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Titre : Ingénierie génétique d'organoïdes à l'aide de nanoblades et étude du rôle d'UBTD1 comme modulateur de la force d'adhésion cellulaire dans les organoïdes de prostate Résumé : Au cours de ma thèse, j'ai travaillé sur le modèle d'organoïde 3D en suivant deux objectifs principaux : i) développer des outils génétiques pour modifier le génome des organoïdes et ii) déchiffrer le rôle de la ubiquitin domain-containing protein 1 (UBTD1) dans le développement des organoïdes de la prostate. L'ingénierie du génome est devenue ces dernières années plus accessible grâce aux endonucléases programmables par ARN telles que le système CRISPR-Cas9. Cependant, l'utilisation de cette technologie d'édition dans des organes synthétiques appelés "organoïdes" reste très inefficace. Ceci est principalement dû aux méthodes de livraison utilisées pour la machinerie CRISPR-Cas9, qui sont principalement réalisées par électroporation de RNP contenant le complexe CAS9-gRNA, une procédure toxique pour les organoïdes. Nous décrivons ici l'utilisation de la technologie "Nanoblade" pour réaliser l'édition du génome dans les organoïdes. Les nanoblades ont dépassé de loin les niveaux de knock-out (KO) obtenus avec d'autres techniques utilisées jusqu'à présent pour la livraison de la machinerie d'édition de gènes. Nous avons atteint jusqu'à 80 % de knockout génétique dans les organoïdes après traitement avec les nanoblades. Nous avons atteint un niveau élevé de KO médié par les nanoblades pour le gène codant le récepteur des androgènes (AR) et le gène du cystic fibrosis transmembrane conductance regulator (CFTR) avec des nanoblades contenant un seul ARNg ou un double ARNg. Plus important encore, contrairement à d'autres méthodes d'édition de gènes, ce résultat a été obtenu sans toxicité pour les organoïdes. En outre, il ne faut que quatre semaines pour obtenir des lignées stables KO pour un gène dans les organoïdes et aucun INDELS indésirable évident dans un site hors cible du génome n'a été détecté. En conclusion, les nanoblades simplifient et permettent une édition rapide du génome dans les organoïdes avec peu ou pas d'effets secondaires. La morphogenèse et le remodelage des tissus sont des processus finement régulés, régis par les adhésions entre cellules. Cependant, le contrôle spatial et temporel des molécules d'adhésion reste partiellement inexploré. Nous avons étudié ici le rôle d'UBTD1 comme modulateur de la force des adhérences dans l'épithélium de la prostate. Nous avons montré que la régulation négative d'UBTD1 perturbe l'auto-organisation des cellules en trois dimensions. Inversement, nous avons démontré que la surexpression d'UBTD1 induit des monocouches épithéliales plus régulières et augmente la tension de la surface cellulaire. Les analyses transcriptomiques ont révélé un profil d'expression génique des protéines impliquées dans les jonctions cellulaires affectées par la modulation d'UBTD1. En utilisant le modèle d'organoïde de prostate, nous avons montré que l'expression d'UBTD1 dans les cellules luminales perturbait la formation de lumen dans les organoïdes de prostate de souris. Enfin, en utilisant une approche de co-immunoprécipitation couplée à la spectrométrie de masse, nous avons montré que UBTD1 interagit avec des partenaires impliqués dans les jonctions cellule-cellule et que ces interactants voient leur expression modulée par la dérégulation de UBTD1. Nos résultats montrent qu'une protéine impliquée dans les processus de dégradation des protéines régule la force des jonctions d'adhérence.
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Prostate

The prostate is a walnut-sized organ located just below the bladder and surrounding the urethra (Figure 1). It consists of a network of ducts composed of a pseudostratified epithelium surrounded by a contractile stroma 1 . The prostate is an accessory male sex gland that secretes prostatic fluid which contributes to ejaculate, and therefore contributes to male fertility. The development of the prostate takes place before birth. Its maturation and functionalization occurs during puberty under the influence of androgen. Interestingly, this organ is highly susceptible to oncogenic transformations in older men. Here, we describe the mechanisms involved in the development of the prostate and the cells that compose the epithelium. The oncogenic processes will also be discussed.

I. Prostate development

The prostate development takes place during embryogenesis. It can be described in four phases (Figure 2). The first phase corresponds to the induction of the prostate under the direct and indirect influence of androgens. The second androgen-dependent stage corresponds to the budding of the urogenital sinus epithelium (UGE) into the urogenital sinus mesenchyme (UGM). This corresponds to the emergence of the epithelial ducts. The third phase is the development of the branched network of ducts. The fourth and final phase, which takes place at puberty, corresponds to the differentiation and functionalization of the epithelium under the dependence of androgens 1 . 

Figure 2. Simplified representation of the stages of prostate organogenesis. The prostate organogenesis is divided into four stages: (A) sexual dimorphism, (B) epithelial budding, (C) branching morphogenesis and (D) epithelial differentiation. The upper part represents the epithelial tissue and its composition during the four stages of differentiation.

It must be noted that the UGE is not clearly defined in the first stage (A); however, cells positive for the CK5 and CK8 markers are present. The lower part represents in a simplified way the general evolution of the UGE, UGE and UGM during the four developmental stages. Scheme inspired by Toivanen et al., 2017.

A. Prostate induction

Sexual dimorphism of the urogenital sinus (UGE) results in the formation of the prostate at the expense of a portion of the vagina in women. The transformation of the UGE into the prostate is under the influence of circulating androgens. These are secreted by the Leydig cells in the testis, about 9 weeks after the beginning of pregnancy. Testosterone is then converted in the UGE into dihydrotestosterone (DHT) by the enzyme 5α-reductase. DHT binds to the androgen receptor (AR) which then acts as a transcription factor. Interestingly, the formation of the prostate from the UGE is independent of genetic sex. Indeed, XX mouse embryos develop a prostate if sufficient levels of androgens are administered 2 . Importantly, paracrine signals from the UGM to the urogenital sinus epithelium (UGE) are also essential for prostate formation. It was shown that combination of a bladder epithelium with UGM induced prostate tissue formation 3 . AR is essential in UGM to promote UGE induction. It was shown by tissue recombination that UGMs mutant null for AR did not induce the formation of wild-type UGE 4 . Conversely, AR is also required in UGE to induce differentiation of mesenchyme into smooth muscle 5 . Furthermore, AR expression in the UGE is essential for the subsequent differentiation of the prostatic epithelium. Basal cells CK5+ CK8-AR-mediated hormonal pathways appear to be essential for prostate induction. Its expression in the mesenchyme is required for prostate induction and in the epithelium AR is required for differentiation of the epithelium and mesenchyme.

B. Budding of the UGE in the UGM

The second phase characterized by the budding of the UGE in the UGM is androgen dependent. However, the mechanism of dialogue between the UGM and the UGE remains unclear. In particular the molecular signaling resulting from AR activation in the UGM. As recapitulated in a review published in 2017, there are two models to explain budding induction 1 .

The first model relies on andromedins. Andromedins are growth or signaling factors that are supposed to be upregulated upon AR activation in the UGM. These andromedins would be expressed in the UGM under the influence of androgens and then act in the UGE, where they would induce epithelial budding. Fibroblast growth factor 10 (FGF10) can induce epithelial budding in the presence of DHT 6 . However, FGF10 is not really up-regulated by androgens. Nevertheless, the deletion of FGF10 prevents epithelial budding. This suggests that this factor participates in the budding process without being the initiator. Some studies have looked at the involvement of ligands involved in the Wnt signaling pathway, however, none of them seem to fit the model mentioned above.

The second model suggests that UGE budding is constitutive and independent of androgens. In this model the mesenchyme would control the budding by acting as a barrier. Upon differentiation of the mesenchyme into smooth muscle cells under the influence of androgens, budding would be stopped. Epithelial buds could no longer grow in these differentiated regions of the UGM. These two models are not exclusive. Indeed, the epithelium can grow and be stimulated by paracrine signaling factors emitted by the UGM. In parallel, androgens can induce the differentiation of the UGM, which acts as a final brake on the growth of the epithelium. The emergence of differentiated smooth muscle cells could act as a feedback loop.

Beyond the general mechanisms inducing the budding of epithelial cords in the UGM, the specification of the epithelium is also finely regulated during this phase. Several studies focused on the role of the winged-helix transcription factor FOXA1. Using a model of transplantation of prostate rudiments KO for FOXA1 into WT mice, the phenotypic consequences could be analyzed. FOXA1 deletion in the prostate leads to basal cell hyperplasia with the absence of luminal cells and consequently to the absence of lumen formation in the epithelial cords. An increase in the number of cells co-expressing basal and luminal markers simultaneously was observed. FOXA1-mediated chromatin opening in luminal prostate cells is essential for binding of the transcription factor AR to its targeted promoters and induce cell differentiation [7][8][9] . Downstream in the FOXA1 signaling pathway is the transcriptional regulator HOXB13. Deletion of this regulator in mice only minimally affects the development of the anterior and dorsolateral lobes but disrupts their function. As described in a study published in 2003, HOXB13 KO disrupts the final differentiation and thus functionality of prostate luminal cells. In this case, prostate luminal cells still express AR in the nucleus but display a loss of polarity 10 .

C. Morphogenesis of the epithelial branching duct network

The budding stage, which comprises the development of epithelial ducts in the prostatic mesenchyme, is followed by the morphogenesis of a branched network of epithelial ducts with distal outgrowth. This stage results in the formation of the characteristic zones of the prostate, i.e. transition zone, central zone and peripheral zone. The development of this network of branched epithelial ducts was shown to be partly controlled by the protein Sonic hedgehog (SHH). Studies showed that UGE budding in the mesenchyme was not affected by SHH deletion. However, channel branching required the presence of SHH 11 .

Other studies have focused on the bone morphogenetic protein (BMP) pathway in the control of channel network branching. One study showed that addition of BMP4 decreases the number of channels, conversely partial deletion of BMP4 increases branching morphogenesis 12 . The formation of branched networks of epithelial channels is thus coordinated by several signaling pathways. However, the coordination of the BMP and sonic hedgehog pathways remains unsolved. It should also be noted that this branching phase seems to be independent of androgens [13][14][15] .

It was indeed shown that androgen deletion did not prevent channel growth at this stage 13 . Moreover, the administration of androgens did not promote either the growth of these branched ducts 1 .

D. Differentiation and functionalization of the prostate epithelium

As mentioned above, the maturation of the prostate takes place during puberty, under the dependence of androgens. The epithelial cords that compose the prostate will undergo the canalization mechanism. The basal and epithelial cells will differentiate and form a mature and functional gland. The mechanisms of canalization that take place in the prostate epithelial cords are not yet totally understood. As observed in the mammary glands, where channeling occurs partly by apoptosis, studies have observed apoptotic phenomena in the center of the epithelial cords in rats during the canalization phase. However, the signaling pathways involved are not clear. Future studies will be necessary to elucidate which actors are involved in this process.

Apart from the canalization phenomenon, the cell types involved and their appearance during this phase require more study (Figure 3). The epithelial cords are composed of undifferentiated multipotent cells co-expressing markers of basal and luminal cells. This cell population was positive for cytokeratins 19 and 8 16 . After induction of differentiation by androgens, we find three main cell types in the prostate epithelium: luminal cells (AR, CK8), basal cells (P63, CK5, CK14), and neuroendocrine cells (CHGA). As shown in studies published by Blanpain's group 17 , postnatal prostate development is ensured by basal multipotent cells capable of giving rise to basal, luminal and neuroendocrine cells and also unipotent basal and luminal progenitors. They identified bipotent and unipotent basal progenitors and also basal cells committed to luminal differentiation. The model of cell lineage that occurs after birth consists of a bipotent basal progenitor giving 50% of bipotent basal progenitors and 50% of progenitors committed to luminal differentiation. These luminal progenitors subsequently have the ability to proliferate and to regenerate the luminal cell pool. During homeostasis, in adulthood, basal cells will self-renew like luminal cells.

Studies based on single-cell transcriptomic analyses showed the existence of a termed type C luminal cell population (Luminal-C) with a high regenerative capacity 18 . In addition, a study published in 2020 reported a regenerative potential of all luminal cell type. They showed that both differentiated luminal cells and stem-like luminal cells were able to regenerate the prostate after androgen ablation 19 .

Recent studies have shown that CD49+ basal cells cultured ex vivo can yield both basal and luminal cells. Similarly, CD26+ luminal cells can give basal and luminal cells. Nevertheless, the proportion of basal and luminal cells varied depending on the cell type of origin 20 . Considering these recent studies, the models proposed so far do not to take into account all cell types present in the prostate epithelium, and their regenerative capacity (Figure 4). Future studies will be needed to fully elucidate and understand the significance of these different cell lineages.

As described above, many studies have focused on luminal and basal epithelial cells, nevertheless some studies have focused on neuroendocrine cells and their origin. Some studies showed that enteroendocrine cells could have an epithelial origin, others showed a possible caudal neural crest origin 1 . Indeed, neuroendocrine cells express chromogranin A, which is found in neural crest ectoderm 1 . Furthermore, cell lineage analyses published in 2017 reveal that neuroendocrine cells are derived from the neural crest 21 . Overall, the cell types composing the 'static' prostate are now fairly well characterized; nevertheless, studies on cell lineage are still needed to fully understand prostate homeostasis. 

II. Prostate Cancer

Prostate cancer is an age-related disease. A man under 40 has a one in 10,000 chance of developing cancer; a man over 60 has a one in seven chance (American Cancer Society). However, age is not the only factor in the development of prostate cancer. Environment, lifestyle and diet can also have an influence. Here we briefly detail some of the risk factors that can promote the development of cancer. We also explain the different forms of prostate degeneration, more or less linked to the appearance of cancer.

A. Risk factors for cancer

The incidence of prostate cancer increases with age. As mentioned in previous studies, the incidence of prostate cancer increases from 60 cases per 100,000 men under the age of 55 to 900 cases per 100,000 men aged 65 to 74. Some studies showed that heredity could be a risk factor for prostate cancer. Indeed, the risk of developing prostate cancer is 2.5 to 3 times higher in men whose father or brother had prostate cancer.

Epidemiological studies have looked at diet and lifestyle as risk factors for prostate cancer. Indeed, one study showed a 10-fold difference in the onset of cancer between Western and Asian men. This study reported that the gap disappeared when Asian populations migrated to Western countries. Diet and lifestyle could therefore play a role in the incidence of this cancer. More precisely, some studies have looked at inflammation as a risk factor for cancer. One study showed that chronic administration of potent heterocyclic amine PhIP in rodents induced inflammation and led to prostate hyperplasia 22 . Endocrine disruptors (EDCs) have also been identified as increasing the chances of developing prostate cancer. As mentioned in several studies, chlordecone significantly increases the risk of prostate cancer 23 .

Other studies focused on oxidative stress and its influence on DNA damage. Indeed, oxidative stress results from an imbalance of reactive oxygen species (ROS) in the cell and can lead to DNA damage 24 . As mentioned in studies, the prostate is sensitive to oxidative stress, which is probably a consequence of inflammation.

B. Prostatic Intraepithelial Neoplasia (PIN) and Cancer

As mentioned earlier, men tend to develop more prostate cancer with age. Nevertheless, older men can develop prostatic intraepithelial neoplasia, which is considered a precursor to cancer. Prostatic intraepithelial neoplasia (PIN) is characterized by hyperplasia of the luminal. An increased level of luminal cell proliferation is usually observed in advanced PINs 1 (Figure 5).

Prostate cancer is a cancer displaying great phenotypic heterogeneity, however, more than 95% of prostate cancers are adenocarcinomas. Prostate adenocarcinoma is also characterized by hyperproliferation of luminal cells and disappearance of basal cells. From a clinical point of view, the different grades of prostate adenocarcinoma are classified according to the Gleason score. The Gleason score is a prognostic system based on the architecture of the gland. Cancers with a high Gleason score are more aggressive. In advanced adenocarcinomas, basal markers (P63, CK5) are not found, while luminal markers (AMACR) are overexpressed. 

Cell Junction

In a multicellular organism, epithelial tissues act as barriers that separate either the organism from the outside world or different compartments of the body. Two types of epithelium can be distinguished: the simple epithelium and the stratified epithelium. The simple epithelium is composed of a monolayer of joined and polarized cells. They are found in organs prone to absorption, secretion and filtration such as the intestine or the kidneys. Stratified epithelia are composed of multiple layers of cells, such as the skin and cornea. The epithelium regulates the movement of fluid, molecules and immune cells that pass between the joined cells. The characteristics of a simple epithelium include the presence of cilia on the apical pole of the cells and the numerous junctions located laterally at the cell-cell contact and at the basal membrane with the extracellular matrix (Figure 6). The lateral junctional complexes present at the apical pole of the epithelial cells include the adhesion junctions and the tight junctions which play respectively a major role in the cell-cell adhesion, and the maintenance of the impermeability of the epithelium. These two types of junctions are connected to the actin cytoskeleton coupled to myosin.

Here we describe the processes of adhesion junction formation, as well as the composition and connections of these junctions to the actin cytoskeleton. 

I. Composition of the adherens junction complex

E-cadherin-dependent adherens junctions associate with numerous proteins that finely regulate their formation, maturation and stability. The core of proteins forming adherens junctions consists of cell adhesion molecules such as E-cadherin, catenins (e.g. p120, β-catenin, αcatenin), and proteins associated with the regulation of the actin cytoskeleton 25 .

A. E-cadherin

The cadherin family is composed of different transmembrane proteins associated or not with glycoproteins. These cadherins act on cell-cell junctions in a Ca2+ dependent manner. The cadherin family includes four categories: (1) the classical cadherins (E-, N-and P-cadherin), (2) the desmosomal ones (desmoglein and desmocollin), (3) the protocadherins and (4) other unconventional cadherins. Here we focus on E-cadherin, important for cell-cell junctions in epithelial tissues 25 . E-cadherin was first discovered in 1977 by Takeichi's group 26 , where he established that V79 Chinese hamster lung cell agglutination depends on calcium-dependent cell-cell adhesion. In subsequent studies, antibodies targeting E-cadherin were shown to interfere with cell-cell adhesion.

The expression of E-cadherin is finely regulated and involved in processes of embryonic development, tissue remodeling and some pathologies such as cancer. E-cadherin is expressed starting from the two-cell stage in a mouse embryo 27 . More recently, E-cadherin was shown to have a determining role in lumen formation in mouse blastocysts 28 .

A major role of E-cadherin is its involvement in the contact inhibition of proliferation (CIP). The loss of cell junctions is part of the epithelial-mesenchymal transition (EMT). When Ecadherin is mutated or lost, cells continue to proliferate and begin to grow on top of each other as is often found in cancers. Subsequently, this allows the cell to acquire migratory capacity 29 .

Figure 7. Adhesion junctions are composed of clusters of the transmembrane protein E-cadherin. The five N-terminal extracellular cadherin repeat domains (EC) form homophilic interactions with other Ecadherins in trans (with neighboring cells) or cis (in E-cadherin clusters). The cytoplasmic C-terminal domain includes two partner protein binding domains, i.e. the juxtamembrane domain (JMD) and catenin binding domain (CBD)

. The p120 and β-catenin proteins bind to domains contained in the JMD and CBD, respectively. The dots represent the binding sites of the proteins.

E-cadherin is composed of an extracellular N-terminal domain, a transmembrane domain (TM) and a cytoplasmic C-terminal domain (Figure 7).

The N-terminal extracellular domain is composed of five extracellular cadherin (EC) repeat domains. These EC domains can associate to form trans-cadherin interactions with neighboring cells 30 and associate in cis along the cell membrane to form E-cadherin clusters 31 . The association of these extracellular domains in cis or trans depends on conformational change mediated by Ca2+ binding on each of the EC domains 32 . Studies showed that deletions of the EC1 domain disrupted trans binding between cadherins and prevented junction formation 33 .

Other studies using antibodies neutralizing the EC4 and EC5 domains reported the absence of cell-cell junction formation 34 . The cytoplasmic C-terminal domain is also essential for the functionality of E-cadherin. This cytoplasmic domain is composed of a juxtamembrane domain (JMD) and a catenin binding domain (CBD). These two domains alone are responsible for E-cadherin trafficking, intracellular signaling and control of the underlying actin cytoskeleton. The JMD domain contains a binding domain (CH2) to catenin p120 that disrupts cell junction formation if deleted 35 . The CBD contains the CH3 domain to which β-catenin binds.

B. Catenins

The connection of E-cadherin with the actin cytoskeleton and signaling pathways is mediated by a family of proteins called catenins. This family includes p120, β-catenin and α-catenin.

1. p120-catenin The p120 protein was discovered in 1977 as a substrate for Srctyrosine kinase 36 . p120 is a protein encoded by a gene with four alternatively spiced exons. In addition, there are four transcription start sites, resulting in many possible isoforms. However, the function of these isoforms of p120 remain largely unexplored. Interestingly, not all isoforms of p120 are expressed in the same proportion in attached epithelial cells compared to mesenchymal cells 37,38 . Functionality studies have established that p120 binds to the cytoplasmic JMD domain of Ecadherin and participates in the stabilization of E-cadherin at the cytoplasmic membrane 39 . It was shown that p120 was responsible for the formation of E-cadherin clusters in nascent adhesion junctions by homodimerizing while remaining bound to E-cadherin. This homodimerization was shown to be promoted by the dephosphorylation of residues located at the N-terminus of the protein 40,41 . Interestingly, it was reported that binding of p120 to the JMD domain of E-cadherin prevented the binding of E3 ligase, and thus prevented the degradation of E-cadherin 40 . Another important role of p120 catenin is its interaction with members of the actin cytoskeleton regulator family, the Rho GTPases. It was indeed shown that the cytosolic free form of p120 could bind directly to RhoA and inhibit its activation 42 . It was also shown that p120 catenin interacted with regulators of Rho GTPases, guanine nucleotide exchange factors (RhoGEFs) and GTPase-activating proteins (RhoGAPs). At the formation of adherens junctions, cytosolic p120 interacts with RhoGEF, Vav2, which has the role of activating Rac1 and Cdc42 GTPases and inducing remodeling of the actin cytoskeleton 43 .

Catenin p120 thus has a primary and versatile role in the regulation of E-cadherin. For this reason, studies have investigated the role of p120 in pathologies involving changes in cell junctions, for example cancer 44 . Indeed, deletion of p120 in vivo in the oral cavity, esophagus, and forestomach results in invasive squamous cell cancer, desmoplasia, and inflammation indicating that p120 might be a tumor suppressor gene.

β-catenin

β-catenin is a central component of the E-cadherin-associated core complex. This 92 kDa protein was identified as being tightly associated with E-cadherin 45 . Today the interaction of βcatenin with the cytoplasmic CBD-CH3 domain of E-cadherin is known to be regulated by phosphorylation. It was reported that casein kinase II and glycogen synthase kinase 3 β were responsible for phosphorylating the CBD domain of E-cadherin at serines 684, 686, and 692 which increased β-catenin/E-cadherin interactions 46,47 . On the other hand, phosphorylation of β-catenin tyrosines 489 and 654 disrupted the interaction with E-cadherin 48 . In the same study, it was also shown that phosphorylation of β-catenin tyrosine 142 decreased its interaction with α-catenin. Functionally, the binding of β-catenin to E-cadherin, which takes place in the endoplasmic reticulum, results in the transport of the complex via secretory pathways to the cytoplasmic membrane 49,50 . When associated with E-cadherin, at the cytoplasmic membrane, β-catenin interacts with α-catenin. Nevertheless, this interaction can be decreased upon Ras GTPaseactivating-like protein (IQGAP) binding to the β-catenin. At the initiation of adherens junctions the scaffold protein IQGAP can be activated to interact with the Rho GTPases Rac1 and Cdc42 by detaching from the β-catenin. This dissociation of IQGAP from the β-catenin then allows the re-association of α-catenin with the β-catenin and thus the formation of the E-cadherin core complex necessary for the maturation of junctions 51 . Beyond its role at the membrane, β-catenin acts as a transcription factor in the Wnt/ β-catenin signaling pathway. When β-catenin is phosphorylated on its tyrosines, mentioned above, by BCL9-2, its affinity for E-cadherin and α-catenin is decreased 48 . In this case, it is imported into the nucleus, and binds to the T cell factor (TCF) to promote transcription of Wnt target genes. This role of β-catenin is finely regulated by its ligation with proteins of the canonical Wnt pathway 52 . Interestingly, this pathway also controls the degradation of β-catenin. Indeed, the binding of β-catenin to the APC protein, participates in its degradation mediated by β-TrCP protein, upon binding with other partners 52 . Additionally, β-catenin mutations or its overexpression played a role in several types of cancer, i.e. colorectal carcinoma, lung cancer or malignant breast tumors 53 .

α-catenin

α-catenin is a 102-kDa protein that has been identified as the link between β-catenin and the actin cytoskeleton 32 . The ability of α-catenin to bind β-catenin 25 and actin filaments 54 suggested that a complex associating α-catenin, β-catenin and actin filaments existed. Nevertheless, no such complex was identified in vitro 55 . A study published in 2005 highlighted the role of α-catenin as a molecular switch that binds the E-cadherin/β-catenin complex and regulates actin-filament assembly 56 . This study reported that α-catenin can be in monomeric and homodimeric forms, and that these forms influence its binding properties. When α-catenin is in monomeric form, it binds more strongly to the Ecadherin/β-catenin complex, whereas in dimeric form, it will preferentially bind to actin filaments. The ability to change its binding properties by conformational change makes αcatenin an allosteric protein. Furthermore, α-catenin directly regulates the nature of the actin cytoskeleton by competing with the Arp2/3 complex, and thus preventing the branched polymerization of actin. Even today, what controls the switch between monomeric and dimeric forms is not fully understood. It was reported that α-catenin bounds spontaneously to β-catenin and a 10-fold increased concentration of cytosolic α-catenin was required to form homodimers and bind to actin. Nevertheless, it is likely that mechanisms such as phosphorylation are involved in this hetero -homo dimer switch 57 . A study reported a role for α-catenin in colon cancer 58 . They presented a model in which αcatenin interacted with APC to regulate β-catenin degradation and repress Wnt targeted genes.

C. Vinculin

Discovered in 1979 59,60 , vinculin is a 117 kDa cytoskeletal protein associated with cell-cell and cell-matrix junctions. It has 20-30% sequence homology with α-catenin, which performs a similar function 61 . Vinculin is structured with helical bundles organized with a globular head at its N terminal part comprising four vinculin homology (VH) domains. The VH1 domain allows binding to β-catenin. Note that the VH1 domain overlaps with the domain allowing vinculin to homodimerize. The VH2 domain allows binding with α-catenin or α-actinin, and also allows vinculin to homodimerize. The VH3 domain allows it to bind to F-actin 62 . Identified as a major protein for focal adhesion 63 , vinculin also plays a role in cell-cell contact. Although vinculin is not essential for the formation of adherens, downregulation or loss of vinculin reduces the strength of cell-cell junctions 61 . In addition, vinculin was found in the pool of proteins involved in the first step of junction formation 64 . Vinculin was also shown to be essential for the formation of adherens junctions in a model not expressing α-catenin 65 . A recent study showed the mechanical roles of vinculin/β-catenin interaction in adherens junction 66 . They showed that α-catenin served as an initial activator of vinculin, which allowed vinculin to form a direct link between the E-cadherin/β-catenin complex and the actin cytoskeleton.

D. Arp2/3

The Actin-related protein 2/3 (Arp2/3) complex is the main actor of the branching polymerization of the actin cytoskeleton. Arp2/3 is a complex formed by seven subunits ARP2, ARP3, ARPC1 to 5. The Arp2/3 complex binds to a parent actin filament and induces the nucleation of a new filament branched at an angle of 70° to the parent filament. The Arp2/3 complex is activated under the dependence of Nucleation promoting factors (NPFs), such as the Wiskott-Aldrich syndrome protein (WASP). WASP has a domain that allows it to bind to several Arp2/3 subunits and stabilize the whole complex in a so-called "close conformation".

Actin monomers bind to the domain of the WASP protein, and to the ARP2 and ARP3 subunits to begin nucleation of the new filament 67 . In the context of cell junction formation, the Arp2/3 complex is responsible for branching the actin network contained in lamellipodia, responsible for establishing cell-cell contacts. When cell-cell junctions are initiated, α-catenin homodimers prevent branching polymerization by competing with the Arp2/3 complex for binding to actin filaments. Arp2/3 has been reported to be involved in several pathologies, such as idiopathic pulmonary fibrosis, where it represses human lung myofibroblast differentiation 68 .

E. Rho GTPase family

Rho GTPases are a conserved family of signaling G proteins. Rho GTPases have been identified as actively regulating the actin cytoskeleton in many contexts, such as cell migration, or cellcell junction establishment. Among this family, three members have been widely studied: RhoA, Rac1 and Cdc42. These G proteins are considered as molecular switches that oscillate between a GDP bound -inactive -and a GTP bound -active -form. When they are in their GTP bound form, they can bind to the membrane and perform their role by interacting with other cytoskeleton proteins 69,70 . The switch between the active and inactive form of Rho GTPases is regulated by a very complex system. This system contains at least 145 multidomain guanine nucleotide exchange factors (RhoGEFs) and GTPase-activating proteins (RhoGAPs). Rho GTPases are activated by RhoGEFs and inactivated by RhoGAPs 71 . When Rho GTPases are in GDP form, they can also be sequestered and inhibited by a Rho protein GDP dissociation inhibitor (Rho GDI) 71 .

Rac1 & Cdc42

Ras-related C3 botulinum toxin substrate 1 (Rac1) and Cell division control protein 42 homolog (Cdc42) are proteins of the Rho GTPase family. Their activities are finely regulated by GEFs and GAPs that switch them from GDP to GTP binding and vice versa. They are also regulated by scaffold proteins that control their activation locally. When p120 is in cytosolic form, it binds to Vav2 (GEF) which activates Rac1 71 . Rac1-GTP and Cdc42-GTP are found in the initiation phase of cell-cell contact 72 . In combination, Cdc42 and Rac1 will promote Arp2/3 mediated branched actin polymerization via their respective effectors WAVE and N-WASP. Cdc42 also allows the generation of protrusive filopodia responsible for the formation of cell-cell contacts. Cdc42 and Rac1 were shown to be overexpressed in several types of cancer, such as lung cancer or colorectal carcinoma. In order to grow and invade other sites, cancer cells must be able to migrate. This is one of the hallmarks of cancer. Experiments overexpressing Rac1 or using constitutively active forms showed an increase in cell migration 73 .

RhoA

RhoA, also known as Ras homolog family member A, is a GTPase responsible for the assembly of actin filaments in the cell. As mentioned above, it oscillates between an inactive GDP and an active GTP form under the control of GEFs and GAPs. RhoA was reported to be involved in the regulation of cell shape, polarity, or migration via the control of actin polymerization and myosin-associated contractility 72 . Specifically, RhoA promotes actin polymerization, and contractile network formation via effector proteins. For example, formin nucleates unbranched linear actin filaments. RhoA was also shown to interact with Rho-associated coiled-coil kinase (ROCK), which participates in the phosphorylation of Myosin II, and thus increases contractility 72 . It was shown that RhoA could bind the protein p120 in its cytosolic form. Binding with p120 inhibits RhoA activity 72 . In other studies, RhoA was shown to be hyperactive in gastric cancer cells. Its downregulation partially decreased cell proliferation 74 .

F. Myosin II

Myosins are a family of motor proteins involved in dynamic cellular processes, such as protein translocation or cell contraction 75 . In association with actin, myosins are the major contractile proteins of muscle cells. Myosins are composed of two heavy chains, two regulatory light chains and two light chains that stabilize the heavy chain structure. In epithelial cells, type II myosin makes actin filaments, connected to adherens junctions, slide over each other to generate tension. These tensions participate in the establishment and maintenance of the adherens junctions. At the cell or tissue level, these contractions of the myosin II-dependent actin cytoskeleton lead to changes in cell shape and participate in the remodeling of a tissue 72 . As shown in one study, deletion of myosin IIA in intestinal epithelial cells resulted in altered adherens junctions leading to an impaired intestinal barrier 76 . In another study, an epithelial to mesenchymal transition was induced by overexpression of the transcription factor Snail. Interestingly, myosin II-dependent contraction prevented the disassembly of adherens junctions induced by Snail overexpression 77 . The role of myosin goes beyond the simple contraction of the actin cytoskeleton. Indeed, the previously mentioned studies show a role for myosin II-dependent contraction to stabilize junctions. Moreover, one study showed that under the effect of myosin II-induced tension, the α-catenin protein recruits vinculin to adherens junctions. Vinculin subsequently recruits partner proteins to induce actin polymerization and strengthen adherens junctions 72,78,79 .

G. α-actinin

The α-actinin is a spectrin family protein that binds to the actin cytoskeleton. It is structured as an anti-parallel rod-shaped dimer with actin-binding domains at each end 80 . In association with myosin II, α-actinin forms the contractile actin belt. With its two actin-binding domains, it can bundle actin filaments at adherens junctions 81 . In addition to binding to F-actin, α-actinin associates with other proteins involved in the regulation of the actin cytoskeleton such as vinculin 82 . Besides the classical junctional adhesion complex, α-actinin was shown to be essential for the localization of epithelial cell adhesion molecule (EpCAM) at the cell-cell contact zone 83 .

II. Adherens junction formation process

The formation of adherens occurs in two types of context. In embryos, polarity signals lead to the establishment of junctions between cells where contact is pre-existent. In contrast, migrating cells will undergo a mesenchymal-epithelial transition (MET). In this case, the junctions formed define the polarity of the cells. We develop here the different steps responsible for the establishment of E-cadherin dependent adherens junctions in the latter case. To initiate cell-cell contacts, cells organize a branched actin network, via Arp2/3, to push the membranes of two neighboring cells toward each other. At the initiation phase of junctions, the branched network organization is activated by the Rho GTPases Rac1 and Cdc42. As mentioned earlier, Rac1-GDP is activated by the GEF Vav2 associated with cytosolic p120. Rac1-GTP and Cdc-42-GTP activate Arp2/3 via WAVE and N-WASP proteins, respectively. Note that the cytosolic form of p120 also acts as a GDI-like by binding with cytosolic RhoA. In parallel the IQGAP1 protein binds to actin and Rac1 and/or Cdc42. The binding of IQGAP1 to Rho GTPases prevents their inhibition by RhoGDI. Cdc-42-GTP is also responsible for the formation of protrusive filopodia important for cell-cell contact formation. In parallel, a protein called SMTNL stimulates branched polymerization via Arp2/3 and inhibits coronin B by During the maturation phase, the branched actin cytoskeleton is converted into a contractile cytoskeleton composed of linear actin filaments associated with myosin. When Coronin 1B is no longer inhibited by SMTNL, it activates RhoA. Apr2/3 is then no longer activated. RhoA-GTP activates another protein responsible for actin nucleation, formin, and activates via a protein called ROCK the myosins II responsible for the contraction of the cytoskeleton. The IQGAP1 protein is inactivated in a calcium-dependent manner. Rac1 and Cdc42 are then inactivated by binding with RhoGDIs.

A. Formation of Initial Cell-Cell Contacts

B. Junction maturation -actin reorganization

In parallel, catenin p120 binds to the CH2 domain of E-cadherin. Its ability to homodimerize induces the formation of E-cadherin clusters on the cell surface. The α-catenin binds to the βcatenin associated with E-cadherin. Furthermore, when α-catenin is in homodimer form, it can bind to actin and competes with Arp2/3, and thus allows for decreased branching of the cytoskeleton. Stable junctions are maintained by an actin cytoskeleton that is organized as a contractile actomyosin belt. The actin cytoskeleton is maintained as long linear filaments via RhoA which stimulates actin nucleation by formin and Myosin II activity. E-cadherin clusters are maintained by catenin p120. The α-catenin, coupled to vinculin regulates the tension applied by actin on the junctions. It should be noted that the interaction of α-catenin with actin is still debated.
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III. Epithelial Cell Adhesion Molecule -EpCAM

The integrity of an epithelial tissue is ensured by its junctions. Cell-cell adhesions regulate the polarity, proliferation and differentiation of epithelial cells. Contact inhibitions mediated by cell-cell adhesion are crucial for organogenesis and tissue homeostasis. As previously described, cell-cell adhesions are mediated by transmembrane cell adhesion molecules, including cadherins, integrins, selectins and Ig-like. Discovered in 1970, the epithelial cell adhesion molecule EpCAM, is a homophilic adhesion molecule that does not fit in any of the families mentioned 83 . This 40 kDa molecule was frequently found over-expressed in highly proliferative cancer cells. For these reasons EpCAM has long been used as a biomarker of cancer cells. Beyond its high expression in cancer cells, EpCAM also plays roles in morphogenesis processes in epithelial tissues.

A study published in 1997 showed that EpCAM could promote Ca2+-independent homophilic cell-cell adhesion in normally non-joining cells 84 . Indeed, the expression of EpCAM in nonjoining cells not normally expressing EpCAM resulted in cell aggregation and cell-cell contact formation. This study highlighted the adhesive role of EpCAM. Another study demonstrated its ability to form homophilic adhesions by deleting a portion of the extracellular domain of EpCAM. Deletion of this domain also disrupted its accumulation at cell-cell contacts. Unlike E-cadherin which induces strong cell-cell adhesion, EpCAM-mediated adhesions are relatively weak. In contrast to highly jointed cells that express only E-cadherin, cells coexpressing EpCAM have weaker junctions. Strikingly, when EpCAM is brought into cells that expressed only E-cadherin, this results in a strong decrease in E-cadherin-mediated cell-cell adhesion. It was shown that this weakening of cell-cell junctions was not due to a decrease or delocalization of E-cadherin, but to a disruption of its association with the actin cytoskeleton 83 . Indeed EpCAM has a cytoplasmic domain of 26 amino acids capable of binding α-actinin. It was shown that cleavage of the cytoplasmic part of EpCAM was sufficient to lose the effects on junctions mediated by E-cadherins.

On the other hand, while cellular levels of β-catenin remain constant when EpCAM is overexpressed; the cellular content of α-catenin decreases 83 .

As widely described previously, E-cadherin is essential for the maintenance of epithelial architecture. Loss of E-cadherin has been shown to be associated with a loss of contact inhibition, increased proliferation and migratory capacity. In many epithelia, such as in the prostate gland, E-cadherin and EpCAM are co-expressed, thus regulating the strength of cell junctions. However, increased expression of EpCAM leads to an imbalance and is associated with tumor transformation.

Overall, EpCAM is able to promote cell-cell adhesions through homophilic interactions.

However, its antagonistic role on E-cadherin-mediated adhesion junctions suggests that it acts as a modulator of cell-cell adhesion rather than as a promoter. These data suggest that EpCAM must be finely regulated during morphogenesis processes. Nevertheless, its deregulation seems to be involved in the initiation of neoplastic processes. 

Ubiquitination and Ubiquitin-Like Proteins

Ubiquitination (or ubiquitylation) is a post-translational modification of proteins highly conserved in evolution 85 . Ubiquitylation consists of the attachment of one or more ubiquitin molecules to a protein. The number and conformation of these ubiquitins will induce different outcomes, such as increasing protein-protein interaction or promoting protein degradation 85 . These ubiquitination processes are regulated by a machinery comprising numerous enzymes.

