012; Puri et al., 2018; van der Vaart et al., 2010; Young et al., 2006), recent data point to the fact that 

this core autophagy protein may have a wider role than anticipated (Claude-Taupin et al., 2021; Yamaguchi et 

al., 2018) and could be a general regulator of vesicular trafficking (Jia et al., 2017). In addition, studies done in 

Drosophila indicated that Atg9 was able to interact with the well-known actin-regulators Ena and profilin, 

thereby regulating the cortical actin network of the cells (Kiss et al., 2020). 

Based on these data, the objectives of this study were therefore: 

1) to test the impact of human ATG9A on the chemotactic migration of several cell lines, including highly 

invasive glioblastoma cells 

2) to define, in this context, the role of human ATG9A on the dynamics of cell protrusions and on the polarized 

transport/exocytosis of adhesions proteins at the migration front 

3) to evaluate whether human ATG9A, similar to Drosophila Atg9, has the ability to interact with actin 

regulators controlling the lamellipodial actin network   
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RESULTS 

 

Part I: The core autophagy protein ATG9A controls dynamics of cell 

protrusions and directed migration 

 

Daniele Campisi, Laurence Desrues, Renaud Parment, Pierrick Gandolfo, Hélène Castel and Fabrice Morin 

 

Data presented in this section uncover a new function of mammalian ATG9A, involved in directed cell 

migration. We showed that ATG9A controls dynamics of F-actin-rich lamellipodia and regulates the 

anterograde transport of β1 integrin to focal adhesions located in the lamellipodium. This transport is essential 

for the dynamics of nascent focal adhesions and lamellipodia stabilization during chemotactic migration. 

 

 

 

 

 

 
 

 

Journal of Cell Biology (under revision) 

 

 

 

 

 

 

 



Part I Results  

page 115 
 

The core autophagy protein ATG9A controls dynamics of cell protrusions 

and directed migration  

Daniele Campisi1,2, Laurence Desrues1,2, Renaud Parment1,2, Pierrick Gandolfo1,2,  

Hélène Castel1,2 and Fabrice Morin1,2 

 

1Normandie University, UNIROUEN, INSERM U1239, DC2N, 76000 Rouen, France. 

2Institute for Research and Innovation in Biomedicine (IRIB), 76000 Rouen, France. 

 

Running title: ATG9A and cell migration. 

 

Corresponding author: 

Dr Fabrice Morin, Normandie University, UNIROUEN, INSERM U1239, DC2N, Team Astrocyte and Vascular 

Niche, 25 Rue Lucien Tesnière, CURIB, 76821 Mont-Saint-Aignan Cedex, France.  

Email: fabrice.morin@univ-rouen.fr 

Tel: (+33)235-146-630. 

 

Main Figures: 10 

Supplementary Figures: 7 

Movies: 5             

 

 

 

 

 

 

 

 

 

mailto:fabrice.morin@univ-rouen.fr


Part I Results  

page 116 
 

I. Abstract 
 

Chemotactic migration is a fundamental cellular behaviour relying on the coordinated flux of lipids and cargo 

proteins toward the leading edge. We found here that the core autophagy protein ATG9A plays a critical role 

in the chemotactic migration of several human cell lines, including highly invasive glioma cells. Depletion of 

ATG9A protein altered the formation of large and persistent filamentous actin (F-actin)-rich lamellipodia that 

normally drive directional migration. Using live-cell TIRF microscopy, we demonstrated that ATG9A-positive 

vesicles are targeted toward the migration front of polarized cells, where their exocytosis correlates with 

protrusive activity. Finally, we found that ATG9A was critical for efficient delivery of β1 integrin to the leading 

edge and normal adhesion dynamics. Collectively, our data uncover a new function for ATG9A protein, and 

indicate that ATG9A-positive vesicles are mobilized during chemotactic stimulation to facilitate expansion of 

the lamellipodium and its anchorage to the extracellular matrix.   

 

Keywords: ATG9A, autophagy, cell adhesion, chemotactic migration, exocytosis, lamellipodium. 

 

Abbreviations: ATG, autophagy-related; BafA1, bafilomycin A1; CQ, chloroquine; CXCL12, C-X-C motif 

chemokine ligand 12; EGF, epidermal growth factor; EGFP, enhanced green fluorescent protein; FAAS, Focal 

Adhesion Analysis Server, F-actin, filamentous actin; IL, intraluminal loop; LC3B, microtubule-associated 

protein 1 light chain 3 beta; pHluorin, pH-sensitive GFP variant superecliptic pHluorin; PXN, paxillin; ROI, region 

of interest; siRNA, short interfering RNA; TIRF, total internal reflection fluorescence; TGN, trans-Golgi network 

 

II. Introduction 
 

Chemotactic cell migration is critical for a variety of cellular processes, including cell movement during normal 

development, immune responses, as well as pathological processes such as tumor cell invasion and metastasis 

(Keller, 2005; Bravo-Cordero et al, 2012). It is a highly coordinated and dynamic process that involves 

polarization of the cell, followed by the extension of an actin-dependent membrane protrusion, the 

lamellipodium, toward the chemotactic stimulus. Formation of adhesions to the extracellular matrix, via the 

integrin family of transmembrane receptors, then stabilizes the lamellipodium and acts as a molecular clutch 

allowing the cell body to pull itself forward (Ridley et al., 2003). 

Many studies have indicated that biased vesicle trafficking toward the leading edge is crucial for the different 

steps of directed migration (Fletcher & Rappoport, 2010). Focal exocytosis of vesicles at the cell front can 

indeed accomplish several tasks, such as the recycling of integrins (Lawson & Maxfield, 1995; Paul et al, 2015; 

Huet-Calderwood et al, 2017), the delivery of bulk membrane for efficient lamellipodium expansion (Bretscher, 
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1996), and the supply of matrix metalloproteinases for enhanced matrix degradation (Kean et al, 2009; 

Sneeggen et al, 2019). Other molecules trafficked in a migrating cell include receptors for chemotactic stimuli 

(Maisel et al, 2018; Coombs et al, 2019) and GTPases of the Rho family (RHOA, RAC1, CDC42) participating in 

actin dynamics (Osmani et al, 2010; Williamson et al, 2015).  

Although focal exocytosis is well described during cell migration, the origin and diversity of the vesicles, as well 

as their modes of transport to the cell front are still unclear. Mounting evidence suggests a prominent role of 

the secretory pathway in cell migration. Disruption of Golgi integrity and failure of the Golgi to re-orient toward 

the leading edge of migrating cells have been shown to block directional cell movement (Bisel et al, 2008; 

Millarte & Farhan, 2012; Pallesi-Pocachard et al, 2016). Accordingly, using time-lapse total internal reflection 

fluorescence (TIRF) microscopy, post-Golgi vesicles were found to exhibit polarized exocytosis toward the cell 

front of migrating fibroblasts and astrocytes (Schmoranzer et al, 2003; Letinic et al, 2009). Data obtained from 

several cell types also indicate that recycling endosomes constitute an important source of internal membrane 

and cargo proteins that are incorporated at the leading edge during cell migration (Kean et al, 2009; Sneeggen 

et al, 2019) (Proux-Gillardeaux et al, 2005; Riggs et al, 2012; Tayeb et al, 2005; Veale et al, 2011; Veale et al, 

2010). 

Macroautophagy (hereafter referred to as autophagy) is an evolutionarily conserved lysosomal pathway 

involved in the degradation of long-lived proteins and cytoplasmic organelles. This process, which is essential 

for normal turnover of cellular compartments, is upregulated in response to nutrient starvation. One of the 

first events in autophagy is the formation of the phagophore. The edges of the phagophore membranes 

elongate and thereby engulf portions of cytoplasm. After the scission of the membrane edges, the structure 

becomes a completed autophagosome, which later fuses with lysosomes, resulting in the degradation of its 

luminal content (Dikic & Elazar, 2018). Several highly conserved autophagy-related (ATG) proteins that 

function at key steps in the autophagy process have been identified. Among them, ATG9A is the only 

transmembrane protein. In mammalian cells, ATG9A cycles primarily between the trans-Golgi network (TGN), 

the plasma membrane and endosomal compartments (Young et al, 2006; Ravikumar et al, 2010; Puri et al, 

2013; Søreng et al, 2018; Longatti & Tooze, 2012). Extensive studies have demonstrated the critical role of 

ATG9A protein in autophagosome formation, proposedly by functioning in vesicular delivery to the 

phagophore initiation site, and by translocating lipids from the outer to the inner leaflet of the phagophore 

membrane in order to enable its expansion  (Orsi et al, 2012; Maeda et al, 2020; Matoba et al, 2020). In 

addition to this well-recognized function of ATG9A in phagophore expansion, recent studies point to the fact 

that it may have a wider role than anticipated, and could act as a general regulator of vesicular trafficking. 

Hence, Jia and coll. found that ATG9A was required for the post-Golgi transport and the maturation of 

lysosomal hydrolases (Jia et al., 2017a). In cortical neurons, the loss of ATG9A, but not that of other autophagy 

genes (ATG7 or ATG16L1), markedly reduced neurite extension (Yamaguchi et al., 2018), a process that 

strongly relies on intracellular membrane trafficking (Sann et al., 2009). 
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In this framework, we found here that ATG9A-containing vesicles are essential components of directed cell 

migration. ATG9A-depleted cells were unable to form large and stable F-actin rich lamellipodia. By the design 

of a pH-sensitive fluorescently tagged ATG9A, together with live-cell TIRF imaging, we established that 

exocytosis of ATG9A-containing vesicles is highly polarized toward the cell front, induced by chemotactic 

stimuli and synchronized with protrusive activity. Finally, we further demonstrated that ATG9A is critical for 

the delivery of β1 integrin to the leading edge and normal adhesion dynamics.   

 

III. Results 
 

III.1. Chemotactic migration depends on ATG9A protein 
 

We tested the role of ATG9A during chemotactic migration by targeting the ATG9A transcript by short 

interfering RNA (siRNA) in several human cell lines, i.e. HeLa, HEK 293 and the highly invasive U87 MG and 42 

MG glioma cells. These cell lines were chosen due to their well-described responsiveness to various 

chemotactic stimuli (Dillenburg‐Pilla et al, 2015; Lecointre et al, 2015; Coly et al, 2016), and the already 

characterized localization and trafficking of ATG9A during autophagy induction in both HeLa and HEK 293 cells 

(Takahashi et al, 2016; Zhou et al, 2017; Kakuta et al, 2017; Davies et al, 2018). In order to make sure that 

siRNA effects would not be due to off-target effects, we performed experiments with two independent siRNAs 

interacting with different regions of the ATG9A transcript. Effectiveness of each siRNA was verified in HeLa 

(Fig. R1A) and U87 MG cells (Fig. S1A). As a control, we also tested the effect of each siRNA on autophagic 

activity. In agreement with the well-documented role of ATG9A in phagophore expansion, the knockdown of 

ATG9A strongly reduced autophagosome biogenesis in HeLa cells (Fig. R1B) and U87 MG cells (Fig. S1B), as 

evaluated by the accumulation of EGFP-microtubule associated protein 1 light chain 3 β (LC3B) puncta under 

chloroquine (CQ) treatment (see Materials and Methods). We next assessed the role of ATG9A in chemotactic 

migration using a transwell chemotaxis assay, in which cells loaded in the upper chamber of the transwell 

migrate toward the bottom chamber containing the chemoattractant. We first examined the effects of 

epidermal growth factor (EGF), a potent factor that has been shown to be critical for normal and cancer cell 

chemotaxis (Adelmann-Grill et al, 1990; Segall et al, 1996; Kim et al, 2008; Mendoza et al, 2011; Biswenger et 

al, 2018). A chemotactic gradient elicited by EGF stimulated the migration of HeLa, U87 MG and 42 MG cells 

(Fig. R1C). EGF produced no effect when added in both chambers of the transwell, stressing the fact that it 

stimulates chemotaxis rather than chemokinesis (random motility). Transfection of cells with each siRNA 

targeting the ATG9A transcript abrogated or markedly reduced chemotactic cell migration induced by EGF (Fig. 

R1C). The experiments were repeated using C-X-C motif chemokine ligand 12 (CXCL12), the ligand of the 

prototypical chemokine receptor C-X-C motif chemokine receptor 4 (Chatterjee et al., 2014b). Similar to data 

obtained with EGF, ATG9A depletion abolished or markedly reduced CXCL12-induced chemotactic migration 
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of HeLa, HEK 293 and 42 MG cells (Fig. R1D). Together, these data suggest that, regardless of the cell type and 

the nature of the stimulus, ATG9A protein is a critical component of directed cell migration. 

 

III.2. Depletion of ATG9A protein alters the formation of F-actin rich lamellipodia driving efficient 

cell migration 
 

Since lamellipodia/lamella are considered the main drivers of chemotactic migration, we carefully examined 

the impact of ATG9A depletion on the morphology of cell protrusions. Experiments were done in U87 MG 

cells, since they consistently develop well-defined protrusions, even in the absence of chemotactic stimulation. 

Rhodamine phalloidin labelling of U87 MG cells transfected with irrelevant siRNA indeed revealed prominent 

lamellipodia, with intense F-actin staining (Fig. R2A). In ATG9A-depleted cells, most of the protrusions 

exhibited an abnormal morphology, as they were narrow and often resembled small ruffles (Fig. R2A), and 

broad F-actin-rich lamellipodia were rarely observed. Quantitative analysis of the rhodamine phalloidin 

fluorescence signal was then used to measure relative amounts of peripheral F-actin. Filament levels in 

protrusions of ATG9A-depleted cells were reduced more than 38% in comparison to control cells (Fig. R2B). 

Moreover, we estimated that F-actin-rich protrusions occupied about 14% of the cell perimeter in ATG9A-

depleted cells, as compared to approximately 30% in control cells (Fig. R2C). In agreement with their inability 

to form large lamellipodia, we noticed that most ATG9A-depleted cells (≃ 80%) displayed a non-polarized 

phenotype, with no clear front-rear axis (Fig. R2D).  

The altered morphology of protrusions on fixed ATG9A-depleted cells led us to evaluate their dynamics, using 

phase contrast time-lapse microscopy. Live-cell movies of U87 MG cells transfected with irrelevant siRNA 

indicated that cells developed large protrusions associated with typical ruffles (Innocenti, 2018), accounting 

for 31% of the cell perimeter (Fig. S2). In agreement with experiments done on fixed cells, siATG9A-transfected 

cells displayed smaller protrusions, developing on about 18% of the cell perimeter (Fig. S2). Analyses of the 

live-cell movies (Movie 1) using kymographs indicated that, although the protrusion velocities were similar in 

both groups (Fig. R2E), siATG9A-transfected cells displayed protrusions with reduced distance and persistence 

(Fig. R2E). We next monitored the intrinsic movement of cells transfected with siRNAs against ATG9A or 

irrelevant siRNA over a 3-hour period. The single cell trajectories are shown in Fig. R2F. Quantitative analysis 

revealed that, whereas control cells migrated with a speed of 0.85 µm/min, the velocity of ATG9A-depleted 

cells was reduced to about 0.40 µm/min (Fig. R2G). Accordingly, depletion of ATG9A also markedly reduced 

the mean square displacement (Fig. R2H), which is a measure of the surface area explored by the cell over 

time. Collectively, our data indicate that ATG9A protein is necessary for the formation of large and polarized 

F-actin-rich protrusions and efficient cell migration.    
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III.3. ATG9A-positive vesicles concentrate in F-actin rich protrusions and display anterograde 

trafficking toward the leading edge 
 

In order to evaluate whether ATG9A-positive vesicles could potentially deliver bulk membrane or essential 

proteins for the formation/anchorage of cell protrusions, we first examined the subcellular distribution of 

endogenous ATG9A. The ATG9A signal, whose specificity was verified using siRNAs (data not shown), displayed 

a punctuated pattern, and vesicles mainly localized in the perinuclear area (Fig. R3A). Importantly, a significant 

fraction of ATG9A signal was also concentrated in F-actin rich protrusions, at the cell membrane and in small 

vesicles localized beneath the plasma membrane (Fig. R3A). Chemotactic stimulation of cells with EGF 

increased the fraction of ATG9A signal localized in protrusions (+ 156 %), as well as the colocalization score 

(Pearson correlation coefficient) of peripheral ATG9A with F-actin (Fig. R3B-D). In order to examine the 

dynamics of ATG9A-positive vesicles, we next used live-cell TIRF microscopy on cells expressing the ATG9A-

mCherry fusion protein (De Pace et al., 2018). Live-cell movies of U87 MG cells revealed that many small (<500 

nm) motile or non-motile ATG9A-positive puncta were located into the evanescent field of the TIRF microscope 

(110-nm penetration depth), in the perinuclear region or at the tips of cell protrusions. Tracking experiments 

revealed that most of the motile vesicles (≃ 80%) located in protrusions displayed an anterograde movement 

toward the cell edge (Fig. R3E). This prompted us to evaluate whether ATG9A-positive vesicles could indeed 

reach the plasma membrane and accomplish polarized exocytosis at the migration front.     

 

III.4. Design and validation of ATG9A-pHluorin as a new probe to visualize ATG9A exocytosis 
 

To record exocytosis of ATG9A-positive vesicles, we designed an ATG9A construct containing the highly pH-

sensitive GFP variant superecliptic pHluorin (pHluorin) (Fig. R4A, left panel). The fluorescence of pHluorin is 

quenched at the acidic endosomal pH, but upon fusion with the plasma membrane, low luminal pH is 

immediately neutralized, resulting in a sudden increase in fluorescent intensity (Fig. R4A, right panel) 

(Miesenböck et al, 1998; Sankaranarayanan et al, 2000). We designed the ATG9A-pHluorin based on the 

predicted topology of mammalian ATG9A, displaying six transmembrane domains, with both N- and C-termini 

located in the cytosol (Young et al., 2006). Based on these preliminary data, we tentatively inserted the 

pHluorin sequence into the intraluminal loop (IL) 1 of ATG9A, since alignment of mammalian ATG9A and yeast 

ATG9 sequences indicated significantly lower conservation in IL1 than IL2 or IL3 predicted domains. During the 

course of our study, Guardia and coll. solved the structure of human ATG9A to a 2.9-Å resolution using 

cryoelectron microscopy (Guardia et al., 2020). Unlike the predicted structure, they showed that ATG9A 

displayed in fact four transmembrane helices (α2, α6, α14, α15; Fig. R4A), with an IL1 identical to that 

predicted but devoid of the predicted IL2 and IL3 (Fig. R4A). Reinforcing the rational of our strategy, the solved 
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structure of ATG9A further indicated that the selected intraluminal insertion site for pHluorin (between amino-

acids Leu102 and His103) has no defined secondary structures (Fig. R4A).  

To validate our construct, we first assessed whether the ATG9A-pHluorin fusion protein retains autophagic 

activity, by evaluating its ability to rescue the siRNA-induced knockdown of endogenous ATG9A. For this goal, 

we used a siRNA that specifically targets endogenous ATG9A, without affecting the expression of recombinant 

ATG9A-pHluorin, due to the codon-optimization procedure of the recombinant sequence introducing several 

siRNA/target mRNA mismatches. In cells transfected with irrelevant siRNA, overexpression of ATG9A-pHluorin 

did not stimulate autophagosome biogenesis (as evaluated by the accumulation of mCherry-LC3B puncta 

under CQ treatment), suggesting that endogenous ATG9A does not constitute a limiting factor under these 

conditions (Fig. R4B). More importantly, the marked reduction of autophagosome biogenesis induced by the 

knockdown of endogenous ATG9A was totally rescued by overexpression of recombinant ATG9A-pHluorin (Fig. 

