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Summary 

Intercellular communications are fundamental for proper development and survival of 

any organism. The mechanisms of communication between cells can be varied, including 

exchange of information and material either through the secretion of substances or ligands 

at a distance such as paracrine, autocrine or endocrine communication, or through cell-

to-cell contact communication such as through synapses or gap junctions. 

Within this last group of mechanisms of cell-to-cell communication through direct 

contact is included a novel structure discovered in 2004, the Tunneling Nanotubes or 

TNTs. TNTs are membranous cellular structures with a basic composition of actin 

filaments that extend from one cell to another forming an open channel or tunnel thus 

allowing the exchange of cellular material between these two connected cells. These 

structures are involved in the development and propagation of different diseases, such as 

different types of cancers or neurodegenerative diseases like Alzheimer's disease or 

Parkinson's disease. 

In order to better understand these structures, my thesis project is based on the study of 

the major processes of TNT formation such as the protrusive activity of the membrane, 

the adhesion of these structures with the opposing cell and the subsequent possible fusion 

of the TNTs to form these open tunnels. Specifically, my research is focused on studying 

the role of different proteins such as the cadherin-catenin complex or the tetraspanins and 

their possible role in these processes of TNTs formation. 

Regarding the cadherin-catenin complex in the regulation of TNTs, I have shown how N-

cadherin controls the architecture of TNTs at the ultrastructural level (based on individual 

TNTs or iTNTs) by increasing the parallel and straight ordering of TNTs from one cell 

to the other. Furthermore, N-cadherin is able to regulate the adhesion process of TNTs 

with the opposing cell, thus controlling the stability of these structures and promoting 

their increased durability presumably then facilitating the transfer of cargo by TNTs.  

Furthermore, I have been able to show how N-cadherin does not act alone in the 

regulation of TNTs, but collaborates with alpha-catenin, one of its associated proteins, 

acting alpha-catenin downstream and in the same pathway as N-cadherin. On the other 

hand, I have also studied the role of tetraspanins CD9 and CD81, two molecules well 

known for their functions in different membrane protrusion and membrane fusion 
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processes, in the formation and functionality of TNTs. Here I have been able to show how 

these two tetraspanins act in the formation of TNTs and have complementary functions: 

CD9 being involved in the initiation of the TNT formation process, i.e. the evagination 

of the membrane protrusion as well as its extension towards the opposing cell, while 

CD81 seems to be involved in the membrane fusion process of TNTs with the opposing 

cell.  

Therefore, my project has contributed to the basic knowledge of structures whose 

understanding is a necessary step to understand the development and progression of 

several pathologies. 
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Résumé 

Les communications intercellulaires sont fondamentales dans le maintien du bon 

développement et de la survie de tout organisme. Les mécanismes de communication 

entre les cellules peuvent être variés, permettant l’échange d'informations et de matériel 

soit par la sécrétion de substances ou de ligands à distance par communication paracrine, 

autocrine ou endocrine, soit par contact direct entre cellules grâce aux synapses ou aux 

gap-jonctions. 

Parmi les mécanismes de communications intercellulaires par contact direct s'intègre une 

nouvelle structure découverte en 2004, les Tunneling Nanotubes ou TNT. Les TNT sont 

des structures cellulaires membraneuses à base de filaments d'actine qui relient deux 

cellules en formant un canal ouvert ou tunnel, permettant ainsi l'échange direct d’éléments 

cellulaires entre les deux cellules connectées. Ces structures sont impliquées dans le 

développement et la propagation de différentes maladies, telles que différents types de 

cancers ou de maladies neurodégénératives comme la maladie d'Alzheimer ou la maladie 

de Parkinson. 

Afin de mieux comprendre ces structures, mon projet de thèse s'appuie sur l'étude des 

processus majeurs de formation des TNT tels que l'activité protrusive de la membrane, 

l'adhésion de ces structures avec la cellule opposée et la possible fusion ultérieure des 

TNT pour former ces tunnels ouverts. En particulier, mes recherches portent sur l'étude 

du rôle de différentes protéines telles que le complexe cadhérine-caténine ou les 

tétraspanines et leur rôle éventuel dans ces processus de formation des TNT. 

En ce qui concerne le complexe cadhérine-caténine dans la régulation des TNT, j'ai 

montré que la N-cadhérine contrôle l'architecture des TNTs au niveau ultrastructural 

(c’est à dire sur les TNTs individuels ou iTNTs) en augmentant l'ordre parallèle et droit 

des TNT d'une cellule à l'autre. De plus, la N-cadhérine est capable de réguler le processus 

d'adhésion des TNT avec la cellule opposée, contrôlant ainsi la stabilité de ces structures 

et favorisant leur durabilité accrue, et par là-même facilitant vraisemblablement le 

transfert des cargos par les TNT.  De plus, j'ai pu montrer comment la N-cadhérine n'agit 

pas seule dans la régulation des TNTs, mais collabore avec l'alpha-caténine, une de ses 

protéines associées, faisant agir l'alpha-caténine en aval et dans la même voie que la N-

cadhérine. 



Roberto Notario Manzano PhD manuscript  
 

10 
 

D'autre part, j'ai également étudié le rôle des tétraspanines CD9 et CD81, deux molécules 

bien connues pour leurs fonctions dans différents processus de protrusion membranaire 

et de fusion membranaire, dans la formation et la fonctionnalité des TNT. Ici, j'ai pu 

montrer comment ces deux tétraspanines ont des fonctions complémentaires dans les 

TNT puisque CD9 semble être impliqué dans l'initiation du processus de formation du 

TNT, c'est-à-dire l'évagination de la protrusion membranaire ainsi que son extension vers 

la cellule opposée, tandis que CD81 semble être impliqué dans le processus de fusion 

membranaire des TNT avec la cellule opposée.  

Mon projet a donc contribué à la connaissance fondamentale de structures dont la 

compréhension est une étape nécessaire pour comprendre le développement et la 

progression de plusieurs pathologies. 
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Résumé de la thèse 

La communication intercellulaire pourrait être définie comme la capacité des cellules à 

communiquer avec elles-mêmes, les autres cellules ou l'environnement leur permettant 

de s'adapter et de répondre à une multitude de changements qui se produisent autour 

d'elles et comme pour tout type de communication il faut un émetteur, un récepteur et un 

message. On pourrait subdiviser les communications intercellulaires en communications 

indépendantes des contacts entre les cellules et dépendantes des contacts. Des exemples 

classiques de communications indépendantes des contacts sont la signalisation autocrine 

(lorsqu'un signal produit par une cellule est reçu par les récepteurs de cette même cellule), 

la paracrine (lorsqu'un signal secrété dans l'espace extracellulaire se lie à ou est capté par 

une cellule réceptrice qui se trouve dans le voisinage immédiat) ou la signalisation 

endocrinienne (qui se produit entre des cellules largement séparées au sein d'un organisme 

et le message étant transporté par le flux sanguin). D'autre part, des exemples de 

communications dépendantes du contact sont les pili (qui sont des projections de bactéries 

qui permettent le transfert horizontal de matériel génétique), les plasmodesmes (canaux 

aqueux formés par le réticulum endoplasmique des cellules des plantes), les cytonèmes 

(protrusions d'actine chez la Drosophile ou les vertébrés permettant le transport à distance 

de morphogènes) et les gap-jonctions (formées par des canaux qui relient deux cellules 

voisines, elles sont importantes pour le transport des ions et des petites molécules 

biologiques). 

Mais, en 2004, dans le laboratoire de Hans-Hermann Gerdes, Rustom et ses collègues ont 

découvert un type de communication directe de cellule à cellule qui permet l'échange 

d'une grande variété de cargaisons entre les cellules, qu'ils appellent les tunneling 

nanotubes ou TNT. 

Les TNT sont de minces tunnels membraneux non adhérents, allant de 50 à 700 nm de 

diamètre et jusqu'à 100 µm de long. Leur composition cytosquelettique est toujours à base 

d'actine, bien que certains types de cellules puissent contenir des microtubules ou des 

filaments intermédiaires. Ce qui définit vraiment les TNT, c'est leur capacité à transférer 

une grande variété de cargaisons telles que le calcium, les agents pathogènes, les organites 

ou les protéines mal repliées, et c'est cette capacité à transférer des cargaisons qui les rend 

impliqués dans différentes maladies telles que la maladie de Parkinson, la maladie 

d'Alzheimer ou dans la propagation de maladies infectieuses comme le Covid-19. 
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Au fil des années, différentes études ont montré que les TNT peuvent avoir diverses 

morphologies. Ainsi, aujourd'hui, on peut trouver des TNT qui suivent la description 

originale de Rustom et al., 2004, comme étant des structures ouvertes qui relient deux 

cellules distantes et qui peuvent être minces ou épaisses, mais on peut aussi trouver des 

TNT fermés à leur extrémité, se terminant typiquement par des gap-jonctions. Cependant, 

en 2019, notre laboratoire a découvert que les TNT, du moins dans les cellules neuronales, 

ne sont pas toujours composés d'un seul tube, mais peuvent être formés par un faisceau 

de TNT plus fins, appelés TNT individuels ou iTNT. 

Dans ce travail, notre groupe a démontré que, bien que les TNT dans les cellules 

neuronales semblent être une structure unique en microscopie à fluorescence et à faible 

grossissement, en cryo-microscopie électronique ces TNT peuvent en fait être constitués 

d'un faisceau de TNT individuels (iTNT) dans lequel des cargaisons, telles que des 

vésicules, peuvent se trouver. En appliquant la microscopie électronique à faisceau 

ionique focalisé, notre laboratoire a démontré qu'ils peuvent en effet être ouvertes. Enfin, 

ils ont découvert que les iTNT sont reliés entre eux par des liens à l'échelle nanométrique 

positifs pour la N-cadhérine qui fonctionneraient vraisemblablement comme support du 

faisceau d'iTNT. 

Malgré cette diversité morphologique et compositionnelle, il a été émis l'hypothèse que 

les TNT seraient formés par deux mécanismes distincts qui ne s'excluent pas 

mutuellement, la protrusion induite par l'actine et le mécanisme de délogement cellulaire. 

Dans le mécanisme piloté par l'actine, nous pouvons trouver l’une ou les deux cellules 

impliquées dans la formation de ces structures, ce qui entraînerait la croissance d'une 

protubérance de type filopode F-actine. Ensuite, la polymérisation de l'actine peut se 

produire pour provoquer l'allongement et la croissance de la protrusion vers la cellule 

réceptrice. Après allongement, la pointe de la protrusion établit un contact physique direct 

avec la cellule cible, impliquant éventuellement des molécules d'adhésion. Enfin, la 

fusion membranaire doit avoir lieu lors du contact cellule-cellule afin de permettre la 

continuité membranaire pour établir une connexion TNT ouverte. Selon le mécanisme de 

délogement cellulaire, les TNT proviendraient de deux cellules qui sont en contact très 

étroit et lorsque ces cellules migrent dans des directions opposées, elles laisseraient entre 

elles un TNT. Il est supposé, bien qu'il n'y ait pas encore de preuves, que les molécules 

d'adhésion cellulaire favoriseraient les étapes initiales de ce type de formation de TNT et 
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que la fusion TNT-membrane cellulaire pourrait se produire soit au début de ce processus, 

soit à un moment donné au cours de la formation. . 

Bien que les TNT puissent être formés selon ces deux mécanismes, il est concevable que 

les mêmes processus de formation soient partagés dans les deux modèles mais pas dans 

le même ordre. Ce processus de formation commencerait avec une cellule dans un état 

inactif. Ensuite, les cellules pourraient être stimulées par divers signaux qui induiraient la 

courbure positive de la membrane nécessaire à la formation de TNT et seraient suivies 

d'une polymérisation de l'actine pour former des faisceaux d'actine initiaux capables de 

surmonter l'élasticité de la membrane, permettant un allongement supplémentaire du 

TNT. Ensuite, le TNT développé à partir d'une cellule atteindrait la cellule opposée, 

adhèrerait et fusionnerait avec sa membrane selon un mécanisme inconnu. Enfin, un TNT 

fonctionnel se formerait entre les deux cellules contenant des filaments d'actine, et 

pourrait maintenant échanger du matériel cellulaire. Ces derniers processus d'adhésion et 

de fusion des TNT avec les cellules antagonistes n'ayant pas été investigués, j'ai considéré 

qu'étudier des candidats pouvant avoir un rôle très important dans ces étapes de la 

formation des TNT pourrait élargir nos connaissances sur les TNT. J’ai choisi les 

cadhérines et les tétraspanines en se concentrant sur la N-cadhérine et sur les tétraspanines 

CD9 et CD81. 

Concernant mon premier candidat, la famille des cadhérines est une superfamille de plus 

de 100 protéines avec plusieurs sous-familles qui partagent une fonction commune : être 

des molécules d'adhésion entre les cellules. Dans cette superfamille, les plus connues sont 

les cadhérines classiques E-cadhérine et N-cadhérine. Ces cadhérines forment ce que l'on 

appelle l'adhésome de cadhérine, un complexe d'adhésion cellule-cellule appelé jonction 

adhérente, composé de cadhérines et de molécules associées aux cadhérines : les 

cadhérines sont des molécules qui médient l'adhésion cellulaire homophile dépendante de 

Ca2+ et sont composées de : 5 éléments hautement conservés des ectodomaines avec 

lesquels les molécules de cadhérine interagissent entre elles, 1 seul passage 

transmembranaire et une queue cytoplasmique avec laquelle elles interagissent avec leurs 

molécules associées. Ces molécules associées aux cadhérines sont : la p120-caténine (qui 

contrôle le renforcement de l'adhésion à base de cadhérines, le regroupement de ces 

molécules et le recyclage), la β-caténine (impliquée dans la transmission des signaux 

mécaniques aux cadhérines et dans la voie Wnt ) et l'α-caténine (qui relie la jonction 
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adhérente au cytosquelette d'actine et lie également et regroupe l'actine et les protéines 

liées à l'actine). 

Malheureusement, le rôle des cadhérines et/ou des caténines dans les TNT n'a guère été 

étudié. Le premier rapport sur la présence du complexe cadhérine-caténine dans les TNT 

remonte à 2010, dans lequel Lokar et ses collègues ont trouvé dans les cellules 

urothéliales T24 à la fois la N-cadhérine et la β-caténine le long des TNT et ont émis 

l'hypothèse que le complexe cadhérine-caténine servirait comme 'ancrage des TNT avec 

la cellule opposée pour former ensuite un canal ouvert, mais aucun rôle fonctionnel autre 

que la présence de ces molécules n'a été étudié. Une autre cadhérine, dans ce cas ECAD 

également associée à la β-caténine, a été trouvée dans des cellules de testicule de porc 

enrichies dans la zone d'adhérence des TNT avec la cellule opposée et pourrait assurer 

une continuité cytoplasmique avec la cellule opposée, encore une fois sans affirmer le 

rôle de ces molécules. Notre laboratoire a récemment découvert que, au moins dans les 

cellules neuronales, la formation de TNT est régulée par une voie Wnt indépendante de 

la β-caténine, que les TNT sont constitués d'iTNT qui forment un faisceau et que cette 

structure semble être maintenue par des molécules de N-cadhérines. Cette année 

seulement, deux nouvelles études sont apparues concernant la N- cadhérine et les TNT. 

Dans l'une d'elles, ils affirment que la formation de TNT fermés est facilitée par la N-

cadhérine et dans la seconde étude, ils ont découvert que la N-cadhérine détermine 

principalement la résistance à la traction et la résistance à la flexion des TNT. Par 

conséquent, j'ai commencé ce projet visant à fournir une étude plus complète sur le rôle 

de la N- cadhérine ainsi que du complexe cadhérine-caténine dans les TNT.  

Par ailleurs, je souhaitais également apporter un éclairage sur d'autres molécules peu 

étudiées dans le cadre des TNT, comme c'est le cas de mes seconds candidats, les 

tétraspanines CD9 et CD81. Comme pour la N-cadhérine, les tétraspanines ont également 

été montrées sur les TNT, mais dans une seule étude qui montre leur présence sur les TNT 

des tétraspanines CD9 et CD81 lorsqu’elles étaient surexprimées dans les lymphocytes 

T. D'autre part, nous avons découvert au laboratoire grâce aux travaux de ma directrice 

de thèse le Dr Christel Brou utilisant l'analyse par spectrométrie de masse, que ces deux 

tétraspanines étaient abondamment représentées dans la fraction TNT parmi les protéines 

membranaires. 
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Les tétraspanines sont de petites protéines transmembranaires avec une grande variété de 

fonctions et partageant toutes une structure commune composée de : deux courtes queues 

cytoplasmiques, quatre domaines transmembranaires, un domaine intracellulaire et deux 

domaines extracellulaires, la boucle extracellulaire courte (small extracellular loop ou 

SEL) et la grande boucle extracellulaire (large extracellular loop ou LEL). Ce qui définit 

réellement les tétraspanines, c'est leur capacité à interagir avec une grande quantité de 

molécules différentes formant des domaines membranaires appelés«Tetraspanin-

enriched microdomains» ou «Tetraspanin webs». Par conséquent, ces tétraspanines 

peuvent interagir avec d'autres tétraspanines, des partenaires de tétraspanines (comme les 

membres de la famille des immunoglobulines EWI-2 et CD9P-1), des intégrines ou 

former des complexes secondaires avec différentes molécules telles que les 

métalloprotéases, les intégrines ou le cytosquelette d'actine. 

Cette diversité d'interactants est ce qui pourrait déterminer certaines des fonctions des 

tétraspanines. En général, les tétraspanines agissent dans une variété de processus 

cellulaires tels que dans la composition des vésicules extracellulaires (dans lesquelles 

CD63 peut être trouvé comme marqueur des exosomes et CD9 et CD81 dans les 

ectosomes), elles peuvent réguler l'établissement et le renforcement de l'adhésion des 

intégrines (en particulier CD151) ou réguler certains processus induits par des virus tels 

que la fusion, le bourgeonnement ou la libération (pour des virus tels que le virus du 

papillome humain, le VIH ou le virus de l'hépatite C). Spécifiquement pour les 

tétraspanines CD9 et CD81, ces deux tétraspanines ont été associées à la formation d’un 

autre type de protrusion. Il a été démontré qu'elles peuvent favoriser la formation de 

microvillosités et de jonctions de digitation, et cela est très probablement dû à leur forme 

moléculaire, puisque la structure en cône inversé de ces tétraspanines peut favoriser la 

flexion de la membrane. Un autre processus hautement régulé par ces tétraspanines est la 

fusion membranaire, car il a été démontré que CD9 et CD81 sont des régulateurs positifs 

de la fusion ovocyte- sperme mais des régulateurs négatifs de la fusion des cellules 

musculaires et de la formation de cellules géantes multinucléées. 

Par conséquent, cela m'a indiqué que les tétraspanines CD9 et CD81 pourraient avoir une 

importance majeure dans certains processus de formation de TNT. 

1. Régulation de la formation des TNT pas l’axe N-cadhérine/α-caténine 
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En ce qui concerne mon premier projet, j'ai cherché à caractériser le rôle possible de la 

N-cadhérine en tant que régulateur de la formation des TNT et d'autres processus liés à 

ces structures tels que la maintenance des faisceaux iTNT, l'adhésion ou la fusion des 

TNT. De plus j’ai voulu décrypter le rôle possible de l'effecteur en aval des cadhérines 

sur le cytosquelette d'actine, l'α-caténine, dans la régulation des TNT par la N-cadhérine. 

Pour comprendre le rôle de la N-cadhérine sur les TNT, j'ai d'abord décidé d'inhiber 

(knock-down ou KD) cette protéine et j'ai étudié l'effet sur les TNT. Sur le KD de la N-

cadhérine, j'ai observé que le pourcentage de cellules connectées par des TNT est 

augmenté. De manière surprenante et contrairement à ce que l'on pourrait attendre de 

l'augmentation des structures capables de transférer du matériel, lorsque j'ai vérifié la 

fonctionnalité des TNT dans des conditions de N-cadhérine KD par notre test de 

coculture, j'ai montré que le transfert de vésicules était significativement diminué par le 

KD de N -cadherin, montrant une déconnexion entre le nombre de TNT et la capacité de 

transfert. Pour mieux comprendre ce phénomène, j'ai surexprimé (overexpress ou OE) la 

N-cadhérine marquée à la GFP. Sur cet OE, j'ai observé le phénotype contraire du KD, 

avec une importante diminution des cellules connectées par des TNT mais une 

augmentation du transfert de vésicules. Par conséquent, la N-cadhérine diminue la 

formation de TNT alors qu'elle augmente leur fonction de transfert. Cet écart entre le 

nombre de TNT et le transfert de vésicules pourrait montrer un défaut de fusion ou 

d'adhésion des TNT avec la cellule opposée. 

Ainsi, on s'est demandé quelle serait la structure de ces TNT. Dans ce but, en 

collaboration avec le Dr Anna Pepe, nous avons appliqué notre approche Correlative 

Cryo-EM pour étudier l'ultrastructure des TNT. Nous avons observé que sur le KD de la 

N-cadhérine, la structure parallèle et bien organisée du faisceau d'iTNT des conditions de 

contrôle était affectée, montrant des iTNT désordonnés qui se croisaient et de nombreux 

iTNT interrompus avec des extrémités fermées. Contrairement à cela, l'OE de la N-

cadhérine a montré des iTNTs droits et parallèles. En analysant nos tomographies, nous 

avons classé les iTNTs en deux catégories selon leur continuité ou non d'une cellule à 

l'autre, ceux qui n'étaient pas interrompus ont été classés en « extension complète » et 

ceux interrompus en « extrémités fermées ». Dans les conditions de contrôle, nous avons 

observé que la majorité des iTNT s'étendaient complètement d'une cellule à l'autre. 

Cependant, lorsque nous avons KD N-cadhérine, ce phénotype a changé, montrant une 
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augmentation des iTNT fermés, avec un phénotype similaire dans les conditions OE. 

Ainsi, ces données suggèrent que notre hypothèse selon laquelle la N-cadhérine participe 

à l'organisation du faisceau d'iTNT semble être correcte. De plus, l'augmentation des 

iTNT fermés lorsque nous K/D N-cadhérine peut refléter que l'absence de cette protéine 

rend les TNT instables ou moins capables de fusionner. 

Pour tester la possibilité que la N-cadhérine régule la stabilité des TNT, j'ai mesuré la 

durée des TNT déjà formés par imagerie sur cellules vivantes en faisant un enregistrement 

continu de ces TNT jusqu'à leur rupture. J'ai découvert que, sur les TNT provenant de 

cellules KD pour la N-cadhérine, la durée de ces structures avait tendance à être plus 

courte, alors que lorsque la N-cadhérine est surexprimée, les TNT avaient une plus longue 

durée. Ainsi, la N-cadhérine améliorerait la stabilité des TNT et les changements observés 

sur le transfert des vésicules pourraient être le résultat d'un changement de la stabilité des 

TNT provoqué par la N-cadhérine. 

Connaissant l'importance de la N-cadhérine dans la régulation des TNT, j'ai décidé 

d'examiner le rôle possible que l'α-caténine, l'adaptateur des cadhérines au cytosquelette 

d'actine, pourrait jouer dans les TNT. Pour ce faire, et comme c'était le cas pour la N-

cadhérine, j'ai décidé de KD ou OE α-caténine et de regarder l'effet sur le nombre de TNT 

et le transfert de vésicules. Le KD de l'α-caténine a montré une augmentation du nombre 

de cellules connectées par les TNT mais contrairement à cela, le transfert des vésicules a 

diminué. De façon remarquable, ces résultats étaient quasiment identiques à ceux obtenus 

avec la N-cadhérine KD. D'autre part, l'OE de l'α-caténine a montré une diminution du 

nombre de cellules connectées au TNT mais une augmentation du transfert des vésicules. 

Encore une fois, ces résultats étaient extrêmement similaires à ceux obtenus avec la N-

cadhérine OE. Par conséquent, l'α-caténine a phénocopié l'effet de la N-CADHERIN sur 

les TNT. Mais on peut se demander s'il en serait de même à un niveau ultrastructural. Là 

encore, nous avons observé le même phénotype pour le KD de l'α-caténine que pour la 

N-cadhérine (iTNT désorganisés et iTNT fermés) et le même pour l'OE (avec des iTNT 

hautement organisés et parallèles). Dans ce cas, la quantification de la continuité des 

iTNT a révélé que dans les conditions KD, la plupart des iTNT étaient fermés alors que 

dans les conditions OE, ils s'étendent pour la plupart complètement d’une cellule à l’autre, 

ceci constituant un phénotype similaire mais encore plus aigu par rapport à la N-cadhérine 

KD ou OE. Ainsi, tous les résultats de l'α-caténine étaient parfaitement conformes à leurs 
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résultats respectifs de la N-cadhérine sur le nombre de TNT, le transfert de vésicules et 

l'ultrastructure, ce qui pourrait signifier que la N-cadhérine et l'α-caténine fonctionnent 

dans la même voie de régulation des TNT. 

Ensuite, j'ai décidé d'étudier si la N-cadhérine et l'α-caténine pouvaient fonctionner dans 

la même voie dans la régulation des TNT. Dans ce but, j'ai KD α-caténine dans les cellules 

OE N-cadhérine (cellules qui forment peu de TNT mais transfèrent beaucoup de matériel) 

et j'ai trouvé que ce KD inversait l'effet de l'OE de N-cadhérine (bien que n'atteignant pas 

les niveaux des conditions sauvages). Par conséquent, j'ai montré ici que l'α-caténine agit 

en aval de la N-cadhérine sur la régulation du TNT. 

Enfin, afin d'exclure si ces deux protéines étaient nécessaires dans les populations de 

cellules donneuses et acceptrices, j'ai effectué des expériences en utilisant des cellules qui 

étaient OE N-cadhérine par rapport aux cellules KD pour l'α-caténine. Ces 

expérimentations ont consisté en une coculture de ces deux populations et dans deux 

conditions différentes : 

1) Utiliser les cellules OE N-cadhérine comme donneuses et donc avec des vésicules 

colorées et les co-cultiver avec des cellules acceptrices exprimant mCherry (servant à les 

distinguer des cellules GFP N-cadhérine) et transfectées avec un siRNA contrôle ou 

ciblant l'α-caténine. 

2) Cellules donneuses exprimant mCherry et transfectées avec un siRNA contrôle ou 

ciblant l'α-caténine avec des vésicules colorées co-cultivées avec des cellules acceptrices 

OE N-cadhérine. Dans cette expérience, les résultats obtenus ont montré que peu importe 

que les cellules KD pour l'α-caténine soient utilisées comme donneuses ou acceptrices, 

elles diminuaient toujours le transfert de vésicules, ce qui signifie que la N-cadhérine et 

l'α-caténine étaient nécessaires dans les deux populations cellulaires.  Nous avons 

également vérifié l'ultrastructure des TNT dans cette condition, des TNT formés entre les 

cellules OE N-cadhérine et les cellules KD pour l'α-caténine et nous avons constaté que 

les iTNT fermés étaient très courants, qu’il s'agisse de la cellule OE N-cadhérine ou la 

cellule KD pour l'α-caténine celle formant le TNT. En effet, la quantification de nos 

tomogrammes a montré que la grande majorité des iTNT formés par n'importe quelle 

cellule étaient fermés, ce qui signifie que le manque d'α-caténine altère le rôle de la N-

cadhérine dans l'adhésion homophile sur les TNT. 
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En conclusion de ce projet, nous savons maintenant que le complexe cadhérine-caténine 

a un rôle majeur sur la régulation des TNT, la N-cadhérine étant un organisateur de la 

structure du TNT puisque l'absence de cette protéine entraîne des iTNT désordonnés. De 

plus, la N-cadhérine s'est avérée avoir une double fonction sur les TNT, puisque cette 

protéine diminue la formation de TNT tout en augmentant leur fonction de transfert. Et 

enfin, ici, j'ai montré que l'α-caténine est essentielle et travaille en aval de la N-cadhérine 

dans la régulation des TNT. 

2. Régulation des TNT par les tétraspanines CD9 et CD81 

En ce qui concerne mon deuxième projet, le rôle de CD9 et CD81 dans les TNT, mon 

objectif général était d'étudier le rôle possible de CD9 et CD81 sur la formation de TNT 

lié à leur capacité à induire une courbure membranaire et d'évaluer le rôle de ces 

tétraspanines sur la fonctionnalité des TNT par leur capacité à contrôler différents 

événements de fusion membranaire. 

Pour comprendre quel rôle jouaient CD9 et CD81 sur les TNT, j'ai d'abord décidé 

d'inactiver (knock-out ou KO) ou OE CD9 et/ou CD81 et de vérifier le nombre de TNT 

que ces cellules formaient. Tout d'abord, j'ai trouvé que dans le KO de CD9, le nombre 

de TNT était diminué alors que le KO de CD81 n'affectait pas les cellules connectées par 

des TNT. Lorsque j'ai KO à la fois CD9 et CD81, ces cellules DKO doubles KO (DKO) 

ont montré une énorme réduction du % de cellules connectées par des TNT, encore plus 

faible que le simple CD9 KO. Pour explorer ces observations, j'ai OE CD9 ou CD81 et 

j'ai observé que CD9 OE, contrairement au KO, augmentait le nombre de TNT, alors que 

CD81 OE, comme c'était le cas pour le KO, n'affectait pas le nombre de TNT. Ces 

données signifieraient que CD9 pourrait réguler le processus de formation (et/ou de 

stabilité) des TNT alors que CD81 pourrait ne pas être impliqué dans ce processus. De 

plus, l'énorme diminution des TNT dans les cellules DKO par rapport au seul CD9 KO 

peut indiquer un rôle partiellement redondant de ces tétraspanines. 

Une fois que j'ai évalué l'effet de ces tétraspanines sur la formation de TNT, j'ai ensuite 

étudié l'implication de CD9 et CD81 dans la fonctionnalité des TNT. Pour cela, j'ai utilisé 

notre test de coculture, en utilisant les cellules KO tétraspanines comme cellules 

donneuses et donc en colorant leurs vésicules. Les cellules CD9 KO ont montré une 

corrélation du transfert avec le nombre de TNT, puisque ce KO a diminué le transfert des 
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vésicules. Étonnamment, bien que ne modifiant pas le nombre de TNT, les cellules CD81 

KO ont diminué le transfert de vésicules et les cellules DKO, comme c'était le cas pour 

le nombre de TNT, ont fortement diminué le transfert de vésicules à des niveaux inférieurs 

au KO unique respectif. Lors de l'utilisation des cellules OE CD9 ou CD81 dans ce même 

système de coculture, CD9 ou CD81 OE ont augmenté le transfert de vésicules. Par 

conséquent, ces données pourraient signifier que CD9 pourrait réguler la formation et la 

fonctionnalité des TNT tandis que CD81 semblerait jouer un rôle dans la fonction de 

transfert des TNT (peut-être en contrôlant la fusion des TNT avec les cellules réceptrices). 

Sachant que CD9 peut être impliqué dans la formation des TNT, que la conformation 

moléculaire des molécules de CD9 peut induire une courbure membranaire et que le 

regroupement induit de CD9 peut être obtenu en traitant des cellules avec des anticorps 

spécifiques contre cette protéine qui pourraient conduire à la formation de protrusions 

telles que les microvillosités, j'ai postulé que CD9 pourrait être impliqué dans les étapes 

initiales de la formation et j'ai demandé si la promotion du regroupement de CD9 pouvait 

affecter le nombre et la fonction des TNT. L'incubation pendant 2 heures avec des 

anticorps anti-CD9 dans des cocultures de 24 heures utilisant des cellules WT a conduit 

à une augmentation du % de cellules connectées par des TNT qui était corrélée à une 

augmentation du transfert de vésicules. Lors de la répétition de ces séries d'expériences 

sur des cellules KO CD81, l'augmentation des TNT par les anticorps n'a pas été affectée 

par le manque de CD81 mais, cette augmentation des TNT n'a pas été accompagnée d'une 

augmentation du transfert de vésicule. Ces données suggèrent que, premièrement, le 

regroupement de CD9 pourrait induire la formation de TNT ou participer à la stabilité de 

ces structures et deuxièmement, que CD9 ne nécessite pas de CD81 pour former/stabiliser 

des TNT, mais que si CD81 n'est pas présent, la fonctionnalité des TNT est compromise.  

Les données ci-dessus montrent que CD9 et CD81 régulent le transfert de matériel via 

TNT. Cependant, comme l'expression de CD9 est associée à un nombre accru de TNT, il 

reste à déterminer à ce stade si CD9 régule le transfert indépendamment de cet effet sur 

la formation/stabilisation de TNT. Pour répondre à cette question, nous avons KO CD81 

dans les cellules OE CD9. La surexpression de CD9 était associée à une augmentation du 

% de cellules connectées par des TNT, qui n'a pas changé après le KO CD81, ce qui est 

cohérent avec le fait que CD81 ne joue pas de rôle dans la formation des TNT, du moins 

dans les cellules exprimant CD9. Cependant, le transfert dans les cellules OE CD9 n'était 
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pas sensible au KO CD81, contrairement aux cellules WT, suggérant que l'OE de CD9 

peut compenser l'impact de l'absence d'expression de CD81 sur le transfert des vésicules. 

Auparavant, j'ai montré que CD81 OE ne stimule pas le nombre de TNT dans les cellules 

exprimant CD9. Pour déterminer si le CD81 peut remplacer le CD9 dans la 

stimulation/stabilisation du TNT, nous avons éliminé le CD9 dans les cellules CD81 OE. 

CD9 KO a réduit le nombre de TNT dans ces cellules CD81 OE. Ainsi, CD81 ne peut pas 

compenser CD9 pour la formation/stabilisation de TNT. La diminution du transfert de 

vésicule observée dans les cellules CD81 OE, CD9 KO est probablement une 

conséquence de cette diminution du nombre de TNT. 

Par conséquent, ici, j'ai démontré que, à la fois CD9 et CD81 ont un rôle sur les TNT, 

mais ils peuvent agir sur différents processus ou étapes, avec CD9 régulant 

vraisemblablement la formation des TNT tandis que CD81 contrôlerait la fonctionnalité 

des TNT, peut-être en régulant la fusion du TNT avec la cellule adverse. Enfin, j'ai montré 

que CD9 OE peut compenser l'absence de CD81, mais pas l'inverse. 

En conclusion de tous les résultats présentés, je propose le modèle hypothétique suivant 

pour la formation des TNT: 

1) La première étape initiale consisterait en une cellule à l'état inactif contenant CD9, 

CD81 et N-cadhérine/α-caténine au niveau de la membrane 

2) Lors de la réception d'un stimulus, ou peut-être spontanément, CD9 se 

regrouperait, pliant la membrane en raison de sa forme moléculaire. De plus, la 

polymérisation de l'actine pourrait aider au processus de déformation de la membrane, 

conduisant à la formation d'une microprotrusion . 

3) Une fois cette microprotrusion formée, le regroupement et la polymérisation de 

l'actine conduiraient à la formation de filaments d'actine qui allongeraient la protubérance 

en formant un TNT en croissance. Ici, je propose que CD9, qui a initié ce processus, 

apporterait avec lui le complexe cadhérine/caténine et CD81. 

4) Une fois que la pointe du TNT atteint la cellule opposée, ces deux membranes 

adhéreraient par adhésion homophile médiée par la N-cadhérine et l'α-caténine qui 

rapprocheraient les membranes. 
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5) Maintenant, le TNT continuerait à pousser sur la cellule opposée, produisant des 

forces de poussée, mais de par les forces de traction et de résistance dans la cellule 

opposée, de la même manière que ce qui a été observé dans la fusion des myoblastes, cela 

conduirait à la fusion. La fusion peut se produire en raison de l'action de CD9 et CD81 

(bien caractérisés comme régulateurs des processus de fusion). Cette fusion pourrait se 

produire par l'action directe de CD9 et/ou CD81 se liant en trans avec une molécule 

fusogénique inconnue, ou ces tétraspanines pourraient être associées à leurs partenaires 

tétraspanines (également impliqués dans les processus de fusion) qui pourraient 

éventuellement interagir entre eux mais dans des membranes opposées ou avec une 

molécule fusogénique inconnue, conduisant à la fusion 

6) Une fois la fusion effectuée, un TNT fonctionnel est présent, formant un canal 

ouvert entre les deux cellules qui peuvent désormais échanger des cargaisons. 
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Chapter 1. Intercellular communication  

Cell-to-cell communication is a crucial process in the maintenance of homeostasis and 

the development of simple or complex organisms. This is true whether they are single or 

multicellular organisms, cells isolated in their environment or cells forming tissues, 

organs and organisms. The ability of cells to communicate with themselves, other cells 

or the environment allows them to adapt and respond to a multitude of changes that occur 

around them and that condition their development and viability. 

In a simplified way, and just as it happens between human beings and therefore cells are 

no exception, any type of communication requires a sender, a receiver and a message. 

This implies that in cells we always have a sender cell that sends a signal and a target cell 

that receives it. These signals can be of a wide variety of types generally subdivided into 

physical signals (if there is interaction that produces changes either between one cell and 

another or a cell and its environment), chemical signals (through neurotransmitters, 

hormones, growth factors) or electrical signals (such as changes in membrane potentials 

due to the passage of ions through membrane channels). 

All these signals used to communicate between cells can in turn be divided into two main 

types of communication: long range communication and contact-dependent 

communication. 

Long-range communication 

As the name suggests, long-range communication involves a type of communication 

without direct contact through the secretion of molecules. This type of communication is 

especially critical in establishing organism-wide communication between widely 

separated parts of the organism, but cells that are not so far apart within an organism also 

secrete certain molecules to communicate with other cells or with themselves without the 

need to establish physical contact (Alberts et al., 2015; to be noted, this reference comes 

from a book whose last edition dates back to 2015 and therefore it is not the most updated 

information of today's knowledge, however, any mention of this book is of general and 

informative interest. Other references in the existing literature that are more up to date 

and/or accurate are presented together with this book). Therefore, according to this 

criteria, long-range communication can be classified according to the distance between 
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the cell that sends the message and the cell that receives it in: endocrine, paracrine and 

autocrine (Figure 1). 

 

Figure 1. Long range intercellular communication. 

This type of communication is defined by not establishing a direct physical contact between 
signaling and target cell and is classified depending on the distance between these two cells: 
autocrine if the signaling and target are the same cell, paracrine if the sender and receiver cells 
are in the immediate vicinity and endocrine if these two cells are far away from each other using 
the bloodstream as a route of communication between them.  

Endocrine signaling  

This type of signaling occurs between cells that are widely separated within an organism 

and controls how an entire organism behaves. These signals, which in this case are known 

as hormones, are formed in the endocrine cells that in turn make up the endocrine glands 

(such as the hypothalamus, the adrenal glands, the pancreas, the thyroid gland, the ovaries 

or the testicles) that are responsible for the secretion of these hormones into the 

bloodstream and that through long distances through the blood system, act in organs other 

than those of origin to produce a particular response (Alberts et al., 2015). An example 

of this type of signaling is the case of thyroid hormones produced by the thyroid gland, 

which produce a wide variety of effects in the organism, such as the control of fatty acid 

or glucose metabolism, the control of heartbeat or brain development in the first stages 

after birth (Guyton and Hall, 2011). 
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Paracrine 

In the case of paracrine signaling, this consists in the secretion of a signal that is 

exocytosed into the extracellular space and this secreted molecule binds to or is uptaken 

by a receptor cell that is in the immediate vicinity of the cell that has sent this signal, thus 

acting locally (Alberts et al., 2015). Two of the best and most studied example of this 

type of communication are the cytokines and the synapses. Cytokines (such as 

interleukins like IL-2 or interferons like IFN-γ) are small molecules specialized in long-

distance communication produced by many different types of cells and whose main 

function is to act as signaling molecules to produce a response in the acceptor cell. Their 

main role is within the immune system acting in the inflammatory response. Synapse is a 

specialized structure between neurons (or between a neuron and a muscle cell) allowing 

the transmission of a chemical message through neurotransmitters that are exocytosed 

from the axon of one neuron as a consequence of the change of membrane potential, and 

the endocytosis of these neurotransmitters through the dendrite of another neuron, thus 

transmitting a local message from cell to cell. 

Autocrine 

The latter group of distant signaling comprises that signal which is produced by a cell and 

which in turn is received by the receptors of that same cell. Examples of these are found 

in the regulation of the immune system, such as the stimulation of monocytes through the 

self-production of interleukin-1 (IL-1) and the use of cancer cells of this mechanism, by 

the production of the Wingless-related integration site (Wnt) ligand for the autoactivation 

of the Wnt-β-catenin signaling pathway, promoting the proliferation of these cells. 

Contact-dependent communication 

Contact-dependent communication or signaling it is defined as “cell–cell communication 

in which the signal molecule remains bound to the signaling cell and only influences cells 

that physically contact it” (Alberts et al., 2015). However, while this definition is correct, 

at present it is probably incomplete as will be seen below. One could perhaps complete 

this definition of contact-dependent communication as communication between cells 

involving physical contact between them with the signal molecule either interacting with 

both sender and receiver or this molecule being transferred between donor and acceptor. 

This type of communication can be found from prokaryotic cells to different eukaryotic 
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organisms such as: pili, plasmodesma, cytonemes, gap junctions or tunneling nanotubes 

(Figure 2). 

 

Figure 2. Types of contact dependent communication. 

(A) Pili are connections between bacteria that allow them to transfer genetic material between 
each other. (B) Plasmodesmata are aqueous channels connecting the endoplasmic reticulum of 
two cell walls of plants cells. (C) Cytonemes are membrane extensions made of actin for the 
transport and exchange of morphogens. (D) Gap junctions form a soluble open channel between 
neighboring cells that allows the transfer of small molecules. (E) Tunneling nanotubes are F-
actin membranous structures that connect the cytoplasms of two cells and serve as a route for the 
exchange of a wide variety of biological material. Obtained from Brinton, 1971; Li et al., 2020; 
Zhang and Scholpp, 2019; Stephan et al., 2021; Rustom et al., 2004.   

Pili 

Sex pili (or pilus in singular) are projection-like structures in a wide variety of bacteria 

(Figure 2A).  These structures, formed by a protein called pilin, function as appendages 

that will connect one bacterium to another and bring them into close contact in such a 

way as to allow cell-to-cell exchange of material in a direct manner. The pili can grow up 

to 20 μm long, connecting two distanced bacterias (Wang et al., 2009). The pili are used 

as a mechanism of horizontal gene transfer between bacteria facilitating the exchange of 

plasmids from one bacterium to another (Filloux., 2010). 
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Plasmodesmata 

Plasmodesmata (or plasmodesma in singular) are aqueous cylindrical-shaped channels (~ 

40 nm diameter) formed in between the cell walls of plant cells, which in their center 

desmotubules that connect the endoplasmic reticulum of adjacent cells is found (Tilney et 

al., 1991) (Figure 2B). This structure is formed when the endoplasmic reticulum is 

confined between the cell walls of a dividing cells forming therefore a cytoplasmic 

connection between these two newly formed cells (Lucas et al., 1993). It is a type of very 

short contact communication, a few hundred nanometers, since this distance is due 

exclusively to the separation of the cells by their cell wall (Peters et al., 2021). This 

structure allows the direct transfer of proteins, genetic material or viruses between paired 

cells (Roberts and Oparka, 2003). 

