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Prologue 

J’ai réalisé une thèse en co-tutelle entre l’Université de Strasbourg en France et 

l’Université de Kiev en Ukraine. Le laboratoire du Pr. A. Rynditch à Kiev s’intéresse aux 

mécanismes d’endocytose dépendants de la clathrine ainsi qu’à la signalisation qui 

l’accompagne. Les travaux se focalisent essentiellement sur les Intersectins (ITSN), une 

famille de protéines d’échafaudage qui existent sous de multiples formes de variants 

d’épissage. Le laboratoire du Dr. M.F. Bader à Strasbourg s’intéresse à la sécrétion 

neuroendocrine et s’attache à comprendre plus particulièrement les mécanismes 

moléculaires qui régissent et contrôlent l’exocytose régulée par le calcium ainsi que 

l’endocytose compensatrice qui s’en suit. Ces deux mécanismes doivent être étroitement 

régulés puisque l’apport de membrane consécutif à l’exocytose est rapidement compensé 

par une recapture de vésicules pour maintenir une surface cellulaire constante et 

réapprovisionner le stock de vésicules nécessaires à la pérennité de la libération hormonale. 

Bien que ce processus de couplage soit clairement identifié, les mécanismes moléculaires le 

régulant restent inconnus. L’idée d’une collaboration entre ces deux laboratoires est née 

suite aux données de l’équipe Strasbourgeoise montrant que l’ITSN1-L régule l’exocytose 

d’hormones dans les cellules de phéochromocytome de rat (PC12) via l’activation de 

Cdc42.  L’ITSN1 étant impliquée dans les mécanismes d’endocytose dépendants de la 

clathrine, cette famille de protéines nous est alors apparue comme un candidat idéal pour 

assurer le couplage fonctionnel entre l’exocytose régulée et l’endocytose compensatrice des 

granules de sécrétion dans les cellules neuroendocrines. Ce postulat a ainsi constitué notre 

idée de départ et a motivé notre collaboration. Au cours de ma thèse, les objectifs ont 

quelques peu été changés.  

 

  



I. Introduction 

L’homéostasie cellulaire est intimement liée au trafic membranaire, processus 

dynamique qui permet les échanges de lipides et de protéines entre les compartiments 

cellulaires mais aussi entre la cellule et le milieu extracellulaire. Ces échanges 

membranaires sont primordiaux pour diverses fonctions cellulaires, notamment 

l’assimilation de substances nutritives, la mobilité, et la sécrétion. 

L’intersectin-1 (ITSN1), la première représentante de la famille d’Intersectins, est 

une protéine d’échafaudage multifonctionnelle, impliquée dans les processus d’endocytose 

dépendants de la clathrine et de la caveoline, dans l’exocytose régulée par le calcium et dans 

le recyclage des vésicules synaptiques. Elle est aussi impliquée dans diverses voies de 

signalisation ainsi que dans la survie cellulaire. Des mutations entrainant une perturbation 

de fonction de l’ITSN1 ont été associées à diverses pathologies dont le syndrome de Down 

et certaines affections neurodégénératives telles que les maladies d’Alzheimer et de 

Huntington. ITSN1 est également impliquée dans la tumorigenèse, notamment du gliome et 

du neuroblastome. 

L’ITSN1 est soumise à de multiples évènements d’épissage alternatif.  Les deux 

isoformes principales et majoritairement exprimées dans la cellule sont les formes courte (S) 

et longue (L). La forme courte de l’intersectin (ITSN-S) comprend deux domaines 

d’homologie à l’Epsine (EH), une région ‘coiled-coil’ et cinq domaines d’holomologie à Src 

(SH3). La forme longue (ITSN-L) appartient à la famille des facteurs d’échange Dbl connus 

pour leur activité oncogénique. Elle possède en plus trois domaines C-terminaux 

additionnels : un domaine d’homologie à Dbl (DH), un domaine d’homologie à la Pleckstrin 

(PH) et un domaine C2. Cette organisation moléculaire confère à la forme longue, en plus 

de ses propriétés de protéine d’échafaudage, la propriété de facteur d’échange nucléotidique 

pour la GTPase monomérique Cdc42 grâce aux domaines DH-PH.  

En plus de ces deux isoformes principales, de nombreux autres évènements 

d’épissages alternatifs ont été identifiés pouvant donner naissance jusqu’à 34 autres 

isoformes de l’ITSN1 exprimés de façon plus minoritaires. 

Bien que les Intersectins soient impliquées dans les processus d’endocytose et 

d’exocytose, leur mode précis d’action, tout comme la fonction des variantes d’épissage ne 

sont pas encore connus. 



Mon projet de thèse a finalement consisté à identifier de nouveaux partenaires de 

l’ITSN1 et de son variant d’épissage sans exon 35 (ITSN1-L∆35) et de déterminer la 

fonction de ces nouveaux complexes dans l’exocytose et l’endocytose. Ce travail a abouti à 

la caractérisation biochimique et fonctionnelle de l’interaction entre RhoU, une petite 

protéine G atypique, et les ITSN1 pleine longueur et ∆35. De plus, j’ai montré la capacité de 

l’ITSN1 à interagir avec l’Oligophrénine1 (une protéine GAP favorisant l’activité GTPase 

de certaines protéines Rho) impliquée dans un syndrome de retard mental. Enfin j’ai pu 

démontrer la possibilité pour l’ITSN1 de former des homo- et hétéro-dimères.  

 

II. Résultats 

II.1. Caractérisation de l’interaction entre l’ITSN1 et la GTPase RhoU.  

Les GTPases monomériques sont des interrupteurs moléculaires qui cyclent 

régulièrement entre un état inactif lié au GDP et un état actif lié au GTP. Elles participent à 

la réorganisation du cytosquelette d’actine et sont indispensables à une multitude de 

processus cellulaires tels que que la division, la migration, le développement neuronal et le 

trafic membranaire intracellulaire. Elles sont également largement impliquées dans 

différentes phases du développement tumoral. Leur passage à l’état actif est assuré par des 

facteurs d’échange nucléotidique (protéine GEF pour Guanine nucleotide Exchange Factor) 

assurant l’échange du GDP par le GTP. Leur inactivation s’opère via des protéines 

favorisantes l’hydrolyse du GTP (protéines GAP pour GTPases Activating Proteins). 

Des résultats préliminaires du Dr S. Ory avaient permis d’identifier par précipitation 

d’affinité suivie d’une analyse du complexe par spectrométrie de masse, l’ITSN2 comme 

partenaire de RhoU. RhoU est une GTPase monomérique de la famille Rho qui possède, 

comme tous les membres de cette famille, un domaine de liaison aux nucléotides de guanine 

(GDP ou GTP). Cependant, elle possède des propriétés atypiques : elle a la capacité de se 

charger spontanément en nucléotide in vitro, son mode d’adressage membranaire dépend 

d’une palmitoylation (plutôt que des farnésylations ou des géranylations habituelles à cette 

famille de protéines) et elle  présente des domaines supplémentaires en région N- et C-

terminale. Notamment, RhoU possède une extension N-terminale riche en prolines capable 

d’interagir avec des adaptateurs moléculaires à domaines SH3 comme Grb2 ou Nck1. Ce 

domaine permet à RhoU de participer à la transmission du signal du récepteur à l’EGF et 



pourrait réguler son activation, nécessaire au contrôle de la migration, de l’adhérence, de la 

polarité et de la transformation cellulaire.  

L’ITSN2 étant très homologue à l’ITSN1,  j’ai tout d’abord vérifié la capacité 

éventuelle d’ITSN1 de lier RhoU in silico, via l’application d’évaluation des motifs 

d’interaction protéique Scansite, Les résultats obtenus affichent le domaine SH3A 

d’ITSN1 comme une cible d’interaction possible avec les motifs riches en proline de 

RhoU. Je me suis alors attachée à confirmer cette interaction et à en définir les domaines 

d’interaction. Ainsi, j’ai pu montrer par immunoprécipitation que les formes courte et 

longue de l’ITSN1  sont capables d’interagir avec RhoU et que cette interaction requiert 

les domaines SH3A, C et E. L’interaction ne dépend pas de l’activité de RhoU mais de 

son extension N-terminale riche en prolines, en particulier de son deuxième motif riche 

en prolines.  J’ai également montré que l’ITSN1 présente une localisation subcellulaire 

différente en présence de RhoU. En effet, l’ITSN1 n’est que partiellement  membranaire 

(particulièrement au niveau des puits de clathrine), alors qu’elle est largement retrouvée 

dans le cytoplasme. En revanche, en présence de RhoU, elle est recrutée au niveau de la 

membrane plasmique et des endosomes de recyclage. D’un point de vue fonctionnel, 

cette interaction se traduit par une levée de l’inhibition de l’endocytose de la transferrine 

observée lors de l’expression de l’ITSN1. Ces données montrent pour la première fois 

qu’un facteur d’échange peut interagir avec une GTPase Rho indépendamment de ses 

domaines DH-PH et ouvrent de nouvelles perspectives quant à la relation entre les 

facteurs d’échange et des GTPases Rho atypiques. De plus, l’ITSN1L étant un facteur 

d’échange de Cdc42, son interaction avec RhoU amène un degré de complexité 

supplémentaire quant à l’interconnexion entre les cascades moléculaires faisant intervenir 

ces GTPases monomériques. A l’heure actuelle, le rôle précis de l’interaction RhoU-

ITSN1 reste inconnu, mais au vu des données de la littérature, il serait intéressant 

d’explorer plusieurs processus tels que la signalisation et/ou le trafic du récepteur à 

l’EGF, la migration des cellules cancéreuses, et éventuellement le développement des 

épines dendritiques.  

 

 

 



II.2. Cas d’un variant d’épissage de l’ITSN1 : l’ITSN1-L 35 

Parmi les multiples événements d’épissage alternatif de l’ITSN1, je me suis 

particulièrement intéressée au variant dont l’exon 35 est éliminé (ITSN1-L 35). Il en 

résulte une délétion de 32 acides aminés situés à cheval entre le domaine DH et le linker 

reliant le domaine DH au domaine PH. Afin d’évaluer si cette délétion a des 

conséquences sur la structure de ce tandem DH-PH, nous avons construit un modèle 3D 

en se basant sur la structure résolue des domaines pleine longueur DH-PH d’ITSN1-L. 

Ce modèle a permis de montrer que l’absence de transcription du codon 35 entraîne la 

délétion de l’hélice 6 dans le domaine DH. Cette hélice 6 sert à maintenir une certaine 

distance entre le domaine DH et le domaine PH.  Pour certains facteurs d’échange le 

domaine PH établit un contact avec la GTPase et participe ainsi à la détermination de la 

spécificité d’interaction. Nous avons donc supposé que l’ITSN1-L 35 pourrait avoir une 

spécificité distincte de l’isoforme principale vis-à-vis des GTPases. Cependant, nous ne 

pouvons pas exclure que ce rapprochement du domaine PH vers le domaine DH puisse 

créer un obstacle stérique pour l’interaction avec la GTPase.  

Les données obtenues au cours de ma thèse concernant l’interaction et la capacité 

d’activation de Cdc42 ne montrent aucune différence entre le tandem DH-PH pleine 

longueur et le tandem DH-PH∆35 . En revanche, la spécificité d’interaction est modifiée 

puisque le tandem DH-PH de l’ITSN1 n’interagit pas avec la GTPase RhoU alors que 

celui du variant ∆35 en est capable. Une des fonctions communes aux deux protéines 

concernent leur capacité à induire la transformation cellulaire in vitro. Par extension, j’ai 

voulu déterminer si les profils d’expression de RhoU, de l’ITSN1-L et de l’ITSN1-L 35 

étaient comparables dans certains tissus cancéreux humains. Par RT-PCR et « PCR 

nichée » à partir d’ARN total extrait d’échantillons de tumeurs humaines, j’ai pu 

déterminer que les transcrits des deux isoformes d’ITSN1 (L et L∆35) sont présents dans 

les cancers du sein, de la prostate et de la glande médullosurrénale (phéochromocytomes) 

et que RhoU est présent dans les phéochromocytomes (seul tissu testé dans le cas du 

messager de RhoU).  

 

 

 



II.3. Caractérisation de l’interaction entre l’ITSN1 et une Rho GAP, l’Oligophrénine 

L’Oligophrénine 1 (OPHN1) est une protéine GAP (GTPase Activating Protein) qui 

catalyse l’inactivation spécifique de certains membres de la famille Rho comme RhoA, 

Rac1 et Cdc42. Elle est impliquée dans le développement des dendrites et dans la recapture 

des vésicules synaptiques. Les travaux préliminaires de l’équipe Strasbourgeoise ont aussi 

montré que l’OPHN1 est nécessaire à l’endocytose compensatrice dans les cellules 

chromaffines. L’OPHN1 contient des domaines riches en prolines qui permettent 

l’interaction avec des domaines SH3. Avec l’ITSN1, l’OPHN1 me paraissait un bon 

candidat pour coupler l’exocytose à l’endocytose. Il me semblait donc important de 

déterminer si l’ITSN1-L pouvait interagir avec l’OPHN1. J’ai pu en effet montrer que le 

domaine SH3A de l’ITSN1 lie l’OPHN1. De plus ces deux protéines co-immunoprécipitent 

et colocalisent dans les cellules PC12 (une lignée issue d’un phéochromocytome de rat). En 

réponse à la stimulation de la sécrétion, l’OPHN1 est recrutée à la membrane plasmique 

indiquant que la stimulation pourrait permettre l’assemblage d’un complexe nécessaire à 

l’endocytose compensatrice. 

L’ensemble de ces résultats permet d’établir pour la première fois l’existence d’un 

complexe ITSN1-L-OPHN1 dans les cellules neuroendocrines et indique que 

l’assemblage de complexes multimoléculaires pouvant réguler de façon opposée certaines 

GTPases Rho peuvent être au cœur du couplage de l’exocytose et de l’endocytose. 

II.4. Les isoformes d’ITSN1 interagissent entre elles. 

La caractéristique principale des protéines d’échafaudage est d’assembler de 

volumineux complexes multiprotéiques afin de coordonner certains processus cellulaires 

ou voies de signalisation. Il est connu que certaines protéines d’échafaudage forment des 

dimères voire  s’oligomérisent pour assurer leur fonction. De façon intéressante, les 

données de notre laboratoire en Ukraine montrent que l’ITSN1-S interagit avec une de 

ses isoformes mineures, l’ITSN-22a. 

Au vu de ces données, nous avons supposé que les isoformes principales d’ITSN1 

pourraient également former des complexes dans les cellules. Effectivement, l’ITSN1-S 

et l’ITSN1-L co-précipitent dans toutes les lignées cellulaires testées (HEK293, 

HEK293T et PC12). En accord avec ce résultat, ces deux isoformes d’ITSN1 colocalisent 

parfaitement dans les cellules HEK293T. C’est aussi très probable qu’il existe des 



complexes entre les deux formes courtes (ITSN1-S) ou entre les deux formes longues 

(ITSN1-L), et peut-être dans toutes les combinaisons imaginables entre les deux 

isoformes principales et une multitude des isoformes mineures (sauf si le domaine 

d’interaction est perdu lors de l’épissage). De plus, notons qu’il a été montré que les 

isoformes d’ITSN1 et ITSN2 sont également capables d’interagir entre elles, permettant 

sans doute la formation de supercomplexes moléculaires, qui serviraient de plateformes 

pour certains processus cellulaires tels que le trafic membranaire ou la signalisation.  

 

III. Conclusion 

L’ensemble de mes travaux de doctorat a permis d’identifier deux nouveaux 

partenaires de l’ITSN1 : RhoU et l’OPHN1. Ils indiquent aussi que, bien que 

minoritaires, les variants d’épissage de l’ITSN1 pourraient avoir des conséquences 

insoupçonnées en modifiant leur spécificité d’interaction. Les Intersectins, l’OPHN1 et 

RhoU ont des fonctions diverses mais toutes semblent être impliquées dans certaines 

phases du trafic vésiculaire. Ainsi, mes travaux qui s’inscrivent dans le contexte global 

du laboratoire visant à élucider les mécanismes de la libération hormonale et de 

l’endocytose compensatrice, ouvrent de nouvelles perspectives sur la fonction des 

régulateurs des GTPases Rho et des GTPases Rho atypiques. De plus, nous montrons que 

l’ITSN1 est capable de former des complexes entre ses différentes isoformes. De cette 

façon, les ITSN pourraient former de supercomplexes protéiques pouvant servir au trafic 

membranaire.  

  



IV. Liste des publications et communications : 

IV.1. Publications :  

1) Gubar O., Houy S., Billuart P., Tsyba L., Kropyvko S., Gasman S., Rynditch A. 

“GTPase-activating proteing oligophrenin 1 is a new partner of multifunctional 

adaptor protein intersectin 1” Biopolymers and cell. -2012. – . 28,  5. (in 

Ukrenian).  

2) Gubar O., Kropyvko S., Tsyba L., Gasman S., Rynditch A. “Alternatively spliced 

short and long isoforms of adaptor protein intersectin 1 form complexes in 

mammalian cells.” Biopolymers and cell. -2012. – . 28,  6.  

3) Gubar O, Tryoen-Toth, P., Croisé P., Calco, V., Rynditch A., Gasman, S. and Ory, 

S. “RhoU binds to Intersectins and regulates their function” (en préparation) 

4) Gubar O., Morderer D., Croisé P., Ory S., Tsyba L., Gasman S., &  Rynditch A. 

“Intersectin : the crossroads beetween secretory vesicle exocytosis and endocytosis”. 

Frontiers in Endocrinol. (en préparation) 

5) Houy S., Gubar O., Calco V., Tryoen-Tóth P., Bader MF., Ory S. & Gasman S. : 

Exocytosis and endocytosis in neurosecretory cells: two unseparable friends! 

Frontiers in Endocrinol. (en préparation) 

 

IV. 2. Présentation de poster: 

1) Septembre 2011: « The role of new intersectin-1L splice variants in Rho-GTPases-

regulated pathways ». The 4
th

 international IMBG conference for young scientists 

“Molecular biology: advances and perspectives”, Kyiv, Ukraine. 14-17 septembre 

2011. 

2) Mai 2012: « Role of the intersectin 1 splice variant 35 in exo-endocytosis. ». 

15éme colloque du Club exo-endocytose, Isle-sur-la-Sorgue, France. 31 mai-2 juin 

2012. 

3) Septembre 2012: «The new intersectin 1L splice variant ITSN1-L 35 is expressed 

in different cancer types ». The 1st Multidisciplinary Symposium ”Molecular 

Oncology : from Laboratory Bench to Medicine”, Kyiv, Ukraine. 17-22 septembre 

2012. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ACKNOWLEDGEMENTS 

 

First of all I would like to thank the jury members for accepting theproposition to judge my 

thesis. It is a great honor for me that mywork is evaluated by such experts as Dr. Anne BLANGY, 

an outstandingspecialist in Rho GTPases and their exchange factors; Dr AhmedZAHRAOUI, a 

prominent specialist in membrane trafficking and RabGTPases and Dr. Sylvie FRIANT, a great 

specialist in membrane trafficking. 

I would like to particularly thank my understanding and forbearing co-supervisors, Dr 

Stephane GASMAN and Prof. Alla RYNDITCH, for their guiding, good advices, critical revising 

and most of all – for their tolerance to all inconveniences associated with the thesis performed in 

co-tutorship. Thank you for many inspiring discussions, for inviting me into your groups and giving 

me the chance to perform science. I am very grateful for your care and understanding! I wish all 

supervisors were like you! 

I would like to thank Dr Marie-France BADER for sheltering me in her laboratory. I am 

very grateful for all the people from UPR3212 in Strasbourg for their support and a great 

atmosphere in the lab! Thank you to Dr Nicolas VITALE, Dr Nancy GRANT, Dr Sylvette 

CHASSEROT-GOLAZ, Gabrielle ULRICH, Tam THAHOULY, Mohammed Raafet AMMAR and 

Nawal KASSAS! They were always ready to help, to advice, to explain – their attitude made me 

feel in Strasbourg at home! I learnt a lot from being with all of you! 

Lots of “thank you” to the Gas group, all the present and past members for discussing 

science for hours and hours and great and funny parties!  I will miss our time.  

Especially I would like to thank Dr Stephane ORY, a member of Gas team and an invited 

jury member, for his help and advices without which it would be very hard to complete the current 

work. Many thanks for inspiring the experiments and for the help in their performing and for the 

critical reading of this manuscript – that was not easy! 

Thank you to Dr Petra TRYOEN-TOTH for the indispensable help in experiments – and in 

life. For her advices and consolation, for sheltering me and my family in her marvelous house. 

Without her support our adaptation in France could be more complicated. Many thanks to Valerie 

CALCO, a great specialist in molecular biology, for her friendship and help. When I had any 

troubles in experiments (or in everyday life), I could always count on her help and finally got it! 

Special thanks for Sebastien HOUY – for his friendship and readiness to help at any time – and for 

his jokes, often risque, but which were the indispensable part of ambiance of our lab. Many thanks 

to Pauline CROISE for the support and help in critical moments! 



Many acknowledgements to the people from the Institute of Molecular Biology and 

Genetics in Kyiv, particularly the Functional Genomics and Molecular Oncology Departments in no 

special order. Dr Lyudmila TSYBA for the discussions and critical reading of this manuscript; Dr 

Oleksii NIKOLAENKO for your consultations and advices; Dr Sergiy KROPYVKO, our own god 

in the cloning, and Dr Tatiana GRYAZNOVA for being nice and supportive. Thank you to Anton 

IERSHOV (hope, Dr Iershov soon!) for fruitful collaboration, ready assistance and patient tenfold 

explanations of the principles of bioinformatics! Thank you to all young scientists and students 

from IMBG for the time when we shared lab, problems and laughter, lunch and conferences, it was 

a special time that we had together! 

I would like to particularly thank Dr Oleksandr DERGAI for fruitful scientific discussions – 

and friendly jokes, for his availability and readiness to help, and particularly for the help in the 

critical revising of this manuscript and other works.  

Special, enormous “thank you” to Dr Daria GUDKOVA, a great scientist and my best 

friend, for the great support and help! For her consultations and recommendations, for her 24h 

readiness to help in experiments as well as in life, her consolation and encouragement, for her 

understanding and selflessness in friendship. Particular thanks for the support during the writing of 

this work and especially for the heroic last nights’ revising of this manuscript! 

And of course I would like to express the enormous gratitude to my family who suffered the 

most for my thesis but always continued to support me. To my husband, who sacrificed a year and a 

half of his career for the baby-sitting to give me the opportunity to continue this work. To my 

parents who believed in me and also helped to look after their grandson. And to my little son, who 

saw his mother less often that he would like but with all his might tried to understand that “mammy 

has to work”. 

Thank you all very much!!! 

Without you this work would never be realized! 

 

 

 

 

 

 



Ms Olga Gubar was a member of the European Doctoral College of the University of 

Strasbourg during the preparation of her PhD, from 2008 to 2013, class name Rosa Parks. She has 

benefited from specific financial supports offered by the College and, along with her mainstream 

research, has followed a special course on topics of general European interests presented by 

international experts. This PhD research project has been led with the collaboration of two 

universities: the Taras Shevchenko National University of Kyiv, Ukraine, and the University of 

Strasbourg, France. 

 

This work was supported by the Fondation ARC pour la recherche sur le cancer (grant 

number DOC20120605003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

Table of contents 

 

List of abbreviations. ............................................................................................................................ 3

I. Prologue ........................................................................................................................................ 5

II. Introduction. .............................................................................................................................. 7

1. Role of endo- and exocytosis in the cell. ...................................................................................... 7

1.1. The mechanism of clathrin-dependent endocytosis. ................................................................. 7

1.2. Exocytosis in neurons and neuroendocrine cells. ...................................................................... 9

1.3. Compensatory endocytosis. ..................................................................................................... 11

1.4. Scaffold proteins in membrane trafficking. ............................................................................. 11

2. INTERSECTIN1: one of the key proteins in membrane trafficking and cellular signaling ....... 13

2.1. Gene ........................................................................................................................................ 13

2.2. Domain composition ............................................................................................................... 13

2.3. Alternative splicing ................................................................................................................. 16

2.4. Partners and cellular functions ................................................................................................ 18

2.4.1. ITSN1 in involved in membrane trafficking and signaling. ................................................ 18

2.4.1.1. ITSN1 implication in endocytosis and exocytosis ........................................................... 18

2.4.1.2. ITSN1 knockouts ............................................................................................................. 20

2.4.1.3. Function in neurons .......................................................................................................... 21

2.4.1.4. ITSN1 role in signaling. ................................................................................................... 21

2.4.2. ITSN1-L – a unique scaffold with catalytic activity ........................................................... 22

2.4.2.1. Rho family of small GTPases and their regulators. ......................................................... 22

2.4.2.2. ITSN1-L function. ............................................................................................................ 30

2.5. ITSN1 implication in pathology. ............................................................................................. 31

RESULTS ........................................................................................................................................... 33

III. Part I: small GTPase RhoU is a new partner of ITSN1 .......................................................... 33

1. Introduction: RhoU – an atypical Rho GTPase. ......................................................................... 33

2. RhoU and its functional mutants co-precipitate with ITSN1-S, ITSN1-L in 293T cells............ 38

3. SH3 A, C and E domains of ITSN1 bind to the second proline-rich motif of RhoU. ................ 40

4. RhoU and ITSN1 colocalize in 293T cells. ................................................................................ 43

5. Overexpression of RhoU rescues ITSN1-L induced inhibition of transferrin uptake. ............... 44

IV. Part II: Characterization of alternatively spliced ITSN1 isoform ITSN1-L 35 ..................... 47

1. Properties of ITSN1-L 35 DH-PH domains: ............................................................................. 47

1.1. 3D-model of DH-PH 35 domains. ......................................................................................... 47



2 

 

1.2. DH-PH 35 domains still bind and activate Cdc42 ................................................................ 50

2. Small GTPase RhoU is a new partner of the alternatively spliced ITSN1 isoform ITSN1-L 35.

 52

2.1. RhoU and DH-PH domains of ITSN1-L 35 co-precipitate in GST pull down experiments. 52

2.2. RhoU co-immunoprecipitates with ITSN1-L 35 mostly via SH3-proline interaction .......... 53

2.3. RhoU and ITSN1-L 35 colocalize in 293T cells ................................................................... 55

3. ITSN1-L, ITSN1-L 35 and RhoU mRNA expression in cell lines and oncogenic tumors. ..... 57

V. Part III: GTPase activating protein oligophrenin1 (OPHN1) is a new partner of ITSN1. ..... 61

This part of my work was published as a short communication in Ukrainian in the Biopolymers and Cell 

(See Annex-1).

1. Introduction: OPHN1 - a GTPase activating protein implicated in endocytosis and associated 

with X-linked mental retardation. ...................................................................................................... 61

2. C-terminal part of OPHN1 interacts with SH3A domain of ITSN1. ......................................... 62

3. ITSN1-L and OPHN1 co-precipitate and colocalize in PC12 cells independently of exocytosis 

stimulation. ........................................................................................................................................ 64

VI. Part IV: ITSN1-S and L form complexes in cells. .................................................................. 67

This part was published in English as a short communication in Biopolymers and Cell (See Annex-2).

VII. General discussion .................................................................................................................. 69

1. ITSN1-L 35 is a possible GEF for RhoU. ................................................................................. 69

1.1. The significance of binding of a GTPase to a GEF in GST pull down experiment. .............. 69

1.2. RhoU is not so fast exchanging as considered – but does it really need a GEF? ................... 70

2. ITSN1-RhoU interaction. ........................................................................................................... 74

2.1. Hypothetical model of ITSN1-L or ITSN1-L 35 and RhoU interaction. .............................. 74

2.2. Possible competition of RhoU with endocytic proteins for the binding to ITSN1. ................ 75

2.3. A common role for ITSN1 and RhoU in EGFR signaling. .................................................... 78

2.4. ITSN1 and RhoU in cancer and other cellular pathologies. ................................................... 81

3. Possible role of ITSN1-OPHN1 interaction in coupling exo- and endocytosis. ........................ 83

4. Intersectins form huge scaffold supercomplexes in cells. .......................................................... 85

5. ITSN1, OPHN1 and RhoU may have a common function in neurons. ...................................... 86

VIII. Conclusions ......................................................................................................................... 91

IX. Materials and methods. ........................................................................................................... 95

X. References. ............................................................................................................................ 101

Annex-1: a short communication in Ukrainian in Biopolymers and Cell ....................................... 121

Annex-2: a short communication in Biopolymers and Cell ............................................................ 123

 



3 

 

 List of abbreviations. 

AD – Alzheimer’s disease 

AMPA – -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

AP2 – adaptor protein 2 

BAR – Bin–Amphiphysin–Rvs domain 

CA – constitutively active 

CCP – clathrin-coated pit 

CCR – coiled coil region 

CME – clathrin-mediated endocytosis 

DH – Dbl homology domain 

DN – dominant negative 

DS – Down syndrome 

EGFR – epidermal growth factor receptor 

EH – EPS15 homology domain 

EMT – epithelio-mesenchymal transition 

EPS15 – EGFR pathway substrate 15 

ERK – extracellular signal-regulated kinase 

FAK – focal adhesion kinase 

FCHO – Fer/Cip4 homology domain only proteins 

GAP – GTPase activating protein 

GDI – guanine nucleotide dissociation inhibitors 

GEF – guanine nucleotide exchange factor 

HD – Huntigton disease 

Htt – huntingtin 



4 

 

IB – immunoblotting 

IP – immunoprecipitation 

ITSN – intersectin 

ITSN1-S and ITSN1-L short and long isoforms of ITSN1, respectively 

JNK – c-Jun N-terminal kinase 

LMP2A - Epstein–Barr virus latent membrane protein 2A 

MAPK – mitogen-activated protein kinase 

MEK – mitogen-induced extracellular kinase 

MMP – matrix metalloproteinase 

NMDA – N-Methyl-D-aspartic acid or N-Methyl-D-aspartate 

NPF-motifs - asparagine-proline-phenylalanine motifs 

N-WASP – neural Wiskott-Aldrich syndrome protein 

OPHN1 – oligophrenin 1 

PAK – p21-activated kinase 

PH – pleckstrin homology domain 

PI3K-C2  – class II phosphoinositide-3-kinase C2  

RTK – receptor tyrosine kinase 

RT-PCR – reverse transcription polymerase chain reaction 

SH3 – Src homology domain 3 

SNAP – soluble NSF attachment protein 

SNARE – soluble NSF attachment protein (SNAP) receptor 

SV – synaptic vesicle 

T-ALL – T-cell acute lymphoblastic leukaemia 



5 

 

I. Prologue 

Endocytosis and exocytosis are processes absolutely necessary for cell survival. Endocytosis 

provides uptake of nutrients, internalization of receptors and signal transduction, recycling of 

synaptic vesicles, immune defense... Exocytosis provides release of hormones, neuromediators and 

other biologically active substances.  

Both endocytosis and exocytosis need assembling of complicated protein complexes which 

require assistance of scaffold proteins. Intersectin 1 is a multidomain scaffold highly implicated in 

endocytosis and, according to recent research data, in exocytosis. Intersectin 1 has two main 

isoforms: short and long. The short one (ITSN1-S) is ubiquitously expressed and consists of two 

EH domains, coiled-coil region and five SH3 domains. The long one (ITSN1-L) is expressed 

predominantly in neurons and has three additional C-terminal domains: DH, PH and C2. DH (Dbl 

homology) domain is a GEF (guanine nucleotide exchange factor) for Cdc42, a small GTPase from 

the Rho family. Recent findings of our group in Ukraine predicted 34 minor splice variants for 

ITSN1. I was particularly interested in one of the multiple splicing events, which affected DH-PH 

domains. Indeed deletion of exon 35 leads to deletion of 32 amino acid residues in DH domain and 

decreases spacing between DH and PH domains. We supposed that this ITSN1 isoform may have 

different functional activity that in turn could have impact at downstream cellular processes. At the 

same time, the group of Stéphane Gasman was showing the importance of ITSN1-L in calcium 

regulated exocytosis and started to get interested in the mechanism regulating the compensatory 

endocytosis of secretory granules that follow exocytosis. The collaboration between Alla Rynditch 

and Stéphane Gasman started here, based on the idea that ITSN1-L or some of its alternative 

splicing forms (ITSN-∆35 in particular) could couple secretory granule exocytosis to endocytosis in 

neuroendocrine cells. It was the start of my Ph.D project. 

So my main goal was originally to characterize this ITSN1-L 35 isoform, beginning from 

the evaluation of the mRNA expression level in different cell lines to the biochemical properties 

and a possible role in regulated exocytosis and compensatory endocytosis. But as it often happens 

with thesis projects, it was radically changed during the performance. ITSN1-L, especially its DH-

PH domains, which we needed for the multiple biochemical and in vivo assays, appeared a very 

difficult protein to work with. Moreover, our target cell lines, such as primary culture of bovine 

chromaffin cells, hardly survived upon the overexpression of ITSN1-L∆35, so we had to abandon 

the idea to perform any functional ex vivo assay on exo- or endocytosis in neuroendocrine cells. 