R4B), indicating that insertion of the pHluorin sequence within the IL1 loop of ATG9A does not preclude its 

pro-autophagic function.  

We next verified that the ATG9A-pHluorin protein has the expected topology, with the pHluorin facing the 

vesicular lumen. We then performed live-cell epifluorescence imaging of U87 MG cells co-expressing ATG9A-

pHluorin and the pH-insensitive ATG9A-mCherry. Co-transfected cells were treated with bafilomycin A1 

(BafA1), a selective inhibitor of the vacuolar-type ATPase, an essential proton pump for maintaining vesicular 

acidic pH (Bowman et al., 1988). As expected, the ATG9A-mCherry fluorescence, mainly localized in 

perinuclear vesicles, did not significantly changed following BafA1 treatment (Fig. R4C). In contrast, the ATG9A-

pHluorin signal in the perinuclear region gradually increased upon BafA1 treatment, to reach a plateau at 

about 30-min post-treatment (Fig. R4C). At this time point, most perinuclear vesicles appeared co-labelled 

with mCherry and pHluorin signals (Fig. R4C). The progressive de-quenching of pHluorin fluorescence during 

vesicular pH change induced by BafA1 strongly suggests that the ATG9A fusion protein has the expected 

topology in perinuclear endosomes, with the pHluorin sequence oriented toward the lumen.  

To record individual ATG9A-pHluorin exocytotic events, we then used TIRF microscopy, at a high frame rate 

(one frame every 390 millisec). Besides exocytotic events, we first noticed that, under TIRF configuration, most 

of the ATG9A-pHluorin signal appears scattered in small and relatively static puncta decorating the bottom 

surface of the cell (Fig. R4D). These puncta likely represent ATG9A-pHluorin proteins trapped in endocytic 

structures since i) they rapidly dimmed following extracellular acidification (Fig. R4D), indicating that the 

protein is at the plasma membrane, with the pHluorin facing the extracellular medium, and ii) they frequently 

localized with the endocytic marker clathrin (Fig. S3). We next focused on exocytotic events, which were 

monitored as bright and suddenly (within a frame) appearing spots. Interestingly, visual examination of the 

events suggested heterogeneity. The majority (≃ 70 %) of the events showed a clear signature of full fusion 

exocytosis, i.e. i) a rapid increase (< 0.390 sec) of the pHluorin signal in a central region of interest (ROI), likely 

due to fusion pore opening, and ii) diffusion of the ATG9A-pHluorin cargo into the plasma membrane, revealed 
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by the delayed increase of fluorescence in a distant ROI (Fig. R5A; Movie 2). The average profile of these fusion 

events (n = 68), which were time-aligned to fusion, allowed the estimation of a half-life of about 2.8 sec (Fig. 

R5A). The remaining events were characterized by the absence of significant diffusion of the fluorescence 

signal in areas of the plasma membrane surrounding the insertion site, and generally displayed a slower 

intensity decay (mean decay half-life 4 sec) (Fig. R5B; Movie 3).  Although in depth analysis would be required 

to definitely conclude, these latter events likely represent fusion of ATG9A-loaded vesicles with the plasma 

membrane according to a kiss-and-run mechanism (Alabi & Tsien, 2013). Such a mechanism has been 

described for the delivery of lipids and/or cargo proteins from ATG9A-positive vesicles to the expanding 

phagophores, without retention of ATG9A protein in mature autophagosomes (Orsi et al., 2012). 

III.5. Exocytosis of ATG9A-positive vesicles is highly polarized toward the leading edge   
 

We next evaluated the spatial distribution of ATG9A-pHluorin fusion events. We first focused on cells 

displaying a clear rear-front axis, with a unique and well-developed protrusion. Moreover, since uneven 

adherence within a single cell might bias the TIRF analysis, which relies on the plasma membrane being in close 

contact with the coverslip, we selected cells that showed a uniform adherence pattern, as evaluated by the 

static ATG9A-pHluorin puncta decorating the plasma membrane at the beginning of the acquisitions. We found 

that ATG9A-pHluorin exocytotic events were highly polarized, with a clear clustering near the cell front (Fig. 

5C). Quantitative analysis indicated that the frequency of events, after normalization by the areas of the 

regions of interest, was about 5-fold higher at the cell front (< 10 µm from the leading edge) than the other 

parts of the cell (Fig. R5D). In sharp contrast, TIRF analysis of non-polarized cells, devoid of large lamellipodia, 

showed that fusion events were relatively uniformly distributed, with no obvious hotspot (Fig. R5E).  

We next tested the impact of chemotactic stimulation with EGF. For each cell, fusion events were recorded 

over 1-min periods, just before and 2-min after EGF treatment. Analyses of the time-lapse movies indicated 

that EGF exposure significantly increases the fusion activity ATG9A-positive vesicles, in U87 MG cells (Fig. R5F) 

or HeLa cells (Fig. S4). Altogether, our data suggest that ATG9A endosomes are targeted toward the leading 

edge for exocytosis, in order to deliver lipids and/or cargo proteins for cell expansion.      

 

III.6. Peripheral ATG9A-pHluorin signal correlates with protrusive activity 
 

Cells expressing ATG9A-pHluorin were recorded at a low frame rate (one frame every minute) using TIRF, 

during the spontaneous formation of protrusions. The formation of broad protrusions was systematically 

marked by the appearance of a bright ATG9A-pHluorin signal close to the leading edge (Fig. R6A; Movie 4). 

The vesicular pattern of the signal likely represents ATG9A-pHluorin proteins which rapidly relocalize in 

endocytic structures following focal bursts of exocytosis. Notably, analyses of the movies using kymographs 

indicated that the ATG9A-pHluorin signal is sustained at the edges of expanding protrusions, but sharply 
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decreased during protrusion collapse (Fig. R6B). To precisely define the cell edges and establish a temporal 

correlation between edge advance and appearance of ATG9A signal, we used mKate2, a red fluorescent 

protein diffusely expressed in the cytosol. A representative time-lapse sequence (Fig. R6C-E) shows that 

appearance of ATG9A-pHluorin signal near the cell edge was synchronized with protrusive activity.   

 

III.7. ATG9A regulates delivery of TGN46 and β1 integrin to the leading edge through its N-

terminal adaptor protein (AP) sorting signal 
 

Delivery of cargoes from the TGN to the leading edge is critical for directional migration (Millarte & Farhan, 

2012; Riggs et al, 2012; Shafaq-Zadah et al, 2016; Mana et al, 2016; Hao et al, 2020), and several studies, using 

live-cell TIRF microscopy, indeed demonstrated polarized exocytosis of post-Golgi carriers at the cell front 

(Schmoranzer et al, 2003; Letinic et al, 2009). This led us to evaluate whether ATG9A proteins transported 

toward cell protrusions essentially emanate from the TGN. We then performed colocalization experiments 

with the Golgi marker TGN46, an integral membrane protein mainly residing in the TGN, that has been shown 

to cycle between the TGN and the plasma membrane (Banting & Ponnambalam, 1997). In agreement with 

previous studies (Orsi et al., 2012), we found that ATG9A-mCherry and TGN46 strongly co-localize in typical 

TGN cisternae, as well as in more peripheral post-Golgi carriers (Fig. S5A). Importantly, TGN46 and ATG9A-

mCherry also displayed a marked co-localization in cell protrusions, near or at the cell membrane (Fig. S5A). A 

30-min chemotactic stimulation of cells with EGF increased the fractions of ATG9A and TGN46 signals localized 

in protrusions (TGN46: + 74.3 % ; ATG9A-mCherry: + 104.4 %), with a concomitant decrease of their signals in 

the perinuclear area (Fig. S5B-E). 

ATG9A protein, through its interaction with the adaptor protein (AP) complex AP-1, plays an active role in the 

TGN-to-lysosome transport of hydrolases (Jia et al., 2017), putting forward the idea that ATG9A could be a 

constitutive component of cargo sorting/trafficking from the TGN. We therefore investigated the impact of 

ATG9A on TGN46 trafficking and found that depletion of ATG9A protein levels using two independent siRNAs 

markedly reduces EGF-induced redistribution of TGN46 toward the cell periphery (Fig. S5F-H).  

Through its luminal domain, the rat homologue of TGN46 interacts with β1 integrin, thereby regulating the 

sorting of this major adhesion molecule from the TGN to the plasma membrane (J. Wang & Howell, 2000b). 

Notably, several reports demonstrated that retrograde transport of β1 integrin to the TGN, followed by its 

polarized reshuffling from the TGN to the leading edge, is essential for the establishment of nascent adhesions 

and directional cell migration (Riggs et al, 2012; Shafaq-Zadah et al, 2016; Mana et al, 2016). This prompted 

us to assess whether ATG9A also regulates EGF-induced delivery of β1 integrin to the cell protrusions. 

Fluorescently immunostained endogenous β1 integrin partially co-localized with TGN46 and ATG9A in the 

perinuclear area and in puncta dispersed throughout the cytosol or near the cell membrane, likely 

representing bona fide post-Golgi carriers (Fig. R7A). In cells transfected with control siRNAs, a 30-min 
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incubation with EGF induced a marked redistribution of β1 integrin toward the periphery, with a concomitant 

decrease of its relative amounts in the cytosol (Fig. R7B). Similar to data obtained with TGN46, depletion of 

ATG9A using each siRNA strongly inhibits EGF-induced redistribution of β1 integrin toward cell protrusions 

(Fig. R7B).     

ATG9A trafficking from the TGN, recycling endosomes or the plasma membrane is tightly controlled by clathrin 

adaptor complexes (AP). Hence, ATG9A contains a canonical AP sorting signal (8YXXØD/E12) within its N-

terminal domain (Fig. R8A), which confers binding to AP-1 (endosome- and TGN-localized), AP-2 (plasma 

membrane-localized) and AP-4 (TGN-localized) complexes (Imai et al, 2016; Zhou et al, 2017; Jia et al, 2017; 

Mattera et al, 2017; Ivankovic et al, 2020).  Within this motif, Tyrosine 8 residue is critical since its mutation 

abolishes AP binding, resulting in altered ATG9A trafficking (Zhou et al, 2017; Mattera et al, 2017). We 

demonstrated that, in cells depleted of endogenous ATG9A, overexpression of wild-type recombinant ATG9A-

mCherry efficiently rescued EGF-induced delivery of β1 integrin and TGN46 to the leading edge (Fig. R8B-E). 

As expected, mutant ATG9A-mCherry, in which Tyrosine 8 was replaced by a Phenylalanine, did not show 

increased localization in cell protrusions following EGF stimulation, nor did it rescue β1 integrin and TGN46 

trafficking to the cell periphery (Fig. R8B-E). Together, our data indicate that ATG9A, through its interaction 

with AP, is critical for EGF-induced delivery of β1 integrin and TGN46 toward cell protrusions.      

 

III.8. ATG9A protein controls the dynamics of adhesion complexes  
 

Clustering of β1 integrin at the plasma membrane triggers the recruitment of several cytoplasmic proteins, 

including paxillin (PXN), that participates to the formation and maturation of adhesion complexes (Deakin & 

Turner, 2008). We then tested the impact of ATG9A protein on the formation and turnover of adhesion 

complexes, in cells expressing PXN-EGFP (Stehbens et al, 2014; Stehbens & Wittmann, 2014). Live-cell TIRF 

imaging of cells transfected with irrelevant siRNA revealed a dynamic adhesion turnover. Automated analysis 

using the Focal Adhesion Analysis Server (FAAS) allowed the detection of a mean of about 100 assembling 

adhesions and a mean of 139 disassembling adhesions during the 40-min recording period (Fig. R9A-D, Movie 

5). In ATG9A-depleted cells, adhesions appeared much more static (Fig. R9A-D, Movie 5), and automated 

analysis of the live-cell movies revealed a marked reduction in the number of both assembling and 

disassembling adhesions (Fig. R9A-D). We next tested whether ATG9A is also involved in the formation of 

adhesions induced by EGF treatment. As expected, a 1-hour incubation with EGF induced an increase in the 

number of PXN-positive adhesion complexes, in U87 MG cells (+ 46%, Fig. R9E) and HeLa cells (+ 66%, Fig. S6). 

Knockdown of ATG9A using each siRNA targeting the ATG9A transcript totally abolished the effects of EGF, in 

both cell lines (Fig. R9E, Fig. S6).  

To further support a role of ATG9 protein in adhesion dynamics, we next assessed whether the exocytosis of 

ATG9A-positive vesicles occurs in close proximity to focal adhesions. Live-cell TIRF imaging of cells expressing 
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both ATG9A-pHluorin and PXN-mCherry allowed us to generate spatial maps of exocytotic events, overlaid on 

a focal adhesion map (Fig. R10A, Fig. S7A). To statistically test our data, a parallel analysis was performed by 

producing simulated events randomly scattered on the ventral surface of the cell (Fig. R10B, Fig. S7B). An 

algorithm was then used to compute the distance of each fusion event, real or simulated, to the closest focal 

adhesion. Experiments done in U87 MG (Fig. R10C-D) or HeLa cells (Fig. S7C-D) revealed an obvious clustering, 

with a mean distance between real ATG9A-pHluorin events and focal adhesions of 1.3 µm (365 events from 

eight U87 MG cells) and 1.9 µm (1297 events form eight HeLa cells), respectively. Randomly simulated events 

occurred further away from focal adhesions (Fig. R10C-D; Fig. S7C-D).  

 

IV. Discussion 

Using complementary approaches, we have provided here extensive evidence that the core autophagy protein 

ATG9A constitutes an essential component of chemotactic cell migration. Knockdown of ATG9A abolished or 

markedly reduced chemotactic movement of human cells induced by EGF or CXCL12. Accordingly, ATG9A-

depleted cells were unable to form large and polarized F-actin-rich protrusions, which normally drive efficient 

mesenchymal cell migration. By the design of an ATG9A-pHluorin construct and live-cell TIRF imaging, we 

further found that ATG9A-positive vesicles exhibited biased exocytosis toward the migration front, thereby 

participating to the local delivery of β1 integrin and the formation/maturation of adhesions.  

Accumulating reports indicate that several components of the autophagy machinery mediate one or multiple 

cellular functions, which may not directly depend on autophagosome biogenesis (Subramani & Malhotra, 

2013). Among studies specifically related to cell shape dynamics, it was demonstrated that Atg1 and Ref(2)P, 

the Drosophila homologs of mammalian ULK 1/2 and SQSTM1, respectively, were essential for the extension 

of protrusions in blood cells (Kadandale et al., 2010). Depletion of the autophagy proteins ULK1 and beclin 1 

severely reduced the ability of mouse macrophages to spread and elongate (Kadandale et al., 2010). A recent 

report pointed to a non-autophagic function of Drosophila ATG9, indicating that loss of ATG9 caused aberrant 

cortical actin network organization in nurse cells surrounding the oocyte and female sterility (Kiss et al., 2020a). 

Another study demonstrated that ATG9A was required for the post-Golgi transport and the maturation of 

lysosomal hydrolases (Jia et al., 2017). The present work adds to these data, and stresses the fact that, in 

addition to its well documented role during phagophore expansion, ATG9A should also be viewed as an 

essential component of vesicular trafficking driving cell migration.  

We found that ATG9A signal localizes in cell protrusions, at the plasma membrane or in small vesicles located 

beneath the plasma membrane, displayed a marked co-localization with TGN46, suggesting that peripheral 

ATG9A mainly originates from the TGN. The Golgi apparatus plays a well-appreciated role during cell migration 

and invasion (Millarte & Farhan, 2012). In polarized cells, the TGN faces the leading edge and represents as 

such an optimally positioned sorting platform to ensure efficient delivery of pro-migratory proteins. Hence, 
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Golgi-associated microtubules, as a special subgroup of microtubules, have been found to serve as fast tracks 

to support anterograde trafficking of post-Golgi cargoes to the leading edge (Hao et al., 2020a). It should be 

noted that only few reports monitored polarized exocytosis of post-Golgi vesicles at the single vesicle level, 

using live-cell TIRF microscopy. This includes data from Schmoranzer and coll., showing that exocytosis of post-

Golgi vesicles, loaded with low-density lipoprotein receptor-GFP, was polarized toward the leading edge of 

migrating fibroblasts (Schmoranzer et al., 2003). In polarized astrocytes, post-Golgi vesicles carrying the YFP-

tagged vesicular stomatitis virus glycoprotein exhibited biased exocytosis toward the cell front, while 

exocytotic events appeared uniformly distributed in non-polarized cells (Letinic et al., 2009). In line with these 

observations, spatial maps from our live-cell TIRF experiments demonstrated that most ATG9A-pHluorin 

events were clustered near (< 10 µm) the leading edge of polarized cells, while fusion events did not display 

obvious hotspot in non-polarized cells. Critically, most of the recorded events were characterized by the 

dispersal of ATG9A-pHluorin into the plasma membrane, in a manner that shows a clear signature of full vesicle 

fusion. This raises the possibility that, in addition to the delivery of specific cargoes, ATG9A-positive vesicles 

may primarily act as a reservoir which dynamically delivers bulk lipids for lamellipodial expansion. 

Integrins receptors are αβ heterodimers, in which 8 β subunits can assort with 18 α subunits to form 24 distinct 

heterodimers with varied affinities for extracellular matrix proteins (Hynes, 2002; Fu et al, 2012). By far the 

most commonly found subunit in integrin heterodimers is β1 integrin, which has been shown to pair with a 

variety of α subunits to form 12 different heterodimers. Several studies have focused on the recycling of 

specific heterodimers, leading to the demonstration of an antagonistic relationship between the recycling of 

αvβ3 and α5β1 during cell migration. Hence, the αvβ3 integrin heterodimer was found to be implicated in 

persistent cell migration, through a « short-loop » endosomal recycling pathway involving the small GTPase 

Rab4 (Danen et al., 2005). Endosomal recycling of the α5β1 heterodimer through a Rab11-dependent, « long-

loop » pathway, promotes random cell migration (White et al., 2007b). Shafaq-Zadah and coll. established a 

new paradigm by demonstrating that retrograde trafficking of β1 integrin, followed by its polarized re-

secretion from the TGN, also supports directional cell migration (Shafaq-Zadah et al., 2016). Using a transwell 

chemotaxis assay, we demonstrated here that depletion of ATG9A abolished or markedly reduced EGF-

induced directional migration. We also found that ATG9A is essential for EGF-induced trafficking of β1 integrin 

toward the cell protrusions. Although a fraction of β1 integrin may recycle through the endosomal pathway 

under this latter protocol, it is likely that the critical role of ATG9A observed in our chemotactic assays 

essentially relies on its ability to control β1 integrin trafficking from the TGN. Interestingly, we noticed that 

most ATG9A-depleted cells did not have a polarized shape, with a clear front-rear axis and a leading 

lamellipodium, and analyses from our live-cell movies indicated that membrane protrusions of siATG9A-

transfected cells, although displaying normal velocities, showed reduced elongation and persistence. This 

phenotype has already been observed in α3β1-deficient keratinocytes, which retained the ability to form initial 

actin-containing protrusions rapidly extending and retracting along the circumference of the cell (Choma et 
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al., 2004). Deficient keratinocytes, however, did not have the ability to form stable lamellipodia and become 

polarized, leading to random migration. Collectively, our data support the view that ATG9A-dependent 

trafficking of β1 integrin toward the leading edge, by establishing nascent adhesions, directs the stabilization 

of a unique lamellipodium required for chemotactic migration.    