Here we describe the key molecules of the ubiquitination machinery. We also describe some of the partner proteins of this system, as well as the progress on the characterization of Ubiquitin domain-containing protein 1 (UBTD1).

I. Ubiquitylation process

Ubiquitylation is a finely regulated process involving mainly three types of enzymes: Ubiquitinactivating enzyme also known as E1 enzymes, Ubiquitin-conjugating enzyme also called E2 enzymes, and a ubiquitin ligase also known as E3 ubiquitin ligase. These enzymes control the addition of the small molecule ubiquitin to proteins. The different topologies of ubiquitin conjugated to substrates define the cellular outcome 85,86 .

A. Ubiquitin

Discovered in 1975, the ubiquitin molecule is a small protein (76 aa) of 8.6 kDa found in many eukaryotic cells 86 . In the human genome, four genes encode ubiquitin: UBA52, RPS27A, UBB and UBC. The UBA52 and RPS27A genes encode ubiquitin fused to ribosomal proteins L40 and S27a respectively. The UBB and UBC genes encode polyubiquitin precursor proteins that form polyubiquitin cassettes. Deubiquitinases (DUBs) cleave from these proteins to monomeric modifiers (Figure 12). Under basal conditions, without stress or stimuli, ubiquitin production is ensured by ribosomal fusions encoded by the UBA52 and RPS27A genes. Under stressful conditions, or for dynamic processes, large amounts of ubiquitin are rapidly encoded by the UBB and UBC genes. This kind of variation can be determinant in developmental processes. Indeed, one study showed that a deletion of the UBB and UBC genes disrupted neural differentiation 85,87 . Once ubiquitins are produced, they are assembled into different types of conjugates that have different functions. For example, monoubiquitylation of a substrate modulates the affinity of protein-protein interactions. The assembly of ubiquitin chains in particular conformations can participate in cell division regulation, or simply in protein degradation.

B. E1 ubiquitin-activating enzyme

The human genome has only two E1 enzymes encoded by the UBA1 and UBA6 genes 88 . The first step of the ubiquitination mechanism is catalyzed by the E1 enzymes in an ATP-dependent manner. The first step of ubiquitin activation is characterized by the binding of an ATP-Mg2+ to the E1 enzyme. This allows the binding of ubiquitin to the E1 enzyme which catalyzes C-terminal acyl adenylation of ubiquitin. The second step shows a transfer of ubiquitin to an active cysteine residue with release of an AMP. This second step is characterized by a thioester linkage between C-terminal carboxyl group of ubiquitin and the E1 cysteine sulfhydryl group.

C. E2 ubiquitin-conjugating enzymes

The human genome encodes 35 different E2 enzymes 89 . The conjugation step is characterized by a transfer of ubiquitin from E1 to E2 by a trans-esterification reaction.

D. E3 ubiquitin ligases

There are several hundred different E3 ubiquitin ligases, with greater selectivity for their substrates than the E1s and E2s 85 . These catalyze the final step of ubiquitination. E3s are able to recognize a specific substrate and simultaneously interact with E2 enzymes. It was also reported that E3s could activate certain E2s.

There are two types of E3s, the E3s that contain the homologous to the E6-AP carboxyl terminus (HECT) domain and the E3s with the really interesting new gene (RING) domain. The HECT domain allows the transient binding to ubiquitin and its transfer to the substrate while the RING domain catalyzes the transfer of ubiquitin directly from the E2 to the substrate. 

II. Ubiquitin partners

A. Ubiquitin-binding domains

The ubiquitin-binding domain (UBD) is found on proteins that interact with monoubiquitin and/or polyubiquitin chains 85 . This type of domain is found on proteins that participate in ubiquitination or deubiquitination. As mentioned in the review published by Hicke et al, the presence of a UBD domain in a protein suggests that it interacts with a ubiquitin or ubiquitinated protein 90 . It was shown that proteins containing a membrane-associated UBD only target monoubiquitins. Indeed, the majority of proteins involved in endocytosis are monoubiquitinated. A membraneassociated protein is likely to be exposed only to monoubiquitylated substrates. Previous studies have looked at the affinity level of UBD domains for ubiquitinated molecules. It was shown that UBDs have a relatively low affinity for monoubiquitin. Weak UBD interactions with monoubiquitins are probably not a coincidence. For example, the assembly of the protein network that promotes budding of plasma membrane relies on numerous weak interactions. This type of network is therefore dynamic, with easily reversible protein-protein interactions.

It is interesting to note that the accessibility of these UBD domains can be controlled by steric conformation changes. It was shown that the binding of ubiquitin to the ubiquitin receptor RAD23 was dependent on the interaction between its UBD domain and its other domain called UBL 91 .

B. Ubiquitin-like proteins

Ubiquitin like proteins (UBLs) are small non-enzymatic proteins that share a structure similar to ubiquitin 91 . There are two main categories of UBLs. They are classified according to their ability to covalently conjugate to other molecules. The first category contains a particular sequence containing two C-terminal glycine residues. These two residues allow covalent binding to other molecules after activation by proteolysis. This proteolysis reaction makes the glycine residues accessible. The second family of UBLs does not show covalent binding to other molecules. Nevertheless, the way in which these UBLs function remains debated and still partially unclear. However, it is proposed that these UBLs may participate in the regulation of protein-protein interactions.

III. Ubiquitin domain-containing protein 1

Ubiquitin domain-containing protein 1 (UBTD1) belongs to a small protein family containing UBTD1 and UBTD2. This 25,9kDa protein contains a ubiquitin-like domain (UBL) 92 and an ubiquitin binding domain (UBD). In previous studies it was demonstrated that UBTD1 interacts with the UBE2D family of E2 ubiquitin conjugating enzymes. Additionally, UBTD1 stabilized P53 by ubiquitinating MDM2, the E3 enzyme responsible for its degradation 93 . Similarly, our laboratory recently confirmed that UBTD1 participated in the degradation of the transcriptional regulator yes-associated protein (YAP) by modifying its ubiquitination level 94 .

Finally, we showed the involvement of UBTD1 in coordinating EGFR signaling by controlling the cellular level of ceramide through the ubiquitination of several proteins involved in this process. ASAH1 and the ubiquitination of SQSTM1 by RNF26 95 (see article in Appendix). UBTD1 was found to be associated with the level of cancer aggressiveness, and survival of patients with prostate, liver and lung cancer 92,94,96 .

Organoid

Organoids are a self-organizing three-dimensional (3D) culture system derived from pluripotent stem cells 97,98 . They recapitulate the architecture, composition and functionality of their epithelial tissues of origin better than the traditionally used two-dimensional immortalized cell lines. This model can be used to study the processes of differentiation and spatial organization of stem cells. Thus, organoid technology is ideal for deciphering the role of genes involved in human organogenesis or pathologies 99 .

I. History of organoid culture

The first cell models used in vitro were derived from cancer cells 100 . These were easily cultured because of their immortal properties. The molecular and cellular characteristics of cancer cells differ from their tissue of origin. This is what enables the cancer cell to survive in different environments. The central signaling pathways, growth factors and receptors are deregulated, which prevents the study of cellular mechanisms. In addition, the changes associated with a cancer cell line will only reflect the cell from which it originated since not all cancer cells can be cultured ex vivo 101 . Immortalized cell lines cultivated in vitro do not recapitulate all the features of healthy cells nor the different cell types present in vivo. 2D cell culture on rigid supports, does not recapitulate the mechanisms of spatial cell organization. To overcome these limitations, ex vivo explant were developed, recapitulating more faithfully the original tissue 102 . However, these cultures had limited lifetimes due to the lack of self-renewal capacity of the tissue.

In 1975, a study reported the long-term culture of non-transformed and non-cancerous human cells 103 . This work by James Rheinwald and Howard Green consisted of co-cultivating human keratinocytes with mouse fibroblasts. They recapitulated a stratified squamous epithelium similar to the stratification found in the skin. A study published in 1987 by Mina Bissel's group reported the in vitro formation of alveolar-type structures that partially recapitulated the functional characteristics of a mammary epithelium 104 l. This type of culture was performed in a synthetic 3D extracellular matrix. It allowed for the first time to study the processes of morphogenesis in vitro.

In 2009, a study published by the laboratory of Hans Clevers showed 3D organized structures containing stem cells and differentiated cells 105 . These authors reported the first organoid cultures. In vivo, adult stem cells (ASCs) are able to proliferate and participate in the renewal of the organ in which they are localized. To obtain organoids, they isolated intestinal stem cells and seeded them in an extracellular matrix with factors acting as a niche surrogate. These organoids derived from ASCs, allowed to obtain models partially recapitulating the architecture and the differentiation into different cell types of several tissues, such as intestines, colon, prostate or breast. These organoids allow to maintain in vitro an untransformed cell population. However, concerns about uncomplete differentiation remained.

A study published in 2011 by Yoshiki Sasai's group, reported the culture of pluripotent stem cells (PSCs) to form three-dimensional structures reproducing optical cups 106 .

Together, organoids derived from ASCs and PSCs pave the way for the in vitro study of physiological processes and the study of human pathologies in a complementary way to animal models.

II. Organoids to study human biology and diseases

A. Spectrum of organism models

The idea that many mechanisms are conserved during evolution led scientists to develop mirror models of human physiology. These models have been widely developed during the last century. Models such as yeast, drosophila, or mice have been used for a long time, and are still used today by many scientists. Easily accessible, low-cost models such as the Caenorhabditis elegans worm allowed the study of many genes involved in differentiation and cell fate decision 107 . However, each model has limitation. As described in several studies, about 70% of the genes in C. elegans have orthologous genes in humans, and 42% of the genes involved in human pathologies are found in C. elegans, which makes it a very interesting model 108,109 . Nevertheless, other aspects such as the immune system or metabolism are very different from human physiology.

In mammalian model systems, mice occupy a very important place today. Molecular biology techniques allowing the generation of genetically modified mice have made this model very versatile and useful to study many pathologies. Nevertheless, the cost of this model remains very high. In addition, many human physiological processes are not faithfully reproduced in animal models 110 . The striking example of ibuprofen illustrates this difference. Indeed, ibuprofen is prescribed as an anti-inflammatory in humans, while it is toxic in rodents 111 . This type of difference limits the use of animal models to find new therapeutic drugs that can be administered to humans. The development of new models more faithful to human physiology is therefore necessary.

B. ASCs-derived human organoids

Organoids derived from ASCs have emerged as an alternative or at least a complementary model to those used till now 112 . These organoids partially recapitulate the structure and composition of the epithelium from which they originate (Figure 13). Organoids can be generated using ASCs isolated from biopsies of healthy or diseased organs 113 . However, ASCs can be grown in vitro to form organoids only if the culture conditions are well defined meaning that they include the necessary factors characteristic of the niche in sufficient quantities.

Establishment of organoids in vitro

To establish a new organoid model the limitations are the identification of ASCs and the factors allowing them to proliferate and differentiate 114 . The first studies that established the organoid model focused on the identification of factors stimulating self-renewal, assimilated as proliferation, and factors controlling differentiation 105 . The first model established by Clevers' group relied on a medium composed of mitogen factors such as EGF and Noggin to control and block the activity of bone morphogenetic protein (BMP). In addition, R-spondin was added to stimulate the activity of the Wnt pathway, which is necessary for ASC renewal. However, niche-specific factors that can be produced by 'neighboring' cells should also be added. For example, Paneth cells, which are not fully functional in intestinal organoids and are responsible for Wnt production in vivo, require the addition of Wnt3a to the medium. In addition, inhibition of TGFβ or p38 pathways was necessary for the maintenance of the cultures after several passages 112 . All these parameters must be adjusted for each type of organoid culture (Figure 13).

Physiological relevance

During the last decade, the establishment of organoids for many organs has made it possible to grow cell types that were previously impossible to grow 115 . For example, long-term culture of human hepatocytes was impossible. Based on the conditions for culturing bipotent biliary treederived progenitor organoids, a protocol for culturing hepatocyte organoids was developed 116,117 . Allowing the cultivation of hepatocytes up to 20 passages in vitro. In these models, they were able to form hepatocytes expressing albumin and cytochrome P450 enzyme, demonstrating the maturity of these hepatocytes in vitro. 
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organoids may contain cells from multiple germ layers to closely mimic the in vivo The study of the effect of growth factors on cell differentiation in the intestinal crypt is an example of a physiological phenomenon that could be achieved with the organoid model. In a first study, Clevers' group established the culture conditions to obtain enteroendocrine cells 118 . A study published the following year used this organoid model to study the expression of hormones by endocrine cells under the influence of growth factors 119 . They showed that the presence of BMP4 influenced hormone expression and confirmed these findings in mice. These studies showed the existence of a BMP gradient along the intestinal crypt that influences hormone expression by enteroendocrine cells.

In the stomach, proliferating Lgr5 stem cells are located at the base of the pyloric gland 120 . Based on intestinal organoid cultures, one group showed long-term organoid cultures that reproduced mature pyloric epithelium 121 . Cells called Chief cells are able to dedifferentiate in the gastric corpus gland to regenerate the epithelium in case of damage. The culture of these cells in vitro led to the generation of long-term gastric organoids 122 .

Organoids to study infectious diseases

Organoids have now been used to model bacterial and viral infections (Figure 14). Organoids allow to recapitulate and study in vitro characteristics of infections, and also of the immune system. A study published in 2020 reported the co-culture of intestinal organoids with genotoxic E. coli pks+ bacteria to study the occurrence of oncogenic mutations 123 . Indeed, E.coli bacteria can carry the pathogenic island pks which encodes for enzymes, such as colibactin, that induces double stranded cuts in DNA. By performing repeated injections of these bacteria into the lumen of intestinal organoids, whole-genome sequencing analysis revealed a distinct mutational signature that was absent from organoids injected with pks-bacteria.

Another study looked at the role of Helicobacter pylori in chronic gastritis, peptic ulcers, and stomach cancer 124 . Here they injected H.pylori into the lumen of stomach organoids. Injection of the bacteria into the lumen of the stomach organoids triggered an NF-κB-mediated inflammatory response 122 . Organoids can also be infected by viruses. One study reported the possibility of using intestinal organoid monolayers to allow replication of human norovirus in vitro 125 . Previously, replication of these viruses was not possible in classical 2D cultures. Interestingly, the addition of bile to the culture medium was necessary for some strains to infect and replicate in the intestinal organoids 126 . The cell type and the environment, which compose the niche, are therefore both equally important. In 2019, a new strain of coronavirus responsible for severe acute respiratory syndrome (SARS-CoV-2) appeared. It was observed that this influenza-like decease was localized in the lungs. However, evidence suggested that the intestines could also be infected by the virus. A study published in 2020 reported evidence that SARS-CoV-2 infects human gut enterocytes 127 . Considering that the receptor angiotensin-converting enzyme 2 (ACE2) is highly expressed in differentiated enterocytes, the enterocytes present in the organoids were infected when they were in the presence of the virus. In this study, they were able to produce virus particles. The organoid model can therefore be used to study viral infectious mechanisms and to identify and test therapeutic anti-viral treatments. 

Organoids to model genetic pathologies

The genetic stability of organoids made it possible to consider growing samples of patients with genetic diseases as organoids 128 . The organoids derived from these patients showed recapitulation of the phenotypes associated with the disease (Figure 14).

Insufficient production of α1-antitrypsin by the liver results in insufficient protection of the lung against neutrophil elastase leading to destruction of lung parenchyma. This genetic pathology is associated with a deficiency of the A1AT gene responsible for the production of this enzyme. In 2015, a study showed the establishment of stable genome culture of liver organoid derived from patient with this mutation. The organoids with A1AT deficiency reflected the pathology in vivo 128 .

Organoids can be used for the evaluation of personalized medicines. Organoids can be used as an avatar of patients with genetic pathology to test drugs in vitro. Cystic fibrosis is a monogenic channelopathy caused by a mutation leading to the inactivation of the cystic fibrosis transmembrane conductance regulator (CFTR). As a result, mutation of this channel leads to a decrease in chloride transport from the cytoplasmic compartment to the extracellular medium in the lung and pancreas, resulting in a decrease in water flux by osmosis, which leads to an increase in mucus viscosity. It should be noted that the loss of function of this channel is not due to a single mutation, in fact more than 2000 different mutations have been identified in patients with this disease 129 . There are drugs that act as potentiators that increase the activity of the CFTR channel. However, these drugs work in combination with specific mutations. It is therefore important to test the best mix of drugs for each patient. In 2013, a Forskolin-based assay was used to test the functionality of the CFTR channel in intestinal organoids 130 . The assay was based on the swelling of organoids induced by forskolin-induced cAMP signaling. Using organoids derived from small endoscopic biopsies of patients, this assay was shown to predict the response of patients to drugs tested individually or in combination.

Organoid to model cancer

As seen in many studies, there are now two different ways to use organoids to study cancer (Figure 14). Either, as shown in 2011, by generating organoids derived from patients' tumors 131 or by using normal organoids and applying genome engineering techniques to study the role of genes involved in tumorogenesis 132 . The culture conditions developed for organoids allow to grow cancer cells very easily. Tumor organoids could be generated from primary or metastatic tumors of colon 133,134 , brain 135 , prostate 113 , breast 136 and many other organs. The same cell heterogeneity was found in tumor organoids compared to the tumor from which they were derived. In 2019, a team established that an ovarian cancer organoid platform could recapitulate intra and inter patient tumor heterogeneity 137 . According to a study published in 2018, the response to treatment of the tumor organoid matched the response of the patient 138 . When the drug has no effect on the tumor organoid, the drug has no effect on the patient and vice versa. Nevertheless, the representativeness compared to the evolution of the patient's tumor remained limited. We can nevertheless imagine that with the increase in the number of tumor organoids established, the techniques will become more routine and reliable to predict the best response to therapy for each patient. Organoids can be genetically edited with CRISPR-Cas9. This technique has been used in organoids to recreate oncogenic mutations.

In colorectal cancer, mutation of the MutL homolog 1 gene, a DNA mismatch repair enzyme, is responsible for the accumulation of mutations in tumors. Loss of this enzyme leads to instability of microsatellites (MSI), repeated sequences in the genomes, which results in a change in copy number. In a 2017 publication, they knocked out the MLH1 gene in colon organoids with the CRISR-Cas9 technique. After 2 months of in vitro culture, gDNA analyses revealed an increase in the number of mutations compared to the control. Moreover, the acquired mutational profile obtained was similar to that found in patients with MSI 139 . A fusion between the androgen receptor (AR)-responsive trans-membrane protease serine 2 (TMPRSS2) gene and E26 transformation-specific (ETS) gene family members is found in 80% of prostate cancers 140 . Using CRISPR-Cas9, a fusion between TMPRSS2 and one of the ETS gene, i.e. ERG, was induced in mouse prostate organoids. This induction of ERG by AR could be reversed using androgen inhibiting agents 141 . The deubiquitinating enzyme BAP1, considered a tumor suppressor in humans, has a homolog in mice known to deubiquitinate histone H2AK119. A group of researchers dissected its role by introducing a CRISPR-Cas9 mediated knockout of BAP1 in a normal human cholangiocyte organoid model. This BAP1 knockout induced a phenotype associated with cell-cell junctions and the cytoskeleton. Using a combination of knockouts with TP53, PTEN, SMAD4, and NF1, they observed that BAP1 knockout induced the acquisition of malignant features upon xenotransplantation 132 . These different examples illustrate that the organoid technology brings the possibility to study and identify genes involved in cancer in a human context.

Genetic repair in organoids

As a proof of principle to show that it is feasible to repair DNA in organoid derived from patients with a pathogenic mutation, Clevers' group published a study in 2013 showing functional repair of the CFTR channel in intestinal organoids 142 . The intestinal organoids were derived from patients with a homozygous F508 deletion. After repair using CRISPR-Cas9, the functionality of the channel was restored and tested with the forskolin-induced swelling assay 130 . With the improvement of genome editing techniques, and the evidence that 'classical' Cas9 can cause chromosomal rearrangements. The same team used prime editing technique to correct and repair CFTR in organoids 143 . These proofs of principle suggest that it may be possible in the future to transplant repaired organoids into patients. Nevertheless, the precision of the editing technique and the quantity and sites of transplantation of the organoids are still a limitation today.

III. Engineering organoid and next generation organoids

A. Limitations of organoids

Organoids have achieved a degree of fidelity and maturity in cell type composition that surpasses many other in vitro models 105 . However, despite these advances, no organoid completely reproduces the spectrum of cell types present in the organ of origin. In fact, organoids do not reproduce fully functional cell types. Moreover, organoids only reproduce the epithelial gland, the interactions with the mesenchymal, vascular and immune compartments are not reproduced. Some models have been established to reconstitute these interactions but they remain difficult to establish and they only partially reproduce the interactions between these different compartments 144 .

Another limitation that might play a role in the differentiation of cells in organoids is the culture time. Indeed, organoids are usually grown for 7 to 10 days before being dissociated and reseeded. This short life span of the organoid can be an additional barrier to the complete maturity of some cell types present in the organoid. Furthermore, in cystic organoids, such as prostate organoids, if the organoids are attempted to be cultured longer than one week, they will begin to fill their lumen with dead cells. Organoids are also very heterogeneous regarding formation efficiency, morphology, and 'functionality'. The end-point heterogeneity may be due to the number of initial cells that form an organoid. Indeed, an aggregate of cells will give a mature organoid faster than a single cell. This variability is a limitation for using organoids for drug screening, especially when the readout is based on the morphology. Commonly used read-outs are often based on imaging and image analysis techniques. However, these read-outs provide only a limited amount of information on the level of differentiation of the cells. To fully dissect the level of cell maturity single cell transcriptomic analyses are necessary. Also, if we are interested in cell junctions and epithelial integrity, transepithelial electrical resistance measurements, classically used in 2D, are technically challenging or even not applicable in organoids 145 .

B. Organoid system engineering

Matrix compositions

Many parameters play a role in the development of organoids. Since the first intestinal organoids were developed, niche factors have been considered as determinant 105 . Nevertheless, the physical environment in which ASCs evolve is also important for the development of organoids (Figure 15). The extracellular matrix (ECM) is an important parameter for the differentiation and organization of cells in the organ and logically in the organoids 105,146 . Today a large majority of organoid cultures are performed in an extracellular matrix called Matrigel. This matrix extracted from Engelbreth-Holm-Swarm mouse sarcoma provides the mechanical conditions and ECM-like signals necessary for organoid development. However, the matrigel is not precisely defined, and its composition can vary from batch to batch, which brings additional variability to the model. Furthermore, the fact that this matrix is animal derived hinders its use for clinical purposes. This is why more standardized hydrogels are being developed today 147 . There are indeed two types of matrices currently developed: matrices developed from 'natural' material such as fibrin or collagen or from synthetic hydrogels. In the latter case, some synthetic hydrogel matrices have been developed from poly(ethylene glycol) (PEG) 148 . To mimic and 'functionalize' this synthetic matrix, molecules found in the extracellular matrix can be added, such as membrane protein laminin. This type of controlled matrix has the advantage of generating matrices with specific compositions, which can perhaps influence the differentiation of some cell types. Synthetic matrices also bring the possibility to modulate the rigidity of the ECM. This type of improvements opened new research directions trying to modulate the physical and chemical input received by the ASCs.

Geometrical parameter

Physical constraints play an equally important role as chemical signals in developmental processes (Figure 15). With the emergence of artificial matrices, shape-guided morphogenesis technologies have been developed. Lutolf's group has been developing micromanufacturing, 3D printing and laser cutting technologies for the cultivation of ASCs in vitro 148,149 . Crypt formation in the intestine is a random process that is uncontrolled. By using microengineered scaffolds, they predefined the shape that the intestinal organoids could take. This type of organoid culture allowed a long-term homeostasis, and permitted easier access to the apical and basal poles of the cells. The tubular shape of these organoids allowed to 'clean' the lumen of the organoids by removing the dead cells that usually accumulate in a classical organoid. The longevity of these organoids allowed to obtain cell types that are not found in Engineering approaches can be applied at several levels to organoids, including at the cellular level, niche level, multi-tissue level and to improve functional readouts.

Figure 15. Engineering strategy for organoids. The engineering of organoids can be performed at different levels. At the cell level with gene editing approaches. It can be at the matrix level, to control the adhesion of cells to the matrix or to induce physical constraints by playing on the ECM rigidity. By using organ on chip technology, context and interactions with other compartments can be introduced.

Finally, the automation or the increase of the sensitivity of the read-out can also be improved by of imaging process for example. Schema from Hofer 2021. classical short term organoids. Interestingly, without any growth factor gradient, the different cell types were organized in a pattern similar to that of a classical crypt 150 . The geometry of the environment seems to guide morphogenesis processes.

Organoid models can be established from many organs to reconstitute at a smaller scale characteristic of the original tissue. However, relying on the self-organizing properties of the cells in organoid cultures leads to variability and prevents precise control of certain physical and chemical parameters. Moreover, the lack of interaction with other organs, or interaction with components of the immune system limits the use of the model. To overcome these limitations, today an explosion of technologies gravitating around organoids are developed. The organ on chip technology, the vascularization of organoids, or the addition of components of the immune system open the way to new fields of research.

IV. Prostate Organoid

As described previously, the prostate gland is composed of a pseudostratified epithelium containing basal and luminal cells. Prior to the establishment of organoid models, the study of the prostate in vitro was limited to immortalized cell lines. In 2014, a study published by the Clevers' group reported the development of human prostate organoids 20 . Using the basal CD49+ and luminal CD26+ surface markers, they isolated basal and luminal cells. These fractions contain stem/progenitor cells. It must be noted that it is currently not possible to isolate/enrich stem cells by FACS because no marker has been identified. They described a protocol to obtain prostate organoids composed of basal and luminal cells expressing the markers cytokeratin 5 (CK5) and cytokeratin 8 (CK8) respectively (Figure 16). Interestingly, when CD26+ luminal cell-derived organoids were treated with or without dihydrotestosterone (DHT), this resulted in cystic or compact organoids respectively. The level of differentiation of the secretory luminal cells was likely affected. A study published in 2017 reported the identification of enriched luminal progenitors in pten-null prostate tumors 151 . This cell population corresponded to proliferative and undifferentiated luminal cells capable of giving back organoids if isolated and seeded in vitro. These cells were characterized by the expression of cytokeratin 4 (CK4). It would be interesting to evaluate the expression of this marker with the maturation stages of DHT-dependent prostate organoids. A study published in 2020 revealed the regenerative potential of prostate luminal cells by single cell analysis 19 . By castrating mice, they induced a 90% decrease in prostate size due to loss of luminal cells. When stimulation with androgens was restored, the prostate regenerated. They identified a population of luminal cells expressing stemlike genes and a population of differentiated luminal cells. They showed that in organoids, these two populations contributed equally to prostate regeneration. Thus, they proposed that all luminal cell types participate in the regeneration of the prostate gland.

Prostate adenocarcinoma is the major form of prostate cancer found in men. It is initiated by a hyper proliferation of luminal cells in the lumen of the gland 140 . In 2016, Drost and colleagues published a standardized protocol for establishing prostate organoid cultures from healthy prostate tissue, prostate cancer metastasis biopsies or circulating prostate tumor cells 101 . It appeared that the establishment of organoid lines from primary prostate tumor was not successful. As mentioned in several studies, organoids generated from healthy cells tend to overgrow, resulting in the loss of cancerous organoids 113,152,153 . The lack of a marker to isolate cancer cells remains a barrier for the establishment of organoid cultures from primary prostate tumors. Beyond this limitation, several studies reported the establishment of organoids derived from patients with advanced prostate cancer. The organoids in these studies were generated from metastatic tumors. 

Gene editing

Gene editing consists in modifying with precision the genome of a targeted cell. It consists in inactivating a gene, introducing a precise mutation, correcting a mutation or inserting a gene at a specific genomic site. Contrary to classical lentiviral vectors, which introduce genetic information randomly into the host cell genome, gene editing ensures a more physiological gene expression through precise modification of the gDNA thereby avoiding insertional mutagenesis and gene silencing. Gene editing relies on enzymes called nucleases that induce double strand breaks in the DNA (DSB). The cell repairs this DSB by two possible mechanisms, non-homologous end-joining or by homology directed repair when a DNA template with homologous sequences is present or delivered in the cell 154 ( Figure 17). 

I. Nucleases

Nucleases used for gene editing are chimeric enzymes composed of a non-specific DNA cleaving enzyme linked to a programmable DNA binding module. These enzymes generate DSBs in specific locations of the genome. Historically, there are zinc finger nucleases and Transcription activator-like effector nucleases (TALENs). In the last decade, the Clustered Regularly Interspaced Palindromic Repeats, CRISPR-Cas9 technology has emerged. Many derivatives of the latter method have recently emerged 155 .
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A. ZFN-Fok1

Zinc finger nucleases (ZFNs) are enzymes that consist of a DNA recognition domain called a "zinc finger" and a nuclease that non-specifically cuts the DNA 154 (Figure 18A). Zinc fingers are originally present in many transcription factors. The zinc ion in the protein will play an important role in the three-dimensional conformation of the protein 156 . In transcription factors, these domains surrounding the zinc ion stabilize the interaction zone of the protein with the DNA. This part of the protein determines the selectivity of the protein to a specific DNA sequence. More precisely, these zinc fingers are composed of about 30 amino acids. They are organized in two beta sheets and an alpha helix. Some amino acids, located at the C-terminal part of the protein, at the alpha helix, will be in contact with the double strand DNA. A classical alpha helix will be specifically linked to 3 nucleotides. The modular structure of these zinc fingers has made them attractive to molecular biologists. It is indeed possible to design zinc fingers that bind specifically to a DNA sequence. Subsequently, 'synthetic' zinc fingers have been designed to recognize DNA sequences ranging from 9 to 18 bp. The enzyme usually coupled to these zinc fingers is the Fok1 endonuclease. This enzyme works when it is dimerized. Once dimerized, it will generate a DSB in the double strand DNA. In order to recognize non-palindromic DNA sequences, it was therefore necessary to synthesize two different zinc fingers coupled to Fok1 nucleases. The zinc finger nuclease technology has been used for many years. It has now been largely replaced by other less expensive, laborious and time consuming approaches. TAACATGGCCTCTCTcccagcGACACATGAGTTACA ATTGTACCGGAGAGAgggtcgCTGTGTACTCAATGT
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B. TALENs

Transcription activator-like effector nuclease, also called TALENs, are proteins composed of a DNA recognition domain and a restriction endonuclease that cuts DNA in an unspecific manner 154,156,157 . TALENs which come from the plant pathogenic bacteria genus Xanthomonas are proteins composed of series of 33 to 35 identical amino acids (Figure 18B). Only two highly variable amino acids located generally at position 12 and 13 will specifically recognize a nucleotide. Like zinc fingers, TALENs can be assembled to form proteins that will specifically recognize longer DNA sequences. Thus, TALENs are composed of an N-terminal nuclear localization signal (NLS), a series of 10 to 30 TALE domains, and a C-terminal Fok1 restriction endonuclease. As for zinc fingers, since Fok1 operates as a dimer, it was necessary to generate two locusspecific TALEs. The restriction enzymes Fok1 dimerize and induce DSBs. This method has also been used extensively, despite some limitations. Indeed, the TALENs were sensitive to the methylation of the targeted DNA. The fact that the sequence encoding the TALENs are highly repeated did not favor an ideal packaging in viral vectors since these repeat can induce recombination during vector production.

C. CRISPR

Origin of CRISPR system

Research conducted in the 2000s showed the existence of short interspersed repeats in the genome of Escherichia coli 158,159 . They were named clustered regularly interspaced palindromic repeats (CRISPR). Subsequent studies showed that the short sequences contained in the CRISPR locus were derived from viral or plasmid sequences 159,160 . With the discovery that the gene located in the CRISPR locus, called cas (CRISPR-associated) encodes a protein with a helicase domain and a nuclease domain, the CRISPR-Cas system was proposed as a bacterial defense system against phages 159-161 . This immune system works in three phases. We first see an insertion of a viral DNA fragment between the repeated sequences of the CRISPR locus, then we have the transcription of a precursor CRISPR RNA. This one is cut into individual crRNAs (Figure 19A). It is composed of a repeated segment and a viral DNA fragment. Finally, the Cas protein coupled to the crRNA cuts the viral DNA complementary to the crRNA 159 . Three systems have been identified (type I, II and III). The type II system uses a single Cas protein for RNA-guided DNA cleavage (Figure 19B). This system is the most versatile and useful for genome engineering applications 159 . 

How does the CRISPR Cas9 system function

In the CRISPR-Cas9 system, the nuclease is coupled to a crRNA. It is composed of 42 nucleotides, 20 compose the protospacer sequence, and the 22 are the repeat sequence. The trans-activating crRNA (tacrRNA) is necessary for the maturation of pre-crRNA by RNase III. The crRNA coupled with tacrRNA guides Cas9 to the target DNA. If there is an adjacent sequence called protospacer adjacent motif (PAM), NGG for Cas9, the Cas9 creates 3 bp upstream of the PAM sequence a DSB (Figure 20).

It has been reported that Cas9 is composed of two nuclease domains. These two sites are responsible for Cas9-induced DSBs. Cas9 uses a domain called HNH to cleave the DNA strand complementary to the crRNA sequence. The RuvC-like domain cleaves the opposite strand of DNA (Figure 20). If one of these sites is mutated, this produces a Cas9 that generates singlestranded DNA cleavage (nickase).

The tacrRNA coupled to crRNA was then engineered and simplified to form a single guide RNA (sgRNA). The 3' double stranded portion is required to bind to Cas9. Only the last 20 nucleotides of the sgRNA are needed to program Cas9 to cleave DNA at a specific locus as long as it is adjacent to a PAM sequence. 

Cas9 off-targets

It has been reported that the CRISPR-Cas9 system has more off-target effects than other specific nucleases 154 . The majority of the off-target effects of the CRISPR-Cas9 system is conditioned by the specificity of the sgRNA. It has been shown, using catalytically inactive Cas9, that it binds to sites other than the one targeted by the sgRNA. However, active Cas9 though rarely can cut into off-target sites and therefore this needs to be carefully evaluated especially in the case of therapeutic gene editing applications. Indeed, if the crRNA is not perfectly complementary with the DNA strand, Cas9 will cut with much lower efficiently. Unpredicted off-target effects raise concerns if this technology is used in gene therapy. Scientists need to know if the guide RNAs they use can create unwanted off-target DSBs. To answer this question, bioinformaticians have developed tools that can predict whether a guide RNA will be likely to cleave at off-target sites. Tools like TagScan 162 , Bowtie 163 can be used but they are limited by the number of mismatches and the PAM sequence used. Indeed, potential off-target sites will be classified according to the number of mismatches detected. The mismatches correspond to the number of base pairs that change compared to the correct target sequence. An off-target site with three mismatches means that 3 base pairs are different. A site with 4 or 5 mismatches will be less prone to be cleaved than a site with 1 or 2 mismatches 164 . The main tool I used here is CasOFFinder 165 . The advantage of CasOFFinder over the others is that it is not limited by the number of mismatches and can search for off-target sites with PAM sites of different Cas9. For example, 5'-NGG-3' for SpCas9, 5'-NNGRRT-3' (R=A or G) for a Cas9 from Staphylococcus aureus. Whole genome sequencing is also used to detect off-target effects as a more unbiased method. Indeed, it allows the detection of off-targets, or chromosomal rearrangements 167 . The prediction and analysis of off-targets is greatly facilitated by the open access availability of all these tools. Without having to change techniques, this kind of preliminary study allows to minimize the undesirable effects, and thus to optimize the experimental procedures.

II. Delivery of Cas9 and sgRNA

To efficiently edit a cell, the delivery system of the editing machinery must be adapted to the cell model used. Here I present the characteristics, advantages and disadvantages of the different types of delivery systems used in cells, with a focus on organoids (Table 1).

A first distinction is to be made when talking about delivery methods. We can either talk about the cargo or the vehicle.

Cargo : DNA plasmids, single strand DNA, mRNAs, or RNPs There are four main methods to bring the Cas9-sgRNA machinery into a cell: (1) plasmids encoding the Cas9 endonuclease and sgRNA; single strand DNA (2) and mRNAs (3) that code for Cas9. In that case, the sgRNA is co-delivered; and finally ribonucleoproteins (RNPs) for which the Cas9 is delivered as a protein complexed with the sgRNA. If we do not consider yet the type of vehicle used, the major difference between these types of cargos is on the off-target effects. Indeed, single-stranded DNA sequences can easily be integrated into the genome of the targeted cell. This can lead to gene disruption, and more importantly, if the Cas9 coding sequence is integrated, it will be constitutively expressed in the cell. This increases considerably the off-target effects such as cellular toxicity or cell cycle arrest induced by Cas9.

For the mRNA approach, the advantage it that when introduced into the cytoplasm of a cell Cas9 is directly translated and associated with sgRNA. Providing the machinery as mRNA ensures a time-limited presence of the endonuclease, which may help to reduce off-target effects.

Providing Cas9 as a protein will still reduce its presence in the cell. Compared to plasmids that will express Cas9 for a relatively long time, RNPs will be rapidly degraded in the cell. The use of RNPs has been shown to decrease the off-target effects. 154

Delivery vehicle

To deliver the cargo into the cells, there are two major class of vehicles: non-viral vehicles and viral vehicles. Microinjection, electroporation are the most used non-viral techniques. The most used viral vectors for delivery of the gene editing system are adenovirus, retrovirus and lentivirus 154 (Figure 21).

Each of these delivery techniques will be more or less adapted to the targeted model, such as in vivo, or in vitro. Also, the vehicles are only adapted to certain types of cargo, which also confers advantages or limitations. Both, viral and non-viral techniques have been used successfully to edit cells in vitro. However, for some applications, the main limitation is the manipulation of the target cell. As with ex vivo cell manipulations, some in vitro models, such as organoids, are sensitive to manipulation and culture conditions. These drawbacks limit the types of vehicles that can be used. In general, for in vivo studies, viral vectors will be more suitable due to their higher efficiency compared to non-viral systems. However, viral vectors are limited by their packaging capacity, but also by their production costs (adeno-associated virus). 

Figure 21. Delivery strategies for gene-editing studies. Percentage of therapeutic gene editing of nonclinical development based on (A) delivery system, (B) viral vector type, (C) non

A. Non-viral vehicle

Microinjection Microinjection is one of the most efficient techniques to insert CRISPR machinery inside cells.

