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Role of VDAC1 hypoxic form, VDAC1-!C, in the expression of primary cilia and tumor progression

Voltage-dependent anion channel1 (VDAC1) is a porin of the mitochondrial outer membrane that plays a very important role in the regulation of cellular metabolism and apoptosis. As a consequence of hypoxia (i.e. decrease of oxygen availability), a new form of VDAC1, VDAC1-!C, is produced from a microfusion between abnormally enlarged mitochondria and endolysosomes. Through this mechanism, the endolysosomal asparagine endopeptidase Legumain (LGMN) mediates the cleavage of VDAC1 at specific sites.

Clear cell Renal Cell Carcinoma (ccRCC) is the most common form of kidney cancer characterized by loss or mutation of VHL tumor suppressor gene, occurring in both sporadic and hereditary ccRCCs. VHL inactivation is responsible for the normoxic stabilization of hypoxia-inducible transcription factors (HIFs) and thus a dysregulation of the hypoxic pathway. Moreover, ccRCC is usually characterized by loss of the primary cilium (PC) a non-motile sensory organelle of cell surface, making this cancer a model of ciliopathy. The primary cilium serves a number of key functions, among which cell signalization and cell cycle regulation are of special interest in tumorigenesis.

In vitro, we demonstrated the presence of VDAC1-!C in RCC4 cells, stabilizing both HIF1-" and HIF2-". VDAC1-!C was not detected in RCC4 cells re-expressing the wt pVHL (RCC4+pVHL), without HIFs stabilization. The absence of VDAC1-!C in these cells was correlated with a low expression of LGMN and with the increase of the number of ciliated cells compared to RCC4 cell line. The silencing of VDAC1 or of LGMN in RCC4 cells abolished the presence of VDAC1-!C and significantly increased both the number of ciliated cells and their invasive potential.

In parallel, we demonstrated that a restrict group of patients, in a cohort of 19 ccRCC patients, were characterized by the absence of VDAC1-!C, low expression of LGMN and an increase in ciliated cells. We found a gene signature based on GLI and IFT20 genes, which are markers of PC activity and formation respectively, whose overexpression (GLI1+/IFT20+) reflected the increase of PC expression. This classification, based on VDAC1, LGMN and the genes GLI1 and IFT20, was reinforced from the study of a TCGA cohort of 375 non-metastatic ccRCC. 48 patients (GLI1+/IFT20+)/375, about 12% of patients, had a poor prognosis in terms of overall survival and disease free survival. We found that an epithelial to mesenchymal transition (EMT) signature and maintenance of glycolytic metabolism were at the basis of the increase in tumor aggressiveness. Moreover, we found that patients with i) an increased expression of PC, ii) the absence of VDAC1-!C and iii) a GLI1+/IFT20+ signature were more resistant to sunitinib, the current standard of care treatment for metastatic ccRCC, and we confirmed the same results in vitro, in ccRCC cell lines. However, since the immunophenoscore was in favor to GLI1+/IFT20+ group of patients, immunotherapy could be a particularly beneficial treatment.

RESUME

Rôle de la forme hypoxique VDAC1, VDAC1-!C, dans l'expression du cil primaire et la progression tumorale

Le voltage-dependent anion channel 1 (VDAC1) est une porine exprimée au niveau de la membrane externe des mitochondries et qui joue un rôle très important dans la régulation du métabolisme cellulaire et de l'apoptose. En condition d'hypoxie (c'est-à-dire de diminution de la disponibilité en oxygène), une nouvelle forme de VDAC1, VDAC1-ΔC, est produite par la microfusion entre mitochondries et endolysosomes. Par ce mécanisme, l'asparagine endopeptidase endolysosomale Legumain (LGMN) induit le clivage de VDAC1 sur des sites spécifiques.

Le carcinome à cellules claires des cellules rénales (ccRCC) est la forme la plus courante de cancer du rein caractérisée par la perte ou la mutation du gène suppresseur de tumeur vhl, aussi bien dans les ccRCC sporadiques que dans les ccRCC héréditaires. L'inactivation de pVHL est responsable de la stabilisation en normoxie des facteurs de transcription Hypoxia-Inducible Factor (HIF) ainsi que de la dérégulation de la voie hypoxique. De plus, les ccRCC sont généralement caractérisés par la perte du cil primaire (PC), un organite sensoriel non mobile présent à la surface cellulaire, et faisant de ce cancer un modèle de ciliopathie. Le cil primaire remplit plusieurs fonctions clés, parmi lesquelles la signalisation et la régulation du cycle cellulaire revêtent un intérêt particulier pour la tumorigenèse.

In vitro, nous avons établi que l'absence de VDAC1-ΔC dans les lignées cellulaires ccRCC correspondait à une multiplication du nombre de cellules ciliées, à une faible expression de la LGMN et à une augmentation de leur potentiel invasif. En parallèle, nous avons démontré, in vivo, qu'un groupe restreint de patients, dans une cohorte de 19 patients ccRCC, était caractérisé par l'absence de VDAC1-ΔC, une faible expression de LGMN et une augmentation des cellules ciliées. Nous avons caractérisé une signature génique basée sur les gènes GLI1 et IFT20, qui sont respectivement des marqueurs de l'activité et de la formation du PC.

Leur surexpression (IFT20+/GLI1+) reflète l'augmentation de l'expression du PC. Cette classification, basée sur VDAC1, LGMN, et sur les gènes GLI1 et IFT20, a été renforcée à partir d'une cohorte de 375 ccRCC non métastatiques du TCGA. 48 patients (GLI1+/IFT20+)/375, soit 12% des patients, avaient un mauvais pronostic. Nous avons constaté que la signature de transition épithéliale à mésenchymateuse (EMT) et le maintien du métabolisme glycolytique étaient à la base de l'augmentation de l'agressivité de la tumeur. De plus, nous avons constaté que les patients avec i) une expression accrue de PC, ii) l'absence de VDAC1-ΔC et iii) une signature GLI1+/IFT20+ étaient plus résistants au sunitinib, le traitement de référence actuel des ccRCC métastatiques. Cependant, l'immunophénoscore étant en faveur du groupe de patients GLI1+/IFT20+, l'immunothérapie pourrait être un traitement particulièrement bénéfique.

Afin de mieux comprendre l'impact de VDAC1-ΔC sur la biogenèse du PC, la lignée cellulaire de fibroblastes de souris embryonnaires (MEF), transformées par RAS, et invalidée pour VDAC1 (Vdac1 -/-) ont été transfectées avec un vecteur exprimant i) le VDAC1 humain sauvage (wt VDAC1 +/+ ), ii) la forme mutée et non clivable de VDAC1 (VDAC1Mut) ainsi que iii) la forme tronquée de VDAC1 (VDAC1-STOP). Nous avons ainsi déterminé que VDAC1-ΔC est bien impliqué directement dans une meilleure plasticité métabolique et dans l'inhibition de la formation de PC, participant ainsi au phénotype ciliopathique des tumeurs.

Enfin, nous avons démontré que la présence de VDAC1-ΔC peut également se produire en normoxie lors de la désactivation du mécanisme de biosynthèse fer-soufre dans les mitochondries ou lorsque l'homéostasie du fer est altérée, attribuant un nouveau rôle à VDAC1 dans le contexte de carence en fer.

Ainsi, mes recherches ont démontré une nouvelle fonction de VDAC1, et en particulier de VDAC1-ΔC, dans un contexte hypoxique mais également normoxique.

Mots-clés: Agressivité, Carcinome rénal à cellules claires, Cil primaire, Hypoxie, Métabolisme, VDAC1

To understand the VDAC1-!C -dependent restraint of PC expression, RAS-transformed mouse embryonic fibroblasts (MEF) cell lines knockout for VDAC1 (Vdac1 -/-) expressing i) human VDAC1 wt (VDAC1 +/+ ), ii) a non-cleavable form of VDAC1 (VDAC1Mut) and iii) only the truncated form of VDAC1 (VDAC1-STOP) have been engineered. We first determined that VDAC1-!C is involved in the increase of glycolysis and respiration and that VDAC1-!C confers the capability to metabolize more metabolites. We also demonstrated that VDAC1-!C inhibits PC formation, thus participating to the ciliopathic phenotype of tumors.

Finally, we demonstrated that the presence of VDAC1-!C can also occur in normoxia upon silencing of the iron-sulfur biosynthetic machinery in mitochondria or with impaired iron homeostasis, attributing a new role to VDAC1 in the context of iron deprivation. Thus, my research demonstrated a new function of VDAC1 and, in particular, of VDAC1-!C in both hypoxic and normoxic contexts.
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ACKNOWLEDGEMENTS

My thanks go first to Dr. Patrick Aubrger. It is an honor to have you as president of my jury. I thank you for your sympathy and courtesy towards me, since from my arrival to C3M.

I would like to thank my rapporteur.rice: Dr. Catherine Brenner and Dr. Nicolas Dupont. Thank you for the time devoted to read and judge my work, as well as for your precious advices.

Thanks to my examinateur.rice, Dr. Betty Gardie and Dr. Pascal Peraldi, for having kindly accepted to be part of my jury and for having followed my work and helped me during all these years with your valuable recommendations.

These years have passed so quickly, but at the same time they have been full of changes. I sincerely want to thank all the people who shared this experience with me.

First of all, a huge thank goes to Nathalie Mazure. Nath, I will be grateful to you forever. Thanks for having given me the opportunity to do my thesis with you and for having almost literally taken my hand since the beginning until now. Thank you for all the things that you taught me, in work and outside, I will treasure it, for your encouragements, your positivity and your trust in me when I haven't. These are not things to take for granted and I thank you for all the time that you have dedicated to me. Thank you also for always pushing me to challenge myself and for your constant support in the difficult times that Science has reserved to us. I truly believe that all this has improved me not only scientifically, but also personally (but let other people to judge!), and this is thanks to you. Not to be forgotten are the efforts you made for my French and for understanding my French all these years, so thank you. It is so hard to say goodbye, I am still not realizing, but let me sincerely thank you from the bottom of my heart for all the things that you have done for me.

A big thank you goes to Dr. Frédéric Bost (ok Fred). Thank you for having welcomed me in your team, for your kindness, for your good mood and for all your advices. Thanks also for having tolerated a ccRCC project ;) and for all your contributions to ameliorate it.

I would like to thank one by one all the other members of team 5, because I have learned something special from each of them.

Thank you Moni for sharing with me the joys and sorrows I faced during these years. Thanks for all your precious help and generosity, and for having remembered me to eat when eating was my last thought. You have a wonderful family and I admire the way you managed to start a new life here with them. I wish you good luck for the next and I am firmly convinced that everything is gonna be fine, don't be afraid because you have all the capabilities to do it. I hope to meet you and your family soon in Brazil or somewhere in Europe, but in the mean time I wish you all the best things in the world.

Thank you Julie for the support you gave me, in Science, in Medicine and personally as well. You know how to defuse situations in an extremely brilliant way that makes you unique. You are a wonderful work as well as family-dedicated woman to take as an example. You rock in all fields and things you do and I admire you so much for this.

Thank you Chaaarles for being arrived to the lab. You are a great person, always ready to help the others without asking anything in return. Thank you for having always a good word to cheer me up and for all your advices. You and Marissa are just amazing and I thank you a lot for the great time we have spent together.

Thank you Mounia for your sense of humor, you made me laugh a lot. Thanks for all your tips and your sincere recommendations. Thank you also for cleaning up the lab and particularly my bench. I promise, I will learn a day to be tidier and I admire your way to be so organized. Thank you for your proximity to me, and for having relieved my fears in more occasions.

Thanks to the little but big Victor. You are such a talented PhD student and I am sure you will do a wonderful job at the end of your studies. I want to thank you for being such a sensitive, smart, curious and funny guy, I had a lot of fun with you. Thanks for all the times that you were with me late in the evening at the lab and for all the times that you were listening to me without judging.

Thank you Stephan for all the things you did for me, for having helped me a lot and mostly for your honest opinions and suggestions that I have always appreciated so much. Thanks for the coffee breaks during which I have always learned a lot, for your kindness and your good soul.

Thank you Charlotte for your courtesy and scientific advices. Thanks a lot for the amazing pastry dishes that you kindly made for all of us. Wish you a lot of joy with the new member of the family.

Please, keep me informed! Thank you Katiane for all your help with the mycoplasma test, for all your smiles and kindness.

Thanks to Aurélie (Mbeutcha) and Mathieu, our two urologists of the team. Aurélie thanks for always being so kind and funny. I will give you thousands of hugs at the end of my defense. Mathieu, sorry for not having the time to know you better, but thank you for your courtesy and sympathy.

Thank you also to Jean-Marc Ferrero and Nicolas Chevalier.

I would love to thank all the people of the CAL that I first met when I arrived in Nice. Guys you have been so kind with me and thanks to all of you my arrival in a new country has been pretty much easy.

I'll always be so grateful for this.

Thank you dear Maeva for all your contributions to the paper, for your optimism and your unique way of smiling at life. I wish you all the best for your carrier and I am sure you will succeed without any doubts. Thanks for being and for having always been close to me. You are the best! Many thanks go to my favorite Piemontese: Ju Ju. Dear Ju Ju, thank you so much for having shared with me this experience from the beginning. I will never forget your kindness since the first day. You are one of the craziest and best people I know. I am glad to see you so happy, you deserve it so much.

You are the boss boss (come Anna Wintour) and the best.

Thanks to all the other amazing people that have been with me at the beginning:

Thanks to Sonia and Roser, my favorite singers, Philippe and Cercina with whom I shared the desk, to the incredible Pape and to all the people of Jacques/Gilles team in Nice and Monaco.

Thanks also to Giulia, Lorenza and Janita, with whom I shared so much. They have been almost

vital.

Thanks to the Hofman's team. To my dear Barnabé for being such a funny and good guy and for having introduced me (without success, but it is my fault) to horse riding. Wish you good luck for the next of your studies. Thanks, Baharia, for being such a wonderful woman, Patrick for always being so kind with me and for all your precious help. Tons of beers for you! Mickael for having such a good heart, Valerie, Thierry, Simon, Luis, Jeremy, Mariangela and Jonathan for your kindness.

Really thanks to all the other people and to Clement, Laurent, Sasha and Doria of the Bulavin's team.

I would love to thank you all the people I have met on my path during these years, my family niçoise.

Sofi, it happened that we met and from that time you have been like a gift for me. Thank you for always being present in my life, for being such a good, sincere and generous person. Thank you for having always encouraged me and for having shared with me all moments, good and bad, at the lab and outside. Thank you for all the times that you offered me your shoulder and your help in everything, I don't know what I would have done without you. I'll never forget you. Ti voglio bene.

Will, my dear Will, thank you for all the incredible moments I will always remember in my heart. It is so great to have you back here. You have been my best friend, my brother and my most trusted advisor. You are such a good and polite person and so funny when it's time. Thank you for everything you shared with me, you are an amazing guy. Love you.

Cri, you are the other most crazy person that I had the pleasure to meet here. There was something that attracted me to you since the beginning. With you I died laughing, I cried and I have been angry.

All things that I can share only with a good friend. And you truly are, Cristina. Thank you for your friendship, for your support and for making me part of your life. Ti voglio bene.

Thanks to all the other members of the Nice family. Thanks to Serena, Juan, Nina, Océane, Ana, Simona. Thank you for all the moments we have spent together. You have participated in making such experience so unforgettable.

Thanks to all the other Greek, Spanish, French and Italian friends I have met here.

All of you have played a role for my personal growth during this period and I am extremely grateful for having crossed you in my life.

I would finally love to thank my dears.

Thank you mamma and babbo just because you are the best people in the world. An immeasurable thanks is for having guided me during all my life and for having taught me the values that really matters in life. Thank you for being such a lovely and generous people, an inspiration to me. I would love to thank you for being always (or almost ;)) by my side, and for all the times that, with dedication, you have put me in "the right path", and for remembering me that life is not always black or white, but that it has instead a lot of different shadows that I should appreciate. Thank you for always trying to be impartial with me and for telling me that sometimes (or often) I am wrong. Thank you for all the efforts you did with and for me and I hope to make you proud. Thank you for all the Love with which you have filled my life.

Grazie mamma e babbo, perchè siete semplicemente le persone migliori del mondo. Un incommensurabile grazie è per avermi guidato durante tutta la mia vita e per avermi insegnato i valori che contano veramente. Grazie per essere delle persone buone e generose a cui mi ispiro ogni giorno.

Vorrei ringraziarvi per essere sempre (o quasi) dalla mia parte, per tutte le volte che, con dedizione, mi avete riportato nella "retta via", e per tutte le volte che mi avete ricordato che la vita non è solamente nera o bianca, ma che ha invece tante altre sfumature che farei meglio ad apprezzare.

Grazie per cercare di dare giudizi imparziali quando si tratta di me e per ricordarmi che a volte (o spesso) sbaglio. Grazie per tutto quello che avete fatto, spero di rendervi fieri di me. Grazie per tutto l'amore con cui avete riempito la mia vita. Siete unici.

Thanks also to the rest of my family, all my aunts, uncles and cousins for always supporting me and for always being present.

Thanks to my best friends, Linda and Silvia, for always being there for me and to rejoicing and crying with me and for being constantly present even if physically far.

Thanks to all the other Italian friends that had a thought for me in these years and with whom time seems not to be passed when I go back home.

Thank you my dear Daniela for being such an inspiration for me since the years of my Master 2. You have been and you will always be a force of nature to me.

Finally, my thanks go to the best man in Earth (after my father ;)). I am talking about you, Nikos. I am nothing but lucky to have met you and to you goes the credit to have totally changed my life, in the good way. Thank you for being such a good and sensitive person, for always letting me see the things from the right perspective, for tolerating my imperfections and faults. Thanks for just making my life better and for being so respectful with my dreams. Thanks for having sat next to me telling me that I could do it, or even without saying nothing, just for being close to me. Thanks for taking care of me, always, but in particular in these last months of hard work. Thanks for tolerating my bad days and for your humor in trying to lighten up my mood. Thanks for being with me, now and in the future and for all the sacrifices that you are ready to face for me. I hope that you are as happy as I am.

Thank you.

Thanks to all of you and I hope to have given you back at least a quarter of all the things I have received from you. 

LIST OF FIGURES AND TABLES

Hypoxia: the green light for cancer progression

The presence of oxygen (O 2 ) dramatically rose in Earth's early atmosphere 2.3 billion years ago, enabling the evolution of complex life with the formation of multicellular organisms and finally humans [START_REF] Canfield | The early history of atmospheric oxygen: homage to Robert M. Garrels[END_REF]. The importance of O 2 for life is due to the introduction of the aerobic metabolism that provided a more powerful and efficient source of energy generated in form of adenosine triphosphate (ATP), essential for many cellular processes. Thus, O 2 is crucial for cell functionality and mammals are furnished by an efficient vascularity system that supply organs with O 2 according to tissue demand. As a result of a balance between O 2 delivery and consumption, the cells of our body are exposed to different O 2 concentrations, from to 2-14.5 % partial pressure of oxygen (P O2 ) ~ 15-104 mmHg). These values are lower than the O 2 concentration found in air (21%-160 mmHg P O2 , referred as "normoxia") and represent tissue "physioxia" or "physiological hypoxia" [START_REF] Carreau | Why is the partial oxygen pressure of human tissues a crucial parameter? Small molecules and hypoxia[END_REF]) [START_REF] Stamati | Evolution of oxygen utilization in multicellular organisms and implications for cell signalling in tissue engineering[END_REF]. Physiological hypoxia is a requisite experienced during embryonic development, when ESCs have no access to the maternal vasculature. In these conditions, ESCs are exposed to 2% O 2 (15 mm Hg P O2 ), the best environment for ESCs proliferation, maintenance of pluripotency, as well as for the establishment of ESCs fate [START_REF] Abdollahi | The role of hypoxia in stem cell differentiation and therapeutics[END_REF][START_REF] Fathollahipour | Oxygen Regulation in Development: Lessons from Embryogenesis towards Tissue Engineering[END_REF]. Moreover, low O 2 availability is a characteristic of high altitude, where the P O2 falls resulting in hypobaric hypoxia. As an example, at the pick of Mount Everest (8850 meters altitudes) the P O2 is about one-third of the sea-level value [START_REF] Grocott | High-altitude physiology and pathophysiology: implications and relevance for intensive care medicine[END_REF]. Lowland residents undergo physiological adaptations after shortterm exposure to hypobaric hypoxia, which involve respiratory and cardiovascular responses [START_REF] Brahimi-Horn | Tumor angiogenesis[END_REF]. However, O 2 concentrations below physioxia cause insufficiency of tissue oxygenation, giving rise to "pathological hypoxia" (≤ 1% O 2 , 7.5 mmHg P O2 ), usually found in pathological conditions, such as inflammatory and ischemic diseases, diabetes and also in cancer [START_REF] Michiels | Physiological and pathological responses to hypoxia[END_REF][START_REF] Biddlestone | The role of hypoxia in inflammatory disease (review)[END_REF]. "Anoxia" is instead an extreme of hypoxia where O 2 is entirely absent, characterizing the necrotic zones of tumors [START_REF] Papandreou | Anoxia is necessary for tumor cell toxicity caused by a low-oxygen environment[END_REF].

Cellular adaptation to low O 2 levels is crucial for life. The 2019 Nobel Prize in Medicine was awarded to the hypoxia researchers William G. Kaelin Jr, Sir Peter J. Ratcliffe and Gregg L. Semenza "for their discoveries of how cells sense and adapt to oxygen availability." They identified the molecular mechanism underlying O 2 homeostasis in response to hypoxia, as well as its regulation in both physiology and disease.

A.!Hypoxia in cancer I.! Hypoxic tumor phenotype

Cancer is an extremely heterogeneous disease from both genetic and phenotypic point of views, with differences in the mutational profile and genomic instability being the causes of the heterogeneity within individual tumors and within and between tumor types [START_REF] Grizzi | Cancer: looking for simplicity and finding complexity[END_REF]Chiriva-Internati 2006, Dagogo-Jack and[START_REF] Dagogo-Jack | Tumour heterogeneity and resistance to cancer therapies[END_REF]. Despite this heterogeneity, a common feature shared by different types of tumors and recognized fundamental for tumor progression is hypoxia, which ultimately causes acidosis of the extracellular microenvironment (Brahimi-Horn, [START_REF] Brahimi-Horn | Hypoxia and cancer[END_REF], Chiche, Brahimi-Horn et al. 2010).

The first insights on the existence of tumor hypoxia date back to 1950's with observations in histological sections of human lung cancer (Thomlinson and Gray 1955). In these pioneering studies, tumor sections appeared as circular areas in which living tumor cells were seen to grow in "cords" in parallel to the vascular stroma. At the center of these areas, a necrotic core was found at a distance of 160 µm from the vasculature.

The rapid oncogenic-driven proliferation of tumor mass distances indeed tumor cells from the vasculature such as they are quickly deprived of both nutrients and O 2 carried by normal blood vessels. In this scenario, the O 2 diffusion limit (150 µm) is responsible of the establishment of an O 2 gradient within the tumor that is a function of the distance from the vessels [START_REF] Folkman | Cancer: looking outside the genome[END_REF], with the presence of severe hypoxic/anoxic zones far away from the blood capillaries, in correspondence to the necrotic core [START_REF] Vaupel | Tumor hypoxia: causative factors, compensatory mechanisms, and cellular response[END_REF]) (Brahimi-Horn, [START_REF] Brahimi-Horn | Hypoxia and cancer[END_REF] (Figure 1). Thus, the hypoxic tumor phenotype is a consequence of the O 2 diffusion limit that is not able to meet the O 2 demand of the highly proliferating tumor cells, leading to "chronic hypoxia". But not only. The establishment of hypoxia in the tumor fosters the dynamic formation of new microvessels to sustain and fuel its rapid growth through oxygen supply in a process known as "tumor angiogenesis" [START_REF] Folkman | Tumor angiogenesis[END_REF]. The tumor microvessels are structurally and functionally abnormal and unevenly distributed within tumor mass. Tumor vasculature presents an increase in branching and shunts that make the vessels very tortuous and the flow very chaotic with limited perfusion.

Ultrastructurally, the endothelial cells of tumor vessels are discontinuous, with gaps between them, and the basement membrane is interrupted. As a consequence, the tumor vessels are leaky [START_REF] Carmeliet | Angiogenesis in cancer and other diseases[END_REF] [START_REF] Eales | Hypoxia and metabolic adaptation of cancer cells[END_REF]. The deformation of tumor vasculature is responsible for the so called "acute hypoxia", usually transient, which is caused by the perfusion-limited O 2 delivery [START_REF] Vaupel | Tumor microenvironmental physiology and its implications for radiation oncology[END_REF]). Finally, differences in red blood cell flux in tumor microvessels, with some of which carrying only plasma, changes in blood cells morphology towards a major stiffness and the

II.! Hypoxic tumor microenvironment: an overview

The interaction between cancer cells and their surrounding environment, the tumor microenvironment (TME), favors tumor progression. TME is composed by blood and lymphatic vessels, fibroblasts, extracellular matrix (ECM) and immune cells [START_REF] Balkwill | The tumor microenvironment at a glance[END_REF], and all these components are influenced by hypoxia [START_REF] Casazza | Tumor stroma: a complexity dictated by the hypoxic tumor microenvironment[END_REF]) (Figure 2).

As mentioned above, tumor angiogenesis (the formation of new blood vessels) is a critical process to support tumor growth, but it is also a means whereby tumor cells can metastasize.

It has been shown that hypoxia is able to influence endothelial cells (ECs) metabolism and behavior through the induction of pro-angiogenic factors 1 , such as vascular endothelial growth factor (VEGF) [START_REF] Manalo | Transcriptional regulation of vascular endothelial cell responses to hypoxia by HIF-1[END_REF], which binds to VEGF receptor 2 (VEGFR2) on ECs. ECs, by sensing the high concentration of VEGF, start to migrate following VEGF gradient to become the tip cells of the sprout, initiating thus the formation of new capillaries [START_REF] Gerhardt | VEGF guides angiogenic sprouting utilizing endothelial tip cell filopodia[END_REF]. Moreover, hypoxia increases ECs proliferation [START_REF] Li | Hypoxiainduced endothelial proliferation requires both mTORC1 and mTORC2[END_REF]) and vessels functionality, with the intensification of blood flow through the induction of nitric oxide (NO), which in turn acts as a vasodilator2 [START_REF] Wong | Endothelial cell metabolism in health and disease: impact of hypoxia[END_REF].

Lymphatic vessels represent another route through which tumor cells can disseminate to reach more vascularized zones and the increase in lymphatic vessels density has been correlated with pour prognosis in different cancers [START_REF] Schoppmann | Lymphatic microvessel density and lymphovascular invasion assessed by anti-podoplanin immunostaining in human breast cancer[END_REF][START_REF] Kadota | The clinical significance of lymphangiogenesis and angiogenesis in non-small cell lung cancer patients[END_REF][START_REF] Bolenz | Lymphangiogenesis occurs in upper tract urothelial carcinoma and correlates with lymphatic tumour dissemination and poor prognosis[END_REF]. Similar to what observed for blood vessels, hypoxia can promote lymphoangiogenesis through the action of hypoxia-induced pro-lymphoangiogenic factors (i.e VEGF C) [START_REF] Schoppmann | Hypoxia inducible factor-1alpha correlates with VEGF-C expression and lymphangiogenesis in breast cancer[END_REF].

Fibroblasts infiltrating in tumor tissues have different characteristics and functions compared to normal fibroblasts and are called cancer-associated fibroblasts (CAFs). They derive from different cell types, such as resident fibroblasts, bone marrow cells, adipocytes, endothelial cells and epithelial cells [START_REF] Zeisberg | Discovery of endothelial to mesenchymal transition as a source for carcinoma-associated fibroblasts[END_REF][START_REF] Lecomte | Bone marrow-derived myofibroblasts are the providers of pro-invasive matrix metalloproteinase 13 in primary tumor[END_REF][START_REF] Bochet | Adipocyte-derived fibroblasts promote tumor progression and contribute to the desmoplastic reaction in breast cancer[END_REF].

Generally, CAFs participate in tumor progression by secreting pro-tumoral chemokines and growth factors, promoting thus angiogenesis and inflammation [START_REF] Casazza | Tumor stroma: a complexity dictated by the hypoxic tumor microenvironment[END_REF]. Hypoxia is responsible for the acquisition of CAFs phenotype through the autophagic degradation of Caveolin-1, which in turn enhances autophagy and, in doing so, provides cancer cells of building blocks to sustain their growth [START_REF] Bolenz | Lymphangiogenesis occurs in upper tract urothelial carcinoma and correlates with lymphatic tumour dissemination and poor prognosis[END_REF][START_REF] Martinez-Outschoorn | Autophagy in cancer associated fibroblasts promotes tumor cell survival: Role of hypoxia, HIF1 induction and NFκB activation in the tumor stromal microenvironment[END_REF].

Moreover, hypoxia is able to differentiate normal fibroblasts in CAFs by stimulating the secretion of transforming growth factor-# (TGF#) by tumor cells [START_REF] Gilkes | Hypoxia and the extracellular matrix: drivers of tumour metastasis[END_REF]). However, there are no evidences of an indispensable function of hypoxia in CAFs-transformed phenotype.

One of the major oncogenic function ascribable to CAFs, in association with tumor cells, is the increased secretion of an altered ECM, which is usually stiff and aligned, favoring cell migration. An excessive deposition of ECM usually occurs in cancer, a process known as fibrosis, with collagen being the most deposited component [START_REF] Kalluri | The biology and function of fibroblasts in cancer[END_REF][START_REF] Petrova | The hypoxic tumour microenvironment[END_REF]).

On breast carcinoma specimens, fibrotic regions localize with hypoxic areas [START_REF] Trastour | HIF-1alpha and CA IX staining in invasive breast carcinomas: prognosis and treatment outcome[END_REF]) and hypoxia can stimulate the expression of mRNA levels of procollagen I α1 chain in fibroblasts [START_REF] Falanga | Low oxygen tension increases mRNA levels of alpha 1 (I) procollagen in human dermal fibroblasts[END_REF]. Additionally, hypoxia promotes the degradation of ECM through the expression of matrix metalloproteinases (MMPs) [START_REF] Petrova | The hypoxic tumour microenvironment[END_REF]. Therefore, hypoxia mediates both ECM synthesis and degradation to favor cancer metastasis.

Immune cells have the potential capacity to recognize tumor-specific antigens expressed by cancer cells and to activate an immune response. However, hypoxia promotes immunosuppressive functions mediated by myeloid-derived suppressor cells (MDSC), tumor-associated macrophages (TAMs), and T-regulatory (Treg) cells (see for details [START_REF] Casazza | Tumor stroma: a complexity dictated by the hypoxic tumor microenvironment[END_REF][START_REF] Noman | Hypoxia: a key player in antitumor immune response. A Review in the Theme: Cellular Responses to Hypoxia[END_REF]. One of the mechanisms is mediated by adenosine, produced by tumor cells as a consequence of the hypoxia-mediated increase of glycolytic metabolism (see section C of this Chapter). Adenosine secreted in ECM acts by inhibiting T-cells effector and stabilizing immunosuppressive Treg [START_REF] Cekic | Purinergic regulation of the immune system[END_REF]Linden 2016, Hatfield and[START_REF] Hatfield | A2A adenosine receptor antagonists to weaken the hypoxia-HIF-1α driven immunosuppression and improve immunotherapies of cancer[END_REF]. Of note is the role of hypoxia in the regulation of immune checkpoints. One of the best known immune checkpoint is programmed death-1 (PD-1), a receptor expressed by activated T-cell. Its ligand, programmed death ligand-1 (PDL-1), is expressed by tumor cells, among others, on cell surface and the binding to PD-1 makes T-cell dysfunctional [START_REF] Chinai | New immunotherapies targeting the PD-1 pathway[END_REF]. Hence, the employment of antibodies against PDL-1 and inhibitors of PDL-1/PD-1 interaction in cancer immune therapy aims to reactivate T-cells to initiate anti-tumor responses. Hypoxia can induce the expression of PDL-1 on cancer cells [START_REF] Barsoum | Mechanisms of hypoxia-mediated immune escape in cancer[END_REF], as well as in antigen-presenting cells [START_REF] Noman | PD-L1 is a novel direct target of HIF-1α, and its blockade under hypoxia enhanced MDSCmediated T cell activation[END_REF].

Despite the complexity of the responses induced by hypoxia in TME components, the decrease in O 2 availability seems to direct towards only one exit, that is cancer progression and finally metastasis, by additionally suppressing our immune defenses against cancer spreading. In fact, even though hypoxia can induce cell death to the early proliferating tumor, cancer cells undergo adaptive changes (see section C of this chapter for details) that allow them to survive into the hostile microenvironment that is initially created by low oxygen concentration. Hypoxia stimulates angiogenesis and lymphoangiogenesis, promote immune suppression and the expression of PDL-1 immune checkpoint by cancer cells. CAFs produce an ECM that is stiff and aligned, different from a normoxic ECM, and support cell migration. CAFs: cancer associated fibroblasts; ECM: extracellular matrix; PDL-1: programmed death ligand-1; TME: tumor microenvironment. From: Petrova et al., Oncogenesis, 2018.

III.! Why overcome hypoxia in cancer therapy

Multiple clinical studies pointed out the role of hypoxia in determining unfavorable prognosis 3 in different cancers (reviewed in [START_REF] Walsh | The clinical importance of assessing tumor hypoxia: relationship of tumor hypoxia to prognosis and therapeutic opportunities[END_REF])). Hypoxia is indeed considered a negative prognostic 4 and predictive factor 5 for poor patient outcomes. This statement derives from the main clinical observations that 1) hypoxia induces a metastatic phenotype; 2) hypoxia reduces the responses to radiotherapy; 3) hypoxic tumors are responseless to chemotherapy [START_REF] Hockel | Association between tumor hypoxia and malignant progression in advanced cancer of the uterine cervix[END_REF], Vaupel and Mayer 2007[START_REF] Graham | Overcoming tumor hypoxia as a barrier to radiotherapy, chemotherapy and immunotherapy in cancer treatment[END_REF].

Since the early work by Gray et al. in 1950s (Gray, Conger et al. 1953), the radioresistance property shared by hypoxic tumor cells is well recognized. They showed that a three-fold higher dose of radiation was required to kill hypoxic cells, whereas normoxic cells had a much greater sensitivity.

The reason of this discrepancy lies in the mode of action of radiation, which requires the presence of O 2 for the generation of reactive oxygen species (ROS) 6 following the absorption of energy from ionizing radiation. The result is the irreversibly damage tumor cell DNA resulting in apoptosis and cell death [START_REF] Rockwell | Hypoxia and radiation therapy: past history, ongoing research, and future promise[END_REF]). The resistant cells acquire specific adaptations resulting in a phenotype even more aggressive.

Hypoxic cells within the tumor are located distant from the vasculature, where hypoxia is exacerbated as a consequence of the poorly developed and functionally inefficient blood vessels (see paragraph I of this section). These aspects make difficult the delivery of anticancer drugs to tumor cells and are the principal reasons of chemoresistance [START_REF] Minchinton | Drug penetration in solid tumours[END_REF]. Another problem to take in consideration is that hypoxic tumor cells that are distant from the vasculature show a decrease in cellular proliferation. The problem exists if we consider that some of the anticancer drugs that are a standard of care in clinics (5-fluorouracil, etoposide, docetaxel, …) are cytotoxic only for cycling cells, so that are ineffective for quiescent hypoxic tumor cells [START_REF] Tannock | Cell kinetics and chemotherapy: a critical review[END_REF]. Last but not least, hypoxia is a factor that counteracts the efficacy of immunotherapy in cancer, as I have already discussed in the previous paragraph.

Thus, overcoming hypoxia in tumors seems to represent the good strategy to improve the efficacy of radiotherapy, chemotherapy and immunotherapy. So far, several strategies have been developed

to counteract low O 2 levels in tumors:

-Hypoxia-activated prodrugs (HAP) are inactive prodrugs that are enzymatically reduced under hypoxic conditions, being thus activated as cytotoxic species [START_REF] Yeh | Targeting tumor hypoxia with hypoxia-activated prodrugs[END_REF] Examples of HAP 3 Prognosis is a term that predicts the likely development of a disease. 4 A prognostic factor is a parameter associated with clinical outcome of a disease in the absence of therapy. 5 A predictive factor is a parameter associated with the response to a particular therapy. 6 ROS are potent oxidant derived from O 2 reduction, such as superoxide anion radical (O . They are mainly generated in mitochondria through electron leakage from the electron transport chain, which in turn reduces O 2 . The result is the oxidative damage of cellular macromolecules are Evofosfamide (TH-302), PR-104 and Apaziquone (EO9), which are currently undergoing phase II and phase III clinical evaluation [START_REF] Guise | Bioreductive prodrugs as cancer therapeutics: targeting tumor hypoxia[END_REF][START_REF] Mistry | Clinical Advances of Hypoxia-Activated Prodrugs in Combination With Radiation Therapy[END_REF]).

-Hyperbaric oxygen (HBO) therapy is the respiration of oxygen under elevated atmospheric pressure, which aims to reverse tumor hypoxia. The increase of O 2 concentration dissolved in plasma at higher pressures increases in turn O 2 delivery in the hypoxic tissues [START_REF] Choudhury | Hypoxia and hyperbaric oxygen therapy: a review[END_REF]. The increase in the O 2 can be exploited to ameliorate the outcomes of radiotherapy. Studies on brain cancer patients indicate beneficial outcome in terms of survival with the use of HBO [START_REF] Chang | Hyperbaric oxygen and radiation therapy in the management of glioblastoma[END_REF][START_REF] Kohshi | Radiotherapy after hyperbaric oxygenation for malignant gliomas: a pilot study[END_REF][START_REF] Kohshi | Fractionated stereotactic radiotherapy using gamma unit after hyperbaric oxygenation on recurrent high-grade gliomas[END_REF].

Since HBO promotes angiogenesis, several promising studies have been conducted to assess the use of HBO as adjuvant for chemotherapy and thus facilitate the transport of drugs [START_REF] Kalns | The effect of hyperbaric oxygen on growth and chemosensitivity of metastatic prostate cancer[END_REF][START_REF] Petre | Hyperbaric oxygen as a chemotherapy adjuvant in the treatment of metastatic lung tumors in a rat model[END_REF][START_REF] Stuhr | Hyperbaric oxygen alone or combined with 5-FU attenuates growth of DMBA-induced rat mammary tumors[END_REF][START_REF] Granowitz | Hyperbaric oxygen inhibits benign and malignant human mammary epithelial cell proliferation[END_REF].

However, the use of HBO as adjuvant of chemotherapy in a cohort of 32 breast cancer patients gave no improvement in the response to chemotherapy, but the initial hypoxic status of patients tumor was unknown [START_REF] Heys | A pilot study with long term follow up of hyperbaric oxygen pretreatment in patients with locally advanced breast cancer undergoing neo-adjuvant chemotherapy[END_REF]).

-Hemoglobin-based and fluorocarbons (FC) 7 based oxygen transport agents, to maximize the O 2 delivery to tumor hypoxic zones are currently under investigation. In particular, among the "bloodsubstitutes" FC, Fluosol was evaluated in a phaseI/II study for its efficacy as adjuvant for radiotherapy in cohorts of advanced squamous cell carcinoma of the head and neck and brain patients [START_REF] Rose | A clinical trial of Fluosol DA 20% in advanced squamous cell carcinoma of the head and neck[END_REF][START_REF] Lustig | Phase I/II study of Fluosol-DA and 100% oxygen as an adjuvant to radiation in the treatment of advanced squamous cell tumors of the head and neck[END_REF][START_REF] Evans | A phase I/II study of the use of Fluosol as an adjuvant to radiation therapy in the treatment of primary high-grade brain tumors[END_REF], showing therapeutic benefit, with, however, some adverse events in term of toxicity. Dodecafluoropentane emulsion (DDFPe) is a more recent FC that has a 200-fold increase in the O 2 carrying capacity then human hemoglobin. A phase I/II clinical trials of 11 glioblastoma patients showed improvement of survival with minimal adverse events with DDFPe administration with standard chemoradiation [START_REF] Unger | A phase Ib/II clinical trial of a novel oxygen therapeutic in chemoradiation of glioblastoma[END_REF].

Overall, hypoxia-modified therapies aim at combating the lethal effects caused by hypoxia and, when used in concomitance with standard therapy, seem to generate beneficial responses in clinical trial data.

All the responses to hypoxia mentioned so far, which bring to the malignant progression of tumors or to resistance to the current therapies, are governed at molecular level by hypoxia-inducible transcription factor (HIF), the master regulator of O 2 homeostasis and no other than the molecular mechanism discovered by the 2019 Nobel Prizes in Medicine.

B.!HIF: the key to mediate the cellular responses to hypoxia

O 2 homeostasis is crucial for ensuring cell survival and needs to be strictly regulated. A failure of the system is deleterious for our body due to the generation of ROS and the subsequent damage to cellular macromolecules. Cells are provided by a number of defense and regulatory mechanisms to protect themselves from low as well as high oxygen levels.

Almost 30 years ago, while investigating the human hypoxia-induced erythropoietin gene (epo), the 2019 Nobel Prize in Medicine Gregg Semenza discovered a nuclear inducible factor binding to the 3 ´-flanking region of the gene [START_REF] Semenza | Hypoxia-inducible nuclear factors bind to an enhancer element located 3' to the human erythropoietin gene[END_REF]. This region, essential for the transcriptional activation under hypoxia, was named as hypoxia response element (HRE) [START_REF] Beck | Enhancer element at the 3'-flanking region controls transcriptional response to hypoxia in the human erythropoietin gene[END_REF]. The biochemical purification of this factor allowed the discover of HIF-1 (Wang and Semenza 1995), which was found to be stabilized under low O 2 tension [START_REF] Wang | Hypoxia-inducible factor 1 is a basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension[END_REF].

HIF-1 is indeed the master that in mammals orchestrates all the homeostatic responses, like erythropoiesis, elicited by hypoxia and that enables cells and tissues to adapt to hypoxia. Since its discovery, a lot of efforts were made to understand its structure, regulation and functions in both physiology and diseases.

I.! The structure of HIF-1

Purification experiments revealed the existence of HIF-1 in a heterodimeric form (Wang and Semenza 1995). The heterodimer is composed of an α subunit and a β subunit also known as the aryl hydrocarbon receptor nuclear translocator (ARNT). Contrary to the β subunit, which is constitutively expressed and refractory to hypoxia, the α subunit is regulated by O 2 levels [START_REF] Li | Induction of phosphoglycerate kinase 1 gene expression by hypoxia. Roles of Arnt and HIF1alpha[END_REF]. Each subunit belongs to the bHLH/PAS (basic Helix-Loop-Helix/Per-ARNT-SIM) family.

I.1. N-terminus: bHLH/PAS domains and DNA binding

HIF-α and -β subunits contain two PAS domains, named PAS-A and PAS-B (Figure 3 A). Once in the nucleus, HIFs subunits can heterodimerize and bind to the DNA through PAS and bHLH domains respectively, which are located in the N-terminus (Hefti, Françoijs et al. 2004, Brahimi-Horn andPouysségur 2009) (Figure 3B). In particular, base domains mediate the binding to the DNA, whereas HLH domains are required for the dimerization with other proteins. HIF-1 binds specific sequences to the DNA, the previously mentioned HRE , located in the promoter, intron and/or enhancer regions of target genes. The fact that the HIF-1-binding sites were necessary but not sufficient to induce the expression of target genes in response to hypoxia suggests that other binding pattern, bound to adjacent sites, must participate in the transcriptional activation of target genes [START_REF] Semenza | Hypoxia response elements in the aldolase A, enolase 1, and lactate dehydrogenase A gene promoters contain essential binding sites for hypoxia-inducible factor 1[END_REF][START_REF] Semenza | Hypoxia-inducible factor 1: oxygen homeostasis and disease pathophysiology[END_REF], Brahimi-Horn and Pouysségur 2009). Among them, the coactivators p300 and CBP are crucial for gene target transcriptional activation and play two major roles: they interact with and stabilize the transcription machinery containing RNA polymerase II and also have histone acetyltransferase to facilitate its access to the DNA and start the transcription process [START_REF] Semenza | Oxygen homeostasis[END_REF].

I.2. C-terminus: transactivation domains (TADs)

The recruitment of HIF-1 coactivators is mediated by transactivation domains that are present in both HIF-1 subunits. The α subunit contains two TADs separated by an inhibitory domain (ID): an oxygen-regulated C-terminal transactivation domain (C-TAD) and a more centrally located transactivation domain, named N-terminal transactivation domain (N-TAD). Despite the little similarity between each other, each TADs are highly conserved between species, with 100% (for C-TAD) and 90% (for N-TAD) amino-acid conservation between mice and humans [START_REF] Lisy | Turn me on: regulating HIF transcriptional activity[END_REF]. The interaction with the coactivators is mediated by C-TAD, however, the transactivation domain of HIF-1β seems to be dispensable for HIF transcriptional activity (Figure 3B) [START_REF] Li | Induction of phosphoglycerate kinase 1 gene expression by hypoxia. Roles of Arnt and HIF1alpha[END_REF]. Under normoxic conditions, C-TAD of the α subunit becomes hydroxylated in a O 2 dependent manner in an asparagine residue (N803) (Lando, Peet et al. 2002). This modification results in the inhibition of the association with p300 and CBP coactivators, thus ensuring a fine regulation of HIF activity in the presence of high O 2 levels. A similar O 2 dependent regulation characterizes the HIF-1α oxygen-dependent degradation domain (ODDD), which overlaps with N-TAD and confers normoxic instability to the protein (see paragraph II of this section for details). Finally, it has been shown that the O 2 level controls the transcriptional specificity of the two TADs, for which the N-TAD drives the transcription of a subset of HIF target genes at condition of moderate hypoxia, whereas under strong hypoxia (0.2% of O 2 ), another array of genes is induced mostly by C-TAD transcriptional activity [START_REF] Dayan | The oxygen sensor factor-inhibiting hypoxia-inducible factor-1 controls expression of distinct genes through the bifunctional transcriptional character of hypoxia-inducible factor-1alpha[END_REF]. This functional distribution is particularly relevant in a tumor setting and points out the specific roles of each TADs. unique target genes activated by HIF-2α as we will see later in section D [START_REF] Hu | The N-terminal transactivation domain confers target gene specificity of hypoxia-inducible factors HIF-1alpha and HIF-2alpha[END_REF]. In contrast to the ubiquitous HIF-1α, HIF-2α mRNA expression was first thought to be restricted to endothelial cells [START_REF] Tian | Endothelial PAS domain protein 1 (EPAS1), a transcription factor selectively expressed in endothelial cells[END_REF]. However, later studies have detected HIF-2α expression in a variety of tissues, including kidney, lung colonic epithelia, hepatocytes, macrophages, muscle cells and astrocytes, where it has an important role in the responses to hypoxia [START_REF] Wiesener | Widespread hypoxia-inducible expression of HIF-2alpha in distinct cell populations of different organs[END_REF]. In this regard, HIF-1α and HIF-2α isoforms undergo an extremely regulated switch depending on the duration and intensity of the hypoxic stimulus. In different cell lines, it has been shown that the HIF-1α subunit is rapidly induced and mediates the responses to acute or transient hypoxia or anoxia, whereas HIF-2α is stable in conditions of mild hypoxia (<5% O 2 ) and is key in responses of chronic hypoxia, where HIF-1α is no more stable [START_REF] Holmquist-Mengelbier | Recruitment of HIF-1alpha and HIF-2alpha to common target genes is differentially regulated in neuroblastoma: HIF-2alpha promotes an aggressive phenotype[END_REF][START_REF] Koh | The hypoxia-associated factor switches cells from HIF-1α-to HIF-2α-dependent signaling promoting stem cell characteristics, aggressive tumor growth and invasion[END_REF]). Thus, HIF-1α and HIF-2α plays non-redundant but complementary functions in both physiology and disease [START_REF] Koh | Passing the baton: the HIF switch[END_REF]. HIF-3α is the most recently characterized isoform. It is expressed in a variety of tissues in an O 2 dependent manner and its structure is characterized by the presence of bHLH/PAS domains but lacks the C-TAD domain [START_REF] Gu | Molecular characterization and chromosomal localization of a third alpha-class hypoxia inducible factor subunit, HIF3alpha[END_REF]. HIF-3α has no role as transcription factor, but it is instead a dominant-negative regulator of the HIF pathway, as demonstrated first for the mouse and then for the human HIF-3α [START_REF] Hara | Expression and characterization of hypoxia-inducible factor (HIF)-3alpha in human kidney: suppression of HIF-mediated gene expression by HIF-3alpha[END_REF][START_REF] Makino | Inhibitory PAS domain protein is a negative regulator of hypoxia-inducible gene expression[END_REF]. Indeed, alternative splicing of HIF-3α transcript generate shorter isoforms of the protein, of which the most studied is termed inhibitory PAS (IPAS) that represses the HIF-1α and HIF-2α-mediated transcription in a feedback mechanism. IPAS was found to interact with the N-terminal of HIF-1α and, in doing so, to sequester it from the binding to HIF-1β, thus preventing DNA binding.

Finally, a second HIF-1β/ARNT isoform has been identified, HIF-2β/ARNT2 (Figure 4 B) [START_REF] Hirose | cDNA cloning and tissue-specific expression of a novel basic helix-loophelix/PAS factor (Arnt2) with close sequence similarity to the aryl hydrocarbon receptor nuclear translocator (Arnt)[END_REF]. In contrast to the ubiquitously expressed HIF-1β/ARNT, the expression of HIF-2β/ARNT2 seems to be restricted to specific tissues, such as the central nervous system and kidney [START_REF] Freeburg | Divergent expression patterns for hypoxia-inducible factor-1beta and aryl hydrocarbon receptor nuclear transporter-2 in developing kidney[END_REF]Abrahamson 2004, Dela Cruz, Schmidt-Kastner et al. 2014), where it is essential for their development. In addition, HIF-2β /ARNT2 was found to be the mediator of HIF-1 signaling in breast cancer [START_REF] Qin | siRNA-mediated knockdown of aryl hydrocarbon receptor nuclear translocator 2 affects hypoxia-inducible factor-1 regulatory signaling and metabolism in human breast cancer cells[END_REF] and it was recently found to be responsible for the establishment of glioblastoma tumorogenicity, both in vitro and in vivo [START_REF] Bogeas | Changes in chromatin state reveal ARNT2 at a node of a tumorigenic transcription factor signature driving glioblastoma cell aggressiveness[END_REF]. Despite evidences indicating a role of HIF-2β/ARNT2 in cellular hypoxic adaptation, many functions still need to be elucidated [START_REF] Mandl | Hypoxia-inducible aryl hydrocarbon receptor nuclear translocator (ARNT) (HIF-1β): is it a rare exception?[END_REF].

of PHDs [START_REF] Hirsilä | Characterization of the human prolyl 4-hydroxylases that modify the hypoxia-inducible factor[END_REF][START_REF] Koivunen | Catalytic properties of the asparaginyl hydroxylase (FIH) in the oxygen sensing pathway are distinct from those of its prolyl 4-hydroxylases[END_REF]). The result is that, in mild hypoxia (≥ 1% O 2 ), HIFs-α accumulate as a consequence of PHDs inactivation. In conditions of severe hypoxia (0.2% O 2 ), like the one found in tumors as the distance from blood vessels increase, HIFs-α acquire transcriptional activation due to inactivation of FIH-1, allowing the interaction between C-TAD and the transcriptional coactivators [START_REF] Tian | Differential sensitivity of hypoxia inducible factor hydroxylation sites to hypoxia and hydroxylase inhibitors[END_REF]. Since N-TAD is independent of FIH-1, this system confers the transcriptional specificity of the two TADs mentioned above, for which some target genes can be exclusively N-TAD or C-TAD controlled [START_REF] Dayan | The oxygen sensor factor-inhibiting hypoxia-inducible factor-1 controls expression of distinct genes through the bifunctional transcriptional character of hypoxia-inducible factor-1alpha[END_REF].

Besides the O 2 dependent mechanisms of HIFs-α regulation, the transcription factor can be regulated by several factors independently of O 2 (Figure 6). Among these factors that participate in the proteasomal degradation of HIF-1α independently of O 2 , receptor of activated protein kinase C (RACK1) and human double minute 2 (Hdm2) were found to promote HIF-1α subunit degradation by competing with heat shock protein 90 (Hsp90) for the former and via p53 for the latter [START_REF] Ravi | Regulation of tumor angiogenesis by p53-induced degradation of hypoxia-inducible factor 1alpha[END_REF][START_REF] Liu | RACK1 competes with HSP90 for binding to HIF-1alpha and is required for O(2)-independent and HSP90 inhibitorinduced degradation of HIF-1alpha[END_REF]. The regulation of HIF-2α subunit by these factors is unclear. Other factors are known to regulate differently HIF-1α and HIF-2α subunits. Hypoxiaassociated factor (HAF) and the hsp70/carboxyl terminus of Hsp70-interacting protein (CHIP) complex promote the degradation of HIF-1α but not HIF-2α in condition of chronic hypoxia [START_REF] Koh | Hypoxia-associated factor, a novel E3-ubiquitin ligase, binds and ubiquitinates hypoxia-inducible factor 1alpha, leading to its oxygen-independent degradation[END_REF][START_REF] Luo | Hsp70 and CHIP selectively mediate ubiquitination and degradation of hypoxia-inducible factor (HIF)-1alpha but Not HIF-2alpha[END_REF].

Other factors can induce HIFs α even in normoxic conditions. Among these, the activation of nuclear factor-κB (NF-κB) following the activation or repression of an immune response is known to induce HIFs α transcription [START_REF] Görlach | The cross-talk between NF-kappaB and HIF-1: further evidence for a significant liaison[END_REF]Bonello 2008, Rius, Guma et al. 2008), whereas growth factors such as insulin-like growth factor -1 (IGF-1) [START_REF] Fukuda | Insulin-like growth factor 1 induces hypoxia-inducible factor 1-mediated vascular endothelial growth factor expression, which is dependent on MAP kinase and phosphatidylinositol 3-kinase signaling in colon cancer cells[END_REF] and platelet-derived growth factor (PDGF) [START_REF] Richard | Nonhypoxic pathway mediates the induction of hypoxia-inducible factor 1alpha in vascular smooth muscle cells[END_REF], vasoactive peptides such as NO [START_REF] Sandau | Accumulation of HIF-1alpha under the influence of nitric oxide[END_REF]) or angiotensin-2 (Sánchez-López, López et al. 2005) and cytokines such as tumor necrosis factorα (TNF-α) [START_REF] Hellwig-Bürgel | Interleukin-1beta and tumor necrosis factor-alpha stimulate DNA binding of hypoxia-inducible factor-1[END_REF] control HIFs α translation. The regulation of HIFs α through these stimuli may be mediated by signaling pathway such as phosphatidylinositol-3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) or mitogen-activated protein kinase (MAPK) pathways [START_REF] Fukuda | Insulin-like growth factor 1 induces hypoxia-inducible factor 1-mediated vascular endothelial growth factor expression, which is dependent on MAP kinase and phosphatidylinositol 3-kinase signaling in colon cancer cells[END_REF][START_REF] Treins | Insulin stimulates hypoxia-inducible factor 1 through a phosphatidylinositol 3-kinase/target of rapamycindependent signaling pathway[END_REF]. Independently on the way in which HIFs α are regulated, their stabilization and activation in the cytoplasm is followed by their translocation into the nucleus, where they bind and heterodimerize with the β subunits and cofactors p300/CBP and induce/repress the transcription of target genes, corresponding to the 2% of all human genes [START_REF] Maxwell | Activation of the HIF pathway in cancer[END_REF][START_REF] Manalo | Transcriptional regulation of vascular endothelial cell responses to hypoxia by HIF-1[END_REF].

Cancer cells adapt to the fluctuating O 2 levels of tumor microenvironment by shifting their glucose metabolism from aerobic to anaerobic, such as from oxygen-dependent oxidative phosphorylation to oxygen-independent glycolysis (fermentation), in order to fuel their rapid growth and division (Kroemer and Pouyssegur 2008). However, in 1920's Otto Warburg laid the foundation for the discovery that tumor cells take up enormous amount of glucose and are characterized by an enhanced lactate production even in the presence of O 2 and fully functional mitochondria, privileging the so called "aerobic glycolysis" [START_REF] Warburg | THE METABOLISM OF TUMORS IN THE BODY[END_REF][START_REF] Warburg | On the origin of cancer cells[END_REF]). This may be surprising if we think in terms of energy efficiency in form ATP: glycolysis produces in fact much less moles of ATP per mole of glucose than mitochondrial respiration. However, glycolysis turns out to be tremendously accelerated, such as the lactate production from glycolysis occurs 10-100 times faster than the oxidation of glucose in mitochondrial respiration, resulting in a comparable rate of ATP production between the two processes [START_REF] Shestov | Quantitative determinants of aerobic glycolysis identify flux through the enzyme GAPDH as a limiting step[END_REF]). In addition, lactate produced by tumor cells conditions the extracellular environment by favoring invasion [START_REF] Swietach | Regulation of tumor pH and the role of carbonic anhydrase 9[END_REF], and most importantly, glycolytic intermediates are used in anabolic reactions for the de novo synthesis of nucleotides, lipids, and proteins, crucial for the sustainment of the biosynthetic requirements of uncontrolled proliferation characterizing tumor cells (Kroemer and Pouyssegur 2008).