Could ATG9A protein be an intrinsic regulator of vesicle biogenesis from the secretory pathway? A specific role 

of ATG9A in the budding of clathrin-coated pits from the TGN has been recently reported (Jia et al., 2017). It 

was demonstrated that ATG9A, through its interaction with the clathrin adaptor complex AP-1, was required 

for the transport of cathepsins from the TGN to lysosomes (Jia et al., 2017). Mechanistically, the authors found 

that the association of ATG9A with AP-1 facilitated subsequent interaction of AP-1 with the cathepsin receptor 

CIMPR, resulting in the polymerization of AP-1 and vesicle budding.  We found from our rescue experiments 

that the N-terminal AP-binding site of ATG9A was critical for the transport of β1 integrin and TGN46 to the cell 

protrusions. These data are in agreement with the reported role of AP-1 in delivering β1 integrin to the cell 

membrane (Mana et al., 2016), and support the idea that association of ATG9A with AP-1 is a priming event 

allowing the sorting/trafficking of a variety of cargoes. In addition to AP-1, it was found that ATG9A interacts 

with phosphatidylinositol 4-kinase III beta (PI4KIIIβ), a phosphatidylinositol 4-phosphate (PI4P)-producing 

enzyme that is required for the budding of ATG9A-containing vesicles from the Golgi during autophagy 

induction (Judith et al., 2019b). Interestingly, Golgi-localized PI4KIIIβ and PI4P, well-known regulators of 

membrane dynamics, have also been recognized as essential components of cell adhesion and migration 

(Tokuda et al, 2014; Bilodeau et al, 2020). Hence, functional studies established that PI4P produced at TGN 

microdomains triggers the recruitment of GOLPH3 protein which, by inducing local curvature of the TGN 

membrane, promotes the biogenesis of post-Golgi carriers and their transport to the leading edge (Xing et al, 

2016; Rahajeng et al, 2019). In this framework, in depth identification of the molecular mechanisms driven by 

ATG9A and GOLPH3 for the biogenesis of particular post-Golgi carriers, during chemotactic stimulation or 

autophagy induction, is a critical subject for further studies. 

In summary, our work sheds light on a previously unappreciated role for ATG9A during chemotactic migration. 

This constitutes an additional mechanism linking Atg proteins and cell migration (Coly et al, 2016; Kenific et al, 

2016a; Kenific et al, 2016b; Coly et al, 2017), and may help to fully characterize the pro-tumoral functions of 

ATG9A already reported in triple negative breast cancer (Claude-Taupin et al., 2018a) and glioblastoma (Abdul 

Rahim et al., 2017a). According to our model, we suspect that ATG9A may, in addition to β1 integrin, drive the 

delivery of an ensemble of cargoes to the leading edge of migrating cells. Future work is required to identify 

these critical cargoes.       
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V. Materials and Methods 
 

V.1. Reagents and chemicals 
 

Antibodies were as follow: rabbit monoclonal anti-paxillin (Y31) (Abcam, Ab32115), mouse monoclonal anti-c-

myc (Santa Cruz, sc-40), sheep polyclonal TGN46 (Bio-rad AHP500GT), rabbit monoclonal ATG9A (Abcam, 

Ab108338), mouse monoclonal β1 Integrin (Abcam, Ab24693). Secondary antibodies used were Alexa Fluor 

488-conjugated antibody against rabbit IgG (Invitrogen, A21206), Alexa Fluor 594-conjugated antibody against 

mouse IgG (Invitrogen, A21203), Alexa Fluor 647-conjugated antibody against sheep IgG (Abcam, Ab150179). 

Other reagents in this study were recombinant human EGF (Gibco, PHG0314), human CXCL12 (R&D System, 

350-NS), chloroquine (CQ, Sigma-Aldrich, C6628), bafilomycin A1 (BafA1, Sigma-Aldrich, B1793), 4′,6-

diamidino-2-phenylindole (DAPI, Sigma-Aldrich, D8417), rhodamine phalloidin (Fisher Scientific, R415), 

hematoxylin (Sigma-Aldrich, HHS32), fibronectin (FN1, Sigma-Aldrich, F0895), mowiol (Merck Millipore, 

475904), normal donkey serum (Sigma-Aldrich, D9663), formaldehyde (Sigma-Aldrich, F8775), Dulbecco’s 

phosphate-buffered saline without salts (DPBS, Sigma-Aldrich, D8537), triton X-100 (Fisher Scientific, 

T3751/08), bovine serum albumin fraction V (BSA, Roche, 10735108001) and methanol (Fisher Scientific, 

M4056/17). 

 

V.2. Plasmid constructs and short interfering RNAs (siRNAs) 
 

The expression vectors encoding the fusion protein EGFP-LC3B (#24920, deposited by Toren Finkel) and 

mCherry-Clathrin LC-15 (#55019, deposited by Michael Davidson) are available from Addgene. The pmKate2-

N vector was purchased from Evrogen (#FP182). All the following expression vectors were purchased from 

GenScript. The expression vector encoding ATG9A-pHluorin was obtained by inserting codon-optimized 

human ATG9A (Uniprot, Q7Z3C6) and superecliptic pHluorin sequences into a pcDNA3.1(+) plasmid. The 

pHluorin sequence was fused in-frame into the first luminal domain of human ATG9A protein, between the 

amino acids Leu102 and His103. The expression vector encoding wild-type ATG9A-mCherry used in Fig. R7, Fig. 

R8 and Fig. S5 was obtained by inserting codon-optimized human ATG9A sequence (Uniprot, Q7Z3C6) and 

mCherry sequence (GenBank, MK160997.1) into a pcDNA3.1(+) plasmid. The mCherry sequence was fused in-

frame into the first luminal domain of human ATG9A protein, between the amino acids Leu102 and His103. 

The ATG9A-mCherry Y8F mutant was obtained by replacing the TAC codon specifying tyrosine at the position 

8 by a TTT codon specifying a phenylalanine. An alternative expression vector encoding ATG9A-mCherry was 

used in Fig. R3E and Fig. R4C; it was generated by inserting a codon-optimized human ATG9A sequence, fused 

in-frame with the mCherry sequence (GenBank, MK160997.1) at its C-terminus, into a pcDNA3.1(+) plasmid, 

using HindIII and EcoRI cloning sites. The expression vector encoding ATG9A-myc was obtained by inserting 
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the sequence of human ATG9A (GenScript clone ID OHu04028C; GenBank, NM_001077198.2) into a 

pcDNA3.1(+)-C-myc plasmid, using XhoI and ApaI cloning sites; the myc epitope is located at the C-terminus 

of the ATG9A protein. The expression vector encoding mCherry-LC3B was generated by inserting the human 

LC3B sequence (GenScript clone ID OHu18146C; GenBank, NM_022818.5), fused in-frame with the mCherry 

sequence at its N-terminus, into a pcDNA3.1(+) plasmid. The expression vector encoding PXN-EGFP was 

obtained by inserting the sequence of human PXN (GenScript clone ID OHu13990C; GenBank, NM_002859.3) 

into a pcDNA3.1(+)-N-EGFP plasmid, using KpnI and BamHI cloning sites; the EGFP sequence is located at the 

N-terminus of the PXN protein. The expression vector encoding PXN-mCherry was obtained by inserting the 

sequence of human PXN (GenScript clone ID OHu13990C; GenBank, NM_002859.3) into a pcDNA3.1(+) 

plasmid, using KpnI and BamHI cloning sites; the mCherry sequence is located at the N-terminus of the PXN 

protein. For ATG9A knockdown experiments, control (D-001810-03, 5’- UCAGAAAACAUGUAAACCA-3’), ATG9A 

#1 (J-014294-09, 5’-UUCUGCGUCUGCACGAUCC-3’) and ATG9A #2 (J-014294-10, 5’-

UUUCGGAAGAAGUCUAUAA-3’) siRNAs were purchased from Dharmacon Horizon Discovery. Cells were 

subject to 2 rounds of transfection in order to ensure adequate knockdown of the long-lived ATG9A protein. 

 

V.3. Cell culture and transfections  
 

The glioblastoma multiform cell line U87 MG (WHO grade IV) was purchased from American Type Culture 

Collection (ATCC, HTB-14TM) and the glioblastoma multiform cell line 42 MG (WHO grade IV) from German 

Collection of Microorganisms and Cell Cultures GmbH (DSMZ, ACC 431) was generously provided by Pr. J. 

Honnorat (CNRL, Lyon, France). HeLa (ATCC, CCL-2) cell line was generously provided by Dr. P. Gaildrat 

(University of Rouen-Normandy, France). HEK 293 (ATCC, CRL1573) cell line was generously provided by Dr. L. 

Prézeau, C. Barrère and I. Bidaud (IGF, Montpellier, France). These cells were routinely maintained in our 

laboratory according to the instructions from ATCC and cultured in DMEM (Gibco, 41965-039), supplemented 

with 10% fetal bovine serum (Dutscher, S181H-500), 1% of antibiotic-antimycotic solution (Sigma-Aldrich, 

A5955) and 1% of sodium pyruvate (Sigma-Aldrich, S8636). For all experiments, cells were placed in either 

serum-free DMEM, supplemented with 1% of antibiotic-antimycotic solution and 1% of sodium pyruvate or 

serum- and phenol red-free Leibovitz’s L-15 medium (Gibco, 21083027), supplemented with 1% D-Glucose 

(Sigma-Aldrich, G8644), 1% of antibiotic-antimycotic solution and 1% of sodium pyruvate. Transient 

transfections were performed using the Amaxa Cell Line Nucleofector Kit V (Lonza, VCA-1003) according to 

the manufacturer’s protocol, using the A-023 program for U87 MG and 42 MG cells, the I-003 program for 

HeLa cells and the Q-001 program for HEK 293 cells.   
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V.4. Reverse transcription quantitative polymerase chain reaction (RT-qPCR)  
 

Total RNA was extracted using Trizol Reagent (Sigma-Aldrich, T9424) and purified on NucleoSpin RNA II 

columns (Macherey-Nagel, 740955-250) according to the manufacturer’s instructions. An amount of 0.3 µg of 

total RNA was used for cDNA synthesis using the ImProm-II Reverse Transcription System (Promega, A3800). 

Real-time PCR was performed in a FAST SYBR green master mix (Applied Biosystems, 4385612) using the 

QuantStudio 3 Real-Time PCR System (Fisher Scientific, France). The fold change in expression of ATG9A mRNA 

relative to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA was calculated based on the threshold 

cycle (Ct) as 2-ΔCt, where ΔCt = CtATG9A – CtGAPDH. ATG9A sense and antisense primers: 5’-

CTGCCCTTCCGTATTGCAC-3’ and 5’-CTCACGTTTGTGGATGCAGAT-3’; GAPDH sense and antisense primers: 5’-

CTGGGCTACACTGAGCACC-3’ and 5’-AAGTGGTCGTTGAGGGCAATG -3’. 

 

V.5. SDS-PAGE and Western blot  
 

Cell lysis was performed in ice-cold lysis buffer (25 mM Tris HCl pH 7.6 [Fisher Scientific, BP153-1], 150 mM 

NaCl [Fisher Scientific, S3160/60], 1% Nonidet P40 [Sigma-Aldrich, 74385], 1% sodium deoxycholate [Sigma-

Aldrich, 30970], 0.1% sodium dodecyl sulfate [SDS, Fisher Scientific, BP2436], 0.6 mM dithiothreitol [DTT, ALX-

280-001-G050], 1X protease inhibitor cocktail [Sigma-Aldrich, S8340], 1X phosphates inhibitor cocktail 2 

[Sigma-Aldrich, P5726] and 3 [Sigma-Aldrich, P0044]) on ice for 10 minutes, and was completed by passing 

cells through a syringe tip. After centrifugation (16.000 g, 20 min, 4 °C), cytoplasmic proteins were collected. 

Equal amounts of proteins (30 µg) were mixed with a volume of laemmli buffer containing 2-Mercaptoethanol 

(Gibco, 21985-023) and loaded onto a precast 4-20% gradient SDS polyacrylamide gel (NuSep, NB17-420). 

Prestained protein ladder (Thermofisher, 26619) was loaded onto the gel along with protein samples. After 

separation, proteins were transferred onto a polyvinylidene difluoride membrane within a transfer buffer 

using the Trans-blot Turbo RTA Transfer Kit (BioRad, #1704272) and the Trans-blot turbo system (BioRad, 

#1704150) according to the manufacturer’s protocol. Membranes were blocked with 5% nonfat milk [Sigma-

Aldrich, 70166] (1 h, room temperature) and incubated (overnight, 4 °C) with the primary antibody (rabbit 

monoclonal anti-ATG9A [Abcam, Ab108338] or mouse monoclonal anti-β-actin [Santa Cruz Biotechnology, sc-

47778] as equal loading control). Membranes were then incubated (2 h, room temperature) with horseradish 

peroxidase-conjugated secondary antibodies raised against rabbit (Thermofisher, #31460) or mouse 

(Thermofisher, #31430) IgG. Immunoreactive bands were visualized with the enhanced chemiluminescence 

Western blotting substrate (GE Healthcare, RPN2236).  
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V.6. Autophagosome biogenesis 
 

Autophagic activity was evaluated in cells expressing EGFP-LC3B or mCherry-LC3B fusion proteins. LC3B 

protein is a well-established effector of autophagy and a bona fide marker for autophagosomes (Klionsky et 

al., 2021a). Punctate EGFP-LC3B or mCherry-LC3B staining provides a measure of ongoing autophagy, because 

it marks the successful processing of the cytosolic form LC3B-I to LC3B-II, a phospholipid-conjugated form that 

is targeted to phagophore membranes. Cells were transfected and placed in complete DMEM. At 24 h post-

transfection, cells were rinsed twice with warm DPBS and placed for 6 h in serum-free DMEM in absence or 

presence of CQ (10-5 M). After the incubation time cells were rinsed with warm DPBS, fixed (4% formaldehyde), 

mounted in glass slides with mowiol and randomly photographed using the Leica DMI6000 B inverted 

microscope. The number of autophagosomes was calculated using the ComDet plug-in of the ImageJ software. 

 

V.7. Migration assay  
 

HEK 293 cells (80,000/insert), U87 MG, 42 MG, HeLa cells (20,000/insert) were seeded on FN1-coated 

transwell inserts (8-μm pores, 24 wells; Corning, 3422). The gradient of ligands was generated by addition of 

EGF or CXCL12 in the lower chamber. After 24 h, cells on the upper surface of the insert were removed using 

a cotton swab. Cells that migrated onto the lower surface were fixed with four successive baths of methanol 

(50%, 70%, 90% diluted in DPBS and 100% methanol) and then stained with hematoxylin. Insert membranes 

were cut out and mounted on glass slides with mowiol and randomly photographed with a Nikon inverted 

microscope (Nikon France, Champigny-sur-Marne, France; 10 random fields/membrane). Cells in the 

photographic fields were counted by using the Cell counter plug-in of the ImageJ software. 

 

V.8. Immunocytochemistry and image analysis  
 

Cells were fixed with formaldehyde (4%, 10 min), permeabilized with Triton X-100 (0.05%, 5 min) and blocked 

for 1 h with a mixture of normal donkey serum (2%) and fetal bovine serum (10%) diluted in DPBS. Cells were 

incubated overnight with the adequate primary antibody at 4°C followed by incubation for 2 h at room 

temperature with the adequate secondary antibody. Cells were counterstained with DAPI (1 µg/mL, 10 min) 

to label nuclei, and imaged using the Leica DMI6000 B inverted microscope, the Leica SP8 MP confocal 

multiphoton microscope or the Leica THUNDER Imager 3D Tissue. In PXN-labelled cells (Fig. R8, Fig. S10), the 

number of focal adhesion complexes was calculated using the function Find Maxima after successive image 

treatment with the ImageJ software. Radial intensity profile of the β1 integrin signal (Fig. R6) was produced 

using the Clock-scan plug-in (Dobretsov & Romanovsky, 2006). 
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V.9. Live-cell imaging  
 

Transfected cells were seeded on FN1-coated 35-mm glass dishes (P35G-1.5-14-C, MatTek Corporation) for 

TIRF and epifluorescence experiments, or on FN1-coated 24 multi-well glass plate (P24G-1.5-13-F, MatTek 

Corporation) for phase contrast experiments. At 24 h post-transfection, live-cell imaging was performed in 

serum-free Leibovitz’s L-15 medium supplemented with 1% D-Glucose, 1% of antibiotic-antimycotic and 1% of 

sodium pyruvate (TIRF and epifluorescence), or in serum-free DMEM supplemented with 1% of antibiotic-

antimycotic and 1% of sodium pyruvate (phase contrast). 

TIRF: TIRF images were acquired using a system that was built around a Leica DMI6000 B inverted microscope 

equipped with a × 100 oil objective with a numerical aperture of 1.46 (HCX PL APO, Leica), a Hamamatsu Orca-

Flash 4.0 camera, and 488-nm and 561-nm lasers. The TIRF angle was set for the 488-nm and 561-nm lasers 

to achieve an evanescent field with a characteristic penetration depth of 110 nm. In the experiments involving 

dual channel recording, 488-nm and 561-nm lasers were used consecutively for each image of the time series. 

Time intervals were recorded as follow. ATG9A-mCherry vesicle tracking experiments (Fig. R3E): time series of 

images at 500-millisec intervals; ATG9A-pHluorin exocytosis experiments (Fig. R5, Fig. R10): time series of 

images at 390-millisec intervals; ATG9A-pHluorin and mKate2 dual channel experiments (Fig. R6C-E): time 

series of images at 1-min intervals (having a time delay of 2.2 seconds between the two channels); ATG9A-

pHluorin experiments for kymograph analyses (Fig. R6B): time series of images at 30-sec intervals; ATG9A-

pHluorin and Clathrin-mCherry dual channel experiments (Fig. S3): time series of images at 3.4-sec intervals 

(having a time delay of 1.6 second between the two channels). PXN-EGFP experiments (Fig. R9A-D): time series 

of images at 30-sec intervals. All TIRF live-cell movies provided with this manuscript are shown at a frame rate 

of 15 frames per second.  

Tracking of moving ATG9A-mCherry vesicles was performed using the Manual Tracking tool of the ImageJ 

software. In PXN-EGFP transfected cells, the number of assembling and disassembling adhesions during a 40-

min imaging session was determined using the Focal Adhesion Analysis Server (Berginski et al., 2011). The 

results only include focal adhesions with a minimum size of 2 pixels (0.25 µm), and with assembly or 

disassembly phase lengths of at least 10 images (5 min).  Simulated fusion events for uniform distributions 

were performed with R software (v.4.0.5.). The function runif() was used to generate uniformly spaced points 

within the cell whose ROI coordinates defined the minimum and maximum xy interval for the position of the 

random points. For each cell, the number of simulated fusion events produced by the algorithm was identical 

to the number of real ATG9A-pHluorin events. 

Epifluorescence:  Images were acquired using a Leica DMI6000 B inverted microscope equipped with a × 63 

oil objective with a numerical aperture of 1.32 (HCX PL APO CS, Leica), a Hamamatsu Orca-Flash 4.0 camera, 

and 488-nm and 561-nm lasers. ATG9A-pHluorin and ATG9A-mCherry dual channel experiments (Fig. R4C): 
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time series of images at 30-sec intervals were recorded (having a time delay of 1.7 second between the two 

channels).  