Cytonemes 

Cytonemes are extensions made by actin that provide an efficient long distance-transport 

of morphogens, found in the wing disc of drosophila melanogaster, although were also 

observed in vertebrates (Ramírez-Weber and Kornberg, 1999) (Figure 2C). They can 

connect separated cells over dozens of μm, reaching 150 μm (Daly et al., 2022), and the 

diameter of these structures varies from repeating wide segments and thin segments 

(Wood et al, 2021). Morphogens are molecules that are used to give information about 

the position in the embryo. Moreover, similar structures were observed in other organism 

such as sea urchin, known as thin filopodia (0.2-0.4 micron in diameter), which are 

involved in gastrulation forming extensions from primary mesenchyme cells, ectodermal 

and secondary mesenchyme cells (Miller et al., 1995).  

Gap junctions 

Gap junctions are channels formed by proteins called connexins (integral membrane 

proteins), which are important in the transport of ions and biological molecules between 

cytoplasm of two neighboring cells (Figure 2D). Indeed, they have been shown to play a 

critical role in immune response, neural activity and development (Maeda and Tsukihara, 

2011). These gap junctions channels connect two neighbouring cells forming a chanell of 

2-4nm (Meşe et al., 2007) and they present an outer diameter of ~90 ángstrom, which 

contain “gap junction intercellular channels” formed by “connexons”, which in turn are 

formed by six connexin subunits that are around the central pore (with an entrance of ~40 
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ángstrom) (Maeda and Tsukihara, 2011) a cut-off of 1kDa allowing the transfer of small 

material such as salts or amino acids but not large molecules such as proteins or nucleic 

acids (Weber et al., 2004). 

Tunneling nanotubes 

Tunneling nanotubes are a recently discovered type of direct cell-to-cell communication 

that allows the exchange of a wide variety of cargoes between cells up to 100 μm (Figure 

2E). 

Chapter 2. Tunneling nanotubes 

In 2004, in the group of Hans-Hermann Gerdes (Rustom et al., 2004), they identified a 

new biological process of cell communication. These new structures were called 

Tunneling nanotubes (or TNTs for short) as they were tubular structures connecting two 

cells allowing the passage through them of organelles from one cell to another.  

They were first identified in the neural PC12 cells (rat pheochromocytoma cells), human 

embryonic kidney (HEK) and normal rat kidney (NRK) cells. By staining the cell 

membrane, Rustom and colleagues showed that extremely fine and normally straight 

structures were formed between the cells. These structures were in between 50 and 200 

nm in diameter and they could be several times longer than the cell diameter. These TNTs 

were shown to be fragile structures as mechanical disruption, prolonged exposure to light 

and chemical fixation destroyed many of them, however, interestingly, trypsin treatment 

did not cause their destruction, suggesting that TNTs, unlike other membrane protrusions, 

are not attached to the substrate. When they performed ultrastructural studies of the TNTs 

by scanning electron microscopy (SEM) and transmission electron microscopy (TEM), 

they observed that these structures extended directly from one cell to another and in turn 

connected the membranes of these two connected cells in a continuous manner providing 

cytoplasmic continuity. Furthermore, treating the cells with latrunculin-B, a F-actin 

depolymerizer compound, destroyed all the TNTs, revealing that these structures are 

formed by F-actin (Figure 3). 

Perhaps the most important feature of these TNTs was revealed when they studied the 

role of these structures in intercellular communication, as they observed how vesicular-

like structures moved through the TNTs from one cell to another. They also showed how 
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synaptophysin (a marker of endosomes) and Myosin Va (a motor protein) were present 

in TNTs, suggesting that cargo transport was plausible through these structures and that 

this transport was probably through actin-associated motor proteins. Indeed, after labeling 

the intracellular membrane compartments with green fluorescent 1,1-dioctadecyl-

3,3,3,3,3-tetramethylindocarbocyanine perchlorate (DiI) or red fluorescent 3,3-

dioctadecyloxacarbocyanine perchlorate (DiO) in cells that would be used as donors to 

study the transfer of membranous material between cells, they observed that a large 

number of acceptor cells (marked in a different color to distinguish them from donor cells) 

had received fluorescent organelles. To corroborate that this transfer took place through 

TNTs, they repeated this same organelle exchange study but this time at 0°C to block 

both endo- and exocytosis and phagocytosis and found that there was still transfer of 

material in this condition. Furthermore, treatment of the cells with latrunculin-B blocked 

all transfer, thus suggesting that this organelle exchange was carried out through the TNTs 

(Rustom et al., 2004). 

 

Figure 3. Original description of the Tunneling nanotubes. 

(A-D) PC12 cells stained with wheat germ agglutinin (WGA) to label the membrane showed 
membranous protrusion between them and not attached to the substratum which they called as 
Tunneling nanotubes or TNTs. (E) TNTs contained actin (red) but they did not contain 
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microtubules (green). (F) and (G) shows the images obtained by SEM and TEM respectively 
revealing the ultrastructure of the TNTs. Annotated areas in (F) are shown as higher 
magnification images in F1-F3. Annotated areas in (G) are shown as higher magnification 
images in G1 and G2 Scale bars: (A to E), 15 μm; (F), 10 μm; (F1 to F3), 200 nm; (F), (G) 2 μm; 
(G1 and G2), 200 nm. Obtained from Rustom et al. 2004. 

After this first description of TNTs, a definition of TNTs was established as thin 

membranous structures based on F-actin that connect distant cells over short and long 

distances and allow the direct transfer of cellular material. Although this definition is still 

valid, as we will see afterwards, almost 20 years of study of these structures have allowed 

us to qualify and add information to this first description.  

Structure of the TNTs 

In the first definition of the TNTs in Rustom et al., 2004, TNTs were described as 

individual structures in the form of thin, straight protrusions (although by electron 

microscopy - EM - they appeared more twisted and shorter, which may be an artifact of 

the preparation of the cells for EM). Subsequent studies observed that these structures are 

not always a single protrusion, but may be formed by two filopodia-like protrusions that 

meet each other and interact at the tips (Sowinski et al, 2008). In other studies, these TNTs 

were shown to connect two different cells, but they did not form the classic open TNT 

structure, but instead, appeared to contact the opposite membrane without fusing. They 

showed the presence of gap junctions between the end of the TNT and the other 

membrane, forming a sort of synapse between them, which enabled long-distance 

communication. (Okafo et al., 2017). These divergences in the structure of TNTs are also 

evident from a morphological point of view, since TNTs ranging from short and thin to 

relatively long and thick have been described (Austefjord et al., 2014).  

However, despite all these structural and morphological differences of TNTs, all studies 

had shown that TNTs were single protrusions. It was not until 2019 when an 

ultrastructural study of TNTs in neuronal cells carried out by our laboratory changed this 

conception (Sartori-Rupp et al., 2019). Our laboratory was able to establish a new method 

for studying the ultrastructure of TNTs. Since traditional EM methods for studying 

cellular structures resulted in the breakdown of the thinnest TNTs, a pipeline was 

established consisting of chemical fixation of TNTs with preservative agents and the use 

of fluorescence microscopy (FM) to locate TNTs among cells (which were stained for 

membrane) that were seeded on EM grids. Once identified which cells were connected, 
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the position of these connections was noted and the grids were frozen for study by cryo-

electron microscopy (cryo-EM) and cryo-electron tomography (cryo-ET) to better 

preserve the native form of the fragile TNTs. This correlative light and electron 

microscopy (CLEM) approach allowed an extensive study of the TNTs, giving rise to 

very interesting results about the ultrastructure of these connections. With this approach, 

in mouse neuronal CAD cells and in human neuronal SH-SY5Y cells, it was possible to 

observe how the TNTs that are visualized as the usual single TNTs by FM, are actually 

formed, when using Cryo-EM, by a bundle of individual tunneling nanotubes (iTNTs) 

each of them defined by its own cell membrane and containing actin inside them. As 

might be expected for structures that serve to transport material between cells, cellular 

organelles such as vesicles, multivesicular bodies and mitochondria were also detected 

inside iTNTs. The diameter of single TNTs was shown to be between 600 and 900 nm, 

while that of iTNTs was 120 nm, with bundles consisting of 2-11 iTNTs, with the whole 

structure having an average diameter of 145-700 nm.. The presence of a bundle of highly 

ordered and normally parallel iTNTs forming the basic structure of the TNTs of neuronal 

cells seemed to imply the presence of some cell adhesion molecule that could control this 

structure. They were able to identify N-cadherin, a cell adhesion molecule dependent of 

calcium (Ca2+) member of the cadherin family of proteins, as the molecule that was found 

between one iTNT and another presumably maintaining the bundle structure of the iTNTs 

and promoting the stability of this structure. Finally, thanks to the application of 

correlative focus ion beam scanning electron microscopy (FIB-SEM) on TNTs, they were 

able to corroborate that TNTs and iTNTs in CAD cells could be open-ended at the contact 

sites of these structures with the cells (Sartori-Rupp et al., 2019). Therefore, this study 

opened a new frontier and questions on how the ultrastructure of the TNTs that had 

already been characterized in other cell types could actually be. 

Characteristics of TNTs 

According to the definition of TNTs, the main characteristics of TNTs are: cytoskeleton 

inside, cytoplasmic continuity between two cells and ability to transfer cargo. 

Cytoskeletal composition of the TNTs 

The first identification of TNTs (Rustom et al., 2004) characterized them as structures 

formed by F-actin. Thus, the treatment with F-actin-depolymerizing agents such as 
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latrunculin-B or cytochalasin B inhibited the formation of the TNTs (Rustom et al., 2004; 

Wang and Gerdes, 2015). Over the years, numerous studies demonstrated that this actin 

cytoskeleton-based composition of TNTs was true for numerous cell types such as kidney 

HEK (Smith et al., 2011), urothelial RT4 (Kabaso et al., 2011), urothelial T24 (Kabaso 

et al., 2011), endothelial HUVEC (Wang et al., 2010), epithelial HeLa (Schiller et al., 

2013), neuronal CAD (Gousset et al., 2009), neuronal SH-SY5Y (Satori-Rupp et al., 

2019) and many others. 

However, over time it was discovered that TNTs not only contain actin, but in some cases 

also microtubules. Here we find cases such as A549, H28, HBEC-3 cells (Dubois et al., 

2018), NK cells (Chauveau et al., 2010), macrophages (Onfelt et al, 2006; Dupont et al, 

2020), astrocytes (Wang et al., 2012) or glioblastoma stem-like cells (Pinto et al., 2021) 

(Figure 5B). Intriguingly, TNTs that are natively made up of actin can, upon receiving 

certain stimuli, go on to form TNTs that also contain microtubules. This is the case, for 

example, of the αherpesvirus US3 protein kinase which is able to induce the formation of 

long TNTs containing stabilized microtubules in ST cells (Jansens et al., 2017), or even 

in the case of the cells in which TNTs were first described (PC12 cells) it has been shown 

that after receiving UV radiation damage and becoming apoptotic, TNTs that were 

previously positive for actin and negative for microtubules become positive for both 

components of the cytoskeleton and provide them with a rescue mechanism by receiving 

mitochondria from surrounding healthy cells (Wang and Gerdes, 2015). Interestingly, 

treatment with cytochalasin B abolished the formation of microtubule-containing TNTs, 

whereas drugs that disrupt microtubules such as nocodazole or drugs that stabilize 

microtubules as paclitaxel did not alter TNT formation (Wang et al., 2010), showing the 

central role of the actin cytoskeleton on the TNT’s biogenesis.  

Finally, TNTs whose composition includes elements of the intermediate filaments have 

also been identified. This is the case of Normal Porcine Urothelial (NPU) cells, in which 

connections were identified that were positive for actin, tubulin and cytokeratin-7, thus 

showing the presence of actin filaments, microtubules and intermediate filaments (Resnik 

et al., 2019).  

All these studies show the complexity of these structures and raise the need to unify 

criteria when studying TNTs. Here I propose the terminology “TNTs” for those which 

fulfill the original description of these structures by Rustom et al., 2004 (actin based 
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membranous connections, not attached, open ended and able to transfer cargo) and “TNT-

like connections” for those structures that varies from this definition (connections 

composed by microtubules or intermediate filaments in addition to actin or close-ended 

connections).  

Open-endedness? 

As was the case for the composition of cytoskeleton elements in TNTs, the first 

description of TNTs was that of open-ended structures (Rustom et al., 2004). However, 

in this case the answer to the question of whether TNTs are open structures or not is more 

complex as it requires electron microscopy techniques that can therefore access the 

contact areas between TNTs and opposing cells. Thanks to the efforts of different groups, 

the answers started to come, however these answers did not clear the doubts about the 

cytoplasmic continuity of the TNTs since TNTs were found to be open or closed 

depending on the cell line in which they were studied highlighting again the diversity of 

structures. 

Examples of TNTs that were open, apart from the original study by Rustom and 

colleagues, were found in A549 epithelial cells (Kumar et al., 2017), MDCK (Kumar et 

al., 2017), between T24 and RT4 bladder cells (Lu et al., 2017) or STHdh neuronal cells 

(Sharma and Subramaniam, 2019). In either case, the formation of TNTs that are open-

ended is hypothesized to require the presence of cell adhesion molecules that would place 

the membranes facing each other in such a way that membrane fusion could occur 

(Abounit and Zurzolo, 2012). On the other hand, other cell types showed TNTs-like 

connections that were closed, as is the case in Jurkat cells (Sowinski et al., 2008), in 

macrophages (Okafo et al., 2017) or pericytes in the mouse retina (Alarcon-Martinez et 

al., 2020). In our case, the cells we mainly worked with in the laboratory for the study of 

TNTs, mouse neuronal CAD cells and human neuronal SH-SY5Y cells, both showed to 

have TNTs (or iTNTs in this case) that could be either open or closed, although, those 

closed iTNTs were found within the iTNT bundle in the middle of two cells, which 

presumably could be iTNTs in the process of extension or retraction (Sartori-Rupp et al., 

2019) (Figure 4).  
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Figure 4. Ultrastructure of the TNTs in CAD and SH-SY5Y neuronal cells. 

Low magnification TEM images (c, d, e) shows how the TNTs look like a single tube but at a 
higher magnification cryo-ET images (f, g, h) this single tubes are in fact made of a multiple 
individual tubes (iTNTs), each one delimitated by its own membrane. iTNTs contain actin 
(colored in red in g) and vesicles in them (pointed by yellow arrowheads and colored in green in 
f) and are attached to each others by thin linkers (pointed by turquoise arrowheads and colored 
in turquoise in g and h). On the bottom, the schematic diagram of the ultrastructure of TNTs and 
iTNTs in neuronal cells. Obtained from Sartori-Rupp et al., 2019.  

Why TNTs or TNT-like connections can be found to be open or closed is a question as 

yet unanswered, since those TNTs that were shown to be closed were also capable of 

transferring membrane-delimited compartments (in this case just movement of the 

compartments along the TNTs was detected but not the transfer of this material between 

cells, which would imply a supply of membrane or different molecules to the TNTs) or 

mitochondria (Sowinski et al., 2008; Okafo et al., 2017). Perhaps finding TNTs that are 

closed is due to limitations in the use of EM techniques (because just use of SEM it is not 

enough to visualize the open-endedness of these structures) or close-ended TNT is a 

transitionary step captured in the precise moment of the ultrastructural analysis due to the 

dynamic nature of these structures or simply the presence of open or closed TNTs is due 

to different mechanisms of formation and functionality of TNTs in different cell types. In 

either case, more ultrastructural studies are needed to better address the question of 

cytoplasmic continuity. 

Cargo transfer as the fundamental indicator of the functionality of 

TNTs 

As we have seen so far, the unique and differential property of TNTs with respect to other 

types of protrusions is their ability to transfer cargo across it. Over the years, the list of 

different cargoes that are capable of being transferred by TNTs has only grown, including 

Ca2+, pathogens (such as viruses and bacteria), organelles, misfolded proteins or genetic 

material (Figure 5B). 
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Figure 5. Architecture of the different types of TNTs and the cargo that can be transfer by these 
structures. 

(A) TNTs can vary in architecture ranging from the first described single tube containing 
biological material in it, to TNTs that are close and ending in a gap junction specialized for the 
Ca2+ transfer, or multiple individual TNTs forming a bundle of thin parallel tubes. (B) TNTs are 
always based on the actin cytoskeleton but some TNTs or TNT-like connections can also contain 
microtubules of intermediate filaments. These structures can transfer a wide variety of cargo such 
as Ca2+, viruses, bacteria, lysosomes, mitochondria, misfolded proteins or genetic material 

Calcium signaling 

While one might think that intercellular Ca2+ transport through these structures is carried 

out by TNTs connecting to opposing cells through gap junctions, this is not always the 

case, as it has been shown that Ca2+ transport can be through TNTs terminated in gap-
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junctions (Wittig et al., 2012) (Figure 5A) or on the other hand that this Ca2+ transfer is 

dependent on inositol triphosphate receptors (IP3R) (Smith et al., 2011). Interestingly, 

this Ca2+ transfer through TNTs has been observed in vivo between TNTs connecting 

mouse retinal pericytes, allowing a coordination in the neurovascular tissue and responses 

to the light. (Alarcon-Martinez et al., 2020). 

Pathogens and TNTs 

Many viruses are capable of both inducing the formation of TNTs, and of "hijacking" 

these structures to spread from one cell to another (for a much more extensive review of 

TNTs and viruses see Jansens et al., 2020). As a result, shortly after the discovery of 

TNTs, they were recognized as mechanisms by which Human Immunodeficiency Virus 

(HIV) could be transmitted among T cells (Sowinski et al., 2008). Later, it was 

demonstrated that HIV induced the formation of TNTs in macrophages, and that this virus 

was found in TNTs formed between macrophages, suggesting that TNTs can also be used 

to propagate HIV in macrophages (Eugenin et al., 2009).. Likewise, very recently our 

group has demonstrated how SARS-CoV-2 not only induces the formation of TNTs but 

can also be transferred from permissive to the virus epithelial cells into non-permissive 

neuronal cells, providing a potential explanation for how this disease could spread to the 

brain (Pepe et al., 2022). These two cases represent only a couple of examples of a long 

list of viruses that can either induce or travel through TNTs (Jansens et al., 2020). 

In the case of bacteria, examples are scarcer. For example, Listeria monocytogenes was 

described, years before the discovery of TNTs, as spreading from one macrophage to 

another through cellular protrusions of actin that were phagocytosed by another cell 

(Tilney and Portnoy, 1989). Although it is not clear that these protrusions are TNTs, it 

seems plausible that these bacteria could use TNTs as a route from one cell to another. 

Another clearer example is the case of Mycobacterium bovis, which showed how this 

bacterium could transfer from one macrophage to another by "surfing" on the surface of 

the TNTs connecting two cells until it reached the recipient cell (Önfelt et al., 2006). 

Organelle transfer 

Organelles best characterized as being transferred by TNTs are lysosomes and 

mitochondria. 
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Lysosomes 

In the same study mentioned above, they not only described how bacteria could use TNTs 

to move from one cell to another but also observed for the first time how lysosomes could 

also be transferred by TNTs (Önfelt et al., 2006). As a clear example of the duality of 

TNTs in terms of their beneficial or detrimental effects on cells, we can find the lysosome 

transfer. TNTs can be used for the elimination of harmful substances from one cell to 

another (Victoria and Zurzolo., 2017), but they can also be used to propagate misfolded 

proteins that have escaped degradation in these lysosomes (Dilsizoglu Senol et al., 2021). 

Mitochondria 

TNTs have been shown to transfer mitochondria in a wide range of cell lines. Since 

mitochondria play multiple functions in the target cells, mitochondrial trafficking has 

notable and variable effects (Vignais et al., 2017). As in the case of lysosomes, the transfer 

of mitochondria by TNTs is also believed to be a beneficial or detrimental mechanism for 

the whole organism depending on the context, since the exchange of mitochondria can 

mean a supply of an additional energy source to a cell in need of it or (in the context of 

cancer) this transfer of mitochondria can favor tumor progression (Pinto et al., 2020). 

Some of the beneficial effects of mitochondria transfer by TNTs can be observed in the 

delivery of mitochondria from astrocytes to neurons which offers a protective effect and 

improves the recovery of the latter after a stroke (Hayakawa et al., 2016) or the transfer 

of mitochondria between pericytes and astrocytes, which allows the latter to be rescued 

after ischemia (Pisani et al., 2022). But as mentioned above, the transfer of mitochondria 

could also have a detrimental effect on the organism, and this is especially true in the 

context of cancer in which receiving mitochondria would be beneficial to these cancer 

cells but detrimental to the organism. Certain examples can be found in the transfer of 

mitochondria via TNTs between mesenchymal cells and breast cancer cells (Pasquier et 

al., 2013) or in squamous cell carcinoma (Sáenz de Santa María, et al., 2017), as well as 

a growing body of documentation regarding the relationship of mitochondrial transfer by 

TNTs and the acquisition of cancer cell drug resistance (Hekmatshoar et al., 2018). 

Trafficking of misfolded proteins 

Misfolded proteins, as we will see in the next section, play a fundamental role in the 

establishment and progression of different diseases. To date, there are a multitude of 
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studies that have been able to demonstrate the transfer of misfolded proteins between cells 

via TNTs. 

The study of the transfer of misfolded proteins by TNTs began with the discovery that 

the pathogenic and infectious form of the prion protein (scrapie prion protein or PrPSc, 

that can cause the Creutzfeldt-Jakob disease) can use TNTs as a transfer route between 

neuronal cells (Gousset et al., 2009) and years later it was shown that PrPSc colocalized 

within the lumen of TNTs in endosomal compartments corresponding to early endosomes 

or lysosomes, and that this PrPSc increases both the formation of TNTs and their ability 

to transfer vesicles (Zhu et al., 2015).  

After these discoveries, more attention was given to other misfolded protein 

transportation by TNTs. This led to greater knowledge of how α-synuclein (protein 

responsible for Parkinson's disease) travel from one cell to another. As seen in neuronal 

CAD cells, α-synuclein fibrils are transferred between cells via TNTs. When these 

proteins arrived at a new cell, they were able to seed soluble α-synuclein found in the 

cytosol of the recipient cell (Abounit et al., 2016). Years later, it was also discovered that 

α-synuclein was able to escape lysosomal degradation and spread across different cells. 

This led to the aggregation of other α-synuclein molecules in different cells (Dilsizoglu 

Senol et al., 2021). Primary neurons and human neuronal precursor cells have also shown 

this same trend with α-synuclein transport via TNTs (Vargas et al., 2019; Grudina et al., 

2019). 

As in the previous case, another misfolded protein that has been observed to be related to 

TNTs is huntingtin (Htt), which can lead to Huntington's disease. It was not even ten years 

ago when it was demonstrated in a neuronal cell line and in primary neurons that when 

these cells were treated with an Htt mutant, aggregates of these proteins were formed, 

causing the increase of TNTs and their transfer (Costanzo et al., 2013). A mechanism by 

which the formation of TNTs related to Htt is induced has recently been demonstrated. 

This is through Rhes (Ras Homolog Enriched in the Striatum) which not only promotes 

the formation of new TNTs, but in turn this protein is responsible for cell-to-cell transport 

of Htt in striatal cells (Sharma and Subramaniam, 2019).  

Amyloid-β is another misfolded protein that is transferred through TNTs, and it is the 

major component of amyloid plaques in the brains of Alzheimer's patients. In this case 
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we have the first reports came from Wang and colleagues (Wang et al., 2011) who showed 

how this amyloid-β is transferred between neurons through TNTs producing an increase 

in cytotoxicity and much more recently other teams confirmed not only the transfer of β 

amyloid-β but also the bidirectional transfer of this protein (Zhang et al., 2021) and that 

the formation of TNTs by amyloid-β is probably due to the damage caused by this protein 

in the plasma membrane (Dilna et al., 2021). 

Finally, it has been observed that both monomeric and fibrillar Tau (protein responsible 

for tauopathies and that together with amyloid-β, can cause Alzheimer's disease) can be 

transferred across TNTs (Tardivel et al., 2016), both synthetic and derived from 

Alzheimer's disease patients (Chastagner et al., 2020) and that both endogenous and 

exogenous Tau aggregates are found on TNTs in endosomal compartments that have 

escaped autophagy and can presumably travel through TNTs to cause new Tau aggregates 

in recipient cells (Chastagner et a., 2020). 

Genetic material 

In addition to all of the above-mentioned positions, one type that is particularly important 

for its possible implications in the alteration of recipient cells is the transfer of genetic 

material, especially RNA-based material. Thus, examples of microRNAs (miRNA) 

transfer between stromal cells and tumor cells and tumor to tumor cells (Thayanithy et 

al., 2014), miRNAs in breast cancer cell lines (Connor et al., 2015) or the transfer of 

messenger RNA (mRNA) (Haimovich et al., 2017) have been observed, although 

examples today of this type of transfer are numerous (Haimovich et al., 2020). While it 

has been characterized in some of these studies that the transfer of this genetic material 

appears to correlate with more aggressive or invasive tumor phenotypes, all the possible 

indications for genetic changes that potentially have the transfer of this type of cargo in 

both physiology and pathology have yet to be determined.  

Existence of TNTs in vivo 

TNTs or TNT-like structures have been shown to be present during the development of 

organisms such as sea urchin, zebrafish or chick embryos (Miller et al., 1995; Caneparo 

et al., 2011; Teddy and Kulesa, 2004) but were questioned at first because they could not 

show one of the main features of TNTs, namely the transfer of cargo, but today are 

considered as TNT-like connections (Cordero Cervantes and Zurzolo, 2021). The 
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identification of TNTs and their characterization in material transfer was a great challenge 

when observing these structures in an organism, however, over the years and with the 

advancement of techniques it has been possible to characterize bona fide TNTs in vivo. 

These efforts have culminated in an increasing number of studies demonstrating the 

existence of these TNTs, especially in the brain (for more extensive reviews in this field, 

see Cordero Cervantes and Zurzolo, 2021; Khattar et al., 2022). Relevant examples in 

this regard are found in the aforementioned study demonstrating the presence of TNT-

like connections in the mouse retina that enable Ca2+ signaling transfer (Alarcon-Martinez 

et al., 2020), the correlation between material transfer and TNT-like connections between 

photoreceptor neurons formed by microtubules called photoreceptor nanotubes (Ortin-

Martinez et al., 2021) or the identification of TNTs formed between astrocytes and 

neurons in the mouse cerebral cortex (Chen and Cao, 2021). In the cancer context, 

especially with material from patient, TNTs or TNT-like structures were firstly found in 

solid tumor cells ex vivo with this TNTs containing mitochondria in tissue sections of 

patients (Lou et al., 2012). These findings were corroborated by additional observations 

showing intercellular connections in squamous cell carcinoma (Antanavičiūtė et al., 2014; 

Sáenz de Santa María et al., 2017), ovarian (Thayanithy et al., 2014) and pancreatic 

cancer (Desir et al., 2018). Additionally, similar findings were seen when human 

glioblastoma cells were engrafted into mice models (Osswald et al., 2015). 

While all these findings extend and solidify the existence of TNTs, more efforts are still 

needed to show and characterize TNTs in vivo without any doubt. 

Roles of TNTs in physiology and pathology 

As mentioned above, cargo transfer through TNTs can have both beneficial and 

detrimental effects at the recipient cell or at the level of the whole organism and this is 

commonly determined by the type of cargo being transported. 

Linked to the previous section, it seems obvious to think that the transfer of pathogens 

such as viruses and bacteria can serve as a route of propagation and dissemination of these 

same pathogens. PrPSc, α-synuclein, Htt, amyloid-β and Tau proteins are the main causes 

of the establishment and development of Creutzfeldt-Jakob disease, Parkinson's disease, 

Huntington's disease and Alzheimer's disease. That all these proteins can promote the 

formation of TNTs, be transferred by these structures or seed new aggregates in recipient 
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cells, leads to think about the fundamental role that TNTs could have in vivo in the 

dissemination of these diseases in the brain (Abounit et al., 2016). In the context of cancer, 

TNTs and TNT-like connections have been found in numerous different types of cancer 

(Pinto et al., 2020). The microenvironment found in tumors has been shown to favor the 

formation of TNTs, such as hypoxia (Desir et al., 2016), acidic pH (Kretschmer et al., 

2019) or low serum condition (Lou et al., 2012) and signaling cascades that are 

dysregulated in some cancer types favor the formation of these TNTs, such as 

PI3K/Akt/mTor (Desir et al., 2016) or p53 (Wang et al., 2011). Likewise, the transfer of 

cargo in the context of cancer can have a very important influence on the progression of 

this disease. Examples of this can be found in bladder cancer, where mitochondrial 

exchange favors the invasiveness of acceptor cells (Lu et al., 2017) or miRNA transfer 

promotes the acquisition of more aggressive phenotypes in less aggressive cells (Lu et al., 

2019) and not only through a cellular co-culture but with a protocol to isolate 

mitochondria called MitoCeption, they were able to observe how mitochondria transfer 

from Mesenchymal Stromal Cells (MSC) to cancer cells favored cell invasion and 

proliferation (Caicedo et al., 2015). 

But just as it is clear that TNTs play a fundamental role in the development and 

propagation of diseases, it is no less evident that these structures play a no less important 

role in different physiological and beneficial processes for cells. In this context it is 

believed that TNTs or TNT-like connections have a very important role during 

development such as in the sea urchin gastrula (Miller et al., 1995), zebrafish gastrulation 

(Caneparo et al., 2011) or chick embryo (Teddy and Kulesa, 2004; McKinney and Kulesa, 

2011). Knowing that many of these structures have the ability to transfer material, it is 

possible that this transfer capacity is fundamental to supply different cells with the 

necessary material at the right time for their correct development (Korenkova et al., 

2020). Apart from its possible role during development, the transfer of cargo through 

TNTs has been shown to have beneficial effects in turn. In this regard, it has been 

observed that TNTs can transfer cystinosin-containing lysosomes from macrophages to 

cystinosin-deficient fibroblasts (from a mouse model of cystinosis) via TNTs, thus 

correcting lysosomal defects in these acceptor cells (Naphade et al., 2015). As previously 

mentioned, mitochondrial transfer has beneficial effects also on stroke recovery 

(Hayakawa et al., 2016), on cell rescue after ischemia (Pisani et al., 2022) and Ca2+ 
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signaling on the coordination of pericytes by TNT-like connections (interpericyte TNTs 

or IP-TNTs) to respond to light stimuli (Alarcon-Martinez et al., 2020) 

Therefore, and once again, we can see how TNTs have a dual functionality, in this case 

to be both beneficial and detrimental to an organism. Likewise, the mechanism of 

formation of TNTs in physiological or pathological contexts and their ability to transfer 

material gives us an idea of the importance of certain factors that condition these 

structures. ROS production in response to H2O2 treatment leaded to an increase in 

mitochondrial transfer via TNTs (Liu et al., 2014). Other stimuli such as serum 

deprivation, acidic enviroment or hyperglycemia enhance the formation of TNTs and 

their ability to share material (Lou et al., 2012). On the other hand, it has been shown that 

cellular stress, such as HIV infection or SARS-CoV-2, increases the production of TNTs 

(Eugenin et al., 2009; Pepe et al., 2022). Additionally, it has been discovered that 

chemotherapeutic drugs have an impact on the frequency of TNT production and cargo 

trafficking. Treatment with the DNA-intercalating Zeocin boosted the formation of TNTs 

(Domhan et al., 2011), as well as the use of the chemotherapeutic agent Cytarabine 

increased the physical contact between cells and mitochondrial incorporation (Moschoi 

et al., 2006). These studies can give us an idea of how the fine regulation of the formation 

and material transfer capacity of TNTs could contribute to the correct maintenance of 

homeostasis. 

Differences between TNTs and other cellular protrusions 

As we have seen so far, TNTs are unique protrusions in that they allow direct cell-to-cell 

transport of a multitude of cargoes. However, cells can form a variety of actin-based 

protrusions that, although similar to TNTs, can differ from the latter in structure, 

regulators or function (Figure 6).  

Membrane protrusions such as cilia (Figure 6A) are both actin- and microtubule-based 

structures, and can be subdivided into motile cilia, primary cilia and nodal cilia (Hua and 

Ferland, 2018). In fact, these protrusions are derived from centrioles. Their main 

functions are to sense the environment and transduce mechanical and chemical signals 

from it (Satir and Christensen, 2007). Thus, they are different from TNTs both in 

composition (as TNTs formed by microtubules are the smallest) and function (as TNTs 

have not been described as environmental sensors to date). 
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The interaction between the extracellular matrix (ECM) and cells is a fundamental 

process for cell motility, migration and development and is carried out by focal adhesions. 

However, there are small F-actin-based protrusions whose role is also to interact with the 

ECM but which are slightly different from the focal adhesions in both composition and 

function, namely invadosomes (Albiges-Rizo et al., 2009) (Figure 6B). Within the 

framework of invadosomes are included podosomes and invadopodia which, although 

similar, have different characteristics, for example podosomes are extremely dynamic 

while invadopodia are much more persistent as well as invadopodia are typically found 

in cancer cells (Stefan Linder, 2009). In general, invadosomes are involved in functions 

such as degrading ECM and facilitating migration and invasion especially in the context 

of cancer (Castro-Castro et al., 2016; Mrkonjic et al., 2017, Ferrari et al., 2019). 

Therefore, the main differences with TNTs are precisely these two functions, because 

although it is believed that TNTs should generate some kind of metalloproteases to 

degrade the ECM between two cells in vivo to form these connections this is not yet 

proven, and furthermore, TNTs can also favor invasion in a cancer context but this on the 

contrary is not by promoting motility, but thanks to the transfer of different cargoes that 

will provoke a more invasive phenotype in the acceptor cells. 

Perhaps the types of membrane protrusion most similar to TNTs are the filopodia (Figure 

6C). Filopodia are actin-based membrane protrusions that typically reach short distances 

(less than 10 µm in length). Normally the generation of filopodia is based on the 

deformation of the plasma membrane through the push of the actin cytoskeleton by 

nucleation of F-actin through the Arp2/3 complex (J L Gallop, 2019). Filopodia have a 

role in many biological processes, including wound healing, neurite outgrowth, 

embryonic development, and others. They are used to explore the cell environment during 

processes like cell migration, for example (Faix and Rottner, 2006; Gupton and Gertler, 

2007). As in the previous cases, the major difference between TNTs and filopodia is the 

cargo transfer capacity of TNTs and not on filopodia. Furthermore, previous work from 

our group has shown that although filopodia and TNTs share the same protein complexes 

regulating actin cytoskeleton, these complexes regulate the two types of actin-based 

protrusions in an opposite manner, with the network formed by CDC42/IRSp53/VASP 

promoting the formation of filopodia but inhibiting the formation of TNTs, suggesting 

that these two structures have predetermined different fates and specific functions 

(Delage et al., 2016).  
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The aforementioned cytonemes are also similar structures to TNTs, but as I have already 

discussed, cytonemes transmit morphogens that will produce a signal transduction in the 

recipient cell, thus varying in function to the TNTs (Korenkova et al., 2020) (Figure 6D). 

Finally, protrusive structures between cells called mitotic bridges can also be observed 

(Figure 6E). When observing these structures at low resolution, their great similarity to 

TNTs may confuse these two structures, but mitotic bridges are reminiscent of two 

dividing cells, and although it has been observed that they can exchange material, a 

phenotype that differentiates them from TNTs is the presence of the midbody in a central 

position between the two dividing cells (Fykerud et al., 2016). 
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Figure 6. Cellular protrusions. 

(A) Cilia are actin- and microtubule-based protrusions which mainly serve as sensors of the 
environment. (B) Invadosomes form the interaction between the cells and the extracellular matrix 
involved in processes such as migration or invasion. (C) Filopodia are short and dynamic actin 
protrusions involved in a wide variety of cellular functions. (D) Cytonemes are actin membranous 
extensions that serve as a route of communication between cells by morphogens. (E) Intercellular 
bridges are reminiscent protrusions devoid from the division of two cells. (F) Tunneling 
nanotubes differ from all these other protrusion by their ability of transfer biological material by 
forming and open channel between the cytoplasm of neighboring cells. 
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Process of formation of the TNTs 

Mechanism of formation 

Two mechanisms of TNT formation have been proposed: actin-driven mechanism and 

cell dislodgement mechanism (Figure 7). The two hypotheses for TNT generation 

presented here might both take place in the same cell type, therefore they are not mutually 

exclusive.  

 

Figure 7. Mechanism of formation of the TNTs. 
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(A&B) The actin driven mechanism consists on the extension of a filopodia-like protrusion from 
one cell (A) or both cells (B) that will contact the other cell (A) or the other protrusion (B) and 
membranes attachment and fusion would occur to form an open channel. (C&D) The cell 
dislodgement mechanism occurs when two cells that are in close contact and they will separate 
forming between them a protrusion originated from one of the cells (C) or from both cells (D), 
which would be open-ended. 

Actin-driven mechanism (or filopodia-like protrusion mechanism) 

According to the earliest proposed model for TNT biogenesis (Rustom et al., 2004), one 

or both of the cells involved in the formation of this structures can cause the growth of a 

F-actin filopodia-like protrusions (Figure 7A&B). Actin polymerization might occur to 

provoke the protrusion to lengthen and grow toward the recipient cell which can occur 

through chemotaxis as in the case of cytonemes (Ramirez-Weber and Kornberg, 1999). 

Following elongation, the protrusion's tip establishes direct physical contact with the 

target cell, possibly involving adhesion molecules (Abounit and Zurzolo., 2012). Finally, 

membrane fusion must take place upon cell-cell contact in order to allow membrane 

continuation in order to establish an open TNT connection. To date, neuronal PC12 and 

mouse CAD cells and normal rat kidney (NRK) cells have shown that TNT production 

through actin-driven protrusion occurs (Bukoreshtliev et al., 2009; Gousset et al., 2009; 

Rustom et al., 2004).  

Cell dislodgement mechanism 

This second mechanism (Figure 7C&D) of the formation of the TNTs has been shown to 

be very common on TNTs that are formed in between immune cells (Watkins and Salter, 

2005; Onfelt et al, 2006; Sowinski et al., 2008) but also in HEK293, HUVEC or neural 

crest cells (Wang et al., 2010). In this type of TNT biogenesis, TNTs would arise from 

two cells that are in very close contact and when these cells migrate in opposite directions, 

they would leave between them a TNT that can be formed by only one of the cells or by 

both cells. It is hypothesized, although there is no evidence as yet, that cell adhesion 

molecules would favor the initial stages of this type of TNT formation and that TNT-cell 

membrane fusion could occur either at the beginning of this process or at some point 

during the formation (Abounit and Zurzolo., 2012). 

Actin related proteins in TNT formation 

Although various actin regulators and vesicle trafficking components appear to supply 

the material needed for the elongation process, the molecular machinery at the core of 
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TNT production is yet unknown (for a more exhaustive review about actin related proteins 

and TNTs, refer to Ljubojevic et al., 2020). One of the most important positive regulators 

of TNT in many cell types is M-Sec (Hanna et al., 2019; Hase et al., 2009; Ohno et al., 

2010). It can activate downstream proteins including the cell division control protein 42 

homolog (CDC42) and the small GTPase Ral-A to rearrange the actin cytoskeleton or 

deliver membrane to the site of TNT production. Through direct binding to the neural 

Wiskott-Aldrich syndrome protein (N-WASP), the Ras superfamily member CDC42 

regulates actin polymerization. This direct binding then activates the Arp2/3 protein 

complex, which encourages actin branching. As mentioned before, the 

CDC42/IRSp53/VASP network, which promotes the extension of filopodia, negatively 

regulates TNT formation in CAD cells while elevating Eps8, an actin regulatory protein, 

promotes TNT formation, indicating that these two actin modifiers may have opposing 

effects on the formation of filopodia and TNT (Delage et al., 2016). 

Major steps of the formation 

 

Figure 8. Model of the steps in the TNT’s formation. 

(A) Cells are in an inactive state. (B) Cells can be stimulated by various signals that would induce 
the negative membrane curvature required for TNT formation. (C) Actin polymerization is 
triggered to form initial actin bundles that can overcome membrane elasticity, allowing further 
TNT elongation. (D) TNT grown from cell 1 reaches opposite cell 2 and fuses with its membrane 
through an unknown fusion mechanism. (E) Functional TNTs formed between cell 1 and cell 2 
containing direct actin filaments, can now exchange large cargoes. Obtained from Ljubojevic et 
al., 2021. 



Roberto Notario Manzano PhD manuscript  
 

61 
 

Membrane deformation and initiation of protrusion growth 

For the formation of actin-based protrusions, two processes are necessary, although it is 

still unclear whether one precedes the other or whether they eventually occur at the same 

time.  

One of these processes that could lead to the formation of a protrusion is the deformation 

of the membrane producing curvature of the membrane (Ljubojevic et al., 2020). This 

membrane deformation can be carried out by proteins such as the inverse Bin-

Amphiphysin-Rvs domain proteins (I-BAR proteins) that can cause outward membrane 

curvature (Chatzi and Westbrook, 2021) and/or by proteins such as the tetraspanins CD9 

or CD81 that can cause membrane curvature due to their molecular shape (Zimmerman 

et al., 2016; Umeda et al., 2020) (Figure 8A-C). 

For the initiation of the growth of protrusions by the action of actin filaments pushing out 

the membrane or membrane proteins pulling actin filament polymerization (as it is the 

case for I-BAR proteins in filopodia biogenesis -Zhao et al., 2011-), different regulators 

have been discovered in recent years. In this respect we have Rho GTPases such as 

CDC42 which is a well-known regulator of filopodia formation (Nobes and Hall, 1995). 

However, this regulation is contrary in the case of TNTs, because as mentioned above, 

CDC42 together with IRSp53 and VASP negatively regulates the formation of TNTs 

(Delage et al., 2016). However, it is more likely that the regulation of the initiation of 

TNT formation by actin related proteins is rather cell type specific, since this same 

CDC42 which is a negative regulator of TNTs in neuronal cells, is a positive regulator in 

macrophages (Hanna et al., 2017). 

Elongation 

The longer distances than the filopodia that the TNTs reach suggest that these structures 

are under tight control of actin nucleators, suppliers and elongators (Ljubojevic et al., 

2020) (Figure 8D), whereas in the case on TNT-like connections containing microtubules 

(which these protrusions would be longer and more stable) this process would be also 

presumably under the control of microtubule targeting agents. However, little or nothing 

is known at this time about the elongation of TNTs and it should be is extrapolated from 

what happens with other protrusions such as filopodia. Regulators thought to act at this 

step could be the formin family of proteins for their ability to incorporate G-actin into a 
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growing filament (Yu et al., 2017) or the protein Epidermal growth factor receptor kinase 

substrate 8 (Eps8) that could function as a stabilizer of TNTs through its ability to form 

actin bundles (Delage et al., 2016) or Dephosphorylated β-Ca2+-Calmodulin-dependent 

protein kinase II (βCaMKII) which increases the duration of TNTs presumably through 

its binding to G-actin and preventing their nucleation (Vargas et al., 2019; Sanabria et 

al., 2009). 

Adhesion and fusion with the opposing cell 

Interestingly, this step would be the last to occur in TNTs formed by actin-driven 

mechanism but the first step in TNTs formed by cell dislodgement. 

In either case, prior to fusion, the membrane of the TNTs and the opposing cell should 

recognize each other and place themselves in a juxtaposed position and this is speculated 

to be accomplished through cell adhesion molecules (Abounit and Zurzolo, 2012). In fact, 

over the years there have been a few studies that have identified different cadherins to be 

present on TNTs or even at the tip of them (Jansens et al., 2017; Lokar et al., 2010; Chang 

et al., 2022) but the role of these cadherins in TNTs has not been investigated in depth 

(Figure 8D&E).  

