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Résumé 
Les centrosomes sont de petits organites qui régulent divers processus cellulaires 

comme la polarité ou la mitose dans les cellules de mammifères. Ils sont composés de deux 

centrioles entourés par une matrice péricentriolaire. Ces centrosomes sont les principaux 

centres organisateurs de microtubules. De plus, ils favorisent la formation de cils, des 

protubérances sur la surface des cellules quiescentes qui sont critiques pour la transduction du 

signal. Une grande variété de maladies humaines telles que les cancers ou les ciliopathies sont 

liées à un mauvais fonctionnement des centrosomes et des cils. C’est pourquoi le but de mes 

projets de recherche est de comprendre les mécanismes nécessaires à la biogénèse et au 

fonctionnement des centrosomes et des cils. 

Tout d'abord, j’ai caractérisé une nouvelle protéine centrosomale nommée 

nephrocystine - 5 (NPHP5). Cette protéine est localisée dans les cellules en interphase au 

niveau de la région distale des centrioles. Sa déplétion inhibe la migration des centrosomes à 

la surface cellulaire lors de l’étape précoce de la formation des cils. NPHP5 interagit avec la 

protéine CEP290 via sa région C-terminale qui est essentielle pour la ciliogenèse. Elle 

interagit également avec la calmoduline ce qui empêche son auto-agrégation. J’ai  démontré 

que les domaines de liaison de NHPH5 à CEP290 et à la calmoduline, ainsi que son domaine 

de localisation centrosomale sont séparables. De plus, j’ai démontré que les protéines NPHP5 

présentant des mutations pathogènes ne peuvent plus interagir avec CEP290 et ne sont plus 

localisées aux centrosomes, rendant ainsi ces protéines non fonctionnelles. Enfin, en utilisant 

une approche pharmacologique pour moduler les événements en aval dans la voie 

ciliogénique, j’ai montré que la formation des cils peut être restaurée même en absence de 

NPHP5. 

 D’autre part, j’ai étudié le rôle de NPHP5 dans l'assemblage et le trafic du complexe 

BBSome dans le cil. Le BBSome est composé de huit sous-unités différentes qui s’assemblent 

en un complexe fonctionnel dont on sait peu de chose sur la régulation spatiotemporelle de son 

processus d'assemblage. J’ai précédemment montré que NPHP5 favorisait la formation des cils 

et que son dysfonctionnement contribuait au développement de néphronophtise (NPHP).  
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Bien que la NPHP et le syndrome de Bardet-Biedl (BBS) soient des ciliopathies qui partagent 

des caractéristiques cliniques communes, la base moléculaire de ces ressemblances 

phénotypiques n’est pas comprise. J’ai constaté que NPHP5, localisé à la base du cil, contient 

deux sites de liaison distincts pour le BBSome. De plus, j’ai démontré que NPHP5 et son 

partenaire CEP290 interagissent de façon dynamique avec le BBSome pendant la transition de 

la prolifération à la quiescence. La déplétion de NPHP5 ou CEP290 conduit à la dissociation 

d’au moins deux sous-unités du BBSome formant alors un sous-complexe dont la capacité de 

migration dans le cil n’est pas compromise. J’ai montré que le transport des cargos vers le 

compartiment ciliaire par ce sous-complexe n’est que partiellement altéré. 

 Enfin, j’ai également concentré mes recherches sur une autre protéine centrosomale 

peu caractérisée. La protéine centrosomale de 76 kDa (Cep76) a été précédemment impliquée 

dans le maintien d’une duplication unique des centrioles par cycle cellulaire, et dans une 

interaction avec la kinase cycline-dépendante 2 (CDK2). Cep76 est préférentiellement 

phosphorylée par le complexe cycline A/CDK2 sur le site unique S83. Cet événement est 

essentiel pour supprimer l'amplification des centrioles en phase S. J’ai démontré que Cep76 

inhibe cette amplification en bloquant la phosphorylation de Plk1 au niveau des centrosomes. 

D’autre part, Cep76 peut être acétylée au site K279 en phase G2, ce qui régule négativement 

son activité et sa phosphorylation sur le site S83. 

 Ces études permettent d'améliorer notre compréhension de la biologie des 

centrosomes et des cils et pourraient conduire au développement de nouvelles applications 

diagnostiques et thérapeutiques. 

 

 

Mots-clés : Centrosome, cil, NPHP5, Cep76, cycle cellulaire, Cep290, BBSome, CDK2, 

cycline A, phosphorylation, acétylation, cancer 
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Abstract 
 Centrosomes are small organelles that regulate diverse cellular processes such as 

polarity or mitosis in mammalian cells. They are composed of two centrioles surrounded by a 

pericentriolar matrix. These centrosomes are the major microtubule organizing centers. 

Moreover, they promote the formation of cilia, protrusions on the surface of quiescent cells 

that are critical for signal transduction. A wide variety of human diseases such as cancers or 

ciliopathies are linked to a malfunction of centrosomes and cilia. Therefore the aim of my 

research is to understand the mechanisms necessary for the biogenesis and function of 

centrosomes and cilia. 

 First, I have characterized a novel centrosomal protein called nephrocystin - 5 

(NPHP5). This protein is localized, in interphase cells, in the distal region of centrioles. Its 

depletion inhibits the migration of centrosomes to the cell surface during the early stage of 

cilia formation. NPHP5 interacts with CEP290 via its C-terminal region that is essential for 

ciliogenesis. It also interacts with calmodulin, which prevents its self-aggregation. I have 

demonstrated that the Cep290- and CaM-binding domains as well as the centrosomal 

localization domain of NPHP5 are separable. Moreover, I have shown that NPHP5 proteins 

with pathogenic mutations can no longer interact with CEP290 and are not localized to 

centrosomes, rendering these proteins non-functional. Finally, using a pharmacological 

approach to modulate the downstream events in the ciliogenic pathway, I showed that cilia 

formation can be restored even without NPHP5. 

 On the other hand, I studied the role of NPHP5 in the assembly and trafficking of the 

BBSome into the cilium. The BBSome consists of eight different subunits that assemble into a 

functional complex of which little is known about the spatiotemporal regulation of its 

assembly process. I have previously shown that NPHP5 favored the formation of cilia and its 

dysfunction contributes to the development of nephronophthisis (NPHP). Although the NPHP 

and BBS syndrome (BBS) are ciliopathies that share common clinical features, molecular 

basis of these phenotypic similarities is not understood. I found that NPHP5, located at the 

base of the cilium, contains two separate binding sites for BBSome.  
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Furthermore, I demonstrated that NPHP5 and his partner CEP290 interact dynamically with 

the BBSome during the transition from quiescence to proliferation. Depletion NPHP5 or 

CEP290 leads to the dissociation of at least two subunits of BBSome forming a sub-complex 

that can still traffic into the cilium. I have shown that the transport of cargo to the ciliary 

compartment through this sub-complex is only partially altered. 

 Finally, I have also focused my research on another centrosomal protein poorly 

characterized. The centrosomal protein of 76 kDa (Cep76) was previously involved in the 

maintenance of a single duplication of centrioles per cell cycle, and interacts with the cyclin-

dependent kinase 2 (CDK2). Cep76 is preferentially phosphorylated by cyclin A/CDK2 on the 

single site S83. This event is essential to suppress centrioles amplification in S phase. I have 

demonstrated that Cep76 inhibits amplification by blocking the phosphorylation of Plk1 at the 

centrosome. Moreover, Cep76 can be acetylated at the K279 site in G2 phase, which 

negatively regulates its activity and phosphorylation on the site S83.   

 These studies will improve our understanding of the biology of centrosomes and cilia 

and could lead to development of new diagnostic and therapeutic applications. 

  

 

Keywords : Centrosome, cilia, NPHP5, Cep76, cell cycle, cancer, Cep290, BBSome, CDK2, 

cyclin A, phosphorylation, acetylation 
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Introduction 

Le cycle cellulaire 

 

Adaptation du site : http://www.bdbiosciences.com/anz/research/apoptosis/analysis/index.jsp 

Figure 1 : Les différentes phases du cycle cellulaire.  

Le cycle cellulaire est séparé en deux grandes étapes : l’interphase et la phase mitotique 

(phase M). L’interphase comporte trois phases successives et distinctes : G1, S et G2. 

 

 

Le cycle cellulaire est défini par une séquence d’événements qui permet de créer deux 

cellules filles identiques à partir d’une cellule mère. Le cycle est composé de deux phases : 

l’interphase et la mitose. L’interphase comprend les phases G0/G1, S et G2 successivement 

avant d’entrer en mitose (phase M) (Figure 1). L’étape principale de l’interphase est la 

réplication de l’ADN en phase S avant la complétion de la division en phase M. Les phases G1 

et G2 servent quant à elles de transition entre ces étapes, d’où leur nom de ‘‘gap phase’’ (1). 

Chaque étape est caractérisée par des processus cellulaires spécifiques tels que la synthèse de 

l’ADN, le contrôle de la croissance ou la vérification de l’intégrité génomique. Enfin, la 

progression du cycle cellulaire se fait grâce à l’expression et l’activation séquentielle des 

complexes CYCLINES-CDK. 
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Les différentes phases du cycle cellulaire  

 

 La phase G1 est la phase intermédiaire qui couvre le temps entre la formation de la 

nouvelle cellule fille et la synthèse subséquente de l’ADN en phase S. C’est la phase dont la 

durée est la plus variable selon le type cellulaire, allant de quelques heures (cellules 

épithéliales de muqueuse) à plusieurs mois (hépatocytes) (2). Pendant cette période, la cellule 

grandit en préparation de la réplication de l’ADN et certains composants intracellulaires, 

comme le centrosome, subissent aussi une duplication. Avant de s’engager en phase S, la 

cellule doit s’assurer que les conditions sont optimum au niveau cellulaire en contrôlant son 

environnement mais aussi sa taille. C’est également à ce moment qu’elle peut choisir de 

rentrer en quiescence, ou phase G0, si les conditions ne sont pas propices. Les cellules 

quiescentes décident alors si elles vont se différencier ou entrer en sénescence (3-5). La 

décision de poursuivre en phase S ou d’aller vers la phase G0 est influencée par la 

composition et la nature du milieu extracellulaire de la cellule (facteurs de croissance, 

hormones, chemokines, cytokines, ions, etc.) (6). Cette décision se prend au niveau du point 

de restriction en fin de phase G1 (7). 

  

La phase S, pour synthèse, est la phase du cycle cellulaire où l’ADN, sous forme 

chromosomes, est répliqué. Cette étape est cruciale car elle permet que chaque cellule fille 

créée contienne exactement le même matériel génétique à la fin de la division cellulaire. Au 

cours de cette phase S, la cellule va également continuer à grandir et synthétiser en grand 

nombre plusieurs protéines et enzymes impliquées dans la réplication de l’ADN (8, 9). 

  

La phase G2, ou phase prémitotique, survient entre la fin de la réplication de l’ADN en 

phase S et le début de la division cellulaire en phase M. Au cours de cette étape, la cellule va 

augmenter sa taille due à une synthèse protéique renforcée mais aussi vérifier l’intégrité de son 

génome répliqué ainsi que les autres composants intracellulaires. C’est pourquoi cette étape 

est considérée comme une étape de contrôle (10). 
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Enfin, la mitose se compose elle-même de plusieurs phases successives : prophase, 

prométaphase, métaphase, anaphase, télophase et cytokinèse. Ces étapes aboutissent à la 

scission du corps cellulaire et du matériel génétique de la cellule mère pour donner naissance à 

deux cellules filles identiques. Au cours des phases précédentes, l’ADN de la cellule se trouve 

sous forme relaxée dans le noyau et c’est durant la mitose que les changements 

morphologiques importants se produisent. En prophase, l’ADN se condense pour former les 

chromosomes avec leurs centromères, les nucléoles disparaissent et les centrosomes dupliqués 

commencent leur migration vers les pôles mitotiques opposés pour former les fuseaux 

mitotiques. Le cytosquelette commence également à se réorganiser et les microtubules astraux 

s’allongent. L’événement majeur marquant l’entrée des cellules en prométaphase est la 

désintégration de l’enveloppe nucléaire en petites vésicules. La rupture de cette enveloppe 

permet ainsi aux fuseaux mitotiques d’avoir accès aux kinétochores au niveau des centromères 

grâce aux microtubules. Les centrosomes exercent alors des forces opposées mais égales sur 

les chromosomes pour les aligner sur la plaque équatoriale au centre de la cellule. Il s’agit de 

la métaphase. À ce moment précis, les chromatides sœurs de chaque chromosome sont 

alignées sur la plaque équatoriale et attachées de part et d’autre par les microtubules. Les 

chromatides sont dites bi-orientées et cet évènement va ensuite déclencher l’anaphase. C’est 

au cours de cette étape que les chromatides sœurs se séparent grâce à la rétraction vers chaque 

pôle des microtubules attachés aux kinétochores. Au cours de la dernière étape, la télophase, 

les chromatides sœurs ont atteint les pôles opposés. Les petites vésicules nucléaires vont 

également reformer l’enveloppe nucléaire à chaque pôle de la cellule où la chromatine se 

décondense, créant ainsi une cellule binuclée. Un sillon de clivage va aussi apparaître à 

l’endroit où s’était formée la plaque équatoriale. Ce sillon va progressivement se resserrer 

avant de se refermer totalement créant les deux cellules filles qui vont retourner en phase G1. 

Il s’agit de la cytokinèse. (11-16) 
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Régulation du cycle cellulaire 

 

 

Extrait de Biosci Rep. 2010 Mar 17;30(4):243-55. 

Figure 2 : La régulation du cycle cellulaire par les complexes CYCLINE-CDK.  

Dans les cellules de mammifères, différents complexes CYCLINE/CDK régulent la 

progression des cellules à travers les différentes phases du cycle cellulaire. 

 

 

 La progression du cycle cellulaire est finement régulée de manière séquentielle par les 

complexes CYCLINE-CDK (Kinase dépendante des cyclines). Au cours des cinquante 

dernières années, plusieurs acteurs moléculaires responsables de cette régulation ont été 

découverts, comme le facteur MPF (Maturation Promoting Factor) ou plusieurs gènes 

impliqués dans la division cellulaire (17-19). Cependant, ce fut la découverte des cyclines 

dans les années 1980 par le professeur Tim Hunt et son équipe qui a permis d’établir le 

modèle actuel de la régulation du cycle cellulaire (20). 

 

 Les complexes CYCLINE-CDK sont des hétérodimères constitués d’une cycline sans 

activité catalytique et d’une kinase. Les différentes cyclines et CDKs impliquées dans la 

régulation du cycle cellulaire sont les CYCLINES A, B, D ou E et CDK 1, 2, 4 ou 6.  
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En s’associant avec une CDK, la cycline va permettre à cette dernière d’être active et de 

phosphoryler ses substrats. On appelle les cyclines les sous unités régulatrices de ce complexe. 

L’association transitoire des cyclines avec les CDKs se fait de manière contrôlée et spécifique 

en fonction des différentes phases du cycle cellulaire (21, 22). (Figure 2) 

 

La phase G1 est contrôlée par les complexes CYCLINE D-CDK4/6 (23) tandis que la 

transition G1/S et la phase S sont respectivement contrôlées par les complexes CYCLINE E-

CDK2 et CYCLINE A -CDK2 (24-30). En début de phase G2, c’est le complexe CYCLINE 

A-CDK1 qui sera actif puis le complexe CYCLINE B-CDK1 en fin de phase G2 et pour la 

phase M (31-36). L’expression séquentielle des cyclines dicte l’activité des complexes 

CYCLINES-CDK propres à chaque phase du cycle cellulaire. Sachant que les CDKs sont des 

protéines très stables et que leur niveau d’expression ne varie quasiment pas au cours du cycle 

cellulaire ; la régulation des complexes est due à l’expression puis dégradation séquentielle 

des cyclines à chaque phase. La dégradation des cyclines est souvent rapide et principalement 

régulée par deux complexes E3 ubiquitine ligase : le cyclosome APC/C et le complexe SKP1-

CULLIN-F-box (SCF). Ces complexes vont poly-ubiquitinyler les cyclines pour les pousser à 

la dégradation par le protéasome. Le complexe SCF poly-ubiquitinyle les CYCLINES A, D et 

E en interphase tandis que le complexe APC/C poly-ubiquitinyle les CYCLINES A et B en 

mitose (37-41). 

 

Points de contrôle du cycle cellulaire 

 

 En cas d’erreur lors de la réplication, de lésions génotoxiques ou de problèmes dans la 

structure de la chromatine, les cellules possèdent des mécanismes qui leur permettent de 

stopper la progression du cycle cellulaire pour réparer les erreurs ou mourir. Ces mécanismes, 

ou points de contrôle du cycle cellulaire, arrêtent le cycle à différentes étapes : la transition 

G1/S, au cours de la phase S, à la transition G2/M et durant la mitose entre la métaphase et 

l’anaphase. (Figure 3) 
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Extrait de The Cell, fourth edition, figure 16.8 

Figure 3 : Les points de contrôle du cycle cellulaire.  

À certains moments au cours du cycle cellulaire, la cellule s’arrête afin de vérifier que tout est 

en ordre avant de poursuivre son cycle. Il s’agit des points de contrôle du cycle cellulaire. 

 

 

 Le point de contrôle à la transition G1/S stoppe l’activation des complexes CYCLINE E-

CDK2 nécessaire au passage des cellules en phase S. Cette inactivation se fait via l’inhibition de la 

phosphatase CDC25A et l’activation de la protéine p21, un inhibiteur du cycle cellulaire (42-45). 

Le point de contrôle au cours de la phase S va également inactiver les complexes CYCLINE A-

CDK2 en inhibant la phosphatase CDC25A. En même temps, la progression des fourches de 

réplications actives va ralentir et la formation de nouvelles origines de réplication va être bloquée 

(46-48). Le point de contrôle à la transition G2/M inactive les complexes CYCLINE B-CDK1 par 

séquestration ou dégradation des trois phosphatases CDC25A, B et C. L’arrêt du cycle cellulaire à 

cette étape permet de vérifier l’intégrité du génome ainsi que la fidélité de réplication de l’ADN 

(42, 49, 50). Enfin, le point de contrôle en phase M est activé si les chromatides sœurs des 

chromosomes dupliqués ne sont pas distribuées de manière équitable en fin de métaphase. L’arrêt 

du cycle à cette étape se fait par l’inhibition de l’ubiquitine ligase APC/C et la stabilisation des 

complexes CYCLINE B-CDK1 (51-54). 
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Les centrosomes 

 

Les centrosomes sont des organelles importantes pour le maintien de la stabilité 

génomique des cellules. Ils sont les centres organisateurs des microtubules et jouent un rôle 

essentiel dans l’organisation du fuseau mitotique bipolaire et la séparation des chromosomes 

pendant la mitose. Ils sont également impliqués dans la formation et la motilité des cils et 

flagelles dans les cellules différenciées. 

 

 
Extrait de Nature Reviews Molecular Cell Biology 2, 688-698  

Figure 4 : Structure du centrosome.  

Chaque centrosome est composé d’une paire de centrioles, formé de neuf triplets de 

microtubules chacun, et entouré par une matrice préicentriolaire. Le centriole mère est le seul 

à disposer des appendices distaux et subdistaux pour la nucléation et l’attachement des 

microtubules. 
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Structure 

 

Les centrosomes sont de petits organites périnucléaires constitués de deux centrioles 

perpendiculaires l’un à l’autre, appelés mère et fille, et entourés d’une matrice protéique 

appelée matériel péricentriolaire (MPC) (55, 56). Cette matrice contient de nombreuses 

protéines nécessaires à la nucléation et l’ancrage des microtubules pour la formation des 

fuseaux mitotiques (57, 58). Les centrioles sont composés d’un arrangement radial et 

symétrique de neuf triplets de microtubules (MT) et sont reliés l’un à l’autre par un pont 

protéique flexible composé principalement par les protéines ROOTLETIN et C-NAP1 

(Figure 4) (59-62). Le centriole mère est plus long et possède des appendices distaux et sub-

distaux nécessaires à l’ancrage des centrosomes à la membrane plasmique, le trafic endosomal 

ou encore l’attachement des MT (57, 63). Le centriole fille quant à lui est plus court et ne 

possède pas d’appendice. Il est important de noter que les parties distales et proximales des 

centrioles ont des fonctions différentes. La partie distale du centriole mère est impliquée dans 

la ciliogénèse, l’ancrage et la nucléation des MT tandis que la partie proximale des deux 

centrioles est nécessaire au recrutement des protéines de la MPC et à la formation des 

procentrioles en phase S lors de leur duplication (59, 63, 64).  

 

 

 

Le cycle des centrosomes 

 

 La duplication des centrosomes est liée de façon spatio-temporelle au cycle 

cellulaire, notamment à la réplication de l’ADN, et est strictement régulée à une fois par cycle. 

Ce processus permet la transmission d’un centrosome mature à chaque cellule fille au moment 

de la mitose (65-67). Le cycle des centrosomes est constitué de quatre phases distinctes : le 

désengagement, la duplication, la maturation et enfin la séparation. (Figure 5) 
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 En fin de mitose ou début de phase G1, chaque paire de centrioles ; appelés centrioles 

mère et fille ou parentaux, va se séparer et perdre son orientation perpendiculaire pour 

préparer le site d’initiation de la duplication. Il s’agit du désengagement. Cette étape est 

contrôlée principalement par l’action de la kinase PLK1 et la protéase SÉPARASE. PLK1 va 

promouvoir l’enlèvement de la COHÉSINE au niveau des centrosomes en prophase mais aussi 

stimuler son clivage par la SÉPARASE à la sortie de la mitose (68-70). À noter que les 

centrioles sont toujours liés par le pont protéique flexible (58, 60, 67, 71).  

 

 

 
Adaptation de J Cell Sci 127, 4111-4122. 

Figure 5 : Cycle des centrosomes.  

Le cycle centrosome est composé de plusieurs étapes qui sont liées au cycle cellulaire : (i) 

le désengagement des centrioles, (ii) la duplication des centrioles, (iii) l'allongement des 

procentrioles, (iv) la maturation et la séparation des centrioles et enfin (v) l'assemblage du 

fuseau mitotique bipolaire. 
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Durant la transition de la phase G1 à la phase S, de nouveaux centrioles ; appelés pro-

centrioles, sont dupliqués de manière semi conservative au niveau proximal de chaque 

centriole parental.  La kinase PLK4 va stabiliser les protéines SAS6, STIL et CEP135 sur la 

paroi du centriole et ainsi leur permettre de former l’arrangement radial et symétrique des 

nouveaux centrioles (72-76). Cette duplication est concomitante avec la réplication des 

chromosomes et est aussi régie par les complexes CDK2-CYCLINE A/E (68, 77-82). Au 

cours des phases S et G2, les pro-centrioles s’allongent jusqu’à maturité et le centriole fille va 

acquérir les appendices distaux et sub-distaux, composés de nombreuses protéines, pour 

devenir à son tour centriole mère. L’élongation des microtubules est contrôlée positivement 

par la protéine CPAP mais la protéine CP110 empêche une élongation excessive en servant de 

‘‘cap’’ aux centrioles (83-87). Les centrioles vont également recruter massivement et 

rapidement les protéines de la MPC pour former deux centrosomes parfaitement fonctionnels 

en fin de phase G2 (55, 71, 82, 88). En début de mitose, le pont protéique entre les 

centrosomes est détruit activant ainsi leur séparation et migration à chaque pole de la cellule, 

pour créer le fuseau mitotique bipolaire et permettre la bonne ségrégation des chromosomes. 

Pour cela, les kinases PLK1 et NEK2A vont phosphoryler les différentes protéines composant 

le lien fibreux pour soit défaire la structure soit les dégrader (89-91). A la fin de la mitose, 

chaque cellule fille recevra donc un centrosome mature et un jeu de chromosome identiques 

(88, 92, 93). 

 

Les centrosomes et les complexes Cycline-CDK 

 

 Récemment, les complexes CYCLINE-CDK ont été impliqués dans la duplication des 

centrosomes en raison de leurs nombreux substrats centrosomaux (93). Il a notamment été 

montré que la kinase CDK2, impliquée dans la réplication de l’ADN, serait également 

importante pour la duplication des centrosomes. Cela suggère que le cycle cellulaire et celui 

des centrosomes seraient liés par l’activation de cette kinase (81, 94). En effet, l’initiation des 

deux cycles se fait au niveau de la phase G1 par l’activation des complexes CYCLINE E-

CDK2 (55). De récentes expériences ont aussi mis en évidence le rôle crucial de CDK2 dans 

la duplication des centrosomes dans les œufs de xénope (68).   
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Enfin, de nombreuses protéines centrosomales sont les cibles directes des complexes 

CYCLINE-CDK2, comme CP110. À noter que la phosphorylation de CP110 par CDK2 est 

connue pour empêcher la duplication excessive des centrosomes en phase S en bloquant la 

séparation prématurée des centrosomes (95, 96). Le cycle des centrosomes est donc lié de 

manière spatio-temporelle au cycle cellulaire et leur régulation précise est primordiale au bon 

fonctionnement des cellules. 

 

Centrosomes et maladies 

 

 Un nombre anormal de centrosomes est une caractéristique commune de beaucoup de 

cancers humains et corrèle souvent avec l’agressivité tumorale (55, 97-99). La présence d’un 

nombre anormal de centrosomes peut engendrer des mitoses multipolaires et enrayer la 

ségrégation équitable des chromosomes créant de l’aneuploïdie (82, 100, 101). Toutefois, la 

plupart des cellules cancéreuses sont capables de regrouper leurs centrosomes surnuméraires 

en deux pôles pour éviter la catastrophe mitotique. À ce jour, ces mécanismes d’adaptations 

sont peu connus mais représentent des cibles prometteuses en thérapie antitumorales (102-

105). Ces anomalies centrosomales seraient dues à une dérégulation du cycle des centrosomes, 

voire du cycle cellulaire. Il est aussi important de noter que de nombreuses mutations ont été 

détectées dans des gènes codant pour des protéines centrosomales (106-108). Des aberrations 

dans la duplication ou la maturation des centrosomes peuvent également entrainer des 

maladies neurodégénératives comme les microcéphalies primaires ou la maladie de 

Huntington (109-112). Étant donné que de nombreuses maladies humaines sont liées d’une 

manière ou d’une autre aux centrosomes, il est crucial d’étudier plus en profondeur cette 

organelle afin de mieux comprendre son organisation et ses fonctions dans le but de trouver de 

nouvelles cibles thérapeutiques. 
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Les cils 

 

 Les centrosomes jouent également un rôle crucial dans la formation des cils soit la 

ciliogénèse. Les cils sont présents sur la plupart des cellules post-mitotiques et ressemblent à 

des antennes qui se projettent dans l’espace extracellulaire. Ils servent à l’échange 

d’informations avec l’environnement. Plusieurs voies de signalisation du développement ou de 

la différentiation dont Sonic Hedgehog et Wnt ont d’ailleurs plusieurs protéines localisées au 

niveau des cils (109, 113-116).  

 

Structure 

 

 Deux types de cils se distinguent par leur structure et par leur fonction; le cil primaire 

ou non-mobile, et le cil mobile. Le cil primaire est composé d’un axonème, formé de neufs 

doublets de microtubules circulaires (conformation 9+0), qui émane du centrosome mère, 

alors appelé corps basal. En comparaison, le cil mobile possède en plus une paire de 

microtubules centraux (conformation 9+2) qui lui permet de se mouvoir (67, 117, 118). Dans 

les deux cas, l’axonème est recouvert par une membrane plasmique ciliaire dont la 

composition et la fonction seraient différentes de celles de la membrane plasmique cellulaire 

(119, 120). Cette différence serait due à un enrichissement en protéines spécifiques ayant des 

signaux de localisation ciliaire. En effet, la base du cil est constituée d’une zone de transition 

délimitée par un réseau de fibres en Y et, avec l’aide des corps basaux, cette zone de transition 

aiderait activement à la sélection des éléments qui entrent et sortent du cil. Puisqu’il n’y a pas 

de synthèse protéique au niveau du cil, tous ces éléments nécessaires à sa formation et à son 

maintien doivent être transportés. Le mécanisme moléculaire par lequel les protéines ciliaires 

sont véhiculées le long de l’axonème est nommé transport intraflagellaire (TIF) (121). Les 

complexes TIF-A et TIF-B, grâce aux moteurs protéiques dynéine et kinésine, transportent la 

tubuline, les récepteurs ou encore les molécules de signalisation de façon antérograde et 

rétrograde dans les cils pour permettre leur formation mais aussi leur maintien et leur fonction 

(122-126). (Figure 6) 
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Adapté de Trends Genet. 2006 Sep;22(9):491-500 

Figure 6 : Structure du cil.  

Les cils, composés de doublets de microtubules (singlets à l'extrémité distale), sont nucléés à 

partir du centriole mère alors appelé corps basal. Les cils non-mobiles manquent la paire 

centrale de microtubules. Les coupes transversales montrent l’architecture des microtubules à 

différentes régions des cils. 

 

Formation du cil ou ciliogénèse 

 

 La ciliogénèse est un processus en plusieurs étapes. Premièrement, une vésicule ciliaire 

transportant diverses protéines est recrutée et fusionnée au niveau distal du centrosome mère 

grâce aux appendices distaux, créant ainsi le corps basal. Des vésicules ciliaires secondaires 

fusionnent à leur tour et permettent l’émergence de la zone de transition à partir du corps basal 

(126-129). Ensuite, cette structure va commencer sa migration vers la membrane plasmique 

avant de s’y accrocher grâce aux appendices distaux. Au cours de la migration, la zone de 

transition devient mature et s’allonge toujours par la fusion de vésicules ciliaires secondaires 

(126).   
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Adapté de EMBO Rep. 2012 Jul; 13(7): 608–618 

Figure 7 : Ciliogénèse.  

La première étape de la ciliogénèse implique la fusion de vésicules à l'extrémité distale du 

centriole mère (1). Une zone de transition à émerger et continue à se développer grâce à la 

fusion des vésicules secondaires (2-3). Le corps basal peut alors migrer vers la membrane 

plasmatique (3) pour fusionner avec (4), moment auquel la zone de transition forme la porte 

ciliaire (5). La formation complète de l'axonème est un processus dépendant du trafic 

intraflagellaire (6). Une autre voie (7) propose que le corps basal migre et fusionne 

directement avec la membrane plasmique avant la formation de la zone de transition. CV, 

vésicule ciliaire; IFT, transport intraflagellaire; BBS, syndrome de Bardet-Biedl; TZ, zone de 

transition. 

 

 

 Au moment de s’attacher à la membrane plasmique, la zone de transition mature forme 

la porte ciliaire qui va alors permettre la sélection des éléments qui entrent et sortent du cil. 

Finalement, l’axonème est nucléé vers l’espace extracellulaire par l’action du transport 

intraflagellaire et devient mature et fonctionnel (129, 130). Cette succession d’étapes est 

principalement utilisée par les cellules formant des cils primaires, c’est à dire un cil par 

cellule. En ce qui concerne les cellules multiciliées, soit avec des cils mobiles, la séquence est 

légèrement différente.   
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En effet, pour ces cellules, le corps basal va d’abord migrer et s’accrocher à la membrane 

plasmique avant de former la zone de transition et de nucléer l’axonème mature. Bien que la 

séquence soit différente, l’élongation de l’axonème se fait toujours par le transport 

intraflagellaire (126, 131). Il est important de noter que les cils vont être démantelés lorsque la 

cellule va rentrer de nouveau dans le cycle cellulaire. Cette résorption est nécessaire pour que 

le corps basal redevienne un centriole mère et donc un centre organisateur de microtubules. 

(Figure 7) 

 

Cils et maladies 

 

 Des défauts dans la structure ou la fonction des cils primaires et mobiles créent des 

pathologies humaines appelées ciliopathies dont entre autres le syndrome de Joubert, le 

syndrome de Bardet-Biedl, la néphronophtise ou la maladie polycystique du rein. Ces 

maladies sont majoritairement dues à des mutations dans un ou plusieurs gènes codant des 

protéines localisées au niveau du cil et impliquées dans leur formation et/ou leur fonction. Les 

ciliopathies sont des maladies multi-symptomatiques incluant la dégénérescence de la rétine, 

des kystes rénaux ou des troubles neurologiques (66, 109, 122, 132-134). Malheureusement, 

aucun traitement n’est disponible à ce jour pour soigner ces maladies notamment en raison du 

manque de connaissances au niveau moléculaire. Il est important de signaler qu’au cours des 

dernières années, certains cancers ont également été liés à des défauts dans les cils, notamment 

au niveau des voies de signalisation comme Sonic Hedgehog, mais les mécanismes 

moléculaire sont peu compris (116, 135-137).  
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La protéine néphrocystine 5 (NPHP5) 

 

Structure 

 

 NPHP5 est une protéine centrosomale conservée chez la souris, le rat, le poulet et le 

poisson zèbre. Cette protéine est formée par quinze exons et contient deux domaines de liaison 

à la CALMODULINE (IQ) et un domaine coiled-coil putatif (CC) qui servirait à la liaison 

avec d’autres protéines (138, 139). NPHP5 a deux isoformes : la plus abondante et la plus 

longue de 598 acides aminés et une plus courte de seulement 465 acides aminés (139). Grâce à 

une analyse récente par spectrométrie de masse, il a été montré que NPHP5 possède également 

plusieurs sites de phosphorylation. Enfin, plus de quinze mutations causant des maladies ont 

été identifiées à ce jour. Il s’agit principalement de mutations hétérozygotes, homozygotes 

non-sens ou de mutations induisant un décalage du cadre de lecture lors de la traduction de 

l’ARN messager. Ces mutations provoquent deux types de ciliopathies : le syndrome de 

Senior Loken, avec des symptômes au niveau de la rétine et du rein, ou l’amaurose 

congénitale de Leber avec des symptômes rénaux seulement (138, 140-142). (Figure 8) 

 

 
Adapté de Nat Genet. 2005 Mar;37(3):282-8 

Figure 8 : Schéma représentatif de la structure de NPHP5.  

