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Résumé 

Identification d’un nouveau rôle de la E3-ubiquitin ligase Mindbomb1 dans la voie Polarité 

Cellulaire Planaire 

La morphogenèse est le processus qui définit la forme d'un organisme (ou d'une partie d'un 

organisme) nécessaire à son bon fonctionnement. Au cours de l'embryogenèse, la morphogenèse 

d'un organe nécessite des processus incluant la division cellulaire, les mouvements cellulaires et 

la différenciation cellulaire. Cependant, on sait peu de choses sur la façon dont ces différents 

processus sont coordonnés au cours de la morphogenèse d'un organe. Au cours de ma thèse, j'ai 

étudié deux voies de signalisation cellulaire différentes qui régulent la morphogenèse au cours de 

l'embryogenèse du poisson zèbre. Mon étude a révélé que la voie de signalisation Notch et la voie 

PCP (Polarité Cellulaire Planaire) contrôlée par Mib1 régulent respectivement la morphogenèse 

du tube neural et l'extension de l'axe embryonnaire. 

Au cours de la première partie de ma thèse, j'ai étudié le rôle de la signalisation de Notch dans la 

morphogenèse du tube neural du poisson zèbre. La signalisation Notch a déjà été bien étudiée pour 

son rôle dans la régulation de la neurogenèse lors du développement du poisson zèbre. Cependant, 

on ne sait pas si et comment la signalisation Notch régule la morphogenèse du tube neural du 

poisson zèbre. L'épithélialisation et la c-division sont des événements importants au cours de la 

morphogenèse du tube neural du poisson zèbre. Nos résultats montrent que, en plus de 

synchroniser la spécification des cellules neuronales, la suppression de la neurogenèse induite par 

Notch est essentielle pour l’acquisition de l’architecture neuroépithéliale et pour la réalisation de 

c-division. Ainsi, la signalisation Notch permet de former la moelle épinière de poisson zèbre. 

Les observations de la première partie de ma thèse ont conduit à l'identification du rôle de 

Mindbomb1 (Mib1) dans la signalisation PCP. Mib1, une ligase ubiquitine-E3 nécessaire à 

l'activation de Notch, régule les mouvements d'extension convergence (CE) nécessaires à 

l'élongation de l'axe de l'embryon au cours de la gastrulation du poisson zèbre. De manière 

intéressante, nous avons montré que Mib1, indépendamment de sa fonction dans la signalisation 

Notch, agit dans la voie PCP pour réguler l’extension de l’axe de l’embryon. Dans la voie de la 

PCP, Mib1 agit comme une ligase ubiquitine-E3 et régule l'endocytose du composant de la PCP 

Ryk afin d'assurer la médiation de la CE lors de la gastrulation. Ainsi, notre étude a révélé que, 
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indépendamment de son rôle dans la signalisation Delta / Notch, Mib1 est important pour la voie 

PCP lors de la gastrulation du poisson zèbre. 

Mots clés : La morphogenèse, le tube neural, la moelle épinière, la signalisation de Notch, Polarité 

Cellulaire Planaire, Mindbomb1, Ryk, La ligase ubiquitine-E3, L'épithélialisation, la neurogenèse, 

la c-division, les mouvements d'extension convergence, le poisson zèbre. 
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Abstract 

Identification of a novel role of the E3-ubiquitin ligase Mindbomb1 in the non-canonical 

WNT/Planar Cell Polarity pathway 

During my PhD, I studied two different cell signaling pathways that regulate morphogenesis 

during zebrafish development. I found that the Notch signaling pathway and Mib1 mediated Planar 

Cell Polarity (PCP) pathway regulate neural tube morphogenesis and embryonic axis extension 

respectively. 

During the first part of my PhD, I addressed the role of Notch signaling in zebrafish neural tube 

morphogenesis. Notch signaling has been well studied for its role in regulating neurogenesis 

during zebrafish development. However, whether and how it regulates morphogenesis of the 

zebrafish neural tube is unknown. Epithelialization and c-division are important events during 

zebrafish neural tube morphogenesis.  Our findings show that, in addition to regulating the timing 

and identity of neuronal cell fate specification, Notch mediated suppression of neurogenesis is 

essential for the acquisition of polarized neuroepithelial tissue architecture and the execution 

specific morphogenetic movements called c-divisions, in order to properly shape the zebrafish 

spinal cord.  

Observations from the first part of my PhD led to the identification of the role of 

Mindbomb1(Mib1) in PCP signaling. Mib1, an E3-ubiquitin ligase required for Notch activation, 

regulates convergent extension (CE) movements during zebrafish gastrulation, that are required 

for the axis elongation of the embryo. Interestingly, I found that Mib1, independent of its function 

in Notch signaling, act in the PCP pathway to regulate axis extension. In the PCP pathway, Mib1 

acts as an E3-ubiquitin ligase and regulates endocytosis of the PCP component Ryk to mediate CE 

during gastrulation.  Thus, my study discovered that independent of its role in Delta/Notch 

signaling, Mib1 is important for the PCP pathway during zebrafish gastrulation.  

 

Keywords : Morphogenesis, Neural tube, Spinal cord, Notch signalling, Planar Cell Polarity, 

Mindbomb1, E3-Ubiquitin ligase, Epithelialization, Neurogenesis, C-division, Convergent 

Extension, Ryk, Zebrafish 
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“And, when you want something, all the universe conspires in helping you to achieve it.” 

- Paulo Coelho, The Alchemist 
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Preamble 

Morphogenesis is the process of defining the shape of an organism (or a part of an organism) by 

which ultimately it can perform its proper function. During embryogenesis, morphogenesis of an 

organ requires cell divisions, cell movements and cell differentiation. However, little is known 

about how these different processes are coordinated during organ morphogenesis. During my PhD, 

I studied two different cell signaling pathways that regulate morphogenesis during zebrafish 

development. And my study found that the Notch signaling pathway and Mib1 mediated Planar 

Cell Polarity (PCP) pathway regulate neural tube morphogenesis and embryonic axis extension 

respectively. 

During the first part of my PhD, I addressed the role of Notch signaling in zebrafish neural tube 

morphogenesis. Notch signaling has been well studied for its role in regulating neurogenesis 

during zebrafish development. However, whether and how it regulates morphogenesis of the 

zebrafish neural tube is unknown. Establishment of a polarized epithelium and neural tube midline 

crossing cell divisions (c-division) are important events during zebrafish neural tube 

morphogenesis.  Our findings show that, in addition to regulating the timing and identity of 

neuronal cell fate specification, Notch mediated suppression of neurogenesis is essential for the 

acquisition of polarized neuroepithelial tissue architecture and the execution specific 

morphogenetic movements called c-divisions, in order to properly shape the zebrafish spinal cord.  

Observations from the first part led to the main discovery of my PhD, identification of the novel 

role of Mindbomb1(Mib1) in PCP signaling. PCP is the collective alignment of cell polarity across 

the plane the tissue, by which it performs functions including orientation of cilia, cell migration 

and oriented cell divisions. In vertebrates, the PCP pathway controls axis elongation of embryos 

during gastrulation, via directed cell movements called convergent extension (CE). I found that 

Mib1, an E3-ubiquitin ligase required for Notch activation, regulates CE movements during 

zebrafish gastrulation. Interestingly, I found that Mib1, independent of its function in Notch 

signaling, act in the PCP pathway to regulate axis extension. In the PCP pathway, Mib1 acts as an 

E3-ubiquitin ligase and regulates endocytosis of the PCP component Ryk to mediate CE during 

gastrulation.  Thus, my study discovered that independent of its role in Delta/Notch signaling, 

Mib1 is important for the PCP pathway during zebrafish gastrulation.  
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This thesis is organized into four main chapters. The first chapter consists of the introduction and 

results of the project analyzing the role of Notch signaling in zebrafish neural tube morphogenesis. 