Once the membranes are facing each other, molecules would be needed that could 

generate a membrane curvature between TNT and the opposing cell such that the space 

between the lipidic bilayers would be so small as to produce a mixing of these membranes 

and thus the fusion between TNT and the opposing cell (Abounit and Zurzolo, 2012). To 

date, no regulator of TNT fusion has been found, but it tends to be thought that molecules 

involved in other membrane fusion processes would also play a very important role in 

TNT fusion, such as the tetraspanins CD9 and CD81, molecules widely characterized in 

different membrane fusion processes (Rubinstein et al., 2006; Ishii et al., 2009; Charrin 

et al., 2013; Takeda et al., 2003) (Figure 8D&E). 

Since these last processes of adhesion and fusion of TNTs with the opposing cells have 

not been investigated, I considered that studying therefore candidates to have a very 

important role in these steps of the formation of TNTs such as cadherins and tetraspanins 

focusing on N-cadherin and on the tetraspanin CD9 and CD81, could broaden our 

knowledge about TNTs to be applied in the future to other fields beyond cell biology. 
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Chapter 3: Cadherins and the cadherin adhesome 

As was the case for intercellular communication, the correct maintenance of cell-to-cell 

interactions is essential for processes such as homeostasis, development or cell-to-cell 

communication itself. Although today we have a vast knowledge in this field, we do not 

have to go back much more than 50 years to know that these functions, well established 

today, were no more than hypotheses at that time. 45 years ago, two independent groups 

not only discovered the first molecules involved in cell-to-cell interaction but also the two 

methods of cell interaction: Ca2+ independent cell adhesion with the protein that later 

became known as NCAM (Neural Cell Adhesion Molecule) (Thiery et al., 1977) and Ca2+ 

dependent cell adhesion with the protein that later became known as cadherin (Takeichi, 

1977). In this section, I will focus on these proteins that act as Ca2+ dependent cell 

adhesion molecules known as cadherins.  

The cadherin superfamily 

Following this historical overview, and strongly recommending a nice review of the 

initial work in the field of cadherins by the discoverer of these molecules himself 

(Takeichi, 2018), it was not until a few years later that these proteins were truly identified. 

The first of these identified molecules was identified by an antibody called "ECCD1" and 

they named this Ca2+ dependent cell adhesion molecule as "cadherin" (Yoshida-Noro et 

al., 1984) and a year later by treating the cells with an antibody called "NCD1" they saw 

how cell adhesions were disrupted and also how these two antibodies did not recognize 

the same antigens since ECCD1 only recognized targets in epithelial cells while NCD1 

only in neuronal cells, which led them to rename these two molecules as E-cadherin 

(Epithelial-Cadherin or ECAD) for the ECCD1 target and N-cadherin (Neural-Cadherin 

or NCAD) for the NCD1 target (Hatta et al., 1985). To date, these initial cadherins are 

grouped into a superfamily of proteins, divided into several subfamilies and with more 

than 100 members. Despite the vast number of members in this superfamily, it is accepted 

that the common function for all of them is to be a major cell-cell adhesion mechanism, 

while their structure, although sharing some homology (especially in the sequence of the 

extracellular domain know as cadherin motif), differs among the different subfamilies 

(Suzuki and Hirano, 2016).  
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Over the years, the classification of this superfamily that we know today was formed 

(Figure 9). The classical cadherins are further subdivided into two groups, type I and type 

II cadherins classified according to differences in the amino acid sequence of the 

cytoplasmic region of these cadherins (Suzuki et al., 1991). While type I cadherins are 

more tissue-specific, type II cadherins are expressed together in many tissues (Bekirov et 

al., 2002), but both form what is known as "cadherin adhesome" forming the adherens 

junctions that are composed of these cadherins and molecules associated with their 

cytoplasmic tail known as catenins (in this case p120-catenin, β-catenin and α-catenin) 

bound to the actin cytoskeleton. Among the type I cadherins we can find ECAD, NCAD, 

P (Placental)-cadherin, R (Retinal)-cadherin or M (Muscle)-cadherin; and some examples 

of type II are VE (Vascular Endothelial)-cadherin, K (Kidney)-cadherin, CDH8, CDH9, 

CDH10, CDH11 or CDH12 (Suzuki and Hirano, 2016). Another subfamily of cadherins 

is those that form desmosomes, structures similar to adherens junctions but different from 

the latter in that desmosomes form punctate cell-to-cell junctions. Here we find 

desmogleins (Koch et al., 1990) and desmocollins (Collins et al., 1991). Unlike classical 

cadherins, desmosomal cadherins do not interact with catenins and actin through their 

cytoplasmic tail, but form complexes with plakoglobins, plakophilins, desmoplakin and 

the intermediate filament (Angst et al., 2001). The largest subfamily of cadherins are the 

so-called protocadherins, further subdivided into "clustered" and "non-clustered" 

protocadherins. Although they share the function of cell adhesion with the classical 

cadherins (Obata et al., 1995), they differ from the latter in that their extracellular domain 

is longer and they do not possess a catenin-binding region (Hayashi and Takeichi, 2015). 

Since they are widely expressed in the nervous system, their functions are related to the 

nervous system by controlling its proper functioning and development (Hayashi and 

Takeichi, 2015). We can also find a great variety of different cadherin-like proteins, such 

as 7D-cadherins, Fat and Dachsous, Flamingo... that differ in morphology with the 

classical cadherins and in functions since, apart from cell adhesion, they have more varied 

functions such as cell signaling (Hirano and Takeichi, 2012).  

Within this superfamily, the classical type I cadherins (especially ECAD and NCAD) are 

by far the most studied and best known. 
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Figure 9. The cadherin superfamily. 

The cadherin superfamily includes a wide variety of proteins, sharing the cadherin motif repeats 
at the extracellular domains and the general function as cell-to-cell adhesion molecules, but 
varying in the number of the repeats of the cadherin motifs and the associated molecules. This 
superfamily includes the classical cadherins (type I and II), desmosomal cadherins, 
protocadherins, or other cadherin-like proteins. Adapted from Peinado et al., 2004. 

Classical cadherins and the cadherin adhesome 

Classical cadherins are composed by an ectodomain formed by five highly conserved 

regions (EC1-5) each of them formed by 110 amino acids, being the first the most distant 

from the membrane and with 3 Ca2+ ions in between each EC domain rigidifying this 

structure (Overduin et al., 1995; Boggon et al., 2002), a single transmembrane pass and 

a cytoplasmic tail (Takeichi, 1990). The cadherin adhesion is made by the interaction of 
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two cadherins on two opposing cells in a trans conformation through their EC1 in a 

“strand-swap” interaction (Shapiro and Weis, 2009), but interactions between the EC1-

EC2 of two different cadherins in cis on the same cell is needed for the strengthening of 

the adhesion (Harrison et al., 2011). Cadherin-associated molecules are coupled to the 

cytoplasmic tail of the cadherin: p120-catenin, β-catenin and α-catenin. Through α-

catenin, this “cadherin adhesome” is linked to the actin cytoskeleton which finally gives 

integrity to the complex forming the adherens junction (Mège and Ishiyama, 2017) 

(Figure 10). 
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Figure 10. The classical cadherin adhesome. 

The classical cadherin adhesome is form by the cadherin (e.g., ECAD or NCAD) from one cell 
that will bind in an homophilic manner to another cadherin of the opposing cell. Cadherin 
associated molecules, p120-catenin, β-catenin, are bound to the cytoplasmic tail of the cadherin 
with α-catenin interacting with β-catenin and actin linking the cadherins to the cytoskeleton. 

Adherens junctions link the actin cytoskeleton of neighboring cells together, and provide 

the physical connection needed for morphogenetic processes like neurulation, cell 

migration, sheet sealing of epithelial cells, and growth and differentiation of cells 

(Gumbiner, 2005; Halbleib and Nelson, 2006; Lien et al., 2006; Kardash et al., 2010). 

Adherens junctions are also involved in signaling and controlling the growth (Cavallaro 

and Dejana, 2011), as ECAD with the Epidermal Growth Factor Receptor (EGFR) (Qian 

et al., 2004) or NCAD with the Fibroblast Growth Factor Receptor (FGFR) (Suyama et 

al., 2002), differentiation (Halbleib and Nelson, 2006), and fate of cells (Lechler, 2012), 

as well as maintaining the homeostasis of adult tissues (Leckband et al., 2011). In 

addition, cadherins are also involved in brain development and cell-cell communication 

processes, the best known being the role of NCAD in functions including the maturation 

of neural tissues, the construction of circuits, and the emergence and alteration of 

synapses (Hirano and Takeichi, 2012).  

Nevertheless, all these functions of cadherins depend on the correct assembly of their 

associated molecules mentioned above: the catenins. 

Catenins 

Catenins were so named because at their discovery they were believed to be the link of 

cadherins to the actin cytoskeleton (which was later confirmed), and therefore their name 

was adapted from the Latin "catena" meaning chain (Ozawa et al., 1989). Catenin family 

is formed by: α-catenin, β-catenin, δ-1-catenin (or p120-catenin), δ-2-catenin (or Neural 

Plakophilin-Related ARM-repeat Protein -NPRAP-), γ-catenin (or plakoglobin) and 

plakophilin. Except for α-catenin, all catenins contain a central Armadillo domain of 

between 9 and 12 repeats that makes them form their interaction domains (McCrea and 

Gu, 2010). Of these, the cadherin adhesome of the classical type I cadherins is formed by 

the interaction of p120-catenin and β-catenin with the cytoplasmic tail of the cadherins 

and α-catenin interacting with β-catenin and the actin cytoskeleton and as we will see 

below, these catenins play many more roles than just being a complement to cadherins in 

cell adhesion. 
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p120-Catenin 

Identified in 1994 as a substrate of Src kinase with direct interaction with ECAD 

(Reynolds et al., 1994), its main functions are to control the stability and recycling of 

cadherins and to control actin dynamics at the level of adherens junctions by interacting 

with Rho GTPases.  

p120-Catenin can control the strengthening of cadherin-based adhesion (Thoreson et al., 

2000), the clustering of these molecules (Yap et al., 1998), the presence of cadherins in 

the membrane preventing the recycling of the cadherins by blocking the ubiquitinylation 

of the cadherins (Hartsock and Nelson, 2012), or conditioning the correct development 

of the organism (Davis and Reynolds, 2006). 

In addition to all these functions, p120-catenin can in turn control cellular architecture by 

controlling actin dynamics through its interaction with various Rho GTPases. Thus, this 

catenin favors the formation of filopodia and lamellipodia and increases the migratory 

capacity of cells presumably by increasing the activity of CDC42 and Rac (Grosheva et 

al., 2001). It may modulate actin dynamics by inhibiting RhoA activity by disrupting 

actin stress fibers (Reynolds et al., 1996) but this RhoA inhibition is mutually exclusive 

with interacting with cadherins (Anastasiadis et al., 2000). 

Finally, p120-catenin has also been reported to interact with microtubules and enhance 

their stability by affecting the migratory capacity of cells (Ichii and Takeichi, 2007). 

β-Catenin 

β-Catenin binds to the cytoplasmic tail of cadherins in a position lower than p120-catenin 

and also to α-catenin (Huber et al., 1997) and it is this binding to cadherins that 

presumably protects them from degradation (Huber et al., 2001). 

But as was the case with p120-catenin, β-catenin is involved in other roles beyond its 

function in interacting with cadherins. However, the involvement of β-catenin in 

processes other than coupled to cadherins is thought to be mediated to mechanical stimuli 

such as constriction by an abundant density of cells or changes in cell morphology 

(Desprat et al., 2008; Benham-Pyle et al., 2015). Therefore, β-catenin can be found not 

associated with cadherins, participating in the Wnt pathways (Wnts are proteins secreted 

serving as signaling molecules when they bound to their receptor proteins called 
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Frizzled), but for this it has to be translocated to the nucleus where it is a cofactor with T 

cell factor/lymphoid enhancer factor (TCF/LEF) (Nelson and Nusse, 2004). Without the 

presence of Wnt, β-catenin accumulates in the cytoplasm and is subsequently degraded 

by a complex formed by Adenomatosis Polyposis Coli (APC) and Axin proteins among 

others (Nelson and Nusse, 2004). Therefore, when translocated to the nucleus, β-catenin 

together with TCF/LEF can activate a wide variety of genes that have a great impact on 

stem cells, metabolism or cancer development and establishment (Ramakrishnan and 

Cadigan, 2017). 

α-Catenin 

The last member of the adherens junction is interacting on the one hand with β-catenin 

and on the other hand with the actin cytoskeleton. Therefore, its main function is to anchor 

the cadherin-catenin complex to the cytoskeleton, but it is also able to control actin 

dynamics. 

α-Catenin interacts with numerous actin binding proteins such as α-actinin (Knudsen et 

al., 1995), ZO-1 (Itoh et al., 1997), vinculin (Hazan et al., 1997), afadin (Pokutta et al., 

2002), formin-1 (Kobielak et al., 2004) or eplin (Abe and Takeichi, 2008), which allows 

control of actin dynamics (Kobielak et al. 2004; Tang and Brieher 2012; Abe and 

Takeichi, 2008; Drees et al., 2005; Benjamin et al., 2010) and it is able to direct bundle 

actin filaments (Rimm et al. 1995). Although α-catenin has an undoubted actin-binding 

domain and it has been known for years that this α-catenin binds directly to actin (Pokutta 

et al. 2002; Rimm et al. 1995) and thus connects adherens junctions to the actin 

cytoskeleton giving it its functionality (Mège et al., 2006), in 2005 the ability of α-catenin 

to bind both β-catenin and actin was doubted (Yamada et al., 2005; Drees et al., 2005). It 

was not until an element that had not been considered was added, and that is that when 

tension was applied to this cadherin-catenin-actin complex, α-catenin went from weakly 

binding actin to having a strong binding with it (Buckley et al., 2014). Therefore, the most 

widely accepted today is that α-catenin binds to actin directly, but it is not until force and 

tension are applied allowing vinculin to bind to α-catenin and this last binds to the 

contractile cytoskeleton of actomyosin (Mège and Ishiyama, 2017).  

Outside of adherens junctions, α-catenin can be found in the cytosol in the form of 

monomers or dimers (Drees et al., 2005) that are able to inhibit the Arp2/3 complex in 
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vitro, which could mean the regulation of actin dynamics away from cadherins in cells. 

Cytosolic α-catenin appears in complex with APC and β-catenin and may play an 

important role in the transcription of genes of the Wnt/β-catenin pathway (Su et al., 1993). 

α-catenin dimers can also be found in membranes that do not form adherens junction and 

in this case, it was observed to induce a clear increase in filopodia (Wood et al., 2017). 

Last and very interestingly, α-catenin has been recently identified at the margins of 

mesenchymal cells, where it interacts with F-actin and binds with vinculin within integrin 

adhesions, suggesting that α-catenin has a role not only in adherens junction but also in 

cell adhesion to the extracellular matrix (Mukherjee et al., 2022). 

Cadherins, catenins and TNTs 

Unfortunately, the role of cadherins and/or catenins in TNTs has hardly been studied. The 

first report of the presence of the cadherin-catenin complex in TNTs dates back to 2010, 

in which Lokar and colleges found in urothelial T24 cells both NCAD and β-catenin 

present along TNTs and hypothesized that the cadherin-catenin complex would serve as 

an anchoring pathway for TNTs with the opposing cell to subsequently form an open 

channel (Lokar et al., 2010) but no functional role other than the presence of these 

molecules was investigated (Figure 11A). Another cadherin, in this case ECAD also 

together with β-catenin were found in Swine Testicle (ST) cells being enriched in the 

adhesion zone of the TNTs with the opposing cell and could provide cytoplasmic 

continuity with the opposing cell (Jansens et al., 2017), again without asserting the role 

of these molecules in TNTs other than anchors (Figure 11B). Our lab has recently 

discovered that, at least in neuronal cells, TNTs are made of iTNTs that form a bundle 

and this structure appears to be held together by N-cadherins molecules, which by cryo 

correlative EM are localized at links between iTNTs and at the base of treads that appear 

to coil around the iTNTs bundle  (Sartori-Rupp et al., 2019) (Figure 11C) Thus I started 

my thesis with the aim to study the role of N-cadherin in TNTs, a project directed by 

Professor Chiara Zurzolo in collaboration with Dr. Anna Pepe, a postdoc in the lab. 

Furthermore, a recent study (Chang et al., 2022) shows that TNT-like connections are 

formed by two filopodia coming from two different cells that interact with each other 

forming what they call "Double Filopodial Bridge" or "DFB". When one of these two 

filopodia separates from the other, a single TNT-like cell-cell connection called "Single 

Filopodial Bridge" or "SFB" remains (Figure 11D). The authors address how the 
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formation of these DFBs and their transition to SFP depends on NCAD (and presumably 

on catenins but they only investigated the presence of β-catenin) and that this transition 

is a consequence of the torsion exerted by myosin (Chang et al., 2022). While the 

localization of NCAD in this transition may support the presumed possible role of NCAD 

in the iTNTs bundle, the authors, contrary to all previous studies, suggest that the 

accumulation of NCAD in the TNT-opposing cell contact areas and the unidirectional 

Ca2+ transfer indicate the presence of close-ended TNTs. However, in this study the 

authors do not analyse the ultrastructure of these TNT-like connections, neither perform 

any transfer experiments showing anything other than calcium-mediated communication. 

Finally, our lab showed that the formation of TNTs in neuronal cells is through the 

Wnt/Ca2+ pathway and therefore Wnt/β-catenin pathway independent (Vargas et al., 

2019), which does not exclude a possible role of β-catenin in the regulation of TNTs, but 

within the cadherin-catenin complex. 

 

Figure 11. Presence of cadherins on TNTs. 

(A) Presence of NCAD and β-catenin (both in grey) on TNTs in urothelial T24 cells. (B) Presence 
of ECAD (green) and β-catenin (red) on TNTs in ST cells. (C) Presence of NCAD on TNTs in 
neuronal CAD cells by immunofluorescence (NCAD in green and actin in red) and by 
immunogold (black dots pointed by green arrowheads). (D) Presence of NCAD from both cells 
(in green NCAD from one cell and in red NCAD from the other) on DFB or SFB in HeLa cells. 
Obtained from Lokar et al., 2010; Jansens et al., 2017; Sartori-Rupp et al., 2019 and Chang et 
al., 2022. 
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Therefore, the aim of my first thesis project is to provide a more comprehensive study on 

the role of NCAD in TNTs as well as of the cadherin-catenin complex in TNTs by 

studying the function of the linker of cadherins to the actin cytoskeleton, α-catenin. 
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Chapter 4: Tetraspanins 

In 1990 with the immunoprecipitation of a previously unknown membrane antigen of 26 

kiloDaltons (kDa) (Oren et al., 1990) what would later become known as the 

"tetraspanin" family of proteins was discovered. This protein was called TAPA-1 "Target 

of an Antiproliferative Antibody" and later became known as Cluster of Differentiation 

81 or simply CD81. Subsequently, other membrane antigens similar to CD81 such as 

CD63 (Metzelaar et al., 1991) or CD9 (Boucheix et al., 1991) were discovered, that by 

sequence similarity suggested that they might be members of a new family of proteins 

(Boucheix et al., 1991) which would be called transmembrane 4 superfamily (TM4SF) or 

simply tetraspanins (Figure 12), including to date 33 members in mammals (among 

which are the most studied and known: CD9, CD63, CD81, CD82 or CD151) that 

although they differ slightly in sequence but are conserved both in structure and between 

species (Hemler, 2003; Charrin et al., 2014) with wide expression over cells and tissues 

for CD9, CD63, CD81 or CD151 (but restricted expressions for other tetraspanins such 

as uroplakins or peripherins) and a large number of different functions due to the 

formation of associations with a multitude of proteins forming specific membrane 

domains called tetraspanin-enriched microdomains (TEMs) (Boucheix and Rubinstein, 

2001).  
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Figure 12. The tetraspanin superfamily. 

Homology tree of human tetraspanins. Names in bold correspond to common names. It shows 
when the number of cysteines in the extracellular loop EC2 differs from six cysteines. Obtained 
from Bonnet et al., 2019. 

In this section, I will explore the structure, membrane domains and general functions of 

tetraspanins, paying special attention to CD9 and CD81 tetraspanins since the second 

project of my thesis is focused on them. 

Structure of tetraspanins 

Tetraspanins are small integral membrane proteins that share a common structure 

consisting of two extracellular domains, one intracellular domain, four transmembrane 

domains and two short cytoplasmic tails (Hemler et al., 2003) (Figure 13). To be 

considered tetraspanins, they must possess several conserved amino acids, including a 
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CCG motif and two additional cysteine residues that contribute to two key disulfide bonds 

in the second extracellular domain fundamental for its correct folding (Kitadokoro et al., 

2001; Seigneuret et al., 2001). 

 

Figure 13. General tetraspanin structure. 

Common features of the tetraspanin superfamily. These proteins are composed two short 
cytoplasmic tails, four transmembrane passes, one short intracellular loop and two extracellular 
loops, one short loop (SEL) and one large loop (LEL). Obtained from Hemler et al., 2014. 

The two extracellular domains form loops that are distinct from each other, one of them 

being short, known as Short Extracellular Loop (SEL) or EC1, and the second long, called 

Large Extracellular Loop (LEL) or EC2. The SEL is relatively unknown in function, but 

is believed to be necessary for the correct expression of LEL but does not appear to allow 

tetraspanin interactions (Masciopinto et al., 2001). In contrast, the LEL is much better 

known. Practically all tetraspanins possess a constant and a variable domain in the LEL 

(Seigneuret et al., 2001) and it is believed that this variable region of the LEL is 

responsible for forming the interactions with other proteins typical of tetraspanins (Stipp 

et al., 2003). Notable examples of this are the failure of CD81 to interact with Hepatitis 
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C virus E2 protein when the variable region of the LEL corresponding to the C-D helix 

regions is mutated (Higginbottom et al., 2000), or certain amino acid residues in the 

variable region of the murine CD9 LEL that are critical for sperm-oocyte interaction (Zhu 

et al., 2002). 

The transmembrane domains are highly conserved between tetraspanins and between 

species (Stipp et al., 2003). It is speculated that these transmembrane domains may play 

a fundamental role in tetraspanin-to-tetraspanin interactions at least for tetraspanin 

CD151 (Berditchevski et al., 2001) and the interactions between the various 

transmembrane domains are essential for the correct expression of CD82 in the membrane 

(Cannon and Cresswell, 2001). 

Regarding the cytoplasmic domains of tetraspanins, their general functions are rather 

unknown and it is believed that they may vary from one tetraspanin to another (Stipp et 

al., 2003). Some examples of cytoplasmic tail rollovers can be found in tetraspanin CD63, 

which upon mutation of the C-terminal domain of CD63 this protein is mislocalized to 

the membrane rather than to the endoexosomal compartment (Rous et al., 2002). C-

terminal changes in the intracellular tail of 3 amino acids for another 3 corresponding to 

CD82 cause CD9 not to fulfill its role in cell aggregation functions or adhesion to the 

extracellular matrix (Wang et al., 2011). In the case of CD81, it is believed that this 

tetraspanin could interact with the actin cytoskeleton through the interaction of its C-

terminal tail with the ezrin-radixin-moesin (ERM) complex (Sala-Valdés et al., 2006). 

Specific structure of CD9 and CD81 

Although these two tetraspanins logically maintain the typical structure of these 

tetraspanins, in recent years the crystal structure of these two proteins has become known, 

offering new information about these two tetraspanins (Figure 14). 

CD81 crystal structure was first published by Zimmerman et al., 2016. The structure of 

CD81 resembles a “waffle cone”, with the LEL domain covering the membrane lumen 

surrounded by four transmembrane helices. The overall folding of the four 

transmembrane helices is not similar to that of any other intact membrane protein of 

known structure. The transmembrane (TM) region consists of two pairs of essentially 

independent antiparallel helices: one pair includes TM1/TM2 and the other pair 

TM3/TM4. The two pairs of helices converge near the cytoplasmic side of the membrane 
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only through the contact between TM2 and TM3 (Figure 14A). In the large hydrophobic 

cavity between the TM domains, they founded an electro dense zone which was revealed 

as a binding site to the cholesterol. Interestingly, when they performed molecular 

dynamics simulations, they observed that when no lipids were added to the simulation, 

the LEL dissociated from TM 3 and 4 and an "open" CD81 conformation was observed, 

whereas when they added cholesterol, it bound to the central cavity causing the LEL to 

bind to the transmembrane domains in a “close” conformation (Figure 14B).  

The crystal structure of human CD9 published by Umeda et al., 2020 show CD9 folds 

into four transmembrane domains whose intracellular ends are in close proximity, while 

their extracellular ends are loosely packed to form a large central pocket within the 

intramembrane region. The SEL between TM1 and TM2 and the LEL between TM3 and 

TM4 span this central cavity. The LEL is stabilized by a pair of disulfide bonds between 

highly conserved cysteine residues. It is conceivable that there is a third disulfide bond at 

the intracellular ends of TM helices, which may originate from bound palmitoyl units, 

consistent with the heterogeneity in band detected by western blot of the purified CD9 

protein (Figure 14C). Interestingly, the general structure of CD9 adopts an inverted cone-

like molecular shape that when included in lipid membranes generated membrane 

curvature (Figure 14E). Finally, molecular dynamic simulations showed how the SEL 

and LEL are flexible and can switch between two conformations, closed with the LEL 

associated to the SEL, or open with the LEL in a position above the SEL. The inner pocket 

shows an electron dense zone that presumably serves to bind some lipids that would cause 

the change from open to closed when bound, although it is doubtful that it is cholesterol 

since CD9 lacks the amino acids to bind cholesterol in its cavity and this electron dense 

zone was observed when cholesterol was not added (Figure 14D). 
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Figure 14. Specific structure of CD9 and CD81. 

(A and B) Structure and conformation of CD81. (A) Crystal structure of human CD81. (B) 
Molecular dynamics simulation of CD81 showing a close conformation (with cholesterol) or open 
conformation (without cholesterol). (C and D) Structure and conformation of CD9. (C) Crystal 
structure of human CD9. (D) Molecular dynamics simulation of CD9 showing a close 
conformation (with lipid) or open conformation (without lipid). (D) Model of the membrane 
curvature induction by tetraspanins and formation of exosomes and membrane protrusions. 
Obtained from Zimmerman et al., 2016 and Umeda et al., 2020. 
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Therefore, the overall structure of CD9 and CD81 is very similar, in fact sharing 60% 

homology in the sequence (Umeda et al., 2020) but although the structures are similar, 

they have some specificities that could explain specific roles. 

Tetraspanin-enriched microdomains (TEMs) or tetraspanin 

web 

If anything characterizes this family of proteins, it is their ability to associate (directly or 

indirectly) with a vast number of different proteins. To mention just a small part of these 

associations, tetraspanins can interact with molecules such as a great variety of integrins, 

coreceptors like CD2 or CD4, MHC molecules, adhesion receptors, growth factors, other 

tetraspanins... (Boucheix and Rubinstein, 2001; Hemler, 2003; Yáñez-Mó et al., 2009; 

Charrin et al., 2009) (Figure 15). This is what is known as TEMs or tetraspanin webs 

and while they may be similar to other membrane domains such as lipid rafts, TEMs are 

different because of different characteristics from lipid rafts such as not containing GPI-

anchored proteins or caveolin (Yauch et al. 2000; Berditchevski et al. 2002), being 

disaggregated when treated with Triton X-100 but resistant to cholesteryl ester depletion 

(Class et al., 2001). This therefore suggests that TEMs and lipid rafts are distinct 

membrane domains. 

In TEMs, tetraspanins can interact directly with other proteins although it is speculated 

that the most common interactions of tetraspanins are with other tetraspanins or with the 

same class of tetraspanin (like CD9-CD9, CD9-CD81, CD81-CD151), being even more 

homophilic interaction than heterophilic (Kovalenko et al., 2004). Apart from interacting 

with other tetraspanins, these proteins can form direct interactions with other molecules, 

perhaps the most and best known being the interaction of tetraspanins with at least 11 

different types of integrins, especially in the case of CD151 (Hemler, 2003), or the 

associations of CD9 and CD81 with their almost obligatory interacting proteins (they are 

known as tetraspanins partners) CD9P1 (also known as EWI-F) and EWI-2 (also known 

as IGSF8 or CD81P3) (Charrin et al. , 2001; Stipp et al., 2001). 

But in turn, these primary complexes can interact with other molecules or complexes 

forming secondary indirect associations. Examples are the dependent association of EWI-

2 tetraspanins with integrins (Stipp et al., 2003), complex formation with 

metalloproteases (Arduise et al., 2008), cadherins (Chattopadhyay et al., 2003), 



Roberto Notario Manzano PhD manuscript  
 

80 
 

complement proteins (Saiz et al., 2018) and a variety of other proteins (Charrin et al., 

2009). Furthermore, through these interactions, the tetraspanins can be linked to the actin 

cytoskeleton, for example, in the case of the tetraspanins CD9 and CD81, their associated 

partner proteins (EWI-2 and CD9P-1) bind to the ezrin-radixin-moexin (ERM) complex 

that interacts with the actin cytoskeleton (Sala-Valdés et al., 2006). 

 

Figure 15. Tetraspanin-Enriched Microdomains (TEMs). 

TEMs are functional unit of the plasma membrane characterized for containing tetraspanins that 
forms interaction (directly or directly) with a great variety of proteins including other 
tetraspanins, metalloproteases (e.g., ADAM10), GPCRs, immunoglobulin-like proteins (e.g., 
CD9P-1 or EWI-2), integrins, or cadherins. 

General functions of the tetraspanins 

Since tetraspanins presumably carry out functions in association with other proteins that 

they do not carry out on their own, they are known as "molecular facilitators" (Maecker 

et al., 1887). Thanks to the formation of these complexes by tetraspanins, these proteins 

can carry out a great variety of functions which are determined by the proteins forming 

the complex in which they are associated.   

Role of tetraspanins in Extracellular Vesicles (EVs) 

Extracellular vesicles are small membrane particles released from cells into the 

extracellular space. Tetraspanins, especially CD9, CD63, CD81 and CD82 are 
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exceptional markers of EVs (Théry et al., 2018), but as tetraspanins can be detected at the 

membrane, different tetraspanins are markers for the presence of different types of EVs. 

However, the term EVs comprises a large number of different particles that are 

subdivided into different sizes and origin, such as lipoproteins, exomeres, exosomes, 

microvesicles, ectosomes or apoptotic bodies (Mathieu et al., 2019). It has recently been 

shown that the composition of these tetraspanins can be different in exosomes (EVs 

formed in the endocytic compartment) and in ectosomes (EVs formed by plasma 

membrane budding) (Mathieu et al., 2021). In this study, although not exclusively, CD63 

is the main marker of exosomoes together with LAMP1 or syntenin-1, whereas CD9 and 

CD81 are predominantly found in ectosomes together with other proteins such as BSG or 

SLC3A2 opening the framework for the interpretation of functions by discriminating the 

different EVs by their tetraspanin content (Figure 16). Indeed, it has already been 

demonstrated how these two populations of EVs can elicit different effects, exemplified 

by how treatment with Homosalate (a compound that increases the release of vesicles 

positive for SLC3A2/CD98 and CD9 and thus presumably ectosomes) but not 

Bafilomycin A1 (which would release vesicles corresponding to exosomes and positive 

for CD63), increases the migratory capacity in tumor cells (Grisard et al., 2022), thus 

demonstrating how these two populations of EVs have different functions.

 

 

Figure 16. Biogenesis of exosomes and ectosomes. 

Exosomes are released upon multivesicular bodies exocytosis, while exosomes are assembled and 
released from the plasma membrane. Regarding tetraspanins, CD63 is the main marker of 
exosomes while CD9 and CD81 are founded mainly in the ectosomes. 
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But tetraspanins are more than just markers of EVs. In fact, the aforementioned molecular 

structure of these two tetraspanins is believed to be responsible for the formation of these 

EVs (Zimmerman et al., 2016; Umeda et al., 2020). Different tetraspanins regulate the 

sorting and recycling of other molecules through the recycling pathway (Andreu and 

Yáñez-Mó, 2014). Finally, the content formed in the different compartments by different 

tetraspanins can have very varied functions such as in the immune system, progression 

and establishment of cancer, or the transfer of genetic material, encompassed in the fact 

that these vesicles serve as intercellular communicators (Colombo et al., 2014). 

Integrin-dependent adhesion 

As mentioned before, it has long been known that tetraspanins are associated with various 

integrins. Of these, laminin-binding integrins α3β1, α6β1, and α6β4 directly bind to 

CD151 (but other tetraspanins can also bind integrins) (Serru et al., 1999; Yauch et al., 

1998). CD151 has minimal effect on the adhesion or diffusion of matrix proteins bound 

to these integrins. Instead, CD151 was shown to regulate the activation of several 

signaling molecules downstream of these integrins, including Akt, Src, focal adhesion 

kinase (FAK), p130CAS, paxillin, and Rho family GTPases (Takeda et al., 2007; Yamada 

et al., 2008; Yang et al., 2008; Hong et al., 2012). Importantly, the effect of CD151 on 

the activation of these molecules appears to depend on the cellular context, suggesting 

that CD151 does not act as an adaptor molecule for any particular signaling pathway. In 

contrast, several studies have suggested a role for CD151 in regulating adhesion 

enhancement, a dynamic process that follows integrin-mediated adhesion involving 

receptor aggregation and interactions with cytoskeleton, structural and signaling 

elements. 

CD151 also regulates enhanced adhesion following platelet fibrinogen receptor binding, 

integrin αIIb/β3 (Lau et al., 2004) and the tetraspanins CD81 and CD37 regulate 

lymphoid B cell adhesion to integrin α4β1 ligands under flow (Feigelson et al., 2003; van 

Spriel et al., 2012). The impaired integrin α4β1 activity observed in CD37-null B cells is 

associated with altered cell membrane distribution of integrins and may be responsible 

for impaired Akt-dependent survival of long-lived antibody-secreting cells, which in turn 

leads to responses leading to impaired IgG1 production from T cell-dependent antigens 

(van Spriel et al., 2012). 
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Infectious diseases and tetraspanins 

Tetraspanins are associated with multiple viral, bacterial or parasite infections especially 

in pathogen entry (Monk and Partridge, 2012). CD81 and TSPAN9 (do not mistake with 

CD9 which is TSPAN29) were identified in small interfering RNA screens as host factors 

regulating the early steps of influenza virus and αvirus infection, respectively (Karlas et 

al., 2010; Ooi et al., 2013) and both of the tetraspanins were speculated to regulate viral 

fusion in endosomes (Ooi et al., 2013; He et al., 2013). CD151 has been shown to 

contribute to the endocytosis of human papillomavirus (HPV) 16, the causative agent of 

cervical cancer (Scheffer et al., 2013). CD9 can regulate different viral induced processes 

such as fusion, budding or release of the virus (Brousseau et al., 2018) CD81 is essential 

for the entry of the malaria parasite into hepatocytes, and in the first stage of the 

mammalian malaria parasite Plasmodium life cycle, and is an important receptor for the 

hepatitis C virus envelope protein E2 (Silvie et al., 2003; Dubuisson et al., 2008). 

Membrane protrusive activity by CD9 and/or CD81 

Related with the protrusive activity of the membrane, the tetraspanins CD9 and CD81 

have been shown to induce curvature formation (Bari et al., 2011; Umeda et al., 2020) 

probably because of their inverted cone-like structure (Zimmerman et al., 2016; Umeda 

et al., 2020) (Figure 14) and this is what is believed to initiate the formation of actin-

based membrane protrusions (Ljubojevic et al., 2021). Such is the case that both CD9 and 

CD81 have been shown to be involved in the formation of certain protrusions.  

In the case of CD9, it has been shown that the induction of clusters of these proteins 

causes the formation of microvilli in the cell-cell contact zone (Singethan et al., 2008). In 

digitation junctions, membrane microprotrusions between cells with a digit-like or finger-

like structures, tetraspanin CD9 as well as CD81 and CD82 are present, in addition to 

other components of TEMs such as integrin α3β1, CD44 or EWI2 and different 

tetraspanins regulate the formation of digitation junctions differently, as CD9 promotes 

the formation of these structures while CD82 inhibits it. (Huang et al., 2018)  

In the case of CD81, this tetraspanin increases the formation of microvilli, as well as the 

length and curvature of their tips and conversely, the ablation of this protein reduced the 

number of microvilli and their length (Bari et al., 2011). It has recently been demonstrated 

that the ability of CD81 to deform membranes also depends on the presence or absence 
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of cholesterol and its conformational state (Caparotta and Masone, 2021). The authors 

demonstrated that the interaction of CD81-CD81 molecules collectively promotes the 

transition to an open conformational state and in turn, CD81 has the ability to capture 

membrane cholesterol, rigidifying membranes and preventing membrane deformation. 

Membrane fusion by CD9 and/or CD81 

CD9 and CD81 tetraspanin proteins control several cell-to-cell fusion processes but not 

always in the same manner.  

In mice, if CD9 is absent, the eggs are severely affected in their ability to merge with 

sperm (Kaji et al., 2000; Le Naour et al., 2000; Miyado et al., 2000). The shape of the 

egg’s microvilli is also impacted (Runge et al., 2007). Interestingly, the expression of 

CD81 in eggs lacking CD9 buffered this infertility, presumably showing a cooperation of 

these two tetraspanins in egg-sperm fusion (Kaji et al., 2002; Rubinstein et al., 2006). 

Additionally, double CD9/CD81 knockout mice is completely infertile (Rubinstein et al., 

2006). In contrast to the functions of these tetraspanins in the oocyte, and at least in the 

case of CD9, this tetraspanin does not seem to have any role in sperm, since CD9 null 

male mice are completely fertile (Le Naour et al., 2000). 

In addition, both CD9 and CD81 work together as negative regulators of macrophage 

(Takeda et al., 2003) and muscle cell fusion (Charrin et al., 2013). Under fusogenic 

conditions, monocytes decreased the expression of CD9 and CD81 and treatment with 

antibodies against these proteins resulted in promoted fusion of monocytes and alveolar 

macrophages (Takeda et al., 2003). In muscle cells, lack of CD9 or CD81 provokes 

dystrophy of the myofibers which are formed quicklier. Tetraspanin-associated molecule 

CD9P-1 is important in muscle cell fusion since the lack of this protein recapitulates the 

lack of the tetraspanins. When there is no CD9 P-1 or CD9 and CD81 present in the cells, 

muscle cells fuse together at a higher rate (Charrin et al., 2013). Contrary to these two 

previous examples, inhibition of CD9 impairs the fusion the macrophages-like cells 

RAW264.7 to form osteoclast-like cells suggesting an important role during 

osteoclastogenesis (Ishii et al., 2006). 

Thus, while the role of these tetraspanins in cell-to-cell fusion is clear, these tetraspanins 

can act as positive or negative regulators, perhaps showing that their role in fusion 

depends on cell type or on as yet unknown cellular responses. 



Roberto Notario Manzano PhD manuscript  
 

85 
 

Relationship with TNTs 

If I mentioned earlier that there were few studies relating TNTs to cadherins, in the case 

of tetraspanins, to the best of my knowledge, there is only one study to date that relates 

TNTs to tetraspanins. In this study, only the presence of both CD9 and CD81 on TNTs in 

T-cells was demonstrated (Lachambre et al., 2014) (Figure 17).  

 

Figure 17. Presence of CD9 and CD81 on TNTs. 

CD9 (green, top panel) and CD81 (red, bottom panel) was shown to be present on TNTs 
(distinguished by actin stained in red -top panel-, and green -bottom panel-) on T cells. Obtained 
from Lachambre et al., 2014 
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Therefore, to date, any role of tetraspanins in TNTs is completely unknown and by 

focusing on the two functions of tetraspanins mentioned above (membrane deformation 

and fusion), my second project was conceived with the speculation that CD9 and/or CD81 

tetraspanins might have a very relevant role in different processes of TNT formation. 

Furthermore, results from our laboratory on mass spectrometry of TNTs performed by 

Dr. Christel Brou throughout my thesis showed that the tetraspanins CD9 and CD81 were 

among the most represented integral membrane proteins in the TNT fractions, further 

increasing interest in studying the role of these proteins in TNTs. 
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Section 3: Material and 

Methods 
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Since the results of my thesis are presented in the next section in two manuscripts that 

will be soon submitted, the complete and precise information of all the material and 

methods used during my PhD are presented in both manuscripts in their corresponding 

sections. However, here I have considered that given the importance and recurrence of 

the main assays to identify and characterize TNT formation and functionality, these 

methods should be explained in depth. Additionally, here there is also described the 

material and methods corresponding to the results annexes that don’t belong to any of the 

manuscripts. 

Identification and quantification of TNTs 

Important note: this assay will be indifferently referred to as % of cells connected by 

TNTs, TNT-connected cells or TNT number throughout the following sections of my 

thesis. 

Since TNTs are structures that connect distant cells, the first key step for the 

quantification of the TNTs is to seed the cells in sub-confluent conditions, so the cells 

would be at optimal distances allowing TNT formation and visualization. So, cells in 

culture are detached by trypsinization, counted and seeded. For SH-SY5Y cells, optimal 

conditions are 100000 cells in a 12 mm Ø coverslip or 400000 cells in a 35 mm Ø ibidi 

dish.  

Once cells are seeded, they are kept in culture for around 24 hours, so SH-SY5Y cells 

(that need around 8 hours to adhere properly) can form the TNT connections between 

them. After these 24 hours of culture, samples are fixed with special fixatives to preserve 

TNT structure, called “Fixative 1” and “Fixative 2” (Abounit et al., 2015).  

 Composition of Fixative 1: 2% paraformaldehyde (PFA), 0.05% glutaraldehyde, 

0.2 M HEPES, quantity sufficient of 1X PBS, prepared fresh. 

 Composition of Fixative 2: 4% PFA, 0.2 M HEPES, quantity sufficient of 1X 

PBS, prepared fresh. 

This step consists in the fixation first with Fixation 1 for 15 minutes at 37°C, another 15 

minutes at 37°C with Fixation 2 and finally 3 gentle rinses with 1X PBS. After this, cells 

are stained with fluorescent-conjugated Wheat Germ Agglutinin (WGA) at 1:300 and 
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DAPI at 1:1000 in 1X PBS for 15 minutes at room temperature to stain membrane and 

nucleus respectively (alternatively or additionally fluorescent-conjugated phalloidin 

could be use at 1:1000 in 1X PBS for 1 hour at room temperature to stain the actin), 

followed by 3 gentle washes with 1X PBS 5 minutes each. Finally, coverslips are mounted 

on glass slices with Aqua-Poly/Mount or this Aqua-Poly/Mount is added to the ibidi 

dishes and samples are kept at 4°C (Figure 18A). Using an inverted confocal microscope, 

several random Z-stacks of different places of the sample are acquired by using a 40X 

objective. 

Analysis by microscopy 

The acquired images are analyzed with the help of the Icy software 

(https://icy.bioimageanalysis.org/) using the “Manual TNT annotation” plugging (Figure 

18A). First, cells are identified are marked thanks to the DAPI staining which will give 

the total number of cells (Figure 18B, green circles). Following the morphological criteria 

of the TNTs (structures that connect distance cells and not attached to the substratum), 

the first Z-slices of the images are discarded (Figure 18C) and thanks to the membrane 

staining, continuous protrusions that connects separated cells are identified and marked 

(Figure 18D, green lines pointed by yellow arrowheads). By knowing the total number 

of cells and the cells that are connected by this green line (which in fact marks the TNTs), 

the % of cells connected by TNTs is obtained. 
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Figure 18. Identification and quantification of TNTs. 