Cette protéine est formée par quinze exons et contient deux domaines de liaison à la 

CALMODULINE (IQ) et un domaine coiled-coil putatif (CC). 
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Fonction 

 

 NPHP5 a été détectée, au niveau des centrosomes, comme partenaire de CEP290, 

une autre protéine centrosomale impliquée dans la ciliogénèse (143, 144). Elle peut aussi 

s’associer avec RPGR, une protéine mutée chez les patients atteints de rétinite pigmentaire, 

une autre ciliopathie (138, 145). NPHP5 se localise au niveau des cils dans les cellules rénales, 

des cils connecteurs dans les cellules photo-réceptrices de l’œil et des centrosomes dans les 

cellules du rein chez la souris. Il a été démontré également que NPHP5 est nécessaire à la 

ciliogénèse dans les cellules rénales. De façon intéressante, son ARN messager peut être 

surexprimé lors de cancer gastro-intestinal mais inhibé en cas de dommage à l’ADN (138, 

139, 146). La déplétion de NPHP5 chez le poisson zèbre à l’aide de morpholinos anti-sens 

provoque la formation de kystes rénaux et des anomalies cérébrales. Ces symptômes sont 

semblables à ceux observés chez les patients humains (144). Toutefois, la localisation précise 

de NPHP5 ainsi que sa fonction au niveau du centrosome ou lors de la ciliogénèse restent 

inconnues à ce jour. À la vue de ces données, il est facile d’imaginer un rôle clé pour NPHP5 

dans la formation, le maintien et/ou la fonction du cil. C’est pourquoi il est important de 

connaître les partenaires impliqués et d’élucider les mécanismes moléculaires auxquels 

NPHP5 pourrait participer pour potentiellement développer des atouts thérapeutiques contre 

les ciliopathies. 

 

 

La protéine centrosomale de 290 kDa (CEP290) 

 

Structure 

 

 CEP290, aussi appelée néphrocystine 6 (NPHP6), est une grosse protéine composée de 

2479 acides aminés étendus sur 54 exons et ayant un poids moléculaire de 290 kDa. 



 

 

Cette protéine a premièrement été identifiée lors du séquençage d’une bibliothèque d’ADN du 

cerveau avant d’être identifiée lors d’un crible protéomique de centrosomes issus de 

lymphoblastes humains (147, 148). CEP290 contient de nombreux domaines conservés au 

cours de l’évolution dont des motifs putatifs coiled-coil (CC), des motifs inductibles par 

protéine kinase ou encore un motif de localisation nucléaire. Ces nombreux domaines 

semblent impliquer CEP290 dans diverses fonctions au travers différents compartiments de la 

cellule. Toutefois, le rôle précis de ces nombreux domaines reste largement non élucidé (149). 

Jusqu’à maintenant, 112 mutations ont été identifiées comprenant des changements de cadre 

de lecture, des mutations non-sens ou encore des délétions. Ces mutations induisent une perte 

de fonction de la protéine et provoquent au moins cinq types de ciliopathies humaines avec 

une variabilité clinique importante : l’amaurose congénitale de Leber (LCA), la 

néphronophtise (NPHP),  le syndrome de Joubert (JBTS), le syndrome de Bardet-Biedl (BBS) 

et le syndrome de Meckel-Gruber (MKS) (150, 151). En raison de son large spectre 

phénotypique, CEP290 a été proposé comme étant un ‘‘master regulator’’ de la ciliogénèse. 
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Figure 9 : Schéma représentatif de la structure de Cep290.  

Cette protéine est formée de 54 exons et contient de nombreux domaines distincts. 

 



 

 

Fonction 

 

 La présence des nombreux domaines dans la protéine révèlerait des rôles multiples et 

variés de CEP290 dans les cellules. CEP290 est localisée principalement dans la partie distale 

des centrioles et au niveau de la matrice péricentriolaire (satellites) où elle participe à la 

ciliogénèse et à l’organisation du réseau de microtubules cytoplasmiques, respectivement 

(143, 147, 149, 152, 153). Au cours des dix dernières années, CEP290 a également été 

localisée au niveau du noyau où elle activerait des facteurs de transcription comme ATF4 

(impliqué dans la formation de kystes rénaux) (143, 149, 152, 154-156).  

 

 L’inhibition de CEP290 par ARN interférence induit une baisse drastique du nombre 

de cellules formant des cils. D’autres protéines normalement situées dans les cils sont 

également délocalisées dans ces cellules. Les mêmes phénotypes ont été observés dans la 

rétine du modèle murin rd16 (retinal degeneration 16). Cette souris est caractérisée par une 

délétion de 298 acides aminés sans changement du cadre de lecture. Il a été observé une 

relocalisation de certaines protéines ciliaires du segment externe vers le segment interne des 

photorécepteurs de cette souris. Ces résultats soulignent un rôle important de CEP290 non 

seulement dans la ciliogénèse mais aussi dans le trafic ciliaire. Toutefois, il est à noter 

qu’aucun phénotype majeur extra-rétinal n’a été reporté chez cette souris, contrairement aux 

patients humains qui développent des anomalies dans divers organes dont le rein, le foie ou 

encore le cerveau en plus de la rétine (143, 157, 158).  

 

 Des expériences d’immuno-précipitations sur des extraits de rétines murines ont 

montrées que CEP290 forme des complexes avec diverses partenaires (centrine, Kif3A, sous 

unité p150 de la dynactine,…) impliqués dans le transport protéique sur les microtubules (152, 

154). CEP290 interagit aussi avec les protéines centrosomales PCM-1 et CP110. Des études 

de déplétion de CEP290 dans des cellules humaines et chez le poisson zèbre ont montré une 

redistribution cellulaire de la protéine PCM-1, perturbant ainsi la stabilité du réseau 

cytoplasmique de microtubules. CEP290 est également importante pour la localisation ciliaire 

de Rab8; une petite GTPase régulée par le BBSome lors de la ciliogénèse (144, 149, 159-162). 



 

 

 Des études chez le chat Abyssin rdAc (substitution de nucléotide qui entraine un 

changement du cadre de lecture), dont une portion du C-terminal de CEP290 est manquante, 

ont montré une dégénération de la rétine avec accumulation de vésicules contenant la 

rhodopsine au niveau du segment interne du photorécepteur (163).  

 

 De plus, des expériences de déplétion par morpholinos chez le poisson zèbre Dario 

rerio entrainent des kystes rénaux, des défauts de la rétine et une hydrocéphalie entre autres. 

Toutefois, la longueur des cils n’est pas affectée. Le rôle de CEP290 dans ce phénotype 

pourrait donc être tissu dépendant (144, 149, 164).  

 

 Enfin, une perte de fonction de CEP290 chez l’algue Chlamydomonas reinhardtii 

entraine une perturbation de la longueur des cils mais aussi du contenu protéique (165). 

 

 CEP290 est importante pour la fonction des centrosomes et des cils. Cependant, les 

connaissances sur la corrélation entre les mutations de CEP290, sa fonction et les divers 

phénotypes des maladies sont limitées. Devant un tel éventail de manifestations cliniques, il 

est important d'étudier plus CEP290 et d’essayer de comprendre les mécanismes moléculaires 

sous-jacents à ses fonctions. 

 

 

Le complexe du syndrome de Bardet-Biedl : le BBSome 

 

Structure 

 

 Le syndrome de Bardet-Biedl est une ciliopathie autosomique récessive caractérisée 

par de l’obésité, de la dégénérescence rétinienne, des kystes rénaux, de la polydactylie, du 

retard mental ou encore de l’hypogénitalisme (166-170). À ce jour, dix neuf locus BBS ont été 

identifiés et chacun peut causer la maladie indépendamment des autres (171-173).  
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Huit de ces protéines (BBS1/2/4/5/7/8/9/18) forment le BBSome, un complexe protéique 

d’environ 438 kDa qui transporte les récepteurs de signalisation vers et depuis les cils (172, 

174, 175). Les protéines BBS2/7/9 forment le cœur du complexe auquel sont ajoutées 

successivement les protéines BBS1/5/8 et enfin BBS4. De plus, les protéines BBS6/10/12 

forment, avec la chaperonine ATP-dépendante TRiC/CCT, un complexe de chaperonnes 

nécessaire à l’assemblage correct du BBSome (175, 176). Les protéines du BBSome 

contiennent pour ça des domaines connus pour faciliter l’interaction protéique comme des 

hélices β ou des domaines coiled-coil.  

 

 

Adaptation de Qihong Zhang et al. J. Biol. Chem. 2012;287:20625-20635 

  

Figure 10. Schéma représentatif de la formation séquentielle du BBSome.  

Les protéines BBS2/7/9 forment le cœur du complexe auquel sont ajoutés successivement les 

protéines BBS1/5/8 et enfin BBS4 à l’aide des chaperonnes BBS6/10/12 et TRiC/CCT. 



 

 

Fonction 

 

 Le BBSome est localisé au niveau des satellites péricentriolaires ainsi qu’au niveau des 

cils. Il est recruté au niveau du corps basal par la petite GTPase Rab8 et son partenaire Rabin8. 

Ce recrutement va également activer Rab8 et permettre la fusion des vésicules ciliaires proche 

de la membrane des cils. Pour être actif comme transporteur de protéines membranaires, le 

BBSome est  alors recruté à la membrane ciliaire par la petite GTPase BBS3 qui va aider à son 

entrée dans l’organelle. Ces évènements sont essentiels à la ciliogénèse ainsi qu’au 

mouvement du BBSome dans le cil (174, 175, 177, 178). Le BBSome circule entre la base et 

l’extrémité du cil grâce aux complexes IFT et module également l’exportation de certaines 

protéines en dehors des cils. Parmi les protéines transportées par le BBSome, on retrouve 

plusieurs récepteurs impliqués dans diverses voies de signalisation comme les récepteurs 

couplés aux protéines G ou Smoothened, un récepteur de la voie Sonic hedgehod (178, 179). 

 

 Des études chez la souris et le poisson zèbre soutiennent un rôle du BBSome dans la 

ciliogénèse et le transport intraflagellaire. Une inhibition des gènes BBS par morpholinos chez 

le poisson zèbre entraine une perte progressive des cils ainsi qu’une perte de fonction des 

vésicules de Kupffer (transport rétrograde) (180). Chez les souris knock-out, une accumulation 

de diverses protéines de signalisation a été observée au niveau des cils, ce qui coïncide avec 

les expériences chez C. elegans et met en évidence des défauts dans les complexes IFT et le 

transport rétrograde dans les cils. Ces résultats ont également été observés dans les cellules en 

culture dont les protéines BBS ont été inhibées par ARN interférence (173, 181-189). 

 

 Des expériences chez C. reinhardtii montrent que plusieurs protéines de signalisation 

associées à la membrane sont accumulées dans les cils en cas de perturbation du BBSome. 

Toutefois, cette accumulation serait due à des défauts d’exportation via le BBSome et non à la 

perturbation des complexes IFT (190, 191). 



 

 

 En raison de la pléiotropie de la maladie, de nombreuses caractéristiques cliniques du 

syndrome de Bardet-Biedl sont communes à d'autres maladies, ce qui amène souvent à un 

diagnostic incertain. Il est donc important d’étudier les protéines impliquées dans ce syndrome 

ainsi que leurs partenaires afin de mieux comprendre les mécanismes moléculaires propres à 

cette maladie et éventuellement développer des thérapies ciblées. 

 

 

La protéine centrosomale de 76 kDa (CEP76) 

 

Structure 

 

CEP76 a été identifiée pour la première fois comme protéine centrosomale lors d’une 

analyse des centrosomes par spectrométrie de masse (147). CEP76 semble être conservée des 

mammifères au poisson zèbre et au xénope mais aucun homologue n’a été clairement identifié 

à ce jour chez la drosophile ou la levure (93).  

 

Cette protéine contient un motif WD-40 partiel ; motif connu pour être impliqué dans 

les interactions entre protéines, ainsi qu’un domaine de liaison au calcium et aux lipides 

(domaine CaLB)(93). De plus, la structure primaire de CEP76 contient plusieurs sites putatifs 

de liaison aux cyclines (RXL) et de phosphorylation par les CDKs (SP/TP) suggérant de 

possibles modifications post-traductionnelles. Récemment, un domaine similaire au 

transglutaminase (TGL) inactif a été découvert pour CEP76. Ce motif pourrait être essentiel à 

la liaison de peptides ainsi qu’au contrôle des interactions protéiques durant la ciliogénèse 

(192). Toutefois, aucune recherche supplémentaire n’a été faite à ce jour pour comprendre la 

signification de ces différents domaines. 



 

 

Fonction 

 

CEP76 a été détectée comme partenaire de CP110, un substrat de CDK2 qui régule 

positivement la duplication des centrosomes, et CEP97, un stabilisateur de CP110 (93, 96). 

Les niveaux protéiques de CEP76 varient selon les phases du cycle cellulaire : l’expression est 

faible en quiescence, augmente légèrement en phase G1 et atteint son maximum dans les 

phases S et G2, soit juste après le début de la duplication des centrioles. Au moment d’entrer 

en mitose, l’expression de CEP76 diminue de nouveau (93). Cette fluctuation est similaire à 

celle de l’activité des complexes CDK2-CYCLINEA et CDK2-CYCLINE, comme décrit 

précédemment.  

 

Lors de travaux précédents, il a été démontré que la déplétion de CEP76 par ARN 

interférence provoque l’accumulation de structures centriolaires dans certaines lignées 

cellulaires cancéreuses. Cette accumulation serait due à plusieurs cycles de duplication des 

centrioles et est dépendante de la présence de CP110 et CEP97 aux centrosomes.(93) De 

manière intéressante, ces structures intermédiaires sont composées de protéines centriolaires 

uniquement car la matrice péricentriolaire n’est pas affectée par la déplétion de CEP76. De 

plus, l’amplification des centrioles causée par un traitement avec hydroxyurée (HU) peut être 

inhibée si CEP76 est surexprimée dans les cellules. À noter que ce traitement n’affecte pas les 

niveaux protéiques de CEP76 et que cette surexpression n’empêche pas la duplication normale 

des centrioles (93).  

 

Ces résultats suggèrent que CEP76 serait impliquée dans la régulation de la duplication 

des centrioles. CEP76 limiterait ce processus à une fois par cycle cellulaire en veillant à ce que 

de multiples rondes de duplication ne soient pas possibles. Toutefois, la fonction précise de 

CEP76 reste toujours inconnue, c’est pourquoi il est important de connaître les partenaires 

impliqués et d’élucider ces mécanismes moléculaires qui limitent la duplication des centrioles 

à une fois par cycle cellulaire. 
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Mise en contexte 

 

 Les centrosomes et les cils sont des organelles complexes essentielles pour un large 

éventail de processus comme l’embryogénèse et le développement, la polarité, la mobilité, la 

division cellulaire ou encore la sensation de signaux. Au cours des dernières années, des 

efforts ont été réalisés pour approfondir les recherches sur les centrosomes et les cils. De 

nombreuses nouvelles protéines ont donc été découvertes, mais peu sont à ce jour étudiées en 

détail. 

 

 De nombreuses maladies humaines telles que les cancers ou les ciliopathies comme le 

syndrome de Bardet Biedl sont dues à un mauvais fonctionnement des centrosomes et des 

cils. Précédemment, il a été montré qu'une protéine déficiente dans diverses ciliopathies 

humaines, Cep290, est une protéine centrosomale exigée pour la formation de cils (160). La 

caractérisation de protéines associées à Cep290 est donc importante pour comprendre son rôle 

dans la ciliogénèse et le développement de maladies. Plusieurs preuves suggèrent qu'une 

nouvelle protéine, NPHP5, ait des liens fonctionnels avec Cep290, bien que l'on ne connaisse 

pas la fonction précise de NPHP5 (143, 144). Notre hypothèse est que NPHP5 promeut la 

formation de cils avec Cep290 et que son dysfonctionnement contribue au développement de 

ciliopathies 

 

 La duplication des centrosomes est finement régulée et des dérégulations sont souvent 

impliquées dans l’instabilité génomique et l’aneuploïdie, deux marques du cancer. Les 

mécanismes qui régulent la duplication des centrosomes sont peu connus. Récemment, une 

nouvelle protéine centrosomale, Cep76, a été liée à ce processus. La déplétion de Cep76 

entraine une sur-duplication des centrioles tandis que sa surexpression supprime ce 

phénomène après arrêt en phase S par traitement à l’hydroxyurée. Cependant, le mécanisme 

par lequel Cep76 agit reste peu connu (93). 
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 L’objectif général de cette thèse était de mieux caractériser ces protéines 

centrosomales, leurs rôles dans la régulation de processus cellulaires majeurs et leurs 

implications dans les maladies humaines. Les objectifs particuliers étaient : 

 

1- Caractériser la protéine centrosomale NPHP5 et son rôle dans la ciliogénèse : quels 

sont sa localisation, sa fonction et ses partenaires potentiels ? (article 1). 

 

2- Étudier la fonction spécifique de NPHP5 et son partenaire Cep290 dans la régulation 

du BBSome : sont-elles impliquées dans l’assemblage et le maintien du complexe et 

dans le trafic ciliaire ? (article 2).  

 

3- Caractériser le rôle spécifique de la protéine Cep76 dans la régulation du cycle des 

centrosomes : par quel(s) mécanisme(s) Cep76 contrôle la duplication des centrioles en 

phase S à raison d’une fois par cycle cellulaire? (article 3).  
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Abstract 

 

 Mutations in the human NPHP5 gene cause retinal and renal disease but the precise 

mechanisms by which NPHP5 functions are not understood. We report that NPHP5 is a 

centriolar protein whose depletion inhibits an early step of ciliogenesis, a phenotype 

reminiscent of Cep290 loss and contrary to IFT88 loss. Functional dissection of NPHP5 

interactions with Cep290 and CaM reveals a requirement of the former for ciliogenesis, while 

the latter prevents NPHP5 self-aggregation. Disease-causing mutations lead to truncated 

products unable to bind Cep290 and localize to centrosomes, thereby compromising cilia 

formation. In contrast, a modifier mutation cripples CaM-binding but has no overt effect on 

ciliogenesis. Drugs that antagonize negative regulators of the ciliogenic pathway can rescue 

ciliogenesis in cells depleted of NPHP5, with response profiles similar to those of Cep290- but 

not IFT88-depleted cells. Our results uncover the underlying molecular basis of disease and 

provide novel insights into mitigating NPHP5 deficiency. 
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Introduction 

 

 Located in close proximity to the nucleus as a non-membrane bound organelle, the 

centrosome is the principal microtubule-organizing center critical for cell division in most 

eukaryotic cells (1, 2). A single centrosome, consisting of a pair of centrioles (termed the 

mother and daughter centrioles) surrounded by a pericentriolar matrix duplicates in S phase. 

The duplicated centrosomes migrate to opposite poles of a cell and establish the mitotic 

spindle at the onset of mitosis, ensuring faithful segregation of chromosomes into daughter 

cells. Upon cell cycle exit, centrosomes in many cell types template the formation of primary 

cilia, cellular antennae that sense a wide variety of signals important for growth, development 

and differentiation (3). Cilia biogenesis or ciliogenesis can be arbitrarily divided into discrete 

steps (4, 5). First, membrane vesicles carrying protein and lipid cargos are formed at, and 

recruited to, the distal end of the mother centriole. The centrosome then migrates to the cell 

cortex, wherein the mother centriole, now transformed into a basal body, attaches itself to the 

cell membrane and nucleates the formation of an axoneme, the skeleton of a cilium. Docking 

and fusion of membrane vesicles with the cell membrane also occur simultaneously. The final 

step of ciliogenesis, intraflagellar transport (IFT) mediates bi-directional transport of cargos 

and is necessary for cilia biogenesis, function and maintenance. Defects in ciliogenesis can 

give rise to a bewildering array of human ciliary diseases collectively known as ciliopathies 

(6, 7). Ciliopathies are pleiotropic and exhibit variable clinical manifestations such as kidney 

cyst formation, hepatic dysfunction, retinal degeneration and neurological disorders.   
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Although mutations in a number of genes encoding centrosomal and ciliary components are 

responsible for nearly all ciliopathy cases, the etiology and molecular basis of these diseases 

remain incompletely understood. 

We and others have previously characterized one centrosomal protein, Cep290, whose 

deficiency is implicated in ciliopathies including Leber congenital amaurosis (LCA; an 

inherited eye disease characterized by severe loss of vision), Senior-Løken syndrome (SLS; an 

inherited disorder associated with retinal (severe loss of vision) and renal failure (kidney cyst 

formation and end-stage renal disease)), nephronophthisis, Joubert syndrome, Bardet-Biedl 

syndrome and Meckel-Gruber syndrome (8-10). Cep290 participates in primary cilia 

formation and functions at an early step of the ciliogenic pathway, affecting centrosomal 

migration and/or anchoring to the cell cortex (11-13). Interestingly, it biochemically interacts 

with a multitude of proteins, including CP110, a centrosomal protein known to suppress 

ciliogenesis (12, 14). Identification and characterization of key proteins that associate with 

Cep290 would greatly enhance our understanding of its roles in ciliogenesis and disease 

development. 

Converging evidence suggests that Cep290 has functional connections with a partially 

characterized centrosomal/ciliary protein called nephrocystin-5 (NPHP5). First, patients with 

NPHP5 mutations exhibit clinical phenotypes that overlap with patients bearing Cep290 

mutations. NPHP5 mutations constitute a frequent cause of SLS (15, 16). Certain mutations of 

NPHP5, in addition to several SLS-causing mutations, are also detected in patients with LCA, 

although these patients are believed to be at high risk of developing late-onset renal failure 

(17, 18).  
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Second, Cep290 is shown to interact with NPHP5 under certain circumstances and 

therefore the significance of this interaction remains controversial (19-21). Third, ablation of 

NPHP5 with anti-sense morpholinos in zebrafish leads to the formation of pronephric cysts 

and phenocopies Cep290 depletion (19). NPHP5 is highly conserved in higher eukaryotes and 

possesses a putative coiled-coil and IQ calmodulin (CaM)-binding motifs of unknown 

function (15, 22). Here, we show that NPHP5 localizes to the distal region of centrioles during 

interphase and is specifically required for early cilia assembly, a function similar to Cep290 

but different from IFT88, a protein participating in IFT at a later step of ciliogenesis. 

Endogenous NPHP5 interacts with Cep290 and CaM, and detailed domain-mapping studies on 

NPHP5 reveal three separable and functionally distinct domains, namely, the Cep290-binding 

domain, the CaM-binding domain and the centrosomal localization domain which 

encompasses the coiled-coil motif. NPHP5 interaction with Cep290 is strictly required for 

ciliogenesis, while the association between NPHP5 and CaM is needed to prevent NPHP5 

self-aggregation. Pathogenic NPHP5 mutations known to cause SLS and LCA result in the 

production of truncated products that are incompetent to bind Cep290 and are mis-localized, 

thus compromising cilia formation. On the contrary, a NPHP5 modifier mutation associated 

with patients with severe retinitis pigmentosa caused by X-linked retinitis pigmentosa GTP 

regulator (RPGR) deficiency specifically impairs CaM-binding and has no adverse effect on 

cilia biogenesis. Loss of cilia in the absence of NPHP5 can be rescued by pharmacologically 

inhibiting negative regulators of ciliogenesis downstream of NPHP5. Interestingly, the 

response profiles of NPHP5-depleted cells towards different drugs are comparable to those of 

Cep290- but not IFT88-depleted cells, further suggesting that NPHP5 and Cep290 participate 

in a common step of the ciliogenic pathway.   
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Cilia formation in cells expressing disease-causing mutants of NPHP5 and treated with 

drugs can likewise be rescued. Thus, we have uncovered the functional significance of NPHP5 

and its interactions with Cep290 and CaM, delineated the molecular mechanisms underlying 

the pathogenesis of NPHP5-assoicated ciliopathies, and revealed novel pharmacological 

approaches for treating NPHP5 deficiency. 

 

Results 

 

NPHP5 localizes to the distal region of centrioles and is present in 

interphase cells 

 Although NPHP5 is shown to localize to centrosomes and cilia (15, 21, 23), its 

localization during the cell cycle has not been fully investigated. We used 

immunofluorescence microscopy to detect NPHP5 localization in diploid human retinal 

pigment epithelial (RPE-1) cells. This cell line possesses normal centrosome morphology and 

number and is a well-established model for primary cilia formation. Antibodies against 

NPHP5 stained two and four prominent spots in G1 and S phase, respectively (Figure 1A). 

These spots became more diffused in G2 phase and subsequently disappeared in mitosis 

(Figure 1A). Identical staining patterns were obtained by the use of three antibodies raised 

against different regions of NPHP5 and also in U2OS cells (data not shown). NPHP5 staining 

overlapped substantially with that of centrin (Figures 1A and 1B), which is a canonical 

centriolar protein found at the distal lumen of centrioles.  
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 Centrosomal localization of NPHP5 was not affected by treatment with nocodazole (Figure 

S1A), a microtubule de-polymerizing agent, suggesting that NPHP5 is an intrinsic component 

of centrosomes. In G0 phase, NPHP5 is present at both the mother centriole/basal body and 

the daughter centriole, but was never observed along the ciliary axoneme (Figure 1C). 

Notably, NPHP5 staining at the mother centriole/basal body marginally co-localizes with 

acetylated and polyglutamylated tubulins in the proximal region, but rather is localized to the 

distal end near the base of the cilium (Figure 1C).  

 To further confirm the localization of NPHP5 on centrioles, cells were co-stained with 

antibodies against NPHP5 and a panel of proximal (C-Nap1, Sas-6 and Flag-Plk4) and distal 

(CP110, Cep290, Cep164) centriolar markers. NPHP5 showed significant overlap with CP110, 

Cep290 and Cep164 foci but marginal overlap with dots of Flag-Plk4, C-Nap1 and Sas-6 

(Figures 1B and 1D). Thus, our data strongly indicate that NPHP5 is a distal centriolar protein 

and that it could function during interphase.  

 

NPHP5 depletion inhibits an early step of cilia formation 

 We examined the consequences of depleting NPHP5 using RNA interference (RNAi)-

mediated gene silencing. We transfected either pools of four small interfering RNAs (siRNAs) 

or five individual siRNAs, and microscopically confirmed the near complete removal of 

NPHP5 (~90%) from centrosomes in RPE-1 cells (Figures 2A and S1B). Similar observations 

regarding the loss of NPHP5 signal were made in several non-ciliated (U2OS) and ciliated 

(ARPE-19 and HEK293) cell lines (Figure S1C), and with the use of three different antibodies 

against NPHP5 (Figure S1D).  
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To further confirm specificity, Western blot analysis revealed that NPHP5 antibodies 

recognized one specific band corresponding to a size of ~69kDa, and more importantly, 

protein levels were elevated in cells over-expressing Flag-NPHP5 and reduced by ~80% in 

NPHP5 siRNA-treated cells (Figure 2B). Of note, although endogenous NPHP5 was readily 

detected in HEK293 extracts, it was undetectable in lysates of RPE-1 and U2OS cells (Figure 

2B), suggesting that this protein is of low abundance in the latter two cell lines. Next, we 

determined whether NPHP5 is needed for different aspects of centrosome function. Depletion 

of NPHP5 did not induce abnormal number of centrin or γ-tubulin foci (Figures S2A-B), 

abnormal separation of centrin foci (Figure S2C), aberrant mitotic figures (data not shown) or 

mitotic arrest (Figure S2D), and therefore had no significant impact on centriole/centrosome 

duplication, centriole/centrosome separation or mitotic division. Further flow cytometric 

analysis indicated that suppression of NPHP5 did not alter cell cycle progression (Figure S2E). 

 Given its connection with human ciliopathies, we tested a role for NPHP5 in the 

assembly of primary cilia. RPE-1 cells were transfected with control or NPHP5 siRNAs, 

uninduced or induced to quiescence, and stained for ciliary markers including glutamylated 

tubulin, acetylated tubulin, IFT88 and Gli2. The percentages of ciliated cells are different 

between proliferative and quiescent states, and hence it is critical to evaluate if NPHP5 

perturbs cilia formation under both conditions. Interestingly, ablation of NPHP5 led to a 

dramatic two-fold reduction in the ability of cells to assemble cilia in cycling and quiescent 

cells (20% to 10% for cycling and 80% to 40% for quiescent cells; Figure 2C). Similar results 

were obtained with another retinal pigment epithelial cell line, ARPE-19 (data not shown), and 

these findings were consistent with a systematic analysis designed to unravel the roles of 

ciliary disease proteins in cells and tissues (21).  
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 The failure to undergo ciliogenesis in NPHP5-depleted cells was not due to cell cycle defects 

(Figures S2D-E) or an inability of the cell to enter a quiescent state, as revealed by Ki67 

staining (Figure 2D). Subsequently, we pinpointed the step(s) at which cilia formation is 

blocked. Loss of NPHP5 did not impinge on centrosomal accumulation of Rab11a-positive 

vesicles, suggesting that early vesicular trafficking events, including the formation of 

pericentrosomal preciliary compartment (24), are not affected (Figures S2F). In light of the in 

vivo interaction between NPHP5 and Cep290 (Figure 3A) and the role of Cep290 in the 

migration and/or anchoring of centrosomes to the cell cortex during early ciliogenesis, we 

examined the distance between centrosomes and nuclei in NPHP5-depleted RPE-1 cells. As a 

control, we performed identical experiments in cells depleted of IFT88, a protein dispensable 

for centrosome migration but required for a late step of ciliogenesis (25). Strikingly, ~60% of 

the centrosomes in quiescent control and IFT88-depleted cells were well separated from the 

nucleus and were localized close to the cell surface, in contrast to ~30% in NPHP5- and 

Cep290-depleted cells (Figure 2E). Taken together, depletion of NPHP5, like Cep290, disrupts 

the migration and/or anchoring of centrioles to the cell cortex and inhibits ciliogenesis. 

 

NPHP5 interaction with Cep290 is critical for ciliogenesis 

 Despite circumstantial evidence that NPHP5 interacts with Cep290 (19-21), an 

endogenous interaction between the two proteins has not been demonstrated and its 

physiological relevance remains unclear. To determine whether endogenous proteins associate 

in vivo, we performed immunoprecipitations with NPHP5 and Cep290 antibodies.  
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NPHP5 and Cep290 were co-immunoprecipitated by NPHP5 antibodies, and reciprocal 

immunoprecipitations with Cep290 antibodies confirmed a robust physiological interaction 

(Figure 3A). Next, we generated a series of Flag-tagged Cep290 truncation mutants, 

performed anti-Flag immunoprecipitations and examined their ability to interact with NPHP5 

in cell extracts. We found that the NPHP5-binding domain of Cep290 was mapped between 

residues 790-816 (Figures S3A-B), consistent with two previous studies showing a 

requirement of the N-terminal region for binding to NPHP5 (19, 21). In addition, domain-

mapping experiments were performed to identify the region of NPHP5 responsible for its 

interaction with Cep290. A C-terminal region of NPHP5 interacted with Cep290, and further 

efforts to delete or mutate conserved residues within this region revealed that residues 509-529 

and 549 were both critical for binding (Figures 3B-D). Notably, the Cep290- and calmodulin-

binding domains of NPHP5 are separable, as mutants with impaired binding to Cep290 could 

still associate with CaM (Δ509-529 and A549K; Figures 3B and 3D), and vice versa (ΔIQ123; 

Figures 5A-B). Both domains are also distinct from the centrosomal localization domain 

which encompasses the coiled-coil motif (residues 340-371) and residue 547 (Δ340-371, 

Δ543-555 and A547K; Figures 3C-D, 4C and S4). Thus, we have successfully generated small 

deletions and single amino acid substitutions that specifically cripple Cep290-binding, CaM-

binding or protein localization to the centrosome. Finally, Far-Western blot experiments 

revealed a direct association of NPHP5 with Cep290 (Figure S3C).  

 To delineate the biological significance of the NPHP5-Cep290 interaction, we 

performed reciprocal depletion of NPHP5 and Cep290 using RNAi. Ablation of NPHP5 has 

no effect on the levels or localization of Cep290. However, loss of Cep290 significantly 

disrupts NPHP5 centrosomal localization without affecting its protein levels (Figures 4A-B). 
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Although these observations led to the speculation that Cep290 recruits NPHP5 to the 

centrosome (21), we do not believe this is the case. We demonstrated from our large collection 

of NPHP5 mutants that four mutants proficient in Cep290-binding (Δ340-371, A547K, 

fragments 419-598 and 287-530) could not be targeted to the centrosome, and conversely, two 

mutants deficient in Cep290-binding (Δ509-529 and A549K) were properly targeted (Figures 

3C-D, 4C and S4). These data argue against a role for Cep290 in recruiting NPHP5 to the 

centrosome and further reinforce the notion that the Cep290-binding and centrosomal 

localization domains of NPHP5 are separable. 

 We then carried out rescue experiments in which wild type or mutant NPHP5 was 

expressed in quiescent cells depleted of endogenous NPHP5. We note that, whereas wild type 

was able to rescue ciliogenesis, mis-localized mutants (Δ340-371, Δ543-555 and A547K) 

failed to do so irrespective of their Cep290-binding status (Figures 3D and 4D). Most 

remarkably, mutants that are localized to centrosomes but do not bind Cep290 (Δ509-529 and 

A549K) also failed to restore cilia formation (Figures 3D and 4D). These results establish a 

clear and important mechanistic link between NPHP5-binding to Cep290 and ciliogenesis. 

 

NPHP5 interaction with CaM prevents self-aggregation 

 The foregoing results suggest that the distinct binding domains for Cep290 and CaM in 

NPHP5 could serve different biological functions. To begin characterizing the interaction 

between NPHP5 and CaM, we showed that the two proteins associated with each other in the 

presence or absence of calcium from extracts supplemented with calcium (+Ca2+) or EGTA (-

Ca2+) (Figure S5A).  
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Further, both wild type and mutant CaM refractory to Ca2+-binding (CaM1234) interacted 

equally well with NPHP5 (Figure S5B), and these results together confirmed a previous report 

that NPHP5 and CaM interact in a Ca2+-dependent and Ca2+-independent manner (22). 

Bacterially expressed NPHP5 robustly bound to purified CaM in vitro, strongly suggestive of 

a direct interaction (Figure S5C). The Calmodulin Target Database predicts the existence of 

three putative IQ motifs in NPHP5 (residues 300-328, 391-410 and 420-437 and denoted IQ1, 

IQ2 and IQ3, respectively; Figure 3C). Using a series of Flag-tagged NPHP5 truncation and 

deletion mutants wherein the IQ motifs were removed singly or in combination, we 

demonstrated that the first and second motifs, IQ1 and IQ2, were most critical for binding to 

CaM (Figures 3B-C, 5A-B). Complete loss of binding, however, was achieved only when all 

three IQ motifs were deleted (ΔIQ123; Figures 5A-B). Loss of CaM-binding does not 

compromise Cep290-binding (Figures 5A-B), strengthening an earlier point that the CaM- and 

Cep290-binding domains of NPHP5 are separable. In addition, we showed that recombinant 

GFP-NPHP5 and endogenous CaM co-immunoprecipitated with recombinant Flag-Cep290 

(Figures S3A-B), and likewise, endogenous Cep290 and GFP-NPHP5 were detected in Flag-

CaM immunoprecipitates (Figure S5B). Moreover, antibodies against NPHP5 and Cep290 co-

precipitated endogenous CaM (Figure 3A). Taken together, these data indicate that IQ motifs 

of NPHP5 mediate CaM-binding and that NPHP5 forms a complex with Cep290 and CaM. 