Phase contrast: Cells were placed in a temperature- and CO2-controlled (37 °C, 5% CO2) environment of a Zeiss 

Cell Discoverer 7 microscope system. Live-cell phase contrast images of the individual field regions inside each 

well were automatically acquired using the ZEN Blue 2.6 software with a time series of images at 40-sec 

intervals. Kymographs of the cell protrusions were generated using the Multi Kymograph tool of Fiji software 

from one-pixel wide lines manually traced perpendicularly to the ruffling cell edges, and the protrusion 

distances (Δx), persistences (Δy) and velocities (Δx/Δy) were evaluated. Cell trajectories (Fig. R2F) were 

obtained using a semi-automatic tracking macro of the ImageJ software, generously provided by Federico 

Saltarin (Theodor Kocher Institute, Bern, Switzerland) and trajectories plots were rendered using the DiPer 

excel macro (Gorelik & Gautreau, 2014). Average speeds (Fig. R2G, average of the instantaneous speed) and 

Mean Square Displacements (Fig. R2H) were calculated using the DiPer excel macro (Gorelik & Gautreau, 

2014). Representative figure images were selected and additional image post-processing steps (contrast 

adjustment, field selection, and scale bar addition) were performed using the ImageJ software. Phase contrast 

live-cell movie 1 provided with this manuscript is shown at a frame rate of 25 frames per second. 

 

V.10. Statistical analysis  
 

Data are presented as the mean ± SEM for each group of samples. Statistical analyses were performed using 

the GraphPad Prism 8 software (GraphPad Software). Details of the individual tests are included in the figure 

legends. 
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IX. Main and supplementary figures 
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Figure R1. Chemotactic migration depends on ATG9A protein. (A) Efficiency of siRNA knockdown of ATG9A. HeLa cells were transfected 
with nontargeting siRNA (siCont) or one of the two siRNAs targeting ATG9A (siATG9A #1, siATG9A #2). Shown is a representative 
Western blot analysis of ATG9A protein levels. The lower part of the blot was probed with an anti-β-actin antibody. MM, molecular 
mass. (B) Effect of siRNA knockdown of ATG9A on autophagosome biogenesis. HeLa cells were transfected with nontargeting siRNA 
(siCont) or one of the two siRNAs targeting ATG9A (siATG9A #1, siATG9A #2), together with a construct encoding the EGFP-LC3B protein 
(marker of autophagosomes). Transfected cells were placed in serum-free DMEM for 6 h, in the presence or absence of chloroquine 
(CQ, 5x10-5 M), as indicated. Cells were fixed and the number of autophagosomes (EGFP-LC3B fluorescent dots) per cell was quantified. 
Data represent means and SEM (siCont, n = 424 cells; siATG9A #1, n = 414 cells; siATG9A #2, n = 421 cells; from 3 independent 
experiments). Scale bar 20 µm. (C) Effect of siRNA knockdown of ATG9A on chemotactic migration induced by EGF. HeLa cells (left), 
U87 MG cells (middle) and 42 MG cells (right) were transfected with nontargeting siRNA (siCont) or one of the two siRNAs targeting 
ATG9A (siATG9A #1, siATG9A #2). Transfected cells were loaded in the upper chamber of transwells, containing or not EGF (50 ng/mL) 
in the upper or lower chamber, as indicated. After 24 h, cells that migrated onto the lower surface of the membrane were fixed, stained 
and counted. Data represent means and SEM (n = 6 transwells). (D) Effect of siRNA knockdown of ATG9A on chemotactic migration 
induced by CXCL12. HeLa cells (left), HEK 293 cells (middle) and 42 MG cells (right) were transfected with nontargeting siRNA (siCont) 
or one of the two siRNAs targeting ATG9A (siATG9A #1, siATG9A #2). Transfected cells were loaded in the upper chamber of transwells, 
containing or not CXCL12 (10-8 M) in the upper or lower chamber, as indicated. After 24 h, cell migration was quantified following the 
protocol described in (C). Data represent means and SEM (n = 6 transwells). Statistical significance was evaluated using a one-way 
ANOVA followed by Sidak post-hoc test (B), or a one-way ANOVA followed by Turkey post-hoc test (C, D). *P < 0.05; ***P < 0.001; ns, 
not statistically different.  
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Figure R2. For caption see next page. 
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Figure R2. Depletion of ATG9A protein impairs the formation of F-actin-rich protrusions and intrinsic cell speed. (A) Representative 
epifluorescence images showing F-actin (rhodamine phalloidin labelling; grey levels) and nuclei (DAPI labelling; blue) of U87 MG cells 
transfected with nontargeting siRNA (siCont, left panel) or siRNA targeting ATG9A (siATG9A #2, right panel). Control cells generally 
develop large F-actin-rich lamellipodia (arrowheads), while ATG9A-depleted cells display smaller and irregular protrusions 
(arrowheads). Scale bar, 20 µm. (B) Quantification of F-actin intensities, after background subtraction, in protrusions of U87 MG cells 
transfected with nontargeting siRNA (siCont) or one of the two siRNAs targeting ATG9A (siATG9A #1, siATG9A #2). For each cell, values 
correspond to cumulated signal of all protrusions (siCont, n = 117 cells; siATG9A #1, n = 106 cells; siATG9A #2, n = 135 cells; from 3 
independent experiments). (C) Percentage of the cell perimeter containing F-actin-rich protrusions, in U87 MG cells transfected with 
nontargeting siRNA (siCont) or one of the two siRNAs targeting ATG9A (siATG9A #1, siATG9A #2); (siCont, n = 210 cells; siATG9A #1, n 
= 209 cells; siATG9A #2, n = 219 cells; from 3 independent experiments). (D) Effect of siRNA knockdown of ATG9A on cell polarization 
of U87 MG cells. The quantitative analysis was performed by establishing that polarized cells have a clear front-back axis with the 
presence of a single lamellipodium at the front, while non-polarized cells do not have a front-back axis and display several lamellipodia 
or small ruffles scattered at the cell periphery. Data represent the percentage of polarized or non-polarized cells (siCont, n = 222 cells; 
siATG9A #1, n = 212 cells; siATG9A #2, n = 226 cells; from 3 independent experiments). (E) Phase contrast time-lapse sequences 
acquired from U87 MG cells transfected with nontargeting siRNA (siCont) or one of the two siRNAs targeting ATG9A (siATG9A #1 or 
siATG9A #2). Upper panels: single images from representative sequences of U87 MG cells transfected with nontargeting siRNA (siCont) 
and siATG9A #1 (upper left; scale bar, 20 µm), and kymographs (upper right) generated from one-pixel wide lines drawn on the cell 
edges. The scale bars in the kymographs are 20 µm (horizontal) and 40 min (vertical). Lower panels: quantification, from kymographs, 
of protrusion velocity (left), protrusion distance (middle) and protrusion persistence (right) (siCont, n = 84 protrusions; siATG9A #1, n 
= 86 protrusions; siATG9A #2, n = 87 protrusions; from 3 independent experiments). (F) Cell trajectories over a 3-hour period (one 
frame every 40 sec) of randomly migrating U87 MG cells transfected with nontargeting siRNA (siCont, n = 101 cells) or siRNA targeting 
ATG9A (siATG9A #1, n = 88 cells; siATG9A #2, n = 97 cells). (G) Analysis of average cell speed and (H) Mean Square Displacement, 
calculated from the cell trajectories presented in (F). Data represent means and SEM. Statistical significance was evaluated using a one-
way ANOVA followed by Turkey post-hoc test (B, C, E, G), or a two-way ANOVA followed by Dunnett post-hoc test (H). ***P < 0.001; 
ns, not statistically different 
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Figure R3. For caption see next page. 
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Figure R3. ATG9A-positive vesicles concentrate in F-actin rich protrusions and display anterograde trafficking toward the leading 
edge. (A) Endogenous ATG9A localizes in F-actin rich cell protrusions. Left: U87 MG cells co-labelled for endogenous ATG9A 
(green), F-actin (rhodamine phalloidin, red) and nuclei (DAPI labelling; blue). Middle and right: magnified views of cell presented 
on the left panel, showing protrusive (middle) and non-protrusive (right) areas. Note that endogenous ATG9A puncta frequently 
colocalize with F-actin in protrusive areas. Scale bar, 20 µm. (B) Chemotactic stimulation with EGF increases peripheral localization 
of ATG9A. U87 MG cells were starved (30 min) in serum-free medium and incubated (30 min) with or without EGF (50 ng/mL), as 
indicated. Cells were fixed and labelled for endogenous ATG9A (green), F-actin (rhodamine phalloidin, red) and DAPI (nuclei, blue). 
For each condition, a merged image and a ATG9A/F-actin colocalization map is shown. The association of ATG9A with F-actin was 
representatively shown with Colocalization Colormap tool, where normalized mean deviation product (nMDP) shows the 
correlation between intensities of corresponding pixels (values are ranging from -1 to 1). Negative nMDP values are represented 
by cold colors (segregation) whilst values above 0 are represented by hot colors (colocalization). Scale bar, 20 µm. (C) 
Quantification from images shown in (B) of the fraction of the ATG9A signal (after background subtraction) located in F-actin rich 
protrusions. For each cell, values correspond to the cumulated signal of all protrusions (- EGF, n = 88 cells; + EGF, n = 89 cells; from 
2 independent experiments).  (D) Quantification from images shown in (B) of the ATG9A/F-actin colocalization score (Pearson 
coefficient) at the cell periphery, in a region of interest of 1.5 µm width from the cell membrane. Data represent means ± SEM (- 
EGF, n = 73 cells; + EGF, n = 74 cells; from 2 independent experiments). (E) ATG9A-mCherry positive vesicles display anterograde 
trafficking toward the leading edge. Left: map of all observed (5-min period) ATG9A-mCherry vesicle trajectories from a 
representative, polarized U87 MG cell. Trajectories were color-coded and defined as anterograde (green) or retrograde (red), as a 
function of vesicle displacement relative to the cell centroid. Scale bar, 20 µm. Right: pie chart showing the percentage of ATG9A-
mCherry vesicles displaying anterograde or retrograde movement in cell protrusions (total number of 87 trajectories, recorded 
from four U87 MG polarized cells). Statistical significance was evaluated using a Mann and Whitney test. ***P < 0.001. 
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Figure R4. Structure and functional validation of ATG9A-pHluorin construct. (A) Left: topology of human ATG9A protein, adapted 
from Guardia and Coll. (Guardia et al, 2020), displaying four transmembrane domains (α2, α6, α14 and α15) and two domains (α11 
and α19) that are partially embedded in the membrane but do not cross it completely. The ATG9A-pHluorin fusion protein was 
produced by inserting the pHluorin sequence (depicted by a cartoon of GFP) into the first luminal domain, between amino-
acids Leu102 and His103 of the human sequence. Right: the pHluorin fluorescence is expected to be quenched at the acidic 
endosomal pH. Upon fusion of ATG9A-containing endosomes with the plasma membrane, pHluorin fluorescence will sharply increase 
at the contact of extracellular physiological pH. (B) Left: validation of functional activity of ATG9A-pHluorin on autophagosome 
biogenesis. U87 MG cells were transfected with nontargeting siRNA (siCont) or siRNA targeting ATG9A (siATG9A #2), together with 
an empty vector or the ATG9A-pHluorin construct and a construct encoding the mCherry-LC3B protein (marker of autophagosomes). 
Transfected cells were placed in serum-free DMEM for 6 h, in the presence or absence of chloroquine (CQ, 5x10-5 M), as indicated. 
Cells were fixed and the number of autophagosomes (mCherry-LC3B fluorescent dots) per cell was quantified. Data represent means 
and SEM (siCont + Empty vector, n = 192 cells; siCont + ATG9A-pHluorin, n = 204 cells; siATG9A #2 + Empty vector, n = 205 cells; 
siATG9A #2 + ATG9A-pHluorin, n = 202 cells; from 2 independent experiments). Scale bar, 20 µm. (C) Validation of ATG9A-pHluorin 
topology. Representative U87 MG cell co-expressing ATG9A-pHluorin and ATG9A-mCherry was imaged by epifluorescence (one 
frame every 30 sec) before and after bafilomycin A1 (BafA1, 100 nM) treatment. Left: images, extracted from the time-lapse 
sequence, before (-BafA1) and at the end (+BafA1; 1-hour incubation) of the BafA1 treatment. Scale bar, 20 µm. Middle: mCherry 
and pHluorin fluorescence signal intensities measured in the perinuclear area and plotted against time. Right: analysis of the 
pHluorin/mCherry fluorescence intensity ratio, plotted against time. The increased ratio value following BafA1 treatment indicates 
de-quenching of the pHluorin signal in endosomes, suggesting that the ATG9A-pHluorin fusion protein has the expected topology, 
with the pHluorin facing the vesicular lumen. (D) Left: representative U87 MG cell expressing ATG9A-pHluorin recorded using TIRF 
microscopy (one frame every 390 millisec), before (pH 7.4) and after (pH 5.5) acidification of the extracellular medium. Note that 
most ATG9A-pHluorin puncta rapidly dimmed following extracellular acidification, indicating that ATG9A-pHluorin proteins 
concentrating in these puncta are located at the plasma membrane, with the pHluorin facing the extracellular medium. Right: 
pHluorin fluorescence signal intensity measured before and after extracellular acidification and plotted against time. Scale bar, 20 
µm. 
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Figure R5. Exocytosis of ATG9A-positive vesicles is polarized toward the cell front and induced by chemotactic stimulation. (A) U87 MG 
cells expressing ATG9A-pHluorin were recorded (one frame every 390 millisec) using TIRF microscopy. Upper left: time-lapse sequence 
of a representative “spreading event”. Yellow circle indicates the rapid appearance of the pHluorin signal, likely due to de-acidification 
upon fusion pore opening. Arrows indicate diffusion of the fluorescence signal in areas of the plasma membrane surrounding the 
insertion sites. Scale bar, 1 µm. Bottom left: 3D fusion profiles of the indicated images (framed in yellow) from the time-lapse sequence. 
Middle: normalized fluorescence intensities, from the analysis of 68 spreading events. For each event, measurements were performed 
in parallel into a central ROI (5x5 pixels; 0.64 x 0.64 µm), and a distant ROI (delimited by 13x13 pixel and 17x17 pixel squares). Note the 
delayed fluorescence increase in the distant ROI, due to full fusion of the vesicles and radial diffusion of the pHluorin signal into the 
plasma membrane. Data represent means and SEM. Right: nonlinear regression analysis (single exponential decay) from the profile 
obtained in the central ROI, for the determination of spreading event half-life (2.8 sec).  (B) U87 MG cells expressing ATG9A-pHluorin 
were recorded as in (A). Upper left: time-lapse sequence of a representative “non-spreading” event. Yellow circle indicates the rapid 
appearance of the pHluorin signal, likely due to de-acidification upon fusion pore opening. Scale bar, 1 µm. Bottom left: 3D fusion profiles 
of the indicated images (framed in yellow) from the time-lapse sequence. Middle: Normalized fluorescence intensities, from the analysis 
of 13 non-spreading events. For each event, measurements were performed in a central ROI and a distant ROI, as in (A). Note the absence 
of increased fluorescence in the distant ROI following fusion pore opening. Data represent means and SEM. Right: nonlinear regression 
analysis (plateau followed by single exponential decay) from the profile obtained in the central ROI, for the determination of non-
spreading event half-life (4 sec).  (C) Left: map of all observed (n = 248) ATG9A-pHluorin fusion events from a representative, polarized 
U87 MG cell, during a 10-min time-lapse sequence. Scale bar, 20 µm. Right: rose plot (interior angle: 66°; interval: 10°) from the cell 
shown on the left, depicting the angular distribution of the fusion events relative to the cell centroid.  (D) Quantification, from U87 MG 
cells displaying clear polarization with unique and large lamellipodia (n = 11 cells), of the number of fusion events occurring at a distance 
inferior (R1 region) or superior (R2 region) to 10 µm from the leading edge. For each cell, data were normalized to the areas of the 
respective regions. Data represent means and SEM. (E) Left: map of all observed (n = 40) ATG9A-pHluorin fusion events from a 
representative, non-polarized U87 MG cell, during a 10-min time-lapse sequence. Scale bar, 20 µm. Right: rose plot (interior angle: 66°; 
interval: 10°) from the cell shown on the left, depicting the angular distribution of the fusion events relative to the cell centroid. (F) Left: 
representative U87 MG cell with projections of all observed ATG9A-pHluorin fusion events, during 1-min time-lapse sequences, before 
(-EGF) and 2-min after (+EGF) treatment with EGF (50 ng/mL). Scale bar, 20 µm. Right: quantification of the effect of EGF, as depicted on 
the left, on the number ATG9A-pHluorin fusion events (n = 23 cells; from 3 independent experiments). Statistical significance was 
evaluated using a Mann and Whitney test (D), a Paired t-test (F) and a Rayleigh test for fusion events distribution (C, E). ***P < 0.001.  
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Figure 6 – Campisi et al.