Even for the biochemical tests in vitro, the DH-PH domains and its 35 isoform were extremely 

hard to purify, which significantly slowed down the advancement of my thesis. 
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A second goal of the project, included “just-in-case-of”, was to discover probable functions 

and/or partners of other domains of ITSN1 and investigate their role in endo- and exocytosis. The 

achievement of purposes was possible using the combination of molecular and cellular biology 

approach. Molecular biology methods such as RT-PCR, GST pull down, immunoprecipitation, in 

vitro and ex vivo GEF assays, and cellular biology methods such as immunocytochemistry, 

transferrin uptake assay, GH release and DBH internalization assays were to be used.  

That is how the second, “just-in-case-of” goal suddenly became the principal one. Thus only 

a small subchapter of this manuscript is devoted to ITSN1-L 35, whereas the principal results refer 

to the new partners of ITSN1, small GTPase RhoU and GAP OPHN1. We have also attempted to 

reveal their common function with ITSN1. We tried to keep in line with the membrane trafficking 

concept, but now it seems that we touched but a small part of their common role and the real 

significance of our findings lie beyond exo- and endocytosis and only awaits to be investigated.  

In addition there is also a small chapter about ITSN1 isoform complexes, which imply large 

scaffold supercomplexes formation of different isoform composition. 

However, even if the way was not straight and easy, we have obtained good prominent and 

novel results, which open a large field for further investigations. 

I wish you a nice reading! 
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II. Introduction. 

1. Role of endo- and exocytosis in the cell. 

 

Membrane trafficking comprises a multitude of vesicular transport processes indispensable 

for the cell life. Endo- and exocytosis are important components of membrane trafficking, directed 

to or from the cell, respectively. Endocytosis assures nutrient uptake, membrane receptors cycling 

and signaling. It is also indispensable for the immune system, as it provides foreign particles 

phagocytosis. Endo- and exocytosis together ensure antigen presentation and neurotransmission. 

Exocytosis also provides the release of hormones and other biologically active molecules. But this 

list comprises only a small part of cellular functions which require these two processes. 

1.1. The mechanism of clathrin-dependent endocytosis. 

The most studied and well-defined type of endocytosis is clathrin-mediated endocytosis 

(CME), which is the uptake of material into the cell from the surface using clathrin-coated vesicles 

(1 and 2). The pathway is versatile, as many different cargoes can be packaged using a range of 

accessory adaptor proteins. Clathrin-mediated endocytosis is used by all known eukaryotic cells. 

Clathrin-coated vesicle formation proceeds through five main stages: initiation, cargo selection, 

coat assembly, scission and uncoating (Fig. 1). Following cargo selection and initiation of pit 

formation, soluble clathrin triskelia polymerize into hexagons and pentagons. Clathrin does not bind 

directly to the membrane or to cargo receptors and thus relies on adaptor proteins and complexes 

(such as adaptor protein 2 (AP2)) and accessory proteins (such as AP180 and epsin) to be recruited 

to the plasma membrane. The endocytosed material is sorted into endosomes and either recycled 

(sent back to the surface) or targeted to more mature endosomes and later compartments (such as 

lysosomes and multivesicular bodies). The initiation stage includes the formation of a putative 

nucleation module that defines the sites on the plasma membrane where clathrin will be recruited 

and vesicles will bud. This nucleation module is thought to assemble only at the plasma membrane 

because of a preference for PIP2 (Phosphatidylinositol 4,5-bisphosphate). It includes Fer/Cip4 

homology domain only (FCHO) proteins, EGFR pathway substrate 15 (EPS15) and intersectins. 

These proteins are thought to recruit AP2, which mediates cargo selection. Clathrin is then recruited 

to the plasma membrane by AP2 and also by other accessory adaptor proteins. After the assembling 

of clathrin coat, the vesicle budding and scission depends on the GTPase dynamin. Dynamin is 

recruited by BAR (Bin–Amphiphysin–Rvs) domain-containing proteins, such as amphiphysin, 

endophilin or sorting nexin 9, which have a preference for the curvature of the vesicle neck and are 
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likely to help the neck formation. Finally, once detached from the parent membrane, the clathrin 

coat is disassembled from its lattice arrangement back to triskelia by the ATPase heat shock cognate 

70 (HSC70) and its cofactor, auxilin (or cyclin G-associated kinase (GAK) in non-neuronal tissues). 

At the same time the phosphatase synaptojanin provides changes in the phosphoinositide 

composition of the vesicle. Then the vesicle can fuse with its target compartments (1 and 2). 

 

Fig. 1. The clathrin-coated vesicle cycle (from McMahon et al., 2011). a) The proposed five steps of clathrin-

coated vesicle formation. b) The clathrin network. The protein–protein interactions underlying the different stages of 

vesicle progression are shown. Major hubs are obvious because of their central location in the network and the large 

number of interacting molecules. They are essential for pathway progression and are denoted by the central colored 

circles. Possible pathways of progression between hubs are shown with thicker lines.  

This is only a common scheme of CME, which does not include a multitude of variations 

and modulation possibilities. For example, the specificity or efficiency of vesicle formation can be 

changed by adding accessory modules to the core modules. These accessory modules are cargo-, 

compartment- or cell-specific. 

One of specific functions of CME in metazoans is receptor internalization (thus controlling 

the quantity of membrane receptors and activity of some signaling pathways (3)), which may be 

constitutive (not dependent on ligand binding) or stimulated (ligand-induced). Moreover, some 

signal transduction requires not only ligand binding but also receptor internalization (4 and 5). CME 

is also often used by pathogens (bacteria, viruses and toxins) to enter the cell where they mimick 
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cellular receptor ligands and often modify the CME because of their large size. For example, 

viruses and bacteria require additional actin polymerization for their uptake (1). 

The loss-of-function mutations of the key components of membrane trafficking are 

embryonic lethal in metazoans. Moreover several perturbations of clathrin-mediated endocytosis 

proteins have been reported in numerous human disorders, such as cancer, myopathies, 

neuropathies, metabolic and genetic syndromes, and psychiatric and neurodegenerative diseases (1). 

There are some other types of endocytosis, which are often united under the name of 

clathrin-independent endocytosis or non-CME. They comprise several processes which are 

characterized with one or more key features (for example, caveolin-dependent or lipid rafts-

associated). It is not at all clear whether non-CME is a single pathway or, as appears more likely, a 

mixture of pathways, possibly with partially overlapping characteristics (6). 

1.2. Exocytosis in neurons and neuroendocrine cells. 

In multicellular organisms two types of exocytosis have been described: 1) Ca
2+

-regulated 

exocytosis and 2) constitutive exocytosis. Constitutive exocytosis is performed by all cells and 

serves for the release of components of the extracellular matrix, or just delivery of newly-

synthesized membrane proteins. Ca
2+

-regulated exocytosis is typical for the cells that are 

specialized in secretion, such as endocrine cells or neurons.  

The general scheme of Ca
2+

-regulated exocytosis comprises the translocation of the vesicles 

to the exocytic site (the active zone in neurons), their docking, priming and fusion with the plasma 

membrane in response to Ca
2+

-influx (Fig. 2 – by the example of synapse) (7). In neurons the active 

zone is highly structured to provide the maximal efficiency of secretion. The protein matrix, which 

consists of cytoskeleton and scaffold proteins, assures effective synaptic vesicles (SV) docking, 

whereas electron-dense projections from this matrix serve for tethering and maintaining the ready-

to-use SV pool (8). 

The core of exocytic machinery is formed by SNARE (soluble NSF attachment protein 

(SNAP) receptor) complexes. Vesicle SNARE (v-SNARE: VAMP2/synaptobrevin) on vesicle 

membranes and target SNAREs (t-SNAREs: syntaxin and SNAP-25) on the target plasma 

membranes interact to form a highly stable trans-SNARE complex to fuse opposing membranes and 

to release vesicle cargo. Firstly, secretory vesicles are docked at the active zone of a presynaptic 

terminal with unassembled SNARE complexes and are then primed for release by partial SNARE-

complex assembly that is catalyzed by Munc18, Munc13, and RIM. After Ca
2+

-influx, Ca-binding 
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protein synaptotagmin induces the fusion step promoting full assembly of SNARE complexes, 

which leads to fusion-pore opening and release of the vesicle contents (9-12). 

Fig. 2. Exocytic and endocytic membrane trafficking events at the presynaptic membrane – the synaptic vesicle 

cycle (from Gundelfinger et al., 2003).  

It should be emphasized that recent data show high involvement of monomeric GTPases in 

different stages of exocytosis, which will be discussed in the chapter devoted to Rho GTPases 

(Chapter II.2.4.2.1).  

In neurons and neuroendocrine cells, secretion can occur through two main modes (2 and 

13):  

1) the ‘kiss-and-run’ mode: the vesicle content is released (in some cases only 

partially) through a narrow fusion pore; 

2) full collapse: the vesicles completely empty their contents and flatten out, 

becoming the part of the membrane. 

In neuroendocrine cells a third intermediate type of secretion was described: cavicapture (for 

granule cavity capture) in which the fusion pore dilation allows the full release of small molecules 

(e.g. catecholamines) and the partial release of neuropeptides while the fusing granule omega shape 

is preserved (14 and 15).  

Endo- and exocytosis are always tightly connected as cellular homeostasis requires 

membrane surface area stability. Thus exocytosis is always followed by compensatory endocytosis, 

while the membrane parts internalized by endocytosis are restored with recycling vesicles. 
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1.3. Compensatory endocytosis. 

As for the compensatory endocytosis, it is also Ca
2+

-dependent and is stimulated alone with 

the exocytosis. In the case of kiss-and-run and cavicapture the vesicle entity restoration is dynamin- 

but not clathrin-dependent (15). In the case of full fusion it was shown that in neuroendocrine cells 

the former vesicle membrane is preserved (does not diffuse in plasma membrane) and is entirely 

recaptured by compensatory CME (14). Synaptic vesicle components (for example, SNAREs, 

synaptotagmin and neurotransmitter transporters) are sorted into clathrin-coated pits by binding 

AP2 and cargo-specific adaptors. Recycled synaptic vesicles are translocated to endosomes, where 

they are reloaded with neurotransmitters for another round of release, or they may be refilled just 

directly after the uncoating (Fig. 2) (1 and 7). Two main types of compensatory endocytosis were 

described in neurons: slow clathrin-dependent and fast clathrin-independent. In addition, after 

prolonged stimulation the third type, so-called “bulk endocytosis”, may occur, forming large 

vesicles – analogues of multiple synaptic vesicles (13). The mode of exo- and endocytosis, which 

will prevail, depends on the mode, time and strength of the stimulation, temperature and cell 

type/synapse maturation (13).  

1.4. Scaffold proteins in membrane trafficking. 

Even if the core process of both endo- and exocytosis is extensively studied, much less is 

known about their accessory modules as well as the mechanisms of their regulation, selectivity and 

kinetics. However it has been shown that the scaffold proteins play important roles in the regulation 

and organization of the membrane trafficking events. First of all I would like to precise the 

definition of the term “scaffold” which is often mixed up with the closely related term “adaptor”. 

Scaffold proteins are molecules that bind multiple signaling components and promote their 

communication or interaction with each other. Classical scaffolds (e.g. Ste5) usually do not possess 

any type of enzymatic activity and they can be considered as specific elements that selectively 

facilitate signaling between their bound components. Conversely, adaptor proteins usually connect 

two other proteins and frequently direct them into specific cellular locations (16). In endocytosis 

adaptors link receptors to the clathrin triskelia (1), whereas the scaffold proteins facilitate receptor 

endocytosis and at the same time function as platforms for the assembly of protein signaling 

complexes (17). Thus endocytic scaffolds combine the role of adaptors, linking receptors to the 

clathrin-coated pits (CCP), and promote signaling complexes assembling as classic scaffolds. It 

should be mentioned that the scaffolds are not a specific family of proteins, as they seem to have 

evolved independently and are extremely diverse in their organization. It is rather a functional 

concept of a protein linking other proteins due to its multiple modular interaction domains (18). 
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To accomplish their function scaffolds use four main mechanisms (Fig. 3). The most 

frequently scaffolds tether interacting partners close in space and enhance effective local 

concentrations. In this case they can also promote correct mutual orientation of the interacting 

partners. The scaffolds can also mediate signaling complex assembly in a combinatorial manner, 

meaning that a certain active component can participate in signaling through different pathways 

using distinct scaffold proteins. The function of the signaling modules can be regulated by certain 

scaffold dynamic regulation, without the need to regulate individually each of the signaling 

pathway components. Finally some scaffolds can also modify the conformation of their partners, or 

in turn the conformation of the scaffold can also be modified by its binding partners (16). 

 

Fig. 3. Schematic representation of the four main scaffold mechanisms (from Zeke et al., 2009).  

Except signaling complexes assembling and abovementioned receptor linking to CCP, the 

other functions of scaffolds include small GTPases signaling and coordination of the 

communication at cell-cell signaling junctions, such as neuronal synapses. The scaffolds  may also 

direct protein ubiquitylation (18). 
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2. INTERSECTIN1: one of the key proteins in membrane trafficking and 

cellular signaling 

 

Intersectin1 (ITSN1) is a multidomain and multifunctional scaffold protein, which is 

involved in clathrin- and caveolin-mediated endocytosis, exocytosis, Ras-MAPK signaling, JNK 

activation, small GTPases activity regulation, epidermal growth factor receptor (EGFR) 

ubiquitylation, dendritic spine development and neuron survival, - and this list is not exhaustive. 

The variety of ITSN1 function will be discussed in this chapter. 

2.1. Gene 

ITSN1 is highly conserved in metazoans.  It is expressed in mammals (mouse Ese1, rat 

EHSH1) (19 and 20) and its orthologues exist in Xenopus laevis (Itsn1) (21), Drosophila 

melanogaster (Dap160) (22) and Caenorhabditis elegans (ITSN) (23).  

Human ITSN1 gene comprises 250 kb and is located at chromosome 21 q22.1-q22.2 region 

between D21S320 and D21S325 markers (24 and 25). The gene consists of 41 exons, and its 

transcription is directed from centromere to telomere (26). The orthologous ITSN genes of 

nematodes and arthropods contain 8 and 11 exons, respectively. 

Two main isoforms of ITSN1 are generated due to alternative splicing at exon 30. In 

mammals the short transcript of about 5,3 kb is ubiquitously expressed whereas the long transcript 

of 15 kb is enriched in neurons. The short and the long transcripts encode a protein of 1220 aa (136 

kDa) and 1721 aa protein (194 kDa), respectively (24). It should also be emphasized that only 

vertebrates have neuron-specific ITSN1-L isoform, whereas invertebrate orthologues of ITSN1 

correspond to its short isoform. 

2.2. Domain composition 

The short isoform of ITSN1 (ITSN1-S) consists of two N-terminal Eps15 homology 

domains (EH1 and EH2), a coiled coil region (CCR) and five Src homology domains (SH3A-E) 

(Fig. 5). The long isoform (ITSN-L) contains three additional C-terminal domains, a Dbl homology 

domain (DH), a pleckstrin homology domain (PH) and a C2 domain (24). 
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Fig. 4. ITSN1 domain composition.  

Two EH domains extend from Glu21 to Pro100 and from Ser221 to Arg310 respectively 

(24). The EH domains usually comprise about 100 aa and are responsible for protein-protein 

interactions. The EH domains bind NPF-motifs (asparagine-proline-phenylalanine). This binding is 

realized by conserved Leu and Trp. Structurally EH domains consist of two helix-loop-helix motifs 

(EF-hands) that are bound by antiparallel -fold. The EH domains containing proteins are mostly 

implicated in endocytosis, synaptic vesicle recycling, actin rearrangement and intracellular 

signaling (27). 

CCR (also called KLERQ – by the abbreviations of most abundant amino acids) is a 

positively charged -helix, which consists of about 370 aa (11% K, 12% L, 20% E, 13% R, 15% Q) 

(20). 

Five SH3 domains of ITSN1 (Val740-Glu806, Val913-Gly971, Val1002-Ser1060, Lys1074-

Pro1138, Ala1155-Phe1214) consist of about 50-70 aa and bind Pro-rich motifs (type II – 

PXXPX(R/K)) (24; 28 and 29). They promote protein complexes assembling and are commonly 

found in scaffolds and other proteins implicated in cell signaling pathways, cytoskeletal 

organization and membrane traffic (18 and 29). 

The DH domain of ITSN1 is 180 aa long and extends from Leu1244 to Glu1428 (24). These 

domains possess guanine-nucleotide exchange activity catalyzing the exchange of GDP for GTP 

within Rho GTPases by promoting GTPase intermediates that are devoid of nucleotide and Mg
2+

. 

After the nucleotide depletion GTP is preferentially loaded into Rho GTPases during nucleotide 

exchange as GTP is present in the cell at considerably higher concentrations than GDP. The DH 

domain fold comprises 10–15 -helixes and 310-helixes that are roughly arranged along six main 

axes to form a helical bundle that has been compared in appearance to a chaise longue. The ‘seat 

back’ created by a U-shaped arrangement of -helices is responsible for the specificity of the DH 

domain. The DH domain interacts with the switch regions of the GTPase by its three critical regions 

(CR1-3). Switch region 1 of the GTPase interacts with CR1 and CR3, switch 2 contacts with CR3 

and a part of C-terminal 6 helix (30). The DH domain of ITSN1 is a specific guanine nucleotide 

ITSN1-L

ITSN1-S
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exchange factor (GEF) for Cdc42 (31). The amino acids responsible for the specificity are Leu1376 

and Met1369, whose side chains establish Van der Waals bonds with Phe56 of Cdc42 (32). The 

activity of the DH domain in the full size ITSN1 is sterically inhibited by the linker after the 

adjacent SH3E domain (33 and 34). This is consistent with previous reports showing that the 

interaction of ITSN1 SH3 domains with N-WASP (neural Wiskott-Aldrich syndrome protein) or 

Numb enhances ITSN1-L GEF activity in vivo (31 and 35). 

The PH domain of ITSN1 extends from Met1515 to Glu1571 (24). In most cases the length 

of PH domain is about 100 aa. It is a phosphoinositide binding domain whose C-terminal position 

towards the DH domain is evolutionally conserved (though there are several exceptions). Thus one 

of the possible PH domain roles is the membrane localization of the adjacent DH domain and also 

an alosteric regulation of the latter. In most cases the PH domain reinforces the nucleotide-exchange 

properties of the DH domain and sometimes the PH domain directly interacts with the GTPase thus 

taking part in the GEF specificity determination. Moreover in some cases the PH domain was 

shown to bind downstream members of the GTPase cascade (30). The PH domain of ITSN1 does 

not influence the GEF activity of the DH domain in vitro but enhances Cdc42 activation in vivo 

(36). A crystallographic structure of the DH-PH domains of ITSN1 shows that the PH domain does 

not interact with Cdc42 (32). The PH domain of ITSN1 does bind the phosphoinositides but without 

any striking specificity, except for some preference for the PIP2 (Phosphatidylinositol 4,5-

bisphosphate) (37). But the ITSN1 PH domain interaction with phosphoinositides is not enough to 

localize the protein, and it was shown that the EH domains and the CCR are responsible for the 

membrane localization of the full-size protein (36; 38 and 39).   

The C2 domain extends from Arg1597 to Glu1679 (24). The mean length of C2 domains is 

about 130 aa. The C2 domains bind Ca
2+

 and subsequently bind phospholipids. The C2 domains can 

also interact with other proteins in a calcium-dependent manner. The majority of C2-containing 

proteins take part in cellular signaling (secondary lipid messenger creation, protein phosphorylation, 

GTPases activation, ubiquitin ligation etc.) and membrane traffic (40). The function of ITSN1 C2 

domain is currently unknown. 

ITSN family of proteins includes a second member, ITSN2, which exists only in vertebrates 

and is quite similar to ITSN1. It also undergoes alternative spicing which gives rise to the short and 

the long isoform, whose domain compositions are similar to those of ITSN1. But unlike the latter, 

both ITSN2 transcripts are ubiquitously expressed. ITSN2 isoforms colocalize with the endocytic 

complex components, namely Eps15. The homology of the EH1 and 2 domains between ITSN1 and 

ITSN2 is 87,1% and 72,6% respectively. The homology between the SH3 domains of the two 
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proteins is 80% (and for the SH3A domains – only 62%), and 85,4% between the PH domains – 

(41). 

2.3. Alternative splicing 

Besides the main splicing event at exon 30 which produces the short and the long isoform of 

the protein (24), a multitude of minor splicing events as well as an alternative promoter for ITSN1 

were described. 

An alternative promoter was identified in intron 5 of human ITSN1 gene. It generates the 

transcripts encoding ITSN1-S isoform without the EH1 domain. However, it is not known, whether 

these transcripts are translated into proteins (42). 

Among multiple minor splice events described for ITSN1, the majority is with high 

probability subjected to the nonsense-mediated decay, as the introduced by alternative splicing stop-

codon lies more than 50 nucleotides upstream of an exon-exon junction (42-44). This presumes that 

alternative splicing serves not only for the creation of ITSN1 protein variations but also for the 

regulation of ITSN1 expression level.  

Thus I will describe only those alternative transcripts which have good chances to give rise 

to a protein (Fig. 5). There are four minor splicing events for ITSN1-S and one for ITSN1-L, which 

occur with relatively high frequency and abundance. Most of them seem to be conserved in 

mammals (at least, between human, rat and mouse) (20 and 43). The first splicing event from the N-

terminus affects the spacing between EH1 and EH2 domains, excising 37 aa from the linker (43). 

The second one is brain-specific and leads to the insertion of five amino acids into the SH3A 

domain (20 and 43). The resulting neuron-specific isoform of the SH3A has different affinity to the 

majority of partners (45 and 46). The third splicing event results in the deletion of exons 25 and 26, 

which leads to the loss of the SH3C domain (20 and 43). Finally, the fourth splicing event generates 

the shortest of known ITSN1 transcripts, called 22a after the alternative exon number, encoding a 

protein which consists of the two EH domains, the CCR, the SH3A domain and the exon 22a-

specific C-terminal sequence (47). 

As for the splicing events specifically affecting the long isoform of ITSN1, only one among 

the three described is highly reliable and conserved in human and mice. This is an excision of exon 

35, which encodes 31 aa in the DH domain and 25 aa in the DH-PH spacer (42 and 43). This 

transcript constitutes about 10% of total ITSN1-L transcripts and is detected together with the full-

size ITSN1-L in fetal lung, liver and muscle, but mostly in fetal and adult brain (42). This 
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alternative splicing event is of particular interest as it affects the GEF domain of ITSN1-L, which 

could modify its catalytic activity. 

 

Fig. 5. Domain composition and alternative splicing of mammalian ITSN1 (from Tsyba et al., 2011). 

Schematic representation of alternative splicing events affecting mouse and human ITSN1. Alternative splicing events 

are indicated above and below the ITSN1-L domain structure. Exon numbering is according to NM_003024. Asterisks 

indicate a stop codon.  

 

Three of four previously described slicing events for ITSN1-S also concern ITSN1-L, with a 

possibility of generation up to 16 different ITSN1-L transcripts. But to date only five ITSN1-L 

variants have been detected by RT-PCR (42). 

Regarding the multitude of alternative splicing events affecting ITSN1, we can presume that 

this variety may serve several purposes like regulating the level of gene expression or providing 

tissue and binding specificity. A potential involvement in development has been proposed for some 

minor transcripts (43 and 46), but this issue should be further investigated. 
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2.4. Partners and cellular functions 

The diverse domain composition of ITSN1 presumes a multitude of versatile partners and 

functions, which were extensively reviewed by Tsyba et al., 2011, and O’Bryan, 2010 (48). I will 

briefly survey the main of them. 

2.4.1. ITSN1 in involved in membrane trafficking and signaling. 

2.4.1.1. ITSN1 implication in endocytosis and exocytosis 

ITSN1-S is an important component of the endocytic machinery. Its EH and SH3 domain 

composition is characteristic for a multitude of endocytic proteins. The ITSN1 implication in 

endocytosis is also supported by its localization at CCP (31) and interaction with a variety of 

endocytic proteins (Fig. 6). 

 

 Fig. 6. Schematic representation of the proteins that interact with ITSN1 (from Tsyba et al., 2011; modified 

with the permission). Lines indicate the domains of ITSNs involved in these interactions. The interaction sites 

responsible for the binding of FCHO have not been determined.  

The EH domains interact with epsin, an endocytic accessory protein (21). Epsin binds AP2, 

Eps15, clathrin and PIP2, inducing membrane deformation. It also promotes ubiquitinated cargo 

recognition (49). The other partner of ITSN1 EH domains is stonin 2, a highly conserved cargo-

specific synaptic vesicle sorting adaptor, which interacts with Eps15 and synaptotagmins I and II 

(50-52). 
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Through the CCR ITSN1 forms heterodimers with Eps15 (EGF receptor pathway kinase 

substrate clone 15), a protein implicated in endocytosis, endosomal protein sorting and cytoskeletal 

organization. At CCP it interacts with ubiquitinated cargo and epsin and clusters AP2 (19 and 53).   

The SH3A, C and E domains of ITSN1 interact with dynamins I and II. Dynamins are large 

GTPases involved in CME and other types of endocytosis by promoting membrane scission and 

vesicles budding (19-22). Moreover, it was shown that a perturbation of ITSN1-dynamin interaction 

inhibits endocytosis at the fission step in giant synapses of Lamprey. ITSN1 was also shown to 

regulate dynamin redistribution from SV cluster to the periactive zone (54). Synaptojanin, a 

phosphatidylinositol-phosphatase, involved in vesicle uncoating in neurons, is also a partner of 

ITSN1 SH3A, C and E domains (21 and 46). SHIP2 is another inositol-5-phosphatase that binds 

ITSN1 SH3 domains. It is a negative regulator of insulin signaling and involved in EGFR 

endocytosis. (55). SHIP2 is recruited by ITSN1early at the CCP and dissociates before fission (56). 

The membrane-deforming protein SGIP1 (Src homology 3-domain growth factor receptor-

bound 2-like (endophilin) interacting protein 1) and the signaling adaptor Reps1 (RalBP associated 

Eps15-homology domain protein) interact with ITSN1 SH3 domains and all three proteins localize 

together at the CCP (57).  

Connecdenn is another ITSN1 SH3 domain partner (58). It is a Rab35 GEF, which regulates 

cargo-specific exit from early endosomes and also interacts with AP2 (59). 

ITSN1 interaction with WNK (With-no-lysine kinases) is crucial for WNK-dependent 

ROMK1 (renal outer medullar potassium 1) endocytosis in distal nephrons (60). 

Finally, the linker between SH3A and B domains of ITSN1 is shown to directly interact with 

AP2 - and -appendage domains. This interaction inhibits binding of synaptojanin to ITSN1, 

whereas the perturbation of ITSN1-AP2 interaction inhibits the onset of SV recycling in large 

lamprey synapse (61). Clathrin also co-precipitates with ITSN1 from the rat brain lysate, but no 

direct interaction was shown (38). Finally, recently the ITSN1 interaction with FCHO proteins, the 

early CCP nucleators, was described (62). 

Thus, with such a plethora of endocytic partners, ITSN1 appear an important player at all 

stages of CME: from the initiation and nucleation complex formation (together with FCHO) to the 

vesicle scission (with dynamin) and uncoating (synaptojanin). In addition, together with different 

adaptors (AP2, epsin, Eps15, SGIP1) ITSN1 promotes cargo recognition. Both overexpression and 

silencing of ITSN1 were shown to inhibit CME (19; 41; 63 and 64). Moreover, ITSN1 SH3A 

domain overexpression inhibits intermediate stages of CME (CCP formation) whereas other SH3 
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domains overexpression inhibits later endocytosis stages (membrane fission), which confirms 

ITSN1 implication throughout the CME (65). 

 Besides CME, ITSN1 is shown to be implicated in caveolin-mediated endocytosis, which is 

an important part of transcytosis in endothelial cells. ITSN1 depletion prevents caveolae fission, 

whereas ITSN1 overexpression leads to the abnormalities in caveolae morphology and impaires 

their internalization (66). 

Several exocytic proteins were also reported to interact with ITSN1. The EH domains of 

ITSN1 bind secretory carrier membrane protein 1 (SCAMP1), which is a major component of 

secretory vesicles in exocrine cells (67). It was also shown to regulate the fusion pore dilation and 

closure in regulated exocytosis in PC12 cells (68 and 69). The CCR of ITSN1 interacts with SNAP-

25 and SNAP-23, major t-SNAREs in neurons and non-neuronal cells, respectively (20). The SH3A 

domain of ITSN1 binds synapsin, a synaptic exocytic protein which is involved in vesicle 

clustering, maintaining the reserve pool, vesicle delivery to active zones, and synchronizing release 

events (54 and 70). Thus ITSN1-S is a potent exo-endocytosis coupling scaffold. 

2.4.1.2. ITSN1 knockouts 

Several knockout organisms and loss-of function mutations have been described for ITSN1. 

Loss-of-function mutants for dap160 (dynamin-associated protein of 160 kDa), a drosophila 

homologue of ITSN1, are lethal at midlarval stage. The rescued to adult viability mutant flies are 

uncoordinated and display temperature-sensitive paralysis and temperature-sensitive defects in 

endocytosis together with impaired vesicle morphology, diminished vesicle number and an 

accumulation of endocytic intermediates. These mutations also lead to the decrease of dynamin, 

synaptojanin and endophilin levels in drosophila neuromuscular junctions. The synapses are 

malformed and unable to sustain high-frequency transmitter release (71 and 72). Dap160 mutants 

have the same effect as eps15 mutants (53). 

In contrast to flies, C. elegans itsn-1is non-essential for viability (23 and 73). Itsn-1-null 

worms display normal locomotion and development under physiological conditions. The levels of 

EHS-1 (Eps15) and DYN-1 (dynamin) were not altered in mutant worms. But they show 

hypersensitivity to aldicarb, an acetylcholine esterase inhibitor that causes rapid hypercontraction 

and eventual death of wild-type worms. Itsn-1-null C. elegans also demonstrates defective 

endogenous synaptic activity. The motor neurons in the mutants show the accumulation of large and 

irregular vesicles and membrane-bound vesicles at the endocytic sites. 
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Itsn1-null mice are also viable, though exhibit vesicle trafficking abnormalities. However 

12-13% of homozygous pups are unhealthy and often die before the age of two months. The 

exocytosis in chromaffin cells and the SV endocytosis in neurons are reduced. In addition, the early 

endosomes are enlarged in Itsn1-null brains (74). Recently it was also shown that in Itsn1-null mice 

the intercortical tracts failed to cross the midline. These mice also displayed severe deficits in 

learning and memory (75). 

2.4.1.3. Function in neurons 

These reports presume an important function of ITSN1 in synaptic transmission, though this 

function is not fully evolutionally conserved. However ITSN1 is shown to be implicated in SV 

retrieval in all studied models. Indeed, for many organisms presynaptic localization of ITSN1 was 

shown. In drosophila Dap160 is localized to the periactive zone of synaptic nerve terminals (22 and 

53). In nematode ITSN1 is also detected in the presynaptic region (23). In lamprey giant synapse it 

is redistributed to periactive zone upon stimulation (54). However for the mammalian neurons the 

evidence is somewhat contradictory. Thus Thomas et al. show that ITSN1 is absent from the 

presynaptic terminals and is involved in dendritic endocytosis rather than in neurotransmission (64). 

Whereas Pechstein et al. show that ITSN1 is accumulated both at pre- and postsynaptic sites of 

mouse hippocampal neurons and is required for SV recycling (61). The involvement of ITSN1 in 

the SV endocytosis is further supported by a biochemical data, as ITSN1 has been identified as one 

of the core components of synaptotagmin-associated endocytic protein complex in rats. This 

complex is localized at the presynaptic release face in the chick ciliary ganglion calyx synapses 

(76). Recently it has been shown that SH3A domain of ITSN1 interacts with microtubule-associated 

protein STOP, which is implicated in the control of synaptic vesicles pool and synaptic plasticity 

(77). 

ITSN1 is also involved in postsynaptic receptor endocytosis. It is a component of PSD 

(postsynaptic density) pellets from the rat brain (35). In C. elegans ITSN1 is shown to regulate 

postsynaptic AMPA ( -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors regulation 

and trafficking (78). In contrast to nematodes, in rat brain ITSN1 co-precipitates with NMDA(N-

Methyl-D-aspartic acid or N-Methyl-D-aspartate)-type glutamate receptors (NR1 and NR2B), but 

not with the AMPA-type glutamate receptor GluR1 (35). 

2.4.1.4. ITSN1 role in signaling. 

Together with the membrane trafficking function, ITSN1 plays an important role in cell 

signaling. Via the SH3A, C and E domains ITSN1 interacts with Sos1 (and mSos1), a GEF for the 
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small GTPase Ras, and activates Ras/MAP (mitogen-activated protein) kinase pathway (79). ITSN1 

is also shown to induce JNK (c-Jun N-terminal kinase)-dependent transcription factor Elk-1 

activation in two different ways: Ras-dependently or by a Ras-independent mechanism (80). 

Indeed, the ITSN1 EH domains overexpression leads to MAPK-independent Elk-1 activation and 

also to the oncogenic transformation of rodent fibroblasts (81). 

The SH3A, C and E domains of ITSN1 also interact with Cbl, and this interaction promotes 

activated EGFR ubiquitylation and degradation. Moreover, ITSN1 silencing leads to the attenuation 

of activation of the ERK (extracellular signal-regulated kinase)-MAP kinase pathway (63). ITSN1 

also binds Ruk/CIN85, a scaffold promoting c-Cbl activation (82), thus suggesting a triple ITSN1-

CIN85-Cbl complex existence, which would provide effective EGFR ubiquitylation.  