In 2013, the study published by Yang et al showed editing levels close to 100% using CRISPR-Cas9 169 . They developed a technique to easily create mice with fluorescent tag reporters in endogenous genes. With microinjection, plasmids encoding Cas9 and sgRNAs, mRNAs encoding Cas9, or Cas9 protein with sgRNA can be used to be inserted inside cells 170 . Technically, it uses fine needles that will pass through the cytoplasmic and/or nuclear membranes to deliver the CRISPR components inside the targeted cellular compartment. Studies have compared several possible injection methods: plasmid injection into the nucleus, RNA injection into the nucleus or into the cytoplasm 170 . Here, RNA injection into the cytoplasm is the most efficient technique for generating blastocyst stage embryos and full-term pups 171 . Microinjection also allows the injection of RNPs into cells 172 . The versatility of this technique allows the injection of almost any type of cargo. In addition, microinjection has no real limitation in the size of the cargo to be injected; unlike viral vectors. Controlling the nature and quantity of the cargo injected into the cells allows to avoid off-target effects as much as possible. Indeed, mRNAs and RNPs have a limited life span in the cell 173 , which reduces off-target effects. Moreover, the toxicity for the cells is low when a single injection is performed 169 . Thus this technique offers a versatility of approach and a low toxicity for the cells. However, this technique is limited to in vitro or ex vivo approaches, as a microscope is required to do so. Surprisingly, despite these advantages, no studies using the organoid model have used this technique.

Electroporation

Electroporation is a physical method to deliver the CRISPR-Cas9 machinery inside a cell. During electroporation, cells are resuspended in an appropriate buffer. The cells are subjected to a pulsed high-voltage electric current to create nanometer-sized pores in the cell membrane, which allows the DNA or RNA to enter the cell. Electroporation is an effective method in many cell models. However, like microinjection, electroporation is not suitable for in vivo models 154 . There are many protocols for electroporation in eukaryotic cells. Nucleofection is a type of electroporation where the CRISPR package is delivered directly into the nucleus of the cell. The advantage of nucleofection is that it allows the delivery of DNA encoding Cas9 or RNPs directly into the nucleus without breaking the membrane of the nucleus, which is very useful for quiescent cells. A study not yet published, done by the group of Emma L. Rawlins reported the use of nucleofection for organoid CRISPR engineering 174 (Figure 22). Electroporation for delivery of Cas9 encoding plasmid to human colon organoid has been reported 175 . The use of electroporation in the organoid model was shown to be more effective than other delivery methods, such as liposomal transfection. They optimized the electroporation protocol by modifying electroporation buffer, and adjusting the cell manipulation procedure. They reached 30% of transduction efficiency of the piggyBac vector. Nonetheless, only 0.04 % of electroporated organoids were puromycin resistant.

To counteract this low level of knock-out obtained in the organoid model, several studies have developed knock-in systems to visualize the edited cells. Despite the ease with which this type of system can be used, the level of gene editing is still very low, i.e. it never exceeds 5 to 10% 174,176 . Another study published in 2014, reported the use of electroporation to deliver RNPs into primary human cells. Compared to electroporation of plasmid, the RNPs were less cytotoxic for the cells. They were reaching a twofold increase of embryonic stem cell (ESC) colony formation with the electroporation of RNPs compared to plasmid electroporation 177 . Regarding the toxicity of the methods, if the buffer and the voltage are not adjusted to the used cell, the technique can be harsh for the cell, and even though it is well adjusted, the level off cell death remains quite high. Overall, electroporation remains a major technique to efficiently deliver CRISPR-Cas9 components in vitro.

Liposome transfection

Liposome transfection combines cargos and a lipid solution 154 . The positive charges provided by the lipid will surround the negative charges carried by the DNA. Once the DNA is encapsulated, the lipid particle can fuse to the cytoplasmic membrane. By fusing to the membrane of the targeted cell, the liposomes will release and introduce into the cytoplasmic compartment the genetic material. The plasmid DNA will then be imported into the nucleus, where the transcription of the Cas9 encoding gene will take place. Lipid nanoparticles have been used for a long time for the transfection of many molecules in a wide variety of in vitro models. From a safety point, liposomes do not contain any viral material, which minimizes the risks compared to viral vehicles. A study published in 2016 reported the use of lipid nanoparticules to transfect negatively supercharged Cre or Cas9/sgRNA complex. Because Cas9 coupled with sgRNA is negatively charged, the lipofectamine reagent is perfectly suited to deliver this cargo inside a cell 150,178 . Some of the first genetic manipulation of organoid with CRISPR-Cas9 method were performed using lipofectamine transfection. In a study published by Clevers' group in 2013, they used Lipofectamine-mediated transfection to integrate a Cas9 expressing plasmids and sgRNAs 142 . With this technique they were successfully repairing a CFTR mutation in intestinal stem cell organoids of cystic fibrosis patients. In a latter paper, published by the same group, thanks to CRISPR-Cas9 approach using lipofectamine transfection, they induced sequential cancer mutations in cultured human intestinal stem cells 139 . Despite these studies, a paper published by Sato's team in 2015, assessed that using the best suitable Lipofectamine reagent for organoids, they did not exceed 0.02% of transduced organoid 175 . As for viruses, lipid nanoparticles are limited in the size of the cargo they can carry. Also, it appears that once internalized, some of the lipid nanoparticles are degraded via the lysosomal pathways 154 . Different studies compared the efficiency of lipofectamine transfection with electroporation 175,179 . It appears that both of these studies concluded that electroporation was more efficient than lipofectamine to introduce Cas9 and sgRNA components inside cells.

Overall, lipid nanoparticles have been useful for many application. However, for some models, like with organoids, they reached some limits and tend to be abandoned for more efficient techniques, such as electroporation or viral vectors.

B. Viral Vectors

Viruses have evolved to deliver their genomes inside a cell efficiently. This is essential for their replication. Scientists have taken advantage of these aspects, and have modified them into nonreplicating particles so that they can deliver genes of interest into cells. This process is called transduction.

Viruses have long been used for genetic manipulation of cells. The efficiency of the best viral vectors can reach 100% transduction of the targeted cells. Of course, this depends on the type of vector used and the cell transduced 180 .

AAV

Adeno-associated viruses (AAV) are viruses capable of infecting humans and other animal species but are not currently known to cause disease. They are of the Dependovirus genus and of the family Parvoviridae. They are small, non-replicating, non-enveloped viruses. Their genome is composed of single-stranded linear DNA, and measures approximately 4.5 to 5 kb 181,182 . Because of the small packaging capacities of AAVs, encapsidation of a 4.2kb plasmid encoding for both Cas9 and the sgRNA has been challenging and remains up to now inefficient. Even if the packaging of the vector genome encoding for the gene editing tools is succesful, it remains limiting if one wants to introduce additionally a donor DNA template to perform a knock-in. For example, a commonly used fluorescent tag protein like mNeonGreen measures 0.7kb. Its addition into an AAV vector resulting in more than 4 kb is not very efficient. To overcome these limitations, some approaches use AAVs to just deliver sgRNAs into cells already expressing Cas9 183 . In another approach, they chose to use a dual-vector system where Cas9 and sgRNAs were packaged in two separate vectors 184 . This type of approach allows to bring other genetic material than only Cas9 and sgRNA. An advantageous of using AAV as a delivery system for the gene editing machinery is that it is not integrating its vector genome into the target cell but remains as episomal only transiently in the cell limiting Cas9 induced toxicity. A study published in 2015 showed the use of a Cas9 from Staphylococcus aureus to do genome editing in vivo 185 . The Cas9 from Staphylococcus aureus is 30% smaller than the Cas9 classically used (which comes from Streptococcus pyrogenes). This allows the use of a single vector encoding to deliver the Cas9 and the sgRNAs. However, this type of Cas9 uses a different PAM sequence, which may become a limitation in the target cell of interest. In the organoid model, AAVs have been used for gene delivery into retinal organoids derived from Human Induced Pluripotent 186 . Other than that example, no studies have been reported.

Retroviral vectors

Retroviruses are viruses with an RNA genome. These viruses have the necessary machinery to reverse transcribe their genome into double-stranded DNA when they infect a cell. The viral genome in the form of dsDNA is inserted into the host cell genome through integrases encoded by the virus. The host cell transcribes and translates the viral genome as its own gDNA. This allows the virus to be replicated. This type of virus began to be used 40 years ago when it was shown that the delivery of genetic information by retroviruses was more efficient than DNA transfection. This type of study opened the way to developments in the field of gene therapy 187 . Since then, viral vectors have been engineered based on different members of the Retrovirdae family. They have been derived from Human Immunodeficiency Virus (HIV-1) 188,189 , Murine Leukemia Virus (MLV), Bovine Leukemia Virus 190 , Rous Sarcoma Virus (RSV) 191 , Spleen Necrosis Virus (SNV) 192 , and Mouse Mammary Tumor Virus 193 . The most commonly used viral vector is derived from the Murine Leukemia Virus, since they can transduce and integrate into many cell types in the human body. However, these MLV vectors are not capable of transducing quiescent, non-proliferative cells. In contrast, lentiviral vectors, based on HIV, are capable of transducing non-proliferative cells. These capabilities have made these lentiviral vectors useful for many research and clinical applications.

Lentiviruses (LV) derive their names from their long incubation period in human or animal cells. The most characterized lentivirus is the human immunodeficiency virus (HIV). As mentioned earlier, they are able to infect non-dividing cells. This characteristic makes these viruses extremely effective in delivering genetic content into cells. Another advantage of LVs is their much larger size than other viruses such as AAVs, i.e. 80 to 100nm for LVs versus 20nm for AAVs 154 . As a consequence these LV can encode larger expressing cassettes in their genome of up to 10kb.

These viral vector particles are produced by transfections of some of the structural and functional viral components into HEK 293T cells. As detailed in the figure, the viral particles will be assembled in the cytoplasm of the cell and secreted into the supernatant (Figure 23).

Figure 23. Lentiviral production process and transduction of a targeted cell. HEK 293T cells are transfected with the plasmids coding for envelope, gag, pol, and the transgene of interest (Cas9 and sgRNAs for example). Once the viral particle is produced and assembled, the viral suspension is collected, concentrated and used to transduce targeted cells.

From a safety point of view, three generations of packaging systems have been developed. In the first system, all HIV-1 genes except the envelope are encoded by a plasmid. The second generation system (the most commonly used) is deleted from all accessory genes: vpr, vif, vpu, and nef. It consists of three plasmids encoding (1) the transgene, (2) Gag, Pol, Tat, and Rev, and (3) the coat. The most commonly used envelope is the envelope of vesicular stomatitis virus (VSVG) because it allows entry into many different cell types. We are talking about a broad tropism. Finally, the third generation system includes Gag, Pol, Rev and Tat, each encoded by separate plasmids. These second and third generation systems offer maximum biosafety. The transfection of 3, 4 or 5 plasmids considerably reduces the possibilities of recombination that can generate a replication competent vector. Many research studies have used LVs as a vehicle to integrate the CRISPR-Cas9 machinery into targeted cells. In this case the lentiviral vector encoded Cas9 and sgRNAs 194 . Given the high transduction capacity of LVs, research groups have also used them to create libraries of sgRNAs. Indeed, these studies tested tens of thousands of sgRNAs in cells previously modified to express Cas9. This type of genomic screen allows to identify new therapeutic targets in the long term, and in the shorter term to understand certain cellular mechanisms still unknown today. In the organoid field, only a very recent, not yet published study used LVs to deliver the CRISPR-Cas9 machinery 174 . Lentiviruses are very efficient tools to edit genome by bringing Cas9 and sgRNAs encoding plasmids into a cell. Despite this high level efficiency, one drawback still remains. Indeed, these vectors mediate stable integration of a gene encoding Cas9 into the host cell, which increases the risk of off-target effects. To counteract these problems, LVs containing a mutated integrase have been developed. In this case the vector genome remains in the cell as episomal DNA circles

Virus-like particles for introduction of the gene editing machinery

Virus-like particles are particles devoid of a viral genome, but form virion like particles consisting of viral structural proteins. These vehicles, like liposomes, will deliver the proteins or nucleotide sequence they contain into the cells they target. Since they have no viral genome, VLPs do not conserve a replication capacity.

VLPs were developed when a 1979 study showed the reconstitution of the glycoprotein of VSV in liposomes 195 . Since then studies have shown that VLPs allow for much higher levels of DNA content delivery inside a cell than classical transfection.

Note that there are two main classes of VLPs, i.e. VLPs with a envelope and VLPs without a envelope. If they have a envelope, they will go through a budding step. This step is crucial for the acquisition of an envelope 196 .

Recently, a technology based on a virus-like particle (VLP) derived from a murine leukemia virus (MLV) has been developed 197,198 . This technology consist in using these VLPs to introduce into the cells the Cas9/sgRNA ribonucleoproteins. This system, called nanoblades, carries the Cas9 proteins complexed with the sgRNAs, which allows a very quick and transient delivery of the gene editing machinery into the targeted cells. In this system, the Cas9 protein is fused with the viral structural Gag protein. This, ensures the encapsidation of RNPs.

Pseudotyping of viral vectors or virus-like particles

Pseudotyping consists in producing viral vectors with viral glycoproteins from heterologeous viruses. This surface modification determines the host range of the viral vectors or VLPs produced. The resulting vector will have the tropism of the virus from which the envelope was employed. Pseudotyping will alter or improve viral titers, packaging efficiency, stability, cell tropism, and transduction efficiency. The production of a viral vector with modified envelope glycoproteins will be performed by providing plasmids coding for different glycoproteins during their production. Among the most widely used pseudotyping envelopes, we find the vesicular stomatitis virus G protein (VSV-G) 199,200 . This envelope is widely used by scientists for speudotyping of retroviral vectors because of its very broad tropism, high titers, and stability.

VSV-G

Vesicular stomatitis virus (VSV) is an RNA virus belonging to the Rhabdoviridae family. This virus naturally infects insects and many mammals. Its 11kb genome allows it to code for five major proteins. It encodes for a G surface protein that allows it to infect a wide range of cells. This G protein allows it to anchor to the cell via the LDL receptor (LDL-R) which is expressed by many cell types 201 . VSVG has been shown to be very stable and effective in transducing many cell types. This envelope also allows for good packaging of the viral material, resulting in high viral titer. Another study described and characterized VLPs to efficiently vectorize the CRISPR-Cas9 system into primary cells, embryos, and animals. Since VLPs are similar to viral vector but they do not carry a viral genome it is also possible to explore diverse pseudotyping options for VLPs. In a recent study they finally used VSVG and the Baboon Envelope in combination, which systematically displayed the best cleavage results in most recipient cells. This system allowed to do genome editing in primary cells and in vivo 197 . A later study showed how baboon envelope pseudotyped nanoblades carrying Cas9/gRNA complexes allowed efficient genome editing in human T, B, and CD34+ cells . A brief incubation of human T and B cells with nanoblades incorporating two gRNAs resulted in 40 and 15% edited deletion in the Wiskott-Aldrich syndrome gene locus, respectively.

BaEV

Pseudotyping with other envelope gps thus allows to overcome the limits of a classical vectors pseudotyped with VSV-G envelope. It allows to increase its tropism and consequently to increase the transduction efficiency of viral vectors in cell types that are not easily transduced or genetically edited.

Scientific background and objectives

During my thesis, I worked on the prostate organoid model with two main objectives: (1) to develop genome engineering techniques and (2) to study the role of the UBTD1 protein.

(1) to develop genome engineering techniques in organoids

The first objective of my thesis is to develop genome engineering techniques adapted to the organoid model. As mentioned in the introduction, genome editing in organoids using the CRISPR Cas9 technique remains challenging. The low levels of editing efficiency are mainly due to the type of cargo and delivery vehicle used. Here, we develop the use of Nanoblades to edit the genome of organoids.

(2) to study the role of UBTD1 in prostate development in organoids.

The second objective of my thesis is to study the role of Ubiquitin domain-containing protein 1 in the prostate epithelium. My laboratory showed that this protein is involved in the degradation of several proteins in different contexts. For example, it was shown that UBTD1 participated in the degradation of the transcriptional regulator yes-associated protein (YAP) by modifying its ubiquitination level in prostate cancer cells (Torrino et al 2019). Here we decipher the role of the UBTD1 protein in the homeostasis and development of the normal prostate epithelium. UBTD1 has been shown to be localized at cell-cell contacts. We therefore focused on its role in cell-cell junctions in normal prostate epithelium.

RESULTS
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INTRODUCTION

Organoids are a self-organized three-dimensional (3D) culture system derived from adult stem cells (ASCs) [1][2][3] . They recapitulate architecture, composition and functionality of their original epithelial tissues better than the traditionally used two-dimensional immortalized cell lines 4,5 .

This model can be used to study stem cell differentiation and spatial organization processes 6 .

Thus, organoid technology is ideal for deciphering the role of genes involved in organogenesis or human pathologies 7,8 . Therefore, engineered mouse tissue-derived organoids and organoids derived from human ASCs require efficient approaches to edit the genome in vitro [9][10][11][12][13][14] .

Gene editing consists in manipulating the genome to induce gene silencing, gene modification or transgene integration at a precise locus 15 . In contrast to ectopic DNA sequence integration using integrative vectors, genome editing allows more physiological gene manipulation.

Genome editing also avoids gene silencing and adverse mutagenic effects such as insertional mutagenesis. Gene editing is based on the induction of double strand breaks (DSBs) at a precise locus 16 . It relies on engineered nucleases with a sequence specific genomic DNA-binding domain coupled to a non-specific endonuclease. Several engineered nucleases have been developed, such as zinc finger nucleases (ZFN), transcription activator-like effector nucleases (TALENs) 17 . More recently, clustered regularly interspaced short palindromic repeats (CRISPR)/associated protein 9 (Cas9) has been introduced in the field. The CRISPR-Cas9

technology is based on an endonuclease that uses a single guide RNA sequence (sgRNA) to introduce a site-specific DSB in the targeted DNA. The most common repair that occurs after a DSB is non-homologous end-joining (NHEJ). This consist in the fusion of the two DNA ends and can lead to the insertion or deletion of a few base pairs (indels). The frame shift induced by these indels will block partially or totally gene transcription and translation. Alternatively, homology directed repair (HDR) can occurs when a donor sequence, with locus-specific homologous arms, is brought with the endonuclease. This allows the introduction of a specific DNA mutation, like single-base substitution and also insertion of site-specific ectopic DNA sequences. However, HDR is restricted to the S/G2 phases of the cell cycle, which makes this approach challenging for scientists in some primary cell models. 18 The CRISPR-Cas9 technology has revolutionized the methodology to induce gene-specific knock-out due to its high specificity, easy design and efficiency in genetic manipulation of cell lines and primary cells. The endonucleases and sgRNAs can be introduced in the cell, by using CRISPR/Cas9 encoding retroviral vectors 19 or alternatively by electroporation of plasmids and RNA encoding for the Cas9 can also be used 20,21 . Currently, the main approach, used in cell lines, but also in ASC-derived organoids is electroporation of plasmids coding for the Cas9 endonuclease and the sgRNA 10 . Despite the fact that electroporation is wildly used today, this technique leads to very low efficiency and induces a high toxicity for the cells which leads to a high level of cell death 10,12 . Nevertheless, a recent study reported that the use of ribonucleoprotein (RNP), made up of Cas9 protein and a synthetic single-strand gRNA (ssRNP), provided higher transfection efficiency 22 .

To compensate for this very low efficiency, knock-in technologies have been developed in the organoid field. This allowed insertion of an expression cassette encoding a fluorescent protein such as GFP flanked by homologous genome sequences through recombination at the DSB induced by Cas-9, which permitted easy identification of knock-out organoids 12 .

Gene editing has already been performed in several types of organoids such colon organoids.

Cystic fibrosis transmembrane conductance regulator (CFTR) is an integral membrane protein that forms an anion channel activated by cAMP-dependent phosphorylation 23 . A functional CFTR assay showed the use of Forskolin to induce fluid secretion into the lumen and swelling of colon organoids 24 . A study published in 2013 by the Clever's group reported the use of the CRISPR/Cas9 genome editing system to correct the CFTR gene and thus restoring forskolininduced swelling in patient-derived intestinal organoids 9 .

Androgenic signals through the AR are required for luminal differentiation of some prostate basal stem cells. AR deletion in luminal cells has been shown to alter cell morphology and induce transient overproliferation 25 . The first study that established prostate organoid cultures 26 , showed that dihydrotestosterone (DHT) deprivation of CD26 + luminal cell-derived organoids disrupted lumen formation. Therefore, AR-KO prostate organoids generated by gene editing are expected to be compact even when stimulated with DHT.

Recently, a technology based on a virus-like particle (VLP) derived from a murine leukemia virus (MLV) has been developed 27,28,28,29 . This technology consists in using these VLPs to introduce into the cells the Cas9/sgRNA ribonucleoproteins. These nanoblades carry the Cas9 proteins complexed with the sgRNAs, and are devoid of a viral genome, which allows a very quick and transient delivery of the gene editing machinery into the targeted cells. Here, we demonstrated that nanoblades allowed a very high knock-out efficiency for CFTR and AR in colon and prostate organoids, respectively, with very low to no toxicity and off-target effects.

This facilitates the generation of gene KO in organoids without the need to use reporter encoding knock-in cassettes.

MATERIALS AND METHODS

Organoid culture

Mouse prostate organoids were generated as described by Drost et al. 4 . Briefly, the prostates of For passage of the organoid cultures, each drop of Matrigel containing the organoids was resuspended in 1 ml of ice cold complete adDMEM/F12, which were centrifuged for 5 minutes at 200g at 4 ° C. Prostate and colon organoids were then incubated in TrypLE for 5 and 3 minutes respectively at 37 ° C and mechanically dissociated by pipetting up and down with a P10 / P1000 pipet tip. Cells were then washed with complete adDMEM/F12 and centrifuged.

Cells were seeded back in Matrigel at a concentration of 100 cells/μL. The appropriate medium was added to the cells and replenished every two days.

Organoids were passaged every 7 to 10 days.

Plasmids

All the plasmids (Gagpol MLV, GagMLV-Cas9, VSV-G) and gRNA expressing plasmids to produce the nanoblades are described previously 27,28 . The BaEVRless envelope glycoproteins were previously described 30 . All envelope glycoproteins (VSV-G and BAEV) were expressed in the phCMV-G expression plasmid 31 .

sgRNA design

The sgRNAs of the different targeted genes were cloned into the gRNA expressing plasmid CRIZI using the BsmBI restriction site. The sequences of the sgRNA are as follows: The supernatant was removed and the cells were resuspended in 100 μl of Matrigel (356231) and drops of 40 μl were deposited in P24-well plates. After an incubation of 15 minutes at 37 ° C, 500 μl of mouse prostate organoid medium was added to each well as previously described.

Alternatively, the 96-well plate can be coated with RetroNectin® (Clontech/Takara; 12µg/ml PBS according to manufacturer's recommendations) overnight at 37 °C before seeding the cells and addition of the nanoblades.

Establishment of organoid lines expressing eGFP: We used a lentiviral vector (plasmid pHIV-SFFV-IRES-GFP) which contains an eGFP under the control of an SFFV promoter. The transduction procedure is the same than the one used for the Nanoblades. We applied a low MOI of 0,3 to ensure that we obtained only one integrated copy of the eGFP expression cassette into the genome of the mouse organoids. We then sorted the cells by flow cytometry (BD FACSAria™ Cell Sorter). We seeded the sorted cells in Matrigel at a concentration of 200 cells/μL. Then the corresponding media was added and replenished every two days.

Flow cytometry analysis

Organoids were harvested with ice cold complete adDMEMF/12. After centrifugation at 250g

for 5 min at 4 °C, the supernatant was aspirated and discarded, then 1X TrypLE (Gibco, Waltham, USA) was added to each tube and incubated for 5 minutes at 37 °C. After vortexing the tubes, up and down pipetting was performed to dissociate the organoids into single cell suspension. The cells were washed with complete adDMEMF/12, and then analyzed by flow cytometry for measuring the fluorescence of GFP to determine its expression levels.

Immunofluorescent stainings and imaging

For live imaging, organoids were observed with an Evos optical microscope. For immunofluorescence staining, organoids were harvested and washed once with ice cold complete adDMEMF/12. They were fixed for 1 hour in 4% PFA, permeabilized with 0.5% 

Determination of nanoblade toxicity on organoid development

The number of organoids was determined 9 days after incubation with Nanoblades using a counting cell.

Detection of single gRNA on-target efficiency

After incubation with nanoblades, organoids were grown for 9 days. Primers were designed to amplify approximately 400-700 bp of the region targeted by the guide RNAs (supplementary 

Off-target Detection

The potential off-target sites for the guide RNAs used in this study were determined using Cas-OFFinder (http://www.rgenome.net/cas-offinder/). Some of the off-target sites with 2 or 3 mismatches for each guide RNA were selected for further analysis. Note, only off-target sites with a PAM sequence (NGG) were tested here. PCR primers were designed to amplify a fragment of about 400 to 700 bp around the identified off-target site (Supplementary table 5).

Genomic DNA was isolated and the PCR and fragment isolation were performed as mentioned above. The PCR fragments were then sequenced by Sanger sequencing. The resulting sequencing was analyzed for the percentage of INDEL using ICE (https://ice.synthego.com/#/)

and DECODR (https://decodr.org/analyze).

Statistical Analysis

We have applied either a Mann-Whitney test or a non-parametric Kruskal-Wallis test when we compared two or three experimental conditions, respectively. Experiments were performed at least three times using for each experiment a different nanoblade preparation.

RESULTS

Nanoblades allow efficient genome editing with low toxicity in organoid cells

To have an easy read-out for nanoblade gene editing efficiency in organoids we chose initially to knock-out eGFP in prostate organoids expressing eGFP. First, we established a mouse prostate organoid cell line expressing eGFP by transduction of organoid cells with a lentiviral vectors encoding for eGFP driven by the SFFV promoter at low MOI of 0,3 to ensure that we obtained only one integrated copy of the eGFP expression cassette into the genome of the mouse prostate organoids. We sorted the eGFP positive cells.

To assess eGFP KO, we selected a sgRNA targeting eGFP that showed 75% of eGFP KO 27 in bone marrow-derived macrophages. The nanoblade treatment is schematically represented in Figure 1A. Organoids were dissociated and incubated with the nanoblades for only 6 hours to avoid cell death due to lack of growth factors as we determined previously. Moreover, a brief incubation with nanoblades was expected to be sufficient since receptor mediated entry of the nanoblades is a fast process as show for other primary cells previously 27,28 . The cells were then rinsed to remove the nanoblades and seeded in matrigel. Without any prior selection for gene edited cells, the cells were cultured for 9 days to differentiate into organoids. Fluorescence microscopy revealed a strong reduction of GFP+ organoids (Figure 1B). Additionally, the bulk population of dissociated organoids was quantified by fluorescence activated cell sorting analysis (FACS) for nanoblade mediated loss of GFP (Figure 1C). We observed that increasing doses of anti-GFP nanoblades permitted to increase gene editing and achieve up to 80% of edited cells (Figure 1C).

In order to further improve the efficiency of nanoblades, we compared a constant dose of nanoblades in combination with the two facilitating agents polybrene and/or retronectin (Figure 1D). We did not observe a significant increase in gene editing efficiency of the nanoblades in the presence of retronectin or polybrene or both as compared to the control condition in absence of these facilitating agents.

Of high importance, even after treatment of dissociated organoid cells with the maximum dose of nanoblades tested (4 µmoles of Cas9 protein) no significant toxicity was detected since the number of cells developing into prostate organoids was equivalent in the presence or absence of nanoblade incubation (Figure 1E). These data proved that nanoblades can reach high level of gene editing in organoids without side-effects such a cellular toxicity.

Nanoblades allow highly efficient gene knock-out in prostate organoids

As a proof of concept, we chose to knock-out the gene coding for the androgen receptor (AR), a key protein in the development of mouse prostate organoids. Therefore, we designed two sgRNAs targeting the AR gene (Exon 1/8). The lay-out of the entire experimental set-up is shown in Figure 2A and as indicated can be performed in 4 to 6 weeks. This includes cloning of the gRNA in the expressing plasmid, followed by the nanoblade production carrying the ARtargeting sgRNAs. Then the dissociated mouse prostate wild type (WT) organoids were treated either with the nanoblades carrying the AR_1 sgRNA or the nanoblades carrying the AR_2 sgRNA. We also treated with a nanoblade that integrated both sgRNAs simultaneously. 9 days after culture of the organoids, we revealed a strong phenotypic change in the organoids KO for AR showing very compact round spheric structures without any lumen as compared to controls (Figure 2B andC). This is in agreement with the literature 26 , since organoids that are not stimulated for the androgen pathway show a compact phenotype. Indeed, a Cyst organoid phenotype is dependent on the stimulation of prostate luminal cells by dihydrotestosterone (DHT). Confocal microscopic acquisitions of the AR KO organoids have shown an absence of lumen in the center of the organoid (Figure 2C). Labeling of AR with an anti-AR antibody also confirmed the absence of the AR protein in the compact AR KO organoids (Figure 2C).

Nine days after the treatment of the organoids with the nanoblades, we isolated genomic DNA (gDNA) of the bulk organoid population and amplified a 557 bp sequence surrounding the genomic loci targeted by gRNA-AR_1 and gRNA-AR_2 using the AR_ctrl_fw and AR_ctrl_rv primers. Then, we sequenced these PCR products. Analysis of the sequences by ICE confirmed that NB incorporating only gRNA-AR_1 resulted in 12% indels, while gRNA-AR_2 containing NBs resulted in 27 % indels. When the two gRNAs AR_1 and AR_2 were combined in the same nanoblade, we reached 17% indels (Figure 2D). We also evaluated here the level of toxicity induced by treatment of the organoids with nanoblades targeting the AR gene (Figure 2E). We revealed that the number of organoids formed nine days after the treatment with or without nanoblades was equivalent and thus that the nanoblade incubation was not significantly toxic to survival of the cells and their organoid differentiation.

Clonogencity is a major asset of the organoid model. Indeed, when we pass the organoids, each reseeded cell will reform a complete organoid. The organoid will then have the genetic identity of the original cell. In order to evaluate if the generation of organoid KO line is easily performed, we picked ten organoids per condition. For each of these organoids the genomic locus targeted for gene editing was PCR amplified individually and evaluated for AR KO using DECODR. For the NB containing gRNA AR_1, three out of ten organoid lines generated were KO for AR, which results in a level of 30% of AR KO organoids. For the NB containing gRNA AR_2 , two of the ten organoids picked and amplified were KO for AR. Thus, we reached 20% AR KO for this organoid (Figure 2F and Supplementary Figure 1).

Nanoblades allow also efficient gene editing in mouse colon organoids

Colon organoids are one of the first organoid models which have been developed 3 . They are also cultured in matrigel. The culture medium is slightly different in composition compared to that used for culture of mouse prostate organoids as described in material and methods, therefore, the nanoblade mediated editing efficiency and toxicity might be different in this type of organoids.

As described above for prostate organoids, nanoblade gene editing efficiency in colon organoids was initially tested by knocking-out eGFP in colon organoids expressing eGFP.

Equivalent to the prostate organoids, we established a mouse colon organoid cell line expressing eGFP (see above and Figure 3A). We incubated the dissociated colon organoid cells with anti-GFP nanoblades as described before. The bulk population of dissociated organoids was quantified by FACS for nanoblade mediated loss of GFP (Figure 3B). We obtained with the colon organoids similar levels of knock-out as for the prostate organoids. Indeed, with the maximum dose of anti-GFP nanoblades we achieved an gene editing efficiency of 80% for the colon organoid cells (Figure 3C). Equivalent to prostate organoids, after treatment of dissociated colon organoid cells with the maximum dose of nanoblades tested (4 µmoles of Cas9 protein) no significant toxicity was detected since the number of cells developing into organoids was equivalent in the presence or absence of nanoblades (Figure 3D).

Overall, this first evaluation of nanoblade mediated gene editing in mouse colon organoids shows a very high efficiency of genome editing with low toxicity, equivalent to what we observed for prostate organoids.

Nanoblades allow efficient CFTR gene knock-out in colon organoids

As mentioned previously, CFTR is an anion channel activated by cAMP-dependent phosphorylation 23 . Previous studies have shown that CFTR is responsible for fluid secretion into the lumen and swelling of organoids, leading in intestinal organoids to a strong morphological phenotype 9,14,24 .

We used the same experimental approach as for AR knockout in prostate organoids here for colon organoids (Figure 2A). We designed two gRNAs targeting the mouse CFTR gene (Exon 14/27) and treated the colon organoids for 6 hours with nanoblades carrying either the CFTR_1, CFTR_2 or CFTR_1 & CFTR_2 gRNAs (Figure 4A).

Nine days after the treatment of the organoid cells with the nanoblades and their culture in colon organoid differentiation medium, we isolated gDNA of the bulk organoid population (Figure 4B). We amplified a 625 bp genomic fragment around the loci targeted by the CFTR_1 sgRNAs or CFTR_2 sgRNA. The indel analysis performed by ICE software, showed an indel frequency of 28% for CFTR_1 sgRNA, 28% for CFTR_2 sgRNA. The percentage of indels reached 38% when both guide RNAs were provided by the same nanoblade.

Toxicity was also evaluated by counting the number of organoids formed nine days after treatment with or in the absence of the nanoblades (Figure 4C). Here again the nanoblades did not induce a significant level of toxicity compared to the control conditions.

Nanoblade mediated gene editing was thus also highly efficient for mouse colon organoids underlining the ease and versatility of nanoblades for gene editing and KO generation in the organoid model.

Nanoblades do not induce off-target genotoxicity in organoids

Another advantage of the nanoblades is that we provide Cas9 as a protein. we predicted potential off-target sites for each of our sgRNAs (Supplementary Tables 1 and2). We included in our analysis only the off-target sites containing a protospacer adjacent motif (PAM). Moreover, we chose the most probable off-target sites and therefore kept the off-target sites for the AR_1 sgRNA with 3 mismatches (Figure 5A). One was located on chromosome 9 and the other one on chromosome 13. We designed PCR primers (see material and methods)

to amplify by PCR a 602 bp region around the chromosome 9 off-target site, and a 622 bp fragment around the potential chromosome 13 off-target site. For the AR_2 sgRNA we did not detect off-target sequence with 1, 2, or 3 mismatches and only found off-target sites with 4 mismatches compared to the target locus, and randomly choose 2 for analysis (Supplementary Table 2 and Figure 5A).

We amplified by PCR the off-target regions in the gDNA isolated from the organoid bulk treated with either AR_1 or AR_2 sgRNA and sequenced the PCR products. Analysis for indels by ICE , showed that no gene editing was detected in the off-target sites analyzed (Figure 5B).

We also predicted the potential off-target sites for the sgRNAs CFTR_1 and CFTR_2 using the open access program Cas-OFFinder (Supplementary Tables 3 and4; no more than 3 mismatches are listed). We proceeded as for AR gRNA off-targets and under these experimental conditions, no off-target gene editing was detected for the 4 different CFTR offtarget analyzed (Figure 5C andD).

DISCUSSION

Here we have shown that nanoblades facilitate and increase the level of gene editing in organoids. Previous studies showed much lower levels of editing in organoids. Nanoblades, in contrast to other techniques, have two major advantages: cargo and vehicle delivery. Until very recently 22 , most studies performing gene editing in organoids used plasmid DNA as cargo. For example, two studies published in 2013 and 2015 introduced plasmid DNA by liposome transfection into adult stem cells 9,32 . The study published in 2013, which described the use of the CRISPR/Cas9 system to correct the CFTR mutation in organoids derived from cystic fibrosis patients, showed low levels of gene editing 9 . The same research team reported the use of CRISPR/Cas9 to induce sequential cancer mutations in cultured human intestinal stem cells and they achieved also in this context low levels of editing. In these two cases, the low levels of gene editing can also come from the delivery vehicle 32 . Indeed, a study published in 2015 10 , showed higher levels of gene editing. The introduction of DNA plasmid into organoid cells was performed by electroporation. This change of vehicle for delivery allowed a fourfold increase in efficiency. However, the levels of gene editing did not exceed 1%.

To counteract these low efficiency levels, which made the use of CRISPR time-consuming and inefficient, several groups developed more efficient reporter gene knock-in techniques 12,22 . The insertion of a fluorescent cassette into the Cas9-induced DSB allows for easier identification of the edited organoids. Despite the advantage of this approach, it should be noted that the addition of a knock-in cassette adds an additional difficulty because a donor template sequence needs to be co-introduced together with the gene editing system into the cell. Furthermore, the knock-in levels achieved by electroporating plasmid DNA remained below 5% 12 .

Viruses have already been used for a long time to genetically manipulate cells. The efficiency of the best performing viral vectors such as lentiviral vectors can reach 100% transduction of the targeted cells 33 . In this study, as proof of principle, we evaluated for the first time VLPs incorporating CRISPR/Cas9 anti-GFP gRNA complexes called 'nanoblades' for eGFP KO in GFP expressing organoids. We reached up to 80% of edited cells, underlining that this technique is more efficient than any other methods in inducing a gene knock-out in organoids.

A crucial point in Cas9-mediated gene editing is the off-target effect. When Cas9 is introduced into cells by a plasmid, it results in a longer presence of Cas9 protein in the cells and this increased the risk of INDELs at off-target sites. A recent study reported the nucleofection of RNPs to edit organoids 22 . This approach had two advantages. First, in a detailed comparison of the different types of cargo to deliver Cas9, RNPs coupled to single strand gRNAs were more efficient than plasmid DNA encoding Cas9 for editing cells. The second advantage is the reduction of off-target effects. Indeed, by providing Cas9 as a protein, its half-life in the cell is considerably reduced. Therefore, the off-target effects are decreased 34 .

In this study we provided Cas9 as RNPs delivered by nanoblades. We checked the off-target effects of the sgRNAs used, and none of them induced non-specific cleavage when evaluated by detected by sanger sequencing and ICE analysis of the off-target genomic sequences.

Another advantage of the nanoblades is their absence of toxicity for the treated cells. Indeed, electroporation remains harsh for the cells. Mammalian cells are sensitive to the voltage and the time of application of the current 34 .

In this study we reported the generation of an AR KO organoid prostate line. As shown previously, luminal cells knocked out for AR failed to achieve terminal differentiation 25 .

Additionally, it was reported that the swelling of luminal organoids is directly dependent on the stimulation of the androgen pathway 26 . In accordance, the organoids KO for AR that we generated here induced a compact phenotype. The lumen formed by fluid secretion from the luminal cells did not occur when the cells were KO for AR. It would be interesting to understand whether the absence of lumen is indeed due to impaired terminal differentiation of luminal cells.

Further studies, using single-cell RNA sequencing for example, would allow to fully understand this observation.

Overall, nanoblades are a versatile strategy to edit organoids in vitro. It allows to obtain fast and efficient knockouts in the organoid model with knock-out levels that outperform other current techniques. Moreover, organoids offer a tool with low toxicity for cells and low offtarget effects. Finally, the experimental strategy is fast since it allows to generate organoid lines in 4 to 6 weeks. Nanoblades offer the possibility to efficiently generate high level editing in organoids without the need to use reporter encoding knock-in cassettes. C. Toxicity of nanoblades in organoids is evaluated nine days after treatment by counting the number of organoids treated or not with nanoblades using a counting cell (means ± SD; n = 3; ns= not significant).

Figure 5. Nanoblades do not confer off-target genotoxicity upon KO of genes in organoids.

A. Cas-OFFinder algorithm was used to search for potential off-target sites for the sgRNAs AR1 and AR2 (see supplementary Table 1).

B. Sanger sequencing of sgRNAs AR1 and AR2 potential off-target loci subjected to ICE analysis revealed no off-target DSBs.