 Next, we investigated the functional consequences of the NPHP5-CaM interaction. 

Unlike mutations that specifically cripple the centrosomal localization or the Cep290-binding 

domain, the CaM-binding mutant, ΔIQ123 still showed centrosomal targeting and was fully 

able to rescue cilia formation in NPHP5-depleted cells (Figures 5B-C and S5D).  
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Noticeably, we observed the formation of punctate foci or aggregates in the cytoplasm of 

mutant cells (Figure 5D and S5D). These cytoplasmic aggregates were devoid of centrosomal 

markers such as centrin, CP110, γ-tubulin and Cep290 (Figure S5D), suggesting that they do 

not recruit any centrosomal proteins to extra-centrosomal sites and therefore arise from self-

assembly. In addition, aggregate formation is unlikely to be triggered by elevated levels of 

expression, since the levels of wild type and mutant proteins were comparable (Figure 5A). To 

further strengthen the correlation between impaired CaM-binding and aggregate formation, we 

found that removal of the first two IQ motifs (ΔIQ12) or a point mutation in the second IQ 

motif (I393N) of NPHP5 severely weakened mutant protein interaction with CaM and induced 

aggregate formation (to a lesser extent compared to ΔIQ123) without affecting protein 

localization to centrosomes, binding to Cep290, or ciliogenesis (Figures 5A-D and S5D; also 

see below). In summary, NPHP5 mutants deficient in CaM-binding are aggregation-prone and 

CaM may serve as a chaperone to protect the mis-folding and aggregation of NPHP5 through 

direct interaction. 

 

Molecular and functional consequences of NPHP5 disease mutations 

 The differential roles of NPHP5 interactions with Cep290 and CaM prompted us to 

investigate their relevance in human disease. The vast majority of the >15 pathogenic NPHP5 

mutations identified in SLS and LCA patients are compound heterozygous or homozygous 

non-sense and frameshift mutations. No apparent correlation exists between genotype and 

phenotype, and the same mutation can often cause LCA and SLS (15-18, 26-28). These 

mutations are located in the internal regions of the gene and predicted to encode truncated 

products lacking the C-terminal tail (Figure 6A; (15-18, 26-28)).  
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Since the C-terminal tail contains the centrosomal localization and Cep290-binding domains, 

loss of Cep290-binding and protein mis-localization could underlie the disease mechanism in 

patients carrying NPHP5 mutations. We examined five NPHP5 mutations (F142fsX146, 

R332X, R461X, R502X and H506fsX518) commonly found in disease patients, including two 

at the extreme 5’ and 3’ ends, and tested whether they affect protein expression, localization to 

centrosomes and interaction with Cep290 and CaM, and cilia formation in rescue experiments. 

R332X and R502X mutations are detected in patients with SLS and LCA, respectively, while 

F142fsX146, R461X and H506fsX518 mutations are associated with SLS and LCA (Figure 

6A). These mutations resulted in shorter and faster-migrating proteins as expected, and their 

expression levels were relatively similar to full-length protein (Figure 6B). Interestingly, while 

two mutants, F142fsX146 and R332X failed to interact with CaM, all were incompetent in 

binding to Cep290 (Figures 6A and 6B), mis-localized (Figures 6C and S6A) and unable to 

rescue ciliogenesis (Figures 6D and S6B). Thus, disease-causing mutations of NPHP5 render 

the resulting proteins non-functional. 

 In addition to its pathogenic role in SLS and LCA, NPHP5 is reported to be a modifier 

gene for a different retinal disorder, namely, retinitis pigmentosa. In this case, a natural 

polymorphic variation in NPHP5, I393N, strongly associates with disease severity in patients 

with RPGR deficiency (29), suggesting that it may contribute to the development of disease 

symptoms. Remarkably, we found that I393N mutation induced only subtle molecular and 

cellular defects, including diminished protein binding to CaM and increased aggregate 

formation, but had no effect on protein localization to the centrosome and cilia formation 

(Figures 5A-D and S5D). These results contrast sharply with those of disease-causing 

mutations (Figure 6). 
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Pharmacological rescue of cilia formation in the absence of NPHP5  

One prediction stemming from our studies is that since NPHP5 is a positive regulator 

at an early step of ciliogenesis, modulation of downstream events in the ciliogenic pathway 

could mitigate or correct the effects of NPHP5 deficiency and restore cilia formation. Several 

cellular processes, such as removal of a “cap” at the distal end of the mother centriole, focal 

adhesion disassembly, actin de-polymerization and membrane trafficking are known to be 

important for ciliogenesis (14, 24, 30, 31). These highly dynamic processes are controlled by a 

number of negative regulators, including CP110, focal adhesion kinase (FAK), actin-related 

protein 3 (ARP3) and secreted phospholipase A2 Group 3 (PLA2G3) (Figure 7A). In addition, 

X-lined inhibitor of apoptosis (XIAP) also inhibits cilia biogenesis, although its role in 

centrosome and cilium biology is virtually unknown (Figure 7A; (24)). Given that loss of 

these proteins facilitate ciliogenesis in cycling cells (14, 24, 30, 31), we tested whether their 

depletion or inhibition could rescue cilia formation in cells depleted of NPHP5. We first 

examined the consequences of knocking down NPHP5, CP110, or both by RNAi. Depletion of 

CP110 led to aberrant formation of cilia (Figure 7B), consistent with our previous 

observations (12, 14). However, ablation of both NPHP5 and CP110 suppressed the phenotype 

associated with CP110 depletion and mimicked NPHP5 ablation (Figure 7B), suggesting that 

CP110 inhibition cannot compensate for the loss of NPHP5. Next, we determined that 

treatment of control cells with drugs targeting FAK, actin, ARP3, PLA2G3 and XIAP resulted 

in a two-fold enhancement of cilia formation following dose optimization (Figures 7A and 

data not shown). Remarkably, certain drugs dramatically rescued the loss of cilia phenotype 

caused by depletion of NPHP5 (Figures 7C and S7A).  

  



 

58 

PF573228, Cytochalasin D and latruculin B, in particular, restored ciliogenesis to 

levels comparable to control, whereas FAK inhibitor 14, CK548 and embelin were the least 

potent (Figure 7C). Of note, drug response profiles of NPHP5-depleted cells were remarkably 

similar, if not identical, to those of Cep290-depleted cells (Figures 7C and S7A), further 

suggesting that NPHP5 and Cep290 depletion inhibit a common pathway in cilia assembly. 

The same set of drugs, however, elicited different responses in cells depleted of IFT88, with 

FAK Inhibitor 14, cytochalasin D, CK548 and embelin being the most potent in rescuing cilia 

formation (Figure 7C). PF573228 and latruculin B, in striking contrast, were practically 

ineffective in IFT88-depleted cells (Figure 7C). Finally, we performed experiments in which 

we depleted endogenous NPHP5, expressed disease-causing mutants of NPHP5 and 

subsequently treated cells with cytochalasin D, and found that cilia formation was drastically 

restored (Figure S7B). Considered together, our findings indicate that ciliary defects 

associated with deficiencies in NPHP5/Cep290 and IFT88 can be differentially rescued by 

pharmacological means. 

 

Discussion 

 

 Ciliogenesis is a poorly understood dynamic process requiring precise coordination of 

multiple cellular events and proteins. Elucidating the molecular mechanisms through which 

these proteins function is crucial to understanding their roles in human ciliopathies. We and 

others have previously described Cep290, a human ciliary disease protein required for 

ciliogenesis (11-13).   
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Here, we characterize another ciliopathy protein, NPHP5, and show that the two proteins share 

a number of common characteristics. First, NPHP5 and Cep290 strictly function at an early 

step of ciliogenesis and participate in the migration and/or anchoring of centrosomes to the 

cell cortex. Second, NPHP5 interacts with Cep290 in a physiologically relevant setting and 

their direct association is necessary for ciliogenesis. Third, drugs that rescue the loss of cilia 

phenotype associated with NPHP5 depletion are also effective in rescuing the Cep290 

depletion phenotype. Despite these similarities, it is also clear that the two proteins differ in 

several important aspects. Whereas NPHP5 is targeted to centrioles, Cep290 is known to 

localize to both centrioles and centriolar satellites (11, 20, 32, 33). Furthermore, loss of 

Cep290 disrupts the localization of a well-known satellite protein percentriolar material-1 

(PCM-1) to satellites, a phenotype we did not observe upon NPHP5 depletion (data not 

shown). Several satellite proteins, including PCM-1, are essential for cilia biogenesis, 

underscoring the importance of these peculiar structures in cilium biology (34). In addition, 

the clinical spectrum of Cep290 mutations is more diverse compared to that of NPHP5 

mutations, implying that Cep290 could possess additional biological roles and/or function in 

multiple cell and tissue types. Further studies will be needed to dissect the relative 

contribution of NPHP5 and Cep290 to ciliogenesis and ciliopathies. 

 Although we have identified critical functional domains in NPHP5, including the 

centrosomal localization domain, the molecular mechanisms through which NPHP5 is 

recruited to the centrosome remain unknown. In light of our findings with NPHP5 mutants and 

reciprocal depletion of NPHP5 and Cep290, we speculate that targeting of NPHP5 could entail 

an unidentified factor X.   
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This factor recognizes and binds to the centrosomal localization domain of NPHP5 and 

transports it to the centrosome. Once there, factor X transiently interacts with a docking 

platform containing Cep290 wherein it presents NPHP5 to Cep290. Experiments are currently 

underway to reveal the identity of factor X and to test the validity of our proposed recruitment 

mechanism. 

 It is clear from our studies that the differential roles of NPHP5 interactions with 

Cep290 and CaM have important clinical implications. Disease-causing mutations of NPHP5 

induce two crucial and universal defects, namely protein mis-localization and incompetence in 

binding Cep290, both of which interfere with cilia assembly. On the other hand, a NPHP5 

modifier mutation identified in patients with RPGR deficiency specifically cripples CaM-

binding and causes NPHP5 self-aggregation. Although these aggregates do not appear to 

affect ciliogenesis, their presence might be detrimental in the long run or under certain 

pathophysiological conditions. Since it is known that protein aggregation can lead to an 

accumulation of amyloid fibrils (35), a hallmark of neurodegenerative disorders, it is plausible 

that NPHP5 aggregates could induce amyloidosis and contribute to the severity of retinitis 

pigmentosa, a degenerative eye disease. Future experiments aimed at unraveling how this 

modifier mutation might compromise protein function and/or induce cellular toxicity will 

greatly enhance our knowledge of disease pathogenesis. 

 The series of molecular and cellular events leading to cilia formation have not been 

elucidated. Our work strongly suggests that removal of CP110 “cap” from the distal end of the 

mother centriole precedes NPHP5-mediated migration and/or anchoring of centrosomes to the 

cell surface, and a similar relationship between CP110 and Cep290 has previously been 

documented (12).   
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On the other hand, PF573228 and latrunculin B dramatically rescue cilia formation in NPHP5- 

and Cep290- but not IFT88-depleted cells, and therefore, actin de-polymerization and focal 

adhesion disassembly might lie “downstream” of NPHP5 and Cep290 function. Both drugs are 

highly specific to their targets: latrunculin B is a membrane-permeable compound known to 

bind monomeric G-actin in the nanomolar range (IC50=10 nM), while PF573228 (IC50=4 nM) 

is one of the many potent inhibitors of FAK currently being evaluated for potential utility in 

cancer therapeutics (36, 37). Thus, one intriguing possibility is that NPHP5 and Cep290 

directly or indirectly sequester G-actin and/or inactivate FAK, thereby promoting centrosome 

migration and/or anchoring to the cell cortex. It will be interesting to determine whether 

NPHP5 and Cep290 bind to monomeric actin and/or focal adhesion complex, as understanding 

these mechanisms will provide novel insights into the development of therapeutic strategies 

for ciliopathies. 

 

Materials and Methods 

 

Cell Culture and Plasmids 

Human ARPE-19, U2OS, hTERT RPE-1 and HEK293 cells were grown in DMEM 

supplemented with 10% FBS at 37°C in a humidified 5% CO2 atmosphere. To generate Flag-

tagged NPHP5 fusion proteins, human NPHP5 cDNA fragments encoding residues 1–598 

(full-length or FL), 1-157, 168-414, 419-598, 96-279, 287-493, 287-506, 287-530, 287-554, 

287-579, 287-598, 336-598 and 380-598 were amplified by PCR using Phusion High-Fidelity 

DNA Polymerase (New England Biolabs) and sub-cloned into mammalian expression vector 
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pCBF-Flag (gift from B. Dynlacht). The following NPHP5 deletions and point mutations 

(Δ340-371, Δ509-529, Δ543-555, A547K, K548A, A549K, K550A, Q551A, Δ300-328 

(ΔIQ1), Δ391-410 (ΔIQ2), Δ420-437 (ΔIQ3), Δ300-328Δ391-410 (ΔIQ12), Δ300-328Δ420-

437 (ΔIQ13), Δ391-410Δ420-437 (ΔIQ23), Δ300-328Δ391-410Δ420-437 (ΔIQ123), I393N, 

F142fsX146, R332X, R461X, R502X, H506fsX518) were introduced into full-length cDNA 

by employing a two-step PCR mutagenesis strategy and sub-cloned into pCBF-Flag. Human 

NPHP5 was also sub-cloned into mammalian vector pEGFP-C1 and bacterial expression 

vector pET23a (gift from J.F. Cote) to generate GFP-NPHP5 and NPHP5-His, respectively. 

To generate Flag-CaM and Flag-CaM1234, rat CaM and CaM1234 (gift from J. Adelman) 

were amplified by PCR and sub-cloned into mammalian vector pFlag-CMV5. To generate 

Flag-Cep290, Cep290 fragments encoding residues 696-790, 696-822, 696-896, 720-896, 746-

896, 762-896, and 780-896 were amplified by PCR and subcloned into pCBF-Flag. All 

constructs were verified by DNA sequencing. Other Flag-Cep290 constructs were previously 

described (12). A plasmid DNA expressing Flag-Plk4 was obtained from K. Lee. 

 

Antibodies 

Antibodies used in this study included anti-CP110, anti-CEP290 (Bethyl Laboratories), anti-

centrin (Millipore), anti-C-Nap-1, anti-Sas-6, anti-NPHP5, anti-Gli2, anti-Rab11a (all from 

Santa Cruz), anti-PCM-1 (gift from A. Merdes), anti-α-tubulin, anti-acetylated tubulin, anti-

Flag, and anti-γ-tubulin (all from Sigma-Aldrich), anti-glutamylated tubulin GT335, anti-

Cep170, anti-Ki67 (all from Invitrogen), anti-IFT88, anti-NPHP5 (ProteinTech), anti-Cep164 

(gift from E. Nigg), anti-CaM and anti-NPHP5 (Abcam). To generate rabbit anti-NPHP5 

antibodies, a glutathione-S-transferase (GST) fusion protein containing residues 1-131 
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(IRCM2) and 469-598 (IRCM1) of NPHP5 was expressed in E. coli and purified to 

homogeneity. Antibodies against NPHP5 were purified by affinity chromatography. 

 

Immunoprecipitation, Immunoblotting, and Immunofluorescence Microscopy 

Cells were lysed with buffer (50 mM HEPES/pH 7, 250 mM NaCl, 5 mM EDTA/pH 8, 0.1% 

NP-40, 1 mM DTT, 0.5 mM PMSF, 2 µg/ml leupeptin, 2 µg aprotinin, 10 mM NaF, 50 mM β-

glycerophosphate and 10% glycerol) at 4°C for 30 min and extracted proteins were recovered 

in the supernatant after centrifugation at 16,000g. In experiments involving calcium, 2.5 mM 

CaCl2 (+Ca2+) or 5 mM EGTA (-Ca2+) was also added to the lysis buffer. After 

centrifugation, 2 mg of the resulting supernatant was incubated with an appropriate antibody at 

4oC for 2 hours and collected using protein A Sepharose. The resin was washed with lysis 

buffer, and bound proteins were analyzed by SDS-PAGE and immunoblotting using 

appropriate primary antibodies and horseradish peroxidase (HRP)-conjugated secondary 

antibodies (VWR). Typically, 50–150 µg of lysate was loaded into the input (IN) lane. For 

mapping studies, Flag-tagged constructs alone or in combination with GFP-tagged constructs 

were transfected into HEK293 cells. Cells were harvested 48–72 hr after transfection. Anti-

Flag M2 beads (Sigma-Aldrich) were used for immunoprecipitations. For indirect 

immunofluorescence, cells were grown on glass coverslips, fixed with cold methanol or 4% 

paraformaldehyde and permeabilized with 1% Triton X-100/PBS. Slides were blocked with 

3% BSA in 0.1% Triton X-100/PBS prior to incubation with primary antibodies. Secondary 

antibodies used were Cy3-, Cy5- or Alexa488- conjugated donkey anti-mouse, anti-rat or anti-

rabbit IgG (Jackson Immunolabs and Molecular Probes). Cells were then stained with DAPI, 

and slides were mounted, observed, and photographed using a Leitz DMRB (Leica) 
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microscope (100×, NA 1.3) equipped with a Retiga EXi cooled camera. For analysis of the 

distance between the centrosome and the nucleus, z-sections spaced by 0.2µm were taken 

using a DM6000 B (Leica) microscope (100×, NA 1.4) equipped with a Hamamatsu Orca-ER 

camera (model C-4742). The xyz coordinates of the centrosome and the center of the nucleus 

were determined using Volocity6 (PerkinElmer) and distance was calculated using the formula 

d = √(x2-x1)2+(y2-y1)2+(z2-z1)2. When the distance between the centrosome and the nucleus 

was >7µm, the centrosome was considered to be migrated to the cell surface. A distance of 

<7µm signified no migration.  

 

Pharmacological Studies  

Cells were treated with varying concentrations of cytochalasin D, CK636, CK548 (Sigma), 

TPEN, CAY10590, OPC, latrunculin B (Cayman Chemical), embelin, PF573228 or FAK 

Inhibitor 14 (Tocris Bioscience) and incubated for 8h before fixation. For each drug, the 

concentration required to induce maximal ciliated cell numbers with minimal toxicity was 

determined and used in subsequent experiments. As a vehicle control, an equivalent amount of 

DMSO or ethanol was added, and neither has an effect on cilia formation. 

 

RNA Interference 

Synthetic siRNA oligonucleotides were purchased from Dharmacon. Transfection of siRNAs 

was performed using siImporter (Millipore) per manufacturer's instructions. The 21-nucleotide 

siRNA sequence for the nonspecific control (NS) and IFT88 were                                 5-

AATTCTCCGAACGTGTCACGT-3’ and 5’-CCGAAGCACTTAACACTTATT-3’, 

respectively. The 21-nucleotide siRNA sequences for NPHP5 were: 5’-

GAGCAGAATGTCCCTGTTA-3’ (oligo 1), 5’-ACCCAAGGATCTTATCTAT-3’ (oligo 2), 
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5’ GAGGCCATGTTGAACTTAT-3’ (oligo 3), 5’-CCAAATAGGATCTGCAGTC-5’ (oligo 

4) and 5’-CCCTAAGAATTGACACAAA-3’ (oligo 5). siRNA oligo 2 was used to deplete 

endogenous NPHP5 unless otherwise stated. siRNA oligo 5, which targets the 3’UTR of 

NPHP5 mRNA, was used to deplete endogenous NPHP5 in cilia rescue experiments. The 

siRNAs for Cep290 and CP110 silencing were previously described (12). 

 

Induction of Primary Cilia 

RPE-1 or ARPE-19 cells transfected with siRNA were brought to quiescence by serum 

starvation for 48–72 hr. Cells were examined for well-established primary cilium markers 

such as acetylated tubulin, glutamylated tubulin, IFT88 or Gli2. 

 

Cell Cycle Synchronization and Fluorescence-Activated Cell Sorting Analysis 

Cells were fixed in 95% ethanol at 4oC for at least 1 hr and were subsequently incubated with 

0.1 mg/ml RNase A in PBS at 37oC for 30 min. After centrifugation and removal of 

supernatant, cells were stained with 50 ug/ml propidium iodide at 4oC for 30 min. Samples of 

100,000 cells were analyzed with a FACScalibur flow cytometer and CellQuest and FlowJo 

cell cycle analysis software. 

 

Far Western Blotting and In Vitro Binding Assay 

For Far Western blotting, membrane was incubated in AC buffer (0.1 M NaCl, 20 mM 

Tris/pH 7.5, 1 mM EDTA/pH 8, 0.05% Tween 20, 3% milk, 1 mM DTT, 10% glycerol) 

containing 6 M guanidine-HCl for 30 min at 22oC, followed by AC buffer with 3 M 

guanidine-HCl for 30 min. at 22oC, AC buffer with 0.1 M guanidine-HCl for 30 min. at 4oC, 

and AC buffer only for 1 hr at 4oC. After blocking with 3% milk for 1 h at 22oC, membrane 
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was incubated with purified GST-NPHP5(469-598) bait protein in binding buffer (0.1 M 

NaCl, 20 mM Tris/pH 7.5, 0.5 mM EDTA/pH 8, 0.1% Tween 20, 3% milk, 1mM DTT, 10% 

glycerol) overnight at 4oC. Bait protein was detected by anti-GST conjugated to HRP 

(GenScript). For in vitro binding, bacterially purified NPHP5-His mixed with purified GST or 

calmodulin (Cedarlane) at 4oC for 1h was incubated with HisPur cobalt resin (Thermo 

Scientific) at 4oC for another hour. After extensive washing with equilibration buffer (50mM 

NaPO4, 300mM NaCl, 10mM imidazole/pH 7.4), bound proteins were analyzed by SDS-

PAGE and immunoblotting. 

 

Statistical Analysis 

The statistical significance of the difference between two means was determined by using a 

two-tailed Student's t test. Briefly, the means and standard deviations of two data sets were 

determined in order to generate a t value. The t value was used in conjunction with the degrees 

of freedom to obtain a p value. Differences were considered significant when p<0.01. 
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Addendum 1er article 

 

Rôles de NPHP5 et CEP290 dans les organismes ciliés 

 

 NPHP5 est une protéine conservée chez les vertébrés avec de nombreux orthologues 

notamment chez la souris, le chien, ou le poisson zèbre. NPHP5 est localisée au niveau des 

centrosomes dans divers tissus dont le rein ou dans les cils des photorécepteurs de la rétine et 

elle interagit entre autre avec CEP290 (15, 19-21, 38). La déplétion de NPHP5 chez le poisson 

zèbre par morpholinos entraine la formation de kystes rénaux, la dégénérescence de la rétine et 

des anomalies cérébrales. Ces symptômes sont semblables à ceux observés chez les patients 

humains ayant des mutations dans NPHP5 (15-19). Il faut noter qu’à ce jour, aucun modèle de 

souris pour NPHP5 n’est disponible. 

 

 CEP290 est une protéine également très conservée au cours de l’évolution avec de 

nombreux orthologues. Chez Chlamydomonas reinhardtii, organisme unicellulaire, CEP290 

est localisée au niveau de la zone de transition entre le corps basal du flagelle et l’axonème. 

Plus précisément, CEP290 se situe au niveau des connecteurs entre la membrane et les 

microtubules. Une perte de CEP290 entraine des défauts aux niveaux de ces connecteurs ainsi 

qu’un contenu anormal en protéines comme les complexes IFT dans le flagelle (39). Chez les 

vertébrés comme le poisson zèbre, la souris ou l’homme, CEP290 est localisée au niveau des 

centrosomes, des satellites péricentriolaires, des cils dans les photorécepteurs et dans les 

boutons dendritiques des neurones olfactifs. Une inhibition de CEP290 par ARN interférence, 

morpholinos ou mutations, entraine des phénotypes au niveau des reins, des rétines et du 

cerveau (12, 19, 20, 40). Les fonctions de CEP290 se sont donc complexifiées au cours de 

l’évolution tout en gardant la fonction initiale au niveau des cils. Les nouvelles fonctions de 

CEP290 peuvent s’expliquer par la localisation diversifiée de CEP290 chez les vertébrés ainsi 

qu’un nombre plus important de partenaires potentiels. 
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Études pharmacologiques 

 

 Pour les expériences pharmacologiques, nous avons utilisé dix drogues ciblant cinq 

protéines impliquées dans la ciliogénèse. FAK Inhibitor 14 et PF573228 (PF) sont deux 

inhibiteurs de la kinase d’adhésion focale (FAK). Ils inhibent l’autophosphorylation de FAK 

sur le résidu Tyr397, ce qui perturbe l’adhésion focale et bloque la migration cellulaire 

dépendante de l’intégrine sans bloquer la croissance cellulaire (41-43). Cytochalasine D 

(CytoD) et Latrunculine B (LatB) sont des inhibiteurs de la polymérisation de l’actine. CytoD 

se lie aux filaments d’actine et inhibe toute polymérisation ultérieure tandis que LatB empêche 

la formation de filament d’actine en séquestrant l’actine G dans la cellule (36, 44, 45). CK548 

et CK636 agissent sur la protéine Arp3 (Actin-related protein 3) qui est impliquée dans la 

polymérisation de l’actine ramifiée (branched actin). CK548 s’insère dans le noyau 

hydrophobique de Arp3 ce qui entraine un changement de conformation et bloque la formation 

du complexe Arp2/3. CK636 se lie directement au complexe préformé Arp2/3 et inhibe sa 

capacité à polymériser l’actine (46-48). Oleyloxyethyl phosphorylcholine (OPC) et 

CAY10590 agissent sur la phospholipase sécrétée A2 (PLA2). Ces drogues restaurent le 

trafic vésiculaire vers les cils ainsi que le recyclage des endosomes qui sont altérés par 
PLA2 (49-51). Enfin, embelin et TPEN se lient et inhibent la protéine XIAP (X-linked 
inhibitor of apoptosis). XIAP est connue pour son rôle dans la régulation de l’apoptose 
mais récemment de nouvelles fonctions, notamment dans l’ubiquitination, ont été mises 

en évidence (52-56). 

 

 Lorsque NPHP5 ou CEP290 sont inhibées par ARN interférence, on observe une 

diminution drastique du nombre de cellules ciliées ainsi qu’un défaut de migration du 

centrosome. CytoD, LatB et PF sont les plus efficaces pour rétablir la formation des cils dans 

les deux cas. Ces drogues sont impliquées dans la stabilité du cytosquelette d’actine, le trafic 

vésiculaire et la migration cellulaire. Il est reconnu que le transport de protéines et la migration 

du centrosome vers la membrane cellulaire sont des étapes nécessaires à la ciliogénèse. On 

peut donc imaginer que ces évènements se situent en aval de l’action de NPHP5 et CEP290 et 

qu’une modulation des protéines impliquées permet de sauver la formation des cils si NPHP5 

et CEP290 sont inhibées.  



 

 

Prenant en compte la localisation de ces deux protéines, on peut penser qu’elles sont 

impliquées dans la modulation du cytosquelette d’actine et le transport protéique lorsque les 

cellules entrent en quiescence. Cela confirme aussi que NPHP5 et CEP290 seraient impliquées 

dans la même voie de signalisation et ce à une étape précoce de la ciliogénèse.  

 

 Lorsque IFT88 est inhibée, la formation des cils est affectée mais pas la migration du 

centrosome. De manière intéressante, CytoD, CK548 et l’inhibiteur de FAK sont les plus 

efficaces pour rétablir la ciliogénèse. Ces drogues sont elles aussi impliquées dans la 

formation/stabilité du cytosquelette d’actine dont l’actine ramifiée, le trafic de protéines et la 

migration cellulaire. Ces résultats sont consistant avec les fonctions connues de IFT88. En 

effet, IFT88 est une protéine impliquée dans le transport de cargos dans les cils ainsi que la 

stabilité des microtubules au niveau des centrosomes (57-59).  
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Figure Legends 

 

Figure 1. NPHP5 localizes to the distal region of centrioles and is cell cycle regulated.  

(A) RPE-1 cells in different stages of the cell cycle were processed for immunofluorescence 

with anti-NPHP5 (red) and anti-centrin (green) antibodies. DNA was stained with DAPI 

(blue). (B) U2OS cells transiently transfected with plasmid expressing Flag-Plk4 to induce 

simultaneous production of multiple procentrioles adjoining a single parental centriole were 

stained with antibodies against NPHP5 (red) and Flag or centrin (green). (C) Quiescent RPE-1 

cells were processed for immunofluorescence with anti-NPHP5 (red) and anti-glutamylated 

tubulin (GT335) or anti-acetylated tubulin (Ac-tub) (green) antibodies. DNA was stained with 

DAPI (blue). (D) RPE-1 cells were processed for immunofluorescence with anti-NPHP5 (red) 

and anti-CP110, anti-Cep290, anti-Cep164, anti-Sas-6 or anti-C-Nap-1 (green) antibodies. 

DNA was stained with DAPI (blue).  

 

Figure 2. RNAi-mediated suppression of NPHP5 inhibits an early step of cilia formation. 

(A) RPE-1 cells were transfected with control (NS) or NPHP5 siRNAs and processed for 

immunofluorescence with anti-NPHP5 (red) and anti-centrin (green) antibodies. DNA was 

stained with DAPI (blue). (B) Extracts from RPE-1, U2OS or HEK293 cells transfected with 

control (NS) or NPHP5 siRNAs, or transfected with plasmid expressing full-length Flag-

NPHP5 were probed by Western blotting with anti-NPHP5 antibody. α-tubulin was used as a 

loading control. (C) RPE-1 cells transfected with control (NS) or NPHP5 siRNAs, induced to 

quiescence, and stained with antibodies against NPHP5 (red) and glutamylated tubulin 

(GT335), and with DAPI (blue) (pictures).   
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The percentages of cycling (left graph) and quiescent (right graph) RPE-1 cells with primary 

cilia were determined using glutamylated tubulin (GT335), acetylated tubulin (Ac-tub), IFT88 

or Gli2 as ciliary markers. (D) The percentages of cycling (left graph) and quiescent (right 

graph) RPE-1 cells stained positive for the proliferative marker Ki67 were determined. (E) 

RPE-1 cells transfected with control (NS) or NPHP5 siRNAs, induced to quiescence, and 

stained with antibodies against NPHP5 (red) and glutamylated tubulin (GT335, green), and 

with DAPI (blue). Fluorescent images were merged with corresponding differential 

interference contrast images. The distance from the center of the nucleus to the centrosome 

was measured and indicated by a white arrowed line (pictures). The percentages of control 

(NS), NPHP5, Cep290 or IFT88 siRNA-treated quiescent RPE-1 cells having a nucleus-to-

centrosome distance of <7 µm and >7 µm were determined (graph). In (C-E), the average of 

2-3 independent experiments is shown. Error bars represent standard errors. At least 100 cells 

for each siRNA condition were scored each time. *p<0.01 compared with NS. 

 

Figure 3. NPHP5 interacts with Cep290 and CaM and possesses distinct functional 

domains.  

(A) Western blotting of endogenous Cep290, NPHP5 and CaM after immunoprecipitation 

from HEK293 extracts with anti-NPHP5, anti-Cep290 or anti-Flag (control) antibodies. IN 

denotes input. (B) Flag (control), full-length (FL) or the indicated fragments and mutants of 

Flag-tagged NPHP5 were expressed in HEK293 cells and immunoprecipitated from lysates. 

Flag-NPHP5, Cep290 and CaM were detected after western blotting the resulting 

immunoprecipitates. IN indicates input. An asterisk denotes a band corresponding to the 

expected recombinant protein.  
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(C-D) Summary of the results of in vivo binding, centrosomal localization and cilia rescue 

experiments using NPHP5 truncation, deletion and single-point mutants. FL, Δ and ND denote 

full-length, deletion and not determined, respectively. A putative coiled coil domain is located 

at amino acid residues 340-371, while three putative IQ CaM-binding motifs reside at residues 

300-328, 391-410 and 420-437. Further mapping results are shown in Figure 5. 

 

Figure 4. NPHP5 interaction with Cep290 is crucial for cilia formation.  

(A) Western blotting of Cep290 and NPHP5 in HEK293 cells treated with control (NS), 

NPHP5 or Cep290 siRNAs. α-tubulin was used as a loading control. (B) RPE-1 cells 

transfected with control (NS), NPHP5 or Cep290 siRNAs were stained with antibodies against 

NPHP5 or Cep290 (red) and centrin (green), and with DAPI (blue). Identical results were also 

obtained in HEK293 cells. (C) The percentages of transfected, cycling RPE-1 cells showing 

proper recombinant protein localization to centrosomes, relative to full-length, were 

determined using centrin as a centrosomal marker. Control denotes expression of an irrelevant 

Flag-tagged protein. FL denotes full-length. (D) The percentages of transfected, quiescent and 

NPHP5 siRNA-depleted ARPE-19 cells expressing primary cilia were determined using 

acetylated tubulin as a marker. Note that NPHP5 siRNA oligo 5 was used. Control denotes 

expression of an irrelevant Flag-tagged protein. FL denotes full-length. In (C-D), at least 75 

transfected cells were scored for each construct, and average data obtained from three 

independent experiments is shown. Error bars represent standard errors. *p<0.01 compared 

with FL. 
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Figure 5. NPHP5 interaction with CaM prevents aggregate formation.  

(A) Flag (control), full-length (FL) or the indicated mutants of Flag-tagged NPHP5 were 

expressed in HEK293 cells and immunoprecipitated from lysates. Flag-NPHP5, Cep290 and 

CaM were detected after western blotting the resulting immunoprecipitates. IN indicates input. 

(B) Summary of the results of in vivo binding, centrosomal localization and cilia rescue 

experiments using NPHP5 truncation, deletion and single-point mutants. FL, Δ and ND denote 

full-length, deletion and not determined, respectively. (C) The percentages of transfected, 

quiescent and NPHP5 siRNA-depleted ARPE-19 cells expressing primary cilia were 

determined using acetylated tubulin as a marker. Note that NPHP5 siRNA oligo 5 was used. 