The knockdown of ITSN1 leads to decrease in MEK (mitogen-induced extracellular kinase) 

and ERK1/2 phosphorylation and consequently induces the activation of the mitochondrial 

apoptotic pathway in endothelial cells (83). 

ITSN1 also regulates the neuron survival through the interaction with PI3K-C2  (class II 

phosphoinositide-3-kinase C2 ) and consequent activation of PI3K-C2–AKT survival pathway. 

Silencing of ITSN1 decreased N1E-115 cell survival during differentiation (84).  

Thus ITSN1-S is important both for the membrane trafficking and cellular signaling. 

2.4.2. ITSN1-L – a unique scaffold with catalytic activity 

The long isoform of ITSN1 – ITSN1-L, which is enriched in neurons, possesses a unique for 

a scaffold catalytic activity – it is a GEF for the small GTPase Cdc42 (20; 31 and 38). This feature 

implies additional (to that of the short isoform) function at another qualitative level – a role in actin 

cytoskeleton regulation. For a better understanding of the ITSN1-L importance, the functions of the 

Rho family of small GTPases should be introduced. 

2.4.2.1. Rho family of small GTPases and their regulators. 

General information 

The family of Rho GTPases belongs to the Ras superfamily of small GTPases. It includes 

the proteins of relatively small size (around 190-250 aa, exclusions – up to 700 aa). Their 

mechanism of activation is often compared to a molecular switch which is turned on upon binding 

to GTP and turned off after hydrolysis of GTP into GDP. Rho GTPases regulate actin 

rearrangements and thereby are implicated in all cellular functions which require this process such 
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as cell polarity, migration, adhesion, membrane trafficking and many others. They are also involved 

in cellular signaling (85 and 86). 

The Rho family comprises 20 members that possess the same Rho-type GTPase-like 

domain. Most Rho proteins consist only of this GTPase-like domain with short N- and C-terminal 

extensions. The majority of them undergo C-terminal post-translational modifications by 

prenylation and/or palmitoylation which define their subcellular location and association with 

specific membranes. However some family members have additional well-defined domains and no 

post-translational modification (85). 

Recently the phylogenetic structure of Rho family was revised. At the place of 6 subfamilies 

(RhoA, Rac, Cdc42, Rnd, RhoBTB and Miro) and 3 standing aside GTPases (RhoD, Rif and RhoH) 

(85 and 86), novel classification comprises 8 subfamilies in four clusters (Fig. 7): cluster I contains 

the Rho (A-C), Rnd (1-3) and RhoD/RhoF subgroups; cluster II comprises Rac/RhoG, 

Cdc42/RhoJ/RhoQ and RhoU/RhoV subgroups; cluster III (RhoH) and cluster IV (RhoBTB1-2). 

The Miro subfamily and RhoBTB3 have been excluded from the Rho family (87). 

 

Fig. 7. Phylogenetic tree of Rho-family GTPases and representatives of other Ras superfamily GTPases (from 

Boureux et al., 2007). 

 



24 

 

Function 

Today the most studied Rho family members are RhoA, Rac1 and Cdc42. Most Rho 

GTPases are implicated in actin cytoskeleton reorganization but each in different way. For example, 

Rac proteins induce the formation of lamellipodia, whereas Cdc42 subfamily and Rif induce the 

formation of filopodia. Rho-like proteins contribute to contractility and formation of stress fibers 

and focal adhesions, whereas Rnd1–Rnd3 activity leads to the loss of stress fibers. Rnd subfamily is 

also characterized by the lack of GTPase activity thereby lasting constitutively active (86 and 88). 

Together with actin cytoskeleton rearrangement, the other main function of Rho GTPases is 

signaling (e.g. from growth factor or adhesion receptors) that regulate gene transcription, cell cycle 

entry, differentiation and cell survival (86). The combination of both activities (actin cytoskeleton 

regulation and signal transduction) allows Rho GTPases to play a key role in processes such as cell 

polarity and migration (89). 

Rho GTPases have also important role in central nervous system development from the 

earliest stages. They play an important role in various aspects of neuronal development, including 

neurite outgrowth and differentiation, axon pathfinding, and dendritic spine formation and 

maintenance.  They also take active part in neuronal migration. For example Rac1 functions in 

axonal guidance and migration, Cdc42 and Rnd subfamily are required for radial migration, 

whereas RhoA is downregulated in this process (90-92). Thereby abnormalities in Rho signaling are 

often the cause of mental retardation (93). 

As for the functions of some less known Rho family members, RhoH is haematopoetic-

specific and involved and T-cell signaling; RhoU and Chp1 are involved in cell adhesion and 

cytoskeletal dynamics, and RhoBTBs are potential tumor supressors and form part of cullin3-

ubiquitinilation complex (94). As for RhoU, its structure, regulation and functions will be 

specifically introduced in the results section. 

Role in endocytosis 

Regarding the subject of my study I was especially interested in Rho GTPases function in 

membrane trafficking, namely endocytosis and exocytosis. At present it seems that Rho GTPases 

are not indispensable for clathrin-mediated endocytosis (CME), but instead it appears that they 

contribute to the organization and efficiency of the process. For instance, Cdc42 is implicated in 

early stages of CME in cells with dense cortical actin network (e.g. T-lymphocytes or apical surface 

of endothelial cells). RhoA and Rac1 are also involved in early stages of the CME, whereas RhoD, 

RhoB, TCL and probably again Cdc42 function at different stages of endosomal traffic (Fig. 8) (95 

and 96). But the main function of Rho GTPases is endocytic signaling (e.g. they are involved in 
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epidermal EGFR and other receptor tyrosine kinases (RTK) signaling during their endocytosis) 

(95). There are also lots of indirect indications of Rho family involvement in CME (e.g. activation 

of their effectors or regulators during this process), as for example for Cdc42, the activation of its 

effectors Toca-1 and N-WASP (97).  

Rho GTPases are also highly involved in other types of endocytosis. For example Cdc42, 

Rac1 and RhoA are required for type I phagocytosis, moreover Rac1 activation is sufficient for the 

particle internalization. Type II phagocytosis and interleukin-2 receptor clathrin-independent 

endocytosis require RhoA. The other type of non-CME needs Cdc42. Cdc42 and Rac1 together are 

important for phagocytic clearance of apoptotic cells and macropinocytosis (95). 

Fig. 8. Diagram summarizing the known and proposed sites of action of Rho GTPases in intracellular 

endocytic traffic (from Qualmann et al., 2003, modified). Abbreviations: EE, early endosome ; SE, sorting endosome ; 

L, lysosome ; RE, recycling endosome. Blue Y – receptor, yellow crosses – clathrin coat.  

Role in exocytosis 

The exact mechanism of function of Rho GTPases in exocytosis remains unclear although 

RhoA, Rac1 and Cdc42 are highly implicated in and even indispensable for this process. They are 

involved in insulin granule exocytosis (98), pancreatic digestive enzyme secretion (99), 

neurosecretion (100) and other types of polarized and regulated exocytosis (101). In regulated 

exocytosis RhoA maintains the cortical actin network that keeps the reserve pool of vesicles in near 

plasmalemmal zone and prevents them from docking and priming, whereas Cdc42, Rac1 and ARF6 

promote actin remodeling and lipid biosynthesis at later steps of exocytosis (Fig. 9) (100-105). In 

polarized exocytosis (e.g. bud growing in yeast or metalloproteinases secretion in invadopodia) 

TCL
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RhoA together with Cdc42 are involved in vesicle tethering via the interaction with exocyst 

components and IQGAP (101).  

 

Fig. 9. Hypothetical model for the role of Rho GTPases at different stages of exocytosis in neurons (from 

Momboisse et al., 2011).  

Implication in pathology 

Due to the complexity and importance of tasks executed by Rho family GTPases, any 

disturbance of their function leads to a certain disorder. To date they are known to be implicated in 

CNS disorders (mental retardation and neurodegeneration) and cancers (their upregulated level is 

often observed in cancers and their hyperactivation can cause oncogenic transformation; they are 

also involved in cancer migration and invasion) (106-109). But it is worth mentioning that Rho 

GTPases are rarely mutated themselves and their dysfunction is mostly the consequence of wrong 

regulation. Interestingly, the manipulation of Rho GTPases is a step in a number of disease-causing 

bacterial infections (106). 

Regulation 

Each GTPase launches its own downstream cascade. But besides this direct action, there are 

various GTPase crosstalk events inside Rho family as well as between this family and other 

members of Ras superfamily. Therefore not one but multiple Ras and Rho GTPases interacting in 

certain order (whether antagonistic or cooperative) are required for accomplishing such complex 

cellular processes as migration or adhesion, signal transduction, membrane trafficking etc. This 

crosstalk can occur at three different levels of the pathway: through regulation of activity, through 
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regulation of protein expression and stability, and through regulation of downstream signaling 

pathways. First and third levels are assured by the diversity of upstream regulators as well as 

downstream targets for each Rho GTPase whose combination guarantees the accurate result (110-

112). 

Traditionally Rho GTPases are thought to be regulated by switching them from inactive to 

active state and vice versa. But recent findings have shown some additional ways, especially for 

less studied and atypical family members. These ways include transcriptional regulation, regulation 

by lipid modification and subcellular localization (86). 

According to a classic regulation scheme, Rho GTPases exist in two main states: inactivated 

GDP-bound and activated GTP-bound which has high affinity for downstream effectors. Until now, 

three types of Rho regulators are known (Fig.10):  

GAPs (GTPase activating proteins), which stimulate the relatively slow intrinsic 

GTPase activity leading to GTP hydrolysis and so switching off the GTPase 

GDIs (guanine nucleotide dissociation inhibitors) which sequester GDP-bound 

GTPase thereby serving as inhibitors and at the same time conserving the ready-to-be-

activated GTPase pool (30); 

GEFs (guanine nucleotide exchange factors), which promote GDP exchange for GTP 

thereby serving as activators; 

The GAPs provide rapid and specific inactivation of the target GTPases. More than 70 

GAPs were described in eukaryotes. Their activity is often regulated by protein interactions. The 

GAPs are indispensable for neuronal development, cell growth and differentiation. They are 

implicated in Rho cross-talk, namely where the fast switching from one Rho pathway to another is 

required (113 and 114). 

The GDIs interact with the isoprenoid moiety of the GTPase, shielding it from exposure to 

water by inserting it into a hydrophobic pocket in the C-terminal half of the molecule, and 

relocalize it from the membrane to the cytosol. Thus they act as chaperones, assuring correct 

GTPase folding in hydrophilic environment and maintaining a stable pool of inactive Rho GTPases. 

This pool may comprise 90–95% of the Rho proteins in the cell. The GDIs also protect Rho 

GTPases from degradation. In the answer to the specific signals, inactivated Rho GTPases may be 

rapidly delivered to the target membrane and reactivated. The Rho GTPases may be released from 

the GDIs by phosphoinositide lipids, phosphorylation, specific protein interactions or by GEFs 

(115). 
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Fig. 10. Rho-GTPase activity regulation (from Rossman et al., 2005). Pi – inorganic phosphate.  

Rho GEFs comprise two families, Dbl-GEFs and Dock/CZh-GEFs, which differ in the 

conserved domains that mediate membrane attachment and catalyze nucleotide exchange on the 

GTPase. Dbl family GEFs are of particular interest for my study. It comprises about 69 family 

members with distinct domain composition but united by the obligate presence of DH-PH domains 

(Fig. 11). The DH domains of the full-size proteins are often inhibited in vivo. Truncation, 

phosphorylation or protein-protein interaction (e.g. target GTPase effector binding) reveals the 

autoinhibition. The GEFs are also regulated by subcellular localization. Sometimes Rho GEFs 

possess two distinct DH domains, or an additional Ras GEF domain, or even a GTPase domain, 

which implies their role in the GTPase crosstalk. Rho GEFs provide fine-tuned spatio-temporal 

regulation of the target GTPases in key cellular processes, such as epithelial morphogenesis, 

cytokinesis, cell migration, cell polarity, neuronal development and phagocytosis (30; 116). Dbl 

GEFs misregulation was reported for some cancers, developmental and neurological disorders (e.g. 

faciogenital dysplasia, juvenile onset amyotrophic lateral sclerosis) (30). Some pathogenic bacteria 

mimic host GEFs to control host cell morphology, dynamics and metabolism (e.g. SopE/WxxxE 

family of bacterial type III effectors). Thus Salmonella SopE directly activates Rac1 and Cdc42 to 

induce membrane ruffling at the site of bacteria entry. It also provokes the host inflammatory 

response which helps Salmonella to outcompete the natural microbiota of the intestine (117). 
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Fig. 11. The Dbl family (from Rossman et al., 2005). The Dbl homology (DH) domains of the 69 unique Dbl 

proteins in humans have been aligned to produce this phylogenetic tree. Dispersed around the tree branches are 

illustrations showing the domain composition and domain organization for each member. Black arrowheads above a 

GEF indicate truncations that are known to activate either the exchange activity or a related cellular function of the 

corresponding GEF. Black arrowheads with brackets delineate similarly active fragments. Red brackets indicate regions 

of Dbl proteins with known three-dimensional structures. The colored spheres placed on the tree branches designate the 

reported Rho GTPase specificity of the corresponding Dbl-family member.  
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2.4.2.2. ITSN1-L function. 

As a specific GEF for Cdc42, ITSN1-L possesses several distinct functions in addition to 

those common with ITSN1-S. 

ITSN1-L interacts with N-WASP, an effector of Cdc42, whose activation leads to actin 

assembling through Arp2/3 complex (Fig. 6). Moreover, N-WASP binding to the SH3 domains of 

ITSN1-L upregulates its GEF activity in vivo, resulting in actin assembly through N-WASP-ITSN1-

L-Cdc42 interaction (31).  

ITSN1 also interacts with two GAPs, CdGAP and ARHGAP30 (118 and 119). It was 

demonstrated that binding to ITSN1 inhibits CdGAP activity (118). Thus ITSN1-L appears an ideal 

platform for Cdc42 activation, recruiting its effector and inactivating its inhibitor. 

The most well-established role of ITSN1-L together with Cdc42 is in dendritic spine 

development. Dendritic spines are small actin-rich protrusions from dendrites of neurons that form 

the postsynaptic component of most excitatory synapses in the brain. Spine growth and structural 

plasticity are associated with synaptic plasticity in vitro and learning in vivo (48 and 120). ITSN1-L 

is shown to regulate dendritic spine development together with N-WASP, Cdc42 and EphB2 

receptor-type tyrosine kinase. Dominant-negative (DN) ITSN1-L overexpression (SH3 domains 

only or protein lacking DH-PH domains) inhibited spine formation in the same way as dominant 

negative Cdc42: leading to the thin and long spine formation (121). Another partner of ITSN1 

SH3D domain, Numb, is also implicated in dendritic spine morphogenesis together with ITSN1-L 

and EphB2. It promotes ITSN1-L GEF activity towards Cdc42 (35). ITSN1-L is localized to 

somatodendritic regions of cultured rat hippocampal neurons. Its knock-down (similarly to the DN 

overexpression) inhibited somatodendritic endocytosis and disrupted spine maturation during 

development, leading to the formation of filopodia-like thin protrusions, whereas the number of 

mushroom-like spikes was significantly decreased (64).  

Our group had recently described a new function of ITSN1-L as a GEF for Cdc42 in 

exocytosis in neuroendocrine cells. ITSN1-L activates Cdc42 at docking sites for secretory 

granules. This leads to the local polymerization of actin, which facilitates the late stages of 

exocytosis. Indeed, silencing of ITSN1 (as well as Cdc42) significantly inhibits regulated 

exocytosis in PC12 and primary bovine chromaffin cells whereas the overexpression of C-terminal 

part of ITSN1-L (DH-PH-C2 domains) promotes exocytosis and peripheral actin polymerization in 

neuroendocrine cells (122 and 123).  
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Thus ITSN1-L combines the properties of ITSN1-S, which is a prominent player in 

endocytosis and cellular signaling, with its own specific properties, such as a role in exocytosis and 

dendritic development.  

2.5. ITSN1 implication in pathology. 

ITSN1 misregulation is associated with a number of pathologies.  

ITSN1 gene is mapped at the chromosome 21 in Down syndrome (DS) critical region and it 

was supposed that this gene may be implicated in DS-specific phenotype development (24). Indeed, 

ITSN1-L is overexpressed in the brains of DS fetuses (25). Moreover an association between the 

endocytic abnormalities and pathological processes in DS and early Alzheimer’s disease (AD) 

(which usually affects DS individuals) was demonstrated. Thus it was shown that abnormal 

endocytosis precedes -amyloid deposition in the brain in sporadic AD. Early endosomes are 

markedly enlarged in DS neurons and they are also the earliest neuropathological alteration 

identified in sporadic AD (124). This is consistent with ITSN1 role in endocytosis and the 

consequences of its overexpression. However, the exact function of ITSN1 in DS and AD is still 

unknown. 

ITSN1 is also associated with another neurodegenerative disorder: Huntington disease (HD). 

HD arises from expansion of a polyglutamine (polyQ) tract in the protein huntingtin (Htt) resulting 

in aggregation of mutant Htt into nuclear and/or cytosolic inclusions in neurons. It was shown that 

ITSN1 activation of JNK-MAPK pathway increases Htt aggregates formation, whereas the 

silencing of ITSN1 attenuates this process. In turn, Htt inhibits ITSN1-mediated signaling in 

response to EGFR (39). Moreover, ITSN1 overexpression leads to another polyQ protein 

aggregation: the androgen receptor, which undergoes polyQ-expansion in Kennedy’s disease (39). 

Thus it presumes the role of ITSN1 in the pathogenesis of other polyQ-associated 

neurodegenerative diseases. 

Besides neurological disorders, ITSN1 is also implicated in cancer cells survival and 

migration. Thus ITSN1-S downregulation induces apoptosis of glioma cells (125). ITSN1-S is also 

implicated in glioma migration and invasion probably through some signaling pathways involving 

cofilin, LIM kinase 1, p21-activated kinase (PAK), focal adhesion kinase (FAK), integrin 1, and 

matrix metalloproteinase 9 (MMP-9) (126). ITSN1-S together with PI3K-C2  is involved in 

neuroblastoma tumorigenesis. Silencing of ITSN1 significantly inhibits the anchorage independent 

growth of neuroblastoma tumor cells in vitro as well as tumor formation in xenograft assays, an 

effect rescued by PI3K-C2  overexpression (127). 
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Recently it has been demonstrated that Epstein–Barr virus latent membrane protein 2A 

(LMP2A) interacts with ITSN1 together with Syk kinase and Shb adaptor. The interaction with 

LMP2A regulates ITSN1 phosphorylation. Thus LMP2A may regulate ITSN1-associated signaling 

pathways (128). 

Thus ITSN1 is associated with the pathogenesis of various diseases, though the exact 

mechanism of its involvement remains to be elucidated. This implies ITSN1 as a prominent target 

to disrupt the pathological processes. 
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 RESULTS 

III. Part I: small GTPase RhoU is a new partner of ITSN1 

ITSN2 has been found as a partner of RhoU by mass spectrometry analysis of a RhoU 

complex isolated by GST pull down (S. Ory, unpublished). ITSN2 is highly homologous to ITSN1. 

Furthermore the RhoU sequence analysis by Scansite, an online source for the research of protein 

interaction and phosphorylation motifs, gives ITSN1 SH3 domains as first hit, before Nck1, a 

known partner of RhoU (129). As ITSN1 was my protein of interest, I aimed at confirming and 

characterizing its potential interaction with RhoU.  

1. Introduction: RhoU – an atypical Rho GTPase. 

General properties 

RhoU, also known as Wrch1 (Wnt-1 responsive Cdc42 homolog) is a Rho GTPase recently 

discovered as a gene responsive to Wnt-1 signaling in mouse mammary epithelial cells (130). 

Initially it has been considered as a member of Cdc42 subfamily as it shares 57% sequence identity 

with Cdc42 but phylogenic study suggested that RhoU, together with RhoV (Chp1), evolved 

separately of Cdc42/Rac (87). RhoU is considered as an atypical Rho GTPase because of several 

specific properties:  

i) RhoU has 46 amino acids N-terminal extension which comprises two (mouse) or 

three (human) PXXP proline-rich motifs and a short C-terminal extension of 21 

amino acids (130); 

ii) it possesses atypical C-terminal CAAX motif (CCFV), which is palmitoylated and 

not prenylated. This palmitoyl moiety is necessary to its membrane targeting 

(131); 

iii) RhoU has high intrinsic exchange activity in vitro, questioning the necessity for a 

GEF for its activation in cells (129). 

iv) RhoU is transcriptionally regulated. It is upregulated by Wnt-1 in mouse 

mammary epithelial cells (130), by RANKL during osteoclast differentiation 

(132), by gp130 cytokines via STAT3 in mouse embryonic fibroblasts (133), by 

Notch in T-cell (134) or during initiation of cell migration (135) It can be also 

downregulated in response to 1,25(OH)2 vitamin D in mesenchymal multipotent 

cells (136) or in response to -estradiol in MCF-7 cells (137). 
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Despite these fundamental differences, RhoU shares functional homology with its closest 

homolog Cdc42. 

 

Subcellular targeting 

As well as for the majority of Rho GTPases, post-translational modification of its CAAX 

box is necessary for RhoU membrane targeting. Although it is not prenylated like most Rho 

GTPases, palmitoylation of residue C256 and maybe C255 is critical for RhoU subcellular 

distribution, localizing RhoU to the plasma membrane and endomembranes that partially colocalize

with endosomes (131). Subcellullar distribution of RhoU is also regulated by Src-dependent 

phosphorylation of Y254 residue adjacent to palmitoylation site (138). This C-terminal 

phosphorylation redistributes RhoU from plasma membrane to endosomes and leads to RhoU 

inactivation. Phosphorylation-dependent control of Rho GTPases function has also been reported 

for Cdc42 and Rac1 but in their case tyrosine phosphorylation occurs on the effector loop resulting 

in differential binding of Cdc42 and Rac1 to GDI, preventing Cdc42 association to the plasma 

membrane and relocalizing Rac1 from cytoplasm to focal adhesions (139 and 140). Post-

translational modifications of RhoU have been proved critical for its function. Preventing RhoU 

palmitoylation or tyrosine phosphorylation have antagonistic effects on cells anchorage-

independent growth by respectively reducing or increasing colonies formation in soft agar assays. 

In addition, RhoU is localized to cell adhesion structures like podosomes in osteoclasts and c-Src 

expressing cells (141), and focal adhesions in HeLa cells and fibroblasts (135 and 141). Although 

palmitoylation is not required to taget RhoU to adhesion structures, the C-terminal extension 

together with the effector binding loop is critical (141).  

Effectors and binding partners 

RhoU shares significant homology with Cdc42 and as such, shares common effectors and 

activates common signaling pathways. For example, RhoU and Cdc42 interact with PAK1 (129) 

and the polarity protein PAR6 (142). Cdc42 and RhoU promote activation of JNK (130 and 135), 

cell cycle progression in Swiss 3T3 cells (130) and control tight junction assembly in epithelial cells 

(142).   However some differences exist since RhoU does not interact with WASP, a well-known 

effector of Cdc42 (88). It suggests that the effector loop of RhoU is somewhat different and 

effectors remain to be identified. In addition, the N-terminal extension confers specific properties 

by binding to SH3-containing proteins such as Grb2 or Nck and by acting as an inhibitory domain 

by preventing PAK1 binding.  Interaction of the N-terminus with the Grb2 or Nck  SH3 domains is 

sufficient to relieve the inhibition and promotes RhoU binding to PAK1 (129 and 143). As Nck  
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also interacts with the RhoU effector PAK1 through its N-terminal SH3 domain, it is therefore 

possible that a trimeric complex of RhoU, PAK1, and Nck  exists in the cell (129). Though the 

functional advantage of such a complex has not been evaluated, it could be advantageous for more 

rapid PAK1 activation or may serve for a spatio-temporal organization of this process. Thus, for the 

activation of the effectors, RhoU has to be correctly localized in the cell and moreover, the 

efficiency of effector binding is controlled by the partners of the N-terminal proline-rich motifs.  

Role in cell migration, adhesion and polarity 

RhoU expression alters the cell morphology and induces rearrangements of the actin 

cytoskeleton which leads to cells rounding, disappearance of stress fibers, reduction of focal 

adhesions number and formation of filopodia (129; 135; 141 and 144). All these processes proceed 

simultaneously. Their exact mechanisms remain to be elucidated but it is currently known that 

RhoU is directly or indirectly connected to several proteins which are involved in the control of cell 

adhesion and migration. Thus RhoU induces myosin light chain phosphorylation (135), interacts 

with the nonreceptor tyrosine kinase Pyk2 and the focal adhesion kinase (FAK) (144), binds 

integrin 3 (145). In fact, RhoU was shown to regulate cell migration and adhesion of osteoclast 

precursors (132), fibroblasts (141), pancreatic cancer cells (146), T-cell acute lymphoblastic 

leukaemia (T-ALL) (134) and neural crest cells (147) presumably by altering adhesion structure 

turnover. Besides, RhoU, like Cdc42, is required to maintain epithelial cell polarity (142 and 148).  

Role in the EGFR signaling 

The epidermal growth receptor (EGFR) is a receptor tyrosine kinase which, upon activation 

by its ligand, dimerizes, autophosphorylates and triggers downstream signaling cascades to promote 

cell proliferation and/or migration (149). Phosphorylated sites are recognized by specific adaptor 

proteins (e.g. Grb2), which in turn recruit signal transducing complexes. Ligand binding and 

autophosphorylation induce receptor endocytosis with subsequent signaling.  

It has been shown that RhoU is implicated in EGFR signaling through the SH3 and SH2 

containing scaffold Grb2. Upon activation of the receptor, RhoU is recruited to the EGFR-Grb2 

complex and as a consequence enhances EGF-dependent JNK/c-Jun/AP1 activation (146). Both N- 

and C-terminal extensions but not the GTP-loading of RhoU are required for RhoU recruitment to 

EGFR complex. RhoU has also been shown to be involved in EGF-dependent cell migration (146). 

Thus RhoU appears involved in the coupling between receptor tyrosine kinases signaling and 

migration. 
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Interaction with GAPs 

Although the requirement for a GEF to activate RhoU is disputable due to its intrinsic 

exchange activity in vitro, inactivation of RhoU by GAP may be an effective way to locally 

inactivate or recruit RhoU to specific sites (138 and 141). Two RhoGAPs, the CdGAP and its 

recently described paralog ARHGAP30, are found in RhoU complex (150). Intriguingly, GAP 

activity towards RhoU has not been tested. ARHGAP30 inactivates RhoA and Rac1, but not Cdc42. 

The interaction with ARHGAP30 is independent of GTP-loading and requires N-terminal extension 

and intact effector loop of the GTPase. Interestingly, RhoU does not bind to the GAP domain of 

ARHGAP30, but to the C-terminal part of the protein, presuming that ARHGAP30 is unlikely to be 

a GAP for this GTPase. Overexpression of ARHGAP30 mimicked the RhoU overexpression in 

cells, namely stress fiber dissolution, loss of cell attachment and membrane blebbing (129). These 

effects required both C-terminal and GAP parts of the protein. CdGAP is also involved in the loss 

of cell adhesion downstream of RhoU but in contrast to ARHGAP30 its interaction with RhoU is 

GTP-dependent (150). But even if the described GAPs do not manifest GAP activity towards RhoU 

(which requires a direct proof), their interaction with RhoU may involve RhoU in the regulation and 

cross-talk of other Rho GTPases.  

Tissue expression and a role in embryogenesis 

RhoU is highly expressed in brain, skeletal muscles and placenta (130). It plays important 

role in embryogenesis of vertebrates and is spatially and temporally regulated during this process. 

In chicken embryogenesis it is detected by in situ hybridization in the primitive streak, the somites, 

the neural crest cells, and the gastrointestinal tract with distinct territories and/or temporal 

expression windows (151). RhoU is involved in cranial neural crest cells migration in vertebrates. 

Neural crest undergoes an epithelio-mesenchymal transition (EMT), i.e. loss of epithelial junctions 

and acquisition of pro-migratory properties, invades the entire embryo and differentiates into a wide 

diversity of terminal tissues. RhoU depletion impairs neural crest migration and the subsequent 

formation of craniofacial cartilages; whereas its moderate overexpression leads to the cell polarity 

loss thereby the migration is not directed (147). Moreover, RhoU can also rescue RhoV(Chp1) 

depletion in neural crest development but not vice versa (152). In mouse embryos RhoU is 

important for the development of the foregut endoderm, in particular for maintaining epithelial 

architecture and differentiation. RhoU knocked-down embryos have abnormally flattened foregut 

and impaired endoderm differentiation, which is accompanied by reduced expression of c-Jun/AP-1 

target genes, consistent with a role for RhoU in regulating JNK activity. The epithelial architecture 

of RhoU silenced embryos endoderm is disrupted, the cells are depleted of microvilli and the F-

actin content of their sub-apical cortical domain is reduced, however they are still capable to 
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maintain cell junctions. Downregulation of Rhou in individual endoderm cells results in a reduced 

ability of these cells to occupy the apical territory of the epithelium: they seem to be squeezed out 

from the monolayer (148). Together these data imply a crucial role of RhoU during embryogenesis, 

which may be associated with RhoU atypical properties, such as tight transcriptional regulation. 

The summary of RhoU structure, interactions and functions, regulation, and available 

mutants is presented at Fig. 12. 

 

Fig. 12. RhoU structure, interactome, functions, mutants and regulation. Additional information about mutants 

(Tao et al., 2001): RhoU Q107L mutant is constitutively active and corresponds to RasL61 mutant, thereby lacking 

GTPase activity. RhoU T63N mutant is dominant negative and is identical to RasN17 mutant, thereby incapable of 

nucleotide binding and depleted of GTP or GDP.  

One of RhoU atypical properties, namely proline-rich N-terminal extension, allows RhoU 

interaction with SH3-containing proteins, such as Nck  and Grb2. Moreover, together with Grb2 

RhoU is implicated in EGFR signaling, which is always accompanied by receptor internalization. It 
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was also shown that RhoU binds in vitro to other SH3-domain containing proteins, such as CRK-L, 

CRK-II, LCK, CIN85, p85 , Abi-1 and Abi-2, so RhoU might be recruited to many signal 

complexes (146). Together these findings support our presumption that RhoU may interact with 

ITSN1, which is also an SH3-scaffold implicated in receptor internalization, e.g. transferrin receptor 

and EGRF. 

2. RhoU and its functional mutants co-precipitate 

with ITSN1-S, ITSN1-L in 293T cells. 

In order to verify whether there is a potential interaction 

between RhoU and ITSN1 we performed a reciprocal co-

immunoprecipitation (IP) with endogenous ITSN1-S or overexpressed 

ITSN1-L fused to the Omni-tag. ITSN1-S is expressed at relatively 

high level in 293T cells whereas ITSN1-L is expressed at low level. 

Interestingly, ITSN1-L cannot not be detected at all in 293 cell line, 

which is highly related to 293T (Fig. 13). RhoU transcript is also 

present in 293T cells (Fig. 28B). For this reason, we decided to 

choose 293T cells and to overexpress Omni-tagged ITSN1-L to 

obtain sufficient protein quantity to immunoprecipitate (as the 

amount of endogenous ITSN1-L was not enough for the IP). 

Moreover, we tried some -RhoU antibodies but we could not make it work. Thus RhoU was also 

overexpressed as a Myc-tagged version. Anti-Omni or anti-Myc antibodies were used for IP and 

immunoblotting (IB) of the respective overexpressed proteins, polyclonal antibodies against the 

second EH domain (EH2) of ITSN1 were used for endogenous protein IP and IB.  

Fig 14 shows that both endogenous ITSN1-S and overexpressed Omni-ITSN1–L co-

precipitate with RhoU indicating a direct or indirect interaction between RhoU and both forms 

ofITSN1.  

Next, we investigated whether this interaction depends on nucleotide loading of RhoU. To 

do so, we performed similar immunoprecipitations in cells expressing constitutively active (CA; 

Q107L) and dominant negative (DN; T63N) mutants of RhoU. As shown in Figure 14, both 

mutants co-precipitate with endogenous ITSN1-S and overexpressed ITSN1-L. Accordingly, both 

ITSN isoforms co-precipitate with the same efficiency with either RhoU CA or RhoU DN. These 

results suggest that RhoU-ITSN1 interaction occurs independently of the nucleotide-bound state of 

RhoU. However, it is interesting to note that upon the immunoprecipitation of ITSN1-S and -L the 

Fig. 13. Endogenous ITSN1 

expression in model cell lines. 

Western blot of ITSN1-S and 

ITSN1-L levels in 293T, 293 

and PC12 cell lines. Blots were 

probed with antibodies raised 

against the EH2 domain of 

ITSN1 ( -EH2 ( -ITSN1)).  
M
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level of co-precipitated RhoU DN mutant is higher than the level of co-precipitated RhoU CA or 

RhoU WT.  We have no current explanation for that observation but one possibility might be that 

the dominant negative mutant of RhoU is folded in a way that enhances ITSN binding. This 

supposition can be proved only by a tertiary structure resolution.  

 

Fig. 14. ITSN1-S and Omni-ITSN1-L co-immunoprecipitate with RhoU WT as well as with its CA and DN 

mutants in 293T cells. A) Endogenous ITSN1 was immunoprecipitated with -EH2 antibodies (upper panel) from 293T 

cells transfected with RhoU-Myc WT or its functional mutants: constitutively active (CA) and dominant negative (DN). 