C. Cas-OFFinder algorithm was used to search for potential off-target sites for the sgRNAs CFTR_1 and CFTR_2 (see supplementary Table 1).

D. Sanger sequencing of sgRNAs CFTR_1 and CFTR_2 potential off-target loci subjected to ICE analysis revealed no off-target DSBs.

Supplemental Figure 1.

Sequencing results of each of the amplified clones of organoids treated with nanoblades containing AR1 and AR2 sgRNAs. 5. sgRNAs and primers
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INTRODUCTION

The prostate is a male sex organ located just under the bladder. It is a gland with androgendependent maturation, whose function is to secrete fluid that contributes to ejaculation 1 . It contains a branched network of epithelial ducts composed of pseudostratified epithelium surrounded by a contractile stroma. The prostatic epithelium is composed of an outer layer of basal cells, and an inner layer of polarized luminal cells that provide the secretory function of the gland. In addition, this secretory gland is subjected to contractions of the surrounding fibromuscular stroma which participates to its secretory function 2 .

Epithelial tissues are composed of polarized epithelial cells that act as barriers separating two body compartments 3 . They perform specific functions regulated by chemical and mechanical stimuli received from the surrounding environment. The integrity and functionality of each epithelium is dependent on the formation and maintenance of junctions between the cells.

Junctional complexes include adherens and tight junctions 3,4 . These junctions ensure, respectively, an engagement of the cell-cell contacts and a maintenance of the impermeability of the epithelial barrier. Both types of junctions are linked to the actin cortex underlying the cytoplasmic membrane. The initiation, maturation and maintenance of these adherens junctions is coordinated with the actin cortex remodeling. It must be noted that the loss of cell-cell junctions in the prostate epithelium is one major feature of prostate adenocarcinoma 5 .

Numerous studies have characterized the actors involved in different phases of adherens junction formation 3,[5][6][7] . The actin polymerization regulatory Rho GTPases, Rac1 and CDC42, establish with Arp2/3 a branched actin network that pushes the cell membranes together to establish cell-cell contact 8,9 . Cadherins on the cell surface will adhere through homophilic interactions. During the maturation phase, the actin cytoskeleton is remodeled to form RhoAdependent contractile linear actin filaments 10 . Finally, the stable junctions are maintained by a contractile actomyosin network dependent on myosin II 3 . These different steps ensure the stability of adherens junctions mediated by cadherins 6 . Another protein involved in the regulation of epithelial junctions has been discovered, the epithelial cell adhesion molecule (EpCAM; CD326) 11 . Next to being characterized as a biomarker in some cancers 12,13 , overexpression of EpCAM has been shown to establish homophilic interactions at cell junctions 14 . Furthermore, overexpression of EpCAM has been shown to destabilize E-cadherinmediated junctions by disrupting the interactions of E-cadherin with the actin cytoskeleton mediated by alpa actinin 15 . In the prostate epithelium, the presence of all these partners is finely orchestrated by post-translational modification of the proteins involved in regulating their degradation 16 .

One of these post-translational modification is ubiquitination, which consists in the attachment of one or more ubiquitins to a protein 17,18 and subsequently will will lead to the degradation of the ubiquitinated protein by the proteasome. Ubiquitination involves three major enzymes: E1 (ubiquitin activation), E2 (ubiquitin conjugation), and E3 (ubiquitin ligation). Each of these enzymes interacts with a more or less broad spectrum of proteins. There are indeed a large number of E3 ligases that will have higher specificity with their substrate than the more rare E2

ligases that interact with many different proteins 19,20 . The modulation of the activity of the E2/E3 complex has been poorly studied up to now and thus few regulatory proteins of this complex have been reported 20 .

Ubiquitin domain-containing protein 1 (UBTD1) is a highly conserved protein in evolution. It belongs to a small protein family containing UBTD1 and UBTD2. This poorly characterized protein contains a ubiquitin-like domain (UbL) 21 . In previous studies it was demonstrated that UBTD1 interacts with the UBE2D family of E2 ubiquitin conjugating enzymes. Additionally, UBTD1 stabilized P53 by ubiquitinating MDM2, the E3 enzyme responsible for its degradation 22 . Similarly, it was recently confirmed that UBTD1 participated in the degradation of the transcriptional regulator yes-associated protein (YAP) by modifying its ubiquitination level 23 .

Finally, a recent study showed the involvement of UBTD1 in coordinating EGFR signaling by controlling the cellular level of ceramide through the ubiquitination of several proteins involved in this process 24 . UBTD1 was found to be associated with the level of cancer aggressiveness, and survival of patients with prostate, liver and lung cancer 21,23,25 .

Organoids are a self-organized three-dimensional (3D) culture system derived from adult stem cells (ASCs) [26][27][28] . They recapitulate architecture, composition and functionality of their original epithelial tissues better than the traditionally used two-dimensional immortalized cell lines 29,30 .

This model can be used to study stem cell differentiation and spatial organization processes 31 .

We used here organoid technology to decipher the role of UBTD1 in processes associated with organogenesis or human pathologies..

Using 3D models we studies the role of UBTD1 in the control of cell junctions in the prostate epithelium.

MATERIALS AND METHODS

Organoid culture

Mouse prostate organoids were generated as described by Drost et al. 29 . Briefly, the prostates of 7-8-week-old mice were isolated, and minced in small fragments. Tissue fragments were digested with type II collagenase at 5mg/ml for 1 hour at 37°C and subsequently incubated with Organoids were passed every 7 to 10 days.

Epithelial monolayer & Acini Culture

RWPE-1 cells were obtained from ATCC (CRL-11609; RRID:CVCL_3791). RWPE-1 cells are a prostate epithelial cell line immortalized with human papillomavirus (HPV). This cell line can be cultured as a monolayer or in 3D 32 . All experiments were performed between passages 10 and 25.

For 2D-cultures, RWPE-1 cells were seeded (37 C, 5% CO2) in keratinocyte serum-free medium (K-SFM) with L-Glutamine supplemented with Epidermal Growth Factor (EGF) at 5 ng/ml final concentration and Bovine Pituitary Extract at 50 µg/ml final concentration (Life Technologies Carlsbad, USA). The cells were cultured without antibiotics. The cells were passaged every three days and maintained at an average confluence of 75%.

Prior to 3D culture of RWPE-1 cells, maintaining the cells in 2D at confluence of at least 75% is essential. The 3D epithelial structures formed by RWPE-1 cells are called acini. Acini were cultured in 96-well plates suitable for microscopy (Dutscher). A first layer of 70% concentrated matrigel (Corning 356231) diluted in complete K-SFM was deposited in the wells. The matrigel was allowed to solidify for 30 minutes at 37°C. During this time, cells maintained in 2D culture were rinsed, trypsinized and resuspended with 1X Soybean trypsin inhibitor (SBTI); after centrifugation for 5 minutes at 200g, cells were resuspended in K-SFM supplemented medium at a concentration of 6,000 cells per mL. 100 µL were, i.e. 600 cells, deposited on the solidified matrigel layer. The plate was incubated for 30 minutes at 37°C. Then, 100 µL per well of antibiotic-free '3D medium' (K-SFM without additives + EGF 20 ng/ml + 2% FCS) supplemented with 10% Matrigel was added to each well. The next day, 100 µl of 3D medium was replaced. Then, the medium was changed every 48h. Acini were cultured for 9 days.

Plasmid

The cassettes encoding UBTD1-mNG, ΔN-UBTD1-mNG, UBTD1 G2A-mNG, UBTD1 C4A-mNG, UBTD1 G2A C4A-mNG, UBTD1-UBLd-mNG, UBTD1-UBDd-mNG were all inserted into the pHIV-SFFV-IRES GFP plasmid under the control of the spleen focus foamy virus (SFFV) promoter 33 .

Lentiviral vector were produced using plasmids encoding GagPol HIV, VSV-G and all the different pHIV-SFFV-IRES. The VSV-G glycoprotein envelopes were expressed in the phCMV-G expression plasmid.

The cassette encoding GFP or UBTD1-GFP were all inserted into the pPRIG plasmid under the control of the cytomegalovirus (CMV) promoter 34,35 .

Murine retroviral vector were produced using plasmids encoding GagPol MLV, VSV-G and the two plasmids pPRIG encoding for GFP and UBTD1-GFP.

Plasmid mutagenesis

To induce point mutations in the myristoylation site of UBTD1, we used the QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, USA). Following manufacturer's instructions, we performed a thermal cycle to denature the template DNA. We annealed mutagenic primers (see supplementary data) containing the desired mutation and then extended these primers with PfuUltra DNA polymerase. We digested the template plasmid with the enzyme Dpn I. Dpn I digests parental methylated and hemimethylated DNA. Then we transformed competent bacteria with the product of the reaction. Then we sequenced the plasmids to confirm that the desired mutation was correctly introduced.

Production of Lentiviral vectors

Lentiviral vectors (LV) were produced in 293T HEK cells. 5.10 6 cells were plated per 10 cm plate 24h prior to transfection. To produce LVs, plasmids coding for HIVGagPol (8.6 μg), pHIVSFFV-Vector (8.6 μg) and VSVG (3 μg) were co-transfected with transfection reagent at a 2.6/1 ratio of Polyethylenimine (PEI; Polysciences, Warrington, USA) (μg)/total DNA (μg).

The medium was replaced 24 hours after transfection by 6 ml of OptiMEM (Life Technologies Carlsbad, USA) supplemented with penicillin -streptomycin and HEPES. The next day, the vector containing medium was clarified by centrifugation (2000 rpm for 5 min) and filtered through a 0.45 μm pore-size filter before centrifugation overnight (3000g for 16h at 4 ° C).

Supernatant was carefully removed by aspiration leaving a volume to obtain 100-150x concentration of the lentiviral vector preparation, which then can be stored at -80 °C.

Lentiviral transduction procedure

Organoids were resuspended in ice-cold complete adDMEMF/12, then centrifuged at 200g for 5 minutes at 4 °C. Once the supernatant was aspirated, 1X TrypLE was added to the tube and incubated for 5 minutes at 37 ° C, while pipetting up and down to dissociate the organoids.

After washing the cells with complete adDMEMF/12, 1E4 cells were distributed in a 96-well plate in 100 μl of complete adDMEMF/12 with 10 μM Y-27632 to which the lentivectors were added. The plate was then centrifuged at 200g for 60 min at room temperature. The plate was incubated for 6 hours at 37 °C. The cells were then collected in Falcon15 tube containing 5 ml of complete adDMEMF/12 and centrifuged at 200g for 5 min. The supernatant was removed and the cells were resuspended in 100 μl of Matrigel (356231) and drops of 40 μl were deposited in P24-well plates. After an incubation of 15 minutes at 37 ° C, 500 μl of mouse prostate organoid medium was added to each well as previously described.

To obtain a homogeneous organoid population expressing the integrated fluorescent cassette, we sorted the cells by flow cytometry (BD FACSAria™ Cell Sorter). After sorting we seeded the cells in Matrigel at a concentration of 200 cells/μL. Than the corresponding media was added and replenished every two days.

RWPE-1 cells were seeded in 96-well plates. Viral particles encoding GFP or UBTD1 GFP were added to the cells with an identical MOI of 1, to ensure a similar integrated copy number for both vectors. RWPE-1 were transduced with lentiviral vectors encoding control shRNA (shCTRL) or targeting UBTD1 (sh#2 and sh#4). Cells transduced with shRNAs were selected with puromycin. The RWPE-1 shCTRL, sh#2 and sh#4 lines were then transduced with the FUCCI probe (Ref. PLV-10146-50). The cells expressing the fluorescent probe were sorted by flow cytometry (BD FACSAria™ Cell Sorter).

Cell proliferation assay

Proliferation determined with EdU was performed in 2D and 3D cultures. Click-iT™ Plus EdU Alexa Fluor™ 647 was used (ThermoFisher, Waltham, USA). For both 2D and 3D cell cultures, 5 µM EdU was added 12 hours before analysis according to manufacturer's instructions.

Briefly, the cells were harvested, then fixed. The cells were permeabilized and then labeled with an anti-EdU antibody. The fluorescence of the anti-EdU label was analyzed by flow cytometry.

Proliferation of the 2D and 3D RWPE-1 cell cultures expressing shRNA was assessed with the FUCCI probe (PLV-10146-50, Takara, Kyoto, Japan). The FUCCI probe is a cell-cycle reporter vector that delivers fluorescent ubiquitination-based cell-cycle indicators.

The FUCCI probe contains a Geminin protein whose level fluctuates differentially throughout the cell cycle. As cells transition into S phase, Geminin levels rise, remaining high until the cells are back in G1. As Geminin is coupled to GFP, the evaluation of the probe fluorescence tells us, in which cell cycle phase the cells reside. Cells stably expressing the probe were harvested and analyzed by flow cytometry for their GFP fluorescence level.

Flow cytometry analysis

The RWPE cells were rinsed and then trypsinized. They were then resuspended with PBS supplemented with 10% FBS.

The acini were resuspended with a P200 cone by mechanical agitation. They were then transferred to a falcon containing K-SFM ice-cold medium. Acini were centrifuged for 5

minutes at 200g at 4 ° C. The acini were then resuspended in 1 mL of 1X TrypLE. After a 5 minute incubation at 37 ° C. They were mechanically dissociated by pipetting up and down with a P10 / P1000 pipet tip. Cells were then washed with PBS 10% FBS and analyzed by flow cytometry for measuring the fluorescence of GFP or EdU labeling.

Immunofluorescent stainings and imaging

For live imaging, organoids were observed with an Evos optical microscope. For immunofluorescence staining, organoids were harvested and washed once with ice cold complete adDMEMF/12. They were fixed for 1 hour in PBS 4% PFA, permeabilized with 0.5% Triton X-100 for 30 minutes and then blocked with 2% Fetal Bovine Serum (FBS) in PBS

for 1 hour at room temperature (RT). Primary antibodies were added to the cells for 2 hours at RT (list of antibodies in supplemental data). After washing with PBS, secondary antibodies coupled to AlexaFluor 488 or 594 (Life Technologies, Carlsbad, USA) were added for 1h30 at RT. DAPI was used to stain nuclear DNA. Organoids were mounted and imaged with a confocal Nikon microscope. Organoids were also cultivated in 96-well flat-bottom plates (Dutscher, Bernolsheim, France). They were then directly fixed and permeabilized with 4% PFA, 0.8% Triton X-100, 5 mM EGTA, 1 mM MgCl2 in PBS. Antibody staining was performed as described above. Images were processed with the Imaris program for 3D reconstruction.

Immunohistofluorescence

Histological sections were made from two paraffin-fixed post-prostatectomy samples of patients (Dr. Ambrosetti, anatomopathology department, CHU of Nice). Sections of 5 μm (Microme HM340E) were made, and then, after deparaffinization, they were treated with a demasking solution (10 nM sodium citrate, pH 5.5 and 6.5). After saturation (BSA 3%, 0.1% Tween20), the sections were incubated with primary antibodies targeting UBTD1 (HPA034825-Sigma), CK5 (ab193895), CK8 (ab53280), overnight at 4°C and then with adapted secondary antibodies for 1h at room temperature (Alexa Fluor® 594 anti-mouse, Alexa Fluor® 488 anti-rabbit). The nucleus was stained with DAPI and slides were sealed in mounting medium (ImmunoHistoMountTM -Sigma).

Stimulated-Emission-Depletion Microscopy

Cells were seeded on 18x18mm, 0.17mm thick #1.5 coverslips previously coated with a solution of fibonectin diluted in PBS to a concentration of 20 μg/ml solution. The cells were seeded and left for 48h for complete adhesion. The cells were fixed with 4% PFA solution. Factin was labeled with phalloidin Alexa Fluor™ 594 and endogenous UBTD1 using a specific STAR 635P secondary antibody. Cytoplasmic membrane was stained using Wheat Germ Agglutinin (WGA) conjugated with an Alexa Fluor™ 647 (pink). Acquisition was performed with a TCS SP8 STED 3X microscope (Leica Microsystems) in collaboration with the IPMC imaging platform.

Expansion

RWPE-1 cells were seeded on 18 x 18 mm coverslips. As described in the article by Wassie et al. 36 , first, 'molecular handles' are covalently attached to the biological sample. The biosample is immersed in a monomer solution (containing sodium acrylate) that reacts by free-radical polymerization to form a densely cross-linked (NN′-methylenebisacrylamide cross-linking agent) and highly penetrating (sodium polyacrylate) polyelectrolyte hydrogel. This coats the biomolecules and/or markers, binding to the molecular handles so that the attached biomolecules and markers are mechanically coupled to the polymer mesh. The sample is chemically denatured to homogenize its mechanical properties. The sample is immersed in water, which allows the hydrogel to swell. After expansion, other markers can be applied.

Image analysis

Confocal images of fixed samples were obtained on a Nikon A1R confocal microscope (Nikon, Tokyo, Japon). Bright field and fluorescent images were obtained on an EVOS fl AMF-4306 AMG microscope. Confocal images of organoids and acini were used for image.

The cell images were analyzed with the software CellProfiler. The morphological parameters of cells, organoids and acini were extracted with the MeasureObjectSizeShape module of CellProfiler. For in-depth analysis, we used the open source KNIME Analytics Platform. To evaluate the cell distribution within the organoid, the cells were identified with DAPI labeling.

Then the position of the cells on the radius of the organoid was calculated. To simplify the calculations, the radius of each organoid was cut into bins, i.e. compartments in which each cell is classified. The bin 0 corresponded to the center of the organoid, the bin 10 corresponded to the edge of the organoid. To determine if the organoids were considered as cystic or compact, we calculated the percentage of cells present in bins 9, 10 and 11, which corresponded to the edges of the organoid. We determined a reference cut-off based on organoids visually considered as cystic. Once the parameter was set, all images were analyzed with this same cutoff. To determine the average fluorescence of the CK5 and CK8 labels along the radius of the organoid, the fluorescence of each cell was determined, and then the cells were placed back on the radius of the organoid.

Cell fractionation imaging was also performed on CellProfiler from confocal images. Nuclei were identified based on DAPI staining. Epithelial cell outlines were determined with F-actin staining. The images shown in Supplementary Figure 1B represent the different masks set up on CellProfiler to separate the cytoplasmic membrane, cytosol, perinuclear region and nucleus.

The imaging cell fractionation is performed on adherent cells.

The 3D reconstructions and 3D image analysis were performed with the Imaris software. The 3D reconstruction of the organoids in Supplementary Figure 6C was performed using confocal images with an interval of 2 μm. Epithelial monolayer regularity was analyzed using F-actin staining with phalloidin. Cell monolayers were reconstituted with Imaris and the surface regularity was quantified.

Bleb induction

Cell lines were established from RWPE-1 cells. They were transduced with retroviral vectors carrying GFP or UBTD1-GFP under a CMV promoter. The cells were grown in 96-well plates with a bottom adapted for microscopy (Dutscher, Bernolsheim, France) and were seeded 48h before Bleb formation was induced by treating the cells with ethanol 5% for 5 minutes and cytochalasin D at 2.5μM for 2 minutes. A PBS 4% PFA solution was used to fix the cells. The cells were permeabilized with Triton 0.1% and then stained. F-actin was stained with phalloidin (Life Technologies Carlsbad, USA), cell membranes were stained with Wheat Germ Agglutinin (ThermoFisher, Waltham, USA).

3D structure prediction of proteins

The 3D protein structure was predicted for the human UBTD1 using the software for protein structure and function prediction I-TASSER [37][38][39] . Among the five predicted models, only the one with the highest score was displayed. To visualize the protein structure, we used the molecular visualization software PyMOL and highlighted the myristoylation sequences.

Alternative protein structure predictions of the human and mouse UBTD1 sequences were performed using the online 3D molecular structure prediction software AlphaFold 40 .

Sequence alignment

The mouse and human UBTD1 sequences found on UniProtKB were aligned with the pairwise sequence alignment tool provided by EMBO-EBI online platform. The output format displayed the pairs.

Proteomic -Interactome analysis

A 24-well plate of murine prostate organoids cultured for 7 days was lysed in RIPA buffer and frozen immediately in nitrogen. After immunoprecipitation using an anti-UBTD1 antibody (HPA034825-Sigma), the protein partners of UBTD1 were identified by mass spectrometry in collaboration with the Proteomics Platform of the Institute of Molecular and Cellular Pharmacology (IPMC). The UBTD1 interactome was then constructed with the Cytoscape software using the STRING database.

Atomic Force Microscopy -Young's modulus

RWPE-1 cells stably expressing GFP or UBTD1-GFP were used to study the effect of UBTD1 

Cell extrusion

To perform the extrusion assay, we first established stable cell lines from RWPE-1 cells. We transduced RWPE-1 epithelial cells with a lentiviral vector expressing an mCherry under the control of an SFFV promoter. Transduced cells were sorted by flow cytometry (BD FACSAria™ Cell Sorter) to obtain a homogeneous population expressing the fluorescent cassette. GFP and UBTD1-GFP lines were also sorted to obtain a GPF+ cell population.

According to the protocol described in Teo et al. 41 , WT-mCherry and GFP/UBTD1-GFP or sh# cells were mixed at a 1:20 ratio, respectively. To quantify the percentage of apical extrusion of the epithelial monolayer, we counted the number of mCherry-positive cells that were surrounded by cells that were not expressing mCherry. The cells were seeded in 96-well plates with a bottom suitable for microscopy (Corning, NY, USA). Cells were seeded at day 0, medium was changed at day 2 and cells were fixed with 4% PFA in PBS at day 4.

Images were then acquired on a confocal microscope, and analyzed with CellProfiler. More detailed description can be found in the Image analysis section.

A proliferation control was performed on each of the cell lines to make sure that the differences observed were due to mechanical differences and not to a differential proliferation rates.

Western Blot

Primary antibodies: anti-tubulin (10D8), anti-UBTD1 (HPA034825). HRP-conjugated donkey anti-mouse IgG (715-035-150) and HRP-conjugated anti-mouse IgG (711-035-152) from Jackson ImmunoResearch Laboratories (West Grove, USA).

RNA sequencing

RWPE-1 cell lines were grown in 100 mm diameter dishes in complete K-SFM. Cells were seeded 72 h before harvesting to allow them to adhere and form junctions. Cells were rinsed, trypsinized and resuspended with SBTI. After centrifugation for 5 minutes at 200g, the supernatant was aspirated and the cell pellet was snap frozen in liquid nitrogen. RNA extraction and subsequent analysis were done by the Beijing Genomics Institute (BGI, Shenzhen, China).

All analyses were performed on the online software Dr.Tom provided by BGI.

Statistical Analysis

We have applied either a Mann-Whitney test or a non-parametric Kruskal-Wallis test when we compared two or three experimental conditions, respectively. Experiments were performed at least three times.

RESULTS

Mutation of the N-terminal myristoylation-like site disrupts membrane localization of UBTD1 in prostate epithelial cells

In order to localize the UBTD1 protein in the epithelial gland, we stained a histological section of healthy adult human prostate (Figure 1A). Luminal cells were identified using anticytokeratin 8 (CK8) antibody staining. Basal cells were labeled with an anti-cytokeratin 5 antibody (CK5). UBTD1 detection showed strong expression in the contractile stromal cells surrounding the gland. In the gland, UBTD1 was mainly expressed in the CK5+ basal cell layer.

UBTD1 was not found in the CK8+ luminal cells.

As shown in previous studies, UBTD1 localized in the prostate tissue to intercellular junctions where cell-cell contacts were established 23 . Next, wWe wanted to verify whether UBTD1 was localized to the cytoplasmic membrane or associated with the underlying actin cortex. We used high resolution imaging techniques to differentiate the membrane from the cortex. Using expansion microscopy (ExM), we identified the cytoplasmic membrane with Wheat Germ Agglutinin (WGA) coupled to a fluorophore. The actin cortex was labeled using phalloidin.

UBTD1 did not appear to colocalize with the actin cortex but, in contrast, appeared to colocalize with the cytoplasmic membrane (Figure S1 A). To confirm these observations, we performed on the same tissue sections acquisitions using stimulated emission depletion (STED) microscopy. The UBTD1 spots colocalized with the cytoplasmic membrane labeling at the cellcell contacts (Figure 1B). In addition, UBTD1 staining was situated above the actin cortex without co-localizing with it. On cell projections supported by an assembly of actin filaments, UBTD1 appeared to localize around the F-actin label. These first observations clearly indicated that UBTD1 localized to the cytoplasmic membrane and not to the actin cortex.

Blebs are spherical cell protrusions that are involved in several physiological events 44 such as locomotion, cell division. There are three distinct phases identified in bleb formation: bleb initiation, bleb expression and cortex repolymerization and retraction. The first stage consists of local dissociation of the cortex from the membrane. The second stage consists of an entry of cytosolic fluid between the membrane and the cortex, which results in an increase in the volume of the bleb. The last step, which corresponds to the retraction of the bleb, involves a reassembly of the actin cortex inside the bleb. The acto-myosin contractil cortex will then retract the bleb.

Here we took advantage of this type of cellular event, which can easily be triggered by exposure to hypertonic vesiculation buffer or ethanol, to assess whether UBTD1 was more tightly attached to the cytoplasmic membrane or to the cortex 42,43 . We treated the cells with 5% ethanol to trigger blebbing, and then exposed them to cytochalasin D (CytoD). CytoD blocks actin polymerization, and in the short term stimulates bleb formation. We observed that UBTD1 remained tightly attached to the membrane in bleb structures (Figure 1C). This confirmed that UBTD1 is indeed associated with the cytoplasmic membrane in prostate epithelial cells and not with the cortex.

To reveal how UBTD1 is addressed to the cytoplasmic membrane, we focused on the different domains that were included in the sequence of UBTD1 (Figure 1D). As shown in the predicted 3D structure (Figure 1E), we identified a potential myristoylation site located at the N-terminal part of the protein. Myristoylation of proteins can dictate their localization towards the membrane in many different situations 44 . It consists in the addition of a myristic acid by Nmyristoyltransferase (NMT) at the N-terminal part of a protein that enables protein-lipid interactions. We generated several mutants for the potential myristoylation site of the UBTD1 protein coupled to the fluorescent protein, mNeonGreen. Deletion of the entire potential myristoylation site (ΔN-UBTD1-mNG) resulted in delocalization of UBTD1 from the cytoplasmic membrane (Figure 1D). Quantification by imaging cell fractionation showed a significant difference in the proportion of ΔN-UBTD1 localized at the cytoplasmic membrane compared to its native form (Figure 1F1E). Using a directed mutagenesis approach, we generated single point mutations in the N-terminal sequence of UBTD1. The glycine 2 mutation (UBTD1-G2A-mNG) also induced significant delocalization of UBTD1 from the cytoplasmic membrane. This mutant form of UBTD1 localized predominantly in the nucleus, in the perinuclear region, and in the cytosol. Interestingly, the cysteine 4 mutation (UBTD1-C4A-mNG) did not induce a significant delocalization of UBTD1 from the cytoplasmic membrane.

UBTD1-C4A-mNG relocated mainly to the perinuclear region. Finally, when glycine 2 and cysteine 4 were mutated simultaneously (UBTD1-G2A-C4A-mNG), the protein was distributed in the cell similarly to the ΔN-UBTD1-mNG and UBTD1-G2A-mNG mutant proteins.

Taken together, UBTD1 myristoylation appears to be required for its cytoplasmic membrane localization in prostate epithelial cells.

The expression level of UBTD1 is related to 3D cell organization processes

To better understand the function of UBTD1 in epithelial cells, we also took advantage of a versatile 3D-cell culture model. The epithelial cell line RWPE-1 can be grown in 3D in a gel mimicking the extracellular matrix (ECM). The 3D culture in an ECM-mimicking environment enables the study of spatial self-organization processes of cells. This model allows the identification of genes regulating cell-cell or cell-matrix contacts 45,46 . RWPE-1 cells grown in matrigel (synthetic ECM) form gland-like structures, called acini, with a lumen in the center surrounded by a single cell layer. The formation acini relies on two distinct phases: a first phase of proliferation from day 0 to day 6 (Figure 2A), followed by a structuring phase from day 6 to day 10. This second phase of acini formation is conditioned by the maturation of cell-cell junctions and the establishment of apico-basal polarity. In a WT acini cultured until day 10, UBTD1 is localized in basolateral position of the cytoplasmic membrane (Figure 2B). To understand the role of UBTD1 in this simplified gland-like model, we first downregulated UBTD1 expression. We established stable cell lines using a lentiviral vector encoding a shRNA targeting UBTD1 mRNA. ShRNA #2 and #4 decreased UBTD1 protein expression by 78 and 76%, respectively (Figure S3E). As seen in the bright-field images, downregulation of UBTD1 with shRNA #2 and #4 disrupted cell organization and prevented the formation of mature acini (Figure 2C). Morphological parameter quantification based on confocal images (Figure 2D)

showed a significant increase in acini area and perimeter in the conditions with shRNA #2 and #4 compared to the shRNA control (shCTRL) (Figure 2E). We then quantified the proliferation level at day 10, when the structures are organized. Image analysis already showed a significant increase in the number of cells per acini when UBTD1 was downregulated (Figure 2F). To quantify the level of acini proliferation, we established stable cell lines expressing the FUCCI cell cycle probe. At day 10, 19% of the cells are in S/G2/M phase in the shCTRL acini (Fig. 2F), while UBTD1 down regulation induced a significant increase in proliferation 39% and 35%) associated with acini disorganization. Interestingly, cell death, which is involved in lumen formation tends to decrease when UBTD1 is downregulated compared to the shCTRL condition (Figure 2G).

To conclude, down-regulation of UBTD1 disrupts the spatial organization of cells and induces a strong cell proliferation.

Conversely, we overexpressed UBTD1 in RWPE-1 cells by establishing stable lines expressing GFP or UBTD1-GFP (cytoplasmic membrane localized form).

The effect of UBTD1 overexpression seems less pronounced than the downregulation (Figure 2H). Nevertheless, acini overexpressing UBTD1 have a significantly larger area and perimeter than control acini (Figure 2I). In addition, the average distance of the cells from the center of the acini is also significantly increased. Labeling with the polarity marker giantin shows more uniformly oriented cells when UBTD1 is overexpressed (Figure 2H). We observe well organized UBTD1 overexpressing acini as early as day 6 (Figure 2J). No significant changes in proliferation and cell death were observed (Figure 2L).

Overexpression of UBTD1 induces acini that appear more mature, with visually better polarized cells. We hypothesize that cell junctions, which is a primordial process in acini organization, has been disrupted by the dysregulation of UBTD1 expression.

Overexpression of UBTD1 increases cell surface tension and induces more regular monolayers

Cell-cell junction assembly during morphogenesis is accompanied by rearrangements of the actin cytoskeleton. These rearrangements can affect the shape, motility and polarity of epithelial cells 9 . Previous studies have shown that actin network rearrangements are accompanied by a change in cell stiffness 47 . In addition, increased cell-cell adhesions at a tissue scale increases tissue surface tension 48 . Here we used atomic force microscopy (AFM) to directly measure the surface tension of RWPE-1 epithelial cells 49 . With a spherical tip on a cantilever, we determined the surface tension of the different RWPE-1 cell lines (Figure 3A). Overexpression of UBTD1 significantly increased cell surface tension (Figure 3B). Conversely, downregulation of UBTD1 decreased surface tension (Figure 3C). Thus, the expression level of UBTD1 directly impacts the surface tension of RWPE-1 epithelial cells.

Another feature of cell junction establishment is the surface integrity of an epithelium. In culture, normal epithelial cells stop to proliferate to form a flat monolayer 6 . Here we analyzed the regularity of RWPE-1 monolayer grown to confluence (Figure 3D,E). Reconstitution of the epithelium in the Z axis shows more regularly organized cells when UBTD1-GFP is overexpressed compared to GFP (Figure 3D). Accordingly, UBTD1 overexpressing cells displayed a different morphology when compared to control GFP+ cells. The mean eccentricity was significantly increased. Downregulation of UBTD1 resulted in an less organized epithelium (Figure 3F,G). As seen in the Z plane image, cells treated with shRNA #2 and #4 started to grow on top of each other. Surprisingly, no change in cell shape is observed (Figure

3F,G).

To complete our observations, we then decided to focus on the phenomenon of cell extrusion.

Live cell extrusion requires the formation of a contractile ring of actomyosin by adjoining cells surrounding a cell to be extruded. This contraction ring will induce an expulsion of the surrounded cells 41 . Here we examined the functional consequences of UBTD1 deregulation on apical extrusion. We used a cell mix to test the induction of live cell extrusion. We stably expressed mCherry in RWPE-1 WT cells that we mixed in minority (1:20) with either GFP or UBTD1-GFP expressing cells (Figure 3H). As a result, WT mCherry-positive cells surrounded by UBTD1-GFP cells had a higher extrusion rate compared to when they were surrounded by control GFP+ cells (Figure 3I,J). Importantly, no difference in proliferation rate was observed between GFP and UBTD1-GFP cells. In accordance, morphological changes of red cells were observed between the two conditions (Figure 3K). Their mean eccentricity was significantly higher when they were surrounded by UBTD1-GFP cells compared with GFP. We then mixed WT mCherry cells with UBTD1 downregulated cells at the same 1:20 ratio (Figure S3 A).

Surprisingly, downregulation of UBTD1 also increased the apical extrusion of mCherry positive WT cells (Figure S3 B,C). Red cell eccentricity was decreased when they were surrounded by cells treated with shRNA #2 and #4 compared to shCTRL (Figure S3 D).

Overall, dysregulation of UBTD1 modifies cell surface tension. It affects the integrity of the epithelial surface and induces changes in live cell extrusion rate.

Gene expression profile of proteins involved in cell junctions is affected by UBTD1 modulation

To identify factors that would control these changes in cell shape and rigidity, we examined the transcriptomic profiles of RWPE-1 prostate epithelial cells over-or under-expressing UBTD1.

We performed bulk transcriptomic analysis on 20 independent samples of each of the established cell lines. To compare genes that shared expression between basal expression conditions and when UBTD1 was overexpressed, principal component analysis (PCA) was performed (Figure S4A). PCAs showed biological replicates clustered together, confirming the robustness of the analysis. It showed that GFP and UBTD1-GFP cells were separated along PC1 and PC2 (Figure S4A). Presentation by volcano plot, which showed differentially expressed genes (DEGs), revealed that overexpression of UBTD1-GFP greatly affected the transcriptomic profile of RWPE-1 epithelial cells (Figure 4A,B). PCA performed separately on shCTRL, shUBTD1 #2 and #4 samples also showed differences in their transcriptomic profiles (Figure 4 A,B). However, shUBTD1 #4 did not induce such a strong change in the transcriptomic profile compared to sh#2 (Figure S4B). We then performed a classification of the DEGs in the different conditions based on the Gene Ontology (GO) functional classification (Figure 4C). In the condition where UBTD1-GFP was overexpressed, and in the condition treated with shRNA #2, the GOs of the cellular components were generally associated with membrane, membrane-associated proteins and cell junctions. Locomotion, biological adhesion and developmental processes were also found in GOs associated with biological process (Figure 4C).

We then performed Gene Set Enrichment Analysis (GSEA) to determine if an a priori defined set of genes show statistically significant differences between the conditions (Figure 4D).

Consistent with the differences we observed in processes involved in cell junctions, i.e. cell shape and cell rigidity, GSEA grouped genes involved in cell-cell junctions. When UBTD1 was downregulated with shUBTD1#2, many genes involved in cell-cell junctions and basolateral membrane were upregulated. GSEAs showed a set of genes involved in cell junctions that appeared to be more expressed in the GFP condition compared to UBTD1-GFP. Similarly, genes involved in the apical plasma membrane were upregulated with UBTD1-GFP.

Overall, these findings suggest that the observed changes in cell shape, cell stiffness and epithelial integrity are coupled with transcriptional changes in genes involved in cell junctions.

UBTD1 expression in luminal cells disrupts cyst formation in mouse prostate organoids

In order to assess the role of UBTD1 in the maintenance of cell-cell junctions, we then used the murine prostate organoid model. Prostate organoids were generated by isolating adult stem cell (ASCs) from mouse prostate tissue. As described in previous studies 29,50 , ASCs were seeded into matrigel and were grown with organoid culture medium for 9 days. The organoids grow in distinct phases. As described in the illustration (Figure S5A), basal CK5+ ASCs proliferate, and start to differentiate into luminal cells from day 4. The CK8+ luminal cells, located in the center of the organoid will start to secrete fluid under the influence of dihydrotestosterone (DHT) between day 5 and day 6. Fluid secretions by luminal cells will induce the formation of a lumen in the center of the organoid from day 6. Luminal cells will secrete until they form a fully mature cystic organoid at day 9. As described in recent studies, lumen formation depends on the cell junctions of the secretory cells. Microlumens, initiated by secretory cells, fuse together by hydraulic fracturing of cell-cell contacts 51 .

Consistently with what is shown in Figure 1A, UBTD1 is only expressed in basal CK5+ cells of WT mouse prostate organoids (Figure S5B). Subsequently, we established stable organoid lines, through transduction of a murine retroviral vector, expressing GFP or UBTD1-GFP in basal and luminal cells (Figure 5A).

At the 1 nM reference concentration of DHT 29 , bright filed images of organoids labeled for their nuclei show more compact organoids with UBTD1 GFP, with a significantly reduced area (Figure 5A,B). This is reflected in the differential cell distribution along the organoid radius (Figure 5C). Indeed, the percentage of cystic organoid formed is significantly reduced with UBTD1-GFP compared to the GFP condition (Figure 5D). Confocal images of the center of GFP and UBTD1-GFP organoids highlight a different distribution of CK5 and CK8 cells (Figure 5E). As shown with quantification of the mean intensity of CK5 and CK8 markers along the organoid radius, when UBTD1-GFP is expressed, luminal cells remain localized in the center of the organoid (Figure 5F).

It was shown in previous studies that the swelling of organoids was dependent on the stimulation of luminal cells by DHT 50 . Therefore, we treated organoids expressing GFP or UBTD1-GFP with increasing doses of DHT to stimulate fluid secretion from luminal cells (Figure 5A). GFP organoids showed a compact profile at 0 nM DHT, with 0% cystic organoid formed (Figure 5B,D). Approximately 40% of GFP organoids became cystic at 0.5 nM DHT (Figure 5D). As shown with the cell distribution along the organoid radius (Figure 5C), at 1, 3 and 5 nM DHT, 60-90% of the GFP organoids were cystic (Figure 5D). Strikingly, UBTD1-GFP organoids became cystic when overstimulated with DHT (Figure 5A,D). As shown with the cell distribution, the percentage of cystic organoids increased to 60% at 3 nM DHT, showing no significant difference with the GFP condition (Figure 5 B,D).

Overall, transduction of mouse prostate organoids with UBTD1-GFP prevented lumen formation at 1nM DHT. However, when fluid secretion by luminal cells was overstimulated with DHT (3 nM) organoid regained lumen formation in the case of UBTD1 overexpression.