Control denotes expression of an irrelevant Flag-tagged protein. FL denotes full-length. (D) 

The percentages of transfected, cycling RPE-1 cells possessing recombinant protein 

aggregates were determined using Flag as a marker. Control denotes expression of an 

irrelevant Flag-tagged protein. FL denotes full-length. In (C-D), at least 75 transfected cells 

were scored for each construct, and average data obtained from three independent experiments 

is shown. Error bars represent standard errors. *p<0.01 compared with FL. 

 

Figure 6. Pathogenic NPHP5 mutations abolish protein interaction with Cep290, induce 

protein mis-localization and inhibit cilia formation.  

(A) Summary of the results of in vivo binding, centrosomal localization and cilia rescue 

experiments using NPHP5 disease-causing mutants. FL, fs and X denote full-length, 

frameshift and termination, respectively. Known pathogenic mutations causing SLS and LCA 

are indicated by inverted triangles. Disease phenotypes associated with F142fsX146, R332X, 

R461X, R502X and H506fsX518 mutations are indicated.  
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(B) Full-length (FL) or the indicated mutants of Flag-tagged NPHP5 were expressed in 

HEK293 cells and immunoprecipitated from lysates. Flag-NPHP5, Cep290 and CaM were 

detected after western blotting the resulting immunoprecipitates. IN indicates input. An 

asterisk denotes a band corresponding to the expected recombinant protein. (C) The 

percentages of transfected, cycling RPE-1 cells showing proper recombinant protein 

localization to centrosomes, relative to full-length, were determined using centrin as a 

centrosomal marker. FL denotes full-length. (D) The percentages of transfected, quiescent and 

NPHP5 siRNA-depleted ARPE-19 cells expressing primary cilia were determined using 

acetylated tubulin as a marker. Note that NPHP5 siRNA oligo 5 was used. FL denotes full-

length. In (C-D), at least 75 transfected cells were scored for each construct, and average data 

obtained from three independent experiments is shown. Error bars represent standard errors. 

*p<0.01 compared with FL. 

 

Figure 7. Inhibition of negative regulators of the ciliogenic pathway restores cilia 

formation in the absence of NPHP5.  

(A) A table summarizing proteins known to inhibit ciliogenesis and their corresponding 

biological functions, along with drugs known to target these proteins. (B) The percentages of 

control (NS), NPHP5, CP110 or double siRNA-treated cycling RPE-1 cells with primary cilia 

were determined using glutamylated tubulin as a marker. (C) The percentages of control (NS), 

NPHP5, Cep290 or IFT88 siRNA-treated cycling RPE-1 cells exposed to drugs and 

possessing primary cilia were determined using glutamylated tubulin as a marker. In (B-C), at 

least 75 transfected cells were scored for each siRNA condition, and average data obtained 

from three independent experiments is shown. Error bars represent standard errors. In (B), 

*p<0.01 compared with NPHP5 knockdown. In (C), *p<0.01 compared with NS. 
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Supplemental figure legends 

 

Figure S1. NPHP5 is a stable intrinsic component of centrosomes.  

(A) RPE-1 cells treated with or without 10 µM nocodazole for 1 hr to induce microtubule de-

polymerization were processed for immunofluorescence with anti-NPHP5 (red) and anti-α-

tubulin or anti-γ-tubulin (green) antibodies. DNA was stained with DAPI (blue). (B) RPE-1 

cells transfected with control (NS) or five individual NPHP5 siRNAs (Oligo 1 to 5) were 

stained with antibodies against NPHP5 (red) and centrin (green), and with DAPI (blue). (C) 

ARPE-19, HEK293 or U2OS cells transfected with control (NS) or NPHP5 siRNAs were 

stained with antibodies against NPHP5 (red) and centrin (green), and with DAPI (blue). (D) 

RPE-1 cells transfected with control (NS) or NPHP5 siRNAs were stained with three different 

anti-NPHP5 antibodies (Santa Cruz, Abcam, IRCM2, red) and anti-centrin (green) antibodies, 

and with DAPI (blue). Ab denotes antibody. 

 

Figure S2. RNAi-mediated suppression of NPHP5 does not affect several aspects of 

centrosome function or cell cycle progression.  

(A) The percentages of cells with the indicated number of centrin dots in control (NS) and 

NPHP5-depleted cells were determined. (B) The percentages of cells with the indicated 

number of γ-tubulin dots in control (NS) and NPHP5-depleted cells were determined. (C) The 

percentages of cells with well-separated centrin dots in control (NS) and NPHP5-depleted 

cells were determined. (D) The mitotic indices of control (NS) and NPHP5-depleted cells were 

determined. In (A-D), at least 100 transfected cells were scored for each siRNA condition, and 

average data obtained from two independent experiments is shown. Error bars represent 

standard errors.    
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(E) FACS analysis of cycling RPE-1 cells treated with control (NS) or NPHP5 siRNAs for 72 

hrs. (F) RPE-1 cells transfected with control (NS) or NPHP5 siRNAs and stained with 

antibodies against glutamylated tubulin (GT335, red) and Rab11a or NPHP5 (green), and with 

DAPI (blue). 

 

Figure S3. Mapping of the NPHP5-binding domain of Cep290 and direct association 

between NPHP5 and Cep290.  

(A) Flag (control), full-length (FL) or the indicated fragments of Flag-tagged Cep290 were 

expressed along with full-length GFP-tagged NPHP5 in HEK293 cells and 

immunoprecipitated from lysates with anti-Flag beads. Flag-Cep290, GFP-NPHP5 and CaM 

were detected after western blotting the resulting immunoprecipitates. IN indicates input. An 

asterisk denotes a band corresponding to the expected recombinant protein. (B) Summary of 

the results of in vivo binding and centrosomal localization experiments using Cep290 

truncation mutants. FL denotes full-length. (C) Flag (control) or two indicated fragments of 

Flag-tagged Cep290 were expressed in HEK293 cells and immunoprecipitated from lysates. 

Immunoprecipitates were subjected to SDS-PAGE and transferred onto a membrane. Proteins 

were denatured, re-natured, incubated with purified GST-NPHP5(469-598) and detected with 

anti-GST-HRP antibodies (Far-Western blot, left). Membrane was subsequently stripped and 

re-probed with anti-Flag antibodies (Western blot, right) Solid and dashed arrows indicate the 

positions of Flag-Cep290(580-1695) and Flag-Cep290(2037-2479) recombinant proteins, 

respectively. 
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Figure S4. Localization of recombinant wild type and mutant NPHP5 to centrosomes.  

RPE-1 cells transiently transfected with plasmid expressing full-length (FL) or mutant Flag-

NPHP5 were stained with antibodies against Flag (red) and centrin (green), and with DAPI 

(blue).  

 

Figure S5. NPHP5 directly interacts with CaM and crippled interaction induces NPHP5 

self-aggregation without affecting protein localization to the centrosome.  

(A) Flag (control) or full-length Flag-tagged NPHP5 (1-598) was expressed in HEK293T cells 

and immunoprecipitated from lysates supplemented with either none, CaCl2 (+Ca2+) or EGTA 

(-Ca2+). Flag-NPHP5, Cep290 and CaM were detected after Western blotting the resulting 

immunoprecipitates. IN indicates input. (B) The indicated recombinant proteins were 

expressed in HEK293 cells and immunoprecipitated from lysates with anti-Flag beads. Flag-

CaM, GFP-NPHP5 and Cep290 were detected after Western blotting the resulting 

immunoprecipitates. IN indicates input. CaM1234 denotes a CaM mutant that no longer binds 

Ca2+. (C) Western blot detection of NPHP5-His, CaM and GST after mixing purified full-

length His-tagged NPHP5 protein with purified CaM or GST and binding to cobalt resin. IN 

denotes input. (D) RPE-1 cells transiently transfected with plasmid expressing full-length (FL) 

or mutant Flag-tagged NPHP5 were stained with antibodies against Flag (red) and centrin, γ-

tubulin, CP110 or Cep290 (green), and with DAPI (blue). Punctate foci or blobs were 

significantly noticeable in cells expressing ΔIQ123, I393N and ΔIQ12.  
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Figure S6. Pathogenic NPHP5 mutations induce protein mis-localization and inhibit cilia 

formation.  

(A) RPE-1 cells transiently transfected with plasmid expressing full-length (FL) or mutant 

Flag-NPHP5 were stained with antibodies against Flag (red) and centrin (green), and with 

DAPI (blue). (B) ARPE-19 cells transfected with NPHP5 siRNAs (oligo 5) and plasmid 

expressing full-length (FL) or mutant Flag-tagged NPHP5, induced to quiescence, were 

stained with antibodies against Flag (red) and acetylated-tubulin (Ac-tub) (green), and with 

DAPI (blue).  

 

Figure S7. Inhibition of negative regulators of the ciliogenic pathway restores cilia 

formation in NPHP5-deficient cells.  

(A) RPE-1 cells transfected with control (NS), NPHP5 or Cep290 siRNAs and exposed to 

cytochalasin D or latrunculin B were stained with antibodies against NPHP5 (red) and 

glutamylated tubulin (GT335, green), and with DAPI (blue). (B) ARPE-19 cells transfected 

with NPHP5 siRNAs (oligo 5) and plasmid expressing full-length (FL) or mutant Flag-tagged 

NPHP5, induced to quiescence and exposed to cytochalasin D, were stained with antibodies 

against Flag (red) and acetylated-tubulin (Ac-tub) (green), and with DAPI (blue).  
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Figures  

 

 

Figure 1. NPHP5 localizes to the distal region of centrioles and is cell cycle 

regulated.  
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Figure 2. RNAi-mediated suppression of NPHP5 inhibits an early step of 

cilia formation. 
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Figure 3. NPHP5 interacts with Cep290 and CaM and possesses distinct 

functional domains.  
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Figure 4. NPHP5 interaction with Cep290 is crucial for cilia formation.  
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Figure 5. NPHP5 interaction with CaM prevents aggregate formation.  
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Figure 6. Pathogenic NPHP5 mutations abolish protein interaction with 

Cep290, induce protein mis-localization and inhibit cilia formation.  
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Figure 7. Inhibition of negative regulators of the ciliogenic pathway restores 

cilia formation in the absence of NPHP5.  
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Supplemental figures 

 

 

Figure S1. NPHP5 is a stable intrinsic component of centrosomes.  
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Figure S2. RNAi-mediated suppression of NPHP5 does not affect several 

aspects of centrosome function or cell cycle progression.  
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Figure S3. Mapping of the NPHP5-binding domain of Cep290 and direct 

association between NPHP5 and Cep290.  
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Figure S4. Localization of recombinant wild type and mutant NPHP5 to 

centrosomes.  
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Figure S5. NPHP5 directly interacts with CaM and crippled interaction 

induces NPHP5 self-aggregation without affecting protein localization to the 

centrosome.  
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Figure S6. Pathogenic NPHP5 mutations induce protein mis-localization 

and inhibit cilia formation.  
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Figure S7. Inhibition of negative regulators of the ciliogenic pathway 

restores cilia formation in NPHP5-deficient cells.  
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Abstract 

 Proper functioning of cilia, hair-like structures responsible for sensation and 

locomotion, requires nephrocystin-5 (NPHP5) and a multi-subunit complex called the Bardet-

Biedl syndrome (BBS)ome, but their precise relationship is not understood. The BBSome is 

involved in the trafficking of membrane cargos to cilia. While it is known that a loss of any 

single subunit prevents ciliary trafficking of the BBSome and its cargos, the mechanisms 

underlying ciliary entry of this complex are not well characterized. Here, we report that a 

transition zone protein, NPHP5 contains two separate BBS-binding sites and interacts with the 

BBSome to mediate its integrity. Depletion of NPHP5, or expression of NPHP5 mutant 

missing one binding site, specifically leads to dissociation of BBS2 and BBS5 from the 

BBSome and loss of ciliary BBS2 and BBS5 without compromising the ability of the other 

subunits to traffic into cilia. Depletion of Cep290, another transition zone protein that directly 

binds to NPHP5, causes additional dissociation of BBS8 and loss of ciliary BBS8. 

Furthermore, delivery of BBSome cargos, smoothened, VPAC2 and Rab8a, to the ciliary 

compartment is completely disabled in the absence of single BBS subunits, but is selectively 

impaired in the absence of NPHP5 or Cep290. These findings define a new role of NPHP5 and 

Cep290 in controlling integrity and ciliary trafficking of the BBSome, which in turn impinge 

on the delivery of ciliary cargo. 
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Introduction 

 In animal cells, centrioles are composed of nine sets of microtubule triplets and 

constitute the core of centrosomes, essential organelles that modulate various cellular 

processes including cell division, cell cycle progression, aging, cell morphology, polarity and 

motility(1, 2). A pair of centrioles, termed the mother and daughter centrioles, recruit an 

amorphous mass of protein called the pericentriolar matrix (PCM) which is responsible for 

microtubule nucleation and anchoring(3, 4). In quiescent cells, mother centrioles, but not 

daughter centrioles, transform into basal bodies and become competent to template cilia, hair-

like protuberances that possess sensory and/or motility functions(5-7). Regardless of 

functionality, every cilium is made up of an axoneme, the microtubular backbone, surrounded 

by a ciliary membrane that is continuous with the plasma membrane. Cilia malfunction is 

increasingly recognized as a major cause of ciliary diseases or ciliopathies, a heterogeneous 

group of genetic disorders affecting many parts of the body, including the kidney, eye, liver 

and brain(8, 9). Clinically distinct disorders often display overlapping phenotypes, but the 

molecular basis of this overlap is not fully understood and remains an open question. 

Bardet-Biedl Syndrome (BBS) is a ciliopathy characterized by retinal degeneration, 

renal failure, obesity, diabetes, male infertility, polydactyly, and cognitive impairment(10, 11). 

To date, 19 genes had been identified as disease loci, and the majority encode products that are 

essential for the formation and proper functioning of a multi-subunit complex called the 

BBSome. The BBSome is comprised of eight distinct BBS subunits (BBS1, BBS2, BBS4, 

BBS5, BBS7, BBS8, BBS9 and BBIP10/BBS18) and its assembly occurs in several stages(12, 

13).  
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In brief, three chaperonin-like subunits, BBS6, BBS10 and BBS12 first bind to and 

stabilize BBS7, leading to the generation of an assembly intermediate known as the BBSome 

core which consists of BBS2, BBS7 and BBS9(14, 15). Subsequent incorporation of 

peripheral subunits BBS1, BBS5, BBS8, and finally BBS4, to the core completes its 

transformation to the holo-complex(15). BBS4 is also known to interact with BBIP10, 

although it is not certain when and how the latter is integrated into the BBSome(13). BBSome 

subunits possess domains known to mediate protein-protein interactions. BBS1, BBS2, BBS7 

and BBS9 contain β-propeller domains. BBS4 and BBS8 contain solenoid or tetratricopeptide 

repeat domains, while BBIP10 possesses two alpha helices. In contrast, BBS5 contains 

pleckstrin homology domains, binds to phosphoinositides, and is believed to be the only 

BBSome subunit in direct contact with the ciliary membrane(12). Recently, BBS3/ARL6, an 

Arf-like GTPase, is shown to be a major effector of the BBSome. BBS3 recruits the BBSome 

to the membrane, wherein it assembles a coat that selectively sorts membrane cargos to 

cilia(16). In the nematode Caenorhabditis elegans, the BBSome regulates the assembly of 

intraflagellar transport (IFT) particles(17), a multi-subunit complex responsible for 

transporting the BBSome and its associated cargos into and out of the ciliary 

compartment(18). Unlike the BBSome which is generally not required for cilia assembly(13, 

19), the IFT complex controls the bidirectional motility along the axoneme that is essential for 

the formation, maintenance and function of cilia. 

Despite our knowledge of the BBSome, the precise mechanisms by which its ciliary 

trafficking is regulated remain enigmatic. Previous studies have demonstrated that all BBSome 

subunits are essential for BBSome assembly, and only a fully assembled holo-complex can 

gain entry to the ciliary compartment(20-22).   
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Ciliary entry requires the passage of the BBSome through a special region between the 

basal body and the axoneme called the transition zone, which acts as a permeability barrier to 

control the entry and exit of ciliary proteins(23). The transition zone contains several multi-

subunit complexes including Cep290/NPHP5(24-26), NPHP1/NPHP4/NPHP8(24, 27, 28), 

MKS(27, 29, 30) and nucleoporin(31); however, the precise manner in which these complexes 

function remains shrouded in mystery. Here, we established a previously unknown connection 

between the BBSome and NPHP5, a transition zone protein whose deficiency is associated 

with ciliopathies. We demonstrated that NPHP5 and its binding partner Cep290, another 

transition zone protein, modulate not only BBSome integrity, but also trafficking of the holo-

complex and its associated cargos into the cilium. 

 

Results 

NPHP5 interacts with the BBSome through two distinct binding sites  

NPHP5 is a ciliopathy protein localized to the distal ends of centrioles, including the 

ciliary base(24, 25). Pathogenic mutations in the NPHP5 gene render the resulting protein 

non-functional(25) and cause two ciliary diseases, Leber congenital amaurosis (LCA; retinal 

degeneration) and Senior-Løken syndrome (SLS; retinal degeneration and renal failure)(32-

35). Because LCA and SLS share overlapping clinical manifestations with BBS, we 

hypothesize that NPHP5 and BBS proteins could interact to regulate cilia homeostasis. Thus, 

the ability of NPHP5 to associate with the first twelve BBS subunits was examined.  
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We immunoprecipitated recombinant, N-terminal tagged NPHP5 (Flag-NPHP5) from 

HEK293 cell extracts and found that it interacts with all GFP-tagged BBSome subunits BBS1, 

BBS2, BBS4, BBS7 and BBS8 except BBS5 (Figure 1a). No or weak co-immunoprecipitation 

was observed between NPHP5 and non-BBSome subunits, including an Arf-like GTPase 

BBS3, chaperonin-like BBS proteins BBS6, BBS10 and BBS12, and an E3 ubiquitin ligase 

BBS11(36) (Figure 1a). Similar results were obtained when a C-terminal tagged NPHP5 

(NPHP5-Flag) was used instead of Flag-NPHP5 (Figure S1a) or when immunoprecipitations 

were performed in a less stringent lysis buffer designed to emulate physiological conditions 

(150 mM salt, pH 7.4) (Figure S1b). Since every BBSome subunit apart from BBS5 associates 

with NPHP5, we wondered whether the position and/or size of the tag on BBS5 or NPHP5 

interfere(s) with binding. We co-expressed Flag-BBS5 or BBS5-Flag and GFP-NPHP5 or 

NPHP5-GFP, performed anti-Flag immunoprecipitations, and confirmed that recombinant 

NPHP5 and BBS5 interact in all possible combinations (Figure 1b). Notably, NPHP5 may 

bind to the N-terminal region of BBS5, since recombinant NPHP5 interacted strongly with 

BBS5-Flag but poorly with Flag-BBS5 (Figure 1b), and did not interact at all with GFP-BBS5 

(Figures 1a and S1a-b). Moreover, no interaction was observed between GFP-NPHP5 and 

non-BBSome subunits BBS3-Flag, BBS6-Flag or BBS10-Flag (Figure S1c), suggesting that 

NPHP5 specifically associates with the holo-complex. To provide further proof that NPHP5 

interacts with the BBSome, endogenous NPHP5, BBS2, BBS4, BBS5 and BBS8 co-

fractionated in a discrete protein complex at ~500 kDa (Figures 1c and 6c), which is in close 

agreement with the reported molecular weight of the BBSome(12). In addition, antibodies 

against BBS2 or BBS5 co-precipitated NPHP5, along with known NPHP5-interacting 

proteins, Cep290 and calmodulin (CaM) (Figure 1d and (25, 26, 33, 37)).   
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An in situ proximity ligation assay (PLA) designed to detect interaction at a distance 

below 40nm(38) also revealed an association of NPHP5 with BBSome subunits (Table 1 and 

Figure 4; see below). Given that some BBSome subunits are efficiently co-

immunoprecipitated with, and physically closer to, NPHP5 than others (Figures 1, 4, S1 and 

Table 1), these data together suggest that NPHP5 interacts with the holo-complex through 

certain subunits. Moreover, NPHP5 most likely forms a complex with the BBSome, Cep290 

and CaM. 

Next, we sought to map the BBSome-binding domain(s) of NPHP5 by expressing a 

series of epitope-tagged NPHP5 truncation mutants and BBSome subunits and examining their 

ability to co-immunoprecipitate in cell extracts. We found that there are two distinct BBSome-

binding sites, one at the N-terminal region and the other at the C-terminal region (Figure 2a). 

Further mapping studies revealed that the first 157 residues (1-157) and the last 68 residues 

(530-598) of NPHP5 are critical for binding (Figures 2b-d). 

During the course of our mapping studies, an unexpected and reproducible 

phenomenon was noticed with regard to the specificity of the two BBSome-binding sites of 

NPHP5. We found that BBS1 interacted more strongly with a N-terminal fragment of NPHP5 

(1-287), encompassing the N-terminal BBSome-binding site, than full-length (1-598) or a C-

terminal fragment of NPHP5 (287-598) (Figure 2a). Likewise, two other N-terminal fragments 

of NPHP5 (1-157 and 1-332) also exhibited a stronger interaction with BBS1 compared to 

full-length NPHP5 (data not shown). Conversely, BBS9 bound more robustly to 287-598 than 

1-598 or 1-287 (Figure 2a). BBS2, BBS4, BBS5 and BBS7 mostly interacted with the C-

terminal BBSome-binding site, since they bound equally well to 1-598 and 287-598 but poorly 

to 1-287 (Figure 2a).   
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BBS8, meanwhile, bound to 1-598, 1-287 and 287-598 with similar affinity (Figure 

2a). Our data suggest that the N-terminal site, when present alone and/or acting independently, 

may preferentially bind BBS1, whereas the C-terminal site is favorably occupied by BBS9 and 

several other subunits. 

 

NPHP5 interacts with the BBSome independently of its associated partner, 

Cep290 

 We had previously demonstrated that residues 509-529 and 549 of NPHP5 are critical 

for binding to Cep290(25). Given that Cep290 interacts with the BBSome(39) and that the 

Cep290- and the C-terminal BBSome-binding sites are mapped to the C-terminal region of 

NPHP5, we determined if these two sites overlap, and whether NPHP5 and Cep290 could 

associate with the BBSome independently of each other. First, we showed that a C-terminal 

fragment of NPHP5 (Flag-NPHP5(287-598)) containing only one BBSome-binding site 

interacted with Cep290 and the BBSome (Figure 3a). In contrast, the same fragment carrying a 

point mutation (Flag-NPHP5(287-598A549K)) or a deletion (Flag-NPHP5(287-598Δ509-

529)) known to disrupt Cep290 binding still associated with the BBSome (Figure 3a). Second, 

antibodies against BBS2 and BBS5 co-precipitated endogenous NPHP5 in extracts specifically 

depleted of Cep290 (Figure 3b). Likewise, the same antibodies co-precipitated Cep290 in 

extracts depleted of NPHP5 (Figure 3c). Taken together, our findings suggest that NPHP5 and 

Cep290 can independently bind to the BBSome. 
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NPHP5 and Cep290 interact with the BBSome in non-ciliated and ciliated 

cells 

 A number of studies showed that BBS proteins are localized to centrosomes and 

cilia(12, 13, 16, 17, 22, 40-46). Since NPHP5 and the BBSome interact, we therefore 

examined the localization of these proteins in greater detail by performing 

immunofluorescence experiments to co-stain NPHP5 with BBSome subunits in proliferating 

(non-ciliated) and quiescent (ciliated) human retinal pigmented epithelial (RPE-1) cells. We 

found that NPHP5 staining partially overlapped with every subunit at the centrosome/ciliary 

base (Figures S2a-b). Of note, BBSome subunits generally exhibited weak staining at the 

centrosome in proliferating cells but accumulated at the cilium in quiescent cells (Figures S2a-

b). Thus, it is conceivable that when cilia have yet to form, the BBSome complex may be 

present in minute amounts and is not fully assembled. Because ciliary accumulation of the 

BBSome coincides with ciliogenesis and because the BBSome has to pass through the 

transition zone at the ciliary base prior to entry into cilia, we asked whether NPHP5 at the 

centrosome/ciliary base could interact with the BBSome in proliferating and quiescent cells. In 

situ PLA was used to identify endogenous interaction between NPHP5 and BBSome subunits 

and to access how close these two entities are in space. To validate assay specificity, we first 

visualized the interaction between NPHP5 and Cep290, which is known to be direct (24, 25). 

Both proteins are also shown to localize to the distal ends of centrioles/ciliary base during 

interphase and quiescence (25, 47, 48). We observed strong PLA signals in proliferating and 

quiescent cells when anti-NPHP5 and anti-Cep290 antibodies were used (Figure 4a and 

Table 1).  
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These signals substantially overlapped with a centrosomal marker, γ-tubulin, suggesting that 

NPHP5 and Cep290 interact at the centrosome/ciliary base under all conditions (Figure 4a). 

Negligible signal was detected when one or more antibodies were omitted, or when anti-

NPHP5 antibody was mixed with an irrelevant antibody (Figure 4a). In situ PLAs performed 

using proximity probes against NPHP5 and different BBSome subunits revealed that NPHP5 

interacts with, and/or is in close proximity to, every BBSome subunit (Figure 4b and Table 1). 

PLA signal intensity varies between different NPHP5/subunit combinations and between 

proliferative and quiescence states for a given combination. Notably, the NPHP5/BBS4 

combination in quiescent cells yielded the strongest signal (Figure 4b and Table 1). PLA 

signals of varying intensity were likewise detected when antibodies against Cep290 and 

BBSome subunits were combined. Overall, these signals tended to be weaker than those of 

NPHP5/BBSome subunits (Figure 4c and Table 1), suggesting that Cep290 may be physically 

further from the BBSome than NPHP5. Interestingly, a strong PLA signal was also reported 

for the Cep290/BBS4 combination in quiescent cells (Figure 4c and Table 1). Since NPHP5 

interacts with Cep290 and the BBSome, contains two BBSome-binding sites with different 

subunit specificities, and is in close proximity to different subunits depending on proliferation 

status, our data suggest that NPHP5 and Cep290 could control some aspects of BBSome 

function. 

 

NPHP5 and Cep290 control BBSome integrity and ciliary trafficking 

  In an effort to reveal the biological relevance of the interaction between NPHP5 and 

the BBSome, we performed reciprocal depletion of NPHP5 and two BBS subunits, BBS2 and 

BBS5, using small-interfering RNAs (siRNAs) in HEK293, RPE-1 and ARPE-19 cells. 
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Depletion of BBS2 or BBS5 had no effect on the levels and localization of NPHP5 (Figures 

S3a-b), and likewise, ablation of NPHP5 did not alter the levels of BBS2, BBS4 or BBS5 

(Figure 5a). We and others have previously shown that although siRNA depletion of NPHP5 

greatly compromises ciliogenesis(24, 25), cilia can still form in cells where the silencing is not 

as efficient. Remarkably, we found that a loss of NPHP5 specifically affects ciliary 

localization of BBS2 and BBS5 without affecting other BBSome subunits (BBS1, BBS4, 

BBS7, BBS8, BBS9 and BBIP10) and BBS3 in cells that have retained their cilia (Figures 5b-

c). In particular, BBS5 was no longer detected at the cilium, whereas BBS2 was either 

completely absent from, or confined to a proximal region of, the cilium (Figures 5b-d), 

reminiscent of the so-called inversin compartment or EvC zone(49-51). Of note, proximal 

ciliary confinement of BBS2 was not due to shortened cilia, since cilia length (as judged by 

staining of three different ciliary markers, detyrosinated tubulin, glutamylated tubulin and 

IFT88) was unaffected in NPHP5-depleted cells (Figure 5b and 5d). Furthermore, depletion of 

NPHP5 did not result in enhanced staining or accumulation of other BBSome subunits (BBS1, 

BBS4, BBS7, BBS8, BBS9 and BBIP10) at the cilium (Figure 5b), suggesting that this 

protein, unlike BBS17 or AZI1(22, 52), is not a negative regulator of BBSome ciliary 

trafficking. Next, we conducted rescue experiments in which we expressed full-length NPHP5 

(1-598) or a NPHP5 mutant lacking the N-terminal BBSome-binding site (287-598) in 

quiescent cells depleted of endogenous NPHP5, using a siRNA oligo that targets the 3’UTR of 

NPHP5 mRNA.  
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We found that although 1-598 and 287-598 both localize to centrosomes, the two phenotypes 

associated with NPHP5 depletion, namely, loss of ciliary BBS2/BBS5 and proximal ciliary 

staining of BBS2, were largely rescued by 1-598 but not 287-598 expression (Figures 6a and 

6b). These results suggest that NPHP5-binding to the BBSome is crucial for BBSome integrity 

and ciliary trafficking of certain subunits. 

 The mis-localization of BBS2 and BBS5 provoked by NPHP5 depletion strongly 

suggests that these two subunits are separated from the rest of the BBSome. To examine this 

possibility, we noticed that in size exclusion chromatography, BBS2, BBS4, BBS5 and BBS8 

peak at around fractions 7-9 (~500 kDa) in control cells (Figure 6c)(12, 22). In NPHP5-

depleted cells, however, a significant amount of BBS2 and BBS5 was found in early fractions 

(fractions 5-6) (Figure 6c), indicating that these two subunits co-fractionate in a high 

molecular weight complex distinct from the BBSome. The overall size of the remaining 

BBSome is expected to decrease after losing two critical subunits, and indeed, we 

reproducibly detected a shift of BBS4 and BBS8 to lower molecular weight fractions 

(fractions 9-11) in NPHP5-depleted cells, but not in control cells (Figure 6c). Importantly, we 

also demonstrated that while endogenous BBS1, BBS2, BBS5 and BBS8 co-

immunoprecipitated with GFP-BBS4 in control extracts, only BBS1 and BBS8 were co-

immunoprecipitated in the absence of NPHP5 (Figure 6d). Taken together, our data suggest 

the existence of a BBSome sub-complex, devoid of BBS2 and BBS5, which retains the 

capacity to traffic into cilia. 

 Since Cep290 docks NPHP5 at the centrosome/ciliary base and is required for 

ciliogenesis(24, 25, 53), we surmise that ablation of Cep290 should phenocopy NPHP5 loss of 

function.   
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Depletion of Cep290 indeed prevented ciliary localization of BBS2 and BBS5, in addition to 

restricting BBS2 to the proximal region of cilia in a subpopulation of ciliated cells (Figures 

5b-d). Interestingly, ciliary localization of BBS8 was also abolished, a result consistent with 

previous work(54), whereas the remaining BBSome subunits (BBS1, BBS4, BBS7, BBS9 and 

BBIP10) and BBS3 were efficiently targeted to the cilium (Figures 5b-c). Furthermore, GFP-

BBS4 associated with BBS1 but not with BBS2, BBS5 or BBS8 in Cep290-depleted cells 

(Figure 6d), suggesting that BBS2, BBS5 and BBS8 disintegrate and are no longer in a 

complex with BBS1/BBS4. To ascertain that the BBS8 phenotype is direct consequence of 

Cep290 loss and that suppression of Cep290 indirectly affects BBS2/BBS5, we performed 

rescue experiments in which we expressed full-length NPHP5 (1-598) in quiescent cells 

depleted of endogenous Cep290. We found that exclusion of BBS2/BBS5 from cilia and 

proximal ciliary confinement of BBS2 were largely rescued, whereas loss of ciliary BBS8 was 

not (Figures 7a and 7b). Finally, we showed that the phenotype induced by NPHP5 or Cep290 

loss is unique, since ciliary entry of the BBSome or any single subunit, including BBS2, 

BBS4, BBS5, BBIP10, BBS8(22) and BBS9(22), was precluded in BBS2- or BBS5-depleted 

cells (Figure S3c). Considered together, our data suggest that NPHP5 maintains association of 

BBS2 and BBS5 with the BBSome, while Cep290 keeps BBS8 glued to the complex. In the 

absence of NPHP5 or Cep290, the BBSome is missing some subunits, and yet its trafficking to 

cilia is not compromised. Since only a holo-BBSome enters cilia(20-22), we reason that 

NPHP5 and Cep290 may perform an additional gatekeeping function to restrain entry of a 

malformed BBSome into cilia. 
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 To assess the potential role of NPHP5 and Cep290 as a gatekeeper, we sought to 

determine if their inactivation triggers gross malformation of the transition zone at the ciliary 

base. We found that two components of the NPHP1/NPHP4/NPHP8 complex, NPHP1 and 

NPHP8, and two components of the MKS complex, TCTN1 and MKS3, were efficiently 

recruited to the ciliary base in NPHP5- or Cep290-depleted cells (Figure 7c). In addition, no 

aberrant accumulation of two IFT subunits, IFT43 and IFT88 at the ciliary tip, indicative of 

impaired retrograde transport, was observed (Figure 7d). Likewise, there was no apparent loss 

of ciliary IFT43 or IFT88 (Figure 7d), suggesting that anterograde transport is not 

compromised. Moreover, depletion of NPHP5 or Cep290 did not affect ciliary trafficking or 

accumulation of most BBSome subunits (Figures 5b-c). These data suggest that the transition 

zone is not grossly malformed, and ciliary content is not substantially altered. Therefore, it 

appears that these two proteins specifically regulate ciliary trafficking of the BBSome. 