(A) Protocol of cell culture, fixation, staining and image acquisition for TNT identification. (B, 

C, D) Image analysis of the samples with the Icy software. (B) Identification of the cells by 

marking the nucleus with green circles. Each circle represents one cell. (C) First initial Z-slices 

are discarded not to quantify attached protrusion. (D) Protrusions that connect distant cells are 

marked by green lines. Each line represents two cells connected by TNTs, pointed by yellow 

arrowheads. Note that if two cells are connected by more than one TNT, just one line is drawn.  

Characterization of the functionality of the TNTs by 

vesicle transfer 

Important note: this assay will be referred to as % of acceptor cells receiving DiD-

vesicles, % of acceptor cells receiving vesicles, vesicle transfer or coculture throughout 

the following sections of my thesis indifferently. 

The key feature of TNTs is their ability to transfer a wide variety of cellular material. 

Therefore, just the identification of TNT-like structures in not enough to define bona-fide 

TNTs and functional assays regarding their ability to transfer material must be performed. 

This assay consists in a coculture of two different populations of cells: donor cells (that 

are those who will have the stained material to transfer) and acceptor cells (that are 

expressing rather soluble GFP or mCherry to distinguish them from the donor 

population). As it was the case for the TNT quantification, sub-confluent cell cocultures 

are required to allow the cells to proper form TNTs. For SH-SY5Y cells, optimal 

conditions are 50000 donor and 50000 acceptor cells in a 12 mm Ø coverslip, 200000 

donor and 200000 acceptor cells in a 35 mm Ø ibidi dish (for microscopy analysis) or 

300000 donor and 300000 acceptor cells in a well of a 6-well plate (for flow cytometry 

analysis). 

First, the donor population is loaded with DiD (a lipophilic dye that is rapidly internalized 

and stains the vesicles) at 1:1000 in the corresponding medium (RPMI 1640) at 37°C for 

30 minutes in the incubator. After this time, both donor and acceptor cells are detached 

and counted, and the desired number of cells of each population is plated in a ratio 1:1. 

Co-cultured cells are left in the incubator for around 24 hours and in the next day: 
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 For microcopy analysis, cells are fixed (with the protocol of Fixative 1 and 

Fixative 2 if samples are used for TNT counting or directly with 4% PFA for 20 

minutes at room temperature if no TNT identification is going to be performed), 

stained with WGA and DAPI and mounted in the same way as for TNT 

identification. Samples are kept at 4°C until the image acquisition (which again it 

is performed in the same way as for TNT identification (Figure 19A).  

 For flow cytometry analysis, cells are collected by trypsinization, pelleted and 

fixed with 4% PFA, then passed through a cell strainer to avoid the formation of 

clumps and resuspended in a flow cytometry tube with the same volume of 1X 

PBS as PFA contains the sample (so final volume of PFA is 2%). Samples are 

kept in the fridge until they are passed through a cytometer (Figure 19A).  

Additionally, to exclude any transfer not involving a cell-contact mediated mechanism 

(and therefore presumably depending on TNTs), a secretion control is performed (Figure 

19B). Donor cells loaded with DiD are cultured alone for 24 hours and after this time the 

supernatant of this cells is collected, centrifuged to eliminate any remaining cell or cell 

debris and added to the acceptor cells that are plated separately. This control is kept in 

culture for the same time as the coculture and analyzed in the same way (Figure 19B). 
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Figure 19. Characterization of the functionality of the TNTs by vesicle transfer. 

(A) Schematic representation of the vesicle transfer assay steps including donor cells labelling, 

mix and coculture of donors and acceptors, fixation, staining (only in the case of microscopy 

analysis of the samples) and analysis. (B) Schema of the secretion control test showing the 

recollection of the supernatant, addition of this supernatant to the acceptor population and 

analysis. Donor cells are represented in blue, acceptor cells in green, DiD-vesicles in white dots 

and brown background represents the cell culture medium.  
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Quantification by microscopy 

Z-stacks images are open with the Icy software (https://icy.bioimageanalysis.org/) and 

they will be analyzed by using specific protocols for this assay called “Protocol part 1”and 

“Protocol part 2” (Figure 20A). By running the Protocol part 1 and setting the color 

channel of your acceptor cells, the software will automatically detect your acceptor cells 

and it will create a grey mask of the cell shape on top of every cell (Figure 20B). This 

will require some manual correction to discard acceptor cells overlapping with donor cells 

or acceptor cells to close that the software will not detect the cell boundaries.  After this 

step, and having previously set up the DiD channel and the threshold for DiD detection 

(with a negative control not stained with DiD), Protocol part 2 is run and the software 

will automatically detect the spot corresponding to DiD signal by marking them with 

green pixels (Figure 20C, yellow arrowheads in the enlargement). Knowing the number 

of acceptor cells containing DiD signal among the total number of acceptor cells, the % 

of acceptor cells with DiD-vesicle will be obtained. 

This analysis is done exactly in the same way for both coculture or secretion samples. 
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Figure 20. Quantification of the vesicle transfer by microscopy.  

(A) Icy software view of the image analysis protocol by microscopy. Protocols part 1 & 2 are 

framed by a red rectangle and pointed by red arrowheads. (B) Example of an image after running 

the Protocol part 1. Green cells corresponding to acceptor cells are automatically detected and 

marked with a gray mask. The yellow square represents the enlarged image on the right. (C) 

Example of an image after running the Protocol part 2. Green pixel spots correspond to DiD-

vesicles that are automatically detected and marked. The yellow square represents the enlarged 

image on the right and the yellow arrowheads point to the vesicles detected. 

Quantification by flow cytometry 

Files obtained after passing the samples for a cytometer (in this case a CytoFlex) and open 

and analyze with the FlowJo software (https://www.flowjo.com/). Samples are first gated 

with the area obtained by the side scatter (SSC) and the area obtained by the forward 

scatter (FSC) to discard cell debris and to keep all the cells in the sample. After this, 

samples are gated with the width of the SSC and the area of the FSC to exclude the cells 

in doublets and keep only singularized cells (Figure 21A). After this, cells are 

compensated (if necessary) and the gates for positive and negative of GFP and DiD are 

delimited according to the positive (GFP+ and DiD+ cells) and negative (Unstained cells) 

samples (Figure 21B). Finally, these gates are applied to the samples of interest. 

This analysis it is done exactly in the same way for both coculture or secretion samples. 
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Figure 21. Quantification of the vesicle transfer by flow cytometry. 

(A) Flow cytometry images of an example of the gates applied to select all cells subsequently 

singularized cells. (B) Examples of flow cytometry images of unstained, GFP positive and DiD 

positive samples to compensate and apply the gate strategy based on the positive or negative for 

each color. (C) Example of coculture flow cytometry images. Quadrant 1 (Q1) delimits DiD+ and 

GFP- cells, Quadrant 2 (Q2) delimits DiD+ and GFP+ cells, Quadrant 3 (Q3) delimits DiD- and 

GFP+ cells and Quadrant 4 (Q4) delimits DiD- and GFP- cells. 

Immunoprecipitation (GFP-trap) 

Cell lines 

SH-SY5Y cells overexpressing NCAD tagged to GFP (NCADGFP cells) and SH-SY5Y 

cells expressing soluble GFP are described in the corresponding Material & Methods 

section of the first manuscript.  

SH-SY5Y cells overexpressing CD9 tagged to GFP (CD9GFP cells) and SH-SY5Y cells 

overexpressing CD81 tagged to GFP (CD81GFP cells) were obtained by lentiviral 

infection with each corresponding plasmid (see lentiviral preparation on Material & 

Methods of the second manuscript). To overexpress CD9 or CD81 tagged to GFP, SH-

SY5Y were plated the day before the infection at a confluency of around 70% and next 

day the lentiviruses were added to the cells. 24 hours later the medium with the 

lentiviruses were removed and replaced. After this, cells were splitted 1:5 and reinfected 

for 24 hours. After these 24 hours, medium was replaced every 2-3 days. These cells were 

tested for the expression of CD9 and/or CD81 by western blot (WB). The pool of cells 

was seeded in 96-well plates through a limiting dilution in such a way that 0.5 cells are 

seeded per well, and after allowing them to grow, they were analyzed and the clones 

overexpressing the protein of interest were selected and tested for expression of CD9 or 

CD81 by immunofluorescence and WB. 

Protocol of the GFP-trap 

Cells of interest were cultured in a T75 flask until confluency. When cells were ready, 

they were washed 3 times with ice cold 1X PBS and then added 2 mL of the lysis buffer 

and left the flask under agitation for 30 minutes at 4°C. The lysis buffer is made to 

preserve tetraspanin interaction with mild detergent. Its specific composition is: 150mM 
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NaCl, 30mM Tris, 1mM MgCl2.6H2O, 1mM CaCl2, 1% Brij 97, pH 7.4 + protease 

inhibitors. After these 30 minutes, the cell lysate was collected and centrifuged at 10000g 

for 15 minutes at 4°C. The pellet was discarded and the protein concentration of the 

supernatant is measured (from here samples corresponding to “lysate” were prepared with 

30 µg of proteins. 

The agarose beads containing nanobodies anti-GFP bound to these agarose beads 

(ChromoTek GFP-Trap® Agarose) are prepared by 3 washes with PBS +/+, each wash 

followed by centrifugation at 2000g for 3 minutes, removing the supernatant. 

Immunoprecipitation (IP) samples were prepared with 20 µL of beads, 500 µg of proteins 

and dilution buffer until 500 µL (composition of the dilution buffer: 150mM NaCl, 30mM 

Tris, 1mM MgCl2.6H2O, 1mM CaCl2, pH 7.4 and no detergent). The tubes with the mix 

were put in rotation at 4°C for in between 60-90 minutes. After that time, the tubes were 

centrifuged at 2000g for 3 minutes and supernatant was kept as control (sample called 

“supernatant”). Two additional washes with washing buffer are made (composition of the 

washing buffer: 150mM NaCl, 30mM Tris, 1mM MgCl2.6H2O, 1mM CaCl2, 0.5% Brij 

97, pH 7.4). 20 µL of Laemmli 2X is added to the final pellet and samples corresponding 

to this final pellet (“IP”), “lysate” and supernatant are used for WB analysis of the GFP-

trap 
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Section 4: Results 
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Manuscript 1: Beyond cell adhesion: the role of N-

cadherin and α-catenin in TNTs 

Premises and summary 

This project was conceived after the discoveries on the ultrastructure of the TNTs in 

neuronal cells (Sartori-Rupp et al., 2019). In this study performed in the lab, the authors 

were able to show that, although by confocal microscopy TNTs look like one single tube, 

at an ultrastructural level TNTs can be made of various thinner tubes, called individual 

TNTs (or iTNTs). These iTNTs form a bundle normally made of in between 2 and 6 tubes 

and, interestingly, they found in between these tubes the cell adhesion molecule NCAD. 

Therefore, the original idea of this project was to investigate a possible role of NCAD as 

a holder of the iTNT bundle. Furthermore, thanks to a couple of previous studies 

describing the presence and accumulation of NCAD (Lokar et al., 2010) or ECAD 

(Jansens et al., 2017) at the tips of the TNTs and a correlation with the formation of open-

ended TNTs, we decided to expand the knowledge about NCAD regarding TNTs. Thus, 

we wondered whether this molecule could just be much more than a holder of the iTNTs 

in the bundle or a linker of TNT’s tip with the opposing cells, and we investigated the 

role of NCAD in different TNT formation processes, such as TNT genesis, stabilization 

and even fusion of the TNTs, both at a micrometer resolution (by confocal studies) and 

at nanometer resolution (by Cryo-EM studies). Moreover, we didn't just stay in the study 

of the NCAD, but we decided to investigate a member of the adherens junctions formed 

by NCAD, α-catenin. Although there is another two catenins in this complex, we opted 

for α-catenin since it is the physical link of cadherins with the actin cytoskeleton (Mège 

and Ishiyama, 2017) and for its ability to bind and bundle actin (Rimm et al. 1995) and 

since TNTs are made up of actin we speculated that NCAD, thought α-catenin binding to 

the actin cytoskeleton could regulate TNT formation and functionality. 

In the manuscript here presented, we have shown how NCAD and α-catenin inhibit the 

biogenesis of the TNTs but on the other hand they positively regulate TNT stability and 

transfer function, presumably through facilitating the fusion of the TNT with the opposing 

cell. In addition, we showed that these two proteins could facilitate the formation of 

highly organized and structured bundles of iTNTs. Furthermore, we have demonstrated 
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that the regulation of the TNTs by NCAD requires the presence of α-catenin, being this 

molecule downstream of NCAD. 

Contribution 

The original concept of the project was conceived by Professor Chiara Zurzolo and Dr. 

Anna Pepe before my arrival in the lab. The final conception of this project was made 

mainly by Dr. Anna Pepe, Professor Chiara Zurzolo and myself with contributions by Dr. 

Christel Brou. The project was done in collaboration with Dr. Anna Pepe.  

The cell biology part was designed, performed and analyzed by me in collaboration with 

Dr. Anna Pepe and the ultrastructural studies was designed, performed and analyzed by 

Dr. Anna Pepe. Specifically in the manuscript, experiments corresponding to Figure 1 G-

M, Figure 2 G-I, Figure 5, Supplementary Figure B & C and Supplementary Figure 3 

were done by Dr. Anna Pepe, with the rest of the experiments corresponding to the rest 

of the figures and videos done by myself.     

The manuscript presented here it is a collaborative work of Dr. Anna Pepe and myself, 

with some correction from Dr. Christel Brou and corrected and expanded by Professor 

Chiara Zurzolo. 
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Abstract  

Cell-to-cell communication it is a fundamental mechanism by which unicellular and 

multicellular organisms, maintain relevant functions as development or homeostasis. 

Tunneling nanotubes (TNTs) are a type of contact-mediated cell-to-cell communication 

defined by being membranous structures based on actin that allow the exchange of 

different cellular material. TNTs have been shown to have unique structural features 

compared with other cellular protrusions and to contain the cell adhesion molecule N-

Cadherin. Here, we investigated the possible role of N-Cadherin and of its primary linker 

to the actin cytoskeleton, α-Catenin in regulating the formation and transfer function of 

TNTs. Our data indicate that N-Cadherin through its downstream effector α-Catenin is a 

major regulator of TNT formation, ultrastructure as well as of their ability to transfer 

material to other cells.  

Introduction  

Tunneling nanotubes (TNTs) are non-adherent F-actin based membranous structures that 

form continuous cytoplasmic bridges between cells over distances ranging from several 

hundred nm up to 100 µm (Cordero Cervantes and Zurzolo, 2021). These structures, 

firstly described in cell cultures (Rustom et al., 2004), allow cell-to-cell communication 

by facilitating the transfer of different cargoes between cells including ions (Lock et al., 

2016), organelles such as lysosomes (Abounit et al., 2016) or mitochondria (Wang and 

Gerdes, 2015; Lu et al., 2017; Pinto et al., 2021) and  genetic material (Lu et al., 2019). 

TNTs have also been described in pathological situations, allowing the spreading of 

pathogens (Ariazi et al., 2017) like viruses and bacteria (Sowinski et al., 2008; Onfelt et 

al., 2006; Dagar et al., 2021; Pepe et al. 2022) and misfolded proteins such as PolyQ 

Huntingtin, fibrillar tau and α-synuclein aggregates (Gousset et al., 2009; Costanzo et al., 

2013; Abounit et al., 2016; Loria et al 2017; Vargas et al, 2019; Dilsizoglu Senol et al, 

2021; Chastagner et al., 2020). Finally, TNTs can also be involved in the establishment 

and progression of different types of cancer, and in some cases, TNT could accelerate 

mitochondrial exchange in tumor cells (Thayanithy et al., 2014; Desir et al., 2018; Pinto 

et al., 2020; Pinto et al., 2021). This ability to transfer a wide variety of cargoes through 

an open channel connecting two cells is what defines the functionally these structures, 

being therefore unique compared to other cellular structures. Despite the large amount of 
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observations supporting the role of TNTs in intercellular communication, the mechanisms 

of TNT formation and the molecular components and regulators of their structure are still 

poorly investigated (Cordero Cervantes and Zurzolo, 2021). Previous work has shown 

that although filopodia and TNTs share the same protein complexes regulating actin 

cytoskeleton, these complexes appear to regulate the two types of actin-based protrusions 

in an opposite manner, suggesting that the two types of protrusions have predetermined 

fates and specific functions (Delage et al., 2016; Ljubojevic et al., 2021). Recently, by 

developing a correlative light and cryo-electron tomography (ET) workflow, we have 

shown that TNTs are a unique structure compared to filopodia (Sartori-Rupp, Cordero 

Cervantes, Pepe et al., 2019).  This analysis performed in two different neuronal cell types 

showed that although TNTs appear as single connections by fluorescence microscopy 

(FM), most of them are comprised of a bundle of individual Tunneling Nanotubes 

(iTNTs) that can contain vesicles and organelles and can be open-ended, thus allowing 

direct transfer of cellular components. These data also showed long threads coiling around 

the iTNTs bundles as in the process of holding them together. Of interest, we found N-

Cadherin localized at the attachment point of these threads on the iTNTs membrane, as 

well as decorating short connections (possibly linkers) between the single tubes (Sartori-

Rupp, Cordero Cervantes, Pepe et al., 2019). These results were the first structural 

description of TNTs directly pointing to N-Cadherin as a possible player in the regulation 

of TNTs. Consistently, few studies in different cell types supported the ability of the 

TNTs to interact with the opposing cell through E-Cadherin (Jansens et al., 2017) or N-

Cadherin (Lokar et al., 2010) and demonstrated the presence of N-Cadherin along the 

TNTs or at the end of these structures (Chang et al., 2022; Li et al., 2022). N-Cadherin 

(Hatta et al., 1985) is a transmembrane molecule that belongs to the cadherin superfamily 

that is responsible for cell-to-cell adhesion (Brasch et al., 2012). Specifically, N-Cadherin 

is one of the classical type I cadherins that mediate homophilic cell adhesion dependent 

on Ca2+. It is composed by an ectodomain formed by five highly conserved regions, a 

single transmembrane pass and a cytoplasmic tail. The cadherin adhesion is made by the 

interaction in trans of two cadherins placed on two opposing cells; in addition, 

interactions in cis on the same cell is needed for strengthening the adhesion (Harrison et 

al., 2011; Mège and Ishiyama, 2017). Cadherin-associated molecules are coupled to the 

cytoplasmic tail of the cadherin: p120-catenin, β-catenin and α-Catenin (Zaidel-Bar 2013; 

Huveneers and de Rooij, 2013).  This “cadherin adhesome” is linked to the actin 

cytoskeleton through α-Catenin, which is required for the functionality of the complex 
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(Kwiatkowski et al., 2010; Yoneruma, 2011). α-Catenin is much more than just the link 

between cadherins and the actin cytoskeleton, since it is an actin-binding and bundler 

protein (Rimm et al., 1995) which can also interact with many other actin-binding proteins 

(Knudsen et al., 1995; Weiss et al., 1998) therefore controlling actin dynamics, as limiting 

the formation of branched actin filaments (Dress et al., 2005) or inducing the formation 

of filopodia by the recruitment of them to PIP3 membranes (Wood et al., 2017). 

Interestingly, our recent data suggest that a limitation of the branched actin pathway 

favors the linear actin organization that allows the formation of long protrusions such 

TNTs, in comparison with other, much shorter and dynamic, protrusions like filopodia 

(Henderson et al., 2022). Based on all these results, it is conceivable that the cadherin-

catenin complex could have an important function on the regulation of the TNTs. 

Therefore, we decided to investigate the role of N-Cadherin and α-Catenin in the 

formation, functionality and ultrastructure of the TNTs. By combining quantitative assays 

in living cells with cryo-correlative fluorescent electron microscopy (cryo-CLEM) and 

tomography here we demonstrate that N-Cadherin is an organizer of the TNT structure 

and function since the lack of this protein results in disordered and nonfunctional iTNTs. 

On the other hand, N-Cadherin overexpression increases the stability of these structures 

and the transfer of vesicles within them. We further demonstrate that α-Catenin its 

required and is working downstream N-Cadherin in the regulation pathway of TNTs.  

Results 

1. N-cadherin interference affects both functionality and ultrastructure of the TNTs 

N-Cadherin was previously shown to be present in TNTs in murine neuronal CAD cells 

(Sartori-Rupp, Cordero Cervantes, Pepe et al., 2019) as well as in Hela and in urothelial 

cells (Chang et al., 2022, Lokar et al., 2010). To address its role, in this study we used 

SH-SY5Y human neuronal cells, a more relevant model of study for different 

physiological and pathological neuronal conditions (Sartori-Rupp, Cordero Cervantes, 

Pepe et al., 2019; Dilsizoglu Senol et al., 2019, Chastagner et al., 2020; Pepe et al., 2022). 

Immunofluorescence using anti-N-Cadherin antibody analyzed by confocal microscopy 

revealed that the transmembrane protein decorated the TNTs formed between these cells 

(Fig EV1A). Furthermore, immunogold-labeling and cryo-ET showed N-Cadherin 

localization on the iTNTs membranes and in between iTNTs (Fig EV1B, C), confirming 
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our previous observations in murine CAD cells (Sartori-Rupp, Cordero Cervantes, Pepe 

et al., 2019). To investigate a possible role on TNT formation and functionality, N-

Cadherin was knocked-down (KD) in an acute manner (average decrease of 82% 

compared to RNAi Control) in SH-SY5Y (Fig EV1D).  TNTs hover above the substrate 

and even over other cells, and unlike dorsal filopodia, they directly connect two or more 

distant cells (Sartori-Rupp, Cordero Cervantes, Pepe et al., 2019; Delage et al., 2016; 

Abounit et al., 2015). Based on these criteria, by confocal microscopy we quantified the 

% of TNTs connected cells (see Material and Methods), and found an increase to 56% in 

RNAi N-Cadherin cells compared to 35% in RNAi Control cells (Fig 1A, B, C). To test 

if the increase in TNTs in RNAi N-Cadherin cells correlated to an increase in TNT-

mediated vesicle transfer, we performed a transfer assay in a co-culture (Abounit et al., 

2015) (Fig EV1E top). Donor cells, either RNAi Control cells or RNAi N-Cadherin cells 

loaded with DiD-vesicles were co-cultured with acceptor cells previously interfered for 

N-Cadherin and labelled with soluble GFP (in order to be distinguished from donors). 

After 16h of co-culture, cells were fixed and labelled with WGA to stain the membranes 

and DAPI to stain the nuclei (Fig 1D, E). By using confocal microscopy and the ICY 

software (icy.bioimageanalysis.org), we calculated the percentage of acceptor cells 

positive for DiD vesicles. We found that in down-regulated N-Cadherin co-cultures, the 

percentage of transferred DiD vesicles by a contact-dependent mechanism (17%) was 

significantly lower compared to the controls (32%) (Fig 1D-F). In order to rule out any 

contribution of secretion to the vesicle transfer observed in our co-culture conditions, we 

performed “secretion tests” in which supernatants from donor RNAi Control and RNAi 

N-Cadherin cells loaded with DiD-vesicles, were used to challenge acceptor SH-SY5Y 

cells (Fig EV1E bottom). We did not detect significant signal for DiD in the acceptor cells 

that received the supernatants from the donor cells compared to the contact-mediated 

transfer (Fig 1F, Fig EV1F), suggesting that the main mechanism of transfer is through 

contact-mediated transfer, likely TNT-mediated.  

In order to understand the mechanisms by which N-Cadherin KD would increase the 

number of TNT connected cells but decrease TNT-mediated vesicle transfer, we adapted 

our established pipeline for cryo-TEM (Sartori-Rupp, Cordero Cervantes, Pepe et al., 

2019, Pepe et al., 2022) to analyze the structure of TNTs in RNAi N-Cadherin cells. 

Consistent with our previous data (Sartori-Rupp, Cordero Cervantes, Pepe et al., 2019), 

TNTs between SH-SY5Y wild type cells are prevalently composed by a bundle of parallel 
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iTNTs (between 2 and 6) (Fig 1G, H). Strikingly, we observed that in down-regulated 

conditions iTNTs did not run parallel (Figure 1I-J) and braided over each other (Fig 1K). 

We also observed that compared with the controls, in KD cells there were more tips close-

ended (Fig 1 K, L).  These still images could represent iTNT (i) in the process of 

extending towards other cells, (ii) retracting from opposite cells or (iii) unable to fuse 

with the opposite cells. To understand whether there was a significative impact of N-

Cadherin depletion on the iTNTs morphology, we performed a quantitative analysis of 

our cryo-EM data to calculate the percentage of close-ended iTNTs vs continuous iTNTs 

connecting two cells, both in RNAi Control and RNAi N-Cadherin cells. In control 

conditions we found that 75% of iTNTs (composed between 2-7 iTNTs per TNT) were 

extending fully between two distant cells, while 25% were interrupted and showed closed 

tips. In contrast, in RNAi N-Cadherin SH-SY5Y cells, we found a decrease (52%) in fully 

extended iTNTs (between 2-7 iTNTs per TNT) and an increase of tip-closed iTNTs (48%) 

(Fig 1M). It is important to precise that Cryo-ET cannot explore the connecting regions 

between iTNTs and cell bodies because samples are too thick (>500 nm in thickness), 

therefore we do not know whether the iTNTs connecting two cell bodies are closed or 

continuous. However, the images showing disconnected/disjointed and close-ended 

iTNTs, combined with the decreased in TNT mediated vesicle transfer suggested that in 

KD cells, TNTs are probably unable to engage and/or fuse with the cell body of the 

opposing cell, consequently preventing transfer of material. 

2. Overexpression of N-cadherin promotes TNT-mediated transfer and impacts 

TNTs ultrastructure 

In order to further investigate the effect of N-Cadherin on TNTs we produced an SH-

SY5Y cell line stably overexpressing (OE) GFP N-Cadherin, where ectopically expressed 

GFP N-Cadherin showed a similar cellular distribution compared to the endogenous 

protein (Fig EV1G). By quantitative confocal microscopy we found that GFP-N-Cadherin 

cells had a decreased percentage of TNT-connected cells (10%) compared to control cells 

transfected only with GFP (33%) (Fig 2A-C). However, it is worth mentioning that 

compared to controls, these cells exhibited an epithelial-like morphology, where cells 

tended to stay close to each other in clusters (Fig EV1G), even when we seeded in low 

concentration to favor a sparse distribution, optimal for the study of TNTs. Therefore, 

one possibility is that the reduction in TNTs resulted from the fact that TNTs formed by 
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these cells were hidden by the cell bodies in the clusters. To investigate this possibility, 

we took advantage of a previously used approach consisting in adding a short pulse of 

trypsin to the culture so to separate the cell bodies and observe the TNTs formed between 

them (Staufer et al., 2018). In the Supplementary Movie 1 we can observe how 

immediately after the addition of trypsin, the cells retract their cell bodies "revealing" the 

TNT-like structures formed between them. As shown before (Staufer et al., 2018) after 

addition of trypsin, the % of TNT connected cells increases conspicuously compared to 

wild-type conditions (around 2.5 times more TNTs when we treat the cells with trypsin 

than in wild-type conditions) (Fig EV1H). However, also in this condition GFP N-

Cadherin cells formed significantly less TNTs than control cells (respectively 70% 

compared to 85%) (Fig EV1H-J), confirming that N-Cadherin OE resulted in a reduction 

of TNT connected cells (Fig 2A-C). Next, to assess the functionality of the TNTs formed 

by the GFP N-Cadherin cells, we performed a co-culture where GFP N-Cadherin cells 

loaded with DiD were used as donors and SH-SY5Y mCherry cells as acceptors. Donor 

and acceptor cells were co-cultured for 24h and the percentage of acceptor cell that 

received DiD labelled vesicles were quantified in the different conditions (Fig EV1E). 

Contact-mediated DiD labelled vesicles transfer cells was significantly higher (40 %) 

compared to control co-cultures (25 %) when GFP N-Cadherin cells were used as donors 

(Fig 2D-F). Importantly, negligible transfer of DiD labelled vesicles transferred by 

secretion in control conditions and in GFP N-Cadherin overexpression was observed (Fig 

2F). Thus, the decrease in TNT formation by ectopic expression of N-Cadherin was 

accompanied by an increase in their transfer function, opposite compared to N-Cadherin 

downregulation.  

In order to understand these results in the light of possible effects on TNT ultrastructure, 

we analysed by cryo-TEM the TNTs formed between SH-SY5Y cells in which N-

Cadherin was upregulated (Fig 2G-I). We found that in cells overexpressing N-Cadherin 

the percentage of TNTs formed by a single tube (65%) was much higher than the % of 

TNTs formed by an iTNTs bundle (35%) (Fig 2G-H). This was almost the opposite 

compared to control SH-SY5Y cells where 40% of TNTs were formed by a single tube 

while 60% cells were formed by 2 or more iTNTs (Fig 2I). Interestingly in RNAi N-

Cadherin cells the % of single tube TNTs decreased even more (26,3%) and the majority 

of TNTs (73,7%) were formed by 2 or more iTNTs (Fig 2I). In addition, 3D Cryo-TEM 

images revealed that contrary to KD cells (Fig 1I-L, Fig EV2A-B) the iTNTs in GFP N-
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Cadherin cells were straight and run mostly parallel towards the opposite cell (Fig EV2G-

K). Quantitative analysis revealed a tendency to have more fully extended iTNTs (58%) 

and less close-ended tips (42%) (Fig EV2H) compared to the KD cells (52% and 48% 

respectively) (Fig 1M). Of interest in our tomograms, we could also discern thin structures 

connecting the plasma membrane of two iTNTs (Fig EV2G) consistent to our previous 

observations (Sartori-Rupp, Cordero Cervantes, Pepe et al., 2019). All these changes in 

the architecture of TNTs in cells overexpressing N-Cadherin could contribute to the 

increased transfer that we observed in these conditions (Fig 2F). 

3. N-cadherin enhances the stability of the TNTs 

One possible explanation for the decrease or increase in vesicle transfer, respectively in 

N-cadherin KD and OE conditions, is that N-cadherin would regulate formation of 

functional TNT for example, by favoring a stable attachment of the TNT tip with the 

opposing cell or by stabilizing the iTNT bundles. Because the de novo formation of TNTs 

is very difficult to image, thus it is challenging to get quantitative data, to test our 

hypothesis we measured by live imaging the lifetime of already formed TNTs in N-

Cadherin KD and OE cells compared to respective control conditions (see Material and 

Methods) (see example on Fig 3A and Supplementary Movie 2).  In RNAi N-Cadherin 

cells we observed a clear decrease tendency in the duration of TNTs compared to the 

respective RNAi Control (18.5 minutes vs 22.5 minutes) (Fig 3B and Supplementary 

Movies 3 & 4 respectively). On the other hand, the duration of TNTs in GFP N-Cadherin 

cells was significatively increased compared to its control (GFP expressing cell), (34.5 

minutes vs 20 min) (Fig 3C and Supplementary Movie 5). Thus, although in N-Cadherin 

OE there are less TNTs, these are fully formed and more stable, explaining the higher 

vesicle transfer. On the contrary in N-Cadherin KD there are more TNTs, but these are 

more disorganized, have more close-ended tips and they are less stable, thus resulting in 

lower vesicle transfer.  

4. N-cadherin and α-catenin cooperate in TNT regulation 

One possible explanation of our data is that N-Cadherin may affect TNT stability and 

facilitate vesicle transfer by providing an adhesion complex to bridge connected cells. To 

this end we decided to investigate the possible role of α-Catenin, which forms a complex 
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with N-Cadherin mediating the interaction with the actin cytoskeleton, providing integrity 

of the complex and strengthening adhesion (Mège and Ishiyama, 2017).  

We assessed first the presence of α-Catenin in our cell model (Fig EV3A).  α-Catenin is 

endogenously expressed by SH-SY5Y cells and is localized at the plasma membrane, in 

the cytoplasm and on TNTs (Fig EV3A), where it largely co-localizes with N-Cadherin 

(Fig EV3A). To investigate the involvement in TNT regulation, α-Catenin was KD in an 

acute manner by RNA of interference (RNAi) (average decrease of 85% compared to 

RNAi Control) (Fig EV3B), and TNTs were imaged and quantified. Similar to N-

Cadherin KD, the percentage of TNT-connected cells increased to 48% in the α-Catenin 

depleted cells compared to 29% in RNAi Control cells (Fig 4A-C). Furthermore, as for 

N-Cadherin KD, we found that in KD α-Catenin co-cultures the percentage of transferred 

DiD labelled vesicles (18%) was significantly lower compared to control cells (29%) with 

insignificant transfer by secretion in both conditions (Fig 4D-F).  

On the other hand, upon α-Catenin OE (mEmerald α-Catenin), the percentage of cells 

connected by TNTs was significative reduced to around 14% compared to 29% in control 

conditions (Fig 4G-I). Despite this reduction, the contact-dependent vesicle transfer 

showed a significant increase, from 25% in control to 33% of acceptor cells containing 

transferred vesicles in mEmerald α-Catenin cells with a minimal contribution of the 

transfer being by secretion (Fig 4J-L). Once more, these results were in line with the 

results we obtained by overexpressing N-Cadherin (Fig. 2A&C).  

To understand if the overlapping functional consequences of N-Cadherin and α-Catenin 

OE/KD corresponded to similar effects on the ultrastructure and organization of TNTs 

we analysed by cryo-TEM the morphology of TNTs in cells where α-Catenin was up or 

down-regulated. Similar to N-Cadherin, in SH-SY5Y cells down-regulated for α-Catenin, 

iTNTs did not run parallel (Fig 5A-F), were braided over each other (Fig 5A, C, D, F) 

and most of iTNTs were close-ended (Fig 5A-F), while in mEmerald α-Catenin cells were 

running mostly parallel (Fig 5 H-L).  In addition, 34,4% of iTNTs of RNAi α-Catenin 

cells were fully extended, while 65% showed closed tip. In contrast, in mEmerald α-

Catenin cells, we found a decrease (28%) of closed iTNTs and an increase of fully 

extended iTNTs (72%) (Fig 5M). 
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Because α-Catenin KD and OE results completely phenocopied the interference and 

overexpression of N-Cadherin respectively (Fig 1-5), we wondered whether affecting the 

level of one protein may in turn affect the level of the other protein. We were able to 

observe that knocking-down α-Catenin did not significantly change the levels and 

location of N-Cadherin (Fig. EV3C). On the other hand, α-Catenin levels were reduced 

upon KD of N-Cadherin and increased upon its overexpression (Fig EV3D, E). These 

data indicate the N-cadherin effects may be directly linked to the downstream role of α-

Catenin, similar to what has been suggested before (Shimoyama et al., 1992; Watabe-

Uchida et al., 1998; Bajpai et al., 2009). 

5. N-cadherin regulation of TNTs requires α-catenin 

Considering α-Catenin as linker of the N-Cadherin complex to the actin cytoskeleton, 

which is the main cytoskeletal component of TNTs in neuronal cells, we decided to KD 

α-Catenin in cells overexpressing N-Cadherin and look at the effects on TNTs. 

RNAi mediated KD of α-Catenin in GFP N-Cadherin cells and in control cells transfected 

with mCherry lead to a significative reduction in the levels of this protein compared to 

the RNAi Control (74% of reduction in GFP N-Cadherin/RNAi α-Catenin cells and 80% 

in mCherry/RNAi α-Catenin cells) (Fig EV4A). Importantly, N-Cadherin levels and 

subcellular location were not significatively affected by the downregulation of α-Catenin 

in GFP N-Cadherin cells (Fig EV4B). 

We found that α-Catenin KD in GFP N-Cadherin cells led to a significant increase in 

TNT connected cells compared to RNAi Control cells (from around 8% to almost 19%) 

(Fig 6A-C). Furthermore, DiD-vesicle transfer assay in coculture revealed that GFP N-

Cadherin/RNAi α-Catenin cells transferred significantly less vesicles (24%) compared to 

RNAi Control conditions (44%) by a contact-mediated mechanism (Fig 6D-F), again with 

a low transfer by secretion compared to the total transfer. These data showed that KD of 

α-Catenin overcomes almost completely the effect of N-Cadherin overexpression, 

suggesting that α-Catenin acts downstream N-Cadherin in the regulation of TNTs.  

Considering that cadherins are cell adhesion molecules that act in trans, affecting the 

downstream actin cytoskeleton through α-Catenin, we decided to investigate the effects 

of trans interaction between these two molecules on the establishment of functional 
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TNTs. To this aim we co-cultured one cell population overexpressing N-Cadherin with 

another cell population KD for α-Catenin and analyzed both the number of TNTs and 

their functionality. As for the previous experiments, KD of α-Catenin resulted in 71% of 

reduction in the levels of this protein compared to the RNAi Control (Fig EV4C), whilst 

α-Catenin levels in GFP N-Cadherin cells were almost 2 folds compared to the RNAi 

Control cells (Fig EV4C), confirming the observations made by IF (Figure EV3D, E). As 

expected, upon α-Catenin KD there was an increase in both the total percentage of TNT 

connected cells (Fig EV5A) and in the percentage of heterotypic connections (e.g., the 

connections between GFP N-Cadherin cells and α-Catenin KD cells) (Fig EV5B) without 

altering the % distribution of connections between the different cell types (Fig EV5C for 

the RNAi Control and Fig EV5D for the RNAi α-Catenin).  

We then performed the DiD-vesicle transfer assay in two different conditions: 1) GFP N-

Cadherin cells as donor cells cocultured with either RNAi Control (Fig 6G) or RNAi α-

Catenin cells (Fig 6H) as acceptors; 2) RNAi Control (Fig 6I) or RNAi α-Catenin cells 

(Fig 6J) as donors cocultured with GFP N-Cadherin cells as acceptors. Contact-mediated 

transfer of DiD-vesicles was around 44% between GFP N-Cadherin cells as donor and 

RNAi Control cells as acceptors and 46% between RNAi Control cells as donors and GFP 

N-Cadherin cells as acceptors. Interestingly, KD of α-Catenin either in the donor or in the 

acceptor population resulted in around 50% of decrease of the contact mediated transfer 

compared to control conditions with a 22% and 24% of acceptor cells receiving DiD-

vesicles respectively for the two aforementioned conditions (Fig 6K) suggesting that α-

Catenin was necessary both in the donor and acceptor cells for a functional TNT to be 

established. Again, a minimal part of the total transfer corresponded to a secretion 

mechanism (Fig 6K).  

To better understand these results, we analysed the structure of TNTs formed between 

one cell population overexpressing N-Cadherin and another cell population KD for α-

Catenin by correlative cryo-TEM where we could recognize the two cell populations 

differently labeled in FM (Fig 7A). As shown in the example of Fig 7 we frequently 

observed that TNTs established between these two different cell populations 

corresponded to a bundle of 2 iTNTs (Fig 7A, Fig EV6).  Interestingly, both the iTNT 

coming from the GFP N-Cadherin cells and the ones coming from the RNAi α-Catenin 

cells had close-ended tips (Fig 7D-G, Fig EV6). Quantitative analysis of these cryo-EM 
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data revealed that 90% of iTNT originating from GFP N-Cadherin cells and 90% of iTNT 

originating from RNAi α-Catenin cells were closed-tip iTNTs (Fig 7H) and only 10% 

were fully extended between the two cell populations (Fig 7H). These results strongly 

indicated α-Catenin working downstream N-Cadherin was needed both in the donor and 

acceptor cell to establish functional TNTs.  

Discussion  

Most of neuronal TNTs are composed of bundles of open-ended individual tunneling 

nanotubes (iTNTs) that are held together by threads and linkers labeled with anti-N-

Cadherin antibodies (Sartori-Rupp, Cordero Cervantes, Pepe et al., 2019). 

Here we show that N-Cadherin interference leads to an increase in TNT-connected cells 

and a decrease in TNT-mediated vesicle transfer. On the contrary, overexpression of N-

Cadherin, results in a decrease in TNT-connected cells but an increase of vesicle transfer. 

These data uncover a role for N-Cadherin in the functional establishment of TNTs. 

However, the question arises as to why N-cadherin KD leads to an increase in TNT 

connected cells while N-Cadherin OE leads to a decrease? Why should there be less 

transfer in conditions when TNTs increase, and more transfer when TNTs are reduced? 

Cryo-EM and tomography (Sartori-Rupp, Cordero Cervantes, Pepe et al., 2019) on RNAi 

N-Cadherin cells revealed that the canonic structure of the TNTs, i.e. the parallel bundle 

of iTNTs, was highly altered, with iTNTs crossing over each other and in many cases 

without specific direction. Conversely, N-Cadherin OE led to an opposite phenotype, with 

iTNTs highly ordered, running parallel to each other, and directed straight toward the 

opposing cell. This alteration of the bundle structure of the iTNTs is consistent with a role 

for N-Cadherin treads in facilitating the organization of the bundle of iTNTs into a highly 

ordered, parallel and more stable structure.  Furthermore, we observed that cells forming 

TNTs use other pre-existing protrusions as guides to grow (Supplementary Movies 6&7), 

the lack of N-Cadherin would therefore cause the disappearance of these guides and 

therefore these iTNTs would have no reference for growth/retraction (Fig 8). Our data are 

supported by recent findings showing that double filopodial bridges (DFB, that the 

authors consider as precursors of close-ended TNTs in HeLa cells), were dissociated 

resulting into separation of paired cells by downregulating N-Cadherin (or inhibiting its 

function with EGTA) (Chang et al., 2022). In the same study, the authors show N-
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Cadherin decorating the whole DFB/TNT-like structure and preferentially enriched in the 

areas of contact with opposite cells. They interpret these enrichments as an indication of 

close-ended TNTs formation, also supported by the fact that they only observe 

unidirectional transfer of Ca2+ (and not of different cellular material or organelles) in 

these structures. We found a similar enrichment of N-Cadherin at the TNTs ends 

(Supplementary Movies 8&9), however, when we overexpress N-Cadherin, in addition 

to these enrichments we observe a significant increase in vesicle transfer.  This, together 

with our previous ultrastructural study of TNTs (Sartori-Rupp, Cordero Cervantes, Pepe 

et al., 2019), suggest that at least in our cellular model these TNTs should be open-ended 

and that the continuity between TNT and opposite cell seems to be facilitated by N-

Cadherin (Fig 8). 

Indeed, quantitative analysis of our cryo-EM data showed in RNAi N-Cadherin cells there 

was a substantial increase in the number of close-ended iTNTs in a bundle, thus, 

explaining the decrease in vesicle transfer. We can therefore speculate that N-Cadherin 

may also regulate the process of fusion of the TNT with the opposing cell. The 

involvement of cadherin proteins in cellular fusion has been described in myoblast (Mège 

et al., 1992), in trophoblastic cells fusion (Ishikawa et al., 2014) and in multinucleated 

osteoclasts formation (Mbalaviele et al., 1995). Nevertheless, N-Cadherin is not able to 

directly trigger fusion because the distance between two molecules of N-Cadherin on the 

opposite membranes is 37.8 nm (Harrison et al., 2011) is too big to lead to spontaneous 

fusion. However, N-Cadherin could facilitate a pre-fusion event -the adhesion between 

the opposite cell membranes prior to the fusion. Therefore, in N-Cadherin KD conditions, 

failure in the adhesion of the TNTs with the opposing cell would impair fusion resulting 

in close-ended TNTs and reduction of material transfer. Furthermore, in GFP N-Cadherin 

cells, TNTs were predominantly formed by a single-tube reaching a diameter of 600 nm, 

and very often containing organelles inside them (Fig 2H). The presence of larger tubes 

together with the increase in fully extended connections could further explain the higher 

transfer observed in conditions of OE of N-Cadherin (Fig 8). One interesting question 

raised from these data is whether the single larger tubes are derived from iTNTs and what 

is the role of N-Cadherin in this event.  N-Cadherin is present on short linkers between 

iTNTs, (Sartori-Rupp, Cordero Cervantes, Pepe et al., 2019; Fig EV3G), it may be 

possible that the increased presence N-Cadherin could allow the fusion of iTNTs in single 

tubes (Fig 8). In conditions of N-Cadherin OE, TNTs were more stable (e.g., lasted 
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longer) compared to KD or control cells. One possible explanation is that the N-Cadherin 

linkers could stabilize the iTNTs bundles and therefore reduce TNT fragility, as well as, 

that the single tubes are more robust and last longer compared to the bundles. This is line 

with recent atomic force microscope (AFM) measurements demonstrating that TNTs are 

elastic structures and that N-Cadherin regulates flexural strength of the TNTs (Li et al., 

2022). Further studies will be needed to understand the specificity and nature and origin 

of iTNTs and single tubes.  