Then, the introduction and results for the project analyzing the role of Mindbomb1 in the PCP 

pathway are included in the second chapter. Discussion for both the projects is combined in the 

third chapter and the general conclusion of my thesis and references can be found in the final 

chapter. 
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Introduction 

The primary goal during the first part of my PhD was to understand the role of Notch signaling in 

regulating neural tube morphogenesis during zebrafish embryogenesis. Therefore, in the 

introduction of this first chapter, I will highlight the process of neural tube morphogenesis in 

zebrafish in comparison with other vertebrates and then, describe the role of Delta/Notch signaling 

and its pathway components in regulating different functions during invertebrate and vertebrate 

development. 

I.1 Tubular organ morphogenesis. 

Morphogenesis is the process of establishing the shape and the structure of an organism (or a part 

of an organism) that is essential for its proper functioning. One of the key events during 

morphogenesis of organs like the central nervous system, heart, lungs etc. is formation of a 

lumen/tube that can transport and distribute metabolites that are essential for functioning of the 

respective organs. For example, morphogenesis of the nervous system involves formation of the 

neural tube lumen that will later develop as the brain ventricular system that carries cerebrospinal 

fluid (CSF). And this CSF acts as a circulatory system for the brain and spinal cord that performs  

functions including the transport of nutrients and wastes(1). 

Tubular organs are mainly formed by five mechanisms: wrapping, budding, cord or cell hollowing 

and cavitation(2-6) (Fig.1). Wrapping and budding occur in a sheet of epithelial cells that are 

already polarized. During wrapping, an entire row of epithelial cells invaginates to finally pinch 

off from the sheet that give rise to a long tube running parallel to the plane of the epithelium 

(Fig.1A). The neural tube of mammalian and avian embryos are formed via wrapping(7). During 

budding, one or more cells invaginate from an existing tube or sheet of cells to create a new shorter 

tube orthogonal to the plane of the epithelium (Fig.1B) (e.g. angiogenic sprouting where new blood 

capillary buds or sprout from an existing blood vessel(8)). In the case of cord hollowing, cell 

hollowing and cavitation, lumen formation arises from a group of loosely adherent mesenchymal 

cells that undergo polarization and thus, acquire epithelial identity during the process of lumen 

formation. In cord hollowing, a group of mesenchymal cells undergo condensation that results in 

formation of a cylindrical cord. Then the cord undergoes epithelialization and small lumens are 

created between the cells which all fuse together to form a single central lumen (Fig.1C) 
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Figure 1. Different mechanisms of lumen formation. A) Wrapping involves the invagination of a sheet of 

epithelial cells that results in pinching off from the sheet as a tube. B) Budding- invagination of a group cells from 

a sheet or tube of cells that finally results in a smaller tube orthogonal to the initial plane of epithelium. C, D, E) 

Cord hollowing, Cell hollowing and Cavitation involve condensation and epithelialization of a group of 

mesenchymal cells. In Cord hollowing, lumens created between the cells get finally merged to form a single central 

lumen. Lumen formation in cell hollowing happens intracellularly to get merged as a single lumen. Cavitation 

involves apoptosis of central cells of the cord that results in the lumen formation. (Baumholtz et.al. 2017) 
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 (e.g. the formation of zebrafish gut (9) and Drosophila heart (10)). Cell hollowing involves 

formation of a lumen within the cell. A group of mesenchymal cells condense to form a cord of 

single cells and after epithelization small lumens are formed intracellularly that fuse together to 

form a continuous lumen (Fig.1D) (e.g. zebrafish blood vessel formation(11)). During cavitation, 

mesenchymal cells condense to form a cord and undergo epithelial cell polarization, but the lumen 

is created by apoptosis of cells in the center of the cord (Fig.1D).  

In all these different mechanisms of lumen formation, establishment of apico-basal polarity in 

epithelial cells is a crucial prerequisite. Lumen growth is initiated by the polarized trafficking of 

vesicles towards the apical side of the cell facing the lumen and their fusion with the plasma 

membrane. Lumen formation requires asymmetric distribution of transmembrane proteins such as 

E-cadherin and integrins. Once they become activated, intracellular signaling leads to cytoskeletal 

rearrangements, which facilitate recruitment of apical determinants and vesicles necessary for 

lumen initiation. For example, It has been shown that MDCK cells that lacks β1-integrin are 

incapable of initiating polarization and therefore, lumen formation is absent in 3D cell cultures(12). 

Similarly, in cultured mammalian salivary gland explants, antibody blocking and siRNA 

knockdown of E-cadherin delay or block polarization and result in the formation of aberrantly 

dilated lumens filled with apoptotic cells(13). After lumen formation, different steps including 

tube elongation, lumen expansion and tube maturation will be followed to create a functional 

tubular organ(4, 6). 

 

I.2. Neural tube morphogenesis 

The Central Nervous System (CNS) is one of the several tubular organs that develops a lumen 

during morphogenesis. The morphogenetic events that result in formation of the neural tube, future 

brain and spinal cord, are called neurulation. Abnormalities in neurulation will lead to severe 

neural tube defects that will compromise the functionality of the nervous system.  

I.2.a Neurulation in amniotes and amphibians. 

Neurulation in amniotes occurs through primary and secondary neurulation, where two different 

mechanisms are used at each steps(14). The anterior neural tube that extends from the brain to the 

future trunk (cervicothoracic) region undergoes primary neurulation and the posterior neural tube 
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from the tail bud region undergoes secondary neurulation. During primary neurulation, neural tube 

is created by the process of ‘wrapping’, whereas ‘cord hollowing is involved during secondary 

neurulation(2, 4).  

Primary neurulation begins with a neural plate structure that has a layer of pseudo-stratified 

epithelial cells with a clear apical and basal polarity(15-17).  Apico-basal polarity of these 

epithelial cells is not generated during the neural plate stage, but they were already polarized when 

they constituted the epiblast of the embryo(18). At first, epithelial cells of the neural plate undergo 

an elongation along their apico-basal axis to increase their height and as a result, reduce their width 

to form columnar epithelial cells(19). This elongation step is driven by microtubule assembly 

controlled by γ-tubulin with the help of Shroom family actin binding proteins(20-22). Shroom 

proteins are not only required for apico-basal elongation but also for apical constriction that leads 

to bending or invagination of the neural plate along the midline(23, 24). Through several 

morphogenetic processes such as cell intercalation, convergent extension, apical neighbor 

exchange and apical constriction, cells in the neural plate undergo wrapping, and wedge-shaped 

cells are formed that create lateral hinge points(25, 26). And finally, the neural tube is pinched off 

by fusion of cells at the hinge points (Fig. 2A).(14, 27). Secondary neurulation in amniotes happens 

in the posterior neural tube from a group of undifferentiated mesenchymal cells(28, 29). These 

mesenchymal cells condense to form a rod like structure which will undergo epithelialization. 

Afterwards, small lumens are created through cavitation and they are fused together to form a 

single central lumen (Fig. 2D)(30).  

In amphibians, the mechanism of neurulation varies from species to species. The Mexican 

salamander Ambystoma mexicanum has a single layer of columnar epithelial cells at the neural 

plate(31). However, in Xenopus laevis, the neural plate at the spinal cord level is a bi-layered tissue 

composed of a polarized superficial cell layer and a non-polarized underlying cell layer(32, 33). 

During neurulation, the bi-layered neural plate starts invagination and creates shallow a neural fold 

around the edge of the neural plate. Cell rearrangements, such as convergent-extension and radial 

intercalations, happen between the polarized superficial layer and the underlying non-polarized 

cells. Finally,  the neural fold come into close apposition and fusion of cells happen at the hinge 

points creating a ventral lumen (Fig. 2B).(32, 33) 
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I.2.b Neurulation in zebrafish. 