 

Loss of NPHP5 or Cep290 partially impairs ciliary targeting of BBSome 

cargoes 

 Next, we asked whether a malformed BBSome induced by a loss of NPHP5 or Cep290 

could impinge on ciliary trafficking of its cargos. We hypothesize that such BBSome sub-

complex is proficient in delivering some, but not all cargos to cilia. In mammals, the BBSome 

is known to traffic a subset of cargos, including G protein-coupled receptors smoothened 

(Smo), melanin-concentrating hormone receptor 1 (MCHR1), somatostatin receptor 3 

(SSTR3), vasoactive intestinal peptide receptor 2 (VPAC2) and dopamine receptor 1 (D1R) 

into and/or out of cilia(16, 22, 55-59).  In addition, this complex cooperates with the GTPase 

Rab8a to regulate vesicular trafficking and ciliary membrane biogenesis(12).   
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Although previously reported in other cell lines and tissues (58, 59), we were unable to detect 

endogenous MCHR1 or SSTR3 at the cilium or abnormal accumulation of ciliary D1R caused 

by depletion of BBS proteins in quiescent RPE-1 cells. Nevertheless, endogenous VPAC2 and 

Rab8a were localized to the centrosome and cilium, and although Smo was not detectable in 

unstimulated cells, it exhibited strong ciliary accumulation in response to a Smo agonist in 

quiescent RPE-1 cells (Figure 8a). We first confirmed earlier reports(22, 57) by showing that 

ciliary localization of Smo in response to stimulation, along with ciliary localization of 

VPAC2, was greatly diminished in cells depleted of BBS proteins (Figure 8a). Ablation of 

BBS proteins also abolished ciliary targeting of Rab8a (Figure 8a), consistent with the notion 

that this GTPase is a downstream effector of the BBSome. In contrast, centrosomal targeting 

of VPAC2 or Rab8a remained unaffected, suggesting that the BBSome may play a more 

prominent role in cargo delivery to cilia than cargo loading (Figure 8a). In NPHP5 or Cep290-

depleted cells, ciliary Smo was also dramatically reduced but was never confined to the 

proximal region of cilia (Figure 8a), reminiscent of BBS5 mis-localization. Since BBS5 and 

Smo are known to interact(22), our data strongly suggest that a loss of ciliary BBS5 impairs 

Smo trafficking to cilia. Remarkably, we found that ciliary trafficking of VPAC2 remained 

unaffected upon suppression of NPHP5 or Cep290, whereas depletion of Cep290, but not 

NPHP5, resulted in exclusion of Rab8a from the ciliary membrane (Figure 8a). Centrosomal 

targeting of Rab8a, on the other hand, remains unaffected. Thus, despite losing BBS2 and 

BBS5, the BBSome sub-complex owing to NPHP5 loss can still undergo ciliary trafficking 

and deliver Rab8a and VPAC2 to cilia. In the absence of Cep290, the BBSome sub-complex 

lacks BBS2, BBS5 and BBS8, and our data suggest that an additional loss of BBS8 leads to 

defective trafficking of Rab8a to cilia. 
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Discussion 

 In recent years, cilia have become a topic of intense research interest because of their 

role in different signaling pathways and human disease. The BBSome is a multi-subunit 

complex required for proper cilia function, and defects in any one subunit can have 

detrimental consequences on complex formation and/or function, giving rise to disease(10, 12, 

22). Therefore, current efforts focus on understanding how this complex is assembled and 

trafficked into cilia, and how it delivers cargos into the ciliary compartment. In order for the 

BBSome to gain access to cilia, it has to transit through a control barrier called the transition 

zone located at the ciliary base(23). The transition zone houses several protein complexes, 

including the Cep290/NPHP5 complex(24-26), whose function is incompletely understood. 

Here, we demonstrated for the first time that NPHP5 interacts with, and is located in close 

proximity to, every subunit of the BBSome, suggesting that NPHP5 associates with the holo-

complex. We further showed that NPHP5 exists in a complex with Cep290 and the BBSome. 

Thus, these data add another layer of complexity to protein interaction network at the ciliary 

base, since NPHP5 is known to directly interact with Cep290(24, 25), while Cep290 interacts 

with BBS4(39). 

 How exactly does NPHP5/Cep290 modulate the function of the BBSome, or vice 

versa? Our data strongly suggest that NPHP5 and Cep290 specifically regulate BBSome 

integrity. In the absence of NPHP5 or Cep290, the BBSome sub-complex is missing at least 

two subunits, BBS2 and BBS5. Since BBS2 is an early and essential player in BBSome 

assembly(15), it is difficult to envisage how this sub-complex, or for that matter the BBSome 

core, is formed without BBS2.  
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Depletion of NPHP5 does not impinge on the levels or localization of BBS2 at the 

centrosome/ciliary base (Figure 5a and data not shown), suggesting that BBSome assembly, 

which probably takes place in this location, is not affected. Although we cannot rule out the 

possibility that the BBSome is assembled at another sub-cellular compartment, such process 

would still require BBS2. We propose that the BBSome is either partially formed or not 

formed in non-ciliated cells, and its assembly could only take place at full throttle at the 

centrosome/ciliary base during cilia formation. At this critical juncture, protein interactions 

between different BBSome subunits are highly dynamic and are presumed to be broken and 

formed readily, with NPHP5/Cep290 serving as the glue to keep certain subunits together. It is 

currently unknown whether the holo-complex is first formed and a subset of subunits 

subsequently falls apart, or whether the sub-complex represents a late assembly intermediate. 

Further studies are needed to distinguish these two possibilities. 

 In addition to BBSome integrity, a number of our observations suggest that NPHP5 

and Cep290 could act as a gatekeeper to specifically control entry of the BBSome to cilia. 

First, the transition zone does not appear to be not grossly malformed in the absence of 

NPHP5 or Cep290, and further structural analysis will be needed to unequivocally prove that 

the transition zone maintains its normal architecture. Second, depletion of NPHP5 or Cep290 

does not affect anterograde and retrograde IFT. Third, with the exception of a subset of 

BBSome subunits, ciliary content of several other ciliary proteins tested remains normal. 

Forth, ciliary trafficking of BBSome cargos due to NPHP5 or Cep290 loss is partially 

impaired.  
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In this regard, Cep290 has been postulated to form a diffusion barrier between the cilium and 

the cytoplasm, based on studies that it associates with a cohort of proteins at the transition 

zone, localizes to Y-shaped linkers that connect the axoneme to the ciliary membrane, and 

directly binds to membranes and microtubules(30, 60-62). The gatekeeping role of 

NPHP5/Cep290 is also consistent with the idea that only the holo-BBSome can traffic into 

cilia under normal conditions (Figure 8b). When NPHP5/Cep290 is missing, a compromised 

gate mistakenly allows the malformed BBSome and a subset of associated cargos to enter cilia 

(Figure 8b). On the contrary, the malformed sub-complex provoked by depletion of any single 

BBS subunit is always incompetent to undergo ciliary trafficking, since ciliary entry is 

restricted by NPHP5/Cep290 at the transition zone (Figure 8b).  

 In addition to being present at the transition zone(24, 30, 31, 48, 60-62), Cep290 is 

known to localize to centriolar satellites(46, 47) where it may facilitate the relocalization of 

BBS4 from the satellites to the cilium(54). This relocalization event is thought to be crucial for 

ciliary recruitment of BBS8 and possibly other BBSome subunits(54). Indeed, a previous 

report has shown that depletion of Cep290 diminishes ciliary localization of BBS4 and BBS8 

in RPE-1 cells that are still able to form cilia(54). We also reported a loss of ciliary BBS8 

here; however, we did not observe an impairment of ciliary BBS4 upon Cep290 knockdown. 

We speculate that this discrepancy may be due to efficiency of RNA silencing and/or detection 

of endogenous (our present study) versus recombinant BBS4(54). Further studies will be 

needed to examine the relative contribution of the two pools of Cep290 (transition zone and 

satellites) to BBSome ciliary trafficking. It is important to note that unlike Cep290, NPHP5 is 

not recruited to centriolar satellites (data not shown). 
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 The BBSome is thought to deliver specific membrane cargos to cilia(13, 19). However, 

the majority of BBSome cargos have not been identified, and how different cargos are tethered 

to the holo-complex for transport is not known. We propose that different BBSome subunits 

tether a unique set of cargos to the complex for delivery to the ciliary compartment (Figure 

8b). In support of this, Smo is a BBSome cargo that interacts with BBS5(22), and we have 

shown here that a loss of ciliary BBS5 and Smo can be triggered by ablation of NPHP5, 

Cep290 or BBS proteins. Likewise, the BBSome sub-complex induced by NPHP5 (or 

Cep290) depletion is able to promote ciliary trafficking of VPAC2 despite missing 

BBS2/BBS5 (and BBS8), raising the possibility that the remaining subunit(s) BBS1, BBS4, 

BBS7, BBS9 and/or BBIP10 tether(s) VPAC2 to the BBSome. Moreover, since a loss of 

ciliary BBS8 correlates with impaired trafficking of Rab8a to cilia, Rab8a may preferentially 

bind to BBS8. Further analysis will be needed to identify additional cargoes that are uniquely 

associated with each individual subunit. 

 Previously, it was shown that depletion of NPHP5 or Cep290 has no effect on 

hedgehog (Hh) signaling in osteoblasts(24). This result appears to contradict our findings that 

ciliary Smo, a key component of the Hh pathway, is reduced in NPHP5- or Cep290-depleted 

retinal epithelial cells. We speculate that NPHP5/Cep290 could function differently in 

different cell/tissue types. Since mutations in NPHP5/Cep290 often give rise to renal and 

retinal failure, these two proteins may specifically be involved in Hh signaling in these 

cell/tissue types. Indeed, abnormal Hh signaling has recently been reported in kidneys from 

Cep290 mutant mice(63), and it would be interesting to determine if such abnormality also 

contributes to retinal failure. 
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Materials and Methods 

Cell Culture and Plasmids 

Human ARPE-19, hTERT-RPE-1 and HEK293 cells were grown in DMEM supplemented 

with 10% FBS at 37°C in a humidified 5% CO2 atmosphere. To generate Flag-tagged NPHP5 

fusion proteins, human NPHP5 cDNA fragments encoding residues 1-287, 157-332, 287-

598(A549K), 287-598(∆509-529) were amplified by PCR using Phusion High-Fidelity DNA 

Polymerase (New England Biolabs) and sub-cloned into mammalian expression vector pCBF-

Flag. Human NPHP5 cDNA was also sub-cloned into mammalian vector pFlag-C-CMV to 

generate NPHP5-Flag. Other Flag-NPHP5 constructs were previously described(25). To 

generate GFP-tagged NPHP5 protein, human NPHP5 cDNAs were sub-cloned into 

mammalian vector pEGFP-C1 or pEGFP-N1. To generate GFP-BBS proteins, human BBS 

cDNAs (BBS1 to BBS12) were sub-cloned into mammalian vector pEGFP-C1. Human BBS 

cDNAs were also sub-cloned into mammalian vector pFlag-CMV5 or pFlag-C-CMV to 

generate Flag-BBS or BBS-Flag. All constructs were verified by DNA sequencing.  

Antibodies 

Antibodies used in this study included anti-NPHP5(25), anti-Rab8a(64), anti-Cep290 (Bethyl 

Laboratories), anti-centrin, anti-detyrosinated tubulin, anti-BBS4, anti-BBIP10 (Millipore), 

anti-BBS1, anti-BBS2, anti-BBS3, anti-BBS4, anti-BBS7, anti-BBS9, anti-Cep290, anti-γ-

tubulin-FITC, anti-VPAC2, anti-NPHP1 (Santa Cruz), anti-α-tubulin, anti-acetylated tubulin, 

anti-BBS8, anti-Flag, anti-GFP, anti-γ-tubulin, anti-NPHP8, anti-IFT43 (Sigma-Aldrich), anti-

glutamylated tubulin GT335 (Invitrogen), anti-IFT88, anti-BBS5, anti-TCTN1, anti-MKS3 

(ProteinTech), anti-Smoothened, anti-CaM and anti-NPHP5 (Abcam). Specificity of 

antibodies against BBS1, BBS2, BBS4, BBS5 and BBS7 is presented in Figures S3 and S4.  
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Immunoprecipitation, Immunoblotting, and Immunofluorescence Microscopy 

Cells were lysed with ELB buffer (50 mM HEPES/pH 7.4, 250 mM NaCl (or 150 mM NaCl 

as indicated), 5 mM EDTA/pH 8, 0.1% NP-40, 1 mM DTT, 0.5 mM PMSF, 2 µg/ml 

leupeptin, 2 µg aprotinin, 10 mM NaF, 50 mM β-glycerophosphate and 10% glycerol) at 4°C 

for 30 minutes and extracted proteins were recovered in the supernatant after centrifugation at 

16,000g. For immunoprecipitation, 2 mg of the resulting supernatant was incubated with an 

appropriate antibody at 4°C for 1 hour and collected using protein A- or G-Sepharose. The 

resin was washed with lysis buffer, and bound proteins were analyzed by SDS-PAGE and 

immunoblotting with primary antibodies and horseradish peroxidase (HRP)-conjugated 

secondary antibodies (VWR). 100µg of lysate was typically loaded into the input (IN) lane. 

For experiments involving recombinant protein expression, Flag-tagged and/or GFP-tagged 

constructs were (co-)transfected into HEK293 cells, and cells were harvested 48–72 hours 

after transfection. Anti-Flag M2 beads (Sigma-Aldrich) or anti-GFP coupled to protein G-

Sepharose were used for immunoprecipitations. For indirect immunofluorescence, cells were 

grown on glass coverslips, fixed with cold methanol or 4% paraformaldehyde, and 

permeabilized with 1% Triton X-100/PBS. Slides were blocked with 3% BSA in 0.1% Triton 

X-100/PBS prior to incubation with primary antibodies. Secondary antibodies used were Cy3-, 

Cy5- or Alexa488- conjugated donkey anti-mouse, anti-rat or anti-rabbit IgG (Jackson 

Immunolabs and Molecular Probes). Cells were then stained with DAPI, and slides were 

mounted, observed, and photographed using a Leitz DMRB (Leica) microscope (100×, NA 

1.3) equipped with a Retiga EXi cooled camera. For ciliary staining, cells were pre-fixed in 

0.4% paraformaldehyde for 5 minutes at 37°C, extracted with 0.5% Triton X-100 in PHEM 

buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2, pH 6.9) for 2 minutes at 
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37°C, and washed with PBS before proceeding with the normal protocol. To detect ciliary 

Smo, cells were treated with 1 µM purmorphamine (Abcam), a Smo agonist, for 24 hours at 

37oC prior to indirect immunofluorescence. Cilia length was determined using the Matlab 

software. 

In situ proximity ligation assay (PLA) 

Duolink in situ PLA kit (Sigma) was used following manufacturer’s instruction. Proliferating 

or quiescent RPE-1 cells grown on glass coverslips were fixed and permeabilized according to 

the normal immunoflourescence protocol. After pre-incubation with a blocking reagent for 1 

hour, samples were incubated with two primary antibodies raised in different host species 

(rabbit, mouse or goat) for 1 hour at room temperature. Following this, samples were washed 

in Duolink Wash Buffer A twice at room temperature. PLA anti-mouse/goat MINUS probe 

and anti-rabbit/mouse PLUS probe were then applied to samples in a preheated humidity 

chamber for 1 hour at 37°C. Samples were washed in Wash Buffer A twice for 5 minutes, 

incubated with the Duolink Ligation Stock for 30 minutes at 37°C, washed in Wash Buffer A 

twice for 2 minutes, incubated with the Duolink Amplification Stock for 100 minutes at 37°C, 

washed in Wash Buffer B twice for 10 minutes, incubated with anti-γ-tubulin-FITC for 45 

minutes, and washed in Wash Buffer B once for 5 minutes. Finally, slides were mounted with 

the Duolink Mounting Medium with DAPI. ImageJ (v1.43 m; Rasband, W.S., ImageJ, US 

National Institutes of Health, Bethesda, MD, USA) was used to quantify the PLA signal of 

each image. The PLA signal was assigned an arbitrary range of 0 to 1.00 (no signal, 0-0.25; 

weak signal, 0.26-0.50; medium signal, 0.51-0.75; strong signal, 0.76-1.00) and normalized 

according to the PLA signal of NPHP5/Cep290 pair, which had a value of 1.00. 

RNA Interference 
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Transfection of siRNAs was performed using siImporter (Millipore) per manufacturer's 

instructions. siRNAs for Cep290, NPHP5 and the non-specific control were previously 

described(25). Smartpool siRNAs against human BBS1, BBS2, BBS4, BBS5 and BBS7 were 

obtained from Thermo Fisher Scientific. 

Induction of Primary Cilia 

RPE-1 or ARPE-19 cells were brought to quiescence by serum starvation for 48–72 hours and 

examined for cilia markers such as detyrosinated tubulin or glutamylated tubulin. ~80-90% of 

cells formed cilia under this condition as opposed to ~10% when cells were proliferating. 

Size exclusion chromatography 

2 mg of cell extract was chromatographed (ÄKTA FPLC; GE Healthcare) over a Superose-6 

10/300 GL column (GE Healthcare). 1 ml fractions were collected, TCA precipitated and 

analyzed by SDS-PAGE. The column was calibrated with Gel Filtration Standard (Bio-Rad) 

containing a mixture of molecular weight markers from 17 to 670 kDa. 
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Figure legends 

 

Figure 1. NPHP5 interacts with the BBSome.  

(a) Flag-NPHP5 and the indicated GFP proteins were co-expressed in HEK293 cells, and 

lysates were immunoprecipitated with an anti-Flag antibody. The resulting 

immunoprecipitates were Western blotted with anti-Flag or anti-GFP antibodies. IN, input. (b) 

The indicated N-terminal or C-terminal tagged recombinant NPHP5 or BBS5 proteins were 

co-expressed in HEK293 cells, and lysates were immunoprecipitated with an anti-Flag 

antibody. The resulting immunoprecipitates were Western blotted with anti-Flag or anti-GFP 

antibodies. IN, input. (c) HEK293 cell extract was chromatographed on a Superose-6 gel 

filtration column, and the resulting fractions were Western blotted with indicated antibodies. 

Estimated molecular weights are indicated. IN, input; F, fraction. (d) Western blotting of 

endogenous Cep290, NPHP5, BBS2, BBS5 and CaM after immunoprecipitation of HEK293 

cell extracts with anti-Flag (control), anti-BBS2 or anti-BBS5 antibodies. IN, input. 

 

Figure 2. NPHP5 possesses two distinct BBSome-binding sites.  

(a) Left panel: Flag (control), Flag-tagged full-length NPHP5 (1-598) or the indicated 

fragments of Flag-tagged NPHP5 were co-expressed with the indicated GFP-BBS proteins in 

HEK293 cells, and lysates were immunoprecipitated with an anti-Flag antibody.   
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Flag-NPHP5 and GFP-BBS were detected after western blotting the resulting 

immunoprecipitates. IN, input. Right panel: GFP (control), GFP-tagged full-length NPHP5 (1-

598) or the indicated fragments of GFP-tagged NPHP5 were co-expressed with BBS5-Flag in 

HEK293 cells, and lysates were immunoprecipitated with an anti-Flag antibody. BBS5-Flag 

and GFP-NPHP5 were detected after western blotting the resulting immunoprecipitates. IN, 

input. (b-c) Flag (control) or the indicated fragments of Flag-tagged NPHP5 were co-

expressed with the indicated GFP-BBS proteins in HEK293 cells, and lysates were 

immunoprecipitated with an anti-Flag antibody. Flag-NPHP5 and GFP-BBS were detected 

after western blotting the resulting immunoprecipitates. IN, input. (d) Summary of the results 

of in vivo binding experiments. Known domains of NPHP5 (centrosomal localization, CaM-

binding and Cep290-binding domains) are indicated as in (189). Each fragment used for the 

study takes into account the position of these domains so that a given domain is not 

prematurely truncated. +, interaction; -, no interaction; ND, not determined. 

 

Figure 3. NPHP5 and Cep290 bind to the BBSome independently of each other.  

(a) Flag (control) or the indicated fragments and mutants of Flag-tagged NPHP5 were co-

expressed with the indicated GFP-BBS proteins in HEK293 cells, and lysates were 

immunoprecipitated with an anti-Flag antibody. Flag-NPHP5, GFP-BBS and endogenous 

Cep290 were detected after western blotting the resulting immunoprecipitates. IN, input. (b-c) 

Western blotting of endogenous Cep290, NPHP5, BBS2 and BBS5 after immunoprecipitation 

of HEK293 cell extracts with anti-Flag (control), anti-BBS2 or anti-BBS5 antibodies. Extracts 

were transfected with control (siNSp), NPHP5 (siNPHP5) or Cep290 (siCep290) siRNAs prior 

to immunoprecipitation. IN, input. 
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Figure 4. NPHP5/Cep290 interaction with the BBSome in ciliated and non-ciliated cells.  

(a) In situ PLA using antibodies against NPHP5 and Cep290 was performed to visualize 

protein-protein interaction (PLA signal in red) in proliferating (non-ciliated) and quiescent 

(ciliated) RPE-1 cells. Cells were co-stained with γ-tubulin (green) to visualize the 

centrosome. No PLA signal was detected when one or both antibodies were missing, or when 

an NPHP5 antibody was combined with an irrelevant antibody, glutamylated tubulin (GT335). 

No Ab, no antibody. (b-c) In situ PLAs using the indicated combinations of antibodies were 

performed to visualize protein-protein interaction (PLA signal in red) in proliferating (non-

ciliated) and quiescent (ciliated) RPE-1 cells. Cells were co-stained with γ-tubulin (green) to 

visualize the centrosome.  

 

Figure 5. Depletion of NPHP5 or Cep290 impairs ciliary localization of a subset of 

BBSome subunits.  

(a) Western blotting of Cep290, BBS2, BBS4, BBS5 and NPHP5 in HEK293 cells treated 

with control (siNSp), NPHP5 (siNPHP5) or Cep290 (siCep290) siRNAs. α-tubulin was used 

as loading control. (b) RPE-1 cells transfected with control (siNSp), NPHP5 (siNPHP5) or 

Cep290 (siCep290) siRNAs and induced to quiescence were stained with the indicated 

combinations of antibodies. Detyr-tub, detyrosinated tubulin; GT335, polyglutamylated 

tubulin. (c) The percentages of quiescent RPE-1 cells showing BBS staining along the entire 

length of cilia were determined using detyrosinated tubulin or GT335 as a ciliary marker. (d) 

(Top) The percentages of quiescent RPE-1 cells showing BBS2 staining along the proximal 

region of cilia were determined. (Bottom) Cilia length was measured with different markers 

(BBS2, detyrosinated tubulin, polyglutamylated tubulin and IFT88).  
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In (c–d), at least 100 cells were counted and/or measured per siRNA condition, and error bars 

represent average of three independent experiments. 

 

Figure 6. NPHP5 and Cep290 regulate BBSome integrity.  

(a) ARPE-19 cells transfected with control siRNA (siNSp) or siRNA targeting NPHP5 3’UTR 

(siNPHP5) and plasmid expressing an irrelevant Flag-tagged protein (control), full-length 

Flag-NPHP5 (1-598) or a C-terminal fragment of Flag-tagged NPHP5 (287-598) lacking a 

BBSome-binding site, induced to quiescence, were stained with antibodies against Flag 

(green), detyrosinated-tubulin or GT335 (blue), and BBS2, BBS4 or BBS5 (red). (b) (Top) 

The percentages of quiescent cells with ciliary BBS2, BBS4 or BBS5 staining were 

determined using either detyrosinated tubulin or GT335 as a ciliary marker. At least 100 

transfected cells were counted per condition, and error bars represent average of three 

independent experiments. (Bottom left) Western blotting of Flag, with α-tubulin used as 

loading control. (Bottom right) Cells were processed for immunofluorescence and stained with 

anti-NPHP5 (red) antibody. (c) Extract from control (siNSp) or NPHP5 siRNA-depleted 

(siNPHP5) HEK293 cells was chromatographed on a Superose-6 gel filtration column, and the 

resulting fractions were Western blotted with indicated antibodies. Estimated molecular 

weights are indicated. IN, input; F, fraction. (d) GFP or GFP-BBS4 were expressed in 

HEK293 cells treated with control (siNSp), NPHP5 (siNPHP5) or Cep290 (siCep290) siRNAs 

and immunoprecipitated from lysates. Endogenous (*) and recombinant BBS4 (**), along 

with endogenous BBS1, BBS2, BBS5 and BBS8 were detected after western blotting the 

resulting immunoprecipitates. Western blotting of NPHP5 and Cep290 were performed to 

monitor knockdown efficiency. IN, input. α-tubulin was used as loading control. 
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Figure 7. Cep290 regulates the BBSome integrity and depletion of NPHP5 or Cep290 

does not impair the localization of transition zone proteins.  

(a) ARPE-19 cells transfected with control (siNSp) or Cep290  (siCep290) siRNA and 

plasmid expressing an irrelevant Flag-tagged protein (control) or full-length Flag-NPHP5 (1-

598), induced to quiescence, were stained with antibodies against Flag (green), detyrosinated-

tubulin or GT335 (blue), and BBS2, BBS5 or BBS8 (red). (B) (Left) The percentages of 

quiescent cells with ciliary BBS2, BBS5 or BBS8 staining were determined using either 

detyrosinated tubulin or GT335 as a ciliary marker. At least 100 transfected cells were counted 

per condition, and error bars represent average of three independent experiments. (Right) 

Western blotting of Flag and Cep290. α-tubulin was used as loading control. (c-d) RPE-1 cells 

transfected with control (NSp), NPHP5 (siNPHP5) or Cep290 (siCep290) siRNAs and 

induced to quiescence were stained with the indicated antibodies. 

 

Figure 8. Depletion of NPHP5 or Cep290 partially disrupts ciliary trafficking of BBSome 

cargos.  

(a) (Left) RPE-1 cells transfected with control (NSp), NPHP5 (siNPHP5), Cep290 (siCep290),  

BBS2 (siBBS2) or BBS5 (siBBS5) siRNAs, induced to quiescence, were stained with 

antibodies against Smo, VPAC2 or Rab8a (red) and GT335 (green). In the case of Smo, cells 

were treated with a Smo agonist prior to immunofluorescence. (Top right) The percentage of 

quiescent cells with ciliary Smo, untreated (unstimulated) or treated with a Smo agonist 

(stimulated), was determined using GT335 as a ciliary marker. (Bottom right) The fold 

decrease in the percentage of cells with ciliary Smo, VPAC2 or Rab8a was determined using 

GT335 as a ciliary marker. At least 100 cells were scored per condition, and error bars 

represent average of three independent experiments.  
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 (b) Model illustrating the roles of NPHP5 and Cep290 in BBSome homeostasis. (I) NPHP5 

and Cep290 at the ciliary base serve two purposes: they regulate BBSome integrity and form a 

diffusion barrier that allows the selective passage of the holo-complex into the cilium. 

Although NPHP5 and Cep290 interact with multiple subunits, their interaction with 

BBS4/BBS8 is shown for the sake of simplicity. (II) In the absence of NPHP5, BBS2 and 

BBS5 dissociate from the BBSome, and BBS5 is completely mis-localized from the cilium. A 

fraction of BBS2 exhibits similar mis-localization pattern, whereas another fraction is 

confined to the proximal region of the cilium through an undefined mechanism. A faulty 

barrier permits the BBSome sub-complex to traffic into the cilium. Ciliary trafficking of Smo 

is impaired, since this cargo normally interacts with BBS5. (III) A loss of Cep290 induces 

NPHP5 mis-localization and promotes further dissociation of BBS8 from the BBSome; yet 

this sub-complex is also allowed to undergo ciliary trafficking. Rab8a ciliary trafficking is 

additionally impaired, but its centrosomal localization is unaffected. (IV and V) In contrast, a 

loss of any single BBS subunit, irrespective of its effects on BBSome assembly, is excluded 

from the cilium due to an intact barrier created by NPHP5/Cep290. Inactivation of BBS2 is 

known to destabilize BBS7 and prevents early BBSome assembly, whereas inactivation of 

BBS5 has minor impact on assembly(188, 211). As a consequence, Smo, Rab8a and VPAC2 

are unable to enter the ciliary compartment, and Rab8a and VPAC2 remain at the centrosome. 

We speculate that Rab8a is transported into the cilium by tethering to BBS8, whereas ciliary 

trafficking of VPAC2 likely requires interaction with BBS1, BBS4, BBS7, BBS9 and/or 

BBIP10. The interaction between VPAC2 and BBS1 is shown for simplicity. 
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Supplemental figure legends 

 

Figure S1. NPHP5 binds to the BBSome.  

(a) NPHP5-Flag and the indicated GFP proteins were expressed in HEK293 cells, and lysates 

were immunoprecipitated with an anti-Flag antibody. The resulting immunoprecipitates were 

Western blotted with anti-Flag or anti-GFP antibodies. IN, input. (b) Same as in Figure 1a 

except that lysis buffer contained 150 mM NaCl. (c) GFP-NPHP5 and the indicated Flag 

proteins were expressed in HEK293 cells, and lysates were immunoprecipitated with an anti-

Flag antibody. The resulting immunoprecipitates were Western blotted with anti-Flag or anti-

GFP antibodies. IN, input. 

 

Figure S2. Co-localization studies of NPHP5 and BBSome subunits.  

(a-b) Proliferating (non-ciliated) or quiescent (ciliated) RPE-1 cells were processed for 

immunofluorescence with anti-NPHP5 (red) and anti-BBS1, BBS2, BBS4, BBS5, BBS7, 

BBS8, BBS9 or BBIP10  (green) antibodies.  

 

Figure S3. Depletion of BBS2 or BBS5 disrupts trafficking of the BBSome to cilia but 

does not affect localization or protein levels of NPHP5. 

(a) RPE-1 cells transfected with control (siNSp), BBS2 (siBBS2) or BBS5 (siBBS5) siRNAs, 

induced to quiescence, were processed for immunofluorescence with anti-NPHP5, anti-BBS2 

or anti-BBS5 (red) and anti-detyrosinated tubulin or GT335 (green) antibodies. DNA was 

stained with DAPI (blue). (b) Western blotting of BBS2, BBS5 or NPHP5 in HEK293 cells 

treated with control (siNSp), BBS2 (siBBS2) or BBS5 (siBBS5) siRNAs. α-tubulin was used 

as loading control.  
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 (c) RPE-1 cells transfected with control (siNSp), BBS2 (siBBS2) or BBS5 (siBBS5) siRNAs, 

induced to quiescence, were stained with the indicated BBS antibodies (red) and antibodies 

against detyrosinated tubulin or GT335 (green). 

 

Figure S4. Specificity of antibodies against BBS1, BBS4 and BBS7.  

(a) RPE-1 cells transfected with control (siNSp), BBS1 (siBBS1), BBS4 (siBBS4) or BBS7 

(siBBS7) siRNAs, induced to quiescence, were processed for immunofluorescence with anti-

BBS1, anti-BBS4 or anti-BBS7 (red) and anti-detyrosinated tubulin or GT335 (green) 

antibodies. DNA was stained with DAPI (blue). (b) Western blotting of BBS1 or BBS4 in 

HEK293 cells treated with control (siNSp), BBS1 (siBBS1) or BBS4 (siBBS4) siRNAs. α-

tubulin was used as loading control.  
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Figures 

 

 

Figure 1. NPHP5 interacts with the BBSome.  
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Figure 2. NPHP5 possesses two distinct BBSome-binding sites.  
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Figure 3. NPHP5 and Cep290 bind to the BBSome independently of each 

other.  
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Figure 4. NPHP5/Cep290 interaction with the BBSome in ciliated and non-

ciliated cells.  
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Figure 5. Depletion of NPHP5 or Cep290 impairs ciliary localization of a 

subset of BBSome subunits.  
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Figure 6. NPHP5 and Cep290 regulate BBSome integrity.  
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Figure 7. Cep290 regulates the BBSome integrity and depletion of NPHP5 

or Cep290 does not impair the localization of transition zone proteins.  
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Figure 8. Depletion of NPHP5 or Cep290 partially disrupts ciliary 

trafficking of BBSome cargos.  



 

144 

Supplemental figures 

 

Figure S1. NPHP5 binds to the BBSome.  



 

145 

 

 

Figure S2. Co-localization studies of NPHP5 and BBSome subunits.  
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Figure S3. Depletion of BBS2 or BBS5 disrupts trafficking of the BBSome to 

cilia but does not affect localization or protein levels of NPHP5. 
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Figure S4. Specificity of antibodies against BBS1, BBS4 and BBS7.  

 



 

 

Table 

 

 

 

Table 1 

PLA signals generated from in situ PLAs using the indicated combinations of antibodies were 

quantitated and normalized. The percentages of proliferating (non-ciliated) or quiescent 

(ciliated) RPE-1 cells possessing no, weak, medium and strong signal for each antibody 

combination were determined.  

 



 

 

Article 3 : Opposing Post-Translational Modifications 

Regulate Cep76 Function to Suppress Centriole 

Amplification  
 

Marine Barbelanne1,2, Andrea Chiu1, Jin Qian1 and William Y. Tsang1,2,3,* 

 

 

 

1 Institut de recherches cliniques de Montréal, 110 avenue des Pins Ouest, Montréal, Québec 

H2W 1R7, Canada 

 
2 Faculté de Médecine, Université de Montréal, Montréal, Québec H3C 3J7, Canada 

 
3 Division of Experimental Medicine, McGill University, Montréal, Québec H3A 1A3, Canada 

 

 
 

 

 

Keywords: CDK2, cyclin A, Cep76, centriole amplification, phosphorylation, acetylation, 

cancer 

Contributions de M.B. : Toutes les expériences sauf clonage, WB des figures 1A-C et figures 

S1, S8 et S9. Créations de toutes les figures/tables et participation dans l’interprétation des 

résultats et l’écriture du manuscrit. 

  



 

150 

Abstract 

 Centrioles are critical for many cellular processes including cell division and cilia 

assembly. The number of centrioles within a cell is under strict control, and deregulation of 

centriole copy number is a hallmark of cancer. The molecular mechanisms that halt centriole 

amplification have not been fully elucidated. Here, we found that centrosomal protein of 76 

kDa (Cep76), previously shown to restrain centriole amplification, interacts with cyclin-

dependent kinase 2 (CDK2) and is a bona fide substrate of this kinase. Cep76 is preferentially 

phosphorylated by cyclin A/CDK2 at a single site S83, and this event is crucial to suppress 

centriole amplification in S phase. A novel Cep76 mutation S83C identified in a cancer patient 

fails to prevent centriole amplification. Mechanistically, Cep76 phosphorylation inhibits 

activation of polo-like kinase 1 (Plk1), thereby blocking premature centriole disengagement 

and subsequent amplification. Cep76 can also be acetylated, and enforced acetylation at K279 

dampens the protein’s ability to inhibit amplification and precludes S83 phosphorylation. 