We observed that α-Catenin KD and OE phenocopied the effects on TNTs of N-

Cadherin.Through the link with the actin cytoskeleton, the N-Cadherin and α-Catenin 

complex might regulate actin dynamics (Dress et al., 2005; Wood et al., 2017), interact 

with other actin-related proteins such as cortactin (Helwani et al., 2004), Arp2/3 complex 

(Dress et al., 2005) or formins (Kobielak et al., 2004) and other proteins involved in actin 

polymerization-depolymerization cycle which is a key step in TNT formation (Ljubojevic 

et al., 2021).  It is well known that adherens junction formation is initiated with an 

interdigitation junction formation (Troyanovsky, 2018), clustering of the cadherin 

molecules (Mège and Ishiyama, 2017) and actin cytoskeleton reorganization with the 

formation of actin bundle cables, therefore maintaining the actin cytoskeleton 

“sequestered” in a very well-organized actin belt typical of these junctions (Cavey and 

Lecuit, 2009). Indeed, this actin belt would be the opposite to what has been thought to 

initiate TNT formation, which would rely on membrane deformation and new actin 

filament formation that would push the membrane outwards (Ljubojevic et al., 2021). We 

speculate that by affecting N-Cadherin we could affect cortical actin, such that by 

inhibiting N-Cadherin a gradient of actin could be formed which, not being anchored to 

the membrane by the cadherin-catenin complex, could form small protrusions that may 

be TNT precursors. Inversely, in OE condition N-Cadherin clusters could promote the 

formation of an actin belt resulting de facto in TNT inhibition. A similar phenotype was 

found in the case of dendritic spines, which changed their morphological features to a 

filopodia-like protrusions following N-cadherin inhibition (Togashi et al., 2002).  

In addition, despite N-Cadherin OE, the lack of α-Catenin is sufficient to recapitulate the 

observed KD effects of N-Cadherin or α-Catenin in naive cells, showing that α-Catenin 

is a downstream effector of N-Cadherin in the regulation of TNTs. Finally, we have 

shown that α-Catenin is necessary in both cell population as KD in donors or acceptors 
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results in decrease in vesicles transfer and increase in closed-tips TNTs. We can speculate 

that these iTNTs are not functional and are not able to fuse with the opposite cells to share 

materials. We hypothesize that TNT fusion might resemble myoblast fusion (Kim and 

Chen, 2019). In Drosophila myoblast fusion, fusion-competent myoblast cells extend F-

actin finger-like protrusion that invade the opposing founder cell (Sens et al., 2010). The 

membranes of these invasive protrusions and the receiving cell are engaged by cell 

adhesion molecules (Shilagardi et al., 2013) that would initiate a signaling cascade 

towards the cytoskeleton increasing cortical tension by the pushing forces of the 

protrusions and the pulling of the membrane of the receiving cells that will eventually 

lead to a pore formation and membrane fusion (Kim et al., 2015). In our case, we could 

think TNTs protrusions would invade the opposing cell and both membranes would 

adhere through N-Cadherin that might transmit the pushing/pulling forces to the cortical 

actin cytoskeleton through α-Catenin forming a fusion competent site, so an open-ended 

connection could be formed. 

Overall, our study begins to shed some light on the mechanisms of formation of such 

peculiar structure, revealing the essential role and different functions of the N-Cadherin-

α-Catenin complex in TNTs in neuronal cells. Although there is indication that this 

pathway could be relevant also in other cell types, further studies will be necessary to 

confirm this and to reveal the remaining molecular determinants and biophysical 

properties of functional, open-ended TNTs 

Materials and Methods  

Cell lines, plasmids and transfection procedures 

Human neuroblastoma (SH-SY5Y) cells were cultured at 37 °C in 5% CO2 in RPMI-1640 

(Euroclone), plus 10% fetal bovine serum and 1% penicillin/streptomycin (gift from 

Simona Paladino, Department of Molecular Medicine and Medical Biotechnology, 

University of Naples Federico II, Naples, Italy). N-cadherin GFP plasmid was available in 

the lab and was obtained from Sandrine Etienne-Manneville (Pasteur Institute, Paris, 

France) (Gousset el al., 2013; Camand et al., 2012), mEmerald-α-catenin plasmid was 

purchased from Addgene (#53982). To obtain clones that express N-cadherin GFP or 

mEmerald-α-catenin, cells were transfected with the corresponding plasmid using 

Lipofectamine 2000 (Invitrogen) following the manufacture recommendations and 



Roberto Notario Manzano PhD manuscript  
 

119 
 

selected with 300 ug/mL of geneticin for 10-14 days, changing the medium every 3-4 days. 

The pool of cells was seeded in 96-well plates through a limiting dilution in such a way 

that 0.5 cells are seeded per well, and after allowing them to grow, they were analyzed and 

the clone overexpressing the protein of interest were selected. Human siRNA Oligo Duplex 

for N-cadherin (SR300716) and α-catenin (SR301060) were purchased from Origene. 

siRNA was transiently transfected to the cells through Lipofectamine RNAimax 

(Invitrogen) following the manufacture recommendations and the experiments are carried 

out in between 48 and 72 hours after the transfection. 

Sample preparation for visualization and quantification of the TNTs 

SH-SY5Y cells were trypsinized and counted and 100.000 cells were plated overnight 

(O/N) in coverslips. Cells transfected with the corresponding siRNA were trypsinized and 

counted at 48 hours post-transfection and 100.000 cells were plated on coverslips O/N. 

16 hours later cells were fixed with specific fixatives to preserve TNTs first with fixative 

solution 1 (2% PFA, 0.05% glutaraldehyde and 0.2 M HEPES in PBS) for 15 min at 37 

°C followed by a second fixation for 15 min with fixative solution 2 (4% PFA and 0.2 M 

HEPES in PBS) at 37 °C (for more information, Abounit et al., 2015). After fixation cells 

were washed with PBS and membrane was stained with conjugated Wheat Germ 

Agglutinin (WGA)-Alexa Fluor (1:300 in PBS) (Invitrogen) and DAPI (1:1000) 

(Invitrogen) for 15 minutes at room temperature, followed by 3 gentle washes with PBS 

and finally samples were mounted on glass slides with Aqua PolyMount (Polysciences, 

Inc.). 

Quantification of TNT-connected cells 

Various Z-stacks images of different random points of the samples are acquired with an 

inverted laser scanning confocal microscope LSM700 (Zeiss) controlled by the Zen 

software (Zeiss). Images are analyzed following the morphological criteria of the TNTs: 

structures that connect distant cells and not adherent, so for, first slices are excluded and 

only connections present in the middle and upper stacks are counted. Cells containing 

TNTs between them are marked as TNT-connected cells and by counting the number of 

cells that have TNTs between them and the total number of cells, the percentage of cells 

connected by TNTs is obtained. Analysis of the TNT-connected cells was performed in 

ICY software (https://icy.bioimageanalysis.org/) using the “Manual TNT annotation 
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plugin”. At least 200 cells per condition were counted in each experiment. Image were 

processed with the ImageJ software. 

DiD transfer assay (co-culture assay) 

DiD transfer assay is described elsewhere (Abounit et al., 2015) a co-culture is performed 

consisting of two populations of cells labeled differently: first, your cells of interest 

(donors) are treated with Vybrant DiD (dialkylcarbocyanines), a lipophilic dye that stains 

the vesicles,  1:1000 (Thermo Fisher Scientific) in complete medium for 30 minutes at 

37 °C (Life Technologies) and second, these cells are co-cultured at a ratio of 1:1 with 

another population of cells (acceptors) marked in another color (normally cells expressing 

soluble GFP or soluble mCherry) and grown for about 16 hours. For SH-SY5Y 50.000 

donor cells are cocultured with 50.000 acceptor cells on coverslips. The results are 

analyzed through microscopy as described above and the final results are obtained by 

semiquantitative analysis with the ICY software from calculating the percentage of 

acceptor cells with marked vesicles among the total number of acceptor cells. At least 

100 acceptor cells per condition were counted in each experiment. Image montages were 

built afterward in ImageJ software 

Trypsin treatment experiment 

Cell singularization by trypsin in was adapted from (Staufer et al.). SH-SY5Y cells were 

plated the day before the experiment, seeding twice as many cells as under normal 

conditions, 800.000 cells per condition, since trypsin treatment would cause us to lose 

part of the cells that would detach in Ibidi μ-dishes (Biovalley, France) to favor cell 

adhesion with the substrate. 16 hours later the culture medium was replaced by 0.05% 

Trypsin/EDTA (Gibco), enough to cover the whole dish, for 3 minutes at room 

temperature.  Immediately after these cells were fixed, stained, sealed and analyzed 

exactly in the same way as described in “sample preparation for visualization and 

quantification of the TNTs”  

Immunofluorescence 

For immunofluorescence, 100.000 cells were seeded on glass coverslips and after O/N 

culture they were fixed with 4% paraformaldehyde (PFA) for 15 minutes at °C, quenched 

with 50 mM NH4Cl for 15 min, permeabilized with 0.1% Triton X-100 in PBS and 
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blocked in 2% BSA in PBS. Primary antibodies used are: rabbit anti-N-Cadherin 

(ABCAM ref: ab76057), rabbit anti-N-Cadherin (Genetex ref: GTX127345) mouse anti-

N-Cadherin (BD Biosciences ref: 610920), and rabbit anti-α-catenin (Sigma ref: c2081) 

all of them at 1:1000 in 2% BSA in PBS during 1 hour. After 3 washes of 10 minutes 

each with PBS, cells were incubated with each corresponding AlexaFluor-conjugated 

secondary antibody (Invitrogen) at 1:1000 in 2% BSA in PBS during 1 hour. For those 

experiments showing the actin cytoskeleton, cells were labeled with Rhodamine 

Phalloidin (Invitrogen) at 1:1000 in the same mix and conditions as the secondary 

antibodies. Then, cells were washed 3 times of 10 minutes each with PBS, stained with 

DAPI and mounted on glass slides with Aqua PolyMount (Polysciences, Inc.). Images 

were acquired with a confocal microscope LSM700 (Zeiss) and processed with the 

ImageJ software.  

Western blot 

For Western blot cells were lysed with lysis buffer composed by 150 mM NaCl, 20 mM 

Tris, 5 mM EDTA, pH 8.0. Protein concentration was measured by a Bradford protein 

assay (Bio- Rad). Samples were boiled at 100 °C for 5 min and loaded in handcrafted 8% 

SDS-polyacrylamide gel or 4-12% Criterion™ XT Bis-Tris XT Precast Gels (Bio-Rad) 

and electrophoresed in 1X Tris/Glycine/SDS buffer (Bio-Rad) or 1X XT MOPS buffer 

(Bio-Rad) respectively for 1.5-2 hours at 90V. Proteins were transferred to 0.45 µm 

Nitrocellulose membranes (Bio-Rad) with 1X Tris/Glycine transfer buffer (Bio-Rad) for 

1.5 hours at 90V in a cold chamber.  Membranes were blocked in 5% non-fat milk in Tris-

buffered saline with 0.1% Tween 20 (TBS-T) for 1 hour. Membranes were incubated O/N 

at 4 °C with the corresponding primary antibodies at 1:1000 in 5% non-fat milk TBS-T. 

Primary antibodies used for Western blot were: rabbit anti-N-Cadherin (ABCAM ref: 

ab76057), rabbit anti-N-Cadherin (Genetex ref: GTX127345) mouse anti-N-Cadherin 

(BD Biosciences ref: 610920), rabbit anti-α-catenin (Sigma ref: c2081) and mouse anti-

α-tubulin (Sigma ref: T9026). Membranes were washed 3 times 10 minutes each with 

TBS-T and then incubated with the corresponding IgG secondary antibodies horseradish 

peroxidase-conjugated (GE Healthcare Life Sciences) at 1:1000 for 1 hour at room 

temperature. Membranes were washed 3 times 10 minutes each. Membrane protein bands 

were detected with Amersham™ ECL Prime Western Blotting Detection Reagent 
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(Cytiva). Membranes were imaged using Amersham™ Imager 680 (GE Healthcare Life 

Sciences). 

Live Imaging 

400.000 SH-SY5Y cells were plated the day before the experiment in Ibidi μ-dishes. After 

16 hours of culture, live time series images were acquired with a 60 × 1.4NA CSU oil 

immersion objective lens on an inverted Elipse Ti microscope system (Nikon Instruments, 

Melville, NY, USA). Cells were labeled with 1:1000 dilution of conjugated WGA-Alexa 

Fluor in the corresponding media. Images were captured in immediate succession with 

one of two cameras, which enabled time intervals between 20 and 40 seconds per z-stack 

or between 50 and 70 seconds per z-stack when using two lasers. For live cell imaging, 

the 37 °C temperature was controlled with an Air Stream Stage Incubator, which also 

controlled humidity. Cells were incubated with 5% CO2 during image acquisition. 

Cell preparation for cryo-EM 

Carbon-coated gold TEM grids (Quantifoil NH2A R2/2) were glow-discharged at 2 mA 

and 1.5–1.8 × 10-1 m bar for 1 minute in an ELMO (Cordouan) glow discharge system. 

Grids were sterilized under UV three times for 30 minutes at R. T. and then incubated at 

37 °C in complete culture medium for 2 hours. 300,000 SH-SY5Y cells (RNAi-N-

Cadherin/ α-catenin, GFP-N-Cadherin/mEmerald catenin) were counted and seed on 

cryo-EM grids positioned in 35 mm Ibidi μ-Dish (Biovalley, France). After 24 hours of 

incubation, resulted in 3 to 4 cells per grid square. Prior to chemical and cryo-plunging 

freezing, cells were labeled with WGA-Alexa-488 (1:300 in PBS) for 5 min at 37 °C. For 

correlative light- and cryo-electron microscopy, cells were chemically fixed in 2% 

PFA + 0.05% GA in 0.2 M Hepes for 15 minutes followed by fixation in 4% PFA in 0.2 M 

Hepes for 15 minutes and kept hydrated in PBS-1X buffer prior to vitrification.  

For cell vitrification, cells were blotted from the back side of the grid for 10 seconds and 

rapidly frozen in liquid ethane using a Leica EMGP system as we performed before (36). 

Cryo-electron tomography data acquisition and tomogram reconstruction 

The cryo-EM data was collected from different grids at the Nanoimaging core facility of 

the Institut Pasteur using a Thermo Scientific (TF) 300kV Titan Krios G3 cryo-
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transmission electron microscopes (Cryo-TEM) equipped with a Gatan energy filter 

bioquantum/K3. Tomography software from Thermo Scientific was used to acquire the 

data. Tomograms were acquired using dose-symmetric tilt scheme (76), a +/-60 degree 

tilt range with a tilt step 2 was used to acquire the tilt series. Tilt images were acquired in 

counting mode with a calibrated physical pixel size of 3.2 Å and total dose over the full 

tilt series of 3.295 e- /Å2 and dose rate of 39,739 e-/px/s with an exposure time of 1s. The 

defocus applied was in a range of -3 to – 6 μm defocus.  

Cryo-EM and tomography (Figure 1 and Supplementary 1) was performed on a Tecnai 

20 equipped with a field emission gun and operated at 200 kV (Thermo Fisher company). 

Images were recorded using SerialEM software on a 4k x 4k camera (Ultrascan from 

Gatan) and a Falcon II (FEI, Thermo Fisher) direct electron detector, with a 14 µm pixel 

size. Tilt series of TNTs were acquired covering either an angular range of – 52° to + 52°. 

The defocuses used were −6 µm.  

The tomograms were reconstructed using IMOD (eTomo). Final alignments were done 

by using 10 nm fiducial gold particles coated with BSA (BSA Gold Tracer, EMS). Gold 

beads were manually selected and automatically tracked. The fiducial model was 

corrected in all cases where the automatic tracking failed. Tomograms were binned 2x 

corresponding to a pixel size of 0.676 nm for the Titan and SIRT-like filter (15) option in 

eTomo was applied. For visualization purposes, the reconstructed volumes were 

processed by a Gaussian filter.  

Cryo-EM N-Cadherin immuno-labeling 

SH-SY5Y cells were plated on grids as described in above. After incubation O/N at 37 °C, 

cells were fixed with PFA 4% for 20 min at 37 °C, quenched with 50 mM NH4Cl for 

15 min, and blocked with PBS containing 1% BSA (w/v) for 30 min at 37 °C. Cells were 

labeled with a rabbit anti-N-Cadherin ABCAM 76057 antibody (1:200), followed by 

Protein A-gold conjugated to 10 nm colloidal gold particles (CMC, Utrecht, Netherlands). 

SH-SY5Y cells were then rapidly frozen in liquid ethane as above. 

Statistical analysis 

The statistical analysis for the experiments concerning the percentage of TNT-connected 

cells and the DiD transfer assay are described elsewhere (Pinto et al., 2021). Briefly, the 
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statistical tests were computed using either a logistic regression model computed using 

the ‘glm’ function of R software (https://www.R-project.org/) or a mixed effect logistic 

regression model using the lmer and lmerTest R packages, applying a pairwise 

comparison test. For the rest of experiments, Student’s t-test (for 2 groups) or One-Way 

ANOVA (for more than 2 groups) tests were applied. All column graphs, Student’s t-test 

and One-Way ANOVA statistical analysis were performed using GraphPad Prism version 

9 software.  
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Figure 1. N-Cadherin interference impacts the functionality and ultrastructure of 

the TNTs between SH-SY5Y cells.   

A, B. Confocal micrograph showing (A) TNTs between RNAi Control and (B) TNTs 

between RNAi N-Cadherin cells. Cells stained with WGA-488 (green) and DAPI (blue) 

for the nuclei. The yellow arrows indicate the TNTs connected cells. 

C. Graph showing the percentage of TNT-connected cells transfected with RNAi Control 

non-targeting (35% ± 2.17) and RNAi N-Cadherin (55.8% ± 2.85), (***p<0.0001 for 

RNAi Control versus RNAi N-Cadherin for N=3).  

D, E. Representative confocal images showing 24h co-culture between (D) RNAi Control 

with DiD-labelled vesicles (donor) and GFP vector cells (acceptor), (E) RNAi N-

Cadherin challenged with DiD-labelled vesicles (donor) and GFP vector cells (acceptor). 

Cellular membranes were labelled with WGA-546 (red), nuclei were stained with DAPI 

(blue). The yellow arrowheads indicate DiD-labelled vesicles detected in the cytoplasm 

of acceptor cells.  

F. Graph showing the percentage of acceptor cells containing DiD-labelled vesicles from 

the co-cultures in cells transfected with RNAi Control (32.12%± 7.77 for contact-

mediated transfer in blue; 2.31%± 1.31 for transfer by secretion in green) or RNAi N-

Cadherin (17%± 5.4 for contact-mediated transfer in blue; 5.03%± 1.18 for transfer by 

secretion in green).  

G. Cryo-EM intermedia micrograph showing TNT-connected RNAi Control cells.  

H. High-magnification cryo-tomography slices corresponding to the green dashed squares 

in (G) showing full extended iTNTs. TNT-connected RNAi N-Cadherin cells acquired 

by cryo-EM (I) low (J) and intermediate magnification.  

K. High-magnification cryo-EM slices showing the iTNT in the green dashed square in 

(J).  

L. High-magnification cryo-tomography slices corresponding to the green dashed squares 

in (J).  
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M. Table showing the percentage of full extended iTNTs and tip-closed in RNAi Control 

cells and RNAi N-Cadherin cells.  

Scale bars in (A, B, D, E) 20 µm, (G, J) 2 µm, (I) 10 µm, (H, K, L) 200nm.  
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Figure 2. N-Cadherin overexpression impacts the functionality and ultrastructure 

of the TNTs between SH-SY5Y cells.   

A, B. Confocal micrograph showing (A) TNTs between GFP vector expressing cells, (B) 

TNTs between GFP N-Cadherin cells. Cells stained with WGA-647 (gray) and DAPI 

(blue) for the nuclei. The yellow arrows indicate the TNTs connected cells. 

C. Graph showing the percentage of TNT-connected cells in GFP expressing cells (33.4% 

± 2.22) and GFP N-Cadherin (10.5%± 0.60), (***p<0.0001 for GFP vector versus GFP 

N-Cadherin for N=3).  

D, E. Representative confocal images showing 24h co-culture between (D) GFP vector 

with DiD-labelled vesicles (donor) and mCherry cells (acceptor), (E) GFP N-Cadherin 

challenged with DiD-labelled vesicles (donor) and mCherry cells (acceptor). The yellow 

arrowheads indicate DiD-labelled vesicles detected in the cytoplasm of acceptor cells.  

F. Graph showing the percentage of acceptor cells containing DiD-labelled vesicles from 

the co-cultures in GFP vector control cells (24.78%± 0.63 for contact-mediated transfer 

in blue; 4.97%± 0.93 for transfer by secretion in green) against GFP N-Cadherin cells 

(39.71%± 1.62 for contact-mediated transfer in blue; 3.95%± 1.48 for transfer by 

secretion in green). (***p<0.0001 for GFP vector versus GFP N-Cadherin for N=3).  

G, H. High-magnification cryo-tomography slices showing single TNT-connected GFP 

N-Cadherin cells. 

L. Table showing the percentage of single TNTs and iTNTs in Control, RNAi N-Cadherin 

and GFP N-Cadherin cells. Scale bars in (A, B, D, E) 10 µm, (G, H) 100nm.  
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Figure 3. N-Cadherin modulates the stability of the TNTs.  

A. Representative snapshots of TNTs over time from Supplementary Movie 2. 

Arrowheads are pointing to the TNTs.  

B. TNT's average duration in RNAi Control cells or RNAi N-Cadherin. Cells were stained 

with WGA-488 to visualize the cell membrane and TNTs. The graph represents the 

average lifetime ± SD of 58 TNTs in RNAi Control (22.5 minutes ± 14.33) and 95 TNTs 

in RNAi N-Cadherin (18.5 minutes ± 13.44).  

C. TNT's average duration in control GFP vector cells or overexpressing N-cadherin. 

Cells were stained with WGA-647 to visualize the cell membrane and TNTs. Graph 

represents the average lifetime ± SD of 59 TNTs in GFP vector control cells (20 minutes 

± 13.63) and 38 TNTs in GFP N-Cadherin cells (34.3 minutes ± 26.06).  

 Scale bars in (A) correspond to 10 µm. 
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Figure 4. α-Catenin interference and overexpression impact the formation and 

functionality of the TNTs between SH-SY5Y cells.   

A, B. Confocal micrograph showing TNTs between (A) RNAi Control cells, (B) RNAi 

α-Catenin cells. Cells stained with WGA-488 (green) and DAPI (blue) for the nuclei. The 

yellow arrows indicate the TNTs connected cells. 

C. Graph showing the percentage of TNT-connected cells transfected with RNAi Control 

non-targeting (29.4% ± 1.31) and RNAi α-Catenin (47.6% ± 1.71), (***p=0.0001 for 

RNAi Control versus RNAi α-Catenin for N=3).  

D, E.  Representative confocal images showing 24h co-culture between (D) RNAi Control 

challenged with DiD-labelled vesicles (donor) and GFP vector cells (acceptor), (E) RNAi 

α-Catenin with DiD-labelled vesicles (donor) and GFP vector cells (acceptor). Cellular 

membranes were labelled with WGA-546 (red), nuclei were stained with DAPI (blue). 

The yellow arrowheads indicate DiD-labelled vesicles detected in the cytoplasm of 

acceptor cells.  

F. Graph showing the percentage of acceptor cells containing DiD-labelled vesicles from 

the co-cultures in cells transfected with RNAi Control (28.74%± 3.55 for contact-

mediated transfer in blue; 1.5%± 1.33 for transfer by secretion in green) or RNAi α-

Catenin (17.75%± 3.91 for contact-mediated transfer in blue; 2.08%± 1.35 for transfer by 

secretion in green). (**p=0.001 for RNAi Control versus RNAi α-Catenin for N=3).  

G, H. Confocal micrograph showing TNTs between (G) GFP vector cells, (H) mEmerald 

α-Catenin cells. Cells stained with WGA-647 (grey) and DAPI (blue) for the nuclei. 

Yellow arrows indicate TNTs connecting two cells.  

I. Graph showing the percentage of TNT-connected cells transfected with GFP vector 

(29% ± 3.38) and mEmerald α-Catenin (14.3%± 1.49), (***p<0.0001 for GFP vector 

versus mEmerald α-Catenin for N=3). Cells stained with WGA-647 (gray) and DAPI 

(blue) for the nuclei.  

J, K. Representative confocal images showing 24h co-culture between (J) GFP vector 

with DiD-labelled vesicles (donor) and mCherry cells (acceptor), (K) mEmerald α-

Catenin challenged with DiD-labelled vesicles (donor) and Cherry cells (acceptor). The 
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yellow arrowheads indicate DiD-labelled vesicles detected in the cytoplasm of acceptor 

cells.  

L. Graph showing the percentage of acceptor cells containing DiD-labelled vesicles from 

the co-cultures in GFP vector control cells (24.52%± 2.70 for contact-mediated transfer 

in blue; 2.42%± 0.42 for transfer by secretion in green) against mEmerald α-Catenin cells 

(32.64%± 3.90 for contact-mediated transfer in blue; 2.45%± 0.39 for transfer by 

secretion in green). (*p=0.0324 for GFP vector versus mEmerald α-Catenin for N=3).  

Scale bars, 10 µm.  
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Figure 5. Cryo-EM on TNTs formed between SH-SY5Y in which α-Catenin was up 

or down-regulated.  

A-F. Cryo-EM grids were prepared using RNAi α-Catenin cells (A) Low magnification 

of cryo-EM micrograph showing TNTs connecting RNAi α-Catenin cells. (B-F) High-

magnification cryo-tomography slices of the dashed square in (A) showing iTNTs with 

tip-closed (B, E, G) and iTNTs did not run parallel and braided over each other (C, D, E, 

F).  

H-L. Cryo-EM grids were prepared using mEmerald α-Catenin cells. Low (H) and 

intermedia (I) magnification of cryo-EM micrograph showing TNT connecting 

mEmerald α-Catenin cells. (J) High-magnification cryo-tomography slices of the green 

dashed square in (I) showing parallel and continuous iTNTs. (K) Intermediate 

magnification of cryo-EM micrograph showing TNT connecting mEmerald α-Catenin 

SH-SY5Y cells. (L) High-magnification cryo-tomography slices of the yellow dashed 

square in (K) showing parallel and continuous iTNTs with vesicles inside.  

Scale bars (A, H) 10 μm; (I, K) 2μm; (B-F, J, L) 100nm.   



Roberto Notario Manzano PhD manuscript  
 

145 
 

 

 

 

 



Roberto Notario Manzano PhD manuscript  
 

146 
 

Figure 6. N-Cadherin regulation of the TNTs requires α-Catenin.   

A, B. Confocal micrograph showing (A) TNTs between GFP N-Cadherin cells with RNAi 

Control and (B) TNTs between GFP N-Cadherin cells with RNAi α-Catenin. Cells stained 

with WGA-647 (gray) and DAPI (blue) for the nuclei. The yellow arrows indicate the 

TNTs connected cells. 

C. Graph showing the percentage of TNT-connected GFP N-Cadherin cells transfected 

with RNAi Control (8.32% ± 1.15) and RNAi α-Catenin (18.8% ± 3.54), (***p<0.0001 

for RNAi Control versus RNAi α-Catenin for N=3).  

D, E. Representative confocal images showing 24h co-culture between (D) GFP N-

Cadherin RNAi Control with DiD-labelled vesicles (donor) and mCherry cells (acceptor), 

(E) co-culture GFP N-Cadherin RNAi α-Catenin with DiD-labelled vesicles (donor) and 

mCherry cells (acceptor). The yellow arrowheads indicate DiD-labelled vesicles detected 

in the cytoplasm of acceptor cells.  

F. Graph showing the percentage of acceptor cells containing DiD-labelled vesicles from 

the co-cultures in GFP N-Cadherin cells transfected with RNAi Control (43.93%± 2.59 

for contact-mediated transfer in blue; 2.24%± 0.22 for transfer by secretion in green) or 

RNAi α-Catenin (23.53%± 5.23 for contact-mediated transfer in blue; 2.36%± 1.78 for 

transfer by secretion in green). (**p=0.001 for RNAi Control versus RNAi α-Catenin for 

N=3).  

G, H. Representative confocal images showing 24h co-culture between (G) GFP N-

Cadherin SH-SY5Y with DiD-labelled vesicles (donor) and SH-SY5YmCherry cells 

transfected with RNAi Control (acceptor), (H) co-culture between GFP N-Cadherin 

challenged with DiD-labelled vesicles (donor) and mCherry cells transfected with RNAi 

α-Catenin (acceptor).  

I, J. Representative confocal images showing 24h co-culture between (I) mCherry cells 

transfected with RNAi Control with DiD-labelled vesicles (donor) and GFP N-Cadherin 

cells (acceptor). (J) 24h co-culture between mCherry cells transfected with RNAi α-

Catenin challenged with DiD-labelled vesicles (donor) and GFP N-Cadherin cells 

(acceptor). The yellow arrowheads indicate DiD-labelled vesicles detected in the 

cytoplasm of acceptor cells. 
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 K. Graph showing the percentage of acceptor cells containing DiD-labelled vesicles from 

the co-cultures in the conditions described in (G) (44.5%± 7.25 for contact-mediated 

transfer in blue; 3.04%± 0.80 for transfer by secretion in green), (H) (21.6%± 4.87 for 

contact-mediated transfer in blue; 2.89%± 0.60 for transfer by secretion in green), (I) 

(46.21%± 4.29 for contact-mediated transfer in blue; 2.12%± 0.21 for transfer by 

secretion in green) and (J) (24.37%± 1.29 for contact-mediated transfer in blue; 2.09%± 

0.40 for transfer by secretion in green). (***p<0.0001 for (G) versus (H) for N=3; 

***p<0.0001 for (I) versus (J) for N=3; ***p<0.0001 for RNAi Control versus RNAi α-

Catenin as acceptors for N=3; ns p=0.9985 for (G) versus (I) for N=3; ns p=0.7643 for (I) 

versus (J) for N=3) 

Scale bars: 10 μm.    
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Figure 7. Ultrastructure of TNTs between N-Cadherin and α-Catenin KD cells in 

co-culture.   

A. Confocal micrograph showing TNTs between RNAi α-Catenin (mCherry) and N-

Cadherin (GFP) cells.  

B. Low cryo-EM micrograph showing TNT-connected cells in in the dashed yellow 

square in (A).  

C. Intermedia cryo-EM micrograph of (B).  

D. High-magnification cryo-tomography slices corresponding to the red dashed square in 

(C). E.  Intermedia cryo-EM micrograph corresponding to the green dashed square in (C). 

F. High-magnification cryo-tomography slices corresponding to the blue arrow in (C). 

G. High-magnification cryo-tomography slices corresponding to the pink arrow in (C). 

H. Table showing the percentage of TNTs full extended and tip-closed in between RNAi 

α-Catenin (mCherry) and N-Cadherin (GFP).  

Scale bars in (A) 10 µm, (B, C, E) 2 µm, (D, F, G) 100nm.  
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Figure 8. Scheme showing the role of the cadherin-Catenin complex in TNTs.  

TNTs in wild type cells are formed by individual TNTs (iTNTs) that are held together 

and ordered by the adhesion complex formed by N-Cadherin and α-Catenin. When N-

Cadherin or α-Catenin is downregulated, this structure of iTNTs is no longer ordered and 

TNT fusion defects occur. On the contrary, overexpressing either of these two molecules 

will order the iTNT bundle and increase the cargo transfer capacity of TNTs. 
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Figure EV1. Confocal and ultrastructure analysis of N-Cadherin in TNTs connected 

SH-SY5Ycells and co-culture and secretion pipeline.   

A. Confocal micrograph of the IF of N-Cadherin showing TNTs connected SH-SY5Y 

cells. N-Cadherin (green) and actin (red). Cells stained and DAPI (blue) for the nuclei.  

B, C. Immunogold EM anti-N-Cadherin (B) low magnification micrograph showing a 

TNT connecting SH-SY5Y cells, (C) high magnification of green dashed squares in (B) 

showing the presence of N-Cadherin (green arrows) on iTNTs.  

D. Western blot of RNAi Control cells and RNAi N-Cadherin. Membrane was blotted 

with antibodies anti N-Cadherin and α-tubulin as loading control (top). Graph showing 

the relative expression of N-Cadherin in RNAi Control cells (100%) and RNAi N-

Cadherin (18.1% ± 9.81) (***p<0.0001 for RNAi Control versus RNAi N-Cadherin for 

N=22) (bottom).  

E. (top) Description of co-culture experiments: Donor cells stained with DiD label 

vesicles cells were co-cultured with the acceptor and incubate for additional 24h before 

to be fixed.  (bottom) Description of secretion experiments: the medium from donor cells 

stained with DID were added on acceptor cells for 24h.  

F. Representative confocal micrograph showing acceptor cells (GFP-labeled) that have 

received supernatant from DiD-labeled donor cells. Cells stained with DAPI (blue) for 

the nuclei. 

G. Immunofluorescence of N-Cadherin (red) in GFP N-Cadherin cells. Cells stained with 

DAPI (blue) for the nuclei.  

H, I. Confocal micrograph showing (E) TNTs between GFP vector cells treated with 

Trypsin-EDTA, (F) TNTs between GFP N-Cadherin cells treated with Trypsin-EDTA.  

J. Graph showing the percentage of TNT-connected cells in GFP vector cells (84.1% ± 

1.80) and GFP N-Cadherin cells (69.6% ± 4.13) treated with Trypsin-EDTA 

(***p<0.0001 for GFP vector versus GFP N-Cadherin for N=3). Cells stained with WGA-

647 (gray) and DAPI (blue) for the nuclei.  

Scale bars in (A, G, H, I) 10 µm, (B) 2 µm, (C) 100nm, (F) 20 µm.   
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Figure EV2. Cryo-EM on TNTs formed between SH-SY5Y in which N-Cadherin 

was up or down-regulated.  

A, B. Cryo-EM grids were prepared using RNAi N-Cadherin cells (A) High-

magnification cryo-tomography slices showing iTNTs with tip-closed (B) intermedia 

magnification of cryo-EM micrograph showing iTNTs connecting RNAi N-Cadherin 

cells with tip-closed and iTNTs did not run parallel and braided over each other.  

C-G. Cryo-EM grids were prepared using GFP N-Cadherin cells. (C) Low (D) and 

intermedia (E) magnification of cryo-EM micrograph showing TNT GFP N-Cadherin 

cells. (F) Intermediate magnification of cryo-EM micrograph showing TNT connecting 

GFP N-Cadherin cells. (G) High-magnification cryo-tomography slices of the green 

dashed square in (F). 

H. Table showing the percentage of TNTs full extended and tip-closed in GFP N-

Cadherin cells.  

Scale bars (A, E, G) 100nm, (B, F) 2μm.   
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Figure EV3. Expression of α-Catenin in RNAi α-Catenin and RNAi N-Cadherin 

cells.  

A. Confocal micrograph showing α-Catenin (green) and N-Cadherin (red) IF in cells 

connected through TNTs. DAPI (blue) for the nuclei.  

B.  Western blot of RNAi Control and RNAi α-Catenin cells. Membrane was blotted with 

antibodies anti α-Catenin and α-tubulin. Graph shows the relative expression of α-Catenin 

in RNAi Control cells (100%) and RNAi α-Catenin (15.3% ± 8.49) of all the experiments 

concerning the knock-down of α-Catenin (***p<0.0001 for RNAi Control versus RNAi 

α-Catenin for N=5).  

C, D, E. Confocal micrograph of (C) α-Catenin (green) and N-Cadherin (red) IF in RNAi 

Control and RNAi α-Catenin cells, (D) IF of α-Catenin (red) and N-Cadherin (green) in 

RNAi Control, RNAi N-Cadherin and (E) GFP N-Cadherin cells. Cells stained with DAPI 

(blue) for the nuclei.  

Scale bars correspond to 10 µm. 
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Figure EV4. N-Cadherin OE and α-Catenin KD.  

A. Western blot of RNAi Control and RNAi α-Catenin cells in GFP N-Cadherin cells and 

mCherry cells. Membrane was blotted with anti α-Catenin and α-tubulin antibodies. 

Graph shows the relative expression of α-Catenin in GFP N-Cadherin RNAi Control cells 

(100%) and GFP N-Cadherin RNAi α-Catenin (25.65% ± 1.16), and mCherry RNAi 

Control cells (100%) and mCherry RNAi α-Catenin (19.51% ± 20.47) (***p<0.0001 for 

RNAi Control versus RNAi α-Catenin for N=3 in GFP N-Cadherin an mCherry cells).  

B. Confocal micrograph of α-Catenin (red) IF in GFP N-Cadherin RNAi Control cells 

and GFP N-Cadherin RNAi α-Catenin cells. Cells stained with DAPI (blue) for the nuclei.  

C.  Western blot of RNAi Control, RNAi α-Catenin and GFP N-Cadherin cells. 

Membrane was blotted with antibodies anti α-Catenin and α-tubulin. Graph shows the 

relative expression of α-Catenin in RNAi Control cells (100%), RNAi α-Catenin (28.6% 

± 6.75) and GFP N-Cadherin cells (186.1% ± 36.62) (*p=0.0155 for RNAi Control versus 

RNAi α-Catenin for N=3, **p=0.0065 for RNAi Control versus GFP N-Cadherin for 

N=3, **p=0.0003 for RNAi α-Catenin GFP N-Cadherin versus for N=3).  

Scale bar (B) 10 µm. 
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Figure EV5. % and distribution of TNT connections in the co-culture of cells OE N-

Cadherin versus cells interfered for α-Catenin.  

A. Graph showing the total percentage of TNT-connected cells between any kind of cells 

from the co-cultures in GFP N-Cadherin cells versus cells transfected with RNAi Control 

(19.1%± 6.19) or RNAi α-Catenin (32.2%± 1.58). (***p=0.0004 for RNAi Control versus 

RNAi α-Catenin for N=3).  

B. Graph showing the percentage of TNT-connected cells by heterotypic connections 

(connections made by GFP N-Cadherin cells with RNAi Control or RNAi α-Catenin) 

from the co-cultures in GFP N-Cadherin cells versus cells transfected with RNAi Control 

(10.4%± 4.73) or RNAi α-Catenin (20.2%± 6.91). (*p=0.0143 for RNAi Control versus 

RNAi α-Catenin for N=3).  

C. Graph showing the distribution of the cells connected in the co-culture of GFP N-

Cadherin cells versus cells transfected with RNAi Control. Out of the 100% of the total 

cells connected, 8.53% corresponds to GFP N-Cadherin cells connected to GFP N-

Cadherin cells, 47.82% corresponds to GFP N-Cadherin cells connected to mCherry 

RNAi Control cells and 43.64% corresponds to mCherry RNAi Control cells connected 

to mCherry RNAi Control cells.  

D. Graph showing the distribution of the cells connected in the co-culture of GFP N-

Cadherin cells versus cells transfected with RNAi α-Catenin. Out of the 100% of the total 

cells connected, 11.32% corresponds to GFP N-Cadherin cells connected to GFP N-

Cadherin cells, 44.98% corresponds to GFP N-Cadherin cells connected to mCherry 

RNAi α-Catenin cells and 43.70% corresponds to mCherry RNAi α-Catenin cells 

connected to mCherry RNAi α-Catenin cells. 
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Figure EV6. Gallery of ultrastructure of TNTs between GFP N-Cadherin and α-

Catenin RNAi. cells in co-culture.   

A, F, L. Confocal micrograph showing TNTs between RNAi α-Catenin (mCherry) and 

N-Cadherin (GFP) cells.  

B, G. Low cryo-EM micrograph showing TNT-connected cells in (A), (F), indicated by 

the yellow arrowhead and TNT in the dashed yellow square in (L).  

C, I, M. Intermedia cryo-EM micrograph of (B), (G), (L) respectively.  

J. Intermedia cryo-EM micrograph of the yellow dashed square in (I).  

D, E.  High-magnification cryo-tomography slices corresponding to the yellow dashed 

square in (C), red arrowhead indicates TNT coming from KD α-Catenin cells and green 

arrowhead indicates TNT coming from GFP N-Cadherin.  

K, N.  High-magnification cryo-tomography slices corresponding to the yellow dashed 

square in (J) and (M) respectively, red arrowhead indicates TNT coming from KD α-

Catenin cells and green arrowhead indicates TNT coming from GFP N-Cadherin.    

Scale bars in (A, F, L) 10 µm, (B, C, G, I, J, M) 2 µm, (D, E, K, N) 100nm.  
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Supplementary Movie 1. Trypsin treatment in GFP N-Cadherin cells.  Time lapse 

video of the Trypsin/EDTA treatment in GFP N-Cadherin cells. Grey signal corresponds 

to GFP N-Cadherin. Time between steps: 16 seconds. Scale bar 10 µm. 

 

Supplementary Movie 2. Stability measurements in already formed TNTs.  Example 

of a time lapse video of already formed TNTs in which their persistency was measured. 

Cells were stained with WGA to visualize the membrane (grey). Time between steps: 16 

seconds. Scale bar 10 µm. 

 

Supplementary Movie 3. Measurement of the stability of the TNTs in RNAi Control 

cells.  Example of a time lapse video of TNT duration in RNAi Control cells. Cells were 

stained with WGA to visualize the membrane (grey). Time between steps: 19 seconds. 

Scale bar 10 µm.  

 

Supplementary Movie 4. Measurement of the stability of the TNTs in RNAi N-

Cadherin cells.  Example of a time lapse video of TNT duration in RNAi N-Cadherin 

cells. Cells were stained with WGA to visualize the membrane (grey). Time between 

steps: 15 seconds. Scale bar 10 µm.  

 

Supplementary Movie 5. Measurement of the stability of the TNTs in GFP N-

Cadherin cells.  Example of a time lapse video of TNT duration in GFP N-Cadherin 

cells. Cells were stained with WGA to visualize the membrane. WGA signal it is shown 

on the left panel and GFP N-Cadherin signal it is shown on the right (both in grey). Time 

between steps: 52 seconds. Scale bar 10 µm.  

 

Supplementary Movie 6. TNT formed de novo on top of another TNT in WT cells.  

Example of a time lapse video of a TNT using a preexisting TNT as a guide to grow 
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towards an opposite cell. Cells were stained with WGA to visualize the membrane (grey). 