Analysis of UBTD1 interactome reveals cytoplasmic membrane and actin cortex associated partners

Next, we used co-immunoprecipitation to isolate the interactants of the endogenous UBTD1 protein expressed in mouse prostate organoids. Using mass spectrometry (MS), we obtained a high quality network of interactions among the 182 identified proteins. This interactome connects part of the regulatory system of cell junctions to functional complexes associated with the actin cytoskeleton and its regulatory partners. A cluster associated with the ribosome and the proteasome was also identified These data provide a large source of information that can be used to understand the connected roles of UBTD1 in other signaling pathways.

Notably, the cluster involving actin cytoskeleton regulatory proteins provides valuable information (Figure 6 A,B). We identified the Rho GTPases involved in the remodeling of the actin cytoskeleton that takes place during the establishment of cell-cell junctions, i.e. Rac3, CDC42 and RhoA 3 . Rho GDP-dissociation inhibitor 1 (ARHGDIA) was also identified as an interactant of UBTD1. We also identified ezrin and vinculin, which belong to the ERM family of proteins, responsible for binding the actin cytoskeleton to the cytoplasmic membrane 52 .

Interestingly, we also identified the epithelial cell adhesion molecule (EpCAM), which participates in the regulation of adherent junctions 11 .

Overall, the identification of UBTD1 interactors. It provides potential partners that could explain the phenotypes associated with UBTD1 dysregulation.

UBTD1 interactants are modulated by UBTD1 deregulation

In order to get insights into the identified interactants of UBTD1, we used open access data from single cell RNA sequencing performed on an intact human prostate. We used this data to identify in which cell type of the prostate gland the identified proteins were expressed. The ERM proteins ezrin and vinculin, have a higher average expression in luminal cells than in basal cells. Rho GTPases are expressed at the mRNA level in both basal and luminal cells.

Interestingly, the Rho GDP-dissociation inhibitor ARHGDIA has a higher average expression in basal cells. Finally, the epithelial cell adhesion molecule (EpCAM) was shown to be expressed in both basal and luminal cells (Figure 7A,B).

We then analyzed the protein atlas data base to determine, at the protein level, where these proteins are expressed in the human adult prostate (Figure 7C). CD44, vinculin, CAPN1, IQGAP1 and RAC3 showed high expression in basal cells, and for some, co-expression in luminal cells. Interestingly, EpCAM showed a predominantly localized protein expression at the intercellular junctions of luminal cells (Figure 7C). We then performed a more in depth analysis of expression levels of these genes in RWPE-1 cells (Figure 7D). The majority of these genes did not show significant changes in their transcriptional expression. However, we noted that CD44, VCL, and UBE2N showed transcriptional changes opposite to the expression level of UBTD1. We also noted that EpCAM and ARHGDIA showed changes that followed the expression of UBTD1. When UBTD1 was overexpressed, these genes were upregulated, when UBTD1 was downregulated, the expression of these genes tended to decrease.

These information gave insights about potential mechanisms involved in prostate organoid organization du to interactions that UBTD1 could have with the partners identified by mass spectrometry.

DISCUSSION

Here we dissected the cellular localization and the role of UBTD1 in the prostate epithelium.

We showed by a directed mutagenesis approach that the intracellular localization of UBTD1 depends on an N-terminal myristoylation site. We studied the influence of UBTD1 on cell shape and rigidity and its impact on 3D cell organization processes. We also showed that de-regulating expression of UBTD1 in luminal cells disrupted lumen formation in a 3D prostate organoid model. Finally, using a transcriptomics and co-immunoprecipitation approach associated with mass spectrometry, we identified genes interacting with UBTD1.

We began by investigating which role UBTD1 might have in gland homeostasis using a 3D model of cellular self-organization 45,46 . The model, called acini, which reproduces a simplified prostate gland, indicated the necessity of UBTD1 for these organizational processes.

These organizational processes are largely dependent on the mechanisms of cell-cell junctions and the establishment of apical-basal polarity, we next investigated the cellular processes associated with cell-junction formation 6,7,45,53 .

The establishment and maturation of cell-cell junctions is associated with a remodeling of the actin cytoskeleton 3,54 . Cell junctions are initiated with a cortex composed of short branched actin filaments, mature junctions are stabilized by long contractile actin filaments 55,56 . As shown in previous studies, the nature of the actin cortex influences the cortical tension and consequently the cell surface tension 47,57 . The measurement of the surface tension of cells expressing different levels of UBTD1 indicated and validated this feature of cell junction establishment. Along with that, UBTD1 also affected cell shape, and the integrity of a 2D grown epithelial monolayer 58 .

We then showed the effect of over-expression of UBTD1 in murine prostate organoids. As shown in previous studies, prostate organoid swelling is dependent on stimulation of luminal cells by DHT 50 . A study published in 2019 supported the importance of E-cadherin-mediated intercellular junctions for lumen formation in mouse blastocysts 51,59 . Fluid secretion by the cells stimulated the formation of microlumen, which then fused by hydraulic fracturing of the intercellular junctions. We took advantage of this information and expressed UBTD1 in luminal prostate cells. Expression of UBTD1 in luminal cells prevented cyst formation in prostate organoids at 1 nM DHT. In order to stimulate fluid secretion by the prostate luminal cells, we treated the organoids with increasing doses of DHT. This restored lumen formation. To comfort the idea that the hydraulic fracturing process of the adherens junctions of prostate luminal cells was indeed responsible for lumen formation, we could downregulate the level of E-cadherin in UBTD1-GFP expressing organoids.

The identification of interactants of the endogenous form of UBTD1 in basal cells of mouse prostates organoids showed numerous proteins associated with the regulation of the actin cytoskeleton. Among the identified proteins, the expression levels of EpCAM showed to be significantly changed by UBTD1 dysregulation. As previously shown, EpCAM, which is expressed at the mRNA level in basal and luminal cells, is only found at the protein level in the intercellular junctions of polarized luminal cells. EpCAM has been shown to decrease the strength of cell junctions by destabilizing E-cadherin 11,15 .

Consistent with the previously demonstrated role of UBTD1 in protein degradation processes mediated by E2/E3-dependent ubiquitination 21,23,24 , we hypothesize that UBTD1 participates in the regulation of E-cadherin-dependent adherens junctions by affecting the level of EpCAM degradation. To address this question, we should overexpress EpCAM in UBTD1-GFP expressing organoids to see if we would reform a lumen at a DHT concentration of 1nM.

Consistent with this, we could monitor the levels of EpCAM degradation and ubiquitination based on UBTD1 expression levels.

Using predictive software we identified an N-terminal myristoylation site responsible for the cytoplasmic membrane localization of UBTD1. Like nuclear proteins that can only perform their function when they are imported into the nucleus, a membrane-associated protein, such as UBTD1, will only perform its membrane function once localized to the membrane 44,60,61 .

Characterizing the interactants associated with different UBTD1 mutants would help us to identify specific membrane-associated partners. Finally, to correlate the intracellular localization of UBTD1 with its functionality, we could establish organoid lines expressing each of the mutants of UBTD1. The resulting phenotype would inform us on its functionality.

Overall, this study investigated a novel role of UBTD1 in prostate epithelial cells. We showed here that UBTD1 is a regulator of adherens junctions in prostate epithelial cells. F. Cell proliferation inside the acini was assessed using an imaging analysis approach and cytometry approach. The number of cells per acini was evaluated using

CellProfiler. Quantification was done on sections of the center of the acini at day 10.
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Discussion and perspectives

During my thesis, I worked on the prostate organoid model with two main objectives: (1) to develop genome engineering techniques and (2) to study the role of the UBTD1 protein.

As mentioned previously, genome engineering is the modification of genes at specific loci in a more physiological manner than ectopic inputs of DNA. Genome editing allows for addition or removal of mutations, insertion or deletion of genes or gene parts. In the past decades, the CRISPR-Cas9 technology, based on RNA-programmable endonucleases, has revolutionized genome editing, making it easier, faster, and more efficient than previous techniques 159 . Nevertheless, constraints limit the use of this method for certain models, such as organoids. Indeed, the efficiency of delivery and the levels of toxicity can be limiting and become a barrier to genome editing 142,175 . Adult Stem Cell based organoid technology recapitulates the architecture and functionality of the organ of origin better than immortalized 2D cell line models 115 . The generation of organoids from genetically engineered mice has allowed the study of many genes. However, organoids derived from human ASCs require efficient genome editing techniques.

In the first paper of my thesis, we developed the use of nanoblades to efficiently edit the genome of organoids in vitro.

We showed that nanoblades could achieve levels of genome editing that exceeded all other delivery methods in organoids. We showed that in addition to this high efficiency, nanoblades permitted to edit organoids with low cellular toxicity. Because they have two advantages : they can carry a cargo and function as a delivery vehicle, Nanoblades allow high-level genome editing in organoids whereas previous studies reported much lower levels of gene editing. Until recently, the majority of studies containing gene editing in organoids relied on the electroporation of plasmids coding for Cas9 142,205 . These studies described the use of the CRISPR-Cas9 system to correct the CFTR channel mutation in organoids derived from cystic fibrosis patients 142 . The other study published by the same group reported the use of CRISPR Cas9 to induce sequential mutations to reproduce a mutational signature in colon cancer 205 . Both studies used liposomal transfection of plasmids encoding the CRISPR-Cas9 machinery. Although functional, the editing levels did not exceed 1%, making these approaches laborious and time consuming. A study published in 2015 reported the use of electroporation to deliver plasmids encoding Cas9 and sgRNA 175 . This technique exceeded the efficiency level of liposomal transfection. Nevertheless, the editing levels did not exceed 2%.

Viruses have been shown to be extremely efficient at genetically manipulating cells. The efficiency of the best viral vectors can reach 100% transduction of the targeted cells 180 . We showed in our work the use of VLPs to bring the CRISPR-Cas9 machinery and sgRNAs to genetically edit organoids.

To set up the method we performed GFP knockouts in GFP labeled organoids. As a proof of concept, we also performed knockouts of the AR and CFTR genes. We obtained editing levels reaching 80% when targeting GFP and 20 to 30% for endogenous genes. For all the genes tested, the nanoblades did not induce a high level of toxicity in these cells in contrast to other methods like electroporation. These methods induce toxicity and nevertheless permit only very low gene editing efficiency. As mentioned above, another important point is the type of material brought (the cargo). With nanoblades, we deliver the CRISPR-Cas9 gene editing machinery in the form of RNPs that are incorporated in viral like particles and are introduced into the target cells via nanoblade envelope-cell fusion, which is a soft process not toxic for cells. As shown in other studies, this type of cargo increases the level of gene editing compared to electroporation of plasmids or mRNAs coding for Cas9 or sgRNAs 174 . Indeed, in a study published by Emma Rawlins' group, they compared the efficiency of different cargo delivered by nucleofection 174 . They showed that the electroporation of RNPs outperformed the efficiency levels of other types of cargo, i.e. DNA plasmid. The percentage of INDELs induced by electroporation of plasmid encoding Cas9 and sgRNA was about 5%, at the maximum plasmid dose, while it reached 25% with RNPs coupled with sgRNA (Table 2).

Table 2. Gene editing efficiency in organoids.

The other advantage of RNPs is their short transient presence in the cell. Indeed, RNPs have a lifetime limited to the half-life of the protein, compared to plasmids encoding Cas9 which persist for a longer period. This difference has been shown to influence the gene editing at offtarget genomic site by the Cas9 protein 206 . With nanoblades, we reported no off-target INDELS in mouse prostate and colon organoids. Summarizing, nanoblades have shown to be a very efficient technology to induce in vitro knockouts in mouse organoids. Interestingly, we observed that AR knockout in prostate organoids prevented the formation of a lumen in the center of the organoid. As shown in a previous study, AR knockout in mice can disrupt the differentiation of mouse prostate luminal cells 207 . It is therefore interesting to note that prostate organoid swelling can be directly affected by luminal cell differentiation. This robust and easily quantifiable read-out paves the way for using this model to study prostate luminal cell differentiation. To take this observation further, analyses of the level of differentiation of the organoids would be interesting. Indeed, if changes in organoid morphology reflect the level of luminal cell differentiation, this makes the model attractive for testing drugs affecting the metabolism or differentiation of prostate luminal cells. Testing endocrine disruptors 23 , known to disrupt androgenic pathways, and therefore luminal cell differentiation, would then be an excellent opportunity to challenge the prostate organoid model.

More generally, genome editing combined with organoids offers opportunities to easily study genes involved in organogenesis or the development of human pathology 115,148 . In order to push the use of nanoblades technology further, it will be interesting to see the levels of efficiency achievable in human organoids. Without thinking directly about gene therapy, it would accelerate and facilitate the study of genes in a model more relevant than mouse organoids.

In the long term, and in view of the developments made by the laboratories leading the research using organoids, efficient and non-toxic gene editing techniques will be necessary to consider approaches in gene therapy 148 . Indeed, the ex vivo correction of a patient's genetic mutation and regrafting in the same patient opens the way to promising treatment perspectives for genetic pathologies, such as cystic fibrosis. Nevertheless, limitations not directly linked to the nanoblades technology but rather to the CRISPR-Cas9 technology itself do not allow yet to envisage therapies directly applied to patients. Indeed, it has been demonstrated that the DSBs cuts induced by Cas9 could induce off-target effects but also large chromosomal rearrangements 208 . Recently developed technologies such as base and prime editing have been shown to be more precise and to induce less chromosomal rearrangements. Indeed, to increase the precision of gene editing and reduce off-target cuts, other tools derived from the CRISPR Cas9 system are continuously developed, with increased possibilities and better specificity. There are indeed two main categories of CRISPR-based genome editing agents available today, namely, base editors and prime editors [209][210][211] . Base editors allow to generate single nucleotide changes in gDNA, while prime editors use Cas9 fused to a reverse transcriptase, programmed with a prime editing guide RNA (pegRNA) that specifies the target site and the desired sequence 211 . To explain in more detail, base editing is achieved by fusing C or A deaminase moieties to D10A Cas9 nickase. It should be noted however that these base editors have major limitations, they can currently only induce 6 (C→T, A→G, C→G, G→A, T→C, G→C) of the 12 possible point mutations. The other possibility to induce small sequence changes, point mutations, small insertions and small deletions, is prime editing. It involves a fusion of the H840A Cas9 nickase to the Reverse transcriptase of the Moloney Murine Leukemia Virus and modified guide RNAs carrying sequence templates to be copied into the target genomic site. However only one DNA strand is modified, and stable insertion depends on copying the modification onto the other DNA strand. These technologies or others coupled with the nanoblades delivery method would open wider possibilities of gene editing in models difficult to manipulate, such as organoids.

Another more direct prospect with nanoblades and organoids is the creation of an efficient and non-toxic technique to generate knock-ins. The knock-in consists in the integration of an exogenous DNA sequence at a precise locus in the genome. A study published by Benedetta Artegiani and her colleagues in 2020 already reported the generation of knock-ins in human organoids using homology-independent CRISPR-Cas9 precision genome editing 132,176 . They reported efficiency levels ranging from 6 to 40 percent depending on the targeted gene. More precisely, they obtained a maximum efficiency of 40% within the transfected population, which was 9%, meaning that they did not exceed efficiency levels of 5% 176 . Interestingly, inhibition of TP53 by transient overexpression of a dominant negative form of TP53 appeared to increase the levels of knock-ins. This study which set-up an efficient knock-in approach in organoids highlights important points in a knock-in strategy. Nevertheless, as mentioned for knock-out, improvements in efficiency could be brought by modifying the delivery vehicle. Indeed, this study is based on the electroporation of plasmid DNA into the cells. However, the efficiency levels remain low. The use of viral vectors could probably increase the efficiency levels.

Together with the retrovirus-like system used for nanoblades, we could use the Integrase-Deficient Lentivirus (IDLV) system to efficiently deliver a DNA donor template for sites specific homologous recombination into targeted cells (Figure 24). IDLV technologies deliver RNA that is then reverse transcribed into DNA, once introduced into the cell. Unlike classical lentiviral vectors, the genetic information will not be integrated into the genome via mechanisms mediated by the viral machinery. This type of vector is therefore ideal for introducing a DNA template into a cell efficiently, without integrating it into the genome. Another type of viral particle, the Adeno-Associated Virus (AAVs), allows to introduce a template directly into the cells in the form of DNA. AAVs are as IDLV non-integrating vectors so only transiently present in dividing cells. As already shown in previous studies, these systems, coupled with nanoblades, would probably allow to reach higher levels of knock-in than other current techniques of delivery in organoids with minimal toxicity induction 198 . However, it is possible that for technical reasons related to the presence time of Cas9 provided by the nanoblades and the handling time of the organoids outside their adapted culture environment, AAVs might be more efficient than IDLVs. On the other hand, as already shown in another study, the different knock-in approaches can influence the level of efficiency 176 . Indeed, HDR mediated gene integration requires that the cells are in the S phase of the cell cycle whereas NHEJ takes place in all phases of the cycle. In the paper published by Artegiani et al, they reported a 10-fold increase in the level of knock-in efficiency mediated by NHEJ compared to HDR. It will be interesting to test these two types of integration in the genome with the delivery vehicles mentioned above. Overall, gene editing technologies coupled with the organoid model open interesting and innovative research perspectives. The second objective of my thesis was to study the role of the UBTD1 protein in cell junctions.

As mentioned before, UBTD1 or UBiquiTin Domain containing 1, is a highly conserved protein in evolution. It belongs to a small protein family containing UBTD1 and UBTD2. This 25.9kDa protein contains a characterized UBL domain and a UBD domain. It also contains potential NLS sites. In a previous study, UBTD1 was shown to interact with members of the UBE2D family of E2 ubiquitin ligases 92 . UBTD1 was also shown to stabilize P53 by controlling the ubiquitination of MDM2, the E3 responsible for its degradation 93 . Our laboratory showed that UBTD1 participated in the degradation of YAP by modifying its ubiquitination levels 94 .

Finally, in a recent study, we demonstrated that UBTD1 coordinate EGFR signaling by controlling cellular ceramide levels, via the ubiquitination of several proteins involved in this process (Torrino et al. 2021, see article in appendice). All these previous studies suggest that UBTD1 acts as a platform to mediate the ubiquitination of several substrates. We showed that UBTD1 localizes to the membrane-actin cortex region after the initiation of cell-cell contacts 94 . In my thesis I was interested in understanding where precisely UBTD1 was localized and through which mechanism. We showed that UBTD1 localized at the cytoplasmic membrane of prostate epithelial cells. We also showed that deletion of an N-terminal myristoylation site of the protein disrupted this membrane localization (Figure 25). In order to fully understand how myristoylation affects the localization of UBTD1, it would be interesting to decipher the myristoylation itself. Indeed, this type of myristoylation is achieved by Nmyristoyltransferase (NMT). The deletion of the myristoyaltion site disrupted its membrane localization, an interesting question is: what controls the induction of myristoylation on UBTD1? It will be noteworthy in the future to inhibit these myristoylation enzymes. Furthermore, considering the dynamics associated with the localization of UBTD1, i.e. its localization at the membrane during the establishment of cell-cell contacts, it will be of interest to see if conformational changes of the protein itself occur. In this case, it will require the 
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Exon 2 Seeding analysis of potential phosphorylation sites on the protein. We can hypothesize that the enzymes responsible for myristoylation are not regulated, and are constantly active. In this case, the myristoylation changes of UBTD1 could potentially come from a conformational change, making the myristoylation site accessible under specific conditions. To further analyze the conformational changes of the protein, crystallographic analysis will be necessary.

Figure 25. Simplified representation of the anchoring of UBTD1 to the cytoplasmic membrane.

UBTD1 is localized in the cytosol when its myristoylation site is deleted.

Regarding its localization to the cytoplasmic membrane during the establishment of cell-cell contacts, we were interested in its potential role in the control of cell-cell junctions. We started by modulating UBTD1 expression in a 3D culture system to study cell organization processes related to cell junctions. We observed that downregulation of UBTD1 prevented this cell selforganization. Conversely, overexpression of UBTD1 seemed to increase cell organization. Acini, are ideal to study changes that are not easily visible in 2D cultures. Indeed, this model is ideal to exacerbate phenotypes associated with the organization of epithelium not visible in 2D. The simplicity of the analysis of the main read-out, namely the formation of the acini, makes it a very practical tool. However, the analysis of more precise features, such as cell polarity or cell shape, is more difficult. Indeed, acini grow randomly, and the percentage of acini formed varies from one experiment to another. Moreover, the shape and the level of organization varies from one acini to another, which makes the image analysis difficult and variable. In addition, it results in a very high background noise. This model is therefore not ideal for studying the precise characteristics associated with cell-cell interactions. We then measured read-outs associated with the formation of cell junctions on the same cell line. We observed that overexpression of UBTD1 increased cell surface tension in a monolayer epithelium. Conversely, downregulation of UBTD1 decreased this surface tension. Cell shape was modified when UBTD1 was overexpressed. Z-plane organization was affected in monolayer epithelial cells under-expressing UBTD1. As shown in a previous study, downregulation of UBTD1 is associated with modification of genes involved in epithelialmesenchymal transition (EMT) 94 . Even if the data obtained with these experiments are robust and reproducible, they are only partial and do not allow to fully understand the events triggered by UBTD1. From a physical point of view, the measurement of the surface tension allowed us to see that UBTD1 played a role in the cell tension. We concluded in the article that this measurement reflected changes associated with the establishment of cell junctions. However, as published in other studies using this type of technique 212 , the measurement of surface tension is not sufficient to conclude that the organization of the actin cortex has changed. Indeed, research conducted by Ewa Palluch's group associated modifications of cellular rigidity with modifications of the organization of the actin cortex, however, these experiments were done by measuring cortical tension. Moreover, the measurement of surface tension that we did could also be affected by a modification of the membrane tension. Analyses of the latter using the optical tweezers technique would provide a clear answer to these first observations. To further decipher the genes associated with UBTD1 downregulation in healthy epithelial cells, we performed bulk RNAseq. We identified numerous sets of genes associated with cell junctions that were affected by under or over-expression of UBTD1. These initial results supported the idea that UBTD1 affects processes associated with cell junctions. As we have shown, UBTD1 is expressed only in basal cells of the prostate epithelium. UBTD1 is not found in luminal cells. We then took advantage of this information and chose to use the prostate organoid model. I developed this model in the laboratory after an internship in the Clevers's laboratory at the beginning of my thesis. This model derived from ASCs partially recapitulates the architecture and cellular composition of the original gland. It contains in its mature form, a layer of basal cells in contact with the ECM and a layer of luminal cells surrounding the organoid lumen. We then decided to express UBTD1 constitutively in the basal cells and in the luminal cells of the prostate organoids. We obtained compact organoids containing basal cells in the periphery and luminal cells in the center. However, no lumen was formed between the luminal cells in the center of the organoid under "physiological" conditions. As shown in a study published in 2019, the mechanisms of lumen formation within blastocyst structures is mediated by hydraulic fracturing of cell junctions between cells in the center of the blastocyst 28 . It was shown that the decrease of intercellular junctions facilitated the formation of lumen. It was also shown in the study published by Karthaus et al, that prostate organoid swelling was stimulated with DHT 20 . Taking into account this information, we decided to force the secretion of luminal cells by overstimulating them with DHT. We observed the reformation of lumen in the organoids in the presence of concentrations three times higher than the reference concentrations 20,101 . We can imagine that the hydraulic fracturing mechanisms were restored. However, this hypothesis remains to be demonstrated with further experiments. We could indeed imagine playing on the expression levels of EpCAM, to see if a higher expression would restore lumen formation at 1 nM DHT. We could also induce a knock-out or a knock-down of E-cadherin in luminal cells. The decrease of junctions via the decrease of E-cadherin could also counterbalance the expression of UBTD1 in luminal cells. However, these hypotheses remain uncertain. Ideally, we would like to know the precise interactant(s) of UBTD1 and see if their increase or decrease could restore lumen formation. Taking a step back on the use of the organoid model, we have here a very limited use of it. Indeed, we only played on the junctions between the luminal cells of the prostate and visually analyzed the results of the expression of UBTD1. It could be interesting to analyze if the differentiation of the cells is affected. Nevertheless, the organoid remains an in vitro model, and morphological modifications are not necessarily associated with modifications of the differentiation level. Several modifications can indeed induce the same morphological phenotype. Indeed, AR knock-out and constitutive expression of UBTD1 in all cells induced compact organoids with luminal cells in the center and basal cells in the periphery. The interpretation of these morphological phenotypes should be taken with caution and should be associated with further experiments.

The concept of hydraulic fracturing should also be confirmed in this type of organoid by further analysis. Indeed, the precision of the imaging done here does not really allow to confirm if this type of mechanism is affected. In the study cited above 28 , live imaging was performed at a much higher resolution.

To dig deeper into the potential UBTD1 partners linked to this phenotype, we performed a mass spectrometry analysis of endogenous UBTD1 interactants isolated by co-immunoprecipitation. We identified several partners associated with cell junctions. One of them caught our attention, indeed the cell adhesion molecule (EpCAM) is identified as interacting with UBTD1. However, EpCAM is found to be expressed predominantly at the protein level in luminal prostate cells 83 . It is also known that EpCAM is responsible for loose junctions between epithelial cells, i.e. weak junctions. It exerts this role by destabilizing the binding of E-cadherin to the cytoskeleton in adherens junctions. Its high expression at the level of cell-cell contacts between luminal cells of the prostate suggests that the junctions between the cells are quite weak 83 . The hypothesis we formulated here is that UBTD1 would modulate the strength of cell-cell junctions by controlling the degradation of EpCAM. A first preliminary result showed that its expression at the messenger level was modified when UBTD1 was deregulated. When UBTD1 was overexpressed EpCAM appeared to be downregulated and vice versa. This suggests compensatory mechanisms at the transcriptional level due to potential protein degradation. Nevertheless, experiments will be necessary to confirm that UBTD1 plays a role in EpCAM degradation, for example by evaluating its ubiquitination levels. The evaluation of the amount of EpCAM protein will allow us to assess whether EpCAM is more or less degraded depending on the level of UBTD1 expression. Nevertheless, as mentioned in the literature, ubiquitination does not only induce protein degradation, but it can also induce changes in protein-protein interactions 85 . In this case the experiments to be performed will be different, and the simple evaluation of the protein level of EpCAM will not be sufficient. On the other hand, in view of the protein interactants of UBTD1, the hypothesis that UBTD1 plays a role in the degradation of EpCAM is the most straight forward. However, UBTD1 also seems to interact with vinculin, and subunits of the Arp2/3 complex (data not shown). Arp2/3 being the main actor of the branched polymerization of the actin cytoskeleton 81 . As seen in the literature, the regulation of the branching polymerization of the actin cytoskeleton is a key step in the initiation and maturation of adherens junctions 213 . Vinculin could also be a candidate to explain these phenotypes, given its key role in adherens junctions 214 . Mechanistic studies will therefore be necessary to fully understand how UBTD1 affects cell junctions. Overall UBTD1 seems to be a promising player as a modulator of the strength of intercellular junctions in an epithelium. Given the use of nanoblades in organoids, the logical next step would have been to perform a UBTD1 knockout in organoids to further dissect its role in cell junctions. In the future, it will be interesting to study more precisely the two main domains of UBTD1 to see if we observe mechanisms similar to those observed on other UBL proteins. Indeed, other proteins have been reported to contain UBL and UBD domains 91 . In these proteins, conformational changes were necessary for them to be functional. The study of conformational changes in the UBTD1 protein is essential to understand more precisely its function and regulation.

It will also be interesting to dissect the roles of UBTD1 and UBTD2, to see if they do not compensate each other in some organs. Indeed, UBTD2 is part of the same family as UBTD1, but their expressions can vary from one organ to another. Overall, UBTD1 seems to be a very versatile protein that interacts with many other proteins. Understanding how UBTD1 interacts with these proteins will be a key step to fully understand the protein.

Introduction

All living organisms perceive variations in their environment and translate them into intracellular signals via signaling pathways. In multicellular organisms, disturbances in this signal transduction mechanism induce inappropriate cell behavior and are associated with a plethora of diseases including cancer.

Cellular signaling can be viewed as a finely tuned 'space-time continuum' (Scott and Pawson, 2009). Receptors activated by their ligands at the plasma membrane are endocytosed, then moved along endocytic compartments to be routed to the lysosomes for final degradation or recycled back to the cell surface. Thus, the signal delivered to the cell is the sum of the signals emitted by the activated receptor at the plasma membrane and during its intracellular trafficking (Bakker et al., 2017). The responsiveness of these processes requires fast and accurate control in space and time, which is mainly ensured by post-translational modification (PTM) of proteins. Broadly, several aspects of cell signaling and receptor trafficking are regulated by proteolytic or non-proteolytic ubiquitination (Bakker et al., 2017; Rape, 2018; Haglund and Dikic, 2005; Tokunaga et al., 2009; Eden et al., 2012).

Protein ubiquitination is a PTM that results in the covalent attachment of one or more ubiquitin to lysine residues of the substrate (Yau and Rape, 2016; Komander and Rape, 2012; Kerscher et al., 2006). Ubiquitin conjugation occurs in a sequential three-step enzymatic process involving E1 (ubiquitin activation), E2 (ubiquitin conjugation), and E3 (ubiquitin ligation). In this hierarchical framework, there are only two E1s, over 30 E2s and hundreds of E3s in human, illustrating the large spectrum of E2s that contrasts with the high specificity of E3s in the recognition of substrates (Schulman and Harper, 2009; Ye and Rape, 2009). While the interaction of E3s with their substrates confers specificity to the system, E2s are more versatile and are commonly considered as 'ubiquitin carriers' with an auxiliary rather than control role. However, the modulation of the functionality of E2/E3 complexes by scaffold proteins has been poorly investigated and few proteins acting on these complexes have been characterized (Ye and Rape, 2009; Good et al., 2011).

Ubiquitin domain-containing protein 1 (UBTD1) is an evolutionarily-conserved protein which interacts, both in vitro and in vivo, with some E2 and E3 enzymes of the ubiquitin-proteasome system (UPS) (Uhler et al., 2014). Recently, we have shown that UBTD1 controls the degradation of the transcriptional regulator yes-associated protein (YAP) by modulating its ubiquitination (Torrino et al., 2019). Mechanistically, UBTD1 is a component of the ubiquitination complex that allows the E3 ligase beta-transducin repeats-containing proteins (b-TRCP) to interact with YAP. Coherent with this E2/E3 regulatory function, UBTD1 has been reported to stabilize p53 (tumor protein P53) through ubiquitination and further degradation of mouse double minute 2 (MDM2), the E3 enzyme that degrades p53 (Zhang et al., 2015). Importantly, a decreased expression of UBTD1 is associated with increased cancer aggressiveness and decreased overall patient survival in colorectal, liver, prostate, and lung cancer (Uhler et al., 2014; Torrino et al., 2019; Yang et al., 2020). Based on these evidences, we have previously suggested that UBTD1 may be an E2/E3 scaffolding protein acting as a tumor suppressor (Torrino et al., 2019).

To provide novel insights into UBTD1 functions, we here investigated the effect of its knockdown in a cell model by combining lipidomic, proteomic, and signaling screening. Through this integrated approach, we have uncovered an important role of UBTD1 in epidermal growth factor receptor (EGFR) degradation and signaling. Indeed, we showed that UBTD1 participates in the processing of EGFR-positive vesicles and controls late endosome/lysosome positioning through p62/SQSTM1 (Sequestosome 1) ubiquitination by RNF26. UBTD1 also regulates the ubiquitination of lysosomal ceramidase N-Acylsphingosine Amidohydrolase 1 (ASAH1) and modifies membrane lipid composition to limit EGFR auto-phosphorylation. UBTD1 coordinates in time and space the EGFR signaling pathway to avoid persistent and inappropriate signaling leading to uncontrolled cell proliferation.

Results

UBTD1 depletion induces EGFR self-phosphorylation by modifying membrane lipid composition through ASAH1 ubiquitination

In mammals, UBTD1 is expressed in many organs and cell types, however its molecular function is still largely unknown, and its cellular role remains elusive. To provide insights into its cellular functions, we first performed a phospho-kinase array allowing us to observe that UBTD1 depletion increased (>1.5 fold) phosphorylation of JNK1/2/3, GSK3 a/b (S9/21) and EGFR (Y1086) (Figure 1A, Figure 1-figure supplement 1A). EGFR phosphorylation presented the highest difference compared to control cells (>2 fold). Next, we confirmed by western-blot an increase in EGFR phosphorylation (Y1068 and Y1086) at steady state, and we also noticed an increase in the total amount of EGFR in UBTD1-depleted cells (Figure 1B, Figure 1-figure supplement 1B). Coherently with an increased EGFR signaling, UBTD1 depletion sharply increases cell proliferation (Figure 1C). These EGF promotes proliferation of control cells in a dose-dependent manner but does not further increase proliferation induced by UBTD1 depletion (Figure 1E), while the addition of Gefitinib, an EGFR inhibitor, totally abolishes the pro-proliferative effect of UBTD1 knockdown, indicating that this effect is EGFR-dependent but EGF-independent (Figure 1F). These converging results indicate that UBTD1 depletion increases EGFR phosphorylation and amplifies signaling cascades downstream of EGFR leading to increased proliferation. We next wanted to elucidate the underlying mechanism by which UBTD1 controls EGFR phosphorylation. We performed a phospho-kinase array in serum free medium to determine whether some molecules present in the medium could be involved in EGFR activation (Figure 1G, Figure 1figure supplement 1H; Sigismund et al., 2018). Surprisingly, although no growth factors were present in the medium, the levels of EGFR phosphorylation and its downstream targets (Akt, ERK, CREB, STATs) were still higher in UBTD1-depleted cells than in control cells. Therefore, we then postulated that UBTD1-depleted cells could secrete factors that elicit EGFR phosphorylation. Besides EGF, several other ligands can bind to and activate EGFR, including TGF-a, heparin-binding EGF-like growth factor (HB-EGF), amphiregulin, betacellulin, epigen, and epiregulin (Grant et al., 2002). Thus, we tested whether the knockdown of UBTD1 increases the mRNA expression and/or the secretion of these EGFR ligands. In UBTD1-depleted cells, neither the expression (Figure 1-figure supplement 1I,K) nor the secretion (Figure 1-figure supplement 1J,L) of the main EGFR ligands was increased. This data led us to consider that UBTD1 depletion induces ligand-independent EGFR phosphorylation.

Membrane lipid composition surrounding tyrosine kinase receptors can modulate their activation (Coskun et al., 2011; Ferguson et al., 2003; Meuillet et al., 2000; Lambert et al., 2006; Todeschini et al., 2008). Thus, we isolated cell membranes and performed a lipidomic analysis. UBTD1 depletion induces major changes in membrane lipid composition and, notably, altered the ceramide subclass (Figure 2A-B, Figure 2-figure supplement 1A). Next, by MALDI-TOF/TOF mass spectrometry, which detects the non-lipidic moieties and the identity of the ceramide-backboned lipids, we identified, in UBTD1-depleted cells, a drop in GM2 and GM3 d18:1/16:0 gangliosides (Figure 2C-D). The GM3 ganglioside inhibits spontaneous EGFR autophosphorylation (Coskun et al., 2011; Meuillet et al., 2000; Bremer et al., 1986). To test whether EGFR phosphorylation induced by UBTD1 depletion was caused by a decrease in GM3 content, we added GM3 to the culture medium. In UBTD1-depleted cells, addition of GM3 restores, in a dose-dependent manner, the level of EGFR phosphorylation observed in control cells and completely abolishes cell proliferation induced by UBTD1 knockdown (Figure 2E,F), suggesting that the increase in EGFR phosphorylation and cell proliferation was due to a drop in GM3. To gain insight on how UBTD1 may alter ganglioside level, we performed an immunoprecipitation experiment using endogenous UBTD1 as a bait. Next, by mass spectrometry we identify UBTD1 partners and associated proteins. Using a mild stringency buffer (NP40) to preserve weak protein interactions, we identified a set of 463 proteins (Figure 2-figure supplement 1) distributed in different cell compartments including plasma membrane, endolysosome, and endoplasmic reticulum (ER) (Figure 2-figure supplement 1). Then, we generated a UBTD1 interactome and performed an unsupervised cluster analysis to define 14 protein clusters (Figure 2-figure supplement 1B,C). By assigning to these clusters their top biological functions, we identify a functional sub-network composed of seven proteins and associated with the ceramide metabolic pathway (Figure 2-figure supplement 1D). Within this cluster, we found two proteins directly involved either in the synthesis (ceramide synthase 2, CerS2) or in the degradation (lysosomal ceramidase, ASAH1) of ceramides. Although the protein level of CerS2 was unaffected by UBTD1 invalidation, the level of ASAH1 protein was significantly increased (Figure 3A). ASAH1 degradation was found to be controlled by the proteasome in a prostate cancer cell line (Mizutani et al., 2015). To test whether UBTD1 regulates the degradation of ASAH1, we blocked protein synthesis with cycloheximide (Figure 3B). In the UBTD1-depleted cells, we observed a substantial increase in ASAH1 protein lifetime compared to control cells. Next, we performed a ubiquitination assay (Figure 3C). UBTD1 knockdown drastically reduced ASAH1 ubiquitination, supporting that UBTD1 participates in ASAH1 degradation. Finally, to demonstrate that the increase of EGFR phosphorylation induced by UBTD1 depletion occurs through a defect of ASAH1 degradation, we knock down ASAH1 in UBTD1-depleted cells (Figure 3D, Figure 2-figure supplement 1E). The depletion of ASAH1 does not modify the phosphorylation of EGFR or its signaling as reflected by STAT3 phosphorylation. However, in UBTD1-depleted cells, the knockdown of ASAH1 severely decreases the phosphorylation of EGFR and STAT3 induced by UBTD1 depletion. Collectively, we here provided compelling evidence showing that UBTD1 depletion induces EGFR phosphorylation by decreasing GM3 level through impairment of ASAH1 ubiquitin-dependent degradation.

UBTD1 is associated with EGFR and delays its lysosomal degradation

Although the change in the amount of ganglioside GM3 convincingly explains the effect of UBTD1 depletion on EGFR phosphorylation, the GM3 supplementation does not rescue the level of total EGFR, suggesting an additional role of UBTD1 on EGFR turnover. Thus, we evaluate the effect of UBTD1 depletion on EGFR turnover by blocking protein synthesis with cycloheximide (Figure 4A, Figure 4-figure supplement 1A). When treated with EGF, the level of EGFR decreases over time.

Conversely, in UBTD1-depleted cells, the amount of EGFR remains constant for, at least, 3 hr after the addition of EGF, showing that UBTD1 acts post-transcriptionally on EGFR.