Targets of HIF are the glucose transporter-1 (GLUT1) [START_REF] Chen | Regulation of glut1 mRNA by hypoxia-inducible factor-1. Interaction between H-ras and hypoxia[END_REF] to facilitate the uptake of glucose and the lactate extruding enzyme monocarboxylate transporter 4 (MCT4) [START_REF] Pouysségur | Hypoxia signalling in cancer and approaches to enforce tumour regression[END_REF], Semenza 2007). Moreover, HIF is essential in directing the energy dependence towards glycolysis by activating key glycolytic genes. HIF upregulate the first enzymes of the glycolytic pathway, hexokinase (HK)1 and HK2 [START_REF] Riddle | Hypoxia induces hexokinase II gene expression in human lung cell line A549[END_REF], and LDHA, converting pyruvate to lactate [START_REF] Semenza | Hypoxia response elements in the aldolase A, enolase 1, and lactate dehydrogenase A gene promoters contain essential binding sites for hypoxia-inducible factor 1[END_REF]. HIF can additionally compromise the O 2 consumption by mitochondrial respiration with the induction of the gene encoding pyruvate dehydrogenase kinase 1 (PDK1), the inhibitor of PDH, by inhibiting thus the conversion of pyruvate to acetyl-CoA and the production of the electron donors of the respiratory chain produced with its entry into the Krebs cycle [START_REF] Kim | HIF-1-mediated expression of pyruvate dehydrogenase kinase: a metabolic switch required for cellular adaptation to hypoxia[END_REF][START_REF] Papandreou | HIF-1 mediates adaptation to hypoxia by actively downregulating mitochondrial oxygen consumption[END_REF].

Moreover, HIF increases the expression of cytochrome c oxidase (COX) subunit COX4-2 to optimize the efficiency of respiration under hypoxia and induces the degradation of COX4-1, best performant in presence of higher O 2 , by transactivating the protease LON [START_REF] Fukuda | HIF-1 regulates cytochrome oxidase subunits to optimize efficiency of respiration in hypoxic cells[END_REF]). Finally, HIF-1α cooperates with c-Myc to promote aerobic glycolysis by induction of HK2 and PDK1 [START_REF] Kim | Hypoxia-inducible factor 1 and dysregulated c-Myc cooperatively induce vascular endothelial growth factor and metabolic switches hexokinase 2 and pyruvate dehydrogenase kinase 1[END_REF][START_REF] Dang | The interplay between MYC and HIF in cancer[END_REF]. level of tumor oxygenation, both of which are mediated by HIF. To sustain cell proliferation, important target of HIF involved in cell cycle progression are cyclin D1, responsible for the transition from G1 to S phase [START_REF] Raval | Contrasting properties of hypoxia-inducible factor 1 (HIF-1) and HIF-2 in von Hippel-Lindau-associated renal cell carcinoma[END_REF]) and the oncogene c-Myc, one of the major factor controlling cell cycle [START_REF] Bretones | Myc and cell cycle control[END_REF]. Despite the transcriptional activation of these two genes is specific to the HIF-2α isoform, the HIF-1α isoform collaborates with c-Myc to promote the activation of genes encoding glycolytic enzymes [START_REF] Kim | Hypoxia-inducible factor 1 and dysregulated c-Myc cooperatively induce vascular endothelial growth factor and metabolic switches hexokinase 2 and pyruvate dehydrogenase kinase 1[END_REF] , as discussed before.

One of the major apoptotic pathway involves mitochondria, which respond to apoptotic stimuli by releasing the cytochrome C (Cyt. c) [START_REF] Green | Mitochondria and apoptosis[END_REF] (see Chapter 2, section A, paragraph I.2 for details). This event is in part orchestrated by pro-apoptotic proteins of the B-cell leukemia/lymphoma-2 (Bcl-2) family, whose members are both pro-apoptotic (Bax, Bak, Bid, Bim) and anti-apoptotic proteins (Bcl-2, Bcl-X L , Bcl-W) [START_REF] Hanahan | The hallmarks of cancer[END_REF]. HIF has been shown to directly induce the expression of the anti-apoptotic Bcl-X L in PC3 prostate cancer cells, explaining their survival potential under hypoxia (Chen, Chen et al. 2009), and vice versa, Bcl-X L was demonstrated to modulate in turn HIF-1α activity in a melanoma model [START_REF] Trisciuoglio | BCL-X[END_REF]. Conversely, HIF-1α was shown to be responsible for the downregulation of the proapoptotic protein Bid in human colon carcinoma [START_REF] Erler | Hypoxia-mediated down-regulation of Bid and Bax in tumors occurs via hypoxia-inducible factor 1-dependent and -independent mechanisms and contributes to drug resistance[END_REF]). Moreover, it has been shown that HIF can mediate survival pathway by affecting NF-κB activity and thus determine survival through NF-κB signaling [START_REF] Qi | The von Hippel-Lindau tumor suppressor protein sensitizes renal cell carcinoma cells to tumor necrosis factor-induced cytotoxicity by suppressing the nuclear factor-kappaB-dependent antiapoptotic pathway[END_REF]Ohh 2003, Walmsley, Print et al. 2005).

Besides apoptosis, autophagy is increasingly recognized as an important regulator of cellular survival [START_REF] Codogno | Autophagy in cell survival and death][END_REF]. Autophagy involves the formation of autophagosomes for the degradation of macromolecules and organelles via the lysosome, by providing cells with lipids, carbohydrates, amino acids, and nucleotides to maintain cellular homeostasis, and to sustain cellular energetics and development during nutrient scarcity (Feng, He et al. 2014, Kaur andDebnath 2015). Because of its function in fueling tumor cells with molecular building blocks as a substrate for biosynthesis and energy, as well in protecting cells from ROS by eliminating impaired mitochondria (mitophagy) [START_REF] Filomeni | Oxidative stress and autophagy: the clash between damage and metabolic needs[END_REF], autophagy is thought to be a prerequisite for tumor development and survival [START_REF] Mazure | Hypoxia-induced autophagy: cell death or cell survival?[END_REF]. In our lab, it has been shown that HIF is responsible for the induction of survival-promoting autophagy by targeting genes encoding members of BH3 only family: BCL2/Adenovirus E1B 19 KDa Protein-Interacting Protein 3 (BNIP3) and BCL2/Adenovirus E1B 19 KDa Protein-Interacting Protein 3-Like (BNIP3L) [START_REF] Bellot | Hypoxia-induced autophagy is mediated through hypoxia-inducible factor induction of BNIP3 and BNIP3L via their BH3 domains[END_REF]).

BNIP3 had always been considered as a pro-death protein which mediates cell death by heterodimerizing with Bcl-2 and Bcl-X L [START_REF] Ray | BNIP3 heterodimerizes with Bcl-2/Bcl-X(L) and induces cell death independent of a Bcl-2 homology 3 (BH3) domain at both mitochondrial and nonmitochondrial sites[END_REF]. It is clear from different studies that BNIP3 and his homologous BNIP3L are instead proautophagic proteins which elicit a pro-survival pathway via HIF by competing with Beclin 1/Autophagy-related (ATG) 6, a hub for autophagosome formation, for the binding to Bcl-2 and Bcl-X L , thus setting Beclin 1 free to mediate autophagy [START_REF] Maiuri | BH3-only proteins and BH3 mimetics induce autophagy by competitively disrupting the interaction between Beclin 1 and Bcl-2/Bcl-X(L)[END_REF][START_REF] Zhang | Mitochondrial autophagy is an HIF-1-dependent adaptive metabolic response to hypoxia[END_REF].

I.3. HIF in invasion and metastasis

Metastasis is the fatal process in which tumor cells escape from the primary tumor to colonize other sites of the body where the conditions are initially more advantageous, regarding nutrient and space availability, and where they may success in the establishment of new colonies [START_REF] Hanahan | The hallmarks of cancer[END_REF]. This is a very complex process that generally implies alterations of the interactions of tumor cells with their surrounding tissue. The most prevalent alteration involves E-cadherin, a homotypic cell-to-cell interaction molecule ubiquitously expressed on epithelial cells, engaged in transmitting intracellular anti-growth signals via cytoplasmic contacts with β-catenin [START_REF] Mendonsa | E-cadherin in contact inhibition and cancer[END_REF]. In fact, the E-cadherin is lost in invasive/metastatic cells and this loss is a prerequisite that triggers EMT, a process during which cells phenotype switches from epithelial to the more migratory mesenchymal phenotype [START_REF] Yang | Epithelial-mesenchymal transition: at the crossroads of development and tumor metastasis[END_REF]. As already pointed out in section A of this chapter, hypoxia is one of the key determining factors for tumor invasion and metastasis and, again, HIF-1α is a crucial mediator for these processes. HIF-1α was found to direct the repression of the E-cadherin expression, and thus in EMT, in renal cell carcinoma, where the degradation of HIF-1α mediated by pVHL rescued E-cadherin expression (Esteban, Tran et al. 2006). Other studies in the same tumor clarified the HIF-1α indirect regulation of E-cadherin, establishing a role for HIF-1α in directing instead the activation of E-cadherin repressors, such as Snail, Zeb1, Zeb2 [START_REF] Krishnamachary | Hypoxia-inducible factor-1-dependent repression of E-cadherin in von Hippel-Lindau tumor suppressor-null renal cell carcinoma mediated by TCF3, ZFHX1A, and ZFHX1B[END_REF][START_REF] Evans | VHL promotes E2 box-dependent E-cadherin transcription by HIF-mediated regulation of SIP1 and snail[END_REF]). These are transcription factors that, together with Slug and Twist, are commonly dysregulated in cancer and inhibit directly E-cadherin expression [START_REF] Lamouille | Molecular mechanisms of epithelial-mesenchymal transition[END_REF]. HIF-1α was shown to regulate the expression of Snail and Twist in different cancer types, such as prostate cancer and head and neck squamous cell cancer [START_REF] Yang | Direct regulation of TWIST by HIF-1alpha promotes metastasis[END_REF], where it was responsible for cancer progression and metastasis [START_REF] Mak | ERbeta impedes prostate cancer EMT by destabilizing HIF-1alpha and inhibiting VEGF-mediated snail nuclear localization: implications for Gleason grading[END_REF]. Lysyl oxidase (LOX) is an extracellular amine oxidase that catalyzes the covalent crosslinking of fibers through the post-translational modification of collagens and elastin in the ECM [START_REF] Kagan | Lysyl oxidase: properties, specificity, and biological roles inside and outside of the cell[END_REF]. By doing so, these enzymes are crucial for the remodeling of ECM and fibrosis, and thus for promoting cancer progression [START_REF] Cox | LOXmediated collagen crosslinking is responsible for fibrosis-enhanced metastasis[END_REF]) LOX was found to be upregulated by HIF in breast and head and neck cancers [START_REF] Erler | Lysyl oxidase is essential for hypoxia-induced metastasis[END_REF][START_REF] Gao | Hypoxia-response element (HRE)-directed transcriptional regulation of the rat lysyl oxidase gene in response to cobalt and cadmium[END_REF]).

Moreover, it has been recently attributed a role for HIF-3α in determining the invasion potential of pancreatic cancer via activation of the RhoC-ROCK1 signaling pathway, which induces cytoskeleton remodeling and thus promotes invasion and metastasis [START_REF] Zhou | HIF-3α Promotes Metastatic Phenotypes in Pancreatic Cancer by Transcriptional Regulation of the RhoC-ROCK1 Signaling Pathway[END_REF]. Finally, the pH gradient established across the membrane of tumor cells (see section A of this chapter), with acidification of extracellular environment, supports invasion and metastasis, perhaps due to the pHdependent activation of cathepsins and metalloproteinases that degrade extracellular matrix and basement membranes (Kroemer and Pouyssegur 2008) The acidification of the extracellular environment is a consequence of the HIF-dependent enhancement of glycolysis and thus lactic acid production and of the HIF dependent expression of carbonic anhydrase 9 (CA9) [START_REF] Wykoff | Hypoxiainducible expression of tumor-associated carbonic anhydrases[END_REF]. CA9 is overexpressed in the surface of tumor cells and hydrates the extracellular CO 2 produced through the cellular respiration in H + and HCO 3 -, with the latter being transported inside the cells by anion transporters, participating thus in both acidification of pHe [START_REF] Swietach | Regulation of tumor pH and the role of carbonic anhydrase 9[END_REF]) and maintenance of pHi [START_REF] Pouysségur | Hypoxia signalling in cancer and approaches to enforce tumour regression[END_REF][START_REF] Chiche | Hypoxia-inducible carbonic anhydrase IX and XII promote tumor cell growth by counteracting acidosis through the regulation of the intracellular pH[END_REF].

I.4. HIF in cancer stem cells (CSCs)

CSCs are a subpopulation of cells that are present with varying abundance within most tumors.

They are distinguished by the expression of markers that are also expressed in normal stem cells in the tissue of origin [START_REF] Kim | Cancer stem cell surface markers on normal stem cells[END_REF]. Some of these markers are reported in Table 2. Moreover, key pluripotency genes, such as Nanog, Oct4, Sox2, and c-Myc, are shared by both normal stem cells and cancers [START_REF] Ben-Porath | An embryonic stem cell-like gene expression signature in poorly differentiated aggressive human tumors[END_REF] CSCs, thanks to their self-renewal and differentiation capabilities in multiple cell types, have the ability to seed new tumors when implanted in immunodeficient mice, and they give rise to all cell types of a particular tumor sample. [START_REF] Baccelli | The evolving concept of cancer and metastasis stem cells[END_REF] CSCs are persistent in the tumor, and given their strong resistance to chemotherapeutic treatments, are the cause of tumor relapse [START_REF] Phi | Cancer Stem Cells (CSCs) in Drug Resistance and their Therapeutic Implications in Cancer Treatment[END_REF]. Recent research has revealed a role for hypoxia in the activation and maintenance of CSCs (Kim, Lin et al. 2018). In this study, hypoxia was crucial in the establishment of CSC-like phenotype in vivo with the use of xenograft model of human breast cancer cells transfected with HRE-GFP. CSC-like features of hypoxic cells, such as expression of common stem cells marker, were maintained and even enhanced upon reimplantation, but were not present in non-hypoxic cells isolated from the same tumor mass. HIF, and in particular HIF-2α, plays a role in the formation of CSC by stimulating the expression of the stem cells marker Oct4 and Sox2, its direct targets [START_REF] Rankin | Hypoxia-inducible factor-2 regulates vascular tumorigenesis in mice[END_REF][START_REF] Moreno-Manzano | FM19G11, a new hypoxiainducible factor (HIF) modulator, affects stem cell differentiation status[END_REF] and by promoting c-Myc activity in glioma cells [START_REF] Bhagat | HIF-2α mediates a marked increase in migration and stemness characteristics in a subset of glioma cells under hypoxia by activating an Oct-4/Sox-2-Mena (INV) axis[END_REF]. HIF-1α induces breast CSCs (BCSCs) through Hippo pathway, which stimulates the self-renewal property through HIF-1α-regulated TAZ transcription factor [START_REF] Cordenonsi | The Hippo transducer TAZ confers cancer stem cell-related traits on breast cancer cells[END_REF], Xiang, Gilkes et al. 2014). In glioblastoma patient specimens, HIF-2α co-localizes with CD133 stem cell marker and silencing of HIF-2α decreases self-renewal and tumor cell proliferation in vitro, and tumor-initiating capacity in vivo [START_REF] Li | Hypoxia-inducible factors regulate tumorigenic capacity of glioma stem cells[END_REF]). Additionally, HIF-2α is related with the expression of stem cell marker in neuroblastoma cells [START_REF] Pietras | HIF-2alpha maintains an undifferentiated state in neural crest-like human neuroblastoma tumorinitiating cells[END_REF], and HIF-1α

I.5. HIF in treatment resistance

As reported before, hypoxia is considered a negative prognostic and predictive marker for poor patient outcome. HIF, as a biomarker of hypoxia, predicts for poor patient prognosis in a variety of cancer [START_REF] Wigerup | Therapeutic targeting of hypoxia and hypoxiainducible factors in cancer[END_REF]. As an example, HIF-1α expression has a negative correlation with the survival of cervical cancer [START_REF] Birner | Expression of hypoxia-inducible factor-1 alpha in oligodendrogliomas: its impact on prognosis and on neoangiogenesis[END_REF], endometrial carcinoma, ovarian cancer (Birner, Schindl et al. 2001) and breast cancer patients [START_REF] Bos | Levels of hypoxia-inducible factor-1 alpha during breast carcinogenesis[END_REF][START_REF] Schindl | Overexpression of hypoxiainducible factor 1alpha is associated with an unfavorable prognosis in lymph node-positive breast cancer[END_REF][START_REF] Bos | Levels of hypoxia-inducible factor-1alpha independently predict prognosis in patients with lymph node negative breast carcinoma[END_REF][START_REF] Generali | Hypoxia-inducible factor-1alpha expression predicts a poor response to primary chemoendocrine therapy and disease-free survival in primary human breast cancer[END_REF].

Similarly, HIF-2α is associated with poor outcomes in glioblastoma [START_REF] Holmquist-Mengelbier | Recruitment of HIF-1alpha and HIF-2alpha to common target genes is differentially regulated in neuroblastoma: HIF-2alpha promotes an aggressive phenotype[END_REF], head and neck squamous carcinoma [START_REF] Koukourakis | Hypoxia-inducible factor (HIF1A and HIF2A), angiogenesis, and chemoradiotherapy outcome of squamous cell head-and-neck cancer[END_REF] and, to a greater extent than HIF-1α, in non-small lung cancer [START_REF] Giatromanolaki | Relation of hypoxia inducible factor 1 alpha and 2 alpha in operable non-small cell lung cancer to angiogenic/molecular profile of tumours and survival[END_REF]. One of the leading causes of poor prognosis is the capacity of cancer cells to resist standard of care treatments. The role of hypoxia in radioresistance is recognized since 1950's [START_REF] Gray | The concentration of oxygen dissolved in tissues at the time of irradiation as a factor in radiotherapy[END_REF]. However, the reason underlying the hypoxic resistance are not only a consequence of the decrease in oxygen levels that interferes with ROS production (see section A of this Chapter), but are mainly due to the responses mediated by HIF stabilization previously discussed in this paragraph.

Thus, HIF go back to being the main protagonist in directing cancer progression.

As reported above, HIF stabilization induces the glycolytic enzymes HKI/II [START_REF] Riddle | Hypoxia induces hexokinase II gene expression in human lung cell line A549[END_REF]. They phosphorylate glucose to form glucose-6-phosphate, which can be diverted to the pentose phosphate pathway (PPP) [START_REF] Patra | Hexokinase 2 as oncotarget[END_REF]. PPP is a crucial metabolic pathway in mediating radioresistance: PPP is indeed central for the biogenesis of the antioxidants NADPH and glutathione, which protect DNA from damage [START_REF] Sattler | The anti-oxidant capacity of tumour glycolysis[END_REF]. The lactate derived from aerobic glycolysis is another facet involved in radioresistance. In xenograft derived from human head and neck squamous cell carcinoma cell lines, lactate content was found to positively correlate with the resistance to ionizing radiation to which cells were exposed [START_REF] Quennet | Tumor lactate content predicts for response to fractionated irradiation of human squamous cell carcinomas in nude mice[END_REF].

We have seen that lactate is excreted outside tumor cells by MCT, whose expression, at least for MCT4, is HIF-dependent [START_REF] Ullah | The plasma membrane lactate transporter MCT4, but not MCT1, is up-regulated by hypoxia through a HIF-1alpha-dependent mechanism[END_REF]. Studies on glioma revealed that the inhibition of lactate transport impairs the glycolytic metabolism and induces a decrease in glutathione concentration, impairing thus the antioxidant system and sensitizing glioma cells to irradiations [START_REF] Colen | Metabolic remodeling of malignant gliomas for enhanced sensitization during radiotherapy: an in vitro study[END_REF]. Moreover, HIF-1α was uncovered to be responsible of recurrence and metastasis of HEK293 cell xenografts after survival radiation therapy [START_REF] Harada | Cancer cells that survive radiation therapy acquire HIF-1 activity and translocate towards tumour blood vessels[END_REF]. A role of HIF-2α in resistance to radiation-induced DNA damage was also revealed in clear cell renal cell carcinoma (ccRCC), but the mechanism involved was the inhibition of apoptotic death mediated by the tumor suppressor p53 [START_REF] Bertout | HIF2alpha inhibition promotes p53 pathway activity, tumor cell death, and radiation responses[END_REF], indicating an antagonizing role of HIF in p53-mediated apoptosis.

HIF is additionally involved in the resistance to a variety of chemotherapeutic drugs in different type of cancers (Doktorova, Hrabeta et al. 2015). The reason behind this likely lies in the induction of supplemental HIF-dependent genes: the multidrug resistance (MDR) genes encoding for the transmembrane P-glycoprotein (Pgp) [START_REF] Comerford | Hypoxia-inducible factor-1-dependent regulation of the multidrug resistance (MDR1) gene[END_REF], whose expression is specifically dependent on HIF-1α, and Abcg2 [START_REF] Martin | Hypoxia-inducible factor-2alpha transactivates Abcg2 and promotes cytoprotection in cardiac side population cells[END_REF], which is HIF-2α-specific, both of which belong to the ATP-binding cassette (ABC) superfamily of membrane transporter.

Both ABC proteins participate in decreasing the intracellular concentration of various chemotherapeutic drugs by directly transporting them out of cancer cells, and their HIF-dependent cellular accumulation confers chemoresistance in breast cancer [START_REF] Doyle | A multidrug resistance transporter from human MCF-7 breast cancer cells[END_REF], colon carcinoma [START_REF] Ding | Expression and significance of hypoxia-inducible factor-1 alpha and MDR1/P-glycoprotein in human colon carcinoma tissue and cells[END_REF], ovarian cancer [START_REF] Maliepaard | Overexpression of the BCRP/MXR/ABCP gene in a topotecan-selected ovarian tumor cell line[END_REF], glioblastoma [START_REF] Nakai | Enhanced MDR1 expression and chemoresistance of cancer stem cells derived from glioblastoma[END_REF], prostate cancer [START_REF] Nanayakkara | Targeted inhibitors of P-glycoprotein increase chemotherapeutic-induced mortality of multidrug resistant tumor cells[END_REF]) and leukemia [START_REF] Steinbach | BCRP gene expression is associated with a poor response to remission induction therapy in childhood acute myeloid leukemia[END_REF]. Conversely, their inhibition, directly or indirectly through HIF blockage, sensitizes cancer cells to chemotherapy [START_REF] Comerford | Hypoxia-inducible factor-1-dependent regulation of the multidrug resistance (MDR1) gene[END_REF][START_REF] Dai | Sensitization of ABCG2-overexpressing cells to conventional chemotherapeutic agent by sunitinib was associated with inhibiting the function of ABCG2[END_REF][START_REF] Chou | Tumor cycling hypoxia induces chemoresistance in glioblastoma multiforme by upregulating the expression and function of ABCB1[END_REF][START_REF] Nanayakkara | Targeted inhibitors of P-glycoprotein increase chemotherapeutic-induced mortality of multidrug resistant tumor cells[END_REF]. Therefore, MDR proteins are one of the mechanisms that contribute to HIF-induced drug resistance, in addition to the poor penetration of drugs occurring in the inadequately vascularized milieu of hypoxic tumors previously reported.

But the HIF-mediated chemoresistance cannot be separated from the hypoxic responses, which are the cancer hallmarks, mediated by the transcription factor. The HIF-mediated chemoresistance through inhibition of apoptosis has been uncovered in gastric cancer, where the apoptosis mediated by the chemotherapeutic agent 5-fluorouracil was impeded via HIF suppression of p53 activity [START_REF] Rohwer | Hypoxia-inducible factor 1alpha determines gastric cancer chemosensitivity via modulation of p53 and NF-kappaB[END_REF]). In addition, HIF-mediated autophagy is the cause of resistance of esophageal and colon cancer cells to cisplatin and 5-fluorouracil [START_REF] Li | Inhibition of autophagy augments 5fluorouracil chemotherapy in human colon cancer in vitro and in vivo model[END_REF]. Finally, the role of HIF in suppressing mitochondrial metabolism is another way in which the master regulator of hypoxia acts as antagonizer of chemotherapy. It has been demonstrated that HIF-1α mediates chemoresistance to 5-fluorouracil by inhibiting mitochondrial ROS, whose production is critical for triggering cell death pathway and for killing tumors [START_REF] Rohwer | Hypoxia-inducible factor 1alpha determines gastric cancer chemosensitivity via modulation of p53 and NF-kappaB[END_REF]).

HIF has a pivotal but also pleiotropic functions in tumor biology by provoking the onset of various molecular processes linked with tumorigenesis and tumor progression. For this reason, targeting HIF expression or activity is a promising strategy for cancer therapy, and the combination of HIF inhibitors with conventional therapeutics can represent a new hope in the war against cancer (Figure 9). acquisition of somatic mutations, loss or hypermethylation of the second wild type allele [START_REF] Linehan | The genetic basis of kidney cancer: a metabolic disease[END_REF][START_REF] Brugarolas | Molecular genetics of clear-cell renal cell carcinoma[END_REF]. Besides the familiar cases, VHL mutations are found in 60-90% of sporadic ccRCCs, whose patients acquire a single deleted or inactivated VHL allele in normal kidney proximal tubule cells until LOH occurs causing inactivation of the second allele [START_REF] Kaelin | Von Hippel-Lindau disease[END_REF]. VHL inactivation is believed to be one of the earliest stages of neoplastic transformation, which leads to pre-malignant cystic lesions, a pre-step for ccRCC formation [START_REF] Richards | Molecular pathology of von HippelLindau disease and the VHL tumour suppressor gene[END_REF].

Since pVHL is the major O 2 -dependent regulator of HIF, it is intuitive that the loss of pVHL in ccRCC leads to the stabilization of the transcription factor regardless the O 2 level. What comes next HIF stabilization is the pathological intracellular phenotype governed by the transcription factor previously discussed, at the basis of ccRCC pathogenesis [START_REF] Myszczyszyn | The Role of Hypoxia and Cancer Stem Cells in Renal Cell Carcinoma Pathogenesis[END_REF].

II.! ccRCC and angiogenesis

ccRCC is characterized microscopically by a rich vascular network of fine sinusoid-like capillaries separating nests of neoplastic cells [START_REF] Grignon | Clear cell renal cell carcinoma[END_REF]Che 2005, Kryvenko, Roquero et al. 2013). The high vascularized nature of ccRCC can be clearly explained by the VHL inactivationinduced HIF stabilization. One of the HIF targets that I didn't mention so far is VEGF [START_REF] Mazure | Induction of vascular endothelial growth factor by hypoxia is modulated by a phosphatidylinositol 3-kinase/Akt signaling pathway in Ha-ras-transformed cells through a hypoxia inducible factor-1 transcriptional element[END_REF][START_REF] Dorević | Hypoxia inducible factor-1alpha correlates with vascular endothelial growth factor A and C indicating worse prognosis in clear cell renal cell carcinoma[END_REF], whose expression was found markedly increased in ccRCC compared with other types kidney neoplasm [START_REF] Schuetz | Molecular classification of renal tumors by gene expression profiling[END_REF]) and correlates with microvessel density, a measure of the degree of angiogenesis. Its pathogenic effects related to tumors are primarily due to its effects on vascular permeability and neoangiogenesis [START_REF] Apte | VEGF in Signaling and Disease: Beyond Discovery and Development[END_REF]. VEGF family consists of 7 members, of which 5 are present in human genome: VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E and placental growth factor (PlGF) [START_REF] Shibuya | Vascular Endothelial Growth Factor (VEGF) and Its Receptor (VEGFR) Signaling in Angiogenesis: A Crucial Target for Anti-and Pro-Angiogenic Therapies[END_REF]. VEGF-A plays a dominant role in angiogenesis and diseases and binds to the tyrosine kinase (TKs) receptors VEGFR1 and, mostly, to VEGFR2 expressed on endothelial cells [START_REF] Terman | Identification of the KDR tyrosine kinase as a receptor for vascular endothelial cell growth factor[END_REF]). The binding results in the regulation of the activities of several kinases and ultimately guides endothelial cell proliferation, migration, survival, facilitating remodeling processes and growth of new bood vessels from nearby capillaries [START_REF] Apte | VEGF in Signaling and Disease: Beyond Discovery and Development[END_REF]. Additionally, VEGF is able to stimulate the expression of enzymes, like MMPs, which function in degrading ECM, thus creating a path for endothelial cells to invade the surrounding stroma and infiltrate tumors [START_REF] Kurban | Characterization of a von Hippel Lindau pathway involved in extracellular matrix remodeling, cell invasion, and angiogenesis[END_REF] This "angiogenic switch", mediated by VEGF and other growth factors, provides the tumor cells with O 2 and nutrients that are required for tumor growth [START_REF] Carmeliet | VEGF as a key mediator of angiogenesis in cancer[END_REF].

It has been shown that HIF mediates the expression of PDGF, epidermal growth factor (EGF) and transforming growth factor-α (TGF-α) [START_REF] Gunaratnam | Hypoxia inducible factor activates the transforming growth factoralpha/epidermal growth factor receptor growth stimulatory pathway in VHL(-/-) renal cell carcinoma cells[END_REF][START_REF] Kelly | Cell type-specific regulation of angiogenic growth factor gene expression and induction of angiogenesis in nonischemic tissue by a constitutively active form of hypoxia-inducible factor 1[END_REF].

If PDGF plays important role in mediating the assembly of endothelial cells and pericytes into the wall of blood vessels [START_REF] Stratman | Endothelial-derived PDGF-BB and HB-EGF coordinately regulate pericyte recruitment during vasculogenic tube assembly and stabilization[END_REF], EGF and TGF-α stimulate the expression of VEGF through the signaling mediated by their TK receptor EGFR (van Cruijsen, Giaccone et al. 2005, Sawhney and[START_REF] Sawhney | Angiogenesis and angiogenic inhibitors in renal cell carcinoma[END_REF], thus providing additional evidences of the role of HIF in angiogenesis.

Tumor angiogenesis and VEGF are important prognostic factors in ccRCC, which correlate with presence of tumor necrosis, higher tumor grades, higher tumor cell proliferation rates, and higher metastatic rates, overall influencing poor patient outcomes [START_REF] Slaton | Expression levels of genes that regulate metastasis and angiogenesis correlate with advanced pathological stage of renal cell carcinoma[END_REF][START_REF] Baldewijns | High-grade clear cell renal cell carcinoma has a higher angiogenic activity than low-grade renal cell carcinoma based on histomorphological quantification and qRT-PCR mRNA expression profile[END_REF][START_REF] Rioux-Leclercq | Plasma level and tissue expression of vascular endothelial growth factor in renal cell carcinoma: a prospective study of 50 cases[END_REF][START_REF] Iakovlev | Microvascular density as an independent predictor of clinical outcome in renal cell carcinoma: an automated image analysis study[END_REF][START_REF] Veselaj | Prognostic Value of Vascular Endothelial Growth Factor A in the Prediction of the Tumor Aggressiveness in Clear Cell Renal Cell Carcinoma[END_REF][START_REF] Yin | Associations between Tumor Vascularity, Vascular Endothelial Growth Factor Expression and PET/MRI Radiomic Signatures in Primary Clear-Cell-Renal-Cell-Carcinoma: Proof-of-Concept Study[END_REF]. Therefore, tumor angiogenesis and VEGF are targets of the current first-line treatments of advanced ccRCC. The US Food and Drug Administration (FDA) has approved the use of the VEGF-neutralizing antibody bevacizumab, which improved RCC patients disease-free survival 9 (DFS) in a phase III trial [START_REF] Iakovlev | Microvascular density as an independent predictor of clinical outcome in renal cell carcinoma: an automated image analysis study[END_REF], and the use several multi-targeted TK inhibitors which block VEGF signaling pathway, such as sorafenib, pazopanib and sunitinib [START_REF] Carmeliet | Molecular mechanisms and clinical applications of angiogenesis[END_REF]. Sunitinib and pazopanib had great improvement of progression-free survival10 (PFS) of metastatic ccRCC patients compared with the cytokine interferon (IFN)-α, the standard of care treatment, highly toxic, for ccRCC until the advent of TK inhibitors [START_REF] Motzer | Sunitinib versus interferon alfa in metastatic renal-cell carcinoma[END_REF][START_REF] Sternberg | Pazopanib in locally advanced or metastatic renal cell carcinoma: results of a randomized phase III trial[END_REF]. However, despite the first enthusiasm after the first trials, the clinical introduction of these targeted treatments showed very heterogeneous results between patients in terms of benefit, without forgetting the huge side effects derived from the therapy. Of note is the introduction of the immune checkpoint inhibitors as adjuvant treatments in first-line therapy or second-line therapy for advanced ccRCC, which are predicted to provide further benefit by reactivate a specific immune response against tumor cells [START_REF] Santoni | Immunotherapy in renal cell carcinoma: latest evidence and clinical implications[END_REF]. The immune checkpoint inhibitors comprise inhibitors of PD-1/PD-L1 pathway, such as nivolumab and atezolizumab, or inhibitors of cytotoxic T lymphocytes antigen 4 (CTLA-4), such as ipilimumab. The phase III trial CheckMate 214 reported a significant improvement of overall survival 11 (OS) in previously untreated metastatic or locally advanced ccRCC patients who received combination of ipilimumab and nivolumab compared to sunitinib treatment [START_REF] Motzer | Nivolumab plus Ipilimumab versus Sunitinib in Advanced Renal-Cell Carcinoma[END_REF]. Moreover, regarding the combination immune-checkpoint/VEGF inhibitors therapy, in the IMmotion150 study, patients with locally advanced or metastatic RCC were tested to receive atezolizumab plus bevacizumab, atezolizumab alone or sunitinib. The combination arm resulted in a longer PFS compared to atezolizumab and sunitinib [START_REF] Atkins | IMmotion150: a phase II trial in untreated metastatic renal cell carcinoma (mRCC) patients (pts) of atezolizumab (atezo) and bevacizumab (bev) vs and following atezo or sunitinib (sun)[END_REF]. The US FDA recently approved the use of immunetherapy/TK inhibitors, avelumab/axitinib, for first-line treatment of patients with advanced RCC, based on the benefit in PFS of axitinib plus avelumab treatments over sunitinib in advanced ccRCC patients [START_REF] Motzer | Avelumab plus Axitinib versus Sunitinib for Advanced Renal-Cell Carcinoma[END_REF].

Undoubtedly, immunotherapy represents a revolution for the management of ccRCC but there is still an urgent need to find new biomarkers that can be helpful in selecting the more appropriate therapy for best patient responses.

III.! HIF subunits in ccRCC: HIF-1α vs HIF-2α

A functional discrepancy of HIF-1α and HIF-2α isoforms is a characteristic contradistinguishing ccRCC at multiple levels of investigation. It is known that some ccRCC cell lines do not express HIF-1α, but do express HIF-2α, i.e. 786-O cell line [START_REF] Maxwell | The tumour suppressor protein VHL targets hypoxia-inducible factors for oxygen-dependent proteolysis[END_REF]. In vitro experiments showed that the introduction in pVHL wt 786-O cells of a mutated form of HIF-1α, immune to pVHLdependent degradation, was not fully able to reproduce the branching phenotype characteristic of pVHL-defective cells, stabilizing only HIF-2α [START_REF] Maranchie | The contribution of VHL substrate binding and HIF1-alpha to the phenotype of VHL loss in renal cell carcinoma[END_REF]. In vivo experiments showed that an HIF-2α variant lacking both of its pVHL-binding sites, expressed in 786-O cells with wild type pVHL, promoted tumor growth in nude mice, overcoming pVHL tumor suppressor activity [START_REF] Kondo | Inhibition of HIF2alpha is sufficient to suppress pVHL-defective tumor growth[END_REF]. By contrast, downregulation of HIF-2α in pVHL-defective 786-O cells was sufficient to suppress tumor formation. Although in these experiments the tumor suppression role of pVHL can be overridden by HIF-2α, HIF-1α has not the same effect, as demonstrated by both in vitro and in vivo experiments [START_REF] Maranchie | The contribution of VHL substrate binding and HIF1-alpha to the phenotype of VHL loss in renal cell carcinoma[END_REF][START_REF] Raval | Contrasting properties of hypoxia-inducible factor 1 (HIF-1) and HIF-2 in von Hippel-Lindau-associated renal cell carcinoma[END_REF]. But why these differences? Raval et al. proposed that the contrasting role of HIF-1α and HIF-2α in promoting tumorigenesis lie on their target genes specificity in ccRCC cells: glucose transporter GLUT-1, VEGF, TGF-α and cyclin D1, which is associated with G1-to-S phase transition during cell cycle, where demonstrated to be specific targets of HIF-2α, whereas a HIF-1α-specific target was found to be BNIP3 [START_REF] Raval | Contrasting properties of hypoxia-inducible factor 1 (HIF-1) and HIF-2 in von Hippel-Lindau-associated renal cell carcinoma[END_REF]. Although a pro-survival role for BNIP3 was demonstrated in my laboratory [START_REF] Bellot | Hypoxia-induced autophagy is mediated through hypoxia-inducible factor induction of BNIP3 and BNIP3L via their BH3 domains[END_REF], its function as pro-survival or pro-death protein is controversial, and the HIF-1α-targeted BNIP3 expression in ccRCC cells and tumors was believed to mediate the anti-tumorigenic effects of HIF-1α [START_REF] Raval | Contrasting properties of hypoxia-inducible factor 1 (HIF-1) and HIF-2 in von Hippel-Lindau-associated renal cell carcinoma[END_REF]. Besides the role of HIF-2α as pathology promoter, a role in chemoresistance was demonstrated in pVHL-deficient ccRCC cells stabilizing only HIF-2α, where the transcription factor was shown to mediate resistance to radiotherapy through ROS-dependent inhibition of p53 pathway and cell death [START_REF] Bertout | HIF2alpha inhibition promotes p53 pathway activity, tumor cell death, and radiation responses[END_REF]. Another mechanism in which HIF-2α is able to reverse the resistance of ccRCC cells towards chemotherapy involves the mediation of Hdm2-mediated p53 degradation [START_REF] Roberts | Suppression of hypoxia-inducible factor 2alpha restores p53 activity via Hdm2 and reverses chemoresistance of renal carcinoma cells[END_REF]). This and the fact that HIF-2α enhance transcriptional activity of c-Myc [START_REF] Gordan | HIF-2alpha promotes hypoxic cell proliferation by enhancing c-myc transcriptional activity[END_REF]) explains the pro-tumorogenic role of HIF-2α and the tumor suppressor role of HIF-1α. In addition, it has been recently demonstrated that HIF-1α participates in the inhibition of cytosolic and mitochondrial aspartate biosynthesis, which constitues a way in which tumor cells can synthesize proteins and nucleotides to sustain their proliferation (Meléndez-Rodríguez, Urrutia et al. 2019).

Another explanation could be that HIF-2α is less sensitive than HIF-1α to inhibition by FIH, which should be active in oxygenated VHL-defective cells [START_REF] Yan | The hypoxia-inducible factor 2alpha Nterminal and C-terminal transactivation domains cooperate to promote renal tumorigenesis in vivo[END_REF], and both HIF-2α TADs contribute to tumorigenesis in vivo. In addition to FIH, another HIF modulator dysplaying a selectivity towards HIF-1α degradation is HAF, which is stabilized with prolonged hypoxic exposure, switching the hypoxic response of cancer cells from HIF-1α-dependent to HIF-2α-dependent transcription [START_REF] Koh | Hypoxia-associated factor, a novel E3-ubiquitin ligase, binds and ubiquitinates hypoxia-inducible factor 1alpha, leading to its oxygen-independent degradation[END_REF][START_REF] Koh | The hypoxia-associated factor switches cells from HIF-1α-to HIF-2α-dependent signaling promoting stem cell characteristics, aggressive tumor growth and invasion[END_REF]. In ccRCCs, HAF was shown to complex with HIF-2α and to mediate its activation and transcriptional activity, driving cancer progression and metastasis [START_REF] Koh | Hypoxia-induced SUMOylation of E3 ligase HAF determines specific activation of HIF2 in clear-cell renal cell carcinoma[END_REF]. Moreover, the fact that the cromosome 14,

where HIF-1α is located, is commonly lost in ccRCC is another evidence of the switch towards HIF-2α as tumorigenic driver [START_REF] Shen | Genetic and functional studies implicate HIF1α as a 14q kidney cancer suppressor gene[END_REF]. In fact, deletions of HIF-1α locus where found both in vitro, in particular in ccRCC cell lines expressing only HIF-2α, and in vivo in patient samples. But the tumor suppressor role of HIF-1α is a controversial subject. Indeed, in TRACK (transgenic model of cancer of the kidney) transgenic mice expressing a mutated, constitutively active HIF-1α in kidney proximal tubule and recapitulating the "clear" cell phenotype, HIF-1α was sufficient to drive oncogenesis through upregulation of GLUT-1, VEGF and CAIX, responsible for the onset of aerobic glycolysis [START_REF] Fu | Generation of a mouse model of Von Hippel-Lindau kidney disease leading to renal cancers by expression of a constitutively active mutant of HIF1α[END_REF]. HIF-2α isoform, instead, was not able to cause neoplastic transformation of proximal tubules towards ccRCC [START_REF] Fu | Activation of HIF2α in kidney proximal tubule cells causes abnormal glycogen deposition but not tumorigenesis[END_REF], indicating HIF1α as the pro tumorigenic isoform.

Finally, these reports suggest that HIFs have diverse functions with regard to VHL renal tumorigenesis, with HIF-2α being almost uniquely the pro-tumorigenic isoform and HIF-1α behaving as tumor suppressor.

IV.! HIF isoforms as prognostic factors in ccRCC

A bias towards HIF-2α expression was found in clinical ccRCC samples, in which pVHL alterations correlated with the expression of HIF-2α isoform in the majority of ccRCC [START_REF] Turner | Expression of hypoxiainducible factors in human renal cancer: relationship to angiogenesis and to the von Hippel-Lindau gene mutation[END_REF]. But what about the clinical relevance? In a cohort of 308 ccRCC patients, not nuclear bur cytoplasmic HIF-2α was associated with poor prognosis [START_REF] Kroeger | Poor prognosis and advanced clinicopathological features of clear cell renal cell carcinoma (ccRCC) are associated with cytoplasmic subcellular localisation of Hypoxia inducible factor-2α[END_REF]. In another study, the high mRNA and protein expression levels of HIF-2α, as well as of its target VEGF, were found to be associated with shorter OS and PFS rates of 36 ccRCC patients. Assessing the responses to sunitinib treatment, high HIF-2α and VEGF protein levels were also associated with resistance to the treatment [START_REF] Wierzbicki | Prognostic significance of VHL, HIF1A, HIF2A, VEGFA and p53 expression in patients with clear cell renal cell carcinoma treated with sunitinib as first line treatment[END_REF]. In a meta-analysis including 6052 ccRCC patients the negative prognostic value of HIF-2α was confirmed, which was found to be negatively associated with overall survival [HR 12 = 1.69, 95% confidence interval 13 (95% CI) [START_REF] Minardi | Survival in patients with clear cell renal cell carcinoma is predicted by HIF-1α expression[END_REF].

Overall, despite the tremendous work that has been done in understanding the involvement of HIF-1α and HIF-2α at the molecular basis on ccRCC tumorigenesis and metastasis, their role as prognostic markers remain inconclusive.

12 According to National Cancer Institute Dictionary, hazard ratio (HR) is a measure of how often a particular event happens in one group compared to another group, over time. In cancer research, hazard ratios are often used in clinical trials to measure survival at any point in time in a group of patients who have been given a specific treatment compared to a control group with another treatment or a placebo. A hazard ratio of one means that there is no difference in survival between the two groups. A hazard ratio of greater than one or less than one means that survival was better in one of the groups. 13 Confidence interval is defined as the range of values that we observe in our sample and for which we expect to find the value that accurately reflects the population. 14 According to National Cancer Institute Dictionary, metastasis-free survival is the length of time from the start of treatment for cancer that a patient is still alive and the cancer has not spread to other parts of the body.

Chapter 2

Mitochondrial VDAC1: meeting point of cell life and death

A.!Introduction to mitochondria

The term "mitochondrion", from the Greek "mitos" (thread) and "chondros" (granule), was coined in 1898 by Benda, referring to the appearance of mitochondria during spermatogenesis [START_REF] Benda | Ueber die Spermatogenese der Vertebraten und höherer Evertebraten, II Theil: die Histiogenese der Spermien[END_REF].

But early observations of what has been later discovered to be mitochondria go back in the mid 1800's, when "bioblasts" were seen to occur ubiquitously in cell cytoplasm, resembling bacteria [START_REF] Ernster | Mitochondria: a historical review[END_REF]. In the early 20 th century, several decades later the first idea of the bacterial origin of mitochondria, Lynn Sagan revived the idea of the evolution of mitochondria from endosymbiotic bacteria [START_REF] Sagan | On the origin of mitosing cells[END_REF]). After phylogenetic analyses of genes and proteins, the endosymbiotic theory is now well accepted, and consists in the engulfment of an alphaproteobacteria, capable of aerobic respiration, by an archaeal-derived host, an anaerobic fermenter [START_REF] Roger | The Origin and Diversification of Mitochondria[END_REF]. The endosymbiosis has provided advantages to the host: firstly, the ATP produced by the endosymbiont allowed for much more efficient generation of cellular energy [START_REF] Margulis | Origin of eukaryotic cells: evidence and research implications for a theory of the origin and evolution of microbial, plant, and animal cells on the Precambrian earth[END_REF]). In addition, the removal of fermentation waste [START_REF] Whatley | From extracellular to intracellular: the establishment of mitochondria and chloroplasts[END_REF], toxic oxygen [START_REF] Andersson | Origins of mitochondria and hydrogenosomes[END_REF] and the function of the endosymbiont as methane sink [START_REF] Moreira | Symbiosis between methanogenic archaea and deltaproteobacteria as the origin of eukaryotes: the syntrophic hypothesis[END_REF] are all aspects that contributed to the advantageous symbiotic syntrophy. The process of endosymbiosis progressed until the endosymbiont lost its autonomy and eventually became specialized as an aerobically respiring ATP-producing organelle: the mitochondrion [START_REF] Roger | The Origin and Diversification of Mitochondria[END_REF].

Mitochondria, as their bacterial ancestral, are comprised of two separate and functionally distinct membranes: the outer (OMs) and inner membranes (IMs), separated by the intermembrane space (IMS). The IM is organized in characteristic folds, named cristae, and encapsulates matrix compartments, which houses the mitochondrial DNA (mDNA). Differently from the solitary beanshaped organelles as they appear in electron micrographs [START_REF] Palade | An electron microscope study of the mitochondrial structure[END_REF], mitochondria in living cells are highly dynamic organelles that can build large interconnected intracellular networks (Bereiter-Hahn 1990) (Figure 10). The mitochondrial morphology frequently changes according to cell needs, such as a shift towards interconnected mitochondria (fusion) is observed in metabolically active cells, whereas fragmented mitochondria (generated with the fission) are characteristic of quiescent cells and observed as an early event during apoptosis [START_REF] Westermann | Mitochondrial fusion and fission in cell life and death[END_REF].

mitochondrial fissioning and flows into the release of apoptogenic proteins, such as second mitochondria-derived activator of caspases (Smac)/DIABLO [START_REF] Verhagen | Identification of DIABLO, a mammalian protein that promotes apoptosis by binding to and antagonizing IAP proteins[END_REF], apoptosis inducing factor (AIF), HTRA2/OMI [START_REF] Li | Structural insights into the pro-apoptotic function of mitochondrial serine protease HtrA2/Omi[END_REF] and Cyt. c [START_REF] Li | Cytochrome c and dATP-dependent formation of Apaf-1/caspase-9 complex initiates an apoptotic protease cascade[END_REF].

Thus, besides functioning as an electron carrier in the mitochondrial electron transport chain, Cyt. c is also one of the determinants in the execution of cell death. The release of the apoptogenic proteins leads to the subsequent formation of the apoptosome, composed by Cyt. c, the apoptotic proteaseactivating factor 1 (Apaf-1) and the cysteine-aspartic protease pro-caspase 9 [START_REF] Wang | The expanding role of mitochondria in apoptosis[END_REF]. Procaspase 9 autoactivates and, bound to the apoptosome, efficiently cleaves and activates downstream executioner caspases, such as caspase 3 and 7, which in turn cleave intracellular substrates leading to chromatin condensation, nucleosomal DNA fragmentation, nuclear membrane breakdown and thus to cell destruction (Rodriguez andLazebnik 1999, Kroemer, Galluzzi et al. 2007).

Therefore, mitochondria occupy a central position in cell life and death by regulating cellular metabolism and by triggering apoptogenic signals. Such roles cannot be accomplished without a proper cross-talk with the rest of cell and voltage dependent anion channel (VDAC1), a mitochondrial protein of OM, is now well recognized to be the cornerstone of this function, being thus pivotal in the regulation of mitochondrial metabolism, energetics and apoptosis.

be responsible for their permeability [START_REF] Colombini | A candidate for the permeability pathway of the outer mitochondrial membrane[END_REF]. In parallel, electron microscopy studies of Neurospora Crassa mitochondrial membranes, and the employing of specific polyclonal rabbit antibodies, identified the crystalline arrays of Neurospora Crassa mitochondrial OM preparations as VDAC, which coincided with a 31kDa polypeptide in SDS PAGE [START_REF] Mannella | Evidence that the crystalline arrays in the outer membrane of Neurospora mitochondria are composed of the voltage-dependent channel protein[END_REF].

The same antibodies inhibited the insertion into phospholipid bilayers of VDAC from detergent extracts of the mitochondrial outer membranes, confirming its identity. A novel channel was discovered.

I.! VDAC isoforms

Following its discovery, VDAC has been isolated in almost all the studied living beings of the eukaryotic kingdom. Human VDAC has been firstly characterized from the plasmalemm of Blymphocytes [START_REF] Kayser | Identification of human porins. II. Characterization and primary structure of a 31-lDa porin from human B lymphocytes (Porin 31HL)][END_REF], indicating other subcellular localizations for VDAC than mitochondria; soon after, molecular techniques permitted the discovery of homologous genes in several eukaryotic organisms [START_REF] Messina | Cloning and chromosomal localization of a cDNA encoding a mitochondrial porin from Drosophila melanogaster[END_REF][START_REF] Blachly-Dyson | Multicopy suppressors of phenotypes resulting from the absence of yeast VDAC encode a VDAC-like protein[END_REF][START_REF] Ryerse | Cloning and molecular characterization of a voltage-dependent anion-selective channel (VDAC) from Drosophila melanogaster[END_REF], Sampson, Lovell et al. 1997), including humans (Blachly-Dyson, Zambronicz et al. 1993). In the work of Colombini's group, two cDNA representing the transcripts of two different human VDAC genes, VDAC1 and VDAC2, have been identified and their function has been assessed in yeast lacking the endogenous VDAC. In these conditions, yeasts are characterized by a temperature-sensitive growth in a glycerol-media, but the introduction of both human isoforms complemented the growth defect phenotype. Moreover, the isolated proteins shared the known gating functions of VDAC when reconstitute in bilayers membranes. A novel cDNA encoding a third isoform has been discovered at a later time, corresponding to mouse [START_REF] Sampson | A novel mouse mitochondrial voltage-dependent anion channel gene localizes to chromosome 8[END_REF], Sampson, Lovell et al. 1997) and human [START_REF] Rahmani | Isolation of a novel human voltage-dependent anion channel gene[END_REF][START_REF] Rahmani | Hepatitis B virus X protein colocalizes to mitochondria with a human voltage-dependent anion channel, HVDAC3, and alters its transmembrane potential[END_REF] VDAC3. Contrary to VDAC1 and VDAC2, VDAC3 was only partially able to eliminate the yeast aberrant growth phenotype [START_REF] Sampson | The murine voltage-dependent anion channel gene family. Conserved structure and function[END_REF].

Thus, in mammals there are three isoforms of VDACs, named according to the order of their discovery, whose gene structure is very similar. They share 65-70% nucleotide sequence identity (Figure 13), with a conserved organization of exons and with the VDAC2 gene containing an additional first exon [START_REF] Messina | VDAC isoforms in mammals[END_REF]. Their coding genes on human genome map on chromosome V (5q31-32) for vdac1, chromosome X for vdac2 (10q22) and chromosome VIII (8p11.21) for vdac3 [START_REF] Rahmani | Isolation of a novel human voltage-dependent anion channel gene[END_REF][START_REF] Messina | Mapping of the human Voltage-Dependent Anion Channel isoforms 1 and 2 reconsidered[END_REF]. The human vdac3

gene has an additional alternatively spliced internal 3-base (ATG) mini-exon [START_REF] Sampson | A novel isoform of the mitochondrial outer membrane protein VDAC3 via alternative splicing of a 3-base exon. Functional characteristics and subcellular localization[END_REF]), but the biological significance of the truncated protein product is controversial [START_REF] Decker | The tissue-specific, alternatively spliced single ATG exon of the type 3 voltage-dependent anion channel gene does not create a truncated protein isoform in vivo[END_REF]. In addition, vdac2 gene shows alternate polyadenylation sites encoding multiple transcripts of varying lengths [START_REF] Decker | Revised fine mapping of the human voltage-dependent anion channel loci by radiation hybrid analysis[END_REF]. Regarding the expression of the transcript of the different isoforms, Northern blot and/or PCR analysis showed that all three can be found in almost all tissues [START_REF] Cesar | All three isoforms of the voltage-dependent anion channel (VDAC1, VDAC2, and VDAC3) are present in mitochondria from bovine, rabbit, and rat brain[END_REF][START_REF] Yamamoto | VDAC1, having a shorter N-terminus than VDAC2 but showing the same migration in an SDS-polyacrylamide gel, is the predominant form expressed in mitochondria of various tissues[END_REF], Messina, Reina et al. 2012) except in liver, where the amount of VDACs is low. A high expression of VDAC2 and, mostly, VDAC3 was found in testis, whereas VDAC1 is not abundant in this tissue [START_REF] Messina | VDAC isoforms in mammals[END_REF]. Additionally, the transcript abundance of the three isoforms seems to differ, with VDAC1 being 10 times more abundant than VDAC2 and 100 times than VDAC3 in human model system, and a reciprocal control of the isoforms exists, such as the transcripts of VDAC2 and VDAC3 rise in concomitance with the overexpression of any of the other isoforms. By contrast, VDAC1 transcript remains unchanged [START_REF] De Pinto | Characterization of human VDAC isoforms: a peculiar function for VDAC3?[END_REF]. Thus, VDAC1 is the most abundant isoform among VDACs that, together, are the most abundant proteins of mitochondrial OM. The distribution in mitochondrial OM seems to coincide for VDAC1 and VDAC2, which were found in distinct domains along OM gapped by area relatively less populated, whereas VDAC3 was mostly uniformly distributed over the mitochondrial OM, as revealed by stimulated emission depletion (STED) microscopy [START_REF] Neumann | Two-color STED microscopy reveals different degrees of colocalization between hexokinase-I and the three human VDAC isoforms[END_REF]).

To gain insights on the functional features of VDACs isoform, the pore-forming activity of purified proteins has been assessed. Recombinant VDAC1 and VDAC2 demonstrated channel activity upon reconstitution into a lipid bilayer [START_REF] Xu | Mouse VDAC isoforms expressed in yeast: channel properties and their roles in mitochondrial outer membrane permeability[END_REF], even if VDAC2 seemed to have two different populations, one with a lower conductance. VDAC3 has only been recently examined in detailed biophysical and electrophysiological studies [START_REF] Checchetto | Recombinant human voltage dependent anion selective channel isoform 3 (hVDAC3) forms pores with a very small conductance[END_REF]) and shows very small conductance compared to the other isoforms.