Figure R6. ATG9A-pHluorin signal at the cell periphery correlates with protrusive activity. (A) Time-lapse TIRF images of a U87 MG cell 
expressing ATG9A-pHluorin. The development of a large cell protrusion correlates with the appearance of a marked pHluorin signal at 
the leading edge. A magnified image of the leading edge (dashed rectangle) is presented in the lower right and shows numerous ATG9A-
pHluorin positive vesicles (arrowhead). Scale bar, 20 µm. (B) Left: TIRF image, extracted from a time-lapse sequence, of a U87 MG cell 
expressing ATG9A-pHluorin. Scale bar, 20 µm. Right: kymographs were made from 10-pixel wide lines (L1 and L2) indicated in the left 
image. The scale bars in the kymograph are: 5 µm (horizontal) and 10 min (vertical). A clear ATG9A-pHluorin signal was observed near 
the cell edge during the formation of protrusions (arrowheads). The signal sharply decreased during protrusion collapses. (C) TIRF 
image of a U87 MG cell expressing mKate2 (red) and ATG9A-pHluorin (green). The mKate2 protein, diffusely expressed in the cytosol, 
was used to precisely delineate the cell edges. Scale bar, 20 µm. (D) Time-lapse montage of ROI 1 and ROI 2 shown in (C). For each 
time-lapse, time 0 represents the time of appearance of ATG9A-pHluorin positive vesicles (arrows) near to the cell edge. The position 
of the cell edge before the appearance of the ATG9A-pHluorin signal is marked by a dashed line. (E) Displacements of the cell edges 
shown in ROI 1 and 2 were plotted against the time. The position of the cell edge one minute before the appearance of the ATG9A-
pHluorin signal was set at zero and positive values in the y-axis represent cell protrusion.  
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Figure R7. ATG9A protein regulates delivery of β1 integrin to cell protrusions. (A) U87 MG cells expressing ATG9A-mCherry were 
labelled for β1 integrin (green), TGN46 (white) and nuclei (DAPI labelling, blue). Scale bar, 20 µm. Note, from the magnified views on 
the right panels, that ATG9A-mCherry, β1 integrin and TGN46 signals partially co-localize in tubular or vesicular structures 
(arrowheads) near the cell membrane or in the perinuclear area. (B) U87 MG cells were transfected with nontargeting siRNA (siCont) 
or one of the two siRNAs targeting ATG9A (siATG9A #1, siATG9A #2). Transfected cells were starved (30 min) in serum-free medium, 
incubated (30 min) with or without EGF (50 ng/mL), fixed and labelled for β1 integrin. Upper images: β1 integrin immunoreactive 
signal (false-color scale) in representative fields of each experimental group. Scale bar, 20 µm. Middle images: Polar distribution of 
the β1 integrin immunoreactive signal (false-color scale; Clock Scan plug-in) from the cell marked by an asterisk in the upper image. 
Lower panels: radial intensity profile of the β1 integrin signal, from the cell centroid to the cell edge (Clock Scan plug-in). For each 
experimental group, profiles were normalized and averaged from at least 76 cells (2 independent experiments) and represent means 
and ± SEM.        
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Figure R8. ATG9A regulates delivery of TGN46 and β1 integrin to the leading edge through its N-terminal AP sorting signal. (A) Left: 
scheme depicting the topology of the ATG9A-mCherry fusion protein and the canonical AP sorting signal (8YQRLE12) located in the N-
terminal cytosolic domain. Right: scheme depicting the mutant ATG9A-mCherry protein, for which replacement of the critical Tyrosine 
residue at position 8 by a Phenylalanine abolishes AP binding (Zhou et al, 2017) (Mattera et al, 2017). (B-E) Rescue experiments with 
wild-type and mutant ATG9A-mCherry proteins. (B) Following depletion of endogenous ATG9A using interfering RNA (siATG9A #2), U87 
MG cells were transfected with an empty vector, a vector encoding wild-type ATG9A-mCherry or a vector encoding mutant ATG9A-
mCherry Y8F. Transfected cells were starved (30 min) in serum-free medium and incubated (30 min) with or without EGF (50 ng/mL), 
as indicated. Cells were fixed and labelled for β1 integrin (green), TGN46 (white) and nuclei (DAPI labelling, blue). Scale bar, 20 µm. (C) 
Quantification from images shown in (B) of the ATG9A-mCherry (wild-type or mutant) signal located in protrusions. Note that, as 
previously observed (Zhou et al, 2017) (Mattera et al, 2017), the ATG9A-mCherry Y8F mutant demonstrates altered trafficking and do 
not redistributes to cell protrusions following chemotactic stimulation. (D) Quantification from images shown in (B) of the β1 integrin 
signal located in protrusions. (E) Quantification from images shown in (B) of the TGN46 signal located in protrusions. Data represent 
means SEM (Empty vector, n = 122 cells; Wild-type ATG9A-mCherry vector, n = 124 cells; mutant ATG9A-mCherry Y8F vector, n = 122 
cells; from 2 independent experiments). Statistical significance was evaluated using a one-way ANOVA followed by Turkey post-hoc 
test. ***P < 0.001; ns, not statistically different.  
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Figure 9 – Campisi et al.
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Figure R9. ATG9A protein regulates adhesion dynamics. (A-D) ATG9A depletion reduces intrinsic adhesion dynamics. (A) 
Representative live-cell TIRF images of U87 MG cells expressing PXN-EGFP together with nontargeting siRNA (siCont) or siRNA 
targeting ATG9A (siATG9A #2). Image sequences show adhesion changes over a 40-min period. Right-hand panels: color scale 
output generated from the Focal Adhesion Analysis Server (FAAS), representing early (blue) to late (red) adhesions. Scale bar, 20 
µm. (B-D) FAAS output of the number of dynamic adhesions (B), assembling adhesions (C) and disassembling adhesions (D). Data 
represent means and SEM (siCont, n = 13 cells; siATG9A #2, n = 13 cells; from 5 independent experiments). (E) ATG9A depletion 
inhibits EGF-induced formation of adhesion complexes. U87 MG cells were transfected with nontargeting siRNA (siCont) or one of 
the two siRNAs targeting ATG9A (siATG9A #1, siATG9A #2). After starvation (1 h) in serum-free DMEM, cells were treated (1 h) with 
or without EGF (50 ng/mL), fixed and labelled with an anti-PXN antibody (green) and DAPI (nuclei, blue). The number of adhesion 
complexes was quantified for each cell. Data represent means and SEM (siCont, n = 309 cells; siATG9A #1, n = 301 cells; siATG9A 
#2, n = 288 cells; from 2 independent experiments). Scale bar, 20 µm. Statistical significance was evaluated using a Mann and 
Whitney test (B, C, D), or a one-way ANOVA followed by Sidak post-hoc test (E). **P < 0.01; ***P < 0.001; ns, not statistically 
different. 
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Figure 10 – Campisi et al.
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Figure R10. ATG9A-positive vesicles target adhesion sites. U87 MG cells expressing PXN-mCherry and ATG9A-pHluorin were 
recorded using live-cell TIRF microscopy. (A) Left: distribution of all observed ATG9A-pHluorin fusion events during the recording 
period (crosses), overlaid on the PXN-mCherry signal (red). Right: derived synthetic image depicting the ventral cell surface area 
(white), the PXN-positive adhesion complexes (orange, automated detection using ImageJ) and the ATG9A-pHluorin fusion events 
(crosses). Note the promiscuity between the adhesion complexes and the fusion events in the magnified view. Scale bar, 20 µm. 
(B) Left: map of randomly simulated fusion events (crosses), overlaid on the PXN-mCherry signal (red). Right: derived synthetic 
image depicting the ventral cell surface area (white), the PXN-positive adhesion complexes (orange) and the simulated fusion 
events (crosses). Scale bar, 20 µm. (C) Cumulative frequency charts, from the cell shown in (A) (cell #1) and two other representative 
cells (cell #2 and cell #3), demonstrating the difference in distance to focal adhesions (FA) between real ATG9A-pHluorin fusion 
events (black line) and simulated events (red line). (D) Quantification of the mean distance to the centroid of closest focal adhesion 
for real ATG9A-pHluorin events or simulated events (n = 8 cells, for a total number of 365 events). Statistical significance was 
evaluated using a Mann and Whitney test. ***P < 0.001. 
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Supplementary Figure S1. Efficiency of siRNA knockdown of ATG9A and its effect on autophagosome biogenesis

in U87 MG cells. (A) U87 MG cells were transfected with a nontargeting siRNA (siCont) or one of the two siRNAs

targeting ATG9A (siATG9A #1, siATG9A #2). Left: RT-qPCR analysis of ATG9A mRNA levels. Data show means ±

SEM (n=4). Right: Western blot analysis of ATG9A protein levels. The blot was cut and the upper and the lower

parts were probed with antibodies against ATG9A and β-actin, respectively. MM, molecular mass. (B) U87 MG

cells were transfected with nontargeting siRNA (siCont) or one of the two siRNAs targeting ATG9A (siATG9A #1,

siATG9A #2), together with a construct encoding the EGFP-LC3B protein (marker of autophagosomes).

Transfected cells were placed in serum-free medium for 6 h, in the presence or absence of chloroquine (CQ, 5x10-

5 M), as indicated. Cells were fixed and the number of autophagosomes (EGFP-LC3B fluorescent dots) per cell was

quantified. Data represent means ± SEM (siCont, n = 298 cells; siATG9A #1, n = 315 cells; siATG9A #2, n = 316

cells; from 2 independent experiments). Scale bar, 20 µm. Statistical significance was evaluated using a Mann and

Whitney test (A) or a one-way ANOVA followed by Sidak post-hoc test (B). *P < 0.05; ***P < 0.001.
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Supplementary Figure S1. Efficiency of siRNA knockdown of ATG9A and its effect on autophagosome biogenesis in U87 MG cells. (A) U87 
MG cells were transfected with a nontargeting siRNA (siCont) or one of the two siRNAs targeting ATG9A (siATG9A #1, siATG9A #2). Left: 
RT-qPCR analysis of ATG9A mRNA levels. Data show means ± SEM (n=4). Right: Western blot analysis of ATG9A protein levels. The blot was 
cut and the upper and the lower parts were probed with antibodies against ATG9A and β-actin, respectively. MM, molecular mass. (B) U87 
MG cells were transfected with nontargeting siRNA (siCont) or one of the two siRNAs targeting ATG9A (siATG9A #1, siATG9A #2), together 
with a construct encoding the EGFP-LC3B protein (marker of autophagosomes). Transfected cells were placed in serum-free medium for 

6 h, in the presence or absence of chloroquine (CQ, 5x10
-5 

M), as indicated. Cells were fixed and the number of autophagosomes (EGFP-
LC3B fluorescent dots) per cell was quantified. Data represent means ± SEM (siCont, n = 298 cells; siATG9A #1, n = 315 cells; siATG9A #2, 
n = 316 cells; from 2 independent experiments). Scale bar, 20 µm. Statistical significance was evaluated using a Mann and Whitney test 
(A) or a one-way ANOVA followed by Sidak post-hoc test (B). *P < 0.05; ***P < 0.001. 
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Supplementary Figure S2. Depletion of ATG9A protein impairs the formation of cell protrusions. (A)

Representative images from phase contrast time-lapse sequences acquired from U87 MG cells transfected with

nontargeting siRNA (siCont) or one of the two siRNAs targeting ATG9A (siATG9A #1, siATG9A #2). (B) Percentage

of the cell perimeter occupied by ruffling protrusions. Data represent means ± SEM (siCont, n = 105 cells;

siATG9A #1, n = 94 cells; siATG9A #2, n = 106 cells; from 3 independent experiments). Scale bar, 20 µm. Statistical

significance was evaluated using a one-way ANOVA followed by Turkey post-hoc test. ***P < 0.001.
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Supplementary Figure S2. Depletion of ATG9A protein impairs the formation of cell protrusions. (A) Representative images from phase 
contrast time-lapse sequences acquired from U87 MG cells transfected with nontargeting siRNA (siCont) or one of the two siRNAs 
targeting ATG9A (siATG9A #1, siATG9A #2). (B) Percentage of the cell perimeter occupied by ruffling protrusions. Data represent means 
± SEM (siCont, n = 105 cells; siATG9A #1, n = 94 cells; siATG9A #2, n = 106 cells; from 3 independent experiments). Scale bar, 20 µm. 
Statistical significance was evaluated using a one-way ANOVA followed by Turkey post-hoc test. ***P < 0.001. 
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Supplementary Figure S3. ATG9A static puncta colocalize with the endocytic marker clathrin. Upper:

Representative TIRF images, extracted from a time-lapse sequence, showing a U87 MG cell co-expressing ATG9A-

pHluorin (green) and clathrin-mCherry (red). Note on the magnified images that ATG9A-pHluorin puncta

frequently localize with clathrin (red arrowheads), suggesting that they likely represent ATG9A-pHluorin proteins

trapped in forming endocytic structures. Lower: line profile plot indicates the fluorescence intensity distribution

of green and red channels, through the white line shown in the magnified view of the merged image. Scale bar,

20 µm.

Supplementary Figure  S3 – Campisi et al.

Supplementary Figure S3. ATG9A static puncta colocalize with the endocytic marker clathrin. Upper: Representative TIRF images, extracted 
from a time-lapse sequence, showing a U87 MG cell co-expressing ATG9A-pHluorin (green) and clathrin-mCherry (red). Note on the magnified 
images that ATG9A-pHluorin puncta frequently localize with clathrin (red arrowheads), suggesting that they likely represent ATG9A-pHluorin 
proteins trapped in forming endocytic structures. Lower: line profile plot indicates the fluorescence intensity distribution of green and red 
channels, through the white line shown in the magnified view of the merged image. Scale bar, 20 µm.  
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***- EGF + EGF

Supplementary Figure S4. EGF stimulation increases the fusion activity of ATG9A vesicles in HeLa cells.

Representative HeLa cell with projections of all observed ATG9A-pHluorin fusion events, during 1-min time-lapse

TIRF recording, before (-EGF) and 2-min after (+EGF) treatment with EGF (50 ng/mL). Scale bar, 20 µm. Right:

quantification of the effect of EGF, as depicted on the left, on the number ATG9A-pHluorin fusion events (n = 28

cells; from 3 independent experiments). Statistical significance was evaluated using a Paired t-test. ***P < 0.001.
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Supplementary Figure  S4 – Campisi et al.

Supplementary Figure S4. EGF stimulation increases the fusion activity of ATG9A vesicles in HeLa cells. Representative HeLa cell with 
projections of all observed ATG9A-pHluorin fusion events, during 1-min time-lapse TIRF recording, before (-EGF) and 2-min after (+EGF) 
treatment with EGF (50 ng/mL). Scale bar, 20 µm. Right: quantification of the effect of EGF, as depicted on the left, on the number 
ATG9A-pHluorin fusion events (n = 28 cells; from 3 independent experiments). Statistical significance was evaluated using a Paired t-
test. ***P < 0.001.  
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Supplementary Figure S5. ATG9A protein regulates delivery of TGN46-positive post-Golgi carriers to cell protrusions. (A) Left: 
representative U87 MG cell expressing ATG9A-mCherry (red), co-labelled for TGN46 (green) and nuclei (DAPI labelling; blue). Scale 
bar, 20 µm. Right: magnified views of the cell presented on the left. Note that ATG9A co-localizes with TGN46 in typical TGN 
cisternae (upper panels) and at the cell membrane or vesicles close to the cell membrane (lower panels). (B-E) Chemotactic 
stimulation induces redistribution of TGN46 and ATG9A-mCherry toward the cell membrane. (B) U87 MG cells expressing ATG9A-
mCherry were starved (30 min) in serum-free medium and incubated (30 min) with or without EGF (50 ng/mL), as indicated. Cells 
were fixed and labelled for TGN46 (green) and nuclei (DAPI labelling, blue). Scale bar, 20 µm. (C) Quantification from images shown 
in (B) of the TGN46 and ATG9A-mCherry signals located in protrusions. For each cell, values correspond to the cumulated signal of 
all protrusions. (D) Quantification from images shown in (B) of the TGN46 and ATG9A-mCherry signals located in the perinuclear 
area. Data represent means ± SEM (- EGF, n = 68 cells; + EGF, n = 68 cells; from 2 independent experiments). (E) Cell-to-cell 
correlation between TGN46 and ATG9A-mCherry signals located in cell protrusions, in both untreated (black dots) and EGF-treated 
(red dots) cells. (F-H) EGF-induced redistribution of TGN46 to the cell protrusions depends on ATG9A. (F) U87 MG cells were 
transfected with nontargeting siRNA (siCont) or one of the two siRNA targeting ATG9A (siATG9A #1, siATG9A #2). Transfected cells 
were starved (30 min) in serum-free medium and incubated (30 min) with or without EGF (50 ng/mL), as indicated. Cells were fixed 
and labelled for TGN46 (green) and nuclei (DAPI labelling, blue). Scale bar, 20 µm. (G) Quantification from images shown in (F) of 
the TGN46 signal located in protrusions. (H) Quantification from images shown in (F) of the TGN46 signal located in the perinuclear 
area. Data represent means ± SEM (siCont, n = 204 cells; siATG9A #1, n = 200 cells; siATG9A #2, n = 192 cells; from 3 independent 
experiments). Statistical significance was evaluated using a Mann and Whitney test (C, D), or a one-way ANOVA followed by Turkey 
post-hoc test (G), or a one-way ANOVA followed by Sidak post-hoc test (H), **P < 0.01; ***P < 0.001; ns, not statistically different.   

siCont

-
E

G
F

+
 E

G
F

siATG9A #1 siATG9A #2

siCont
siATG9A #1
siATG9A #2

***
***

*** ns ns

- E
G

F

+ 
E
G

F

- E
G

F

+ 
E
G

F

- E
G

F

+ 
E
G

F

0

25

50

75

100

125

150

N
u

m
b

e
r 

o
f 

fo
c
a
l 
a
d

h
e
s
io

n

c
o

m
p

le
x
e
s
 p

e
r 

c
e
ll

 Supplementary Figure  S6 – Campisi et al.

Supplementary Figure S6. Depletion of ATG9A protein inhibits EGF-induced formation of adhesion complexes

in HeLa cells. HeLa cells were transfected with nontargeting siRNA (siCont) or one of the two siRNAs targeting

ATG9A (siATG9A #1, siATG9A #2). After starvation (1 h) in serum-free medium, cells were treated (1 h) with or

without EGF (50 ng/mL), fixed and labelled with an anti-PXN antibody (green) and nuclei (DAPI labelling, blue).

The number of adhesion complexes was quantified for each cell. Data represent means ± SEM (siCont, n = 254

cells; siATG9A #1, n = 256 cells; siATG9A #2, n = 251 cells; from 2 independent experiments). Scale bar, 20 µm.

Statistical significance was evaluated using a one-way ANOVA followed by Sidak post-hoc test. ***P < 0.001;

ns, not statistically different.

Supplementary Figure S6. Depletion of ATG9A protein inhibits EGF-induced formation of adhesion complexes in HeLa cells. HeLa cells 
were transfected with nontargeting siRNA (siCont) or one of the two siRNAs targeting ATG9A (siATG9A #1, siATG9A #2). After 
starvation (1 h) in serum-free medium, cells were treated (1 h) with or without EGF (50 ng/mL), fixed and labelled with an anti-PXN 
antibody (green) and nuclei (DAPI labelling, blue). The number of adhesion complexes was quantified for each cell. Data represent 
means ± SEM (siCont, n = 254 cells; siATG9A #1, n = 256 cells; siATG9A #2, n = 251 cells; from 2 independent experiments). Scale bar, 
20 µm. Statistical significance was evaluated using a one-way ANOVA followed by Sidak post-hoc test. ***P < 0.001; ns, not statistically 
different. 
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Supplementary Figure S7. ATG9A-positive vesicles target adhesion sites in HeLa cells. HeLa cells expressing PXN-mCherry and 
ATG9A-pHluorin were recorded using live-cell TIRF microscopy. (A) Left: distribution of all observed ATG9A-pHluorin fusion events 
during the recording period (crosses), overlaid on the PXN-mCherry signal (red). Right: derived synthetic image depicting the 
ventral cell surface area (white), the PXN-positive adhesion complexes (orange, automated detection using ImageJ) and the ATG9A-
pHluorin fusion events (crosses). Note the promiscuity between the adhesion complexes and the fusion events in the magnified 
view. Scale bar, 20 µm. (B) Left: map of randomly simulated fusion events (crosses), overlaid on the PXN-mCherry signal (red). 
Right: derived synthetic image depicting the ventral cell surface area (white), the PXN-positive adhesion complexes (orange) and 
the simulated fusion events (crosses). Scale bar, 20 µm. (C) Cumulative frequency charts, from the cells shown in (A) (cell #1 and 
cell #2) and one other representative cell (cell #3), demonstrating the difference in distance to focal adhesions (FA) between real 
ATG9A-pHluorin fusion events (black line) and simulated events (red line). (D) Quantification of the mean distance to the centroid 
of closest focal adhesion for real ATG9A-pHluorin events or simulated events (n = 8 cells, for a total number of 1297 events). 
Statistical significance was evaluated using a Mann and Whitney test. ***P < 0.001.   
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To access the online videos, click on the following link 

 
https://bit.ly/387qeKh 

 
Movie 1. Depletion of ATG9A protein impairs the formation of cell protrusions. Representative live-cell phase 
contrast images showing U87 MG cells transfected with nontargeting siRNA (siCont, left) or siRNA targeting 
ATG9A (siATG9A #1, right). Control cells develop large and stable protrusions, while ATG9A-depleted cells 
display smaller and unstable protrusions. Movies plays at 25 frames per second. Scale bar, 20 µm. 
 
Movie 2. ATG9A protein regulates adhesion dynamics. Representative live-cell TIRF images of U87 MG cells 
expressing PXN-EGFP together with nontargeting siRNA (siCont, left) or siRNA targeting ATG9A (siATG9A #2, 
right). Image sequences show adhesions changes over a 40-min period. Movies plays at 15 frames per second. 
Scale bar, 20 µm. 
 