Zebrafish neurulation begins with non-polarized neural progenitor cells that form a multilayered 

structure at the anterior regions (forebrain, midbrain and hindbrain) of the neural plate, which 

gradually thins down to become a single layer in the posterior region (spinal cord)(34, 35). Even 

though the early teleost neural plate does not appear to be organized like a conventional epithelium 

in other vertebrates, it shows a coherent epithelial-like tissue behavior where cells maintain their 

relative position among neighbors while undergoing morphogenetic movements(36). These 

epithelial-like cells clearly lack expression of apical markers of a mature epithelium at the neural 

plate stage and they are largely cuboidal in shape(37, 38). Therefore, one can consider that these 

Figure 2. Different methods of neurulation in vertebrates. Only neural ectoderm and non-neural ectoderm (n-

nect) are considered for representation. In all pictures, grey cells with white nuclei represent polarized epithelium 

and white cells with grey nuclei represent non-polarized tissue. Arrows indicate tissue movement; the neural groove 

is marked as ng. A) Primary neurulation in chick embryos where the neural plate consists of polarized epithelial 

cells undergo wrapping to create a neural tube. B) Neurulation in frog starts with a bi-layer consisting of a polarized 

apical layer and a non-polarized basal layer and the neural tube lumen is created by tissue invagination. C) 

Neurulation in zebrafish begins with non-polarized neural progenitors that undergo cavitation to generate the neural 

tube lumen. D) Secondary neurulation happens in both chick and mouse where the neural tube lumen is created by 

cord hollowing.  (Araya et. al 2016)  
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progenitor cells in the zebrafish neural plate have both epithelial and mesenchymal 

characteristics(14). 

In zebrafish, neurulation starts around 10-11 hours post fertilization (hpf), when cells from both 

sides of the neural plate start to converge towards the dorsal embryonic midline. Next, around 12 

hpf, cells in the neural plate start to internalize at the midline to generate a solid keel-like structure. 

By 15-17hpf, neuroectodermal cells in the neural keel undergo extensive cell elongation and 

intercalation that results in formation of a solid cylindrical structure called the neural rod. Finally, 

at 18hpf, cells on both sides of the neural rod midline establish apico-basal polarity and apical 

surfaces of these cells start the lumen development  to form a neural tube (Fig. 2C).(14, 27, 36, 

39-41) 

I.2.c Midline crossing cell divisions are important for zebrafish neurulation. 

During zebrafish neurulation, progression from the neural keel to the neural rod is characterized 

by a unique process called midline crossing cell divisions (c-divisions)(36, 42).  Neural progenitor 

cells from one half of the developing neural tube come to the midline and undergo mirror 

symmetric cell divisions to deposit one of the daughter cells in the contralateral side of the 

developing neural tube (Fig.3A-D)(36, 42, 43). C-divisions are crucial for morphogenesis of the 

zebrafish neural tube because apical ends of  c-dividing cells have the potential to demarcate the 

midline of the neural rod which will develop into the future lumen. In a wildtype condition, apical 

ends of c-dividing cells coincide with the geometric midline of the neural tube. Therefore, only a 

single neural tube is formed in the developing embryo. If the timing and location of c-divisions 

are disrupted using a Planar Cell Polarity pathway mutant vangl2, which delays the convergence 

of the neural tissue, c-divisions occur at ectopic locations in the neural tube, and creates a neural 

tube with two lumens (34, 44). However, c-divisions are not absolutely necessary for developing 

a single neural tube lumen because studies have shown that inhibition of cell divisions rescue the 

formation of a single lumen in PCP mutants(44, 45). Nonetheless, such a lumen created in the 

absence of c-divisions will be malformed. Therefore, c-divisions provide a morphogenetic 

advantage for the embryo to form a continuous functional lumen(46). 
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C-divisions are regulated via intrinsic mechanisms of neural progenitor cells. Studies have shown 

that maternal zygotic (MZ) vangl2 mutant cells transplanted into wildtype hosts failed to undergo 

c-divisions whereas wildtype cells transplanted into MZ-vangl2 mutant hosts undergoes c-

divisions(44). Apart from vangl2, the PCP pathway component frizzled 7 (fz7) is important for c-

divisions. In MZ-fz7a/b mutant embryos, c-divisions were severely compromised and no coherent 

midline structure was visible at 16hpf(45). Appearance of apical polarity features in neural 

progenitor cells seems to be coinciding with the occurrence of c-divisions. During c-divisions, the 

apical polarity protein Pard3 re-localizes to the cleavage plane and remains at the apical ends even 

after division. This apical accumulation of Pard3 is essential for cells undergoing c-divisions(34). 

Another important factor that regulates c-divisions is mitotic spindle orientation. When the polarity 

protein Scribble and the cell adhesion protein N-cadherin are mutated, spindle orientation is 

severely affected and perturbs midline crossing c-divisions(47). 

 

Figure 3. Midline crossing c-divisions during zebrafish neurulation.   C-divisions happen between the Neural 

keel and Neural rod stage of zebrafish neurulation. Neural progenitor cells from one side of the developing neural 

tube come to the midline, and then undergo cell division to deposit one of the daughter cells on the other side of the 

developing neural tube. (Picture credits: Priyanka Sharma)  
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I.2.d Epithelialization of neural progenitor cells is important for zebrafish neurulation. 

Establishment of apico-basal polarity that leads to epithelialization of neural progenitor cells is a 

crucial step in neural tube lumen formation(1, 48). A typical epithelial cell has an apical surface, 

often distinguished by the presence of villi-like structures, that faces either a lumen or an external 

environment and a basal surface that interacts with an extra-cellular matrix or other cells. Apico-

basal polarity of an epithelial cell is the asymmetric distribution of proteins, structures and 

functions from basal surface to the apical surface. The apico-basal polarity of  epithelial cells is 

mainly governed by three well conserved polarity complexes namely, Par complex (consists of 

Cdc42, Par3, Par6 and aPKC), Crumbs complex (Crumbs, Pals1 and Patj) and Lethal giant larvae 

(Lgl)) and Scribble complex (Scribble (Scrib), Disc large (Dlg)  (Fig.4) (49, 50). Both the Par and 

Crumbs complexes promote apical membrane identity, whereas Scribble complex promotes 

basolateral membrane identity by antagonizing the other two. To restrict Par complex to the apical 

domain, Lgl competes with Par3 for Par6-aPKC(51, 52). Moreover, phosphorylation and 

inactivation of Lgl at the apical domain by aPKC restricts the Par and Scribble complex in the 

apical domain and baso-lateral domain respectively(53). Interestingly, aPKC is also able to 

phosphorylate Crumbs to promote apical localization of the Crumbs complex(54). Therefore, key 

phosphorylation events and protein-protein interactions make sure that these three polarity 

complexes are restricted to their respective domains. Cell-cell adhesion molecules including 

cadherins, nectins and junctional adhesion molecules play a crucial role in triggering the 

development of apico-basal polarity(55). They interact with conserved cell polarity proteins to 

regulate the recruitment of polarity complexes to specific sites of cell-cell adhesion and further 

signaling cascades at those sites will resolve the polarity complexes into different domains(55).  

At the beginning of neurulation in zebrafish, neural progenitor cells lack apico-basal polarity (37, 

38). The first appearance of apical polarity markers such as Par3, aPKC and tight junction 

components like ZO1, N-Cad occurs only around mid-segmentation stages when c-divisions start 

to occur(37, 38, 46, 47). Embryos that are lacking apical polarity proteins such as aPKC(56), 

Pard6(57) and the MAGUK protein nagie oko(58) show discontinuous lumen phenotypes, similar 

to lumen formation defects of embryos that are blocked for cell division(46). Epithelial 

polarization during zebrafish neurulation is dependent on microtubule mediated transport. 