Immunoprecipitated proteins were detected with -ITSN1 and -Myc antibodies. Endogenous ITSN1-S was 

reciprocally immunoprecipitated together with RhoU-Myc with -Myc antibodies (lower panel). B) Omni-ITSN1-L 

was immunoprecipitated with -Omni antibodies (upper panel) from 293T cells overexpressing Omni-ITSN1-L and 

RhoU-Myc WT, or CA, or DN. Immunoprecipitated proteins were detected with -Omni and -Myc antibodies. Omni-

ITSN1-L was reciprocally immunoprecipitated together with RhoU-Myc with -Myc antibodies (lower panel). IgG was 

used as a control for non-specific binding.  
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3. SH3 A, C and E domains of ITSN1 bind to the second proline-rich motif of 

RhoU. 

Next, to define the motifs involved in ITSN1-RhoU interaction, we performed GST pull 

down experiments.  

First, we determined which SH3 domains of ITSN1 could bind RhoU, as they are not 

identical and show different specificity for the ligands (alignment of ITSN1 SH3 domains at Fig. 

15A). Thus we incubated GST-bound SH3 domains of ITSN1 (A, B, C, D or E) with the lysate of 

293T cells, overexpressing RhoU-Myc WT (Fig. 15B). We used two alternatively spliced variants 

of the SH3A domain of ITSN1 (ubiquitously expressed and neuron-specific which has an additional 

exon 20 encoding 5 amino-acid insert) as it has been shown that these two isoforms have different 

specificity for proline-rich motifs of partner proteins (46). Only the SH3A (both variants), C and E 

domains were capable to bind to RhoU.  

Secondly, to determine which proline-rich motif of RhoU is responsible for binding, we 

used 3 different forms of mouse RhoU containing point mutations in the proline-rich domain (146) 

(Fig. 15C). The mouse RhoU has only two proline-rich motifs (the human protein has three). In M1 

mutant prolines 8 and 11 of the first proline-rich motif are substituted for alanines. In M2 mutant all 

four prolines (number 20, 21, 23 and 24) of the second proline-rich motif are substituted for 

alanines. Consequently, in double mutant (DM) all the six prolines are replaced. These substitutions 

lead to the loss of RhoU binding to its SH3 domain-containing partners (e.g. Grb2). We performed 

pull down assays with the GST-coupled tandem of the SH3(A-E) domains, incubated with the 

lysate of 293T cells overexpressing RhoU-Myc WT, M1, M2 or DM (Fig. 15D). Wild type RhoU 

and M1 mutant bound to GST-SH3(A-E) domains of ITSN1, whereas no interaction could be 

detected for M2 and the DM indicating that the second proline-rich motif of RhoU is responsible 

for the interaction with ITSN1 SH3A, C and E domains. 

To verify if this specificity of interaction is maintained in the cell, we performed a reciprocal 

immunoprecipitation experiment in 293T cells expressing Omni-ITSN1-L along with the different 

RhoU proline-rich mutants. As shown in Fig. 16A and in agreement with pull down experiments, 

amount of ITSN1 precipitated with RhoU was dramatically reduced with M2 and DM mutants. 

Again, M1 mutations had a more modest effect. It was confirmed by a densitometric calculation of 

the amount of the precipitated protein with ImageJ software, based on three independent 

experiments (Fig. 16B). The results show fivefold decrease in interaction intensity with RhoU M2 

and DM.  
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Even if we obtained such a drastic decrease in ITSN1 binding with RhoU DM mutant, we 

wanted to check whether this residual binding is mediated by the N-terminal extension. So we 

performed the reciprocal co-IP with RhoU N, which lacks all 46 acids of N-terminal extension. 

The obtained results were in agreement with the previous: there was no binding at all in IP -Omni 

and slightly detected bands in IP -Myc (Fig. 16C). Thus I assumed that there is probably some 

additional indirect interaction between RhoU and ITSN1, which is mediated by a common partner 

(probably not yet identified). Another possibility is that the DH-PH domains of ITSN1-L are 

capable to bind RhoU. But this seems less likely for me, as the interaction of a GEF with a WT 

GTPase normally cannot be detected by IP. 

Altogether these data indicate that proline-rich motifs of RhoU mediate the interaction with 

SH3 domains of ITSN1. 

 Fig. 15. SH3A, C and E domains of ITSN1 bind to the second proline-rich motif of RhoU. A) Alignment of 

SH3 domains of human ITSN1. The brain-specific SH3A isoform was used for the alignment. Yellow boxes denote 

identical amino acids (aa), blue boxes – conservative aa, green boxes – blocks of similar aa, green letters  - weakly 

similar aa. B) Mapping of the region in the SH3 domains of ITSN1 required for binding to RhoU. Individual GST-SH3 

domains (A, B, C, D and E) or all the five GST-fused SH3 domains (SH3(A-E)) were immobilized on the beads and 

incubated with the lysate of 293T cells, overexpressing RhoU-Myc. Empty GST was used as a control for non-specific 

binding. Precipitated proteins (upper panel) were detected with -Myc antibody. GST-fusion proteins (lower panel) 

were visualized with -GST antibodies. SH3A brain – neuron-specific isoform of SH3A domain of ITSN1. C) The 

scheme of mouse RhoU mutants for proline-rich motifs. The mutant constructions are a kind gift of Dr. Billadeau 

(Mayo Clinic, Rochester, MN, USA) (Zhang et al., 2011). D) Mapping of the motifs in the proline-rich N-terminal 

region of RhoU required for binding to ITSN1. The five GST-fused SH3 domains (SH3(A-E)) were immobilized on the 

beads and incubated with the lysate of 293T cells, overexpressing RhoU-Myc WT or different proline-rich mutants of 

RhoU-Myc (M1, M2 or DM). As in previous case, empty GST was used as a control for non-specific binding. 

Precipitated proteins (upper panel) were detected with -Myc antibodies. GST-fusion proteins (lower panel) were 

visualized with Ponceau S staining.  
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Fig. 16. ITSN1-L binds to RhoU in co-IP even in the absence of the N-terminal PxxP motifs. A) RhoU-Myc was 

immunoprecipitated with -Myc antibody from 293T cells overexpressing RhoU-Myc WT or different proline-rich 

mutants of RhoU-Myc (M1, M2 or DM) together with Omni-ITSN1-L. IgG was used as a control for non-specific 

binding. Immunoprecipitated proteins were detected with -Omni and -Myc antibodies. B) Densitometric calculation 

of Omni-ITSN1-L co-immunoprecipitated with proline-rich mutants of RhoU. The results represent the average of three 

independent co-IPs. C) Omni-ITSN1-L was immunoprecipitated with -Omni antibodies (upper panel) from 293T cells 

overexpressing Omni-ITSN1-L and N (N-terminal truncated) RhoU-Myc. Immunoprecipitated proteins were detected 

with -Omni and -Myc antibodies. Omni-ITSN1-L was reciprocally immunoprecipitated together with N RhoU-Myc 

with -Myc antibodies (lower panel). IgG was used as a control for non-specific binding. The asterisk denotes the light 

chain of mouse IgG. 
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4. RhoU and ITSN1 colocalize in 293T cells. 

To further investigate the functional relationship between RhoU and ITSN1, we analyzed 

the localization of RhoU-Myc and Omni-ITSN1-S or -L constructs into 293T cells (Fig. 17). It was 

previously described, that both isoforms of ITSN1 share similar localization at the plasma 

membrane, in the cytoplasm and in CCP (38; 62; 122 and 153). It was also shown that RhoU is 

localized at the plasma membrane, endomembranes (partially at endosomes) and in focal adhesions 

(131; 141 and 146).  Our observations confirm previously reported subcellular distribution of both 

proteins (Fig. 17A-C). When coexpressed, both Omni-ITSN1-S and –L were nicely colocalized 

with RhoU at the plasma membrane and cytoplasmic vesicular structures (Fig. 17D, E). This 

observation is in agreement with our previous results, which demonstrated the interaction of two 

proteins. 

Fig. 17. RhoU-Myc and ITSN1 colocalize in 293T cells. The cells were transfected with constructions 

encoding Omni-ITSN1-S or Omni-ITSN1-L and/or RhoU-Myc. Omni-ITSN1-S or L were detected with rabbit -Omni 

antibodies with subsequent visualization with Alexa 488-conjugated -rabbit antibodies. RhoU-Myc was detected with 

mouse -Myc antibody with subsequent visualization with Alexa 555-conjugated -mouse antibodies. A) Subcellular 

distribution of Omni-ITSN1-S, B) Omni-ITSN1-L, C) RhoU-Myc expressed alone, D) Omni-ITSN1-S or E) Omni-

ITSN1-L coexpressed with RhoU-Myc. Bars = 5µm. Images were taken by Leica SP5 confocal microscope. 
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5. Overexpression of RhoU rescues ITSN1-L induced inhibition of 

transferrin uptake. 

What is the functional relevance of ITSN-RhoU interaction? ITSN1 has a modular structure 

composed of the EH and SH3 domains that are typical for scaffold endocytic proteins. Moreover, 

ITSN1 is known to be involved in endocytic processes as a scaffold (1; 19 and 41) and to interact 

with a plethora of endocytic proteins (reviewed in (48 and 154)). 

Previous reports showed that ITSN1 overexpression inhibits clathrin-mediated endocytosis, 

presumably by sequestering different endocytic components (19 and 41). Thus I have decided to 

verify if the interaction with RhoU is able to compete with this process and to “rescue” this 

inhibitory effect on endocytosis. To do so, we assessed transferrin uptake in 293T cells expressing 

Omni-ITSN1-L and/or RhoU-Myc. After 30 min of internalization, we could easily detect 

transferrin concentrated in perinuclear vesicles known as recycling endosomes (155 and 156). We 

first controlled that ITSN1 overexpression was indeed inhibiting endocytosis. Unlike previous 

reports (19 and 41), we could not completely inhibit transferrin endocytosis. However, comparing 

to non-transfected cells, we observed that in 293T cells overexpressing ITSN1 (both S and L) 

transferrin did not accumulate efficiently in characteristic perinuclear recycling endosomes, but 

rather into dispersed endosomes (Fig. 18, data not shown for ITSN1-S). Possible explanations could 

be that ITSN1 overexpression impairs correct transferrin trafficking – or that it affects recycling 

endosome compartment, which should be further investigated. 

Fig. 18. ITSN1-L does not completely block transferrin uptake in 293T cells. The cells overexpressing Omni-

ITSN1-L were serum starved 2h and incubated for 30 minutes in medium containing 50 mg/ml transferrin coupled to 

fluorescent Alexa-647. ITSN1-L was detected with rabbit -Omni antibodies with subsequent visualization with Alexa 

488 conjugated -rabbit antibodies. Nuclei were probed with Hoechst 33258 stain. Bar = 5 µm. Images were taken by 

Leica SP5 confocal microscope. 

Omni-ITSN1-L Transferrin Hoechst Merge
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In contrast, expression of RhoU together with ITSN1-L restored normal distribution of 

transferrin into perinuclear endosomes (Fig.19A). But, when DM mutant was expressed with 

ITSN1-L, transferrin kept a dispersed distribution suggesting that RhoU binding to ITSN1 was 

necessary to rescue transferrin uptake (Fig.19B). RhoU WT or DM expressed alone did not 

influence transferrin internalization (Fig. 19C, D).  

 

Fig. 19. RhoU WT, but not RhoU DM co-expression together with ITSN1-L rescues the inhibition of 

transferrin uptake. 293T overexpressing Omni-ITSN1-L and/or RhoU-Myc or RhoU-Myc DM were treated as at Fig. 

17. ITSN1-L was detected with rabbit -Omni antibodies with subsequent visualization with Alexa 488 conjugated -

rabbit antibodies. RhoU-Myc constructions were detected with mouse -Myc antibodies with subsequent visualization 

with Alexa 555 conjugated -mouse antibodies. Nuclei were probed with Hoechst 33258 stain. Bars = 5 µm. Images 

were taken by Leica SP5 confocal microscope. 

Based on the subcellular distribution of transferrin-positive vesicles, we numbered cells with 

perinuclear versus dispersed transferrin (Fig. 20). Mock transfected cells showed around 60% of 

perinuclear transferrin positive vesicles whereas ITSN1-L reduced it to 20%. RhoU WT but not DM 
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RhoU restored normal distribution of transferrin. To determine whether binding to SH3 domains 

was sufficient to rescue transferrin uptake, we co-transfected 293T cells with ITSN1-L and CdGAP, 

the partner of the SH3D domain of ITSN1, and numbered cells with normal transferrin distribution. 

As shown in Fig. 20, CdGAP was not able to rescue transferrin accumulation in perinuclear 

endosomes suggesting that RhoU binding to ITSN1 SH3A, C and E domains has a specific 

function.  

 

Fig. 20. Percentage of the perinuclear transferrin in 293T cells transfected with Omni-ITSN1-L and/or RhoU-

Myc or RhoU-Myc DM or CdGAP. Mock-transfected cells were used as a control. At least 25 cells were probed for 

each condition.  

In previous reports ITSN1 was shown to be localized in perinuclear Golgi-like structures but 

at the same time it did not colocalize with transferrin in the recycling endosomes (38 and 80), which 

is consistent with our observations. Interestingly, when ITSN1-L was coexpressed with RhoU WT, 

RhoU and ITSN1-L were found colocalized in perinuclear compartments positive for transferrin. 

These experiments support a model in which RhoU binds to ITSN1-L and interfere with its 

endocytic function; moreover, RhoU is also able to recruit ITSN1-L to the recycling endosomes. 
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IV. Part II: Characterization of alternatively spliced ITSN1 isoform 

ITSN1-L 35 

 

ITSN1-L 35 is a minor isoform of ITSN1-L, which lacks exon 35 that encodes a part of DH 

domain and a part of the linker between DH and PH domains. This deletion leaves the core of the 

DH domain unaffected but its surrounding changes which can provoke the change in function. Thus 

it seemed interesting to characterize structure and biochemical properties of ITSN1-L 35 DH-PH 

domains (further called DH-PH 35). 

1. Properties of ITSN1-L 35 DH-PH domains:  

1.1. 3D-model of DH-PH 35 domains. 

We have used bioinformatics to predict the most probable tertiary structure of the DH-PH 

domains of 35 isoform. This could provide us important information regarding its properties. 

Luckily, the group of Sondek has resolved X-ray crystal structure of the ITSN DH-PH domains (32) 

(Protein Data Bank (PDB) code 1ki1) (Fig. 22A, D). So we had a good and reliable structure of a 

very close protein to base our model on. The first step was to perform a classic ClustalW2 

alignment of two sequences (Fig. 21). As templates we have used 1242 aa – 1573 aa from Snyder et 

al. model (GenBank Accession Number: NP 003015.2) and accordingly 1242 aa – 1405 aa of the 

putative ITSN1-L 35 protein (GenBank Accession Number: ABV24867). The gaps in the 

alignment correspond to the missing part encoded by exon 35 (in DH-PH 35 sequence) and to the 

unresolved residues in the DH-PH sequence. Second, we used this alignment in Modeller 9.8 

program (salilab.org) (157), which is used for homology or comparative modeling of protein 3-D 

structures. In the resulting optimized 3D model (Fig.  22B) the core of the DH domain is unaffected 

(e.g. GTPase binding pocket). However, intriguingly 6 helix, which links DH and PH domain, 

completely disappears. In theory, since 6 helix of the full size ITSN does not interact with the 

GTPase (32), its deletion should not modify the nucleotide exchange activity properties of DH-

PH 35. 
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Fig. 21. ClustalW alignment of ITSN1 DH-PH 35 domains versus full-size DH-PH domains from X-ray 

crystal model (PDB entry 1ki1, chain B) from Snyder et al., 2002. The results of this alignment were used for building 

DH-PH 35 3D-model.  
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the contact of the PH domain of 35 with the GTPase which does not happen in full size DH-PH 

domains because of the long rigid 6 helix. We performed a 3D alignment in PyMol software to 

visualize the difference between the two structures (Fig. 22C). So we have noticed that the PH 

domain of 35 isoform could even approach to the GTPase binding pocket of the DH domain and 

hypothetically may even interact with DH domain. Consequently, this could interfere with the 

GTPase binding. But as was mentioned before, the linker between the DH and PH domains of 35 

is so long and flexible, that if there would be no strong binding of PH and DH domains, in the 

solution the pH domain of 35 could be easily removed from the GTPase binding pocket.   

Another possible consequence is that 6 helix deletion and the consequent approaching of 

the DH and PH domains will change the specificity of the ITSN1-L 35 as a GEF, as for many other 

GEFs PH domain play a key role in the recognition of the GTPase and its binding (32 and 158). 

Fig. 22. 3D modeling of DH-PH 35 domains. A) Template DH-PH domains of ITSN1 from Snyder et al., 

2002. PDB entry 1ki1. The part, encoded by exon 35, is marked blue. The linker between DH and PH domains is 

marked magenta. B) 3D model of DH-PH 35 domains. DH domain is light green, PH domain is green and the linker is 

blue. C) 3D alignment of DH-PH and DH-PH 35 domains. The colors are the same as in (A) and (B). D) DH-PH 

(yellow and blue) domains in association with Cdc42 (green, regions of switch 1 and 2 red) from the same article of 

Snyder et al., 2002. 
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1.2. DH-PH 35 domains still bind and activate Cdc42 

Whether DH-PH 35 was still capable to bind and activate Cdc42 was an open question. To 

address it, we have performed a series of pull downs with GST-DH-PH or GST-DH-PH 35 

domains and Omni-Cdc42 overexpressed in CHO cells (Fig. 23A). Both GST-coupled proteins 

were able to precipitate Cdc42. The Western blot densitometry calculation with ImageJ program 

showed that DH-PH 35 binds Cdc42 at a level comparable to those of DH-PH (Fig. 23B). 

We have next evaluated the ability of DH-PH 35 to stimulate the nucleotide exchange in 

Cdc42. To do so, we have purified both variants of His-tagged DH-PH domains and performed 

Cdc42 GEF activity assay by measuring Mant-GTP incorporation (Fig. 24). When protein-bound, 

Mant moiety is highly fluorescent and its fluorescence fades out when it is free in the solution. It is 

a common mean for all present GTPase studies and it is used instead of hazardous radioactive 

labels. Figure 24A shows a time course of Cdc42 activation. A mix without GEF was considered as 

a background (a mix of buffer, Mant-GTP and 2 µM Cdc42), indicating intrinsic exchange of 

Cdc42. After 5 minutes of mix equilibration, appropriate GEF proteins were added (0.5 µM of Dbs 

DH-PH domains as a positive control; 0,62 µM of  ITSN1-L or ITSN1-L 35 DH-PH domains). 

Addition of the GEF provoked an increase of fluorescence indicating the nucleotide exchange. 

Negative values before the GEF addition mean that in this point the fluorescence of background 

wells was higher than in the wells where GEF was going to be added.   

 

Fig. 23. DH-PH 35 is capable to bind Cdc42. A) GST-fused DH-PH and DH-PH 35 domains of ITSN1 were 

immobilized on the beads and incubated with the lysate of 293T cells, overexpressing Omni-Cdc42. Empty GST was 

used as a control for non-specific binding. Precipitated proteins (upper panel) were detected with -Myc antibody. GST-

fusion proteins (lower panel) were visualized with Coomassie staining. B) The amount of the precipitated Cdc42 was 

evaluated by densitometric analysis in ImageJ software and normalized to the relative quantity of GST-DH-PH 

domains. The graphic represents the data of three independent experiments.  
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As illustrated in figure 24A, no obvious differences in Cdc42 activation time course have 

been detected between the ITSN1-L and ITSN1-L∆35. Moreover, by the mean fluorescence after 30 

min of GEF incubation is similar for ITSN1-L and ITSN1-L∆35 (Fig. 24B). Together our results 

clearly indicate that DH-PH 35 triggers Cdc42 activation as efficiently as the DH-PH domains of 

ITSN1-L, demonstrating that the deletion of 6 helix does not perturb the ITSN1-L∆35 GEF 

activity towards Cdc42. 

Fig. 24. DH-PH 35 is a GEF for Cdc42. A) Time course of Cdc42 activation by DH-PH domains of ITSN1-L 

(red squares) or ITSN1-L 35 (green triangles). As a positive control DH-PH domains of Dbs were used (blue 

diamonds). Intrinsic nucleotide exchange of Cdc42 was measured without addition of GEF proteins. The net 

contribution of GEF-stimulated nucleotidic exchange is then calculated by subtracting intrinsic nucleotide exchange 

values. Measurements were performed every 30 seconds during 30 minutes. Data are from four independent 

experiments each with three technical repeats for every condition. B) The mean fluorescence before (-) and after (+) the 

addition of the indicated GEF. The background without GEF is subtracted.  
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2. Small GTPase RhoU is a new partner of the alternatively spliced ITSN1 

isoform ITSN1-L 35. 

Next we verified our hypothesis about the change of the specificity of the DH-PH 35. As 

the core of the DH domain remained unaffected, we assumed that no drastic change in the GTPase 

preference should be expected (such as a preference for other Rho GTPases subfamily). Thus we 

decided to try Rho GTPases which are homologous to Cdc42 and not to RhoA or Rac1.  

 

2.1. RhoU and DH-PH domains of ITSN1-L 35 co-precipitate in GST 

pull down experiments. 

To check for differences in DH-PH 35 specificity, we have performed a reciprocal GST-

pull-down assay in which purified GST-RhoU was incubated with the lysate of 293T cells 

expressing DH-PH or DH-PH 35 fused to Omni.  

Interestingly, our results show that Omni-DH-PH 35 but not Omni-DH-PH is precipitated 

together with GST-RhoU (Fig. 25A). Similarly, only GST-DH-PH 35 and not GST-DH-PH 

precipitated RhoU from 293T cell lysate (Fig. 25B), confirming that DH-PH domains of ITSN1-

L 35 specifically interact with RhoU. Further experiments are necessary to attest the GEF activity 

of DH-PH 35 towards RhoU, but the fact of interaction is however very encouraging.  

To date, neither GEF nor GAP for RhoU has been identified. Because RhoU displays a high 

intrinsic nucleotide exchange rate, the involvement of a GEF in the activation/inactivation cycle of 

this GTPase has been questioned (129). However, it has been demonstrated that RhoU can be kept 

inactive after the translocation from the plasma membrane to the endosomal compartments (138). 

Moreover, expression of the constitutively active mutant RhoU Q107L clearly triggered 

distinguishable cellular effect from the wild type GTPase expression (142 and 143). Altogether, 

these observations suggest that pathways regulating RhoU activity should exist, although the 

cellular effect of RhoU Q107L could be also explained by probable difference in protein stability. 
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Fig. 25. RhoU specifically interacts with the DH-PH domains of the isoform ITSN1-L 35 (DH-PH 35) but 

not with the DH-PH domains of ITSN1-L. A) GST-fused RhoU was immobilized on the beads and incubated with the 

lysate of 293T cells, overexpressing Omni-DH-PH or DH-PH 35 domains of ITSN1. Empty GST was used as a control 

for non-specific binding. Precipitated proteins (upper panel) were detected with -Omni antibody. GST-fusion proteins 

(lower panel) were visualized with Coomassie staining. B) GST-fused DH-PH and DH-PH 35 domains of ITSN1 were 

immobilized on the beads and incubated with the lysate of 293T cells, overexpressing RhoU-Myc. Empty GST was 

used as a control for non-specific binding. Precipitated proteins (upper panel) were detected with -Myc antibody. GST-

fusion proteins (lower panel) were visualized with -GST antibodies.  

 

2.2. RhoU co-immunoprecipitates with ITSN1-L 35 mostly via SH3-

proline interaction 

Next we wanted to verify if this interaction is strong enough to persist in the cell. So we 

performed an -Myc co-IP in 293T cells overexpressing Omni-ITSN1-L 35 and RhoU-Myc WT or 

one of its proline-rich mutants (Fig. 26A) (the same as was described in section III chapter 3 for 

ITSN1-L). The results were exactly the same as with the main isoform ITSN1-L (Fig. 16A): Omni-

ITSN1-L 35 readily co-precipitated with RhoU-Myc WT and even M1, but the quantity of co-

precipitated protein drastically decreased in case of RhoU M2 and DM. Thus we have shown that in 

the cell the interaction of RhoU with ITSN1-L 35 is mediated by the RhoU binding to the SH3 

domains of the isoform. As no significant difference of co-precipitated ITSN1-L 35 comparing to 

ITSN1-L was detected (data not shown), we supposed that these are not proper conditions to detect 

the DH-PH 35-RhoU interaction in the cell.  

Though we have shown that SH3-proline interaction is dominant in RhoU-ITSN1-L 35 
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relevance in the cell. It is known that the GEFs have higher affinity to the depleted of nucleotide 

GTPase (159). Thus we performed another co-IP in 293T cells overexpressing Omni-ITSN1-L 35 

or Omni-ITSN1-L with N-terminal-truncated ( N) (to exclude the binding to the SH3 domains) 

RhoU WT or its CA or DN functional mutants (Fig. 26B, C). The IP -Myc results were consistent 

with previously obtained for ITSN1-L (Fig. 16C): in all cases a slight quantity of ITSN1 was co-

precipitated probably due to some indirect interaction. Intriguingly, in -Omni IP the N RhoU DN 

is co-precipitated with ITSN1-L 35 (Fig. 26B), whereas no N mutants co-precipitated with 

ITSN1-L (Fig. 26C). Thereby the fact that N RhoU DN is precipitated with ITSN1-L 35 could be 

another evidence supporting our presumption that ITSN1-L 35 may appear a GEF for RhoU.  

 

Fig. 26. ITSN1-L 35 binds to proline mutants of RhoU in the same way as ITSN1-L – except N RhoU DN. 

A) RhoU-Myc was immunoprecipitated with -Myc antibody from 293T cells overexpressing RhoU-Myc WT or 

different proline-rich mutants of RhoU-Myc (M1, M2 or DM) together with Omni-ITSN1-L 35. B) Omni-ITSN1-

L 35 was immunoprecipitated with -Omni antibodies (upper panel) from 293T cells overexpressing Omni-ITSN1-

L 35 and N (N-terminal truncated) RhoU-Myc WT or its functional mutants (CA and DN). Immunoprecipitated 

proteins were detected with -Omni and -Myc antibodies. Omni-ITSN1-L 35 was reciprocally non-specifically 

immunoprecipitated together with RhoU-Myc with -Myc antibodies (lower panel). C) Omni-ITSN1-L was 

immunoprecipitated with -Omni antibodies (upper panel) from 293T cells overexpressing Omni-ITSN1-L and N 

RhoU-Myc WT, or CA, or DN. Immunoprecipitated proteins were detected with -Omni and -Myc antibodies. Omni-

ITSN1-L was reciprocally non-specifically immunoprecipitated together with RhoU-Myc with -Myc antibodies (lower 

panel). In all cases IgG was used as a control for non-specific binding. The asterisk denotes the light chain of mouse 

IgG.  
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2.3. RhoU and ITSN1-L 35 colocalize in 293T cells 

Finally, we would like to verify if ITSN1-L 35 and RhoU display similar subcellular 

localization and whether it is different from previously observed colocalization of RhoU with 

ITSN1-L. To this end, we first expressed together RhoU-Myc and Omni-ITSN1-L 35 or Omni-

ITSN1-L in 293T cells (Fig. 27 A, B). In both cases RhoU and ITSN1 colocalized near the plasma 

membrane and the cytoplasmic vesicular structures and we did not observe any significant 

difference in subcellular distribution of the proteins. Thereby the most probable is that the 

colocalization of all the ITSN1 isoforms (S, L and L 35) with RhoU is mediated by SH3 domains-

proline-rich region interaction. 

However we would like to determine whether the DH-PH 35-RhoU interaction makes any 

contribution to the localization of both proteins. So we performed the second colocalization assay 

with overexpressed GFP-RhoU and Omni-DH-PH or Omni-DH-PH 35 in the same cell line (Fig. 

27 C, D). There was no striking difference in colocalization: in both cases we observed partial 

colocalization of DH-PH domains and RhoU near the membrane. There could be two possible 

explanations: whether in vivo DH-PH domain is capable to interact with RhoU or this partial 

colocalization is only due to a coincidence and general mistargeting of DH-PH 35 domains (in 

absence of EH domains and CCR present in full-size protein) (36) prevents DH-PH 35-RhoU 

interaction. A correctly performed GEF activity assay could answer this question. 
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Fig. 27. The colocalization of ITSN1-L 35 and RhoU in 293T cells is mediated by SH3 domains-proline-rich 

motifs interaction. The cells were transfected with constructions encoding A) Omni-ITSN1-L or B) Omni-ITSN1-L 35 

and RhoU-Myc. Omni-ITSN1-L and L 35 were detected with rabbit -Omni antibodies with subsequent visualization 

with Alexa 488-conjugated rabbit antibodies. RhoU-Myc was detected with mouse -Myc antibody with subsequent 

visualization with Alexa 555-conjugated -mouse antibodies. 293T cells transfected with constructions encoding C) 

Omni-DH-PH or D) Omni-DH-PH 35 and GFP-RhoU. Omni-DH-PH and Omni-DH-PH 35 were detected with mouse 

-Omni antibodies with subsequent visualization with Alexa 555 conjugated -mouse antibodies. Bars = 5 µm. Images 

were taken by Leica SP5 or Zeiss LSM510 confocal microscope. 

Omni-ITSN1-L

Omni-ITSN1-L 35

RhoU-Myc

RhoU-Myc

Merge

Merge

A

B

C

D

Omni-DH-PH

Omni-DH-PH 35 GFP-RhoU

GFP-RhoU Merge

Merge



57 

 

3. ITSN1-L, ITSN1-L 35 and RhoU mRNA expression in cell lines and 

oncogenic tumors. 

Both RhoU and ITSN have been implicated in cancer-related processes. In particular, it has 

been shown that ITSN1 and RhoU are able to transform the cells (81; 131 and 160). Moreover, 

ITSN1 is implicated in maintaining glioma and neuroblastoma cells survival and migration (125; 

126 and 127), whereas RhoU is involved in leukaemia cells migration (134). Therefore, we have 

decided to verify whether differential expression of ITSN1-L, ITSN1-L 35 and RhoU messengers 

occurs in tumor cell lines and human tumor samples.  

First we have investigated the expression of RhoU and ITSN1 (both L and L 35) in 

different cell lines by reverse transcription PCR (RT-PCR). Because of low expression of ITSN1-

L 35 we had mostly to use two additional rounds of nested PCR (three PCR rounds in total - Fig. 

28A). The nested PCR allows amplifying and visualizing the target even if there are only a few 

copies of the transcript in the reaction mix. The inconvenience of this method is that after the third 

round of PCR the ratio between ITSN1-L and ITSN1-L 35 does not correspond to the initial ratio 

in the cell. All PCR products were sequenced to confirm their identity.  

We have detected ITSN1-L transcripts in all tested cell lines, whereas ITSN1-L 35 has been 

found only in BON (human pancreatic cancer cell line), 293T (human embryonic kidney origin), 

MDA MB-231 (breast cancer) and HeLa (cervical cancer) (Fig. 28B), but not in PC12 (rat 

pheochromocytoma) or primary bovine chromaffin cells (BCC). Interestingly, in HeLa cells ITSN1-

L 35 was detectable from the first round of PCR. RhoU transcript was also found in all tested cell 

lines: HEK293T, MDA MB-231 and HeLa. 

Second, using the same RT-PCR approach, we have tested ITSN1-L and ITSN1-L 35 

transcripts in breast, prostate or adrenal medulla (pheochromocytoma) tumor samples and RhoU 

transcripts in pheochromocytoma only. (Fig. 28C-E). The transcripts were present in all tested 

samples with no significant difference between tumor and healthy tissues. Interestingly, in most 

tumor samples ITSN1-L 35 was often detected in the first round of PCR.  

However, it seems that ITSN1-L and ITSN1-L 35 expression levels as well as the ratio 

between these two transcripts (calculated when detected in the first round of PCR) could vary in cell 

lines and even in the same type of cancer samples. Usually, the ratio between these two isoforms of 

ITSN1-L in adult brain is about 10% of ITSN1-L 35 and 90% of ITSN1-L and seems decreasing in 

other tissues (42). According to our results the ratio between ITSN1-L 35 and ITSN1-L varies in 

tested samples (in tumor samples as well as in healthy tissue). However the quota of ITSN1-L 35 

from total ITSN1-L transcripts is rarely below 10% and may reach up to 50% in certain cases (Fig. 
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28 C, D, E right graphics). This may indicate that ITSN1-L 35 transcript is more stable and 

resistant to nuclease degradation. Regarding RhoU transcript, its expression level in 

pheochromocytoma seems to be also variable (Fig. 28E). However RT-PCR is rather a qualitative 

method and a quantitative PCR should be performed to investigate if ITSN1 isoforms and RhoU are 

among genes whose expression varies in cancers. 
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Fig. 28. ITSN1-L, ITSN1-L 35 and RhoU transcripts are detected in different cell lines and types of cancer 

tumors. A) The scheme of nested PCR for ITSN1-L 35 detection. Color boxes with numbers denote exons, an asterisk 

denotes the stop codon. Red arrows indicate forward (Fw) and reverse (Rv) primers positions for the three rounds of 

nested PCR (I-III). B)-E) RT-PCR (I round) and the last round of nested PCR (III round) in different cell lines (BCC – 

primary culture of bovine chromaffin cells) (B), breast cancer (C), prostate cancer (D) and pheochromocytoma (E). For 

the control of the initial material quality and reverse transcription efficiency we have used the reference mRNA of 

GADPH or actin. N – normal tissue, T – tumor. Controls correspond to the PCR-reaction without template added. The 

relative density of the bands of the I round of RT-PCR was calculated in ImageLab program. The graphics (left panels) 

represent relative levels of ITSN1-L, ITSN1-L 35 and RhoU transcripts in respective tumors normalized to the 

appropriate reference gene transcripts. Right panels represent a calculated portion of ITSN1-L 35 in total ITSN1-L 

transcripts.  
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V. Part III: GTPase activating protein oligophrenin1 (OPHN1) is a new 

partner of ITSN1. 