Movie 3. “Spreading” ATG9A-pHluorin exocytotic events. Time-lapse TIRF images of U87 MG cells expressing 
ATG9A-pHluorin. Arrows indicate the rapid appearance of the pHluorin signal upon fusion pore opening 
followed by signal diffusion into the plasma membrane. Movies plays at 15 frames per second. Scale bar, 1 
µm. 
 
Movie 4. “Non-spreading” ATG9A-pHluorin exocytotic events. Time-lapse TIRF images of U87 MG cells 
expressing ATG9A-pHluorin. Arrows indicate the rapid appearance of the pHluorin signal upon fusion pore 
opening, followed by signal decay without diffusion into the plasma membrane. Movies plays at 15 frames per 
second. Scale bar, 1 µm. 
 
Movie 5. ATG9A-pHluorin signal appearance at the leading edge correlates with protrusive activity. Time-lapse 
TIRF images of a U87 MG cell expressing ATG9A-pHluorin. Movies plays at 15 frames per second. Scale bar, 20 
µm. 
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Part II: Interaction of ATG9A with the actin-binding protein profilin-1. 

Potential involvement in actin polymerization of the cell leading edge 
 

I. Introduction 

Recent reports have highlighted the autophagy-independent role of the Atg9 protein. One of these 

studies has shown that KO of Drosophila Atg9 induces severe locomotor problems in fruit flies and a 

malformation during midgut development (Wen et al., 2017). These resulting defects were due to a major 

disruption of the actin network caused by loss of Atg9. In fact, phalloidin staining of actin filaments in visceral 

muscles revealed a severe discontinuity of the layers surrounding the gut as well as enlarged cells and 

protrusions with abnormal apical membranes, unlike wild-type Atg9 fruit flies owning, instead, a tight and 

polarized intestinal epithelium monolayer. The authors pointed out that polarization in these cells is due to 

the simultaneous interaction of Atg9 with partners involved in apical cell polarity, such as Patj and TSC2. 

Without Atg9, these two factors fail to regulate these processes, inducing a disorganization of the cytoskeleton 

(Wen et al., 2017). Recently, another report has demonstrated a more direct involvement of Atg9 on actin 

cytoskeleton, pointing out that Drosophila Atg9 binds actin cables at the plasma membrane, and this is 

essential for cortical actin organization in nurse cells surrounding the oocyte (Kiss et al., 2020). Specifically, 

Atg9 loss leads to a severe alteration of the cortical actin network in the ovary cells and enhances filopodia 

formation in neurons (Kiss et al., 2020). This specific function does not depend on the autophagic activity of 

Atg9, since other Atg mutants did not shown such phenotype. From a mechanistic point of view, the authors 

of this study demonstrated that Drosophila Atg9 can interact with the actin NPFs Ena/VASP and profilin, and 

that Atg9 depletion alters the localization of these two regulators at the plasma membrane (Kiss et al., 2020). 

These studies propose an alternative role for Atg9, as a i) contributor of cell polarity and ii) a carrier of NPFs at 

the plasma membrane for the organization of actin network. As already described in paragraph 2.1.1., 

extensive literature has demonstrated that profilin-1, a major actin-monomer-binding protein, and the three 

Ena-related family members Mena, VASP and Evl play critical roles in F-actin elongation and lamellipodial 

architecture in vertebrates (Damiano-Guercio et al., 2020; Rotty, 2020; Skruber et al., 2020). This prompted 

us to investigate whether human ATG9A, similar to its Drosophila homolog, has the capacity to interact with 

Ena/VASP family members and/or profilin, and whether such interactions could regulate protrusion dynamics. 

II. Materials and Methods 

II.1. Reagents and chemicals 

Antibodies were as follow: rabbit monoclonal anti-profilin-1 (Abcam ab124904), mouse monoclonal 

anti-c-myc (Santa Cruz, sc-40), rabbit monoclonal anti-ATG9A (Abcam, Ab108338). Secondary antibodies used 

were Alexa Fluor 488-conjugated antibody against rabbit IgG (Invitrogen, A21206), Alexa Fluor 594-conjugated 

antibody against mouse IgG (Invitrogen, A21203). Other reagents in this study were recombinant human EGF 
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(Gibco, PHG0314), 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, D8417), rhodamine phalloidin (Fisher 

Scientific, R415), fibronectin (FN1, Sigma-Aldrich, F0895), normal donkey serum (Sigma-Aldrich, D9663), 

formaldehyde (Sigma-Aldrich, F8775), Dulbecco’s phosphate-buffered saline without salts (DPBS, Sigma-

Aldrich, D8537), triton X-100 (Fisher Scientific, T3751/08) and bovine serum albumin fraction V (BSA, Roche, 

10735108001). 

II.2. Test of protein-protein interactions in the yeast two-hybrid system 

II.2.1.  Yeast strains, culture media and co-transformation procedures 

Yeast-two-hybrid assays were performed using the Gal4-based Matchmaker system in the 

Saccharomyces cerevisiae AH109 yeast strain, containing Ade2, His3, LacZ and Mel1 reporter genes under the 

control of the activation sequence of the Gal4 transcription factor located upstream these genes. The AH109 

cells were grown and maintained on full YPDA (Takara, #630307) agar plates at 30 °C.  

II.2.2. Plasmids and site-directed mutagenesis 

All the following expression vectors used for Y2H assay were generated by GenScript. The expression 

vectors encoding the human Mena (clone ID: OHu15865), VASP (clone ID: OHu30167), Evl (clone ID: 

OHu29478) and profilin-1 (clone ID: OHu24169) were inserted into pGBKT7 vector, using the EcoRI/BamHI 

sites, so that the inserts are in frame with the DNA-binding domain (BD) of Gal4. These proteins have been 

used as “bait” since they are fused to Gal4-BD. The expression vectors encoding the cytosolic fragments 

(ATG9A1-66, ATG9A153-289 and ATG9A495-839) of the human ATG9A were inserted in the EcoRI/BamHI cloning sites 

of the pGADT7 vector, so that the sequences are in frame with the activating domain (AD) of Gal4. These 

protein fragments have been used as “prey” since they are fused to Gal4-AD. 

Site-directed mutagenesis of the wild-type ATG9A495-839 sequence to obtain the eight vectors encoding 

for different ATG9A495-839-mut (ATG9A495-839-mutP569A, ATG9A495-839-mutP633A, ATG9A495-839-mutP657A, 

ATG9A495-839-mutP767A, ATG9A495-839-mutP795A, ATG9A495-839-mutP820A, ATG9A495-839-mutP833A and 

ATG9A495-839-mutD503A; Figure. RR0) was performed by Genscript. 

II.2.3.  Yeast two-hybrid assay and co-transformation procedures 

Co-transformation of the yeast strain AH109 with pGBKT7-prey and pGADT7-bait vectors was 

performed using the “Quick and Easy Yeast Transformation Mix” (Takara, #631851) and according to the 

manufacturer's instructions (“Protocol-At-A-Glance”; Clontech). The co-transformants were then grown on 



Part II Results  

page 168 
 

double “dropped out” (DDO) agar plates lacking Leucine and Tryptophan (SD/-Trp/-Leu) at 30 °C for about five 

days. Interaction of fusion proteins was then evaluated by the activation of ADE2 and HIS3 reporter genes in 

a drop-test assay. For this purpose, three individual colonies from each co-transformation were suspended in 

doubled distilled water (ddH2O) and 20 µL of each suspension was dropped onto a quadruple “dropped out” 

(QDO) agar plate lacking Histidine, Adenine, Leucine and Tryptophan (SD/-Trp/-Leu/-His/-Ade) and grown at 

30 °C for five to seven days. Two controls were included for each Y2H assay: p53 (murine p53 protein, fused 

to the Gal4 DNA-BD) and T-antigen (SV40 large T-antigen, fused to Gal4-AD) are known to interact and used 

as a positive control; Lamin (human Lamin C, fused to the Gal4 DNA-BD) and T-antigen were used as a negative 

control. 
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Figure RR0. Schematic representation of the C-terminal domain of human ATGA and of the mutant forms 
produced by site-directed mutagenesis. 
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II.3. Plasmid constructs and short interfering RNAs (siRNAs) 

The expression vector encoding ATG9A-myc was obtained by inserting the sequence of human ATG9A 

(GenScript clone ID OHu04028C; GenBank, NM_001077198.2) into a pcDNA3.1(+)-C-myc plasmid, using XhoI 

and ApaI cloning sites; the myc epitope is located at the C-terminus of the ATG9A protein. The expression 

vector encoding C-terminal domain of ATG9A (named ATG9A495-839-DN) was obtained by inserting the codon-

optimized sequence of wild type ATG9A495-839 into a pcDNA3.1(+) plasmid. The expression vector encoding 

ATG9A-EGFP was obtained by inserting codon-optimized human ATG9A (Uniprot, Q7Z3C6) and EGFP 

(GenBank, U55761.1) sequences into a pcDNA3.1(+) plasmid. The EGFP sequence was fused in-frame into the 

first luminal domain of human ATG9A protein, between the amino acids Leu102 and His103. The expression 

vector encoding profilin-1-mCherry was obtained by inserting codon-optimized human profilin-1 (clone ID: 

OHu24169; NM_005022) and mCherry sequence into a pcDNA3.1(+) plasmid. The mCherry sequence was 

inserted between the amino acids Gln80 and Asp81 and flanked by two “SGSSGS” and “GGSLQ” linkers (from 

Nejedla et al. 2016). For ATG9A knockdown experiments, control (D-001810-03, 5’- 

UCAGAAAACAUGUAAACCA-3’), ATG9A #1 (J-014294-09, 5’-UUCUGCGUCUGCACGAUCC-3’) and ATG9A #2 (J-

014294-10, 5’-UUUCGGAAGAAGUCUAUAA-3’) siRNAs were purchased from Dharmacon Horizon Discovery. 

Cells were subject to 2 rounds of transfection in order to ensure adequate knockdown of the long-lived ATG9A 

protein. 

II.4. Cell cultures and transfections 

The glioblastoma multiform cell line U87 MG (WHO grade IV) was purchased from American Type 

Culture Collection (ATCC, HTB-14TM). These cells were routinely maintained in our laboratory according to the 

instructions from ATCC and cultured in DMEM (Gibco, 41965-039), supplemented with 10% fetal bovine serum 

(Dutscher, S181H-500), 1% of antibiotic-antimycotic solution (Sigma-Aldrich, A5955) and 1% of sodium 

pyruvate (Sigma-Aldrich, S8636). For all experiments, cells were placed in either serum-free DMEM, 

supplemented with 1% of antibiotic-antimycotic solution and 1% of sodium pyruvate or serum- and phenol 

red-free Leibovitz’s L-15 medium (Gibco, 21083027), supplemented with 1% D-Glucose (Sigma-Aldrich, 

G8644), 1% of antibiotic-antimycotic solution and 1% of sodium pyruvate. Transient transfections were 

performed using the Amaxa Cell Line Nucleofector Kit V (Lonza, VCA-1003) according to the manufacturer’s 

protocol, using the A-023 program for U87 MG. 

II.5. Immunocytochemistry and image analysis 

Cells were fixed with formaldehyde (4%, 10 min), permeabilized with Triton X-100 (0.05%, 5 min) and 

blocked for 1 h with a mixture of normal donkey serum (2%) and fetal bovine serum (10%) diluted in DPBS. 

Cells were incubated overnight with the adequate primary antibody at 4°C followed by incubation for 2 h at 

room temperature with the adequate secondary antibody. Cells were counterstained with DAPI (1 μg/mL, 10 

min) to label nuclei, and imaged using the Leica THUNDER Imager 3D Tissue. 



Part II Results  

page 170 
 

II.6. Live-cell imaging 

Transfected cells were seeded on FN1-coated 35-mm glass dishes (P35G-1.5-14-C, MatTek Corporation) 

for epifluorescence experiments. At 24 h post-transfection, epifluorescence live-cell imaging was performed 

in serum-free Leibovitz’s L-15 medium supplemented with 1% D-Glucose, 1% of antibiotic-antimycotic and 1% 

of sodium pyruvate. Epifluorescence images were acquired using a system that was built around a Leica 

DMI6000 B inverted microscope equipped with a × 63 oil objective with a numerical aperture of 1.46 (HCX PL 

APO, Leica), a Hamamatsu Orca-Flash 4.0 camera, and 488-nm and 561-nm lasers. During dual channel 

recording, 488-nm and 561-nm lasers were used consecutively for each image of the time series. Time interval 

for ATG9A-EGFP and profilin-1-mCherry dual channel experiment was of 30 sec (having a time delay of 1.5 

second between the two channels). 

III. Results 

III.1. ATG9A interacts with profilin-1 through its C-terminal domain 

Polymerization of actin filaments to form lamellipodia occurs through the cooperation of the NPFs 

Ena/VASP family proteins and profilin-1 at the plasma membrane where they localize (Applewhite et al., 2007; 

Hartwig et al., 1989). This specific localization is similar to what we saw in case of ATG9A, since it localizes and 

accumulates in F-actin-rich lamellipodia (Campisi et al., under revision). Results from Kiss and colleagues, 

showing a direct interaction between Drosophila Atg9 with Ena and profilin (Kiss et al., 2020), prompted us to 

determine whether mammalian ATG9A also interact with Mena, VASP, Evl and profilin-1. For this purpose, we 

carried out protein-protein interaction tests by using the yeast two-hybrid (Y2H) assay, with the AH109 

reporter strain. Since ATG9A is a multi-spanning membrane protein (Figure RR1A), AH109 yeast cells were co-

transformed with pGADT7 constructs encoding the cytosolic domains of human ATG9A (ATG9A1-66: N-terminal 

cytosolic domain encompassing amino-acids 1 to 66; ATG9A153-289: cytosolic domain encompassing amino-

acids 153 to 289; ATG9A495-839: C-terminal cytosolic domain encompassing amino-acids 495 to 839; Figure 

RR1A), together with pGBKT7 constructs encoding full-length Mena, VASP, Evl or profilin-1 proteins. The 

cytosolic domains of ATG9A of only a few amino acids long were not taken into account for a Y2H assay. Our 

drop-test experiments on yeast co-transformants indicated that activation of Ade2 and His3 reporter genes, 

allowing cells to grow on medium lacking adenine and histidine, was found in cells harboring both ATG9A495-

839 and profilin-1, or the positive control partners p53 and T-antigen (Figure RR1B). The expression of ATG9A495-

839 with Mena, VASP or Evl did not yield a positive result under identical conditions, and ATG9A1-66 and 

ATG9A153-289 did not display any interaction with the tested proteins, indicating that the interaction of 

ATG9A495-839 with profilin-1 is specific (Figure RR1B).  
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 Figure RR1. The C-terminal domain of ATG9A interacts with the actin regulator profilin-1. A| Scheme presenting the 

three cytosolic domains of human ATG9A used in the yeast two-hybrid assay (ATG9A1-66: N-terminal cytosolic domain 

encompassing amino-acids 1 to 66, green; ATG9A153-289: cytosolic domain encompassing amino-acids 153 to 289, blue; 

ATG9A495-839: C-terminal cytosolic domain encompassing amino-acids 495 to 839, red). B| AH109 yeast cells were co-

transformed with pGBKT7 vectors encoding Gal4 DNA-binding domain (Gal4-BD) fused in frame with full-length Mena, 

VASP, Evl or profilin-1 sequences, together with pGADT7 vectors encoding Gal4 activating domain (Gal4-AD) fused in 

frame with ATG9A1-66, ATG9A153-289 or ATG9A495-839 sequences. A positive control (p53 and T-antigen) and a negative 

control (Lamin and T-antigen) were included. Co-transformants were tested for activation of Ade2 and His3 reporter 

genes by plating triplicate drops on medium lacking adenine and histidine (SD/-Trp/-Leu/-His/-Ade). As a loading control, 

drops were plated in parallel on medium containing adenine and histidine (SD/-Trp/-Leu). C| AH109 yeast cells were co-

transformed with pGBKT7 vectors encoding Gal4 DNA-binding domain (Gal4-BD) fused in frame with full-length profilin-

1 sequence, together with pGADT7 vectors encoding Gal4 activating domain (Gal4-AD) fused in frame with either 

ATG9A495-839-WT or one of the vector encoding ATG9A495-839 mutated in proline-rich motifs (ATG9A495-839-mutP569A, 

ATG9A495-839-mutP633A, ATG9A495-839-mutP657A, ATG9A495-839-mutP767A, ATG9A495-839-mutP795A, ATG9A495-839-

mutP820A or ATG9A495-839-mutP833A). An additional form of mutated ATG9A was used ATG9A495-839-mutD503A. A 

positive control (p53 and T-antigen) and a negative control (Lamin and T-antigen) were included. Co-transformants were 

tested for activation of Ade2 and His3 reporter genes by plating triplicate drops at 10-fold decreasing concentrations 

compared to the previous one, on medium lacking adenine and histidine (SD/-Trp/-Leu/-His/-Ade). As a loading control, 

drops were plated in parallel on medium containing adenine and histidine (SD/-Trp/-Leu).  
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Figure 1. The C-terminal domain of ATG9A interacts with the actin regulator Profilin-1. A| Scheme presenting the three cytosolic

domains of human ATG9A used in the yeast two-hybrid assay (ATG9A1-66: N-terminal cytosolic domain encompassing amino-acids

1 to 66, green; ATG9A153-289: cytosolic domain encompassing amino-acids 153 to 289, blue; ATG9A495-839: C-terminal cytosolic

domain encompassing amino-acids 495 to 839, red). B| AH109 yeast cells were co-transformed with pGBKT7 vectors encoding

Gal4 DNA-binding domain (Gal4-DBD) fused in frame with full-length Mena, Vasp, Evl or Profilin-1 sequences, together with

pGADT7 vectors encoding Gal4 activating domain (Gal4-AD) fused in frame with ATG9A1-66, ATG9A153-289 or ATG9A495-839

sequences. A positive control (p53 and T-antigen) and a negative control (Lamin and T-antigen) were included. Co-transformants

were tested for activation of Ade2 and His3 reporter genes by plating triplicate drops on medium lacking adenine and histidine

(SD/-Trp/-Leu/-His/-Ade). As a loading control, drops were plated in parallel on medium containing adenine and histidine (SD/-

Trp/-Leu). C| AH109 yeast cells were co-transformed with pGBKT7 vectors encoding Gal4 DNA-binding domain (Gal4-DBD) fused

in frame with full-length Profilin-1 sequence, together with pGADT7 vectors encoding Gal4 activating domain (Gal4-AD) fused in

frame with either ATG9A495-839-WT or one of the vector encoding ATG9A495-839 mutated in proline-rich motifs (ATG9A495-839-

mutP569A, ATG9A495-839-mutP633A, ATG9A495-839-mutP657A, ATG9A495-839-mutP767A, ATG9A495-839-mutP795A, ATG9A495-839-

mutP820A or ATG9A495-839-mutP833A). An additional form of mutated ATG9A was used ATG9A495-839-mutD503A. A positive

control (p53 and T-antigen) and a negative control (Lamin and T-antigen) were included. Co-transformants were tested for

activation of Ade2 and His3 reporter genes by plating triplicate drops at 10-fold decreasing concentrations compared to the

previous one, on medium lacking adenine and histidine (SD/-Trp/-Leu/-His/-Ade). As a loading control, drops were plated in

parallel on medium containing adenine and histidine (SD/-Trp/-Leu).
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Most of the profilin-1 protein partners described in the literature have proline-rich regions in their 

sequence that are essential for this interaction (Krishnan & Moens, 2009). In accordance with this notion, we 

analyzed the amino acid sequence of the C-terminal tail of ATG9A, and identified several proline clusters, 

which may be responsible for profilin-1 binding. We thus induced the disruption of each of these clusters by 

directed mutagenesis, by exchanging the prolines within each cluster for alanines obtaining seven mutant 

forms of the C-terminal domain of ATG9A, i.e. ATG9A495-839-mutP (ATG9A495-839-mutP569A, ATG9A495-839-

mutP633A, ATG9A495-839-mutP657A, ATG9A495-839-mutP767A, ATG9A495-839-mutP795A, ATG9A495-839-mutP820A 

and ATG9A495-839-mutP833A; Figure RR1C and Figure RR0). An additional sequence at the beginning of the C-

terminal domain of ATG9A containing an aspartic acid at position 503 was also identified as a potential motif 

for profilin-1 binding, as it is a highly conserved region between Drosophila and vertebrate Atg9. This aspartic 

acid 503 was then exchanged for an alanine, obtaining an additional mutant, named ATG9A495-839-mutD503A 

(Figure RR1C). Drop-test experiments on yeast co-transformants revealed that cells expressing either 

ATG9A495-839-mutP569A, ATG9A495-839-mutP633A, ATG9A495-839-mutP795A or ATG9A495-839-mutP820A displayed 

a delayed growth on a medium lacking adenine and histidine, indicating that four proline clusters are involved 

in the interaction with profilin-1 (Figure RR1C). Surprisingly, AH109 cells harboring ATG9A495-839-mutD503A 

colonies grew faster on the selective medium, which may indicate a strengthened interaction between profilin-

1 and this specific mutant. In a first attempt to confirm the ATG9A-profilin-1 interaction observed in the Y2H 

system, we next performed a co-immunoprecipitation (Co-IP) assay by overexpressing recombinant ATG9A-

myc protein in U87 MG cells and by conjugating an anti-myc to the resin as bait for myc-ATG9A. Unfortunately, 

endogenous profilin-1 did not co-precipitate with ATG9A-myc (data not shown), suggesting that the 

interaction between profilin-1 and ATG9A might be transient.   