Disruption of microtubular components by nocodazole treatment inhibits the apical accumulation 
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Pard3 during c-divisions(46). Additional cues are required from the extracellular matrix (ECM) 

for apico-basal polarization of neural progenitors. For example, knockdown of the ECM protein 

Laminin1 resulted in ectopic basal accumulation of normally apically localized ZO1(46), and this 

is thought to be regulated via the β1 integrin (59).  

Even though c-divisions and epithelialization of neural progenitor cells act in tandem to regulate 

zebrafish neural tube morphogenesis, we still don’t know the connection between these two 

morphogenetic processes and what is regulating them. 

 

 

 

I.2.e Notch signaling regulates radial glial formation during spinal cord morphogenesis. 

Before neurogenesis, the neural plate of tetrapod embryos is composed of a pseudostratified  single 

layer of neuroepithelial cells that have a well-defined apico-basal polarity(60). During 

development, neuroepithelial cells, which can be considered as stem cells, initially undergo 

Figure 4. Apico-basal polarity of a tubular epithelium. In a polarized epithelium, there are three polarity 

complexes: the PAR complex (CDC42-PAR3-PAR6-aPKC), the Crumbs complex (Crb-PALS-PATJ) and the 

Scribble complex (Scrib-Dlg-Lgl). The PAR complex and Crumbs complex maintains apical polarity, whereas the 

Scribble complex operates at the basolateral surface. The PAR complex can be divided into two subcomplexes: 

apical CDC42-PAR6-aPKC and the Tight Junction (TJ) associated PAR3-aPKC. PAR3-aPKC recruits the lipid 

phosphatase PTEN to the TJ. (Bryant and Mostov, 2008) 



37 
 

symmetric proliferative divisions to generate two daughter stem cells(61). These divisions are 

followed by many asymmetric self-renewing divisions to generate a daughter stem cell and a more 

differentiated non-stem cell or a neuron. Neural non-stem cell progenitors typically undergo 

symmetric differentiating divisions that give rise to terminally differentiated post mitotic cells(61). 

Notch signaling has been well studied for its role in maintaining the balance between self-renewing 

neural stem cells and differentiating neurons(62, 63).  

Radial glial cells are apico-basally polarized cells that are derived from neuroepithelial cells(61). 

They exhibit residual properties of both neuroepithelial and astroglial cells, but radial glial cells 

represent more fate-restricted progenitors compared to neuroepithelial cells(61).  Apico-basally 

polarized neuroepithelial cells along with radial glial cells provide a structural scaffold for the 

developing Central Nervous System. In the mouse forebrain, ectopic activation of Notch signaling 

has been shown to promote radial glial identity(64). Disruption of hes1 and hes5,  known Notch 

effector genes, causes rapid depletion of radial glial cells by premature differentiation into 

neurons(65). Moreover, premature loss of radial glia abolished the inner and outer barriers of 

mouse spinal cord leading to the escape of neurons into the lumen and surrounding regions. Thus, 

loss of radial glial cells affected mouse neural tube morphology(65). In zebrafish, Notch signaling 

is continuously required for maintenance of radial glial cells during embryogenesis(66). 

Asymmetric cell divisions of radial glial cells generate a self-renewing daughter cell that migrates 

to a basal position and a differentiating sibling that remains at the apical position of the zebrafish 

brain(67). Directional Notch signaling from the apical differentiating daughter towards the basal 

self-renewing daughter is necessary for this binary cell fate decision. Directional segregation of 

Notch signaling is achieved via unequal segregation of Mindbomb1, an E3-ubiquitin ligase 

important for Notch signal activation,  in a Par3 dependent fashion(67). Tight regulation of 

adherens junctions, which attach the apical end foots of both neuroepithelial and glial cells, is also 

required for maintenance of neural stem cells and thus, maintains the epithelial architecture of the 

developing neural tube(68). These experiments indicate a complex relationship between Notch 

signaling and embryonic neurogenesis during nervous system morphogenesis. 

In contrast to tetrapods, the zebrafish neural primordium lacks a polarized epithelial architecture 

in the initial stages of zebrafish spinal cord morphogenesis(27, 34, 38). Major hallmarks of apico-

basal polarity such as apical Pard3 protein localization, adherens junction and tight junction 
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components appear only after the beginning of neuronal differentiation(27, 34, 38, 69). And Notch 

signaling regulates early neuronal differentiation in zebrafish(70). This raises the question whether 

and how Notch signaling and neuroepithelial morphogenesis are linked during zebrafish neural 

tube development? 

  



39 
 

I.3 The Notch signaling pathway. 

Notch signaling is a well conserved signaling pathway in multicellular organisms that governs 

functions such as cell fate specification, proliferation, differentiation, apoptosis etc(62, 71, 72). In 

brief, the Notch signaling pathway happens over the communication between a signal sending cell 

and a signal receiving cell. The signal sending cell expresses Notch ligands such as Delta, Serrate 

and Lag2 (DSL) whereas the signal receiving cell expresses Notch receptors. Upon binding of 

ligands with Notch receptors, a series of cleavage reactions occur to release the intra-cellular 

domain of Notch (NICD) into the cytoplasm. Then, the NICD is translocated into the cell nucleus 

to form a DNA-binding transcription factor complex with CSL (CBF1, RBP-jk/ Su(H)/Lag1) and 

Mastermind that regulates target gene expression. Studies have shown that endocytosis of Notch 

ligands in the signal sending cell is necessary for the activation of Notch receptors in the signal 

receiving cell(73). And this endocytosis is preceded by ubiquitination, a post-translational 

modification that adds ubiquitin moiety to the target substrate, of Notch ligands. In vertebrates, 

the E3-ubiquitin ligase Mindbomb1(Mib1) plays a central role in ubiquitinating Notch ligands 

(Fig.5)(74-78). 

Figure 5.  The Delta/Notch signaling pathway.  

The Delta/Notch signaling pathway happen between 

two neighboring cells. Upon binding of Delta with 

Notch receptor, a series of cleavage reactions 

happen to the receptor via γ-secretase. Afterwards, 

the NICD translocates into the nucleus to bind to  

transcription factors that target gene expression. 

Mindbomb1 mediate Delta ubiquitination followed 

by its endocytosis in the signal sending cell to 

activate Notch signaling in the signal receiving cell. 

(Picture credits: Priyanka Sharma) 
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I.4 Developmental functions of the Notch signaling pathway. 

Notch signaling is used repeatedly during development to perform different functions. The modes 

of action of Notch signaling can be generally divided into three categories: lateral inhibition, binary 

cell fate decisions and boundary formation(74, 79). 

I.4.a Lateral inhibition 

Lateral inhibition happens among a group of progenitor cells that have equal potential to take a 

particular cell fate. However, only one cell adopts the cell fate and inhibits its surrounding cells 

from adopting the same cell fate. A classic example for lateral inhibition activity of Notch signaling 

is the specification of sensory organ precursor (SOP) cells in Drosophila neurogenesis. SOP 

development originates from groups of precursor cells with a similar potential to adopt  SOP fate, 

called proneural clusters. Subtle differences in Delta/Notch signaling among these proneural cells, 

which are amplified by feedback loops, will create a higher level of Delta in one of them and it 

will act as the signal sending source cell. This source cell will activate Notch signaling in 

surrounding cells to inhibit their prospective neural fate(80, 81) (Fig.6A). 

Similarly, Notch regulated lateral inhibition can be found in the vertebrate nervous system. For 

example, in zebrafish, Notch signaling mediates the selection of neural progenitors that become 

neurons from early proneural cells. The source cell that is singled out via lateral inhibition will 

express pro-neural genes belonging to the bHLH family of transcription factors, such as 

Neurogenin1 and Achaete-scute1(82).  Pro-neural genes will promote the expression of zebrafish 

Delta homologs, DeltaA and DeltaD (83, 84), which lead to the activation of Notch signaling in 

surrounding signal receiving cells. As a result, at least one gene in the Hairy Enhancer-of-split-

related family, such as her4, will be activated in signal receiving cells that in turn suppresses the 

function of proneural genes and thus, prevent them from differentiating into neurons(70, 84, 85). 