Gene knockout in mice has been used to shed light on the physiological role of VDACs. Embryonic stem (ES) cell lines lacking each VDAC isoform were generated by homologous recombination [START_REF] Wu | Each mammalian mitochondrial outer membrane porin protein is dispensable: effects on cellular respiration[END_REF]) and then used to generate knockout mice. Vdac2 -/-mice were not produced because the knockout of the gene showed embryonal lethality [START_REF] Cheng | VDAC2 inhibits BAK activation and mitochondrial apoptosis[END_REF]. This was explained by the anti-apoptotic function of VDAC2 isoform that antagonizes BAK-dependent mitochondrial apoptosis [START_REF] Cheng | VDAC2 inhibits BAK activation and mitochondrial apoptosis[END_REF]). Vdac1 -/-embryos were also subjected to partial lethality [START_REF] Weeber | The role of mitochondrial porins and the permeability transition pore in learning and synaptic plasticity[END_REF], with mice showing defects in skeletal muscles [START_REF] Anflous | Altered mitochondrial sensitivity for ADP and maintenance of creatine-stimulated respiration in oxidative striated muscles from VDAC1deficient mice[END_REF]) and abnormal enlarged muscle mitochondria with compacted cristae [START_REF] Weeber | The role of mitochondrial porins and the permeability transition pore in learning and synaptic plasticity[END_REF]. Vdac3 -/-mice were viable but characterized by male infertility caused by defects in sperm motility [START_REF] Sampson | Immotile sperm and infertility in mice lacking mitochondrial voltage-dependent anion channel type 3[END_REF] 2001) associated with deficits in learning behavior and synaptic plasticity [START_REF] Weeber | The role of mitochondrial porins and the permeability transition pore in learning and synaptic plasticity[END_REF].

Thus, despite the conserved organization between isoforms, VDACs seem to mediate different physiological functions.

Most of the information we have today on VDAC is especially about the isoform 1, the most abundant VDAC isoform that has been intensively analyzed over the course of the decades since the discovery of the channel. From this point on, my focus will be on the VDAC1. VDAC: voltage-dependent anion channel; Chr: chromosome. From: Messina et al., Biochim. Biophys. Acta, 2012.

II.! The structure of VDAC1

Early structure work on the VDAC1 channels was provided by using EM and atomic force microscopy (AFM) on isolated native mitochondrial OM from different sources. In the membranes, EM showed VDAC1 as pore-like subunits arranged in ordered arrays of six VDAC1 monomers, in which each monomer has interchannel contacts [START_REF] Mannella | Structure of the outer mitochondrial membrane: ordered arrays of porelike subunits in outer-membrane fractions from Neurospora crassa mitochondria[END_REF][START_REF] Guo | Molecular design of the voltage-dependent, anion-selective channel in the mitochondrial outer membrane[END_REF]. These studies have permitted to gain insights into the rearrangement and approximate dimensions of the channel, which forms a pore of ~3 nm diameter. These investigations were complemented by AFM studies [START_REF] Gonçalves | Supramolecular assembly of VDAC in native mitochondrial outer membranes[END_REF][START_REF] Hoogenboom | The supramolecular assemblies of voltage-dependent anion channels in the native membrane[END_REF], in which the mitochondrial OM appeared perforated, with VDAC1 forming the holes organized in an oligomeric structure, resembling the hexagonal arrays obtained by EM or characterized by even higher oligomers. The pore dimensions obtained at about 2 nm resolution corresponded to 3.8 nm×2.7 nm and 4 nm in height. Despite it was generally accepted that the 283 amino acids sequence of VDAC1 primary structure folds in a #-barrel, a consideration made according to VDAC1 primary sequence and to analogy with bacterial outer membrane porins, the number of #-strands composing the barrel, number of 19 #-strands, connected by flexible loops, having an average of 10 residues of which hydrophobic and hydrophilic residues are alternated [START_REF] Forte | Molecular genetics of the VDAC ion channel: structural model and sequence analysis[END_REF]. The #-strands are arranged in an antiparallel organization, but the unequal number of strands in the VDAC barrel requires one parallel pairing of two adjacent terminal #-strands, ending on the same side of the membrane, #1 and #19 [START_REF] Shoshan-Barmatz | VDAC, a multi-functional mitochondrial protein regulating cell life and death[END_REF]. Studies on the 3D structure of VDAC1 pointed out that the exterior of the barrel consists of hydrophobic residues in contact with the membrane lipids, whereas the hydrophilic residues are exposed to the internal side of the barrel [START_REF] Ujwal | The crystal structure of mouse VDAC1 at 2.3 A resolution reveals mechanistic insights into metabolite gating[END_REF].

II.2. The $%terminal "-helix of VDAC1

In all three solved 3D structures of VDAC1, an amphipathic "-helix is present within the 25 residues N-terminal region, which, contrary to what was previously speculated, is not part of the channel wall protruding into the external aqueous phase or crossing the membrane [START_REF] Forte | Molecular genetics of the VDAC ion channel: structural model and sequence analysis[END_REF][START_REF] De Pinto | Peptide-specific antibodies and proteases as probes of the transmembrane topology of the bovine heart mitochondrial porin[END_REF], Colombini 2004). The N-terminal is instead a very flexible domain, located inside the pore, which is only slightly attached to the #1 strand of the wall through a loop containing a glycine-rich sequence (GRS) (Shoshan- [START_REF] Shoshan-Barmatz | VDAC, a multi-functional mitochondrial protein regulating cell life and death[END_REF]. The fact that the N-terminal was accessible to the antibodies raised against this specific domain [START_REF] Guo | Molecular design of the voltage-dependent, anion-selective channel in the mitochondrial outer membrane[END_REF] and EM observations early demonstrated that the N-terminus was a mobile domain accessible from the outside of the channel. In the combined NMR/X-ray structure of human VDAC1, the single helix comprises residues 7-17 and is folded horizontally inside the barrel wall approximately at its midpoint [START_REF] Bayrhuber | Structure of the human voltage-dependent anion channel[END_REF]. Inside the pore, the N-terminal reduces the size of the pore from ~3 to 1.5 nm, and forms a restricted zone limiting the permeation of molecules (see next paragraph for details). The amphipathic nature of the "-helix is such that the Nterminal can either be exposed to the cytosol phase of the channel and interact with the hydrophobic side of the barrel [START_REF] Geula | Structure-based analysis of VDAC1: Nterminus location, translocation, channel gating and association with anti-apoptotic proteins[END_REF]. The crystal structure of mouse VDAC1 revealed two short α-helices (residues 6-9 and 12-20) within the N-terminal [START_REF] Ujwal | The crystal structure of mouse VDAC1 at 2.3 A resolution reveals mechanistic insights into metabolite gating[END_REF]. A more recent paper confirmed by molecular dynamics simulation the presence of two picks representing "helices secondary structures in residues 8 and 16 within the N-terminal peptide of human VDAC1 [START_REF] Guardiani | The N-Terminal Peptides of the Three Human Isoforms of the Mitochondrial Voltage-Dependent Anion Channel Have Different Helical Propensities[END_REF]. As we will see in the next paragraph, the N-terminal is crucial for the voltage gating properties of the channel.

II.3. VDAC1 oligomerization

As previously reported, early EM experiments on the mitochondrial OM of VDAC1 reported that the channel can exists in an ordered hexagonal array [START_REF] Guo | Molecular design of the voltage-dependent, anion-selective channel in the mitochondrial outer membrane[END_REF]. Similarly, AFM
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experiments detected VDAC1 aggregates on yeast mitochondrial OM ranging from 1 to up to 20 monomers [START_REF] Gonçalves | Supramolecular assembly of VDAC in native mitochondrial outer membranes[END_REF]). Lately, cross-linking and fluorescence resonance energy transfer (FRET) experiments demonstrated that VDAC1 exists in a dynamic equilibrium between dimers, tetramers and higher oligomers [START_REF] Zalk | Oligomeric states of the voltage-dependent anion channel and cytochrome c release from mitochondria[END_REF], and that interfering with its oligomeric state compromises VDAC1 activity. X-ray crystallography of human VDAC1

suggested the formation of a parallel dimer [START_REF] Bayrhuber | Structure of the human voltage-dependent anion channel[END_REF] involving the interaction between #%strands #19, #1 and #2 (Figure 15). Since these #%strands are the least stable of the barrel [START_REF] Bayrhuber | Structure of the human voltage-dependent anion channel[END_REF] 

III.! VDAC1 channel activity

I have previously introduced that the unique voltage-dependent conductance of mitochondrial OMs, noticed in 1970's, allowed the revolutionary (for those time) identification of OM channels, no others than VDAC [START_REF] Schein | Reconstitution in planar lipid bilayers of a voltage-dependent anion-selective channel obtained from paramecium mitochondria[END_REF]). The reconstitution of VDAC1 into a planar lipid bilayer has permitted the characterization of its activity as a reflex of ions flow (i.e. current) through the membrane, which is otherwise impermeable to the flow (Figure 16). At low voltages (-20 to +20 mV), VDAC1 exists in an open high conductive state (~4 nS at 1 M KCl), and shows a preference for transporting anions over cations, while at high positive or negative potentials (> 40 mV), VDAC1

switches to close states permeable to small ions [START_REF] Colombini | VDAC structure, selectivity, and dynamics[END_REF][START_REF] Shoshan-Barmatz | VDAC1 at the crossroads of cell metabolism, apoptosis and cell stress[END_REF]). In the high conductivity state, VDAC1 is permeable to small ions (e.g., Cl -, K + , Na + ), yet also anions, such as glutamate [START_REF] Gincel | Modulation of the voltage-dependent anion channel (VDAC) by glutamate[END_REF] and ATP [START_REF] Rostovtseva | VDAC channels mediate and gate the flow of ATP: implications for the regulation of mitochondrial function[END_REF], metabolites, such as citrate, succinate, malate and phosphate [START_REF] Hodge | Regulation of metabolite flux through voltage-gating of VDAC channels[END_REF] and even NADH [START_REF] Zizi | NADH regulates the gating of VDAC, the mitochondrial outer membrane channel[END_REF]. When in the closed states, VDAC1 is characterized by a lower conductance, approximatively the half as recorded in the open state, and displays a cation selectivity (Colombini 1980, Benz and[START_REF] Benz | The cation-selective substate of the mitochondrial outer membrane pore: single-channel conductance and influence on intermembrane and peripheral kinases[END_REF]. In these conditions, arising with increasing potential, VDAC1 is present in different stable sub-state conformations [START_REF] Mannella | Minireview: on the structure and gating mechanism of the mitochondrial channel, VDAC[END_REF], in which the pore diameter is reduced to about 2.4 nm [START_REF] Krasilnikov | Diameter of the mammalian porin channel in open and "closed" states: direct measurement at the single channel level in planar lipid bilayer[END_REF]). An evident limit for the permeability through the channel that defines its selectivity is the steric restriction due to pore dimensions [START_REF] Colombini | VDAC structure, selectivity, and dynamics[END_REF]. The size of the pore in the open state (3-3.8 nm) allows the passage of substrates up to 5 kDa (Shoshan-Barmatz and Mizrachi 2012, Shoshan-Barmatz, [START_REF] Maldonado | VDAC-Tubulin, an Anti-Warburg Pro-Oxidant Switch[END_REF]. When in the closed state, the size of VDAC1 pore is even reduced but the highest barrier is represented by electrostatic effects. In fact, based on the surface charge lining the inner wall of the channel, VDAC1 is characterized by a prevalence of positive charges: exposed to the interior of the pore, fifteen positively-charged residues and eleven negatively-charged residues are present. In addition, the N-terminal inside the pore contains three positive and two negative (Asp-9 and Asp-16) charges. The resulting prevalence of positive charges favors the selectivity for anions over cations [START_REF] Ujwal | The crystal structure of mouse VDAC1 at 2.3 A resolution reveals mechanistic insights into metabolite gating[END_REF]). The closed states, instead, may favor cations because the net charge in the pore becomes negative [START_REF] Colombini | VDAC structure, selectivity, and dynamics[END_REF]) and thus impermeable to anions like ATP, giving an explanation of the switch in ion selectivity between the open and closed states. 

Voltage clamp amplifier

III.1. The gating properties of the N-terminal

Since VDAC1 is a voltage-dependent channel, a voltage sensor has to exist, and different models have proposed the N-terminal domain as the sensor that gates the channel depending on the voltage.

One model indicates a movement of the N-terminal helix from the barrel wall towards the center of the channel, inducing the blockage of the pore (Figure 17 A). The movement might involve both the complete helix [START_REF] Ujwal | The crystal structure of mouse VDAC1 at 2.3 A resolution reveals mechanistic insights into metabolite gating[END_REF] or only residues 11-20 [START_REF] Hiller | The role of solution NMR in the structure determinations of VDAC-1 and other membrane proteins[END_REF]. A second model consisting in the translocation of the helix outside the barrel has been also indicated [START_REF] Geula | Structure-based analysis of VDAC1: Nterminus location, translocation, channel gating and association with anti-apoptotic proteins[END_REF]) (Figure 17 B). In this model, the GRS of the N-terminal are determinant in conferring the flexibility for N-terminal translocation. The disruption of the "-helix by point mutations resulted in the loss of the voltage-gating of VDAC1, supporting the function of the VDAC1 N-terminal as voltage sensor. Another model of gating points into light the electrostatic changes inside the pore following the displacement of the helix; the last model involves the transition of the N-terminal region from an α-helical structure that aligns with the barrel wall, corresponding to an open state structure, to a less-structured, unfolded helix element that interacts with the opposing barrel wall, inducing channel closure [START_REF] Summers | Origami in outer membrane mimetics: correlating the first detailed images of refolded VDAC with over 20 years of biochemical data[END_REF]Court 2010, Shoshan-Barmatz andMizrachi 2012).

to bind to Ca 2+ -binding proteins [START_REF] Charuk | Interaction of ruthenium red with Ca2(+)binding proteins[END_REF], were found to induce the closure of VDAC1, suggesting a binding competition with Ca 2+ . Similar results were obtained with other Ca 2+- binding proteins, like ruthenium red (RuR) and azido ruthenium (AzRu) [START_REF] Israelson | A photoactivable probe for calcium binding proteins[END_REF]. The Ca 2+ -binding sites were then identified in two distinct cytosolic loops corresponding to E72 and E202 [START_REF] Israelson | Localization of the voltage-dependent anion channel-1 Ca2+-binding sites[END_REF]). Thus, from these studies it is concluded that the Ca 2+ -binding to VDAC1 may be responsible from the switch from closed to open state, thus influencing Ca 2+ conductance trough VDAC1.

The Ca 2+ flux into the mitochondria has an important physiological significance, mostly because mitochondrial Ca 2+ accumulation acts as a 'priming signal' for apoptotic cell death. This aspect related to VDAC1/ Ca 2+ flux will be discussed in section D of this Chapter.

IV.! Post translational modifications of VDAC1

Posttranslational modifications (PTM) play an important role in the regulation of protein functions. Even if little is known about PTM of VDAC1, some studies addressed these questions, and phosphorylation is the main PTM studied.

IV.1. Phosphorylation

Protein phosphorylation is catalyzed by a family of protein kinases, with serine, threonine, and tyrosine side chains being the most frequently modified [START_REF] Kerner | VDAC proteomics: post-translation modifications[END_REF].

In vitro experiments showed that VDAC1 isolated from rat liver undergoes phosphorylation mediated by the kinases glycogen synthase kinase 3 β (GSK3β) and, in a greater extent, by cyclic AMPdependent protein kinase (PKA) [START_REF] Sheldon | Phosphorylation of voltage-dependent anion channel by serine/threonine kinases governs its interaction with tubulin[END_REF], which are both known to localize at mitochondria [START_REF] Bijur | Glycogen synthase kinase-3 beta is highly activated in nuclei and mitochondria[END_REF]Jope 2003, Carlucci, Lignitto et al. 2008). The phosphorylation took place on the cis side of the channel inserted into a lipid bilayer, corresponding to the cytosolic side in a physiological setting. Such PTM sensitized VDAC1 to tubulin interaction, responsible for the blockage of the channel [START_REF] Rostovtseva | Tubulin binding blocks mitochondrial voltage-dependent anion channel and regulates respiration[END_REF], inducing its closure and affecting its selectivity (see section C paragraph III of this Chapter). In this study, the specific sites of phosphorylation were not characterized [START_REF] Sheldon | Phosphorylation of voltage-dependent anion channel by serine/threonine kinases governs its interaction with tubulin[END_REF]). However, several residues that are substrates of the two kinases, located on the cytosolic side of the channel, have been reported (Figure 18). A GSK3β -dependent phosphorylation on Thr-51 was identified [START_REF] Pastorino | Activation of glycogen synthase kinase 3beta disrupts the binding of hexokinase II to mitochondria by phosphorylating voltage-dependent anion channel and potentiates chemotherapy-induced cytotoxicity[END_REF], located in loop L1. NIMA-related protein kinase (Nek1) was reported to phosphorylate Ser-193 [START_REF] Chen | Nek1 regulates cell death and mitochondrial membrane permeability through phosphorylation of VDAC1[END_REF]. Moreover, as a substrate of calcium/calmodulin (CaM)-II/ GSK3β and protein kinase C (PKC), VDAC1 has been shown to be phosphorylated on serine 12 and 136 respectively [START_REF] Distler | Post-translational modifications of rat liver mitochondrial outer membrane proteins identified by mass spectrometry[END_REF]). However, both sites are located inside the pore on the α-helical N-terminus (Ser-12) and on the β-strand (Ser-136). The ser-103 is another phosphorylated site found to regulate mitochondrial permeabilization, which is instead located in the cytosolic loop L3 [START_REF] Yuan | Voltagedependent anion channel 1 is involved in endostatin-induced endothelial cell apoptosis[END_REF]. In figure 18 are reported three tentative phosphorylation sites, one GSK3β, one PKA, and one shared, on loops L5 and L7 at one side of the channel that can be putative phosphorylation sites on cytosolic loops for VDAC1-tubuline interaction [START_REF] Rostovtseva | VDAC inhibition by tubulin and its physiological implications[END_REF]. Another study pointed out the reduced channel activity of VDAC1 following the phosphorylation by PKA [START_REF] Banerjee | Phosphorylation of rat brain mitochondrial voltage-dependent anion as a potential tool to control leakage of cytochrome c[END_REF]. Finally, a recent paper also indicated that the phosphorylation of VDAC1 by c-Jun N-terminal Kinase-3 (JNK3) in some unidentified sites affect VDAC1 gating by determining channel closure at low voltages, when the channel should be open [START_REF] Gupta | Phosphorylation of purified mitochondrial Voltage-Dependent Anion Channel by c-Jun N-terminal Kinase-3 modifies channel voltage-dependence[END_REF]. Thus, due to the different sites found to be phosphorylated on VDAC1 and the fact that VDAC1 is found to be the substrate of several protein kinases, phosphorylation seems to be a regulatory mechanism of the channel. 

IV.2. A new post translational modification of VDAC1 C-terminus

In contrast to the well-studied N-terminal domain, which calls attention for its function as voltage sensor, little is known on VDAC1 C-terminus. In my lab, a new post-translational modification of the C-terminal domain of VDAC1 has been discovered for the first time (Brahimi-Horn, Ben-Hail et al. 2012). Such modification consists in the formation of a truncated form of VDAC1 lacking the last 70 amino acids of the C-terminus, named VDAC1-!C. Such modification occurs specifically under hypoxic conditions (1% O 2 ) and is a trait found in cancer cell lines of different tissue origins (lung, renal, colon, ovarian and breast), as well as in lung cancer patients in correlation with advanced cancer stages. The formation of VDAC1-!C involves the cleavage of the channel mediated by the endolysosomal enzyme asparagine endopeptidase, Legumain (LGMN), at specific sites, asparagine 214 and glycine 213, located in the cytosolic loop L7 of the channel (Brahimi-Horn, Lacas-Gervais et al. 2015). Since LGMN is a endolysosomal enzyme, there has to be a mechanism approaching the endolysosome to the mitochondria, where VDAC1 is located. In fact, EM observations highlighted a microfusion between the two organelles that occurred only under hypoxic conditions. In hypoxia, mitochondria showed an abnormally enlarged morphology, the result of an altered balance between fission and fusion process, in which mitochondria were hyperfused [START_REF] Chiche | Hypoxic enlarged mitochondria protect cancer cells from apoptotic stimuli[END_REF]. It is natural to wonder if the loss of part of the C-terminus in VDAC1-!C might interfere with VDAC1 activity. Indeed, VDAC1-!C reconstituted in a lipid bilayer showed major occupancy in open state compared to the full length of VDAC1when a voltage of -40 mV was applied, displaying higher conductance [START_REF] Brahimi-Horn | Expression of a truncated active form of VDAC1 in lung cancer associates with hypoxic cell survival and correlates with progression to chemotherapy resistance[END_REF]. This was accompanied with a higher ATP output under hypoxic conditions and other metabolic and survival phenotype that will be discussed in section D, paragraph II.3 of this Chapter.

IV.3. Others

Proteomic experiments have shown that VDAC1 undergoes acetylation. There are two type of acetylation, N-terminal acetylation and lysine side-chain acetylation, catalyzed by Nacetyltransferases and protein acetyltransferases (PATs) respectively [START_REF] Kerner | VDAC proteomics: post-translation modifications[END_REF]. If the former is irreversible, the latter is reversible by the action of deacetylases, like sirtuins, which localize at mitochondria (at least some of them). Regarding reversible acetylation, VDAC1 from rat mitochondria was found to be acetylated on lysines in positions 33, 41, 74, and 234 (Kim, Sprung et al. 2006), whereas acetylation of lysines was found at positions 41, 122, 132 in another study [START_REF] Schwer | Calorie restriction alters mitochondrial protein acetylation[END_REF]. Human VDAC1 was found acetylated at lysine 28. However, the importance of VDAC1 acetylation remains to be established. Additionally, it was recently identified that VDAC1 presents cysteines (positions 127 and 232) and methionines oxidized to sulfonic acid, an irreversible state [START_REF] Saletti | Posttranslational modifications of VDAC1 and VDAC2 cysteines from rat liver mitochondria[END_REF]). Such modifications do not have a role in the protein pore-forming activity.

Colombini 1997). This ensures thus a high cytosolic ATP/ADP ratio to sustain cancer cells survival.

VDAC1 closure induces a drop of membrane potential and slow down the electron transport chain, pointing out the importance of the channel in the normal flux of metabolites throughout mitochondria [START_REF] Vander Heiden | Outer mitochondrial membrane permeability can regulate coupled respiration and cell survival[END_REF]. VDAC1 shuttles similarly NADH, which have major roles in regulating mitochondrial TCA cycle and electron transport chain and glycolysis [START_REF] Ying | NAD+ and NADH in cellular functions and cell death[END_REF]. It has been shown that VDAC1 possesses one or more nucleotide-binding site(s) for NADH, located within the pore [START_REF] Rostovtseva | Dynamics of nucleotides in VDAC channels: structure-specific noise generation[END_REF][START_REF] Yehezkel | Nucleotide-binding sites in the voltage-dependent anion channel: characterization and localization[END_REF]. Finally, VDAC1 mediates the trafficking of pyruvate, malate and succinate [START_REF] Hodge | Regulation of metabolite flux through voltage-gating of VDAC channels[END_REF], sustaining mitochondrial respiration. Similar to interfering with VDAC1 gating, the down-regulation of VDAC1 expression resulted in reduced metabolite exchange between mitochondria and the cytosol [START_REF] Abu-Hamad | The expression level of the voltagedependent anion channel controls life and death of the cell[END_REF]) and inhibited mitochondria respiration, ATP and tumor growth in vivo [START_REF] Arif | Silencing VDAC1 Expression by siRNA Inhibits Cancer Cell Proliferation and Tumor Growth In Vivo[END_REF]. Moreover, a recent paper showed that the silencing of VDAC1 in cancer cell lines of different tissue origins for up to 20 days affects a network of key regulators of cell metabolism and suppresses CSCs phenotype leading cancer cell differentiation (Arif, Amsalem et al. 2019).

Thus, the metabolic flux of VDAC1 is essential for energy production and inhibition of VDAC1 activity and/or VDAC1 downregulation limits exchange of mitochondrial metabolites globally suppressing mitochondrial metabolism and tumor growth.

II.! VDAC1 and HK interaction

In cancer, the exacerbated glycolysis is attributed to overexpression of HK, an HIF-target gene participating in the first reaction of glycolysis with the ATP-dependent phosphorylation of glucose to glucose-6-phosphate, as previously reported [START_REF] Riddle | Hypoxia induces hexokinase II gene expression in human lung cell line A549[END_REF][START_REF] Pedersen | Mitochondrial bound type II hexokinase: a key player in the growth and survival of many cancers and an ideal prospect for therapeutic intervention[END_REF][START_REF] Mathupala | Hexokinase II: cancer's double-edged sword acting as both facilitator and gatekeeper of malignancy when bound to mitochondria[END_REF]. The close relationship between mitochondria and HK and the consequent advantage for tumor growth was discovered more than 40 years ago [START_REF] Rose | Mitochondrial hexokinase. Release, rebinding, and location[END_REF][START_REF] Bustamante | High aerobic glycolysis of rat hepatoma cells in culture: role of mitochondrial hexokinase[END_REF][START_REF] Bustamante | Energy metabolism of tumor cells. Requirement for a form of hexokinase with a propensity for mitochondrial binding[END_REF]), but it was in 1986 when the mitochondrial binding site of HK, and HK-II in particular, was identified: VDAC1 [START_REF] Nakashima | Hexokinase receptor complex in hepatoma mitochondria: evidence from N,N'-dicyclohexylcarbodiimide-labeling studies for the involvement of the pore-forming protein VDAC[END_REF]. Since then, the interaction between HK (I and II) and VDAC1 has been demonstrated with several molecular biology and imaging experiments [START_REF] Neumann | Two-color STED microscopy reveals different degrees of colocalization between hexokinase-I and the three human VDAC isoforms[END_REF][START_REF] Shoshan-Barmatz | VDAC, a multi-functional mitochondrial protein regulating cell life and death[END_REF]), but the first functional consequence for VDAC1-HK interaction was established on purified VDAC1 reconstituted in a lipid bilayer (Azoulay-Zohar, [START_REF] Azoulay-Zohar | In self-defence: hexokinase promotes voltage-dependent anion channel closure and prevents mitochondria-mediated apoptotic cell death[END_REF]), in which HK was responsible for the inhibition of channel conductance by inducing channel closure. The inhibition was reverted by the repression of HK-VDAC1 bindings with the addition of glucose-6-phosphate. Point-mutations experiments identified Glutamate 72, 202 and 75 in VDAC1 cytosolic loop as crucial for the binding of HK [START_REF] Zaid | The voltagedependent anion channel-1 modulates apoptotic cell death[END_REF][START_REF] Abu-Hamad | Hexokinase-I protection against apoptotic cell death is mediated via interaction with the voltage-dependent anion channel-1: mapping the site of binding[END_REF], and it has been reported that the binding of the two proteins is mediated by their N-termini: N-terminal truncations of either VDAC1 and HK resulted indeed in the loss of their interaction (Azoulay-Zohar, [START_REF] Azoulay-Zohar | In self-defence: hexokinase promotes voltage-dependent anion channel closure and prevents mitochondria-mediated apoptotic cell death[END_REF][START_REF] Abu-Hamad | The VDAC1 N-terminus is essential both for apoptosis and the protective effect of anti-apoptotic proteins[END_REF]. Moreover, phosphorylation of the channel plays a role in HK association to VDAC1, such as the GSK3dependent phosphorylation on Thr51 previously mentioned prevents HK binding [START_REF] Pastorino | Activation of glycogen synthase kinase 3beta disrupts the binding of hexokinase II to mitochondria by phosphorylating voltage-dependent anion channel and potentiates chemotherapy-induced cytotoxicity[END_REF]. A model of HK-I-VDAC1 interaction has been proposed, in which the N-terminal of HK-I fits in between VDAC1 N-terminal helix and the internal walls and the binding to an ATP molecule strengthens and stabilizes their interaction (Rosano 2011) (Figure 20). This model lead to the belief of a strategic disposition between VDAC1, HK and ATP, such that HK, located at the exit of the channel, can trap mitochondrial generated ATP, flowing through VDAC1 toward the cytosol, and use it immediately to start glycolysis. A second model focuses on the mechanism of how HK, the type II, is able to regulate the ATP access taking in account the movement of VDAC1 N-terminal [START_REF] Zhang | In silico construction of HK2-VDAC1 complex and investigating the HK2 binding-induced molecular gating mechanism of VDAC1[END_REF]. Taking the N-terminal close to the channel wall as a reference for VDAC1 open state model (see section B of this chapter), the interaction with HK restricts the movement of the helix by affixing it to the barrel wall. In this conformation, HK forces VDAC1 to keep an open conformation, such that it can be continually provided of ATP that travels through the channel.

Thus, it can be seen that the association of HK to VDAC1 is advantageous to cancer cells because it allows HK to have an immediate access to ATP for initiating glycolysis (Figure 19, model B). This ensures cancer cells to have a constant energy source with maintenance of a high glycolytic flux to sustain their proliferation [START_REF] Pedersen | Warburg, me and Hexokinase 2: Multiple discoveries of key molecular events underlying one of cancers' most common phenotypes, the "Warburg Effect", i.e., elevated glycolysis in the presence of oxygen[END_REF]. Furthermore, the advantage is emphasized by the fact that, by controlling VDAC1 gating, HK regulates the trafficking of various metabolites through the channel potentially favoring glycolysis to mitochondrial metabolism [START_REF] Lemasters | Voltage-dependent anion channel (VDAC) as mitochondrial governator--thinking outside the box[END_REF]. In addition, when complexed to VDAC1, HK is less sensible to the inhibition by its product glucose-6-phosphate (Azoulay-Zohar, [START_REF] Azoulay-Zohar | In self-defence: hexokinase promotes voltage-dependent anion channel closure and prevents mitochondria-mediated apoptotic cell death[END_REF]. With its binding to HK, VDAC1 is thus the core that couples mitochondrial metabolism with glycolysis. 

III.! VDAC1 and tubulin interaction

The binding of tubulin to isolated mitochondria was known long ago [START_REF] Bernier-Valentin | Interaction of tubulin with rat liver mitochondria[END_REF]. The first evidence identifying VDAC1 as target of tubulin binding in the mitochondrial OM came from co-immunoprecipitation experiments [START_REF] Carré | Tubulin is an inherent component of mitochondrial membranes that interacts with the voltage-dependent anion channel[END_REF].

Tubulin, the building block of microtubules (MTs), is a heterodimer composed of similar 50-kDa globular " and # subunits and each subunit possesses a negatively charged, extended C-terminal tail (CTT). The regulatory mechanism of VDAC1 by tubulin was demonstrated first in vitro with purified VDAC1 reconstituted in a lipid bilayer [START_REF] Rostovtseva | Tubulin binding blocks mitochondrial voltage-dependent anion channel and regulates respiration[END_REF]. Nanomolar dimeric tubulin was able to reversibly block VDAC1 by inducing its closure to very low potential, in which the channel is usually found in an open state, and to shift the channel selectivity for cations over anions [START_REF] Gurnev | Tubulin-blocked state of VDAC studied by polymer and ATP partitioning[END_REF]. The blockage of VDAC1 by tubulin abolished the respiration of mitochondria isolated from rat brain [START_REF] Rostovtseva | Tubulin binding blocks mitochondrial voltage-dependent anion channel and regulates respiration[END_REF]) via the decrease of ADP permeability towards mitochondrial IM for oxidative phosphorylation [START_REF] Rostovtseva | Tubulin binding blocks mitochondrial voltage-dependent anion channel and regulates respiration[END_REF], and reduced the cross-sectional area of the channel of a factor of two, restricting also VDAC1 permeability to ATP [START_REF] Gurnev | Tubulin-blocked state of VDAC studied by polymer and ATP partitioning[END_REF]. Contrary to the tubulin dimer characterized by 8nm x 4.5 nm x 6.5 nm, the negatively charged CTT sterically and electrostatically fits inside the ~ 3nm VDAC1 pore [START_REF] Rostovtseva | Tubulin binding blocks mitochondrial voltage-dependent anion channel and regulates respiration[END_REF]. In support of this, tubulin-S with proteolytically removed C-terminus did not affect channel gating that determines reversible blockage typical of tubulin. In addition, synthetic peptides of α-and β-tubulin CTT did not induce VDAC blockage either, pointing out the requirement of CTT to be attached to the tubulin body (Figure 21 A). Both "-CTT and #-CTT were able to block VDAC1, with #III subtype-CTT being the most effective VDAC1 blocker, probably due to the increased amount of negative charges along the CTT [START_REF] Rostovtseva | Sequence diversity of tubulin isotypes in regulation of the mitochondrial voltage-dependent anion channel[END_REF]). Of note is the fact that tubulin #III is found overexpressed in different type of cancers and a marker of tumor aggressiveness and chemoresistance [START_REF] Mozzetti | Class III beta-tubulin overexpression is a prominent mechanism of paclitaxel resistance in ovarian cancer patients[END_REF][START_REF] Cucchiarelli | Beta-tubulin isotype classes II and V expression patterns in nonsmall cell lung carcinomas[END_REF][START_REF] Leandro-García | Tumoral and tissue-specific expression of the major human beta-tubulin isotypes[END_REF]). As reported above, VDAC1 phosphorylation of cytosolic loops by PKA and GSK3# enhances tubulin interaction [START_REF] Sheldon | Phosphorylation of voltage-dependent anion channel by serine/threonine kinases governs its interaction with tubulin[END_REF] resulting in a faster closure of the channel, a condition that was reverted in presence of protein phosphatase 2A (PP2A). The phosphorylation of VDAC1 may have the effect to increase the concentration of tubulin at the pore entrance through the initial binding of tubulin to the outside loops [START_REF] Rostovtseva | VDAC inhibition by tubulin and its physiological implications[END_REF]. Consequently, the negatively charged CTT permeates through VDAC1, causing its blockage, being attracted by the positively charged pore of the channel.

But what are the physiological and metabolic implications that derive from this interaction? Since tubulin/VDAC1 association reduces the permeability of ATP/ADP through the channel it is natural to expect an impact on mitochondrial metabolism and a subsequent shift in glycolysis: the hallmark of cancer cells (Figure 21 B). Experiments on human hepatoma cells demonstrated how the tubulin state inside the cell, given by the balance between the tubulin free unpolymerized state and its polymerized state in MTs, is fundamental in preserving mitochondrial functions [START_REF] Maldonado | Free tubulin modulates mitochondrial membrane potential in cancer cells[END_REF]. Colchicine and paclitaxel anticancer drugs, of which mode of action is preventing and stabilizing MTs formation respectively, were able to modulate mitochondrial potential (∆&) and hence mitochondrial OXPHOS. More in particular, treatment with colchicine resulted in an increase of free tubulin and a loss of ∆&, whereas paclitaxel reduced cytosolic free tubulin and caused an increase in membrane potential. Accordingly, interfering with VDAC1 phosphorylation, and thus with VDAC1/tubulin association, with the use of PKA inhibitors increased mitochondrial ∆& [START_REF] Maldonado | Free tubulin modulates mitochondrial membrane potential in cancer cells[END_REF]). The effects are easily explained by the ability of tubulin to block or not, as occurs in tubulin unpolymerized and polymerized state respectively, VDAC1, and by the resulting permeability to ATP/ADP through the channel. The demonstration to this statement followed experiments with the employment of erastin, a VDAC-binding small molecule, which was shown to interfere with VDAC1 blockage by tubulin by reversing the inhibition of VDAC1 conductance by dimeric free tubulin [START_REF] Maldonado | Voltage-dependent anion channels modulate mitochondrial metabolism in cancer cells: regulation by free tubulin and erastin[END_REF]. What came next was an increase of both mitochondrial ∆& and respiration. Physiologically in proliferating cells, the availability of tubulin varies according to the cell cycle phases (Maldonado 2017) During mitosis, free tubulin is utilized for the formation of the spindle apparatus. This is a very high energy this complex are the translocator protein (TSPO) and the steroidogenic acute regulatory protein (StAR) [START_REF] Jamin | Characterization of the cholesterol recognition amino acid consensus sequence of the peripheral-type benzodiazepine receptor[END_REF][START_REF] Liu | Protein-protein interactions mediate mitochondrial cholesterol transport and steroid biosynthesis[END_REF]. The contact sites of VDAC1 that mediate the binding of cholesterol have been identified in the GRS at positions 20-24 of the N-terminal [START_REF] Thinnes | On a fully closed state of native human type-1 VDAC enriched in Nonidet P40[END_REF]. It has been shown that the binding of HK to VDAC1 increases the rate of mitochondrial uptake of cholesterol, mostly in cancer cells (Pastorino andHoek 2008, Shoshan-Barmatz, Pittala et al. 2019). Viceversa, high levels of cholesterol have an impact on VDAC1/HK binding. In mitochondria, cholesterol integrates at the level of the OM and high cholesterol content is able to modify membrane fluidity [START_REF] Epand | Cholesterol and the interaction of proteins with membrane domains[END_REF]), thus interfering with the functions of membrane-associated proteins: notably VDAC1 (Figure 19, model C). In mouse neuronal cells [START_REF] Yu | Altered cholesterol metabolism in Niemann-Pick type C1 mouse brains affects mitochondrial function[END_REF] and in Morris hepatoma cells, high cholesterol in mitochondrial OM has been associated with mitochondrial oxidative dysfunctions, with decreased ∆& and the propensity for the latter to shift to glycolysis [START_REF] Campbell | Mitochondrial membrane cholesterol, the voltage dependent anion channel (VDAC), and the Warburg effect[END_REF]. It is noteworthy that TSPO protein was found in correlation with cancer cell proliferation [START_REF] Beinlich | Relation of cell proliferation to expression of peripheral benzodiazepine receptors in human breast cancer cell lines[END_REF] and invasiveness in different cancers [START_REF] Galiègue | Immunohistochemical assessment of the peripheral benzodiazepine receptor in breast cancer and its relationship with survival[END_REF], highlighting the importance of this complex for cancer progression, with VDAC1 playing in the front.

As discussed before, VDAC1 is the site on mitochondrial OM through which Ca 2+ enters mitochondria. To reach the mitochondrial matrix, Ca 2+ has to cross the IM, and it does it through Ca 2+ uniporter (MCU), regulated by the Ca 2+ sensor mitochondrial calcium uptake 1 (MICU1), which controls the mitochondrial Ca 2+ entry mediated by MCU [START_REF] Santo-Domingo | Calcium uptake mechanisms of mitochondria[END_REF]Demaurex 2010, De Stefani, Raffaello et al. 2011). Direct contacts between mitochondrial and ER are crucial in mediating mitochondrial Ca 2+ import, and VDAC1, by binding inositol triphosphate receptor (IP3R) at mitochondrial-associated membranes (MAM), is part of a complex, together with the chaperone grp75 and Mfn-2 connecting the two compartments [START_REF] Szabadkai | Chaperone-mediated coupling of endoplasmic reticulum and mitochondrial Ca2+ channels[END_REF][START_REF] De Stefani | VDAC1 selectively transfers apoptotic Ca2+ signals to mitochondria[END_REF][START_REF] Rimessi | Mitochondrial Ca(2+) Remodeling is a Prime Factor in Oncogenic Behavior[END_REF]. At moderate concentrations, Ca 2+ has important functions in supporting OXPHOS, by regulating enzymes of the TCA cycle, like IDH, α-ketoglutarate dehydrogenase (αKGDH) and PDH, the latter generating Acetyl CoA from glycolytic pyruvate, allowing the production of NADH for the OXPHOS-mediated generation of ATP [START_REF] Cárdenas | Essential regulation of cell bioenergetics by constitutive InsP3 receptor Ca2+ transfer to mitochondria[END_REF][START_REF] Shoshan-Barmatz | VDAC1 functions in Ca[END_REF]). VDAC1, by mediating the import of Ca 2+ through mitochondrial OM, acts therefore as a link between glycolysis and OXPHOS (Figure 19, model D).

Overall, we can appreciate the multiple functions mediated by VDAC1 in the regulation of cellular metabolism in both maintaining of mitochondrial metabolism and/or metabolic reprogramming towards the Warburg effect, such as the aerobic glycolysis hallmark of cancer cells. To accomplish such a function, its selectivity and permeability to respiratory substrates but also the interaction with model A) [START_REF] Vander Heiden | Outer mitochondrial membrane permeability can regulate coupled respiration and cell survival[END_REF][START_REF] Vander Heiden | Bcl-xL promotes the open configuration of the voltage-dependent anion channel and metabolite passage through the outer mitochondrial membrane[END_REF]. Members of Bcl-2 family are both pro-apoptotic (Bax, Bak, Bim, Bid) and anti-apoptotic (Bcl-2, Bcl-X L , Bcl-W) proteins whose main structural feature is a Bcl-2 homology (BH) region [START_REF] Letai | Distinct BH3 domains either sensitize or activate mitochondrial apoptosis, serving as prototype cancer therapeutics[END_REF][START_REF] Kroemer | Mitochondrial membrane permeabilization in cell death[END_REF]). VDAC1 closure and the subsequent impairment of flux and ∆& were found to be mediated by a truncated form of the pro-apoptotic Bid [START_REF] Rostovtseva | Bid, but not Bax, regulates VDAC channels[END_REF]), supporting the closure of the channel as a MOMP-inducing mechanism. The other school of thought identifies the open state of VDAC1 as responsible of changes in mitochondrial ∆& in a Bax/Bak-dependent manner [START_REF] Shimizu | Bcl-2 family proteins regulate the release of apoptogenic cytochrome c by the mitochondrial channel VDAC[END_REF][START_REF] Shimizu | Bax and Bcl-xL independently regulate apoptotic changes of yeast mitochondria that require VDAC but not adenine nucleotide translocator[END_REF]. The interaction between the pro-apoptotic proteins Bax/Bak and VDAC1 was shown to mediate the release of Cyt. c, which was however prevented by Bcl-X L and Bcl-2-dependent closure of VDAC1 [START_REF] Shimizu | Bcl-2 family proteins regulate the release of apoptogenic cytochrome c by the mitochondrial channel VDAC[END_REF][START_REF] Shimizu | BH4 domain of antiapoptotic Bcl-2 family members closes voltage-dependent anion channel and inhibits apoptotic mitochondrial changes and cell death[END_REF]. Thus, Bcl-2 family is an important regulator of VDAC1 that, independently on the mechanism, control mitochondrial ∆& and the release of Cyt. c during apoptosis.

I.2. VDAC1 as a constituent of the PTP pore

Apoptotic stimuli, i.e. Ca 2+ and ROS, anoxia or changes in the mitochondrial energetic [START_REF] Brenner | The permeability transition pore complex in cancer cell death[END_REF], induce a transition of the permeability of mitochondrial IM to solutes with molecular mass ≤ 1500 Da, a phenomenon called by Haworth and Hunter "permeability transition" (Haworth andHunter 1979, Hunter andHaworth 1979). Permeability transition of the IM was found to contribute to MOMP through the opening of a pore of about 3nm diameter [START_REF] Crompton | Evidence for the presence of a reversible Ca2+dependent pore activated by oxidative stress in heart mitochondria[END_REF]): the PTP (Figure 22, models B). PTP was first discovered by electrophysiological studies on liver mitochondrial IM, which showed conductance up to 1.3 nS [START_REF] Petronilli | The inner mitochondrial membrane contains ionconducting channels similar to those found in bacteria[END_REF]. PTP is a polyprotein channel spanning both mitochondrial membranes. The fact that PTP can be inhibited specifically by sub-micromolar concentrations of cyclosporin A [START_REF] Szabó | The giant channel of the inner mitochondrial membrane is inhibited by cyclosporin A[END_REF], led to the discovery of the matrix peptidyl-prolyl cis-trans isomerase cyclophilin D (CyP-D) as one constituent of the complex (Halestrap andDavidson 1990, Woodfield, Price et al. 1997). CyP-D was later found to associate to IM by binding ANT [START_REF] Halestrap | Inhibition of Ca2(+)-induced large-amplitude swelling of liver and heart mitochondria by cyclosporin is probably caused by the inhibitor binding to mitochondrial-matrix peptidyl-prolyl cis-trans isomerase and preventing it interacting with the adenine nucleotide translocase[END_REF][START_REF] Crompton | Cyclophilin-D binds strongly to complexes of the voltage-dependent anion channel and the adenine nucleotide translocase to form the permeability transition pore[END_REF][START_REF] Halestrap | The permeability transition pore complex: another view[END_REF], thus participating in PTP opening following apoptotic stimuli. It was the work of Crompton et al. that initially identified VDAC1 as part of PTP [START_REF] Crompton | Cyclophilin-D binds strongly to complexes of the voltage-dependent anion channel and the adenine nucleotide translocase to form the permeability transition pore[END_REF] in experiments aimed to identify the interactome of a purified GST-CyP-D. The bound proteins consisted of VDAC1/ANT complex which, when incorporated into proteoliposomes, showed the same sensibility to cyclosporin A as PTP. The role of PTP in triggering apoptosis, as well as the identity of its components, is under debate [START_REF] He | Regulated and unregulated mitochondrial permeability transition pores: a new paradigm of pore structure and function?[END_REF][START_REF] Kokoszka | The ADP/ATP translocator is not essential for the mitochondrial permeability transition pore[END_REF][START_REF] Nakagawa | Cyclophilin D-dependent mitochondrial permeability transition regulates some necrotic but not apoptotic cell death[END_REF]. Regarding VDAC1, mitochondria isolated from mice knocout for Vdac1 showed a pronounced mitochondrial swelling after Ca 2+ stimulation and release of Cyt. c, indicating that the activity of PTP was not compromised in absence of the channel [START_REF] Baines | Voltage-dependent anion channels are dispensable for mitochondrial-dependent cell death[END_REF]. This is in contrast with other studies in which Vdac1 downregulation reduced mitochondrial transmembrane potential dissipation and cell death induced by cisplatin [START_REF] Tajeddine | Hierarchical involvement of Bak, VDAC1 and Bax in cisplatin-induced cell death[END_REF]. In another study, arsenic trioxide directly induced Cyt. c release from isolated mouse liver mitochondria via the PTP through VDAC1 [START_REF] Zheng | Essential role of the voltage-dependent anion channel (VDAC) in mitochondrial permeability transition pore opening and cytochrome c release induced by arsenic trioxide[END_REF]). Anti-VDAC1 antibody inhibited the release of Cyt. c and, in IM-9 multiple myeloma cells, arsenic trioxide induced the increased expression and homodimerization of VDAC1, which was inhibited by Bcl-2. These last experiments are in favor of a role of VDAC1 as protein of the PTP, demonstrating the involvement of the channel in apoptosis. PTP can be regulated by protein of the Bcl-2 family, which inhibit the activity of VDAC1, as previously reported.

I.3. Megacomplexes: Bax-Bak oligomers and Bax-VDAC1 hetero-oligomers

Bcl-2 family role is the direct control of MOMP. A unique characteristic of Bcl-2 family members, of both pro-and anti-apoptotic proteins, is the ability to form heterodimers inhibiting each other [START_REF] Kale | BCL-2 family proteins: changing partners in the dance towards death[END_REF]. In physiological condition, Bax is a cytosolic protein, whereas

Bak is associated with OM, and the presence of at least one of the two proteins is essential for MOMP [START_REF] Wei | Proapoptotic BAX and BAK: a requisite gateway to mitochondrial dysfunction and death[END_REF]). After apoptotic stimuli, Bax migrates to the OM, where, together with Bak, is activated by the truncated tBid to form Bax and Bak homo or hetero-oligomers up to 500 kD [START_REF] Kuwana | Bid, Bax, and lipids cooperate to form supramolecular openings in the outer mitochondrial membrane[END_REF]) (Figure 22, Model C). These megachannel form pores in OM that allowed the passage of Cyt. c [START_REF] Kuwana | Bid, Bax, and lipids cooperate to form supramolecular openings in the outer mitochondrial membrane[END_REF] or alternatively were proposed to destabilize the lipid content of OM [START_REF] Basañez | Bax, but not Bcl-xL, decreases the lifetime of planar phospholipid bilayer membranes at subnanomolar concentrations[END_REF]. The formation of Bax-Bak megacomplexes is inhibited by the anti-apoptotic proteins Bcl-2 and Bcl-X L , blocking thus the release of Cyt. c [START_REF] Dlugosz | Bcl-2 changes conformation to inhibit Bax oligomerization[END_REF].

Another model involves the release of the apoptogenic proteins by a hetero-oligomeric complex composed by Bax and VDAC1 (Figure 22, Model D). The pioneer study was conducted by Schimizu et al. [START_REF] Shimizu | Electrophysiological study of a novel large pore formed by Bax and the voltage-dependent anion channel that is permeable to cytochrome c[END_REF], in which electrophysiological experiments in planar lipid bilayer demonstrated that VDAC1 and pro-apoptotic Bax created a large pore, with conductance levels 4and 10-fold greater than those of the VDAC1 and Bax channels, respectively. Such increase the nonselective conductance was prevented by Bcl-X L . The pore size of the resulting channel was calculated to be 4-fold greater than that of VDAC1, allowing indeed the passage of Cyt. c. Tajeddine et al.

reported that the downregulation of VDAC1 strongly suppressed cisplatin-induced activation of Bax [START_REF] Tajeddine | Hierarchical involvement of Bak, VDAC1 and Bax in cisplatin-induced cell death[END_REF], supporting thus the formation of VDAC1-Bax channels during apoptosis.

I.4. VDAC1 oligomerization and release of Cyt. c

Finally, another model of apoptogenic proteins release proposed by Shoshan-Barmatz group involves the formation of homo-oligomers of VDAC1 (Figure 22, model E). This model was initially proposed based on crosslinking and fluorescence resonance energy transfer (FRET) experiments of purified VDAC1, in which the tendency of the channel to acquire an oligomeric conformation up to tetramers was reported [START_REF] Zalk | Oligomeric states of the voltage-dependent anion channel and cytochrome c release from mitochondria[END_REF]. The oligomeric state of VDAC1 could form a pore large enough to allow the passage of Cyt. c and AIF apoptogenic proteins of 12 and 67 kDa respectively, whose dimensions would prevent their release from the too small 2.5-3 nm VDAC1 pore (Shoshan-Barmatz, Krelin et al. 2017). Further studies, aimed at understanding the relationship between the oligomeric VDAC1 and apoptosis, demonstrated that various apoptotic stimuli, such as staurosporine (STS), curcumin, arsenic trioxide, etoposide, cisplatin, selenite, tumor TNF-α, and UV irradiation, resulted in an increase of VDAC1 oligomerization, as revealed by cross-linking and bioluminescence resonance energy transfer (BRET) technology of living cells (Keinan, Tyomkin et al. 2010). Importantly, the oligomeric conformation of VDAC1 after apoptotic stimuli was accompanied by release of Cyt. c. The apoptosis inducers increased the expression of VDAC1 in cancer cell lines [START_REF] Weisthal | Ca(2+)-mediated regulation of VDAC1 expression levels is associated with cell death induction[END_REF]) that was strictly correlated to VDAC1 oligomerization, a relationship supported by the fact that the over expression of exogenous mouse VDAC1 also resulted in the shift towards VDAC1 oligomeric state [START_REF] Keinan | Oligomerization of the mitochondrial protein voltage-dependent anion channel is coupled to the induction of apoptosis[END_REF].

The proof that the oligomeric state of VDAC1 is the trigger of apoptosis came from the fact that the apoptosis inhibitor 4,4′-diisothiocyanostilbene-2,2′-disulfonic acid (DIDS) was able to inhibit VDAC oligomerization and thus apoptosis. What can induce the apoptosis-mediated shift towards oligomeric VDAC1 in cancer cells? In different cancer cell lines, it was demonstrated that the apoptotic inducers act by increasing the intracellular concentration of Ca 2+ that in turn induces overexpression of VDAC1 and subsequently its oligomerization in a very logical continuity [START_REF] Weisthal | Ca(2+)-mediated regulation of VDAC1 expression levels is associated with cell death induction[END_REF]. This chain of events will end with the release of Cyt. c and the other apoptogenic proteins.

This final process is allowed only if the amphipathic N-terminal region is moved outside the pore of Finally, since VDAC1 overexpression is a common event in different cancer cell lines after induction of apoptosis, the VDAC1 oligomerization-induced release of Cyt. c could represent a general mode of action occurring when apoptosis is induced.

I.5. VDAC1, Ca2+ and apoptosis

A known intracellular deposit of Ca 2+ is the ER [START_REF] Berridge | Calcium signalling: dynamics, homeostasis and remodelling[END_REF]. As reported in the previous section, VDAC1 mediates the contacts between mitochondria and ER by binding IP3R at the MAM [START_REF] Bononi | Mitochondriaassociated membranes (MAMs) as hotspot Ca(2+) signaling units[END_REF]. Despite moderate increase of Ca 2+ promotes mitochondrial metabolism through OXPHOS [START_REF] Cárdenas | Essential regulation of cell bioenergetics by constitutive InsP3 receptor Ca2+ transfer to mitochondria[END_REF][START_REF] Shoshan-Barmatz | VDAC1 functions in Ca[END_REF]), a sustained mitochondrial Ca 2+ overload induces instead apoptosis (Figure 22). Indeed, as we have already seen, Ca 2+ accumulation acts as a "priming signal" for the release of apoptogenic proteins through the opening of PTP pore that leads to apoptosis [START_REF] Baumgartner | Calcium elevation in mitochondria is the main Ca2+ requirement for mitochondrial permeability transition pore (mPTP) opening[END_REF]). VDAC1, by mediating the crosstalk between ER and mitochondria and by displaying Ca 2+ conductance, is the main player in the mitochondrial Ca 2+ overload and in inducing thus apoptosis [START_REF] De Stefani | VDAC1 selectively transfers apoptotic Ca2+ signals to mitochondria[END_REF]. It has been demonstrated that sustained Ca 2+ accumulation in the mitochondrial matrix triggers signs of proapoptotic mitochondrial alteration, namely permeability transition, dissipation of the electrochemical potential, matrix swelling, relocalization of Bax to mitochondria and the release Cyt. c from mitochondria [START_REF] Deniaud | Endoplasmic reticulum stress induces calcium-dependent permeability transition, mitochondrial outer membrane permeabilization and apoptosis[END_REF]), all mediated by VDAC1 and IP3R. Moreover, after apoptotic stimuli, it has been shown that the contacts and interactions between the ER and mitochondrial Ca 2+ channels increase (De Stefani, [START_REF] Bononi | Mitochondriaassociated membranes (MAMs) as hotspot Ca(2+) signaling units[END_REF]). Overall, these findings provide an ulterior evidence of the involvement of VDAC1 in mediating apoptosis.

I.6. PTM of VDAC1 in induction of apoptosis

In section B, we have highlighted the existence of several PTMs on different VDAC1 residues, which are mediated by several kinases. Most of the studies of VDAC1 PTMs, and in particular phosphorylation, focus on the role of VDAC1 in apoptosis. As an example, phosphorylation of VDAC1 on serine 12 and 103 in endothelial cells have been associated with an increase of VDAC1 expression and MOMP after endostatin treatment, a powerful inhibitor of angiogenesis in tumors [START_REF] Yuan | Voltagedependent anion channel 1 is involved in endostatin-induced endothelial cell apoptosis[END_REF]. Mutation of these residues, and thus the impairment of their phosphorylation, resulted by contrast in a resistance to PTP opening due to a possible degradation of VDAC1. A proapoptotic effect of VDAC1 phosphorylation has been also demonstrated in HeLa cells, where phosphorylation of VDAC1 on threonine 51 by GSK3 sensitized cancer cells to apoptosis via inhibiting HK/VDAC1 binding [START_REF] Pastorino | Activation of glycogen synthase kinase 3beta disrupts the binding of hexokinase II to mitochondria by phosphorylating voltage-dependent anion channel and potentiates chemotherapy-induced cytotoxicity[END_REF]. Thus, PTMs of VDAC1 are important in modulating not only channel activity, as reported in section B, but also cell fate by acting as facilitators or opponents of protein interactions.

II.! Roles of VDAC1 in resistance to apoptosis

As we have seen in the previous paragraph, VDAC1 is involved in mediating apoptosis through several mechanisms. By contrast, mostly via its interacting partners or its PTM, VDAC1 is also involved in resistance to cell death, adding thus another aspect to the functions of VDAC1 in dictating cell life and death.

II.1. VDAC1 and HK: an anti-apoptotic interaction

In addition to the role of VDAC1/HK in sustain energy metabolism of cancer cells by mediating the shift towards the Warburg effect, another effect confers by this interaction, strictly related to the metabolic advantage of cancer cells, is the resistance to apoptosis.