To decipher the underlying mechanism, we took advantage of the cluster functional analysis generated from the UBTD1 interactome (Figure 2-figure supplement 1B,C). Interestingly, we identified an extensive protein cluster functionally related to vesicle mediated transport and endocytosis, which includes EGFR (Figure 2-figure supplement 1F). This data provides an important clue to understand how UBTD1 can affect EGFR turnover. Indeed, the internalization of EGFR relies on its ubiquitination and we previously demonstrated that UBTD1 interacts with E2/E3 of the UPS (Bakker et al., 2017; Uhler et al., 2014; Caldieri et al., 2018). Therefore, we next hypothesized that UBTD1 depletion may impair EGFR ubiquitination. To test this possibility, we monitored by proximity ligation assay (PLA) the interaction between ubiquitin and EGFR with or without EGF stimulation (Figure 4B). As expected, in control cells, EGF treatment increased EGFR ubiquitination estimated by protein proximity. In UBTD1 knockdown cells, the amount of ubiquitinated EGFR increased similarly to control cells, demonstrating that UBTD1 depletion does not severely impair EGFR ubiquitination. Since the ubiquitination of the EGFR was not modified (Figure 4-figure supplement 1B), we then hypothesized that the intracellular trafficking of EGFR may be impaired. We first determined the amount of EGFR at the cell surface. Using an EGF binding assay, we did not detect any difference between control and UBTD1-depleted cells treated or not with EGF (Figure 4C). Next, we performed a time-course of EGF/EGFR endocytosis up to their lysosomal degradation in a pulse-chase experiment using a fluorescent-labeled EGF (Figure 4D). Cells were stimulated with a fluorescent-labeled EGF, and after washing to remove excess labeled EGF in the medium, the fluorescence detected in the cell corresponds to the EGF endocytosed through its receptor (Hanafusa et al., 2011; Futter et al., 1996). The amount of internalized EGF remained constant during the first 30 min in both control and UBTD1 knockdown cells, suggesting that the internalization remains similar. In control cells, the amount of EGF started to decay at 120 min, whereas in UBTD1-depleted cells degradation was delayed by at least one hour (Figure 4D). To determine in which compartment the EGF/EGFR complex was delayed, we combined a pulse-chase of labeled EGF with immuno-localization of early endosomes (EEA1) or late endosome/lysosome (LAMP1) markers. The arrival and departure of EGF in EEA1-positive compartments was similar in UBTD1-depleted and control cells (Figure 4E), confirming that UBTD1 depletion does not alter endocytosis and the first steps of EGFR intracellular trafficking. However, the extent of co-localization between EGF and LAMP1 strongly increased from the 120 min time point in cells depleted for UBTD1 and remained significantly higher for the last two time-points compared to controls (Figure 4F). These results underlined that UBTD1 depletion delays the delivery of EGF/EGFR to the degradative lysosomal compartment or impairs the degradative functions of lysosomes.

UBTD1 depletion slows down EGFR degradation without affecting the overall endolysosomal kinetics

Endocytosis from the plasma membrane to the lysosomes is controlled at multiple stages which makes it virtually impossible to check one by one (Bakker et al., 2017). In our proteomic analysis, we identify many endocytosis-associated proteins as potential UBTD1 interactors (Figure 2-figure supplement 1F). Therefore, we further considered endocytosis as a global functional flux to evaluate the effect of UBTD1 depletion on its functioning. We first postulate that the delay in EGFR degradation we found in UBTD1-depleted cells can reflect a failure of the whole endolysosomal degradation route. To tackle this possibility, we analysed the impact of UBTD1 knockdown on the different endolysosomal compartment's morphology. During the pulse-chase of EGF, the size and number of EEA1-and LAMP1-positive vesicles was unchanged between control and UBTD1-depleted cells (Fig- Because the lysosomes were accessible to internalized cargoes and were functional (DQ-BSA fluoresces when lysosomes are functional), it is thus likely that the defect in EGFR degradation observed in UBTD1-depleted cells is not due to a general disruption of the endolysosomal degradation pathway, but is rather restricted to a subset of proteins including EGFR. To test whether this effect can be extended to other tyrosine kinase receptors, we performed pulsechase experiments with a fluorescent-labeled HGF to monitor the temporal kinetics of its degradation in the lysosome. As for the EGF, in UBTD1-depleted cells, we observe a delay in the extinction of the intracellular fluorescent-HGF signal (Figure 4 

UBTD1 controls p62/SQSTM1 ubiquitination and endolysosomal vesicle positioning

Because the defect in EGFR degradation observed in UBTD1-depleted cells is specific to EGFR rather than a general defect in endocytic trafficking, and because we identify EGFR as a potential UBTD1 partner (Figure 2-figure supplement 1F), we decided to focus on UBTD1 and EGFR common interactors. Thus, we re-examined our proteomic data, generated a new protein-protein network centered around EGFR, and applied cell compartment filters to refine the analysis (Figure 5A,B). Using this approach, we identified a minimal interaction network between EGFR and p62/ SQSTM1 (Figure 5C). Strikingly, p62/SQSTM1 was shown to be involved in the positioning of EGFRpositive endolysosome at the ER (Jongsma et al., 2016), which is critical for lysosomal function (Pu et al., 2016). We first confirmed that p62/SQSTM1 co-immunoprecipitated with UBTD1, demonstrating that these two proteins interact or, at least, are in the same protein complex (Figure 5D).

Because interactions between endolysosome and the ER rule the spatial positioning of the endolysosomal vesicles, we analysed the pattern distribution of the early endosome (EEA1) and the late endosome/lysosome (LAMP1) vesicles in control and UBTD1-depleted cells. UBTD1 depletion does not affect the distribution of EEA1-positive vesicles nor their co-localization with the ER marker calreticulin (Figure 5E, perinuclear region (Figure 5G,H). To validate this result further, we reproduced this experiment in a human epithelial cell line (RWPE1). Again, UBTD1 over-expression lead to a massive clustering of LAMP1-positive vesicles in the perinuclear region (Figure 5I). Taken together, both over-and downexpression experiments support a role for UBTD1 in controlling the positioning of the late endolysosomal degradative compartment. Because p62/SQSTM1 is activated by ubiquitination via the ER-resident E3 ligase RNF26 (Jongsma et al., 2016), we performed a p62/SQSTM1 ubiquitination assay in UBTD1 depleted cells (Figure 6A). As depicted in Figure 6A, UBTD1 knockdown drastically reduced p62/SQSTM1 ubiquitination and increases both p62/SQSTM1 level and protein half-life (Figure 6B,C, Figure 6-figure supplement 1A,B). To confirm that UBTD1 acts on p62/SQSTM1 ubiquitination specifically via RNF26, we examined the interaction between p62/SQSTM1 and RNF26 in control and UBTD1depleted cells (Figure 6D, Figure 6-figure supplement 1C). As shown in Figure 6D, UBTD1 sharply increases the proximity between P62/SQSTM1 and RNF26 thereby promoting the ubiquitination of P62/SQSTM1 by RNF26. We then verified that RNF26, by modulating cargoes trafficking, contributes to the net sum of EGFR present in the cell. The knockdown of RNF26 increases the amount of EGFR and p62 broadly corroborating the elegant experiments performed by Jongsma et al., 2016 (Figure 6E). Interestingly, in UBTD1-depleted cells, RNF26 depletion does not have an additive effect on EGFR or P62 level, suggesting that UBTD1 and RNF26 act on the same molecular mechanism.

We then wondered whether the role of UBTD1 was related to the function of RNF26 or whether UBTD1 was more broadly associated with the ubiquitination of P62/SQSTM1. For this purpose, we stimulated autophagy in RWPE1 cells and then treated them with bafilomycin to block lysosome acidification (Figure 6F, Figure 6-figure supplement 1D). Despite an increase in autophagy in the UBTD1-depleted cell, we found that the general autophagic flow is not blocked and the accumulation kinetics of LC3II and P62/SQSTM1 are similar to control cells, confirming that UBTD1 acts on P62/SQSTM1 ubiquitination specifically via RNF26. These data demonstrate that UBTD1 controls late endosome/lysosome positioning and strongly suggest that the interaction of EGFR-positive vesicles with the ER is disrupted by a defect of p62/SQSTM1 ubiquitination by RNF26.

Collectively, we here showed that UBTD1 plays a crucial role in the post-translational regulation of the EGFR (Figure 6-figure supplement 1E). On the one hand, by modulating the cellular level of GM3 through ASAH1 ubiquitination, UBTD1 controls the ligand-independent phosphorylation of EGFR. On the other hand, UBTD1, via the ubiquitination of SQSTM1/p62 by RNF26 and positioning of late endosome/lysosome, participates in the lysosomal degradation of EGFR. The coordination of these two ubiquitin-dependent processes contributes to the control of the duration of the EGFR signal and cell proliferation. In conclusion, we have highlighted a yet unsuspected role of UBTD1 on receptor signaling which could be of major importance in certain human pathologies. Moreover, our data lead us to propose that UBTD1 may represent a multistrata coordinator orchestrating EGFR signaling in space and time. 

Discussion

The ubiquitination process works in a hierarchical framework with few E2 enzymes allowing the ubiquitination of many substrates by association with multiple E3 enzymes (Ye and Rape, 2009). Previously, we found that UBTD1 interacts with a subset of E2s to form stable stoichiometric complexes (Uhler et al., 2014). Based on these biochemical results, it seems very likely that UBTD1, through its interaction with some E2s, can modify the ubiquitination of many proteins. Illustrating this assumption, we previously demonstrated that UBTD1 controls the ubiquitination of yes associated protein (YAP) and similar findings have been reported for MDM2 (mouse double minute two homolog) (Torrino et al., 2019; Zhang et al., 2015). However, these two specific examples presumably reflect only a small portion of the UBTD1 target proteins and, more importantly, of the cellular processes regulated by UBTD1. By using a holistic approach, we here provide evidence that UBTD1 coordinates the EGFR signaling pathway by controlling two distinct ubiquitin-mediated mechanisms. First, UBTD1 limits the self-phosphorylation of EGFR by modulating the ceramide (GM3) balance through the ubiquitin-dependent degradation of the acid ceramidase ASAH1. Additionally, UBTD1 controls the lysosomal degradation of EGFR by adjusting the spatial patterning of late endosome/lysosomes through RNF26-dependent ubiquitination of p62/SQSTM1. Together, the deregulation of these two molecular checkpoints causes EGFR self-phosphorylation and increases intracellular EGFR lifetime which leads to the persistence of its signaling and induces cell proliferation. In UBTD1-depleted cells, the membrane lipid composition was altered by a decrease in ASAH1 ubiquitination. ASAH1 is synthesized in the ER as an inactive proenzyme and must be activated through autocleavage to become active in the lysosome (Brannigan et al., 1995; Gebai et al., 2018). This process is fundamental since ASAH1 is prominently involved in a genetic lysosomal storage disorder in human (Farber's disease) (Schuchman, 2016). However, the regulatory mechanism remains unclear. Interestingly, it has been reported that ASAH1 is regulated by the proteasome and that the deubiquitinase USP2 modulates protein half-life, clearly suggesting that, ASAH1 is controlled by a ubiquitination-mediated process before reaching the lysosome (Mizutani et al., 2015). Our findings reinforce this proposal by showing that UBTD1 acts on the ubiquitination of ASAH1. Furthermore, ASAH1 has been described by others as potentially interacting with the E3 ligase HERC2, which we also identified in our proteomic screen as a putative UBTD1 partner (Galligan et al., 2015). These data lead us to speculate that the lysosomal content of ASAH1 could be regulated by a ubiquitination process mediated by UBTD1 and HERC2. This hypothesis, although interesting, is still speculative and needs to be further explored in the future. Interestingly, Simmons' group nicely demonstrated that the ceramide GM3 prevents EGFR self-phosphorylation (Coskun et al., 2011). In accordance with this work, we observed that UBTD1 depletion, by decreasing cellular GM3 content, increases EGFR self-phosphorylation. In a broader view, we propose that UBTD1 regulates EGFR self-phosphorylation by controlling GM3 content through ASAH1 ubiquitination.

In a genome-wide screen analysis performed to identify endocytic trafficking master regulators, it has been reported that UBTD1 knockdown increases total EGF vesicle intensity, without major changes in vesicle number, elongation, area, or distance to the nucleus (Collinet et al., 2010). Consistent with this finding, we here demonstrate that UBTD1 depletion drastically increases intracellular fluorescent-labeled EGF lifetime without altering the morphology or the distribution of the early endocytic vesicles. To discriminate at which stage EGF trafficking is corrupted, we analysed EGF kinetics throughout its endolysosomal trafficking. These functional experiments clearly emphasize that UBTD1 depletion only affects the late endosome/lysosome step of EGF transport while totally preserving the upstream EGF flux. As elegantly demonstrated by Jongsma et al., 2016, SQSTM1/P62 is necessary to control EGFR-positive vesicle spatial positioning. Briefly, ubiquitinated p62/SQSTM1 captures specific endolysosomal vesicle adaptors to permit transient ER/endolysosomal contacts which are required for trafficking of some cargoes including EGFR (Jongsma et al., 2016). This sophisticated process is orchestrated by the ubiquitination of p62/SQSTM1 by the ERresident-E3 ligase, RNF26, and requires spatial and temporal coordination. Hence, we propose that UBTD1 impairs EGFR-positive vesicle positioning through a p62/SQSTM1-RNF26 mechanism close to the one described by Jongsma et al., 2016. Importantly, this process is presumably not restricted to EGFR since we observe, as anticipated by Jongsma et al., 2016, similar effects of UBTD1 depletion on other signaling receptors that use the same intracellular routing as EGFR such as c-Met or TGF-b R( Park and Richardson, 2020; Chen, 2009). Although UBTD1 depletion affects p62/ SQSTM1 ubiquitination by RNF26, it has a relatively minor impact on P62/SQSTM1-dependent autophagy demonstrating a high specificity toward some E3s rather than for the substrate in the ubiquitination process. We also noticed this E3-specificity of UBTD1 for the ubiquitination EGFR. Once the canonical clathrin-dependent EGFR endocytosis is saturated by an excess of EGF, EGFR is rapidly routed toward lysosomal degradation through clathrin-independent endocytosis (Bakker et al., 2017; Todeschini et al., 2008). This critical switch is controlled by the ubiquitination of EGFR by the E3 ligase c-Cbl and the E2 enzyme UBE2D3 (Pu et al., 2016; Brannigan et al., 1995). The depletion of UBTD1 had no effect either on the ubiquitination of EGFR or, indeed, on overall EGFR internalization suggesting that UBTD1 is not mandatory for UBE2D3-c-Cbl-mediated EGFR ubiquitination. Although UBTD1 is a molecular partner of some E2s (Uhler et al., 2014), it is likely that its function is specific to some E3s or context-dependent.

From the few works that have been published on UBTD1 and despite still incomplete knowledge about its cellular functions, it seems that a global picture is emerging. Although still largely speculative, we propose that UBTD1 is a rather stable partner of some E2s and its function could be to foster, in certain circumstances, the association between E2 and E3 within the ubiquitination complex. This scaffolding function, controlled by a still unknown mechanism, allows to finely control the ubiquitination of some substrates like P62/SQSTM1 or ASAH1.

EGFR plays a major role in cell proliferation and is frequently overexpressed or hyperactivated in many epithelial cancer cells (Yarden and Pines, 2012). Considering the dual role of UBTD1 on EGFR autophosphorylation and lysosomal degradation, it is not surprising that UBTD1 depletion exacerbates EGFR signaling and induces an EGFR-dependent cellular proliferation. This last finding underlines the importance of UBTD1 in EGFR-driven cell proliferation and may be further investigated in an EGFR hyper-activated state such as cancer. Collectively, we here demonstrated that UBTD1 acts as a coordinator of EGFR signaling, illustrating that the regulation of E2/E3 enzymes of the ubiquitination system by scaffold proteins may represents a critical but still underestimated control layer for coordination of some signaling pathways.

Materials and methods

Reagents and antibodies

EGF (50 ng/ml, AF-100-15) or 10 ng/ml (cell proliferation assay) and HGF (40 ng/ml, 100-39H) were purchased from PeproTech. Anti-UBTD1 (HPA034825, RRID:AB_10602254), sodium chloride, DAPI, Gefitinib (0,5 mM) (SML1657), cycloheximide (75 mM), bafilomycinA1 (100 nM), and 2,5-dihydroxybenzoic acid (DHB) were purchased from Sigma-Aldrich. Anti-HSP90 (sc-13119, RRID:AB_675659), anti-Tubulin (sc-398937), anti-RhoGDI (sc-360, RRID:AB_2227516), and anti-Ubiquitin (sc-8017, RRID: AB_2762364) were purchased from Santa Cruz Biotechnology. Anti-p-STAT3 (Tyr705) (clone D3A7, 9145, RRID:AB_2491009), anti-STAT3 (clone 124H6, 9139, RRID:AB_331757), anti-ERK (#9102, RRID: AB_330744), anti-p-ERK (Thr202/Tyr204, #4370, RRID:AB_2315112), anti-Akt (4691, RRID:AB_ 915783), anti-p-Akt (Ser473) (#4060, RRID:AB_2315049), anti-p-Akt (Thr308) (#13038), anti-c-Met

Cell proliferation assay

After 48 hr of siRNA transfection, cells were seeded at 5 Â 10 4 cells/well in a 96-well plate and cultured for 24 hr prior to experiment. All conditions were performed in triplicate. Cells transfected with control siRNA served as control. Proliferation was measured using the Cell Proliferation ELISA BrdU kit (Roche Diagnostics GmbH), according to the manufacturer's instructions. Briefly, cells were labeled with BrdU at a final concentration of 10 mM/well, for 12 hr at 37˚C. The cells were then denatured with FixDenat solution and incubated for 120 min with 1:100 diluted mouse anti-BrdU conjugated to peroxidase. After two washings (PBS 1Â), the substrate solution was added for 25 min and, after this period, the reaction was stopped with 1 M H2SO4 solution. Absorbance was measured within 5 min at 450 nm with a reference wavelength at 690 nm using an ELISA plate reader.

Kinetic growth assay

Cells were transduced with NucLight Red Lentivirus and selected with puromycin (1 mg/ml) for 2 weeks (Essen Biosciences). After siRNA transfection, cells were allowed to grow (12-well plates) for 48 hr under a live cell imaging system (Essen Biosciences). The experiments were carried out three times independently. Nine images per well (six wells per condition) were taken every 2 hr for 48 hr and analysed with the Incucyte analysis software. The proliferation rate was calculated with the slope between 0 and 48 hr.

Immunofluorescence and pulse-chase

For immunofluorescence analysis, the cells were fixed with PBS/PFA 4% for 10 min and permeabilized with PBS/Triton 100 Â 0.2% for 5 min. After blocking with PBS/BSA 0.2% for 1 hr, the cells were then incubated with primary antibodies (1/100) at room temperature for 1 hr. Secondary antibodies coupled with Alexa-594 and/or Alexa-488 (A-11012, A-11001, Life technologies) were used at 1/500 for 1 hr. Nuclei were counterstained with DAPI (Sigma-Aldrich). For the pulse-chase experiments, the cells were incubated for 10 min with 100 ng/ml of EGF-alexa647 or 40 ng/ml of HGF-Alexa647 with at 4˚C and chased with fresh media for 0, 5, 10, 30, 60, 120, 180, and 240 min at 37˚C (Collinet et al., 2010). Then, the cells were washed, fixed, and immunolabeled as described above. Images were obtained in a randomized fashion using an LSM510 confocal microscope (Zeiss) and a Nikon A1R confocal. At least 20 images per condition were analysed using the unbiased multiparametrics MotionTracking software, as previously described (generous gift from Dr Y. Kalaidzidis, Marino Zerial's lab) (Gilleron et al., 2013; Zeigerer et al., 2012).

Electron microscopy

For ultrastructural analysis, cells were fixed in 1.6% glutaraldehyde in 0.1 M phosphate buffer, rinsed in 0.1 M cacodylate buffer, post-fixed for 1 hr in 1% osmium tetroxide and 1% potassium ferrocyanide in 0.1 M cacodylate buffer to enhance the staining of membranes. Cells were rinsed in distilled water, dehydrated in alcohols and lastly embedded in epoxy resin. Contrasted ultrathin sections (70 nm) were analysed under a JEOL 1400 transmission electron microscope mounted with a Morada Olympus CCD camera. For quantification, at least 200 structures were counted from at least 20 images per condition acquired randomly.

Proximity Ligation Assay

The proximity ligation assay (PLA) kit was purchased from Sigma-Aldrich, and the assay was performed according to the manufacturer's protocol. Cells were fixed in 4% PFA for 10 min at room temperature, quenched in 50 mM NH 4 Cl for 10 min, permeabilised with 0.2% Triton X-100 (w/v) for 10 min and blocked in PBS/BSA. Cells were incubated with primary antibodies for 45 min in PBS/ BSA. Coverslips were mounted in Fluoromount with DAPI to stain nuclei. PLA signals were visible as fluorescent dots and imaged using an inverted epifluorescence Leica DM 6000B microscope equipped with an HCX PL Apo 63x NA 1.32 oil immersion objective and an EMCCD camera (Photometrics CoolSNAP HQ). Fluorescent dots were quantified using ImageJ. Cells and nuclei were delineated to create masks. After a Max Entropy threshold, the PLA dots were quantified in both masks with the ImageJ Analyze Particles plugin. All counts were divided by the number of cells.

Flow cytometric analysis

After 48 hr of siRNA transfection, expression of cell surface EGFR was monitored by flow cytometry on living cells without permeabilization. After washing in ice-cold PBS, cells were immunolabeled on ice for 10 min with Alexa Fluor 647 EGF complex (Molecular Probes, Invitrogen, E35351) in PBS containing 2% BSA. After two further washes in ice-cold PBS containing 2% BSA and one wash in icecold PBS, cells were suspended in PBS and analysed by flow cytometry on a FACS (MACSQuant VYB, Miltenyi Biotec); data were analysed using the Cell Quest software. Measurements were compared to the isotopic control (APC-conjugated anti-mouse IgG1, Biolegend clone MOPC-21 #BLE400122, 1/100, Ozyme) to determine background and positivity thresholds. Each experiment was repeated at least three times.

Western blot assays

Cells were lysed in RIPA buffer (Pierce) or directly in Laemmli's buffer. After denaturation, protein lysates were resolved by SDS-PAGE and transferred onto PVDF membranes (Millipore). Membranes were blocked with 2% BSA in TBS tween20 0.1% and incubated in the presence of the primary and then secondary antibodies. After washing, immunoreactive bands were visualized with ECL (Millipore) and analysed on Pxi (Syngene).

Ubiquitylation assays

HEK293 cells (5 Â 10 6 ) were transfected with 10 mg of His-tagged ubiquitin WT expression vectors together with p62, ASAH1, EGFR or MET and siRNA targeting UBTD1. Ubiquitylated proteins were recovered by His-tag affinity purification on cobalt resin in urea denaturing conditions, as described (Torrino et al., 2011).

Immunoprecipitation

For endogenous immunoprecipitation, cells were harvested and lysed in NP-40 buffer containing a protease inhibitor cocktail (Thermo Fisher). The lysates (13,200 rpm, 10 min, 4˚C) were incubated for 2 hr with the indicated antibody (IP) at 4˚C. Then, 10 ml Dynabeads protein A (Invitrogen) was added to each aliquot for 45 min at 4˚C. Beads were washed 3-5 times with NP-40 and eluted by boiling in 2x sample buffer at 95˚C for 10 min. The eluted fractions were analysed by western blot.

RNA isolation and RT-PCR from cell lines

Total RNA was extracted by TRIzol reagent according to the manufacturer's instructions (Invitrogen). RNA quantity and quality were determined using NanoDrop One Spectrophotometer (Thermo Scientific). One microgram of total RNA was reverse transcribed into cDNA (A3500, Promega). Realtime quantitative PCR was performed using Fast SYBR Green master mix (Applied Biosystems) on a StepOnePlus System (Applied Biosystems). The gene-specific primer sets were used at a final concentration of 1 mM in a 10 ml final volume. RPLP0 mRNA levels were used as an endogenous control to normalise relative expression values of each target gene. The relative expression was calculated by the comparative Ct method. All real-time RT-PCR assays were performed in triplicate with three independent experiments. Primers are provided below. Primers were published in http://pga.mgh. harvard.edu/primerbank/. EGFR (Forward: AGGCACGAGTAACAAGCTCAC; Reverse:ATGAGGACA TAACCAGCCACC); BCL2 (Forward: CGCCCTGTGGATGACT; Reverse: GGGCCGTACAGTTCCA ); MMP2 (Forward: TGAGCTATGGACCTTGGGAGAA; Reverse: CCATCGGCGTTCCCATAC); MMP9 (Forward: GAACCAATCTCACCGACAGG; Reverse: GCCACCCGAGTGTAACCATA); HIF2 (Forward: TTGCTCTGAAAACGAGTCCGA; Reverse: GGTCACCACGGCAATGAAAC); UBTD1 (Forward: GCGGTGACAGGCAGTAGAT; Reverse: CGGAGCAAACGGGATGAGTT). For mRNA expression of Epigen (Hs02385424), Betacellulin (Hs01101201), Epiregulin (Hs00914313), TGF-a (Hs00608187), Amphiregulin (Hs00950669), HB-EGF (Hs00181813), MET (Hs01565584), IL2R (Hs00174759), Transferin Receptor (Hs00951083), TGFR-II (Hs00234253), and UBTD1 (Hs00227913), Taqman probes have been used, and experiments were performed as recommended by the provider (Applied Biosystems).

Enzyme-linked immunosorbent assay

The levels of Epigen (CSB-EL007719HU, Clinisciences), Betacellulin (ab189575, Abcam), Amphiregulin (ab222504, Abcam), Epiregulin (BGK14944, Peprotech), TGF-a (BGK 01135, Peprotech), and HB-EGF (BGK 99075, Peprotech) were measured according to the provider protocol. Values are normalized to the total amount of protein.

In-gel digestion

Protein spots were manually excised from the gel and distained by adding 100 mL of H2O/ACN (1/ 1). After 10 min incubation with vortexing the liquid was discarded. This procedure was repeated two times. Gel pieces were then rinsed (15 min) with acetonitrile and dried under vacuum. Each excised spot was reduced with 50 mL of 10 mM dithiothreitol and incubated for 30 min at 56˚C. Alkylation was performed with 15 mL of 55 mM iodoacetamide for 15 min at room temperature in the dark. Gel pieces were washed by adding successively (i) 100 mL of H2O/ACN (1/1), repeated two times and (ii) 100 mL of acetonitrile. Next, gel pieces were reswelled in 60 mL of 50 mM NH 4 HCO 3 buffer containing 10 ng/mL of trypsin (modified porcine trypsin sequence grade, Promega) incubated for one hour at 4˚C. Then the solution was removed and replaced by 60 mL of 50 mM NH 4 HCO 3 buffer (without trypsin) and incubated overnight at 37˚C. Tryptic peptides were isolated by extraction with (i) 60 mL of 1% AF (acid formic) in water (10 min at RT) and (ii) 60 mL acetonitrile (10 min at RT). Peptide extracts were pooled, concentrated under vacuum and solubilised in 15 mL of aqueous 0.1% formic acid and then injected.

NanoHPLC-Q-exactive plus analysis

Peptide separation was carried out using a nanoHPLC (ultimate 3000, Thermo Fisher Scientific). 5 ml of peptides solution was injected and concentrated on a m-Precolumn Cartridge Acclaim PepMap 100 C 18 (i.d. 5 mm, 5 mm, 100 A ˚, Thermo Fisher Scientific) at a flow rate of 10 mL/min and using solvent containing H 2 O/ACN/FA 98%/2%/0.1%. Next peptide separation was performed on a 75 mm i.d. x 500 mm (3 mm, 100 A ˚) Acclaim PepMap 100 C 18 column (Thermo Fisher Scientific) at a flow rate of 200 nL/min. Solvent systems were: (A) 100% water, 0.1%FA, (B) 100% acetonitrile, 0.08% FA. The following gradient was used t = 0 min 4% B; t = 3 min 4%B; t = 170 min, 35% B; t = 172 min, 90% B; t = 180 min 90% B (temperature was regulated at 35˚C). The nanoHPLC was coupled via a nanoelectrospray ionization source to the Hybrid Quadrupole-Orbitrap High Resolution Mass Spectrometer (Thermo Fisher Scientific). MS spectra were acquired at a resolution of 70 000 (200 m/z) in a mass range of 150-1800 m/z with an AGC target 5e5 value of and a maximum injection time of 50 ms. The 10 most intense precursor ions were selected and isolated with a window of 2 m/z and fragmented by HCD (Higher energy C-Trap Dissociation) with a normalised collision energy (NCE) of 27. MS/MS spectra were acquired in the ion trap with an AGC target 2e5 value, the resolution was set at 17,500 at 200 m/z combined with an injection time of 100 ms. Data were reprocessed using Proteome Discoverer 2.2 equipped with Sequest HT. Files were searched against the Swissprot Homo sapiens FASTA database update on September 2018. A mass accuracy of ± 10 ppm was used for precursor ions and 0.02 Da for product ions. Enzyme specificity was fixed to trypsin with two missed cleavages allowed. Because of previous chemical modification, carbamidomethylation of cysteines was set as a fixed modification and only oxidation of methionine was considered as dynamic modification. Reverses decoy databases were included for all searches to estimate false discovery rates and filtered using the Percolator algorithm with a 1% FDR.

A Protein-Protein Interactions Network (PPI-Net) was created using stringApp in Cytoscape (Szklarczyk et al., 2011), and proteins have been clustered using the Markov Cluster Algorithm (clusterMaker2, Cytoscape).

Lipid extraction and analysis

Extraction was performed using 1.5 mL solvent-resistent plastic Eppendorf tubes and 5 mL glass hemolyse tubes to avoid contamination. Methanol, chloroform and water were each cooled down on wet ice before the lipid extraction. Lipids were extracted according to a modified Bligh and Dyer protocol. The cell pellet was collected in a 1.5 mL Eppendorf tube and 200 mL of water was added. After vortexing (30 s), the sample was transferred to a glass tube containing 500 mL of methanol and 250 mL of chloroform. The mixture was vortexed for 30 s and centrifuged (2500 rpm, 4˚C, 10 min).

After centrifugation, 300 mL of the organic phase was collected in a new glass tube and dried under a stream of nitrogen. The dried extract was resuspended in 60 mL of methanol/chloroform 1:1 (v/v) and transferred in an injection vial before liquid chromatography and mass spectrometry analysis. Lipid extraction from the membrane purification was carried out with the same protocol in which the solvent volumes used were divided by two. Reverse phase liquid chromatography was selected for separation with a UPLC system (Ultimate 3000, ThermoFisher). Lipid extracts from cells were separated on an Accucore C18 150 Â 2.1, 2.5 mm column (ThermoFisher) operated at 400 ml/min flow rate. The injection volume was 3 mL of diluted lipid extract. Eluent solutions were ACN/H2O 50/50 (V/V) containing 10 mM ammonium formate and 0.1% formic acid (solvent A) and IPA/ACN/H2O 88/ 10/2 (V/V) containing 2 mM ammonium formate and 0.02% formic acid (solvent B). The step gradient used for elution was: 0 min 35% B, 0.0-4.0 min 35% to 60% B, 4.0-8.0 min 60% to 70% B, 8.0-16.0 min 70% to 85% B, 16.0-25 min 85% to 97% B, 25-25.1 min 97% to 100% B, 25.1-31 min 100% B and finally the column was reconditioned at 35% B for 4 min. The UPLC system was coupled to a Q-exactive orbitrap mass spectrometer (ThermoFisher, CA); equipped with a heated electrospray ionization (HESI) probe. This spectrometer was controlled by the Xcalibur software and was operated in electrospray positive mode. MS spectra were acquired at a resolution of 70,000 (200 m/z) in a mass range of 250-1200 m/z. The 15 most intense precursor ions were selected and isolated with a window of 1 m/z and fragmented by HCD (higher energy C-trap dissociation) with normalized collision energy (NCE) of 25 and 30 eV. MS/MS spectra were acquired with the resolution set at 35 000 at 200 m/z. Data were reprocessed using Lipid Search 4. 1.16 (ThermoFisher). In this study, the product search mode was used, and the identification was based on the accurate mass of precursor ions and the MS2 spectral pattern. Mass tolerance for precursors and fragments was set to 5 ppm and eight ppm respectively. The m-score threshold was selected at five and the ID quality filter was fixed at grades A, B, and C. [M + H]+, [M + Na]+, and [M + NH4]+ adducts were searched.

Mass spectrometric analysis for ganglioside

Ganglioside extraction was performed as described with minor modifications (Lee et al., 2011). The aqueous upper layers from two extractions (with a mixture of water-methanol-chloroform, W:M: C = 2:2:1) were collected. Two volumes of water were added to precipitate polyglycoceramides. The dried pellet was resuspended with methanol/water (M:W = 1:1) and analysed in reflector-positive and -negative modes on MALDI-TOF/TOF mass spectrometer Ultraflex III (Bruker Daltonics, Bremen, Germany) from 700 to 2500 Da. External calibration was performed by spotting peptide calibration standard II (BrukerDaltonics). Each sample was spotted in triplicate and mixed with DHB matrix on a steel target plate. All mass spectra were generated by summing 1000 laser shots for reflectron ion mode, and 1000 laser shots for the parent mass. Laser power was adjusted between 15% and 30% of its maximal intensity, using a 200 Hz smartbeam laser. MS spectra were acquired in the reflectron ion mode within a mass range from 500 to 2500 Da. Reflectron ion mode was chosen to obtain high detection sensitivity and resolution. FlexAnalysis version 3.0 and updated 3.4 provided by the manufacturer were applied for data processing. The Human Metabolome Database or HMDB 4.0 (https://hmdb.ca/) was used for peak identifications. Heat map and differential intensity analysis with Limma were done using Phantasus (https://artyomovlab.wustl.edu/phantasus/).

Statistical analysis

All analyses were performed using Prism 6.0 software (GraphPad Inc). A two-tailed t-test was used if comparing only two conditions. For comparing more than two conditions, one-way ANOVA was used with: Bonferroni's multiple comparison test or Dunnett's multiple comparison test (if comparing all conditions to the control condition). Significance of mean comparison is marked on the graphs by asterisks. Error bars denote SEM.

INTRODUCTION

Obesity, defined as an abnormal or excessive fat accumulation in the body, is a major public health concern with more than 650 million obese adults in 2016 (from World Health Organization). Obesity is at the root of many pathologies, whether functional (orthopedic, esthetic, psychological complications, benign (diabetes, endometriosis) or malignant (gastro-intestinal tract and hormonedependent cancers). Numerous studies demonstrated the relationship between obesity and an increased risk of cancer (1-4). For example, obesity increases the risk of breast cancer after menopause by 8% and is responsible for 34.1% of endometrial cancers. Globally, 15-20% of total cancer-related mortality in adults aged 30 and over are attributable to obesity or overweight. Obesity provokes metabolic changes related to adipose tissue (AT) development such as insulin resistance and chronic inflammation. These changes induce hormonal and/or growth factor imbalances, which impact cell proliferation and differentiation and can also explain the increased risk of obesity-related cancers.

Climate transition which has begun several years ago is associated with the use of many pollutants. Some of these pollutants are chemicals that accumulate during the food chain in different tissues but mainly in adipose tissue (AT) due to their lipophilic nature. Some of these persistent organic pollutants (POPs) have already been regulated and/or withdrawn from the market due to their carcinogenic properties. They are still found in many products from the chemical industry, such as pesticides, some plastics or cleaning products, or even in building materials. They are usually classified into five categories (5): dioxins, polychlorinated biphenyls (PCBs), organochlorine pesticides (OCs), polybrominated flame retardants (PBDE) and perfluorinated compounds (like PFOS and PFOA) found especially in non-stick coatings (6, 7).

Because of their long half-life and their ability to store in AT, populations remain exposed, from fetal life, and therefore at risk of developing pathologies even when they are exposed to low doses of these pollutants. It has been shown that some of these POPs could interfere with hormonal signaling and/or regulation pathways, thus giving them endocrine disrupting (ED) activity (5). Early and/or chronic exposure to POPs with ED properties can modify the incidence of certain diseases, in particular obesity (8) or hormone-sensitive cancers (thyroid, prostate, testis, breast, ovary) (9, 10).

Hence, there are credible to convincing evidence for the link between obesity and cancer in one hand, and on the other hand, as we will discuss below, between ED chemicals (EDCs) and obesity or EDCs and cancer. However, the link between EDCs, obesity and cancer have not been yet demonstrated. This link could be the adipose secretome perturbed by EDCs, which modify the balance between proliferation and differentiation cell processes.

EDCs AND HORMONE SENSITIVE CANCERS

The development of some cancers is stimulated by hormones, which naturally circulate in the body and bind to membrane and/ or nuclear receptors of cancer cells favoring their growth and multiplication. Among these hormone-dependent cancers, prostate cancer (PCa) and endometrial cancer (ECa) are the most common cancers of the male and female reproductive systems, respectively, in addition to breast cancer (BCa) which is the most common cancer in women worldwide (2). Steroid hormones (estrogens, androgens) play an important role in the etiology, progression and treatment of hormone-dependent cancers (11-13). It is therefore obvious that exposure to EDCs can influence the incidence and development of those cancers (9).

EDCs have been firstly identified as risk factor with the dramatic story of diethylstilbestrol (DES) (14). This synthetic diphenol with potent estrogenic properties was widely prescribed to pregnant women until 1970s to reduce the risk of abortion; however, several studies have reported an increased risk of rare cancers in women progenies (14, 15). Importantly, deleterious effects of prenatal DES exposure have been shown to persist in second-generation paving the way of the concepts of epigenetic transgenerational inheritance (16). Since then, several epidemiological studies supported by in vivo and in vitro experiments have confirmed this association between EDCs (notably PCBs, dioxins, DDE and bisphenol A [BPA]) and an increased risk of hormone-dependent cancers in both sexes (7, 17-19). Regarding testicular cancer, we and others have shown that BPA was able to stimulate the proliferation of seminoma cells involving GPR30/GPER pathway (20-22). Concerning PCa, Prins et al. have shown that exposure to BPA makes prostate stem cells more sensitive to estrogen in adulthood and therefore more likely to develop PCa (23, 24). Regarding persistent EDCs, although discussed, exposure to chlordecone constitutes a demonstrative example with a significant increase in the risk of PCa (25) and of recurrence after radical prostatectomy (26). Observational and experimental studies have suggested a role of PCB-153, an industrial organochlorine product, in the development of high-grade PCa (27). However, a previous study observed an inverse correlation between plasma concentrations of PCB-153 and PCa (28). Likewise, studies differ about a positive association (29) or not (30) between elevated serum levels of PFOA and PCa onset and/or progression. Thus, despite this extensive work on the role of certain EDCs in the incidence of hormone-sensitive cancers, diverse investigations for their action modes, their effects on tumor growth and on the formation of metastases especially in human are still poorly understood (7, 31).

EDCs AND ADIPOSE TISSUE

AT is a major player in toxicological responses to exposure to EDCs, especially to POPs with predominantly halogenated structure which makes them non-metabolizable and very lipophilic (32). By storing POPs, AT may appear to have a protective role, but it is rather considered to be the main internal source of chronic low-level systemic exposure to EDCs since they will be released progressively or massively when lipolysis will occur. Therefore, AT represents a dynamic storage compartment for EDCs within the body with a continuous flow between storage and release in post-exposure periods. Various in vitro and in vivo studies have focused on this dynamic mobilization of EDCs by AT, for instance a murine cell model mimicking lipolysis has been developed and tested for PCBs (33). Using a xenografted fat model, others have shown that TCDD stored in AT of xenograft can be released into the recipient mice and modify gene expression providing a direct evidence of the potential deleterious effects of TCDD (34). Recently, we have shown in a large prospective study that massive weight loss during the first year following bariatric surgery is associated with a prolonged release of POPs from AT, mainly PCB-153, DDE and hexachlorobenzene (35). The fat depot specific differences in EDC bioaccumulation have also been investigating but to date divergent results were obtained even though there is an agreement concerning the abundance of certain EDCs and the correlation with AT macrophage infiltration, adipocyte size or with metabolic parameters (36, 37).