This part of my work was published as a short communication in Ukrainian in the 

Biopolymers and Cell (See Annex-1).  

1. Introduction: OPHN1 - a GTPase activating protein implicated in 

endocytosis and associated with X-linked mental retardation. 

Oligophrenin1 (OPHN1) is a Rho GTPase Activating Protein (GAP) which was discovered 

as a gene associated with X-linked mental retardation (161). It consists of N-terminal BAR (Bin-

Amphiphysin-Rvs) domain, PH domain, GAP domain and three C-terminal Pro-rich regions (Fig. 

29A). 

OPHN1 is expressed in developing spinal cord and in brain, particularly in neurons and glia 

cells (162). In neurons it is expressed both in pre- and postsynaptic sites (163). 

As a GAP, OPHN1 effectively promotes GTP hydrolysis from RhoA, Rac1 and Cdc42 in 

vitro and in vivo (161 and 162). But in vivo its activity is regulated by the N-terminal part. OPHN1 

has been largely involved in neuronal processes. For example, through its Rho-GAP activity, 

OPHN1 regulates dendritic spine morphogenesis (163). Besides, OPHN1 plays a critical role in the 

activity-dependent maturation and plasticity of excitatory synapses. It controls synapse structural 

and functional stability by forming a complex with postsynaptic AMPA receptors and stabilizing 

them. OPHN1 also selectively enhances AMPA-receptor-mediated synaptic transmission and spine 

size (164). 

Interestingly, OPHN1 is also involved in compensatory endocytosis in neurosecretory cells. 

Indeed, OPHN1 regulates synaptic vesicle recycling at the presynaptic terminal by interacting with 

CIN85, amphiphysin II and endophilin. Endophilin targets OPHN1 to endocytic sites where the 

latter inactivates RhoA/ROCK pathway. Moreover, Ophn1 knockout mice displays reduced 

synaptic vesicle recycling and receptor endocytosis, a phenotype that can be rescued by 

pharmacological inhibitors of ROCK (165 and 166). Finally, recent work obtained in our laboratory 

indicated that OPHN1 is also implicated in exocytosis and in compensatory endocytosis of large 

dense core granule membrane in neuroendocrine cells (S. Houy, unpublished). 

According to the existence of possible interaction motifs in ITSN1 and OPHN1 (SH3 

domains of ITSN1 and Pro rich motifs of OPHN1) and regarding their common function in 

exocytosis and endocytosis, it is tempting to imagine that ITSN1 and OPHN1 could interact. The 
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first indication of such potential interaction was given by a Scansite analysis in which the SH3A 

domain of ITSN1 is predicted as a binding motif for the Pro-rich regions of OPHN1. For all these 

reasons, we have decided to further explore this possible interaction. 

2. C-terminal part of OPHN1 interacts with SH3A domain of ITSN1. 

In vitro interactions were assessed by GST pull down. GST-coupled isoforms of ITSN1 

SH3A domain were incubated with the lysate of PC12 cells overexpressing GFP-tagged full length 

or C-terminal part OPHN1 (Fig. 29A, B). We have taken two variants of the SH3A domain 

(ubiquitous and neuron-specific) because they are known to have different binding properties (46). 

Moreover, we have also used truncated mutant containing only the C-terminal region of OPHN1 

(including RhoGAP and proline-rich motifs). As N-terminal part of OPHN1 is a negative regulator 

of the GAP activity, we speculated the possibility that the N-terminal part may interact directly with 

the C-terminal proline-rich domains thereby competing with the SH3 containing molecules (162). 

C-terminal region of OPHN1 precipitated with both isoforms of the ITSN1 SH3A domain 

(Figure 29B) indicating a potential interaction between these two proteins. Full-size OPHN1 

precipitated with the same efficiency demonstrating that N-terminal region of OPHN1 does not 

perturb SH3 domains binding to its proline-rich motifs.  

Next we decided to check whether ITSN1-OPHN1 interaction is restricted only to SH3A 

domain of ITSN1. Thereby we repeated GST pull down with all five separate GST-coupled SH3 

domains of ITSN1 (A, B, C, D, E) (Fig. 29C). Interestingly, only the two splice variants of SH3A 

domain precipitated full-size OPHN1 without any significant difference in binding (based on 

densitometry calculation, normalized to the quantity of GST protein, data not shown). Thus the 

SH3A domain of ITSN1 mediates its interaction in vitro with the C-terminal part of OPHN1. 
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Fig. 29. ITSN1-L and OPHN1 interact in vitro and co-precipitate from cell lysates. A) Schematic structure of 

proteins used in the experiment. The constructions of OPHN1 were a kind gift of Dr. P. Billuart. B) GST-fused SH3A 

domains of ITSN1 were immobilized on the beads and incubated with the lysate of PC12 cells, overexpressing GFP-

OPHN1 or its C-terminal part (GFP-OPHN1 C-ter). Empty GST and the lysate of PC12 cells, overexpressing empty 

GFP were used as controls for non-specific binding. Precipitated proteins (upper panel) were detected with -GFP 

antibody. GST-fusion proteins (lower panel) were visualized with Ponceau S staining. SH3A brain – neuron-specific 

isoform of SH3A domain of ITSN1. C) . Individual GST-SH3 domains (A, B, C, D and E) were immobilized on the 

beads and incubated with the lysate of 293T cells, overexpressing OPHN1-HA. Empty GST was used as a control for 

non-specific binding. Precipitated proteins (upper panel) were detected with -OPHN1 antibodies. GST-fusion proteins 

(lower panel) were visualized with Coomassie staining. D) PC12 cells were co-transfected with the constructions 

encoding Omni-ITSN1-L and OPHN1-HA. 48h after transfection cells were stimulated for exocytosis by 300 µM ATP 

in LOCKE for 5 minutes (Stimulated), or just rinsed with LOCKE for the same time (Resting). Immediately afterwards 

the cells were lysed on ice and obtained lysate was used for the reciprocal co-IP with either -Omni or -OPHN1 

antibodies. Precipitated proteins were detected with appropriate antibodies. IgG was used as a control for non-specific 

binding.  
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3. ITSN1-L and OPHN1 co-precipitate and colocalize in PC12 cells 

independently of exocytosis stimulation. 

Our next objective was to verify whether ITSN1 and OPHN1 form complexes in the cell. As 

we hypothesized that ITSN1 and OPHN1 may function together to regulate exo- and/or endocytosis 

in neurosecretoty cells, we have chosen PC12 rat pheochromocytoma cell line as it is a classic 

model of neuronal development and neurosecretion (167 and 168). We have also chosen ITSN1-L 

in preference of the short isoform of ITSN1, as ITSN1-L is prevailing in neurons. However, in 

PC12 both ITSN1-L and OPHN1 are expressed at very low level (Fig. 13, data not shown for 

OPHN1), so we had to overexpress both proteins. 

Reciprocal co-immunoprecipitation of OPHN1 and ITSN1-L confirms that they form 

complexes in the cell (Fig. 29D). However there was no significant difference in quantity of 

precipitated protein in stimulated PC12 compared to resting condition. So it seems that ITSN1-L-

OPHN1 complex formation does not depend on exocytotic activity of the cells. 

A colocalization experiment performed in PC12 cells under the same conditions (resting or 

stimulated) was in agreement with previous results (Fig. 30). In both resting (Fig. 30A) and 

stimulated (Fig. 30B) cells only partial colocalization of ITSN1-L and OPHN1 was observed, 

mostly near the membrane or in the perinuclear region. We have also noticed that OPHN1 is 

relocalized to the membrane after the stimulation of the PC12, whereas ITSN1-L localization was 

not changed. Co-expression of the two proteins does not change their localization, as well as 

OPHN1 relocalization to the membrane upon exocytosis stimulation (Fig. 31).  

Thus we have shown that ITSN1-L and OPHN1 interact and colocalize in neuroendocrine 

cells, though their common role remains to be elucidated. However, regarding known functions and 

partners of both proteins it seems probable that they may act together in compensatory endocytosis. 
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Fig. 30. ITSN1-L and OPHN1 colocalize in PC12 independently of exocytosis stimulation. The cells were co-

transfected with Omni-ITSN1-L and OPHN1 and further stimulated to exocytosis (B, B’) or kept resting (A, A’) (as 

described at Fig. 28). The cells were fixed immediately after the stimulation. ITSN1-L was detected with mouse -

Omni antibody with subsequent visualization with Cy3 conjugated  donkey -mouse antibodies. OPHN1 was detected 

with goat -OPHN1 antibodies with subsequent visualization with Alexa 488 conjugated donkey -goat antibodies. 

Two confocal slices were taken for each cell: through the ground polar section (A, B) and through the equatorial section 

(A’, B’). Bars = 5 µm. Images were taken by Leica SP5 confocal microscope. 
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Fig. 31. Co-expression does not change the subcellular localization of Omni-ITSN1-L (A, A’, C, C’) or 

OPHN1-HA (B, B’, D, D’). The cells were transfected with Omni-ITSN1-L or OPHN1-HA and further stimulated to 

exocytosis as described previously (C, C’, D, D’) or kept resting (A, A’, B, B’). ITSN1-L was detected with mouse -

Omni antibody with subsequent visualization with Cy3 conjugated  donkey -mouse antibodies. OPHN1 was detected 

with goat -OPHN1 antibodies with subsequent visualization with Alexa 488 conjugated donkey -goat antibodies. 

Two confocal slices were taken for each cell: through the ground polar section (A, B, C, D) and through the equatorial 

section (A’, B’, C’, D’). Bars = 5 µm. Images were taken by Leica SP5 confocal microscope. 
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VI. Part IV: ITSN1-S and L form complexes in cells. 

This part was published in English as a short communication in Biopolymers and Cell (See 

Annex-2). 

 

ITSN1 domain composition implies that it is a scaffold protein. These proteins possess 

multiple modular interaction domains and play a crucial role in spatial and temporal organization of 

cellular processes. Scaffolds regulate selectivity in signaling pathways using tethering mechanism 

and physically assembling chosen components of signaling pathway or network (18).  It is known 

that some scaffold proteins dimerize or even oligomerize to perform their function (169 and 170). 

Our Ukrainian group has recently shown that ITSN1-S forms a heterodimer with its minor isoform 

22a (47 and 171), so we presumed that probably other isoforms of ITSN1 are also able to interact 

with each other thereby assembling protein supercomplexes. 

In order to prove the existence of ITSN1 macromolecular complexes in cells, we have 

performed a co-IP assay in different mammalian cell lines, transfected by Omni-ITSN1-L (Fig. 32). 

In all tested cell lines (PC12, 293 and 293T) endogenous ITSN1-S readily co-precipitated with 

recombinant Omni-ITSN1-L suggesting the existence of heterodimers. 293T cell line was of 

particular interest as it expressed endogenous ITSN1-L at relatively high level in contrast to 293 

cell line (Fig. 13). In addition to full-size ITSN1-L protein in 293T cells a minor band with slightly 

lower molecular weight is present, which is presumably one of the possible alternatively spliced 

isoforms of ITSN1-L. The bands below the ITSN1-S can also refer to one of its minor isoforms, e.g. 

ITSN1-22a (47 and 171). Note that these minor isoforms also co-precipitate with overexpressed 

ITSN1-L suggesting that ITSN1 can form heterodimers of different isoform composition (Fig. 

32B). However it requires direct evidence. Isoform-specific antibodies would be of use to prove this 

presumption.  

 

 

Fig. 32.  ITSN1-L and ITSN1-S co-

precipitate in mammalian cells. PC12 and 293 

cells (A) or 293T cells (B) were transfected with 

Omni-ITSN1-L and subjected to -Omni IP. Co-

precipitated endogenous ITSN1-S was detected 

with -EH2 ( -ITSN1) antibodies.  
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To explore whether ITSN1-S and ITSN1-L have similar subcellular localization, we 

overexpressed GFP-tagged ITSN1-L and mCherry-tagged ITSN1-S in 293T cells (Fig. 33A). Both 

ITSN1-S and ITSN1-L shared similar subcellular distribution and in agreement with previous 

observation were localized in cytoplasmic vesicular structures as well as in the cytoplasm. The 

distribution of the proteins was unchanged in the case of coexpression (Fig. 33B, C). Our data 

clearly indicate that both isoforms perfectly colocalize in 293T cells. 

So we have demonstrated that ITSN1 isoforms interact in mammalian cells, together with 

their partners forming huge complexes of varying protein composition. ITSN1 complexes can 

function as large platforms in membrane trafficking as well as in cell signaling.  

 

 

Fig. 33. Overexpressed GFP-ITSN1-L and mCherry-ITSN1-S colocalize in 293T cells. The cells were 

transfected with both GFP-ITSN1-L and mCherry-ITSN1-S (A) or with GFP-ITSN1-L alone and empty pmCherry 

vector (B) or with mCherry-ITSN1-S alone and empty pGFP-C1 vector (C). Bars = 5 µm. Images were taken by Leica 

SP5 confocal microscope. 
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VII. General discussion 

 

In spite of apparent disconnectedness of the results, I allowed myself to make one common 

discussion instead of dividing in small separate discussions for the each section. At the end of 

cuurrent chapter I will try to combine all our findings in several hypothetical models, which will 

elucidate some possible cellular functions of investigated proteins’ complexes. 

1. ITSN1-L 35 is a possible GEF for RhoU. 

In my opinion, one of our most intriguing discoveries is the binding of RhoU to the DH-PH 

domains of ITSN1-L 35 isoform. This presumes that ITSN1-L 35 might act as a GEF for RhoU. 

Notably, no GEF proteins for this GTPase have been reported so far. But this issue is quite 

controversial, and our data raised some questions and problems which I will try to discuss below.  

1.1. The significance of binding of a GTPase to a GEF in GST pull down 

experiment. 

I suppose the first question that would emerge from anyone who works with the GEFs and 

the GTPases is why we have performed a pull down assay to evaluate the specificity of a GEF to a 

GTPase? Indeed, an interaction between the GEF and the GTPase is commonly considered to be 

very transient, thereby it is difficult to detect by pull down or immunoprecipitation approaches. But 

in the case of RhoU we could not perform a classic in vitro GEF assay as RhoU has very high 

intrinsic exchange rate and under the standard conditions in vitro we will not see the difference 

upon the GEF addition. Thus we have used a GST pull down experiment to detect RhoU interaction 

with GEF domains. There is some evidence for detecting the interaction between the DH-PH 

domains of a GEF with a GTPase in the pull down experiment with dominant negative form of the 

GTPase (172 and 173) or bacterially expressed and non-loaded with nucleotide GTPase (174). The 

interaction was found to be specific and reflected the GEF activity in all described cases. This 

means that the binding in a pull down further was confirmed by a GEF activity in vitro. Even if it is 

known that the GEFs have the highest affinity to a nucleotide-depleted GTPase (159), this affinity 

remains specific to the type of GTPase, which that GEF activates. It was also confirmed by our 

results with Cdc42 binding and activation by the DH-PH domains of ITSN1-L or ITSN1-L 35 

(Fig.17-18).  
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Moreover, the interaction of the ∆N-truncated form of the same RhoU DN mutant with 

ITSN1-L 35 (Fig. 26B, upper panel) supports our assumption that the interaction of DH-PH 

domain of ITSN1-L 35 with RhoU is GEF-specific. 

Instead of dominant negative forms we have used the WT GTPases, overexpressed in 

mammalian cells, for the pull-down experiments of GST-coupled DH-PH or DH-PH 35 domains 

with Cdc42 or RhoU. But it is worth to mention  that no nucleotide or Mg
2+

 (as it decreases intrinsic 

nucleotide dissociation and inhibits GEF activity (175)) was added to the lysis buffer during the 

harvesting of cells. Therefore the protein lysate was practically depleted of nucleotides and free 

magnesium ions, a condition favoring nucleotide-free GTPase, the form bound and stabilized by the 

GEF. Of course, this method probably would not work for an endogenous GTPase, as its amount in 

the cell is quite limited, but it seems to work well under overexpression conditions. 

Thus we have shown the interaction of DH-PH 35 with RhoU, but the evidence of its GEF 

activity towards RhoU is still lacking, though the fact of interaction itself is very encouraging. The 

most convicting proof would be the classic in vitro nucleotide exchange assay with radioactive 

either fluorescent-labelled nucleotide (e.g. Mant-GTP in our case) (176). But, as it was mentioned 

above and would be detailed below, several obstacles had arisen in performing this test. 

1.2. RhoU is not so fast exchanging as considered – but does it really 

need a GEF? 

It has been stated by some authors, that a GEF for RhoU does not exist because of the high 

intrinsic nucleotide exchange rate of RhoU in vitro, as it exchanges 70% of nucleotide in 2 minutes 

(129) (Fig. 34). Therefore the implication of a GEF might not be required for promotion of the 

exchange in these conditions. But is the RhoU really so extremely fast exchanging? If looking more 

carefully at the graphic at Fig. 34, you can see, that above-stated 70% of exchange were obtained at 

30°C. Whereas already at 20°C the exchange rate is not so far from that of Cdc42, which is known 

as a classic small GTPase regulated by GEFs and GAPs.  Of course RhoU is exchanging faster than 

Cdc42 but not as instantly as it was claimed. As it will be discussed further, the in vitro GEF assay 

is extremely temperature sensitive, and the intrinsic exchange ability of a GTPase increases with the 

temperature.  

Moreover, we should keep in mind that in vitro experiments do not take into account the 

additional regulatory pathways occurring in vivo. For example, the N-terminal extension of RhoU 

does not influence its intrinsic nucleotide exchange in vitro, but regulates its activity in vivo: the 

association with SH3 domains containing proteins promotes RhoU activation (129 and 143).  
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So the existence of a GEF for the RhoU seems more than probable to me. Even if it is 

considered that the regulation of RhoU activity is realized mostly by transcription activation, we 

can imagine that this process is not so fast. Moreover, it has been shown that under certain 

conditions the pool of RhoU in the cell may be inactivated (138). Thus in the situation of an 

immediate need the existing small pool of the GTPase may be rapidly activated by some GEF, for 

example. In our case the interaction with the SH3 domains of ITSN1 may withdraw the N-terminal 

inhibition, which could be sufficient for RhoU activation (as in case of adaptor proteins Grb2 and 

Nck2). This gives rise to a question: then what is the role of the interaction of RhoU with DH-

PH 35? Presently we cannot answer this question. But as we do not know the exact mechanism of 

RhoU inactivation we can hypothesize that it may prevent the spontaneous nucleotide exchange. 

Thus following the GTP hydrolysis RhoU would be blocked in GDP-bound state. In this case a 

specific GEF might be of use for RhoU activation.  

Fig. 34. Exchange rate of RhoU (Wrch1) (Saras et al., 2004). Recombinantly expressed Wrch1 was loaded 

with [3H]-GTP and the exchange rate in presence of an excess of cold GTP was determined. As a control, the exchange 

rate of Cdc42 was also determined. The experiments were conducted at temperatures indicated at the figure’s legend.  

As it was mentioned, the nucleotide exchange assay is extremely temperature-sensitive – at 

least it is true for Cdc42 and RhoU (Fig. 34 and 35). Thus in this case the studied GEF has to be 

very efficient exchanger of the GTPase; otherwise it will be very hard to see the difference. Such 

was our case in determining DH-PH 35 activity towards Cdc42, as our fluorimeter was not 

thermoregulated and luckily DH-PH 35 appeared to be an efficient GEF for Cdc42, so the 

difference was detectable and statistically significant. But at Fig. 35 you can compare two graphics 

of Cdc42 intrinsic exchange activity: the first one (A) represents data obtained at 20°C by 

Cytoskeleton, which show about 25% increase in fluorescence in 30 minutes; and the second (B) – 

reactions were carried out at 27°C, and the fluorescence is increased 5 to 6 fold in the same 30 

minutes. So, in case of RhoU its activation cannot be assessed with classic in vitro GEF exchange 

assay without a strict temperature control. 
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Fig. 35. Intrinsic nucleotide exchange rate of Cdc42 is temperature-dependent. A) Cdc42 exchange activity at 

20°C (from Cytoskeleton BK100 kit manual v.2.4). B) Cdc42 exchange activity at 27-30°C (performed with the same 

BK100 kit as in A). 

Another widely used method of evaluating GTPase activation in vivo is a quantification of 

the amount of activated GTPase by precipitation with its GST-coupled effector (PAK1 in case of 

Cdc42 or RhoU). However, we failed to determine the RhoU activation in this way (Fig. 36). The 

possible explanation is that under standard culturing conditions of 293T cells, which we have 

chosen as a model, RhoU is predominantly activated. Thus we have to find a method for RhoU 

activity attenuation to decrease the background. However, I think this in vivo GEF exchange assay 

is worth further trying.  
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Fig. 36. The experiment for in vivo RhoU activation 

by coexpression with DH-PH domains of ITSN1-L or ITSN1-

L 35 in 293T cells. 293T cells were transfected with RhoU-

Myc and/or Omni-DH-PH or Omni-DH-PH 35 constructs. 

24h posttransfection the cells were lysed and activated RhoU 

was precipitated to the GST-coupled CRIB domain of PAK1. 

The amount of the precipitate was evaluated by densitometric 

analysis in ImageJ software and normalized to the relative 

quantity of the total RhoU in the cell. The graphic represents 

the data of three independent experiments.  
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Thus our data neither confirm nor deny that ITSN1-L 35 is a probable GEF for RhoU, 

though their interaction is established. In my personal opinion the existence of a GEF for RhoU is 

probable, in spite of RhoU atypical features. In this case ITSN1-L 35 seems to be an ideal 

candidate. Besides, I assume a possible common role for RhoU and ITSN1-L 35 in central nervous 

system development. Previous data obtained in our laboratory in Ukraine demonstrated that ITSN1-

L 35 is expressed at high level in embryonic brain and in a lesser extent in adult brain (42), and 

RhoU is implicated in embryonic development, particularly in neural crest cells migration (147; 151 

and 152). Of course, more research and evidence are needed to confirm RhoU and ITSN1-L 35 

common implication in the developmental processes..  
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2. ITSN1-RhoU interaction. 

In my thesis, I have demonstrated the interaction between RhoU and ITSN1. However, the 

functional importance of this interaction is currently unknown. To date, we have no plausable 

explanation. But we have some conjectures which may shed light at the possible role of ITSN1-

RhoU interaction in a cell and delineate possible consequences of their partnership.  

2.1. Hypothetical model of ITSN1-L or ITSN1-L 35 and RhoU 

interaction. 

We have shown that RhoU interacts with SH3A, C and E domains of ITSN1, and that this 

interaction is mediated mostly by the second proline-rich motif of the N-terminal extension of the 

GTPase. As RhoU is relatively small protein (37 kDa), theoretically there should be no steric 

hindrance for the binding of one molecule of RhoU to each of the interacting SH3A, C and E 

domains (Fig. 28A). However, it is possible, that in the cell only one of the SH3 domains will be 

accessible, first because of the large number of ITSN partners interacting with SH3 domains and 

second – because the conformation of the full-size ITSN1 is unknown, as the structure of the entire 

protein has not been resolved. 

The situation seems even more complicated with ITSN1-L 35 for which 3 different 

scenarios could be considered (Fig. 28 B-D). Theoretically, four molecules of RhoU are capable to 

bind to the full-size ITSN1-L 35 protein (Fig. 28B). But I think it is unlikely because the 

interaction of RhoU with the DH-PH 35 domains appeared not very persistent. So, the second 

probable model would be the binding of RhoU to the SH3 domains with a subsequent binding and 

activation by DH-PH 35 (Fig. 28C). Finally, the third alternative scenario is the binding of RhoU 

to only one available SH3 domain and a subsequent activation by DH-PH 35 (Fig. 28D, SH3A 

domain was chosen for example, but with the equal probability it could be also SH3C or E domain).  

To push further our hypothesis, it is worth recalling that the dominant negative RhoU mutant 

co-precipitates with ITSN1 at a higher level than the wild type RhoU, whereas the binding of 

constitutively active mutant seems slightly weaker (Fig. 14). So, an interesting mechanism would 

be that the inactive RhoU binds ITSN through the SH3 domains in order to be activated by DH-

PH 35 and subsequently released as the affinity of the GTP-bound RhoU for ITSN1 SH3 domains 

decreases. Then another GDP-bound RhoU could interact with ITSN1-L 35 and be activated and 

so on and so forth, thereby allowing rapid activation of the available pool of RhoU.  
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Fig. 37. Hypothetical models of RhoU interaction with ITSN1-L or ITSN1-L 35. A) Three molecules of RhoU 

may bind to ITSN1-L. B) ITSN1-L 35 may bind up to four RhoU molecules. C) However, as the interaction of RhoU 

with DH-PH 35 domains is not very stable, it is probable that the DH-PH domains of ITSN1-L 35 can interact with 

RhoU only after its binding to one of the SH3 domains. D) The most probable situation is that RhoU interacts with only 

one domain of ITSN1 (because of plethora of other SH3 domain partners in the cell), and in case of ITSN1-L 35 RhoU 

may subsequently interact with the DH-PH 35 domains.  

2.2. Possible competition of RhoU with endocytic proteins for the 

binding to ITSN1. 

Previously it has been shown that ITSN1 overexpression drastically inhibits clathrin-

dependent endocytosis (e.g. transferrin uptake) (19 and 41). The common explanation is that ITSN1 

functions as a scaffold, which assembles endocytic complex by interaction with various proteins 

such as Epsin, Eps15, AP2 and dynamin. Thus, overexpression of ITSN1 sequesters the 

components of endocytic machinery into non-productive complexes, leading to the endocytosis 

inhibition as it disrupts the formation of higher order complexes. This concept of “combinatorial 

A

B

C

D

ITSN1-L 35

ITSN1-L 35

ITSN1-L 35

ITSN1-L



76 

 

inhibition” as a consequence of the imbalance of a scaffold protein concentration was well 

highlighted by Ferrel J.E., 2000 (177). 

The previous findings connected ITSN1-dependent endocytosis inhibition with the 

sequestration of dynamin, one of key endocytic proteins (Fig. 38A) (19). Intriguingly, dynamin also 

binds to the SH3A, C and E domains of ITSN1, the same as RhoU (21). This fact led us to the 

assumption that there may be a competition between dynamin and RhoU for the binding to ITSN1. 

Thus we performed a transferrin internalization assay, to verify whether RhoU interaction with 

ITSN1 is capable to rescue ITSN1-induced endocytosis inhibition. Indeed, the overexpression of 

RhoU together with ITSN1 did rescue the transferrin uptake in 293T cells (Fig. 19, 20). Moreover, 

this rescue was abolished by RhoU DM mutant that is not able to bind to ITSN1.  

But surprisingly, in our hands, ITSN1 overexpression visibly affected transferrin uptake, but 

it did not cause the complete inhibition of transferrin endocytosis. Thus transferrin was still 

internalized, but the vesicles were dispersed in the cytoplasm and transferrin did not accumulate in 

perinuclear recycling endosome (Fig. 18), whereas other authors reported total impairment of 

endocytosis (19 and 41). First, we have supposed that this was because we used different cell type 

(293T comparing to COS1 cells). But I found unlikely that 293T cells would have their own 

mechanism of transferrin uptake. Moreover, Mohney et al., 2003, did not observe the inhibition of 

transferrin endocytosis upon ITSN1 overexpression in COS1 cells (80). Instead they observed the 

same vesicle dispersion, moreover, ITSN1 did not colocalize with transferrin. I think that this 

discrepancy could be explained by the level of the overexpression. Indeed, we observed a positive 

correlation between ITSN1 expression level and transferrin uptake inhibition (data not shown). 

Thus as we tried to work in low-expression conditions, only low level of endocytosis inhibition 

could be achieved. 

These observations led to another hypothesis about the consequences of ITSN1 

overexpression: as transferrin is still internalized but instead its localization to recycling endosome 

is impaired, it is more probable that the late stages of endocytosis and/or vesicle fusion with 

subsequent endosomal compartments are disrupted. Synaptojanin 1, as dynamin, binds SH3 A, C 

and E domains of ITSN1 (21). But dynamin and synaptojanin function at different stages of CME: 

dynamin is responsible for vesicle scission whereas synaptojanin dephosphorylates PIP2 which 

leads to vesicle uncoating and fusion with endosomal compartments (178 and 179). Thus 

synaptojanin 1 seems to be a good candidate for an endocytic protein that is sequestered by the 

excess of ITSN1 (Fig. 38B). Besides, the impairment of synaptojanin function led to the 

accumulation of clathrin coated vesicles in the cytoplasm (178). Of course, this hypothesis requires 

further verification. As a first approach - an immunostaining, to examine whether endogenous 
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Possible consequences of ITSN1 overexpression (alone)

ENDOCYTOSIS 

(vesicle fission)

And if together with RhoU 
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synaptojanin is relocalized upon ITSN1 overexpression, would be of use. Thus, as RhoU and 

synaptojanin bind the same ITSN1 SH3 A, C and E domains, RhoU could compete with 

synaptojanin 1 for ITSN1 binding and thus rescue the transferrin internalization (Fig. 38C). This is 

further supported by the observation that ITSN1 coexpression with CdGAP, which binds 

predominantly SH3D domain of ITSN1, did not influence the transferrin uptake inhibition (Fig. 20).  

The fact that RhoU rescues ITSN1-induced transferrin uptake implies that the interaction of 

two proteins is of high relevance in the cell. Moreover, we have observed that together with RhoU 

ITSN1 is relocalized to the recycling endosome upon transferrin uptake, which presumes that they 

are together involved in some membrane trafficking processes. 

Fig. 38. Schematic representation of possible consequences of ITSN1-L overexpression alone or together with 

RhoU.  A) ITSN1-L when overexpressed alone in the cell may sequester endogenous dynamin from the endocytic sites 

thereby blocking endocytosis at middle stages (e.g. vesicle fission) B) Another possible consequence of ITSN1 

overexpression is sequestering synaptojanin 1 thereby blocking late stages of endocytosis (vesicle uncoating) and 

eventually vesicle fusion with endosomal compartments. C) If RhoU is overexpressed together with ITSN1-L, it forces 

out dynamin or synaptojanin 1 from SH3 domains of ITSN1 which leads to the restoring of the endocytosis. Dyn – 

dynamin, Synj1  - synaptojanin 1.  
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2.3. A common role for ITSN1 and RhoU in EGFR signaling. 

Interestingly, both RhoU and ITSN have been involved in EGFR signaling and/or 

degradation (63 and 146). ITSN1 was shown to promote ubiquitylation and degradation of the 

activated EGFR through the ubiquitin-ligase Cbl, whereas RhoU was shown to be involved in 

EGFR signaling recruited by the adaptor protein Grb2. 

Before we can hypothesize the common role of RhoU and ITSN1 in EGFR signaling, we 

should attempt to clarify the relations between ITSN1 and Grb2. Mysteriously, both ITSN1 and 

Grb2 were shown to have similar role in the fate of activated EGFR: they promote EGFR 

internalization and ubiquitylation by Cbl (63; 180-182). Surprisingly, there is not a single evidence 

about the relationship between these two proteins: whether they compete or work synergistically, or 

whether the preference of their interaction with EGFR is cell type specific or compartment-

dependent. Theoretically they can both bind the activated EGFR, as Grb2 interacts with the 

phosphorylated EGFR directly binding to the phospho-tyrosine via its SH2-domain, whereas ITSN1 

interaction with the receptor is indirect and may be mediated by AP-2 or Eps15, which are both 

common partners for ITSN1 and EGFR (19; 53; 61 and 183). As it has been shown that EGFR is 

internalized both via clathrin-mediated endocytosis (CME) and via alternative pathways (non-

CME) (184 and 185), we may suppose that ITSN1 and Grb2 are involved in different pathways of 

receptor internalization. It could be an elegant way to demarcate EGFR interaction with Grb2 or 

ITSN1, but both proteins were shown to be implicated in both CME and non-CME (4; 66; 180; 181 

and 184). However, non-CME pathways are very ill-defined and comprise several types of 

endocytosis, whose number and mechanisms remain unclear except a few key features (such as 

caveolin- or lipid rafts-association). So it may appear that ITSN1 and Grb2 take part just in different 

kinds of non-CME. However, unfortunately, analyzing available data we could not answer the 

question whether ITSN1 and Grb2 interact simultaneously with the activated EGFR and act 

complementary, or these interactions are mutually exclusive and regulated by some unknown 

mechanism. I think this question is a good challenge for further investigations. Thus meanwhile I 

will examine their function in parallel, as if they are competing in EGFR pathway. In my personal 

opinion this situation is more probable, than their synergistic functioning. 