The first study that uncovered the molecular mechanism on HK mediated resistance through its binding to VDAC1 pointed out its inhibitory outcome on VDAC1 activity (Azoulay-Zohar, [START_REF] Azoulay-Zohar | In self-defence: hexokinase promotes voltage-dependent anion channel closure and prevents mitochondria-mediated apoptotic cell death[END_REF]. By inducing the closure of VDAC1 channel, HK prevented the Ca 2+ -dependent opening of PTP and the release of Cyt. c, an effect that was reverted by HK N-terminal truncation, through which HK/VDAC1 binding takes place. Similarly, point mutations of VDAC1 residues essential for HK-binding (see paragraph II of section C) sensitize cells to SDS-induced apoptosis through the release of Cyt. c [START_REF] Zaid | The voltagedependent anion channel-1 modulates apoptotic cell death[END_REF][START_REF] Abu-Hamad | Hexokinase-I protection against apoptotic cell death is mediated via interaction with the voltage-dependent anion channel-1: mapping the site of binding[END_REF][START_REF] Shoshan-Barmatz | Key regions of VDAC1 functioning in apoptosis induction and regulation by hexokinase[END_REF]). In addition, the anti-apoptotic effects of HK are related to its capability in interfering with the binding of Bax to the mitochondria, and to VDAC1 in particular [START_REF] Pastorino | Mitochondrial binding of hexokinase II inhibits Bax-induced cytochrome c release and apoptosis[END_REF]. This conferred resistance to Bax-mediated apoptosis by preventing the release of Cyt. c. The inhibitory effect in Bax binding was reverted with the dissociation of HK from mitochondria with the use of specific peptides targeting HK N-terminal, which restored Bax binding to VDAC1. These results suggest that HK and Bax may compete for VDAC1 binding. Alternatively, if HK detachment promotes binding of the anti-apoptotic Bcl-X L to VDAC1, this may prevent it from binding Bax (which shares the same contact site within VDAC1 [START_REF] Shi | Identification of the protein-protein contact site and interaction mode of human VDAC1 with Bcl-2 family proteins[END_REF])), thereby leaving Bax free to form pore structures in mitochondrial OM and mediate the release of the apoptogenic proteins [START_REF] Pastorino | Regulation of hexokinase binding to VDAC[END_REF]. Another model for HK-mediated resistance to apoptosis determines that, through its binding with oligomerized VDAC1, HK impairs the translocation of VDAC1 N-terminal and thus the formation of the hydrophilic pore, so inhibiting Cyt.

c release (Abu-Hamad, [START_REF] Abu-Hamad | The VDAC1 N-terminus is essential both for apoptosis and the protective effect of anti-apoptotic proteins[END_REF]. Another layer of protection against cell death by HK/VDAC1 interaction is due to the reduction of mitochondrial ROS generation and to the decrease of intracellular release of ROS, which could be deleterious for cancer cells, resulting from the association of HK to VDAC1 (da [START_REF] Da-Silva | Mitochondrial bound hexokinase activity as a preventive antioxidant defense: steady-state ADP formation as a regulatory mechanism of membrane potential and reactive oxygen species generation in mitochondria[END_REF][START_REF] Sun | Glucose phosphorylation and mitochondrial binding are required for the protective effects of hexokinases I and II[END_REF].

Moreover, as previously mentioned, the binding of HK to VDAC1 increases the rate of mitochondrial uptake of cholesterol of cancer cells [START_REF] Campbell | Mitochondrial membrane cholesterol, the voltage dependent anion channel (VDAC), and the Warburg effect[END_REF], which are characterized by an exaggerated cholesterol content. The disruption of VDAC1/HK binding in cancer cells resulted in and increased sensitivity to mitochondrial matrix swelling, suggesting an anti-apoptotic function of HK/VDAC1 association via cholesterol uptake [START_REF] Campbell | Mitochondrial membrane cholesterol, the voltage dependent anion channel (VDAC), and the Warburg effect[END_REF].

Overall, VDAC1 interaction with HK seems to confer a twofold advantage to cancer cells, by facilitating their metabolic reprogramming on the one side and by preventing their death after appropriate stimuli on the other.

II.2. VDAC1 and anti-apoptotic Bcl-2 family members' interaction

The interaction of VDAC1 with anti-apoptotic members of Bcl-2 family, in particular Bcl- oligomerization [START_REF] Zheng | Essential role of the voltage-dependent anion channel (VDAC) in mitochondrial permeability transition pore opening and cytochrome c release induced by arsenic trioxide[END_REF]). An equilibrium between pro-and anti-apoptotic Bcl-2 family members ensures appropriate regulation of apoptosis during development. Cancer cells usually have an unbalanced expression of Bcl-2 family proteins, with the anti-apoptotic members being usually more expressed [START_REF] Campbell | Targeting BCL-2 regulated apoptosis in cancer[END_REF]. Their functions in preventing apoptosis are mediated, at least in part, by VDAC1 interaction, which in turn is able to trigger different survival responses depending on which of Bcl-2 family members is associated.

II.3. VDAC1-!C mediates apoptosis resistance

As reported in section B, our group identified a LGMN-dependent PTM of VDAC1 consisting of ). Purified HK and Bcl-X L showed interaction with VDAC1-∆C, leading to the conclusion that the resistance to apoptosis was dependent on the interaction with these anti-apoptotic proteins.

Consistently, the use of synthetic peptides inhibiting Bcl-X L and HK interaction with VDAC1, as well as the silencing of HK under hypoxia, inhibited the apoptotic protection of cancer cells. The HK association with VDAC1-∆C conferred a double advantage to cancer cells: if on the one side protected them to apoptosis, on the other side it was probably the cause of their exacerbated metabolism [START_REF] Brahimi-Horn | Expression of a truncated active form of VDAC1 in lung cancer associates with hypoxic cell survival and correlates with progression to chemotherapy resistance[END_REF]. In hypoxia, indeed, VDAC1-∆C-expressing tumor cells were characterized by an increase of glycolytic metabolism, reflected by a foster production of lactate and ATP, and OXPHOS as well, with both metabolic pathways participating in cell survival in presence of apoptotic stimuli. Overall, the new cleaved form of VDAC1 identified by our group, a feature of hypoxic cancer cells, may give insights and further explanations about the molecular mechanism underlying the resistance to cell death of tumor cells, a cancer hallmark strictly dependent on hypoxia.

II.4. Other PTM of VDAC1 involved in resistance to apoptosis

Several studies shed light on the involvement of other VDAC1 PTMs on apoptosis resistance, with particular focus on VDAC1 phosphorylation. In HEK293 cells, phosphorylation of VDAC1 by PKC-ε promoted HK binding that resulted in the inhibition of PTP opening [START_REF] Baines | Protein kinase Cepsilon interacts with and inhibits the permeability transition pore in cardiac mitochondria[END_REF].

The overexpression of HK in HEK293 cells caused a 5-10 fold increase in VDAC phosphorylation that was prevented by an inhibitor of PKC-ε [START_REF] Pastorino | Regulation of hexokinase binding to VDAC[END_REF]. This effect was quite the opposite of that induced by GSK3 previously reported. By contrast, VDAC1 phosphorylation by GSK3 in hepatocytes was shown to mediate the interaction of VDAC1/Bcl-X L responsible for a decrease sensitivity of mitochondria to Ca 2+ stimuli [START_REF] Martel | Glycogen synthase kinase 3-mediated voltagedependent anion channel phosphorylation controls outer mitochondrial membrane permeability during lipid accumulation[END_REF]). Moreover, Nek1

was responsible for the protection against cell death by phosphorylating VDAC1 on serine residue 193 [START_REF] Chen | Nek1 regulates cell death and mitochondrial membrane permeability through phosphorylation of VDAC1[END_REF]. Point mutation in such a residue or expression of a dominant negative form of Nek1 restored cell death sensibility. Thus, these observations point the accent on the important role of different kinases, as well as of the different sites of VDAC1 that are subjected to proliferation and aggressiveness, or is it conversely an indicator of cancer cell death, predicting good patient's outcome?

I.! VDAC1 as predictive and prognostic factor in cancer

In lung adenocarcinoma, VDAC1 was found to be upregulated among the relapse patients compared with non-relapse patients [START_REF] Pernemalm | Quantitative proteomics profiling of primary lung adenocarcinoma tumors reveals functional perturbations in tumor metabolism[END_REF], and tumors with poor prognosis had a higher glycolytic rate. In pancreatic cancer, a greater VDAC1 expression predicted a shorter OS time based on survival analysis, suggesting that VDAC1 could serve as a potential prognostic factor for survival (Wang, Zhang et al. 2016). Moreover, cervical cancer patients with positive VDAC1 immunoreactivity displayed higher recurrence and poorer OS than those with negative VDAC1 [START_REF] Wu | Clinical implication of voltagedependent anion channel 1 in uterine cervical cancer and its action on cervical cancer cells[END_REF]. In non-small cell lung cancer, high VDAC1 expression was associated with shorter overall survival with hazard ratio (HR) = 0.6639 corresponding to 52 versus 101 months in patients with low VDAC1 expression [START_REF] Grills | Gene expression metaanalysis identifies VDAC1 as a predictor of poor outcome in early stage non-small cell lung cancer[END_REF]. VDAC1 was also a predictor of poor survival and shorter time to recurrence in early stage of the cancer. Additionally, in non-small cell lung cancer, myeloma and breast cancers, VDAC1 overexpression was associated with overexpression of 6 additional genes involved in survival signaling, protein ubiquitination and ATP binding. In another study, breast, colon, liver, lung, pancreatic, and thyroid cancers VDAC1 was upregulated in tumors compared to normal tissues [START_REF] Ko | Expression profiling of mitochondrial voltage-dependent anion channel-1 associated genes predicts recurrence-free survival in human carcinomas[END_REF]. The expression of VDAC1 was associated with the expression of other 44 genes interacting with the channel, mainly involved in apoptosis and metabolism, which was designed as VDAC1 associated gene signature (VAG). VAG expression was correlated with poor DFS in breast, colon, and lung cancers. From these studies, it is evident that VDAC1 overexpression is a powerful tool as both prognostic and predictive biomarker of poor patient outcome, at least for the cancer types mentioned above. Thus, it is intuitive that VDAC1 is a promising therapeutic target that, due to the differential expression between tumor and normal tissues, can selectively kill cancer cells.

II.! VDAC1-based cancer therapies

Several cancer therapeutic strategies aimed at targeting the metabolic reprogramming of cancer cells, as well as their propensity to evade apoptosis, use VDAC1 as molecular target. Among these, siRNA against VDAC1 and VDAC1-based peptides are currently being tested in pre-clinical studies, whereas some pro-apoptotic drugs, which have VDAC1 among their molecular target, are already used in clinics or are currently being tested in clinical trials (Figure 23). Similarly, stably transfected HeLa cells with shRNA-hVDAC1 showed lower proliferation that control HeLa cells and nude mice subcutaneously inoculated with stably transfected shRNA-hVDAC1 HeLa cells developed about 40-fold smaller tumors than did mice inoculated with control HeLa cells [START_REF] Koren | Downregulation of voltage-dependent anion channel-1 expression by RNA interference prevents cancer cell growth in vivo[END_REF]. The inhibitory effect of h-VDAC1 siRNA on cell proliferation and tumor growth in xenograft mouse model was also for human glioblastoma (U-87MG) and triple negative breast cancer (MDA-MB-231) (Arif, Paul et al. 2018). In this study, VDAC1 depletion in the above cited cancer cells-derived xenografts was responsible for the inhibition of the metabolic reprogramming, as indicates by the decrease in expression of GLUT-1, LDHA, glyceraldehyde-3phosphate dehydrogenase (GAPDH), HK and TCA cycle enzymes compared to control xenografts.

Additionally, and surprisingly, shRNA-hVDAC1 caused a decrease in the expression of HIF-1" and was associated with the expression of differentiation marker. Finally, the differentiation program triggered by silencing of VDAC1 was recently confirmed in U-87MG, MDA-MB-231 and A549 cancer cells (Arif, Amsalem et al. 2019). U-87MG showed decrease of glioma stem cells (GSCs) markers, such as nestin, SOX2, KLF4 and CD133 and the differentiation markers tubulin #III and MAP2 were increased upon VDAC1 silencing. The same shift towards differentiation was observed for breast and lung cancer cell lines. Altogether, these findings highlight the potent therapeutic potential of siRNA against VDAC1 that, by affecting the reprogramming of tumor metabolism and promoting cancer cells differentiation as well, have the ability to stop and even reverse tumor growth.

II.2. VDAC1-based peptides

Anti-apoptotic Bcl-2, Bcl-X L and HK proteins are overexpressed in many cancers, performing their function in cell death resistance by binding to VDAC1 (Azoulay-Zohar, [START_REF] Azoulay-Zohar | In self-defence: hexokinase promotes voltage-dependent anion channel closure and prevents mitochondria-mediated apoptotic cell death[END_REF][START_REF] Zaid | The voltagedependent anion channel-1 modulates apoptotic cell death[END_REF][START_REF] Abu-Hamad | Hexokinase-I protection against apoptotic cell death is mediated via interaction with the voltage-dependent anion channel-1: mapping the site of binding[END_REF][START_REF] Abu-Hamad | The VDAC1 N-terminus is essential both for apoptosis and the protective effect of anti-apoptotic proteins[END_REF], as discussed in the previous section of this chapter. Thus, the synthesis of VDAC1-based peptides that interfere with the binding between endogenous VDAC1 and HK, Bcl-2 and Bcl-X L constitutes a way for preventing resistance to apoptosis. Based on the HK binding sites on VDAC1 identified by point mutations experiments as essential for their interaction (see paragraph II of section C) [START_REF] Zaid | The voltagedependent anion channel-1 modulates apoptotic cell death[END_REF][START_REF] Abu-Hamad | Hexokinase-I protection against apoptotic cell death is mediated via interaction with the voltage-dependent anion channel-1: mapping the site of binding[END_REF], five VDAC1-based peptides, LP1, LP2, LP3, LP4, and the N terminus (Figure 24) were synthesized [START_REF] Arzoine | Voltage-dependent anion channel 1-based peptides interact with hexokinase to prevent its anti-apoptotic activity[END_REF]. A strong binding to purified HK was demonstrated for N-terminal, LP1, and LP4 peptides, but not for the others. Nterminal, LP1 and, to a lesser extent, LP4 were able to release HK binding from mitochondria isolated from rat brain and from BCL1 leukemia cells, and they were able to inhibit the protection to apoptosis induced by STS in HK-expressing T-REx-293 cells, which showed release of Cyt. c [START_REF] Arzoine | Voltage-dependent anion channel 1-based peptides interact with hexokinase to prevent its anti-apoptotic activity[END_REF]). Thus, VDAC1-based peptides promote apoptosis in cells overexpressing HK and their use in cancer therapy to overcome chemoresistance has been proposed. An improved version of N-terminal and LP4 peptides were successively obtained with the introduction of 16 residue-long sequence from the Drosophila antennapedia-homeodomain (Antp) to maximize cell penetrating capacity of VDAC1-based peptides [START_REF] Prezma | VDAC1-based peptides: novel pro-apoptotic agents and potential therapeutics for B-cell chronic lymphocytic leukemia[END_REF]). These peptides were shown to selectively kill peripheral blood mononuclear cells (PBMCs) obtained from chronic lymphocytic leukemia (CLL) patients and not from healthy donors, demonstrating the specificity of VDAC1-based peptides for cancerous CLL cells. Moreover, the peptides counteracted the HK-VDAC1 binding, the metabolic reprogramming consequent to their interaction, and induced apoptosis by mediating the release of Cyt. c and oligomerization of endogenous VDAC1 [START_REF] Prezma | VDAC1-based peptides: novel pro-apoptotic agents and potential therapeutics for B-cell chronic lymphocytic leukemia[END_REF]. Three modified peptides out of the 27 optimized versions of the first three VDAC1-based peptides were found to be the most stable, short and capable of mediating apoptosis of CLL-derived lymphocytes. -! Cannabidiol, a phytocannabinoid derived from Cannabis species and devoid of psychoactive activity, showed pro-apoptotic activity in BV-2 microglial cells by interacting with VDAC1

and interfering with its activity [START_REF] Rimmerman | Direct modulation of the outer mitochondrial membrane channel, voltage-dependent anion channel 1 (VDAC1) by cannabidiol: a novel mechanism for cannabinoid-induced cell death[END_REF]).

-! Curcumin, in addition to its role in upregulating the apoptotic protein Bak and in downregulating Bcl-2 and Bcl-X L anti-apoptotic proteins [START_REF] Reuter | Modulation of antiapoptotic and survival pathways by curcumin as a strategy to induce apoptosis in cancer cells[END_REF], was found to directly bind to reconstituted h-VDAC1 in lipid bilayer at its N-terminal and to induce its closure, indicating another molecular mechanism thereby curcumin mediates apoptosis [START_REF] Tewari | Modulation of the mitochondrial voltage dependent anion channel (VDAC) by curcumin[END_REF]. Noteworthy, curcumin has already entered phase II clinical trial for the treatment of advanced pancreatic cancer [START_REF] Dhillon | Phase II trial of curcumin in patients with advanced pancreatic cancer[END_REF] and the prevention of colorectal neoplasia [START_REF] Carroll | Phase IIa clinical trial of curcumin for the prevention of colorectal neoplasia[END_REF]).

-! Cisplatin is an anti-cancer drug that binds preferentially to VDAC1 among the mitochondrial proteins, by affecting its activity, as demonstrated in head and neck squamous cell carcinoma [START_REF] Yang | Cisplatin preferentially binds mitochondrial DNA and voltage-dependent anion channel protein in the mitochondrial membrane of head and neck squamous cell carcinoma: possible role in apoptosis[END_REF]. Moreover, as reported previously, Cisplatin is able to induce VDAC1 overexpression and thus apoptosis mediated by VDAC1 oligomerization [START_REF] Keinan | Oligomerization of the mitochondrial protein voltage-dependent anion channel is coupled to the induction of apoptosis[END_REF]).

-! G3139 is an anti-sense oligonucleotide complementary to the first six codons of Bcl-2 mRNA which target VDAC1 in mitochondria. G3139 directly binds VDAC1 in membrane lipid bilayer and reduces channel conductance [START_REF] Tan | Phosphorothioate oligonucleotides block the VDAC channel[END_REF]. Channel closure was shown to causes ROS accumulation in the IMS and subsequent cell death through the Ca 2+ -induced mitochondrial permeability transition [START_REF] Tikunov | Closure of VDAC causes oxidative stress and accelerates the Ca(2+)induced mitochondrial permeability transition in rat liver mitochondria[END_REF]. This compound has entered phase III clinical trials in different human cancers, such as CLL (O'Brien, [START_REF] O'brien | Randomized phase III trial of fludarabine plus cyclophosphamide with or without oblimersen sodium (Bcl-2 antisense) in patients with relapsed or refractory chronic lymphocytic leukemia[END_REF]) and breast cancer [START_REF] Moulder | Phase I/II study of G3139 (Bcl-2 antisense oligonucleotide) in combination with doxorubicin and docetaxel in breast cancer[END_REF]) because of its selective and specific down-regulation of Bcl-2 expression.

-! Avicins, a plant-derived metabolite induced a decrease of ATP production of Jurkat cells and OXPHOS [START_REF] Haridas | Avicins, a novel plant-derived metabolite lowers energy metabolism in tumor cells by targeting the outer mitochondrial membrane[END_REF]). These effects were mediated by Avicins binding to VDAC1 in lipid bilayer, inducing its closure and apoptosis with Cyt. c release.

-! Methyl jasmonate (MJ) is instead a plant stress hormone of the jasmonate family that directly interacts with VDAC1 reconstituted into planar lipid bilayer, reducing channel conductance and displacing HK from binding to VDAC1. MJ induced apoptosis in lymphoblastic leukemia, prostate, breast and melanoma human cancer cells, without affecting normal cells [START_REF] Fingrut | Plant stress hormones suppress the proliferation and induce apoptosis in human cancer cells[END_REF]Flescher 2002, Goldin, Arzoine et al. 2008).
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-! 3-bromopyruvate (3BP), is a pyruvate analog with the same mechanism of action of MJ, such as the inhibition of the binding between VDAC1 and HK, through which 3BP probably mediates cell death [START_REF] Chen | Role of mitochondria-associated hexokinase II in cancer cell death induced by 3-bromopyruvate[END_REF].

Altogether, the abrogation of the anti-apoptotic activity of VDAC1, which is strictly coupled with its binding to the anti-apoptotic proteins HK, Bcl-2 and Bcl-X L, is an attractive approach to encourage effective anti-cancer therapies, by interfering with the exacerbated metabolism of cancer cells as well as their propensity to resist cell death. In this regard, the complex interconnection of VDAC1 with both metabolic and apoptotic pathways reflects the central role of VDAC1 in cancer, thus explaining the growing interest that this not only channel is generating in respect to VDAC1-based targeted therapies.

I.! The story of the primary cilium: its discovery

The first reports of primary cilia came from studies on sea chordates, in which the primary cilia were found to occur singly on cells of different epithelia (Bloodgood 2009). Among researchers, it is worth remembering Paul Langerhans, who was best known for his discoveries of the Langerhans cells of the skin and the Islets of Langerhans of the pancreas. The most famous scientist who is usually credited for the discovery of primary cilia was Karl Wilhelm Zimmermann. Even though he was not the first to observe primary cilia, he receives the credit for the discovery of primary cilia in mammalian cells (including humans) [START_REF] Zimmerman | Beitrage zur kenntnis einiger Drusen und Epithelien[END_REF]. Moreover, in his paper dated from 1898, he noted that primary cilia on rabbit kidney tubule epithelial cells were always associated with a pair of centrioles, and in particular, with the closest centriole to the plasma membrane. He was also the first to speculate about the sensory functions of primary cilia in kidney epithelial cells. Still in 1898, the heavily debated Henneguy-Lenhossek hypothesis argued that centrioles of the centrosome and basal bodies of ciliated cells shared the same identity [START_REF] Henneguy | Sur les rapports des cils vibratiles avec les centrosomes[END_REF], Lenhossek 1898). The work of Cowdry is also of note, where, in 1921, he described the absence of motility for the "flagella" of the luminal surface of thyroid follicle cells of the dogfish, but precisely because they were nonmotile, no functions were ascribed to them (Cowdry 1921). Until the 1950s, primary cilia had somehow been "forgotten", but after this period, studies on primary cilia returned to the forefront.

II.!

The story of the primary cilium: highlights of its structure and function

In between the 1950s and 1960s, the development of electron microscopy (EM) brought the occurrence of primary cilia into the light, across a variety of tissues in which primary cilia had never before been seen (neurons and lung), as well as the internal 9+0 arrangement of the microtubules within the axoneme (Figure 26), which were continuous with the microtubules of the distal centriole of the pairs (Barnes 1961[START_REF] Latta | Cilia in different segments of the rat nephron[END_REF], Sorokin 1962, Allen 1965, Scherft and Daems 1967). Studies on ciliary structure began with Keith R. Porter, one of the pioneers of EM, who initially characterized the internal 9+2 organization of motile cilia in a comparative study on mollusks, amphibians, and mammals (Fawcett and Porter 1954). In 1956, deHarven and Bernhard demonstrated the correspondence between basal bodies and centrioles (de Harven and Bernhard 1956). Twelve years later, Sorokin proposed the "primary cilia" term that we currently use to define the appendage that was first seen to emerge from the epithelial cells of the developing mammalian lungs, before the formation of the motile cilia that make up the ciliated border. He also carried out a huge study on the comparison between the ciliogenesis of primary and motile cilia (Sorokin 1968, Sorokin 1968).

Given the similarity between the 9+0 structure of primary cilia and the sensory structures of the photoreceptor-connecting cilium (Sjostrand 1953), a sensory function for primary cilia was only supposed at that time (Barnes 1961). The first demonstration of the mechanosensory function of fluid flow for primary cilia in kidney cells was shown in 2001 (Praetorius and Spring 2001), a century after Zimmermann's first proposition in this sense. The discovery of the intraflagellar transport (IFT) in the flagella of the green alga Chlamydomonas was revolutionary (Kozminski, Johnson et al. 1993), demonstrating bidirectional movement of particles along ciliary and flagellar microtubules, and its further involvement in cilia assembly and disassembly (Rosenbaum and Witman 2002).

III.! Essential roles of the primary cilium

Due to the presence of the primary cilium in almost all cell types, it was therefore easy to speculate that defects in the structure of these organelles could lead to important diseases. In 2000, Pazour gave the first demonstration that primary cilia were involved in many human disorders, in a mouse model for autosomal dominant polycystic kidney disease (ADPKD) (Pazour, Dickert et al. 2000, Pazour, San Agustin et al. 2002). His work paved the way for copious studies linking many different diseases that affect all body tissues (i.e., obesity, mental retardation, retinal defects and cancer) to primary cilia defects: the so called "ciliopathies" (reviewed in (Clement, Kristensen et al. 2009, Reiter and Leroux 2017)). Some types of cancer are included in the list of ciliopathies, thus expanding the essential functions ascribed to this appendage [START_REF] Higgins | Primary cilia and their role in cancer[END_REF]).

Nowadays it is well recognized the fundamental importance of the primary cilium in all human organs. Its functions spread from the perception of light and odorants to mechanosensation, and importantly, coordination and the transduction of a number of signaling pathways. So far, a wide spectrum of ciliary proteins constituting the cilium proteasome have been characterized (Mick, Rodrigues et al. 2015), and among these, some proteins that function in modulating the transduction of cancer-linked molecular signals, such as Smoothened (SMO) (Corbit, Aanstad et al. 2005),

Platelet-Derived Growth Factor Receptor (PDGFR) (Schneider, Clement et al. 2005) and Vang-like protein 2 (VANGL2) (Ross, May-Simera et al. 2005) among others, which have been given much attention regarding the role of primary cilia in cancer. Given the function of the primary cilium as a control center for signaling pathways associated with tumorigenesis, such as Hedgehog (HH), Wnt, and PDGF signaling pathways, as well as its close relationship with the cell cycle (Fonte, Searls et al. 1971), both the presence or loss of the primary cilium by the cells can be crucial in a tumor context. Lethan et al. 2012, Hassounah, Nagle et al. 2013, Menzl, Lebeau et al. 2014, Dere, Perkins et al. 2015), but whether this lack is the cause or the consequence of transformation is not well understood.

The interchange between ciliogenesis and cell division is accentuated by the fact that many cell cycle regulators play a critical role in cilium fate and, among these, Polo-like kinase 1 (PLK1), Aurora A Kinase (AURKA) and Never in mitosis A (NimA)-related kinase (NEK2) were found to be implicated in tumorogenesis (Figure 27B).

-PLK1 is a mitotic kinase that regulates progression through the cell cycle by phosphorylating serine/threonine proteins on centrosomes, kinetochores, the mitotic spindle, and the midbody (Kishi, van Vugt et al. 2009). Activation of the non-canonical Wnt pathway induces the formation of the Plk1-disheveled segment polarity protein 2 (Dvl2) complex, which activates AurkA through the stabilization of Human Enhancer of Filamentation 1 (HEF1), thus inducing cilium disassembly (Lee, Johmura et al. 2012).

-AURKA is a centrosomal mitotic kinase that regulates S phase entry. After mitosis, it localizes to the basal body, and is activated by the scaffold protein HEF1 and calmodulin (CaM) in the presence of calcium (Pugacheva, Jablonski et al. 2007). The HEF1-Ca 2+ /CaM-AURKA complex in turn activates the tubulin deacetylase histone deacetylase 6 (HDAC6), which destabilizes axonemal microtubules, inducing cilium disassembly (Plotnikova, Nikonova et al. 2012).

AURKA is the point of convergence between these two pathways, and cilium disassembly occurs downstream of its activation. AURKA was found to be upregulated in non-ciliated ovarian and clear cell renal cell carcinoma cancer cells (Egeberg, Lethan et al. 2012, Dere, Perkins et al. 2015), and HDAC6 inhibition restored primary cilia in chondrosarcoma and cholangiocarcinoma cancer cells, suppressing cell proliferation and their invasion capacity (Gradilone, Radtke et al. 2013, Xiang, Guo et al. 2017). Similarly, HEF1 overexpression was associated with the metastasis of breast cancer and melanoma (Minn, Gupta et al. 2005, Kim, Gans et al. 2006).

-NEK2 is another important regulator of both centrosome and basal body (Spalluto, Wilson et al. 2012). NEK2 exerts its role in the disassembly of the axonemal microtubules by phosphorylating the Kinesin Family Member 24 (KIF24), a member of the kinesin superfamily of microtubule-based motor proteins, which stimulates its microtubule-depolymerizing activity and prevents the formation of cilia in proliferating cells (Kim, Lee et al. 2015). NEK2 and KIF24 were found to be overexpressed in breast cancer cells, and ablation of these proteins restored ciliation, thereby reducing proliferation.

Thus, the formation of the primary cilium seems to be strictly regulated by the cell cycle, in which the centrosome acts as a key checkpoint. On the other hand, the primary cilium is important for proper cell cycle progression, by restricting it, which may have important implications for cancer development.

proteins (Piperno andMead 1997, Cole, Diener et al. 1998). The IFTA subcomplex is made up of six proteins (IFT144,140,139,122,121,and 43), whereas 16 subunits are found in IFTB (IFT172, 88, 81, 80, 74, 70, 57, 56, 54, 52, 46, 38, 27, 25, 22, and 20). Mutagenesis experiments in green alga have been able to identify kinesin-2 and dynein 1b as the molecular motors catalyzing, respectively, the anterograde and retrograde transport of IFT particles, with IFTB contributing to the anterograde, and IFTA to the retrograde transport (Kozminski, Beech et al. 1995, Piperno, Siuda et al. 1998, Pazour, Dickert et al. 1999, Porter, Bower et al. 1999, Tsao and Gorovsky 2008, Iomini, Li et al. 2009). A detailed study using a combination of correlative total internal reflection fluorescence (TIRF) and three-dimensional (3D) EM clarified how IFT trains avoid collisions during the bidirectional trafficking (Stepanek and Pigino 2016). Stepanek and Pigino analyzed IFT trains with a high spatiotemporal resolution, showing that, despite sharing the same microtubule doublet, anterograde trains were associated with the B-microtubule and retrograde trains were associated with the Amicrotubule of the doublet, thus avoiding crashes. The same group has recently found that the transition between anterograde and retrograde transport is elegantly coordinated by the IFT trains themselves. They showed that the retrograde motor dynein-1b is loaded onto IFTB in an autoinhibited form, and in a precise spatial configuration that hampers its binding to the microtubule track, thereby preventing its motor activity until it reaches the ciliary tip. Once at the ciliary tip, dynein-1b must be activated to initiate retrograde transport, but the mechanism of dynein-1b activation at the ciliary tip is still not known (Jordan, Diener et al. 2018). Early studies in Chlamydomonas demonstrated that new axonemal subunits are added at the distal end of the growing axoneme (Johnson and Rosenbaum 1992), and that this task is accomplished by the anterograde IFTB, which transports tubulin (α and β heterodimers) from the site of synthesis in the cytoplasm to the ciliary tip.

Among the multiple particles composing IFTB, IFT81 was found to bind the globular part of the tubulin dimers through its calponin-homology (CH) domain, whereas its binding partner, IFT74, increases the affinity for tubulin through electrostatic contacts (Bhogaraju, Cajanek et al. 2013). Since at least two tubulin-binding sites within the IFT complex were thought to be required to sustain the fast, initial flagellar assembly rate, another tubulin/microtubule binding site was identified as the CH domain of IFT54 (Taschner, Weber et al. 2016). Craft et al. observed that IFT particles were overloaded with tubulin during axonemal growth, in order to concentrate tubulin within the ciliary matrix, and to facilitate the axonemal polymerization (Craft, Harris et al. 2015).

It has been shown that the knock-down of the IFT27 protein affected both flagellar assembly and the cell cycle, causing defects in cytokinesis (Qin, Wang et al. 2007). Similarly, the depletion of IFT20 unblocked G0/G1 arrest, through cilia disruption (Inoko, Matsuyama et al. 2012). With the work of Pazour et al. came the first observation that disruption of ciliary formation by targeting IFT transcription factors, GLI1, GLI2, and GLI3, which are effectors of the pathway. In absence of the ligand, GLI proteins are processed into repressive forms, in order to shut down the pathway (Humke, Dorn et al. 2010, Wen, Lai et al. 2010) (Figure 28, panel "OFF"). Suppressor of fused (SUFU) is a negative regulator that prevents the aberrant activation of GLI transcription factors. Both the inactive GLI proteins and SUFU localize to the ciliary tip (Haycraft, Banizs et al. 2005). When activated, GLI proteins trigger the transcription of genes that are involved in proliferation, survival and epithelialto-mesenchymal transition (Myc, Cyclin D/E, Bcl2, Snail, Slug, and FOXC2 are some examples), and are thus essential for tumorigenesis and cancer progression (Katoh and Katoh 2009). The requirement of IFT in the Hedgehog pathway is well-established, and most studies were carried out in the context of mice embryogenesis. Wimple, flexo, and Kif3a mouse mutants showed abnormal embryonic morphologies at the neural tube level, which recalled the phenotype induced by deficient hedgehog signaling. Wimple and flexo mutations corresponded to genes homologous to Chlamydomonas IFT88 and IFT172, two components of the IFTB subcomplex. All mutants showed a reduction in hedgehog signaling, and all three proteins were identified to be required in the pathway at a step downstream to Ptch1, but upstream to Gli proteins (Huangfu, Liu et al. 2003). A similar aberrant phenotype during embryonic development was caused by a partial loss of function of Ift52 (Liu, Wang et al. 2005), or by mutations in two subunits of the retrograde dynein IFT motor (Rana, Barbera et al. 2004). Further experiments on mice showed that Ift proteins are a requisite for proper Gli activation and repression, in response to Hedgehog ligands (Huangfu and Anderson 2005).

All these findings indicate that the primary cilium and IFT are indispensable for the Hedgehog signaling pathway function, but whether IFT directly participates to the transport of Hedgehog components, or whether the loss of Hedgehog responsiveness is an indirect effect of IFT mutantinduced impairment of ciliogenesis still remains open to question. Recent findings based on a rapamycin-induced in-cell dimerization system to sequester IFT proteins into mitochondria showed that disrupted IFT did not affect SMO accumulation in the cilium, suggesting that SMO enters the cilium in an IFT-independent manner (Eguether, Cordelieres et al. 2018). In effect, it has been shown that SMO preferentially moves to the cilium by diffusion within the membrane (Milenkovic, Weiss et al. 2015).

Another essential protein was found to mediate the trafficking of Hedgehog components within the cilium: the ADP ribosylation factor-like GTPase 13B (ARL13B), which is extensively used as a primary cilium marker (Larkins, Aviles et al. 2011). Mutant Arl13bhnn MEFs failed to increase the Hedgehog response after Shh stimulation, and displayed an altered distribution of Hedgehog components, such as Gli2, Gli3, Sufu, and also Smo, which was found to be enriched in the cilia, even in the absence of Hedgehog stimulation. Thus, in contrast to that reported above, SMO entry into the cilium seems to be mediated by ARL13B, which is also essential for the proper distribution of SMO within the cilium after pathway activation. Inactivating mutations in PTCH and SUFU or activating mutations of SMO, indicative of Hedgehog pathway misregulation, have been described

for sporadic basal cell carcinoma and medulloblastoma tumors (Raffel, Jenkins et al. 1997, Xie, Murone et al. 1998, Taylor, Liu et al. 2002, Larkins, Aviles et al. 2011, Iglesias-Bartolome, Torres et al. 2015).

On the basis of these findings, which support a role for the cilium in correct pathway activation, we may assert that, for the Hedgehog-driven tumor, the presence of the primary cilium can boost tumorigenesis and cancer progression (Figure 28, panel "HYPER ON"), contrary to the example in the previous section. Bay et al. demonstrated in a recent study that loss of Arl13b abolished ciliamediated Hedgehog signaling in vitro, but also in vivo in Ptch-deficient mice, where the development of medulloblastoma was arrested (Bay, Long et al. 2018). Other studies on mice, however, showed that in the context of Hedgehog pathway, the primary cilium can either boost or inhibit tumorigenesis.

Wong et al. assessed the role of primary cilia in mouse basal cell carcinoma (Wong, Seol et al. 2009) and found that the expression of a conditional allele of a constitutive active form of Smo induced a highly proliferative and ciliated basal cell carcinoma, in which the constitutive active Smo was localized to the cilia. In contrast, cilia were resorbed, following the expression of the conditional Kif3a loss-of-function allele and cilia loss turned the Hedgehog pathway "off", by decreasing cell proliferation. However, the expression of a constitutively-active human GLI2, in concomitance with the loss of Kif3a-induced cilia resorption, did not protect against tumor formation, but instead drove faster neoplastic growth, with a hyperactivation of Hedgehog signaling (Figure 28, panel "HYPER ON"). Moreover, the loss of cilia in basal cell carcinomas, initiated by constitutively active Gli2, was responsible for the disruption of the repressive form of Gli3 that was associated with an upregulation of Gli effectors. Han et al. came to a similar conclusion in a study focused on mouse medulloblastoma (Han, Kim et al. 2009). They showed that the cilia in the granule neuron precursors induced tumorogenesis in Smo-driven medulloblastoma, whereas cilia loss was required for medulloblastoma growth by constitutively active Gli2. Accordingly, the partial loss of cilia in heterozygous ift88+/mice overexpressing Gli2 induced an increase in Hedgehog signaling and cartilage tumor incidence (Ho, Ali et al. 2013), and the inhibition of ciliogenesis increased the expression of Hedgehog target genes, and the metastatic potential of a mouse breast cancer, attributed to the inability to process the repressor form of the Gli transcription factor [START_REF] Hassounah | Inhibition of Ciliogenesis Promotes Hedgehog Signaling, Tumorigenesis, and Metastasis in Breast Cancer[END_REF]. In line with the importance of primary cilia in the generation of the GLI repressor forms, which are necessary for the shut-down of Hedgehog, was the discovery of the cilium-dependent function of the conserved vertebrate G-protein-coupled receptor (GPCR) Gpr161 (Mukhopadhyay, Wen et al. 2013). The ciliary Gpr161 mediated the processing of Gli3 in a cAMP-dependent manner, by acting as a Hedgehog pathway antagonist. Gpr161 knockout mouse embryos displayed an increase in Hedgehog target genes that were aberrantly localized in the developing neural tube, concomitant with a decrease in the expression of the Gli3 repressor form. In addition, Shimada et al. demonstrated a tumorsuppressive role, played by Gpr161 in the context of a Shh medulloblastoma subtype [START_REF] Shimada | Basal Suppression of the Sonic Hedgehog Pathway by the G-Protein-Coupled Receptor Gpr161 Restricts Medulloblastoma Pathogenesis[END_REF]. The conditional depletion of Grp161 in the granule neuron precursors or in the neural stem cells of the mouse embryos induced an increase in the expression of Hedgehog target genes, while reducing the Gli3 processing in its repressor form. The increase of Hedgehog signaling gave rise to a cilium-dependent overproliferative phenotype of granule neuron precursors, and finally to tumorigenesis.

These findings indicate that the primary cilium, by directing the Hedgehog signaling pathway, can act both as a promoter of tumorigenesis, or as a tumor suppressor, depending on the initiating oncogenic alteration, thereby influencing cancer development in opposing ways.

trigger downstream signaling, such as MAPK and PI-3/Akt kinase pathways (Yu, Ustach et al. 2003).

In growth-arrested NIH3T3 fibroblasts, PDGFRα localizes to the primary cilia (Schneider, Clement et al. 2005). The β isoform of the receptor was contrarily found along the cell surface. Serum starvation and ligand stimulation lead to an increase in PDGFRα protein expression and activation, as measured by tyrosine phosphorylation and the activation of Akt and Mek1/2-Erk1/2 pathways, in correspondence with cilium elongation. Ciliary localization was also found for the components of the downstream signaling cascade (Mek1/2). However, cilia-lacking fibroblasts derived from Tg737orpk mice with mutated Ift88 were not able to increase PDGFRα levels and activity, neither in the case of serum-induced growth arrest, nor ligand stimulation (Figure 29B (i)).

Since aberrant PDGFRα signaling is linked to many human tumors, such as gliomas, osteosarcoma, and gastrointestinal stromal tumors (Yu, Ustach et al. 2003), it can be argued that the suppression of the primary cilium can be beneficial for cancer regression. However, a recent study showed that the downregulation of IFT20, with a consequent loss of cilia, does not suppress PDGFRα signaling, but in contrast, it extends it (Schmid, Schou et al. 2018) (Figure 29B (ii)). At the cilium, the IFT20 protein was found to interact with the E3 ubiquitin ligases, c-Cbl, and Cbl-b, where they participate in the ubiquitination and internalization of the PDGFRα receptor, in order to switch off the pathway.

However, IFT20 depletion caused the autoubiquitination and degradation of c-Cbl, with a mislocalizaton of PDGFRα to the plasma membrane, thus impairing negative feedback for pathway regulation.

Although the role of the PDGFR signaling/primary cilium in cancer progression remains to be defined, the fact that a loss of the primary cilium can induce either signaling inhibition or hyperactivation indicates that PDGFR signaling requires the cilium to function correctly.

GSK3, and Casein Kinase 1a (CK1a) (Rubinfeld, Souza et al. 1993, Su, Vogelstein et al. 1993[START_REF] Salic | Control of beta-catenin stability: reconstitution of the cytoplasmic steps of the wnt pathway in Xenopus egg extracts[END_REF], that constantly degrades β-catenin in the cytoplasm. Thus, when the pathway is activated, stabilized β-catenin can translocate in the nucleus, where it interacts with other transcription factors belonging to the T-cell factor/lymphoid-enhanced binding factor 1 (TCF/LEF1) family, and it triggers the expression of Wnt target genes involved in cell proliferation, differentiation, and metabolism (Behrens, von Kries et al. 1996[START_REF] Sherwood | WNT signaling: an emerging mediator of cancer cell metabolism?[END_REF]. In the absence of a ligand, Dvl does not inhibit the destruction complex, and consequently, β-catenin is targeted to proteasomal degradation. The non-canonical planar cell polarity (PCP) Wnt pathway ensures cell polarization and orientation in the plane of the epithelium (Adler 2002). At the molecular level, the Wnt pathway culminates in cytoskeletal reorganization, and it changes to cell polarity and migration through the activity of Rac and Rho small GTPases (Yang and Mlodzik 2015).

The inversin protein was found to interact with and to inhibit Dvl and Apc2, by acting as a molecular switch between the canonical and non-canonical Wnt pathways (Morgan, Eley et al. 2002, Simons, Gloy et al. 2005). Inversin depletion induced PKD in zebrafish and mice by the uncontrolled activation of canonical Wnt signaling, as a possible result of the inhibition of the proteasomal degradation of β-catenin (Gerdes, Liu et al. 2007). Since inversin localizes to primary cilia (Morgan, Eley et al. 2002), and the aberrant cyst formation due to its inhibition was a phenocopy of the loss of KIF3A-dependent impairment of ciliogenesis (Gerdes, Davis et al. 2009), it was generally assumed that the primary cilium functioned in hampering the Wnt pathway. In addition, Axin2, Apc, and

Vangl2 were found to be localized at the basal body and mutations in the genes encoding basal body proteins impaired both Wnt pathways (Ross, May-Simera et al. 2005, Simons, Gloy et al. 2005, Gerdes, Davis et al. 2009). Another study by Corbit et al. favored the restricting function of the primary cilium on the Wnt signaling pathway in mouse embryos, primary fibroblasts, and embryonic stem cells (Corbit, Shyer et al. 2008). In these models, a loss of primary cilia induced by mutations affecting Kif3a, Ift88, or oral-facial-digital syndrome 1 (Ofd1) caused Wnt hyper-responsiveness.

The loss of Kif3a led to the constitutive phosphorylation of Dvl by CK1, and the subsequent cytoplasmic stabilization of β-catenin was responsible for Wnt pathway hyperactivation. Similarly, it was shown that MEFs treated with Kif3a small interfering RNA (siRNA), or with a mutation in the retrograde transport motor dynein cytoplasmic heavy chain 2 (Dnchc2) gene showed no ciliation, and an increase in nuclear translocation of β-catenin, by a mechanism involving the Jouberin (Jbn) protein, which is normally restricted to the primary cilium, thus limiting β-catenin nuclear entry (Lancaster, Schroth et al. 2011). The hyperactivation of Wnt signaling, induced by the loss of the primary cilium, and by the subsequent liberation of Jbn, was also confirmed in colon cancer cells, in which the loss of cilia may represent an important step in the transformation process. Recent work in

I.! The primary cilium regulates autophagy

Serum starvation of culture cells is known to both enhance ciliogenesis, by directing cell cycle exit, and autophagy. The first link between primary cilia and autophagy come from the study by Pampliega the induction of the Hedgehog pathway in MEFs and KECs cultured in rich medium rescued autophagy to similar levels as those without serum, but only in cells in which ciliogenesis was not compromised. Indeed, in Ift88 -/-cells, only Hedgehog activation by the cilium-independent overexpression of Gli was able to partially rescue autophagy in serum-starved conditions. Several autophagic signaling components were found to be localized to the basal body, and among these, the autophagy-related (Atg) Atg16L protein was recruited only upon serum removal through IFT20dependent vesicle trafficking from the Golgi to the base of the cilium (Follit, Xu et al. 2009), a novel possible site for autophagosome formation (Pampliega, Orhon et al. 2013). A positive role for the Hedgehog pathway in autophagy regulation was also found in ciliated neuron and smooth muscle cells (Li, Li et al. 2012, Petralia, Schwartz et al. 2013). The positive role of cilia in autophagy activation was also confirmed by Wang et al., where cilia shortening induced by IFT88 knockdown in human kidney proximal tubular cells impaired autophagy through the activation of mTOR signaling (Wang, Livingston et al. 2015). Although Pampliega et al. did not observe an activation of the mTOR pathway upon cilia-related autophagy inhibition, disruption of ciliogenesis was shown to lead to an increase in the phosphorylation of mTOR and AKT1 (Wang, Livingston et al. 2015), the downstream substrates of the mTOR pathway.

II.! Autophagy regulates ciliogenesis

Autophagy can also positively or negatively influence ciliogenesis and cilia length (Figure 30). Tang et al. showed that the induced autophagy helped to degrade the centriolar satellite pool of OFD1 protein (Figure 30A), which localizes around the basal body (Tang, Lin et al. 2013). Although OFD1 protein localization at the distal end of the centrioles is required for distal appendage formation during centrosome maturation and for ciliogenesis (Singla, Romaguera-Ros et al. 2010, Tang, Lin et al. 2013), the OFD1 protein at the centriolar satellite seems to inhibit ciliogenesis. Indeed, autophagy compromised Atg5 -/-MEFs with normal levels of Ofd1 showed a marked reduction in primary cilia formation, with a severe decrease in length, but without any impact on cell cycle progression.

Moreover, the knockdown of Ofd1 was able to restore ciliogenesis, even in the presence of serum in both the MEFs and MCF7 breast cell lines, thus indicating that OFD1 has a suppressive role on ciliogenesis and that autophagy, by degrading the satellite OFD1, is instead a positive regulator [136].

Conversely, Pampliega et al. found that Atg5 -/-MEFs were able to more quickly grow primary cilia that were longer and completely functional in serum-rich medium (Pampliega, Orhon et al. 2013).

Autophagy exerted a negative regulation on ciliogenesis through a partial IFT20 degradation (Figure 30B), since Atg5 -/-MEFs or MEFs treated with lysosomal inhibitors showed stabilization of the protein in small cytosolic vesicles. Wang et al. also showed a reciprocal effect between the primary cilium and autophagy: if primary cilia are required for basal and induced autophagy, autophagy is at the same time necessary for ciliogenesis. Autophagy stimulation was able to induce cilia lengthening, whereas the inhibition of autophagy caused cilia shortening in both a murine kidney cell line and tissue (Wang, Livingston et al. 2015). A recent study focused on the mechanism of primary cilia resorption, in concomitance with a gradual decrease of autophagy in human retinal pigmented epithelial (RPE1) cells (Maharjan, Lee et al. 2018). A correlation between primary cilia resorption and the inhibition of autophagy in serum-starved cells subjected to gradual serum re-stimulation was confirmed. Induction of the autophagic flux that followed rapamycin treatment in serum-stimulated cells was partially able to restore proper ciliogenesis. Although cilia were shorter and fewer compared to the autophagy-induced cilia by serum starvation, rapamycin prevented the disassembly of the primary cilium through the activation of autophagy-dependent ciliogenesis. The same effect of rapamycin on the induction of ciliogenesis and the shortening of cilia was observed by Takahashi et al. (Takahashi, Nagai et al. 2018). However, the effect of mTOR inactivation induced by glucose deprivation or rapamycin was not the promotion of autophagy, but mainly the upregulation of p27KIP1, a cyclin-dependent kinase inhibitor, which thus induced cell cycle arrest. A growing number of studies have characterized the molecular mediators residing in between the autophagyciliogenesis axis. The RPGRIP1L ciliary protein was found to positively regulate autophagy through the inhibition of mTOR pathway, and to affect ciliary length [START_REF] Struchtrup | The ciliary protein RPGRIP1L governs autophagy independently of its proteasome-regulating function at the ciliary base in mouse embryonic fibroblasts[END_REF].

Peroxisome proliferator-activated receptor alpha (PPARA), a hormone transcription factor that is activated during starvation, was shown to be another positive regulator of ciliogenesis, by activating autophagy both in vivo and in vitro; thus, the pharmacological inhibition of autophagy repressed ciliogenesis. The rapamycin-dependent induction of autophagy recovered ciliogenesis in ppara -/- MEFs. Moreover, contrary to wild-type mice, ppara -/-mice failed to activate autophagy, in response to starvation, and displayed impaired ciliogenesis, resulting in kidney damage, similar to a ciliopathy.

The activation of autophagy rescued the defective phenotypes (Liu, Lee et al. 2018). Conversely, nuclear receptor subfamily 1, group H, member 4 (NR1H4), another nuclear hormone receptor, but one that is activated in fed conditions, negatively regulates ciliogenesis. In fact, the ligand activation of NR1H4 impaired ciliogenesis in RPE1 and HK2 cells, while the knockdown of NR1H4 restored ciliogenesis and activated autophagy genes, even in media containing serum. In vivo, treatment with an NR1H4 agonist had the same negative effect as ppara -/-mice on autophagy, ciliogenesis, and kidney function. Thus, ciliogenesis is strictly dependent on nutrient availability through the action of specific transcription factors that regulate autophagy. A role for the extracellular matrix, and in particular, for the major component type-1 collagen (col 1), has been elucidated in the autophagy dependent regulation of ciliogenesis and cilia length. Col 1 was found to be promote cilia growth by repressing HDAC6-mediated autophagy, thus indicating a negative role for autophagy in ciliogenesis (Xu, Liu et al. 2018). Finally, the GLI2 transcription factor, one of the effectors of Hedgehog signaling, was found to control cell cycle re-entry and cilia length in an autophagy-dependent manner (Hsiao, Chang et al. 2018). NIH3T3 fibroblasts lacking Gli2 expression showed longer primary cilia, and increased autophagy, with a reduction in the Ofd1 protein levels in serum-free media, along with a delay in cell cycle re-entry. The lengthening of primary cilia was disrupted by the inhibition of autophagy, while the Kif3a knockdown-dependent ciliary loss rescued the delay in cell cycle re-entry.

the ability to regulate HIF-α proteins failed to restore cilia, indicating that the loss of cilia in ccRCCs may be a mechanism involving the pVHL inactivation-dependent stabilization of HIF-α. How HIFs mediate cilia resorption is still not completely understood. One explanation could lie in the function of pVHL in regulating the Never in mitosis gene A (NIMA)-related kinase 8 (NEK8) (Ding, Zhou et al. 2015). ccRCC cell lines defective for pVHL showed overexpression of NEK8. Accordingly, NEK8 expression was found to be increased in hypoxia (1% O 2 ), suggesting a role for HIFs in its regulation. This hypothesis was supported by the findings of HIF-1α-specific HREs in NEK8

promoter. It was further confirmed in vivo in mice exposed to a renal ischemia/reperfusion (I/R) injury. Moreover, the downregulation of NEK8 impaired pVHL knockdown-induced primary cilia resorption, which supports HIF-NEK8 action in the impairment of ciliogenesis. A negative impact of HIF-α on ciliogenesis was also shown in murine bone marrow-derived mesenchymal stem cells Hypoxia seems to mostly counteract primary cilia formation through the stabilization of HIF transcription factors, following the inactivation of pVHL, which is a structural component of the cilium, and it is essential for ciliogenesis. HIFs are in turn, able to mediate primary cilia disassembly through different pathways, and the role of HIFs in ciliogenesis may be decisive in the adaptation of tumor cells to the hypoxic microenvironment, leading to tumor development.

II.! Primary cilia in the regulation of cancer cell metabolism

In Chapter 1, I described how cancer cells adapt to hypoxia by shifting their glucose metabolism in favor to the "aerobic glycolysis", known as the Warburg effect.

There is still little information about the role of primary cilia in the metabolic reprogramming of cancer cells. A recent paper has innovatively investigated the metabolic effects subsequent to the loss of cilia in IFT88-deficient thyroid cancer cells. The authors provided evidence that the loss of function (LOF) of IFT88/primary cilia results in mitochondrial dysfunction in favor of glycolytic metabolism and lipid biosynthesis (Lee, Yi et al. 2018). LOF-IFT88/primary cilia resulted in mitochondrial fragmentation, impaired OXPHOS, diminished mitochondrial membrane potential, and reduced ATP synthesis. On the other hand, increased aerobic glycolysis and fatty acid synthesis was also observed. The results were further confirmed for two out of three thyroid cancer cell lines knocked down for KIF3A, indicating that the shift towards glycolytic metabolism was specifically dependent on the loss of primary cilia. Besides this above-cited role of the primary cilium in the maintenance of mitochondrial functions, a metabolic shift towards glycolysis has been hypothesized, in correlation with the presence of primary cilia (Jeong, Ka et al. 2018). However, although a cancerous inhibitor of protein phosphatase 2A (CIP2A)-depleted cells showed an increase in primary cilia expression, and in glycolytic activity and capacity, and although the primary cilia seemed to be necessary for enhancing glycolytic activity, the increased glycolytic metabolism was independent to the presence of primary cilia. Nonetheless, this latter study was performed in non-cancerous cell lines, and most of our understanding of primary cilia-dependent metabolic regulation is related to diabetes and obesity (Lee, Song et al. 2015, Volta andGerdes 2017). Indeed, studies on the implication of primary cilia in the metabolic reprogramming of cancer cells are still limited, and researchers have just started to probe this interesting field.

III.! Primary cilia, CSCs and EMT

Recent research has revealed a role for hypoxia in the activation and maintenance of CSCs (Li and Rich 2010, Peng and Liu 2015, Kim, Lin et al. 2018) (see Chapter1, section C and paragraph I.4).

CSCs are persistent in the tumor, and given their strong resistance to chemotherapeutic treatments, are the cause of tumor relapse. A role for primary cilia in CSCs is emerging.

Gale et al. have explored CSCs in human and mouse medulloblastomas, as well as the relative presence of primary cilia (Gate, Danielpour et al. 2015). Human medulloblastoma CSCs expressing CD133 and CD15 neural stem cell markers were defined by two different populations, with CD15+ cells being mostly expressed in recurrent tumors, and characterized by stem-cell properties. As discussed in section C and paragraph I of this Chapter, medulloblastoma insurgence is associated with mutations in the Hedgehog pathway, which is tightly regulated throughout the primary cilium.

The authors demonstrated that the Hedgehog pathway and the primary cilium drive the proliferation of human medulloblastoma cells. However, despite the expression of primary cilia in CD15-cells, CD15+ cells did not form cilia in the human medulloblastoma, suggesting that this CSC population signaling is independent of the Hedgehog pathway. A recent study has addressed the mechanism inducing CSCs in claudin-low breast cancer (Guen, Chavarria et al. 2017). Contrary to that reported by Gate et al. (Gate, Danielpour et al. 2015), Guen et al. found the Hedgehog pathway and ciliogenesis to be key determinants for driving stemness and tumor growth of the basal compartment (Guen, Chavarria et al. 2017). By using HMLE human mammary epithelial cells engineered for the acquisition of a EMT signature, they demonstrated that this HMLE variant was able to strongly increase the expression of primary cilia. The same results were observed for their neoplastic counterparts (HMLER and HMLE cells transformed through H-RASG12V expression), suggesting that EMT was associated with primary ciliogenesis. Moreover, both cell lines showed activation of the Hedgehog pathway (which was abolished in primary cilia-ablated cells), with GLI2 and GLI3 displaying marked ciliary localization in HMLER cells. Finally, the role of the primary cilium in the acquisition of stemness for normal basal mammary stem cells (MaSCs) was revealed by assessing their capacity to form organoid, and similarly for HMLER CSCs, which showed strong tumor forming capacity after mammary fat pad transplantation. Although it was already known that EMT and the Hedgehog pathway had important roles in the activation of mammary CSCs, this was the first research revealing that the two are interconnected by the primary cilium.

The primary cilium requirement for EMT should not be considered a general rule, and once again, it seems to be related to the type of tissue of cancer onset. In fact, EMT in the kidney is promoted by ARL13B and IFT20 knockdown-induced impairment of ciliogenesis (Han, Jung et al. 2018), but the study was carried out on the non-cancerous Madin Darby Canine Kidney (MDCK) cell line.

Nevertheless, research on the primary cilia-EMT-CSCs axis only at the beginning, and additional studies determining the implication, or not, of the primary cilium will be clinically essential.