III.2. ATG9A colocalizes with and promotes proper localization of profilin-1 at the migration front 

Interaction between ATG9A and profilin-1 suggested that these proteins function together in the 

regulation of the actin cytoskeleton. Indeed, we found that recombinant ATG9A-myc and immunolabeled 

endogenous profilin-1 strongly colocalized at the leading edge of U87 MG cells (Figure RR2A). Furthermore, 

chemotactic stimulation induced by EGF increased colocalization (Pearson Coefficient) of the two proteins 

(Figure RR2A). This led us to evaluate whether ATG9A protein governs the distribution of profilin-1 at the cell 

periphery. We found that depletion of ATG9A protein levels using two independent siRNAs markedly reduced 

EGF-induced redistribution of profilin-1 toward the cell periphery (Figure RR2B). To further investigate 

whether ATG9A protein is critical for the delivery of profilin-1 at the cell periphery, we produced a vector 

encoding the wild-type C-terminal domain of ATG9A in U87 MG cells. We expected that this fragment, named 

ATG9A495-839-DN, could act as a dominant negative by interfering with the functional assembly of endogenous 

ATG9A protein with profilin-1. Profilin-1, sequestered by the dominant negative, would no longer be able to 

reach the plasma membrane, thus altering the formation of lamellipodia. As a control, U87 MG cells were 

transfected in parallel with an empty vector. As expected, chemotactic stimulation of control U87 MG cells 
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with EGF induced a marked increase of endogenous profilin-1 levels at the cell periphery, within F-actin-rich 

protrusions (Figure RR2C). Instead, overexpression of the ATG9A495-839-DN totally abolished the EGF-induced 

distribution of endogenous profilin-1 at the cell periphery, with a concomitantly reduction of F-actin-rich 

protrusions (Figure RR2C). Together, these results suggest that ATG9A protein, through its C-terminal domain, 

is critical for the transport of profilin-1 to the migration front.   

In order to examine whether ATG9A and profilin-1 appearance at the leading edge correlates with 

protrusive activity, we next used epifluorescence live-cell microscopy on U87 MG cells expressing both the 

ATG9A-EGFP and profilin-1-mCherry fusion proteins during the spontaneous formation of protrusions. We 

followed the formation of protrusions at low frame rate (one image every 30 sec) and we observed that newly 

formed protrusions were systematically marked by the appearance of both ATG9A-EGFP and profilin-1-

mCherry signals close to the leading edge. Notably, analyses of the movies using kymographs indicated that 

the ATG9A-EGFP and profilin-1-mCherry signals were sustained at the edges of expanding protrusions, but 

sharply decreased during protrusion collapse (Figure RR3). 

 

IV. Discussion 

Preliminary results obtained in this pilot study shed light on a new link between autophagy and cell 

migration. Experiments conducted on highly invasive glioblastoma multiforme cells, U87 MG, suggest that 

ATG9A and profilin-1 interact for the formation of lamellipodia. These in vitro results were sustained by our 

Y2H approach, showing that the C-terminal domain of ATG9A interacts with profilin-1, the latter as the best-

known protein able to bind monomeric G-actin. Moreover, we depleted ATG9A protein pools to test its 

functional impact on profilin-1 localization and found that, under these conditions, endogenous profilin-1 was 

not capable to localize in F-actin-rich protrusions following chemotactic stimulation. These data were 

supported by experiments done with the ATG9A495-839-DN fragment, whose overexpression in U87 MG cells 

also interfered with the proper localization of profilin-1 at the cell periphery. A recent paper revealed a non-

autophagic function of Drosophila Atg9 showing that its loss induces a severe alteration of the cortical actin 

network in nourishing cells surrounding the oocyte. Mechanistically, the authors found that Drosophila Atg9 

was capable to interact with the actin regulators Ena and profilin, and that its loss disrupts the normal 

localization of these two proteins at the plasma membrane (Kiss et al., 2020). They further found that mutation 

of the proline-rich motif “PPRPPAAP” located within the C-terminal domain of Atg9 strongly reduces its ability 

to bind profilin (Kiss et al., 2020). These data are particularly relevant to our work since i) we have already 

found that mammalian ATG9A is critical for the formation of F-actin-rich protrusions during directed migration 

(Campisi et al., under revision) and ii) profilin-1 is a key protein for the transport and release G-actin to the 

migration front, in order to fuel actin polymerization within protrusions (Damiano-Guercio et al., 2020; Rotty, 

2020; Skruber et al., 2020). Similar to Drosophila Atg9, we have also demonstrated, using the Y2H system that 



Part II Results  

page 174 
 

mammalian ATG9A interacts with profilin-1 through its cytosolic C-terminal domain. It should be noted that 

the PPRPPAAP motif located in the C-terminal domain of yeast Atg9 is not conserved in vertebrate 

homologues. 
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Figure RR2. ATG9A colocalizes with profilin-1 and governs its localization toward the leading edge.  A| U87 MG cells were 

transfected with ATG9A-myc. Cells were starved (30 min) in serum-free medium, treated (30 min) with or without EGF 

(50 ng/mL), fixed and labelled with an anti-myc antibody (red), endogenous profilin-1 (green) and DAPI (nuclei, blue). The 

association of ATG9A with profilin-1 was representatively shown with Colocalization Colormap tool, where normalized 

mean deviation product (nMDP) shows the correlation between intensities of corresponding pixels (values are ranging 

from -1 to 1). Negative nMDP values are represented by cold colors (segregation) while values above 0 are represented 

by hot colors (colocalization). Histogram shows Pearson’s coefficient between ATG9A and profilin-1 from cells 

represented above. Colocalization values were calculated on a 1.5 micrometers cellular portion from the plasma 

membrane inwards. Data represent means ± SEM (- EGF, n=13 cells; + EGF, n=13 cells; from 1 experiment). Scale bar, 20 

µm. B| (Left) U87 MG cells were transfected with nontargeting siRNA (siCont) or one of the two siRNA targeting ATG9A 

(siATG9A #1, siATG9A #2). Transfected cells were starved (30 min) in serum-free medium and incubated (30 min) with or 

without EGF (50 ng/mL), as indicated. Cells were fixed and labelled for endogenous profilin-1 (green) and nuclei (DAPI 

labelling, blue). Scale bar, 20 µm. (Right) Quantification from images shown in (Left) of the profilin-1 signal located in 

protrusions. Data represent means ± SEM (siCont, n = 59 cells; siATG9A #1, n = 48 cells; siATG9A #2, n = 65 cells; from 1 

experiment). C| (Upper) U87 MG cells were transfected with a vector encoding the cytosolic domain of ATG9A (ATG9A 

495-839
-DN) or an empty vector, as control. Transfected cells were starved (30 min) in serum-free medium and incubated 

(30 min) with or without EGF (50 ng/mL), as indicated. Cells were fixed and labelled for endogenous profilin-1 (green), F-

actin (red) and nuclei (DAPI labelling, blue). Scale bar, 20 µm. (Lower) Quantification from images shown in (Upper) of 

the profilin-1 and F-actin signals located in protrusions. Data represent means ± SEM (empty vector, n = 83 cells; ATG9A 

495-839
-DN, n = 91 cells; from 1 experiment).  

However, we demonstrated that mutation of proline residues within four proline clusters of human 

ATG9A (xPPx, xPPxP, xPxxPx and xPxPxPx, see Figure RR0) significantly reduced the growth of AH109 cells in 

our drop-test experiments. Although the three-dimensional structure of the human ATG9A C-terminal domain 

is still not available, we can speculate that several proline clusters may interact together in order to form of 

recruitment platform for profilin-1. An additional way to confirm that the interaction between ATG9A and 

profilin-1 occurs via poly-proline motifs is to generate a poly-proline binding defective mutant form of profilin-

1 (Kiss et al., 2020). In fact, Tryptophan in position 3 of human profilin-1 has been shown to be essential for 

the binding proline-rich domains (Lambrechts et al., 2002), and replacing this amino acid to an Alanine not 

only eliminated the interaction between Drosophila profilin and Ena, but also that between profilin and the C-

terminal domain of Atg9 (Kiss et al., 2020).  

The interaction between ATG9A and profilin-1 needs to be confirmed by another method, beside the 

Y2H assay. Our first attempts, using co-IP, did not yield a positive result, suggesting that the ATG9A:profilin-1 

complex formation might be transient and may not resist to the successive washing steps of the co-IP protocol. 

We therefore envisage to evaluate this interaction in living cells, by the use of the Biomolecular Fluorescence 

Complementation (BiFC) technique (Kodama & Hu, 2012). This technique is based on the expression, in the 

same cell, of N- and C-terminal portions of a fluorescent protein, fused to the sequences of the potential 

protein partners of interest. If an interaction between the two proteins of interest indeed occurs, the N- and 

C-terminal portions of the fluorescent protein will come close from each other and will finally reconstitute a 

functional protein emitting a visible BiFC signal. The BiFC protocol based on the fluorescent protein Venus 

being largely described in the literature (Kodama & Hu, 2012), we will induce the expression of ATG9A and 
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profilin-1 fused to the N- and C-terminal domains of Venus, respectively. The BiFC signal, generated under 

control conditions or following chemotactic stimulation, will then be monitored using time-lapse microscopy. 
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Figure RR3. ATG9A-EGFP and profilin-1-mCherry signals colocalize and correlate with protrusive activity. A| Time-lapse 

epifluorescence images of a spontaneous large protrusion from a U87 MG cell expressing both ATG9A-EGFP and profilin-

1-mCherry. The development of protrusions over time correlates with the appearance of a marked EGFP and mCherry 

signals at the leading edge. Some images show numerous ATG9A-EGFP positive vesicles (arrow) appearing concomitantly 

of profilin-1-mCherry signal (arrow). B| (Left) Epifluorescence images extracted from the time-lapse sequence shown in 

A| of a protrusion from a U87 MG cell, expressing both ATG9A-EGFP and profilin-1-mCherry, marked with ATG9A-EGFP 

signal. Scale bar, 20 µm. (Right) The kymograph was generated from a one-pixel wide line drawn in the left image. The 

scale bars in the kymograph are 4 µm (horizontal) and 20 min (vertical), respectively. A clear ATG9A-EGFP signal was 

observed near the cell edge during the formation of the protrusion (arrow). The signal sharply decreased during 

protrusion collapse. C| (Left) Epifluorescence images extracted from the time-lapse sequence shown in A| of a protrusion 

from a U87 MG cell, expressing both ATG9A-EGFP and profilin-1-mCherry, marked with profilin-1-mCherry signal. Scale 

bar, 20 µm. (Right) The kymograph was generated as indicated above. The scale bars in the kymograph are 4 µm 

(horizontal) and 20 min (vertical), respectively. A clear profilin-1-mCherry signal was observed near the cell edge during 

the formation of protrusions (arrow).  

 

What is the functional role of the ATG9A-profilin-1 interaction? A recent report has supported the idea 

that ATG9A may work as a “trafficking shuttle” for different cargo proteins. In fact, it has been shown that 

ATG9A controls Golgi-to-lysosome trafficking of hydrolases by interacting with AP-1 (Jia et al., 2017). This 

report was important to us since our results, presented in the first chapter of this manuscript (Campisi et al., 

under revision), have shown that ATG9A-containing vesicles govern anterograde trafficking of β1 integrin, in 

order to stabilize and anchor the lamellipodium to the ECM (Campisi et al., under revision). In this view, the 

function of ATG9A in the anterograde transport of various cargoes may also involve profilin-1. In support of 

this hypothesis, we have already demonstrated that ATG9A knockdown or overexpression of the C-terminal 

fragment of ATG9A abrogated the accumulation of profilin-1 at the cell periphery following chemotactic 

stimulation. At this point, data obtained following overexpression of ATG9A495-839 have however to be 

interpreted with caution, since this large region of ATG9A may likely interact with other proteins than profilin-

1. A more detailed analysis of the structural determinants involved in ATG9A:profilin-1 complex formation 

needs to be done in order to design small and specific interfering peptides. 

From a mechanistic point of view, it is now important to understand how the dynamics of interaction 

between profilin-1, G-actin and ATG9A take place. Structurally, profilin-1 can bind proline-rich motifs via its N-

terminal domain and G-actin via its C-terminal domain (Pimm et al., 2020), supporting the idea that interaction 

of ATG9A with profilin-1 does not preclude the association of profilin-1 with G-actin. If so, ATG9A-positive 

vesicles may participate to the delivery of a ATG9A:profilin-1:G-actin ternary complex toward the leading edge. 

From here, profilin-1:G-actin may dissociate from ATG9A in order to be loaded on Ena/VASP proteins, thereby 

enhancing processivity of F-actin polymerization in the lamellipodium. Several experiments need to be done 

in order to validate this model, still very speculative. For example, it will be important to test the impact of 

ATG9A knockdown on the transport of monomeric G-actin from the perinuclear area to the leading edge, by 

the use of a construct encoding photoactivable GFP fused to actin, as previously described (Vitriol et al., 2015). 
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In this framework, the use of small peptides specifically interfering with the ATG9A:profilin-1 interaction will 

also give valuable data. 

The recent report of Jia and colleagues (Jia et al., 2017) together with data presented in the “Part I – 

Results” section of this manuscript led us to speculate that ATG9A protein could be an intrinsic regulator of 

vesicle biogenesis from the secretory pathway. Interestingly, a previous study has demonstrated that profilin-

1 co-localized with Golgi markers and was required for the formation of constitutive transport vesicles at the 

TGN network (Dong et al., 2000). Moreover, it has been reported that short actin filaments are found in close 

proximity of the Golgi apparatus, and that the actin cytoskeleton contributes to the budding of vesicles from 

the TGN (Carreno et al., 2004). It can therefore be envisaged that the ATG9A:profilin-1 interaction may tightly 

control actin polymerization at TGN subdomains, for efficient vesicle budding. Experiments based on ATG9A 

knockdown or the use of small interfering peptides will also help to test this hypothesis. 
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GENERAL DISCUSSION AND PERSPECTIVES 

The results obtained during this study revealed a direct link between the core autophagy protein ATG9A, 

a well-known actor involved in the autophagy machinery, and directional cell migration. The experiments 

carried out on different cell lines, but mainly in highly invasive U87 MG glioblastoma cells, revealed that the 

ATG9A protein is critical for the formation of protrusions and their stability. In fact, siRNA-induced 

downregulation of ATG9A protein strongly reduced or completely abolished chemotactic movements induced 

by several stimuli, i.e. EGF and CXCL12. Furthermore, cells in which ATG9A expression was repressed were not 

capable of forming large and polarized F-actin rich protrusions, recognized as essential structures driving 

chemotactic cell migration. The design of an ATG9A-pHluorin construct, encoding the ATG9A protein fused 

with a pH-sensitive GFP variant, allowed us to demonstrate that ATG9A-containing vesicles displayed 

exocytosis toward the leading edge, thus participating to the local delivery of β1 integrin required for adhesion 

formation and/or maturation.  

14. Role of ATG9A in “Golgi-to-plasma membrane” trafficking during cell migration 

Several studies indicate that ATG9A-containing vesicles are formed at the TGN and cycle between the  

TGN, endosomes and the plasma membrane (Orsi et al., 2012; Reggiori et al., 2005). After autophagy 

induction, ATG9A protein displays reduced localization at the TGN, and its targeting to the phagophore is 

supposed to deliver lipids and/or specific proteins for its expansion. We have shown that ATG9A protein 

strongly colocalized with the TGN46 marker at the TGN or in cell protrusions, at the plasma membrane or in 

small vesicles located beneath the plasma membrane. This suggests that ATG9A-positive vesicles emanating 

from the TGN can, in addition of being targeted to the phagophore, also be transported toward the cell 

periphery to support chemotactic migration. 

The Golgi apparatus was shown to be essential in cell migration about three decades ago (Kupfer et al., 

1983), and its orientation seems to be critical in this process. In fact, wound-healing experiments have 

demonstrated that cells far from the wound exhibited a random orientation of the Golgi relative to the nucleus. 

In contract, cells located close the wound edge and capable to migrate toward the surrounding space exhibited 

the Golgi apparatus facing the leading edge (Kupfer et al., 1983). Orientation of the Golgi apparatus to the 

leading edge was coupled to the movement of the centrosome, which is the platform where microtubules are 

generated and where vesicular trafficking toward the cell periphery occurs (Bisel et al., 2008; Hao et al., 2020). 

Another study has also shown that disruption of the Golgi apparatus architecture, via knockdown of the golgin-

160 protein, strongly inhibited cell migration (Yadav et al., 2009). Despite this recognized role of the Golgi 

apparatus in cell migration, only few reports have evaluated polarized exocytosis of post-Golgi carriers at the 

single vesicle level, by using live-cell TIRF microscopy. This includes data from Schmoranzer and colleagues, 

showing that exocytosis of post-Golgi vesicles, loaded with low-density lipoprotein receptor-GFP, was 
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polarized toward the leading edge of migrating fibroblast (Schmoranzer, 2003). In polarized astrocytes, post-

Golgi vesicles exhibited exocytosis toward the leading edge whereas, in non-polarized cells, exocytotic events 

appeared uniformly distributed (Letinic et al., 2009). In agreement with these observations, our live-cell TIRF 

experiments have shown that most of ATG9A-pHluorin events were clustered near the leading edge of 

polarized U87 MG cells, in non-polarized cells, while these fusion events did not show any obvious clustering 

and were uniformly distributed over the plasma membrane. Moreover, U87 MG cells were characterized by a 

high percentage of full spreading events, in which ATG9A-pHluorin proteins are totally dispersed over the 

plasma membrane. In contrast, HeLa cells mostly displayed non-spreading events, likely representing kiss-and-

run events, where vesicles do not fuse with the plasma membrane but are recycled back. This raises the 

possibility that, in addition to the delivery of specific cargoes, U87 MG cells may need a more consistent 

reservoir of lipids in order to build and develop large lamellipodia. In this view, full spreading events may 

primarily deliver bulk lipids in these cells. HeLa cells do not develop such large lamellipodia and non-spreading 

events may be mainly useful for the delivery of specific cargo proteins rather than bulk lipids.  