Time between steps: 16 seconds. Scale bar 10 µm.  

 

Supplementary Movie 7. TNT formed de novo by two dorsal filopodia in WT cells.  

Example of a time lapse video of a TNT formed by the interaction on two dorsal filopodia 

similar to the formation of “Double Filopodial Bridges”. Cells were stained with WGA 

to visualize the membrane (grey). Time between steps: 20 seconds. Scale bar 10 µm.  

 

Supplementary Movie 8. TNT formed de novo by cell dislodgement mechanism in 

GFP N-Cadherin cells.  Example of a time lapse video of TNTs formed by the separation 

of the cell bodies of two cells in GFP N-Cadherin cells and showing accumulation of GFP 

N-Cadherin signal at the end of these TNTs. Grey signal corresponds to GFP N-Cadherin. 

Time between steps: 19 seconds. Scale bar 10 µm.  

 

Supplementary Movie 9. Formation of TNTs and accumulation of N-Cadherin at 

the end of these structures in GFP N-Cadherin cells. Another example of a time lapse 

video of TNTs formed by cell dislodgement mechanism in GFP N-Cadherin cells and 

accumulation of GFP N-Cadherin signal at the tips of these TNTs. Grey signal 

corresponds to GFP N-Cadherin. Time between steps: 48 seconds. Scale bar 10 µm.  
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Manuscript 2: Tunneling nanotube composition and 

regulation by the tetraspanins CD9 and CD81 

Premises and summary 

Based on the initial results of my other project regarding a possible involvement of NCAD 

in TNT fusion, this project was conceived under the idea that tetraspanins could be major 

players on these events. To date, studies focused on the study of molecules that could be 

positive or negative regulators of TNT biogenesis are very numerous, however and to the 

best of my knowledge, there are no studies focused on molecules that could work on TNT 

fusion. As mentioned in the introduction, tetraspanins CD9 and CD81 are involved on in 

interesting cellular processes that are shared in the participate to TNT formation, such as 

membrane protrusive activity and membrane fusion. However, there is only one study 

(Lachambre et al., 2014) that has investigated the presence of tetraspanins CD9 and CD81 

in TNTs, in which no functional role was assessed. Thanks to the work done by Dr. 

Christel Brou, using mass spectrometry analysis we discovered that these two tetraspanins 

were abundantly represented in the TNT fraction. Therefore, we we decided to investigate 

for the first time the possible role that CD9 and CD81 could have on the formation of new 

TNTs and on the functionality of these structures. Our hypothesis was that these 

tetraspanins could have a major role in different processes of TNT formation, such as 

protrusion initiation by membrane deformation and actin polymerization and/or in the 

process of fusion. 

In the preliminary manuscript presented here, we were able to demonstrate that the 

composition of the TNTs it is different from other cellular structures such as extracellular 

vesicles, filopodia or the integrin adhesion complex. The speculated role of CD9 and 

CD81 on TNTs was confirmed when we showed that CD9, potentially by the clustering 

of these molecules, could have a role on the initiation of the formation of these 

protrusions, whereas CD81 could in turn control the fusion of the TNTs to form an open 

channel with the connected cell. Finally, we have shown that although both tetraspanins 

have a role in TNT formation, CD9 would intervene in the early steps while CD81 would 

act later on in the process. 

However, in order to fully understand the role of both CD9 and CD81 in the regulation 

of TNTs, and especially their potential different role in the cell sending or receiving the 
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TNTs or the specific order in which these proteins act in TNTs, we are currently 

completing this manuscript with further experiments that will be presented in the 

perspectives where I will discuss both the results of the experiments and the rationale of 

the ongoing work. 

Contribution 

The original idea of investigating the tetraspanins CD9 and CD81 was conceived by Dr. 

Christel Brou. The final conception of this project was made by Dr. Christel Brou and 

myself with contributions from our collaborator Dr. Eric Rubinstein and Professor Chiara 

Zurzolo. The tetraspanins tools (plasmids, antibodies and protocols) were provided by 

Dr. Eric Rubinstein, who shared his large expertise in the tetraspanin field. 

The cell biology regarding the role of CD9 and CD81 in the formation and functionality 

of the TNTs part was designed, performed and analyzed by myself and the mass 

spectrometry studies was designed, performed and analyzed by Dr. Christel Brou. 

Specifically, the experiments corresponding to Figure 1, Figure 2, Figure 8, 

Supplementary Figure 1, Supplementary Figure 2 and tables 1 to 7 were performed by 

Dr. Christel Brou, with the rest of the experiments corresponding to the rest of the figures 

done by me.     

The manuscript presented here is a collaborative work of Dr. Christel Brou and myself, 

corrected and expanded by Dr. Eric Rubinstein and Professor Chiara Zurzolo.  
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Summary 

Tunneling nanotubes (TNTs) are open actin- and membrane-based channels, connecting 

remote cells and allowing direct transfer of cellular material (eg, vesicles, mRNAs, 

protein aggregates) from cytoplasm to cytoplasm. Although they are important especially 

in pathological conditions (e.g., cancers, neurodegenerative diseases), their precise 

composition and their regulation were still poorly described. Here, using a biochemical 

approach allowing to separate TNTs from cell bodies and from extracellular vesicles and 

particles (EVPs), we obtained the full composition of TNTs compared to EVPs. We then 

focused to two major components of our proteomic data, the CD9 and CD81 tetraspanins, 

and further investigated their specific roles in TNT formation and function. We show that 

these two tetraspanins have distinct functions: CD9 participates in the initiation of TNTs, 

whereas CD81 expression is required to allow the functional transfer of vesicle in the 

newly formed TNTs, possibly by regulating fusion with the opposing cell.  

Introduction 

Tunneling nanotubes (TNTs) are thin membranous conduits , supported by F-actin that 

form continuous cytoplasmic between cells over distances ranging from several hundred 

nm up to 100 µm (Rustom et al., 2004; Sartori-Rupp et al., 2019). They allow cell-to-cell 

communication by facilitating the transfer of different cargoes directly from cytoplasm to 

cytoplasm of the connected cells, including organelles (e.g., lysosomes, mitochondria - 

Abounit et al., 2016; Pinto et al., 2021 -), micro- or mRNAs, pathogens, and 

misfolded/aggregated proteins (e.g., prion proteins, tau or α-synuclein aggregates) 

(Vargas et al, 2019; Dilsizoglu Senol et al, 2021; Chastagner et al., 2020).  TNTs could 

play major roles in various diseases, including neurodegenerative diseases or cancers of 

different types. In addition to cell cultures and tumors explants (Pinto et al 2020), TNT-

like connections have been shown to exist in the retina and facilitate cellular material 

transfer between photoreceptors (Kalargyrou et al., 2021; Ortin-Martinez et al., 2021) or 

pericytes (Alarcon-Martinez et al., 2020), highlighting the importance of understanding 

of the biology of these protrusions in order to unravel their possible role(s) in vivo. TNT 

formation is highly dynamic and appears to be regulated on cellular stresses and actin 

regulators (Ljubojevic et al., 2020). Two models have been proposed for TNT formation: 

an actin driven mechanism allowing the growth of a protrusion from one cell into the 
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other following actin polymerization, and a cell dislodgement mechanism based on the 

separation of two cells in close contact, that when moving apart leave between them one 

or multiple TNTs, (Abounit and Zurzolo, 2012). TNTs formed by actin-driven 

mechanism would be produced by membrane deformation and elongation of the 

protrusion supported by actin polymerization followed by adhesion and fusion of this 

protrusion with the opposing cell in order to form a functional TNT.  In the case of TNTs 

formed by cell dislodgement it is conceivable that adhesion and membrane fusion would 

be the first step and subsequently, with the separation of the cell bodies, the elongation of 

the protrusion by actin polymerization would take place (Abounit and Zurzolo, 2012; 

Ljubojevic et al., 2020). However, the mechanism(s) and specific pathways governing 

TNT formation as well as the molecular components of TNTs are still not known.  

In addition to TNTs, one of the major pathways used by cells to transfer of materials over 

distances is the one mediated by membrane-enclosed vesicles, collectively called 

Extracellular Vesicles (EVs). EVs are released by all cells, and supposedly up taken by 

distant recipient cells (Charreau et al., 2021; van Niel et al., 2022) .  They can be formed 

either by direct budding from the plasma membrane, or by secretion of intraluminal 

vesicles of multivesicular compartments (in which case they are called exosomes). 

Because of their common functions, their similar diameters, and because TNTs are fragile 

and easily broken and therefore can be released in cell culture supernatants (where EVs 

are also found), it has been challenging to distinguish them from EVs in terms of their 

composition (Gousset et al., 2019). Interestingly two of the common components between 

EVs and TNTs are members of the tetraspanin family, CD9 and CD81. These are a well-

known and widely used markers for EVs (Théry et al., 2018), but a single paper describes 

their presence in TNTs when overexpressed in T cells (Lachambre et al., 2014). 

The tetraspanin family (gathering 33 members) includes small four membrane-spanning 

domain proteins with two extracellular domains, a large loop harboring a tetraspanin-

specific folding and two short cytoplasmic tails. Tetraspanins are involved in various 

cellular processes like migration, adhesion, signaling, pathogen infection, membrane 

damage reparation, membrane protrusive activity and cell-cell fusion (Boucheix and 

Rubinstein, 2001; Monk and Partridge, 2012; Termini and Gillete, 2017; Jouannet et al., 

2016; Huang et al., 2022; Bari et al., 2011; Huang et al., 2018; Le Naour et al., 2000). 

Their function is linked at least in part to their ability to interact with other transmembrane 
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proteins, forming a dynamic network or molecular interactions referred to as the 

tetraspanin web or Tetraspanin-enriched microdomains (TEM). Inside this “web”, the 

tetraspanins CD9 and CD81 directly interact with the Ig domain proteins CD9P1 (aka 

EWI-F, encoded by the PTGFRN gene) and EWI-2 (encoded by the IGSF8 gene), which 

have an impact on several fusion processes (Charrin et al., 2013; Cohen et al., 2022; 

Whitaker et al., 2019) and that may connect the tetraspanin web with the actin 

cytoskeleton through the Ezrin-Radixin-Moesin (ERM) complex (Sala-Valdés et al., 

2006). However, despite their localization in TNTs and these intriguing properties, CD9 

and CD81 specific roles in the formation or function of TNTs has not been investigated. 

With the goal of identifying structural components of TNTs, and possibly specific 

markers and regulators of these structures, we established a protocol of TNT isolation 

from U2OS cultured cells, allowing to separate TNTs from extracellular vesicles and 

particles (EVPs) and from cell bodies. We obtained the full composition of TNTs, 

compared to EVPs. As CD9 and CD81 were major components of TNTs, based on the 

previous data outlined above, we further studied their specific roles in TNT formation 

and ability to transfer cellular material using human neuronal SH-SY5Y, a well-known 

cell model to study functional TNTs. Our data indicate that they have different functions 

and are respectively regulating two successive steps of the formation of TNTs, initiation 

of protrusion and membrane fusion. 

Results 

Purification of TNTs and EVPs 

In order to isolate TNTs, we used U2OS cells because they are robustly adherent cells 

exhibiting few long protrusions, but are able to grow TNTs and transfer cellular material 

through these bridges (Figure S1A, B and Pergu et al., 2019). Additionally, we took 

advantage of the fact that TNTs are very sensitive to mechanical stress as they are not 

attached to substrate (Pontes et al., 2008; Rustom et al., 2004). We made use of cells 

stably expressing either H2B-GFP (labeling nuclei), actin chromobody-GFP (a live actin-

detecting probe that does not affect actin dynamics (Melak et al., 2017)), GFP-CD9 or no 

fluorescent protein (Wild-Type; WT cells), actin-chromobody and CD9 both labeling 

TNTs (Figure S1A and B).  First, extracellular vesicles and particles (EVPs) were directly 

collected from the cell culture supernatant and enriched following a standardized 
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procedure (Théry et al., 2018, Cocozza et al., 2020, Théry et al., 2006, Alvarez et al., 

2012 and see Figure 1A). Next, after adding a small volume of PBS to the remaining cells, 

the cell flasks were heavily shacken in order to break the TNTs that were then isolated 

from the supernatant by ultracentrifugation after elimination of floating cells by low-

speed centrifugations and filtration (see workflow on Figure 1A).  

Four independent preparations of TNTs and EVPs from the same cell cultures (Figure 

1B), were analyzed. To validate whether our protocol for preparing TNTs and TNTs vs. 

EVPs was accurate, we first tested if the crude preparations (before ultracentrifugation, 

Figure 1A) contained particles of expected sizes, and if they were fluorescent accordingly 

to the expected localization of the fusion proteins that were expressed by using NanoFCM 

technology, which allows to measure simultaneously a nanoparticle population for size, 

size distribution, concentration and fluorescent content on a single nano-flow cytometer. 

As shown in Figure 1C and S1C-E, both types of preparations (EVPs and TNTs) 

contained particles, which were differently labeled depending on the fluorescent protein 

expressed. The mean diameter of both types of structures was very similar (around 60 

nm, Figure S1C, D), ranging from 40 to more than 100nm. The sizes of the particles as 

well as their concentrations were the same in all cell lines Figure S1D, E), showing that 

the expression of the various constructs did not significantly affect cell behaviors 

regarding TNTs or EVPs. However, when looking at the relative percentage of GFP-

positive particles, depending on cell type and on TNT vs. EVP purifications, we observed 

that TNTs and EVPs both expressed GFP-CD9, as expected, to a significant amount (28 

and 12 % of positive particles respectively, Figure 1C), showing that these particles were 

membrane-enclosed. Actin-chromobody-GFP was mostly present in TNT fraction (38%), 

in accordance with actin being detected in TNT fraction by WB (Figure S1E).  In contrast, 

Actin-chromobody-GFP was barely detected in EVPs (0.2%), suggesting that both 

fractions are different and exhibit actin content in accordance with their identity. Finally, 

H2B-GFP was present in a very minor part of the particles (4.8 % for EVPs, 1.75% of 

TNTs), showing that contaminations with cell debris or nuclei were limited, and therefore 

validating our protocol. To further document the relative enrichment of some organelle 

markers throughout the isolation procedure, as compared to whole cell extracts (WCE), 

we performed Western blots (Figure 1D). TNTs and EVPs both expressed CD9 and 

CD63, and not the Golgi protein GM130, whereas tubulin (shown to partially label TNTs 
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on Figure S1A) was only detected in TNT fraction, further confirming that the procedure 

could differentially enrich the fractions in TNT and EVP content.  

Analysis of TNTome 

To obtain a full and accurate picture of U2OS TNT content (called TNTome), we made 

12 independent preparations of TNT fractions (in red in Figure 1A), each starting from 

about 20x106 cells, and analyzed by LC-MS/MS. 1177 proteins were identified in at least 

9 preparations (table S1). We first observed that proteins expected to be in TNTs, based 

on previous studies (and Figure S1A), like actin, Myosin10 (Gousset et al., 2013), ERp29 

(Pergu et al., 2019), tetraspanins CD9 and CD81 (Lachambre et al., 2014) or N-cadherin 

(Sartori-Rupp et al., 2019, Chang et al., 2022) were indeed present in TNTome. 

Less than 100 nuclear proteins, i.e. less than 8% were found (according to GO Cellular 

component analysis), which could result from partial contamination with cellular debris 

or dead cells. This is in accordance with nanoFCM results, were H2B-GFP positive 

particles were 4% of actin-chromobody-GFP positive ones.   

The 1177 proteins have been ranked in 4 quartiles depending on their relative abundancy 

(average iBAQ), highlighting the enrichment of specific factors when considering gene 

ontology (table S1, Figure 2A). These factors could be components not only of TNTs 

(membrane factors, cytoskeleton), but also of the material that was circulating or in the 

process of being transferred at the time when TNTs were broken and purified. It could be 

why mitochondrial (8% of the total), lysosomal/endosomal or other vesicle proteins are 

listed. As highlighted by Proteomap analysis (Figure 2A), TNTome is rich in RNA-

associated proteins (ribosomes, translation factors, Ribonucleoproteins), in accordance 

with TNTs being able to transfer micro and mRNAs (Haimovitch et al., 2021, Kolba et 

al., 2019).  

A major group of proteins of interest were related to cytoskeleton (15%, i.e. 172 proteins, 

see table S2, analysis of GO terms, cellular components), As shown by STRING 

functional network representation, actin-related proteins were majority (Figure 2B, 

orange nodes) compared to microtubule-related (green nodes) or intermediate filament-

related proteins (blue nodes). This was in accordance with the definition of TNTs, mainly 

supported by actin cytoskeleton (Rustom et al., 2004). However, recent work has shown 
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that TNT cytoskeletal composition could vary as in addition to actin they could contain 

microtubules as in some cancers (Figure S1A and Pinto et al., 2020; Lou, 2020), and also 

cytokeratins like in the case of urothelial cells (Resnik et al., 2018; Resnik et al., 2019).  

When looking at membrane proteins, analysis of the GO terms (cellular components) of 

the TNTome classified around 500 proteins as membrane-related, 64 of which being 

strictly integral plasma membrane (see table S3 and Figure 2C). Among the latter, N-

cadherin and other cadherin-related proteins (green nodes), as well as known N-cadherin 

interactors like-catenin, were found. We also noticed the presence of various integrin 

subunits, including ITGB1 and various alpha subunits (orange nodes). Possibly some 

focal adhesion membrane domains could have been disrupted by mechanical dissociation 

of TNTs. However, TNTome had only a partial overlap with integrin adhesion complexes 

(Horton et al., 2015, Figure S2A and tab1 of table S4) and with the consensus adhesome 

(Figure S2B, tab2 of table S4). In addition very important proteins of the focal adhesions, 

like Paxillin, GIT2, Parvins and PINCH1 were not in the TNTome, making unprobable 

focal adhesion being isolated in TNT preparations. Together with immunofluorescence 

confirming integrin labeling of TNTs (Figure S2C), it suggested that some integrin 

complexes could play specific roles in TNTs. We also analyzed whether TNT preparation 

could be containing filopodia, since they are similar protrusions grown by the cells. 

Despite common proteins described as core filopodia proteins in U2OS cells (like 

MyosinX, ITGA5, TLN1, FERMT2, MSN, LIMA1), TNTome was devoid of others 

(Myo15A, TLN2, PARVA, ITGB1BP1, see Jacquemet et al., 2019), making less probable 

an important contamination of TNTs with filopodia during the preparation. Together, 

these results suggested that the proteins identified in TNTome represent a specific 

composition of these protrusions, and not a pool of other types of protrusions which could 

have contaminated the preparation. As a further proof that TNTome was not a small 

proportion of cell extract or cell membranes, we observed that the integrin subunits in 

TNTome were not a perfect match of integrin U2OS content, since U2OS cells express 

ITGB5, B2, B4 and A9, A4 according to Beck et al., 2011 and we could detect ITGB4 

and A4 by WB (Figure S2D). We also looked whether the TM proteins of the TNTome 

were the most abundant TM proteins of U2OS cells. We compared the rank in TNTome 

to the protein concentration (Beck et al., 2011) or to the level of RNA (Lundberg et al., 

2010). Whether some factors are indeed very well expressed in U2OS cells (for instance 

ITGB1, SLC3A2, basigin, CLIC channels) and ranked in the first quartile of TNTome, 
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others are weakly expressed in U2OS cells (N-cadherin for instance). In addition, some 

cell surface proteins are highly expressed in U2OS cells (according to their corresponding 

RNA level Lundberg et al., 2010), but not detected in the TNTome, like SLC2A11 

(Glucose transporter), APP, ITM2C, TNFR. As shown by WB in Figure S2D, we could 

detect membrane or membrane-associated proteins in U2OS cell extracts that were not 

listed in TNTome, like ITGB4, A4, EGFR, Cx43, and APP (Jouannet et al.,2016). 

Likewise, some proteins of very low abundancy in cells were found in TNTome 

(CALML5 for example), maybe reflecting a specific role in TNT formation. We also 

observed that the relative abundance of some proteins in TNT fractions compared to WCE 

(Figure S2E) was variable. As examples, CD9 and especially ADAM10 seemed to be 

relatively abundant in TNTs compared to WCE, whereas ITGB1 or ANXA2 TNT/WCE 

ratios were much lower. Altogether, these data suggested that TNT membrane 

composition was not just a fraction of cell surface membrane proteins, but rather that 

some proteins were excluded, other more present. This first consolidated our TNT 

purification procedure, and second highlighted that specific mechanisms and factors 

should be at stake to grow and maintain TNTs. 

Comparison of the content of TNTs and EVPs 

Because both EVs and TNTs have similar characteristics (membrane-formed, diameter, 

ability to transfer material to remote cells), we wanted to analyze their respective 

composition when prepared from the same cell cultures, following the full protocol 

schematized in Figure 1A. 4 independent and parallel preparations of TNT vs EVPs 

(providing from the same cell cultures) were compared. 961 proteins in total were 

identified at least in 3 of the 4 TNT and EVP preparations. When keeping TNT proteins 

that were also present in the 1177 list of TNTome (in 9 TNT preparations over the total 

of 12), a total of 801 proteins were finally differentially analyzed. Our results showed a 

different composition of TNTs and EVPs, although common factors represent 75% of 

them (see volcano plot in Figure 2D). Interestingly, 174 proteins were specific for TNTs 

when compared to EVPs (see tab1 of table S5), the ER chaperone ERp29, previously 

shown to be required for the formation of TNTs (Pergu et al., 2019),  being among the 

most abundant. When discarding organelle-associated or translation linked proteins, 89 

proteins remained in this TNT-only list (table S5, tab2, constitutive).  20% of them were 

involved in cytoskeleton, including the positive regulator of TNTs Myosin10 (Gousset et 
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al., 2013). When analyzing the proteins differentially abundant in TNT vs. EVPs (Figure 

2D and table S6), we noticed the enrichment of TNTs in cytoskeleton-related proteins, 

especially actin, compared to EVPs. The EVP>TNT group included CD9, in perfect 

accordance with nanoFCM results (Figure 1C), as well as CD63, whereas CD81 was in 

the one described just above (TNT=EVP). Of note, CD9 and CD81 were among the more 

abundant transmembrane proteins of TNTs. Their interacting partners CD9P1 and EWI2 

(respectively PTGFRN and IGSF8 in Figure 2C) as well as CD151 (a tetraspanin that 

directly associates with the integrins A3B1 and A6B1) and the two metalloproteases 

ADAM9 and ADAM10 were also identified (table S1 and yellow nodes in String 

representation of Figure 2C). The presence of some of the factors (CD9, CD81, ITGB1, 

CD151) described above in TNTs was confirmed by immunofluorescence in U2OS and 

SH-SY5Y cells (Figures S1A and S2C, Figure 3A). 

Regulation of TNT formation by CD9 and CD81 

To study the role of CD9 and CD81 in the formation of TNTs, we decided to use a cellular 

model in which TNT structure function has already been largely investigated, SH-SY5Y 

cells. These human neuronal cells form many TNTs (about 30 % of WT cells are 

connected by TNTs), which are easily visualized and distinguished from other protrusions 

by fluorescent imaging (Sartori-Rupp et al., 2019, Chastagner et al., 2020, Pepe et al., 

2022).  

First, we assessed the presence of CD9 and CD81 in TNTs by immunofluorescence (IF) 

of non-permeabilized cells using monoclonal antibodies against the large extracellular 

loop.  CD9 and CD81 were overlapping throughout the plasma membrane and on TNTs, 

which were defined morphologically as protrusions containing actin, connecting two cells 

and not attached to the substrate (Figure 3A, CD9 in green and CD81 in red, yellow 

arrowheads indicate TNTs). We then knocked-out (KO) CD9 and/or CD81 by infecting 

SH-SY5Y cells with lentiviral CRISPR vectors targeting the corresponding genes. 

Western-blot analysis confirmed the lack of CD9 and/or CD81 expression in these cells 

(Figure S3A). CD9 KO cells, but not CD81 KO cells, showed a significant reduction of 

the percentage of TNT-connected cells compared to WT cells (Figure 3B&C). The % of 

TNT-connected cells was even lower in the double KO cells (named CD9&CD81 KO 

hereafter). The role of CD9 in TNT formation was confirmed by the finding that CD9 

stable overexpression (OE) resulted in a significant increase in the % of TNT-connected 
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cells (Figure 3 D&E). Consistently with KO result, CD81 stable OE did not change the 

% of TNT-connected cells. 

CD9 and CD81 in TNT function 

The next and complementary step was to evaluate the possible influence of CD9 and 

CD81 on the functionality of TNTs. TNT functionality is understood as the intrinsic 

capacity to allow the transfer of different types of cellular material through the open 

channel formed between the cytoplasm of different cells. This was monitored by 

quantifying by flow cytometry the transfer of labeled vesicles between two different cell 

populations (¨donors¨ for the cells where vesicles were first labeled and ¨acceptors¨ for 

the cells that received the vesicles) (Abounit et al., 2015). A similar gating strategy was 

applied to all experiments (see panels corresponding to each experiment in Figures S4, 

S5), and the vesicle transfer through any mechanism other than cell contact-dependent 

was ruled out in all experiments by analyzing secretion controls, where the two cell 

populations were cultured separately (Figures S6, S7). Therefore, the amount of 

transferred vesicles occurring mainly through cell-contact-dependent mechanisms is an 

indirect way of monitoring TNT functionality that has to be analyzed with regard to TNT 

apparent number. 

First, we co-cultured WT, CD9 KO, CD81 KO or CD9&CD81 KO donor cells versus 

WT acceptor cells expressing GFP (as schematized in Figure 4A). Consistently with the 

decrease of the % of cells connected by TNTs, CD9 KO cells showed a significantly 

decreased % of acceptor cells containing donor’s vesicles compared to WT cells (Figures 

4A and S4 to S7 panels A). On the other hand, despite having no effect on the number of 

TNTs, CD81 KO caused a significant reduction in vesicle transfer between cells.  

CD9&CD81 KO cells showed a dramatic decrease of vesicle transfer, consistent with the 

high decrease in the % of TNT-connected cells. Next, we performed a co-culture using 

tetraspanin OE cells as donor cells (Figure 4B). CD9 OE as well as CD81 OE significantly 

increased vesicle transfer compared to WT cells (Figures 4B and S4 to S7, B panels ). 

Together with TNT countings above, these results suggested that CD9 might play a role 

in the formation or maintenance of TNT and that CD81 might play a complementary and/ 

or partially redundant role. To further investigate the effect of the two tetrasapanins on 

TNT function we analyzed the impact of the KO of CD9 or CD81 in acceptor cells. To 

this aim, we placed WT cells with stained vesicles as donors in co-culture with acceptor 
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cells expressing GFP that were either WT, CD9 KO or CD81 KO (Figure 4C). 

Surprisingly and contrary to the KO in donor cells, CD9 KO and CD81 KO cells as 

acceptors greatly increased the vesicle transfer (Figures 4C and S4 to S7, panels C). 

Altogether these results showed a positive effect of these two tetraspanins on formation 

and functionality of TNTs in the sending cell, but a negative effect in the receiving cell. 

CD9 clustering and TNT formation 

Knowing that the molecular conformation of CD9 molecules can induce membrane 

curvature (Bari et al., 2011; Umeda et al., 2020) and that induced clustering of CD9 can 

be achieved by treating cells with specific antibodies against this protein (Nydegger et 

al., 2006; Khurana et al., 2007) that could lead to the formation of protrusions such as 

microvilli (Singethan et al., 2008), we postulated that CD9 could be involved in the initial 

steps of formation and asked whether promoting CD9 clustering could affect TNT 

number and function. Incubation for 2 hours of WT SH-SY5Y cells with anti-CD9 

antibody (CD9 AB), but not a control antibody (CTR AB), caused the presence of CD9 

in patches on the plasma membrane suggesting that CD9 molecules (and CD81) were 

incorporated in multimolecular complexes that were clustered together by the antibodies. 

Furthermore, this antibody treatment for 2 hours in 24 hours cocultures (Figure 5B) lead 

to an increase in the % of TNT-connected cells (Figure 5C) that correlated with an 

increase on the vesicle transfer (Figure 5D). These data may suggest that CD9-enriched 

sites could serve as initiation platforms for TNTs or participate in the stability of these 

structures. 

When repeated these set of experiments on CD81 KO cells, neither CD9 clustering 

(Figure 5E) nor the increase in the number of TNTs (Figure 5F&G) was affected by the 

lack of CD81. However, this increase in TNTs was not accompanied by an increase in 

vesicle transfer (Figure 5F&H) suggesting that CD9 does not require CD81 to 

form/stabilize TNTs, but that if CD81 is not present, TNT functionality is compromised. 

Pathway of CD9 and CD81 in the regulation of TNTs 

All the above results pointed out that both CD9 and CD81 participate in the regulation of 

the TNTs, however maybe not acting at the same steps of TNT formation. To further 

address which of these two proteins acts first we decided to KO one of them in cells that 
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stably overexpressed the other (Figure S3B).  Whereas CD9 OE + CD81 KO cells 

exhibited the same % of cells connected by TNTs as CD9 OE cells (Figure 6A&B), we 

found a significant decrease when comparing CD81 OE + CD9 KO cells to CD81 OE 

cells. Consistently with the number of TNTs, the KO of CD81 on CD9 OE cells did not 

affect vesicle transfer compared to CD9 OE cells (Figures 7C and S4 to S7, panels D), 

but the KO of CD9 on CD81 OE cells significantly decreased the transfer compared to 

CD81 OE cells. These results were in accordance with CD9 acting first in the regulation 

of TNTs, and partially compensating the lack of CD81 when overexpressed. Instead 

CD81 OE could be counteracted by CD9KO, which would impair a step upstream CD81 

action. 

Discussion 

Composition of TNTs is unique 

Thanks to a newly established procedure in U2OS cells, we were able to reproducibly 

isolate a cellular fraction from cell bodies and from EVPs, and analyze their content by 

mass spectrometry. The physical characteristics as well as the proteome analysis of this 

fraction (called TNTome) suggested that it could be enriched in TNTs with minor 

contaminations with other cell protrusions material. Therefore, analysis of the TNTome 

could give valuable information on core components, traveling material or regulatory 

factors of TNTs. Our results regarding the unique composition of TNTs were in 

accordance with those obtained by Gousset et al., 2019, who used a laser captured 

microdissection approach combined with mass spectrometry to reveal the composition of 

various types of cellular protrusions in mouse CAD cells, including growth cones, 

filopodia and TNTs. Interestingly, among the 190 proteins identified in Gousset et al., 

2019 in 2 samples from hCAD samples (enriched in TNTs), 101 were also found in 

TNTome (listed in table S7), mostly corresponding to the more abundant cellular proteins. 

It is possible that laser microdissection allowed a limited amount of material to be 

purified, and therefore few membrane proteins were identified (Gousset et al., 2019). 

TNTome is rich in membrane-associated proteins, as well as in proteins participating to 

the cytoskeleton, in particular related to actin, as it was expected for these structures. 

TNTome is also abundant in ribonucleoproteins and translation-related factors (220 

proteins, 19%). Some of them (as well as the proteins identified as nuclear in the 
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databases) could be contaminants coming from cellular debris, however this fraction 

should not be more than 10% of the total, based on nanoFCM results. Together with the 

fact that TNTs transfer mitochondria and lysosomes, it is possible that TNTs are used as 

a route to transfer RNAs alone or tethered to organelles by Annexins (several members 

in TNTome, including A11), G3BP1 or CAPRIN1 (both in the first quartile of TNTome, 

Liao et al., 2019, Lesnik et al., 2015, Cioni et al., 2019) or that local translation happens 

along the TNT to fuel it with required material. Transfer of mRNAs and microRNAs 

through TNTs has been described (Haimovitch et al., 2021, Kolba et al., 2019) and could 

be one of the major functions of this kind of communication. Whether specific RNAs 

travel through TNTs (for example associated to and encoding for specific organelles 

proteins) remains to be demonstrated and constitutes a new avenue of research. 

Regarding membrane, beside tetraspanins, cadherins and integrins, some other plasma 

membrane TM proteins are of interest. Several amino acids (SLC3A2, SLC1A5 in the 

first quartile, SLC1A4 and SLC7A1 in the fourth) and monocarboxylate transporters 

(SLC16A1 in the second quartile) were found, suggesting together with the presence of 

mitochondria and of many metabolic enzymes that active metabolism takes place in TNTs 

and may be necessary to generate local ATP to power TNT growth (Garde et al., 2022). 

Of note SLC1A5 (Gln transporter ASCT2) and the lactate transporter MCT1 (SLC16A1) 

have been shown to interact with CD9 in pancreatic cancer stem cells (Wang et al., 2019) 

were it promoted their membrane localization and function. This hypothesis will need 

further investigation. Also, of great interest are SLC1A4 (neutral amino acid transporter) 

and STX7, which are the only TM proteins uniquely found in TNTs and not EVP fraction. 

As a matter of fact, our results suggested that TNTs are different in composition and 

maybe regulation from EVPs, although they share numerous factors. Further studying 

TNT proteins not being present in EVPs will possibly allow to identify TNT specific 

markers. 

We focused our attention on tetraspanins CD9 and CD81 to further validate our proteomic 

approach. Among the structures described to comprise at least one of these factors and 

that could potentially be contaminants of our TNT preparations, are midbodies. 

Midbodies have been shown to contain CD9 and its partners CD9-P1 and EWI-2 (Addi 

nat et al., 2020), and these structures could be copurified with TNTs, although in minor 

amount given the fact that the cells were maintained in serum-free medium for 24 hours 
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before TNTs were harvested. However, no other specific markers of midbodies were 

detected in our MS data, including CRIK, CEP55, PLK1, PRC1, MKLP1 and 2, although 

they are expressed in U2OS cells (see Beck et al., 2011; Lundberg et al., 2010). Of note, 

only 13 TM proteins are common between TNTome and flemingsome (which has 29), 

including CD9, CD9P1, EWI2, but also CADH1 and 4, CD44, INTA3. Some of these 

proteins could have a specific role in both TNTs and midbodies, like CD9 and its 

associated factors. Alternatively, some of these proteins, relatively abundant on plasma 

membranes, could be randomly present, independently of the specific structure that is 

analyzed. In any case, TNT and midbodies have different composition.  

Among the cellular structures that depend on tetraspanin-enriched microdomains are also 

the recently described migrasomes, which are substrate-attached membrane elongated 

organelles formed on the branch points or the tips of retraction fibers of migrating cells 

which allow the release and transfer of cellular material in other cells (Ma et al., 2015). 

Although migrasomes have been described to be enriched in and dependent on 

tetraspanins-enriched microdomains (Huang et al., 2019; Huang and Yu, 2021), they are 

fundamentally different from TNTs since they are attached to the substratum (and 

probably not collected during the procedure of TNT purification), and exhibit specific 

markers, identified by MS analysis, which are absent from TNTome (TSPAN 4 and 9, 

NDST1, PIGK, CPQ, EOGT for example, see Zhao et al., 2019). Altogether, our TNT 

purification protocol and proteomic analysis have revealed that TNTs have specific 

composition, and these data open new avenues to understand how TNTs are formed and 

regulated.  

CD9 and CD81 regulate directional formation of TNTs  

TNTome in U2OS revealed that CD9 and CD81 are among the most abundant integral 

membrane proteins in TNTs (see table S3, tab2), and previous results of overexpression 

(Lachambre et al., 2014) and our data showed that they are also present on TNTs in other 

cell lines, especially SH-SY5Y cells, making them probable obligate proteins of TNTs. 

In addition, given the distance between cells connected by TNTs, one can speculate that, 

under specific signal, one or several membrane proteins would drive growth of TNTs and 

stimulate actin polymerization, and/or subsequent membrane fusion with the opposing 

cell. CD9 and CD81, as part of TEMs, able to bring together additional proteins, were 

interesting candidates to fulfill these functions. That is why we have analyzed the ability 



Roberto Notario Manzano PhD manuscript  
 

184 
 

of the tetraspanins CD9 and CD81 to influence the number of TNTs and their 

functionality understood as the capacity for cargo transfer between cells in a strict cell 

contact-dependent manner.  

Related with the protrusive activity of the membrane and its deformation, which is one 

mandatory step in the formation of TNTs, the tetraspanins CD9 and CD81 have been 

shown to induce curvature formation (Bari et al., 2011; Umeda et al., 2020) probably 

because of their inverted cone-like structure. CD9 promotes the formation of digitation 

junctions (Huang et al., 2018) and CD81 promotes microvilli formation and membrane 

bending (Bari et al., 2011). Our results showed that CD9 is able to increase the % of cells 

connected by TNTs, showing that CD9 is a positive regulator of TNT biogenesis or of 

TNT stability. Clustering of CD9 by antibody treatment for a short period of time (2 

hours) was more than enough to produce a significant increase in the % of cells connected 

by TNTs and in the % of acceptor cells that had received vesicles, thus showing that 

functional TNTs were induced. One can speculate that signals promoting TNT growth 

would somehow induce CD9 clustering and conformational change, directing membrane 

curvature and eventually TNT growth initiation.  

In contrast, OE or KO of CD81 did not affect the % of TNT-connected cells at all, 

indicating that CD81 does not seem to be involved in the origin of new TNTs. These 

different roles in the biogenesis of TNTs could be surprising since one of the 

characteristics of these tetraspanins is that they are associated with each other, with a very 

similar structure and shared functions (Boucheix and Rubinstein, 2001; Umeda et al., 

2020). Recent results suggested that although both CD9 and CD81 undergo changes of 

conformation affecting their interaction with partner proteins, it happens spontaneously 

for CD9 (Umeda et al., 2020) but only in the presence of cholesterol in an internal pocket 

between their four membrane passages for CD81 (Zimmerman et al., 2016). Therefore, it 

is possible that a cascade of events could lead to changes in the composition of TEM 

through CD9 and CD81 involvement. However, although we can see how the single KO 

of CD9 and CD81 showed different results on the number of TNTs, when we did the 

double KO of CD9 and CD81, we could observe how the % of TNT-connected cells was 

dramatically decreased to even lower levels than with the CD9 KO alone. Therefore, this 

would indicate that CD9 and CD81 may have partially redundant roles in the biogenesis 

of TNTs, in accordance also with the partial compensation of CD81 KO by CD9 OE. This 
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is reminiscent of their role in oocyte fertilization, with both a complementary effect as 

CD9-/- CD81-/- mouse oocytes are completely sterile (Rubinstein et al., 2006), and also 

partial redundancy as CD81 expression on CD9-/- mouse oocytes restores fertilization to 

50% of cases (Kaji et al., 2002). 

Another fundamental process for the formation of functional TNTs is the fusion of the 

TNT membrane with the opposing cell to form these open channels (Sartori-Rupp et al., 

2019).  CD9 and CD81 have been shown to be positive regulators of sperm-egg fusion 

(Rubinstein et al., 2006) and bone marrow macrophage fusion-mediated osteoclast 

formation in the case of CD9 (Ishii et al., 2006), but negative regulators of cell muscle 

fusion (Charrin et al., 2013) and multinucleated giant cells formation (Takeda et al., 

2003). Therefore, one possibility is that these tetraspanins participate in the fusion of the 

TNTs with the opposing cell. The co-cultures allowing to quantify the cell contact-

dependent transfer of vesicles and therefore the functionality of the TNTs (which is an 

indirect way of checking whether these structures are in fact open or closed) showed a 

positive correlation between transfer capacity and number of TNTs when acting on CD9 

in donor cells, implying that CD9 is a positive regulator of the whole set of processes of 

TNT formation. In contrast, CD81 in donor cells positively regulated the functionality of 

TNTs but not the apparent number of TNTs.  Therefore CD81 probably does not play a 

role in attachment of TNTs to the opposing cell or in TNT stability (in which cases one 

would expect less TNTs on CD81 KO cells), or in stabilizing active CD9 (we would not 

see increased TNT number and transfer in CD9 OE + CD81 KO conditions) but rather 

favors the fusion of TNTs with the opposing cells. However, the results from these same 

KOs but in this case used as acceptor cells brought new insights to this model, since KO 

of CD9 or CD81 increased vesicle transfer from WT cells. Therefore, we can see a 

difference in function or asymmetry depending on the expression and localization of these 

proteins. The increased vesicle transfer when CD9 or CD81 are KO in acceptor cells could 

be explained by the peculiarity of the membrane domains around tetraspanins (TEMs). In 

this case, one could speculate that the absence of CD9/CD81 could affect these TEMs by 

affecting their lipid composition or certain tetraspanin partners, resulting in a change in 

the responsiveness of the acceptor cell to adhere and fuse with TNTs. Alternatively, CD9 

and/or CD81 could be not needed in acceptor cell at all.   
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Importantly, these results showed that TNT formation and function is directional and 

leaded by tetraspanins. Since TNTs have been described in several cell lines, including 

SH-SY5Y, to be actually composed of bundles of iTNTs (Sartori-Rupp et al., 2019), one 

can speculate that each iTNT has a directionality imposed by CD9 surrounded by a 

specific TEM, the bundle of iTNTs forming the apparent TNT containing iTNTs with 

both orientations. 

CD9 and CD81 act successively in the formation of TNTs 

All these results together show that although CD9 and CD81 regulate the formation of 

TNTs, their respective role could be at different steps of the whole TNT formation 

process. CD81 KO in CD9 OE cells had no significant effect on both the % of TNT-

connected cells and vesicle transfer compared to CD9 OE cells. In contrast, KO of CD9 

on CD81 OE cells resulted in a significant decrease in the % of TNT-connected cells and 

vesicle transfer compared to CD81 OE alone. These results suggested that CD9 could act 

early in initiating the formation and allowing CD81 to subsequently participate in the 

fusion of TNTs with the opposing cell. Furthermore, when we treated CD81 KO cells 

with anti-CD9 antibodies, we observed the same increase in TNT number that was seen 

in WT cells, indicating that the TNT-forming capacity of CD9 is independent of CD81 

and was induced by antibody treatment. However, vesicle transfer induction was 

completely blocked in CD81 KO cells, showing that the first steps of TNT formation were 

not impaired and that it is instead a late step, probably fusion, that is controlled by CD81. 

Recent work by Huang et al., 2022 proposed a role for TEM in facilitating membrane 

repair by forming a rigid ring impairing membrane damage to spread. In a similar way, 

specific CD9/CD81 TEM could somehow protect membrane around the TNT site where 

fusion with opposing cell will occur. More work in identifying specific TEM composition 

in TNTs would be needed to address this hypothesis. 

In summary, in this study we have shown that TNTs and EVPs are two cellular structures 

with partially overlapping composition, and that despite being part of both TNTs and 

EVPs, the tetraspanins CD9 and CD81 are fundamental regulators of TNT formation with 

complementary roles in the whole process of biogenesis of these structures. As 

schematized in the model of Figure 7, CD9 is required to grow TNTs, but not enough for 

their functionality, whereas CD81 is required for fully functional TNTs. In addition, the 

requirement of these tetraspanins is different in the emitting and receiving cells. TNTome 
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further analysis will be of great help to identify additional protein, as part of the TEM or 

not, that could participate in TNT formation and regulation. 
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Materials and Methods  

Cell lines, lentiviral preparations, plasmids and transfection procedures 

U2OS cells were cultured at 37 °C in 5% CO2 in Dulbecco's Modified Eagle's Medium 

(DMEM + Glutamax, + 4.5 g/l Glucose, + Pyruvate, Gibco), plus 10% fetal calf serum 

(FCS) and 1% penicillin/streptomycin (P/S). U2OS stably expressing H2B-GFP 

(Addgene 11680) and actin chromobody GFP (pAC-TagGFP from Chromotek) were 

obtained by transfection with Fugene HD according to manufacturer’s instructions, 

followed by sorting of GFP-positive cells. GFP-CD9 expressing U2OS cells were 

obtained by lentiviral transduction as below, followed by limiting dilution to obtain a 

clone.  SH-SY5Y human neuroblastoma cells were cultured at 37 °C in 5% CO2 in RPMI-

1640 (Euroclone), plus 10% FCS and 1% P/S.   