Zebrafish mutants that fail to activate Notch signaling show precocious neurogenesis due to the 

lack of lateral inhibition whereas ectopic activation of Notch signaling will result in a reduction of 

neurogenesis(75, 85). 
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Figure 6. Developmental function of Notch signaling. A) During Drosophila neurogenesis, the selection of 

sensory organ precursor (SOP) cell fate from a proneural cluster is done by lateral inhibition activity of Notch 

signaling. Asymmetric segregation of polarity components and Notch regulators to opposite poles of the pI/SOP 

cell will give rise to asymmetric cell division. B) The pI cell undergoes several rounds of asymmetric cell divisions 

to generate binary cell fates which will ultimately create five different cell types: socket, shaft, sheath, neuron and 

glia. C) Boundary formation occurs in the Drosophila wing imaginal disc by differential expression of Notch 

regulators in the dorsal (D) and the ventral (V) compartment. (Picture adapted from Fiuza and Arias, 2007; Tossel 

et.al. 2011) 
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I.4.b Binary cell fate decision. 

Binary cell fate decisions occur when Notch signaling is activated in only one of the two daughter 

cells due to asymmetric distribution of Notch signaling regulators during cell division. For 

example, in Drosophila, a single SOP cell can give rise to five different cell types: shaft, socket, 

glia, sheath and neuron. This is achieved by four rounds of asymmetric cell divisions. The SOP/pI 

cell will undergo a first round of division that asymmetrically distributes Notch signaling 

regulators, such as Numb and Neuralised, to only one of the two daughter cells. The cell that 

inherits Numb and Neuralised will act as the signal sending cell (pIIb) because these two factors 

enhance Delta endocytosis and also Numb is shown to negatively regulate Notch receptors. The 

signal sending cell will inhibit its pIIa sister cell from adopting the same cell fate by activating 

Notch signaling. This process of asymmetric distribution of Notch regulators is repeated three 

more times to generate five required cell types (86-88)(Fig.6B). 

Similarly, in vertebrates, asymmetric segregation of Notch regulators is required to maintain the 

balance between self-renewing stem cells and differentiating neurons. Radial glial cells in the 

developing vertebrate nervous system have stem-cell like properties. Asymmetric division of a 

radial glial cell will generate one self-renewing daughter and another differentiating sibling. This 

is achieved by asymmetric distribution of the Notch signaling regulator Mib1 in one the daughter 

cells in a Par-3 dependent manner(67). Mib1 promotes endocytosis of Delta ligands via 

ubiquitination. Therefore, the daughter cell that inherits Mib1 will differentiate into a neuron and 

at the same time inhibits its sibling from acquiring the same fate(67). 

I.4.c Boundary formation 

Boundary specification in a tissue is achieved by differential gene expression of Notch regulators 

between two compartments. For example, during dorso-ventral boundary formation of the 

Drosophila wing imaginal disc, the Notch ligand Serrate, and the Notch receptor-modifier Fringe 

are expressed only in the dorsal compartment whereas the second Notch ligand Delta is expressed 

only in the ventral compartment and the Notch receptor is expressed in both compartments. Fringe 

modifies the Notch receptor such that the binding affinity for Serrate ligands is reduced and the 

Delta ligand binding is increased. The Delta ligand in the ventral compartment preferentially binds 

to Notch receptors that are modified by Fringe. Therefore, Notch signaling is only possible at the 

boundary between dorsal and ventral compartment where Serrate from the dorsal compartment 
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activates non-modified Notch receptor in the ventral compartment and Delta from the ventral 

compartment activates Fringe modified Notch receptor in the dorsal compartment. This boundary 

formation is further made robust by feedback loops created by Notch target genes (89, 90)(Fig.6C).  

In vertebrates, somite formation is a good example for boundary formation regulated via Notch 

signaling. There is a continuous cycle of activation and inactivation of Notch transcriptional 

activity that leads to the pattern of somite formation and segmental boundary in the presomitic 

mesoderm(91). Oscillations can be achieved through direct autorepression of a gene by its own 

product within the timeframe necessary for the next round of transcriptional and translational 

activities(92). In zebrafish, overexpression of Delta ligands will accelerate embryonic 

segmentation whereas inhibition of Notch signaling disrupts oscillations and results in a perturbed 

segmentation pattern(93, 94). 
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I.5 Molecular mechanism of Notch signaling. 

The functions of Notch signaling vary depending on the spatial and temporal context. This ability 

of Notch signaling is attributed to its different molecular components. Therefore, in this section, I 

will outline important aspects of different components of the Notch signaling pathway and 

mechanisms by which these components act together to activate Notch signaling. 

I.5.a Ligand-receptor interaction during Notch signaling. 

Notch signaling occurs via communication between a signal sending cell and a signal receiving 

cell. Since both the receptor and the ligand of Notch signaling are transmembrane proteins, the 

extra cellular domains of these proteins have to come together to bind and initiate Notch signaling. 

All canonical Notch ligands are evolutionarily conserved type I transmembrane proteins belonging 

to the Delta-Serrate-LAG2 (DSL) family of proteins. Drosophila has only two DSL ligands, Delta 

and Serrate, compared to five mammalian ligands. Out of those five mammalian ligands, three of 

them belong to the Delta-like family (DLL1, DLL2 and DLL4) and two belong to Jagged family 

of Serrate homologues (JAG1 and JAG2). In zebrafish, there are four Delta ligands (deltaA, 

deltaB, deltaC and deltaD) and five Jagged ligands ( jag1a, jag1b, jag2a, jag2b and jag3). The 

extracellular domain of all these Notch ligands have multiple EGF repeats (from 6 to16), a DSL 

domain and an amino terminal (NT) domain. Jagged/Serrate ligands contain a cysteine-rich 

domain (CRD) in addition (Fig.7). The DSL domain and the NT domain contribute to the ligand-

receptor interaction by binding the EGF repeats 11-12 in the extracellular domain of Notch(95, 

96). Additionally, the NT domains have phospholipid binding properties, therefore binding with 

the adjacent cell membrane is also possible(97). The intra-cellular region of DSL ligands doesn’t 

show any obvious sequence homology. However, most of them tend to have multiple lysine 

residues and a C-terminal PDZ ligand motif, which are required for ubiquitination and interaction 

with the cytoskeleton respectively(74) (Fig.7). 

Notch receptors are multidomain transmembrane proteins that are well conserved from 

invertebrates to vertebrates. There is only one Notch receptor in Drosophila but there are four 

different Notch receptors in mammals (NOTCH 1,2,3 and 4) (98, 99). In Zebrafish, Notch 

receptors are called Notch1, Notch 2a, Notch2b and Notch3. Like Notch ligands, the extracellular 

domains of Notch receptors have several EGF repeats (from 29 to 36). These EGF repeats  
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Figure 7. Structure of Notch ligands and Notch receptor. All the canonical Notch ligands belong 

to the Delta-Serrate-LAG2 (DSL) family of proteins. Drosophila has only two DSL ligands, Delta 

and Serrate, compared to the five mammalian ligands. The extra cellular domain (ECD) of Notch 

ligands have several EGF repeats, one DSL domain and a NT domain in common whereas Serrate 

ligands contain a cysteine-rich domain (CRD) in addition.  Apart from the several EGF repeats on 

the ECD of Notch receptors, there is a negative regulatory region (NRR) consisting the cysteine-

rich Lin12/Notch repeats (LNR) and two heterodimeric portions (HDN & HDC). The NICD is 

characterized by a RBPJ-associated module (RAM) domain and ankyrin (ANK) repeats and a PEST 

domain at the c-terminus. The region from ANK repeats to PEST domain has three nuclear 

localization sequences, which all together act as trans activation domain (TAD). 