Acetylation of Cep76 normally occurs in G2 phase and correlates with loss of protein 

function. Our data suggest that temporal changes in posttranslational modifications of Cep76 

during the cell cycle regulate its capacity to suppress centriole amplification, and its 

deregulation may contribute to malignancy. 
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Introduction 

 Centrosomes are well-known for their role in cell division (1). They are composed of a 

pair of centrioles surrounded by a pericentriolar matrix from which microtubules emanate and 

elongate. A single centrosome present in G1 phase of the cell cycle undergoes duplication in S 

phase. The duplicated centrosomes, once separated, establish the mitotic spindle at the onset of 

mitosis, ensuring faithful segregation of chromosomes into daughter cells. Centrosome 

duplication, like DNA replication, occurs once and only once per cell cycle and is under 

stringent control (2). Too few or too many centrosomes could jeopardize cell division, leading 

to cancer development (3). Indeed, centrosome amplification has been documented in many 

types of cancers (4-6) and is thought to be an important contributor to malignant 

transformation (5, 7-9) owing to its capacity to induce chromosome mis-segregation and cell 

invasion (10, 11). It is therefore of paramount importance to decipher the poorly understood 

mechanisms governing the fidelity of centrosome duplication. 

 Cyclin-dependent kinase 2 (CDK2) is a critical regulator of the cell cycle associated 

with cancer development. Although CDK2 is dispensable for viability in mice (12, 13) and its 

loss can be compensated by CDK1 (14), chemical genetics reveals a requirement of this kinase 

in cell cycle progression and cell proliferation (15). CDK2 also regulates centrosome 

duplication (16-19) by phosphorylating several key centrosomal substrates. Centrosome 

duplication begins when nucleophosmin/B23, a protein that associates with unduplicated 

centrosomes, dissociates from this organelle upon CDK2 phosphorylation (20). CDK2 

phosphorylates Mps1 and CP110, two centrosomal proteins essential for duplication and 

amplification (21, 22). Furthermore, CDK2 cooperates with polo-like kinase 4 to regulate 

centrosome amplification, although the two proteins do not appear to interact (23, 24).   
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Elegant studies using knockout mouse embryonic fibroblasts have demonstrated that whereas 

CDK2 is not required for normal centrosome duplication, it is needed for amplification (25, 

26). Thus, current evidence favors the notion that CDK2 activity supports centrosome 

duplication/amplification. It is not entirely clear if CDK2 substrates always exert a positive 

effect on duplication/amplification, since a complete set of centrosomal CDK2 substrates have 

not been identified (27). 

 Centrosomal protein of 76 kDa (Cep76) was originally identified as a novel component 

of the centrosome using mass spectrometry-based proteomics (28). Previous studies indicate 

that this protein plays a pivotal role in restraining centriole amplification (29). A loss of Cep76 

induces accumulation of supernumerary centrioles primarily during S phase (29). In addition, 

ectopic expression of Cep76 specifically suppresses centriole and centrosome amplification 

induced by hydroxyurea (HU), a drug that inhibits S phase progression and promotes multiple 

rounds of centriole duplication (29, 30). Interestingly, Cep76 protein levels peak in S phase 

(29), coinciding with elevated CDK2 activity and centriole duplication (31). The relationship 

between Cep76 and CDK2, if any, is unknown. Moreover, precisely how Cep76 suppresses 

centriole amplification at a mechanistic level has not been characterized. 
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Results 

Cep76 preferentially interacts with cyclin A/CDK2 

 In an effort to identify potential upstream and downstream regulators of Cep76, we 

performed a proteomic screen for components of Cep76-containing complexes. Two 

centrosomal proteins, CP110 and Cep97, previously shown to interact with Cep76 were found 

(29), confirming the success of the screen. In addition, we identified CDK2, an S/G2 phase 

CDK (32, 33), as a novel Cep76-interacting partner from two independent experiments. To 

determine whether Cep76 and CDK2 interact in cells, we transfected a plasmid expressing 

HA-CDK2 in HEK293 cells, performed immunoprecipitations with anti-HA antibody, and 

showed that both HA-CDK2 and endogenous Cep76 were co-precipitated (Figure 1A). When 

Flag-Cep76 was expressed, endogenous CDK2 was likewise detected in Flag-Cep76 

immunoprecipitates (Figure 1B). Flag-Cep76 specifically associated with CDK2 but not with 

other CDKs, including CDK1, CDK4 and CDK6, involved in cell cycle progression (Figure 

1B). CDK2 is known to pair with cyclin E in late G1 and cyclin A in S/G2 phase (32), and we 

found that Flag-Cep76 interacts with cyclin A only (Figure 1B). The interaction between 

Cep76 and cyclin A was confirmed in other cell lines including U2OS and Saos-2 (Figure 1C 

and data not shown). Endogenous Cep76, cyclin A and CDK2 also interacted with each other 

(Figure 1D). Furthermore, in vitro binding experiments using purified proteins revealed that 

while Cep76 associates weakly with cyclin E/CDK2, it binds strongly to cyclin A/CDK2 

(Figure 1E), in close agreement with our immunoprecipitation results (Figure 1B). Taken 

together, these findings suggest that Cep76 preferentially interacts with cyclin A/CDK2. 
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Cep76 is phosphorylated by cyclin A/CDK2 at a single site S83 

 Cyclin/CDKs are known to phosphorylate substrates possessing the consensus 

sequence (S/T)-P (34-36). Sequence analysis of Cep76 revealed the presence of four putative 

consensus phosphorylation sites (Figure 2A). To determine whether Cep76 is a cyclin/CDK 

substrate, we first immunoprecipitated Flag-Cep76 from HEK293 cells, excised the band 

corresponding to the recombinant protein from a SDS-PAGE gel, and analyzed 

phosphorylation by mass spectrometry. In three independent experiments, we reproducibly 

detected phosphorylation of one single amino acid, serine 83 (S83) (Figure 2B), which 

overlaps with one of the four predicted CDK consensus sites of Cep76 (Figure 2A). 

Phosphorylation on S83 can be attenuated by the addition of a CDK inhibitor roscovitine 

(Figure S1), indicating that Cep76 is phosphorylated by CDK in vivo. Next, we performed in 

vitro kinase assays using purified cyclin/CDK and Cep76 and asked if the former directly 

phosphorylates the latter. In accordance with earlier results that Cep76 strongly interacts with 

cyclin A/CDK2, this protein is robustly phosphorylated by cyclin A/CDK2 (Figure 2C). 

Cyclin E/CDK2, on the other hand, exhibited negligible kinase activity on Cep76 (Figure 2C). 

In comparison, a known cyclin/CDK substrate histone H1 and a non-substrate NPHP5 are 

good and poor substrate for both kinases, respectively (Figure 2C). Moreover, we generated 

two Cep76 phosphorylation site mutants, one in which S83 was mutated to alanine (S83A) and 

the other in which all four putative CDK consensus sites were mutated to alanine 

(S83AT3335AS558AS615A; quadruple mutant), and tested their ability to undergo cyclin 

A/CDK2-dependent phosphorylation. We found that phosphorylation of S83A was drastically 

reduced compared to wild type protein, and the extent of diminution was comparable to the 

quadruple mutant (Figure 2D).   
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The failure of cyclin A/CDK2 to phosphorylate mutant proteins is not a consequence of 

impaired binding, since wild type, S83A and the quadruple mutant bound equally well to the 

kinase (Figure 2E). S83, therefore, appears to be the only CDK consensus site that becomes 

phosphorylated by cyclin A/CDK2. 

 In addition to CDK consensus sites, a number of cyclin/CDK substrates possess 

KXL/RXL motifs known to facilitate interactions with cyclins, especially cyclin A, allowing 

for efficient substrate-kinase interaction and substrate phosphorylation (37-39). Cep76 

contains nine putative KXL/RXL motifs (Figures 2A and S2A) and exhibits preferential 

binding to cyclin A (Figures 1B and 1E); thus, we sought to examine the potential role of these 

motifs in mediating interaction with cyclin A. We mutated each of the nine KXL/RXL motifs 

individually by replacing arginine and leucine with alanine (AXA mutants, Figure S2A), and 

found that these mutants are still able to interact with cyclin A (Figure S2B). A limited set of 

double and triple AXA mutants were tested and they could also bind cyclin A (data not 

shown). Furthermore, AXA mutant proteins appeared to be fully functional, since they 

localized to the centrosome and were able to suppress centriole amplification (Figures S2C 

and S3; see below for functional assays). From these results, we conclude that other 

determinants apart from the KXL/RXL motifs are likely responsible for the interaction 

between Cep76 and cyclin A.  
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Phosphorylation of Cep76 suppresses centriole amplification in S phase 

 To assess the functional significance of Cep76 phosphorylation, we conducted rescue 

experiments in which we introduced recombinant wild type Cep76 or the S83A mutant in 

U2OS cells depleted of endogenous Cep76, using a siRNA oligo that targets the 3’UTR of 

Cep76 mRNA. A phosphomimetic mutant S83E was also tested in the same assay. A loss of 

Cep76 specifically leads to the production of supernumerary centrioles in S phase (29), and we 

indeed confirmed an earlier report that Cep76 depletion led to a 3-4 fold increase in the 

number of cells with >4 centriolar CP110 dots or >2 dots of C-Nap1 which stains the proximal 

ends of mother and daughter centrioles (Figures 3A-B and data not shown). Remarkably, this 

phenotype was rescued by wild type Cep76 and S83E, but not S83A mutant expression 

(Figures 3A-B, S4A and data not shown), despite comparable levels of protein expression 

(Figure 3C). Furthermore, both S83A and S83E mutants were properly localized to the 

centrosome (Figure 3B). These data suggest that the phosphomimetic mutant is functional and 

that phosphorylation at S83 is critical for Cep76 to suppress centriole amplification. 

 In addition, we tested the ability of wild type Cep76, S83A and S83E mutants to 

suppress HU-induced centriole amplification. The percentages of HU-treated control cells 

possessing >4 CP110 (centriolar) dots and >2 γ-tubulin (centrosomal) dots were ~30-35% and 

~35-40%, respectively. These percentages dropped to ~5-15% and ~10-15% in HU-treated 

cells expressing wild type Cep76 or the S83E mutant (Figures 4A-B and S4B), indicating that 

either protein inhibits amplification. In contrast, expression of the S83A mutant in HU-

arrested cells did not suppress amplification, since the percentages of cells with >4 CP110 dots 

and >2 γ-tubulin dots (~34% and 33%, respectively) were similar to control (Figures 4A-B).  
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Finally, we verified that wild type Cep76, S83A and S83E proteins were expressed at similar 

levels (Figure 4C). Our rescue experiments and HU overduplication assay altogether revealed 

that phosphorylation of Cep76 at S83 prevents centriole amplification in S phase. 

 

Significance of Cep76 phosphorylation in human cancer 

 Since Cep76 is critical for protection against centriole amplification, a hallmark of 

cancer cells, a loss of protein function may cause a predisposition to cancer. A database search 

for somatic mutations in human cancer uncovered the Cep76 S83C mutation, identified in one 

of 307 cases of cervical squamous cell carcinoma and endocervical adenocarcinoma. It is 

currently unknown whether the mutation is present in one or both gene copies. The S83C 

mutation destroys a CDK2 phosphorylation site, and accordingly, we predicted that it would 

cripple protein function. Indeed, mutant S83C protein was unable to suppress centriole 

amplification induced by HU (Figures 5A-C) or depletion of Cep76 (Figures S5A-B). 

 

Mechanism underlying suppression of centriole amplification by Cep76 

 We sought to address the mechanism by which Cep76 prevents centriole amplification. 

Because CDK2 promotes centriole amplification (16-19) and certain CDK2 substrates are 

known to regulate the kinase (40-42), we first asked whether the activity of cyclin A/CDK2 is 

inhibited by Cep76. Cyclin A/CDK2 activity was monitored using histone H1 as a substrate in 

the presence of the S83A or S83E mutant, neither of which is phosphorylated by the kinase 

(Figure 2D). Excessive amounts of S83A or S83E did not substantially modulate cyclin 

A/CDK2 kinase activity towards histone H1 (Figure 5D), suggesting that Cep76 is not an 

inhibitor of cyclin A/CDK2.   
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Next, we examined if Cep76 regulates targeting of the kinase to the centrosome and hence, its 

ability to phosphorylate centrosomal substrates. Although CDK2 and cyclin A were both 

reported to be associated with centrosomes (43-46), depletion of Cep76 slightly influenced the 

centrosomal amount of cyclin A and CDK2 (Figures S6A-B). Thus, Cep76 has minimal effect 

on the abundance and activity of cyclin A/CDK2 at the centrosome. 

 Centriole disengagement is a prerequisite for a new round of duplication (47) and 

reduplication induced by HU (48). We therefore asked if Cep76 suppresses amplification by 

restraining centriole disengagement. Centriole disengagement was determined by examining 

the spacing of CP110/γ-tubulin dots and the ratio of CP110 to γ-tubulin dots. When the two 

centrioles are engaged, two closely spaced CP110 dots are associated with a single γ-tubulin 

dot and a 2:1 ratio of CP110:γ-tubulin is expected. Centriole disengagement causes centrioles 

to move further apart, and in this scenario, each CP110 dot is associated with a single γ-

tubulin dot and a 1:1 ratio of CP110:γ-tubulin is expected. We noticed a 2:1 ratio, but rarely a 

1:1 ratio, of CP110:γ-tubulin dots in HU-treated cells expressing wild type Cep76 or S83E 

(Figure 5E). In striking contrast, a 1:1 ratio of CP110:γ-tubulin dots was frequently observed 

in a subpopulation of HU-treated control cells or cells expressing S83A which have not 

undergone amplification (Figure 5E). In addition, we found that activated polo-like kinase 1 

(Plk1) or Plk1-pT210, reportedly associated with disengaged centrioles in HU-treated control 

cells (48), is present at centrioles in HU-treated cells expressing S83A only (Figure 5F). From 

these results, we conclude that Cep76 inhibits centriole disengagement and consequently 

amplification by blocking Plk1 activation at the centrosome. 
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 To further interrogate the relationship between Cep76 and Plk1, we found that 

centriole amplification due to loss of Cep76 can be prevented by the addition of a Plk1 

inhibitor BI 2536 (Figure S7A). Moreover, while centriole amplification is suppressed by 

enforced expression of Cep76 in HU-treated cells, this phenotype can be overridden by co-

expression of constitutively active Plk1 (Plk1-T210D) (Figure S7B). Taken together, these 

data suggest that Cep76 inhibits Plk1 at the centrosome. 

 

Acetylation of Cep76 at K279 cannot suppress centriole amplification 

 So far, we have demonstrated that phosphorylation at S83 is crucial for Cep76 function 

in S phase. Because protein function is often controlled by different types of posttranslational 

modification (PTM) (49), we first examined if Cep76 could be regulated by other 

modifications. A recent proteomic study identified lysine 279 (K279) as an acetylation site on 

Cep76 (50), although its biological relevance is unknown. To determine if Cep76 is acetylated, 

we immunoprecipitated Cep76 and showed that the endogenous protein is highly acetylated 

when cells were treated with a histone deacetylase inhibitor trichostatin A (TSA) (Figure 6A). 

Likewise, reciprocal immunoprecipitations with an anti-acetyl-lysine antibody revealed a 

marked increase in endogenous Cep76 acetylation upon TSA treatment (Figure 6B). 

Acetylation of recombinant Flag-Cep76 could also be detected (Figures S8A-B). We 

subsequently confirmed that acetylation takes place at K279, since an acetylation site mutant 

in which K279 was mutated to an arginine (K279R) exhibited considerably less acetylation 

compared to wild type protein (Figure 6C). Next, we asked if acetylation impacts Cep76 

function.  
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For this purpose, the ability of the acetylmimetic mutant K279Q, along with K279R, to 

suppress centriole amplification was investigated. We found that centriole overduplication 

induced by depletion of Cep76 or prolonged HU treatment was suppressed by K279R but not 

K279Q expression (Figures 6D-E). Both mutants localize to the centrosome and showed 

similar levels of protein expression compared to wild type protein (Figure 6F and data not 

shown). Thus, Cep76 can be acetylated at K279, and acetylation likely dampens the protein’s 

capacity to suppress centriole amplification. 

 To gain molecular insight into why the K279R but not the K279Q mutant is proficient 

in suppressing centriole amplification and to explore the possibility of PTM crosstalk, we 

determined whether these mutant proteins could be phosphorylated by cyclin A/CDK2 in 

vitro. In sharp contrast to K279Q, the K279R mutant was robustly phosphorylated, reaching a 

level comparable to wild type protein (Figure 6G). Importantly, phosphorylation of K279R 

appears to occur on S83, since the S83AK279R double mutant exhibited markedly reduced 

phosphorylation (Figure 6G). The functionality of the K279R mutant is likewise dependent on 

S83, since the S83AK279R mutant could no longer suppress HU-induced amplification 

(Figures 6E-F). Remarkably, we found that the S83EK279Q double mutant, similar to the 

K279Q single mutant, was also unable to suppress centriole amplification induced by HU 

(Figures 6E-F), indicating that K279 acetylation alone is sufficient to override the effect of 

S83 phosphorylation and turn off Cep76. Considered together, our data suggest that 

acetylation at K279 negatively regulates Cep76 by limiting protein activity and S83 

phosphorylation. 
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Temporal changes in Cep76 PTMs correlate with protein function 

 Next, we examined when phosphorylation and acetylation of Cep76 occur in the cell 

cycle. For analysis of protein phosphorylation, the abundance of S83 phosphopeptide was 

quantitatively determined by mass spectrometric analysis of Cep76 protein immuno-purified 

from synchronized cells. These experiments revealed that S83 phosphorylation increases from 

G1 to S but decreases thereafter (Figure 7A). Likewise, when we immunoprecipitated Flag-

Cep76 from synchronized cells and Western blotted the resulting immunoprecipitates with 

anti-phosphoserine antibody, we found that phosphorylation is highly enriched in S phase 

(Figure S9). Thus, S83 phosphorylation appears to coincide with Cep76 function during S 

phase. For analysis of protein acetylation, we expressed Flag-Cep76 in synchronized cells and 

showed that the protein is more highly acetylated in G2 compared to other cell cycle phases 

(Figure 7B). Fittingly, Cep76 failed to inhibit centriole amplification induced by RO 3306 

(Figures 7C-E), a small molecule inhibitor that triggers prolonged arrest in G2 phase and 

repeated rounds of centriole duplication (48, 51, 52). In these cells, both centriole 

disengagement and centrosomal Plk1-pT210 staining were observed (Figures 7F-G). As a 

further proof that acetylation of Cep76 in G2 phase leads to a loss of protein function, we 

found that Cep76 could not prevent centriole amplification induced by doxorubicin (DOX) 

(Figure 7H), a radiomimetic drug that induces G2 arrest (52). Our findings suggest that 

acetylation of Cep76 in G2 phase renders the protein unable to function.  
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Discussion 

 Centriole duplication is a highly orchestrated process that occurs once per cell cycle. 

Deregulated duplication often leads to amplification, a hallmark of cancer cells (5). Because 

centriole amplification is believed to be an early event in tumorigenesis (5, 7-9), it is essential 

to identify the players that control the duplication process and examine their relevance to 

cancer development. CDK2 has emerged as a master regulator of duplication. However, much 

remains to be studied about how CDK2 controls this process, in part because a complete set of 

centrosomal CDK2 substrates have not been identified. Here, we uncovered a link between 

CDK2 and Cep76, a protein that limits centriole duplication to once per cell cycle (29), and 

demonstrated that the latter is a bona fide substrate of the former. To our knowledge, Cep76 is 

the first CDK2 substrate known to negatively regulate centriole amplification, since a small 

handful of substrates identified to date promote duplication and amplification in a positive 

manner. 

 Several centrosomal proteins, including Cep76, origin recognition complex 1 (ORC1), 

minichromosome maintenance 5 (MCM5), RNA-binding motif protein 14 (RBM14) and 

CDC14 are reported to suppress centriole amplification without affecting normal duplication 

(29, 53-57). Their mechanisms of action, however, have not been fully deciphered. While 

MCM5 and ORC1 associate with both cyclin E and cyclin A, only ORC1 inhibits 

cyclin/CDK2 activity. CDC14 dephosphorylates certain CDK substrates and may counteract 

CDK-mediated phosphorylation of centrosomal substrates (58, 59). RBM14 has no connection 

to CDK2; it suppresses the assembly of centriolar protein complexes that would lead to the 

formation of extra centrioles. Unlike the aforementioned proteins, Cep76 is a CDK2 substrate, 

and its phosphorylation by CDK2 is required to suppress centriole amplification.  
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Although CDK2 can impinge on Cep76 function, the converse is not true, since Cep76 does 

not substantially affect the activity or localization of the kinase. Instead, our data revealed that 

Cep76 phosphorylation blocks Plk1 activity, thereby preventing premature centriole 

disengagement and amplification. Thus, the mechanism by which Cep76 suppresses centriole 

amplification appears to be unique. 

 Centriole disengagement is known to require the activities of Plk1 and the anaphase-

promoting complex (APC) (52, 60, 61). Although either activity alone is sufficient to 

disengage centrioles, the extent to which they contribute to this intricate process remains 

unclear. We showed that Cep76 can prevent centriole disengagement and amplification in S 

phase but not in G2 phase. Thus, it is possible that HU-induced centriole disengagement is 

more highly dependent on Plk1 which can be easily overcome by Cep76 expression, whereas 

RO 3306- and DOX-induced disengagement is less dependent on Plk1. In support of this, we 

found that expression of a constitutively active Cep76 mutant S83EK279R, which retains the 

ability to block Plk1 activation at the centrosome, cannot suppress centriole amplification 

in RO 3306-treated cells (Figure S10). Another possibility is that Cep76 could specifically 

function in S phase and not in G2 phase. The two possibilities are not mutually exclusive. 

 

 Our data suggest that the function of Cep76 is modulated in a temporal manner during 

the cell cycle by two different types of PTM. Since Cep76 protein levels and cyclin/CDK2 

activity peak in S phase and coincides with centriole duplication (29, 60, 61), we envision that 

this protein is phosphorylated and becomes activated by cyclin A/CDK2 in S phase to control 

the fidelity of duplication. Disruption of S83 phosphorylation, such as the phosphorylation site 

mutation S83A and the S83C mutation found in human cancer, compromises protein function. 
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Once duplication is completed, Cep76 becomes acetylated at K279 in G2 phase. Acetylation 

of Cep76 serves to block S83 phosphorylation and to directly inhibit protein function possibly 

by relieving Plk1 from inhibition (Figures 6 and S10). It is uncertain how acetylation prevents 

protein phosphorylation. The K279Q mutant can still bind cyclin A/CDK2 (data not shown), 

suggesting that acetylation does not affect the interaction between the substrate and the kinase. 

Instead, acetylation of Cep76 may enhance its binding to a phosphatase which can promote 

dephosphorylation at S83, in a manner similar to the effect of acetylation on glycogen 

phosphorylase phosphorylation (62). As several phosphatases were identified in our proteomic 

screen for Cep76-interacting partners (data not shown), experiments are currently underway to 

determine if any of these could interact with Cep76. 

 In conclusion, we established that CDK2-mediated phosphorylation of a novel 

centrosomal substrate Cep76 is required to block centriole amplification in S phase. We also 

demonstrated the significance of a functional crosstalk between phosphorylation and 

acetylation. These results raise the intriguing possibility that deregulation of Cep76 might be 

linked to cancer risk. 
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Materials and Methods 

Cell culture and plasmids 

U2OS, Saos-2 and HEK293 cells (American Type Culture Collection) were grown in DMEM 

supplemented with 5% FBS at 37°C in a humidified 5% CO2 atmosphere. A plasmid 

expressing human recombinant Flag-Cep76 protein, pCDEF3-Flag-Cep76, was described 

previously (29). The following Cep76 mutations (S83C, S83A, S83E, 

S83AT335AS558AS615A, K279R, K279Q, S83AK279R, S83EK279Q, S83EK279R, 

AXA12-14, AXA54-56, AXA67-69, AXA106-108, AXA325-327, AXA331-333, AXA448-

450, AXA533-535, AXA541-543) were introduced into full-length cDNA by employing a 

two-step PCR mutagenesis strategy and sub-cloned into pCDEF3-Flag. All constructs were 

verified by DNA sequencing. Myc-cyclin A and CDK2-HA plasmids were obtained from J. 

Archambault, and myc-Plk1-T210D was obtained from Addgene. 

 

Antibodies 

Antibodies used in this study included anti-HA (sc-7392), anti-myc (sc-40), anti-CDK2 (sc-

163), anti-CDK1 (sc-954), anti-CDK4 (sc-4601), anti-CDK6 (sc-177), anti-cyclin A (sc-751), 

anti-cyclin E (sc-481), anti-C-Nap1 (sc-1358) (Santa Cruz); anti-α-tubulin (T5168), anti-Flag 

(F7425), anti-γ-tubulin (T3559) (Sigma); anti-acetyl lysine (#9441; Cell Signaling); anti-

phosphoserine (05-1000X; Millipore); anti-Plk1-pT210 (ab39068; Abcam) and anti-CP110 

(A301-344A) and anti-Cep76 (A302-326A) (Bethyl Laboratories) 

 

 

 



 

166 

Mass spectrometric identification of Cep76 associated proteins and phosphorylation sites  

To identify Cep76-interacting proteins, Flag-Cep76 was expressed in HEK293 and U2OS cells 

and immunoprecipitated with anti-Flag agarose beads (Sigma) for 2 hours at 4oC. Bounded 

proteins were eluted with Flag peptide for 30 minutes, and the resultant eluates were 

precipitated with trichloroacetic acid and fractionated by SDS-PAGE. Six gel slices containing 

polypeptides were excised after Coomassie staining and subjected to proteolytic digestion 

mass spectrometric analysis. Analyses were performed at the Harvard Taplin Mass 

Spectrometry facility and the mass spectrometry core facility from IRCM by micro-capillary 

LC/MS/MS. For the identification of phosphorylation sites, cells were treated with 100 nM 

calyculin A for 30 min before lysis, and the lysis buffer contained 10 mM sodium fluoride, 0.2 

mM sodium orthovanadate and 50mM β-glycerophosphate. A gel slice corresponding to Flag-

Cep76 was excised. LC-MS peptide quantitation was performed by manual integration of the 

extracted ion chromatogram of each peptide using Qual Browser/Xcalibur version 2.2 

(ThermoFisher Scientific). 

 

Immunoprecipitation, immunoblotting, and immunofluorescence microscopy 

Immunoprecipitation, immunoblotting and immunofluorescence were performed as described 

(63, 64). Densitometric analyses were performed with the ImageJ software (v1.43m, US 

National Institutes of Health) using the gel analysis and label peaks tools. ImageJ was also 

used to quantify the Plk1-pT210 signal at centrosomes. 
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Centrosome overduplication assay, cell cycle synchronization and FACS analysis 

Cells were treated with 2mM HU (Sigma), 15 µM RO 3306 (Sigma) or 0.1 µM DOX (Santa 

Cruz) for 48 hours. The drug concentration and treatment time were optimized to minimize 

toxicity and to obtain the largest number of cells with overduplicated centrosomes. For cell 

cycle synchronization, G1, S, G2 and M phase cells were obtained by treating cells for 24 

hours with 0.4 mM mimosine, 2 mM HU and release for 4 hours, 15 µM RO 3306, and 

40ng/ml nocodazole, respectively. Cell cycle distribution was confirmed by fluorescence-

activated cell sorting as described previously (64). 

 

 RNA interference 

Transfection of siRNAs was performed using siImporter (Millipore) as per manufacturer's 

instructions. The 21-nucleotide siRNA sequence for the non-specific control was 5’-

AATTCTCCGAACGTGTCACGT-3’. The 21-nucleotide siRNA sequences for Cep76 were 

5’-GAGCGTACAACAAGTATATTT-3’ and 5’-AATCACAATCTGGCTTGAATGTT-3’ 

(for targeting the 3’UTR region) (Dharmacon). 

 

Production of recombinant proteins  

Purified and active cyclin A/CDK2 and cyclin E/CDK2 were obtained from Millipore. Flag-

Cep76 wild type or mutant, or Flag-NPHP5, was expressed in U2OS cells, lysed and 

incubated with anti-Flag beads for 2 hours. Beads were washed twice with ELB buffer 

containing 500mM NaCl and proteins were eluted with Flag peptide. A small sample was run 

on a gel and Coomassie stained to assess protein purity. We determined that our Flag-Cep76 

or Flag-NPHP5 protein was at least 90% pure. 
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In vitro binding assay 

1 µg of purified Flag-Cep76 protein was mixed with 1 µg of purified cyclin A/CDK2 or cyclin 

E/CDK2 at 4°C for 1h, followed by incubation with anti-Flag agarose beads at 4°C for 2h. 

After extensive washing with ELB buffer, bound proteins were analyzed by SDS-PAGE and 

immunoblotting. 

 

In vitro kinase assay  

The ADP-Glo™ kinase assay (Promega) was used for the in vitro kinase assay. The assay was 

carried out as per manufacturer's instructions in a 96-well plate in kinase buffer (40 mM Tris 

pH 7.5, 20 mM MgCl2, 0.1% BSA) containing 100 ng of active cyclin A/CDK2 or cyclin 

E/CDK2, 1 µg of purified Flag-Cep76, histone H1 or Flag-NPHP5, and 1.25 µl of 1 mM ATP 

(Promega). The signal was quantitated using the GloMax 96 Microplate Luminometer 

(Promega). For the kinase inhibition assay, histone H1 was used as a substrate for cyclin 

A/CDK2 and increasing amounts of purified Flag-76 mutant protein S83A or S83E were then 

added to the reaction. 

 

Statistical analysis 

Experiments were performed at minimum of two to three times. Graphs were generated in 

Microsoft Excel. Error bars represent standard error of the mean. 
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Figure Legends  

Figure 1 

Cep76 interacts with cyclin A/CDK2. (A) HA (control) or CDK2-HA was expressed in 

HEK293 cells and immunoprecipitated from lysate with an anti-HA antibody. The resulting 

immunoprecipitates were Western blotted with anti-HA or anti-Cep76 antibodies. IN, input. 

(B) Flag (control) or Flag-Cep76 were expressed in HEK293 cells and immunoprecipitated 

with anti-Flag beads. Immunoprecipitates were Western blotted with the indicated antibodies. 

IN, input. (C) Flag or Flag-Cep76 and myc or myc-cyclin A were co-expressed in U2OS cells 

and Flag proteins were immunoprecipitated. Flag-Cep76 and myc-cyclin A were detected after 

western blotting the resulting immunoprecipitates. IN, input. (D) Western blotting of 

endogenous Cep76, CDK2 and Cyclin A after immunoprecipitation of U2OS cell extracts with 

anti-Flag (control), anti-Cep76, anti-CDK2 or anti-Cyclin A antibodies. IN, input. (E) Purified 

Flag-tagged Cep76 protein was mixed with purified cyclin A/CDK2 (left lane), cyclin 

E/CDK2 (right lane) or an irrelevant protein (middle lane). Proteins were immunoprecipitated 

with anti-Flag beads, followed by Western blotting of Flag, CDK2, cyclin A and cyclin E. IN, 

input. 

Figure 2 

Cyclin A/CDK2 phosphorylates Cep76 at S83. (A) Amino acid sequence of human Cep76. 

Putative cyclin-binding motifs (KXL/RXL) and CDK2 phosphorylation sites (SP/TP) are bold 

and underlined, respectively. Numbers denote amino acid positions. (B) Detection of 

phosphorylated residues by mass spectrometry. (C) In vitro kinase assays using purified 

Cep76 (Cep76 FL), NPHP5 or Histone H1 and purified cyclin A/CDK2 or cyclin E/CDK2. 

RLU, relative light units. Error bars represent standard errors. (D) In vitro kinase assays using 
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Cep76 wild type (Cep76 FL), mutant S83A, S83E or S83AT335AS558AS615A protein and 

cyclin A/CDK2. (E) Purified Flag-tagged Cep76 protein (Cep76 FL) or mutant protein (Cep76 

S83A or Cep76 S83AT335AS558AS615A) was mixed with purified cyclin A/CDK2. Proteins 

were immunoprecipitated with anti-Flag beads, followed by Western blotting of Flag, CDK2 

and cyclin A. IN, input.  

 

Figure 3 

Ectopic expression of Cep76 or a phosphomimetic mutant rescues centriole amplification 

induced by loss of endogenous Cep76. (A) U2OS cells transfected with control siRNA 

(siNSp) or siRNA targeting Cep76 3’UTR (siCep76) and plasmid expressing an irrelevant 

Flag-tagged protein (control), Flag-Cep76 wild type (Cep76 FL) or mutant (Cep76 S83A or 

Cep76 S83E). The percentages of transfected cells with >4 centrioles were determined by 

using CP110 as a marker. At least 75 transfected cells were scored per condition, and average 

of three independent experiments is shown. Error bars represent standard errors. (B) Cells 

were stained with DAPI (blue) and antibodies against Flag (red) and CP110 (green). (C) 

(Bottom) Western blotting of Cep76 in U2OS cells treated with control siRNA (siNSp) or 

siRNA targeting Cep76 3’UTR and (top) of Flag in U2OS cells transfected with the indicated 

siRNA oligos and plasmids expressing the indicated Flag-tagged proteins. α-tubulin was used 

as a loading control.  

 

Figure 4 

Ectopic expression of Cep76 or a phosphomimetic mutant suppresses HU-induced centriole 

amplification. U2OS cells were transiently transfected with plasmid expressing an irrelevant 
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Flag-tagged protein (control), Flag-Cep76 wild type (Cep76 FL) or mutant (Cep76 S83A or 

Cep76 S83E) and either left untreated or treated with HU. (A) The percentages of transfected 

cells with >4 CP110 or >2 γ-tubulin dots were determined. At least 75 transfected cells were 

scored per condition, and average of three independent experiments is shown. Error bars 

represent standard errors. (B) Cells were stained with DAPI (blue) and antibodies against Flag 

(red) and CP110 or γ-tubulin (green). (C) Western blotting of Flag in U2OS cells expressing 

the indicated Flag-tagged proteins. α-tubulin was used as a loading control.  