In addition to its storage role, AT functions as a full-fledged endocrine organ producing and responding to hormones and adipokines (38-40). Several EDCs have been described in vitro and/or in vivo to profoundly affect AT physiology: adipocyte differentiation, adipocytokine secretion, oxidative stress and inflammation (8, 41, 42). Numerous publications have demonstrated a possible rolef o rE D C si nt h eg e n e s i so f obesity, they have been called obesogen based on the hypothesis of Blumberg and Grun (8, 38, 41, 43, 44). Indeed, in case of chronic high caloric intake, AT undergoes into morphological changes: hyperplasia (increase of adipocytes number) and hypertrophy (lipid accumulation in the adipocytes resulting in the increase of adipocyte size) (38, 45). Hyperplasia takes place in healthy AT expansion. However, hypertrophy leads to dysfunctional adipocytes development, secreting adipokines as leptin, adiponectin or resistin for the main ones in addition to pro-inflammatory adipocytokines such as MCP-1, TNF-alpha, IL-6, IL-8. Hypertrophy also increase hypoxia, decreasing vascular supply resulting in adipocyte death by a rupture of the membrane, leading to a release of cellular content into the microenvironment. All of this results in the infiltration of inflammatory immune cells including lymphocytes, granulocytes type 1 macrophages leading to a change in AT microenvironment characterized by a chronic inflammation, the development of crown-like structures (dead adipocytes surrounded by macrophages within AT). Those structures generate reactive oxygen species (ROS) that are likely to induce DNA damages. This low-grade chronic inflammation affects local metabolism, but also systemic energy homeostasis. EDCs can act on hyperplasia and/or hypertrophy of the AT but also on adipose secretion (32, 46). For example, because PPAR is a key molecule in the regulation of adipogenesis, any EDC acting as an agonist on this receptor will be likely to cause an expansion of adipocytes, and therefore a modification of the secretome and act as an obesogenic EDC. It is the case of tributyltin (TBT) (44) and PFOA (29, 47-50). Indeed, TBT has been shown to promote inflammatory infiltration into adipocytes but also in reproductive tract in addition to increase fat mass (51-53). In addition to binding to PPAR, some EDCs promote adipogenesis by other mechanisms, such as via estrogen, glucocorticoid receptors or others. It has also been shown that some EDCs, such as dioxins, were able to induce a pro-inflammatory action on murine (54)a n dh u m a n( 55) adipocyte cells, as well as TCDD in mouse AT through AhR pathway (55). In parallel to in vitro and in vivo studies, several epidemiological studies support the association of pre/postnatal exposure to EDCs and increased BMI with the concept of transgenerational effects on progeny (7, 8, 41, 44). Therefore, EDCs that disrupt the coordinated regulation of adipocyte development, metabolism and endocrine function may result in disturbances in local and systemic energy metabolism and inflammatory response (56). The impact of EDCs on adipocyte endocrine function have been investigated but mainly in the context of obesity and/or cardiometabolic disorders. Further studies are required to fully examine their role alone or in cocktail at different doses and exposure notably in the context of cancer.

CANCER AND ADIPOCYTE SECRETOME

Despite recent advances in understanding the biological basis of cancer, the mechanisms underlying its metastatic spread are not clearly established. In this process, the tumor environment plays an essential role. Indeed, a dialogue between cancer cells, the immune system and neighboring tissue cells such as AT is established and modulates the growth and migration of cancer (57, 58). This tumor microenvironment can also transform some adipocytes in so-called cancer-associated adipocytes (CAA) (59). It is also now well established that AT is a key player in the tumor microenvironment, by secreting factors that promote tumor progression and/or by providing metabolite substrates to cancer cells (38, 60-62). An excessive development of AT, as observed in obesity, associated with the existence of a metabolic syndrome, has been correlated with a marked increase in the aggressiveness of cancers (38, 63-65). Adipocytes and AT cells secretome is composed of lipids, adipokines, inflammatory cytokines, peptide hormones as well as extracellular vesicles working both in paracrine and endocrine, extracellular matrix components (38, 60-62).

Among paracrine and endocrine effects, the best characterized adipocytokines are the leptin and the adiponectin (66, 67). In vitro studies have demonstrated that leptin was able to activate ERK1/2 and c-Jun NH2-terminal Kinase (JNK) pathway and so promote cancer cell proliferation (68). However, no strong evidence showed the in vivo implication of leptin in tumorigenesis, although leptin levels or leptin signaling dysregulation have been observed in BCa, PCa and ECa (69). Concerning adiponectin, which circulating levels is inversely correlated to obesity, in vitro studies have shown its inhibitor role in proliferation and apoptosis in cancer cell line such as liver, breast, endometrium and stomach through the activation of AMPK and the inhibition of PI3K/Akt, ERK1/2 pathway, NF-kB, Wnt-b-catenin pathway (70). Similarly, in vivo experiments demonstrated that adiponectin reduced tumorogenesis of cancer cells and that adiponectin-deficient mice developed more tumors (71). Clinical studies indicated a positive correlation between leptin:adiponectin ratio and increased risks for some cancers like ECa in post-menopausal women (72), BCa (73) and PCa (74). However, a metanalysis has then discussed leptin:adiponectin ratio and demonstrated no strong prognosis value for PCa (75).

In addition to adipokines, other factors secreted by adipocytes are involved in tumor progression processes more particularly through a paracrine action. In case of PCa, adipocytes from periprostatic AT (PPAT) secrete CC-chemokine ligand 7 (CCL7) which can diffuse through prostatic capsule to reach the tumor. Interaction between CCL7 and its ligand CC-chemokine receptor 3 (CCR3) will allow tumor migration outside of prostatic gland and initiate metastatic process (61, 76). More recently, creatine has been identified as metabolic substrate in BCa cells (77), which accelerates tumor progression due to a transformation into phosphocreatine to fuel tumor growth, especially in the context of obesity (77). In mammary human tumor, it has been shown that adipocytes in contact with the tumor presented phenotypic modification such as delipidation, dedifferentiation, with an overexpression of pro-inflammatory cytokines such as IL-6 (78).

The bidirectional communication between tumors and adipocytes have also been shown. After invading AT, tumors induce adipocyte lipolysis and thereby released fatty acids, stimulate ROS production favoring tumor invasion (79). Moreover, some AT cells called adipose stromal cells (ASC, multipotent mesenchymal progenitors) can be recruited from AT tumor through chemokine gradient (62) and then enhance PCa progression (80). Besides, FABP4, an abundant adipocyte protein, has been shown to be secreted by adipocytes but also by PCa and stromal cells. This put FABP4 at the heart of a communication between adipocytes and tumor stimulating MMPs and cytokine production in the PCa stromal microenvironment to favor tumor progression (81). More examples of transmitting signals between tumor cells and adipocytes including the potential implication of extravesicles/ exosomes have been reviewed elsewhere (39, 57).

Overall, obesity represents a high-risk factor for several cancers because it promotes AT remodeling which can favor tumorogenesis and tumor progression through a crosstalk between tumor cells and adipocytes. Adipocyte secretome has been so far rather implicated in aggressiveness than in initiation of tumorogenesis. These deleterious effects of AT on cancer cells could be induced or exacerbated by the POPs stored there, which could therefore play an important role in the initiation, progression and/or metastasis of hormone-sensitive cancers which develop later in life (Figure 1A).

MODELS TO ASSESS EDCs EFFECT ON ADIPOSE SECRETOME AND CANCER DEVELOPMENT

Data from epidemiological studies are essential for the detection of potential adverse effects of EDCs but usually provide only suggestive data (41). However, regulators need strong proofs of the interferences of EDCs with the hormonal system. Thus, in vitro assays are required to decipher EDCs molecular mechanisms. To validate in vitro experiments and implement them with physiological and transgenerational data, in vivo or at least ex-vivo models are needed. Thus, it is important to develop alternative systems making it possible to screen these molecules, upstream, to demonstrate in a reliable, reproducible and robust manner, their safety or their potential toxicity (Table 1). Multiple alternative systems have been developed with frog embryos as developmental toxicity test or zebrafish xenograft assay (5).

Regarding adipose models, 3T3-L1 mouse cells is the most used cell line with the subclone 3T3-F442A. They have allowed to decipher adipogenesis molecularm e c h a n i s m sa n dr e g u l a t i o n sa n d to screen multiple drugs before starting clinical trials (82). EDCs have been extensively studied in these cells notably to examine their obesogenic capacity (8, 41, 43, 44). To understand the impact of adipocyte secretome, coculture have been developed. Initially, indirect cocultures were performed by incubating cells with adipocyte conditioned medium. This approach has been conducted with different cell types such as melanoma (83), glioma (84)o rP C ac e l l s ( 76). 3T3L-1 as well as ex-vivo AT conditioned medium were able to increase overall survival of cancer cell lines both by increasing proliferation and decreasing apoptosis (83, 84) and to promote migration of tumor cells (76). Based on these approaches and to understand the potential role of EDCs on tumorogenesis or tumor progression through the modification of AT secretome, normal or tumoral cell lines/primary cells of an organ could be incubated with conditioned media of adipocytes prior exposed to EDCs. Another waytostudyadipocytesecretome is to perform "direct" coculture assay based on Boyden chambers with an insert. For instance, cocultures of BCa and 3T3-F442A cells were used to study the bidirectionel communication between these cells (78, 79).

The results obtained from toxicity and toxicokinetic studies conducted on animals are usually difficult to transpose to humans (41). Over the past years, human multipotent cell models have been developed, notably hMADS cells (human multipotent adiposederived stem cells) (85) and hASCs (human primary adiposederived stromal/stem cells) (86), which allow to well-characterize the different events of lineage commitment (82). TCDD has been shown to increase inflammatory gene expression in hMADS cells but more strongly in undifferentiated than in differentiated adipocytes (55). Bisphenol S has been shown to deregulates adipokine secretion in a fat depot-specific manner in omental versus subcutaneous derived adipocytes from hASCs (87). More recently, Koual et al. have shown that coculture of human BCa cells with hMADS cells, although not differentiated into mature adipocytes, treated with TCDD leads to an increased MCF7 cell growth (19).

While 2D cultures of ASCs are easy to isolate and to differentiate into mature adipocytes, they present numerous limitations, including immortalization and lack of neighboring cells. ASCs have been shown to contribute to AT microenvironment given the opportunity to develop in vitro tissue-engineered adipose models such as 3D culture and/or cocultures with other cell types (i.e. endothelial cells or macrophages) (88-92). Recently, selfassembled adipose constructs into 3D spheroids using primary human SVF cells and a human blood product-derived biological scaffold have been validated (91). 3D adipocyte cultures bring new insight to study connective tissue interactions and crosstalk with other cells such as cancer cells. Using adipocytes in a 3D collagen gel matrix, proliferation rate of human bone-metastatic PCa cell line PC3 increased as well as the expression of VEGF and PDGF (93), as it was previously observed with LNCaP or DU145 cells (94).

The other main limitation of classical cell culture is the use of only one cell type while an organ is composed of several cell types that communicate together. This issue can be resolved using a cutting-edge technology developed this past decade: organoids (95, 96). Organoids allow the study of cell-cell communication but also organ functionality. Organoids have been developed for hormone sensitive organ (thyroid, prostate, testis, endometrium, ovarian); their potential applications and limitations have been recently reviewed (97-100). Furthermore, organoid treated with special drugs presents phenotypic and morphological specificities and this allows an easy and relatively cheap drugscreening platform (101), including the field of precision medicine (102) but also the identification of adverse effects of EDCs as discussed for thyroid gland (98). Therefore, organoids can be a good model to screen EDCs impact on the balance of cell differentiation/proliferation through modification of adipocyte secretome. However, because of medium incompatibility, cocultures using organoids and adipose cells, or direct incubation with adipocyte-conditioned medium cannot be performed, even with immune (103), stromal or vascular components (104). This demonstrates the necessity to developed adapted technology such as microfluidic system as already described in BCa cells (105)o rt oi d e n t i f ys p e c i fic molecules present in AT secretome by omics approaches. Therefore, multiple models have been developed to study EDCs impact on the physiology of diverse tissue/organ, more precisely EDCs storage and release from AT and EDCs effects on proliferation and differentiation of hormone-sensitive cells which are summarized in Figure 1B.

CONCLUSION

To study the impact of EDCs on tumor initiation/progression, it is important to be able to provide relevant tools allowing predictive analysis, upstream of the health risk, and in particular carcinogenic, of these molecules. There are inherent biases in epidemiological studies considering EDCs, which prevent definitive data on their role in carcinogenesis/ metastatic spread. It is currently recognized that chronic exposure to EDCs may be responsible for an over-incidence of hormone-dependent cancers in humans and that EDCs impact on AT functioning. However, the links between EDCs, AT and cancer remain largely unknown. Therefore, alterations in AT secretome by EDCs could allow to identify specific markers, predictive factors of tumor progression, usable for various stakeholders in the field (clinicians, manufacturers, decisionmaking bodies and regulatory health agencies). A better understanding of the functional alterations in AT by EDCs could therefore provide explanatory avenues to elucidate the complex links between obesity and some types of cancer. 

English

During my thesis, I worked on the 3D organoid model following two main objectives: i) developing genetic tools to modify the genome of organoids and ii) deciphering the role of ubiquitin domain-containing protein 1 (UBTD1) in the development of prostate organoids . Genome engineering has become in the last few years more accessible thanks to the RNA programmable endonucleases such as the CRISPR-Cas9 system. However, using this editing technology in synthetic organs called 'organoids' is still very inefficient. This is mainly due to the delivery methods used for the CRISPR-Cas9 machinery, which are predominantly performed by electroporation of RNPs containing the CAS9-gRNA complex, a procedure toxic for the organoids. Here we describe the use of the 'Nanoblade' technology to accomplish genome editing in organoids. Nanoblades outperformed by far knockout (KO) levels achieved with other techniques used to date for delivery of the gene editing machinery. We reached up to 80% of gene knockout in organoids after treatment with nanoblades. We achieved high-level nanoblade-mediated KO for the androgen receptor (AR) encoding gene and the cystic fibrosis transmembrane conductance regulator (CFTR) gene with single gRNA or dual gRNA containing nanoblades. Most importantly, in contrast to other gene editing methods, this was obtained without toxicity for the organoids. Moreover, it requires only four weeks to obtain stable lines KO for a gene in organoids and no obvious unwanted INDELS in off-target site in the genome were detected. In conclusion, nanoblades simplify and allow rapid genome editing in organoids with little to no side-effects.

Morphogenesis and tissue remodeling are finely regulated processes governed by cell-cell adhesions. However, the spatial and temporal control of adhesion molecules remains partially unexplored. Here we studied the role of UBTD1 as a modulator of the strength of adherens in the prostate epithelium. We showed that down-regulation of UBTD1 disrupted the selforganization of cells in three dimensions. Conversely, we demonstrated that overexpression of UBTD1 induced more regular epithelial monolayers and increased cell surface tension. Transcriptomic analyses revealed a gene expression profile of proteins involved in cell junctions affected by UBTD1 modulation. Using the prostate organoid model, we showed that UBTD1 expression in luminal cells disrupted cyst formation in mouse prostate organoids. Finally using a co-immunoprecipitation approach coupled to mass spectrometry, we showed that UBTD1 interacts with partners involved in cell-cell junctions and that these interactants have their expression modulated by UBTD1 deregulation. Our results show that a protein involved in protein degradation processes regulates the strength of adherens junctions.

Français

Au cours de ma thèse, j'ai travaillé sur le modèle d'organoïde 3D en suivant deux objectifs principaux : i) développer des outils génétiques pour modifier le génome des organoïdes et ii) déchiffrer le rôle de la ubiquitin domain-containing protein 

Figure 1 .Figure 2 .Figure 3 .Figure 4 .Figure 5 .Figure 6 .Figure 7 .Figure 8 .Figure 9 .Figure 14 .Figure 15 .Figure 16 .Figure 17 .Figure 18 .Figure 19 .Figure 20 .Figure 21 .Figure 23 .Figure 25 .

 12345678914151617181920212325 Figure 1. Scheme of the anatomy dof an adult human prostate.. ...................................... Figure 2. Simplified representation of the stages of prostate organogenesis. ................... Figure 3. Differentiated adult human prostate epithelium. ............................................... Figure 4. Cell progenitors and the different cell types derived from them present during prostate organogenesis. .......................................................................................................... Figure 5. Representative stages of adenocarcinoma progression in the prostate gland. . Figure 6. The junctional complexes and adhesion molecules of a polarized epithelial cell are distributed at the cell-matrix interface and at cell-cell contacts. ................................ Figure 7. Adhesion junctions are composed of clusters of the transmembrane protein Ecadherin. ................................................................................................................................. Figure 8. Scheme representing a model for the formation of adherens junctions in migrating cells. ....................................................................................................................... Figure 9. Scheme representing a model of the maturation of adherens junctions in migrating cells. ....................................................................................................................... Figure 10. Schema representing a model of stable epithelial junctions mediated by Ecadherin. ................................................................................................................................. Figure 11. Schema representing a model of E-cadherin inhibition by EpCAM. ............. Figure 12. Process and partner involved in ubiquitination. ............................................... Figure 13. Establishment of organoids derived from ASCs. .............................................. Figure 14. Applications of the organoid model. Organoids can be used to model disease. .................................................................................................................................................. Figure 15. Engineering strategy for organoids.. .................................................................. Figure 16. Simplified model of prostate organoid growth.. ............................................... Figure 17. Overview of the possible repair and recombination reactions performed by the cellular machinery after a nuclease-induced DSB. ....................................................... Figure 18. Simplified representation of the structure of zinc finger nuclease (ZFN) and transcription activator-like effector nuclease (TALEN). ................................................... Figure 19. Type II CRISPR-Cas system.. ............................................................................ Figure 20. RNA guided DNA cleavage of genomic DNA. ................................................... Figure 21. Delivery strategies for gene-editing studies. ...................................................... Figure 22. Non-viral methods for delivery of CRISPR-Cas9 components in organoids. Figure 23. Lentiviral production process and transduction of a targeted cell. ................ Figure 24. Knock-in of a reporter gene to reveal nanoblade induced-KO in organoids. ................................................................................................................................................ Figure 25. Simplified representation of the anchoring of UBTD1 to the cytoplasmic membrane. ............................................................................................................................

Figure 1 .

 1 Figure 1. Scheme of the anatomy dof an adult human prostate. Modified from McNeal, J.E. 1969, and Toivanen et al., 2017.

Figure 3 .

 3 Figure 3. Differentiated adult human prostate epithelium. The prostate epithelium is composed of luminal secretory columnar cells and basal cells. Rare neuroendocrine cells are found in the basal cell layer. The epithelium is surrounded by a stroma composed of smooth muscle cells, fibroblasts, neurons, and endothelial cells forming blood vessels. Modified from Toivanen 2017.

Figure 4 .

 4 Figure 4. Cell progenitors and the different cell types derived from them present during prostate organogenesis. Mesenchymal stem cells differentiate upon the action of androgens. The undifferentiated epithelial progenitors give basal progenitors and luminal progenitors that ensure the renewal and homeostasis of the prostate gland. Neuroendocrine cells originate from neural crest progenitors.Modified from Toivanen 2017.

Figure 5 .

 5 Figure 5. Representative stages of adenocarcinoma progression in the prostate gland. Modified from Shen et Abate-Shen 2010.

Figure 6 .

 6 Figure 6. The junctional complexes and adhesion molecules of a polarized epithelial cell are distributed at the cell-matrix interface and at cell-cell contacts. Tight junctions control the permeability of cell-cell junctions, and the integrity of the epithelial barrier. Tight junctions, like adherens junctions, are connected to the contractile actomyosin belt. Adhesion junctions supported by E-cadherins coupled to the cytoskeleton ensure the strength of cell-cell adhesion. Desmosomes are composed of desmosomal cadherins associated with intermediate filaments. Gap junctions connect the cytoplasmic compartments of two adherent cells. Non classical junctions group different adhesion molecules performing homophilic or heterophilic interactions. Focal adhesion and hemidesmosomes connect and anchor the epithelial cell to the extracellular matrix.

Figure 8 .

 8 Figure 8. Scheme representing a model for the formation of adherens junctions in migrating cells (left). The proteins depicted in the diagram represent key players in the establishment of cell-cell contact (right). The cells are pushed toward each other by a dynamic branched cytoskeleton promoted by Rac1, Cdc42 and Arp2/3.

  during the initiation phase of adherens junctions, β-catenin binds to the C-terminal part of E-cadherin and induces its transport to the cytoplasmic membrane.

Figure 9 .

 9 Figure 9. Scheme representing a model of the maturation of adherens junctions in migrating cells (left). The proteins represented in the schematic represent key players in the remodeling of the actin cytoskeleton (right). Cell-cell contacts are extended by RhoA-activated cytoskeleton remodeling. The branched cytoskeleton is converted into linear actin fibers bundled by α-actinin. Yellow circles: αcatenin.

Figure 10 .

 10 Figure 10. Schema representing a model of stable epithelial junctions mediated by E-cadherin. The proteins represented in the diagram represent the key players involved in the maintenance of junctions. Stable junctions are mediated by a linear F-actin cytoskeleton coupled to contractile Myosin II. Filament turnover is mediated by RhoA-mediated formin. Myosin II is activated by RhoA via ROCK.

Figure 11 .

 11 Figure 11. Schema representing a model of E-cadherin inhibition by EpCAM. EpCAM may weaken Ecadherin-mediated adherens junctions by disrupting its connection to the actin cytoskeleton. EpCAM is associated with a decrease in the cellular pool of α-catenin and localizes to the cytoplasmic membrane

Figure 12 .

 12 Figure 12. Process and partner involved in ubiquitination. (A) Types of ubiquitin produced in eukaryotic cells. (B) Different types of ubiquitin conjugation to substrate molecules. The conformations and number of ubiquitins define the cellular outcome. (C) Process of ubiquitination of a substrate molecule. Modified from Rape 2018.

Figure 14 .

 14 Figure 14. Applications of the organoid model. Organoids can be used to model disease. They allow to understand genetic disease mechanisms, and to study genes involved in cancer. Organoids can be used to study host-pathogen interactions with co-culture with bacteria or viruses. Biobanks of organoidsfrom patient samples can be used for drug screening. They can be stored for future studies. Organoids can be used to study developmental processes, stem cell homeostasis, and its response to physical and chemical stimuli. Schema from Hofer 2021.

•

  Cell-cell and cell-matrix adhesion • Reprogramming cellular responses to (external) stimuli • Artificial cell-cell communication circuits • Genetically engineered fate choices • Extracellular matrix composition • Control of cell adhesion • Soluble growth factors and metabolites • Physical parameters and geometrical constraints • Systemic physiological parameters (pH, flow, movement) • Control over different functional compartments • Multi-tissue and multi-organ interactions • Controlled imaging with automated analysis • Miniaturized electrochemical probing • Parallelization and high throughput

Fig. 3

 3 Fig. 3Engineering approaches can be applied at several levels to organoids, including at the cellular level, niche level, multi-tissue level and to improve functional readouts.

Figure 18 .

 18 Figure 18. Simplified representation of the structure of zinc finger nuclease (ZFN) and transcription activator-like effector nuclease (TALEN). (A) Scheme representing a zinc finger dimer bound to a DNA sequence. Each zinc finger recognizes 9 to 18 bp of DNA. The two zinc finger binding sites are separated by 5 to 7 nucleotides. This sequence is cleaved by FokI. (B) Scheme representing a dimer of TALEN bound to DNA. The two TALE binding sites are separated by 12 to 20 bp. This sequence is cleaved by FokI. Each individual TALE recognizes via its variable amino acids a specific nucleotide. They are called Repeat-variable diresidues (RVD).

Figure 19 .

 19 Figure 19. Type II CRISPR-Cas system. (A) Genomic CRISPR locus. The operon coding for Cas proteins, the repeated sequence interspaced with viral DNA fragment and the tracrRNA sequence. (B) Maturation of the tracrRNA with the crRNA and complex formation with the Cas9. The ribonuclease III (Rnase III) processes the pre-crRNA by cutting it into individual crRNA (modified from 159 ).

Figure 20 .

 20 Figure 20. RNA guided DNA cleavage of genomic DNA. A single guide RNA (sgRNA) is represented in the scheme. (1) Cas9-sgRNA complex. (2) The Cas9-sgRNA complexes links to the target gDNA. (3) Formation of the R-loop. (4) Cleavage by the two nuclease domains HNH and RuvC of the doublestranded DNA target 3 bp upstream of the PAM sequence.

  Once translated, these sites are experimentally amplified and analyzed by Sanger sequencing. To visualize and quantify the percentage of indels on or off target, there are open access sites like DECODR or ICE. Deconvolution of Complex DNA Repair (DECODR) is a deconvolution algorithm that can detect Cas9-induced indels from clonal or bulk cell genome sequencing. It can detect deletions of several hundred bp and identify the bases inserted in the DSBs 166 .

  Baboon endogenous retrovirus was isolated from a specimen of baboon placenta cocultivated with other mammalian host cell lines 202 . Recent studies have shown that pseudotyping of LVs with BaEV envelope outperformed VSVG based lentivirus for gene transfer into cytokine stimulated or resting hematopoietic cells such as B, NK and T cells and hematopoietic stem cells 200 . A study released in 2019 was reporting how baboon envelope glycoprotein pseudotyped lentiviral vectors (BaEV-LVs) were outperforming other LV pseudotypes for transduction of naive adult and fetal interleukin-7stimulated T cells. Indeed, BaEV-LVs efficiently transduced thymocytes and T-cell progenitors generated by culture of CD34+ cells in the presence of Delta-like ligand 4. 203 It has also been shown that these BaEV-LVs were allowing efficient NK-cell transduction. They reached in that study a transduction rate of 23.0% in freshly-isolated human NK-cells and 83.4% in NK-cells obtained from the NK-cell Activation and Expansion System 204 , where classical VSV-G pseudotyped lentiviral vector only reached 5 %.

  Nanoblades were produced in 293T HEK cells. 5.10 6 cells were plated per 10 cm plate 24h prior to transfection. To produce nanoblades, plasmids coding for MLVGagPol (3 μg), GagCas9 (3 μg), BaeVRless (2 μg), VSVG (2 μg) and CRIZI (6 μg) were co-transfected with transfection reagent at a 2.6/1 ratio of Polyethylenimine (PEI; Polysciences, Warrington, USA) (μg)/total DNA (μg). The medium was replaced 24 hours after transfection by 6 ml of OptiMEM (Life Technologies Carlsbad, USA) supplemented with penicillin -streptomycin and HEPES. The next day, Nanoblade-containing medium was clarified by centrifugation (2000 rpm for 5 min) and filtered through a 0.45 μm pore-size filter before centrifugation overnight (3000g for 16h at 4 ° C). Supernatant was carefully removed by aspiration leaving a volume to obtain 100-150x concentration of the nanoblade preparation. Nanoblades can be stored at -80 °C.Nanoblade transduction procedureOrganoids were resuspended in ice-cold complete adDMEMF/12, then centrifuged at 200g for 5 minutes at 4 °C. Once the supernatant was aspirated, 1X TrypLE was added to the tube and incubated for 5 minutes at 37 ° C while pipetting up and down to dissociate the organoids. After washing the cells with complete adDMEMF/12, 1E4 cells were distributed in a 96-well plate in 100 μl of complete adDMEMF/12 with 10 μM Y-27632 to which nanoblades (4 µmoles of Cas9 protein), were added. The plate was then centrifuged at 200g for 60 min at room temperature. The plate was incubated for 6 hours at 37 °C. The cells were then collected in Falcon15 tube containing 5 ml of complete adDMEMF/12 and centrifuged at 200g for 5 min.

  The CRISPR-CAS9 gRNA complexes contained in the VLPs are only transiently expressed once delivered into the targeted cell. The fact that Cas9 is present in the cell for a short time should theoretically decrease the number of cuts in off-target sites. Using the Cas-OFFinder open access website,

Figure 1 .

 1 Figure 1. Strategy and efficiency of nanoblade induced knock-out in mouse prostate organoids. A. Experimental workflow of the use of nanoblades for gene editing of mouse prostate organoids. Organoids are dissociated, treated with the nanoblades, and seeded back into matrigel supplemented with factors inducing organoid generation. B. Representative bright-field images of mouse prostate organoids 9 days after treatment or not with nanoblades targeting the GFP-coding sequence. Scale bar, 200 µm. C. Left panel, flow cytometry analysis of GFP expressing organoids treated or not with nanoblades targeting the GFP-coding sequence. Right panel, flow cytometry analysis of GFP expressing organoids treated with different quantities of nanoblades anti-GFP (means ± SD; n = 3; *p<0.05; **p<0.01, ***p<0.001). D. Flow-cytometry analysis of GFP expressing organoids treated with fixed amounts of nanoblade anti-GFP with or without Polybrene and Retronectin (means ± SD; n = 3; ns= not significant).E. The toxicity in organoids is evaluated, nine days after incubation of organoid cells with or without nanoblades by counting of the number of organoids (means ± SD; n = 3; ns= not significant).

Figure 2 .

 2 Figure 2. Nanoblades enable efficient generation of knock-out organoid lines from mouse prostate organoids. A. Stepwise procedure for nanoblade mediated gene knocked-out in organoid cell lines B. Representative bright-field images of mouse prostate organoids at 9 days after treatment with nanoblades targeting the Androgen-Receptor (AR). Two different sgRNAs (AR_1 and AR_2) were used to knock-out AR, either alone or together. Scale bar, 200 µm. C. Representative immunofluorescence images of the center of WT and AR-KO mouse prostate organoids. Staining for basal marker CK5 (cyan), luminal marker CK8 (red) and AR (green). Nuclei were stained with DAPI (blue). Scale bar, 50 µm. D. Bulk gDNA sequencing analysis of organoids treated with nanoblades targeting AR. Sanger sequencing was performed of the 557 bp PCR surrounding the AR target loci and was subjected to ICE analysis which revealed on-target INDEL frequencies at gRNA AR1 or AR2 target loci. Sequence decomposition of INDEL events is shown.

Figure 3 .

 3 Figure 3. Efficient nanoblade induced knock-out in mouse colon organoids. A. Representative bright-field images of mouse colon organoids 9 days after treatment or not with nanoblades targeting the GFP-coding sequence. Scale bar, 200 µm. B. Flow cytometry analysis of GFP expressing organoids treated or not with nanoblades targeting the GFP-coding sequence. C. Flow cytometry analysis of GFP expressing organoids treated with different with different quantities of anti-GFP nanoblades (means ± SD; n = 3).D. Toxicity of nanoblades in organoids is evaluated nine days after treatment by counting the number of organoids treated or not with nanoblades using a counting cell (means ± SD; n = 3; ns= not significant).

Figure 4 .

 4 Figure 4. Nanoblades enable the efficient generation of knock-out mouse colon organoid cell lines A. Representative bright-field images of mouse colon organoids 9 days after treatment with nanoblades targeting CFTR. Two different sgRNAs were used to knock-out CFTR, which were employed alone or combined. B. Bulk gDNA sequencing analysis of organoids treated with nanoblades targeting CFTR. Sanger sequencing was performed of PCR band including the CFTR target loci
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  TrypLE (Gibco, Waltham, USA) for 15 minutes at 37°C. Cells were washed between each step with 15 ml of advanced complete DMEM/F12 (adDMEM/F12 containing penicillin/streptomycin, 10 mM HEPES and 2 mM GlutaMAX (100× diluted)) (ThermoFisher, Waltham, USA). Then cells were passed through a 70-μm cell strainer (ThermoFisher, Waltham, USA) to remove excessively large debris. The cells were then labeled with CD49f-APC conjugated antibody and CD24-PE conjugated antibody (ThermoFisher, Waltham, USA) and sorted by flow cytometry (BD FACSAria™ Cell Sorter). The isolated cells were then washed with complete adDMEM/F12 and after centrifugation at 200g for 5 minutes, the cell pellet was re-suspended in growth factor reduced phenol red-free Matrigel (Corning, NY, USA) at a concentration of 200 cells per microliter of Matrigel. Mouse prostate organoids were maintained in complete adDMEM/F12 supplemented with 50 X diluted B27 (Life Technologies Carlsbad, USA), 1,25 mM N-acetyl-l-cysteine (Sigma-Aldrich, Saint-Louis, USA), 50 ng/ml EGF (PeproTech, Cranbury, USA), 200 nM A83-01 (Tocris Bioscience, Bristol, UK), 1% Noggin conditioned medium, 10% R-spondin 1 conditioned medium, 1 nM DiHydro-Testosterone (Sigma-Aldrich, Saint-Louis, USA) and 10 μM Y-27632 dihydrochloride (PeproTech Cranbury, USA). Culture medium was replenished every two days. For passage of the organoid cultures, each drop of Matrigel containing the organoids was resuspended in 1 ml of ice cold complete adDMEM/F12, which were centrifuged for 5 minutes at 200g at 4 ° C. Prostate organoids were then incubated in TrypLE for 5 minutes at 37 ° C and mechanically dissociated by pipetting up and down with a P10 pipet tip. Cells were then washed with complete adDMEM/F12 and centrifuged at 200g at 4 ° C. Cells were seeded again in Matrigel at a concentration of 100 cells/μL. The appropriate medium was added to the cells and replenished every two days.
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 12 Figure 1. UBTD1 is localized to the cytoplasmic membrane of prostate basal cells via its N-terminal myristoylation site. A. Representative immunofluorescence (IF) image of healthy human prostate section. Staining for basal cell marker CK5 (pink), luminal cell marker CK8 (red) and UBTD1 (green). Nuclei were stained with DAPI (blue). Scale bar, 40 μm and 10 μm. B. Representative immunofluorescence image of human prostate cytoplasmic cell membrane done with stimulated-emission-depletion (STED) microscope. Staining for F-actin with phalloidin Alexa Fluor™ 594 (red) and UBTD1 (green) using a STAR 635P secondary antibody. Cytoplasmic membrane was stained using Wheat Germ Agglutinin (WGA) conjugated with an Alexa Fluor™ 647 (pink). Scale bar, 5 μm, 2 μm, 1 μm. C. Representative immunofluorescence image of a blebing cell. Blebing in human prostate epithelial cell was induced by treatment with EtOH 5% and Cytochalasin D (CytoD) 2.5μM. Staining for F-actin with phalloidin Alexa Fluor™ 594 (red) and UBTD1 (green). Cytoplamic membrane was stained using WGA conjugated with an Alexa Fluor™ 647 (pink). Scale bar, 5 μm. D. Schematic representation of the constructs used to achieve expression of the mutated form of UBTD1. UBTD1 was coupled in C-terminal with mNeonGreen. Total myristoylation site was removed in ΔN-UBTD1. Single point mutations were realised on UBTD1 N-terminal myristoylation site (G2A, C4A and G2A/C4A). Immunofluorescence pictures of mutated form of UBTD1. F-actin was stained with phalloidin (red), nuclei were stained with DAPI (blue). Scale bar, 10 μm. E. Representative images of the 3D structure of UBTD1. The entire myristoylation site was highlighted with a green color. Glycine number 2 and cysteine number 4 were highlighted with a orange color. The prediction of the 3D structure was carried out using the open access online software I-TASSER. F. Quantification of confocal images for UBTD1's location in the cell using CellProfiler. Cells were divided into four compartments: nucleoplasm, perinuclear region, cytosol, cytoplasmic membrane. A two-way ANOVA test was performed. (means ± SEM; n = 3; *p<0.05; **p<0.01, ***p<0.001; ns= not significant)
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 12 one-way ANOVA test was performed (means ± SD; n = 3; *p<0.05; **p<0.01, ***p<0.001). G. Representative immunofluorescence images of the center of acini at day 10 treated with the different shRNAs. Staining for F-actin (pink) and caspase-3 (white). Nuclei were stained with DAPI (blue). Scale bar, 50 μm. Cell death quantification was assessed using an automated fluorescence cell counter which also quantifies cell viability. A one-way ANOVA test was performed (means ± SD; n = 3). H. Representative immunofluorescence images of the center of GFP or UBTD1-GFP expressing acini at day 10. Staining for integrin-β4 (red) and giantin (white) on the left panel. Staining for F-actin (white) and E-cadherin (cyan) on the right panel. Nuclei were stained with DAPI (blue). Scale bar, 15 μm, 50 μm. I. Morphological parameters of acini were evaluated using CellProfiler on acini sections acquired on a confocal microscope. Acini area and perimeter are represented here. The average distance of cells from the center of acini was also quantified. n = 25 acini represents the GO functional classification. Only GFP vs UBTD1-GFP and shCTRL vs sUBTD1#2 conditions are shown here. B. Volcano map of DEGs. The X-axis represents the fold change of the difference after conversion to log2, and the Y-axis represents the significance value after conversion to-log10. Red represents DEG up regulated, blue represents DEG down regulated, and gray represents non-DEG.C. GO cellular component enrichment bubble chart. X-axis is the enrichment ratio [the ratio of the number of genes annotated to an entry in the selected gene set to the total number of genes annotated to the entry in the species, calculated as Rich Ratio = Term Candidate Gene Num/Term Gene Num] It is GO Term. The size of the bubble represents the number of DEGs annotated to a GO Term. The color represents the enriched significance. The redder the color, the smaller the significance value. D. Gene Set Enrichment Analysis (GSEA) of statistically significant and consistent differences between two conditions. Here are represented GSEA for GFPvs UBTD1-GFP and shCTRLvs shUBTD1#2. The graph is divided into four parts. The X-axis always indicates the rank of the change value (change value generally refers to signal2noise or log2ratio, hereinafter referred to as "score") before and after processing of all genes (the expression level is greater than 0). The change values are sorted in descending order from the left to right, namely, the maximum change value are sorted as 1. Part one, the green fold line indicates the change curve of the gene enrichment score (ES), and the Y-axis is the ES value. It is necessary to pay attention to the crest value or wave trough value of the polyline. When the absolute value of the crest is greater than the absolute value of the wave trough, it indicates that the gene on the left side of the crest (that is, the leading edge subset) is related to the phenotype of the treatment group; when the absolute value of the wave trough is higher, it indicates the right gene of wave trough is related to the phenotype of the control group. Part two, Each black vertical line represents one gene, this section shows all genes in a certain category (such as a pathway or a GO entry). The height of Y-axis is fixed, without special meaning 3. Part three, The heatmap represents the signal2noise/log2ratio value of all expressed genes. Here, the average score of multiple genes in a certain interval is used as a representative display. Red indicates the value> 0, and blue indicates the value <0.
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Figure 24 .

 24 Figure 24. Knock-in of a reporter gene to reveal nanoblade induced-KO in organoids. Combining nanoblades targeting a genomic locus with integration deficient lentiviral vectors encoding for the donor template carrying the reporter expression cassette flanked by the two homology arms directed to the genomic region of interest .