Figure 8. Mechanotransduction 

of Notch activation. Notch 

activation is conformationally 

controlled by the NRR of Notch. 

Notch activation occurs when a 

pulling force exerted on the 

receptor via the ligand that 

facilitates ADAM access to the 

cleavage site. (Bray, 2016) 
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undergo O-linked glycosylation, a post translational modification that adducts different glycan 

residues to the protein, which are essential for Notch receptor cleavage and ligand sensing(100, 

101). Notch receptors are found as heterodimers of its own extracellular portion (HDN) and 

intracellular portion (HDC) on the cell surface since these receptors are proteolytically cleaved by 

a furin-like convertase in the Golgi compartment (S1 cleavage) before getting transported to the 

membrane(102). The two heterodimeric portions along with the cysteine-rich Lin12/Notch repeats 

(LNR) form the negative regulatory region (NRR)  (Fig. 7) and the NRR site guards the cleavage 

site (S2) from ADAM proteases(103). Upon binding of Notch ligands with the receptor, the S2 

cleavage site at the NRR will be exposed to protease activity (Fig. 8) and thus, the Notch 

extracellular domain (NECD) will be separated from the remaining receptor(104). Afterwards, the 

remaining transmembrane-intracellular fragment acts as a substrate for the γ-secretase complex, 

which cleaves the intramembrane S3 site to release the Notch intracellular domain (NICD) (S3-

cleavage)(105). After the S3 cleavage, the NICD is translocated into the nucleus to interact with 

the DNA binding transcription factor CSL, and along with other co-factors they regulate target 

gene expression(106) (Fig.5). The NICD contains a RBPJ-associated module (RAM) domain and 

ankyrin (ANK) repeats that are essential for interactions with nuclear transcription factors (Fig. 

7)(106, 107). At the c-terminus, NICD has a PEST (means rich in proline, glutamate, serine and 

threonine) domain that has several motifs recognized by E3-ubiquiting ligases when 

phosphorylated (phosphodegrons) and therefore, plays an important role in modulating NICD 

stability(108). The ANK repeats are flanked by nuclear localization sequences (NLS) and, together 

with the PEST domain act as a region that can confer transactivation (TAD).  

Recent studies have solved the x-ray structures of the Notch1-Dll4 and Notch1-Jag1 complexes 

(95, 109). Comparison between both receptor-ligand complexes revealed that the interface 

between Notch1 and Dll4 is larger than the interface between Notch1 and Jag1. This is in 

accordance with an earlier study showing that Dll4 is having a higher in vitro affinity for Notch1 

than Jag1(110). An interesting observation is that Notch1-Dll4 interactions involve only EGF11-

12 whereas the Notch1-Jag1 complex structure shows that EGF1-3 in Jag1 make additional 

interactions with EGF8-10 in Notch. This particular type of interaction is indicative of ‘catch 

bonds’ in which the strength of interaction increases when greater force is applied or when sheer 

stress is present(109).  A force-clamp spectroscopy study confirmed that indeed Notch1-Jag1 

interaction involves catch bonds unlike in Notch1-Dll4 complex(109). These findings suggests 
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that Jag1 mediated Notch1 activation will be inefficient when a low force is applied (i.e., won’t 

expose the S2 cleavage site in NRR region), whereas Dll4/Notch1 interaction under similar force 

will result in receptor activation(111).  

The EGF repeats of the Notch receptor can undergo modifications such as O-fucosylation, O-

glucosylation and O-GlcNAcylation by the enzymes POFUT1, POGLUT1 and EOGT1 

respectively(111). Fucosylations can be further extended with N-acetylglucosamine by Fringe 

proteins to modify the ligand sensing capability of the receptor. For example, in the Drosophila 

wing imaginal disc, modifications by Fringe proteins make Notch insensitive to Serrate 

ligands(112). Moreover, structural studies have also shown that elongation of an O-fucose on EGF 

repeat 12 of Notch receptors can add specificities to the receptor-ligand interface(95). This 

interaction increased affinity of the Notch receptor to Dll1 and Jag1 to a greater extend compared 

to Dll4(95). 

I.5.b Activation of the Notch signaling pathway. 

A critical step in Notch signal activation is the extracellular S2 cleavage of the Notch receptor after 

interacting with ligands. Endocytosis has been shown to be an important factor determining Notch 

signaling activation(113). Studies have shown that dynamin mediated endocytosis is required in 

both signal sending and signal receiving cells for efficient Notch signaling. Shibire/dynamin 

mutants in Drosophila have excessive neural cells in the absence of Notch signaling mediated 

lateral inhibition(113). Moreover, studies have shown that Delta and Notch accumulate in 

endocytic vesicles and endocytosis of Delta or Serrate in the ligand expressing cell is accompanied 

by “trans-endocytosis” of the Notch extracellular fragment (NECD) from the signal receiving 

cell(114, 115). Endocytosis of NECD-bound Delta in the signal sending cell  is required to activate 

Notch signaling in the signal receiving cell(73, 116). These experiments have reinforced the fact 

that endocytosis is  crucial for Notch activation.  

Based on these observations, two different models have been proposed for endocytosis mediated 

Notch activation(73, 117, 118). The first “ligand activation model” suggests that DSL ligand 

endocytosis is required for generating an ‘active ligand’ by preferentially trafficking them into 

special lipid microdomains where it gets modified to efficiently bind to the Notch receptor. 

Different experiments conducted using chimeric DSL ligands have provided clues in favor of this 

model. Deletion of the entire intracellular domain of Delta or specific removal of intracellular 
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lysines that serve as the target for ubiquitination prevents Delta from Notch activation(75, 119), 

showing the importance of ubiquitination in Notch signaling. Dll1 ligand that has its intracellular 

domain replaced with a ubiquitination-defective intracellular domain devoid of lysine residues 

undergoes endocytosis but, in contrast to the wildtype Dll1, it is unable to be recycled back into 

the cell surface and bind Notch1 efficiently(120).  Dll3 is a Delta homologue naturally devoid of 

lysines in its intracellular domain. When the Dll1 intracellular domain is replaced with the 

intracellular domain of Dll3, the chimeric ligand undergoes endocytosis and gets recycled back to 

the cell surface to interact with Notch1 but is unable to perform Notch activation(120). 

Interestingly, wildtype Dll1 gets preferentially localized to lipid microdomains (where it is 

believed to get modified to increase Notch binding affinity), whereas both chimeric Dll1 ligands 

excluded such domains. These experiments conclude that Dll1 ubiquitination is not required for 

its initial endocytosis but is rather essential for its preferential trafficking into ‘activating’ lipid 

microdomains (120).  

Another study(119) has provided more evidences showing Delta endocytosis and recycling are 

necessary for Notch activation. They created a chimeric Delta ligand by replacing its intracellular 

domain with the intracellular domain of Low-Density Lipoprotein receptor (LDLR), which is 

shown to undergo rapid recycling. Interestingly, LDLR substituted Delta ligand was successful in 

activating Notch signaling, but in a ubiquitination independent manner(119). In this case, 

intracellular trafficking normally mediated by ubiquitination is probably substituted by trafficking 

directed by motifs in the LDLR intracellular domain. Therefore, this experiment suggests that 

Delta-LDLR chimera allow Delta to be presented in a more effective manner to Notch because of 

its endocytosis and recycling(119).  