 

Figure 5 

Characterization of a cancer-associated Cep76 S83C mutation and the mechanism that 

suppresses centriole amplification. (A) U2OS cells were transfected with plasmid expressing 

an irrelevant Flag-tagged protein (control), Flag-Cep76 wild type (Cep76 FL) or disease 

mutant (Cep76 S83C) and either left untreated or treated with HU. The percentages of 

transfected cells with >2 γ-tubulin dots were determined. (B) Cells were stained with DAPI 

(blue) and antibodies against Flag (red) and γ-tubulin (green). (C) Western blotting of Flag in 

U2OS cells expressing the indicated Flag-tagged proteins. α-tubulin was used as a loading 

control. (D) In vitro kinase assay with purified histone H1 as a substrate and cyclin A/CDK2 

as a kinase. Increasing amounts of purified Cep76 were added to reactions. RLU, relative light 

units. (E, F) U2OS cells were transfected with plasmid expressing an irrelevant Flag-tagged 

protein (control), Flag-Cep76 wild type (Cep76 FL) or mutant (Cep76 S83A or Cep76 S83E) 

and either left untreated or treated with HU. (E) (Left) Cells were stained with antibodies 

against Flag (green), CP110 (red) and γ-tubulin (blue). (Right) The percentages of transfected 

cells with disengaged centrioles were determined. (F) (Left) Cells were stained with 
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antibodies against Flag (green), Plk1-pT210 (red) and γ-tubulin (blue). (Right) The 

percentages of transfected cells with Plk1-pT210 at centrosomes and the fluorescence 

intensities of centrosomal Plk1-pT210 were measured. In (A, E and F), at least 75 transfected 

cells were scored per condition, and average of two independent experiments is shown. Error 

bars represent standard errors. 

 

Figure 6 

Enforced acetylation of Cep76 at K279 abrogates the protein’s ability to suppress centriole 

amplification. (A) U2OS cells were either left untreated or treated with TSA. Endogenous 

Cep76 was immunoprecipitated with an anti-Cep76 antibody, and the resulting 

immunoprecipitates were Western blotted with antibodies against acetyl-lysine and Cep76. IN, 

input. (B) Same as (A), except that endogenous proteins were immunoprecipitated with an 

anti-acetyl-lysine antibody. The resulting immunoprecipitates were Western blotted with an 

anti-Cep76 antibody. IN, input. Densitometric analyses were performed with ImageJ. (C) 

Flag-Cep76 wild type (Cep76 FL) or mutant (Cep76 K279R) protein expressed in U2OS cells 

were immunoprecipitated with an anti-acetyl-lysine antibody. The resulting 

immunoprecipitates were Western blotted with an anti-Flag antibody. IN, input. (D) U2OS 

cells transfected with control siRNA (siNSp) or siRNA targeting Cep76 3’UTR (siCep76) and 

plasmid expressing an irrelevant Flag-tagged protein (control), Flag-Cep76 wild type (Cep76 

FL) or mutant (Cep76 K279R or Cep76 K279Q). The percentages of transfected cells with >4 

CP110 dots were determined. (E) U2OS cells were transfected with plasmid expressing an 

irrelevant Flag-tagged protein (control), Flag-Cep76 wild type (Cep76 FL) or mutant (Cep76 

K279R, K279Q, S83AK279R or S83EK279Q) and either left untreated or treated with HU. 
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The percentages of transfected cells with (left) >4 CP110 or (right) >2 γ-tubulin dots were 

determined. (F) Western blotting of Flag in U2OS cells expressing the indicated Flag-tagged 

proteins. α-tubulin was used as a loading control. (G) In vitro kinase assays using purified 

Cep76 wide type (Cep76 FL), mutant K279R, K279Q or S83AK279R protein and cyclin 

A/CDK2. In (D and E), at least 75 transfected cells were scored per condition, and average of 

three independent experiments is shown. Error bars represent standard errors. 

 

Figure 7 

Temporal changes in Cep76 PTMs in the cell cycle correlate with protein function. (A) Mass 

spectrometric quantitation of S83 phosphopeptides from asynchronous (AS) and synchronized 

U2OS cells expressing Flag-Cep76. (B) Acetylated proteins from asynchronous (AS) and 

synchronized U2OS cells expressing Flag-tagged Cep76 were immunoprecipitated with an 

anti-acetyl-lysine antibody, and the resulting immunoprecipitates were Western blotted with 

an anti-Flag antibody. IN, input. (C) U2OS cells were transfected with plasmid expressing an 

irrelevant Flag-tagged protein (control) or Flag-Cep76 wild type (Cep76 FL) and either left 

untreated or treated with RO 3306. The percentages of transfected cells with (left) >4 CP110 

or (right) >2 γ-tubulin dots were determined. (D) Western blotting of Flag in U2OS cells 

expressing the indicated Flag-tagged proteins. α-tubulin was used as a loading control. (E) 

Cells were stained with DAPI (blue) and antibodies against Flag (red) and CP110 or γ-tubulin 

(green). (F, G) U2OS cells were transfected with plasmid expressing an irrelevant Flag-tagged 

protein (control) or Flag-Cep76 wild type (Cep76 FL) and either left untreated or treated with 

RO 3306. (Top) Cells were stained with antibodies against Flag (green), γ-tubulin (blue) and 

(F) CP110 or (G) Plk1-pT210 (red). (Bottom) (F) The percentages of transfected cells with 
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disengaged centrioles or (G) Plk1-pT210 at centrosomes were determined and (G) the 

fluorescence intensities of centrosomal Plk1-pT210 were quantitated. (H) U2OS cells were 

transfected with plasmid expressing an irrelevant Flag-tagged protein (control) or Flag-Cep76 

wild type (Cep76 FL) and either left untreated or treated with DOX. (Top) Cells were stained 

with antibodies against Flag (green), CP110 (red) and γ-tubulin (blue). (Bottom) The 

percentages of transfected cells with >4 CP110 dots were determined. In (C, F, G and H), at 

least 75 transfected cells were scored per condition, and average of three independent 

experiments is shown. Error bars represent standard errors. 
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Supplemental figures legends 

 

Figure S1 

CDK inhibition attenuates S83 phosphorylation. Mass spectrometric quantitation of S83 

phosphopeptides from Flag-Cep76 expressing U2OS cells grown asynchronously (AS) or 

synchronized with HU and released into S phase in the absence (S) or presence of roscovitine 

(S+roscovitine). 

Figure S2 

Cep76 AXA mutants bind cyclin A and are functional. (A) Schematic representation of AXA 

mutants of Cep76. (B) Flag (control), Flag-Cep76 wild type (FL) or AXA mutants were 

expressed in U2OS cells and immunoprecipitated from lysates with anti-Flag beads. The 

resulting immunoprecipitates were Western blotted with anti-Flag and cyclin A antibodies. IN, 

input. (C) The percentages of transfected U2OS cells with (top) >4 CP110 or (bottom) >2 γ-

tubulin dots were determined. At least 75 transfected cells were scored per condition, and 

average of three independent experiments is shown. Error bars represent standard errors.  

 

Figure S3 

Cep76 AXA mutants suppress HU-induced centriole amplification. U2OS cells transfected 

with the indicated plasmids and either left untreated or treated with HU were stained with 

DAPI (blue) and antibodies against Flag (red) and γ-tubulin (green). Control denotes 

expression of an irrelevant Flag-tagged protein. 
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Figure S4 

A ~1.5 fold overexpression of Flag-Cep76 is sufficient to rescue centriole amplification 

induced by loss of Cep76 or HU treatment. (A) U2OS cells were transfected with control 

siRNA (siNSp) or siRNA targeting Cep76 3’UTR and the indicated amounts of plasmid 

expressing Flag-Cep76. (Top) Western blotting of endogenous and recombinant Cep76 using 

an anti-Cep76 antibody. α-tubulin was used as a loading control. (Bottom) The percentages of 

transfected cells with >4 CP110 dots were determined. (B) U2OS cells expressing increasing 

amounts of Flag-Cep76 were either left untreated or treated with HU. (Top) Western blotting 

of endogenous and recombinant Cep76 using an anti-Cep76 antibody. α-tubulin was used as a 

loading control. (Bottom) The percentages of transfected cells with >4 CP110 dots were 

determined. In (A and B), at least 75 transfected cells were scored per condition, and average 

of three independent experiments is shown. Error bars represent standard errors. Densitometric 

analyses were performed with ImageJ. 

 

Figure S5 

A cancer-associated Cep76 S83C mutation is unable to suppress centriole amplification. 

U2OS cells transfected with control siRNA (siNSp) or siRNA targeting Cep76 3’UTR 

(siCep76) and plasmid expressing an irrelevant Flag-tagged protein (control), Flag-Cep76 wild 

type (Cep76 FL) or mutant (Cep76 S83C). (A) The percentages of transfected cells with >4 

CP110 dots were determined. At least 75 transfected cells were scored per condition, and 

average of three independent experiments is shown. Error bars represent standard errors. (B) 

Cells were stained with DAPI (blue) and antibodies against Flag (red) and CP110 (green). 
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 Figure S6 

Cep76 slightly but not dramatically affects CDK2 and Cyclin A localization to the 

centrosome. (A) Fluorescence intensity of endogenous CDK2 at the centrosome was measured 

in U2OS cells transfected with control siRNA (siNSp) or Cep76 siRNA. (B) Fluorescence 

intensity of endogenous cyclin A at the centrosome was measured in U2OS cells transfected 

with control siRNA (siNSp) or Cep76 siRNA. In (A and B), at least 75 transfected cells were 

scored per condition, and average of three independent experiments is shown. Error bars 

represent standard errors. 

  

Figure S7 

Cep76 antagonizes Plk1 function to suppress centriole amplification. (A) (Left) U2OS cells 

were transfected with control siRNA (siNSp) or Cep76 siRNA and either left untreated or 

treated with BI 2536. The percentages of transfected cells with >4 centrin dots were 

determined. (Right) Cells were stained with DAPI (blue) and antibodies against Cep76 (red) 

and centrin (green). (B) U2OS cells transfected with plasmids expressing Flag and Myc, Flag-

Cep76 and Myc, or Flag-Cep76 and constitutively active Plk1 (Myc-Plk1-T210D), were either 

left untreated or treated with HU. The percentages of transfected cells with >4 CP110 dots 

were determined. (A-B) At least 75 transfected cells were scored per condition, and average of 

three independent experiments is shown. Error bars represent standard errors. 
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Figure S8 

Flag-Cep76 is acetylated in vivo. (A) U2OS cells expressing Flag-tagged Cep76 were either 

left untreated or treated with TSA. Recombinant proteins were immunoprecipitated with anti-

Flag beads, and the resulting immunoprecipitates were Western blotted with anti-acetyl-lysine 

and Flag antibodies. IN, input. (B) Same as (A), except that proteins were immunoprecipitated 

with an anti-acetyl-lysine antibody. The resulting immunoprecipitates were Western blotted 

with an anti-Flag antibody. IN, input. Densitometric analyses were performed with ImageJ. 

 

Figure S9 

Cep76 is highly phosphorylated in S phase. Flag-Cep76 expressed in asynchronous (AS) or 

synchronized U2OS cells were immunoprecipitated with an anti-Flag antibody, and the 

resulting immunoprecipitates were Western blotted with anti-Flag and anti-phosphoserine 

antibodies. IN, input. 

 

Figure S10 

Acetylation of Cep76 relieves Plk1 from inhibition but is insufficient to prevent centriole 

amplification induced by RO 3306. U2OS cells were transfected with plasmid expressing an 

irrelevant Flag-tagged protein (control), Flag-Cep76 wild type (Cep76 FL) or mutant (S83E, 

S83EK279Q and S83EK279R) and either left untreated or treated with RO 3306. The 

percentages of transfected cells with (top) >4 CP110 dots or (bottom) Plk1-pT210 at 

centrosomes were determined. At least 75 transfected cells were scored per condition, and 

average of two independent experiments is shown. Error bars represent standard errors. 
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Figures 

 

Figure 1. Cep76 interacts with cyclin A/CDK2.  
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Figure 2. Cyclin A/CDK2 phosphorylates Cep76 at S83.  
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Figure 3. Ectopic expression of Cep76 or a phosphomimetic mutant rescues 

centriole amplification induced by loss of endogenous Cep76.  
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Figure 4. Ectopic expression of Cep76 or a phosphomimetic mutant 

suppresses HU-induced centriole amplification.  
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Figure 5. Characterization of a cancer-associated Cep76 S83C mutation and 

the mechanism that suppresses centriole amplification.  



 

189 

 

 

Figure 6. Enforced acetylation of Cep76 at K279 abrogates the protein’s 

ability to suppress centriole amplification.  
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Figure 7. Temporal changes in Cep76 PTMs in the cell cycle correlate with 

protein function..  
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Supplemental figures 

 

 

Figure S1. CDK inhibition attenuates S83 phosphorylation.  
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Figure S2. Cep76 AXA mutants bind cyclin A and are functional. 
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Figure S3. Cep76 AXA mutants suppress HU-induced centriole 

amplification. 
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Figure S4. A ~1.5 fold overexpression of Flag-Cep76 is sufficient to rescue 

centriole amplification induced by loss of Cep76 or HU treatment. 
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Figure S5. A cancer-associated Cep76 S83C mutation is unable to suppress 

centriole amplification. 
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Figure S6. Cep76 slightly but not dramatically affects CDK2 and Cyclin A 

localization to the centrosome. 
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Figure S7. Cep76 antagonizes Plk1 function to suppress centriole 

amplification. 
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Figure S8. Flag-Cep76 is acetylated in vivo. 
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Figure S9. Cep76 is highly phosphorylated in S phase. 
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Figure S10. Acetylation of Cep76 relieves Plk1 from inhibition but is 

insufficient to prevent centriole amplification induced by RO 3306. 
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Table 

Protéines 
Nombre de 

peptides 

ACTA2 361 

ACTB 389 

AHNAK 2057 

ALMS1 165 

CAD 18 

CALU 15 

CAPZB 24 

CCDC88A 11 

CCT2 27 

CCT3 16 

CEP170 13 

CEP76 2663 

CEP97 47 

CGN 11 

CLTC 63 

CP110 52 

CUL3 14 

DAPK3 16 

DARS 19 

DBN1 22 

DDX21 23 

DHX15 16 
 

 

Protéines 
Nombre de 

peptides 

GAPDH 29 

HNRNPA2B 25 

HNRNPUL1 27 

HSP90AA1 17 

HSP90AB3P 23 

HSP90B1 15 

HSPA1A 33 

HSPA5 51 

HSPA8 141 

HSPA9 50 

KCTD10 42 

KIAA0586 46 

KIAA1217 53 

KIF11 145 

KPNB1 32 

LIMA1 22 

LUZP1 145 

MAP3K7 15 

MARS 13 

MVP 27 

MYH10 33 

MYH9 67 

 

Protéines 
Nombre de 

peptides 

PABPC1 33 

PKM 32 

PLEC 72 

POTEKP 31 

PPL 30 

PRDX1 27 

RANBP2 164 

RANGAP1 57 

RBBP8 18 

RCC1 14 

RPL13 57 

RPS3 26 

SEC16A 63 

SPTAN1 74 

SPTBN1 56 

STK38 84 

SYNM 64 

TAB1 21 

TFG 47 

TUBA1A 116 

TUBB1 30 

UBAP2 56 

Table 1.  

 
Non-exhaustive list of proteins detected in the mass spectrometry experiment. Proteins 

considered as ‘‘hits '' are those whose number of peptides in the Cep76 sample is at least 

greater than 10 and the number of peptides in the control sample is close or equal to 0. 
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Addendum 

 

Résumé schématique. 

A/ Lors d’un cycle cellulaire normal, Cep76 se lie au complexe CDK2/Cyclin A en phase S 

et G2 où la protéine sera phosphorylée sur le résidu S83. Cette activation de Cep76 permet 

un contrôle du cycle de duplication des centrioles et une progression du cycle cellulaire 

normale. Cep76 devient acétylée sur le résidu K279 en fin de phase G2 et M pour inhiber sa 

fonction.B/ Lorsque Cep76 est constitutivement acétylée sur le résidu K279 ou perd sa 

phosphorylation sur le résidu S83, la protéine devient non fonctionnelle et entraine une sur-

duplication des centrioles en phase S.  Ce dérèglement du cycle des centrosomes peut  alors 

provoquer des mitoses aberrantes. 

 
 



 

 

Conclusion 
 

 Les centrosomes sont des organelles essentielles au bon fonctionnement de nombreux 

processus cellulaires comme la polarité, l’adhésion, la mitose ou la ciliogénèse. Des défauts 

dans leur structure ou leur fonction peuvent amener des problèmes majeurs et des maladies 

comme les cancers ou les ciliopathies. Ceci explique l’importance d’étudier cette organelle et 

de décortiquer les éléments essentiels pour sa formation et sa fonction. Lors de mon doctorat, 

je me suis concentrée sur deux nouvelles protéines centrosomales : NPHP5 et Cep76. 

 

 

NPHP5 

 

Localisation et ciliogénèse 

 

 Dans un premier temps, nous avons cherché à caractériser la localisation précise de 

NPHP5 au cours du cycle cellulaire. Par immunofluorescence (IF) indirecte, nous avons 

démontré que la protéine se situe dans la partie distale des centrioles tout au long de 

l’interphase avant de disparaître en mitose. NPHP5 est également présente à la base du cil 

dans les cellules quiescentes. Ensuite, pour étudier la fonction de NPHP5 aux centrosomes, 

nous avons utilisé une approche d’ARN interférence pour inhiber transitoirement la protéine 

dans les cellules. Cette délétion n’affecte pas la progression du cycle cellulaire ou du cycle des 

centrosomes. En revanche, l’absence de NPHP5 entraine un blocage de la ciliogénèse dans la 

majorité des cellules, que ce soit à l’état prolifératif ou de quiescence. La localisation de 

NPHP5 dans la partie distale des centrioles pourrait donc avoir un rôle majeur dans la fonction 

de la protéine au cours de la ciliogénèse. Comme mentionné dans l’introduction, les 

appendices distaux et sub-distaux du centriole mère, ou corps basal, sont essentiels à la 

formation des cils.  
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Il serait donc très intéressant de pouvoir étudier de manière plus fine la localisation de NPHP5 

dans la partie distale des centrioles pour mieux comprendre son rôle dans la formation des cils. 

En utilisant les techniques de microscopie électronique et immunomarquage, plusieurs 

groupes ont déjà analysé la localisation de protéines dans des cellules fixées et/ou dans des 

centrosomes purifiés avec grand succès (193-197). En employant les mêmes approches, nous 

pourrions étudier le lien entre la localisation de NPHP5 et les appendices distaux/sub-distaux 

des centrosomes. La microscopie électronique à transmission a également été utilisée à mainte 

reprise pour caractériser la structure détaillée d’organelles comme les centrosomes ou les cils 

(198-202). Nous pourrions alors étudier la structure des cils/centrosomes dans les cellules 

contrôles versus celles où NPHP5 est inhibé. Cela pourrait nous aider à déterminer à quel 

stade de la ciliogénèse NPHP5 est impliquée. Des expériences sont actuellement en cours pour 

élucider ces questions. 

 

 

NPHP5 et ses partenaires  

 

 Par la suite, nous nous sommes intéressés aux partenaires de NPHP5 et leur influence 

dans ses fonctions.  

 Cep290 est une protéine centrosomale aussi impliquée dans les ciliopathies et sa liaison 

à NPHP5 s’avère essentielle à la formation de cils dans les cellules tant quiescentes que 

prolifératives. Toutefois, il est important de noter que les phénotypes cliniques associés à des 

défauts de Cep290 sont plus diversifiés que ceux associés à des défauts de NPHP5 (150, 203). 

Cette différence pourrait provenir d’un profil d’expression divergent de ces deux protéines 

dans les tissus mais aussi du fait que Cep290 est également localisée au niveau de structures 

appelées satellites, contrairement à NPHP5 (152, 153, 204).  

 La calmoduline est une protéine ubiquitaire capable de s’associer aux ions calcium 

présents dans le milieu cellulaire. Un grand nombre de protéines qui se lient à la calmoduline 

sont incapables de se lier eux-mêmes au calcium, et utilisent la calmoduline comme un capteur 

de calcium et transducteur de signal pour moduler leur fonction (205-207).  
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NPHP5 se lie à la calmoduline par trois sites distincts et cette liaison est importe pour 

empêcher l’auto-agrégation de NPHP5. Bien que ces agglomérats ne semblent pas gêner la 

localisation de NPHP5 ou la ciliogénèse en elle-même ; il est connu que l’accumulation de 

protéines en agrégats peut conduire à la formation de fibres amyloïdes et à une neuro-

dégénération (207-209). De plus amples expériences sont donc nécessaires pour délier le rôle 

potentiel de NPHP5 dans la formation de ces fibres et la sévérité des maladies neuro-

dégénératives comme la rétinite pigmentaire, au niveau de l’œil (210, 211). 

  

 De manière plus générale, il serait intéressant de rechercher d’autres partenaires 

éventuels de NPHP5 par spectrométrie de masse (SDM) ainsi que des modifications post-

traductionnelles comme l’ubiquitination ou la phosphorylation. Cela permettrait de mieux 

comprendre comment NPHP5 est elle-même régulée au cours du cycle cellulaire mais aussi 

comment elle module des voies de signalisations dans les cellules. Par exemple, une simple 

approche par IF avec un anticorps phospho-spécifique ou encore de la microscopie en temps 

réel nous aiderait à suivre les modifications post-traductionnelles au cours du cycle cellulaire 

ainsi que la localisation de la protéine. De même, la technique de PLA (proximity ligation 

assay) pourrait être utilisée pour valider de nouveaux partenaires de NPHP5 avant une étude 

plus approfondie. Certaines expériences sont en cours de réalisation et des résultats sont 

attendus sous peu. 

 

 

NPHP5 et ses différents domaines fonctionnels   

 

 Afin de mieux comprendre les différentes interactions de NPHP5 avec ses partenaires 

ainsi que leur rôle dans sa fonction, la prochaine étape évidente a été de discerner les 

différents domaines de la protéine. Pour cela, nous avons utilisé une série de délétions ou 

mutations pour créer diverses protéines tronquées et analyser leur localisation ou leur liaison 

aux partenaires, par IF et immunoprécipitation-western blot (IP-WB) respectivement. En 

utilisant ces techniques, j’ai montré que Cep290 se lie à la partie C-terminale de NPHP5 tandis 

que la calmoduline se lie sur la partie centrale de la protéine.   
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De façon intéressante, la séquence de localisation au centrosome se situe dans la partie C-

terminale extrême de NPHP5 et chevauche le domaine de liaison à Cep290. L’hypothèse était 

donc que Cep290 recrutait NPHP5 au niveau des centrosomes, ce que suggéraient également 

les résultats d’IF après traitement par siRNA (NPHP5 est absent des centrosomes si Cep290 

est inhibé mais l’inverse n’est pas vrai). Toutefois, parmi les divers mutants créés, quatre 

étaient capables de lier Cep290 mais exclu du centrosome alors que deux se localisaient au 

centrosome mais étaient incapables de lier Cep290. Une explication possible pour ses résultats 

serait qu’un énième facteur à ce jour inconnu soit responsable du recrutement de NPHP5 aux 

centrosomes où celle ci pourrait alors se lier à Cep290. Encore une fois, des expériences de 

SDM permettraient éventuellement d’identifier de nouveaux partenaires de NPHP5 dont ce 

facteur inconnu.  

 

 

NPHP5 et drogues pharmacologiques 

 

 Les résultats précédents ont permis de distinguer NPHP5 comme étant un régulateur 

positif de la ciliogénèse, et ce à un stade précoce. Cela veut dire qu’une modulation des 

protéines en aval de NPHP5 serait potentiellement capable de corriger les défauts de 

ciliogénèse dus à la défaillance de NPHP5. Plusieurs étapes de la formation du cil sont 

essentielles dont la dépolymérisation de l’actine, le trafic à la membrane ou encore la perte de 

l’adhésion focale. Ces étapes sont souvent contrôlées par des régulateurs négatifs de la 

ciliogénèse comme la kinase d’adhésion focale (FAK), la protéine apparentée à l’actine 3 

(ARP3), la phospholipase sécrétée A2 groupe 3 (PLA2G3) ou l’inhibiteur d’apoptose associé 

à l’X (XIAP) (212-216). En utilisant des drogues ciblant ces diverses protéines, nous avons pu 

observer un sauvetage drastique du phénotype causé par la déplétion de NPHP5 avec trois 

d’entre elles. En effet, la cytochalasine D, la latruculine B et le composé PF573228 sont 

capables de rétablir une ciliogénèse normale dans les cellules  dépourvues de NPHP5 ou 

exprimant différents mutants de la protéine. La cytochalasine D et la latruculine B sont des 

drogues qui inhibent la polymérisation du cytosquelette d’actine tandis que le composé 

PF573228 est un inhibiteur compétitif de FAK.   
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Ces résultats laissent donc penser que NPHP5 pourrait être impliqué dans un de ces processus 

et des études plus poussées sont donc nécessaires. Par exemple, des expériences d’IP-WB ou 

de PLA permettraient de vérifier la liaison potentielle entre NPHP5 et l’actine monomérique 

ou les protéines impliquées dans l’adhésion focale. Des expérimentations par chromatographie 

d’exclusion de taille pourraient aussi déterminer le rôle de NPHP5 dans  la formation et/ou le 

maintien des complexes d’adhésion focale. Ces résultats serviraient à élucider en partie les 

mécanismes moléculaires impliqués dans la ciliogénèse et pourraient aider au développement 

de nouvelles cibles thérapeutiques. 

 

 

NPHP5 et le BBSome 

 

 Dans le deuxième article, nous avons étudié le rôle de NPHP5 dans l'assemblage et le 

trafic du complexe BBSome dans le cil. Nous nous sommes intéressé au syndrome de Bardet-

Biedl pour deux raisons principales. La première est que la néphronophtise (NPHP) et le 

syndrome de Bardet-Biedl (BBS) sont des ciliopathies qui partagent des caractéristiques 

cliniques communes. La deuxième est que NPHP5 est localisée au niveau de la zone de 

transition à la base du cil. Cette zone de transition sert de barrière de diffusion où l’entrée de 

complexes protéiques comme le BBSome est contrôlée de manière précise afin de moduler la 

ciliogénèse et le transport intra-flagellaire (TIF) (126, 146, 174, 185). J’ai démontré que 

NPHP5 interagit avec les différentes sous-unités du BBSome via deux sites situés au niveau 

C-terminal et N-terminal respectivement. Cette liaison est indépendante de Cep290 et se 

produit tant dans les cellules quiescentes qu’en prolifération. De manière intéressante, nous 

avons montré que l’inhibition de NPHP5 ou de CEP290 conduit à la dissociation de trois sous-

unités du BBSome (BBS2, BBS5 et BBS8) formant alors un sous-complexe dont la capacité 

de migration dans le cil n’est pas compromise. BBS2 étant une des premières sous-unités 

essentielles à la formation du BBSome entier (217), il est difficile de concevoir la formation 

stable d’un sous complexe en absence de cette protéine.  
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Une première hypothèse plausible serait que le BBSome soit immature ou pas du tout formé 

dans les cellules en prolifération mais que dès l’induction de la quiescence, les différentes 

sous-unités s’assemblent au niveau de la base du cil. Une deuxième hypothèse serait que le 

complexe entier se forme dans les cellules en prolifération mais qu’une fois assemblées 

certaines sous-unités ne soient plus essentielles à son maintien. En utilisant des techniques 

comme la chromatographie à exclusion de taille ou PLA, il serait possible de différentier ces 

deux possibilités et ainsi étudier de façon plus poussée les mécanismes moléculaires impliqués 

dans la stabilité du BBSome.  

 Les résultats précédents ont également mis en valeur un rôle de ‘‘gardiens’’ pour 

NPHP5 et Cep290 au niveau de la zone de transition. En effet, si les deux protéines sont 

présentes, seuls les BBSomes complètement formés circulent dans le cil; mais en cas de 

déplétion de NPHP5 ou Cep290, les sous-complexes alors formés peuvent tout de même entrer 

dans le cil. Il est important de noter que dans le cas d’une déplétion de NPHP5 ou Cep290, les 

transports antérograde et rétrograde ainsi que le recrutement de protéines essentielles à la 

formation de la zone de transition ne paraissent pas altérés. Il semblerait donc que le rôle de 

NPHP5 et Cep290 soit particulier au BBSome. Pour confirmer que la zone de transition est 

réellement intacte lors de l’inhibition de NPHP5 ou Cep290, des analyses structurales par 

microscopie électronique ou microscopie super-résolution seraient primordiales. Des études en 

microscopie en temps réel pour contrôler le TIF seraient aussi nécessaires. 

 Pour finir, nous avons montré que la déplétion de NPHP5 ou Cep290, en raison de la 

perte de certaines sous-unités, provoque un défaut dans le TIF de certains cargos par le 

BBSome. En effet, un des rôles connus du BBSome est de transporter des protéines 

membranaires vers le cil pour permettre la transduction de signal de diverses voies de 

signalisation (174, 178, 179, 185, 218). Par exemple, l’inhibition de NPHP5 ou Cep290 

entraine respectivement une perte de Smoothened (Smo) ou de Rab8a au niveau du cil. 

Toutefois, tous les cargos ne sont pas encore connus à ce jour ni comment ou par quelle sous-

unité chacun est transporté au niveau du cil. Il serait donc intéressant de déterminer, par IP-

SDM, les différents cargos associés à chaque sous-unité du BBSome. Il faut aussi souligner le 

fait que la perte de Smo après déplétion de NPHP5 semble être spécifique à certains tissus.  
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En effet, dans les cellules osseuses ostéoblastes, l’inhibition de NPHP5 n’affecte pas la voie de 

signalisation de Smo (146) contrairement à ce que j’ai montré dans les cellules épithéliales de 

la rétine. Il est donc important d’étudier l’importance de NPHP5 dans différents tissus, 

notamment dans la rétine et le rein, les deux organes affectés lors de néphronophtise. Ces 

connaissances pourraient ouvrir la porte à des approches thérapeutiques beaucoup plus ciblées 

en cas de maladie. 

 

 

Cep76 

 

Cep76 et le complexe CDK2/CYCLINE A 

 

 De manière à identifier les régulateurs potentiels de Cep76, plusieurs expériences de 

SDM ont été réalisées. La kinase CDK2 a ainsi été identifiée comme partenaire de Cep76, 

résultat qui a été confirmé par IP-WB et expérience de liaison in vitro. De manière 

intéressante, ces mêmes techniques ont permis de montrer que Cep76 s’associait 

préférentiellement avec la CYCLINE A qui forme un complexe avec CDK2 en phase S du 

cycle cellulaire (24, 28). Ces résultats suggéraient que Cep76 était un substrat de CDK2 en 

phase S. Pour vérifier cette hypothèse, nous avons premièrement validé par SDM les sites de 

phosphorylation sur Cep76. Le site S83 a été identifié lors de trois expériences indépendantes. 

Il est important de souligner aussi que le site S83 correspond à un site consensus de 

phosphorylation par les CDK (219, 220). Deuxièmement, nous avons confirmé par des tests 

kinase in vitro que le complexe CDK2/CYCLINE A phosphoryle directement Cep76 à la 

position S83. En parallèle, nous avons aussi étudié la liaison de Cep76 avec la CYCLINE A. 

Bien que cette interaction ait été confirmée, nous n’avons pu déterminer le ou les site(s) de 

liaison entre Cep76 et la CYCLINE A. En effet, même en mutant les motifs RXL/KXL, 

connus pour être les motifs de liaison aux cyclines, Cep76 pouvait toujours se lier à la 

CYCLINE A.  
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Ces résultats suggèrent que d’autres motifs/sites sont impliqués dans cette interaction. Il serait 

donc intéressant de faires des expériences d’IP-WB avec divers mutants et fragments de 

Cep76 pour essayer de mieux caractériser cette liaison. 

 

 

Cep76 et amplification des centrioles en phase S 

 

 Afin de mieux comprendre l’importance de la phosphorylation de Cep76 sur le site 

S83, nous avons effectué des expériences de sauvetage en surexprimant soit la protéine 

sauvage soit différents mutants de phosphorylation dans des cellules contrôles, traitées avec 

siRNA contre Cep76 ou avec la drogue hydroxyurée (HU, arrêt en phase S). Les résultats 

obtenus montrent que Cep76 doit être phosphorylée spécifiquement au site S83 pour 

supprimer une surduplication des centrioles en phase S du cycle cellulaire. Toutefois, lorsque 

les cellules étaient traitées avec les drogues RO3306 ou doxorubicine pour stopper le cycle 

cellulaire en phase G2, Cep76 n’était plus capable de supprimer la surduplication des 

centrioles. Cela suggère que Cep76 est impliquée spécifiquement en phase S du cycle 

cellulaire, phase où la protéine est la plus abondante et fonctionnelle. On peut donc imaginer 

l’existence de points de contrôle au niveau des centrosomes, tout comme les points de contrôle 

du cycle cellulaire, qui permettrait de vérifier le bon déroulement de la duplication des 

centrioles à chaque phase du cycle. Ces points de contrôle seraient alors régulés par des 

protéines ou voies de signalisation spécifiques à chaque phase, Cep76 étant une des protéines 

spécifiquement impliquées au niveau de la phase S.  
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Cep76 et son mécanisme d’action 

 

 Afin d’élucider par quel(s) mécanisme(s) Cep76 empêche l’amplification des 

centrioles, nous avons en premier vérifié si la protéine pouvait elle même contrôler la fonction 

de CDK2. En utilisant la phosphorylation de l’histone H1 comme marqueur de l’activité 

kinase de CDK2, nous avons démontré que Cep76, sauvage ou muté au site S83, n’est pas un 

inhibiteur de CDK2. Ensuite, nos résultats d’IF ont montré que Cep76 n’influence pas la 

localisation centrosomale de CDK2 ou de la CYCLINE A. La séparation des centrioles est une 

phase primordiale pour la duplication des centrosomes et est associée à l’activation de la 

kinase PLK1 au centrosome (68, 221). Nous avons donc vérifié par IF quel était le rôle de 

Cep76 à cette étape. Nos résultats montrent que Cep76 empêche la séparation des centrioles, 

en phase S, en bloquant la phosphorylation activatrice de PLK1 au site T210 au niveau des 

centrosomes. Nous avons donc mis à jour un nouveau mécanisme spécifique à Cep76 dans le 

contrôle du cycle des centrosomes. 