IV.! Primary cilia in cell death resistance

In Chapter1 we have seen that tumor cells have the ability to circumvent apoptosis through the imbalance between pro-and anti-apoptotic factors, which enable tumor cells to survive in unfavorable contexts, such as hypoxia and chemotherapy.

to different kinase inhibitors, which are clinically relevant therapeutic agents (Jenks, Vyse et al. 2018). Several tumor cell lines that become drug-resistant after chronic drug exposure showed a percentage increase in ciliogenesis and/or cilia length, with the appearance of cilia fragmentation.

The ciliary length regulator KIF7 was found to be mislocalized at the level of the cilium in the resistant cell lines, and downregulation of the protein in the drug-sensitive cells was sufficient to confer resistance. Changes in cilia length in resistant cells were accompanied by changes in the Hedgehog pathway, resulting in pathway hyperactivation. Finally, targeting ciliogenesis with a siRNA approach or the pharmacological inhibition of the Hedgehog pathway sensitized tumor cells to drugs and enhanced apoptosis. Similarly, cilia shortening following cisplatin treatment in cultured human proximal tubular HK-2 epithelial cells sensitized cells to apoptosis, as indicated by the increase of caspase activity, and genetic ciliary ablation was found to exacerbate this effect (Wang, Wei et al. 2013). The molecular pathway underlying the cilia-shortening effects on apoptosis was the MAPK pathway, and its pharmacological inhibition reverted cilia length and conferred resistance to cell death. The same effect has been seen in a primary gliobastoma cell line depleted for pericentriolar material 1 (PCM1), which showed defects in cilia formation and increased sensitivity to temozolomide by increasing the apoptotic rate (Hoang-Minh, Deleyrolle et al. 2016). Altogether, these findings on different types of cancer may suggest an innovative approach to resensitizing drugresistant cancer cells to therapy, by targeting primary cilia and thus triggering cancer cell apoptosis.

However, another study has proposed the role of cilia loss in the context of drug resistance to SMO inhibitors in vitro and in vivo, in which the loss of cilia in medulloblastoma cells was associated with mutations in OFD1, and a basal level of activated Hedgehog pathway sustained tumor growth (Zhao, Pak et al. 2017), indicating that the role of cilia in promoting cell death resistance depends on the oncogenic context.

V.! Primary cilia in angiogenesis

The primary cilium has been shown to extend from endothelial cells into the lumen of blood vessels, where it senses the blood flow and when activated, it triggers calcium signaling and nitric oxide production (Nauli, Kawanabe et al. 2008). In the mouse aorta, Dinsmore and Reiter found that primary cilia were enriched at vascular branch points and sites of high curvature, and they assessed the in vivo role of mouse endothelial primary cilia by conditionally depleting Ift88 (Dinsmore and Reiter 2016). Since primary cilia-enriched areas corresponded to the areas susceptible to atherosclerotic plaque occurrence throughout vasculature, they explored the effects of the absence of endothelial cilia on atherosclerosis. Removal of endothelial cilia in Apoe -/-mice lacking apolipoprotein E increased atherosclerosis when they were fed with a high-fat, high-cholesterol diet, due to the reduced activity of endothelial nitric oxide synthase (eNOS). In addition to the mechanosensory and anti-atherosclerosis role of endothelial primary cilia, an in vivo ciliary function has recently been found in the formation, remodeling, and maturation of the cranial vascular network in zebrafish [START_REF] Eisa-Beygi | Characterization of Endothelial Cilia Distribution During Cerebral-Vascular Development in Zebrafish ( Danio rerio)[END_REF]. Primary cilia were enriched in nascent vessels independently of their biochemical function as a blood flow sensor, and they were involved in all stages of hindbrain angiogenesis, as suggested by the presence of primary cilia in the region of new central artery sprouting. Mutation or morpholino-induced loss of ift172 and ift81 developed cranial hemorrhages in zebrafish embryos, and the phenotype was rescued with the overexpression of ift81.

The role of endothelial primary cilia in developmental angiogenesis was also confirmed with additional studies in zebrafish and mice, respectively, in the caudal vasculature and in the retina (Goetz, Steed et al. 2014, Vion, Alt et al. 2018). The latter in vivo research on mice demonstrated that the inducible deletion of primary cilia via loss of Ift88 in retinal endothelial cells triggered premature and random vessel regression, indicating that primary cilia are crucial for proper vascular remodeling (Vion, Alt et al. 2018).

Although the existence of such evidence for primary cilia regulation of developmental angiogenesis,

nothing is yet known about the potential function of primary cilia in regulating tumor angiogenesis.

In conclusion, besides the sensory role in olfaction, the perception of light, and mechano-and chemoperception, the primary cilium is increasingly being considered to be extremely important for cancer fate. Cancer outgrowth depends on multiple events, including adaptation to hypoxia, switches in cellular metabolism, escape from apoptosis, autophagy, sustained angiogenesis, and migration, which ultimately lead to metastasis. Both the presence or absence of primary cilia can regulate each event that is essential for cancer survival (Figure 31) and the emerging link between primary cilia and cancer is strictly dependent on tumor types, and it can also vary within the same tumor, or between tumor subtypes.
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VDAC1 can be seen as the executer of mitochondria in both cell life and death. VDAC1 functions in these processes are mainly mediated by the interaction with cellular components, which makes VDAC1 a hub protein interacting with over 100 proteins. Consequently, it is intuitive that any modifications of the channel can alter its protein interaction and function, and thus cell fate. Before The results that answered to these questions will be presented in the next section. Ratcliffe, discovered the molecular mechanism underlying the hypoxic adaptation of cells, HIF, as well as its O 2 -dependent regulation that is mainly mediated by pVHL (Wang and Semenza 1995[START_REF] Maxwell | The tumour suppressor protein VHL targets hypoxia-inducible factors for oxygen-dependent proteolysis[END_REF], Ivan, Kondo et al. 2001, Jaakkola, Mole et al. 2001). In cancer cells, HIF, by regulating the transcription of target genes, provokes the onset of various molecular processes linked with tumorigenesis and tumor progression. In ccRCC, not only the familial cases, but also up to 90% of sporadic cases are characterized by inactivation of pVHL causing a constitutive activation of HIF even in presence of O 2 [START_REF] Kaelin | Von Hippel-Lindau disease[END_REF][START_REF] Moore | Von Hippel-Lindau (VHL) inactivation in sporadic clear cell renal cancer: associations with germline VHL polymorphisms and etiologic risk factors[END_REF]. Loss of pVHL is an oncogenic event that induces early neoplastic transformation with the formation of cystic lesions of over-proliferating cells, the precursors of ccRCC [START_REF] Kim | Renal Cell Carcinoma in von Hippel-Lindau Disease-From Tumor Genetics to Novel Therapeutic Strategies[END_REF]. Interestingly, in tissues from VHL-disease patient's it has been shown that the loss of pVHL function is followed by the immediate stabilization of HIF-1" and its target genes, such as CA9, as an early event in the disease development, showing a progressive increase of HIF-1" activation in morphologically normal foci, dysplastic foci, cystic lesions, and ccRCC [START_REF] Mandriota | HIF activation identifies early lesions in VHL kidneys: evidence for site-specific tumor suppressor function in the nephron[END_REF]. In mice with VHL/Trp53 double mutant background, HIF was indispensable in driving the over-proliferative phenotype as well as the reprogrammed metabolism to sustain cell proliferation and the formation of renal cysts [START_REF] Schönenberger | Formation of Renal Cysts and Tumors in Vhl/Trp53-Deficient Mice Requires HIF1α and HIF2α[END_REF]. Due to its function in the maintenance of microtubule stability [START_REF] Hergovich | Regulation of microtubule stability by the von Hippel-Lindau tumour suppressor protein pVHL[END_REF], loss of pVHL (Dere, Perkins et al. 2015), and partially the subsequent HIF stabilization (Esteban, Harten et al. 2006[START_REF] Rankin | Renal cyst development in mice with conditional inactivation of the von Hippel-Lindau tumor suppressor[END_REF], Xu, Li et al. 2010[START_REF] Fabbri | Primary Cilium in Cancer Hallmarks[END_REF]) are responsible of the lack of primary cilia observed initially in the neoplastic cysts and in ccRCC, with this cancer being an example of ciliopathy. Notably, in a mouse model, inducible deletion of vhl combined with deletion of Kif3a, a gene coding for a subunit of kinesin-2 essential for cilia formation, accelerates the formation of renal cysts that leads to ccRCC [START_REF] Lehmann | Combined Deletion of Vhl and Kif3a Accelerates Renal Cyst Formation[END_REF], pointing out that the loss of primary cilia is a crucial event for ccRCC development. Moreover, this is further supported by the observation that patients with acquired cystic kidney disease (ACKD), a renal ciliopathy, have an increased risk for developing RCC with incidences ranging from 2 to 5% [START_REF] Bonsib | Renal cystic diseases and renal neoplasms: a mini-review[END_REF]) Abnormal cilia structure or function would be expected to cause abnormal response to flow, thereby altering downstream signaling processes and promoting the disease [START_REF] Dell | The role of cilia in the pathogenesis of cystic kidney disease[END_REF] and the loss of primary cilia may increase . Patients with primary cilium signature present a higher immunogenicity compared to no primary cilium signature and a better response to immunotherapy. A and B, Progression free-survival (PFS) (A) and Overall survival (OS) (B) for the primary cilium signature was calculated from patients of the TCGA cohort C treated with sunitinib using the GLI1/IFT20 signature. PFS and OS were calculated from patient subgroups with GLI1/IFT20 mRNA levels that were less or greater than the third quartile. Statistical significance (p-value) is indicated. The median survival is also indicated. C, In silico analysis of immune cell type fraction (%) according to the primary signature status (no primary cilium and primary cilium). D, In silico analysis of regulatory T lymphocytes (T reg) fraction (%) according to the primary signature status (no primary cilium and primary cilium). E, Tumors from patients with no primary cilium signature and tumors from patients with primary cilium were compared. The level of PD1 mRNA was determined by RNAseq for the TCGA cohort. Statistical significance (p value) is indicated. F, Distribution of ccRCC patients from the TCGA database depending on the primary cilium signature and immunophenoscore. p-value between no primary cilium and primary cilium is indicated. . Absence of VDAC1-ΔC promotes aggressiveness in RCC4 but allows response to anti-glycolysis treatments. A, RCC4 and RCC4+pVHL cell lines were incubated in Nx for 72h in the absence or presence of Sunitinib (5µM). B, RCC4 cells were transfected with control siRNA (siCtl), siVDAC1 and siAEP (40nM). RCC4 cell lines were incubated in Nx for 72h in the absence or presence of sunitinib (5µM). Cell mortality was measured using an ADAM cell counter. C, RCC4 and RCC4+pVHL cell lines were incubated in Nx for 72h in the absence or presence of 3BP (25µM). Cell mortality was measured using an ADAM cell counter. D, RCC4 cells were transfected with control siRNA (siCtl), siVDAC1 and siAEP (40nM). RCC4 cell lines were incubated in Nx for 72h in the absence or presence of 3BP (25µM). Cell mortality was measured using an ADAM cell counter. E, Graphic representation of the Boyden chamber cell-based invasion assay using RCC4 cells transfected with siRNA VDAC1 (40nm) compared to Ctl (siCtl) incubated int he absence or presence of 3BP (10µM) for 72h. Invasion assay was performed. * p<0.05, ** p<0.005, *** p<0.0005. event in the development of ccRCC, which participates in the loss of primary cilium together with or without pVHL inactivation.

III.2. A new aggressive group of ccRCC patients

What we could surprisingly determine in our study is that an increased presence of primary cilia in the absence of VDAC1-!C is for sure lethal for a restrict group of ccRCC patients (12-18%) in a ciliopathic context. In vitro, we established that the cells characterized by a higher percentage of primary cilia and the absence of VDAC1-!C, in RCC4 with functional pVHL or in RCC4 silenced for VDAC1 or LGMN, have an increased invasive potential, as demonstrated by several techniques.

The higher invasive potential found in RCC4 expressing wt pVHL is in contrast with the antitumorigenic role ascribed for pVHL in ccRCC [START_REF] Kondo | Inhibition of HIF2alpha is sufficient to suppress pVHL-defective tumor growth[END_REF][START_REF] Kim | Ectopic expression of von Hippel-Lindau tumor suppressor induces apoptosis in 786-O renal cell carcinoma cells and regresses tumor growth of 786-O cells in nude mouse[END_REF][START_REF] Gao | Up-regulation of pVHL along with down-regulation of HIF-1α by NDRG2 expression attenuates proliferation and invasion in renal cancer cells[END_REF]). However, a pro-tumorigenic role for some pVHL variants was recently described [START_REF] Hascoet | The pVHL[END_REF]) and low CAIX expression and absence of VHL mutation have been associated with a more advanced ccRCC tumors [START_REF] Patard | Low CAIX expression and absence of VHL gene mutation are associated with tumor aggressiveness and poor survival of clear cell renal cell carcinoma[END_REF]. Moreover, none of the studies addressed the tumor suppressor function of pVHL in the context of RCC4 cell line.

Our results clearly indicate that the aggressiveness is driven by the primary cilia, as the genetic manipulation of primary cilia expression with the silencing of different genes was able to decrease the invasive potential. Our results additionally highlighted that impacting with VDAC1 expression does not always result in the decrease of tumor aggressiveness, as previously reported for other type of cancers, such as glioblastoma, breast and lung cancer (Arif, Vasilkovsky et al. 2014, Arif, Paul et al. 2018, Arif, Amsalem et al. 2019). Another study carried out in our lab showed indeed that the tumors from RAS-transformed mouse embryonic fibroblasts (MEFs) knockout for vdac1 grew faster than wild-type MEF tumors [START_REF] Brahimi-Horn | Knockout of Vdac1 activates hypoxia-inducible factor through reactive oxygen species generation and induces tumor growth by promoting metabolic reprogramming and inflammation[END_REF]. In the present study, we found that, in ccRCC, low expression of VDAC1 is related to poor prognosis of patients and that, in vitro, the silencing of VDAC1 increased the invasive potential of ccRCC cancer cells. This effect can be related to the subsequent decrease of VDAC1-!C, which was further demonstrated with the silencing of

LGMN. Accordingly, low expression of LGMN reflected bad ccRCC patient's outcome and was found in ccRCC patients group that did not show the cleavage of VDAC1 but showed an increase presence of primary cilia.

III.3. A two-gene signature predicts for the presence or absence of primary cilia/VDAC1-!C and stratifies ccRCC patients

Furthermore, we found a two-genes signature based on GLI1 and IFT20 and expression. In vitro and in patient's tumors, the overexpression of both genes was indicative of an increase in cilia expression in the absence of VDAC1-!C, whereas the downregulation of GLI1 and/or IFT20 reflected the VDAC1-!C-driven decrease or absence of primary cilia. A defective ciliogenesis induced by downregulation and/or degradation of IFT20 has been already reported in several studies [START_REF] Follit | The intraflagellar transport protein IFT20 is associated with the Golgi complex and is required for cilia assembly[END_REF][START_REF] Ko | Inactivation of max-interacting protein 1 induces renal cilia disassembly through reduction in levels of intraflagellar transport 20 in polycystic kidney[END_REF], Pampliega, Orhon et al. 2013), and it is well documented that the cilium is required for the proper GLI1 signaling via Hedgehog pathway (Huangfu, Liu et al. 2003, Haycraft, Banizs et al. 2005[START_REF] Han | Hedgehog signaling and primary cilia are required for the formation of adult neural stem cells[END_REF][START_REF] Clement | The primary cilium coordinates early cardiogenesis and hedgehog signaling in cardiomyocyte differentiation[END_REF]) Here we found evidences for which the combination of both upregulated genes is a marker for cilia in ccRCC, as the downregulation of one of the two genes was sufficient to decrease ciliation in RCC4 expressing wt pVHL.

This two-gene signature allowed us to stratify ccRCC patients and to identify the subgroup of patients characterized by an increase of ciliation and aggressiveness (Figure 35). The establishment of this two-gene signature may be absolutely helpful in determining a prognosis for ccRCC patients in a clinical setting. Patient's tumors GLI1 + IFT20 + , overexpressing thus the two genes, had a poor prognosis in Cohort B and Cohort C, from Urology Department of the Rennes University Hospital and TGCA respectively, whereas in Cohort A, from PREDIR center, this signature was only found in sporadic ccRCC patients with mutated VHL. Moreover, in Cohort C, a higher proportion of GLI1 + IFT20 + was associated with advanced tumor stages. Thus, this group of patients with an increase of primary stands out in a type of cancer in which the primary cilia loss is a characteristic feature, reflecting higher aggressiveness in a cancer already aggressive [START_REF] Rini | Renal cell carcinoma[END_REF].

Importantly, analysis in TGCA cohort determined that this group of patients can be found in patients with both inactivated pVHL or with functional pVHL and independently of the HIF isoform stabilized, conforming that the cilia fate in ccRCC is independent of VHL deficiency.

The tumor aggressiveness of GLI1 + IFT20 + was mediated by an upregulation of EMT genes and by maintenance of glycolysis. Interestingly, there are evidences that Hedgehog pathway mediates EMT transition in breast cancer (Guen, Chavarria et al. 2017). Despite that the increase of GLI1 expression characterizes this group, a direct involvement of Hedgehog still needs to be proven. It is indeed known that GLI1 expression can be regulated in a cilium independent-manner with the involvement of other signaling pathway [START_REF] Pietrobono | Non-canonical Hedgehog Signaling Pathway in Cancer: Activation of GLI Transcription Factors Beyond Smoothened[END_REF][START_REF] Wang | Distinct Activities of Gli1 and Gli2 in the Absence of Ift88 and the Primary Cilia[END_REF]). However, Hedgehog signaling pathway was found to be increased in human ADPKD, and its suppression was able to counter cellular processes that promote cyst growth in vitro [START_REF] Silva | Inhibition of Hedgehog signaling suppresses proliferation and microcyst formation of human Autosomal Dominant Polycystic Kidney Disease cells[END_REF]. In addition, a study showed that Hedgehog signaling pathway is constitutively reactivated in ccRCC independently of the pVHL status and that this reactivation is fundamental for ccRCC growth in vivo [START_REF] Dormoy | The sonic hedgehog signaling pathway is reactivated in human renal cell carcinoma and plays orchestral role in tumor growth[END_REF]). Since a role for Hedgehog signaling and primary cilium in maintenance of CSCs phenotype has been demonstrated and since it is well established, in different cancer types, a role for as predictive markers for the resistance to the standard of care treatment in ccRCC. Notably, a role for primary cilia in treatment resistance of several cancer cell lines has been described (Wang, Wei et al. 2013, Jenks, Vyse et al. 2018). But a direct involvement of primary cilium in sunitinib treatment needs further analysis. Our in vitro results show however that RCC4 cells with wt pVHL or with the inhibition of VDAC1-!C, thus expressing more primary cilia, had less sensitivity to sunitinib treatment. Pathway analysis showed that GLI1 + IFT20 + tumors had a maintenance of the glycolysis over the others metabolic pathway, thus making these patients more vulnerable to anti-glycolytic compounds. Indeed, RCC4 cell lines expressing more primary cilia were more sensitive to 3bromopyruvate (3BP) treatment. Even if we didn't demonstrate it, a possible explanation for the decrease in OXPHOS found in GLI1 + IFT20 + patients could be related to the decrease of VDAC1 expression characterizing this subgroup. Accordingly, dysfunctional mitochondria with an overall decrease in OXPHOS was found to be an outcome consequent to the silencing of VDAC1 (Arif, Amsalem et al. 2019).

Finally, GLI1 + IFT20 + patients were found to be more suitable for immunotherapy with immune checkpoint PD1/PDL1 inhibitors, recently approved by the FDA [START_REF] Motzer | Avelumab plus Axitinib versus Sunitinib for Advanced Renal-Cell Carcinoma[END_REF]. Very interestingly, a recent study demonstrated a correlation between the presence of primary cilia in ccRCC tumor cells, programmed PD-1 expression and the frequency of intraepithelial CD8+ (J Dvorak , 0px et al. 2018). It was noted a statistically significant association between the frequency of primary cilia and PD-1 positivity in intestinal cancer [START_REF] Dvorak | Association of the combined parameters including the frequency of primary cilia, CD8+ tumor infiltrating lymphocytes and PD-1 expression with the outcome in intestinal cancer[END_REF]), but a possible implication of primary cilia in immunotherapeutic responses has just started to be addressed.

All these findings are subject of a research patent with INSERM transfert and we are in co-maturation with "Sociétés d'Accélération du Transfert de Technologies (SATT)" for a concrete translation of my research in clinics through several pharmaceutical companies. Knowing that 19 patients that we tested for the presence of primary cilium/VDAC1 and the two-gene signature represent a small cohort (but anyway, better than nothing), we hope in a not too far future to be able to assess our findings in a bigger cohort of patients. 

I.! Context and objectives

As shown in Chapter 2, VDAC1 is a fundamental link between mitochondria and the rest of the cell.

Its activity and its interaction with metabolic proteins, as well as with pro-and anti-apoptotic proteins, The higher metabolic capability of VDAC1-!C under hypoxia was confirmed with the OmniLog Phenotype MicroArray (a collaboration with Pr Olivier Herault-Tours), in which Vdac1 -/-+VDAC1#2 clone showed more metabolic flexibility with the capacity of metabolizing more substrates for the generation of energy than Vdac1 -/-+ MUT#2, with a non-cleavable VDAC1. Among the substrates that were unique and preferentially utilized by Vdac1 -/-+VDAC1#2 under hypoxia, D-Glucose-6-Phosphate was efficiently metabolized also by Vdac1 -/-+VDAC1-STOP#4. As reported in the introduction, D-Glucose-6-Phosphate is the product of the reaction catalyzed by HK in the first step of glycolytic pathway [START_REF] Patra | Hexokinase 2 as oncotarget[END_REF]. This is in support of the grater glycolytic metabolism measured in such clones. However, D-Glucose-6-Phosphate is found at the branching point with PPP, the major pathway for the synthesis of nucleic acids, fatty acids and for providing precursors for amino acids synthesis (Stincone, Prigione et al. 2015, Jin and[START_REF] Zhou | Crucial role of the pentose phosphate pathway in malignant tumors[END_REF], thus possibly supporting the higher rate of proliferation found in Vdac1 -/-+VDAC1#2 and Vdac1 -/-+VDAC1-STOP#1/#4 under hypoxia. This statement can be of course generalized for cancer cells, in which VDAC1-!C formed under low O 2 levels is able to confer metabolic and proliferative advantages.

III.2. VDAC1-!C and apoptosis

In addition to the increase in cellular metabolism, we demonstrated that VDAC1-!C conferred protection to apoptosis as induced by STS. Vdac1 -/-+VDAC#1/#2 clones showed a significant decrease in apoptosis under hypoxia compared to Vdac1 -/-+ MUT#1/2 clones, and the same effect was seen under normoxia for Vdac1 -/-+VDAC1-STOP/#1/4 compared to Vdac1 -/-+VDAC1#2 and +MUT#2, mimicking thus the protective effects of Vdac1 -/-+VDAC1#2 under hypoxia. The enlarged mitochondria found in Vdac1 -/-+VDAC#2 cells under hypoxia and Vdac1 -/-+VDAC1-STOP#4 cells under both normoxia and hypoxia, in addition to the metabolic efficacy, could reflect the impossibility of releasing Cyt. c due to the rearrangement of the internal cristae [START_REF] Chiche | Hypoxic enlarged mitochondria protect cancer cells from apoptotic stimuli[END_REF], Brahimi-Horn, Lacas-Gervais et al. 2015). Even if not demonstrated in this study, the inhibition of Cyt. c release by the enlarged mitochondria may be a general mechanism of apoptosis resistance associated to the presence of VDAC1-!C. Alternatively, VDAC1 oligomerization has been determined as a possible mechanism of VDAC1-mediated release of Cyt. c (see Chapter 2, section D, paragraph I.4 of the Introduction) [START_REF] Keinan | Oligomerization of the mitochondrial protein voltage-dependent anion channel is coupled to the induction of apoptosis[END_REF][START_REF] Shoshan-Barmatz | Oligomerization of the mitochondrial protein VDAC1: from structure to function and cancer therapy[END_REF][START_REF] Weisthal | Ca(2+)-mediated regulation of VDAC1 expression levels is associated with cell death induction[END_REF]. We have no insight about the oligomeric state of VDAC1-!C, nor if the oligomerization is even possible. In fact, on the assumption that the # strand 19 of VDAC1 # barrel is required for oligomerization [START_REF] Bayrhuber | Structure of the human voltage-dependent anion channel[END_REF]), this portion is lost following the cleavage, making thus theoretically impossible an imaginable oligomerization. From this, it can be speculated that, in the absence of oligomerization, a pore large enough for the passage of Cyt. c cannot be formed, preventing thus its release. For sure, further analysis to elucidate this aspect are required. Finally, since the interaction between VDAC1-!C and Bcl-X L , as well as HK, has been demonstrated [START_REF] Brahimi-Horn | Expression of a truncated active form of VDAC1 in lung cancer associates with hypoxic cell survival and correlates with progression to chemotherapy resistance[END_REF], the anti-apoptotic properties associated to VDAC1-!C could be inferred to such interaction (see Chapter 2, section D and paragraph II.2 of the Introduction).

III.3. VDAC1-!C and primary cilia formation

We confirmed, in RAS-MEF cellular model, the direct inhibitory effect of VDAC1-!C in cilia formation (Figure 37).

In hypoxia, Vdac1 -/-+VDAC#2 had a significant decrease of the percentage of primary cilia in correlation with the presence of VDAC1-!C compared to normoxia and to Vdac1 -/-+MUT#1/2 clones, lacking the hypoxic VDAC1-!C. Vdac1 -/-+VDAC1-STOP/#1/#4 had less primary cilia even in normoxic conditions compared to the other clones, suggesting that VDAC1-!C is the cause of the impairment of primary cilia that we found also in ccRCC (see ARTICLE 1). But what is the link underlying such inhibition? Rostovtseva et al showed that nanomolar concentrations of α and β tubulin heterodimers induce voltage-sensitive reversible closure of VDAC, reconstituted into planar phospholipid membranes [START_REF] Rostovtseva | Tubulin binding blocks mitochondrial voltage-dependent anion channel and regulates respiration[END_REF], with the highly negatively charged CTT of tubulin being inserted inside VDAC1 pore and mediating its blockage (see Chapter 2, section C, paragraph III of the Introduction). Interestingly, it has been shown that phosphorylation of VDAC1 on some putative sites in the cytosolic loop of the channel enhances VDAC1/tubulin interaction [START_REF] Sheldon | Phosphorylation of voltage-dependent anion channel by serine/threonine kinases governs its interaction with tubulin[END_REF]) (see Chapter 2, section B, paragraph IV.1 of the Introduction). Two of these putative phosphorylated sites are found in between the site of cleavage of VDAC1, leading us to suppose that with the formation of VDAC1-!C one of these sites could be lost, thus impacting with VDAC1/tubulin interaction. Since the dimeric tubulin is the building block of the primary cilium and that tubulin/VDAC1 restricts the diffusion of ATP and ADP through the channel [START_REF] Gurnev | Tubulin-blocked state of VDAC studied by polymer and ATP partitioning[END_REF], we hypothesized that the loss of tubulin interaction with VDAC1-!C could lead to the increase of cellular metabolism found in these conditions and, at the same time, interfere with cilia formation. Our experiments show that, by shifting the balance between depolymerized and polymerized tubulin, with the use of colchicine and taxol respectively, the tubulin state had a strong impact on both cellular metabolism and primary cilia formation. Colchicine completely disrupted primary cilia in both Vdac1 -/-+VDAC#2 and Vdac1 -/-+MUT#2 under hypoxia, leading to an increase of both OXPHOS and glycolysis. These results are in contrast of what previously described by Maldonado et al. [START_REF] Maldonado | Free tubulin modulates mitochondrial membrane potential in cancer cells[END_REF], in which colchicine had an opposite effect on the metabolism of the hepatoma cells (see Chapter 2, section C, paragraph III of the Introduction).

However, what was lately described is that interfering with tubulin/VDAC1 interaction has a strong increased in cellular metabolism [START_REF] Maldonado | Free tubulin modulates mitochondrial membrane potential in cancer cells[END_REF][START_REF] Maldonado | Voltage-dependent anion channels modulate mitochondrial metabolism in cancer cells: regulation by free tubulin and erastin[END_REF].

This suggest that the increased in both OXPHOS and glycolysis seen in the presence of VDAC1-!C may be possibly due to the loss of the interaction between tubulin/ VDAC1-!C. We don't know yet if effectively the interaction with dimeric tubulin is lost when VDAC1-!C is formed in hypoxia (differently from microtubule, see below), but the effect of colchicine in Vdac1 -/-+MUT#2 reflected and even enhanced the effect of Vdac1 -/-+VDAC#2 under hypoxia, indicating, that with the destabilization of tubulin, VDAC1/tubulin interaction could be missed. Taxol had the opposite effect, such as the induction of primary cilia and the decrease in cellular metabolism in Vdac1 -/-+VDAC#2.

It is important to note that the metabolic effect of tubulin/VDAC1 interaction are tissue-specific. For example, in highly energy demanding tissues, such as muscle, tubulin blockage of VDAC1 has been shown to enhance OXPHOS. In oxidative muscle cells the tubulin-mediated blockage of VDAC1 restricts the diffusion of ATP and ADP through the channel, but does not interfere with creatine (Cr)

and phosphocreatine (PCr) movement in or out of the mitochondria [START_REF] Timohhina | Direct measurement of energy fluxes from mitochondria into cytoplasm in permeabilized cardiac cells in situ: some evidence for Mitochondrial Interactosome[END_REF]).

This restriction allows mitochondrial creatine kinase (MtCK) to use ATP to phosphorylate Cr into

PCr, and the ADP produced is promptly shuttled back into the matrix through ANT, with which MtCK interacts in the mitochondrial IM, for the generation of ATP by ATP synthase. Importantly, it is not known yet if the binding of tubulin to VDAC1 inhibits or not the binding with HK. On the basis of our results, we can speculate that the loss of tubulin/VDAC1 interaction may favor the binding of HK to the channel, thus explaining the increase of the glycolytic along with the increase of OXPHOS.

Our results point out an important aspect, such as primary cilia can modulate cellular metabolism. As proof of concept, vismodegib, an inhibitor of Hedgehog pathway, disrupted primary cilia in Vdac1 -/- + MUT#2 cells, which was accompanied by an increase in cellular metabolism. But it could be also that the metabolism impact on primary cilia. A recent finding showed that ciliogenesis is induced by glucose deprivation in RPE1 cells under both serum-fed and -starved conditions (Takahashi, Nagai et al. 2018). Glucose deprivation is known to induce a loss of energy [START_REF] El Mjiyad | Sugar-free approaches to cancer cell killing[END_REF]) and in our case, the decrease of metabolism and ATP found in Vdac1 -/-+ MUT#1/2 under hypoxia in the absence of VDAC1-!C could be the responsible for the increased of primary cilia compared to Vdac1 -/-+VDAC#1/2. This is just a theory and future studies will make this aspect clearer.

However, the involvement of VDAC1 with cytoskeletal components has been demonstrated in this study. In Vdac1 -/-+VDAC#2 we indeed observed a clear dissociation between the dimeric and tetrameric forms of VDAC1 and microtubules in hypoxia compared to normoxia. Despite we have no insights on the oligomeric state of VDAC1-!C, this paves the way to an important consideration on the possible role of VDAC1 in directing primary cilia nucleation, which would be impaired with the formation of VDAC1-!C. Interestingly, mitochondria can function as non-centrosomal MTOCs in Drosophila, operating as a platform for microtubules elongation of the sperm tail [START_REF] Noguchi | Sustained elongation of sperm tail promoted by local remodeling of giant mitochondria in Drosophila[END_REF]. It is known that MIRO links mitochondria, where it is anchored, to Kinesins at microtubules [START_REF] Tang | MIRO GTPases in Mitochondrial Transport, Homeostasis and Pathology[END_REF]. Notably, MIRO can indirectly bind VDAC1 at the mitochondria via PINK/PARKIN [START_REF] Sun | Voltage-dependent anion channels (VDACs) recruit Parkin to defective mitochondria to promote mitochondrial autophagy[END_REF]. In our experiments we have seen mitochondria in close proximity with primary cilia, and it is possible that VDAC1/Kinesin interaction, together with dimeric tubulin [START_REF] Rostovtseva | Tubulin binding blocks mitochondrial voltage-dependent anion channel and regulates respiration[END_REF], may favor the formation of primary cilia by recruiting IFT and providing tubulin. Thus, VDAC1-!C, via impacting with its oligomeric state (see above), may lose the interaction with such partners and inhibit the formation of primary cilia (Figure 38). We are currently exploring this possibility.

ARTICLE 3 I.! Context and objectives

During my thesis, I participated in a project that aims at identifying the mitochondrial effects upon iron-sulfur (Fe-S) cluster (ISC) deficiency. ISC are cofactors found in a variety of proteins to cysteine residues and are essential for their functionality and structural stability (Braymer and Lill 2017). Mitochondria are sites for ISC biogenesis, in which ISC biosynthetic proteins are located, necessary for supplying TCA enzymes, such as aconitase and SDH, and respiratory chain complexes (Complex I-III) of Fe-S clusters [START_REF] Rouault | Biogenesis of iron-sulfur clusters in mammalian cells: new insights and relevance to human disease[END_REF]. Upon iron transport into the mitochondria by the iron carriers mitoferrin 1 and 2 (MFRN-1 and -2), such ISC biosynthetic proteins are involved in the de novo synthesis of ISC, which is orchestrated on a scaffold protein ISCU. ISCU is complexed with the cysteine desulfurase NFS1, which supplies sulfur for the synthesis of [2Fe-2S] (Braymer and Lill 2017). After an Fe-S cluster is formed, it must be transferred to recipient proteins, a reaction mediated in mammals by the co-chaperone HSPA9/HSC20 [START_REF] Uhrigshardt | Characterization of the human HSC20, an unusual DnaJ type III protein, involved in iron-sulfur cluster biogenesis[END_REF]). [2Fe-2S] can be further reduced by ferredoxin into [4Fe-4S] which can be transferred to the respiratory complexes or [2Fe-2S] can transferred into the cytosol to the cytosolic assembly (CIA) for cytosolic-nuclear Fe-S protein biogenesis [START_REF] Lill | The role of mitochondria and the CIA machinery in the maturation of cytosolic and nuclear iron-sulfur proteins[END_REF]. Iron is needed for tumor progression in early steps

RESEARCH ARTICLE

Dysfunction in the mitochondrial Fe-S assembly machinery leads to formation of the chemoresistant truncated VDAC1 isoform without HIF-1α activation

Introduction

In mammals, iron-sulfur (Fe-S) clusters are essential cofactors for numerous proteins involved in critical cellular functions, including electron transfer for oxidative phosphorylation, ribosome biogenesis, and DNA synthesis and repair [1]. Cluster maturation of all Fe-S proteins, independently of their subcellular localization, starts in the mitochondria and involves a complex iron-sulfur cluster (ISC) assembly machinery. First, the iron is imported into mitochondria by the carrier proteins mitoferrin 1 and 2 (MFRN-1 and -2), and inorganic sulfide is supplied from L-cysteine by cysteine-desulfurase NFS1 complexed to ISD11 and acyl carrier protein (ACP) [2]. Then, a [2Fe-2S] cluster is assembled on the scaffold protein ISCU with the help of frataxin (FXN) and of the ferredoxin/ferredoxin reductase reducing system. This transiently bound [2Fe-2S] can be transferred to mitochondrial [2Fe-2S]-assembling recipient apo-proteins with the participation of the chaperone and co-chaperone HSPA9/HSC20 [3,4] and glutaredoxin 5 [5]. Alternatively, it can either serve for the synthesis of [4Fe-4S] clusters and their insertion into mitochondrial [4Fe-4S]-assembling recipients (e.g. the Fe-S-containing respiratory complex subunits, the aconitase of the Krebs cycle) or it can be exported out of mitochondria via an ill-defined ISC export machinery for the maturation of extra-mitochondrial Fe-S proteins by the cytosolic assembly machinery (CIA) [1]. An efficient mitochondrial Fe-S cluster biogenesis pathway is required to maintain mitochondrial activity. Then, mutations in its components cause severe diseases currently characterized by mitochondrial dysfunction [6]. Interestingly, Fe-S proteins including NEET proteins have recently been linked to response mechanisms to cell damage, including apoptosis and autophagy regulation [7][8][9].

The voltage-dependent anion-selective channel (VDAC), also known as mitochondrial porin, is a channel-forming protein located in the outer mitochondrial membrane (OMM). VDAC is at a critical position between the mitochondrial inter-membrane space (IMS) and the cytosol, and enables metabolite exchange across the OMM, such as small hydrophilic anions, Ca 2+ and adenine nucleotides necessary for the appropriate function of the mitochondrial respiratory chain [10,11]. Beside its role in basal cell functioning, VDAC is also a key player in mitochondria-mediated apoptosis [12] and a converging target of both pro-and antiapoptotic Bcl-2 family proteins. Three isoforms of VDAC (VDAC1, VDAC2 and VDAC3), encoded by three different genes, have been identified in mammals [13]. VDAC1 and VDAC3 are pro-apoptotic and by protein oligomerization can form large pores that favor OMM permeabilization and release of apoptogenic molecules residing in the IMS, such as cytochrome c [14]. In contrast, the VDAC2 isoform is rather anti-apoptotic by interacting with BAK, a proapoptotic member of the Bcl2 family and regulating BAK-mediated cell death [15].

Limiting oxygen conditions (between 3 and 0.1%), which are called hypoxia, is a characteristic feature of many solid tumor microenvironments and often triggers molecular pathways that are responsible for tumor resistance to chemotherapy-induced apoptosis [16]. Recently, a C-terminal end truncated form of VDAC1, called VDAC1-ΔC, with an apparent molecular weight of 25 kDa on SDS-PAGE under reducing conditions, was detected in tumor cells grown under oxygen-deprived conditions [17]. This truncation involves a lysosomal endopeptidase localized at the membrane contact sites between mitochondria and lysosomes [18]. Accumulation of this hypoxic VDAC1-ΔC was associated with resistance of several cancer cell lines to apoptosis induced by chemotherapeutic agents due to interaction of VDAC1-ΔC with Bcl-X L and hexokinase II, two anti-apoptotic proteins. Although the mitochondrial inner transmembrane potential (ΔC m ) was unchanged, the protective phenotype was mainly attributed to major modifications in mitochondrial morphology, including cristae remodeling and formation of enlarged mitochondria due to imbalance in mitochondrial membrane fusion/fission dynamic processes [19]. Up to now, the formation of the truncated VDAC1-ΔC was demonstrated only under hypoxic conditions involving the stabilization and activation of the nuclear transcription factor hypoxia-inducible factor-1α (HIF-1α), which controls cell adaptation to low-oxygen conditions. Here, for the first time, we show that deficiency in mitochondrial ISC assembly machinery leads to the accumulation of VDAC1-ΔC concomitant with the appearance of an enlarged mitochondrial phenotype even when cells are grown under normoxic conditions (21% O 2 ). This phenotype was observed without HIF-1α stabilization and activation and conferred cell resistance to apoptosis induction, as previously observed with tumor cells grown in hypoxia [20]. Combining depletion of ISC assembly machinery or iron chelator treatment with hypoxic conditions (1% O 2 ) led to even greater accumulation of the VDAC1-ΔC form. We also underlined that hypoxia down-regulates several proteins of the mitochondrial ISC assembly machinery. Finally, we focused on CISD2, a Fe-S protein with a strategic localization at the contact sites between the OMM and the endoplasmic reticulum (ER), which indirectly interacts with VDAC1 [21,22]. We found out that specific depletion of this protein also induced the accumulation of VDAC1-ΔC, implying that CISD2 plays a pivotal role in the fate of VDAC1, a potential mitochondrial marker for cancer severity and prognosis.

Materials and methods

Cell culture and treatment

Human epithelial carcinoma cells (HeLa), liver hepatocellular carcinoma cells (HepG2) and human breast adenocarcinoma (MDA-MB-231) cells were cultured in Dulbecco's modified Eagle medium (DMEM, Sigma-Aldrich) containing 4.5 g/L glucose, 1 mM stable L-glutamine and supplemented with 1% penicillin-streptomycin and 10% fetal bovine serum (Lonza) under 5% CO 2 and humidified atmosphere. For hypoxic conditions, cells were grown at 37˚C in a 1% O 2 , 94% nitrogen and 5% CO 2 atmosphere for 3 and/or 6 days, as specified. Ferric ammonium citrate (FAC, 100 μM), desferrioxamine (DFO, 100 μM), CoCl 2 (200 μM, the treatment is renewed after 24 h) and staurosporine (STS, 1 μM) were from Sigma-Aldrich. Salicylaldehyde isonicotinoyl hydrazone (SIH, 10-100 μM) was a kind gift from P. Ponka (McGill University, Montreal). NO donor diethylenetriamine NONOate (DETA-NO, 50-250 μM) was from Cayman Chemical.

Epifluorescence and confocal microscopy

Cells grown on glass coverslips were incubated with 25 nM mitochondrial selective probe MitoTracker 1 Red CMXRos (Invitrogen) for 30 min and fixed in 10% formalin solution (Sigma-Aldrich) for 10 min at 37˚C. Nuclei were stained with Hoechst 33342 (1 μg/mL) for 5 min. Coverslips were mounted in a Citifluor AF2 solution (Biovalley) and cells were examined by epifluorescence under a Nikon confocal microscope. Image treatment was done using Nikon EZ-C1 software.

Preparation of cell extracts and western blot

Total protein extracts from human cell lines were obtained by harvesting cells in Laemmli buffer (0.06 M Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, protease inhibitors (Calbiochem)). Protein concentrations were determined using the BCA method. Equal amounts of proteins (50 μg) were separated on SDS-PAGE and transferred on 0.45 μm PVDF membranes. The primary antibodies used were: anti-β-actin (Sigma-Aldrich #A5441), -CAIX (carbonic anhydrase 9, NovusBio #NB100-417SS), -CIAPIN1 (Sigma-Aldrich #HPA042182), -cleaved caspase-3 (Cell Signaling #9661), -caspase-9 (5B4) (Abcam #Ab28131), -CISD2 (Proteintech #13318-1-AP), -FXN (frataxin, a gift from Dr. H. Puccio IGBMC, Illkirch, France), -HIF-1α (NovusBio #NB100-449), -HSC20 (Sigma-Aldrich #HPA018447), -ISCU (Proteintech #14812-1-AP), -mitoNEET (designed by Eurogentec), -NARFL (Sigma-Aldrich #HPA040851), -NFS1 (Proteintech #15370-1-AP), -NUBP1 (Sigma-Aldrich #HPA041656), -PARP1 (Calbiochem #AM30), -VDAC1 Nter (Interchim #AP17825PU-N), -VDACs poly (recognizing VDAC1, 2 and 3 isoforms, a gift from Dr. C. Brenner, INSERM U769, University of Paris-Sud, France), -HIF-2α (Novus #NB100-122) and-VINCULIN (Sigma-Aldrich #V9131). Secondary antibodies were anti-mouse, anti-rabbit and anti-chicken fluorescent IRDye 800CW (LI-COR) and membranes were scanned with an Odyssey 1 Imaging System (LI-COR). Quantitation was performed using Li-Cor Odyssey software. In some blot images, unnecessary lanes were cut off and clearly demarcated using black lines in the corresponding figures.

Quantitative real-time PCR analysis

Total RNA from cells was extracted using Direct-zol™ RNA system according to the manufacturer's protocol (Zymo Research), and the reverse transcription of 1 μg of total RNA was performed using the High Capacity cDNA Archive Kit (Applied Biosystems). Quantitative realtime PCR was performed using the FastStart DNA master plus SYBR green I kit and the Roche Lightcycler system (Roche Applied Sciences). Primer sequences used were: Hu-fxn (forward: 5'-AGAGGAAACGCTGGAACTCTT-3'; reverse: 5'-ACGCTTAGGTCCACTGGATG-3'), Hu-iscu2 (forward: 5'-CCCGACTCTATCACAAGAAGGTTG-3'; reverse: 5'-CATGCTGGAG CCCCCAC-3'), Hu-vegf A (forward: 5'-AAGCCCATGAAGTGGTGAAG-3'; reverse: 5'-TATGTGCTGGCTTTGGTGAG-3'), Hu-ca9 (forward: 5'-AGGATCTACCTACTGTTGAG-3'; reverse: 5'-TGGTCATCCCCTTCTTTG-3'), Hu-oct4 (forward: 5'-GCTTTGCATATCT CCTGAAG-3'; reverse: 5'-GATCACCCTGGGATATACAC-3'; Hu-glut-1 (forward: 5'-TCACACTTGGGAATCAGCCCC-3'; reverse: 5'-TTCACTGTCGTGTCGCTCTTTG-3').

Sequence-specific primers were designed to span intron-exon boundaries to generate amplicons of approximately 100 bp. Values were normalized to 18S rRNA and GAPDH mRNA.

siRNA transfections

HeLa and MDA-MB321 cells were seeded at 3.5 × 10 5 cells/cm 2 , incubated overnight and transfected with siRNA duplexes with INTERFERin™ (Polyplus Transfection) according to the manufacturer's recommendations (Life Technologies 1 ). For incubations with siRNA longer than three days, cells were transfected every three days. The siRNA duplexes were from Life Technologies 1 : iscu (s23909), nfs1 (s17265), mfrn-2 (s37872), hsc20 (s45405), cisd2 (s54620), negative control (#4390843) and used at a final concentration of 10 nM.

Cell fractionation

Mitochondria were prepared using a conventional differential centrifugation procedure. Briefly, HepG2 cells were seeded in 140 mm dishes and treated with DMSO (control) or with 50 μM SIH for 16 h. Cells were collected and washed with PBS buffer and allowed to swell for 15 min in an ice-cold hypotonic buffer (250 mM sucrose, 0.1 mM EDTA, 1 mM EGTA, 10 mM Hepes-KOH, pH 7.4, protease inhibitor cocktail (Sigma-Aldrich)). Cell disruption was performed by passing cells in a Dounce homogenizer. The homogenate was spun at 700 ×g for 10 min at 4˚C to remove nuclei and debris, and the supernatant was spun at 10,000 ×g for 20 min at 4˚C to separate the mitochondrial (pellet) from the cytosolic fraction (supernatant). The mitochondrial pellets were washed with isotonic buffer for mitochondria (250 mM sucrose, 5 mM succinate, 5 mM KH 2 PO 4 , 10 mM Hepes-KOH pH 7.4, protease inhibitor cocktail), spun again at 10,000 ×g for 20 min at 4˚C and extracted in Laemmli buffer to a final concentration of 2-3 μg/μL. VDAC and VDAC1-ΔC protein levels and controls for each fraction (mitoNEET for mitochondrial and NUBP1 for cytosolic fractions) were assayed by immunoblotting.

Mitochondrial membrane potential

Cells were analyzed for hallmarks of mitochondrial depolarization by using the membranepermeable JC-1 (5,5',6,6'-tetrachloro-1,1',3,3' tetraethylbenzimidazolylcarbocyanine iodide) dye according to the manufacturer's protocol (Biotium). Flow cytometry analysis was performed on an FC500 Beckman Coulter instrument.

Statistical analysis-All results are presented as the mean +/-standard deviation of at least three independent experiments. Data were analyzed using one-way ANOVA analysis of variance with SigmaPlot. The Dunnett's test was performed for all multiple comparisons versus control group. The Student-Newman-Keuls test was used for all pairwise comparisons of mean responses among the different treatment groups. Differences between groups were considered significant if the p value was less than 0.05, and mentioned in the figure legends.

Results

Knock-down of proteins of the mitochondrial ISC machinery causes hypoxic-like macro-mitochondria and accumulation of a truncated VDAC1 isoform, VDAC 25K

Several Fe-S proteins perform critical functions in the mitochondrion, such as mitochondrial respiration (Fe-S subunits of complexes I, II and III) and the Krebs cycle (mitochondrial aconitase). Therefore, to examine the effects of ISC deficiency on mitochondrial network, we used different siRNAs to selectively deplete the iron carrier MFRN2 or proteins of the mitochondrial ISC machinery (NFS1, ISCU and HSC20) in HeLa cells grown in normoxia (21% of O 2 ). We knew from previous studies that most of the proteins involved in the maturation of Fe-S cluster are quite stable and up to 6 days of mRNA depletion are necessary to see highest level of depletion of the corresponding protein. Then, six days after transfection, living cells were stained with CMXRos probe to visualize the mitochondrial network (Fig 1A). In comparison with control cells (cells transfected with a negative control siRNA, Neg. Ctrl. siRNA), knockdown of MFRN2 and of ISC proteins (ISCU, NFS1 and HSC20) led to aberrant mitochondrial distribution, loss of the network and formation of mostly perinuclear aggregates of enlarged mitochondria (56%, 30%, 55%, and 32% of the cells have enlarged mitochondria when iscu, nfs1, mfrn2, and hsc20 were respectively knocked-down). However, CMXRos probe staining (Fig 1A) still suggested maintenance of a mitochondrial transmembrane potential (ΔCm). Moreover, flow cytometry analysis after JC-1 staining confirmed that, even in the more drastic conditions (6-day treatment with iscu siRNA), ΔCm was not significantly affected (S1 Fig) .  Efficiency of the silencing was confirmed either by immunoblotting (ISCU and HSC20) or by RT-qPCR (nfs1 and mfrn2) 24H after transfection due to the fact that mRNA depletion using siRNA is a fast process (Fig 1B). Then, we checked with another human cancer cell line, the breast cancer MDA-MB-231 cells, that similar observations could be made. We depleted iscu for 6 days using siRNA and looked at the mitochondrial network using CMXRos probe staining. As for HeLa cells, depletion of ISCU protein led to the formation of giant mitochondria with a disturbed mitochondrial network (S2 Fig) .  As similar enlarged mitochondria with cristae reorganization have been observed in tumor cells grown in hypoxia [17], HeLa cells were submitted to 1% O 2 for 5 days and the mitochondrial network was compared with that obtained after ISC assembly depletion in normoxia In tumor cells grown in hypoxia, this mitochondrial phenotype was previously linked to a C-terminal truncation of VDAC1 (VDAC1-ΔC form) with an apparent migration of 25 kDa on reducing SDS-PAGE gel [17,18,23]. Using a polyclonal anti-VDAC antibody (VDACs poly), which detects all three isoforms of VDAC, we observed that depletion of MFRN2 and proteins of the ISC assembly machinery (ISCU, NFS1, HSC20) induced the formation of a truncated form of VDAC (VDAD 25K ) in normoxia in HeLa cells (Fig 1B ) with a migration on SDS-PAGE similar to that of VDAC1-ΔC observed previously in cells grown in hypoxia. Kinetics studies of the siRNA treatments were performed and showed that VDAD 25K accumulated over time when depletion of MFRN2, ISCU, NFS1 and HSC20 was maintained (S4 Fig) .  A 6-day iscu or mfrn2 siRNA treatment induced 6.0+/-2.3% and 3.9+/-0.9%, of VDAC 25K accumulation, respectively, a cleavage level equivalent to what we obtained with HeLa cells under hypoxic conditions (5.2 +/-1.4%). This truncated form is barely detected in cells transfected with control siRNAs (Fig 1B and S4 Fig).

In order to discriminate the intrinsic role of Fe-S deficiency towards hypoxia in the formation of VDAD 25K , we then studied whether depletion of MFRN2 and of mitochondrial ISC assembly proteins in HeLa cells in normoxia induces the stabilization of hypoxia central transcription factor HIF-1α (Fig 1C ) or the expression of one of its main transcriptional targets, carbonic anhydrase IX, at both mRNA (ca9, S5 Fig 

Fe-S cluster assembly deficiency leads to truncation of VDAC1

Cellular iron availability is central for Fe-S cluster biogenesis as iron deprivation leads to Fe-S cluster deficiency. Interestingly, it is well known that intracellular iron deficit can mimic hypoxia through inhibition of iron-dependent prolyl-4-hydroxylases [25][26][27][28][29]. However, the impact of cellular iron availability on the fate of VDAC has never been tested before, so we examined its impact on the formation of VDAC 25K in living cells. First, cells were exposed to ferric ammonium citrate (FAC) to induce intracellular iron overload or to DFO to deplete cellular iron. Formation of VDAC 25K is largely induced by overnight DFO treatment, while the truncated form is not observed after similar FAC treatment (Fig 2A). Furthermore, we decided to compare the kinetics of VDAC 25K formation induced by two iron chelators, DFO and salicylaldehyde isonicotinoyl hydrazone (SIH), which is a more cell permeable chelator. After 16 h of treatment, VDAC 25K appeared with both treatments with a stronger effect for SIH (Fig 2B). We noticed that the formation of VDAC 25K in iron-deficient cells is faster than observed previously in hypoxia [17]. In both cases, the protein level of VDAC 25K remained stable, up to at least 3 days (Fig 2B). We then examined the sub-cellular location of VDAC 25K in iron-deficient cells by performing cell fractionation after overnight treatment with SIH. The purity of mitochondrial-enriched and cytosolic fractions was assessed using the outer mitochondrial membrane protein mitoNEET and the cytosolic NUBP1 (Fig 2C). Clearly, VDAC 25K is found in the mitochondrial-enriched fraction as VDAC1 and the hypoxia-induced VDAC1-ΔC [17]. Moreover, we also used a nitric oxide-releasing compound, which is well known to trigger Fe-S cluster disassembly [30][31][32], to assess the fate of VDAC. We showed that VDAC 25K also accumulated in cells treated with DETA-NO, an NO donor that mimics endogenous NO production by NO synthase 2, in a dose-dependent manner (Fig 2D). Finally, we checked that cellular iron chelation with SIH induced stabilization of HIF-1α and expression of its target CAIX (Fig 2D), as previously observed by others with DFO treatments or with an NO donor [33,34].

Next, we further investigated whether VDAC 25K corresponds to the previously identified hypoxia-induced VDAC1-ΔC [17] by using a VDAC antibody (VDAC1-Nter) that specifically recognizes an epitope within the N-terminal region of human VDAC1 (Fig 2E). Using this specific antibody, we still detected the accumulation of VDAC 25K when ISCU was depleted in HeLa cells grown in normoxia without CAIX induction (Fig 2E lane 7). We unambiguously showed that this shorter form of VDAC is VDAC1-ΔC, which accumulated also under conditions that activate HIF-1α (presence of CAIX), such as 1% hypoxia (lane 2), SIH (lane 4) or NO (lane 5) treatments. We observed that knock-down of ISCU further increased VDAC1-ΔC accumulation when cells were grown under hypoxic conditions (Fig 2F, compare lanes 3 and 4) at a level similar to that observed when cells were treated with DFO (Fig 2F lane 5). Thus, for the first time, by depletion of the mitochondrial iron importer MFRN2 or of proteins of the ISC machinery, we were able to induce in normoxia a C-terminal truncation of VDAC1 similar to what was observed in cancer cells grown in hypoxia. Thus, for greater clarity, we will use the term VDAC1-ΔC previously employed, for the VDAC 25K form we observed in our experiments.

Components of the core ISC assembly machinery are downregulated in hypoxia

It has previously been shown that hypoxic exposure of cells leads to downregulation of the scaffold ISCU at a post-transcriptional level by miR-210, one of the most hypoxia-sensitive miRNAs, in human pulmonary arterial endothelial cells (HPAEC) [25,35]. Here, we showed that ISCU was also diminished at the protein level in another human cell type, the cervical cancer cell line HeLa, grown under hypoxic conditions for 3 to 6 days (Fig 3A lanes 2 and4). Our results and those already mentioned above led us to investigate whether two other ISC components, frataxin (FXN) and NFS1, which form a complex with ISCU (the core ISCassembly machinery), were affected by hypoxia. We observed that both proteins (FXN and NFS1) were downregulated in cells and that their low protein levels were maintained after 6 days in 1% O 2 (Fig 3A). In addition, comparable decrease in FXN and ISCU protein levels was confirmed by chemical stabilization of HIF-1α using the prolyl hydroxylase inhibitor cobalt chloride (CoCl 2 ) (Fig 3B ). By RT-qPCR analysis, we also showed a marked decrease of not only ISCU but also FXN at the mRNA level in hypoxia (Fig 3C). In parallel, HIF-1α activation was confirmed by the increase of the mRNA level of its target gene vegf A (Fig 3C). Finally, we decided to investigate whether additional proteins involved in Fe-S cluster biogenesis, which are part of either the late step of mitochondrial ISC assembly (HSC20) or of the cytosolic Fe-S assembly CIA machinery (CIAPIN1, NUBP1 and NARFL), were also regulated in hypoxia. In contrast to what we observed for the upstream mitochondrial ISC components (NFS1, ISCU and FXN), protein levels of HSC20, CIAPIN1, NUBP1 and NARFL were unchanged in cells cultivated under hypoxic conditions as compared to those cultivated under normoxic conditions, even after 6 days (Fig 3A and3D). In conclusion, we showed that ISCU, FXN and NFS1, which belong to the core ISC complex, were specifically downregulated in hypoxia in HeLa cells.