The second “pulling force model” proposes that endocytosis of DSL ligands will generate a pulling 

force on the Notch receptor to facilitate the S2 cleavage reaction and thus, activate the Notch 

signaling pathway(121). This model predicts that the NRR of the Notch receptor acts as a 

mechanosensor which sterically occludes the S2 protease site until ligand binding. In this scenario, 

ligand binding alone would not be enough to activate Notch. The force generated by endocytosis 

would induce a conformational exposure of the protease site and thus, activate Notch 

signaling(121) (Fig.8). This model has gained much popularity recently because of several single 

molecule force spectroscopic studies(111, 121). Those studies show that a force as small as 4-5pN 
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is enough to enable cleavage of the NRR by ADAM proteases and thereby, induce activation of 

Notch receptors(122, 123). A force of 1pN could cluster Notch receptors but could not initiate 

cleavage reaction even in the presence of Dll1 ligands, confirming the prediction that mere binding 

of ligands with the receptor is not enough for Notch activation(124). The endocytic pulling force 

exerted by Dll1 expressing cells averaged around ~3pN but reached up to 10 pN in accordance 

with the pulling force required for Notch activation(125, 126). These studies provide strong 

evidences that the NRR of Notch receptor acts as a mechanosensor and the pulling force generated 

by endocytosis of Notch ligands is sufficient to activate Notch signaling and thus, provide support 

to the “pulling force model” (Fig.8).  

However, there is a possibility that both the ‘ligand activation model’ and the ‘pulling force model’ 

are not mutually exclusive but act in tandem to activate the Notch signaling pathway. 

I.5.c cis-inhibition of Notch signaling.  

Notch signaling occurs via cell-cell communication of transmembrane proteins where Notch 

ligands in the signal sending cell trans-activate Notch receptor in the signal receiving cell. 

However, this trans-activation of Notch signaling is highly sensitive to the relative number of 

ligands and receptors present in the signal sending cell owing to a cis-inhibition activity, which is 

an inhibitory interaction that happens between ligands and receptors in the same cell. Studies have 

shown that high levels of ligand induce a ligand inhibitory effect, whereas lower levels allow 

ligands to activate Notch in trans(90, 127). cis-inhibition is necessary for fine-tuning functions 

regulated by the Notch signaling pathway. For example, during Drosophila photoreceptor 

specification, lack of Delta-mediated cis-inhibition reversed the direction of lateral signaling 

resulting in the formation of a wrong complement of photoreceptors(128). In the chick spinal cord, 

the Notch ligand Dll1 controls differentiation of neurons by cis-inhibition of Notch activity in the 

signal sending cell(129). Mib1 on the other hand can block Dll1 mediated cis-inhibition in the 

signal sending cell to tightly regulate the delamination of neurons from the apical surface of the 

spinal cord(129). Similarly, cis-inhibition helps to stabilize tip and stalk cell fates during 

angiogenesis and thus, prevents formation of hybrid tip-stalk cells(130). Interestingly, the 

mammalian ligand Dll3 has been shown to play only in cis-inhibitory mode(131). In an in vitro 

study, Dll3 was unable to trans-activate Notch signaling in the neighboring cell. However, when 

the Dll3 is co-expressed with Notch1, it could inhibit Notch1 from interacting with ligands on the 
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neighboring cells(131). In accordance with these observations, in vivo studies have shown that the 

loss of Dll3 increased Notch signaling during T cell development (132). 

A recent study has demonstrated that cis-inhibition is highly dependent on the concentration of 

ligand versus receptor(133). In an in vitro assay to analyze Notch signaling in single cells, cis-

activation of Notch1 happens with an intermediate concentration of Dll1, whereas at high ligand 

concentration cis-activation is completely replaced by cis-inhibition. Cis-activation is not a special 

feature of the Dll1-Notch1 pair but also occurs with other ligands (such as Dll4 and Jag1) and the 

Notch2 receptor(133).  

I.5.d Transcriptional activities of Notch signaling. 

Once Notch receptors are cleaved by γ-secretase, NICD peptides are released from the membrane 

and translocated into the nucleus. Inside the nucleus, the NICD interacts with a DNA binding 

transcription factor  CSL(134, 135). CSL-NICD interaction leads to the recruitment of another co-

activator MAML (Master-mind-like) and then NICD, CSL and MAML form a ternary Notch 

complex that further recruits several chromatin modifiers including the histone acetyltransferase 

CBP/p300 to regulate target gene expression(106-108, 136, 137). 

In the absence of NICD, CSL will be associated with co-repressors such as MINT (MSX2-

interacting protein), KyoT2 and Hairless (138-140). Co-repressors, such as class 1 histone 

deacetylases (HDACs) and the histone demethylases Kdm5 and LSD1, recruit enzyme complexes 

that can modify the chromatin (141-143).Therefore, CSL remains in a “switched-off” state in the 

absence of NICD to prevent ligand independent gene regulation. Currently, there are different 

models that explain how NICD binding could “switch-on” the CSL complex. Initially, a model 

proposed that upon binding of NICD with the CSL complex, there is a replacement of co-repressors 

with co-activators (144). However, the binding affinity of CSL for NICD is similar compared to 

its binding affinity for co-repressors, which argues against the preferential replacement of co-

repressors after NICD binding(138, 139, 145, 146).  Therefore,  a revised model proposes that 

CSL-activator complexes and CSL-repressor complexes are pre-formed in the nucleus before even 

binding to the DNA. Upon Notch signaling activation, NICD bound CSL co-activator complexes 

dynamically competes with CSL co-repressor complexes to bind to the target DNA sequence(136, 

147-149).  
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I.6 The role of Mindbomb1 in regulating the Notch signaling pathway. 

Endocytosis of DSL ligands in the signal sending cell is necessary for the activation of Notch 

signaling in the signal receiving cell(73). It has been shown that ubiquitination of the intracellular 

domain of DSL ligands is an important prerequisite for their endocytosis(75, 120). In Drosophila, 

there are Neuralized (Neur) and Mindbomb (Mib) playing redundant roles in ubiquitinating DSL 

ligands(76). However, in vertebrates, only Mindbomb1 (Mib1) is shown to play an important role 

in ubiquitinating DSL ligands(75, 77). Since there are several paralogues for DSL ligands and 

Notch receptors, which could function redundantly in vertebrates, Mib1 is chosen more often as a 

target for inhibiting Notch signaling. Therefore, in this section, I will outline important features of 

Mib1 and its functional role in ubiquitinating DSL ligands and thereby, regulating Notch signaling. 

I.6.a Ubiquitination.  

Ubiquitination is a post-translational modification where one or several ubiquitin moieties are 

covalently added to the target protein. The process of ubiquitination, especially poly-

ubiquitination, is usually associated with degradation of the target protein(150, 151). However, 

mono-ubiquitination or multi-ubiquitination of the target protein will serve alternate functions like 

endocytic trafficking, kinase activation and transcriptional regulation(150, 151). Ubiquitination 

happens in three steps: First, an ATP dependent ubiquitin enzyme E1 activates an ubiquitin moiety 

by adding an ATP molecule (Fig. 9). Then, the activated ubiquitin molecule is transferred to a 

catalytic cysteine site of the E2-ubiquitin enzyme. This creates a thioester-linked conjugate 

between the E2 enzyme and the ubiquitin molecule. Finally, the E2-ubiquitin enzyme interacts 

with the E3-ubiquitin enzyme to transfer the ubiquitin from E2 to a lysine residue in the target 

protein. The last step can happen in two different ways depending on the type of E3 ubiquitin 

ligase.  In the human genome, two E1 proteins, a family of around 40 E2 enzymes with a conserved 

catalytic domain and more than 500 E3 ligases have been identified so far(152, 153). E3 ligases 

have been classified into two categories: HECT domain containing and RING domain containing. 

Humans have only around 20 HECT domain containing E3 ligases(152). These kind of E3 ligases 

are directly involved in the catalytic process. At first, ubiquitin is transferred from the E2 enzyme 

to a catalytic cysteine residue of the HECT domain and then transferred to a lysine residue in the 

target protein. The second category of E3 ligases are more abundant, known as RING containing 

E3 ligases. They act like a platform where both the E2-enzyme and the target protein come to 
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exchange the ubiquitin molecule directly from E2 to a lysine residue of the target protein. 