Another fact about ITSN1 and Grb2, which is even more intriguing for me, is that both 

ITSN1 and Grb2 interact with RhoU – by the same domains that interact with Cbl! This fact implies 

a competition between RhoU and Cbl. RhoU promotes EGFR signaling, whereas Cbl ubiquitinates 

the receptor which leads to EGFR sorting to the lysosomes and degradation, so their functions seem 

to be almost mutually exclusive. Our hypothetic model presumes both. According to our 

assumptions, if Cbl interacts with either ITSN1 or Grb2 it would lead to fast receptor degradation 
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and attenuation of the signaling (Fig. 39A). Whereas RhoU interaction with either of the proteins 

would lead to enforced signaling and probably EGFR may escape degradation and undergo 

recycling instead (Fig. 39B). In case of ITSN1-L the model may become even more complicated, if 

we presume that RhoU binding to SH3 domains may unmask the DH domain, as it was shown for 

WASP and Numb (31 and 35). Consequently it will lead to Cdc42 activation. Previously it was 

shown that activated Cdc42 together with Cool-1a/ -Pix sequesters Cbl from EGFR, which results 

in sustained EGFR signaling (186). So while RhoU binding to ITSN1 may prevent its interaction 

with Cbl, at the same time Cdc42, activated by ITSN1-L, together with Cool-1a/ -Pix may bind Cbl 

thereby further preventing the ubiquitylation and degradation of EGFR. Several assays with the 

EGFR-positive cells, overexpressing ITSN1-L and RhoU or depleted of both may help to verify 

these models. 

Interestingly, it has been shown that CME-dependent EGFR internalization is associated 

with the receptor recycling whereas non-CME leads to the receptor degradation (185). Thereby we 

may hypothesize even further, assuming that ITSN1 interaction with RhoU is linked to clathrin-

dependent EGFR internalization, whereas ITSN1 interaction with Cbl occurs in non-CME pathway. 

It would be very interesting to test this hypothesis. Selective inhibition of endocytic pathways 

together with quantitative assays and immunofluorescence could be used as approaches. 

But we cannot exclude the alternative when both RhoU and Cbl can interact together with 

either ITSN1 or Grb2 (Fig. 39C). In this case it is quite hard to predict, which will be the fate of the 

activated EGFR. But it seems logic that this may combine enforced signaling with quick 

degradation. However the balance between these three described situations will determine cellular 

response to the EGFR stimulation and probably the fate of the EGFR itself. 
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Fig. 39. Hypothetical model of ITSN1 or Grb2 interaction with Cbl or RhoU following the EGFR stimulation. 

A) ITSN1 interaction with ubiquitin-ligase Cbl and CIN85 (a scaffold that promotes Cbl activation) as well as Grb2 

interaction with Cbl lead to the ubiquitylation and degradation of activated EGFR upon its internalization. B) RhoU 

interaction with either ITSN1 or Grb2 in place of Cbl may rescue EGFR from degradation and result in EGFR 

recycling. Grb2 interaction with RhoU promotes signaling from activated EGFR. ITSN1-L interaction with RhoU may 

serve the same signaling function. Moreover, the binding of RhoU to SH3 domains of ITSN1 may unmask the DH 

domain thus resulting in Cdc42 activation. The activated Cdc42 together with its effector -Pix can sequester and 

inactivate Cbl further preventing EGFR ubiquitylation. C) The fate of EGFR is unknown in case of binding of both Cbl 

and RhoU to ITSN1 or Grb2.  
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2.4. ITSN1 and RhoU in cancer and other cellular pathologies. 

Another interesting issue of ITSN1-RhoU interaction could be their common implication in 

cellular transformation and cancerogenesis. Indeed, both of them were shown to induce cellular 

transformation (81; 131 and 143), though the mechanisms remain unclear. It has been shown that 

RhoU needs to be palmitoylated to transform NIH3T3 fibroblasts. Moreover, deletion of the N-

terminal region of RhoU increases the transformation rate. It is not surprising if we remember that 

the proline-rich N-terminal extension inhibits RhoU activity and that interaction with the SH3 

domain-containing partners relieves this autoinhibition (143). Although it needs a proof, we can 

suppose that ITSN1 may also be one of these SH3 domain-containing partners. 

As for the role of ITSN1 in cellular transformation, the situation is even less clear than with 

RhoU. It was shown that ITSN1-L overexpression leads to transforming activity through Cdc42 and 

Ras pathways, namely JNK activation (160). Indeed, ITSN1 is a binding partner for Sos1, a GEF 

for the GTPase Ras (28). Interestingly, Sos1 interacts with the same domains of ITSN1 as RhoU 

(SH3A, C and E), which implies a potential competition. However there is no evidence that RhoU 

prevents Ras activation, but it was shown that RhoU overexpression also leads to JNK activation 

(130 and 135). 

Although ITSN1-induced transformation is not very well studied, it has been shown recently 

that ITSN1 is able to regulate other important steps of cancer development like cell survival or cell 

migration and invasion (125-127). ITSN1 induces cancer cells survival through PI3K-C2 , in the 

same way as neuron survival (84). Of particular interest, PI3K-C2  also binds the SH3A and C 

domains of ITSN1, whereas RhoU has been shown to interact with the regulatory p85 subunit of 

another class of PI3K and to promote Akt activation (135). Thus we might imagine that ITSN1 and 

RhoU can cooperate in some way to induce PI3K-Akt-survival pathway. Another role for ITSN1 

and RhoU in cellular transformation may be in sustaining EGFR signaling, as it was hypothesized 

in previous chapter. It is well-established that excess of EGFR signaling has been involved in the 

progression of many cancers (187). 

The presumption that ITSN1 together with RhoU are involved in cancer cell migration 

seems more prominent. Indeed, ITSN1 has been shown to participate in migration and invasion of 

glioma cell line through the regulation of FAK (focal adhesion kinase), PAK1 and integrin 1 (125 

and 126). RhoU is also implicated in cancer cell migration (134), and is able to bind integrin (but 

3) (145) and FAK (144), whereas PAK1 is its effector (129). It has also been shown that RhoU 

negatively regulates focal adhesions and induces filopodia formation (129 and 144). Thus it seems 

very probable that ITSN1 together with RhoU regulate focal adhesions downstream of integrins and 

promote cellular migration, namely in cancer cells.  
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However our analysis of ITSN1-L and RhoU transcripts in different cancers show that their 

expression is rather variable even in the same tumor type. This may be explained by intratumoral 

heterogeneity and intratumoral clonal evolution (188-190). The new insights at cancerogenesis 

include evolutional theory of cancer. Cancer progression represents a macro-evolutionary process 

where karyotype change or genome replacement plays the key role. These changes in karyotype 

cause differential gene expression. As each spontaneous tumor evolves in its own way, especially in 

response to different stress factors such as drugs, uses different survival pathways and acquire new 

properties (e.g. migration and invasiveness), thus naturally the levels of protein expression vary 

among different tumors and even among different cellular subclones of the same tumor (191-193). 

Thus the variable expression of ITSN1-L and RhoU in different cancer samples may be sequent to 

variable tumor adaptations. This may indicate that RhoU and ITSN1 are dispensable for cancer 

progression in general, though may be crucial for some tumor subclones. For example, for those 

who acquire migratory and invasive properties. 

Besides cancer progression, RhoU misregulation was also shown to disrupt epithelium cyst 

formation (138; 142 and 148), thus presuming its implication in cell polarity determination. But it 

seems that ITSN1 is not implicated in this process, as its silencing does not lead to the significant 

diminishing in cyst number (194). However, ITSN1 has been shown to be implicated in polarity 

determination in drosophila neuroblasts (195). Interestingly, another protein from ITSN family, 

ITSN2-L, was shown to regulate the mitotic spindle orientation during epithelium lumen formation 

together with Cdc42 (196). As was mentioned previously, the results of Dr. S. Ory (unpublished) 

indicate that RhoU interacts with ITSN2 as well. Thus ITSN2-L, RhoU and Cdc42 may be 

connected in epithelium cell polarity determination. 
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3. Possible role of ITSN1-OPHN1 interaction in coupling exo- and 

endocytosis. 

Both ITSN1 and OPHN1 play important role in various membrane trafficking processes 

especially in exo- and endocytosis. There are more evidence concerning their role in endocytosis 

(19; 41; 61; 165 and 166) and less for their role in exocytosis (122 and 123). For example, both 

proteins are involved in synaptic vesicle (SV) retrieval (53; 54; 61; 71; 165 and 166). We uncovered 

a specific interaction between ITSN1 and OPHN1 and have shown that the complexes of ITSN1-L-

OPHN1 persist independently of exocytosis stimulation. This fact that does not imply a common 

implication in exocytosis but neither denies it completely.  

According to their dual importance in both exo- and endocytosis, it is tempting to consider 

that ITSN1 and OPHN1 might regulate the coupling between these two processes especially in 

neurosecretory cells like neurons and neuroendocrine cells. Indeed, ITSN1 regulates synaptic 

vesicle recycling at the periactive zone of the synapse (197). Though there is no direct evidence for 

OPHN1 implication in exocytosis, this GTPase has been shown to act as RhoA inhibitor in neurons 

(165). According to the results obtained in our laboratory in Strasbourg, RhoA is inactivated during 

regulated exocytosis in the neuroendocrine cells (100; 101; 104), whereas Cdc42 is activated (103 

and 122). To date, the mechanism by which RhoA is inactivated remained unsolved. These facts 

inspired me an elegant model hypothesizing a function for ITSN1-L-OPHN1 interaction (Fig. 40A). 

During exocytosis, ITSN1-L is recruited to the exocytotic sites where it activates Cdc42/N-WASP 

pathway to stimulate actin remodeling required for late phase of exocytosis (122). By interacting 

with ITSN1-L, OPHN1 will be targeted directly at the exocytotic sites where it can trigger 

(concomitantly to ITSN-induced activation of Cdc42) the inactivation of RhoA which is bound to 

the secretory granule membrane (198) Similar local differential regulation of Rho GTPases has 

been proposed for wound healing (by Abr, a protein bearing GEF and GAP activity (199)) or during 

mitosis (Pebble GEF and p50RacGap in Drosophila (200)). 

As both ITSN1 and OPHN1 function in endocytosis, the potential implication of OPHN1-

ITSN1 complex in compensatory endocytosis of secretory granule membrane also appears as a 

plausible scenario (Fig. 40B) (14). Thus ITSN1 may recruit OPHN1 to endocytic complexes, where 

OPHN1 was shown to inactivate RhoA/ROCK pathway (165). Given the presence of a BAR 

domain in OPHN1, the latter could cooperate in the sensing and generation of membrane curvature 

at endocytic sites. Indeed, the BAR + PH domains of OPHN1 have been shown to tubulate 

liposomes (201).  

Thus OPHN1 might be a versatile player in neurons, whose role is highly context-

dependent. In different surroundings it may promote endocytosis or exocytosis. Thus the interaction 
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with ITSN1 could serve in performing at these tasks. But the common function of two proteins may 

also lie beyond the membrane trafficking, which will be discussed in the last section. 

 

Fig. 40. A schematic representation of ITSN1-L-OPHN1 interaction in exo- and endocytosis. A) The 

interaction of OPHN1 with ITSN1-L may promote GTPase regulation in exocytosis: RhoA inactivation by OPHN1 

simultaneously with Cdc42 activation by ITSN1. B) In endocytosis ITSN1-L may recruit OPHN1 to endocytic sites 

where OPHN1 inactivates RhoA. Red arrow means activation, red arrow with a blunt end – inactivation.  
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4. Intersectins form huge scaffold supercomplexes in cells. 

Additionally, I have demonstrated that short and long isoforms of ITSN1 interact together in 

mammalian cells, thereby allowing the formation of large complexes with varying protein 

composition (202). Here I’d like to discuss the molecular mechanism controlling the formation of 

these huge super-scaffolding platforms as well as their possible functions. Such ITSN1-ITSN1 

interaction could be mediated by coiled-coil region (CCR) as it is the case for Eps15, another CCR 

and EH domain containing protein (203). This assumption is supported by the work of Wong et al., 

2012 (204). They have used a high throughput yeast two hybrid screening to characterize the 

possible partners of the ITSN scaffolds and have identified ITSN1 as a target of a prey containing 

its EH2 domain and a half of CCR (204-522 aa). They have further shown the existence of ITSN1 

homo- and heteromeric complexes by bimolecular fluorescence complementation. 

ITSN1 SH3 domains may also contribute to this interaction as it has already been shown that 

some other proteins dimerize via their SH3 domains (205 and 206). In our laboratory in Ukraine it 

was shown that the SH3 domains of ITSN1 can precipitate the full-size endogenous ITSN1-S from 

293 cells lysate. One more open question is whether ITSN1 forms binary complexes or there are 

more interacting units? 

Interestingly, Wong et al., 2012, have shown that not only short and long isoforms of ITSN1 

interact with each other, but also ITSN1 and ITSN2 form complexes as well as their different 

isoforms (204). Thereby if we will count only principal isoforms of each protein (short and long) in 

case of binary complex formation, there could be 10 different combinations. If we will also take 

into consideration a multitude of minor isoforms (only for ITSN1 there are about 34) – the number 

of possible complexes will reach several hundred! For example it has already been shown the dimer 

formation between ITSN1-S and its minor isoform 22a (47 and 171), and we have also co-

precipitated ITSN1-S with ITSN1-L 35 (data not shown). The functional relevance of ITSN1 

isoform complexes is in assembling a specific pattern of their partners which are required for 

certain process. For example, 22a isoform of ITSN1 specifically interacts with amphiphysin 1 and 

may recruit it to the complex with ITSN1-S, which is not capable to interact with amphiphysin (47). 

Together these data presume ITSN1 complexes create subtly and precisely regulated interacting 

platforms with a large number of interaction combinations.  
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5. ITSN1, OPHN1 and RhoU may have a common function in neurons. 

In previous sections I have discussed possible implications of ITSN1 together with its new 

partners mainly in membrane trafficking. It was logic as all abovementioned proteins are involved 

in exo- and/or endocytosis. But there is no doubt that their functionality is not limited only to 

membrane transport. All of them have appeared versatile players in different processes and in 

different cellular systems. However, I’d like to discuss here their common features in order to build 

several molecular models integrating ITSN1, RhoU and OPHN1 (Fig. 41).  

The model presented in figure 41A proposes a simultaneous interaction of ITSN1-L with 

OPHN1, RhoU, Cdc42 and N-WASP. N-WASP can bind to SH3A, C, D or E domains of ITSN1 

(31), but I have presumed in that model a preferential interaction with the SH3E domain, as it is the 

closest domain from the DH-PH tandem.. Hussain and collaborators (31) have proposed an elegant 

model in which the binding of N-WASP to SH3 domain of ITSN unmasks the DH domain, which 

in turn activates Cdc42 leading to N-WASP-induced actin polymerization. Accordingly, it has been 

shown recently that the linker between the SH3E and DH domains inhibits the DH domain activity 

(33 and 34).  

At the same time, OPHN1 could interact with the SH3A domain whereas RhoU could bind 

to the SH3C domain. In this case OPHN1 could act as a GAP for RhoA. Even if OPHN1 was 

shown to be a GAP for RhoA, Cdc42 and Rac1 in vitro and in vivo (161 and 162), to date its 

functioning in cells is mostly connected to RhoA inactivation (163 and 165).  

As for RhoU, though it has been shown that RhoU seems to indirectly induce RhoA 

activation, which is manifested in membrane blebbing (129), it has not been directly proven. 

Moreover, later findings show that RhoU binds to ARHGAP30, a new GAP for RhoA, whose 

expression alone induces the same membrane blebbing as together with RhoU or RhoU alone (150). 

It also should be reminded that RhoA is responsible for the focal adhesion and stress fiber 

formation, whereas RhoU was shown to disrupt these structures (86 and 88). Together these data 

indicate that the observed membrane blebbing may occur from another origin. We can also presume 

that RhoU seems to work rather antagonistically to RhoA than synergistically (I have marked it at 

the scheme as indirect inhibition relationship).  

Thus it seems possible that ITSN1-L may serve as a regulator of the switching between Rho 

pathways, promoting inactivation of RhoA with simultaneous activation of Cdc42 and probably 

RhoU (if the interaction with ITSN1 SH3 domains relieves RhoU N-terminal inhibition). 

If we replace ITSN1-L by ITSN1-L 35, which might appear a GEF for RhoU, it may 

substantially change our model (Fig. 41B and C). Evidently, this should not change the interaction 
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with OPHN1 and subsequent inactivation of RhoA. But as for RhoU and Cdc42, the situation may 

change drastically. One of the possibilities is that RhoU binds to the SH3 domains (for example, 

SH3E, as it is the closest to the DH-PH tandem, and as we have already discussed the binding to it 

with high probability relieves the autoinhibition of the DH domain). Thus N-WASP would be no 

more present in this complex. The RhoU interaction with ITSN1-L 35 may mediate its sustained 

activation by DH-PH 35 domains.  

Another interesting fact is that among common ITSN1 and RhoU partners is CdGAP, a GAP 

for Cdc42 and Rac1 that is inhibited when bound to ITSN1 (118 and 150). It is not sure that in this 

case activated RhoU could interact with CdGAP, but what if this interaction persists and thus RhoU 

may relieve this inhibition (Fig. 40B)? This may lead to the inactivation of Cdc42 by the released 

CdGAP, thus leading to the switching from RhoA and Cdc42 to RhoU-activated pathways.  

Though we cannot exclude the abovementioned combination, it is more probable that the 

interaction of RhoU with CdGAP should lead to the further inhibition of CdGAP or should not 

persist at all (Fig. 40C). Just because, as it was also discussed above, an inactivation of Cdc42 close 

by its GEF is at least useless (and ITSN1-L 35 is as efficient GEF for Cdc42 as ITSN1-L). 

Moreover, both Cdc42 and RhoU have similar effects on actin cytoskeleton rearrangement, such as 

filopodia formation. Whereas for Cdc42 the mechanism is well-established: it induces filopodia 

through N-WASP and Arp2/3 (207), RhoU does not interact with N-WASP or any other protein, 

directly involved in filopodia formation (88). Thus it is possible that to induce filopodia, RhoU may 

promote Cdc42 activation in yet unknown way. So it seems probable that RhoU and Cdc42 work 

synergistically when bound to ITSN1-L. 

Finally, the most complete model would include also a complex between two molecules of 

ITSN1 (Fig. 41D). There we may have some new players, such as Numb, which is implicated 

together with ITSN1-L in dendritic spine development and was shown to induce ITSN1-L-

dependent Cdc42 activation in this process (35). Thus ITSN1-L in complex with Numb may 

activate Cdc42, which will immediately activate its effector N-WASP, whereas ITSN1-L 35 may 

keep CdGAP inhibited while activating RhoU. OPHN1 may interact with one of the ITSN1 

molecules for choice and inactivate RhoA. The resulting complex would provide a really effective 

mean for the switching from RhoA-regulated pathways to RhoU and/or Cdc42-activated processes. 
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Fig. 41. Hypothetical models for ITSN1-L, ITSN1-L 35, OPHN1, RhoU and Cdc42 interaction and 

relationship. A) ITSN1-L interaction with OPHN1, RhoU and Cdc42 could promote switching from RhoA to 

Cdc42/RhoU-regulated pathways. SH3 domains of ITSN1 could simultaneously interact with OPHN1, RhoU and N-

WASP. In this case N-WASP promotes Cdc42 activation by the DH domain of ITSN1 and is subsequently activated by 

Cdc42. At the same time OPHN1 inactivates RhoA. RhoU may also indirectly promote RhoA inactivation. B) ITSN1-

L 35 interaction with OPHN1, RhoU, CdGAP and Cdc42 could promote inactivation of both RhoA and Cdc42 with 

subsequent RhoU activation. OPHN1 (and probably indirectly RhoU) promotes RhoA inactivation, whereas RhoU 

binding to the SH3 and DH domains of ITSN1-L 35 may result in sustained RhoU activation. Moreover, activated 

RhoU may interact with CdGAP and relieve its inhibition by SH3D domain of ITSN1, which would result in Cdc42 

inactivation. C) Another scenario of RhoU and CdGAP interaction with ITSN1-L 35. Activated RhoU together with 

SH3D domain of ITSN1 may maintain CdGAP inhibition. In this case Cdc42 will not be inactivated. D) A complex of 

ITSN1-L and ITSN1-L 35 may promote effective switching between Rho GTPase-regulated processes in neurons. In 

complex with either of ITSN1 isoforms OPHN1 inactivates RhoA, whereas ITSN1-L together with N-WASP and 

Numb, ITSN1-L neuron-specific partner, activates Cdc42. At the same time ITSN1-L 35 may promote sustained RhoU 

activation together with simultaneous inhibition of CdGAP to prevent Cdc42 inactivation. Red arrow means activation, 

red arrow with a blunt end – inactivation. Dashed line means indirect influence. 
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We have very good players, but what is the stage they are playing at? After a thorough 

examination of all available literature, I have discovered that the described complex may exist in 

neurons. Not at the presynaptic membrane, as we have previously supposed, but rather in dendritic 

spines during neuron development. Indeed, ITSN1-L is implicated in dendritic spine formation 

together with Numb and Cdc42 (35 and 64) and in neuron survival during the development (84). 

ITSN1-L 35 is expressed in embryonic brain and in adult brain (42). OPHN1 is also implicated in 

dendritic spine morphogenesis, where it inactivates RhoA pathway (163). RhoU is highly expressed 

in brain (130) and is involved in nervous system development (147 and 151), though its role in 

single neuron development is still unexplored. RhoA is known to be activated during a restricted 

period during dendritic spine development to stop the growth stage (primary filopodia) and to lance 

maturation (head and neck formation). It has been shown that RhoA hyperactivation negatively 

controls spine density and length. So its activity should be vigorously controlled, otherwise spine 

formation will be abolished (208). Moreover, it has been shown that RhoA activation leads to the 

destruction of the existing spines in the brain (209). So the described complex may be indispensable 

at the stage(s) of switching off RhoA and activating Cdc42 and/or RhoU pathways. Thus, 

summarizing all available evidence, it seems that neurons in general and developing dendritic 

spines in particular are the most probable sites for the functioning of the described complex(es). 
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VIII. Conclusions 

In current work I have shown for the first time the interaction of endocytic scaffold protein 

ITSN1 with RhoU, a small atypical GTPase from the Rho family. Moreover, I have shown that the 

SH3A, C and E domains of ITSN1 and the second N-terminal proline-rich motif of RhoU mediate 

ITSN1/RhoU interaction. The following co-immunoprecipitation of both recombinant and 

endogenous proteins confirmed that this interaction exists in the cell. In addition, by 

immunolocalization experiment we have shown that RhoU expression changes the subcellular 

localization of ITSN1, triggering it to the plasma membrane and endosomes. In regard to the 

functional consequence of ITSN1/RhoU complex formation, we have shown that RhoU expression 

rescues the ITSN1-induced inhibition of transferrin endocytosis. This rescue effect is abolished 

when proline-rich motifs RhoU mutant (unable to bind ITSN) is expressed. Though the main 

function for ITSN1 and RhoU awaits to be discovered, we presume that they may be implicated in 

the membrane trafficking, EGFR signaling and cell migration (including in cancer cells) as both 

proteins were shown to be involved in these processes.  

I have also characterized one of the minor isoforms of ITSN1-L - 35. This isoform lacks 

exon 35, which encodes a part of DH domain and a part of the linker between the DH and PH 

domains. We have designed a homology-based 3D model of the DH-PH 35 domains which clearly 

demonstrates that the excision of the exon 35 leads to the disappearance of 6 helix in the DH 

domain. This motif in the full-size DH-PH domains of ITSN1 is responsible for the distance 

between the DH and PH domains thereby preventing the PH domain from the interaction with the 

GTPase. In our 3D model the PH domain appeared very close to the DH domain and could even 

approach to the GTPase-binding pocket of the latter. Thus we have assumed that this spicing event 

may lead to the change of the specificity towards the GTPase. On the other hand, because of the 

approaching of the DH and PH domains of ITSN1-L 35 there was also a possibility of the PH 

domain interfering in the DH domain interaction with the target GTPase. However, it was not very 

likely as the new linker between the two domains appeared long and flexible. We have tested the 

binding and exchange abilities of the DH-PH 35 domains towards Cdc42, a well-known specific 

partner of ITSN1-L. Obtained results clearly demonstrated that DH-PH 35 activate Cdc42 as 

efficiently as the main isoform DH-PH domains. Besides, we have demonstrated that the DH-

PH 35 domains specifically interact with RhoU, whereas the full size DH-PH domains do not. This 

fact confirmed the assumption that the excision of exon 35 leads to the change of specificity of the 

DH-PH domains. This finding is of particular interest as it demonstrates for the first time the 

interaction of RhoU with a GEF. However, additional experiments should be performed to test 

whether ITSN1-L 35 can act as a GEF for RhoU or their interaction has another functional 

consequence. There is a discussion whether RhoU needs protein regulators as classic Rho family 
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members or transcriptional regulation is enough to control RhoU functions. On the one hand it has 

high intrinsic nucleotide exchange level; on the other one it has been shown that RhoU may be 

inactivated in the cell upon serum stimulation, which presumes that it may need some activators. 

Answering the question about the role of RhoU/DH-PH 35 interaction will shed light at both the 

ways of regulation of atypical Rho GTPases and the purpose of alternative splicing. 

Taking into account that both ITSN1 and RhoU are implicated in cellular transformation and 

cancer pathogenesis, we decided to verify whether they are expressed in different cancer tumor 

specimens. We have tested a panel of human breast and prostate cancer samples for the presence of 

ITSN1-L and ITSN1-L 35 transcripts, whereas the pheochromocytoma samples were tested for all 

the three investigated mRNAs (ITSN1-L, ITSN1-L 35 and RhoU). The target transcripts were 

identified in all tested tumors as well as normal tissues but their levels were varied. Thus it appears 

that ITSN1 and RhoU belong to genes whose expression is varied in cancer. Noteworthy, we 

observed a higher level of 35 transcript than was previously observed in tissue samples, which 

could imply that ITSN1-L 35 is more resistant to nuclease degradation. 

Additionally we have identified OPHN1, a Rho GAP for RhoA, Rac1 and Cdc42 as ITSN1 

binding partner. We have demonstrated the importance of SH3A domain of ITSN1 in mediating this 

interaction. OPHN1 is implicated in synaptic endocytosis and the maturation of synapses. We have 

shown that OPHN1 and ITSN1-L co-precipitate and colocalize in PC12, a cell line of rat 

neuroendocrine cells. Moreover, OPHN1 is relocalized to the plasma membrane upon the 

stimulation of the exocytosis. We suggest that OPHN1 and ITSN1-L could function together in the 

compensatory endocytosis in neurons and neuroendocrine cells. But this assumption remains 

unexplored and is a subject for future studies. 

Finally we have shown that ITSN1-S and ITSN1-L interact in mammalian cells. As both of 

them act as high-capacity scaffolds, we speculate their interaction might lead to the assembling of 

multimolecular protein complexes. Previously the interaction of the other isoforms of ITSN1 as 

well as ITSN2 isoforms has been described. Regarding the number of ITSN1 partners, these 

complexes may have various protein composition and serve as platforms for the assembling of other 

components implicated in membrane trafficking and cellular signaling. However, the exact 

mechanism of ITSN1-ITSN1 interaction remains to be elucidated, as well as the precise complex 

compositions.  

I have also elaborated several hypothetical models for the ITSN1 interaction with its new 

partners, as well as their possible implication in cellular processes. I suggest the interaction of 

ITSN1 with its partners – RhoU and OPHN1 occurs most likely in neurons, particularly during the 
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dendritic spine development. Intriguingly, ITSN1 seems to be an important node of the GTPase 

crosstalk network. It was shown that ITSN1 indirectly regulates Rac1- and Ras-depending signaling 

pathways, whereas ITSN1-L directly activates Cdc42. The identified new partners are the GAP for 

RhoA (predominantly) and an atypical GTPase from Rho family. Moreover, RhoU itself seems to 

be implicated in RhoA inactivation and/or activation of Rac1. But this issue remains to be 

investigated. Undoubtedly a further understanding of mechanism of small GTPases regulation by 

ITSN1 would bring at a new level our knowledge about small GTPases cross-talk. 

Taken together our findings complete the present knowledge about ITSN1 interactome in 

mammalian cells as well as ITSN1 implication in various cellular processes, e.g. membrane 

trafficking. However, a plethora of questions about precise mechanisms of these interactions and 

functional relevance remains to be addressed. 
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IX. Materials and methods. 

Antibodies 

Mouse monoclonal -Omni (D-8), polyclonal rabbit -Omni (M-19) and polyclonal goat -

OPHN1 (C-19) antibodies were from Santa Cruz Biotechnology (USA). Mouse monoclonal -Myc 

antibody was from Molecular Probes (USA). Rabbit polyclonal -GFP and -GST antibodies were 

from CliniSciences (France). Rabbit polyclonal antibodies against the EH2 domain of ITSN1 were 

described previously (82). HRP-conjugated goat -mouse and -rabbit antibodies, donkey -goat 

antibodies as well as fluorescent Alexa 488-conjugated goat -rabbit antibodies, Alexa 555-

conjugated goat -mouse antibodies, Alexa 488-conjugated donkey -goat antibodies and Cy3-

conjugated donkey -mouse antibodies were purchased from Invitrogen (USA).  

DNA plasmid constructs 

ITSN1-L and ITSN1-L 35 Omni-tagged constructs were cloned by Dr. S. Kropyvko as 

indicated below. The coding sequence of ITSN1-L was amplified from human embryonic brain 

cDNA and cloned into the pcDNA4His/Max C vector (Invitrogen). The fragment of ITSN1-L 35 

was amplified from embryonic brain cDNA with following primers: F.3188 

(GCCCATAAGGAAGTCTACAAGC) and R.5254 (CCCTCGAGCTACGGCTCATCAAACAAC) 

(the reverse primer had a site for XhoI). Obtained fragment was subcloned in ITSN1-S construct in 

pBlueScript using unique HindIII and XhoI sites with following sequencing in search of ITSN1-

L 35 clone. Finally ITSN1-L 35 was cloned into the pcDNA4His/Max C vector (Invitrogen).  

Plasmids encoding GFP-ITSN1-L, mCherry-ITSN1-S and Omni-ITSN1-S were described 

previously (57; 77; 82). The coding sequences of DH-PH and DH-PH 35 fragments were amplified 

from human embryonic brain cDNA with following primers: F.3723 

(AGGAATTCATCCACGAGCTCATTGTCACC) with a site for EcoRI and R.4719 

(TGCTCGAGGTAGAGTTCAGAAGCAGCTT) with a site for XhoI. Obtained PCR products were 

cloned in pGEX4T1 vector to generate GST-fusion constructs as well as in pcDNA4His/Max C 

vector (Invitrogen) for the Omni-tagged constructs. His-tagged DH-PH and DH-PH 35 fragments 

were generated from GST-fusion constructs by EcoRI and XhoI digestion with a following 

subcloning in pET30a vector. The identity of all obtained constructs was confirmed by sequencing. 

GST-fusion ITSN1 SH3 constructions were described previously (46 and 82). 

The DNA constructs encoding GFP-RhoU and N RhoU mutants were also described 

previously (141). Myc-tagged RhoU and its point-mutants (CA – Q107L and DN – T63N) were 

kindly provided by Dr. P. Aspenstrom (129). Myc-tagged mouse RhoU WT and mutants of proline-

rich motifs (M1, M2 and DM) were a kind gift of Dr. D. Billadeau (146). GST-RhoU was generated 
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from RhoU-Myc by EcoRI and BamHI digestion with following cloning in pGEX4T1 vector. DNA 

constructs of hemagglutinin (HA)- or GFP-tagged OPHN1 were a kind gift of Dr. P. Billuart (162). 

Cell culture and transfection 

All cell lines were obtained from the American Type Culture Collection. CHO, 293 and 

293T cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 

10 % fetal calf serum (Sigma), 50 U/ml penicillin and 100 mg/ml streptomycin. The cells were 

transiently transfected using JetPEI transfection reagent (Polyplus Transfection) according to 

manufacturer recommendations and further processed 24 h after transfection. 

PC12 cells were maintained in DMEM supplemented with 5% fetal calf serum (Sigma), 

10% horse serum (Sigma), 50 U/ml penicillin and 100 mg/ml streptomycin. The cells were 

transiently transfected using Lipofectamine 2000 transfection reagent (Invitrogen) according to 

manufacturer recommendations and further processed 48 h after transfection. 

Recombinant GST-fusion and His-tagged protein expression and pull down experiment 

GST-fusion ITSN1 SH3 domains were expressed in Escherichia coli BL21(DE3) strain and 

purified with glutathione-sepharose beads (GE Healthcare) according to the manufacturer's 

instructions. For pull-down experiments 5-10 g of unfused GST or GST-fusion proteins bound to 

glutathione-sepharose were incubated for 1 h +4°C with the precleared cell lysates (2 mg of 

proteins). The beads were washed three times and eluted with Laemmli sample buffer.  

GST-fusion ITSN1 DH-PH and DH-PH 35 domains were expressed in Escherichia coli 

BL21(DE3)pLys strain and purified with glutathione-sepharose beads (GE Healthcare) according to 

the manufacturer instructions with slight modifications: the lysis and binding buffers additionally 

contained 0,25% sarcosyl (sodium lauroyl sarcosinate). GST-RhoU was also expressed in 

Escherichia coli BL21 strain and purified with glutathione-sepharose beads (GE Healthcare) 

according to the manufacturer instructions but 2 mM MgCl2 and 1 µM GDP were added to all 

buffers. 