 

 

Cep76 et acétylation au site K279 

 

 Par la suite, nous voulions savoir si Cep76 subissait d’autres modifications post-

traductionnelles (MPT). En effet, il a déjà été montré qu’une protéine est souvent contrôlée par 

plusieurs MPT pour réguler sa fonction (222). Une analyse protéomique a récemment mis en 

évidence l’acétylation de Cep76 au site K279 (223) et nos expériences d’IP-WB ont confirmé 

ce résultat. Dans le but d’étudier la fonction de cette acétylation, nous avons créé deux 

mutants opposés de Cep76 : une perte d’acétylation et une acétylation constante. L’analyse par 

IF et WB de ces mutants a montré que l’acétylation de Cep76 diminue sa capacité à contrôler 

l’amplification des centrosomes en phase S. Pour comprendre comment l’acétylation de Cep76 

module son activité, nous avons ensuite étudié la possibilité de diaphonie avec la 

phosphorylation au site S83.  
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En utilisant des essais kinase in vitro, de l’IF et des WB nous avons montré que l’acétylation 

de Cep76 au site K279 est nécessaire et suffisante pour inhiber sa phosphorylation au site S83, 

et par conséquent son activité au niveau des centrosomes, et qu’elle est maximale en phase 

G2. Bien que l’acétylation de Cep76 a été confirmée, la protéine acétyletranférase responsable 

n’est pas connue à ce jour. Il serait donc important de faire des expériences de SDM pour 

identifier des candidats puis les valider par IP-WB ou avec des test d’acétylation in vitro. Ces 

résultats permettraient de mieux comprendre les mécanismes impliqués dans le contrôle de la 

fonction de Cep76 mais pourraient également être de nouvelles cibles thérapeutiques. 

 De manière plus générale, il serait intéressant de pouvoir suivre le statut de 

phosphorylation au site S83 ou d’acétylation au site K279 de Cep76 au cours du cycle 

cellulaire. La création d’anticorps phospho-spécifique ou acétyl-spécifique pour ces deux sites 

serait alors nécessaire pour ces expériences. Ces anticorps seraient aussi des outils puissants 

pour étudier de manière plus précise les mécanismes régulant Cep76 et sa fonction au niveau 

des centrosomes. 

 

 

Cep76 et cancer 

 

 Un nombre anormal de centrosomes dans la cellule est caractéristique d’un 

développement tumoral (55, 97-99) et comme Cep76 est impliquée dans le contrôle de 

l’amplification des centrosomes, on peut imaginer un lien de cause à effet. Une recherche dans 

les bases de données de patients atteints de cancer a mis en évidence la mutation S83C (ICGC 

data portal). Cette mutation a été identifiée chez une patiente atteinte d’un carcinome 

épidermoïde du col utérin. Par IF, nous avons pu démontrer que cette mutation rend la 

protéine non fonctionnelle et permet donc une surduplication des centrosomes. Cela met en 

évidence un caractère potentiellement pathogène de la mutation et pourrait être une cause 

plutôt qu’une conséquence du cancer. Toutefois, cette mutation n’a été détectée que chez une 

patiente et des études plus poussées sont donc nécessaires dans cette direction.  
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Il serait également intéressant d’étudier d’autres types de cancer pour savoir si le rôle de 

Cep76 est spécifique à certains tissus/types cellulaires ou s’il est limité au carcinome 

épidermoïde du col utérin.  

 

 

 En conclusion, cette thèse a répondu à des questions importantes menant à une 

meilleure compréhension des centrosomes dans des conditions tant physiologiques que 

pathologiques. Nous avons mis en évidence un rôle essentiel de NPHP5 dans la formation des 

cils primaires et dans le développement de maladies comme la néphronophtise ou le syndrome 

de Bardet-Biedl. De plus, nos résultats concernant Cep76 mettent en valeur la participation 

cruciale de Cep76 au contrôle du cycle des centrosomes et à la formation de certains cancers. 

Ces résultats permettent une meilleure compréhension des mécanismes moléculaires qui se 

déroulent aux centrosomes et ces nouvelles découvertes peuvent contribuer à répondre aux 

défis actuels dans le développement de nouvelles thérapies en cas de maladies. 
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Abstract 

 Autosomal recessive primary microcephaly (MCPH) is a rare hereditary 

neurodevelopmental disorder characterized by a marked reduction in brain size and 

intellectual disability. MCPH is genetically heterogeneous and can exhibit additional clinical 

features that overlap with related disorders including Seckel syndrome, Meier-Gorlin 

syndrome and microcephalic osteodysplastic dwarfism. In this review, we discuss the key 

proteins mutated in MCPH. To date, MCPH-causing mutations have been identified in twelve 

different genes, many of which encode proteins that are involved in cell cycle regulation or are 

present at the centrosome, an organelle crucial for mitotic spindle assembly and cell division. 

We highlight recent findings on MCPH proteins with regard to their role in cell cycle 

progression, centrosome function and early brain development. 

 

Keywords: Centrosome; Microcephaly; MCPH; SCKL; Neurogenesis; Cell division, Cell 

cycle 
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Introduction 

 Autosomal recessive primary microcephaly (MCPH) is a rare condition associated with 

developmental anomaly of the brain. This neurodevelopmental disorder is characterized by a 

reduced occipito-frontal head circumference (OFC) at birth to at least 2-3 standard deviations 

below the mean for sex, age and ethnicity, a slower than average growth in OFC after birth, 

and prenatal onset as early as the second trimester of gestation [1-6]. MCPH patients possess a 

small brain with simplified gyri and exhibit varying degrees of intellectual disability; however, 

the architecture of the brain in general is not grossly affected. In some instances, MCPH is 

associated with additional clinical features, including short stature, mild seizures or skeletal 

abnormalities, and shows genetic and clinical overlap with related disorders such as Seckel 

syndrome (SCKL; OMIM 210600, 606744, 608664, 613676, 613823, 614728, 614851, 

615807), Meier-Gorlin syndrome (OMIM 224690, 613800, 613804) and microcephalic 

osteodysplastic dwarfism (OMIM 210710, 210720, 210730) [7-12]. Although MCPH was 

traditionally distinguished from other disorders by height, short stature is not longer a 

distinguishing feature. Furthermore, it is now known that mutations in the same gene can 

cause MCPH and SCKL. In light of these observations, it is tempting to speculate that there 

must be a considerable overlap between the pathological mechanisms underlying MCPH and 

related disorders. 
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MCPH loci and brain development 

 To date, twelve genetic loci (MCPH-MCPH12) are implicated in MCPH (Table 1). The 

majority of mutations reported in these genes are frameshift or nonsense mutations leading to 

truncated proteins that are non-functional (please refer to references in Table 1). Perhaps not 

surprisingly, MCPH gene products are shown to be highly expressed in neuroepithelial or 

neuroprogenitor cells during early brain development [13-17]. Brain size at birth is primarily 

dependent on the ability of neuroprogenitor cells to proliferate and self-renew [9,10,18,19]. 

While symmetrical division of a neuroprogenitor cell results in the generation of two identical 

neuroprogenitor cells (thereby increasing the progenitor pool), asymmetrical division leads to 

the production of one progenitor cell (thereby maintaining the progenitor pool) and a 

committed precursor, which eventually undergoes migration and differentiates into neurons 

[20,21]. Conceivably, any perturbation that upsets the balance between symmetric and 

asymmetric division can drastically reduce the number of neuroprogenitor and neuronal cells, 

leading to reduced brain size [10]. Although such a mechanism is appealing, it is important to 

note that additional mechanisms, including cell proliferation defects, enhanced cell 

death/apoptosis, abnormal neuronal migration and/or differentiation can also impair brain 

development and contribute to the development of MCPH [10]. Interestingly, a significant 

number of MCPH proteins identified thus far are found to be associated with the centrosome 

[15,16,22-29], an organelle intimately connected with cell division, suggesting that proper cell 

cycle control could play an important role in neurogenesis. 

 



 

v 

Centrosome structure and function 

 The centrosome is the major microtubule-organizing center in mammalian cells and 

modulates diverse cellular processes such as cell cycle progression, cell shape, polarity, 

adhesion and motility, cilia assembly, DNA damage response, intracellular transport, 

positioning of cellular organelles, mitotic spindle formation, positioning and orientation, and 

genome stability [30-35]. This organelle is composed of a pair of centrioles, a mother and a 

daughter, surrounded by an amorphous pericentriolar matrix (PCM) (Figure 1). Centrioles, 

cylindrical structures consisting of nine triplets of stabilized microtubules, organize the PCM, 

which in turn nucleates and anchors cytoplasmic microtubules necessary for mitotic spindle 

assembly and chromosome segregation. Centrosome number, morphology and function are 

tightly regulated during the cell cycle [36-39]. A cell in the G1 phase has one centrosome. 

Centrosome duplication occurs once in the S phase and entails the synthesis of two new 

centrioles or procentrioles adjacent to the existing centrioles. At the G2/M transition, the 

duplicated centrosomes separate and migrate to opposite poles of the cell, and through a 

process known as centrosome maturation, additional proteins are recruited to the PCM to 

increase its microtubule-nucleating and -anchoring capacity essential for cell division. Defects 

in centrosome duplication and/or maturation are known to compromise cell cycle progression 

and cell division, resulting in aneuploidy, cell cycle arrest, cell death and/or uncontrolled cell 

growth. Indeed, centrosome dysfunction has been linked to a wide variety of human diseases 

including MCPH, but how exactly does it impede the cell cycle and affect brain development 

at the mechanistic level? In the next section, we will highlight the current status of our 

knowledge on the role of each MCPH gene product in cell cycle regulation, centrosome 

function and neurogenesis. 
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MICROCEPHALIN 

 MCPH1/MICROCEPHALIN is the first disease gene identified for MCPH and it 

encodes MICROCEPHALIN, a multi-functional protein that participates in various cellular 

processes [13,40,41]. MICROCEPHALIN possesses three BRCT (BRCA1 C terminus) 

domains commonly found in proteins involved in cell cycle control, DNA damage response 

and DNA repair [42]. Indeed, it functions to recruit the chromatin remodelling complex SWI-

SNF (switch/sucrose nonfermentable) to DNA lesions and interacts with the E2F1 

transcription factor to regulate genes involved in DNA repair and apoptosis [43-45]. 

MICROCEPHALIN also associates with CONDENSIN II, a protein involved in chromosome 

condensation, perhaps explaining why a loss of MICROCEPHALIN function triggers early 

cell cycle progression and premature chromosome condensation [46,47]. Besides its nuclear 

localization, MICROCEPHALIN also localizes to the centrosome throughout the cell cycle 

and interacts with PERICENTRIN, a PCM component critical for centrosome maturation, to 

control the localization of CHK1 (checkpoint kinase 1) to the centrosome [22,48,49]. In the 

absence of MICROCEPHALIN, CHK1 is mis-localized and cannot phosphorylate and 

inactivate CDC25B (cell division cycle 25B), thereby triggering premature CDK1 (Cyclin-

dependent kinase 1) activation and early mitotic entry. Interestingly, PERICENTRIN is also 

mis-localized from the centrosome in the absence of MICROCEPHALIN, suggesting that the 

latter recruits the former to the centrosome. Although two mouse models of Mcph1 show no 

obvious brain phenotype [50,51], a conditional knock-out causes untimely entry into mitosis, 

mitotic spindle mis-orientation and a premature switch of neuroprogenitors from symmetric to 

asymmetric division, resulting in primary microcephaly (Table 2) [49,52].  
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Interestingly, silencing Cdc25b is sufficient to rescue these phenotypes, suggesting that proper 

mitotic entry and progression are needed to maintain a balance between neuroprogenitor 

proliferation and neuronal differentiation. 

 

WDR62 (WD repeat-containing protein 62) 

 WDR62 is the second most frequently mutated gene in MCPH, accounting for about 

10% of cases [16,23,53,54]. Its encoded protein product possesses several WD40 (beta-

transducin repeat) domains that mediate protein-protein interactions. WDR62 is predominantly 

a nuclear protein during interphase and accumulates at the spindle poles during mitosis 

[16,55,56]. The primary function of WDR62 is to preserve centrosome/spindle pole integrity 

after bipolar spindle formation, since a loss of this protein leads to the dispersal of PCM 

components PERICENTRIN, γ-TUBULIN and CDK5RAP2 (CDK5 regulatory subunit-

associated protein 2) (these three PCM proteins are known to interact with each other) from 

metaphase centrosomes [55,56]. In addition, WDR62 is a substrate of c-Jun N-terminal kinase 

(JNK), active at the centrosome during mitosis, and phosphorylation of WDR62 by JNK is 

required for mitotic spindle organization [55,57]. Depletion of either Wdr62 (shRNA knock-

down, Table 2) or Jnk induces spindle mis-orientation and triggers the asymmetric division of 

neuroprogenitors in the rat telencephalon, leading to their premature differentiation into 

neurons [58]. In another study, morpholino-mediated knock-down of wdr62 or two other 

microcephaly proteins, aspm (abnormal spindle-like microcephaly-associated protein) and sil 

(STIL in human; SCL/TAL1-interrupting locus), in zebrafish causes a significant reduction in 

head and eye size [59]. This phenotype is believed to be due to a failure in metaphase 

progression, leading to increased cell death [59].   
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Likewise, neuroprogenitor cells of mice deficient in Wdr62 exhibit spindle assembly 

checkpoint activation, delayed mitotic progression and cell death, resulting in reduced brain 

size (Table 2) [60]. Finally, lymphoblastoid cells derived from patients with compound 

heterozygous mutations in WDR62 exhibit mitotic spindle defects as well as abnormal 

centrosomal protein localization [56]. Mechanistically, WDR62 physically and genetically 

interacts with AURORA A [60], a serine/threonine protein kinase that controls centrosome 

maturation, spindle formation and mitotic progression. AURORA A is a PCM protein, and its 

targeting to and subsequent activation at the mitotic spindle is dependent on another 

centrosomal protein CEP192 (centrosomal protein of 192 kDa) (discussed later) [61]. Thus, 

WDR62 appears to control the fate of neuroprogenitors cells partially through AURORA A. 

 

CDK5RAP2 (CDK5 regulatory subunit-associated protein 2) 

 By virtue of its ability to interact with γ-TUBULIN, CDK5RAP2 is a PCM protein 

crucial for microtubule nucleation [62,63]. Depletion of CDK5RAP2 de-localizes γ-

TUBULIN from centrosomes, thereby preventing centrosomal microtubule formation. 

Another PCM component, PERICENTRIN also physically interacts with CDK5RAP2, and 

recruitment of the latter to the centrosome depends on the former but not vice versa [64-66]. In 

addition to its role in PCM regulation, CDK5RAP2 is also required for centriole and 

centrosome cohesion, and ablation of this protein induces unscheduled centriole splitting, 

leading to amplified centrosomes and multipolar spindles [67,68]. Furthermore, CDK5RAP2 

has the capacity to bind DNA and functions as a transcription activator to regulate the 

expression of two spindle checkpoint genes, BUBR1 (budding uninhibited by benzimidazole-

related 1) and MAD2 (mitotic arrest deficient 2) [69].   
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Recently, the role of Cdk5rap2 in neurogenesis was examined in mice. Consistent with the 

functional relationship between Cdk5rap2 and Pericentrin, knock-down of either protein 

depletes the neural progenitor pool and triggers cell cycle exit, leading to premature neuronal 

differentiation without substantial apoptosis in the developing mouse neocortex of an in utero 

electroporation model (Table 2) [70]. In contrast, a different study showed that although 

the Hertwig's anemia mouse exhibits microcephaly, most neuroprogenitor cells undergo 

apoptosis instead of differentiating into neurons after exiting the cell cycle abruptly (Table 2) 

[71]. Thus, CDK5RAP2 could play a role in neuroprogenitor cell death and neuronal 

differentiation. 

 

CASC5 (cancer susceptibility candidate 5) 

  CASC5 is among the most recently identified gene responsible for MCPH [72]. Unlike 

most MCPH proteins which localize to centrosomes, CASC5 is a kinetochore scaffold protein 

required for the proper attachment of chromatin to the mitotic apparatus [73]. It also associates 

with BUB1 (budding uninhibited by benzimidazoles 1) and BUBR1 to control the spindle 

assembly checkpoint. Depletion of this protein induces chromosome misalignment and 

accelerates entry into mitosis, a phenotype reminiscent of MICROCEPHALIN loss [74-77]. 

Future experiments, including the use of animal models, are needed to further delineate the 

molecular and cellular function of CASC5 and to define its role in neurogenesis. 
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ASPM (abnormal spindle-like microcephaly-associated protein) 

 Mutations in the ASPM gene constitute the most common cause of MCPH and 

accounts for about 25-50% of cases [6,10,14,78-90]. ASPM contains a microtubule-binding 

domain, two calponin homology domains commonly found in cytoskeletal proteins, and 

multiple IQ calmodulin-binding motifs. This protein may be required for the maintenance of 

centrosome/spindle integrity because, like WDR62, it is mostly concentrated in the nucleus 

and only relocates to the spindle pole during mitosis [24]. Furthermore, CALMODULIN, a 

calcium-binding protein known to interact with PERICENTRIN and ASPM, also exhibits 

strong staining at the spindle poles [91]. Localization of ASPM to the spindle pole is greatly 

diminished in fibroblasts derived from a patient carrying a homozygous ASPM mutation [92]. 

Depletion of ASPM in human cells affects spindle positioning and alters the division 

symmetry from symmetrical to asymmetrical, leading to cytokinesis failure [92]. Similarly, 

ablation of Aspm enhances asymmetric cell division and premature differentiation of mouse 

telencephalic neuroprogenitor cells without causing cell cycle arrest (Table 2) [93]. Likewise, 

aspm mutant flies display spindle-positioning defects, in addition to increased apoptosis 

[94,95]. In contrast, mutant mice (Aspm1-25 and Aspm1-7) expressing truncated proteins show no 

major alteration of cleavage plane orientation but are still microcephalic [96]. Taken together, 

ASPM may have additional function besides spindle positioning and division axis orientation 

critical for symmetric cell division. Of note, although Aspm mutant mice and flies exhibit 

microcephaly, these animals also have impaired fertility due to a massive loss of germ cells 

[96-99]. These observations, coupled with findings that ASPM and MICROCEPHALIN are 

highly up-regulated in different types of cancer [100-103], suggest that these two proteins 

could also positively regulate cell proliferation in multiple cell types. 
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CENPJ (centromere protein J) 

 A handful of core centrosomal components, including four microcephaly proteins 

CENPJ, STIL, CEP135 (centrosomal protein of 135 kDa) and CEP152 (centrosomal protein of 

152 kDa) were recently identified as essential regulators of centriole duplication [104-106]. 

Centriole duplication is thought to occur in several sequential steps, wherein CEP152 and 

CEP192 first interact with each other to recruit polo-like kinase 4 (PLK4) to the site of 

centriole assembly [107-111]. This event is followed by the recruitment of SAS-6 (spindle 

assembly abnormal protein 6 homolog) and STIL, proteins that dictate the nine-fold radial 

symmetric arrangement of microtubules in centrioles, and finally CENPJ, to new centrioles 

[106,112-117]. CENPJ is known to interact with STIL, CEP135 and CEP152, and in addition, 

possesses the capacity to bind microtubules and to associate with CEP120 (centrosomal 

protein of 120 kDa) and SPICE1 (spindle and centriole associated protein 1), two proteins 

essential for centriole elongation [110,111,118-123]. Indeed, CENPJ is specifically involved 

in the elongation step of centriole duplication, and depletion of this protein leads to the 

formation of nascent centrioles that fail to reach full length, whereas over-expression promotes 

the formation of elongated centrioles [124-126]. Both moderate and excessive centriole 

elongation are detrimental to cells, causing loss of centrosome integrity and formation of 

multipolar spindles [126,127]. In addition to its role in centriole biogenesis, CENPJ also 

interacts with several PCM components to regulate the size of the PCM [128-130]. CENPJ 

was also found to play an important role in controlling the prefrontal cortex development in 

human [131]. Targeted inactivation of Cenpj in mice recapitulates many of the clinical 

features of MCPH and SCKL, including mitotic failure and massive cell death during 

embryonic development (Table 2) [132].   
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Notably, of the 12 MCPH proteins identified to date, only deficiencies in CENPJ and CEP152 

are known to cause both MCPH and SCKL, the latter of which is a disorder traditionally 

characterized by short stature [132,133]. Since CENPJ regulates several aspects of centrosome 

function, a loss of this protein may lead to deficits in multiple cellular pathways which act 

together to cause dwarfism. 

 

STIL (SCL/TAL1-interrupting locus) 

 STIL is a centrosomal protein localized to newly synthesized centrioles [118,134,135]. 

Immediately after PLK4 is recruited by CEP152 and CEP192, SAS-6 and STIL are brought to 

the site of centriole assembly. SAS-6 directly interacts and forms a complex with STIL, and 

these two proteins resemble each other in many ways in terms of functionality, sub-cellular 

localization pattern and expression levels during the cell cycle [118,134,135]. Ablation of one 

protein causes mis-localization of the other, suggesting that STIL and SAS-6 are mutually 

dependent for their localization to centrioles. Moreover, up-regulation of STIL induces the 

formation of multiple nascent centrioles around the parental centriole, mimicking the 

phenotype of SAS-6 or PLK4 over-expression [106,136,137]. STIL appears to be important 

for spindle positioning and mitotic progression [59,138,139]. Inactivation of sil in zebrafish or 

Stil in mice results in embryonic lethality (Table 2), indicating that this protein may play 

additional roles beyond brain development [139,140]. 
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CEP135 (centrosomal protein of 135 kDa) 

 As an important regulator of centrosome biogenesis, CEP135 is a centriolar protein 

that associates with SAS-6 and CENPJ [123,141,142]. The precise relationship between 

CEP135 and SAS-6 is not completely clear at this point, although these proteins do not appear 

to depend on each other for localization to the centriole. On the other hand, CEP135 recruits 

CENPJ to centrioles, and not vice versa, indicating that CEP135 likely functions upstream of 

CENPJ [123]. Furthermore, in contrast to the loss of PLK4, SAS-6 or STIL, which completely 

suppresses centriole duplication, ablation of CEP135 results in a less severe phenotype with 

shorter centrioles and atypical centriolar structure [123,143]. By the same token, abnormal 

centrioles are also observed in Drosophila, Chlamydomonas, Tetrahymena and Paramecium 

cep135 mutants (Table 2), and these results collectively suggest that the structural integrity of 

centrioles is compromised [144-150]. Since these structural anomalies are known to induce 

mitotic defects, including the formation of monopolar spindles, it would be interesting in the 

long run to investigate their consequences on prenatal neurogenesis [123,143]. 

 

CEP152 (centrosomal protein of 152 kDa) 

 Although CEP152 is deficient in both MCPH and SCKL, mutations in CEP152 are by 

far the most common cause of SCKL, accounting for the majority of cases [27,151]. During 

the early step of centriole duplication, CEP152 and its associated partner, CEP192 form a 

discrete ring around parental centrioles, making the site of PLK4 recruitment and nascent 

centriole assembly [107,108,152]. The centrosomal localization of CEP152 is also dependent 

on CEP192, but not vice versa.   
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In addition, CEP152 is known to interact with CEP57 (centrosomal protein of 57 kDa) and 

CEP63 (centrosomal protein of 63 kDa), the latter of which is a SCKL protein [28,153,154]. 

While CEP152 and CEP63 are mutually dependent for one another for their centrosomal 

localization, only the former is absolutely required for centriole duplication, and a loss of this 

protein leads to severe mitotic defects and the formation of monopolar spindles [109-111]. In 

addition, CEP152 binds to CINP, a CDK2-interacting protein involved in DNA damage 

response and genome maintenance [151], thereby regulating cell cycle checkpoints. Indeed, 

centrosomes and nuclei show numerical and morphological abnormalities, indicative of 

aberrant cell division and cell cycle checkpoint, in CEP152-deficient patient 

fibroblasts/lymphocytes [151]. 

 

ZNF335 (zinc finger protein 335) 
 

  ZNF335 is a nuclear protein and a novel component of the H3K4 methyltransferase 

complex involved in chromatin-remodelling and transcriptional regulation [155,156]. One 

critical function of ZNF335 is its binding to the promoter region of REST/NRSF (RE1-

silencing transcription factor/neuron-restrictive silencer factor), a master regulator of 

neuroprogenitor proliferation and neuronal differentiation. Elegant studies using Znf335 

deficient mice have demonstrated that this protein is required for many aspects of 

neurodevelopment, including neurogenesis and neuronal cell fate specification, morphogenesis 

and differentiation (Table 2) [156]. Perhaps because of the multi-faceted nature of ZNF335, its 

inactivation in humans leads to a more severe phenotype compared to most reported cases of 

microcephaly. 
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PHC1 (polyhomeotic-like protein 1) 

 PHC1 belongs to a member of the polycomb group which modulates chromatin 

remodelling [157]. This protein localizes to the nucleus and functions as an E3 ubiquitin ligase 

to promote the ubiquitination of histone H2A and to regulate the levels of GEMININ, a 

protein that partially localizes to the centrosome and is involved in cell cycle control 

[158,159]. Depletion of PHC1 induces aberrant DNA damage repair and polyploidy, again 

reinforcing the view that proteins involved in cell cycle regulation and/or checkpoints are 

critical for brain development [157]. 

 

CDK6 (cyclin-dependent kinase 6) 

 Hussain and co-workers have recently identified mutations in a new gene that can 

cause MCPH. Interestingly, this gene encodes CDK6, a well-known member of the 

cyclin/cyclin-dependent kinase family crucial for cell cycle progression in G1 and S phases 

[29,160]. Although several previous reports have shown that CDK6 exhibits both cytoplasmic 

and nuclear localization during interphase, this protein, like WDR62 and ASPM, becomes 

enriched at the spindle poles during mitosis [29,161-163]. Ablation of CDK6 impairs cell 

polarity and induces supernumerary centrosomes and aneuploidy, but it is not clear whether 

these phenotypes arise from cell cycle and/or spindle pole defects [29]. Interestingly, Cdk6 

knock-out mice are viable and develop normally (Table 2), suggesting that this protein is 

dispensable for proliferation in most cell types [164].  
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Paradoxically, a more recent study illustrates the importance of Cdk6 in embryonic 

neurogenesis and demonstrates that inactivation of Pax6, a transcription factor that directly 

represses the expression of Cdk6, leads to inappropriate activation of Cdk6 and over-

proliferation of neuroprogenitor cells in mice [165]. Another study also highlighted a role for 

CDK6 in the regulation of G1 length during adult neurogenesis, although its potential 

contribution to embryonic neurogenesis was not addressed [166].   

 

A multi-protein complex in brain development 

 In summary, almost all MCPH proteins are linked to the centrosome with varying 

levels of intimacy (Figure 2). CENPJ, STIL and CEP135 are core centriolar components; 

MICROCEPHALIN, CDK5RAP2 and CEP152 form an integral part of the PCM; WDR62, 

ASPM and CDK6 are transiently associated with the centrosome; and two other microcephaly 

proteins, CASC5 and PHC1 interact with known centrosomal constituents. In addition, a 

handful of microcephaly proteins are physically linked to each other, either directly or 

indirectly, suggesting the existence of a large network of protein-protein interactions essential 

for prenatal neurogenesis. We believe that the loss of a single protein or protein-protein 

interaction could cripple the interaction network, thereby increasing susceptibility to disease. 

Tellingly, mutations in PERICENTRIN, a protein in the network that interacts with 

MICROCEPHALIN and CDK5RAP2, cause SCKL and primordial dwarfism [167]. 

Furthermore, up-regulation of Plk4 is shown to impede brain development and cause 

microcephaly in mice, although there have been no reported cases in humans so far [168]. 

Moreover, CEP63 is a protein deficient in SCKL and known to interact with CEP152 [28].  
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As additional disease genes are being rapidly discovered, it is intriguing to speculate on their 

identity and whether they encode proteins in the interaction network. 

 

Conclusion 

 During the past decade, substantial progress has been made in our understanding of 

brain development and the genetic basis of MCPH. It is now apparent that microcephaly 

proteins control a number of cellular processes, including centriole biogenesis, centrosome 

maturation, cell cycle and DNA damage checkpoint, spindle positioning and mitosis, all of 

which impinge on brain growth and size (Figure 3). While neuronal homeostasis is thought to 

be maintained by a complex interplay between the opposing actions of cell proliferation and 

cell death, symmetric and asymmetric division, and/or normal and aberrant differentiation, to 

what extent does each of these contribute to brain development? Despite our knowledge of 

microcephaly proteins, many important questions remain. For instance, why do some proteins 

appear to have a better-defined role in regulating the switch between symmetric and 

asymmetric division in the developing brain, and why others are more frequently involved in 

SCKL and/or have additional functions in more than one cell/tissue type? Is the centrosome a 

central hub for coordinating and integrating various molecular events crucial for prenatal 

neurogenesis? We firmly believe that the answers to these questions hinge on our ability to 

fully understand the functional importance of each microcephaly protein and build upon the 

existing protein interaction network. These studies would help to better define microcephaly 

disorders and to facilitate early diagnosis and prognosis.  
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Tables 

Table 1. Gene table: autosomal recessive primary microcephaly (MCPH) 

Gene Locus Gene Product 
References (gene 

and/or locus) 
OMIM 

MCPH1 

MICROCEPHALIN 
MCPH1 MICROCEPHALIN [40] 607117 

WDR62 (WD repeat-

containing protein 62) 
MCPH2 WDR62 [169] 613583 

CDK5RAP2 (CDK5 

regulatory subunit-

associated protein 2) 

MCPH3 CDK5RAP2 [170] 608201 

CASC5 (cancer 

susceptibility candidate 5) 
MCPH4 CASC5 [171] 609173 

ASPM (abnormal spindle-

like microcephaly-

associated protein) 

MCPH5 ASPM [172] 605481 

CENPJ (centromere 

protein J) 
MCPH6 CENPJ [15] 609279 

STIL  (SCL/TAL1-

interrupting locus) 
MCPH7 STIL [25] 181590 

CEP135 (centrosomal 

protein of 135 kDa) 
MCPH8 CEP135 [26] 611423 

CEP152 (centrosomal 

protein of 152 kDa) 
MCPH9 CEP152 [27] 613529 

ZNF335 (zinc finger 

protein 335) 
MCPH10 ZNF335 [156] 610827 

PHC1 (polyhomeotic-like 

protein 1) 
MCPH11 PHC1 [157] 602978 

CDK6 (cyclin-dependent  CDK6 [29] 603368 
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Table 2. Animal models of MCPH  

Gene Model Method Phenotype 

MCPH1 

MICROCEPHALIN 

mouse 
knock-out (deletion of exon 

2) 

genomic instability, growth 

retardation, male infertility and 

increased radiation sensitivity 

mouse knock-out (gene trap) 
shorter life span, improper 

chromosome condensation 

mouse 
conditional knock-out 

(recombination) 

specific reduction of the cerebral 

cortex at birth 

fly 
knock-out (p-element 

excision) 

abnormal spindles during embryonic 

cell cycle 

WDR62 

rat shRNA knock-down 
premature differentiation of 

neuroprogenitors into neurons 

zebrafish 
morpholino-mediated 

knock-down 
reduction in head and eye size 

mouse 
knock-out (deletion of the 

WDR62 locus) 
reduced brain size 

CDK5RAP2 

fly 
knock-out (chemical 

mutagenesis) 

disconnection between centrosome 

and PCM 

mouse shRNA knock-down premature neuronal differentiation 

Hertwig's 

anemia mouse 
inversion of exon 4 reduced brain size 

ASPM 

zebrafish 
morpholino-mediated 

knock-down 
reduction in head and eye size 

mouse siRNA knock-down 
premature differentiation of 

telencephalic neuroprogenitor cells 

mouse 
knock-out (removal of exon 

2 and 3) 
reduced brain size 

mouse knock-out (gene trap) mild microcephaly, massive loss of 

kinase 6) 
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germ cells 

fly mutagenesis (x-irradiation) 
spindle positioning defects, increased 

apoptosis  

CENPJ 

mouse 
conditional knock-out 

(truncated mRNA) 
intrauterine growth retardation  

fly 
knock-out (transposon 

insertion) 
loss of centrioles, abnormal spindle 

worm siRNA knock-down 
loss of centrioles, abnormal 

centrosome size/organization 

STIL 

mouse 
knock-out (removal of exon 

3 to 5) 
embryonic lethality 

zebrafish 
morpholino-mediated 

knock-down 
embryonic lethality 

CEP135 

fly 
knock-out (transposon 

insertion) 
abnormal centrioles, immotile cilium 

alga insertion mutagenesis 
abnormal centrioles, abnormal cell 

division and slow growth 

protozoa siRNA knock-down abnormal centrioles 

CEP152 

fly chemical mutagenesis 
defective centrosomes, no zygotic 

division 

zebrafish 
morpholino-mediated 

knock-down 
ciliary defects 

ZNF335 

mouse shRNA knock-down impaired progenitor cell proliferation 

mouse 
knock-out (removal of 

promoter and exons 1&2) 
severely reduced cortical size 

mouse 
knock-out (gene trap 

insertion) 
embryonically lethal 

CDK6 mouse 
knock-out (removal of 1st 

coding exon) 

viable, develop normally, 

hematopoiesis slightly impaired 
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Figure legends 

Figure 1. Centrosome structure 

Centrosomes are small organelles composed of two perpendicular centrioles (orange 

cylinders), a mother and a daughter, linked together by interconnecting fibres (dark green). 

The centrioles are surrounded by an amorphous pericentriolar matrix (dotted orange 

background) involved in the nucleation and anchoring of cytoplasmic microtubules. Contrary 

to the daughter centriole, the mother centriole possesses distal (purple) and sub-distal (blue) 

appendages necessary for cilia assembly and microtubule anchoring, respectively. 

 

Figure 2. Microcephaly protein interaction network 

The majority of microcephaly proteins (red) are associated with centrosomes. CENPJ, STIL 

and CEP135 are components of centrioles (green box), while MICROCEPHALIN, 

CDK5RAP2 and CEP152 are part of the PCM (orange background). WDR62, ASPM and 

CDK6 temporarily localize to the PCM. In addition, CASC5 and PHC1 are known to interact 

with proteins at the centrosome. For ZNF335, its precise connection to the centrosome is not 

understood. Microcephaly proteins are physically linked to one another either directly or 

indirectly (solid black lines) to form a protein network. 

Figure 3. Cellular processes involved in microcephaly 

A model depicting how malfunction of microcephaly proteins perturbs neurogenesis. A loss of 

microcephaly proteins can disturb various cellular processes, including chromatin 

remodelling, kinetochore integrity, centrosome biogenesis or centrosome maturation, which 

impair cell cycle checkpoints and mitosis. These perturbations disrupt the equilibrium between 

cell proliferation and cell death, symmetric and asymmetric division, and/or normal and 

abnormal differentiation, reducing the total number of neuroprogenitor cells and differentiated 

neurons in the developing brain, leading to microcephaly. 
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