For the lentiviral preparations, human HEK 293T cells were cultured at 37 °C in 5% CO2 

in DMEM (ThermoFisher), with 10% FCS and 1% P/S. Cells were plated one day before 
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transfection at a confluency around 70%. Transfection of the different plasmids was made 

in a ratio 4:1:4 using lentiviral components pCMVR8,74 (Gag-Pol-Hiv1) and pMDG2 

(VSV-G) vectors and the plasmid of interest respectively using FuGENE HD (Promega) 

according to manufacturer's protocol. CRISPR lentiviral plasmid for CD9 and CD81 were 

a gift from Dr. Eric Rubinstein. The viral particules were collected and concentrated using 

LentiX-Concentrator (TakaraBio) after 48 h. To KO CD9 and/or CD81, SH-SY5Y were 

plated the day before the infection at a confluency of around 70% and next day the 

lentivirus was added to the cells. 24 hours later the medium with the lentiviruses was 

removed and cells were selected with RPMI + 1 μg/mL of puromycin for 2 days. After this, 

cells were splitted 1:5 and reinfected for 24 hours. After these 24 hours, medium was 

replaced with RPMI + 1 μg/mL of puromycin for 10 days changing the medium every 2-3 

days. Finally, cells were tested for the absence of expression of CD9 and/or CD81 by 

western blot (WB). 

CD9 and CD81 plasmids utilized to OE these proteins were a gift from Dr. Eric Rubinstein. 

To obtain clones that overexpress CD9 or CD81, SH-SY5Y were plated the day before at 

a confluency of around 70% and next day cells were transfected with the corresponding 

plasmid using Lipofectamine 2000 (Invitrogen) following the manufacture 

recommendations and 72 hours post-transfection cells selected with 350 μg/mL of 

Hygromicin B (Gibco) for 5 days, changing the medium every 2 days and then with 50 

μg/mL of Hygromicin B for 10 days more. The pool of cells was seeded in 96-well plates 

through a limiting dilution in such a way that 0.5 cells are seeded per well, and after 

allowing them to grow, they were analyzed and the clones overexpressing the protein of 

interest were selected and tested for expression of CD9 or CD81 by immunofluorescence 

and WB. 

TNT and EVP preparation 

Two million of U2OS cells were plated in 75 cm2 flasks for 24 hours, next complete 

medium was replaced by medium without FCS for an additional 24 hours. For EVP 

preparation, conditioned medium was collected, centrifugated twice at 2000g to remove 

cells, concentrated 10-fold on Vivaspin 20 (MWCO 10kD, Cytiva), and next submitted 

to ultracentrifugation in a Beckman MLS50 rotor at 10,000g for 30 minutes at 4°C. 

Supernatant was collected and centrifugated at 100,000g for 70 minutes at 4°C, resulting 
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pellet was resuspended in PBS and centrifugated again at 100,000g for 70 minutes at 4°C. 

Pellets were used for Mass Spectrometry.  

For TNT preparation, cell cultures after removing conditioned medium were washed 

carefully with PBS, next 2 ml of PBS was added in each flask, which was left on an 

oscillating shaker for 5 minutes before being shaked (30 sec horizontally, and 4 times 30 

sec by banging them vigorously). PBS from all flasks was drained, collected and 

centrifugated twice at 2,000g, and filtered on 0.45 M syringe filter (Corning) to remove 

detached cells, next submitted to ultracentrifugation at 100,000g for 70 minutes at 4°C. 

Pellets were used for Mass Spectrometry. After collecting EVPs and TNTs from cell 

cultures, cells were harvested in PBS, and cell extracts were prepared in Tris 50 mM pH 

7.4, NaCl 300 mM, MgCl2 5 mM, Triton 1% with protease inhibitors (complete mini, 

Roche).   

Nano-Flow Cytometry 

The size and number of exosomes and TNT particles were identified by Nano-Flow 

Cytometry (NanoFCM). NanoFCM is applicable when the refractive index of input 

samples are the same or similar to that of silica particles. The standard working curve of 

scattering light intensity was established using silica standard sphere. EVPs and TNT 

particles were isolated from 1 flask of culture following the protocol above except the 

ultracentrifugation steps. The particle size distribution of samples was measured based 

on the scattering intensity. 

Mass spectrometry 

Digestion of TNT and EVPs samples 

Protein pellets were dissolved in urea 8M, Tris 50mM pH 8.0, TCEP (tris(2-

carboxyethyl)phosphine) 5mM and SDS (Sodium Dodecyl Sulfate) 2%. SDS was 

removed using a methanol/ chloroform/ water extraction. Briefly, 3V of ice-cold 

Methanol was added to the sample then mixed. 2 V of ice-cold chloroform was added and 

mixed. Then 3Vof ice cold water was added and mix. Sample were spinned for 3 min at 

5000g at 4°C. Proteins at the organic/inorganic interface were kept and washed 3 times 

in ice cold methanol. Protein pellet were dissolved in Guanidine 1M, TCEP 5mM, 

Chloroacetamide 20mM, Tris 50mM pH8.0 and samples were heated 5 min at 90°C 
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before digestion in a mix of 500 ng of LysC (Promega) at 37°C for 2h. Dilution with tris 

50mM was done before the addition of trypsin 500 ng (Promega) and digestion at 37°C 

for 8h. Digestion was stopped by adding 1% final of formic acid. Peptides were purified 

using a C18 based clean up standard protocol done using Bravo AssayMap device 

LC-MS/MS analysis of TNT and EVPs. 

LC-MS/SM analysis of digested peptides was performed on an Orbitrap Q Exactive Plus 

mass spectrometer (Thermo Fisher Scientific, Bremen) coupled to an EASY-nLC 1200 

(Thermo Fisher Scientific). A home-made column was used for peptide separation (C18 

50 cm capillary column picotip silica emitter tip (75 μm diameter filled with 1.9 μm 

Reprosil-Pur Basic C18-HD resin, (Dr. Maisch GmbH, Ammerbuch-Entringen, 

Germany)). It was equilibrated and peptide were loaded in solvent A (0.1 % FA) at 900 

bars. Peptides were separated at 250 nl.min-1. Peptides were eluted using a gradient of 

solvent B (ACN, 0.1 % FA) from 3% to 22% in 140 min, 22% to 42% in 61 min, 42% to 

60% in 15 min (total length of the chromatographic run was 240 min including high ACN 

level step and column regeneration). Mass spectra were acquired in data-dependent 

acquisition mode with the XCalibur 2.2 software (Thermo Fisher Scientific, Bremen) 

with automatic switching between MS and MS/MS scans using a top 10 method. MS 

spectra were acquired at a resolution of 70000 (at m/z 400) with a target value of 3 × 106 

ions. The scan range was limited from 400 to 1700 m/z. Peptide fragmentation was 

performed using higher-energy collision dissociation (HCD) with the energy set at 26 

NCE. Intensity threshold for ions selection was set at 1 × 106 ions with charge exclusion 

of z = 1 and z > 7. The MS/MS spectra were acquired at a resolution of 17500 (at m/z 

400). Isolation window was set at 2.0 Th. Dynamic exclusion was employed within 35 s.  

All Data were searched using MaxQuant (version 1.6.6.0) using the Andromeda search 

engine (Tyanova et al., 2016) against a human reference proteome (75088 entries, 

downloaded from Uniprot the 29th of October 2020). 

The following search parameters were applied: carbamidomethylation of cysteines was 

set as a fixed modification, oxidation of methionine and protein N-terminal acetylation 

were set as variable modifications. The mass tolerances in MS and MS/MS were set to 5 

ppm and 20 ppm respectively. Maximum peptide charge was set to 7 and 5 amino acids 

were required as minimum peptide length. At least 2 peptides (including 1 unique 
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peptides) were asked to report a protein identification. A false discovery rate of 1% was 

set up for both protein and peptide levels. iBAQ value was calculated. The match between 

runs features was allowed for biological replicate only.  

Data analysis 

Quantitative analysis was based on pairwise comparison of protein intensities. Values 

were log-transformed (log2). Reverse hits and potential contaminant were removed from 

the analysis. Proteins with at least 2 peptides were kept for further statistics. Intensity 

values were normalized by median centering within conditions (normalizeD function of 

the R package DAPAR, Wieczorek et al., 2017). Remaining proteins without any iBAQ 

value in one of both conditions have been considered as proteins quantitatively present in 

a condition and absent in the other. They have therefore been set aside and considered as 

differentially abundant proteins. Next, missing values were imputed using the 

impute.MLE function of the R package imp4p (https://rdrr.io/cran/imp4p/man/imp4p-

package.html). Statistical testing was conducted using a limma t-test thanks to the R 

package limma (Pounds et al., 2006). An adaptive Benjamini-Hochberg procedure was 

applied on the resulting p-values thanks to the function adjust.p of R package cp4p 

(Smyth, 2004) using the robust method described in (Giai Gianetto et al., 2016 to estimate 

the proportion of true null hypotheses among the set of statistical tests. The proteins 

associated to an adjusted p-value inferior to a FDR level of 1% have been considered as 

significantly differentially abundant proteins.  

Bioinformatic analysis and data mining 

Twelve replicates were done for the discovery of TNT proteins. Nine over 12 were kept 

as being part of the TNT. The 1177 resulting proteins were sorting by quartiles according 

to their iBAQ value. For each of the 4 lists, proteins composition was depicted using 

ProteoMap tool (Liebermeister et al., 2014) to visualize their weighted GO organization 

and protein contribution for each GO term. Also, a DAVID analysis (Sherman et al., 

2022) was done for each quartile of proteins. Functional charts and cluster were used to 

describe the dataset. Protein networks were visualized using STRING (Szklarczyk et al., 

2021) and Cytoscape.  

Sample preparation for TNT imaging 
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SH-SY5Y cells were trypsinized and counted, and 100,000 cells were plated on coverslips 

overnight (O/N). After O/N culture, cells were fixed with specific fixatives to preserve 

TNT, first with Fixative 1 (2% PFA, 0.05% glutaraldehyde and 0.2 M HEPES in PBS) 

for 15 min at 37 °C, then a second Fix for 15 min at 37 °C using fixative solution 2 (4% 

PFA and 0.2 M HEPES in PBS) (for further information, Abounit et al., 2015). After 

fixation, cells were washed with PBS and membranes were stained with conjugated wheat 

germ agglutinin (WGA)-Alexa Fluor (1:300 in PBS) (Invitrogen) and DAPI (1:1000) 

(Invitrogen) at room temperature 15 minutes. After gently washing 3 times with PBS, 

samples were mounted on glass slides with Aqua PolyMount (Polysciences, Inc.). Every 

different SH-SY5Y cell type (WT, tetraspanin KO or tetraspanin OE) was prepared in the 

exact same conditions. 

Counting or quantification of the % TNT-connected cells (also term as TNT 

counting or TNT number) 

With the use of an inverted laser scanning confocal microscope LSM 700 (Zeiss) 

controlled by the Zen software (Zeiss) multiple random Z-stack images of different points 

on the samples were acquired. The images were analyzed according to the morphological 

criteria of TNTs: structures that connect two distant cells and that are not attached to the 

substratum. First slices were excluded from the analysis, and only connections in the 

middle and upper stacks are considered. Cells that have TNTs between them were marked 

as cells connected by TNTs, and the number of these cells was compared to the total 

number of cells in the sample. This gives the percentage of cells connected by TNTs. The 

analysis was performed using ICY software (https://icy.bioimageanalysis.org/), by using 

the “Manual TNT annotation” plugin. In each experiment, at least 200 or more cells were 

analyzed in every condition. The images were adjusted and processed with the ImageJ 

software (https://imagej.nih.gov/ij/). 

Co-culture assay (DiD transfer assay) and flow cytometry analysis 

DiD transfer assays have been described elsewhere (Abounit et al., 2015). Briefly, the co-

culture consists of two distinctly labeled cell populations: a first population of cells 

(donors) was treated with Vybrant DiD (dialkylcarbocyanine), a lipophilic dye that stains 

vesicles, at 1:1000 (Thermo Fisher Scientific) in complete medium for 30 min at 37 °C 

(Life Technologies), the cells were then trypsinized and mixed in a 1:1 ratio with a 
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different cell population (acceptors) of different color to distinguish them from donors 

(usually expressing GFP) and the co-culture was incubated O/N.  

In the case of the co-cultures with KO, OE or OE + KO of CD9 and CD81, 400,000 donor 

cells were mixed with 400,000 acceptor cells on 6-well plates for analysis by flow 

cytometry. After O/N culture, cells were trypsinized, passed through a cell strainer to 

dissociate cellular aggregates and fixed with 2% PFA in PBS. Finally, these cells were 

passed through the CytoFLEX S Flow Cytometer (Beckman Coulter) under the control 

of the CytoExpert Acquisition software. The data were analyzed with FlowJo software 

following a similar strategy for all experiments: first the samples were gated to exclude 

cellular debris by plotting the area obtained with the side scatter (SSC-A) and the area 

obtained with the forward scatter (FSC-A) obtaining all the cells in the sample. Second, 

within this previous gate, the sample was gated to exclude cell doublets, plotting the width 

obtained with side scatter (SSC-W) and the area obtained with forward scatter (FSC-A) 

thus obtaining the singlets. Finally, within the singlet gate, the co-culture was gated using 

GFP and DiD expression, resulting in four quadrants delimiting double-negative, GFP-

positive, DiD-positive and double-positive populations. The % of acceptor cells receiving 

DiD-vesicles it is obtained by calculating the percentage of acceptor cells with labeled 

vesicles out of the total number of acceptor cells. 

In the case of the co-culture of the CD9 AB treatment, 50.000 donor cells were co-

cultured with 50.000 acceptor cells on coverslips. Results were analyzed by microscopy 

as described above, and results were obtained by semi-quantitative analysis using ICY 

software (http://icy.bioimageanalysis.org/) by calculating the percentage of acceptor cells 

with labeled vesicles out of the total number of acceptor cells. In each experiment, count 

at least 100 recipient cells per condition. Image montages were built afterward in ImageJ 

software.  

In all co-cultures a control of the transfer by secretion was performed, to determine 

whether the vesicle transfer we see is mainly through a contact-dependent mechanism or 

through secretory transfer. For this, DiD-loaded donor cells were seeded alone (800,000 

cells for flow cytometry and 100,000 cells for microscopy) and cultured for 24 hours. 

After this, the supernatant from these cells was centrifuged and added to the acceptor cells 

that had been seeded on the previous day under the same conditions as the donors, and 

these acceptor cells were cultured with the supernatant from the donor cells for the same 
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time as in the co-cultures (24 hours) and next fixed and analyzed in the same way as above 

mentioned depending on whether it was analyzed by flow cytometry or microscopy. 

CD9 antibody (AB) treatment 

The experiments concerning the CD9 AB treatment were based on a previously used 

approach (Singethan et al., 2008).    Both the TNT counting and vesicle transfer in the 

CD9 AB treatment were done in the same way as described above in the section 

corresponding to the TNT counting and coculture assay, with the only exception that after 

the 24 hours of coculture we added an additional step consisting in the incubation of these 

cells with either secondary antibodies as a control (Goat anti-rabbit Alexa Fluor 305 -

Thermofisher ref: A21068-) or anti-CD9 (TS9, gifted from Dr. Eric Rubinstein) 

antibodies at a concentration of 10 μg/μL in RPMI medium without serum or P/S for 2 

hours. Subsequently, as mentioned above, the cells were fixed, submitted to 

immunofluorescence. For cells treated with secondary antibodies, after fixation the cells 

were incubated with anti-CD9 and anti-CD81 antibodies (as described in the next 

section). For cells treated with CD9 AB, these cells were only incubated with anti-CD81 

antibodies. Results were acquired by confocal microscopy.  

Immunofluorescence of CD9 and CD81 

For immunofluorescence, 100.000 cells were seeded on glass coverslips and after O/N 

culture they were fixed with 4% paraformaldehyde (PFA) for 15 minutes, quenched with 

50 mM NH4Cl for 10 minutes and blocked in 2% BSA in PBS for 20 minutes. Primary 

antibodies used were: mouse anti-CD9 IgG1 (TS9) and mouse anti-CD81 IgG2a (TS81) 

that were a gift from Dr. Eric Rubinstein, and all of them were used at 1:1000 in 2% BSA 

in PBS during 1 hour. After 3 washes of 10 minutes each with PBS, cells were incubated 

with each corresponding Alexa Fluor-conjugated secondary antibody (Invitrogen) at 

1:1000 in 2% BSA in PBS during 1 hour. Specifically, the secondary antibodies used 

were: goat anti-mouse with epitope IgG1 Alexa Fluor 488 for CD9 (Invitrogen ref: 

A21121) and goat anti-mouse with epitope IgG2a Alexa Fluor 633 for CD81 (Invitrogen 

ref: A21136). For the experiments showing the actin cytoskeleton, cells were labeled with 

Phalloidin- Rhodamine (Invitrogen) at 1:1000 in the same mix and conditions as the 

secondary antibodies. Then, cells were washed 3 times of 10 minutes each with PBS, 

stained with DAPI and mounted on glass slides with Aqua PolyMount (Polysciences, 
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Inc.). Images were acquired with a confocal microscope LSM700 (Zeiss) and processed 

with the ImageJ software.  

Western blot 

For Western blot SH-SY5Y cells were lysed with lysis buffer composed by 150 mM 

NaCl, 20 mM Tris, 5 mM EDTA, pH 8.0. Protein concentration was measured by a 

Bradford protein assay (Bio-Rad). 20 μg of protein were submitted to western blot 

analysis. Primary antibodies used for Western blot were: mouse anti-CD9 IgG1 (TS9, 

1:1000), mouse anti-CD81 IgG2a (TS81, 1:1000), mouse anti CD63 (1:1000), mouse anti 

ADAM10 (11G2, 1:1000) were gifts from Dr. Eric Rubinstein, rabbit anti-α-GAPDH 

(Sigma ref: G9545, 1:1000), rabbit anti-β-actin (Cell Signaling ref: 4967, 1:1000), mouse 

anti-α-tubulin (Sigma ref: T9026, 1:2000), mouse anti-GM130 (BD transduction 

Laboratories, ref:610822, 1:1000, rabbit ITGB1, ITGB4, ITGA4  (from integrin Ab 

Sampler kit, Cell signaling ref: 4749, 1:1000), rabbit anti-EGFR (Cell Signaling ref: 4267, 

1:1000), rabbit anti-CX43 (Sigma ref: C6219, 1:3000), mouse anti-ANXA2 (Proteintech 

ref: 66035,1:2000).  

Statistical analysis 

Statistical analysis of experiments concerning the TNT counting and the DiD transfer 

assay are described elsewhere (Pinto et al., 2021). Briefly, the statistical tests were 

applied using either a logistic regression model computed using the ‘glm’ function of R 

software (https://www.R-project.org/) or a mixed effect logistic regression model using 

the lmer and lmerTest R packages, applying a pairwise comparison test between groups.  

All graphs shown in this study have been made with GraphPad Prism version 9. 
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Figure 1: Validation of the purification procedures 

A. Workflow for TNTs vs. EVPs purification. EVPs were purified from cell culture 
supernatant, TNTs from remaining attached cell supernatant after shaking. *indicates the 
fraction used for nanoFCM analysis.  

B. Schematic representation of stably cell lines where green color indicates the 
location of GFP-tagged protein: H2B-GFP (nuclear), actin chromobody-GFP (actin 
cytoskeleton including TNTs) and GFP-CD9 (cell surface, TNTs, EVPs). 

C. Scatter dot plot representing the mean percentage (with SD) of GFP-positive 
particles analyzed by nanoFCM. Statistical analysis of 4 independent experiments (6 for 
GFP-CD9, oneway Anova with Tukey post hoc correction) show the following respective 
p-values (from top): blue*: 0.0252, red**: 0.0089, red*: 0.0131, black*: 0.0161. Means 
values are (from left to right): 0.01, 0.3, 4.8, 1.75, 0.17, 37.07, 27.7 and 11.6. 

D. Western blot of WCE (20g, corresponding to around 0.1x106 cells), TNT and 
EVP (both from 10 106 cells) prepared from the same cells, blotted with CD9, -tubulin 
and GM130 specific antibodies. White lane indicates that intervening lanes of the same 
gel (and same exposure) have been spliced out.  
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Figure 2: Analysis of the TNTome 

A. Proteomap of the 1177 proteins of the TNTome, sorted in 4 quartiles depending 
on their mean iBAQ. Protein accession and mean iBAQ was used to create ProteoMap, 
analyzed according to Gene Ontology.  

B. STRING physical association network for the cytoskeleton-related proteins listed 
in table S2. Color groups were created using Cytoscape. Green are microtubule-related 
proteins, blue are intermediate filaments, orange are actin-interacting proteins. Blue and 
pink edges show physical interactions based on databases and experiments respectively.  

C. Full STRING functional association network for integral surface membrane 
proteins of TNTome, based on table S3. Orange are Integrin proteins, red are Ephrin 
receptors, dark green are Cadherins, light green are Sodium/potassium transporting 
ATPase ions channels, purple are monocarboxylate and amino acids transporters, and 
yellow are tetraspanin-related proteins.  

D. Volcano plot of the mass spectrometry analysis based on the 4 EVP and TNT 
preparations, showing the maximum log2(Fold-change) in x-axis measured between TNT 
and EVP fractions and the corresponding -log10 (p-value) in y-axis. Dashed lines indicate 
differential analysis quadrants with log2 (Fold-change) =0.58 and false discovery rate 
FDR = 1%. Common EVP=TNT are non-significantly different (FDR >0.05) with 
FC>1.5, and FC<1.5. Each quadrant is named above and the number of identified proteins 
is indicated. Left and right are proteins non overlapping in both fractions: TNT-only and 
EVP only. Note that in EVP-only fraction, 10 proteins were found in TNTome (based on 
12 experiments) and should therefore be removed. For the TNT proteins, only the proteins 
also present in TNTome have been counted. 
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Figure 3: Expression of CD9/CD81 in TNTs and effects of their overexpression or 
invalidation  

A. Immunofluorescence of CD9 (green) and CD81 (red) in SH-SY5Y cells. Cells 
were also stained with phalloidin (magenta) and DAPI (blue) to visualize actin and nuclei. 
This representative image corresponds to the 4th to 5th slices of a stack comprising 11 
slices (1 being at the bottom). The yellow arrowheads point to TNTs, connecting two cells 
and not attached to the substrate. The scale bars are 10 μm. 

B. Representative images of TNT-connected cells in WT, CD9 KO, CD81 KO and 
CD9&CD81 KO cells, stained with WGA-488 (green) to label the membrane and DAPI 
(blue) to label the nuclei. Yellow arrowheads point to TNTs. Scale bars correspond to 10 
μm. 

C. Graph of the % of TNT-connected cells in the different cells, from 3 independent 
experiments. Mean and standard deviation of the % of TNT-connected cells: WT = 31.6 
± 1.25; CD9 KO = 25.2 ± 1.24; CD81 KO = 30.4 ± 1.65; CD9 & CD81 KO = 16.3 ± 4.81. 
** p=0.0018 for WT versus CD9 KO, ns p=0.9216 for WT versus CD81 KO, **** 
p<0.0001 for WT versus CD9 & CD81 KO, **** p<0.0001 for CD9 & CD81 KO versus 
CD9 KO. 

D. Representative images of TNT-connected cells in WT, CD9 OE and CD81 OE 
cells, stained as in B. Yellow arrowheads show TNTs. Scale bars correspond to 10 μm. 

E. Graph of the % of TNT-connected cells in the indicated cells from 3 independent 
experiments. Mean and standard deviation of the % of TNT-connected cells: WT = 29.8 
± 1.11; CD9 OE = 45.3 ± 3.17; CD81 OE = 29.5 ± 0.84. **** p<0.0001 for WT versus 
CD9 OE, ns p=0.9641 for WT versus CD81 OE. 
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Figure 4: Vesicle transfer assay in cells KO and OE of CD9 and CD81  

Donor cells, loaded with DiD to stain the vesicles were cocultured with GFP cells as 
acceptors, as schematized on the left of each panel. Graphs are % of acceptor cells 
containing DiD vesicles from 3 independent experiments. Mean and standard deviation 
of the % of acceptor cells containing DiD vesicles are:  

A. WT = 32.7 ± 10.25; CD9 KO = 18.4 ± 8; CD81 KO = 19.1 ± 4.86; CD9 & CD81 
KO = 10.5 ± 1.52. * p=0.0103 for WT versus CD9 KO, * p=0.0248 for WT versus CD81 
KO, **** p<0.0001 for WT versus CD9 & CD81 KO.  

B. WT = 29.3 ± 7.45; CD9 OE = 61.3 ± 20.44; CD81 OE = 55.6 ± 10.31. ** p=0.0013 
for WT versus CD9 OE, * p=0.0124 for WT versus CD81 OE.  

C. WT = 31.7 ± 4.81; CD9 KO = 82.1 ± 1.98; CD81 KO = 71.9 ± 7.71. **** 
p<0.0001 for WT versus CD9 KO, **** p<0.0001 for WT versus CD81 KO.  

  



Roberto Notario Manzano PhD manuscript  
 

216 
 

 

  



Roberto Notario Manzano PhD manuscript  
 

217 
 

Figure 5: CD9 antibody treatment in WT cells and CD81 KO cells 

A. Immunofluorescence of CD9 (green) and CD81 (red) in SH-SY5Y WT cells 
treated with control antibodies (CTR AB) or with antibodies anti-CD9 (CD9 AB) for 2 
hours followed by PFA fixation and incubation with anti-CD81 (for CD9 AB samples) or 
anti-CD81 + anti-CD9 (for CTR AB samples) and appropriate fluorescent secondary 
antibodies. This representative image corresponds to the 3th to 4th slices of a stack 
comprising 12 slices for CTR AB and to the 3th to 4th slices of a stack comprising 11 
slices for CD9 AB. Cells were also stained with phalloidin (magenta) and DAPI (blue) to 
visualize actin and nuclei respectively. The scale bars correspond to 10 μm. 

B. Schematic of the experiment corresponding to the coculture of WT SH-SY5Y 
donor cells (DiD in yellow circles to stain the vesicles) and WT GFP-labeled acceptor 
cells, and the cocultured cells were treated with control antibodies (CTR AB) or with 
antibodies anti-CD9 (CD9 AB). 

C. Graph of the % of TNT-connected cells in CTR AB or CD9 AB treatment in WT 
cells. Mean and standard deviation of the % of TNT-connected cells: CTR AB = 28.8 ± 
1.32; CD9 AB = 37.4 ± 0.80. ** p<0.0013 for CTR AB versus CD9 AB for N=3. 

D. Graph of the % of acceptor cells containing DiD vesicles of the cocultures of WT 
cells with CTR AB or CD9 AB treatment. Mean and standard deviation of the % of 
acceptor cells containing DiD vesicles: CTR AB = 27.7 ± 2.48; CD9 AB = 36.8 ± 3.03. 
* p=0.0335 for 2ry AB versus CD9 AB for N=3. 

E. Immunofluorescence of CD9 (green) in SH-SY5Y CD81 KO cells treated with 
control antibodies (CTR AB) or with antibodies anti-CD9 (CD9 AB) for 2 hours followed 
by PFA fixation and incubation with anti-CD9 (for CTR AB samples) and appropriate 
fluorescent secondary antibodies. This representative image corresponds to the 3th to 4th 
slices of a stack comprising 10 slices for CTR AB and to the 5th to 6th slices of a stack 
comprising 12 slices for CD9 AB. Cells were also stained with phalloidin (magenta) and 
DAPI (blue) to visualize actin and nuclei respectively. Scale bars are 10 μm. 

F. Schematic showing the coculture strategy adapted to the antibody treatment in 
SH-SY5Y CD81 KO cells. SH-SY5Y CD81 KO donor cells (DiD in yellow circles to 
stain the vesicles) were cocultured with WT GFP-labeled acceptor cells and all of them 
treated with control antibodies (CTR AB) or with antibodies anti-CD9 (CD9 AB). 

G. Graph of the % of TNT-connected cells in the coculture and antibody treatment 
described in B. Mean and standard deviation of the % of TNT-connected cells: CTR AB 
= 28.8 ± 0.68; CD9 AB = 43 ± 2.23. **** p<0.0001 for CTR AB versus CD9 AB for 
N=3. 

H. Graph of the % of acceptor cells containing DiD vesicles of the same experiment. 
Mean and standard deviation of the % of acceptor cells containing DiD vesicles: CTR AB 
= 20.6 ± 1.67; CD9 AB = 20.6 ± 2.16. ns p=0.9380 for CTR AB versus CD9 AB for N=3. 
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Figure 6: CD9 and CD81 act successively in the formation of TNTs 

A. Representative images of WT, CD9 OE, CD9 OE + CD81 KO, CD81 OE and 
CD81 OE + CD9 KO cells, stained with WGA-488 (green) and DAPI (blue). Yellow 
arrowheads show TNTs. Scale bars correspond to 10 μm. 

B. Graph of the % of TNT-connected cells in the tetraspanin OE + KO cells. Mean 
and standard deviation of the % of TNT-connected cells, from 3 independent experiments: 
WT = 28.6 ± 2.05; CD9 OE = 44.2 ± 2.4; CD9 OE + CD81 KO = 48.2 ± 2.16; CD81 OE 
= 29.5 ± 1.36; CD81 OE + CD9 KO = 20.2 ± 2.09. ns p=0.4295 for CD9 OE versus CD9 
OE + CD81 KO, *** p=0.0003 for CD81 OE versus CD81 OE + CD9 KO. 

C. Coculture between tetraspanin OE + KO cells used as donors and WT GFP cells 
used as acceptors, as schematized on the left. The graph shows the % of acceptor cells 
containing DiD vesicles Mean and standard deviation of the % of acceptor cells 
containing DiD vesicles, from 3 independent experiments: WT = 26.1 ± 8.94; CD9 OE = 
73.8 ± 12.64; CD9 OE + CD81 KO = 87.7 ± 5.11; CD81 OE = 73 ± 14.60; CD81 OE + 
CD9 KO = 45.4 ± 11.53. ns p=0.1942 for CD9 OE versus CD9 OE + CD81 KO, * 
p=0.0164 for CD81 OE versus CD81 OE + CD9 KO. 
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Figure 7: Model of CD9 and CD81 roles in TNT growth and fusion with opposing 
cell 

1. At steady state, CD9 and CD81, surrounded by TEM, are in a conformation not 
inducing membrane curvature. 2. Upon specific TNT stimulating signal, CD9 undergoes 
conformation change and clustering, leading to membrane curvature and TNT protrusion. 
At this step, CD81 is not necessary, even though it is brought in the same TEM. 3. CD81 
allows to bring together specific proteins involved in fusion with the opposing cell. 
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Figure S1: Characterization of TNTs in U2OS cells  

A. Representative immunofluorescence of TNTs in U2OS cells, expressing actin 
(stained with phalloidin, red in the two first lanes) without or with tubulin (green, lanes 1 
and 2). Actin-chromodoby-GFP is also expressed in TNTs (lane 3). Lanes 5 and 6 show 
representative images of CD9 and CD81 in TNTs of U2OS cells. WGA (wheat germ 
agglutinin in red) labels cell surface of these non-permeabilized cells. The images in lanes 
1 to 5 are respectively projections of 1, 3, 3, 2 and 1 slices of each stack. The yellow 
arrowheads point to TNTs, connecting two cells and not attached to the substrate. The 
scale bars are 10 μm. 

B. Two examples of TNTs in GFP-CD9 expressing U2OS cells. TNTs are identified 
as containing actin (phalloidin in red), and DiD labels intracellular vesicles, sometimes 
found inside TNT as in the second lane (white arrow). The yellow arrowheads point to 
TNTs, scale bars are 10 μm. 

C. Representative exemples of size distribution of EVPs and TNTs fractions. 

D. Scatter dot plot representing mean size diameter of particles (with SD) of EVP 
and TNT fractions, depending on each cell line. At least 4 independent experiments were 
analyzed, each dot being one of them. No statistical difference was observed. Over 18 
samples from all cell lines, mean particle diameter was 62.7 nm (SD : 3.8) for EVPs, 61.4 
nm (SD 2.2) for TNTs. 

E. Scatter dot plot representing mean particle concentration (with SD) of EVP and 
TNT fractions, depending on each cell line. At least 4 independent experiments were 
analyzed, each dot being one of them. No statistical difference was observed. 

F. Western blot showing actin in WCE and TNT fraction, CD63 is used as loading 
control. 
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Figure S2: Comparison of TNTome with Integrin adhesome and other cell proteins 

A. Venn diagram showing common and exclusive proteins between Integrin 
adhesion complexes (blue circle) and TNTs (yellow circle). The percentages refer to 
total proteins. 

B. Venn diagram showing common and exclusive proteins between consensus 
adhesome (blue circle) and TNTs (yellow circle). 

C. Representative immunofluorescence pictures showing expression of ITGB1 and 
CD151 in TNTs of U2OS and SH-SY5Y as indicated on the left. Each picture is one 
upper slice of the stack, TNTs are further characterized by actin presence (actin 
chromobody-GFP, lane 1) or WGA labeling. The yellow arrowheads point to TNTs,  
scale bars are 10 m. 

D. Expression of TM proteins in U2OS whole cell extracts (WCE), which are not in 
TNTome. WB from WT or GFP-CD9 expressing cells, incubated with the antibodies 
indicated on the left. ANXA2 is used as loading control. WCE from all cell lines have 
been tested three times, two WCE are shown. 

E. Comparative expression of proteins in WCE and TNTs from various U2OS cell 
lines. Left, CD9, GFP-CD9 and ADAM10 are compared using WT and GFP-CD9 
expressing U2OS cells (using non reducing gels). Right, ITGB1 and ANXA2 are 
compared using H2B-GFP and Actin chromobodies-expressing cells (gels in reducing 
conditions).  
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Figure S3: Western blot (WB) from the KO and OE of CD9 and or CD81 cell 
extracts. 

A. Representative WB of the tetraspanin KO experiments blotted with CD9 (left 
blot) or CD81 (right blot) and GAPDH specific antibodies sequentially. Lines of the left 
blot correspond to 1: WT cells; 2: CD9 KO cells; 3: CD9 & CD81 KO cells. Lines of 
the right blot correspond to 1: WT cells; 2: CD81 KO cells; 3: CD9 & CD81 KO cells. 

B. WB of the tetraspanin OE and OE + KO experiments blotted with CD9 (left 
blot) or CD81 (right blot) and actin specific antibodies sequentially. Lines of the left 
blot correspond to 1: WT cells; 2: CD9 OE cells; 3: CD81 OE cells; 4: CD9 OE + CD81 
KO cells; CD81 OE + CD9 KO cells. Lines of the right blot correspond to 1: WT cells; 
2: CD9 OE cells; 3: CD81 OE cells; 4: CD9 OE + CD81 KO cells; CD81 OE + CD9 
KO cells 
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Figure S4: Gate strategy of all the cocultures  

A. Gate strategy of the coculture of tetraspanins KO cells used as donors. WT 
unstained cells, GFP cells and DiD+ cells were gated to select cells and exclude cellular 
debris, plotting SSC-Area (Y-axis) with FSC-Area (X-axis) (All Cells). Within the All 
Cells gate we selected for single cells to exclude doublets, plotting SSC-Width (Y-axis) 
with FSC-Area (X-axis) (Singlets). Within the Singlets gate the quadrants for DiD (Y-
axis) and GFP (X-axis) were placed according to the position of the negative or positive 
populations. Schematic of the coculture is on top. 

B. Gate strategy of the coculture of tetraspanins OE cells used as donors. The gate 
strategy follows the same principles explained in (A) and they were adapted to this 
coculture. Schematic of the coculture is on top. 

C. Gate strategy of the coculture of tetraspanins KO cells used as acceptors. The 
gate strategy follows the same principles explained in (A) and they were adapted to this 
coculture. Schematic of the coculture is on top. 

D. Gate strategy of the coculture of tetraspanins OE + KO cells. The gate strategy 
follows the same principles explained in (A) and they were adapted to this coculture. 
Schematic of the coculture is on top. 
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Figure S5: Flow cytometry plots of all the results of all co-culture experiments 

A. Coculture between tetraspanin KO cells used as donors loaded with DiD to stain 
the vesicles and WT GFP cells used as acceptors. Representative plots between the 
signal of DiD-labeled vesicles (Y-axis) and GFP-labeled acceptor cells (X-axis) of 
vesicle transfer in cells: WT, CD9 KO, CD81 KO and CD9 & CD81 KO. The second 
quadrant (Q2) represents the % of double positive cells and thus the acceptor cells that 
have received vesicles. The schematic of the coculture appears on the left. 

B. Coculture between tetraspanin OE cells used as donors loaded with DiD to stain 
the vesicles and WT GFP cells used as acceptors. Representative plots between the 
signal of DiD-labeled vesicles (Y-axis) and GFP-labeled acceptor cells (X-axis) of 
vesicle transfer in cells: WT, CD9 OE and CD81 OE. The second quadrant (Q2) 
represents the % of double positive cells and thus the acceptor cells that have received 
vesicles. The schematic of the coculture appears on the left. 

C. Coculture between WT cells used as donors loaded with DiD to stain the 
vesicles and tetraspanin KO GFP cells used as acceptors. Representative plots between 
the signal of DiD-labeled vesicles (Y-axis) and GFP-labeled acceptor cells (X-axis) of 
vesicle transfer in cells: WT, CD9 KO and CD81 KO. The second quadrant (Q2) 
represents the % of double positive cells and thus the acceptor cells that have received 
vesicles. The schematic of the coculture appears on the left. 

D. Coculture between tetraspanin OE + KO cells used as donors loaded with DiD to 
stain the vesicles and WT GFP cells used as acceptors. Representative plots between the 
signal of DiD-labeled vesicles (Y-axis) and GFP-labeled acceptor cells (X-axis) of 
vesicle transfer in cells: WT, CD9 OE, CD9 OE + CD81 KO, CD81 OE and CD81 OE 
+ CD9 KO. The second quadrant (Q2) represents the % of double positive cells and thus 
the acceptor cells that have received vesicles. The schematic of the coculture appears on 
the left. 
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Figure S6: secretion of all the coculture experiments 

A. Secretion of the coculture between tetraspanin KO cells used as donors loaded 
with DiD to stain the vesicles and WT GFP cells used as acceptors. Representative plots 
between the signal of DiD-labeled vesicles (Y-axis) and GFP-labeled acceptor cells (X-
axis) of vesicle transfer by secretion in cells: WT, CD9 KO, CD81 KO and CD9 & 
CD81 KO. The second quadrant (Q2) represents the % of double positive cells and thus 
the acceptor cells that have received vesicles. Schematic of the secretion control of the 
coculture is on the left. 

B. Secretion of the coculture between tetraspanin OE cells used as donors loaded 
with DiD to stain the vesicles and WT GFP cells used as acceptors. Representative plots 
between the signal of DiD-labeled vesicles (Y-axis) and GFP-labeled acceptor cells (X-
axis) of vesicle transfer by secretion in cells: WT, CD9 OE and CD81 OE. The second 
quadrant (Q2) represents the % of double positive cells and thus the acceptor cells that 
have received vesicles. Schematic of the secretion control of the coculture is on the left. 

C. Secretion of the coculture between WT cells used as donors loaded with DiD to 
stain the vesicles and tetraspanin KO GFP cells used as acceptors. Representative plots 
between the signal of DiD-labeled vesicles (Y-axis) and GFP-labeled acceptor cells (X-
axis) of vesicle transfer by secretion in cells: WT, CD9 KO and CD81 KO. The second 
quadrant (Q2) represents the % of double positive cells and thus the acceptor cells that 
have received vesicles. Schematic of the secretion control of the coculture is on the left. 

D. Secretion of the coculture between tetraspanin OE + KO cells used as donors 
loaded with DiD to stain the vesicles and WT GFP cells used as acceptors. 
Representative plots between the signal of DiD-labeled vesicles (Y-axis) and GFP-
labeled acceptor cells (X-axis) of vesicle transfer by secretion in cells: WT, CD9 OE, 
CD9 OE + CD81 KO, CD81 OE and CD81 OE + CD9 KO. The second quadrant (Q2) 
represents the % of double positive cells and thus the acceptor cells that have received 
vesicles. Schematic of the secretion control of the coculture is on the left.  
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Figure S7: Graphs of all co-culture experiments showing total transfer and transfer 
corresponding to secretion. 

A. Graph % of acceptor cells containing DiD vesicles of the transfer by secretion of 
the coculture of tetraspanin KO cells used as donors. Mean and standard deviation of the 
% of acceptor cells containing DiD vesicles: WT = 1.6 ± 1.18; CD9 KO = 0.9 ± 1.38; 
CD81 KO = 1.2 ± 1.26; CD9 & CD81 KO = 0.4 ± 0.44 for N=3. Total transfer it is the 
same as in its corresponding figure (Figure 4A) 

B. Graph corresponding to the % of acceptor cells containing DiD vesicles of the 
transfer by secretion of the coculture of tetraspanin OE cells used as donors. Mean and 
standard deviation of the % of acceptor cells containing DiD vesicles: WT = 0.14 ± 0.22; 
CD9 OE = 0.21 ± 0.34; CD81 OE = 0.33 ± 0.56 for N=3. Total transfer it is the same as 
in its corresponding figure (Figure 4B) 

C. Graph corresponding to the % of acceptor cells containing DiD vesicles of the 
transfer by secretion of the coculture of tetraspanin KO cells used as acceptor. Mean and 
standard deviation of the % of acceptor cells containing DiD vesicles: WT = 0.27 ± 0.38; 
CD9 KO = 0.9 ± 1.08; CD81 KO = 0.82 ± 1.07 for N=3. Total transfer it is the same as 
in its corresponding figure (Figure 4C) 

D. Graph corresponding to the % of acceptor cells containing DiD vesicles of the 
transfer by secretion of the coculture of tetraspanin OE + KO cells. Mean and standard 
deviation of the % of acceptor cells containing DiD vesicles: WT = 0.07 ± 0.02; CD9 OE 
= 0.71 ± 0.80; CD9 OE + CD81 KO = 1.09 ± 0.97; CD81 OE = 0.52 ± 0.42; CD81 OE + 
CD9 KO = 0.24 ± 0.22 for N=3. Total transfer it is the same as in its corresponding figure 
(Figure 7C)  
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Table 1: the full TNTome (1177 proteins), from 12 independent samples, proteins were 

conserved when present in more than 9 replicats, ranked in 4 quartiles (from higher to 

lower mean iBAQ) represented in different colors (orange Q1, green Q2, pink Q3, blue 

Q4). iBAQ of each sample is indicated for each protein.  

Table 2: Cytoskeleton-associated proteins of the TNTome. Proteins identified by GO 

term analysis (cellular components), except those associated to proteasome, RNA and 

mitochondria, are ranked according to their quartile assignement (orange Q1, green Q2, 

pink Q3, blue Q4). 