His-tagged ITSN1 DH-PH and DH-PH 35 domains were expressed in Escherichia coli 

BL21(DE3)pLys strain and purified with HisTrap Ni sepharose columns (GE Healthcare) according 

according to the manufacturer instructions with slight modifications: the lysis and binding buffers 

additionally contained 0,25% sarcosyl. The elutions were performed with 250 mM imidazole and 

directly used for subsequent applications. 
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Immunoprecipitation  

The cells were lysed in IP buffer (150 mM NaCl, 20 mM Tris, pH7.5, 10% glycerol, 0,5% 

NP40, protease inhibitors cocktail (Sigma) and centrifuged for 15 min at 16,000g. Supernatant (2 

mg of proteins) was incubated with 2 µg of -Omni antibodies and 20 µl Protein A/G Plus Ultralink 

Resin (Thermo Scientific) for 4 h at +4°C. Then beads were washed four times with IP buffer 

without inhibitors. Immunoprecipitated complexes were eluted with Laemmli buffer, resolved by 

SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad).  

Western blot analysis 

The membranes were blocked with 5 % non-fat milk in TBS-T (1xTBS (Euromedex), 0,1% 

Tween-20) for 1 h, incubated with indicated primary antibodies and washed. Detection was 

performed by HRP-conjugated appropriate secondary antibodies.   

Densitometric  analysis of obtained results was carried out  using the public domain ImageJ 

program, developed at the U.S. National Institutes of Health (http://rsb.info.nih.gov/ij/). 

Immunofluorescence and confocal microscopy 

The cells were plated on coverslips and transfected with the appropriate plasmid DNA. 24h 

or 48h post-transfected cells were washed with ice-cold 1xPBS and then fixed in 4% 

paraformaldehyde for 15 min at room temperature.  Then cells were permeabilized in 0,1% Triton 

X-100 for 10 min, blocked with 3% BSA and 5% of appropriate serum in 1xPBS for 30 min at 

room temperature (or overnight at +4°C). The following incubations with the appropriate primary 

antibodies diluted in 3% BSA in 1xPBS were performed (1h at room temperature). For 

immunofluorescence respective secondary antibodies were used. Cell nuclei were stained with 

Hoechst 33258 (Sigma Aldrich). The slides were mounted in Mowiol (Sigma Aldrich) and further 

analyzed using Leica SP5 or Zeiss LSM510 confocal microscope. 

Transferrin internalization assay 

The transfected 293T cells were maintained for 2 h in serum-free DMEM, and then 

incubated for 30 min in DMEM containing 50 mg/ml Alexa 647-conjugated transferrin (Sigma 

Aldrich) at +37°C. After a wash with serum-free DMEM the cells were fixed at room temperature, 

permeabilized and incubated with appropriate antibodies as described above. 

Exocytosis stimulation assay 

The PC12 cells were plated on coverslips or in 10 mm culture plates and transfected with the 

respective  plasmid DNA. 48h post-transfection cells were washed three times in LOCKE buffer 
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(140 mM NaCl; 4,7 mM KCl; 2,5 mM CaCl2;  1,2 mM KH2PO4; 1,2 mM MgSO4; 10 µM EDTA; 

15 mM HEPES; 11 mM glucose) at +37°C. Exocytosis was stimulated by adding of 300 µM ATP 

in LOCKE buffer for 5 min. The control cells were incubated without adding of ATP. Afterwards 

cells were immediately fixed in 4% paraformaldehyde and proceeded to immunofluorescence or 

lysed in IP buffer and proceeded to IP as described above. 

RhoGEF exchange assay  

RhoGEF (guanine nucleotide exchange factor) activity assay was performed with His-

tagged DH-PH domains using BK100 kit (Cytoskeleton). The kit allow to quantify the uptake of the 

fluorescent nucleotide analog N-methylanthraniloyl-GTP (Mant-GTP) by GTPases. As Mant-GTP 

gets bound in the nucleotide binding pocket of a GTPase, its fluorescence (ex: 360 nm, em: 440 nm) 

increases dramatically. Therefore, the enhancement of Mant-GTP fluorescent intensity in the 

presence of a small GTPase indicates a nucleotide uptake (or exchange for already bound 

nucleotide) by the GTPase. If an appropriate GEF is added to the reaction mix it provokes a drastic 

increase of Mant-GTP fluorescence as a result of quick nucleotide exchange. The assay was carried 

out in 384-well plate according to manufacturer recommendations with slight modifications. Thus 

no temperature control was possible during the assay performance. Eluates of His-tagged proteins 

in PBS with 250 mM imidazole were used. Correspondingly, PBS with 250 mM imidazole was 

added to the control samples. According to our data, neither PBS nor imidazole  influence the 

nucleotide exchange dynamics. We have used two different controls which were substracted from 

the results: the exchange buffer without any proteins (used as a background control) and the only 

Cdc42 without GEF (as a control of intrinsic nucleotide exchange level). Fluorescent signals were 

analysed using Mithras LB 940 Multimode Microplate Reader from Berthold technologies.  

RT-PCR 

Human embryonic tissues were supplied by the Center of Embryonic Tissues (Kyiv, 

Ukraine). Breast and prostate tumor samples were from the collection of the R.E. Kavetsky Institute 

of Experimental Pathology, Oncology and Radiobiology. (Kyiv, Ukraine). Pheochromocytoma 

samples were from Centre Hospitalier Universitaire de Nancy Brabois (Dr L. Brunaud), Nancy, 

France. Total RNA from 20-40 mg of tissue samples was isolated using the TRI Reagent (Sigma) or 

RNeasy Mini Kit from QIAGEN according to manufacturer recommendations. Total RNA from the 

cell lines was extracted from confluent 10 cm plates using RNeasy Mini Kit from QIAGEN 

according to manufacturer recommendations. cDNA was synthesized from 1 to 5 µg of total RNA 

using oligo(dT) primers and Expand Reverse Transcriptase (Roche) or M-MLV reverse 
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transcriptase (Invitrogen). 10% of the obtained cDNA was used as a template for PCR (5% for 

reference genes amplification). cDNA  

The following primers were used for the detection of target transcripts in RT-PCR and 

nested PCR in cell lines and tumor samples: 

- for DH-PH and DH-PH 35 detection:  

• I round: F.4160 (GCGCTGAGAGTCCGCAAGAAGAT),  

R.5307 (ATCTCCGTCCGACCCAAAAAATC);  

• II round: F.4320 (CAGACTTCAAGGAGTTCGTCAAA),  

R.5142 (ATGGTCACCTCACAGTACGGGTT);  

• III round: F.4415 (ACAAGATACCCACTGATCATTAA),  

R.4967 (TGATTTTCTGCACCCAGGCAGTC); 

- for RhoU detection: F.252 (CAACTTCTCCGCGGTGGTGTCTG),  

R.582 (TCGATGTAGGAGGCGGCTTTGATT); 

- for -actin: F.442 (CCACTGGCATCGTGATGGAC),  

R.851 (GCGGATGTCCACGTCACACT); 

- for GADPH: F.113 (TGAAGGTCGGAGTCAACGGATTTGGT),  

R.1072 (CATGTGGGCCATGAGGTCCACCAC). 

We did not have to use the control without reverse transcriptase as forward and reverse 

primers were selected in different exons; thereby the size of the product is itself the control of a 

correct RT reaction and DNA absence in the sample. Instead we have used no template control for 

the PCR.  

Densitometric analysis of bands was performed using the ImageLab software (Biorad). 

3D modeling of DH-PH 35 domains 

To obtain DH-PH 35 three-dimensional (3D)  model, the crystal structure of ITSN1 DH-PH 

domains in complex with Cdc42 (PDB code: 1ki1) (32) was used as a template on the basis of 

BLAST search against PDB database. Pairwise alignment of DH-PH and DH-PH 35 sequences 

was created using ClustalW2 and formatted manually according to the syntax of Modeller *.ali 

files. The program Modeller (157) was used to generate initial homology models. Modeller 

generates protein 3D structures by satisfying spatial restraints imposed by the sequence alignment 

with the template structure and applying the terms of the CHARMM-22 force-field (210). A 3D 

protein model is obtained by optimizing the molecular probability density function while 

simultaneously minimizing input restraint violations. To guarantee sufficient conformational 
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sampling of each active site residue, several homology models are generated in this step. Usually, a 

number between 10 and 100 models provides a satisfactory sampling. Assessment of homology 

models is usually performed with two methods: statistical potentials or physics-based energy 

calculations. Both methods produce an estimate of the energy for the model or models being 

assessed.  

Physics-based energy calculations aim to capture the interatomic interactions that are 

physically responsible for protein stability in solution, especially van der Waals and electrostatic 

interactions. These calculations are performed using a molecular mechanics force field; proteins are 

normally too large even for semi-empirical quantum mechanics-based calculations. Modeller 

objective function is an example of physics-based energy score. 

Statistical potentials are empirical methods based on observed residue-residue contact 

frequencies among proteins of known structure in the PDB. They assign a probability or energy 

score to each possible pairwise interaction between amino acids and combine these pairwise 

interaction scores into a single score for the entire model. Some of such methods can also produce a 

residue-by-residue assessment that identifies poorly scoring regions within the model, though the 

model may have a reasonable score overall. Modeller Discrete Optimized Molecule Energy (DOPE) 

score is an example of statistical potential. The best model of DH-PH 35 domains was selected by 

the smallest value of normalized DOPE score (211). 

To check Modeller scores independently, we used MolProbity suite (212), which allows 

performing of comprehensive analysis of protein structure residue by residue and calculates the 

score using statistical potential and physics-based approaches. After thorough examination of the 

best model with MolProbity suite, 5 regions for refinement were selected and the model ensembles 

for each refinement region were generated using Modeller loop refinement procedure. The model 

with the best energy score and best Molprobity score was selected for further analysis and 

visualization. 

Superposition and visualization of three-dimensional structures was performed by PyMOL 

v.1.2 (213). Quantitative data were analyzed with the help of Microsoft Office XP Excel software. 
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 Annex-1: a short communication in Ukrainian in Biopolymers and Cell  

 

“GTPase-activating protein oligophrenin 1 is a new partner of 

multifunctional adaptor protein intersectin 1” 
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²íòåðñåêòèí 1 (ITSN1) – áàãàòîôóíêö³îíàëüíèé àäàïòîðíèé á³ëîê, ùî áåðå ó÷àñòü â åíäîöèòîç³, åêçî-

öèòîç³ òà ïåðåäà÷³ êë³òèííèõ ñèãíàë³â, à òàêîæ àñîö³éîâàíèé ç òàêèìè ïàòîëîã³ÿìè, ÿê ñèíäðîì Äàóíà

³ õâîðîáà Àëüöãåéìåðà. Ìåòà. Âèÿâëåííÿ íîâèõ á³ëêîâèõ ïàðòíåð³â ITSN1, çàëó÷åíèõ äî ïðîöåñ³â ìåìá-

ðàííîãî òðàíñïîðòó.Ìåòîäè. Àíàë³çîì in silico çà äîïîìîãîþ ïðîãðàìè Scansite âèÿâëåíî ÃÒÔàçî-àêòè-

âóþ÷èé á³ëîê îë³ãîôðåí³í 1 (OPHN1) ÿê ïîòåíö³éíèé ïàðòíåð SH3A-äîìåíó ITSN1. Äëÿ ï³äòâåðäæåííÿ

ôîðìóâàííÿ êîìïëåêñó ì³æ ITSN1 ³ OPHN1 çàñòîñîâàíî òåñò íà âçàºìîä³þ in vitro ç âèêîðèñòàííÿì

GST-çëèòèõ á³ëê³â òà ³ìóíîïðåöèï³òàö³þ. Ëîêàë³çàö³þ á³ëê³â ó êë³òèí³ âèçíà÷àëè ìåòîäàìè ³ìóíîôëóî-

ðåñöåíö³¿ òà êîíôîêàëüíî¿ ì³êðîñêîï³¿. Ðåçóëüòàòè. Ïîêàçàíî, ùî ìîçêîñïåöèô³÷íà ³çîôîðìà SH3A-äî-

ìåíó ITSN1 ³ SH3A-äîìåí, ÿêèé åêñïðåñóºòüñÿ â óñ³õ òêàíèíàõ, âçàºìîä³þòü ç OPHN1. ITSN1 ³ OPHN1

ôîðìóþòü êîìïëåêñè ó êë³òèíàõ ë³í³¿ PC12 ÿê ó ñòàí³ ñïîêîþ, òàê ³ ïðè ñòèìóëþâàíí³ åêçîöèòîçó. Âèñ-

íîâêè. ÃÒÔàçî-àêòèâóþ÷èé á³ëîê OPHN1 òà àäàïòîðíèé á³ëîê ITSN1 âçàºìîä³þòü ó êë³òèíàõ ë³í³¿

PC12 íåçàëåæíî â³ä ñòèìóëþâàííÿ åêçîöèòîçó.

Êëþ÷îâ³ ñëîâà: ³íòåðñåêòèí 1, îë³ãîôðåí³í 1, PC12, åêçîöèòîç.

Âñòóï. ²íòåðñåêòèí 1 (ITSN1) – ìóëüòèäîìåííèé ³

ìóëüòèôóíêö³îíàëüíèé àäàïòîðíèé á³ëîê, ùî áåðå

ó÷àñòü ó êëàòðèí- ³ êàâåîë³í-îïîñåðåäêîâàíîìó åí-

äîöèòîç³ [1, 2] òà â ïåðåäà÷³ êë³òèííèõ ñèãíàë³â [3,

4]. ITSN1 çàëó÷åíèé äî ðåöèðêóëÿö³¿ ñèíàïòè÷íèõ

ïóõèðö³â [5], ðîñòó, ðîçâèòêó òà âèæèâàííÿ íåé-

ðîí³â [6]. Íåùîäàâíî ïîêàçàíî, ùî ITSN1 ïðè÷åò-

íèé äî ïðîãðåñ³¿ ãë³îìè òà íåéðîáëàñòîìè [7, 8].

Ðîäèíà ³íòåðñåêòèí³â º åâîëþö³éíî êîíñåðâàòèâ-

íîþ. Ëè÷èíêè Drosophila ç ìóòàö³ºþ, ÿêà ñïðè÷èíÿº

âòðàòó ôóíêö³¿ ãåíàDap160 (ãîìîëîã ITSN1), íå äî-

æèâàþòü äî ï³çí³õ ñòàä³é ðîçâèòêó [9], à ó ìèøåé,

íîêàóòíèõ çà ãåíîì Itsn1, ïîðóøåíî åíäîöèòîç ³ âå-

çèêóëÿðíèé òðàô³ê ó íåéðîíàõ [10]. Ãåí ITSN1 ëþ-

äèíè ëîêàë³çîâàíèé íà õðîìîñîì³ 21, ³ ð³âåíü éîãî

åêñïðåñ³¿ ïðè ñèíäðîì³ Äàóíà ï³äâèùóºòüñÿ [11]. Çà

îñòàíí³ìè äàíèìè, ITSN1 ìîæå áóòè îäíèì ³ç á³ë-

ê³â åíäîöèòîçó, ïîâ’ÿçàíèõ ç ðîçâèòêîì ñïîíòàííî¿

õâîðîáè Àëüöãåéìåðà [12].

ITSN1 ìàº äâ³ îñíîâí³ ³çîôîðìè, ùî óòâîðþþòü-

ñÿ â ðåçóëüòàò³ àëüòåðíàòèâíîãî ñïëàéñèíãó: êîðîò-

êó (ITSN1-S) ³ äîâãó (ITSN1-L) [13]. Êîðîòêà içî-
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ôîðìà ñêëàäàºòüñÿ ç äâîõ N-êiíöåâèõ EH (Eps15 ho-

mology)-äîìåí³â, öåíòðàëüíî¿ a-ñïiðàëüíî¿ (àáî

KLERQ) ä³ëÿíêè ³ ï’ÿòè ïîñëiäîâíèõÑ-êiíöåâèõ SH3

(src homology 3)-äîìåíiâ. Öþ ³çîôîðìó âèÿâëåíî â

óñ³õ äîñë³äæåíèõ òêàíèíàõ ëþäèíè, ó òîìó ÷èñë³ â

åìáð³îíàëüíèõ. Äîâãà ³çîôîðìà ïåðåâàæíî åêñïðå-

ñóºòüñÿ â ìîçêó ³ ì³ñòèòü òðè äîäàòêîâèõ Ñ-ê³íöå-

âèõ äîìåíè: DH (dbl homology), PH (pleckstrin ho-

mology) ³ C2 – äâà ïåðøèõ (òàíäåìDH-PH-äîìåí³â)

îáóìîâëþþòü ïðèíàëåæí³ñòü ITSN1-L äî Dbl-ðî-

äèíè ãóàí³ííóêëåîòèäîáì³ííèõ ôàêòîð³â (GEF) ³

áåðóòü ó÷àñòü â àêòèâàö³¿ ìàëî¿ ÃÒÔàçè Cdc42 (cell

division cycle protein 42), ³í³ö³þþ÷è çàì³íó çâ’ÿçà-

íîãî ÃÄÔ íà ÃÒÔ [14].

Íà ñüîãîäí³ îäí³ºþ ç íàéäîñë³äæåí³øèõ ôóíê-

ö³é ITSN1 º ó÷àñòü ó êëàòðèí-îïîñåðåäêîâàíîìó åí-

äîöèòîç³ [1], ó òîìó ÷èñë³ â êîìïåíñàòîðíîìó åíäî-

öèòîç³ ñèíàïòè÷íèõ ïóõèðö³â [5, 15]. Íåùîäàâíî

âñòàíîâëåíî òàêîæ çàëó÷åííÿ ITSN1-L äî ïðîöåñ³â

åêçîöèòîçó â õðîìàô³ííèõ êë³òèíàõ ññàâö³â, çîêðå-

ìà, â êë³òèíàõ íàäíèðíèê³âùóðà ë³í³¿ PC12 [16, 17].

Òàêèì ÷èíîì, ITSN1 ìîæå áóòè îäíèì ³ç á³ëê³â, ùî

îá’ºäíóþòü ö³ ïðîöåñè. ßê â³äîìî, îñîáëèâî ò³ñíî

åêçî- òà åíäîöèòîç ïîâ’ÿçàí³ â ñèíàïñàõ, àëå ìåõà-

í³çìè öèõ ïîä³é ùå âèâ÷åíî íåäîñòàòíüî. Òîìó îñî-

áëèâî¿ àêòóàëüíîñò³ íàáóâàº äîñë³äæåííÿ çâ’ÿçê³â

ì³æ çãàäàíèìè ïðîöåñàìè ³ ìîëåêóë, ùî ö³ çâ’ÿçêè

îïîñåðåäêîâóþòü.

Ó ðåçóëüòàò³ àíàë³çó in silico (çà äîïîìîãîþ ³í-

òåðíåò-ðåñóðñó Scansite (http://scansite.mit.edu/) âè-

ÿâëåíî á³ëîê îë³ãîôðåí³í 1 (OPHN1) ÿê ìîæëèâèé

ïàðòíåð SH3À-äîìåíó ITSN1. OPHN1 º ÃÒÔàçî-àê-

òèâóþ÷èì á³ëêîì äëÿ Rho-ðîäèíè ìàëèõ ÃÒÔ-àç ³

áåðå ó÷àñòü â åíäîöèòîç³ [18] òà åêçîöèòîç³ (Ó¿ òà ³í.,

íåîïóáë³êîâàíå). Â³í ñêëàäàºòüñÿ çN-ê³íöåâîãî BAR

(Bin-Amphiphysin-Rvs)-äîìåíó, PH-äîìåíó, ÃÒÔà-

çî-àêòèâóþ÷îãî äîìåíó òà òðüîõ C-ê³íöåâèõ ïðîë³í-

çáàãà÷åíèõ ä³ëÿíîê. OPHN1 íà âèñîêîìó ð³âí³ åêñ-

ïðåñóºòüñÿ ó ìîçêó, çîêðåìà ïðèñóòí³é ó ïðå- òà ïî-

ñòñèíàïòè÷íèõ ñàéòàõ, à âòðàòà éîãî ôóíêö³¿ ïðè-

çâîäèòü äî ðîçâèòêó Õ-ç÷åïëåíî¿ ðîçóìîâî¿ â³äñòà-

ëîñò³ [19, 20]. Âðàõîâóþ÷è âèùåâèêëàäåíå, íàì âè-

äàëîñÿ äîö³ëüíèì äîñë³äèòè éîãî ìîæëèâó âçàºìî-

ä³þ ç ITSN1.

Ìàòåð³àëè ³ ìåòîäè. Àíòèò³ëà. Âèêîðèñòîâó-

âàëè ìèøà÷³ ìîíîêëîíàëüí³ àíòèò³ëà Omni D8 (sc-

7270) ³ ïîë³êëîíàëüí³ àíòèò³ëà êîçè OPHN1 C-19

(sc-8374) («Santa-Cruz Biotechnology», ÑØÀ); êðî-

ëÿ÷³ ïîë³êëîíàëüí³ àíòèò³ëà äî GST («Invitrogen»,

ÑØÀ); êðîëÿ÷³ ïîë³êëîíàëüí³ àíòèò³ëà äîGFP («Cli-

nisciences», Ôðàíö³ÿ); âòîðèíí³ àíòèò³ëà, ì³÷åí³ ïå-

ðîêñèäàçîþ õðîíó, ïðîòè ³ìóíîãëîáóë³í³â ìèø³,

êðîëÿ ³ êîçè («Invitrogen»). Âòîðèíí³ àíòèò³ëà äëÿ

³ìóíîôëóîðåñöåíö³¿ ç â³ñëþêà ïðîòè ³ìóíîãëîáó-

ë³í³â êîçè, êîí’þãîâàí³ ç Alexa Fluor 488, òà ïðîòè

³ìóíîãëîáóë³í³â ìèø³, êîí’þãîâàí³ ç Cy3, ïðèäáà-

íî â «Invitrogen» ³ «Millipore» (ÑØÀ) â³äïîâ³äíî.

Ôàëî¿äèí, êîí’þãîâàíèé ç Atto-665, îòðèìàíî ³ç

«Sigma» (ÑØÀ).

Ïëàçì³äí³ ÄÍÊ-êîíñòðóêö³¿. ÄÍÊ-êîíñòðóêö³¿

SH3-äîìåí³â ITSN1 ó âåêòîð³ pGEX-4Ò-3, ùî åêñ-

ïðåñóþòü GST-çëèò³ á³ëêè, îïèñàíî â [21, 22]. êÄÍÊ

ïîâíî¿ êîäóþ÷î¿ ïîñë³äîâíîñò³ ITSN1-L îäåðæàíî

ìåòîäîì ÇÒ-ÏËÐ ç âèêîðèñòàííÿì òîòàëüíî¿ ÐÍÊ

åìáð³îíàëüíîãî ìîçêó ëþäèíè òà êëîíîâàíî ó âåê-

òîð³ pcDNA4/HisMax («Invitrogen»), ùî ì³ñòèòü Om-

ni-òàã. ÄÍÊ êîíñòðóêö³¿ OPHN1, çëèò³ ç ÍÀ- àáî

GFP-òàãàìè, ëþá’ÿçíî íàäàíî Ï. Á³ëþàðòîì [23].

Êóëüòóðà êë³òèí ³ òðàíñôåêö³ÿ. Ë³í³þ PC12

õðîìàô³ííèõ êë³òèí íàäíèðíèê³â ùóðà êóëüòèâó-

âàëè çà òåìïåðàòóðè 37
îC ó çâîëîæåí³é àòìîñôåð³

5 % CO2. Êëiòèíè âèðîùóâàëè â ìîäèô³êîâàíîìó

Äþëüáåêî ñåðåäîâèùi Iãëà (DÌEÌ) ç 4,6 ã/ë ãëþêî-

çè ³ äîäàâàííÿì 5 % åìáð³îíàëüíî¿ ñèðîâàòêè òåëÿ-

òè (FBS) òà 10 % ñèðîâàòêè êîíÿ (HS) («Sigma»),

50 ìêã/ìë ïåíiöèëiíó ³ 100 ìêã/ìë ñòðåïòîìiöèíó.

Òðàíñôåêö³þ ïðîâîäèëè ðåàãåíòîì Lipofectamine

2000 («Invitrogen») çã³äíî ç ïðîòîêîëîì âèðîáíèêà.

Àíàë³ç âçàºìîä³¿ á³ëê³â, çëèòèõ ç GST, ³ Âåñòåðí-

áëîò. GST-çëèò³ SH3-äîìåíè ITSN1 åêñïðåñóâàëè â

êë³òèíàõ Escherichia coliøòàìó BL21, ï³ñëÿ ÷îãî ³ì-

ìîá³ë³çóâàëè íà ãëóòàò³îí-ñåôàðîç³ 4B («GEHealth-

care», ÑØÀ) çã³äíî ç ïðîòîêîëîì âèðîáíèêà. Êë³-

òèíè PC12 ç ÷àøîê ä³àìåòðîì 10 ñì, ùî íàäåêñïðå-

ñóâàëè îäèí ³ç âàð³àíò³â OPHN1, ÷åðåç 48 ãîä ï³ñëÿ

òðàíñôåêö³¿ ë³çóâàëè â 1 ìë ðîç÷èíó 50 ìÌ òðèñó,

pH 7,5, 150 ìÌ NaCl, 10 %-ãî ãë³öåðèíó, 0,1 %-ãî

NP40, 1 ´ PIC (ñóì³ø ³íã³á³òîð³â ïðîòå¿íàç, «Sig-

ma»), öåíòðèôóãóâàëè ïðîòÿãîì 15 õâ ïðè 16000 g.

Äî 2 ìã òîòàëüíîãî á³ëêà äîäàâàëè çâ’ÿçàí³ ç ñåôà-

ðîçîþ á³ëêè òà ³íêóáóâàëè çà òåìïåðàòóðè 4 °Ñ ç àê-

òèâíèì ïåðåì³øóâàííÿì. Ïðåöèï³òàò îñàäæóâàëè



öåíòðèôóãóâàííÿì ïðè 500 g ïðîòÿãîì 1 õâ, ïðîìè-
âàëè òðè÷³ 50 ìÌ òðèñîì, pH 7,5, 150 ìÌ NaCl,
0,1 %-ì NP40 òà ³íêóáóâàëè ç â³äïîâ³äíîþ ê³ëüê³-
ñòþ 2 ´ áóôåðà Ëåììë³ çà òåìïåðàòóðè 95 îÑ. Á³ëêè
ðîçä³ëÿëè ó 4–15%-ìóÏÀÀÃ ³ ïåðåíîñèëè íà í³òðî-
öåëþëîçíó ìåìáðàíó. Ôðàãìåíò ãåëþ, ùî ì³ñòèâ
GST-çëèò³ á³ëêè, ôàðáóâàëè Êóìàñ³. Áëîòè áëîêó-
âàëè 5 %-ì ðîç÷èíîì ìîëîêà ó 1 ´ TBS ç 0,1 %-ì
òâ³íîì-20, ³íêóáóâàëè óïðîäîâæ 1 ãîä ç ïåðâèííè-
ìè àíòèò³ëàìè, â³äìèâàëè òà îáðîáëÿëè â³äïîâ³äíè-
ìè âòîðèííèìè àíòèò³ëàìè, êîí’þãîâàíèìè ç ïå-
ðîêñèäàçîþ õðîíó. Äåòåêö³þ ïðîâîäèëè, âèêîðè-
ñòîâóþ÷è ðåàãåíò SuperSignal West Dura Extended
Duration Substrate («Thermo Scientific», ÑØÀ) ³ àïà-
ðàò ChemiCapt («Fischer Biobloc Scientfic», ÑØÀ).

²ìóíîïðåöèï³òàö³ÿ. Êë³òèíè PC12 ç ÷àøîê ä³à-
ìåòðîì 10 ñì ÷åðåç 48 ãîä ï³ñëÿ òðàíñôåêö³¿ ñòèìó-
ëþâàëè äî åêçîöèòîçó, ÿê îïèñàíî íèæ÷å, â³äðàçó ë³-
çóâàëè â 1 ìë ðîç÷èíó IP (20 ìÌ òðèñ, pH 7,5, 150 ìÌ
NaCl, 10%-é ãë³öåðèí, 0,5%-éNP40), 1´PIC òà öåíò-
ðèôóãóâàëè ïðîòÿãîì 15 õâ ïðè 16000 g. ²ìóíîïðåöè-
ï³òàö³þ çä³éñíþâàëè âïðîäîâæ 4 ãîä çàìåòîäîì [24].

Ñòèìóëþâàííÿ åêçîöèòîçó òà ³ìóíîôëóîðåñ-

öåíö³ÿ. Êë³òèíè âèñ³âàëè íà ïîêðèâí³ ñêåëüöÿ, ï³ñëÿ
48-ãîä òðàíñôåêö³¿ ïðîìèâàëè òðè÷³ ïî 5 õâ òåïëèì
áóôåðîì LOCKE (140 ìÌNaCl, 4,7 ìÌKCl, 2,5 ìÌ
CaCl2, 1,2 ìÌ KH2PO4, 1,2 ìÌ MgSO4, 10 ìêÌ
EDTA, 15 ìÌ HEPES, 11 ìÌ ãëþêîçà) çà òåìïåðà-
òóðè 37 °Ñ. Ï³ñëÿ öüîãî åêçîöèòîç ñòèìóëþâàëè
âïðîäîâæ 5 õâ (37 îÑ) áóôåðîì LOCKE ç 300 ìêÌ
ÀÒÔ. Êîíòðîëüí³ êë³òèíè ³íêóáóâàëè çà òèõ æå óìîâ
â LOCKE áåç äîäàâàííÿ ÀÒÔ. Íàäàë³ êë³òèíè ô³ê-
ñóâàëè ó 4 %-ìó ðîç÷èí³ ïàðàôîðìàëüäåã³äó â PBS
ïðîòÿãîì 15 õâ íà ëüîäó. Çàëèøêè ôîðìàëüäåã³äó
â³äìèâàëè, ìåìáðàíè ïåðìåàá³ë³çóâàëè 8-õâ ³íêó-
áàö³ºþ â 0,1 %-ìó òðèòîí³ X-100 â PBS. Êë³òèíè
áëîêóâàëè 3 %-ì ðîç÷èíîì ÁÑÀ òà 10 %-ì ðîç÷è-
íîì ñèðîâàòêè â³ñëþêà â PBS ïðîòÿãîì 30 õâ. Äàë³
³íêóáóâàëè ç ïåðâèííèìè àíòèò³ëàìè (1 ãîä), ïðî-
ìèâàëè òðè÷³ PBS òà ³íêóáóâàëè ç â³äïîâ³äíèìè âòî-
ðèííèìè àíòèò³ëàìè (1 ãîä) ³ çíîâó ïðîìèâàëè, ÿê
îïèñàíî ðàí³øå. Ñëàéäè ðîáèëè, çàñòîñîâóþ÷è ñå-
ðåäîâèùå Mowiol («Sigma») äëÿ ïðèãîòóâàííÿ ïðå-
ïàðàò³â. Îäåðæàí³ ïðåïàðàòè àíàë³çóâàëè çà äîïîìî-
ãîþ êîíôîêàëüíîãî ëàçåðíîãî ñêàíóþ÷îãî ì³êðî-
ñêîïà Leica SP5.

Ðåçóëüòàòè ³ îáãîâîðåííÿ. Äëÿ ïåðåâ³ðêè âçàº-
ìîä³¿ in vitro SH3A-äîìåíó ITSN1 ç OPHN1 ðåêîì-
á³íàíòí³ GST-çëèò³ ³çîôîðìè SH3A-äîìåíó (ðèñ. 1,
à) ³ììîá³ë³çóâàëè íà ãëóòàò³îí-ñåôàðîç³ òà ³íêóáó-
âàëè ç ë³çàòîì õðîìàô³ííèõ êë³òèí ë³í³¿ PC12 íàä-
íèðíèê³â ùóðà, ÿê³ íàäåêñïðåñóâàëè îäèí ³ç âàð³àí-
ò³â GFP-çëèòîãî OPHN1 (ðèñ. 1, á). Îñê³ëüêè â³äî-
ìî, ùî N-ê³íöåâà ÷àñòèíà îë³ãîôðåí³íó áëîêóº éî-
ãî ÃÒÔàçíó àêòèâí³ñòü, âîíà, éìîâ³ðíî, ìîæå áëîêó-
âàòè ³ ïîòåíö³éíèé ñàéò çâ’ÿçóâàííÿ ç ITSN1 [23].
Òîìó âèêîðèñòàíî äâà âàð³àíòè îë³ãîôðåí³íó: ïî-
âíîðîçì³ðíèé ³ Ñ-ê³íöåâó ÷àñòèíó, ÿêà ì³ñòèòü ëè-
øå ÃÒÔàçî-àêòèâóþ÷èé äîìåí ³ ïðîë³í-çáàãà÷åí³ ä³-
ëÿíêè. Òàêîæ äî åêñïåðèìåíòó çàëó÷åíî äâ³ ³çîôîð-
ìè SH3A-äîìåíó ITSN1 (íåéðîíñïåöèô³÷íó ³ ôîð-
ìó, ïðèñóòíþ â óñ³õ òêàíèíàõ), ÿê³ óòâîðþþòüñÿ â
ðåçóëüòàò³ àëüòåðíàòèâíîãî ñïëàéñèíãó ³ ð³çíÿòüñÿ
çà ñïåöèô³÷í³ñòþ âçàºìîä³¿ ç ïðîë³í-áàãàòèìè ä³ëÿí-
êàìè á³ëê³â-ïàðòíåð³â [21]. Ê³ëüê³ñòü GST-çëèòèõ
á³ëê³â êîíòðîëþâàëè ôàðáóâàííÿì çà Ïîíñî, ïðåöè-
ï³òîâàí³ GFP-çëèò³ OPHN1 àáî OPHN1 C-ter äåòåê-
òóâàëè Âåñòåðí-áëîò-àíàë³çîì ç àíòèò³ëàìè ïðîòè
GFP.