Deficiency of mitochondrial Fe-S cluster assembly prevents caspase-3 activation

In this study, we have shown the accumulation of truncated VDAC1-ΔC when either the mitochondrial iron importer MFRN2 or components of the mitochondrial ISC assembly machinery were depleted in living cells. Considering previous reports showing that, in hypoxia, accumulation of VDAC1-ΔC is linked to cell chemoresistance [17], we asked whether the depletion of MFRN2 or of proteins of the mitochondrial ISC assembly machinery could also intrinsically modify cellular sensitivity to drug-induced apoptosis. To solve this issue, we first checked whether MFRN2 deficiency and protein depletion in the ISC machinery induce apoptosis per se by analyzing nuclear morphology and two apoptotic events, namely the cleavages of caspase 3 and of poly (ADP-ribose) polymerase-1 (PARP1). No apoptosis was observed by epifluorescence microscopy when nuclei were stained with Hoechst 33342 after 6 days of iscu, nfs1, mfrn2 or hsc20 silencing by siRNA (Fig 4A). In contrast, a 4 h-treatment with staurosporine (STS 4 h)-a classic apoptotic drug used here as apoptotic inducer control-led to enhanced fluorescence intensity, indicating nucleus fragmentation and condensation (Fig 4A). Using immunoblotting analysis, we then showed cleavage, and consequently activation, of the apoptotic effector caspase 3 (cleaved C3) by STS treatment, but not by the knock-down of ISCU (Fig 4B). Apoptotic caspase 3 activation leads to the proteolytic cleavage of PARP1 into a 90 kDa fragment [36,37]. We showed that PARP1 cleavage was detected only after STS treatment, but not in cells with a reduced level of ISCU (Fig 4B). Similar results concerning caspase 3 and PARP1 were observed with cells depleted for MFRN2 or the two other members of the ISC machinery, NFS1 and HSC20 (Fig 4C ).

We then determined whether depletion of proteins involved in the maturation of Fe-S clusters conferred cell resistance to induction of apoptosis. For this purpose, we chose to perform knock-down of MFRN2 and of ISCU by siRNA for 6 days, which induced the highest level of accumulation of VDAC1-ΔC in our conditions (Fig 1B and S4A and S4B Fig). Our data showed that depletion of MFRN2 and of proteins of the mitochondrial ISC machinery confers cell resistance to effector caspase activation by an apoptotic treatment like STS, as demonstrated previously with cancer cells grown under hypoxic conditions [20].

CISD2 depletion leads to the accumulation of VDAC1-ΔC in normoxia

We next attempted to identify the link between ISC machinery downregulation and accumulation of the anti-apoptotic VDAC1-ΔC. First, we asked whether VDAC1 could harbor a still unidentified Fe-S cluster that could be necessary to protect it against truncation, because of the presence in VDAC1, 2 and 3 of residues, including cysteine residues, which could coordinate such a cofactor. The aerobic lability of Fe-S clusters makes their identification difficult. Then, the anaerobic in vitro reconstitution of Fe-S clusters is a 'gold standard' method to assess the ability of a protein to bind to such clusters [38,39]. Thus, in order to determine if VDAC could accommodate an Fe-S cluster, we first overexpressed human VDAC1 and VDAC2 in E. coli and purified them on lauryldimethylamine oxide (LDAO) detergent micelles using already published protocols [40][41][42]. We then performed chemical Fe-S cluster reconstitution using the purified proteins by addition of ferric salt, sulfide under reducing and anaerobic conditions using classic protocols [38,43] and observed that purified VDAC1 and VDAC2 were unable to insert an Fe-S cluster at least in these conditions.

Our data led us to look at known Fe-S proteins in which impaired maturation could be linked to the cleavage of VDAC1. CISD2 is a member of the CDGSH iron-sulfur domain (CISD) family that has recently been implicated in the regulation of autophagy and apoptosis through its interaction with BCL-2 and beclin1 at the endoplasmic reticulum (ER) [22]. At the ER, CISD2 interacts with the inositol 1,4,5-triphosphate receptor (IP 3 R), which interacts with https://doi.org/10.1371/journal.pone.0194782.g004 HSPA9 (or GRP75/mortalin), the chaperone protein also involved in the mitochondrial ISC machinery. Strikingly, HSPA9 directly interacts with VDAC1 at the OMM [21], suggesting a potential link between the ER Fe-S protein CISD2 and mitochondrial VDAC1. Interestingly, although located at the ER membrane, CISD2 knock-out in mice causes mitochondrial dysfunction [44,45] and elongation of mitochondria with extensive compact cristae remodeling [46,47]. Finally, the fibroblasts of a patient with a point mutation in CISD2 present a more elongated mitochondrial network [48]. To determine if CISD2 is involved in VDAC1 truncation, we depleted HeLa cells for CISD2 using siRNA for 3 days. In parallel, we used either nfs1 siRNAs as positive control for the VDAC1-ΔC accumulation, or scramble siRNA as negative control (NC). The depletion of CISD2 was confirmed both at the protein level by western blot and at the mRNA level by RT-qPCR (Fig 5A and5B). Here, we observed that knock-down of CISD2 leads to VDAC1-ΔC accumulation at a level similar to that observed in NFS1-depleted cells. Our findings led us to propose that CISD2 is an important link between deficiency in mitochondrial Fe-S cluster protein biogenesis and C-terminal truncation of VDAC1 in normoxia.

Discussion

When cells are grown under limiting oxygen conditions (hypoxia), the transcriptional activator HIF-1α (hypoxia-inducible factor-1) accumulates, is transported to the nucleus and upregulates expression of hypoxia target genes. Moreover, under these growth conditions, the morphology of mitochondria changes from a tubular network to an unusual enlarged morphology (giant mitochondria) due to imbalance between mitochondrial fusion and fission. These mitochondrial modifications are associated with resistance to cell death [20], accumulation of a C-terminal truncated form of VDAC1 (VDAC1-ΔC) and cell resistance to chemotherapy-induced apoptosis [17][18][19]. Moreover, VDAC1-ΔC has been detected in tumor tissues of patients with early (stage I) and late (stage III) stage tumors. Its accumulation has thus been considered as a marker of tumor progression [17] and has, up to now, been associated with the accumulation of HIF-1α transcription factor due to hypoxic conditions. In addition to oxygen-dependent stabilization, HIF-1α (stability and activity) is also regulated by diverse mechanisms including ERK phosphorylation and nitric oxide [33]. Recently, it was shown that deficiency in ERK-dependent phosphorylation induces the relocation of hypoxia-induced HIF-1α to the OMM, its interaction with HSPA9 and C-terminal truncation of VDAC1 [49]. Here, for the first time, by impairing Fe-S cluster biogenesis by depletion of proteins involved in mitochondrial iron import (MFRN2) or in the mitochondrial ISC machinery (ISCU, NFS1 and HSC20), we demonstrate the accumulation of VDAC1-ΔC under normoxic conditions (21% O 2 ) without HIF-1α/HIF-2α stabilization/activation in HeLa cells (Fig 6). After a 3-day siRNA extinction, the cleavage of VDAC is already clearly visible by immunoblotting in the case of iscu siRNA (apparition of a faint band at 25 kDa in Fig 2E) but the cleavage is stronger after 6 days of extinction (Fig 1B and S4 Fig). Depletion of ISC protein induces roughly 5% of truncated VDAC1 as we obtained under hypoxic conditions. VDAC1 is an abundant mitochondrial protein and this relatively small proportion of VDAC1 truncation is sufficient to modify drastically the mitochondrial phenotype (formation of giant mitochondria) and to induce resistance to pro-apoptotic drug. Similar giant mitochondria were observed when ISCU was depleted in the breast cancer cell line MDA-MB-231. Previous studies have shown that downregulation of ISC machinery can occur in physiological conditions. Indeed, in IFNgamma-and LPS-activated macrophages the mitochondrial ISC machinery is downregulated [50] and the oxidative stress level is high. It is therefore tempting to speculate that inflammatory macrophages could accumulate VDAC1-ΔC, which might prevent the undesired activation of apoptosis in macrophages.

Hypoxia downregulates several proteins of the mitochondrial ISC machinery

In solid tumors, cells grow rapidly and cause the formation of regions of hypoxia, which induces a cellular adaptive response leading to a metabolic shift involving the stabilization of HIF-1α, one of the major signatures of this cellular response. One consequence of HIF-1α activation is the upregulation of miR-210 [51], which is associated with cancer progression and poor prognosis [29]. It was previously shown that expression of miR-210 in hypoxia downregulates the ISC platform ISCU [35,52], promotes Fe-S cluster deficiency [25], and suppresses iron homeostasis-related proteins [53]. Here, we demonstrate that hypoxia affects not only ISCU, but also at least two other proteins of the mitochondrial ISC core machinery, namely FXN and NFS1. This downregulation of the ISC core machinery in hypoxia could explain the crosstalk between HIF-1α activation and ISC deficiency in VDAC1-ΔC formation and, consequently, the higher VDAC1 cleavage in hypoxia and dysregulation of Fe homeostasis/Fe-S cluster maturation (Fig 6).

VDAC does not seem to harbor an Fe-S cluster

We decided to investigate the molecular mechanisms linking Fe-S cluster maturation and VDAC truncation, and to identify which Fe-S, affected by mitochondrial ISC deficit, induces VDAC truncation. First, we hypothesized that VDAC might be an Fe-S protein and that the assembly of its Fe-S cluster could protect it from truncation. Fe-S clusters are often necessary to maintain protein structure [54]. Contrarily, in glutamine phosphoribosylpyrophosphate aminotransferase (GPAT), the insertion of its cluster is necessary for the cleavage of the N-terminal residues to generate its mature form [55]. Fe-S clusters are typically bound to the polypeptide through side chains of cysteine residues, but non-cysteinyl coordination involving mostly histidine residues is also found [56]. Analysis of human VDAC sequences shows that VDAC1 harbors 2 cysteines while 9 and 6 are found in VDAC2 and VDAC3, respectively. In the VDAC3 isoform, cysteines form disulfide bonds involved in the regulation of pore size in response to redox variations [57][58][59]. Cysteines present in VDAC2 are clearly important for the overall architecture of the protein [60,61]. In VDAC1, cysteine residues are not essential for the channel activity of the protein, but could be important for its oligomerization [62]. In addition to the cysteine residues, VDAC1 and VDAC2 also possess 3 and 4 histidine residues, respectively. We purified human VDAC1 and VDAC2 on micelles under aerobic conditions and tried chemically to reconstitute an Fe-S cluster in both proteins under anaerobic and reducing conditions. In both cases, a cluster could not be introduced into purified proteins. Thus, we have no indication that VDAC could harbor an Fe-S cluster. [17,18], respectively. Hypoxia stabilizes and activates HIF-1α ( 1) and leads to drastic changes in mitochondrial morphology [17] and VDAC1-ΔC accumulation [18](2). In the present study, we showed that hypoxia leads to the downregulation of NFS1, FXN and ISCU, three components of the mitochondrial ISC core machinery (3). Whether this regulation directly involves HIF-1α remains to be explored (4). Subsequently, deficit in Fe-S cluster biogenesis leads to the loss of the mitochondrial network, appearance of enlarged mitochondria and accumulation of VDAC1-ΔC. We identified the MAM-anchored Fe-S protein CISD2 as a key protein for the cellular fate of VDAC1 (5). We still cannot exclude that CISD2 is the only Fe-S protein involved in this process (6). Interestingly, when components of the ISC core machinery were silenced by siRNA in hypoxia, VDAC1-ΔC levels were increased compared to hypoxia alone. https://doi.org/10.1371/journal.pone.0194782.g006

Fe-S protein CISD2, a key player in VDAC1 truncation

We focused on Fe-S proteins in the close environment of VDAC1 and identified CISD2 as a promising candidate. CISD2 belongs to the CDGSH iron-sulfur domain (CISD) family and is anchored to the ER at the level of contact sites with the mitochondria, within MAM (mitochondria-associated membrane) microdomains, and with its Fe-S cluster in the cytosol. Like other Fe-S proteins, maturation of the CISD2 cluster depends on, at least, the mitochondrial ISC machinery. Thus, a flaw in the mitochondrial ISC affects the maturation of its cluster (Fig 6). On the one hand, CISD2 interacts with BCL-2 at the ER and affects its interaction with the tumor suppressor beclin1. Thus, CISD2 is a regulator of the initiation of autophagy in conditions of nutrient deprivation [22]. On the other hand, this protein interacts with IP 3 R [22], which forms a protein complex with HSPA9 and VDAC1 [21]. In addition, mutation [48] or knock-out [46,47] of cisd2 induced elongation of mitochondria. We found out that CISD2 depletion in HeLa cells induced VDAC truncation to an extent similar to ISC machinery depletion. Thus, we propose that CISD2 could be a link between deficiency in Fe-S cluster protein biogenesis and cleavage of VDAC1 in normoxia (Fig 6). Moreover, this study confirms the critical role of CISD2 at the crossroads between the apoptosis and autophagy regulation pathways [63]. We know that its Fe-S cluster is redox active and that at least some of its biochemical properties are regulated by the redox state of its cluster [64]. More biochemical studies are needed to describe finely how CISD2 can regulate the autophagy/apoptosis pathways and the exact role of its cluster in this regulation.

Use of iron chelator in cancer treatment?

Finally, we would like to address the clinical use of iron chelators such as desferrioxamine (DFO, Desferal Ѓ ), deferiprone (Ferriprox Ѓ ) and deferasirox (Exjade Ѓ ) for patients with iron overload disorders [65]. Currently, some of these agents (such as DFO) are also under preclinical investigation as anticancer chemotherapeutics due their ability to arrest tumor growth [66,67,68] and to lower iron in the body [69]. Increased tumor resistance to classic chemotherapeutic agents is observed when iron levels rise [65]. Moreover, high iron availability is necessary for cancer cells to maintain their intensive proliferation [65]. However, in this work, we demonstrated that treatments of HeLa cells with at least two iron chelators induce rapid and intense accumulation of anti-apoptotic VDAC1-ΔC. In conclusion, these results raise the question of the risk associated with chemotherapy resistance by the induction of VDAC1 cleavage, due to combined chemotherapeutic treatments with iron chelators.
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III.! Conclusions and discussions

Is VDAC1-!C a prerogative of hypoxia or HIF-stabilization? From this study, we can deduce that the cleavage of VDAC1 can occur also in normoxic conditions. In fact, normoxic depletion of essential protein of ISC assembly machinery induced enlarged mitochondria and the formation of VDAC1-!C in the absence of HIF stabilization that was responsible for the resistance to STS-induced apoptosis, as previously demonstrated (see ARTICLE 2).

III.1. Is VDAC1-!C the cause of ISC-related diseases?

Many human diseases are characterized by defects in ISC biogenesis, affecting principally the central nervous system, heart and skeletal muscles [START_REF] Rouault | Biogenesis of iron-sulfur clusters in mammalian cells: new insights and relevance to human disease[END_REF]. ISC-related diseases are generally characterized by defects of respiratory chain complexes. Among them, ISCU myopathy is caused by a splicing mutation of ISCU exclusively in skeletal muscles, causing a deficiency of ISCU protein and, consequently, respiratory chain defects in such tissue [START_REF] Kollberg | Clinical manifestation and a new ISCU mutation in iron-sulphur cluster deficiency myopathy[END_REF]). This disease is characterized by life-long exercise intolerance, which can cause tachycardia and palpitations, dyspnea, muscle fatigue, and lactic acidosis [START_REF] Linderholm | Hereditary abnormal muscle metabolism with hyperkinetic circulation during exercise[END_REF]. Since skeletal muscles are known source of ROS [START_REF] Kavazis | Mechanical ventilation induces diaphragmatic mitochondrial dysfunction and increased oxidant production[END_REF]), which target Fe-S proteins, and since defects in respiratory chain mediated by ISC biogenesis impairment increase ROS production [START_REF] Kirkinezos | Reactive oxygen species and mitochondrial diseases[END_REF], a study identified ROS as responsible for a further depletion of ISCU in patients myoblast [START_REF] Crooks | Tissue specificity of a human mitochondrial disease: differentiation-enhanced mis-splicing of the Fe-S scaffold gene ISCU renders patient cells more sensitive to oxidative stress in ISCU myopathy[END_REF].

It is known that VDAC1 is involved in ROS release from mitochondrial IMS to the cytosol and that HK binding to VDAC1 decreases their release (Shoshan-Barmatz, [START_REF] Maldonado | VDAC-Tubulin, an Anti-Warburg Pro-Oxidant Switch[END_REF]. However, we have no insights about the role of VDAC1-!C in ROS trafficking. An open question remains on the role of VDAC1-!C in mediating the ROS-dependent phenotype of such diseases that could explain the involvement of VDAC1-!C upon ISCU depletion as cause of such pathologies.

III.2. Is the reduced expression of ISC assembly machinery a must for the cleavage of VDAC1?

These results uncover the existence of VDAC1-!C under normoxia via the downregulation of ISC assembly machinery components. However, hypoxia itself was able to induce the downregulation of such proteins. This raises the question about if the downregulation of ISC biosynthetic proteins is a common event underlying VDAC1 cleavage. It has been shown that ROS generation is required for HIF stabilization under hypoxic conditions [START_REF] Brunelle | Oxygen sensing requires mitochondrial ROS but not oxidative phosphorylation[END_REF]. Thus, the hypoxia-mediated downregulation of ISC machinery found here and previously [START_REF] Chan | MicroRNA-210 controls mitochondrial metabolism during hypoxia by repressing the iron-sulfur cluster assembly proteins ISCU1/2[END_REF], could be a common feedback strategy allowing further stabilization of HIF in order to increase VDAC1-!C formation. In hypoxia, by pushing the system with the further downregulation of ISC assembly proteins by siRNAs, we found indeed increased levels of VDAC1-!C.

However, this does not explain the presence of VDAC1-!C in normoxia, in which iron deprivation was shown to induce HIF stabilization through inactivation of PHD (see Chapter 1, section B and paragraph II of the Introduction) (Chepelev and Willmore 2011). By contrast, no sign of HIF stabilization was seen in normoxia in this study, meaning that other molecular pathways are involved.

III.3. Which are the molecular actors of the normoxic cleavage of VDAC1?

The Fe-S protein CISD2 depletion was indeed found to be essential for the cleavage of VDAC1, but the involvement of the endopeptidase LGMN or other endopeptidases involved in VDAC1 cleavage, such as Calpain 1 [START_REF] Pahima | Hypoxic-induced truncation of voltage-dependent anion channel 1 is mediated by both asparagine endopeptidase and calpain 1 activities[END_REF], have not been assessed yet.

CISD2 is found at mitochondrial MAM interacting with IP 3 R and Bcl-2, acting with the latter in antagonizing autophagy at the ER through the binding of Beclin-1 [START_REF] Chang | Antagonism of Beclin 1-dependent autophagy by BCL-2 at the endoplasmic reticulum requires NAF-1[END_REF]. Its depletion can thus promote autophagy, but it was previously shown that autophagy is not involved in VDAC1-!C formation either in hypoxia or normoxia (Brahimi-Horn, Lacas-Gervais et al. 2015).

III.4. Fe and VDAC in cancer

Fe is needed for tumor progression in early steps of tumor development, for the proliferation of transformed cells, but also during late stages for promoting metastasis [START_REF] Jung | Iron as a Central Player and Promising Target in Cancer Progression[END_REF]). It has recently been demonstrated that VDAC can interact with mitoNEET (mNT), essential for Fe homeostasis and associated with cancer [START_REF] Lipper | Redox-dependent gating of VDAC by mitoNEET[END_REF]. This interaction promotes Fe/Fe-S flux into the mitochondria and, interestingly, mNT has been found to regulate mitochondrial OXPHOS [START_REF] Wiley | MitoNEET is an iron-containing outer mitochondrial membrane protein that regulates oxidative capacity[END_REF]) and to increase OXPHOS proteins and autophagy resistance in breast cancer, promoting tumor growth [START_REF] Salem | Mitochondrial biogenesis in epithelial cancer cells promotes breast cancer tumor growth and confers autophagy resistance[END_REF]). An intriguing possibility could be that the depletion of ISC machinery induces VDAC1-!C in normoxia to compensate Fe deficiency through its interaction with mNT, to further sustain OXPHOS in cancer cells. However, an unexplored question in our system is whether VDAC1-!C may potentiate OXPHOS upon ISCU machinery depletion in normoxia or iron chelators treatment. Moreover, an increased tumor resistance to classic chemotherapeutic agents is observed when iron levels rise (Torti and Torti 2013), making the link VDAC1-!C-iron overload in cancer possible.

The involvement of VDAC1 on iron regulation has just started to be elucidated, and this study shed light about the link between VDAC1-!C and ISC machinery deficiency (Figure 39). correlated with poor prognosis [START_REF] Emoto | Presence of primary cilia in cancer cells correlates with prognosis of pancreatic ductal adenocarcinoma[END_REF]. These results suggest that different fates of tumoral primary cilium influence differently cancer development, and that primary cilia have flexible and diverse functions in cancer adaptation.

For the first time, our studies provide evidences for the different roles of primary cilia in the development of ccRCC, in which an increased presence of primary cilia found in 12-18% of patients drives poor outcomes. We have found that the cilium fate in ccRCC is dependent on the presence of VDAC1-!C, which represses cilium formation independently of pVHL inactivation.

ccRCC is characterized by intratumoral and intertumoral heterogeneity [START_REF] Sanchez | Genetic and metabolic hallmarks of clear cell renal cell carcinoma[END_REF] and pVHL inactivation, although present in the majority of patients, is not the only oncogenic mutation characterizing ccRCCs. Among the pathway found dysregulated in ccRCCs, PDGF, EGF, Wnt, mTOR and MAPK pathways [START_REF] Banumathy | Signaling pathways in renal cell carcinoma[END_REF]Cairns 2010, Wang, Sun et al. 2015) are associated with tumor insurgence and are tightly coordinated by the primary cilium [START_REF] Fabbri | Primary Cilium in Cancer Hallmarks[END_REF][START_REF] Higgins | Primary cilia and their role in cancer[END_REF]. Our RAS-transformed MEFs cellular model, although being a far model from the human ccRCC, recapitulates the dysregulation in MAPK pathway found in ccRCCs and, in this model, we confirmed the inhibitory role of VDAC1-!C on primary cilia expression.

Of particular importance is the fact that mTOR, PDGF and Wnt signaling were found dysregulated following cilia loss in ccRCCs [START_REF] Jonasch | State of the science: an update on renal cell carcinoma[END_REF][START_REF] Wheway | Signaling through the Primary Cilium[END_REF]. Future studies will address the following questions: what is the impact of VDAC1-!C-mediated cilia loss in the oncogenic signaling in ccRCCs? And more in particular, are there any differences regarding such pathways between ccRCC tumors characterized by cilia loss and tumors with increased expression of cilia? Does the primary cilium in the "primary cilium expressing" group mediate specific pathways associated with aggressiveness?

Since the role of cilia loss in receptor TK signaling-mediating tumorigenesis is controversial, i.e.

PDGF (see Chapter 3, section C and paragraph II of the Introduction) and that receptor TK were found to mediate resistance to chemotherapy in several cancer cell lines through the primary cilium mediated regulation of Hedgehog signaling (Jenks, Vyse et al. 2018), it is of great importance to predict which tumor growth pathways are most likely to be impacted between our two groups of ccRCCs, such as VDAC1-!C-mediated cilia loss group and in primary cilia expressing group in the absence of VDAC1-!C. Targeted therapy with TK and mTOR inhibitors are currently in use for ccRCC treatments [START_REF] Atkins | Current and emerging therapies for first-line treatment of metastatic clear cell renal cell carcinoma[END_REF]. The careful analysis of the signaling pathway implicated in the two groups could ulteriorly help in predicting the best treatments for ccRCC patients, in addition to immunotherapy.

Is VDAC1-!C-mediated cilia loss a rule in cancer? And, viceversa, does the absence of VDAC1-!C mediate an increase in the expression of primary cilia in other cancer types?

VDAC1-!C has been previously correlated to late stage tumors of lung adenocarcinoma patients [START_REF] Brahimi-Horn | Expression of a truncated active form of VDAC1 in lung cancer associates with hypoxic cell survival and correlates with progression to chemotherapy resistance[END_REF]. It is interesting to notice that control lung adenocarcinoma HCC4006 cells were found to completely lack primary cilia, whereas erlotinib-resistant HCC4006

showed a marked increase of ciliation (Jenks, Vyse et al. 2018). Thus, we cannot exclude the possibility that, also for this cancer type, the absence of VDAC1-!C may induce an increase of ciliation for a subset of patients, which would be responsible for the resistance to such treatment.

Indeed, the cilium-mediated Hedgehog is responsible for CSCs phenotype and resistance to treatments in lung cancer [START_REF] Giroux-Leprieur | Hedgehog Signaling in Lung Cancer: From Oncogenesis to Cancer Treatment Resistance[END_REF]). It would be very attractive to analyze this cancer type or others for VDAC1-!C/primary cilium expression and future study will address these questions.

Moreover, we have found a two genes signature predicting for the presence or loss of primary cilia together with inhibition or induction of VDAC1-!C respectively. In RAS-MEFs model, the decrease of primary cilia mediated by the presence of VDAC1-!C under hypoxia was responsible for a downregulation of Gli1 and Ift20 genes, as revealed by the mRNA expression (data not shown). We want to see if this signature can be applied to other types of cancer for the prediction of the presence or loss of primary cilia and aggressiveness.

What is the link between VDAC1-!C and primary cilium impairment? We showed that the cellular cytoskeleton is a possible explanation, with VDAC1-!C impacting with microtubule interaction and possibly with primary cilium formation. So far, only an interaction with the dimeric tubulin has been ascribed to VDAC1, responsible for a metabolic reprogramming of cancer cells [START_REF] Rostovtseva | Tubulin binding blocks mitochondrial voltage-dependent anion channel and regulates respiration[END_REF][START_REF] Maldonado | Free tubulin modulates mitochondrial membrane potential in cancer cells[END_REF][START_REF] Maldonado | Voltage-dependent anion channels modulate mitochondrial metabolism in cancer cells: regulation by free tubulin and erastin[END_REF]) (see discussion of ARTICLE 2 and Chapter 2, section C, paragraph III of the Introduction). Our research open the perspective on a role of VDAC1 in the tubulin nucleation of the axoneme of primary cilia and our efforts will be focused on the characterization of the molecular players participating in this process.

Is the primary cilium involved in iron flux into the cells?

Our studies showed that iron chelators in HeLa cells induces VDAC1-!C. We don't know about the cilia fate of HeLa cells with or without iron deprivation or downregulation of ISC machinery and thus with the establishment of VDAC1-!C in such conditions. To our knowledge, nothing is known about if the primary cilium can coordinate iron transport into the cells. In lung cancer cells, EGFR, which localizes at the primary cilium at least in kidney epithelial cells [START_REF] Ma | PKD2 functions as an epidermal growth factor-activated plasma membrane channel[END_REF]) was demonstrated to affect iron metabolism by directly binding and re-distributing transferrin receptor 1 (TfR-1), which mediates iron uptake into the cells (Wang, Zhang et al. 2016). Thus, a possible role of primary cilium in regulating iron uptake can be speculated. Recent studies implicate iron accumulation in the tumorigenesis of ccRCC and tumor pathology [START_REF] Greene | Transferrin receptor 1 upregulation in primary tumor and downregulation in benign kidney is associated with progression and mortality in renal cell carcinoma patients[END_REF].

The next challenge will be the study of the role of VDAC1-!C-mediated impairment of ciliogenesis in view of the iron cellular content, in order to assess if the primary cilium, in the absence of VDAC1-!C, may mediate or not the iron-driven aggressiveness.

II.! VDAC1-!C and metabolism in cancer

Generally, the presence of VDAC1-!C was found to mediate the metabolic adaptation of different cancer cell lines, through an increase of OXPHOS and glycolysis and thus energy production [START_REF] Brahimi-Horn | Expression of a truncated active form of VDAC1 in lung cancer associates with hypoxic cell survival and correlates with progression to chemotherapy resistance[END_REF]), but the direct link of the involvement of VDAC1-!C remained to be solved. From our studies, we proved that the metabolic and survival advantages are exclusively dependent on VDAC1-!C. The use of microtubule targeting agents (MTAs) demonstrated that the primary cilium is strictly correlated with cellular metabolism, with primary cilium depletion being correlated with an increase in both OXPHOS and glycolysis.

Some studies have identified a profound metabolic shift in ccRCCs that involves glycolysis, the TCA cycle and PPP pathways among others [START_REF] Wettersten | Metabolic reprogramming in clear cell renal cell carcinoma[END_REF]. A correlation with VDAC1-!C rises spontaneously, as does the question on whether such metabolic reprogramming in ccRCC is not due to VDAC1-!C, the subsequent cilia loss and the increase in cellular metabolism found in MEFs.

In which manner the link between VDAC1-!C/primary cilium loss/increase in metabolism found in RAS-MEFs model can be transferred to ccRCC patients?

A model can be deduced, such as the presence of VDAC1-!C is indispensable for cilia loss in both pVHL mutated or wt background. The following impairment of cellular metabolism gives a metabolic and proliferative advantage to cancer cells that drives them towards advanced stages of cancer and aggressiveness, unfortunately a feature of this cancer. However, a selection against the cleavage of VDAC1 in 12-18% of ccRCC patients is responsible for the maintenance or re-expression of primary cilia that, for a reason that we still need to elucidate, confers much more aggressiveness, with the establishment of an EMT signature and resistance to chemotherapeutic treatments.

Future studies will be focused on the further characterization of the metabolic phenotype of the two groups of ccRCCs that we have analyzed bases on the presence or loss of primary cilia and VDAC1-!C and on the metabolic outcome that will result following the manipulation of VDAC1-!C and we will extend our analysis of the link VDAC1-!C/metabolism/primary cilia to other cancer types.

Is VDAC1-!C indispensable for iron uptake into mitochondria? A function of iron in sustaining mitochondrial function and OXPHOS has been described for several cancers [START_REF] Oexle | Iron-dependent changes in cellular energy metabolism: influence on citric acid cycle and oxidative phosphorylation[END_REF][START_REF] Salem | Mitochondrial biogenesis in epithelial cancer cells promotes breast cancer tumor growth and confers autophagy resistance[END_REF][START_REF] Fryknäs | Iron chelators target both proliferating and quiescent cancer cells[END_REF], as it is an essential component of the enzymes involved in this process and in TCA cycle [START_REF] Tong | Metabolic regulation of citrate and iron by aconitases: role of iron-sulfur cluster biogenesis[END_REF]. The existing association between VDAC1 and mNT (see discussion of ARTICLE 3) [START_REF] Fukuda | Insulin-like growth factor 1 induces hypoxia-inducible factor 1-mediated vascular endothelial growth factor expression, which is dependent on MAP kinase and phosphatidylinositol 3-kinase signaling in colon cancer cells[END_REF]) suggests a possible role of VDAC1 in mediating mitochondrial iron uptake, which can participate in potentiating OXPHOS. However, a direct involvement of VDAC1 in iron transport has not been yet addressed. As discussed before (see discussion of ARTICLE 3), the induction of VDAC1-!C upon the treatments with iron chelators or with downregulation of ISC machinery may represent a strategy for tumor cells to increase iron uptake and to sustain mitochondrial metabolism.

Despite a decrease in mitochondrial metabolism upon iron depletion has been demonstrated [START_REF] Oexle | Iron-dependent changes in cellular energy metabolism: influence on citric acid cycle and oxidative phosphorylation[END_REF][START_REF] Fryknäs | Iron chelators target both proliferating and quiescent cancer cells[END_REF], we don't know exactly in which extent the glucose metabolism is influenced in our system, nor if VDAC1-!C can induce metabolic adaptation upon ISC machinery downregulation or treatments with iron chelators.

What we want to demonstrate next is the possible involvement of VDAC1-!C in the mitochondrial iron uptake or if this process is impaired by the non-cleavable form of VDAC1, which can be a further explanation of the decrease of OXPHOS in the absence of VDAC1-!C. Moreover, further analysis on the metabolic state of cancer cells with impaired ISC biogenesis will be carried out.

III.! VDAC1-!C and treatments in cancer

In line with the promising use of iron chelators in chemotherapies to suppress cancer cell proliferation and inducing apoptosis [START_REF] Tury | The iron chelator deferasirox synergises with chemotherapy to treat triple-negative breast cancers[END_REF], Wang, Li et al. 2019), a recent study on ccRCC cell lines revealed the existence of free iron accumulation in cancer cells defective for pVHL, whose growth was reduced in vitro with the use of iron chelators [START_REF] Greene | Suppressive effects of iron chelation in clear cell renal cell carcinoma and their dependency on VHL inactivation[END_REF].

Our results should warn against the use of such iron chelators as cancer treatment, as we have demonstrated that the insurgence of VDAC1-!C in such conditions mediates resistance to cell death.

A reflection must be done for the use of MTAs as cancer therapy. Colchicine has been investigated in preclinical study as potential treatment of human gastric cancer [START_REF] Zhang | Anticancer effects and underlying mechanism of Colchicine on human gastric cancer cell lines[END_REF]. On the basis of our study on RAS-MEFs, colchicine induces an increase in cellular metabolism together with the decrease of primary cilia, which would subsequently favor cell proliferation and survival.

However, future studies will be focused on use of MTAs and their effects on primary cilia/ cell metabolism in human cancers, ccRCC or others.

Altogether, our findings put the accent on a novel role of VDAC1, and VDAC1-!C in particular, in cancer, such as the control of primary cilia, which is in strict correlation with cellular metabolism.

We have additionally dissected the role of a particular modification of the channel, no other than the C-terminally truncation, in the metabolic reprogramming of cancer cells and resistance to apoptosis.

In ccRCC, despite VDAC1-based and/or ccRCC standard of care treatments should be beneficial for the majority of patients, for a restrict group of patients, characterized by low levels of VDAC1 and the absence of VDAC1-!C, such treatments would be ineffective. The stratification of patients based on two-gene signature, resulting from our study, allows easily to identify this restrict group of patients, which, on the other hand, would be more suitable for immunotherapy, as we have demonstrated. Finally, targeting the primary cilium for this restrict group of patients could be a therapeutic strategy that should be taken in consideration and that we want to assess as future challenge.

Introduction!
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Although 'HIFs'are'involved'in'the'regulation'of'the'oxygen'homeostasis,'NF@#B,'a'major' transcription'factor'responding'to'cellular'stress,'is'also'activated'by'hypoxia' 9 .'The'most' abundant'cytoplasmic'form'of'the'NF@#B'complex'is'an'inactive'heterotrimic'form'composed'of' p50'and'p65'subunits,'and'the'inhibitor'IKB@α.'Stimulus@induced'degradation'of'IKB@α'is'critical' for'nuclear'translocation'of'NF@#B'and'induction'of'transcription'of'target'genes' 10 .'This' transcription'factor'also'plays'a'role'in'NH.'In'rat'models,'over@expression'of'NF@#B'was'found'

following 'vascular'injury'and'correlated'to'thickening'of'the'intima'compared'to'that'of'control' vessels' 11 .'

Osteopontin'(OPN)'is'a'SIBLING'protein'(Small'Integrin'Binding'Ligand'N@linked'glycoproteins),'

initially 'identified'as'a'bone'matrix'protein'that'links'bone'cells'to'the'extracellular'matrix' 12 .' OPN'exists'in'two'isoforms,'a'secreted'(sOPN)'and'an'intracellular'form'(iOPN),'that'have' biological'functions'distinct'from'each'other' 13 .'The'function'of'OPN'is'pleiotropic'and'concerns' tissue'remodeling,'regulation'of'cellular'immunity,'pathological'chronic'inflammatory'processes,' carcinogenesis'as'well'as'cardiovascular'diseases' 14 .'OPN'is'also'involved'in'several'vascular' diseases.'In'particular,'it'has'been'found'to'be'expressed'in'vascular'smooth'muscle'cells'of' human'restenotic'lesions'and'stenotic'vascular'lesions' 15 .'Significant'association'between'the' level'of'plasma'circulating'OPN'and'atheroma'plaque'formation'has'been'reported' 16 .'Moreover,' high'OPN'levels'in'patients'with'stenosis'has'been'described'after'coronary'angioplasty' compared'to'patients'without'stenosis' 17 .'Interestingly,'Hall'et'al.'have'shown'a'forty@fold' increase'in'OPN'expression'in'the'early'stages'of'AVF'maturation,'in'a'mouse'model'of'AVF' 18 .' These'data'suggest'that'OPN'may'play'a'role'in'the'development'of'vascular'stenosis'associated' with'excessive'intimal'proliferation.'That'OPN'expression'is'frequently'up@regulated'in'response' to'various'stressors'suggests'that'it'mediates'the'response'of'the'cell'or'organism'to'the'relevant' stress.'Reactive'oxygen'species'(ROS)' 19 ,'and'hyperglycemia' 20 'induce'in#vivo'expression'of'OPN' in'pancreatic'epithelial'cells,'but'also'in'vascular'smooth'muscle'cells.'Even'though'OPN'does'not' seem'to'be'regulated'by'HIF@1!,' OPN'expression'is'enhanced'under'hypoxia'through'different' mechanisms,'often'leading'to'co@expression'of,'and'possible'synergy'with'VEGF' 21 .'Moreover,'we' reported'that'the'oxidative'stress'generated'during'early'maturation'of'an'AVF'stabilized'HIF@1α' protein'and'thus'activated'HIF@target'genes'such'as'Vegf,A,'Nox,2'and'Ho,1' 22 .' Knowing'that'changes'in'the'oxygen'concentration'occur'during'surgical'creation'of'an'AVF'in' parallel'to'OPN'over@expression'we'hypothesized'that'OPN'is'induced'by'hypoxia'and'thus'could' contribute'to'the'failure'of'AVF'maturation'due'to'neointimal'hyperplasia'and'juxtanastomotic' stenosis.'We'postulated'that'regulation'of'OPN'through'silencing'of'HIFs'or'NF@kB'could' promote'AVF'maturation.'Finally'we'describe'an'all@human'in#vitro'cell'model'of'co@culture'that' induces'OPN'in'hypoxia'but'only'under'conditions'of'cell@cell'interaction. ' media'according'to'the'manufacturer's'instructions.'

!

Statistics'

All 'values'are'the'means±SEM.'Statistical'analyses'were'performed'using'the'Student's't'test'in' Microsoft'Excel.'The'p'values'are'indicated.'All'categorical'data'used'numbers'and'percentages.' Quantitative'data'were'presented'using'the'median'and'range'or'mean.'Differences'between' groups'were'evaluated'using'the'chi'square'test'for'categorical'variables'and'the'Student's't'test' for'continuous'variables.'Analyses'were'performed'using'SPSS '16.0'statistical'software'(SPSS' Inc.,'Chicago,'Ill). 'All'statistical'tests'were'two@sided,'and'p@values'<0.05'indicated'statistical' significance'whereas'p@values'between'0.05'and'0.10'indicated'a'statistical'tendency.'

! ! ! RESULTS! '
As'we'hypothesized'that' OPN'plays'a'role'in'intimal'hyperplasia'of'AVF,'we'searched'in#vitro'for' OPN'expression'in'hypoxia'(1%'O2)'in'comparison'to'normoxia'in'cells'(NHF,'HUVSMC'and' HUVEC)'representative'of'those'involved'in'AVF'maturation.'We'investigated'silencing'of'HIFs' and'inhibition'of'NF"κB'in#vitro'in'these'cells'to'see'if'these'transcription'factors'down@regulated' OPN'expression'in'hypoxia.'' ' '

Intracellular#OPN#(iOPN)#is#not#induced#in#hypoxic#cells##
Knowing'that' OPN'exists'in'two'isoforms,'intracellular'OPN'(iOPN)'and'soluble'OPN'(sOPN),'we' first'characterized'iOPN'by'immunoblotting'in'different'cellular'models.'Recombinant'OPN' (recOPN)'was'used'to'quantitate'the'expression'(Fig.'1A).'Human'bone'marrow'mesenchymal' cells'osteoblasts'(Fig.'1B)'and'LNCap'cells'(Fig.'1C)'were'examined.'These'two'models'are' known'to'express'OPN.'The'antibody'to'OPN'detected'recOPN'at'the'concentrations'of'50'and' 16.6'ng'and'at'a'relative'molecular'weight'of'70'kDa'(Fig.'1A). 'Human'bone'marrow' mesenchymal'cells'and'osteoblasts'showed'high'expression'of'iOPN'in'normoxia'after'48h' incubation.'Since'iOPN'is'expressed'in'LNCaP,'we'evaluated'potential'hypoxic'induction'of'iOPN' in'these'cells'and'observed'a'slight'induction'(2@fold)'(Fig. '1C).''As'HIF@1'is'the'key'protein' responsible'for'cellular'adaptation'to'hypoxia,'we'checked'whether'HIF@1'was'involved'in'the' induction'of'iOPN.'Using'siRNA'to'silence'HIF@1!,'we'showed 'that,'in'the'absence'of'HIF@1!,' iOPN'expression'was'still'present.'Only'siRNA#2'to'OPN'completely'abolished'iOPN'expression.' Subsequent'experiments'were'done'with'this'siRNA'to or'NHF/HUVSMC'(2.4@fold'induction)'seemed'to'stimulate'more 'sOPN'induction'in'hypoxia' compared'to'the'combination'without'HUVEC'(NHF/HUVSMC,'1.5@fold'induction). 'Finally,'we' showed'that'OPN'downregulation'did'not'alter'cell'proliferation'of'NHF,'HUVSMC'and'HUVEC' whereas'recombinant'human'OPN'only'increased'HUVEC'proliferation'(Fig.'4D)'suggesting'that' HUVEC'cells'were'sensitive'to'OPN'and'could'directly'contribute'to'the'pathological'neointimal' hyperplasia.' These'results'strongly'suggest'that'in'the'absence'of'cell@cell'interaction'OPN'expression'is'not' induced'in'hypoxia.'Moreover,'HUVEC'cells,'which'do'not'express'OPN,'are'central'in'the'process' of'neointimal'hyperplasia.' ' ' ' DISCUSSION!

'

The 'main'objective'of'this'study'was'to'determine'whether'OPN'was'induced'in'hypoxia'and' thus'could'be'responsible'for'driving'the'failure'of'AVF'maturation'due'to'neointimal' hyperplasia'and'juxtanastomotic'stenosis.''We'first'used'cell'mono@layers'grown'on'tissue' culture'plastic'to'examine'hypoxic'production'of'OPN'in'arteriovenous'fistula.'An'approach'used' by'the'majority'of'research'groups.'Mono@cultures'are'less'complex'to'perform'but'certainly'less' adapted'to,'and'not'very'representative'of,'the'physiological'extracellular'microenvironment' present'in'humans.'While'the'expression'of'OPN'has'been'shown'to'be'increased'during'early' AVF'maturation' 24 'or'throughout'maturation' 18 'under'hypoxic'conditions' 22 ,'none'of'the'three' cell'lines'forming'the'three'layers'of'the'artery'and'vein'walls'expressed'iOPN'or'sOPN.'' However,'this'is'the'first'time'that'a'study'shows'that'cell@cell'communication'or'interaction'of' NHF,'HUVSMC'and'HUVEC'is'essential'for'OPN'induction'in'hypoxia.'Co@culture'allows' investigation'into'cell@cell'interactions'and'so'are'more'representative'of'human'in#vivo@like' tissue'models' 25 .'Interestingly,'all'co@cultures'showed'induction'of'OPN'in'hypoxia'whereas'none' of'the'mono@cultures'showed'OPN'induction.'However,'we'noted'that'co@cultures'containing' HUVEC'produced'more'OPN.''Although'we'do'not'know'which'cell'line(s)'produced'the 'OPN,'it'is' interesting'to'note'that'the'amount'of'sOPN'in'mono@culture'conditions'was'ten'times'lower'in' HUVEC,'barely'detectable,'than'in'NHF'or'HUVSMC.''Moreover,'siRNA'directed'to'OPN'in'NHF' and'HUVSMC'totally'abolished'the'mRNA'level'of'OPN,'whereas'it'had'no'effect'on'HUVEC' suggesting'that'the'mRNA'level'of'OPN'was'extremely'low'in'HUVEC.'However,'OPN'was'only' induced'in'the'presence'of'HUVEC'in'the'co@culture.'Moreover,'HUVEC'were'the'most'sensitive' cells'to'the'presence'of'OPN'as'it'increased'their'proliferation.'.However,'were'the'HUVEC'the' only'cells'producing'OPN?'If'this'is'the'case,'the'regulation'of'OPN'production'in'HUVEC'may' result'from'specific'cellular'interactions'and'regulation.'Hall'et#al.'showed'a'forty@fold'increase' in'OPN'expression'in'the'endothelium'of'veins'of'AVF'relative'to'control'veins'suggesting'OPN' production'mainly'in'the'intima' 18 .'In'this'murine'AVF'model,'they'also'showed'increased' expression'of'matrix'metalloproteinases'(MMPs,'MMP3'and'MMP9)'early'on'after'AVF'creation' and'then'with'a'decreased'expression'after'21'days.'They'proposed'that'such'a'balance'could' favor'AVF'failure'and'stenosis.'OPN'when'co@localized'with'members'of'the'MMP'family'was' shown'to'induce'the'expression'of'MMP9' 26 ,'one'of'the'two'MMPs'identified'by'Hall'et#al.' 18 .'In' our'model,'hypoxic'induction'of'OPN,'an'active'player'in'tissues'remodeling,'the'response'to' vascular'injury'and'inflammation,'may'modulate'the'activity'of'MMPs,'which'are'responsible'for' degradation'and'accumulation'of'the'ECM,'and'thus'contribute'to'AVF'failure'and'neointimal' hyperplasia.''' In'conclusion'(Fig.'5),'changes'in'oxygenation'that'occur'during'AVF'maturation'up@regulate' secretion'of'OPN'possibly'via'endothelial'cells'or'at'least'through'cell@cell'interactions'of'the' different'cell'layers'that'form'AVF,'and'in'turn'increase'inflammation'and'promote'endothelial' cell' independent' experiments' expressed' as' picograms' per' milliliter.' ' (D)' NHF@,' HUVSMC@' and' HUVEc@' cells' were' transfected ''with' control' siRNA(siCtl)' in' normoxia' (Nx)' or' with' siOPN'(40nM)'or'in'the'presence'of'recombinant'human'OPN'(OPNrec'-'1µg/ml) 'and'incubated' in' normoxia' for' 48h.' Cell' lines' were' seeded' at' the' same' density' and' incubated' in' for' 48h.' The' mean'±'SEM'is'representative'of'two'independent'experiments'carried'out'in' 'the'vein,'siRNA'to'HIFC1/2!'drastically'repressed'proliferation'triggering'a'decrease'venous' wall' thickness' after' surgery.' We' observed' similar' results' with' Eve' and' TOPO' known' to' destabilize' HIFC1/2!.' However,' DFO' that' stabilizes' HIFC1 /2!' had' absolutely' no' effect' on' cell' proliferation'and'thus'did'not'counteract'venous'thickness.'

DISCUSSION!

In#vitro#

This' is' the' first' study ' to' investigate' in" vitro' the' metabolic' function' of' three' cell' types' representing'the'different'layers'of'veins."We'first'characterized'the'metabolic'signature'of'these' cells.'All'three'cell'types'presented'a''"glycolytic'+'OXPHOS"'signature'in'normoxia'whereas'in' hypoxia' HUVSMC' and' HUVEC' were' only' "glycolytic".' Interestingly,' NHF' were' the' only' cells' to' maintain'some'respiration'("glycolytic'+'OXPHOS"'signature)'in'hypoxia.'These'results'indicated' that'the'different'cells'possess'different'responses'to'changes'in'the'oxygen'concentration.' Although'HIFC1'and'C2'recognize'identical'gene'sequences' 34 , ' 'it'has'been'shown'that'they'do'not' always'regulate'the'same'genes'and'therefore'do'not'always'possess'the'same'functions.'It'has' been' demonstrated' that' HIFC1' regulates' glycolysis' 35,' 36 ' while' HIFC2' is' involved' in' vascular' structure' 37 .' One' of' the' major' differences' between' HIFC1' and' C2' is' related' to' the' expression' of' these' two' transcription' factors.' HIFC1!' is' expressed' in' almost' all' cells' 37 ' whereas' HIFC2!' is' preferentially'expressed'in'endothelial'cells'and'in'specific'organs' 38 .'HIFC1'and'C2'thus'possess'a' lot' of' similarity' in' the' genes' they' regulate' but' still' have' many' different' functions' concerning' modulation' of' metabolism' and' proliferation.' Since' we' were' interested' in' controlling' intimal' hyperplasia'and'thus'reducing'cell'proliferation,'we'tested'the'impact'of'HIFC1'on'proliferation' relative'to'glycolysis'and'of'HIFC2'relative'to'the'structure'of'the'vessel'wall.' It' was' interesting' to' observe' that' HIFC1!' and' C2!' could' compensate' for' each' other' in' NHF,' HUVSMC' and' to' a' lesser' extend' in' HUVEC.' This' compensatory' effect' has' not' yet' been' studied' extensively' 39,'40 .'However,'the'two'subunits'provide'a'survival'benefit'to'cells,'at'least'in'HepG2' cells,' and' may' explain' the' difficulties' of' therapeutic' approaches' targeting' only' one' of' the' isoforms.'However,'this'compensatory'effect,'even'if'it'was'detected'at'the'level'of'glycolysis'or' respiration,' did' not' modify' proliferation.' We' thus' silenced' both' isoforms' in"vitro"and"in"vivo"to' totally'block'any'physiological'adaptation'to'hypoxia.'Clearly,'modulation'of'the'activity'of'HIFC1' and/or'HIFC2'had'an'impact'on'metabolism'but'surprisingly,'silencing'of'both'HIFC1!'and'C2!,'in" vitro,' slightly' increased' proliferation' in' hypoxia,' an' environment' in' which' these' two' transcription' factors' are' supposedly' required.' This' result' led' us' to' hypothesize' that' the' cells' may'use'other'metabolic'pathways'when'HIFs'are'inactivated.' Although'we'used'DFO'to'stabilize'HIFC!,'it'blocked'proliferation'in'normoxia'and'hypoxia'in'the' three' cell' lines.' DFO' has' been' shown' to' also' inhibit' cell' growth' and/or' to' induce' apoptosis' in' malignant' leukemia,' neuroblastoma,' melanoma,' hepatoma,' Kaposi's' sarcoma,' and' cervical' cancer' cell' lines' by' blocking' cells' in' the' G1' phase' 41,' 42 .' The' antiCproliferative' effect' of' DFO' therefore'prevailed'over'HIFC! stabilization.'In'parallel,'Eve'and'TOPO'modulated'negatively'the' stability'of'HIFC1!'and'C2!, and both'decreased'proliferation'in'normoxia'and'hypoxia'in'NHF,' HUVSMC' and' HUVEC,' suggesting' that' these' two' compounds' were' acting' dependently' and' independently' on' HIFs.' Even' though' DFO,' Eve' and' TOPO' blocked' proliferation,' they' acted' differently'on'the'cells.'For'example,'DFO'and'Eve'did'not'modify'glycolysis'in'NHF'in'hypoxia' whereas'TOPO'abolished'glycolysis.'Eve'is'probably'the'most'appropriate'inhibitor'to'block'the' progression' of' intimal' hyperplasia.' It' is' currently' used' in' renal' cell' carcinoma,' highly' vascularized' tumors' that' show' stable' HIFC!,' for' its' capacity' to' inhibit' mTOR' kinase,' thus' preventing'protein'translation'and'inhibiting'the'VEGFCdependent'angiogenic'pathway'through' HIFC1' 43 .' As' a' result,' proliferation' is' blocked.' Eve' blocked' proliferation' both' in' normoxia' and' hypoxia' in' the' three' cell' lines' whereas' silencing' of' HIFC!' did' not' suggest' that' blockade' of' translation'of'other'unidentified'proteins'was'more'important'than'destabilizing'HIFC!.'Finally,' TOPO,' a' camptothecin' analogues' that' inhibits' HIFC!' protein' accumulation' and' HIF' transcriptional' activity' 44 ' was' one' of' the' strongest' inhibitor' of' glycolysis' in' NHF' and' HUVSMC' resulting' in' a' blockade' of' proliferation.' In' HUVEC,' even' thought' proliferation' was' abolished,' glycolysis'remained'stable'or'even'increased'suggesting'that'another'mechanisms'of'action'were' involved.' Met' modulated' only' mitochondrial' respiration.' Of' note,' these' three' compounds' had' little' or' no' impact' on' migration.' Finally,' although' we' previously' demonstrated' that' AVF' construction' increased' ROS' production' 23 ,' the' effect' of' NAC' was' more' subtle' compared' to' the' other' compounds' concerning' proliferation' or' migration' suggesting' that' HIF' stabilization' is' mainly'due'to'hypoxia'compared'to'ROS'production.#

# # In#vivo#

The'in"vitro'study'allowed'us'to'identify'three'out'of'the'five'compounds'with'a'high'potential'for' inhibition' of' intimal' hyperplasia.' Using' the' mice' model' we' tested' these' three ' compounds.' For' the' first' time,' this' study' confirms' our' initial' hypothesis' that' proposed' HIF' as' a' therapeutic' target'to'promote'AVF'maturation.'By'blocking'HIFC1'and'C2,'a'32%'decrease'in'the'thickness'of' venous' wall' and' an' increase' of' the' lumen' were' observed,' confirming' that' HIFC1' and/or' C2' are' involved'in'neointimal'hyperplasia.'Based'on'these'results,'why'did'we'not'see'suppression'or'a' decrease' in' proliferation' when' we' silenced' HIFC1!' and/or' HIFC2! in" vitro?' Why' does' this' discrepancy'between'the'in"vitro'and'in"vivo'results'exist?'We'may'have'underestimated,'in"vitro,' the' oxygen' level' to' which' the' cells' are' subjected' in" vivo.' The' 1%' O2' used' in' our' in" vitro' experiments' may' not' be' the' same' as' when' the' vasa" vasorum' are' surgically' disconnected.' Silencing' of' HIFC!' at' 1%' O2' may' have' had' little' or' no' impact' on' the' proliferation' of' NHF,' HUVSMC'and'HUVEC.'In"vivo,'sectioning'of'the'vasa"vasorum'may'have'created'drastic'hypoxia' close'to'0.1%'O2,'which'may'have'then'made'the'cells'much'more'dependent'on'HIFC1'and'C2.'It' was' shown' a' long' time' ago' that' occlusion' of' the' vasa"vasorum' could' result' in' medial' necrosis' and' a' marked' thickening' of' the' intima' with' proliferation' of' smooth' muscle' cells' suggesting' a' drastic' drop' in' the' oxygen' concentration' 45C47 .' These' results' suggest' that' a' lower' oxygen' pressure'occurred'in"vivo'than'that'used'in'our'in"vitro'experiments.' While'the'role'of'hypoxia' has' already' been' proposed' to' be' involved' in' intimal' hyperplasia' 48,' 49 ,' only' HIFC1' has' been'

considered.'We'show'here'that'if'HIFC1'is'targeted,'HIFC2'will'be'able'to'partially'replace 'HIFC1,' and'so'the'therapeutic'approach'will'fail.'We'propose'to'target'both'HIFC1'and'C2'to'avoid'any' compensatory'effect.'This'approach'worked'well'since'the'intimal'hyperplasia'was'reduced'by' more' than' 30%.' Thus,' RNAi' therapy' represents' a' promising' biomedical' strategy' for' treating' AVF'as'it'has'been'shown'for'diverse'range'of'diseases'including'cancer,'cardiovascular'diseases,' neurodegenerative'diseases,'inflammatory'conditions,'and'viral'infections' 50 

Introduction

The primary cilium is a solitary organelle that consists of a microtubule core, the axoneme, and extends from the cell surface into the extracellular environment growing from the basal body, a structure that is derived from centrioles. Although the structure and functions of the primary cilium are now well-established (even if they are under continuous investigation), our current knowledge about primary cilia is founded from a long course of research, starting from the end of the 19th century. At that time, the first reports of primary cilia came from studies on sea chordates, in which the primary cilia were found to occur singly on cells of different epithelia [1]. Among researchers, it is worth remembering Paul Langerhans [2], who was best known for his discoveries of the Langerhans cells of the skin and the Islets of Langerhans of the pancreas. The most famous scientist who is usually credited for the discovery of primary cilia was Karl Wilhelm Zimmermann. Even though he was not the first to observe primary cilia, he receives the credit for the discovery of primary cilia in mammalian cells (including humans) [3]. Moreover, in his paper dated from 1898, he noted that primary cilia on rabbit kidney tubule epithelial cells were always associated with a pair of centrioles, and in particular, with the closest centriole to the plasma membrane. He was also the first to speculate about the sensory functions of primary cilia in kidney epithelial cells. Still in 1898, the heavily debated Henneguy-Lenhossek hypothesis argued that centrioles of the centrosome and basal bodies of ciliated cells shared the same identity [4,5]. The work of Cowdry is also of note, where, in 1921, he described the absence of motility for the "flagella" of the luminal surface of thyroid follicle cells of the dogfish, but precisely because they were nonmotile, no functions were ascribed to them [6]. Until the 1950s, primary cilia had somehow been "forgotten", but after this period, studies on primary cilia returned to the forefront.