Table 3: Membrane-related proteins identified by GO term analysis (cellular 

components). Mitochondrial and other organelles membrane proteins have been 

discarded from GO analysis. Tab 1 lists all membrane and membrane-associated proteins, 

tab 2 only the integral membrane proteins, ranked according to their quartile assignement 

(orange Q1, green Q2, pink Q3, blue Q4) and from more abundant to less abundant. 

Integrins, Ephrin receptors, Cadherins and tetraspanin-related proteins are highlighted 

respectively in orange, red, dark gree and yellow as indicated in tab2. 

Table 4: comparison of TNTome and Integrin adhesion complexes. Tab1 shows the 

common elements in integrin adhesion complexes (2240 proteins according to Horton et 

al, 2015) and in TNTome: 765 proteins listed in alphabetical order of the gene name 

(yellow background). On the right (blue background) are the 413 elements included 

exclusively in TNTome. Tab2 shows the 26 common elements in consensus adhesome 

(Horton 2015) and TNTome. 

Table 5: TNT-only proteins. Tab1 (total) shows the 174 proteins present in TNT 

preparations and absent from EVPs. Tab2 (constitutive) shows the 89 TNT-only proteins 

without proteins described as mitochondrial, nuclear, ER or RNA-related. In yellow 

background are cytoskeleton-related proteins (20%). 

Table 6: overlapping proteins between TNTs and EVPs. Tab1 (TOT TNT>EVP) shows 

the proteins more abundant in TNTs compared to EVPs, cleaned of nuclear, 

mitochondrial or RNA-related described proteins in tab2 (TNT>EVP). In yellow 

background are cytoskeleton-related proteins (29%). 
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Table 7: Common proteins between TNTome and protrusions from hCAD cells 

described in Gousset et al., 2019. The 190 proteins present in 2 samples of hCAD (mouse 

CAD cells treated with H2O2) were converted to their human ortholog, next compared to 

the 1177 proteins of table 1. 
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Results Annexes: Are NCAD and tetraspanin CD9 

and/or CD81 interacting between them?  

Results regarding the functionality of the TNTs controlled by NCAD suggested that this 

protein could somehow control the fusion of the TNTs with the opposing cell and there 

is when, following Dr. Christel Brou’s advice, I decided to investigate if NCAD could 

have a relationship with the tetraspanin CD9 and CD81, proteins largely characterized in 

fusion processes (Charrin et al., 2014). One major thing that characterize tetraspanins it 

is their ability to interact with a vast number of molecules forming complexes at the 

membrane named Tetraspanin-Enriched Microdomains or “TEMs” (Yáñez-Mó et al., 

2009). Therefore, I speculated that CD9 and/or CD81 could form TEMs and within them 

we may find NCAD interacting with one or both of these tetraspanins. To this end, I 

performed GFP-trap immunoprecipitation assays in neuronal SH-SY5Y cells 

overexpressing one of these proteins tagged to GFP (NCADGFP, CD9GFP, and 

CD81GFP) under conditions that would preserve tetraspanin-tetraspanin and tetraspanin-

partner interactions (Serru et al., 1999; Charrin et al., 2001).  

My results in one experiment showed that when using NCADGFP cells as a bait, this 

protein did not precipitate neither CD9 nor CD81 (Figure Results Annexes 1A; IP). This 

immunoprecipitation was validated by showing coprecipitation of GFP as positive 

control, no coprecipitation of tubulin as negative control and expected coprecipitation of 

α-catenin (Figure Results Annexes 1A; IP). CD9GFP cells as a bait showed the same 

result as they did not coprecipitate NCAD (Figure Results Annexes 1B; IP). Validation 

of the assay was shown by coprecipitation of GFP as positive control, no coprecipitation 

of tubulin as negative control and expected coprecipitation of the tetraspanin partner 

protein EWI-2 (Stipp et al., 2001) although no coprecipitation of CD81 was observed 

(Figure Results Annexes 1B; IP). Finally, coimmunoprecipitation of NCAD with 

CD81GFP also failed (Figure Results Annexes 1C; IP) in a valid immunoprecipitation 

shown by coprecipitation of GFP as positive control, no coprecipitation of tubulin as 

negative control and expected coprecipitation of CD9 and EWI-2 (the band near the 

height of EWI-2 in the GFPv sample should correspond to a stain) (Figure Results 

Annexes 1C; IP).  
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Figure 22. GFP-trap experiments on SH-SY5Y cells overexpressing NCADGFP, CD9GFP or 
CD81GFP. 

(A) Western blot images of the GFP-trap on SH-SY5Y cells overexpressing NCADGFP or SH-
SY5Y cells expressing GFP (GFPv for GFP vector). These samples were incubated sequentially 
in the same membrane with GFP, tubulin, α-catenin, CD9 or CD81 antibodies. The images 
delimited by a blue rectangle corresponds to those samples exposed to anti-GFP tagged beads 
(IP). The images delimited by a yellow rectangle correspond to the lysate samples (proteins 
extracted from the whole cell lysate of the bait cells before incubation with the beads) and 
supernatant samples (proteins that did not bind to the beads and remained in the follow-through 
after incubation with beads). (B) Western blot images of the GFP-trap on SH-SY5Y cells 
overexpressing CD9GFP or SH-SY5Y cells expressing GFP. These samples were incubated 
sequentially in the same membrane with GFP, tubulin, EWI-2 or CD81 antibodies. The images 
delimited by a blue rectangle corresponds to those samples exposed to anti-GFP tagged beads 
(IP). The images delimited by a yellow rectangle correspond to the lysate samples and 
supernatant samples. (C) Western blot images of the GFP-trap on SH-SY5Y cells overexpressing 
CD81GFP or SH-SY5Y cells expressing GFP. These samples were incubated sequentially in the 
same membrane with GFP, tubulin, EWI-2 or CD9 antibodies. The images delimited by a blue 
rectangle corresponds to those samples exposed to anti-GFP tagged beads (IP). The images 
delimited by a yellow rectangle correspond to the lysate samples and supernatant samples. 

These results, although done just one time but interchanging all of the proteins of interest 

as a bait or as a prey, might indicate that interactions between NCAD and CD9 and/or 

CD81 would not occur on the neuronal SH-SY5Y cells or that the interactions are not 

stable enough or too minor to be detected this way. Thus, these data leaded me to decide 

that at that point the cadherin project and the tetraspanin project should be separated and 

that is way here I present two separated manuscripts. 
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Section 5: Discussion and 

perspectives 
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Since in the results section I have included the manuscripts with their corresponding 

discussions, this section will be devoted to a more general discussion of the most relevant 

aspects of the results that I have obtained during my PhD and of the possible future steps 

to follow in both projects. 

Dual function of the cadherin-catenin complex in TNT 

regulation 

The cadherin-catenin complex is formed by a cadherin (in this case NCAD) which binds 

through its cytoplasmic tail to p120-catenin and β-catenin, the latter associating with α-

catenin. My project was conceived after the discovery of NCAD in between the iTNTs of 

neuronal cells (Sartori-Rupp et al., 2019), in which it was proposed and speculated that 

this molecule could have a role as a holder of the bundle of iTNTs, and therefore our idea 

was to study the role of this protein in TNTs, but we realized that although it is known in 

the literature that α-catenin is the link of cadherins to the actin cytoskeleton and that TNTs 

are supported by actin cytoskeleton, all previous studies had only paid attention to β-

catenin, and only as a confirmation of the presence of cadherins based on colocalization 

of these two proteins (Lokar et al., 2010; Jansens et al., 2017). Therefore, I decided not 

only to study the role of NCAD in TNTs but also that of α-catenin and thus to know the 

set of processes of TNT formation controlled by the complex formed by these two 

proteins. 

N-cadherin and α-catenin inhibit the formation of TNTs 

My first aim it was to understand the influence of NCAD on the biogenesis of the TNTs. 

I showed that NCAD interference leaded to an increase of TNT-connected cells whereas 

the overexpression of NCAD provoked a huge decrease on the % of cells connected by 

TNTs This could be explained by two reasons, one of them purely physical by the 

phenotype of the cells depending on their NCAD expression and the other reason could 

be explained by the influence of cadherins on the actin cytoskeleton. On one hand, one 

could speculate that NCAD interference would lead to a failure of cell-to-cell adhesion 

and therefore that cells would be more scattered from each other, but, when NCAD is 

overexpressed this would make the cells to preferentially adhere to each other in an 

epithelial-like phenotype. This is indeed what I observed in both conditions and the 

physical distance between cells could therefore influence the formation of TNTs, which 
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by definition are membranous structures that connect cells. Although this could partially 

explain the decrease on TNT when NCAD is overexpressed (if cells are forming clusters 

and tight junctions between them, this could impair both mechanism of TNT formation), 

it is unlikely that the only reason why the cells interfered for NCAD would form more 

TNTs it is just because they are sparser. Indeed, the trypsin experiments on cells 

overexpressing NCAD revealed that although separating the cell bodies to visualize the 

TNTs, these cells still form less TNTs pointing to a much more complex regulation of 

NCAD on TNTs rather than the physical distances between cells. On the other hand, the 

influence of NCAD on the actin cytoskeleton could complete the explanation of the two 

different phenotypes regarding TNT number. The organization of the actin cytoskeleton 

on the adherens junctions relies on the establishment of an “actin belt” of parallel to the 

membrane actin filaments (Cavey and Lecuit, 2009) which presumably it is the opposite 

of what it is needed for TNT formation, since it is speculated that first, depolymerization 

of cortical actin should occur to create the place where protrusion could be formed and 

then filamentous actin could polymerize and would push out the membrane to deform it 

and form an initial protrusion that eventually would become in a TNT (Ljubojevic et al., 

2021). So, one could speculate that when inhibited NCAD, the actin cytoskeleton would 

not be forming this belt and therefore, it could form microprotrusions that would 

evaginate the membrane and form TNTs (Figure 23A), but on the contrary, when NCAD 

is overexpressed, this molecule would inhibit the formation of these small protrusion by 

“sequestering” the actin cytoskeleton on the cadherin complexes (Figure 23B), thus 

explain the increase or decrease of TNTs when NCAD is knock down or overexpress 

respectively. When I check for the role of the downstream cadherin adaptor α-catenin on 

the biogenesis of TNTs, I observed that α-catenin interference or overexpression 

recapitulated NCAD interference or overexpression almost perfectly regarding the % of 

TNT-connected cells, which would imply that NCAD and α-catenin collaborate through 

the same or very similar mechanism on the biogenesis of TNTs (Figure 23).   
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Figure 23. NCAD-α-catenin mechanism of formation of the TNTs. 

(A) Schematics TNTs under wild-type or NCAD/α-catenin overexpression conditions. 1) NCAD 
would bind and anchor the actin cytoskeleton through α-catenin inhibiting the initial protrusion 
formation by actin filaments and the subsequent TNT formation. (B) Schematics TNTs under 
NCAD/α-catenin knock down conditions. 1) Actin cytoskeleton would not be anchored by the 
cadherin-catenin complex. 2) The actin filaments would be able to push outwards the membrane 
forming a microprotrusion. 3) Polymerization of filamentous actin would elongate this protrusion 
to form a TNT.   

 

N-cadherin and α-catenin positively influence the functionality of the TNTs 

Next, I checked for the functionality of these TNTs under NCAD interference or 

overexpression through a vesicle transfer assay in our coculture system (see Material & 

Methods section). Surprisingly, NCAD interference decreased the transfer of vesicle and 

NCAD overexpression increased this transfer, although the number of TNTs in 

interference or overexpression was completely opposite to the transfer results 

respectively. This was indeed remarkable, since normally an increase of cells connected 

by TNTs would logically increase the vesicle transfer between cells (Zhu et al., 2018; 

Vargas et al., 2019; Dilsizoglu et al., 2019; Bhat et al., 2020; Pepe et al., 2022). My data 

would mean that although NCAD interfered cells form more apparent TNTs, these 

structures are not functional, whereas NCAD overexpressing cells would form few TNTs 

but highly functional. As it was the case for TNT number, when I investigated the role of 

α-catenin on the functionality of the TNTs, I showed that again α-catenin interference and 
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overexpression replicated the phenotype of NCAD interference and overexpression 

respectively regarding vesicle transfer. This would confirm that α-catenin and NCAD 

collaborates positively on TNT functionality. But, how are NCAD and/or α-catenin 

regulating the functionality of the TNTs? On one hand, I measured the duration of the 

TNTs upon NCAD interference or overexpression, showing that when NCAD is knock 

down the duration of the TNTs tend to decrease whereas when we overexpress this 

protein, the duration of TNTs was highly enhanced. Therefore, this would mean that 

NCAD, as a cell-to-cell adhesion molecule, could serve as an anchor between iTNTs 

and/or TNT and opposing cell, which agrees with what it has been proposed by others 

(Lokar et al., 2010; Jansens et al., 2017), therefore facilitating the vesicle transfer. On the 

other hand, the Cryo-EM data obtained by Dr. Anna Pepe that the downregulation of 

NCAD or α-catenin increased the close-ended iTNTs in the bundle (which could be 

presumably in the process of extension or retraction) but the overexpression NCAD or α-

catenin decreased the close-ended iTNTs. This data could reflect a defect on TNT fusion 

with the opposing cell when NCAD or α-catenin is knock down, in agreement with 

previous studies on cadherins and cell fusion (Mège et al., 1992; Mbalaviele et al., 1995; 

Ishikawa et al., 2014), which could explain why there is a decrease or increase on the 

transfer when NCAD or α-catenin are interfered or overexpressed. Thus, the presence of 

the cadherin-catenin complex could presumably serve as a holder of the TNTs with the 

opposing cell, facilitating the fusion of these structures, most probably indirectly by 

bringing the membranes close that fusion might occur and once fusion have happened, 

maintaining stably connected the TNT with the other cell (Figure 24A). On contrary, 

when NCAD or α-catenin is knock down, TNTs that are growing towards the opposing 

cell would not have the this “holder”, failing to adhere to the neighbor cell and 

presumably retracting (Figure 24B).   

However, TNT counting is insufficient to establish the definition of TNT and although 

the vesicle transfer assay gives us a better insight of bona fide TNTs, further 

characterization of the molecular players on the step of protrusion formation and the 

subsequent fusion with the opposing cell is needed.  
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Figure 24. TNT functionality governed by NCAD and α-catenin. 

(A) Schema of TNTs final formation under wild-type or NCAD/α-catenin overexpression 
conditions. 1) The TNT will reach a close proximity with the opposing cells and cadherins would 
engage. 2) Cadherins would bring and keep membranes in close proximity so fusion might occur 
by a yet unknown mechanism. 3) The open-ended TNT would be formed and maintain stable 
thought the cadherin-catenin complexes. (B) Schema of TNTs final formation under wild-type or 
NCAD/α-catenin knock down conditions. 1) The TNTs would approach to the opposing cells. 2) 
TNTs in these conditions might reach closer distance to interact through cell adhesion molecules. 
3) The lack of NCAD and/or α-catenin would lead to a failure on the adhesion of the TNT with 
the opposing cell and therefore the TNT will retract. 
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α-Catenin is the downstream effector of N-cadherin in the regulation of the TNTs 

Since the results of α-catenin interference and overexpression were totally in line with the 

results obtained in NCAD interference and overexpression and knowing that cadherins 

form complexes with α-catenin to link the actin cytoskeleton (Mège and Ishiyama, 2017), 

I decided to knock down α-catenin in cells overexpressing NCAD, showing that this cells 

increased their % of cells connected by TNTs but decreased the transfer, indicating that 

this knock down overcome the effect of the overexpression of NCAD and that α-catenin 

works downstream NCAD impairing the functionality of this cadherin when α-catenin is 

not present, data in agreement with previous studies (Watabe-Uchida et al., 1998; Bajpai 

et al., 2009). Finally, I cocultured cells overexpressing NCAD versus cells interfered for 

α-catenin, showing that this interference increased both the total number of cells 

connected by TNTs as well as cells heterotopically connected (NCAD overexpressing 

cells connected to α-catenin interfered cells), but decreased the vesicle transfer no matter 

if it is knock down in the donor or acceptor population. Overall, these last results would 

indicate that NCAD and α-catenin work in the same pathway in the regulation of the 

TNTs with α-catenin being downstream of N-cadherin and that cadherin-cadherin 

interactions occurs between TNTs and opposing cell.  

Future perspectives 

Although I was able to show the involvement of the cadherin-catenin complex on TNT 

regulation, there are still many possibilities to investigate in this regard, for both proteins 

that we investigated but also for the other members of this complex: 

 Despite the fact that the decrease of the transfer when NCAD or α-catenin are 

knock down could be partially explained by the increase on close-ended iTNTs 

which could reflect a defect in the fusion of these TNTs, we for the moment don’t 

have a direct prove about this. To this end, it would be very interesting to use 

Focus Ion Beam-Scanning Electron Microscopy (FIB-SEM) to visualize the 

contact area between TNT and opposing cell, as it has been done previously 

(Sartori-Rupp et al., 2019). By applying this technique, we could be able to 

investigate whether there is a decrease or increase of open TNTs when we 

interfere or the overexpress NCAD or α-catenin and therefore to give more direct 

evidences on the possible role of NCAD/α-catenin on TNT fusion.  
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 This present study it has been focused on neuronal cells that they do express 

NCAD. One interesting question it would be to asses whether this role of NCAD 

on TNTs is common to other cadherins or just specific to this protein or neuronal 

cells. To this end, other cellular models that do not express NCAD but for 

examples ECAD, could be used to investigate the specificity of the cadherin roles 

on TNTs. 

 Although my experiments showed that NCAD interference affects negatively the 

stability of the TNTs by decreasing the duration of these structures and NCAD 

overexpression enhances this stability, this has not been yet demonstrated for α-

catenin. Since all the experiments targeting α-catenin replicated the results 

regarding NCAD, it would be necessary to prove that the effect on the stability of 

the TNTs by NCAD it is also through α-catenin. 

 Since α-catenin was the most straightforward cadherin adaptor to investigate in 

the regulation of the TNTs by the cadherin-catenin complex because it physically 

links this complex to the actin cytoskeleton which in turn in the core of the TNTs, 

this doesn’t exclude a possible function of other catenins on TNT regulation. 

p120-Catenin have a central role in controlling the clustering of the cadherins (Yap 

et al., 1998), it prevents the recycling of the cadherins (Hartsock and Nelson, 

2012) and strengthen the cadherin adhesion (Thoreson et al., 2000). Furthermore, 

p120-catenin also influence the actin cytoskeleton. This catenin favors the 

formation of filopodia by increasing CDC42 and Rac activity (Grosheva et al., 

2001) and also inhibits RhoA activity (Reynolds et al., 1996). Here it is 

remarkable to say that we know from literature that CDC42 is a negative regulator 

of TNT formation (Delage et al., 2016), although we don’t know yet the role of 

RhoA on TNTs (Zhang et al., 2020). Therefore, it is a very interesting member of 

the cadherin catenin complex to study, since it seems that the functions regarding 

cadherins (presence of cadherin at the membrane, strengthening adhesion) and 

actin cytoskeleton (activation of CDC42) would resemble the overexpression of 

NCAD. One could speculate that overexpressing NCAD would be followed by 

increased expression of p120-catenin to maintain the cadherin at the membrane 

and this enhanced expression of p120-catenin could eventually lead to an 

activation of CDC42 and inhibition of TNT formation, phenotype that I have 

described when NCAD is overexpressed. It could be worthy to overexpress and 

downregulate p120-catenin and measure TNT formation, vesicle transfer and 
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CDC42 activity. Furthermore, targeting p120-catenin could address other 

questions regarding NCAD expression and or location such as how NCAD it is 

sent or maintained at the right place. Since live imaging videos of cells 

overexpressing NCAD showed an accumulation of this protein at the tip/base of 

the TNTs, one may wonder if the presence and/or accumulation of NCAD in that 

precise location is depending on p120-catenin (which it would be based on the 

aforementioned roles of p120-catenin on clustering or recycling of the cadherins). 

Thus, if we overexpress or downregulate p120-catenin, in could be speculated that 

we would see an increased/decreased presence of NCAD at the membrane which 

could lead to an increased/decreased TNT stability.  

 Finally, the last member of this complex, β-catenin, was initially discarded 

because it was demonstrated that TNT formation in neuronal cells it is through 

the Wnt/β-catenin independent pathway (Vargas et al., 2019) but this doesn’t 

exclude a role of this protein in the cadherin-catenin regulation of TNTs. Since it 

links the cadherin to α-catenin, indeed it is a fundamental member of this complex. 

Through this interaction, targeting β-catenin would help us to understand better 

the function of α-catenin on the regulation of TNTs. Since α-catenin exists in the 

cell in two pools, one cytoplasmic and another cadherin bound (Scott and Yap, 

2006), knocking out β-catenin could force α-catenin to only remain in the 

cytoplasm. By quantifying the number of TNTs and the vesicle transfer under this 

condition, we could relate the result with the presence or absence of α-catenin on 

the cadherin complex and therefore distinguish if the effects on TNTs by α-catenin 

it is through the cytoplasmic pool or the cadherin bound pool. 

 

Tetraspanins CD9 and CD81 differentially regulate 

TNT formation 

As stated in the introduction, the study of CD9 and CD81 tetraspanins aroused our interest 

because of being related to different membrane protrusive activities or being 

characterized in different membrane fusion processes, processes that are necessary for the 

formation of a functional TNT. In addition, Dr. Christel Brou's work on the TNTome 

revealed that these proteins are relatively abundant in TNTs. TNTome work and my work 
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on the regulation of the TNTs by CD9 and CD81 were done in parallel, therefore 

reinforcing our findings. 

CD9, but not CD81, could regulate the formation of the TNTs 

Intriguingly, these two tetraspanins which are very close in sequence, structure and 

function, showed a different role on TNT biogenesis. Whereas CD9 showed to be a 

positive regulator of the biogenesis or stability of the TNTs, CD81 didn’t show to have a 

major role in these processes, although it is conceivable that CD81 could have a 

complementary role of CD9, because when both of them are knock out there is a huge 

decrease of the TNT-connected cells. CD9 increasing TNT formation would agree with 

its role on promoting the formation of other protrusions such as digitation junction 

(Huang et al., 2018) but on the other hand, CD81 not influencing TNT biogenesis is 

somehow contradictory because it was shown to promote microvilli formation (Bari et 

al., 2011), but different protrusions might be regulated differentially. Next, I decided to 

assess the mechanism by which CD9 was promoting TNT biogenesis. I speculated that, 

based on previous studies showing that CD9 molecular structure can cause membrane 

deformation (Umeda et al., 2020) and clustering of CD9 achieved through treating the 

cells with specific antibodies against this protein (Nydegger et al., 2006; Khurana et al., 

2007; Singethan et al., 2008) leads to protrusion formation such as microvilli (Singethan 

et al., 2008), by treating my cells with anti-CD9 antibodies, CD9 clustering at specific 

places of the membrane could provoke membrane bending and evagination which could 

potentially lead to TNT formation. Indeed, just a short treatment with CD9 antibodies (2 

hours) increased the the formation and/or stability of functional TNTs. These results lead 

me to hypothesize that CD9 would promote TNT initiation and this promotion could be 

through the aggregation of CD9 molecules that induce membrane curvature formation, 

deforming the membrane outwards, forming microprotrusions that presumably with the 

polymerization of actin filaments would grow towards an opposing cell to form a TNT 

(Figure 25A). Contrary, with the lack of CD9, membrane deformation at microdomains 

of the membrane would not be induce and therefore TNT formation would not be 

promoted (Figure 25B). In this process of formation controlled by CD9, it is conceivable 

that CD81 would have minimal influence (showed by the double knock of CD9 and 

CD81). 
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Figure 25. TNT initiation by CD9. 

(A) Schematics representing TNTs under wild-type or CD9 overexpression conditions. 1) CD9 
would be present at the membrane in its respective TEM. 2) Clustering of CD9 molecules would 
lead to membrane bending and initial protrusion formation. 3) Actin filaments polymerization 
would elongate the protrusion to form a TNT. (A) Schematics representing TNTs under wild-type 
or CD9 knock out conditions. 1) The absence of CD9 would impair the membrane curvature 
formation and inhibition of TNT formation. 

 

CD81 rules in TNT functionality 

Although it seemed that CD9 controlled the initiation of the formation of TNTs whereas 

CD81 not, I next investigated the potential role of these two tetraspanins on TNT 

functionality through our coculture assay. Here I knocked out or overexpressed CD9 or 

CD81 just in the donor population, showing that both CD9 knock out or CD81 knock out 

decreased the vesicle transfer whereas the overexpression of one or the other increased 

the transfer. When I knock out both CD9 and CD81 in the donor population this transfer 

dramatically decreased until levels much lower than the single knock out. On one hand, 

CD9 knock out or overexpression transfer results directly correlates with the number of 

TNTs that these cells would form (CD9 knock out cells form less TNTs therefore having 

less chances of transferring vesicles; CD9 overexpressing cells form more TNTs therefore 

having more chances of transferring vesicles) but also implies that CD9 is a positive 

regulator of all processes of TNT formation. On the other hand, the transfer results 

regarding CD81 are much more puzzling since this tetraspanin doesn’t seem to affect 
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TNT initiation but it affects TNT functionality. Since by definition TNTs are open-ended 

channels (Rustom et al., 2004), which is indeed the case in my cellular model (Sartori-

Rupp et al., 2019), this would signify that fusion might occur between TNT and opposing 

cell. Tetraspanins CD9 and CD81 have been well characterized to be involved in different 

cellular fusion events, such as sperm-egg fusion (Rubinstein et al., 2006) muscle cell 

fusion (Charrin et al., 2013) or multinucleated giant cells formation (Takeda et al., 2003). 

Despite this participation in fusion for CD9, my results would point to a minimal and, if 

so, complementary involvement of this tetraspanin on TNT fusion (showed by the double 

knock of CD9 and CD81). On the contrary, CD81 decrease or increase of vesicle transfer 

but no changes on TNT number when this protein is knock out or overexpress respectively 

would mean that CD81 is a positive regulator of TNT functionality and, considering the 

aforementioned function of this tetraspanin, it is conceivable that CD81 would be 

positively involved on TNT fusion from donor cells. The absence of changes on TNT 

number by CD81 levels of expression might exclude the involvement of this protein on 

TNT-opposing cell adhesion and therefore exclude its possible role in the stability of the 

TNTs. Indeed, when we repeated our CD9 antibody treatment this time on CD81 knock 

out cells it showed that still in these cells there is a huge induction of TNT formation (data 

that agrees with CD9 initiating the formation of these structure) but interestingly the 

transfer ability of these induced TNTs was impaired probably because of the lack of 

CD81, which would reinforce the idea of CD81 controlling the functionality (and 

presumably fusion) of the TNTs. One could speculate that the presence of CD81 in the 

cell that is sending the TNTs (which could be achieved by CD9 bringing CD81 to the 

right place) would promote the fusion of these structures by bringing in to the proximal 

zone TNT-opposing cell unknow fusion molecules that would destabilize the cell 

membrane allowing the lipids from both membranes to mix and fuse into an open channel 

(Figure 26A). Trans interaction between CD9 in oocyte an fusogenic proteins in sperm 

has been already described, which would support this model, but perhaps in this case with 

CD81 interacting in trans with an unknown fusion protein (Ellerman et al., 2003). 

Conversely, the absence of CD81 could provoke that these unknow fusion proteins would 

not be present at the tip and therefore the TNT (that presumably could adhere properly to 

the opposing cell) would not be able to fuse with the opposing membrane (Figure 26B).   
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Figure 26. Control of TNT fusion by CD81 in donor cell. 

(A) Representation of TNTs-fusion step under wild-type or CD81 overexpression conditions in 
donor cells. 1) CD81 presence of the TNTs would bring fusion proteins with them. 2) The 
membrane of the opposing cells would be pushed inwards by the TNT so the fusion molecules that 
interact with CD81 could interact with their counterparts. 3) Membrane fusion and lipid mixing 
would occur. 4) An open TNTs would be form. (B) Representation of TNTs-fusion step under 
CD81 knock out conditions in donor cells. 1) The lack of CD81 would impair the presence of 
fusion proteins on the contact area between TNT and opposing cell, therefore inhibiting TNT 
fusion. 

Tetraspanins asymmetrically regulate the functionality of TNTs 

Since my transfer experiments were targeting these tetraspanins specifically on donor 

cells, next I decided to knock out CD9 or CD81 in the acceptor population. Surprisingly, 

these knock outs in acceptor population resulted on a huge increase on the vesicle transfer 

for both CD9 or CD81 knock out. This differently behavior of this tetraspanins in donor 

or acceptor populations might indicate that there is an asymmetry in function and/or 

location whether they are on donor or acceptor cell. This phenotype it resembles sperm-

egg fusion were at least in the case of CD9 it is fundamental on the oocyte (Kaji et al., 

2000; Le Naour et al., 2000; Miyado et al., 2000) but it is not needed on the sperm (Le 

Naour et al., 2000). Alternatively, this aforementioned asymmetry could be caused by the 

conformation of the TEMs with the absence of CD9 or CD81 which could imply a change 

of associated partners (e.g. CD9P-1 or EWI-2) in the TEM or change in the lipidic 

composition of this TEMs, such as cholesterol, lipid described to be associated with these 

tetraspanins (Charrin et al., 2003). Here I hypothesize that when CD9 or CD81 is present 

in the membrane of the acceptor cell (in the schematics is only represented CD81 for 

simplicity) through the association with cholesterol would rigidify the membrane 

(Caparotta and Masone, 2021) avoiding the TNT to protrude and push the opposite 

membrane inwards (process need for drosophila myoblast fusion, Lee and Chen, 2019) 

and therefore impairing the TNT fusion (Figure 27A). This would imply that the 

formation of the TNTs or iTNTs it is directional, which means that TNTs or iTNTs are 

coming from one or the other cell, since this membrane rigidity in acceptor cell would 

not let this cell to provoke a membrane deformation impairing the formation of opposite 

directions TNTs or iTNTs. On contrary, CD9 or CD81 knock out could cause a 

dissipation of the cholesterol from the contact area allowing the TNT to invaginate into 

the opposing membrane and to produce the fusion of the TNT with the acceptor cell 

(Figure 27B). 
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Figure 27. Control of TNT fusion by CD81 in acceptor cell. 

(A) Schematics of TNTs-fusion step under wild-type conditions in acceptor cells. 1) The presence 
of CD81 bound to cholesterol would rigidify the membrane avoiding the TNT to push inwards the 
opposing membrane and inhibiting the fusion. (B) Schematics of TNTs-fusion step under knock 
out conditions in acceptor cells. 1) The absence of CD81would diffuse cholesterol to other places 
of the membrane. 2) Without cholesterol in the opposing membrane, this would be pushed inwards 
by the TNT so the fusion molecules could interact with their counterparts. 3) Membrane fusion 
and lipid mixing would occur. 4) An open TNTs would be form. 

My last step, since it seemed that these tetraspanins might regulate different processes of 

the TNT formation, was to unravel the biological processes of CD9 and CD81 on TNTs. 

To this end, I knocked out one of these tetraspanins in the cells overexpressing the other 

tetraspanin. Whereas the knockout of CD81 on cells overexpressing CD9 did not alter 

neither the % of cells connected by TNTs nor the vesicle transfer, the knockout of CD9 

in cells overexpressing CD81 decreased both TNT number and vesicle transfer. Taking 

these results and those previously mentioned results together, I can conclude that both 

CD9 and CD81 are fundamental for the correct formation of a functional TNT, most 

probably with CD9 actin in the initiation of the formation of the TNT and CD81 on the 

last stages of the functionality of the TNTs (and presumably in the fusion of these 

structures with the opposing cells). 

Future perspectives 

Although this is the first study showing a specific and differential role of CD9 and CD81 

on TNT formation and functionality there are a number of aspects that remain to be 

deciphered regarding the precise role of these tetraspanins in TNT biology: 

 As I have mentioned in the previous results section, we want to confirm and 

expand the data that we have obtained regarding the regulation of TNTs by CD9 

and CD81 and for this we have specific experiments in mind, some of them I am 

currently performing. To assess if the tetraspanins present in the donor cell or the 

ones present in the acceptor cell are important for the fusion with the opposite 

cell, I am going to perform two different sets of experiments: one in which we 

will co-culture donor cells KO for one of the tetraspanins versus acceptor cells 

KO for that same tetraspanin (e.g. CD9 KO cells versus CD9 KO cells or  CD81 

KO cells versus CD81 KO cells), and another in which we will co-culture donor 

cells KO for both tetraspanins versus acceptor cells KO for only one of the 

tetraspanins (e.g. CD9&CD81 KO cells versus CD9 KO cells or CD9&CD81 KO 
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cells versus CD81 KO cells). Knowing that the KO of these tetraspanins in the 

donor cells decreases the transfer while the KO of these tetraspanins in the 

acceptor cell increases this transfer, we can correlate the results obtained in these 

two experiments with the presence (or absence) and importance of the tetraspanins 

in the donor or acceptor cell.  

On the other hand, in order to understand whether the presence of both 

tetraspanins or only one of them is necessary in the acceptor cell to enable fusion, 

I plan to perform experiments in which I will knock out one of the tetraspanins 

and overexpress the other in acceptor cells in coculture with WT cells.  

 It is indeed intriguing that these two tetraspanins that are so similar in sequence, 

structure and functions (Boucheix and Rubinstein, 2001; Umeda et al., 2020) 

appear to have different roles on TNTs. Nevertheless, although being that similar 

they have some structural peculiarities. Whereas CD81 has a cholesterol pocket 

in between its transmembrane domain and by binding cholesterol it might impair 

its association with other proteins through a change in conformational state 

(Zimmerman et al., 2016), CD9 has also an inner lipidic cavity, but the 

conformational change is spontaneous. Therefore, the different roles of CD9 and 

CD81 on TNTs could be influenced by the cholesterol presence or absence on the 

initiation zone of the TNT or on the contact area between TNT and opposing cell. 

Since we have an already stablish workflow for the collection and analysis of 

TNTs established by Dr. Christel Brou (see TNTome preparation), it could be 

interesting to isolate TNTs and to precipitate CD9 or CD81 and analyze whether 

they can coprecipitate or not cholesterol. In this respect it could be interesting to 

assess the influence of cholesterol depletion on TNT formation and functionality. 

Alternatively, lipidic composition of the cells and specifically of TNTs can be 

investigated by performing immunofluorescence of lipids such as 

phosphatidylinositol or cholesterol.  

 Since we have an already established Correlative-Cryo-EM workflow (Sartori-

Rupp et al., 2019) by Dr. Anna Pepe, this tool would help us to understand the 

ultrastructure of the TNTs in the presence or absence of these tetraspanins. 

Similar to what we have done in my first project in the case of NCadherin we can 

assess whether we detect more or less close-ended TNTs, and if the architecture 

of the bundle of iTNTs it is affected. Furthermore, we could use FIB-SEM, 

especially in the case of CD81, to image the contact area between TNTs and the 
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opposing cell to visualize whether these TNTs are open or close in the different 

experimental conditions. 

 As mentioned in the introduction, TEMs are formed by tetraspanins either 

associated between themselves or with other proteins (directly or indirectly) 

(Charrin et al., 2014). Between all the possible interactors, the tetraspanin CD9 

and CD81 virtually obligated partners CD9P-1 and EWI-2, are the most 

interesting for me because of their roles in muscle cells fusion (Charrin et al., 

2013) and their ability to bind the ERM complex that presumably would interact 

with the actin cytoskeleton providing a physical link tetraspanins-actin (Sala-

Valdés et al., 2006). Therefore, investigating first CD9P-1 and EWI-2 and 

subsequently the ERM complex on TNT formation and functionality could reveal 

the mechanism by which CD9 and CD81 are regulating the TNTs. 

 Since the discovery of iTNTs, this phenomenon could imply that in one apparent 

TNT there are different iTNTs from different cells forming this bundle, meaning 

that TNTs or iTNTs could be formed following a directionality. As I speculated 

previously, the results on the KO of the tetraspanins on acceptor cells and its 

possible relationship with cholesterol could suggest that indeed there is 

directional TNTs. Therefore, I propose to label actin in different colors in two 

different population of cells, one WT and another one rather cells knock out or 

overexpressing CD9 and/or CD81. This way, we would be able to distinguish 

which cell is forming the TNT (even if there is overlapping of both colors it could 

imply the presence of bidirectional TNTs) and how the different expression of 

these tetraspanins affects this directionality. 

 In this section, I have discussed that CD9 could be a positive regulator of the 

initiation of the TNTs. However, the fact that we see more TNTs doesn’t mean 

that there is more formation of these structures, because it could be that these 

structures are more or less stable (at therefore lasting more or less) with the 

different CD9 level of expression. Thus, to rule out the specific role of CD9 in 

TNT formation, here I propose to measure the duration of the TNTs by live 

imaging in the knock out or overexpression of this protein. Unlike for CD9, the 

same apparent number of TNTs in the knock out and overexpression of CD81 

might mean that this protein is not involved on the stability of the TNTs. 
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 Tetraspanins CD9 and CD81 are just two members of a family composed by 33 

proteins in mammals, so many other tetraspanins could have a role on TNT 

regulation. CD82 is an interesting member since it has been already characterized 

as a negative regulator of the digitation junction protrusions (Huang et al., 2018). 

Moreover, the detection of CD151 in the TNT fraction of our mass spectrometry 

analysis of the TNTome points to a possible role of this tetraspanin in TNT 

biology, But the member that most attracts my attention is CD63. Knowing that 

CD9 and CD81 are mainly markers of ectosomes whereas CD63 is mainly 

marking exosomes (Mathieu et al., 2021), could it be that CD63 have a different 

role (or any role at all) on TNT regulation compared to CD9 and CD81? Maybe 

targeting CD63 could give us more clues about the biogenesis of the TNTs. 

 Finally, I believe it would be fundamental to characterize the membrane 

dynamics on the TNTs. For that, I propose to use Fluorescence Recovery After 

Photobleaching (FRAP) on the CD9GFP or CD81GFP cells, specifically on 

TNTs or at other places of the membrane. The objective would be to assess if the 

recovery of these proteins would be different on TNTs compared to other zone 

of the membrane, giving us and idea about the fluidity of the membrane on TNTs. 

It could be eventually investigated if the recovery of these tetraspanins it is 

unidirectional or bidirectional, which could indicate the presence (or not) of 

iTNTs with different orientation. 

Are N-cadherin and CD9/CD81 pathways connected? 

When we discovered that NCAD could have an effect on TNT fusion, I (following the 

advice of Dr. Christel Brou) started to be interested on the tetraspanin CD9 and CD81 

because their role on different cellular fusion processes (Le Naour et al., 2000; Takeda et 

al., 2003; Charrin et al., 2013). Previous investigations have shown interaction of 

cadherins and tetraspanins, for example, the tetraspanin CD151 forms large adhesion 

complexes, including α3β1 integrin, CD151, PKCβII, RACK1, PTPμ, ECAD, β-catenin, 

α-catenin, and α-actinin and CD151 does not affect the ECAD–β-catenin complex, but 

stabilizes the α-catenin–α-actinin complex (Chattopadhyay et al., 2003). Other study, 

showed that the tetraspanin CD82 inhibits β-catenin tyrosine phosphorylation and 

stabilizes ECAD–β-catenin complexes (Abe et al., 2008). Also, it has been shown that 

ALCAM (Activated Leukocyte Cell Adhesion Molecule, a Ca2+ independent cell 
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adhesion molecule) directly associates with CD9 and ADAM17 on the leukocyte surface. 

CD9 induces upregulation of ALCAM interactions by 2 mechanism, augmented 

clustering of ALCAM molecules, and upregulation of ALCAM surface expression due to 

inhibition of ADAM17 sheddase activity (Gilsanz et al., 2013). Thus, I decided to 

investigate whether NCAD and CD9 and/or CD81 could interact on SH-SY5Y cells and 

if potentially they could form a complex that could regulate TNT formation and 

functionality. 

N-cadherin does not seem to interact directly with CD9 and/or CD81 

To this end, I performed GFP-trap experiments with cells overexpressing either NCAD, 

CD9 or CD81 (all of them tagged to GFP) with specific lysis buffer to preserve 

tetraspanin-to-tetraspanin interactions (Serru et al., 1999). Under these conditions, 

neither NCADGFP cells were able to precipitate CD9 or CD81, nor CD9GFP or 

CD81GFP cells were able to precipitate NCAD. The immunoprecipitation protocol was 

validated showing how NCADGFP cells did precipitate α-catenin, CD9GFP cells 

precipitated EWI-2 and CD81GFP cells precipitated both CD9 and CD81. The fact that 

CD9GFP did not precipitate CD81 is curious to say the least, but perhaps the GFP-tagged 

CD9 could somehow affect the CD9-CD81 interaction. With this result, I therefore 

decided to study NCAD and these tetraspanins as separate projects. However, it should 

be noted that I only performed these experiments once and therefore there are no 

replicates confirming these results, but it is conceivable, since the target proteins were not 

precipitated in either direction, that direct NCAD-CD9-CD81 interaction does not occur 

in SH-SY5Y cells. 

Speculations and future perspectives 

However, it exists the possibility that N-cadherin and the tetraspanins CD9 and CD81 

indirectly interact by, speculating, ADAM10, a desintegrin and metalloprotease 

responsible for the cleavage of N-cadherin (Reiss et al., 2005) or either that these three 

proteins they could form complexes inside the TEMs without direct interaction. Thus, it 

could be interesting to try proximity ligation assay to if these molecules can be found in 

close proximity. But indeed, it might be that NCAD, CD9 and CD81 could have a 

relationship which would not imply physical interaction. We could speculate that these 

tetraspanins could have a role in the trafficking of NCAD as CD9 does with MHC proteins 

(Rocha-Perugini et al., 2017) or CD81 with CD19 (Susa et al., 2020), so a similar system 
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as previously used (Mathieu et al., 2021) could be applied to retain CD9 or CD81 at the 

level of the endoplasmic reticulum and asses if the membrane expression of NCAD it is 

affected. Alternatively, NCAD expression (localization and amount) could be checked by 

immunofluorescence in the knock out or overexpression of CD9 or CD81. If NCAD 

expression in the different conditions it is affected it could mean that the correct presence 

of NCAD requires a correct TEM composition. Moreover, the relatively abundance of 

these three proteins on the TNTome could mean that indeed they are important on TNT 

biology by regulating each other. Speculating, and comparing a similar result on TNT 

functionality for NCAD and CD81, I hypothesize that TNT formation would require CD9 

to initiate the formation of the protrusion and that this molecule would eventually bring 

at the tip of the TNT both NCAD and CD81, then NCAD would engage homophilically 

with the NCAD of the opposing cell facilitating the adhesion and stabilization and CD81 

could act subsequentially on the fusion of this TNT. Therefore, it would be necessary to 

check whether the expression (localization and amount) specifically on TNTs of CD9, 

CD81 or NCAD it is altered by the overexpression or knock out of one of the other 

proteins. Additionally, to know whether this hypothetical model could be true, I propose 

to perform immunofluorescence assays and live imaging in experiment concerning cells 

that would overexpress one of these proteins and knock out for one of the other (e.g. 

knock out CD9 in cells overexpressing NCAD or inversely; knock out CD81 in cells 

overexpressing NCAD or inversely). By this immunofluorescence and TNT counting and 

vesicle transfer we could potentially see what is the influence of one of this proteins to 

the other in terms of amount, location, formation and functionality of TNTs and by live 

imaging we could asses how it is the real time behavior of these molecules in the absence 

of the other, such as, if the trafficking of these proteins it is affected, if the location on 

TNTs it is altered or blocked while the TNT is forming or if they never reach their final 

location that we see on steady state conditions. 
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