Êîíòðîëåì ñëóãóâàëè ³ììîá³ë³çîâàíèé íà ãëóòà-
ò³îí-ñåôàðîç³ GST ³ ë³çàò êë³òèí ë³í³¿ PC12, â ÿêèõ
íàäåêñïðåñóâàëè GFP. Âèÿâèëîñÿ, ùî îáèäâà âàð³-
àíòè OPHN1 çâ’ÿçóþòüñÿ ç äâîìà SH3A-äîìåíàìè.
Îòæå, ³íòåðñåêòèí ìîæå âçàºìîä³ÿòè ç îë³ãîôðåí³-
íîì ³ â àóòî³íã³áîâàí³é ôîðì³.

Ùîá äîâåñòè ñïåöèô³÷í³ñòü âçàºìîä³¿ OPHN1
ñàìå ç SH3A-äîìåíîì ITSN1, ìè ïðîâåëè àíàëîã³÷-
íèé åêñïåðèìåíò ç ïåðåâ³ðêè âçàºìîä³¿ in vitro ç êîæ-
íèì îêðåìèì SH3-äîìåíîì (A, B, C, D, E) (ðèñ. 1,
â). GST-çëèò³ SH3-äîìåíè ³ììîá³ë³çóâàëè íà ãëóòà-
ò³îí-ñåôàðîç³ òà ³íêóáóâàëè ç ë³çàòîì êë³òèí ë³í³¿
PC12, ó ÿêèõ íàäåêñïðåñóâàëè ãåìàãëþòèí³í(HA)-
çëèòèé OPHN1. Ê³ëüê³ñòü GST-çëèòèõ á³ëê³â êîí-
òðîëþâàëè ôàðáóâàííÿì Êóìàñ³, ïðåöèï³òîâàíèé
OPHN1-HA äåòåêòóâàëè Âåñòåðí-áëîò-àíàë³çîì ç
àíòèò³ëàìè ïðîòè OPHN1. ßê êîíòðîëü âèêîðèñòà-
íî ³ììîá³ë³çîâàíèé íà ãëóòàò³îí-ñåôàðîç³ GST ³ ë³-
çàò êë³òèí ë³í³¿ PC12, â ÿêèõ íàäåêñïðåñóâàëè ïî-
ðîæí³é âåêòîð.

Çã³äíî ç ïåðåäáà÷åííÿì ïðîãðàìè Scansite, ëè-
øå SH3À-äîìåíè (îáèäâà âàð³àíòè) ïðåöèï³òóâàëè
OPHN1.
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Íàñòóïíèì åòàïîì ñòàëî äîñë³äæåííÿ íàÿâíî-

ñò³ êîìïëåêñ³â ITSN1 ç OPHN1 ó êë³òèíàõ ññàâö³â.

Äëÿ öüîãî çàñòîñîâàíî ìåòîä ³ìóíîïðåöèï³òàö³¿ ó

êë³òèíàõ ë³í³¿ PC12 (ðèñ. 1, ã). Öþ ë³í³þ õðîìàô³í-

íèõ êë³òèí íàäíèðíèê³â ùóðà îáðàíî ÿê ðîáî÷ó ìî-

äåëü, îñê³ëüêè ¿¿ âèçíàíî êëàñè÷íîþ ìîäåëëþ íåé-

ðîíàëüíîãî ðîçâèòêó, à òàêîæ íåéðîñåêðåö³¿ [25].

Äî òîãî æ âîíà åêñïðåñóº äîâãó ³ êîðîòêó ³çîôîðìè

ITSN1.

Omni-ITSN1-L ³ OPHN1-HA êîåêñïðåñóâàëè ó

êë³òèíàõ ë³í³¿ PC12. Äëÿ åêñïåðèìåíòó ITSN1-L îá-

ðàíî ÷åðåç òå, ùî â³í åêñïðåñóºòüñÿ ïåðåâàæíî â íåé-

ðîíàõ. ×åðåç 48 ãîä ï³ñëÿ òðàíñôåêö³¿ êë³òèíè ñòè-

ìóëþâàëè äî åêçîöèòîçó, ÿê îïèñàíî â «Ìàòåð³àëàõ

³ ìåòîäàõ». Ï³ñëÿ öüîãî ¿õ ë³çóâàëè ³ îòðèìàíèé ë³-

çàò âèêîðèñòîâóâàëè äëÿ ³ìóíîïðåöèï³òàö³¿ ç àí-

òèò³ëàìè ïðîòè Omni-òàãó àáî OPHN1. Ïðåöèï³òî-

âàí³ Omni-ITSN1-L àáî OPHN1-HA äåòåêòóâàëè

Âåñòåðí-áëîò- àíàë³çîì ç â³äïîâ³äíèìè àíòèò³ëàìè.

Êîíòðîëü ³ìóíîïðåöèï³òàö³¿ çä³éñíþâàëè çà äîïî-

ìîãîþ IgG â³äïîâ³äíîãî ïîõîäæåííÿ. Á³ëêè êîïðå-

öèï³òóâàëèñÿ â îáîõ íàïðÿìêàõ, ùî ä³éñíî ï³äòâåð-

äæóº ôîðìóâàííÿ êîìïëåêñó ITSN1 ç OPHN1 ó êë³-

òèíàõ. Ê³ëüê³ñòü êîìïëåêñ³â ó êîíòðîëüíèõ ³ ñòè-

ìóëüîâàíèõ êë³òèíàõ ïðàêòè÷íî íå â³äð³çíÿºòüñÿ, ùî

ñâ³ä÷èòü ïðî íåçàëåæí³ñòü âçàºìîä³¿ ITSN1 ç OPHN1

â³ä åêçîöèòîçó.

Îäåðæàí³ äàí³ çá³ãàþòüñÿ ç ðåçóëüòàòàìè åêñïå-

ðèìåíòó ç êîëîêàë³çàö³¿ â êë³òèíàõ ë³í³¿ PC12 (ðèñ.

2, äèâ. óêëåéêó). Êë³òèíè òðàíñô³êóâàëè Omni-

ITSN1-L òà OPHN1-HA. ×åðåç 48 ãîä ï³ñëÿ òðàíñôåê-

ö³¿ ¿õ ñòèìóëþâàëè äî åêçîöèòîçó, ÿê îïèñàíî ó «Ìà-

òåð³àëàõ ³ ìåòîäàõ», ³ ô³êñóâàëè. Â³äïîâ³äí³ á³ëêè

äåòåêòóâàëè ìåòîäîì ³ìóíîôëóîðåñöåíö³¿. Äëÿ êîæ-

íî¿ êë³òèíè ðîáèëè äâà êîíôîêàëüíèõ çð³çè ó ð³ç-

íèõ ïëîùèíàõ: ÷åðåç öèòîïëàçìó òà ÷åðåç ÿäðî. Ïðè

ñòèìóëþâàíí³ åêçîöèòîçó OPHN1 ÷àñòêîâî ðåëî-

êàë³çóºòüñÿ äî ïåðèôåð³¿ êë³òèíè (ðèñ. 2, á), òîä³ ÿê
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Ðèñ. 1. ITSN1-L ³ OPHN1 âçàºìîä³þòü in vitro òà êîïðåöèï³òóþòüñÿ ç êë³òèííèõ ë³çàò³â: à – äîìåííà îðãàí³çàö³ÿ ïîâíîðîçì³ðíèõ ³ äåëåòî-

âàíèõ ôîðì ITSN1 ³ OPHN1, âèêîðèñòàíèõ ó ðîáîò³; á – âçàºìîä³ÿ SH3A-äîìåíó ITSN1 ç ïîâíîðîçì³ðíèì OPHN1 ³ éîãî Ñ-ê³íöåâîþ

÷àñòèíîþ (OPHN1 C-ter) in vitro (ê³ëüê³ñòü GST-çëèòèõ á³ëê³â êîíòðîëþâàëè ôàðáóâàííÿì Ïîíñî (íèæíÿ ïàíåëü); SH3Aì – ìîçêîñïå-

öèô³÷íà ³çîôîðìà SH3A-äîìåíó ITSN1); â – SH3A-äîìåí ITSN1 â³äïîâ³äàº çà çâ’ÿçóâàííÿ ç OPHN1 ³n vitro (ê³ëüê³ñòü GST-çëèòèõ á³ëê³â

êîíòðîëþâàëè ôàðáóâàííÿì Êóìàñ³ (íèæíÿ ïàíåëü)); ã – ñòèìóëþâàííÿ åêçîöèòîçó íå âïëèâàº íà ôîðìóâàííÿ êîìïëåêñ³â ì³æ ITSN1-L ³

OPHN1 ó êë³òèíàõ ë³í³¿ PC12 (²Ï – ³ìóíîïðåöèï³òàö³ÿ; IgG – ³ìóíîïðåöèï³òàö³ÿ ç êîíòðîëüíèìè ³ìóíîãëîáóë³íàìè; ÒÊË – òîòàëüíèé

êë³òèííèé ë³çàò; Ì – ìàðêåð)
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Ðèñ. 2. ITSN1 ³ OPHN1 êîëîêàë³çóþòüñÿ â êë³òèíàõ íàäíèðíèê³â ùóðà ë³í³¿ PC12. Êë³òèíè ë³í³¿ PC12 òðàíñô³êóâàëè Omni-ITSN1-L ³

OPHN1-HA ç íàñòóïíèì ñòèìóëþâàííÿì åêçîöèòîçó. Á³ëêè äåòåêòóâàëè ìåòîäîì ³ìóíîôëóîðåñöåíö³¿ (äèâ. «Ìàòåð³àëè ³ ìåòîäè»):

Omni-ITSN1-L çàáàðâëåíî ÷åðâîíèì êîëüîðîì, OPHN1-HA – çåëåíèì. Äëÿ êîæíî¿ êë³òèíè ðîáèëè äâà êîíôîêàëüíèõ çð³çè ó ð³çíèõ ïëî-

ùèíàõ: ÷åðåç öèòîïëàçìó (âåðõí³é ðÿäîê, ïîçíà÷åíî ë³òåðàìè) ³ ÷åðåç ÿäðî (íèæí³é ðÿäîê, ïîçíà÷åíî òèìè ñàìèìè ë³òåðàìè, àëå ³ç

øòðèõàìè: à à, ¢– êîíòðîëüí³ êë³òèíè; á á, ¢– êë³òèíè, ñòèìóëüîâàí³ äî åêçîöèòîçó). Ìàñøòàá â³äïîâ³äàº 5 ìêì



ðîçòàøóâàííÿ ITSN1-L ïðàêòè÷íî íå çì³íþºòüñÿ.
Êîåêñïðåñ³ÿ öèõ á³ëê³â íå âïëèâàº íà ¿õíþ ëîêà-
ë³çàö³þ ó êë³òèí³. ITSN1-L ³ OPHN1 ÷àñòêîâî êîëî-
êàë³çóþòüñÿ íà ïåðèôåð³¿ êë³òèíè (ðèñ. 2, à, á), à òà-
êîæ ó ïðèÿäåðí³é ÷àñòèí³ öèòîïëàçìè (ðèñ. 2, à', á').
Ïðè÷îìó ¿õíÿ êîëîêàë³çàö³ÿ òàêîæ íå çàëåæèòü â³ä
ñòèìóëþâàííÿ. Ñòðóêòóðè íà ïåðèôåð³¿ êë³òèíè ìî-
æóòü áóòè ñàéòàìè åíäîöèòîçó, õî÷à öå, çâè÷àéíî,
ïîòðåáóº ïîäàëüøîãî äîñë³äæåííÿ. Â³äîìî, ùî ó
íåéðîíàõ ³ íåéðîñåêðåòîðíèõ êë³òèíàõ åêçîöèòîç
ò³ñíî ïîâ’ÿçàíèé ç êîìïåíñàòîðíèì åíäîöèòîçîì,
ÿêèé â³äáóâàºòüñÿ â³äðàçó æ ï³ñëÿ ñåêðåö³¿ (à ïðè
òðèâàëîìó ñòèìóëþâàíí³ – ³ îäíî÷àñíî ç íåþ) [26,
27]. Îñê³ëüêè º äàí³, ùî ³ ITSN1, ³ OPHN1 òàêîæ çà-
ëó÷åí³ äî åíäîöèòîçó [5, 15, 18], âèùåçãàäàí³ á³ëêè
ìîæóòü ðàçîì áðàòè ó÷àñòü ó êîìïåíñàòîðíîìó åí-
äîöèòîç³ â íåéðîñåêðåòîðíèõ êë³òèíàõ ³, ìîæëèâî,
íåðâîâèõ çàê³í÷åííÿõ. Ïåðåâ³ðêà îñòàííüîãî ³ ñòà-
íîâèòèìå ïðåäìåò íàøèõ ïîäàëüøèõ äîñë³äæåíü.

Âèñíîâêè. Òàêèì ÷èíîì, íàìè âèÿâëåíî íîâèé
ïàðòíåð áàãàòîôóíêö³îíàëüíîãî àäàïòîðíîãî á³ë-
êà ITSN1 – ÃÒÔàçî-àêòèâóþ÷èé á³ëîê OPHN1, ùî
ñïåöèô³÷íî çâ’ÿçóºòüñÿ ç SH3A-äîìåíîì ITSN1. Òà-
êîæ óïåðøå ïîêàçàíî, ùî îáèäâà á³ëêè ôîðìóþòü
êîìïëåêñè ³ ÷àñòêîâî êîëîêàë³çóþòüñÿ ó ñåêðåòîð-
íèõ êë³òèíàõ ë³í³¿ PC12 ÿê ó ñòàí³ ñïîêîþ, òàê ³ ï³ä
÷àñ ðåãóëüîâàíîãî åêçîöèòîçó.

O. S. Gubar, S. Houy, P. Billuart, S. V. Kropyvko, L. O. Tsyba,
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Summary

Aim. Intersectin 1 (ITSN1) is a multifunctional adaptor protein which

is involved in endocytosis, exocytosis and cellular signaling and it is al-

so associated with such pathologies as Down syndrome and Alzhei-

mer’s disease. The aim of this study was to identify new ITSN1 protein

partners which are implicated in membrane trafficking.Methods. In si-

lico analysis by Scansite online resource had identified a GTPase ac-

tivating protein oligophrenin 1 (OPHN1) as a potential partner of

ITSN1 SH3A domain. GST pull-down and immunoprecipitation were

used to prove complex formation between ITSN1 and OPHN1. Subcel-

lular protein localization was determined by immunofluorescence and

confocal microscopy. Results. We have shown that brain-specific and

ubiquitously expressed SH3A domain isoforms of ITSN1 interact with

OPHN1. ITSN1 and OPHN1 form complexes in both resting and stimu-

lated to exocytosis PC12 cell line. Conclusions. GTPase activating

protein OPHN1 and adaptor protein ITSN1 interact in PC12 cell line

independently of exocytosis stimulation.

Keywords: intersectin 1, oligophrenin 1, PC12, exocytosis.
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ÃÒÔàçî-àêòèâèðóþùèé áåëîê îëèãîôðåíèí 1 – íîâûé ïàðòíåð

ìíîãîôóíêöèîíàëüíîãî àäàïòîðíîãî áåëêà èíòåðñåêòèíà 1

Ðåçþìå

Èíòåðñåêòèí 1 (ITSN1) – ìíîãîôóíêöèîíàëüíûé àäàïòîðíûé áå-

ëîê, ó÷àñòâóþùèé â ýíäîöèòîçå, ýêçîöèòîçå è ïåðåäà÷å êëåòî÷-

íûõ ñèãíàëîâ, à òàêæå àññîöèèðîâàííûé ñ òàêèìè ïàòîëîãèÿìè,

êàê ñèíäðîì Äàóíà è áîëåçíü Àëüöãåéìåðà. Öåëü. Âûÿâëåíèå íîâûõ

áåëêîâûõ ïàðòíåðîâ ITSN1, âîâëå÷åííûõ â ïðîöåññû ìåìáðàííîãî

òðàíñïîðòà. Ìåòîäû. Àíàëèçîì in silico ñ ïîìîùüþ ïðîãðàììû

Scansite âûÿâëåí ÃÒÔàçî-àêòèâèðóþùèé áåëîê îëèãîôðåíèí 1

(OPHN1) êàê ïîòåíöèàëüíûé ïàðòíåð SH3A-äîìåíà ITSN1. Äëÿ

ïîäòâåðæäåíèÿ ôîðìèðîâàíèÿ êîìïëåêñà ìåæäó ITSN1 è OPHN1

ïðèìåíåí òåñò íà âçàèìîäåéñòâèå in vitro ñ èñïîëüçîâàíèåì

GST-ñëèòûõ áåëêîâ è èììóíîïðåöèïèòàöèÿ. Ëîêàëèçàöèþ áåëêîâ â

êëåòêå îïðåäåëÿëè ìåòîäàìè èììóíîôëóîðåñöåíöèè è êîíôîêàëü-

íîé ìèêðîñêîïèè. Ðåçóëüòàòû. Ïîêàçàíî, ÷òî ìîçãîñïåöèôè÷åñ-

êàÿ èçîôîðìà SH3A-äîìåíà ITSN1 è SH3A-äîìåí, ýêñïðåññèðóþ-

ùèéñÿ âî âñåõ òêàíÿõ, âçàèìîäåéñòâóþò ñ OPHN1. ITSN1 è

OPHN1 ôîðìèðóþò êîìïëåêñû â êëåòêàõ ëèíèè PC12 êàê â ñîñòî-

ÿíèè ïîêîÿ, òàê è ïðè ñòèìóëèðîâàíèè ýêçîöèòîçà. Âûâîäû.

ÃÒÔàçî-àêòèâèðóþùèé áåëîê OPHN1 è àäàïòîðíûé áåëîê ITSN1

âçàèìîäåéñòâóþò â êëåòêàõ ëèíèè PC12 íåçàâèñèìî îò ñòèìó-

ëèðîâàíèÿ ýêçîöèòîçà.

Êëþ÷åâûå ñëîâà: èíòåðñåêòèí 1, îëèãîôðåíèí 1, PC12, ýêçî-

öèòîç.
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Intersectin 1 (ITSN1) is an adaptor protein involved in membrane trafficking and cell signaling. Long and short

isoforms of ITSN1 (ITSN1-L and ITSN1-S) are produced by alternative splicing. The aim of our study was to

investigate whether ITSN1-L and ITSN1-S could interact in mammalian cells. Methods. During this study we

employed immunoprecipitation and confocal microscopy. Results. We have shown that endogenous ITSN1-S co- 

precipitates with overexpressed ITSN1-L in PC12, 293 and 293T cells. Long and short isoforms of ITSN1 also co-

localize in 293T cells. Conclusions. ITSN1-L and ITSN1-S form complexes in mammalian cells.

Keywords: ITSN1, alternatively spliced isoforms, adaptor/scaffold proteins.

Introduction. ITSN1 is a multidomain and multifunc-

tional adaptor protein which is involved in clathrin- and 

caveolin-dependent endocytosis [1, 2], Ca2+-regulated

exocytosis [3] and synaptic vesicles retrieval [4]. It is

also implicated in cellular signaling [5–7] and neuron

survival [8]. Abnormalities of ITSN1 expression are as-

sociated with the endocytic anomalies reported in Down

syndrome brains and early stages of Alzheimer’s disea- 

se as well as with neurodegeneration in Huntington’s

disease [9, 10]. ITSN1 is also associated with glioma

and neuroblastoma tumorigenesis [11, 12].

Two major ITSN1 isoforms are produced by alter-

native splicing [13]. Ubiquitously expressed ITSN1-S

consists of two N-terminal EH (Eps15 homology) do-

mains, coiled-coil region (CCR) and five SH3 (Src ho-

mology) domains. EH domains interact with NPF motifs 

and are highly involved in clathrin coated pits assemb-

ling [14], and SH3 domains interact with proline-rich

PXXP motifs and provide protein-protein interactions

in many cellular processes, including membrane traffi-

cking and signaling [15].  The long isoform of ITSN1

(ITSN1-L) is expressed predominantly in neurons and

has three additional C-terminal domains: DH (dbl homo- 

logy), PH (pleckstrin homology) and C2. The tandem of

DH-PH domains is a GEF (guanine nucleotide exchange

factor) for the Rho-family small GTPase Cdc42 [16].

ITSN1 domain composition implies that this is an

adaptor/scaffold protein. These proteins possess multi-

ple modular interaction domains and play a crucial role

in spatial and temporal organization of cellular proces-

ses. Scaffolds regulate selectivity in signaling path-

ways using tethering mechanism and physically assemb-

ling chosen components of signaling pathway or net-

work [17]. It is known that some scaffold proteins di-

merize or even oligomerize to perform their function

[18, 19]. As we have recently shown that ITSN1-S forms 

a heterodimer with its minor isoform 22a [20, 21], we

presumed that probably other isoforms of ITSN1 are

able to interact with each other thereby assembling

protein supercomplexes. 
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Materials and methods. Antibodies. A monoclonal

anti-Omni (D-8) antibody was from «Santa Cruz Biotech-

nology» (USA). Rabbit polyclonal antibodies against

the EH2 domain of ITSN1 were described previously

[22]. HRP-conjugated goat anti-mouse and anti-rabbit

antibodies were purchased from «Invitrogen» (USA).

DNA plasmid constructs. The coding sequence of

ITSN1-L was amplified from human embryonic brain

cDNA and cloned into the pcDNA4His/Max C vector

(«Invitrogen»). 

Plasmids encoding GFP-ITSN1-L and mCherry-

ITSN1-S were described previously [23, 24].

Cell culture and transfection. 293 and 293T cells

were obtained from the American Type Culture Collec- 

tion and maintained in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10 % fetal calf se-

rum («Sigma», USA), 50 U/ml penicillin and 100 mg/ml

streptomycin. The cells were transiently transfected

using JetPEI transfection reagent (Polyplus Transfec-

tion) according to manufacturer recommendations and

further processed 24 h after transfection.

PC12 cells were maintained in DMEM supplemen-

ted with 5 % fetal calf serum («Sigma»), 10 % horse

serum («Sigma»), 50 U/ml penicillin and 100 mg/ml

streptomycin. The cells were transiently transfected using

Lipofectamine 2000 transfection reagent («Invitrogen»)

according to manufacturer recommendations and fur-

ther processed 48 h after transfection.

Immunoprecipitation and Western blot analysis.

The immunoprecipitation and Western blot were per-

formed as described previously [25]. In brief, the cells

were lysed in IP buffer (150 mM NaCl, 20 mM Tris, pH 

7.5, 10 % glycerol, 0.5 % NP40, protease inhibitors co-

cktail («Sigma») and centrifuged for 15 min at 16,000

g. Supernatant (2 mg of proteins) was incubated with

2 µg an- ti-Omni antibodies and 20 µl Protein A/G Plus

Ultralink Resin («Thermo Scientific», USA) for 4 h at

4 °C. Then beads were washed four times with IP buf-

fer without inhibitors. Immunoprecipitated complexes

were eluted with Laemmli buffer, resolved by SDS-

PAGE and transferred to nitrocellulose membranes

(«Bio-Rad», USA). The membranes were blocked with 

5 % non-fat milk in TBS-T (1 × TBS («Euromedex»,

France), 0,1 % Tween 20) for 1 h, incubated with anti-

Omni or anti-EH2 antibodies and washed. Detection

was performed by horseradish peroxidase-conjugated

goat anti-mouse or anti-rabbit antibodies.  

Confocal microscopy. 293T cells were transfected

with fluorescent protein constructs, fixed in 4 % para-

formaldehyde in PBS 24 h after transfection, washed

two times with PBS and mounted in Mowiol medium

(«Sigma»). The slides were analyzed using Leica SP5

confocal microscope.

Results and discussion. In order to prove the exis-

tence of ITSN1 macromolecular complexes in cells, we 

have performed a co-immunoprecipitation assay in dif- 

ferent mammalian cell lines (Fig. 1). 

 Omni-tagged ITSN1-L was overexpressed in rat

pheochromocytoma PC12 cell line and in human 293

or 293T cell lines. The immunoprecipitation was carried

out with anti-Omni antibodies and further immunoblot- 

ting was performed with anti-EH2 antibodies to detect

precipitated ITSN1-S. As a control of non-specific bin- 

ding appropriate amount of mouse IgG was used.  In all

tested cell lines endogenous ITSN1-S readily co-pre-

cipitated with recombinant ITSN1-L. 293T cell line

was of particular interest as it expressed endogenous

ITSN1-L at relatively high level in contrast to 293 cell

line (data not shown). And in addition to full-size

ITSN1-L protein in 293T cells a minor band with slight-

ly lower molecular weight is present which is presumab- 
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IB: α-Omni

IB: α-EH2

170

130

kDa

Input Input

IP IP

α-Omni α-OmniIgG IgG

PC12 293

←Omni-ITSN1-L

←ITSN1-S

150

kDa

IB:

InputInput

IP IP

α-Omni

α-Omni

α-Omni

α-EH2

IgG IgG

293T

←Omni-ITSN1-L

←ITSN1-S

Fig. 1. ITSN1-L and ITSN1-S co-precipitate in mammalian cells. PC12

and 293 cells (A) or 293T cells (B) were transfected with Omni-ITSN1- 

L and subjected to immunoprecipitation (IP) with anti-Omni antibody

or control IgG followed by immunoblotting (IB) with anti-EH2 (anti-

ITSN1) antibody



ly one of the possible alternatively spliced isoforms of

ITSN1-L. The bands below the ITSN1-S can also refer

to one of its minor isoforms, e. g. ITSN1-22a [20, 21].

And these minor isoforms also co-precipitate with over-

expressed ITSN1-L suggesting that ITSN1 can form he-

terodimers of different isoform composition (Fig. 1, B). 

To explore whether ITSN1-S and ITSN1-L have simi-

lar subcellular localization, we overexpressed GFP-tag-

ged ITSN1-L and mCherry-tagged ITSN1-S in 293T

cells (Fig. 2, A). 

As a control we co-expressed each of the proteins

with empty vector (Fig. 2, B, C). Obtained data clearly

indicate that both isoforms perfectly colocalize and

have similar subcellular distribution.

 So we have demonstrated that ITSN1 isoforms in-

teract  in mammalian cells, thereby forming large comp-

lexes with varying protein composition that can func-

tion in membrane trafficking as well as in cell signal-

ing. However the molecular mechanism controlling this

clusterization remains unclear. 

Such ITSN1-ITSN1 interaction possibly could be

mediated by CCR as it is the case for Eps15, another

CCR and EH domain containing protein [26]. This sup- 

position is also supported by the work of Wong et al.

[27]. They have used a high throughput yeast two hyb-

rid screening to define the possible partners of the

ITSN scaffolds and have identified ITSN1 as a target of 

a prey containing its EH2 domain and a half of CCR
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mCherry-ITSN1-S

mCherry-ITSN1-S

mCherryGFP-ITSN1-L

GFP-ITSN1-L

GFP

Merge

Merge

Merge

A

B

C

Fig. 2. Overexpressed GFP-

ITSN1-L and mCherry-ITSN1- 

S colocalize in 293T cells.

293T cells were transfected

with both GFP- ITSN1-L and

mCherry-ITSN1-S (A) or

with GFP-ITSN1-L alone

and empty pmCherry vector

(B) or with mCherry-ITSN1-S

alone and empty pGFP-C1

vector (C). Scale bar repre-

sents 5 µm



(204–522 aa). They have further shown the existence of

ITSN1 homo- and heteromeric complexes by bimolecu- 

lar fluorescence complementation.

But we assume that ITSN1 SH3 domains may also

contribute to this interaction as it has already been

shown that some other proteins dimerize via their SH3

domains [28, 29]. These assumptions will be tested in

our further research. 

Conclusions. We have shown that ITSN1 long and

short isoforms form complexes in different mammalian 

cell lines.

О. С. Гу бар, С. В. Кро пив ко, Л. О. Циба, С. Гас ман, А. В. Рин дич

Альтернативно сплай со вані ко рот ка і дов га ізо фор ми 

адап тор но го білка інтер сек ти ну 1 фор му ють ком плек си 

у кліти нах ссавців

Ре зю ме

Інтер сек тин 1 (ITSN1) – адап тор ний білок, за лу че ний до мем -

бран но го транс пор ту та пе ре дачі клітин них сиг налів. Дов га і ко -

рот ка ізо фор ми ITSN1 (ITSN1-L і ITSN1-S) утво рю ють ся в ре-

зуль таті аль тер на тив но го сплай син гу. Ме тою ро бо ти було вста- 

новити, чи мо жуть ITSN1-L і ITSN1-S взаємодіяти в кліти нах ссав-

ців. Ме то ди. Ви ко рис та но ме то ди іму ноп ре ципітації та кон фо -

каль ної мікрос копії. Ре зуль та ти. По ка за но, що ен до ген ний ITSN1-

S коп ре ципітується з над е кспре со ва ним ITSN1-L у кліти нах PC12,

293 і 293T. Дов га  і ко рот ка ізо фор ми ITSN1 також  ко ло калізу -

ють ся у кліти нах 293T. Вис нов ки. ITSN1-L і ITSN1-S фор му ють

комплек си в кліти нах ссавців. 

Клю чові сло ва: ITSN1, аль тер на тив но сплай со вані  ізо фор ми,

адап торні білки.

О. С. Гу барь, С. В. Кро пив ко, Л. А. Цыба, С. Гас ман, А. В. Рын дич

Альтернативно сплай си ро ван ные ко рот кая и длин ная 

изо фор мы адап тор но го бел ка ин тер сек ти на 1 фор ми ру ют 

ком плек сы в клет ках мле ко пи та ю щих

Ре зю ме

Интер сек тин 1 (ITSN1) – адап тор ный бе лок, учас тву ю щий в

мем бран ном транс пор те и пе ре да че кле точ ных сиг на лов. Длин -

ная и ко рот кая изо фор мы ITSN1 (ITSN1-L и ITSN1-S) об ра зу ют ся

всле дствие аль тер на тив но го сплай син га. Целью ис сле до ва ния

было вы яс нить, мо гут ли ITSN1-L и ITSN1-S вза и мо де йство вать

в клет ках мле ко пи та ю щих. Ме то ды. Исполь зо ва ны методы им -

му ноп ре ци пи та ции и кон фо каль ной мик рос ко пии. Ре зульта ты.

По ка за но, что эн до ген ный ITSN1-S коп ре ци пи ти ру ет ся со сверх -

экпре сси ро ван ным ITSN1-L в клет ках PC12, 293 и 293T. Длин ная и 

ко рот кая изо фор мы ITSN1 так же ко ло ка ли зу ют ся в клет ках

293T. Вы во ды. ITSN1-L и ITSN1-S фор ми ру ют ком плек сы в клет -

ках мле ко пи та ю щих.

Клю че вые сло ва: ITSN1, аль тер на тив но сплай си ро ван ные изо -

фор мы, адап тор ные бел ки.
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Olga GUBAR 

Rôle de l’intersectin-1 au cours du 
trafic membranaire: 

Identification de nouveaux 
partenaires moléculaires. 

 

Résumé 

L’homéostasie cellulaire est intimement liée au trafic membranaire, processus dynamique qui permet 
les échanges de lipides et de protéines entre les compartiments cellulaires mais aussi entre la cellule 
et le milieu extracellulaire. L’intersectin-1 (ITSN1) est une protéine d’échafaudage multifonctionnelle, 
impliquée dans les processus d’endocytose, d’exocytose, diverses voies de signalisation ainsi que 
dans la survie cellulaire.  

L’ensemble de mes travaux de doctorat a permis d’identifier deux nouveaux partenaires de l’ITSN1, 
RhoU et l’OPHN1, et de montrer leur implication dans le trafic membranaire. De plus je démontre que 
les variants d’épissage de l’ITSN1 pourraient avoir une spécificité d’interaction différente vis-à-vis de 
ses partenaires. Nous montrons aussi que l’ITSN1 est capable de former des complexes entre ses 
différentes isoformes. Ainsi, l'ensemble de ces données apportent de  nouvelles connaissances sur 
l’interactôme d’ITSN1. 

 

Résumé en anglais 

The cellular homeostasis is tightly linked to the membrane trafficking, a dynamic process which 
allows lipid and protein exchange between the cellular compartments as well as the cell and the 
environment. Intersectin1 (ITSN1) is a multifunctional scaffold protein implicated in the processes of 
endocytosis and exocytosis, different signaling pathways and cell survival.  

In present study I have identified two new partners of ITSN1, RhoU and OPHN1, and demonstrated 
their implication in membrane trafficking. Surprisingly, I have also found that the alternative splicing of 
ITSN1-L can lead to the change of the specificity of its interaction with binding partners. In addition, I 
have shown that different ITSN1 isoforms are capable to form complexes with each other. All 
together these data add new knowledge to ITSN1 interactome. 

 