In between the 1950s and 1960s, the development of electron microscopy (EM) brought the occurrence of primary cilia into the light, across a variety of tissues in which primary cilia had never before been seen (neurons and lung), as well as the internal 9 + 0 arrangement of the microtubules within the axoneme, which were continuous with the microtubules of the distal centriole of the pairs [7][8][9][10][11][12]. Studies on ciliary structure began with Keith R. Porter, one of the pioneers of EM, who initially characterized the internal 9 + 2 organization of motile cilia in a comparative study on mollusks, amphibians, and mammals [13]. In 1956, deHarven and Bernhard demonstrated the correspondence between basal bodies and centrioles [14]. Twelve years later, Sorokin proposed the "primary cilia" term that we currently use to define the appendage that was first seen to emerge from the epithelial cells of the developing mammalian lungs, before the formation of the motile cilia that make up the ciliated border. He also carried out a huge study on the comparison between the ciliogenesis of primary and motile cilia [15,16]. Given the similarity between the 9 + 0 structure of primary cilia, and the sensory structures of the photoreceptor-connecting cilium [17], a sensory function for primary cilia was only supposed at that time [8].

The first demonstration of the mechanosensory function of fluid flow for primary cilia in kidney cells was shown in 2001 [18], a century after Zimmermann's first proposition in this sense. The discovery of the intraflagellar transport (IFT) in the flagella of the green alga Chlamydomonas was revolutionary [19], demonstrating bidirectional movement of particles along ciliary and flagellar microtubules, and its further involvement in cilia assembly and disassembly [20].

It was therefore easy to speculate that defects in the structure of these organelles could lead to important diseases. In 2000, Pazour gave the first demonstration that primary cilia were involved in many human disorders, in a mouse model for autosomal dominant polycystic kidney disease (ADPKD) [21,22]. His work paved the way for copious studies linking many different diseases that affect all body tissues (i.e., obesity, mental retardation, retinal defects and cancer) to primary cilia defects: the so called "ciliopathies" (reviewed in [23,24]).

Nowadays, thanks to this fundamental literature, we can appreciate the many facets of the primary cilium that we are still discovering, as well as its fundamental importance in all human organs. Its functions spread from the perception of light and odorants to mechanosensation, and importantly, coordination and the transduction of a number of signaling pathways (reviewed in [25]). So far, a wide spectrum of ciliary proteins constituting the cilium proteasome have been characterized [26], and among these, some proteins that function in modulating the transduction of cancer-linked molecular signals, such as Smoothened (SMO) [27], Platelet-Derived Growth Factor Receptor (PDGFR) [28] and Vang-like protein 2 (VANGL2) [29] among others, which have been given much attention regarding the role of primary cilia in cancer. Given the function of the primary cilium as a control center for signaling pathways associated with tumorigenesis, such as Hedgehog (HH), Wnt, and PDGF signaling pathways, as well as its close relationship with the cell cycle [30], both the presence or loss of the primary cilium by the cells can be crucial in a tumor context.

In this review, we attempt to describe what it is currently known about the involvement of primary cilia in cancer, focusing mostly on the well-established cancer hallmarks [31], which are essential elements for cancer outgrowth and survival.

Ciliogenesis as a Timeout for Cell Cycle Progression

Uncontrolled cell proliferation and deregulation of the cell cycle are hallmarks of cancer cells and neoplastic development. In this section, we describe how the genesis of the primary cilium is closely related to the cell cycle, and how it can control its progression.

Primary Cilia and the Cell Cycle

The relationship between primary cilia and the cell cycle was recognized early in the long history of primary cilia, with the observation of primary cilium resorption before mitosis [15,16,30,32,33].

In most mammalian cells, the primary cilium is assembled in the post-mitotic G0/G1 phases of the cell cycle, and disassembled before mitosis, in intimate association with the centriole cycle (Figure 1A). The reason for this dependence relies on the fact that the ciliary microtubule axoneme extends from the cell surface by anchoring to the basal body. The basal body is derived from the oldest of the two centrioles of the centrosome, the mother centriole, as a result of a process of maturation consisting of the acquisition of distal and sub-distal appendages [34][35][36]. The centrosome/basal body has a barrel-shaped structure made up of nine triplet microtubules that, during ciliogenesis, act as a template for the axonemal growth [37]. Since the centrosome serves as a microtubule-organizing center (MTOC) for the generation of the mitotic spindle during mitosis [38][39][40], a common thought is that ciliogenesis only initiates when the centrosome is free from its functions during cell division. As shown in Figure 1A, the mother and the daughter centrioles of the centrosome undergo replication during S phase in dividing cells, resulting in the formation of two new centrioles that remain associated with the pre-existing ones. Before mitosis, the mother and the daughter centrioles migrate to the opposite poles of the cell, together with the newly-formed centrioles, to set up the mitotic spindle. At this point, the daughter centriole acquires additional appendages to become a new mother centriole. After cell division, each daughter cell asymmetrically inherits a pair of centrioles, one containing the old mother centriole and one containing the new mother centriole [41]. It has been shown that the asymmetrical inheritance of centrioles influences the timing of cilium formation in the new daughter cells once they enter in the next G0/G1 phase [42]. According to the double function of the centrosome (as the MTOC, during mitosis, and basal body, the template for ciliogenesis), defects in cilium formation can deregulate the cell cycle, or inversely, the persistence of the primary cilium can put a brake on it, forcing the cells to enter a quiescent state. In favor of this statement, many cancer cells, which are characterized by a high proliferation rate, lack a primary cilium [43][44][45][46][47][48], but whether this lack is the cause or the consequence of transformation is not well understood. The interchange between ciliogenesis and cell division is accentuated by the fact that many cell cycle regulators play a critical role in cilium fate and, among these, Polo-like kinase 1 (PLK1), Aurora A Kinase (AURKA) and Never in mitosis A (NimA)-related kinase (NEK2) were found to be implicated in tumorogenesis (Figure 1B).

•

PLK1 is a mitotic kinase that regulates progression through the cell cycle by phosphorylating serine/threonine proteins on centrosomes, kinetochores, the mitotic spindle, and the midbody [49]. Activation of the non-canonical Wnt pathway induces the formation of the Plk1-disheveled segment polarity protein 2 (Dvl2) complex, which activates AurkA through the stabilization of Human Enhancer of Filamentation 1 (HEF1), thus inducing cilium disassembly [50].

• AURKA is a centrosomal mitotic kinase that regulates S phase entry. After mitosis, it localizes to the basal body, and is activated by the scaffold protein HEF1 and calmodulin (CaM) in the presence of calcium [51]. The HEF1-Ca 2+ /CaM-AURKA complex in turn activates the tubulin deacetylase histone deacetylase 6 (HDAC6), which destabilizes axonemal microtubules, inducing cilium disassembly [52]. AURKA is the point of convergence between these two pathways, and cilium disassembly occurs downstream of its activation. AURKA was found to be upregulated in non-ciliated ovarian and clear cell renal cell carcinoma cancer cells [44,45], and HDAC6 inhibition restored primary cilia in chondrosarcoma and cholangiocarcinoma cancer cells, suppressing cell proliferation and their invasion capacity [53,54]. Similarly, HEF1 overexpression was associated with the metastasis of breast cancer and melanoma [55,56].

• NEK2 is another important regulator of both centrosome and basal body [57]. NEK2 exerts its role in the disassembly of the axonemal microtubules by phosphorylating the Kinesin Family Member 24 (KIF24), a member of the kinesin superfamily of microtubule-based motor proteins, which stimulates its microtubule-depolymerizing activity and prevents the formation of cilia in proliferating cells [58]. NEK2 and KIF24 were found to be overexpressed in breast cancer cells, and ablation of these proteins restored ciliation, thereby reducing proliferation.

Thus, the formation of the primary cilium seems to be strictly regulated by the cell cycle, in which the centrosome acts as a key checkpoint. On the other hand, the primary cilium is important for proper cell cycle progression, by restricting it, which may have important implications for cancer development.

Intraflagellar Transport (IFT)

Axonemal outgrowth, turnover, and disassembly are mediated by the IFT multisubunit complexes, which were first discovered in Chlamydomonas [19]. In the green alga, IFT was identified by differential interference-contrast microscopy as granule-like particles that moved along the flagella microtubules, from the base to the tip (anterograde transport), and back from the tip to the base (retrograde transport). Later studies on Chlamydomonas biochemically characterized two distinct subcomplexes, IFTA and IFTB, as well as their constituent proteins [59,60]. The IFT-A subcomplex is made up of six proteins (IFT144,140,139,122,121,and 43), whereas 16 subunits are found in [START_REF] Huangfu | Cilia and Hedgehog responsiveness in the mouse[END_REF][START_REF] Humke | The output of Hedgehog signaling is controlled by the dynamic association between Suppressor of Fused and the Gli proteins[END_REF][START_REF] Rohatgi | Patched1 regulates hedgehog signaling at the primary cilium[END_REF][START_REF] Inoko | Trichoplein and Aurora A block aberrant primary cilia assembly in proliferating cells[END_REF][START_REF] Bhogaraju | Molecular basis of tubulin transport within the cilium by IFT74 and IFT81[END_REF]57,56,54,52,46,38,27,25,22,and 20). Mutagenesis experiments in green alga have been able to identify kinesin-2 and dynein 1b as the molecular motors catalyzing, respectively, the anterograde and retrograde transport of IFT particles, with IFTB contributing to the anterograde, and IFTA to the retrograde transport [61][62][63][64][65][66]. A detailed study using a combination of correlative total internal reflection fluorescence (TIRF) and three-dimensional (3D) EM clarified how IFT trains avoid collisions during the bidirectional trafficking [67]. Stepanek and Pigino analyzed IFT trains with a high spatiotemporal resolution, showing that, despite sharing the same microtubule doublet, anterograde trains were associated with the B-microtubule and retrograde trains were associated with the A-microtubule of the doublet, thus avoiding crashes. The same group has recently found that the transition between anterograde and retrograde transport is elegantly coordinated by the IFT trains themselves. They showed that the retrograde motor dynein-1b is loaded onto IFTB in an auto-inhibited form, and in a precise spatial configuration that hampers its binding to the microtubule track, there by preventing its motor activity until it reaches the ciliary tip. Once at the ciliary tip, dynein-1b must be activated to initiate retrograde transport, but the mechanism of dynein-1b activation at the ciliary tip is still not known [68]. Early studies in Chlamydomonas demonstrated that new axonemal subunits are added at the distal end of the growing axoneme [69], and that this task is accomplished by the anterograde IFTB, which transports tubulin (α and β heterodimers) from the site of synthesis in the cytoplasm to the ciliary tip. Among the multiple particles composing IFTB, IFT81 was found to bind the globular part of the tubulin dimers through its calponin-homology (CH) domain, whereas its binding partner, IFT74, increases the affinity for tubulin through electrostatic contacts [START_REF] Bhogaraju | Molecular basis of tubulin transport within the cilium by IFT74 and IFT81[END_REF]. Since at least two tubulin-binding sites within the IFT complex were thought to be required to sustain the fast initial flagellar assembly rate, another tubulin/microtubule binding site was identified as the CH domain of IFT54 [START_REF] Taschner | Intraflagellar transport proteins 172, 80, 57, 54, 38, and 20 form a stable tubulin-binding IFT-B2 complex[END_REF]. Craft et al. observed that IFT particles were overloaded with tubulin during axonemal growth, in order to concentrate tubulin within the ciliary matrix, and to facilitate the axonemal polymerization [START_REF] Craft | Tubulin transport by IFT is upregulated during ciliary growth by a cilium-autonomous mechanism[END_REF].

It has been shown that the knock-down of the IFT27 protein affected both flagellar assembly and the cell cycle, causing defects in cytokinesis [START_REF] Qin | Intraflagellar transport protein 27 is a small G protein involved in cell-cycle control[END_REF]. Similarly, the depletion of IFT20 unblocked G0/G1 arrest, through cilia disruption [START_REF] Inoko | Trichoplein and Aurora A block aberrant primary cilia assembly in proliferating cells[END_REF]. With the work of Pazour et al. came the first observation that disruption of ciliary formation by targeting IFT results in the development of polycystic kidney disease (PKD), a disorder that is characterized by the onset of kidney cysts with increased proliferation [22]. Additional evidence for IFT-induced ciliary assembly defects in PKD was provided by an analysis of targeted knockouts of the KIF3A subunit of kinesin2 anterograde motor in kidney epithelium [START_REF] Lin | Kidney-specific inactivation of the KIF3A subunit of kinesin-II inhibits renal ciliogenesis and produces polycystic kidney disease[END_REF]. Thus, IFT, by functioning in building primary cilia, may contribute to slowing down the cell cycle by arresting cell proliferation.

All these findings suggest that IFT is one of the limiting factors, together with cellular tubulin availability, for cilium formation, and that IFT can thus influence cell cycle progression (Figure 1C). Besides its function in assembling cilia, IFT also plays a direct role in cilium-mediated cell signaling, which can directly influence tumorigenesis. The role of IFT/primary cilium and cell signaling in cancer will be discussed in detail in the next paragraph ( §3).

Primary Cilium as a Mediator of Signaling Pathways

Signaling pathways that are involved in normal cellular growth and tissue development are deregulated in all stages of oncogenesis. In tumors, altered signaling pathways mediate resistance to cancer therapy, cell death, and evasion to immunosurveillance. The primary cilium, by sensing signals from the extracellular environment, and by displaying both the protein receptors required for signal interception, as well as the downstream molecular effectors, is a key mediator of the impaired signaling that induces malignancy. Among the pathways associated with the primary cilium, the Hedgehog, Wnt, and PDGF signaling pathways are well-characterized.

Hedgehog Signaling Pathway

Through the primary cilium, the Hedgehog signaling pathway is activated by ligands that are secreted by cells in tumors, which respond in an autocrine-juxtacrine manner [START_REF] Gupta | Targeting the Hedgehog pathway in cancer[END_REF]. Alternatively, ligands secreted by tumor cells can activate the signal into the surrounding tumor microenvironment in a paracrine manner, or vice versa [START_REF] Yauch | A paracrine requirement for hedgehog signalling in cancer[END_REF][START_REF] Zhang | Hedgehog pathway responsiveness correlates with the presence of primary cilia on prostate stromal cells[END_REF]. In mammals, the three members of Hedgehog (HH) family by deficient hedgehog signaling. Wimple and flexo mutations corresponded to genes homologous to Chlamydomonas IFT88 and IFT172, two components of the IFTB subcomplex. All mutants showed a reduction in hedgehog signaling, and all three proteins were identified to be required in the pathway at a step downstream to Ptch1, but upstream to Glis [START_REF] Huangfu | Hedgehog signalling in the mouse requires intraflagellar transport proteins[END_REF]. A similar aberrant phenotype during embryonic development was caused by a partial loss of function of Ift52 [START_REF] Liu | Mouse intraflagellar transport proteins regulate both the activator and repressor functions of Gli transcription factors[END_REF], or by mutations in two subunits of the retrograde dynein IFT motor [START_REF] Rana | Targeted deletion of the novel cytoplasmic dynein mD2LIC disrupts the embryonic organiser, formation of the body axes and specification of ventral cell fates[END_REF]. Further experiments on mice showed that Ift proteins are a requisite for proper Gli activation and repression, in response to Hedgehog ligands [START_REF] Huangfu | Cilia and Hedgehog responsiveness in the mouse[END_REF].

All these findings indicate that the primary cilium and IFT are indispensable for the Hedgehog signaling pathway function, but whether IFT directly participates to the transport of Hedgehog components, or whether the loss of Hedgehog responsiveness is an indirect effect of IFT mutant-induced impairment of ciliogenesis still remains open to question. Recent findings based on a rapamycin-induced in-cell dimerization system to sequester IFT proteins into mitochondria showed that disrupted IFT did not affect SMO accumulation in the cilium, suggesting that SMO enters the cilium in an IFT-independent manner [START_REF] Eguether | Intraflagellar transport is deeply integrated in hedgehog signaling[END_REF]. In effect, it has been shown that SMO preferentially moves to the cilium by diffusion within the membrane [START_REF] Milenkovic | Single-molecule imaging of Hedgehog pathway protein Smoothened in primary cilia reveals binding events regulated by Patched1[END_REF].

Another essential protein was found to mediate the trafficking of Hedgehog components within the cilium: the ADP ribosylation factor-like GTPase 13B (ARL13B), which is extensively used as a primary cilium marker [START_REF] Larkins | Arl13b regulates ciliogenesis and the dynamic localization of Shh signaling proteins[END_REF]. Mutant Arl13b hnn MEFs failed to increase the Hedgehog response after Shh stimulation, and displayed an altered distribution of Hedgehog components, such as Gli2, Gli3, Sufu, and also Smo, which was found to be enriched in the cilia, even in the absence of Hedgehog stimulation. Thus, in contrast to that reported above, SMO entry into the cilium seems to be mediated by ARL13B, which is also essential for the proper distribution of SMO within the cilium after pathway activation. Inactivating mutations in PTCH, SUFU, and GNAS or activating mutations of SMO, indicative of Hedgehog pathway misregulation, have been described for sporadic basal cell carcinoma and medulloblastoma tumors [START_REF] Raffel | Sporadic medulloblastomas contain PTCH mutations[END_REF][START_REF] Taylor | Mutations in SUFU predispose to medulloblastoma[END_REF][START_REF] Xie | Activating Smoothened mutations in sporadic basal-cell carcinoma[END_REF][START_REF] Iglesias-Bartolome | Inactivation of a Galpha(s)-PKA tumour suppressor pathway in skin stem cells initiates basal-cell carcinogenesis[END_REF].

On the basis of these findings, which support a role for the cilium in correct pathway activation, we may assert that, for the Hedgehog-driven tumor, the presence of the primary cilium can boost tumorigenesis and cancer progression (Figure 2, panel "HYPER ON"), contrary to the example in the previous section. Bay et al. demonstrated in a recent study that loss of Arl13b abolished cilia-mediated Hedgehog signaling in vitro, but also in vivo in Ptch-deficient mice, where the development of medulloblastoma was arrested [START_REF] Bay | Disruption of the ciliary GTPase Arl13b suppresses Sonic hedgehog overactivation and inhibits medulloblastoma formation[END_REF].

Other studies on mice, however, showed that in the context of Hedgehog pathway, the primary cilium can either boost or inhibit tumorigenesis. Wong et al. assessed the role of primary cilia in mouse basal cell carcinoma [START_REF] Wong | Primary cilia can both mediate and suppress Hedgehog pathway-dependent tumorigenesis[END_REF] and found that the expression of a conditional allele of a constitutive active form of Smo induced a highly proliferative and ciliated basal cell carcinoma, in which the constitutive active Smo was localized to the cilia. In contrast, cilia were resorbed, following the expression of the conditional kif3a loss-of-function allele and cilia loss turned the Hedgehog pathway "off", by decreasing cell proliferation. However, the expression of a constitutively-active human GLI2, in concomitance with the loss of Kif3a-induced cilia resorption, did not protect against tumor formation, but instead drove faster neoplastic growth, with a hyperactivation of Hedgehog signaling (Figure 2, panel "HYPER ON"). Moreover, the loss of cilia in basal cell carcinomas, initiated by constitutively active Gli2, was responsible for the disruption of the repressive form of Gli3 that was associated with an upregulation of Gli effectors. Han et al. came to a similar conclusion in a study focused on mouse medulloblastoma [START_REF] Han | Dual and opposing roles of primary cilia in medulloblastoma development[END_REF]. They showed that the cilia in the granule neuron precursors induced tumorogenesis in Smo-driven medulloblastoma, whereas cilia loss was required for medulloblastoma growth by constitutively active Gli2. Accordingly, the partial loss of cilia in heterozygous ift88 +/-mice overexpressing Gli2 induced an increase in Hedgehog signaling and cartilage tumor incidence [START_REF] Ho | Inhibition of Ciliogenesis Promotes Hedgehog Signaling, Tumorigenesis, and Metastasis in Breast Cancer[END_REF], and the inhibition of ciliogenesis increased the expression of Hedgehog target genes, and the metastatic potential of a mouse breast cancer, attributed to the inability to process the repressor form of the Gli transcription factor [100]. In line with the importance of primary cilia in the generation of the GLI repressor forms, which are necessary for the shut-down of Hedgehog, was the discovery of the cilium-dependent function of the conserved vertebrate G-protein-coupled receptor (GPCR) Gpr161 [101]. The ciliary Gpr161 mediated the processing of Gli3 in a cAMP-dependent manner, by acting as an Hedgehog pathway antagonist. Gpr161 knockout mouse embryos displayed an increase in Hedgehog target genes that were aberrantly localized in the developing neural tube, concomitant with a decrease in the expression of the Gli3 repressor form. In addition, Shimada et al. demonstrated a tumor-suppressive role, played by Gpr161 in the context of a Shh medulloblastoma subtype [102]. The conditional depletion of Grp161 in the granule neuron precursors or in the neural stem cells of the mouse embryos induced an increase in the expression of Hedgehog target genes, while reducing the Gli3 processing in its repressor form. The increase of Hedgehog signaling gave rise to a cilium-dependent overproliferative phenotype of granule neuron precursors, and finally to tumorigenesis.

These findings indicate that the primary cilium, by directing the Hedgehog signaling pathway, can act both as a promoter of tumorigenesis, or as a tumor suppressor, depending on the initiating oncogenic alteration, thereby influencing cancer development in opposing ways.

PDGFRα Signaling Pathway

The PDGFRα signaling is the best described pathway among the receptor tyrosine kinase pathways, for its coordination by the primary cilium. The pathway depends on two receptors (PDGFRα and PDGFRα) and four ligands (PDGF A-D). As shown in Figure 3A, the binding of the ligand induces homo-or hetero-dimerization, and subsequent autophosphorylation on the tyrosine residues of the receptors. The phospho-tyrosines act as platforms for the binding of downstream molecules that trigger downstream signaling, such as mitogen-activated protein kinases (MAPK) and PI-3/Akt kinase pathways [103]. In growth-arrested NIH3T3 fibroblasts, PDGFRα localizes to the primary cilia [28]. The β isoform of the receptor was contrarily found along the cell surface. Serum starvation and ligand stimulation lead to an increase in PDGFRα protein expression and activation, as measured by tyrosine phosphorylation and the activation of Akt and Mek1/2-Erk1/2 pathways, in correspondence with cilium elongation. Ciliary localization was also found for the components of the downstream signaling cascade (Mek1/2). However, cilia-lacking fibroblasts derived from Tg737 orpk mice with mutated Ift88 were not able to increase PDGFRα levels and activity, neither in the case of serum-induced growth arrest, nor ligand stimulation (Figure 3B (i)).

Since aberrant PDGFRα signaling is linked to many human tumors, such as gliomas, osteosarcoma, and gastrointestinal stromal tumors [103], it can be argued that the suppression of the primary cilium can be beneficial for cancer regression. However, a recent study showed that the downregulation of IFT20, with a consequent loss of cilia, does not suppress PDGFRα signaling, but in contrast, it extends it [104] (Figure 3B (ii)). At the cilium, the IFT20 protein was found to interact with the E3 ubiquitin ligases, c-Cbl, and Cbl-b, where they participate in the ubiquitination and internalization of the PDGFRα receptor, in order to switch off the pathway. However, IFT20 depletion caused the autoubiquitination and degradation of c-Cbl, with a mislocalizaton of PDGFRα to the plasma membrane, thus impairing negative feedback for pathway regulation.

Although the role of the PDGFRα signaling/primary cilium in cancer progression remains to be defined, the fact that a loss of the primary cilium can induce either signaling inhibition or hyperactivation indicates that PDGFRα signaling requires the cilium to function correctly. 

Wnt Signaling Pathway

Wnt glycoproteins are secreted ligands that are encoded by 19 genes in the human genome [105]. Following the extremely complex process of secretion, Wnts exert their functions by binding to the Frizzled receptors and the lipoprotein-receptor related protein (LRP) co-receptors .

These secreted glycoproteins can differentially activate two distinct signaling pathways that are β-catenin dependent or independent. In the canonical Wnt/β-catenin pathway, binding to Frizzled proteins activates the Dvl protein [109], and this results in the inhibition of the destruction complex containing Adenomatous polyposis coli (Apc), Axin2, Glycogen synthase kinase 3 (Gsk3), and Casein Kinase 1a (CK1a) [110][111][112], that constantly degrades β-catenin in the cytoplasm. Thus, when the pathway is activated, stabilized β-catenin can translocate in the nucleus, where it interacts with other transcription factors belonging to the T-cell factor/lymphoid-enhanced binding factor 1 (TCF/LEF1) family, and it triggers the expression of Wnt target genes involved in cell proliferation, differentiation, and metabolism [113,114]. In the absence of a ligand, Dvl does not inhibit the destruction complex, and consequently, β-catenin is targeted to proteasomal degradation. The non-canonical planar cell polarity (PCP) Wnt pathway ensures cell polarization and orientation in the plane of the epithelium [115]. At the molecular level, the Wnt pathway culminates in cytoskeletal reorganization, and it changes to cell polarity and migration through the activity of Rac and Rho small GTPases [116].

The inversin protein was found to interact with and to inhibit Dvl and Apc2, by acting as a molecular switch between the canonical and non-canonical Wnt pathways [117,118]. Inversin depletion induced PKD in zebrafish and mice by the uncontrolled activation of canonical Wnt signaling, as a possible result of the inhibition of the proteasomal degradation of β-catenin [119]. Since inversin localizes to primary cilia [117], and the aberrant cyst formation due to its inhibition was a phenocopy of the loss of KIF3A-dependent impairment of ciliogenesis [120], it was generally assumed that the primary cilium functioned in hampering the Wnt pathway. In addition, Axin2, Apc, and Vangl2 were found to be localized at the basal body and mutations in the genes encoding basal body proteins impaired both Wnt pathways [29,118,119]. Another study by Corbit et al. favored the restricting function of the primary cilium on the Wnt signaling pathway in mouse embryos, primary fibroblasts, and embryonic stem cells [121]. In these models, a loss of primary cilia induced by mutations affecting Kif3a, Ift88, or oral-facial-digital syndrome 1 (Ofd1) caused Wnt hyper-responsiveness. The loss of Kif3a led to the constitutive phosphorylation of Dvl by CK1, and the subsequent cytoplasmic stabilization of β-catenin was responsible for Wnt pathway hyperactivation. Similarly, it was shown that MEFs treated with Kif3a small interfering RNA (siRNA), or with a mutation in the retrograde transport motor dynein cytoplasmic heavy chain 2 (Dnchc2) gene showed no ciliation, and an increase in nuclear translocation of β-catenin, by a mechanism involving the Jouberin (Jbn) protein, which is normally restricted to the primary cilium, thus limiting β-catenin nuclear entry [122]. The hyperactivation of Wnt signaling, induced by the loss of the primary cilium, and by the subsequent liberation of Jbn, was also confirmed in colon cancer cells, in which the loss of cilia may represent an important step in the transformation process. Recent work in support of the tumor suppressor activity of primary cilia related to Wnt pathway activation, elegantly describes, both in vitro and in vivo in mice, the histone methyltransferase EZH2 as a driver of melanomagenesis via primary cilia deconstruction [123]. The authors showed that the loss of ciliation-induced Wnt pathway activation, detected by an increase of nuclear non-phosphorylated β-catenin that is responsible for the initiation of metastatic melanoma. Moreover, the loss of primary cilia was found to characterize every stage of human prostate cancer, and unciliated cells were found to have high levels of nuclear β-catenin expression, indicative of Wnt pathway activation [46].

The Wnt pathway is also implicated in the initiation and progression of various types of tumors, most likely through the regulation of β-catenin-responsive genes affecting cell fate, growth, and apoptosis [124]. Although the role of primary cilia in regulating the Wnt pathway is controversial, as demonstrated by some studies in mice and zebrafish in which the impairment of ciliary genes (i.e., Ift88, Ift72, Dync2h1 and Kif3a) had no effect in Wnt responsiveness or Axin2 expression [125,126], in cancer, it seems that cilium disassembly acts as a tumor promoter by enhancing Wnt activity and dysregulating cell proliferation and differentiation.

In conclusion, the majority of signaling pathways are directed by the primary cilium, which elicits a cellular response by sensing the extracellular environment. A defective cilium can lead to signaling impairments, causing the induction of tumorigenesis. In cancer, the presence or absence of the primary cilium can trigger or inhibit cancer progression, depending on the type of cancer, the cancer-initiating mutations, and on the altered molecular pathway responsible for tumor insurgence.

Primary Cilium and Autophagy

Autophagy is a known survival mechanism that is evolutionarily conserved. It involves the formation of autophagosomes for the degradation of macromolecules and organelles via the lysosome, by providing cells with lipids, carbohydrates, amino acids, and nucleotides to maintain cellular homeostasis, and to sustain cellular energetics and development during nutrient scarcity [127,128]. Due to its role in maintaining cellular and genomic integrity, autophagy is thought to prevent cancer development. Conversely, once cancer is established, its function in fueling tumor cells with molecular building blocks as a substrate for biosynthesis and energy, as well as in protecting tumor cells from cell death, makes autophagy a prerequisite for tumor development [129,130]. In this section, we will discuss the connection between primary cilia and autophagy, and how this interplay influences cancer development.

The Primary Cilium Regulates Autophagy

Serum starvation of culture cells is known to both enhance ciliogenesis, by directing cell cycle exit, and autophagy. The first link between primary cilia and autophagy come from the study by Pampliega et al. on MEFs, depleted for Ift20, and kidney epithelial cells (KECs), from Ift88 -/- mice [131]. The resultant impairment of ciliogenesis, due to IFTB component knock out, prevented the full activation of autophagy upon serum starvation, as indicated by the analyses of autophagic flux and autophagolysosome formation. The cilial requirement for autophagy was confirmed by control experiments, in which PDGF-induced cilia resorption decreased starvation-induced autophagy. The mechanism behind this resides in the cilium-dependent Hedgehog pathway: the induction of the Hedgehog pathway in MEFs and KECs cultured in rich medium rescued autophagy to similar levels as those without serum, but only in cells in which ciliogenesis was not compromised. Indeed, in Ift88 -/- cells, only Hedgehog activation by the cilium-independent overexpression of Gli was able to partially rescue autophagy in serum-starved conditions. Several autophagic signaling components were found to be localized to the basal body, and among these, the autophagy-related (Atg) Atg16L protein was recruited only upon serum removal through IFT20-dependent vesicle trafficking from the Golgi to the base of the cilium [132], a novel possible site for autophagosome formation [131]. A positive role for the Hedgehog pathway in autophagy regulation was also found in ciliated neuron and smooth muscle cells [133,134]. The positive role of cilia in autophagy activation was also confirmed by Wang et al., where cilia shortening induced by IFT88 knockdown in human kidney proximal tubular cells impaired autophagy through the activation of mTOR signaling [135]. Although Pampliega et al. did not observe an activation of the mTOR pathway upon cilia-related autophagy inhibition, disruption of ciliogenesis was shown to lead to an increase in the phosphorylation of mTOR and AKT1 [135], the downstream substrates of the mTOR pathway.

Autophagy Regulates Ciliogenesis

Autophagy can also positively or negatively influence ciliogenesis and cilia length (Figure 4). Tang et al. showed that the induced autophagy helped to degrade the centriolar satellite pool of OFD1 protein (Figure 4A), which localizes around the basal body [136]. Although OFD1 protein localization at the distal end of the centrioles is required for distal appendage formation during centrosome maturation and for ciliogenesis [136,137], the OFD1 protein at the centriolar satellite seems to inhibit ciliogenesis. Indeed, autophagy compromised Atg5 -/-MEFs with normal levels of Ofd1 showed a marked reduction in primary cilia formation, with a severe decrease in length, but without any impact on cell cycle progression. Moreover, the knockdown of Ofd1 was able to restore ciliogenesis, even in the presence of serum in both the MEFs and MCF7 breast cell lines, thus indicating that OFD1 has a suppressive role on ciliogenesis and that autophagy, by degrading the satellite OFD1, is instead a positive regulator [136]. Conversely, Pampliega et al. found that Atg5-/-MEFs were able to more quickly grow primary cilia that were longer and completely functional in serum-rich medium [131]. Autophagy exerted a negative regulation on ciliogenesis through a partial IFT20 degradation (Figure 4B), since Atg5 -/-MEFs or MEFs treated with lysosomal inhibitors showed stabilization of the protein in small cytosolic vesicles. Wang et al. also showed a reciprocal effect between the primary cilium and autophagy: if primary cilia are required for basal and induced autophagy, autophagy is at the same time necessary for ciliogenesis. Autophagy stimulation was able to induce cilia lengthening, whereas the inhibition of autophagy caused cilia shortening in both a murine kidney cell line and tissue [135]. A recent study focused on the mechanism of primary cilia resorption, in concomitance with a gradual decrease of autophagy in human retinal pigmented epithelial (RPE1) cells [138]. A correlation between primary cilia resorption and the inhibition of autophagy in serum-starved cells subjected to gradual serum restimulation was confirmed. Induction of the autophagic flux that followed rapamycin treatment in serum-stimulated cells was partially able to restore proper ciliogenesis. Although the cilia were shorter and fewer compared to the autophagy-induced cilia by serum starvation, rapamycin prevented the disassembly of the primary cilium through the activation of autophagy-dependent ciliogenesis. The same effect of rapamycin on the induction of ciliogenesis and the shortening of cilia was observed by Takahashi et al. [139]. However, the effect of mTOR inactivation induced by glucose deprivation or rapamycin was not the promotion of autophagy, but mainly the upregulation of p27 KIP1 , a cyclin-dependent kinase inhibitor, which thus induced cell cycle arrest. A growing number of studies have characterized the molecular mediators residing in between the autophagy-ciliogenesis axis. The RPGRIP1L ciliary protein was found to positively regulate autophagy through the inhibition of mTOR pathway, and to affect ciliary length [140]. Peroxisome proliferator-activated receptor alpha (PPARA), a hormone transcription factor that is activated during starvation, was shown to be another positive regulator of ciliogenesis, by activating autophagy both in vivo and in vitro; thus, the pharmacological inhibition of autophagy repressed ciliogenesis. The rapamycin-dependent induction of autophagy recovered ciliogenesis in ppara -/-MEFs. Moreover, contrary to wild-type mice, ppara -/-mice failed to activate autophagy, in response to starvation, and displayed impaired ciliogenesis, resulting in kidney damage, similar to a ciliopathy. The activation of autophagy rescued the defective phenotypes [141]. Conversely, nuclear receptor subfamily 1, group H, member 4 (NR1H4), another nuclear hormone receptor, but one that is activated in fed conditions, negatively regulates ciliogenesis. In fact, the ligand activation of NR1H4 impaired ciliogenesis in RPE1 and HK2 cells, while the knockdown of NR1H4 restored ciliogenesis and activated autophagy genes, even in media containing serum. In vivo, treatment with an NR1H4 agonist had the same negative effect as ppara -/-mice on autophagy, ciliogenesis, and kidney function. Thus, ciliogenesis is strictly dependent on nutrient availability through the action of specific transcription factors that regulate autophagy. A role for the extracellular matrix, and in particular, for the major component type-1 collagen (col 1), has been elucidated in the autophagy dependent regulation of ciliogenesis and cilia length. Col 1 was found to be promote cilia growth by repressing HDAC6-mediated autophagy, thus indicating a negative role for autophagy in ciliogenesis [142]. Finally, the GLI2 transcription factor, one of the effectors of Hedgehog signaling, was found to control cell cycle re-entry and cilia length in an autophagy-dependent manner [143]. NIH3T3 fibroblasts lacking Gli2 expression showed longer primary cilia, and increased autophagy, with a reduction in the Ofd1 protein levels in serum-free media, along with a delay in cell cycle re-entry. The lengthening of primary cilia was disrupted by the inhibition of autophagy, while the Kif3a knockdown-dependent ciliary loss rescued the delay in cell cycle re-entry.

The Cilia-Autophagy Axis in Cancer Development

As discussed above, cilia are capable of inducing autophagy that, in turn, has a dual role in cancer development. Studies on autophagy-deficient mice lacking the Atg5 gene or harboring an Atg7 liver-specific deletion developed benign liver tumors, whose size was further reduced with the depletion of the ubiquitin-binding protein p62, thus indicating a suppressive role for autophagy in cell transformation [144]. On the other hand, several groups have shown that autophagy can sustain tumor growth in different types of tumors [130,145]. Most cancer cells are characterized by the loss of primary cilia, but they are still capable of high levels of autophagy, even in the absence of cilia, like pancreatic ductal adenocarcinoma (PDAC) tumor cells [48,145]. An explanation may come from a study addressing the fate of cilia in thyroid tumors, which revealed a decrease in the frequency and length of primary cilia in most Hürthle cells found in benign and malignant thyroid diseases, oncocytic variants of papillary carcinoma and primary Hürthle cell tumors. The XTC.UC1 Hürthle cell carcinoma cell line showed high levels of autophagy resulting in the degradation of IFT88 and ARL13B ciliary proteins, thus affecting ciliogenesis (Figure 4B). Consequently, the negative influence of autophagy in ciliogenesis, as well as the increase in autophagy, may be the cause of the poor prognosis characterizing Hürthle cell carcinoma patients [146]. Contrarily, a recent study assessing the function of thioridazine (THIO), an antipsychotic drug, and a potential anti-cancer treatment administered during chemotherapy, through its function in regulating apoptosis [147], indicates a repressive role for the autophagy-cilia crosstalk in tumorigenesis [148]. THIO treatment was able to induce ciliogenesis in lung cancer cells through the promotion of autophagy, by reducing the potential of invasion, proliferation, and the epithelial-mesenchymal transition (EMT) in A549 cancer cells. Thus, the presence of cilia and activated autophagy may together contribute to the regulation of cancer development, but their outcomes in cancer development are specific to their different tumor contexts. Despite these emerging studies, further analyses are still needed to understand how autophagy influences tumorigenesis through cilia, or vice versa.

Primary Cilium, Hypoxia, and Cancer Hallmarks

Hypoxia is a common microenvironmental trait of solid tumors, in which highly proliferative cells rapidly grow away from blood vessels, a precluding condition for the diffusion of oxygen in such a poorly vascularized microenvironment [149]. In these disadvantageous circumstances, tumor cells are able to accomplish an adaptive response, resulting in the reprograming of cellular metabolism, the promotion of cell proliferation, resistance to apoptosis, unlimited replication potential, evasion of immune attack, induction of angiogenesis, and ultimately, in the migration towards less hypoxic areas and invasion. All these responses to the hypoxic microenvironment, which are merely the well-known cancer hallmarks [150], are in part orchestrated by hypoxia-inducible factors (HIFs), the master regulators of oxygen homeostasis [149,151].

HIFs are characterized by two subunits, HIFs-α and HIF-β, of which the α subunits (HIF-1α, HIF-2α and HIF-3α) are strictly activated by hypoxia. Changes in cellular oxygen tension (PO 2 ) are perceived by two classes of oxygen-sensors, prolyl hydroxylase (PHD) proteins and factor-inhibiting HIF-1 (FIH), which strictly regulate HIF-α activation, depending on the PO 2 levels. With high PO 2 , PHDs hydroxylate HIFs-α in the oxygen-dependent degradation domain (ODDD), thus enabling rapid interaction with the ubiquitin E3-containing ligase, von . This interaction causes HIFs-α to be ubiquitinated, and thus driven to proteasomal degradation [153,154]. On the other hand, FIH inactivates HIF-1 through the hydroxylation of its carboxy-terminal transcriptional activation domain (C-TAD), preventing its interaction with the co-activator p300 [155]. The gradual decrease in PO 2 , however, causes the inactivation of PHDs and FIH, allowing for the stabilization of HIF-α, which is free to translocate to the nucleus, and to heterodimerize with the constitutively expressed HIF-β. The heterodimer then interacts with cofactors and binds to hypoxia-response elements (HREs) in the regulatory regions of hypoxia-responsive genes, which in turn mediate responses to hypoxia [156,157].

In this section, we will describe the role of hypoxia, and of the HIFs in particular, on the regulation of ciliogenesis, as well as what is so far known about the role of the primary cilium in cancer hallmarks (resumed in Figure 5). 

HIF-Dependent Regulation of Ciliogenesis in Cancer

Most of our understanding of HIF-dependent regulation of ciliogenesis comes from studies of clear cell renal cell carcinoma (ccRCC), the most frequent histological subtype of renal cell carcinoma (RCC), representing between 70% and 75% of all RCCs [158]. The oncogenic event characterizing both the hereditary and the sporadic form of ccRCC is the biallelic inactivation of the VHL gene, which, among its functions, is crucial in addressing HIF-α proteins for proteasomal degradation. ccRCCs are distinguished by cystic precursor lesions that lack cilia [159]. Although the regulation of ciliogenesis by pVHL, a structural component of the cilium [160] is not always considered to be HIF-dependent [161], a negative function was observed for HIF-1α in pVHL-defective ccRCC cells [162]. Overexpression of a mutant pVHL isoform lacking the ability to regulate HIF-α proteins failed to restore cilia, indicating that the loss of cilia in ccRCCs may be a mechanism involving the pVHL inactivation-dependent stabilization of HIF-α. How HIFs mediate cilia resorption is still not completely understood. One explanation could lie in the function of pVHL in regulating the Never in mitosis gene A (NIMA)-related kinase 8 (NEK8) [163]. ccRCC cell lines defective for pVHL showed overexpression of NEK8. Accordingly, NEK8 expression was found to be increased under hypoxia (1% O 2 ), suggesting a role for HIFs in its regulation. This hypothesis was supported by the findings of HIF-1α-specific HREs in NEK8 promoter. It was further confirmed in vivo in mice exposed to a renal ischemia/reperfusion (I/R) injury. Moreover, the downregulation of NEK8 impaired pVHL knockdown-induced primary cilia resorption, which supports HIF-NEK8 action in the impairment of ciliogenesis. A negative impact of HIF-α on ciliogenesis was also shown in murine bone marrow-derived mesenchymal stem cells (MSC) exposed to hypoxia (1.2% O 2 ) [164]. The HIF-1α-dependent disruption of ciliogenesis occurred via Wnt signaling, with HIF-1α inducing the downregulation of the secreted Frizzled-related proteins (sFRP)-1, -3, and -4, and the up-regulation of sFRP-2. Finally, severe cilia disruption was observed in tumors from patients with germline mutations in the pseudohypoxia-linked genes succinate dehydrogenase (SDHx) and VHL [165], indicating a possible role for the HIFs. Accordingly, pheochromocytoma PC-12 cells showed a decrease in primary cilia expression under hypoxia (1% O 2 ), and the same effect was observed with both the downregulation and the pharmacological inhibition of SDHB, and fumarate hydratase (FH). The loss of SDH and FH function induces a pseudohypoxic condition, due to the accumulation of succinate and fumarate oncometabolites that inhibit PHDs and thus pVHL-mediated degradation of HIFα [166]. Thus, HIFα stabilization drove primary cilia loss in pheochromocytoma cells, depending on the activation of the AURKA/HDAC6 cilia resorption pathway [165]. A role for the HIF-induced activation of the AURKA-HDAC6 pathway in ccRCC cells was also demonstrated by Xu et al. [167]. AURKA was regulated by both HIF-1α and HIF-2α subunits, and they also determined the HIF-2α-specific regulation of HEF1, which participates in AURKA activation. The activation of the HEF1-AURKA-HDAC6 pathway had a significant impact on two relevant features of VHL-defective cells: the suppression of primary cilia and the increased of cell motility.

Hypoxia seems to mostly counteract primary cilia formation through the stabilization of HIF transcription factors, following the inactivation of pVHL, which is a structural component of the cilium, and it is essential for ciliogenesis. HIFs are in turn, able to mediate primary cilia disassembly through different pathways, and the role of HIFs in ciliogenesis may be decisive in the adaptation of tumor cells to the hypoxic microenvironment, leading to tumor development.

Primary Cilia in the Regulation of Cancer Cell Metabolism

Cancer cells adapt to hypoxia by shifting their glucose metabolism from aerobic to anaerobic, such as from oxygen-dependent oxidative phosphorylation to oxygen-independent glycolysis, in order to fuel their rapid growth and division [168]. In addition, since the Otto Warburg's first observations on cancer metabolism, we now know that cancer cells can produce energy for their sustained survival by favoring glycolysis, even in presence of adequate oxygen, leading to a state that has been termed "aerobic glycolysis" [169,170].

There is still little information about the role of primary cilia in the metabolic reprogramming of cancer cells. A recent paper has innovatively investigated the metabolic effects subsequent to the loss of cilia in IFT88-deficient thyroid cancer cells. The authors provided evidence that the loss of function (LOF) of IFT88/primary cilia results in mitochondrial dysfunction in favor of glycolytic metabolism and lipid biosynthesis [171]. LOF-IFT88/primary cilia resulted in mitochondrial fragmentation, impaired oxidative phosphorylation (OXPHOS), diminished mitochondrial membrane potential, and reduced ATP synthesis. On the other hand, increased aerobic glycolysis and fatty acid synthesis was also observed. The results were further confirmed for two out of three thyroid cancer cell lines knocked down for KIF3A, indicating that the shift towards glycolytic metabolism was specifically dependent on the loss of primary cilia.

Besides this above-cited role of the primary cilium in the maintenance of mitochondrial functions, a metabolic shift towards glycolysis has been hypothesized, in correlation with the presence of primary cilia [172]. However, although a cancerous inhibitor of protein phosphatase 2A (CIP2A)-depleted cells showed an increase in primary cilia expression, and in glycolytic activity and capacity, and although the primary cilia seemed to be necessary for enhancing glycolytic activity, the increased glycolytic metabolism was independent to the presence of primary cilia. Nonetheless, this latter study was performed in non-cancerous cell lines, and most of our understanding of primary cilia-dependent metabolic regulation is related to diabetes and obesity [173,174]. Indeed, studies on the implication of primary cilia in the metabolic reprogramming of cancer cells are still limited, and researchers have just started to probe this interesting field.

Primary Cilia, Cancer Stem Cells, and the Epithelial-Mesenchymal Transition

Recent research has revealed a role for hypoxia in the activation and maintenance of cancer stem cells (CSCs) [175][176][177]. CSCs are a subpopulation of cells that are present with varying abundance within most tumors. They are distinguished by the expression of markers that are also expressed in normal stem cells in the tissue of origin. CSCs, thanks to their self-renewal and differentiation capabilities in multiple cell types, have the ability to seed new tumors when implanted in immunodeficient mice, and they give rise to all cell types of a particular tumor sample. CSCs are persistent in the tumor, and given their strong resistance to chemotherapeutic treatments, are the cause of tumor relapse.

Gale et al. have explored CSCs in human and mouse medulloblastomas, as well as the relative presence of primary cilia [178]. Human medulloblastomas CSCs expressing CD133 and CD15 neural stem cell markers were defined by two different populations, with CD15 + cells being mostly expressed in recurrent tumors, and characterized by stem-cell properties. As discussed in § 3.1, medulloblastoma insurgence is associated with mutations in the Hedgehog pathway, which is tightly regulated throughout the primary cilium. The authors demonstrated that the Hedgehog pathway and the primary cilium drive the proliferation of human medulloblastoma cells. However, despite the expression of primary cilia in CD15 -cells, CD15 + cells did not form cilia in the human medulloblastoma, suggesting that this CSC population signaling is independent of the Hedgehog pathway. A recent study has addressed the mechanism inducing CSCs in claudin-low breast cancer [179]. Contrary to that reported by Gate et al. [178], Guen et al. found the Hedgehog pathway and ciliogenesis to be key determinants for driving stemness and tumor growth of the basal compartment [179]. By using HMLE human mammary epithelial cells engineered for the acquisition of an epithelial-to-mesenchymal (EMT) signature, they demonstrated that this HMLE variant was able to strongly increase the expression of primary cilia. The same results were observed for their neoplastic counterparts (HMLER and HMLE cells transformed through H-RAS G12V expression), suggesting that EMT was associated with primary ciliogenesis. Moreover, both cell lines showed activation of the Hedgehog pathway (which was abolished in primary cilia-ablated cells), with GLI2 and GLI3 displaying marked ciliary localization in HMLER cells. Finally, the role of the primary cilium in the acquisition of stemness for normal basal mammary stem cells (MaSCs) was revealed by assessing their capacity to form organoid, and similarly for HMLER CSCs, which showed strong tumor forming capacity after mammary fat pad transplantation. Although it was already known that EMT and the Hedgehog pathway had important roles in the activation of mammary CSCs, this was the first research revealing that the two are interconnected by the primary cilium.

The primary cilium requirement for EMT should not be considered a general rule, and once again, it seems to be related to the type of tissue of cancer onset. In fact, EMT in the kidney is promoted by ARL13B and IFT20 knockdown-induced impairment of ciliogenesis [180], but the study was carried out on the non-cancerous Madin Darby Canine Kidney (MDCK) cell line. Nevertheless, research on the primary cilia-EMT-CSCs axis only at the beginning, and additional studies determining the implication, or not, of the primary cilium will be clinically essential.

Primary Cilia in Cell Death Resistance

One characteristic of tumor cells is their ability to circumvent apoptosis through the imbalance between pro-and anti-apoptotic factors, which enable tumor cells to survive in unfavorable contexts, such as hypoxia and chemotherapy.

Jenks et al. demonstrated an important role for cilia and cilia length in acquired and de novo resistance to different kinase inhibitors, which are clinically relevant therapeutic agents [181]. Several tumor cell lines that become drug-resistant after chronic drug exposure showed a percentage increase in ciliogenesis and/or cilia length, with the appearance of cilia fragmentation. The ciliary length regulator KIF7 was found to be mislocalized at the level of the cilium in the resistant cell lines, and downregulation of the protein in the drug-sensitive cells was sufficient to confer resistance. Changes in cilia length in resistant cells were accompanied by changes in the Hedgehog pathway, resulting in pathway hyperactivation. Finally, targeting ciliogenesis with a small interfering RNA (siRNA) approach or the pharmacological inhibition of the Hedgehog pathway sensitized tumor cells to drugs and enhanced apoptosis. Similarly, cilia shortening following cisplatin treatment in cultured human proximal tubular HK-2 epithelial cells sensitized cells to apoptosis, as indicated by the increase of caspase activity, and genetic ciliary ablation was found to exacerbate this effect [182]. The molecular pathway underlying the cilia-shortening effects on apoptosis was the mitogen-activated protein kinases (MAPK) pathway, and its pharmacological inhibition reverted cilia length and conferred resistance to cell death. The same effect has been seen in a primary gliobastoma cell line depleted for pericentriolar material 1 (PCM1), which showed defects in cilia formation and increased sensitivity to temozolomide by increasing the apoptotic rate [183]. Altogether, these findings on different types of cancer may suggest an innovative approach to resensitizing drug-resistant cancer cells to therapy, by targeting primary cilia and thus triggering cancer cell apoptosis. However, another study has proposed the role of cilia loss in the context of drug resistance to SMO inhibitors in vitro and in vivo, in which the loss of cilia in medulloblastoma cells was associated with mutations in OFD1, and a basal level of activated Hedgehog pathway sustained tumor growth [184], indicating that the role of cilia in promoting cell death resistance depends on the oncogenic context.

Primary Cilia in Angiogenesis

The primary cilium has been shown to extend from endothelial cells into the lumen of blood vessels, where it senses the blood flow and when activated, it triggers calcium signaling and nitric oxide production [185]. In the mouse aorta, Dinsmore and Reiter found that primary cilia were enriched at vascular branch points and sites of high curvature, and they assessed the in vivo role of mouse endothelial primary cilia by conditionally depleting Ift88 [186]. Since primary cilia-enriched areas corresponded to the areas susceptible to atherosclerotic plaque occurrence throughout vasculature, they explored the effects of the absence of endothelial cilia on atherosclerosis. Removal of endothelial cilia in Apoe -/-mice lacking apolipoprotein E increased atherosclerosis when they were fed with a high-fat, high-cholesterol diet, due to the reduced activity of endothelial nitric oxide synthase (eNOS). In addition to the mechanosensory and anti-atherosclerosis role of endothelial primary cilia, an in vivo ciliary function has recently been found in the formation, remodeling, and maturation of the cranial vascular network in zebrafish [187]. Primary cilia were enriched in nascent vessels independently of their biochemical function as a blood flow sensor, and they were involved in all stages of hindbrain angiogenesis, as suggested by the presence of primary cilia in the region of new central artery sprouting. Mutation or morpholino-induced loss of ift172 and ift81 developed cranial hemorrhages in zebrafish embryos, and the phenotype was rescued with the overexpression of ift81. The role of endothelial primary cilia in developmental angiogenesis was also confirmed with additional studies in zebrafish and mice, respectively, in the caudal vasculature and in the retina [188,189]. The latter in vivo research on mice demonstrated that the inducible deletion of primary cilia via loss of Ift88 in retinal endothelial cells triggered premature and random vessel regression, indicating that primary cilia are crucial for proper vascular remodeling [189].

Although the existence of such evidence for primary cilia regulation of developmental angiogenesis, nothing is yet known about the potential function of primary cilia in regulating tumor angiogenesis, such as the formation of new blood vessels in solid tumors in response to hypoxia that enables tumor growth and metastasis. Thus, it will be interesting to address future research in this intriguing field.

Conclusions

Our knowledge about the primary cilium, a solitary and multitasking organelle, exploded in the second half of last century, and nowadays it is continuing to grow. Besides the sensory role of the primary cilium in olfaction, the perception of light, and mechano-and chemo-perception, it is increasingly being considered to be extremely important for cancer fate.

Cancer outgrowth depends on multiple events, including adaptation to hypoxia, switches in cellular metabolism, escape from apoptosis, autophagy, sustained angiogenesis, and migration, which ultimately lead to metastasis. Both the presence or absence of primary cilia can regulate each event that is essential for cancer survival, thus accentuating our inability to define a precise role for the primary cilium in cancer progression. However, the relationship between the primary cilia and the hypoxic adaptation of cancer cells is an extremely interesting field that requires future investigation.

Primary cilia are interesting targets for novel therapeutic approaches. So-called "ciliotherapy" could be proposed, based on drug repurposing, which would enable the restoration of primary cilia in cilia-lacking cancer cells. On the other hand, primary cilia of ciliated cancer cells may also confer drug resistance to specific kinase inhibitors through the activation of the Hedgehog pathway, and targeting the primary cilium sensitizes cancer cells to cell death. Targeting the primary cilium to turn off the Hedgehog pathway could be another promising therapy. However, the oncogenic mutation-inducing activation of the pathway must be taken into consideration, in order to choose the correct Hedgehog-target drugs to treat individual cancers.

In conclusion, the emerging link between primary cilia and cancer is strictly dependent on tumor types, and it can also vary within the same tumor, or between tumor subtypes. Targeting primary cilia in a therapeutic approach needs to take into consideration all of the events that lead to cancer development, which make the tumor environment extremely heterogeneous (autophagy, hypoxia, EMT, etc.), as well as the degree of ciliation and the tumor-driven oncogenic mutations. Nevertheless, the primary cilium remains a target that should not be neglected, especially in the field of "à la carte" cancer treatment, where the biological profile of the tumors becomes more important than their location, and it is towards this profile that the most innovative treatments are oriented.
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Figure 2 .

 2 Figure 2. The hypoxic tumor microenvironment. TME is composed of malignant cancer cells and non-malignant cells of tumor stroma, such as endothelial cells of blood vessels, fibroblasts (CAFs) and immune cells. All these components are influenced by hypoxia to favor tumor progression.Hypoxia stimulates angiogenesis and lymphoangiogenesis, promote immune suppression and the expression of PDL-1 immune checkpoint by cancer cells. CAFs produce an ECM that is stiff and aligned, different from a normoxic ECM, and support cell migration. CAFs: cancer associated fibroblasts; ECM: extracellular matrix; PDL-1: programmed death ligand-1; TME: tumor microenvironment. From:Petrova et al., Oncogenesis, 2018. 

Figure 13 .

 13 Figure 13. VDAC isoforms. The exons coding for the proteins are shown. The arrows show the ATG positions. The ball and stick show the Stop codon position. The chromosome localization and the length of the gene sequences encompassed between the Start and Stop codons are reported.VDAC: voltage-dependent anion channel; Chr: chromosome. From:Messina et al., Biochim. Biophys. Acta, 2012. 