We found that siRNA knockdown of ATG9A markedly reduced peripheral localization of both TGN46 and 

β1 integrin following chemotactic stimulation, suggesting that ATG9A protein is a general regulator of the 

“Golgi-to plasma membrane” trafficking. On way to address this point would be to use a method based on the 

expression of a temperature-sensitive mutant of the viral glycoprotein VSVG, the VSVGts045. The mutated 

protein, retained in the endoplasmic reticulum at a “restrictive” temperature (40 °C), can again circulate 

toward the plasma membrane, through the Golgi apparatus, at a “permissive” temperature (32 °C) (Presley et 

al., 1997). U87 MG cells, depleted or not of endogenous ATG9A, could then be transfected by a construct 

encoding VSVGts045 fused to eGFP and then maintained at a restrictive temperature. After transfer to the 

permissive temperature, we will evaluate the transport efficiency of the VSVGts045-eGFP from the ER to the 

Golgi, and from the Golgi to the plasma membrane, under basal conditions or following chemotactic 

stimulation. 

The specific role of ATG9A in the polarized transport of β1 integrin from the Golgi toward the migration 

front could be assessed using the retention using selective hooks (RUSH) system. The RUSH system is based on 

the reversible interaction between two proteins (Zhao et al., 2018), i.e. i) the hook, which consists in a 

streptavidin molecule fused to a resident protein of a specific cellular compartment and ii) the protein of 

interest fused to a streptavidin-binding peptide (SBP). In normal conditions, the protein of interest fused to 

SBP interacts with streptavidin, resulting in its retention into the specific compartment. Upon addition of 

biotin, which binds to streptavidin with high affinity, the protein of interest is released from the hook, allowing 

its synchronized re-trafficking within the cell. In our model, expression of the Golgi-resident protein GM130 

fused with streptavidin could be used to “hook” an ATG9A-SBP fusion protein within the Golgi apparatus. The 

impact of retention of ATG9A-SBP within the Golgi, and of its release following addition of biotin, will then be 
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tested on relevant parameters including β1 integrin trafficking, lamellipodia dynamics and directed cell 

migration.    

15. ATG9A protein: a master regulator of vesicle biogenesis from the TGN? 

15.1. Interaction of ATG9A with the AP complexes 

A recent report demonstrated that ATG9A was required for the post-Golgi transport and maturation of 

lysosomal hydrolases, such as cathepsin D and L (Jia et al., 2017). This work was the first to point out a wider 

and non-canonical function of ATG9A, that has been proposed to function as a general regulator of vesicular 

trafficking. Mechanistically, Jia and colleagues found ATG9A-AP-1 interaction facilitated AP-1 association with 

the cathepsin receptor CIMPR, resulting in the polymerization of AP-1 and vesicle budding. Our results have 

demonstrated that the N-terminal AP-binding site of ATG9A was critical for the delivery of β1 integrin at the 

cell front. In fact, we have demonstrated that, in ATG9A-depleted cells, overexpression of wild-type 

recombinant ATG9A-mCherry efficiently rescued EGF-induced delivery of β1 integrin to the leading edge. At 

the contrary, a mutant ATG9A-mCherry, in which Tyrosine 8 residue of the AP-binding site was replaced by a 

Phenylalanine (Zhou et al., 2017), did not have the ability to rescue the relocalization of β1 integrin toward the 

periphery. This result could be due to the fact that ATG9A can no longer interact with one of the two Golgi-

localized AP complexes, i.e. AP-1 (Jia et al., 2017) or AP-4 (Ivankovic et al., 2020; Mattera et al., 2017). The use 

of siRNAs targeting subunits of AP-1 or AP-4 complexes, and evaluation of their effects on the exocytotic 

activity of ATG9A-positive vesicles at the migration front may help to answer this question.  

To further understand the functional impact of the ATG9A-AP interaction, we will also try to acutely 

block it by the use of cell-penetrating interfering peptides. These peptides will be generated by the fusion of 

the AP-sorting sequence of ATG9A together with the well described cell penetrating peptide TAT (“NH2-

YGRKKRRQRRR-COOH”; (Brooks et al., 2005)). Following addition of the fusion peptide in the culture medium, 

we will evaluate its ability to interfere with ATG9A-pHluorin exocytotic events, lamellipodial formation and 

adhesion dynamics.     

15.2. Interaction of ATG9A with the PI4KIIIβ 

In addition to AP-1, it was found that ATG9A interacts with PI4KIIIβ, a PI4P-producing enzyme that is 

required for the budding of ATG9A-containing vesicles from the Golgi during autophagy induction (Judith et 

al., 2019). Interestingly, Golgi-localized PI4KIIIβ and PI4P, well-known regulators of membrane dynamics, have 

also been recognized as essential components of cell adhesion and migration (Bilodeau et al., 2020; Tokuda et 

al., 2014). Loss of the PI4KIIIβ pool strongly decreased cell migration and perturbed cell morphology, as well 

as adhesion dynamics (Bilodeau et al., 2020). Functional studies established that PI4P produced at trans-Golgi 

microdomains triggers the recruitment of Golgi phosphoprotein 3 (GOLPH3) protein which, first, induces 

reorientation of the Golgi toward the leading edge and, second, the local curvature of the trans-Golgi 

membrane promoting the biogenesis of carriers and their transport to the leading edge (Buschman et al., 
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2015; Rahajeng et al., 2019; Xing et al., 2016). Collectively, these data support a working model in which 

ATG9A, PI4KIIIβ and GOLPH3 may have complementary roles in the budding of pro-migratory vesicles, 

incorporating β1 integrins, from the trans-Golgi. In order to give strength to this model, we will evaluate the 

impact of ATG9A knockdown on the accumulation of PI4P and recruitment of GOLPH3 at trans-Golgi 

subdomains (Figure 42). 

 

 

Fig. 42 : ATG9A trafficking via BAR-domain proteins
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It is important to take into account that GOLPH3 also plays a positive role in the regulation of autophagy. 

Few reports have demonstrated that depletion of GOLPH3 led to suppression of LC3B lipidation and thus 

autophagy inhibition. At the contrary, GOLPH3 overexpression increased LC3B lipidation and then autophagy 

induction (Li et al., 2016; Wang et al., 2021; Wang et al., 2019). Although the mechanistic involvement of 

GOLPH3 in autophagy has not been elucidated, it has been shown that GOLPH3 interacts with LC3 in different 

cell lines (Lu et al., 2020). It is then tempting to speculate that cooperation between ATG9A, PI4KIIIβ and 

GOLPH3 proteins may also apply for the budding of autophagic vesicles targeted to the phagophore (Figure 

42). In this framework, it will be very interesting to decipher the specific mechanisms, engaged during 

autophagy induction or chemotactic stimulation, that may orient the trafficking of post-Golgi carriers toward 

the phagophore or the migration front.   

15.3. Trafficking of ATG9A-positive vesicles toward the migration front: role of 

microtubules   

Early studies have demonstrated a role for the cytoskeleton in different aspects of autophagy, especially 

microtubule and actin systems. For example, as described in paragraph 8.3, autophagosomes are transported 

along the plus-end of microtubules through an interaction between LC3 and the kinesin molecular motor, via 

FYCO1 and Rab7 proteins, while transport toward the minus-end of microtubules is regulated by dynactin and 

dynein proteins (Jordens et al., 2001; Pankiv et al., 2010; Wijdeven et al., 2016). More specifically related to 

our work, data from Davies and colleagues have demonstrated that RUSC2 protein facilitates the transport of 

ATG9A vesicles onto microtubules from the trans-Golgi to the cell periphery during autophagy initiation 

(Davies et al., 2018). They have shown that RUSC2 and ATG9A colocalize and co-precipitate, and that 

treatment with nocodazole prevented their peripheral localization, providing the possible mechanism by 

which these vesicles reach the plasma membrane (Davies et al., 2018). 

Golgi-associated microtubules, as a special subgroup of microtubules, have been found to serve as fast 

tracks that support anterograde trafficking of post-Golgi cargoes to the leading edge (Hao et al., 2020). It has 

been shown that the speed of vesicles along Golgi-associated microtubules was approximately 400 nm/s (fast 

tracks), compared to 200 nm/s (slow tracks) for non-Golgi-associated microtubules (Hao et al., 2020). This 

difference relies on the fact that Golgi-associated microtubules have no intersections and directly connect the 

Golgi apparatus with the migration front. The non-Golgi-associated microtubules, instead, have several 

intersections and cover shorter distances (Hao et al., 2020). In fact, we have examined the dynamics of ATG9A-

Figure 42. Model of ATG9A-, PI4KIIIβ- and GOLPH3-mediated biogenesis of vesicles from the TGN network. Interaction 

of ATG9A with PI4KIIIβ at TGN subdomains induces the production of PI4P and GOLPH3 recruitment ( ). GOLPH3 

polarizes the Golgi apparatus in front the nucleus and facing the leading edge ( ) and, by inserting a hydrophobic β-

loop into the bilayer, also induces curvature of the Golgi membrane ( ). Budding of vesicles, containing ATG9A, could 
be facilitated by other I-BAR proteins (not shown) and dynamin 2. Efficient Golgi-to-plasma membrane trafficking of 

ATG9A-containing vesicles may be operated by Golgi-associated fast-track microtubules ( ). ATG9A-containing vesicles 
may also be targeted to the phagophore via interaction between GOLPH3 and myosin 18A, which interacts with F-actin 

( ). 
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positive vesicles, by using live-cell TIRF microscopy on cells expressing the ATG9A-mCherry fusion protein (De 

Pace et al., 2018). We have found that most of the motile ATG9A vesicles (≃ 80%) displayed an anterograde 

movement from the perinuclear region toward the leading edge of polarized U87 MG cells. Although we did 

not estimate the trafficking speed of these vesicles, we have noticed that a very high acquisition frequency 

(one image every 500 millisec) was necessary to efficiently track them. These preliminary observations suggest 

that ATG9A-containing vesicles preferentially use Golgi-associated microtubules for their anterograde 

trafficking.  

What is the mechanism allowing microtubules to reach the leading edge? It has been shown that 

microtubules plus-ends explore the cytoplasmic area in search of cortical targets, where they can finally be 

stabilized. For this purpose, microtubules plus-ends interact with membrane-associated proteins, such as 

microtubule-actin cross linking factor 1 (MACF1) or the IQ-motif containing Ras GTPase-activating-like protein 

(IQGAP), via cytoplasmic linkers which bind the microtubule tip and induce their plasma membrane “capture” 

(Margaron et al., 2013; Noordstra & Akhmanova, 2017; Zaoui et al., 2010). This mechanism has been 

demonstrated to be critical for stabilization of cell protrusions. In fact, the cytoskeleton regulator MACF1 can 

be recruited at the leading edge in order to capture microtubules from the perinuclear region to the plasma 

membrane, to form tracks on which cargos are transported (Margaron et al., 2013). Interestingly, MACF1 can 

also bind ELMO1 and dock180 proteins, which have been shown to have GEF activity for Rac1 in glioma and 

promote cell invasion (Afghani et al., 2017; Jarzynka et al., 2007). Moreover, CXCR4 activation by its ligand, 

CXCL12, has been reported to induce association of the receptor with ELMO1 and dock180, thus stimulating 

Rac1 activation at the leading edge (Li et al., 2013). Collectively, these data suggest a possible mechanism by 

which anterograde transport of ATG9A vesicles from the perinuclear region toward the leading edge could be 

governed by MACF1-dependent capture of microtubules, via dynamic association of MACF1 with the 

ELMO1:dock180:CXCR4 complex.  

The IQGAP protein also represents a strong candidate that may participate to the delivery/docking of 

ATG9A-positive vesicles at the migration front. IQGAP, an effector of Rac1 and Cdc42, is a well-characterized 

cortical scaffold involved in microtubule capture at the plasma membrane during cell migration (Fukata et al., 

2002). Interestingly, Claude-Taupin and colleagues have recently demonstrated the involvement of IQGAP in 

a non-autophagic function of ATG9A protein. They have indeed shown that ATG9A protects the plasma 

membrane from damage, and this function is accomplished in concert with IQGAP1 protein and components 

of the ESCRT system (Claude-Taupin et al., 2021). Mechanistically, the authors found that a direct interaction 

between IQGAP1 and ATG9A and demonstrated that depletion of IQGAP1 prevented ATG9A translocation to 

the plasma membrane injury site. In the context of our work, we can speculate that chemotactic stimulation 

may first induce the recruitment of IQGAP1 at the migration front, where it could promote the capture of 

Golgi-associated microtubules. Following anterograde movement of ATG9-positive vesicles along 
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microtubules, a specific interaction between IQGAP1 and ATG9A could ultimately facilitate the docking of the 

vesicles with the plasma membrane, thereby allowing exocytosis. 

To better understand the mechanisms underlying the trafficking of ATG9A-positive vesicles to the 

leading edge, we will first perform pharmacological studies using nocodazole, a microtubule-destabilizing 

agent. We will then evaluate the impact of nocodazole on protrusion dynamics, as well as on the anterograde 

movement and the exocytosis of ATG9A-positive vesicles. The same parameters will be evaluated in a more 

detailed approach, by the use of interfering RNAs targeting the proteins detailed above, i.e. RUSC2, MACF1 

and IQGAP1. 

16. ATG9A and cancer cell invasion 

The work done during this thesis focused on the intracellular mechanisms by which ATG9A regulates 

chemotactic migration in different cell lines, including highly invasive glioblastoma cells. Data obtained from 

this in vitro study may help to provide the basis for understanding how ATG9A participates in tumor invasion, 

in vivo. 

Few recent reports have shown the role of ATG9A in cancer cell migration and invasion and one of these 

comes from Claude-Taupin and colleagues. They have shown that ATG9A is overexpressed in tissues from 

triple negative breast cancer, and that its loss or downregulation in the MDA-MB-231 breast cancer cell line 

induced inhibition of cancer cell migration and proliferation (Claude-Taupin et al., 2018). Another report 

described that ATG9A expression was highly induced by hypoxia in several glioblastoma cell lines, and that its 

depletion led to a decreased in vitro proliferation and delayed in vivo tumor growth (Rahim et al., 2017). The 

latest work concerns, instead, the role of ATG9B in promoting colorectal cancer invasion and metastasis, in 

both in vitro and in vivo, respectively. Zhong and colleagues have indeed shown that, during colorectal cancer 

cell migration, ATG9B transports β1 integrin to the cell edge and promotes focal adhesions assembly by 

mediating an interaction between endocytosed β1 integrin and talin 1, essential for adhesion formation 

(Zhong et al., 2021). Depletion of ATG9B affected β1 integrin and talin 1 interaction and reduced focal adhesion 

assembly. Although they looked at ATG9B, instead of ATG9A, this study appears, surprisingly, very 

complementary to ours. In fact, we have shown that depletion of ATG9A totally blocked the transport of β1 

integrin toward the leading edge (Campisi et al., under revision). An important difference between Zhong's 

work and ours is that they did focus on vesicular trafficking and did not define where the ATG9B protein comes 

from. To date, the specific functions of the two orthologues of ATG9, ATG9A and ATG9B, has not been 

identified yet. Recent studies have reported that ATG9B is expressed in some cancers, such as cervical cancer, 

renal cancer and hepatocellular carcinoma (Ma et al., 2017; Tingting et al., 2019; Wang et al., 2017). Whereas, 

ATG9A appeared to be more expressed in breast cancer and glioblastoma (Rahim et al., 2017; Claude-Taupin 

et al., 2018).  
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Based on our data, several strategies could be implemented in order to evaluate the role of ATG9A during 

cancer cell invasion. We could first envisaged to use cell penetrating peptides (CPP) that have been shown to 

be very promising in the development of cancer treatments (Shin et al., 2014; Xie et al., 2020). These CPPs are 

fused to “interfering” peptide sequences, capable of blocking specific protein-protein interactions in solid 

tumors. By way of example, intraperitoneal administration of the TAT peptide fused to a specific domain of 

the connexin 43 protein, capable of interfering with the interaction between connexin 43 and the c-Src proto-

oncogene, has revealed to reduce the invasiveness of GL261 glioma cells injected into the mouse brain (Jaraíz-

Rodríguez et al., 2020). Based on these studies, we will generate and test, in vivo, the effects of chimeric “TAT-

ATG9A” peptides, hoping to block the interaction of ATG9A with its different protein partners, such as subunits 

of the AP complexes, PI4KIIIβ, profilin-1, GOLPH3 or β1 integrin. We will use a microsurgical resection 

xenograft model of glioblastoma (U87 MG-GFP and 42 MG-GFP) in the striatum of nude mice, a technique 

already widely used in our team. We will then evaluate the invasive ability of glioblastoma cells located in the 

resection border, by administrating a hyaluronic acid-based hydrogel containing or not the TAT-ATG9A 

chimeric peptide. In order to assess the ability of the TAT-ATG9A fusion peptides to cross the blood-brain 

barrier, we will also inject them intraperitoneally, as previously described (Jaraíz-Rodríguez et al., 2020). As 

bias of this strategy is that TAT-ATG9A peptides should enter the cytoplasm of all cells, both cancerous and 

healthy, interfering with basal levels of autophagy and thus leading to the occurrence of side effects. In order 

to specifically target glioblastoma cells, we will then produce and test ATG9A fusion peptides including 

synthetic CPPs isolated, from a screen, on their high tropism for human glioblastoma cells (data coming from 

the team and from COPOC Inserm Transfert, (Higa et al., 2015)). 

From a clinical point of view, an analysis of data from patients with different grades of glioma obtained 

from The Cancer Genome Atlas (TCGA), allowed us to highlight the fact that strong expression of β1 integrin, 

GOLPH3, profilin-1, PI4K and ATG9B proteins is a negative prognostic factor for patients (Figure 43). Although 

the results on ATG9A, from TCGA, are not visibly relevant, we will attempt however to confirm the interaction 

of the ATG9A protein with the protein partners cited above in glioblastoma cells, and we will then assess the 

functional impact of these interactions on lamellipodia formation and invasive mechanisms. 
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Figure 43. Clinical data from The Cancer Genome Atlas (TCGA). (Upper part of each panel) Gene expression levels of β1 
Integrin, GOLPH3, profilin-1, PI4KIIIβ, ATG9B and ATG9A in patients with different type of glioma (Oligodendroglioma, 
Oligoastrocytoma, Astrocytoma and Glioblastoma) compared with their expression in normal tissues. (Lower part of each 
panel) Survival curves of glioma patients as a function of β1 Integrin, GOLPH3, profilin-1, PI4KIIIβ, ATG9B and ATG9A 
expression levels. These data were kindly extracted from the database and formatted by Dr. Alexandre MUTEL. 
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Fig. 42 : Clinical Data Analysis from TGCA
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