Figure 1 .

 1 Figure 1. UBTD1 depletion exacerbates EGFR signaling to induce cell proliferation. (A-G) DU145 cells were transfected for 48 hr with the indicated siRNA (siCTRLpool or siUBTD1pool). (A, D, G) Heatmap of protein phosphorylation relative quantification from multiple signaling pathways in complete media (A), under EGF stimulation (D) at 50 ng/ml for 10 min or under serum-starved medium (G). Data quantification is carried out from dot blot (Figure 1-figure supplement 1A, C, H) and normalized to the siCTRL condition. (B) Immunoblot and quantification of p-EGFR (Y1068 or Y1086).Figure 1 continued on next page

Figure 1

 1 Figure 1. UBTD1 depletion exacerbates EGFR signaling to induce cell proliferation. (A-G) DU145 cells were transfected for 48 hr with the indicated siRNA (siCTRLpool or siUBTD1pool). (A, D, G) Heatmap of protein phosphorylation relative quantification from multiple signaling pathways in complete media (A), under EGF stimulation (D) at 50 ng/ml for 10 min or under serum-starved medium (G). Data quantification is carried out from dot blot (Figure 1-figure supplement 1A, C, H) and normalized to the siCTRL condition. (B) Immunoblot and quantification of p-EGFR (Y1068 or Y1086).Figure 1 continued on next page

Figure 1 1 :

 11 Figure 1 continued p-EGFR levels were quantified by calculating the ratio between p-EGFR and EGFR, both normalized to loading control signal. Immunoblot of UBTD1 shows the level of siRNA depletion. (C) Representative images and cell growth curves measured by videomicroscopy (Incucyte, Essen Bioscience). T = 0 corresponds to transfection time and the time window (30-50 hr) is presented. (E, F) Proliferation assay in the presence of different concentrations of EGF (E) and in the presence of EGF inhibitor (Gefitinib) (F). n ! 3 independent experiments. ns = non-significant, *p<0.05; **p<0.01, ***p<0.001; (C) Bonferroni's multiple comparison test; (E-F) two-way ANOVA and Bonferroni's multiple comparisons test; data are mean ± s.e.m. The online version of this article includes the following source data and figure supplement(s) for figure 1: Source data 1. Uncropped western blot for Figure 1. Source data 2. Row data for Figure 1 and for Figure 1-figure supplement 1.Figure supplement 1. UBTD1 depletion exacerbates EGFR signaling.Figure supplement 1-source data 1. Uncropped western blot for Figure 1-figure supplement 1.
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 12 Figure 2. UBTD1 depletion induces EGFR self-phosphorylation by modifying membrane lipid composition. (A-F) DU145 cells were transfected for 48 hr with the indicated siRNA (siCTRLpool or siUBTD1pool). (A,B) Heatmap of all (A) lipids and (B) ceramide levels. The normalized expression of each lipid is shown in a scale range from blue to red. CER: ceramides; ChE: cholesterol ester; DG: diacylglycerols; LPC: lysophosphatidylcholines; MG: monoacylglycerols; PC: phosphatidylcholines; PE: phosphatidylethanolamines; PG: phosphatidylglycerol; PI: phosphatidylinositol; PS: Figure 2 continued on next page
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 22 Figure 2 continued phosphatidylserines; SM: sphingomyelins; TG: triglycerides; ZyE: zymosterols. (C,D) Mean intensities of positive-ion (C) and negative-ion (D) MS spectra from reflectron MALDI-TOF analyses. (E) Immunoblot and quantification of p-EGFR (Y1068 or Y1086) in the presence of different concentrations of GM3. p-EGFR levels were quantified by calculating the ratio between p-EGFR and EGFR, both normalized to loading control signal. Immunoblot of UBTD1 shows the level of siRNA depletion. (F) Representative cell growth curves measured by videomicroscopy (Incucyte, Essen Bioscience) in the presence of GM3. T = 0 corresponds to transfection time and the time window (40-60 hr) is presented. n ! 3 independent experiments. *p<0.05 **p<0.01, ***p<0.001; ****p<0.0001; (C-F) two-way ANOVA and Bonferroni's multiple comparisons test; data are mean ± s.e.m. The online version of this article includes the following source data and figure supplement(s) for figure 2: Source data 1. Uncropped western blot for Figure 2. Source data 2. Row data for Figure 2 and for Figure 2-figure supplement 1.Figure supplement 1. Protein clustering and functional interaction analysis of the UBTD1 interactome.Figure supplement 1-source data 1. Uncropped western blot for Figure 2-figure supplement 1.

Figure supplement 1 .

 1 Protein clustering and functional interaction analysis of the UBTD1 interactome.

Figure supplement 1 -source data 1 .DFigure 3 .

 113 Figure 3. UBTD1 controls ASAH1 ubiquitination to promote EGFR self-phosphorylation. (A-D) DU145 cells were transfected for 48 hr with the indicated siRNA (siCTRLpool or siUBTD1pool or siUBTD1single1 or single2 or siASAH1 single1 or single2). (A) Immunoblot and quantification of ceramide synthase 2 (CerS2) and the lysosomal ceramidase (ASAH1). (B) Immunoblots (up) and quantification (down) of ASAH1 levels in cells treated with cycloheximide (CHX) at different time points. Immunoblot of UBTD1 shows the level of siRNA depletion. CHC was used as a loading control. (C) Figure 3 continued on next page

ure 4 -

 4 figure supplement 1C-F). Consistent with this, the number and morphology of the early endosomes, late endosomes, and lysosomes were similar at the ultrastructural level (Figure4-figure supplement 1G,H). Although the endocytic compartments were present and morphologically normal, the flux of cargoes along these compartments could be altered. To test it, we loaded the

Figure 3 continued 3 :data 1 . 3 .Figure 4 .

 33134 Figure 3 continuedImmunoblots show ASAH1 ubiquitylation in HEK cells in different experimental conditions. Cells were transfected, as indicated, with expression vectors for histidine-tagged ubiquitin (His-Ub) together with control siRNA or UBTD1 siRNA. His-Ub crosslinked forms of ASAH1 were purified (IP: His) and the immunoblot of ASAH1 showed ASAH1 ubiquitylation. The immunoblot of ASAH1 (bottom panel) was performed in parallel to verify the amounts of ASAH1 protein engaged in His-Ub purifications. The immunoblot of UBTD1 shows the level of siRNA depletion. (D) Immunoblot and quantification of p-EGFR (Y1068 or Y1086) and p-STAT3. p-STAT3, p-ERK and p-AKT levels were quantified by calculating the ratio between phospho-protein and totalprotein, both normalized to loading control signal. Immunoblot of UBTD1 shows the level of siRNA depletion. n ! 3 independent experiments; ns = non-significant, **p<0.01, ***p<0.001; ****p<0.0001; (A,D) two-way ANOVA and Bonferroni's multiple comparisons test; data are mean ± s.e.m. The online version of this article includes the following source data for figure 3: Source data 1. Uncropped western blot for Figure 3. Source data 2. Row data for Figure 3.

  -figure supplement 2A). Next, we tested the effect of UBTD1 knockdown on the ubiquitination of c-Met. As with EGFR, we found that UBTD1 depletion does not alter c-Met ubiquitination (Figure 4-figure supplement 2B,C). Lastly, we wanted to know if, as for the EGFR, the depletion of UBTD1 affects the total amount of c-Met (Figure 4-figure supplement 2D). Indeed, in UBTD1-depleted cells, we observe an increase in the level of c-Met and TGF-b R without any change in their mRNA expression (Figure 4-figure supplement 2E). Nevertheless, this mechanism seems to be restricted to tyrosine kinase receptors since we do not observe any change in the amount of IL2 or Transferrin receptors (Figure 4-figure supplement 2D). Collectively, this set of data shows that UBTD1 depletion alters degradation of some tyrosine kinase receptors including EGFR without interfering with the morphology or the functionality of the endolysosomal machinery.

Figure 5 -

 5 figure supplement 1A). In contrast, UBTD1 depletion scatters LAMP1positive vesicles and decreases the co-localization between LAMP1 and calreticulin (Figure 5F, Figure 5-figure supplement 1B). Consistent with this, in cells stably overexpressing GFP-tagged UBTD1, the LAMP1-positive vesicles, but not the EEA1-positive vesicles, were more clustered in the

Figure 4 continued 4 :data 1 .

 441 Figure 4 continued DAPI (blue) on the MERGE image. (C) EGF binding to cell surfaces detected by flow cytometry. (D) EGF-alexa647 pulse chase images and quantification. (D) Representative images and quantification of EGF and EEA1 co-localization during EGF-alexa647 pulse chase. (E,F) Representative images and quantification of EGF and LAMP1 co-localization during EGF-Alexa647 pulse chase. Scale bar = 10 mm. n ! 3 independent experiments; ns = non-significant; **p<0.01; ***p<0.001; (B, D-F) Bonferroni's multiple comparison test; data are mean ± s.e.m. The online version of this article includes the following source data and figure supplement(s) for figure 4: Source data 1. Uncropped western blot for Figure 4. Source data 2. Row data for Figure 4 and for Figure 4-figure supplements 1-2.Figure supplement 1. UBTD1 depletion slows down EGFR degradation. Figure supplement 1-source data 1. Uncropped western blot for Figure 4-figure supplement 1.

Figure supplement 1 .

 1 UBTD1 depletion slows down EGFR degradation. Figure supplement 1-source data 1. Uncropped western blot for Figure 4-figure supplement 1.

Figure supplement 1 -source data 2 .Figure 5 .

 125 Figure supplement 1-source data 2. Uncropped western blot for Figure 4-figure supplement 2.Figure supplement 2. UBTD1 depletion slows down RTK degradation.

Figure 5 continued 5 :

 55 Figure 5 continued (C) Minimal protein interaction network derived from graph (A) by applying subcellular localization filters focused on endosome, ER, and lysosome (StringApp, Cytoscape). (D) Co-immunoprecipitation in DU145 cells between endogenous p62 and UBTD1. UBTD1 was used as bait. The IgG isotype was used as a negative control. (E,F) DU145 cells were transfected for 48 hr with the indicated siRNA (siCTRLpool or siUBTD1pool). Representative confocal immunofluorescence images (left) and quantification (right) of EEA1 (E) or LAMP1 (F) vesicle distribution. (G,H) DU145 or (I) RWPE cells were stably transduced with GFP or GFP-UBTD1. Representative confocal immunofluorescence images (left) and quantification (right) of EEA1 (G) or LAMP1 (H,I) vesicles distribution. Scale bar = 10 mm. n ! 3 independent experiments; ns = non-significant; *p<0.05, **p<0.01; ***p<0.001; (E-I) two-tailed t-test; data are mean ± s.e.m. The online version of this article includes the following source data and figure supplement(s) for figure 5: Source data 1. Uncropped western blot for Figure 5. Source data 2. Row data for Figure 5 and for Figure 5-figure supplement 1.Figure supplement 1. UBTD1 controls p62/SQSTM1 ubiquitination and endolysosomal vesicles positioning.

Figure supplement 1 .Figure 6 .

 16 Figure 6. UBTD1 controls p62/SQSTM1 ubiquitination. (A-F) DU145 cells were transfected for 48 hr with the indicated siRNA (siCTRLpool or siUBTD1pool or siUBTD1single1 or single2 or RNF26: siRNF26pool). (A) Immunoblots show p62 ubiquitylation in HEK cells in different experimental conditions. Cells were transfected, as indicated, with expression vectors for histidine-tagged ubiquitin (His-Ub) together with control siRNA or UBTD1 siRNA. His-Ub crosslinked forms of p62 were purified (IP: His) and the immunoblot of p62 showed p62 ubiquitylation. The immunoblot of p62 (bottom Figure 6 continued on next page

Figure 6 continued 6 :

 66 Figure 6 continued panel) was performed in parallel to verify the amounts of p62 protein engaged in His-Ub purifications. The immunoblot of UBTD1 shows the level of siRNA depletion. (B) Immunoblot and quantification of p62. The immunoblot of UBTD1 shows the level of siRNA depletion. (C) Immunoblots (up) and quantification (down) of p62 levels in cells treated with cycloheximide (CHX) at different time points. Immunoblot of UBTD1 shows the level of siRNA depletion. CHC was used as a loading control. (D) Proximal ligation assay monitoring and quantification of p62 associated with RNF26. (E) Immunoblot and quantification of p62 and EGFR. The immunoblots of RNF26 and UBTD1 show the level of siRNA depletion. (F) Immunoblot and quantification of LC3 and p62 in cells treated or not with bafilomycin at different time points. The immunoblot of UBTD1 shows the level of siRNA depletion. Scale bar = 10 mm. n ! 3 independent experiments; *p<0.05, ****p<0.0001; (B,D) Bonferroni's multiple comparison test; (E-F) two-way ANOVA and Bonferroni's multiple comparisons test; data are mean ± s.e.m. The online version of this article includes the following source data and figure supplement(s) for figure 6: Source data 1. Uncropped western blot for Figure 6. Source data 2. Raw data for Figure 6 and for Figure 6-figure supplement 1.Figure supplement 1. UBTD1 controls p62/SQSTM1 ubiquitination. Figure supplement 1-source data 1. Uncropped western blot for Figure 6-figure supplement 1.

Figure supplement 1 .

 1 UBTD1 controls p62/SQSTM1 ubiquitination. Figure supplement 1-source data 1. Uncropped western blot for Figure 6-figure supplement 1.

FIGURE 1 |

 1 FIGURE 1 | Overview of EDCs action in adipocytes and cancer cells and models to study EDCs. (A) Potential or hypothetical model of how EDCs can interfere in hormone sensitive cancer development or progression with adipocytes. EDCs can act a) directly on hormone-sensitive cells to modify their physiology and/or function to induce or exacerbate cancer hallmarks and/or b) on adipocytes by interfering with (i) nuclear or (ii) membrane receptors to modulate adipocyte secretome through genomic or non-genomic pathways, otherwise EDCs can be stored in (iii) lipid droplets and be released, progressively during all the life or massively as observed after a weight lost. (B) Requirement of complementary approaches to investigate impact of EDCs on health. Main questions and assays from in vitro and in vivo models to human.
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	HEK RVD	Human Embryonic Kidney Repeat-Variable Diresidues				
	HGF SARS	Hepatocyte Growth Factor Severe Acute Respiratory Syndrome				
	HIV sgRNA	Human Immunodeficiency Virus Single Guide RNA				
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	LV TGF	Lentivirus Transforming Growth Factor				
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	PIN VH	Prostatic Intraepithelial Neoplasia Vinculin Homology				
	PSC VLP	Pluripotent Stem Cell Virus-Like Particles				
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Figure 13. Establishment of organoids derived from ASCs. Adult

  

	stem cells are isolated from human
	tissue. ASCs are seeded in an extracellular matrix (ECM) with a medium reproducing the niche factors.
	The physical environment and chemical signals are important to induce self-renewal and differentiation
	of the stem cells. On the diagram, the activated (green) and inhibited (red) signaling pathways are
	shown. BMP, bone morphogenetic protein; EGF, epidermal growth factor; FGF, fibroblast growth
	factors; HGF, hepatocyte growth factor; IGF, insulin-like growth factor; ROCK, RHO-associated
	protein kinase; TGF, transforming growth factor; VEGF, vascular endothelial growth factor. Schema
	from Kim 2020.

Figure 16. Simplified model of prostate organoid growth. Adult

  

		DHT independent	DHT dependent
	Organoid growth		
	Day 0	Day 4	Day 6	Day 9
	Single cells	Proliferation	Differentiation	
				Functionalization/
				Lumen formation
	Cycling cell/ basal	Luminal cell (CK8 + )	Luminal cell (CK8 + )
	progenitor (CK5 + )	(not secretory)	(secretory)
				CK5+ stem cells are embedded in the
	ECM with adapted medium at day 0. CK5+ cells proliferate until day 4 when CK8+ luminal cells start
	to appear in the center of the organoid. Under the influence of dihydrotestosterone (DHT), luminal cells
	will start to secrete fluid. The microlumen present between the luminal cells join by hydraulic fracturing
	of the cell junctions to form a mature lumen at day 9.	

Cas9 non-viral delivery systems in organoids Not reported in organoids AB C

  

	AAAAAA AAAAAA Cas9 mRNA/sgRNAs	DNA plasmids	RNPs CRISPR-RNPs		Cas9 mRNA/sgRNAs	DNA plasmids	RNPs
						DNA plasmids	Cas9 mRNA/sgRNAs	
							AAAAAA	AAAAAA
		Microinjection			Electroporation	Liposome transfection
		Combination 3%			Combination 5%	Others
						Adenovirus		22%
	Viral vector				21%		
	28%					Lentivirus 47%	Microinjection 4%	Electroporation 56%
		Non-viral vector 70%	AAV 26%		Liposomes 17%
	Delivery vehicle	Composition		Cargo	Capacity	Advantages	Limitations	Used in organoids	Organoid text refs
	Microinjection	Needle		DNA plasmid ;	nMs of Cas9	Guaranteed	Time consuming
				mRNA ; RNPs	sgRNA	delivery on cell	Difficult	not reported
							of interest	
	Electroporation	Electric current	DNA plasmid ;	nMs of Cas9	Delivery to cell	Harsh for cells	Beumer et al. 2021
				mRNA ; RNPs	sgRNA	population	Low efficiency	Sun et al. 2021,
									+++	Geurts et al. 2021, Artegiani et al. 2020,
									Artegiani et al. 2019,
									Fujii et al. 2015, etc.
	Liposome	Natural or		DNA plasmid ;	nMs of Cas9	Simple	Low efficiency	Fujii et al. 2015,
	transfection	synthetic lipids	mRNA ; RNPs	sgRNA	manipulation;		++	Drost et al. 2015,
							Low cost		Schwank et al. 2013
	Adeno-	Non-enveloped,	DNA plasmid	<5kb nucleic	High efficiency	Low capacity
	associated virus (AAV)	ssDNA				acid	delivery Minimal immunogenicity		+	Garita-Hernandez et al. 2020
	Lentivirus (LV)	Envelopped,	DNA plasmid	10kb nucleic	High efficiency	Prone to
		RNA				acid	delivery	insertional
							Persistent gene transfer	mutagenesis; High off-target	+	Sun et al. 2021
								with stable Cas9
								expression
	Virus-like	Envelopped or	RNPs	nMs of Cas9	High efficiency	Specific cell
	particule (VLP)	non-envelopped, protein			sgRNA	delivery Transitional	tropism	In progress	Tiroille et al. submitted
							transfer	

-viral type. Figure modified from Shim 2017. These figures, representing the percentage of use of each system for therapeutic gene editing and gives a general idea of the state of the art regarding the most used techniques. Modified from 168 .

ABC

Figure 22. Non-viral methods for delivery of CRISPR-Cas9 components in organoids. (A) Microinjection allows integration of plasmids, mRNAs coding for Cas9 and sgRNAs or RNPs. Despite its great efficiency for mice embryos gene editing, microinjection has never been used to edit organoids. (B) Electroporation of plasmids encoding for the Cas9 and sgRNAs is today the most used technique in organoids. (C) Liposome transfection of plasmids coding for the Cas9 and sgRNAs has been used at the very beginning for organoid gene editing. This last approach has been largely replaced by other more efficient techniques.

Table 1. CRISPR delivery system: common feature, advantages and limitations. Table modified from Lino 2018.

  7-8-week-old mice were isolated, and minced in small fragments. Tissue fragments were digested with type II collagenase at 5mg/ml for 1 hour at 37°C and subsequently incubated with

	Mouse colon organoids were maintained in complete adDMEM/F12 supplemented with 50 X
	diluted B27 (Life Technologies, Carlsbad, USA), 100 X diluted N2 (Life Technologies
	Carlsbad, USA), 1 mM N-acetyl-l-cysteine (Sigma-Aldrich, Saint-Louis, USA), 50 ng/ml EGF
	(PeproTech Cranbury, USA), 1% Noggin conditioned medium, 20% R-spondin 1 conditioned

1X TrypLE (Gibco, Waltham, USA) for 15 minutes at 37°C. Cells were washed between each step with 15 ml of advanced complete DMEM/F12 (adDMEM/F12 containing penicillin/streptomycin, 10 mM HEPES and 2 mM GlutaMAX (100× diluted)) (ThermoFisher, Waltham, USA). Then cells were passed through a 70-μm cell strainer (ThermoFisher, Waltham, USA) to remove excessively large debris. The cells were then labeled with CD49f-APC conjugated antibody or CD24-PE conjugated antibody (ThermoFisher, Waltham, USA) and sorted by flow cytometry (BD FACSAria™ Cell Sorter). The isolated cells were then washed with complete adDMEM/F12 and after centrifugation at 200g for 5 minutes, the cell pellet was re-suspended in growth factor reduced phenol red-free Matrigel (Corning, NY, USA) at a concentration of 200 cells per microliter of Matrigel. Mouse prostate organoids were maintained in complete adDMEM/F12 supplemented with 50 X diluted B27 (Life Technologies Carlsbad, USA), 1,25 mM N-acetyl-l-cysteine (Sigma-Aldrich, Saint-Louis, USA), 50 ng/ml EGF (PeproTech, Cranbury, USA), 200 nM A83-01 (Tocris Bioscience, Bristol, UK), 1% Noggin conditioned medium, 10% R-spondin 1 conditioned medium, 1 nM DiHydro-Testosterone (Sigma-Aldrich, Saint-Louis, USA) and 10 μM Y-27632 dihydrochloride (PeproTech Cranbury, USA). Culture medium was replenished every two days. medium, 50% Wnt3a conditioned medium and 10 μM Y-27632 dihydrochloride (PeproTech Cranbury, USA). Culture medium was replenished every two days.

Table 5 )

 5 

. Genomic DNA (gDNA) was extracted using a genomic DNA extraction kit (Macherey-Nagel). 50 ng of gDNA was used for PCR amplification. The size of the PCR fragments was checked using an agarose gel. PCR fragments were then purified using a gel extraction kit (New England Biolabs) and sent for sequencing. Sequencing results were analyzed for the percentage of INDEL using ICE (https://ice.synthego.com/#/) or DECODR (https://decodr.org/analyze).

Table 1 SupplementaryTable 1 .

 11 Potential off-target sites for CRISPR/Cas9_gRNA AR_1

	Supplementary		
	crRNA	DNA	Chromosome Direction Mismatches
	ATGTACGCGTCGCTCCTGGGNGG ATGTACaCGTaGCTCCTtaGCGG	chr8	+
	ATGTACGCGTCGCTCCTGGGNGG ATGTcCcaGTCGCTCtTGGGAGG	chr5	+
	ATGTACGCGTCGCTCCTGGGNGG AgGaACGCGTCGCcCCTGGcTGG chr5	+
	ATGTACGCGTCGCTCCTGGGNGG ATGTACGCcTgGCTCCTGacTGG	chr1	-
	ATGTACGCGTCGCTCCTGGGNGG ATGTACcCtTCGCTCCaGGcTGG	chr1	-
	ATGTACGCGTCGCTCCTGGGNGG ATGTcCGgGTCGagCCTGGGAGG chr2	-
	ATGTACGCGTCGCTCCTGGGNGG ATGTAtGtGTaGaTCCTGGGGGG	chr2	-
	ATGTACGCGTCGCTCCTGGGNGG cTaaACGCcTCGCTCCTGGGAGG	chr2	+
	ATGTACGCGTCGCTCCTGGGNGG tTGTAgGCtTCaCTCCTGGGAGG	chr17	+
	ATGTACGCGTCGCTCCTGGGNGG ATGTACaCtTtGCTCCTGGGTGG	chr9	+
	ATGTACGCGTCGCTCCTGGGNGG ATGTACGCGTCGCTCCTGGGAGG chrX	+
	ATGTACGCGTCGCTCCTGGGNGG tTGTAaGCaTaGCTCCTGGGAGG	chr14	+
	ATGTACGCGTCGCTCCTGGGNGG ATGTAtcCGTgGCTtCTGGGAGG	chr14	+
	ATGTACGCGTCGCTCCTGGGNGG ATcTggGCGcCGCTCCTGGGTGG	chr6	-
	ATGTACGCGTCGCTCCTGGGNGG ATGTACcCGcaGCaCCTGGGCGG chr11	-
	ATGTACGCGTCGCTCCTGGGNGG ATGTAtatGTgGCTCCTGGGAGG	chr11	-
	ATGTACGCGTCGCTCCTGGGNGG cTtaACGCGTCGCTCCTGGGCGG	chr13	-
	ATGTACGCGTCGCTCCTGGGNGG tTGTAgGtGTgGCTCCTGGGTGG	chr13	+
	ATGTACGCGTCGCTCCTGGGNGG cTGTAtcaGTCGCTCCTGGGGGG	chr3	-
	ATGTACGCGTCGCTCCTGGGNGG ATGTAaGCcTCGaTCCaGGGAGG	chr3	+

Table 2 SupplementaryTable 2 .

 22 Potential off-target sites for CRISPR/Cas9_gRNA AR_2

	crRNA	DNA	Chromosome Direction Mismatches
	GTGGCGATCATGTTGCTGCGNGG GTGGCcATCATGTTGgTGCtGGG	chr14	-
	GTGGCGATCATGTTGCTGCGNGG GTGGCGATCATGTTGCTGCGCGG chr6	-
	GTGGCGATCATGTTGCTGCGNGG GTGGCctTCATGTTGCTGCaCGG	chr13	-
	GTGGCGATCATGTTGCTGCGNGG tTGGCtATCATGTTGCTGCtTGG	chr19	-
	crRNA	DNA	Chromosome Direction Mismatches
	AGTTCCGGATTCTGAACAGGNGG AGTTtCtGtTTCTGAACAGGTGG	chr8	+
	AGTTCCGGATTCTGAACAGGNGG AGTTCtGGAcTCTGAgCAGGGGG	chr2	+
	AGTTCCGGATTCTGAACAGGNGG AGTTCtGGgTTCTGAACAtGTGG	chr17	+
	AGTTCCGGATTCTGAACAGGNGG AGTTCCGGATTCTGAACAGGGGG chr6	+
	AGTTCCGGATTCTGAACAGGNGG AGcTCCGGATTCTGAggAGGAGG chr13	+
	AGTTCCGGATTCTGAACAGGNGG AGTTCtGGgTTCTGAAgAGGAGG	chr13	+

  Poisson's ratio of 0.5. For each force curve, the force fit boundaries to perform the fit were chosen between 5% and 25%. To avoid any tilt effect due to the base correction step, only the force curves having their maximum value at 2 nN were taken into account for performing the fit and only the apparent Young's modulus values corresponding to a fit with R2> 0.90 were accepted." Modified from Torrino 2019.

	spherical tip (5 lm diameter) and a cantilever with a nominal spring constant of 0.06 N / m
	(Novascan Technologies, Ames, IA USA). After determining both the deflection sensitivity of
	the system in the Leibovitz's medium using a clean Corning 35 mm polystyrene dish and the
	spring constant of the cantilever by means of the thermal tune method, force -distance curves
	were collected on samples using a velocity of 2 lm / s, in relative trigger mode and by setting

overexpression. The stable cell lines expressing shCTRL, UBTD1 # 2 and # 4 were used to study the down regulation of UBTD1. The cells were seeded 72 hours before the measurements with the atomic force microscope (AFM) on a polystyrene dish of 35 mm in diameter. "Before the measurement, the cells were washed twice with Leibovitz's medium (Life Technologies) supplemented with 10% inactivated fetal bovine serum (FBS). Samples were analyzed using a BioScope Catalyst atomic force microscope (Bruker Nano Surfaces, Santa Barbara, CA, USA) equipped with a NanoScope V controller and coupled to an optical microscope (Leica DMI6000B, Leica Microsystems Ltd. , UK). The measurements were performed at 37 ° C. For each sample, at least 30 cells were analyzed using the "Point and Shoot" method, collecting at least 200 force -distance curves at discrete points (on average five points for each cell in the perinuclear area). The experiments were performed using a probe with a borosilicate glass the trigger threshold to 2 nN. The apparent Young's modulus was calculated using the NanoScope Analysis 1.80 software (Bruker Nano Surfaces, Santa Barbara, CA, USA) applying to the force curves, after the baseline correction, the Hertz spherical indentation model using a

  RNPs Beumer et al. 2021 Sun et al. 2021, Geurts et al. 2021, Artegiani et al. 2020, Artegiani et al. 2019, Fujii et al. 2015, etc.

	Delivery vehicle	Editing efficiency in organoids	Cargo	Organoid text refs
	Microinjection	Not reported in organoids	DNA plasmid ; mRNA ; RNPs	
	Electroporation DNA plasmid ; mRNA ; Liposome transfection <25% <1% DNA plasmid ; mRNA ; RNPs	Fujii et al. 2015, Drost et al. 2015,
				Schwank et al. 2013
	Lentivirus (LV)	--%	DNA plasmid	
				Sun et al. 2021
	Virus-like particule (VLP)	30 to 80%	RNPs	Tiroille et al. submitted

  Torrino et al. eLife 2021;10:e68348. DOI: https://doi.org/10.7554/eLife.68348 2 of 24

TABLE 1 |

 1 Overview of in vivo and in vitro models available to study the adverse effect of EDCs. /+++: low to high relevant models to assess the effects of EDCs on adipose secretome and cancer development.

			Epidemiology	EDC Storage/	EDC Signaling	Cell	Cell Proliferation Cell Differentiation Inter/Transgenerational
				Release		Death			effects
	In	Human samples	+++	++	--	-	-	+
	vivo	Animal models						
		Rodent						
		Xenope	-	+++	+	+	+	++	+++
		Zebrafish						
	In	Organoid models						
	vitro	Thyroid						
		Breast						
		Prostate	-	-	++	+++	+++	+++	-
		Endometrium						
		Cancer cell lines	--+++	+++	+++	--
		Pre/Adipocyte	-	+++	+++	-	+	+++	-
		cultures						

-

  1 (UBTD1) dans le développement des organoïdes de la prostate. L'ingénierie du génome est devenue ces dernières années plus accessible grâce aux endonucléases programmables par ARN telles que le système CRISPR-Cas9. Cependant, l'utilisation de cette technologie d'édition dans des organes synthétiques appelés "organoïdes" reste très inefficace. Ceci est principalement dû aux méthodes de livraison utilisées pour la machinerie CRISPR-Cas9, qui sont principalement réalisées par électroporation de RNP contenant le complexe CAS9-gRNA, une procédure toxique pour les organoïdes. Nous décrivons ici l'utilisation de la technologie "Nanoblade" pour réaliser l'édition du génome dans les organoïdes. Les nanoblades ont dépassé de loin les niveaux de knock-out (KO) obtenus avec d'autres techniques utilisées jusqu'à présent pour la livraison de la machinerie d'édition de gènes. Nous avons atteint jusqu'à 80 % de knockout génétique dans les organoïdes après traitement avec les nanoblades. Nous avons atteint un niveau élevé de KO médié par les nanoblades pour le gène codant le récepteur des androgènes (AR) et le gène du cystic fibrosis transmembrane conductance regulator (CFTR) avec des nanoblades contenant un seul ARNg ou un double ARNg. Plus important encore, contrairement à d'autres méthodes d'édition de gènes, ce résultat a été obtenu sans toxicité pour les organoïdes. En outre, il ne faut que quatre semaines pour obtenir des lignées stables KO pour un gène dans les organoïdes et aucun INDELS indésirable évident dans un site hors cible du génome n'a été détecté. En conclusion, les nanoblades simplifient et permettent une édition rapide du génome dans les organoïdes avec peu ou pas d'effets secondaires.La morphogenèse et le remodelage des tissus sont des processus finement régulés, régis par les adhésions entre cellules. Cependant, le contrôle spatial et temporel des molécules d'adhésion reste partiellement inexploré. Nous avons étudié ici le rôle d'UBTD1 comme modulateur de la force des adhérences dans l'épithélium de la prostate. Nous avons montré que la régulation négative d'UBTD1 perturbe l'auto-organisation des cellules en trois dimensions. Inversement, nous avons démontré que la surexpression d'UBTD1 induit des monocouches épithéliales plus régulières et augmente la tension de la surface cellulaire. Les analyses transcriptomiques ont révélé un profil d'expression génique des protéines impliquées dans les jonctions cellulaires affectées par la modulation d'UBTD1. En utilisant le modèle d'organoïde de prostate, nous avons montré que l'expression d'UBTD1 dans les cellules luminales perturbait la formation de lumen dans les organoïdes de prostate de souris. Enfin, en utilisant une approche de coimmunoprécipitation couplée à la spectrométrie de masse, nous avons montré que UBTD1 interagit avec des partenaires impliqués dans les jonctions cellule-cellule et que ces interactants voient leur expression modulée par la dérégulation de UBTD1. Nos résultats montrent qu'une protéine impliquée dans les processus de dégradation des protéines régule la force des jonctions d'adhérence.

Énormes poutoux les padres, A et Lu !!! Oune bisoute
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through interaction with α-actinin via its cytoplasmic domain. EpCAM performs homophilic interactions; the exact domain of interaction is still debated.

Nanoblades allow high-level genome editing in organoids
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Nanoblades allow high-level genome editing in organoids

Abstract

Genome engineering has become in the last few years more accessible thanks to the RNA programmable endonucleases such as the CRISPR-Cas9 system. However, using this editing technology in synthetic organs called 'organoids' is still very inefficient. This is due to the delivery methods used for the CRISPR-Cas9 machinery, which are mainly performed by electroporation of RNPs containing the CAS9-gRNA complex, a procedure toxic for the organoids. Here we describe the use of the 'Nanoblade' technology to accomplish genome editing in organoids. Nanoblades outperformed by far knockout levels achieved with other techniques used to date for delivery of the gene editing machinery. We reached up to 80% of gene knockout in organoids after treatment with nanoblades. We achieved high-level nanoblade-mediated KO for the androgen receptor (AR) encoding gene and the cystic fibrosis transmembrane conductance regulator (CFTR) gene with single gRNA or dual gRNA containing nanoblades. Most importantly, in contrast to other gene editing methods, this was obtained without toxicity for the organoids. Moreover, it requires only four weeks to obtain stable lines of a gene KO in organoids and no obvious unwanted INDELS in off-target site in the genome were detected. In conclusion, nanoblades simplify and allow rapid genome editing in organoids with little to no side-effects.

Supplemental Figure 1 Organoid clones for gRNA AR_2 : TTCAAGGGAGGTTACGCCAA 20% of Knock-out

Organoid clones for gRNA AR_1 : ATGTACGCGTCGCTCCTGGG 30% of Knock-out Supplementary Table 3 Supplementary Table 4 Supplementary Table 3. Potential off-target sites for CRISPR/Cas9_gRNA CFTR_1 Supplementary Table 4. Potential off-target sites for CRISPR/Cas9_gRNA CFTR_2

Manuscript 2

Probing the role of UBTD1 as a modulator of cell adhesion strength in prostate organoids Tiroille. V. 1,2 , Bokobza. E. 1,2 , Voyton. C., Pisano. S. 5 , Obeid. P. 3 , Larbret. F. 1 , Krug. A. 1,2 , Dolfi. B. 1,2 , Guinamard. R. 1 , Irondelle. M. 2 , Ambrosetti. D. 6 , Gidrol. X. 3 , Verhoeyen. E. 1,4 , Bost. F. 1 & Clavel. S. 1,2 per condition from 3 independent experiments were analyzed. A one-way ANOVA test was performed (means ± SD; n = 3; **p<0.01).

J. Representative bright-field images of GFP or UBTD1 expressing acini at day 3, 6 and 10. Scale bar, 100 μm.

K. Cell proliferation inside the acini was assessed using an imaging analysis approach and cytometry approach. The number of cells per acini was evaluated using

CellProfiler. Quantification was done on sections of the center of the acini at day 10.

The level of proliferation of epithelial cells expressing GFP or UBTD1-GFP was quantified by assessing the amount of EdU incorporated by the cells. Quantification was performed by flow cytometry. A one-way ANOVA test was performed (means ± SD; n = 3; *p<0.05; ns= not significant).

L. Representative immunofluorescence images of the center of GFP or UBTD1-GFP expressing acini at day. Staining for F-actin (pink) and caspase-3 (white). Nuclei were stained with DAPI (blue). Scale bar, 50 μm. Cell death quantification was assessed using an automated fluorescence cell counter which also quantifies cell viability. A ttest was performed (means ± SD; n = 3; ns= not significant). A. Schematic of indentation on an isolated cell. The AFM probe is made of silicon in a form of long, flexible levers with a probing tip mounted at its free end (Lekka 2016).

B. Measure of cellular deformability using atomic force microscopy (AFM). values of all the expressed genes. Here, the score values of 1000 genes are selected as models from all genes at a certain interval. A. Go component of the proteins contained in the "regulation of actin cytoskeleton" cluster.

B. Go function of the proteins contained in the "regulation of actin cytoskeleton" cluster. F. DEGs cluster heatmaps. The horizontal axis is the log2 of sample (expression value +1), and the vertical axis is the gene. Under the default color matching, the warmer the color block is, the higher the expression level is, and the colder the color block is, the lower the expression level is.

G. DEGs heatmaps of the GO term Desmosome. The horizontal axis is the log2 of sample (expression value +1), and the vertical axis is the gene. Under the default color matching, the warmer the color block is, the higher the expression level is, and the colder the color block is, the lower the expression level is.

H. DEGs heatmaps of the GO term GAP Junction. The horizontal axis is the log2 of sample (expression value +1), and the vertical axis is the gene. Under the default color matching, the warmer the color block is, the higher the expression level is, and the colder the color block is, the lower the expression level is. 

Supplemental

Additional files

Supplementary files

. Supplementary file 1. Proteins identified by LC-MS/MS following UBTD1 immunoprecipitation in DU145 cell line.

. Supplementary file 2. Subcellular localization score of UBTD1 interactants in DU145 cell line. Obesity is a major public health concern at the origin of many pathologies, including cancers. Among them, the incidence of gastro-intestinal tract cancers is significantly increased, as well as the one of hormone-dependent cancers. The metabolic changes caused by overweight mainly with the development of adipose tissue (AT), insulin resistance and chronic inflammation induce hormonal and/or growth factor imbalances, which impact cell proliferation and differentiation. AT is now considered as the main internal source of endocrine disrupting chemicals (EDCs) representing a low level systemic chronic exposure. Some EDCs are non-metabolizable and can accumulate in AT for a long time. We are chronically exposed to low doses of EDCs able to interfere with the endocrine metabolism of the body. Importantly, several EDCs have been involved in the genesis of obesity affecting profoundly the physiology of AT. In parallel, EDCs have been implicated in the development of cancers, in particular hormone-dependent cancers (prostate, testis, breast, endometrium, thyroid). While it is now well established that AT secretes adipocytokines that promote tumor progression, it is less clear whether they can initiate cancer. Therefore, it is important to better understand the effects of EDCs, and to investigate the buffering effect of AT in the context of progression but also initiation of cancer cells using adequate models recommended to uncover and validate these mechanisms for humans. We will review and argument here the potential role of AT as a crosstalk between EDCs and hormone-dependent cancer development, and how to assess it.
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