  , the formation of VDAC1 dimers could favor the stabilization of the protein. VDAC1 oligomerization is required for VDAC1 interactions with other protein, i.e. HK and Bcl-X L , and for VDAC1-mediated apoptosis (Shoshan-Barmatz, Mizrachi et al. 2013). Another model for VDAC1 dimerization implies the translocation of the N-terminal from inside to outside the pore (Geula, Ben-Hail et al. 2012). Disrupting the glycine-rich sequence (GRS) connecting the Nterminal with the barrel with point mutations resulted in the inhibition of the helix translocation and, subsequently, VDAC1 oligomerization.

Figure 15 .

 15 Figure 15. VDAC1 oligomerization. Cartoon representation of the dimeric structure of VDAC1. Side (top figure) and top view (bottom) of VDAC1 are reported. #-Strands involved in dimerization are marked in blue (#1, #19) and the N-terminus domain is in red. Modified from: Shoshan-Barmatzet al., Prog Mol Biol Transl Sci, 2013. 

Figure 16 .

 16 Figure 16. Representation of planar lipid bilayer assay measuring the channel activity of VDAC1. A salt concentration gradient or voltage is applied across the bilayer and the current is measured under voltage clamp. The cis-side is the side of the compartment to which VDAC1 is added and the current is measured in respect to the trans-side. VDAC: voltage-dependent anion channel. From: Shoshan-Barmatz et al., Mol. Aspects Med. 2010.

Figure 18 .

 18 Figure 18. VDAC1 phosphorylation sites. VDAC1 phosphorylated sites so far identified are shown in light blue (see the text for details). Three putative phosphorylated sites by PKA (red circles) and GSK3 (blue circles) are located in the cytosolic loops L5 and L7.GSK3: glycogen synthase kinase; PKA: AMP-dependent protein kinase. From:Rostovtseva and Bezrukov, Biochim. Biophys. Acta, 2012. 

Figure 20 .

 20 Figure 20. Representation of Hexokinase/VDAC1 interaction. Bottom-up" view from the mitochondrial intermembrane space. Schematic representation of the protein assembly. VDAC1 is drawn as green ribbons, HK as golden ribbons and ATP as red sphere. ATP: adenosine triphosphate; HK: hexokinase; VDAC1: voltage-dependent anion channel-1. From:Rosano, Mitochondrion, 2011. 

  oligomerized VDAC1 (Shoshan-[START_REF] Shoshan-Barmatz | Oligomerization of the mitochondrial protein VDAC1: from structure to function and cancer therapy[END_REF]. With VDAC1 oligomerization a new hydrophobic pore composed of #-barrels would indeed be formed, impeding the passage of the charged Cyt. c. Thus, it has been proposed a mechanism that allows the translocation of VDAC1 Nterminal (one of the proposed models for VDAC1 gating, see section B of this chapter), in order to form a new hydrophilic pore, thus permitting the passage of Cyt. c (Shoshan-[START_REF] Shoshan-Barmatz | Oligomerization of the mitochondrial protein VDAC1: from structure to function and cancer therapy[END_REF]).

  2 andBcl-X L , influences the cells fate by inducing resistance to apoptosis. Similar to HK, Bcl-2 inhibits VDAC1 conductance and prevented apoptosis (Azoulay-Zohar,Israelson et al. 2004, Arbel and Shoshan-Barmatz 2010). Mutagenesis experiments identified glutamate 72 as critical site for Bcl-2 interaction with VDAC1 (Arbel and Shoshan-Barmatz 2010). Directed mutagenesis of this residue on VDAC1 prevented the Bcl-2 dependent inhibition of channel activity when reconstitute in a lipid bilayer and restored STS sensitivity. Moreover, the use of synthetic and recombinant VDAC1-based peptides, designed for preventing Bcl-2 binding to VDAC1 by interacting with Bcl-2, sensitized T-REx-293 cells to apoptosis (see section E and paragraph II.2 of this Chapter for details). In another study, the arsenic trioxide-dependent release of Cyt. c from isolated mouse liver mitochondria was inhibited by Bcl-X L and Bcl-2 acted in preventing apoptosis through inhibition of VDAC1

  the C-terminus truncation of the channel (VDAC1-∆C) under hypoxic conditions[START_REF] Brahimi-Horn | Expression of a truncated active form of VDAC1 in lung cancer associates with hypoxic cell survival and correlates with progression to chemotherapy resistance[END_REF], Brahimi-Horn, Lacas-Gervais et al. 2015). Cancer cell lines showing such hypoxic modification of VDAC1 were characterized by modified mitochondria, with EM and immunofluorescence (IF) experiments showing an enlarged mitochondrial morphology[START_REF] Chiche | Hypoxic enlarged mitochondria protect cancer cells from apoptotic stimuli[END_REF], Brahimi-Horn, Lacas-Gervais et al. 2015). Further examination of mitochondria ultrastructure highlighted a specific reorganization of mitochondrial cristae, which consequently impacted on IM structure. Cancer cells with such mitochondrial phenotype and hypoxic VDAC1-∆C were resistant to apoptosis induced by STS or etoposide, showing no release of Cyt. c that was instead trapped inside the IMS of the atypical mitochondria. By contrast, the silencing of VDAC1/VDAC1-∆C or normoxic exposure of cancer cells resensitized cells to apoptosis(Brahimi-Horn, Ben-Hail et al. 2012

Figure 23 .

 23 Figure 23. VDAC1-based therapy. From: Shoshan-Barmatz et al., Biochim. Biophys. Acta, 2015.
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 24 Figure 24. Disrupting VDAC1/HK interaction. The sequences of the synthetic peptides are labeled in light gray. From:Arzoine et al., J. Biol. Chem., 2009. 

  et al. on MEFs, depleted for Ift20, and kidney epithelial cells (KECs), from Ift88 -/-mice(Pampliega, Orhon et al. 2013). The resultant impairment of ciliogenesis, due to IFTB component knock out, prevented the full activation of autophagy upon serum starvation, as indicated by the analyses of autophagic flux and autophagolysosome formation. The cilial requirement for autophagy was confirmed by control experiments, in which PDGF-induced cilia resorption decreased starvationinduced autophagy. The mechanism behind this resides in the cilium-dependent Hedgehog pathway:

(

  MSC) exposed to hypoxia (1.2% O 2 ) (Proulx-Bonneau and Annabi 2011). The HIF-1α-dependent disruption of ciliogenesis occurred via Wnt signaling, with HIF-1α inducing the downregulation of the secreted Frizzled-related proteins (sFRP)-1, -3, and -4, and the up-regulation of sFRP-2. Finally, severe cilia disruption was observed in tumors from patients with germline mutations in the pseudohypoxia-linked genes SDH and VHL (O'Toole, Watson et al. 2019), indicating a possible role for the HIFs. Accordingly, pheochromocytoma PC-12 cells showed a decrease in primary cilia expression in hypoxia (1% O 2 ), and the same effect was observed with both the downregulation and the pharmacological inhibition of SDHB and FH. The loss of SDH and FH function induces a pseudohypoxic condition, due to the accumulation of succinate and fumarate oncometabolites that inhibit PHDs (see Chapter1, section B and paragraph II) and thus pVHL-mediated degradation of HIFα(Selak, Armour et al. 2005). Thus, HIFα stabilization drove primary cilia loss in pheochromocytoma cells, depending on the activation of the AURKA/HDAC6 cilia resorption pathway (O'Toole,Watson et al. 2019). A role for the HIF-induced activation of the AURKA-HDAC6 pathway in ccRCC cells was also demonstrated by Xu et al.(Xu, Li et al. 2010). AURKA was regulated by both HIF-1α and HIF-2α subunits, and they also determined the HIF-2α-specific regulation of HEF1, which participates in AURKA activation. The activation of the HEF1-AURKA-HDAC6 pathway had a significant impact on two relevant features of VHL-defective cells: the suppression of primary cilia and the increased of cell motility.

  my arrival, a new post-translational modification of VDAC1 as consequence of hypoxia was discovered (see Chapter 2, section B and paragraph IV.2 of the Introduction): the VDAC1 Cterminally cleaved form, namely VDAC1-!C ([START_REF] Brahimi-Horn | Expression of a truncated active form of VDAC1 in lung cancer associates with hypoxic cell survival and correlates with progression to chemotherapy resistance[END_REF], Brahimi-Horn, Lacas-Gervais et al. 2015). As it was shown, hypoxic cancer cells take advantages from this modification by boosting both mitochondrial and glycolytic metabolism, putting thus in place a survival pathway that make them resistant to cell death after apoptotic stimuli (see Chapter 2, section D and paragraph II.3 of the Introduction).My thesis project aimed at dissecting the specific function of VDAC1-!C in cancer, a contextin which cell proliferation and survival prevail over cell death. To this purpose, the first part of my research has been focused on VDAC1-!C in clear cell Renal Cell Carcinoma (ccRCC), a cancer that is genetically predisposed to the constitutive stabilization of HIF, the master regulator of the hypoxic responses. Sporadic and familial cases of ccRCC are indeed characterized by the biallelic inactivation of VHL gene, coding for the ubiquitin E3 ligase that target HIF to the O 2 -dependent proteasomal degradation. Loss of pVHL causes the formation of cystic precursor lesions that lack primary cilia, a microtubule-based appendage present in many cell type with crucial implications in cancer development. Thus, the questions that underlie the first part of my thesis were:•! Did HIF stabilization drive the cleavage of VDAC1 in ccRCC?•! Was VDAC1-!C related to the ciliopathic phenotype typical of ccRCC?In parallel, my thesis project aimed at understanding the direct implications of VDAC1-!C in the survival pathway that is a hallmark of cancer cells. When the hypoxic VDAC1-!C was discovered in cancer cell lines, a decrease of the full-length form of VDAC1 of about 50% and a 50% concomitant increase of VDAC1-!C was observed after exposure to hypoxia[START_REF] Brahimi-Horn | Expression of a truncated active form of VDAC1 in lung cancer associates with hypoxic cell survival and correlates with progression to chemotherapy resistance[END_REF]. Thus, the second part of my thesis aimed at answering to the following questions:-! Was the metabolic reprogramming observed under hypoxia directly related to VDAC1-!C? -! What were the mechanisms underlying the exacerbated metabolism observed along with appearance of VDAC1-!C?
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  Figure 6. Patients with primary cilium signature present a higher immunogenicity compared to no primary cilium signature and a better response to immunotherapy. A and B, Progression free-survival (PFS) (A) and Overall survival (OS) (B) for the primary cilium signature was calculated from patients of the TCGA cohort C treated with sunitinib using the GLI1/IFT20 signature. PFS and OS were calculated from patient subgroups with GLI1/IFT20 mRNA levels that were less or greater than the third quartile. Statistical significance (p-value) is indicated. The median survival is also indicated. C, In silico analysis of immune cell type fraction (%) according to the primary signature status (no primary cilium and primary cilium). D, In silico analysis of regulatory T lymphocytes (T reg) fraction (%) according to the primary signature status (no primary cilium and primary cilium). E, Tumors from patients with no primary cilium signature and tumors from patients with primary cilium were compared. The level of PD1 mRNA was determined by RNAseq for the TCGA cohort. Statistical significance (p value) is indicated. F, Distribution of ccRCC patients from the TCGA database depending on the primary cilium signature and immunophenoscore. p-value between no primary cilium and primary cilium is indicated.
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Figure S1 .Figure S6 .

 S1S6 Figure S1. Legumain, a direct partner of the cleaved form of VDAC1. A, Schematique representation of VDAC1 cleavage by LGMN. Cytoplasm (Cytop.), mitochondrial outer membrane (OM), mitochondrial intermembrane space (IMS). B, Expression of LGMN and Hsp-90 proteins was quantified in normal (N) and tumoral (T) tissues and LGMN/Hsp-90 ratio was obtained in each patient.

Figure S10 .

 S10 Figure S10. PDL1 is present in group B. A, Graphic representation of PDL1 mRNA expression in patients from Group A compared to patients from Group B. B, Representative image of immunofluorescence analysis of patient#8 (Group A) and patient#13 (Group B) studied to evaluate a prediction model of the absence or presence of PDL1 expression. A * p<0.05 show significant differences.
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 1023569 Fig.! 2a).! However,! no! differences! were! observed! in! normoxia! in! Vdac1 0/0 +VDACMUT#1/#2!

  RAS-MEF Vdac1 -/-in hypoxia confirmed previous works carried out in my laboratory[START_REF] Brahimi-Horn | Knockout of Vdac1 activates hypoxia-inducible factor through reactive oxygen species generation and induces tumor growth by promoting metabolic reprogramming and inflammation[END_REF], in which they demonstrated the hypoxic increase of the glycolytic pathway in RAS-MEF Vdac1 -/-compared to RAS-MEF wt, explaining thus the proliferative advantage that RAS-MEF Vdac1 -/-have in low O 2 conditions. When Vdac1 -/-+VDAC1-STOP#4 were included in the analysis of cellular metabolism, we observed an increase in both basal respiration and maximal respiration in normoxia compared to Vdac1 -/-+VDAC1#1/#2 and Vdac1 -/- +MUT#1/2 clones. However, under hypoxia, the OXPHOS and glycolysis measured in Vdac1 -/- +VDAC1-STOP#1/#4 were similar to Vdac1 -/-+VDAC1#2, but either clones had a higher metabolism than Vdac1 -/-+ MUT#2. These results indicate that VDAC1-!C is responsible for the metabolic advantage under hypoxic conditions of RAS-MEFs and of the other cancer cell lines (Brahimi-Horn, Ben-Hail et al. 2012, Brahimi-Horn, Lacas-Gervais et al. 2015) (Figure 37). Why such improvements in cellular metabolism with VDAC1-!C? As reported in the Chapter 2 of the Introduction (section B, paragraph IV.2), VDAC1-!C reconstituted in a lipid bilayer showed, at high voltages, a longer open-state occupancy than the VDAC1 full-length, resulting in an increase of conductance and output of ATP (Brahimi-Horn, Ben-Hail et al. 2012). This can explain the increase of OXPHOS seen in presence of VDAC1-!C. Additionally, VDAC1-!C was shown to co-immunoprecipitate with HK and the silencing of HK and VDAC1 impacted reciprocally on their expression (Brahimi-Horn, Ben-Hail et al. 2012). Since VDAC1-!C is complexed with HK, it is possible that the increase output of ATP from the truncated VDAC1 can boost the ATP available for HK (see Chapter 2, section C and paragraph II of the Introduction), thus resulting in the increase of glycolysis seen with VDAC1-!C.

Fig 1 .

 1 Fig 1. Depletion of proteins of the mitochondrial ISC assembly machinery leads to the formation of enlarged mitochondria without HIF-1α activation. HeLa cells were transfected with either negative control (NC), or iscu-, nfs1-, mfrn2-or hsc20-siRNA for 6 days. (A) Confocal microscopy after CMXRos staining to visualize mitochondria (upper panels). Scale bar: 10 μm. (lower panels) Higher magnification of the part of the upper panel image delineated by a white square. (B) 6 days after transfection, total protein extracts were analyzed by immunoblotting using VDACs poly antibody detecting all isoforms of VDAC, and antibodies against ISCU or HSC20. β-Actin was used as loading control. The mRNA levels of nfs1 and mfrn2 were determined by RT-qPCR 24 h after transfection. Data are normalized to 18S ribosomal rRNA levels and represented as a percentage of NC ± S.D. ⇤ , p < 0.001 (n = 3). (C) Cells were transfected with the specified siRNA for 6 days or treated with desferrioxamine (DFO) for 16 h. Immunoblotting was carried out to determine HIF-1α, CAIX, ISCU, NFS1 and HSC20 protein levels in total extracts. β-Actin is shown as loading control. https://doi.org/10.1371/journal.pone.0194782.g001

  ) and protein levels (CAIX, Fig 1C), as compared with cells treated overnight with the hypoxia-mimetic agent desferrioxamine (DFO) [24]. As shown in Fig 1C, in HeLa cells grown in normoxia, depletion of the iron importer MFRN2, of core ISC assembly proteins (ISCU and NFS1) or of the chaperone HSC20 induced formation of enlarged mitochondria associated with accumulation of VDAC 25K without stabilization of HIF-1α. Then, we also verified that HIF-2α was not stabilized at the protein level (S6 Fig, panel A) and that two of its main target genes (glut1 and oct4) were not induced (S6 Fig, panel B).

Fig 2 .

 2 Fig 2. Iron depletion and nitric oxide stress induce the accumulation of the truncated VDAC1 form. (A) Total protein extracts of HeLa cells treated for 16 h with FAC or DFO were analyzed by immunoblotting using VDACs poly antibody. Prohibitin was used as loading control. (B) Total protein extracts of HeLa cells treated with DMSO (control), DFO or SIH for the indicated times were analyzed by immunoblotting using VDACs poly antibody. β-Actin antibody was used as loading control. (C) HepG2 cells were treated for 24 h with DMSO (control) or SIH. Immunoblotting was carried out using VDACs poly antibody on total protein extracts (TE), and on mitochondrial (Mito) and cytosolic (Cyto) fractions. mitoNEET and NUBP1 were used as mitochondrial and cytosolic markers, respectively. (D). HeLa cells were treated for 16 h with DMSO (control), SIH or DETA-NO (NO). Total protein extracts were analyzed by immunoblotting using VDACs poly antibody and anti-HIF-1α and -CAIX antibodies. β-Actin was used as loading control. (E) HeLa cells were grown in normoxia (Nx) or 1% O 2 hypoxia (Hx) conditions for 3 days, or grown in normoxia conditions and treated for 24 h with DMSO (Control, Co), SIH or DETA-NO (NO), or grown in normoxia (21% O 2 ) conditions and transfected with either negative control (NC) or iscu-siRNA for 3 days. Total protein extracts were analyzed by immunoblotting using antibodies against the N-terminus of VDAC1 isoform (VDAC1-Nter), the three VDAC isoforms (VDACs poly), ISCU and CAIX. (F) HeLa cells were grown in hypoxia (Hx, 1% O 2 ) conditions and transfected with iscu-or NC-siRNA for 3 days, or grown in normoxia (Nx, 21% O 2 ) and treated or not with DFO for 16 h. Total proteins were analyzed by western blot using VDACs poly antibody and anti-HIF-1α, -CAIX, -ISCU antibodies. β-Actin was used as loading control. https://doi.org/10.1371/journal.pone.0194782.g002

Fig 3 .

 3 Fig 3. Impact of hypoxia on proteins of the mitochondrial ISC assembly machinery. (A) Total protein extracts from HeLa cells grown in normoxia (Nx, 21% O 2 ) or hypoxia (Hx, 1% O 2 ) conditions for the indicated times were analyzed by immunoblotting using VDACs poly antibody and anti-CAIX, -ISCU, -FXN, -NFS1, -HSC20 antibodies. β-Actin was used as loading control. (right panel) Bar graph represents the amount of the indicated proteins relative to ß-actin level determined by quantification of n = 3 immunoblot analysis using the Odyssey System Imager. Mean and standard deviation of 3 independent experiments are shown ( ⇤ p < 0.05, n = 3). (B) HeLa cells were either untreated or treated with CoCl 2 for 2 days. Total proteins were analyzed by western blotting using anti-HIF-1α, -ISCU, -FXN antibodies. Vinculin was used as loading control. (C) HeLa cells grown in normoxia (Nx, 21% O 2 ) or hypoxia (Hx, 1% O 2 ) conditions for 3 days and mRNA levels of iscu, fxn and vegf A were determined by RT-qPCR and normalized to 18S ribosomal rRNA levels. The bar graph presents the ratio between the relative level of each mRNA under hypoxic and normoxic conditions with a logarithmic scale. Mean and standard deviation of 6 independent experiments are shown ( ⇤ p < 0.05, n = 6). (D) Total protein extracts from HeLa cells grown under normoxic (Nx, 21% O 2 ) or hypoxic (Hx, 1% O 2 ) conditions for the indicated times were analyzed by immunoblotting using anti-CIAPIN1, -NUBP1, -NARFL antibodies. β-Actin was used as loading control. https://doi.org/10.1371/journal.pone.0194782.g003

  Once cells were ISCU-or MFRN2-depleted, we treated them with STS for 4 additional hours (Fig 4D). In these conditions, the depletion of MFRN2 (Fig 4E) or ISCU (Fig 4F) decreased caspase 3 activation two-fold compared to cells transfected with a negative control siRNA (NC siRNA) (Fig 4E and 4F lanes 2 and 4, and lower bar-graph).

Fig 4 .

 4 Fig 4. Protein depletion in the mitochondrial ISC machinery confers cell protection against STS-induced apoptosis. (A) HeLa cells were transfected with negative control (NC) or iscu-, nfs1-, mfrn2-or hsc20-siRNA for 6 days. Cells treated with staurosporine (STS) for 4 h were used as positive control for apoptosis induction. After staining with Hoechst 33342, cells were analyzed by epifluorescence microscopy. Scale bar: 100 μm. (B) HeLa cells were either transfected with NC or iscu-siRNA for 3 days or treated with STS for 4 h. Total protein extracts were analyzed by immunoblotting using antibodies against cleaved caspase 3 (C3), PARP1 and ISCU. Vinculin was used as loading control. (C) Cells were transfected with negative control (NC) or, nfs1-, mfrn2-or hsc20-siRNA for 6 days or STStreated for 4 h. Total protein extracts were analyzed by immunoblotting using antibodies against cleaved caspase-3, PARP1, NFS1 and HSC20. Vinculin was used as loading control. (D) Schematic representation of the protocol used. Phase 1-HeLa cells were seeded the day before the transfection with mfrn2-, iscu-or NC siRNA and incubated for 6 days (144 hours) under normoxic conditions (21% O 2 ) with a transfection every 3 days. Phase 2 -Cells were either untreated or treated with STS for 4 h. (E and F) Total protein extracts were analyzed by immunoblotting using antibodies against cleaved caspase-3 (C3) and ISCU. β-Actin was used as loading control. (Lower panel) The bar graph presents the ratio between the amounts of cleaved C3 over ß-actin determined by quantification of the immunoblot. Mean and standard deviation of n = 3 (iscu-siRNA) and n = 4 (mfrn2-siRNA) independent experiments ( ⇤ p < 0.05).

Fig 5 .

 5 Fig 5. Knock-down of CISD2 induces the accumulation of the truncated VDAC1 form. (A) Total protein extracts of either non-transfected (-) or transfected HeLa cells for 3 days with scramble (NC)-, cisd2-, or nfs1-siRNA were analyzed by immunoblotting using antibodies against VDACs poly, CISD2, and α-tubulin, which was used as loading control. Eight independent experiments were performed and a representative western blot is shown. (B) Total mRNA was extracted from HeLa cells transfected with scramble (NC)-, cisd2-, or nfs1-siRNA. Twenty-four hours after transfection, the mRNA levels of cisd2 and nfs1 were determined by quantitative RT-qPCR. Data were normalized to gapdh mRNA levels. Means ± standard deviation of n = 4 independent experiments are presented ( ⇤⇤⇤ p < 0.001). https://doi.org/10.1371/journal.pone.0194782.g005

Fig 6 .

 6 Fig 6. Downregulation of mitochondrial Fe-S cluster assembly leads to C-terminal VDAC1 truncation and subsequent resistance to pro-apoptotic treatments. Red and black arrows represent links unveiled in the present study and in previous studies[17,18], respectively. Hypoxia stabilizes and activates HIF-1α (1) and leads to drastic changes in mitochondrial morphology[17] and VDAC1-ΔC accumulation[18](2). In the present study, we showed that hypoxia leads to the downregulation of NFS1, FXN and ISCU, three components of the mitochondrial ISC core machinery(3). Whether this regulation directly involves HIF-1α remains to be explored(4). Subsequently, deficit in Fe-S cluster biogenesis leads to the loss of the mitochondrial network, appearance of enlarged mitochondria and accumulation of VDAC1-ΔC. We identified the MAM-anchored Fe-S protein CISD2 as a key protein for the cellular fate of VDAC1(5). We still cannot exclude that CISD2 is the only Fe-S protein involved in this process(6). Interestingly, when components of the ISC core machinery were silenced by siRNA in hypoxia, VDAC1-ΔC levels were increased compared to hypoxia alone.
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Figure 1 .

 1 Figure 1. Regulation of ciliogenesis and cell cycle. (A) Primary cilium formation occurs during the G0/G1 phase. Upon entry into S phase, the DNA, and the mother and daughter centrioles (blue and purple boxes respectively) initiate replication, and two newly centrioles are formed. Before mitosis, the new pair of centrioles migrate to the opposite pole of the cell, and the daughter centriole matures into a new mother centriole. Ciliary disassembly takes place at the G2/M transition. After mitosis, each daughter cell inherits a pair of centrioles, and the cilia reassemble in the next G0/G1 phase. (B) Cell cycle regulators AURKA, PLK1, and NEK2 participate in cilium disassembly, thus impairing the cell cycle. This may explain the involvement of these factors in cancer progression. HEF1/CaM binds to AURKA, promoting its activation. AURKA in turn phosphorylates and activates HDAC6, resulting in HDAC6 mediated deacetylation of substrates in the ciliary axoneme, causing ciliary resorption. PLK1/DVL2 can also activate HEF1, and NEK2 phosphorylates KIF24, which promotes microtubule disassembly. (C) The disruption of the anterograde IFTB subcomplex and/or the kinesin molecular motor leads to defects in the cilium assembly, thus promoting cell cycle defects and cell proliferation. Ac: Acetylation; AURKA: Aurora A Kinase; CaM: Calmodulin; DVL2: Dishevelled segment polarity protein 2; HDAC6: Histone deacetylase 6; HEF1: Human enhancer of filamentation 1; IFTB: Intraflagellar transport B; KIF24: Kinesin family member 24; NEK2: Never in mitosis A (NimA) related kinase; Nuc: Nucleus; P: Phosphorylation; PLK1: Polo-like kinase 1.

Figure 3 .

 3 Figure 3. Cilia-dependent regulation of PDGFRα signaling pathway. (A) Schematic representation of the cilia-dependent PDGFRα signaling pathway. The α isoform of the PDGFR receptor is located at the ciliary membrane, whereas the β isoform is on the plasma membrane. The binding of the PDGF ligand to the PDGFRα receptor activates downstream signaling, such as PI-3/Akt and MEK/ERK. The aberrant activation of the pathway induces tumorigenesis. (B) The absence of the cilium can (i) repress the aberrant PDGFRα signaling pathway, thus potentially inhibiting tumorigenesis, or (ii) hyperactivate the pathway, due to a PDGFRα mislocalization to the plasma membrane, thus expanding the signal and inducing tumorigenesis. ERK: Extracellular signal-regulated kinase; IFT: Intraflagellar transport; PDGF: Platelet-derived growth factor; PI-3: phosphoinositide-3; PDGFRα Platelet-derived growth factor receptor α.

Figure 4 .

 4 Figure 4. Cilia-autophagy axis. Autophagy has an opposite effect on ciliogenesis: (A) Induction of cilia formation, by suppressing negative regulators of ciliogenesis, such as the centriolar satellite OFD1 protein, or (B) induction of cilia disassembly, by degrading proteins that are essential for ciliogenesis, such as IFT20, IFT88, and ARL13B. New molecular effectors mediating the cilia-autophagy axis are emerging. Autophagy can both repress and induce cell transformation, but whether and how autophagy influences tumorigenesis through cilia, or vice versa, requires further analysis. ARL13B: ADP ribosylation factor like GTPase 13B; IFT: intraflagellar transport; OFD1: oral-facial-digital syndrome 1.

Figure 5 .

 5 Figure5. Implication of the primary cilium in cancer hallmarks. In cancer, the presence or absence of the primary cilium can influence cell metabolism, cell invasion, and resistance to cell death, as discussed in the text. Despite the role of the endothelial primary cilia in vessel remodeling, the role of the primary cilium in tumor angiogenesis is not yet known. ATP: Adenosine triphosphate; CSCs: Cancer stem cells; EMT: Epithelial-to-mesenchymal transition; HH: Hedgehog pathway; MAPK: mitogen-activated protein kinase pathway; NADH: Reduced nicotinamide adenine dinucleotide.
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	. These defects were due to the aberrant epididymal
	sperm axoneme, lacking one outer microtubule doublets of the 9+2 axoneme. Moreover, electron
	microscopy of spermatids in the testes revealed enlarged and abnormally shaped mitochondria. Mice
	lacking both VDAC1 and VDAC3 are viable but display growth retardation (Sampson, Decker et al.

Table 1 . Patient characteristics included in the study and multivariate analysis

 1 

		Total	No primary cilium Primary cilium p value
	Number	375	327	48	
	Gender				
	Female 135 (36%)	124 (38.8%)	11 (22.9%)	ns
	Male 240 (64%)	203 (61.2%)	37 (77.1%)	
	Age	61 (26-90)	61 (29-90)	58.5 (26-85)	ns
	Tumor stage				
	1/2 259 (69.6%)	245 (74.9%)	14 (31.1%)	<0.0001
	3/4 113 (30.4%)	82 (25.1%)	31 (68.9%)	
	Fuhrman grade				
	1/2 189 (51.1%)	174 (54%)	15 (31.2%)	<0.01
	3/4 181 (49.9%)	148 (46%)	33 (68.8%)	
	DFS (months)	84.2	89.8	52	<0.0001
	OS (months)	NR	NR	62.8	<0.0001
	Univariate analysis p value for DFS p value for OS	
	Gender		ns	ns	
	Age		<0.0001	<0.0001	
	Tumor stage (1/2 vs 3/4)	<0.0001	<0.0001	
	Fuhrman grade (1/2 vs 3/4)	<0.01	<0.0001	
	Primary cilium (no vs yes)	<0.0001	<0.0001	

. A, Patient characteristics and univariate analysis with the Fisher or Ki 2 test. Statistical significance (p values) are indicated. B, Univariate analysis of primary cilium, tumor stage, Furhman grade, age and PFS or OS. Statistical significance (p values) is indicated. C and D, Multivariate analysis of primary cilium, tumor stage, age and PFS (C) or OS (D). The multivariate analysis was performed using Cox regression adjusted to the tumor stage and age. Statistical significance (p values) is indicated.

Table S1 . Summary of clinocopathological parameters of nineteen ccRCC patients from the Pathology Department of Nice (CHU).

 S1 

		Chirurgical date	Age	Sex	TNM	Grade
	Patient #1	2017	59	F	pT1A NX MX R0	3
	Patient #2	2018	66	M	pT1bNXMX R0	3
	Patient #3		60	M	pT1b Nx Mx R0	3
	Patient #4		63	M	pT1aNxMxR0	2
	Patient #5	2017	71	M	pT1bNxMxR0	2
	Patient #6	2017	52	F	T1a Nx Mx R0	NA
	Patient #7		56	M	pT2a Nx Mx R0	3
	Patient #8		77	M	pT3a N0 Mx R0	3
	Patient #9		89	F	pT1a N0 Mx R0	3
	Patient #10	2017	78	M	NA	NA
	Patient #11	2017	38	M	NA	NA
	Patient #12	2018	57	M	pT1b NxMxR0	NA
	Patient #13	2018	72	F	pT3a Nx Mx R0	4
	Patient #14		58	M	pT3a N0 Mx R0	4
	Patient #15	2018	51	M	pT1a	3
	Patient #16	2018	53	M	pT3a N0 M1	3
	Patient #17	2018	79	M	pT1B Nx Mx R0	2
	Patient #18	2017	NA	NA	NA	NA
	Patient #19		42	F	pT1a Nx Mx R1	2

Table S2 . Summary of clinocopathological parameters of thirty-four patients from Cohort A (PREDIR).

 S2 

	Patients	Time of treatment	Progression	Time after treatment	Death		Best response	T (TNM)	N (TNM)	M (TNM)	Age	Sexe	Statut IFT20	Statut Gli1
		(months)									(cycle 2)						
	#1	20.0		0			45.5		0		Partial response	1		0	1		56	MALE	-	+
	#2	Hospital 8.1	Size (cm) 1	Fuhrman's grade 22.0	Stage 1	Sex Progression Age	3	Histology 1	1	Fuhrman's grade 66 MALE Stage VHL status + +
	Patient #1 Patient #2 #3 Patient #3 #4	Bicêtre Bicêtre 8.3 (toxicity) Necker 25.8	6.5 2.5 1.5	0 1		1 2 2	49.9 48.6	1 2 2	0 1	M M M	24 28 Stable 26 Stable	1 2	VHL-ccRCC VHL-ccRCC X VHL-ccRCC X	1 1		Low Low 74 Low 61 FEMALE Low Low MALE Low	--	mutated + mutated mutated +
	Patient #4 Patient #5 #5	Necker Bicêtre 17.5	4.5 4	1		2 2	29.7	1 1	1	F M	45 34 Stable	3	VHL-ccRCC VHL-ccRCC X	1		Low Low 61	Low Low MALE	+	mutated mutated -
	Patient #6 Patient #7 #6	Necker Necker 21.2	3.5 2.3	0		2 2	21.2	1 1	0	F M	40 27 Complete response	1	VHL-ccRCC VHL-ccRCC X	1		Low Low 55	Low Low MALE	+/-	mutated mutated -
	Patient #8	Necker	1.3			2		1		M	23		VHL-ccRCC			Low	Low	mutated
	Patient #9	Necker	3.5			2		3b	F	40		VHL-ccRCC			Low	High	mutated
	Patient #10	Bicêtre	2.5			3		4		M	65		VHL-ccRCC			High	High	mutated
	Patient #11	Necker	8.5			3		3a	M	31		VHL-ccRCC			High	High	mutated
	Patient #12	Bicêtre	17			4		3a	M	35		VHL-ccRCC			High	High	mutated
	Patient #13	St Joseph	6			2		3b	F	75	sporadic ccRCC		Low	High	wild-type
	Patient #14	Necker	5.5			3		2		F	45	sporadic ccRCC		High	Low	wild-type
	Patient #15	St Joseph	12			3		2b	M	61	sporadic ccRCC		High	Low	wild-type
	Patient #16	St Joseph	6			3		3a	M	56	sporadic ccRCC		High	High	wild-type
	Patient #17	St Joseph	12			3		3b	M	71	sporadic ccRCC		High	High	wild-type
	Patient #18 Patient #19	St Joseph St Joseph	11 5			4 1		3 1b	M F	59 77	sporadic ccRCC sporadic ccRCC		High Low	High Low	wild-type mutated
	Patient #20	St Joseph	5			2		1b	M	60	sporadic ccRCC		Low	Low	mutated
	Patient #21	St Joseph	12			2		3a	M	85	sporadic ccRCC		Low	High	mutated
	Patient #22	St Joseph	5			2		3a	M	76	sporadic ccRCC		Low	High	mutated
	Patient #23	St Joseph	1.7			2		1a	M	53	sporadic ccRCC		Low	Low	mutated
	Patient #24	St Joseph	6			2		1b	F	70	sporadic ccRCC		Low	Low	mutated
	Patient #25	St Joseph	5.5			2		3b	F	77	sporadic ccRCC		Low	High	mutated
	Patient #26	St Joseph	5			2		2a	M	83	sporadic ccRCC		Low	Low	mutated
	Patient #27	St Joseph	2.5			2		1a	M	69	sporadic ccRCC		Low	Low	mutated
	Patient #28	St Joseph	9			3		3b	F	70	sporadic ccRCC		High	High	mutated
	Patient #29	St Joseph	7			3		3		F	78	sporadic ccRCC		High	High	mutated
	Patient #30	St Joseph	5.5			3		2		M	47	sporadic ccRCC		High	Low	mutated
	Patient #31	St Joseph	10			4		3b	F	45	sporadic ccRCC		High	High	mutated
	Patient #32	St Joseph	6			4		3b	F	65	sporadic ccRCC		High	High	mutated
	Patient #33	St Joseph	10			4		4		M	67	sporadic ccRCC		High	High	mutated
	Patient #34	St Joseph	4			2		1b	F	69	sporadic ccRCC		Low	Low	mutated

Table S5 . Characteristic of patients treated with sunitinib.

 S5 

'OPN'is'weakly'expressed'in'NHF,'HUVSMC'and'HUVEC'and'is'not'induced'in'hypoxia.'

  

	Figure!Legends! were' cultured' in' the' absence' (Ctl)' or' presence' of' an' inhibitor' to' (iNF@kB)' (10µM)' for' 48h' or'
	' transfected'with'control'siRNA'(siCtl),'siHIF@1!'(40nM),'siHIF@2!'(40nM),'siHIF@1/2!'(40nM'+'
	40nM)'or'siOPN'(40nM),'and'incubated'in'hypoxia'1%'O2'(Hx)'for'48h.'(B,'D'and'F)'Histograms' Figure!1.(A)!Quantitative'immunoblotting'to'detect'recombinant'OPN'protein.'Serial'dilutions'from'50ng' represent' the' expression' of' the' mRNA' of' OPN' in' NHF' (B),' HUVSMC' (D)' and' HUVEC' (F).' The'
	to' 0.2ng' were' used.' (B)!Bone' marrow' mesenchymal' (MSC)' and' osteoblast' (Osteo.)' cell' lysates' mean' ±SEM' is' representative' of' three' independent' experiments.' Cells' were' cultured' in' the'
	analyzed'by'immunoblotting'for'OPN'or'"@tubulin'as'indicated.'(C)'LNCap'cells'were'transfected' absence'(Ctl)'or'presence'of'H2O2'(50µM),'glucose'(50mM)'for'48h,'or'transfected''with'control'
	with' control' siRNA' (siCtl),' siHIF@1!' (40nM),' siOPN#1' (40nM)' and' siOPN#2' (40nM)' and' siRNA'(siCtl)'and'glucose'(Gluc)'+'siOPN'(40nM)'in'normoxia.'Cells'were'cultured'in'the'absence'
	incubated' in' normoxia' (Nx)' or' hypoxia' 1%' O2' (Hx)' for' 48h.' Cell' lysates' were' analyzed' by' (Ctl)' or' presence' of' iNF@kB' (10µM)' for' 48h' or' transfected' with' control' siRNA' (siCtl),' siHIF@1!'
	immunoblotting'for'OPN'or'"@tubulin'as'indicated.'Quantification'of'the'signal'to'OPN'is'shown.' (40nM),' siHIF@2!' (40nM),' siHIF@1/2!' (40nM' +' 40nM)' or' siOPN' (40nM),' and' incubated' in'
	(D,! E! and! F)' NHF' (D),' HUVSMC' (E)' and' HUVEC' (F)' cells' were' with' control' siRNA' hypoxia'1%'O2'(Hx)'for'48h.'
	(siCtl),'siHIF@1!'(40nM),'siHIF@2!'(40nM)'and'siHIF1/2!'(40nM'+'40nM),'incubated'in'hypoxia' '
	1%'O2'(Hx)'for'48h.'' Figure! 4.! Co@culture' induced' OPN' expression' in' hypoxia.' (A)' represent' the'
	' expression'of'the'mRNA'of'OPN'in'mon@'and'co@cultures'after'48h'in'hypoxia'1%'O2'(Hx).'The'
	Figure!2.!Production' of' OPN' by' NHF,' HUVSMC' and' HUVEC' in' normoxia' compared' to' hypoxia.' mean'±SEM'is'representative'of'three'independent'experiments.'(B)'Histograms'represent'the'
	proliferation.! (A)' Histograms' representing' the' level' of' OPN' produced' in#vitro' by' NHF,' HUVSMC' and' HUVEC' ' expression' of' the' mRNA' of' OPN' in' co@culture' (mean' ±' SD' of' values' from' three' independent'
	after' 48h' in' culture,' detected' by' ELISA' using' a' Quantikine' ELISA' Human' Osteopontin' experiments).' Co@culture' with' NHF/HUVSMC,' NHF/HUVEC,'
	immunoassay.'The'mean'±SEM'is'representative'of'three'independent'experiments'expressed'as' NHF/HUVSMC/HUVEC' were' transfected''with' control' siRNA(siCtl)' in' normoxia' (Nx)' or'
	nanograms' per' milliliter.' Cells' were' cultured' in' the' absence' (Ctl)' or' presence' of' recombinant' transfected'with'control'siRNA(siCtl)'or'siOPN'(40nM),'and'incubated'in'hypoxia'1%'O2'(Hx)'for'
	OPN'(recOPN)'in'normoxia.'Cells'were'cultured'in'the'absence'(Hx'0.2%'O2)'or'presence'of'H2O2' 48h.'(C)'Histograms'represent'the'level'of'OPN'produced'in#vitro'in'co@culture'of'NHF/HUVSMC,'
	(50µM)' for' 48h' or' transfected' with' control' siRNA' (siCtl),' siHIF@1$' (40nM),' siHIF@2$' (40nM),' NHF/HUVEC,'HUVSMC/HUVEC'and'NHF/HUVSMC/HUVEC,'after'48h'in'culture'detected'with'a'
	siHIF@1/2$'(40nM'+'40nM)'or'siOPN'(40nM),'and'incubated'in'hypoxia'0.1%'O2'(Hx).!(B,!C!and! DuoSet' ELISA' Human' osteopontin' immunoassay.' The' mean' ±SEM' is' representative' of' three'
	D)' Histograms' representing' the' level' of' OPN' produced' in#vitro' by' NHF' (B),' HUVSMC' (C)' and'
	HUVEC' (D)' after' 48h' in' culture' using' a' DuoSet' ELISA' Human' osteopontin' immunoassay.' The'
	mean' ±SEM' is' representative' of' three' independent' experiments' expressed' as' picograms' per'
	milliliter.'Cells'were'cultured'in'the'absence'(Ctl)'or'presence'of'H2O2'(50µM),'glucose'(50mM)'
	for' 48h,' or' transfected''with' control' siRNA' (siCtl)' with' addition' of''glucose' (Gluc)' +' siOPN'
	(40nM)'in'normoxia.'Cells'were'cultured'in'the'absence'(Ctl)'or'presence'of'an'inhibitor'to'NF@
	kB'(iNF@kB)'(10µM)'for'48h'or'transfected'with'control'siRNA'(siCtl),'siHIF@1!'(40nM),'siHIF@2!'
	(40nM),'siHIF@1/2!'(40nM'+'40nM)'or'siOPN'(40nM),'and''incubated'in'hypoxia'1%'O2'(Hx)'for'
	48h.'
	!
	Figure!3.!Expression'of'OPN'mRNA'in'NHF,'HUVSMC'and'HUVEC'is'not'induced'in'hypoxia.!(A,!C!
	and!E)' Histograms' represent' the' expression' of' the' mRNA' of' GLUT@1' in' NHF' (A),' HUVSMC' (C)'
	and'HUVEC'(E).'The'mean'±SEM'is'representative'of'three'independent'experiments.'Cells'were'
	cultured' in' the' absence' (Ctl)' or' presence' of' H2O2' (50µM),' or' glucose' (50mM)' for' 48h,' or'
	transfected''with' control' siRNA' (siCtl)' and' glucose' (Gluc)' +' siOPN' (40nM)' in' normoxia.' Cells'

Cells'were'seeded'at'the'same'density'and'incubated'in'Nx'or'Hx'for'two'days.'The'mean'±'

  

	venous' endothelial' cells' (HUVEC)' represents' the' endothelial' cells' of' the' intima.! B! C' ' HypoxiaC extracellular' acidification' rate' (ECAR)' of' NHF' (A),' HUVSMC' (B)' and' HUVEC' (C)' in' Hx' was' Statistics'were'obtained'using'the'Student's't'test:'*'p<0.05,'**'p<0.005,'***'p<0.0005'
	Inducible' Factors' (HIF)' was' targeted' at' various' levels.' HIF' inhibitors' were' siRNA' technology' evaluated'with'a'Seahorse'XF'bioenergetic'system.'Cells'were'deprived'of'glucose'for'1h'(basal),'
	against'HIFCα'mRNA'(inhibits'transcription),'Everolimus'(Eve)'(inhibits'translation),'Topotecan' then' glucose' (10mM),' to' measure' glycolysis' and' oligomycin' (1µM' -' glycolytic' capacity)' to'
	(TOPO)'(inhibits'translation'and'transcriptional'activity);'Metformin'(Met)'(inhibits'translation' measure' the' full' glycolytic' capacity,' were' injected.' The' mean' ±' SEM' is' representative' of' two' Figure!6.!!Migration!is!not!affected!by!treatment!with!DFO,!Eve,!Met,!NAC!or!TOPO!in!the!
	and'favors'degradation)'and'NCacetylcysteine'(NAC)'(favors'degradation).'HIF'stabilizers'were' independent'experiments'carried'out'in'quadruplicate.!D,!E!and!F.'The'oxygen'consumption'rate' three!cell!lines.!
	hypoxic'condition'(1%'O2)'and'Desferioxamine'(DFO).!C,!D!and!E!-!left!panel.'NHF'(C),'HUVSMC' (OCR)'of'NHF'(D),'HUVSMC'(E)'and'HUVEC'(F)'was'measured,'in'cells'incubated'in'Hx,'in'real' A8C.'SerumCstimulated'cell'migration'was'analyzed'using'Boyden'chamber'assays'with'NHF'(A),'
	(D)' and' HUVEC' (E)' cells' were' transfected' with' control' siRNA(Ctl),' siHIF1!' (40nM),' siHIF2!' time'with'a'Seahorse'XF'bioenergetic'system.'The'average'OCR'was'calculated'during'treatment' HUVSMC' (B)' and' HUVEC' (C).' Results' are' expressed' as' a' percentage' of' the' control' (Ctl).'
	(40nM)' and' siHIF1/2!' (40nM' +' 40nM),' incubated' in' hypoxia' 1%' O2' (Hx).' Cell' lysates' were' with'glucose'(G)'at'a'10mM'final'concentration,'oligomycin'(O),'FCCP'(F),'rotenone/antimycin'A' Representative'images'of'the'lower'surface'of'the'membranes'are'shown.'Histograms'represent'
	analyzed' by' immunoblotting' for' HIFC1!,' HIFC2!' or' #Ctubulin' as' indicated.' C,! D! and! E! -! right! (R/A)' at' a' 1µM' final' concentration.' The' mean' ±SEM' is' representative' of' three' independent' the' means' of' triplicates' of' two' independent' experiments.' Statistics' were' obtained' using' the'
	panel.' NHF' (C),' HUVSMC' (D)' and' HUVEC' (E)' were' cultured' in' the' absence' (control,' Ctl),' or' experiments'carried'out'in'quadruplicate.'' Student's't'test:'*'p<0.05,'**'p<0.005,'***'p<0.0005'
	presence'of'DFO'(100µM),'Eve'(5nM),'Metformin'(1mM),'NAC'(3mM)'and'TOPO'(1µM)'for'48'h.' Statistics'were'obtained'using'the'Student's't'test:'**'p<0.005.'
	Cell'lysates'were'analyzed'by'immunoblotting'for'HIFC1!,'HIFC2!'or'#Ctubulin'as'indicated.''
	siHIFC1!'(40nM),'siHIFC2!'(40nM)'and'siHIF1/2!'(40nM'+'40nM),'incubated'in'hypoxia'1%'O2'
	(Hx).
	Statistics'were'obtained'using'the'Student's't'test:'*'p<0.05,'**'p<0.005,'***'p<0.0005'
	hemodialysis.' (R/A)' at' a' 1µM' final' concentration.' The' mean' ±SEM' is' representative' of' three' independent'
	experiments'carried'out'in'quadruplicate.'' Figure! 5.! Silencing! of! HIF81/2!! increases! proliferation! whereas! DFO,! Eve! and! TOPO!
	Statistics'were'obtained'using'the'Student's't'test:'*'p<0.05,'**'p<0.005.' decreases!it.!
	Figure!Legends! ' ' A8F.'SEM'is'representative'of'five'independent'experiments'carried'out'in'duplicate.'A,'C'and'E.'Cells'
	Figure! 1.' Both' HIF81!! and! 82!! are! expressed! in! NHF,! HUVSMC! and! HUVEC! and! can! be! Figure!3.!DFO,!Eve!and!TOPO!mainly!modified!NHF,!HUVSMC!and!HUVSMC!metabolism!in! were' transfected' with' control' siRNA' (Ctl),' siHIFC1!' (40nM),' siHIFC2!' (40nM)' and' siHIF1/2!'
	modulated!in!normoxia!and!hypoxia.' hypoxia.! (40nM'+'40nM),'incubated'in'hypoxia'1%'O2'(Hx). B,!D!and!F.'Cells'were'cultured'in'the'absence'
	(control,'Ctl),'or'presence'of'desferioxamine'(DFO,'100µM),'everolimus'(Eve,'5nM),'metformin'

,'We'also

'considered' the'use'of'pharmaceutical'compounds'that'have'already'received'approval'by'the'USA'Food'and' Drug'Administration'for'other'conditions'The'stabilization'of'HIFC!'in'the'presence'of'DFO'did' not'change'the'thickness'of'the'walls'of'the'veins'and'arteries'suggesting'that'the'level'of'HIFC!' was' already' high.' As' for' the' siRNA,' Eve' and' TOPO' significantly' decreased' the' thickness' of' the' venous' wall.' The' use' of' pluronic' gel' for' delivery' of' therapeutic' agents,' such' as' siRNA' or' compounds,'is'efficient.'It'is'interesting'to'note'that,'per"se,'AVF'treated'with'pluronic'gel'alone' showed'a'slight'decrease'in'the'thickness'of'the'wall.' In' conclusion' we' identified' HIFs,' Eve' and' TOPO' as' potential' agents' to' control' AVF' maturation' via' HIFs.' By' targeting' both' the' energy' of' the' cells' via' metabolism' (HIFC1)

' and' the' cellular' structure' (HIFC2)' we' may' reach' a' higher' rate' of' AVF' maturation' in' patients' needing' A!8!Diagram' representing' the' three

' layers' of' the' venous' wall' that' were' modeled' in' our' study:' normal' 

human' fibroblasts' (NHF)' represent' the' fibroblasts' of' the' adventitia,' human' venous' smooth' muscle' cells' (HUVSMC)' represent' the' smooth' muscle' cells' of' the' media,' and' human' ' ' Figure! 2.! Silencing! of! both! HIF81!! and! HIF82!! is! required! to! modify! NHF,! HUVSMC! and! HUVEC!metabolism.! A8! F.! NHF,' HUVSMC' and! HUVSMC' cells' were' transfected' with' control' siRNA' (Ctl),' siHIFC1!' (40nM),'siHIFC2!'(40nM)'and'siHIF1/2!'(40nM'+'40nM),'incubated'in'hypoxia'1%'O2'(Hx).'A,!B! and!C.'The'extracellular'acidification'rate'(ECAR)'of'NHF'(A),'HUVSMC'(B)'and'HUVEC'(C)''in'Hx'

was' evaluated' with' a' Seahorse' XF' bioenergetic' system.' Cells' were' deprived' of' glucose' for' 1h' (basal),'then'glucose'(10mM),'to'measure'glycolysis'and'oligomycin'(1µM'-'glycolytic'capacity)' to'measure'the'full'glycolytic'capacity,'were'injected.'The'mean'±'SEM'is'representative'of'two' independent'experiments'carried'out'in'quadruplicate.!D,!E!and!F.'The'oxygen'consumption'rate' (OCR)'of'NHF'(D),'HUVSMC'(E)'and'HUVEC'(F)'was

'measured,'in'cells'incubated'in'Hx,'in'real' 

time'with'a'Seahorse'XF'bioenergetic'system.'The'average'OCR'was'calculated'during'treatment' with'glucose'(G)'at'a'10mM'final'concentration,'oligomycin'(O),'FCCP'(F),'rotenone/antimycin'A'

A8F.'NHF'(A'and'B),'HUVSMC'(C'and'D)'and'HUVEC'(E'and'F)'cells'were'cultured'in'the'absence'

(control,'Ctl),'or'presence'of'desferioxamine'(DFO,'100µM),'everolimus'(Eve,'5nM),'metformin' (Met,'1mM),'NCacetylcysteine'(NAC,'3mM)'and'topotecan'(TOPO,'1µM)'for'48h.'A,!B!and!C.'The' Figure!4.!ROS!production!is!differentially!controlled!by!the!five!compounds!in!normoxia! and!hypoxia.! A-F. Quantitative' measurement' of' ROS' production' in' Nx' (A,' C' and' E)' or' Hx' (B,' D' and' F)' was'

done' by' staining' with' the' fluorescent' probe' 2′,' 7′Cdichlorofluorescin' diacetate' (DCFHCDA)

' and' standardized'to'the'protein'content'of'the'cells'and'expressed'as'percentage'of'the'control'(Ctl)

,' to'which'a'value'of'100%'was'given.'The'graphs'are'representative'of'six'different'experiments.' A8F.' Cells' were' cultured' in' the' absence' (control,' Ctl),' or' presence' of' desferioxamine' (DFO,' 100µM),' everolimus' (Eve,' 5nM),' metformin' (Met,' 1mM),' NCacetylcysteine' (NAC,' 3mM)' and' topotecan' (TOPO,' 1µM)' for' 48h.' B,' D' and' F.' Cells' were' transfected' with' control' siRNA' (Ctl),' (Met,'1mM),'NCacetylcysteine'(NAC,'3mM)'and'topotecan'(TOPO,'1µM)'for'48h'in'normoxia'(Nx)' or'hypoxia'1%'O2'(Hx).' Figure!7.!Wall!thickening!of!arteriovenous!fistula!(AVF)!depended!on!HIFs.! A.!Representative'photomicrographs'of'a'sham,'control'AVF'without'treatment'(AVF'+'with'no'

treatment),' plurogenic' gel' (AVF' +' pluronic' gel),' siRNA' Control' (AVF' +' siRNA' Ctl),' siRNAHIFC 1/2! (AVF'+'siRNAHIFC1/2!),'DFO'(AVF'+'DFO),'Eve'(AVF'+'Eve)'and'TOPO'(AVF'+'TOPO),'day

' 7.' Left' panel,' hematoxylin' and' eosin.' Middle' panel,' immunostaining' of' KI67.' Right' panel,' immunostaining' of' GLUT1.' B.' Bar' graphs' show' the' wall' thickness' of' venous' walls,' day' 7,' for' sham,' AVF' not' treated' (Ctl' and' pluronic' gel)

' or' treated' with' siRNA' Ctl' or' siHIFC1/2!.! C.'

Bar' graphs' show' venous' wall' thickness,' day' 7,' for' sham,' AVF' not' treated' (Ctl' and' pluronic' gel)

' or' treated' with' DFO' (10mM),' Eve' (0.1mg)' or' TOPO' (10µM).' Statistics' were' obtained' using' the' Student's't'test:''***'p<0.0005' Suppl.!Figure!1.

!Quantification!of!the!signal!to!HIF81!!and!82! treated!or!not!in!normoxia! or!hypoxia.! A8I

  

	control'siRNA(Ctl),'siHIF1!'(40nM),'siHIF2!'(40nM)'and'siHIF1/2!'(40nM'+'40nM),'incubated'
	in' hypoxia' 1%' O2' (Hx)' or' were' cultured' in' the' absence' (control,' Ctl),' or' presence' of'
	desferioxamine'(DFO,'100µM),'everolimus'(Eve,'5nM),'metformin'(Met,'1mM),'NCacetylcysteine'
	(NAC,'3mM)'and'topotecan'(TOPO,'1µM)'for'48'h.'Quantification'of'the'signal'to'HIFC1!'and'C2!'
	is'shown.''

.' NHF' (A,' B' and' C),' HUVSMC' (D,' E' and' F)' and' HUVEC' (G,' H' and' I)' were' with' Statistics'were'obtained'using'the'Student's't'test:'*'p<0.05.'

Pro-angiogenics are molecules which exert a fundamental role in the process of blood vessel formation.

Vasodilators are molecules that induce the widening of blood vessels occurring through the relaxation of smooth muscle cells within the vessels.

Fluorocarbons or perfluorocarbons are emulsions characterized by a high O 2 dissolution capacity. They consist in carbon and fluorine atoms that are able to enter the microcirculation and to flow through swollen and/or blocked capillaries that are not reached by blood cells.

According to National Cancer Institute Dictionary, disease-free survival (DFS) is the length of time after primary treatment for a cancer ends that the patient survives without any signs or symptoms of that cancer. In a clinical trial, measuring the disease-free survival is one way to see how well a new treatment works.

According to National Cancer Institute Dictionary, progression-free survival (PFS) is the length of time during and after the treatment of a disease, such as cancer, that a patient lives with the disease but he does not get worse. In a clinical trial, measuring the PFS is one way to evaluate how a new treatment works.

According to National Cancer Institute Dictionary, overall survival (OS) is the length of time from either the date of diagnosis or the start of treatment for a disease, such as cancer, that patients diagnosed with the disease are still alive
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Abbreviations: CIA, cytosolic Fe-S assembly; DETA-NO, diethylenetriamineNONOate; DFO, desferrioxamine; ER, endoplasmic reticulum; FAC, ferric ammonium citrate; FDX, ferredoxin; ISC, iron-sulfur cluster; MAM, mitochondria-associated membranes; NARFL, nuclear prelamin A recognition factor-like; NC, negative control; OMM, outer mitochondrial membrane; ROS, reactive oxygen species; SIH, salicylaldehyde isonicotinoylhydrazone; VDAC, voltage-dependent anion channel.
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