Therefore, E3 ubiquitin ligases have a substrate binding N-terminus and an E2-enzyme binding 

RING domain containing C-terminus (Fig.9 and Fig.10) (152, 154). 

I.6.b Mindbomb1 is an E3-ubiquitin ligase. 

Mib1 belongs to the most abundant second category of E3-ubiquitin ligases. The N-terminus of 

Mib1 serves as a substrate recognition region. Unlike most substrate recognition regions of other 

proteins, the N-terminus of Mib1 has two separate elements that recognize discrete and 

independent epitopes on the ligand tail, known as MZM and REP (Fig. 10)(155). The MZM 

element has two Mib-Herc2 subdomains sandwiching the ZZ Zinc finger domain. The second REP 

domain has two tandem Mib repeats domain that are found only in the Mindbomb family of 

proteins. Even though Mib-Herc2 and Mib repeats share no sequence identity among them, they 

have a topological similarity to src homology-3 (SH3) domains (Fig.10) (155, 156). SH3 domains 

are involved in the regulation of important signaling pathways that control cell proliferation, 

migration and cytoskeletal modifications(157). Structural and biochemical studies have shown that 

the MZM and REP domains of Mib1 function synergistically to recognize the Notch ligand Jag1. 

But they recognize two independent epitopes on the intracellular domain of Jag1: MZM recognizes 

the N-box sequence (IKNPIEK) and REP recognizes C-box sequence (KQDNRD). The N-box 

epitope is conserved in both the Delta and Serrate/Jagged ligand families. However, C-box 

epitopes are not apparent in Delta family of ligands(155). 

The C-terminus of Mib1 contains three RING finger (RF) domains, that are essential for binding 

ubiquitin loaded E2 proteins. But whether all these three RF domains are necessary for E2 binding 

is still not clear. All Mib1 homologues have three RF domains at their C-terminus and it has been 

shown that the last RF domain, RF3, is essential for many Mib1 functions such as neurogenesis, 

apoptosis and ubiquitination of RYK(75, 158, 159) . However, Mindbomb2 (Mib2), the paralogue 

of Mib1, has only two RF domains. Studies show that functionally Mib1 and Mib2 can act as 

mutual E3-ubiquitin ligases(160) and in Notch signaling, they have common and specific Delta 

substrates(160). Nonetheless, Mib2 is dispensable for embryonic development and Notch 

signaling in zebrafish(77).  
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Figure 10. Structure of Mindbomb1. Mib1 is an E3-ubiquitin ligase. The MZM and REP domains of Mib1 

recognize two discrete and independent epitopes on the substrate. RING domain contains three ring finger 

domains which bind to the E2 ubiquitin enzyme loaded with ubiquitin. Finally, the ubiquitin is transferred from 

the E2 enzyme to the target substrate. 

Figure 9. Ubiquitination by a RING-type E3-ubiquitin ligase. Ubiquitination happens in three steps involving 

an E1 ubiquitin enzyme that activates ubiquitin with the expense of an ATP molecule. Then, activated ubiquitin is 

transferred to an E2 enzyme, and finally E3 ubiquitin ligase transfer ubiquitin to the target substrate. RING-type E3 

ubiquitin ligase acts as a platform where both the E2 enzyme and the target substrate can bind, after with ubiquitin 

is transferred from E2 to a lysine residue in the target protein. Ubiquitination of a protein can happen once, twice or 

several times depending on the context. (Picture credits: Roger B. Dodd) 

RING 
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I.6.c Mindbomb1 is important for the regulation of Notch signaling. 

Earlier studies have shown that mib1 mutations in zebrafish are associated with a wide range of 

phenotypes including precocious neurogenesis, defects in the development of somites, neural crest, 

ear and vasculature(161-165). These phenotypes have been interpreted as consequences of 

deficient Notch signaling. Therefore, it was proposed that mib1 encodes an important component 

in the Notch signaling pathway. Accordingly, Itoh et al. 2003 identified Mib1 as an E3-ubiquitin 

ligase for Delta (75). In both Drosophila and Xenopus, studies have already shown that Neuralized 

(Neur), another E3-ubiquitin ligase, monoubiquitinates Delta and promotes its endocytosis to 

activate Notch signaling(166-168). Interestingly, Itoh et al. 2003 found that the function of Mib1 

in zebrafish is similar to the one of Neur in Drosophila. Mib1 promotes internalization of Delta in 

the signal sending cell to promote Notch signal activation in the signal receiving cell. In the 

absence of Mib1, lateral inhibition is perturbed in the neurectoderm of zebrafish resulting in 

precocious neurogenesis(85, 169). As a result, mib1 mutants show significant reduction in 

alternative cell fates such as secondary neurons, glial cells and neural crest derived cell types, that 

are normally supposed to arise from these proliferative precursor cells later in the development(64, 

66, 161, 170, 171). Therefore, Mib1 regulated Notch signaling maintains the balance between 

proliferating precursor cells and differentiating cell types in different tissues throughout the 

development. 

Even though Mib1 has been evolutionarily conserved in diverse metazoan, its function in other 

model organisms hadn’t been yet identified until two groups independently, Le Borgne et al.,2005; 

Lai et al, 2005 studied the Drosophila orthologue of Mindbomb (D-Mib)(172, 173). D-Mib 

regulates a large number of Notch regulated functions independently of Neur. Moreover, D-Mib 

can associate with both Delta and Serrate ligands for endocytosis and thereby, regulates Notch 

signaling in a similar fashion to that of the zebrafish Mib1. In addition, D-Mib is able to 

functionally replace Neur at several occasions by rescuing Neur mutant phenotype via ectopic 

expression of D-Mib. Later in the same year, Koo et al. 2005 found that in mice also Mib1 is 

essential to regulate Notch signaling(78). mib1 homozygous mutant mice die before E11.5 

showing phenotypes indicative of defective Notch signaling in somitogenesis, neurogenesis, 

vasculogenesis and cardiogenesis. Expression of Notch target genes such as hes5, hey1, hey2 and 

heyL is reduced in mib1 mutant mice, confirming defective Notch signaling. Moreover, mib1 
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mutants show an accumulation of Dll1 in the plasma membrane, otherwise localized in endosomes 

in wildtypes, indicating a role of mMib1 in endocytosis of Notch ligands. Interestingly, mMib1 

physically interacts with all Notch ligands in mice, which shows its importance in regulating Notch 

signaling in mice.  

 

I.7 Non-canonical Notch signaling  

The Notch signaling that I have described so far is called canonical Notch signaling, where a series 

of cleavage reactions occur to the Notch receptor due to the binding of Jagged/Delta ligands with 

Notch receptors. As a result, NICD is translocated into the nucleus to make CSL-MAML-NICD 

ternary complex and regulates target gene expression. However, variations of this conventional 

pathway are observed where certain steps are omitted to perform certain functions depending on 

the cellular context. These altered pathways are called non-canonical Notch signaling. 

Non-canonical Notch signaling can be categorized into different subclasses depending on the 

nature of omitted steps in the conventional pathway. First, there are several reports indicating that 

Notch signaling can be activated by ligands other than the Jagged/Delta type. For example, the 

microfibrillar proteins MAGP-1 and MAGP-2 are shown to induce Notch1 extracellular domain 

dissociation and further receptor activation(174). Similarly, Y-box protein-1, a protein secreted by 

mesangial and immune cells after cytokine challenge, is shown to bind to the Notch-3 receptor and 

initiate downstream signaling (175). A second type of non-canonical Notch signaling involves the 

skipping of the nuclear transcription factor CSL for its target function. For example, Notch 

signaling has been shown to act activate R-Ras signaling pathway for the maintenance of apico-

basal polarity, in a CSL independent fashion(176). Similarly, it has been shown that Notch 

activates the phosphatidylinositol-3-kinase (PI3K) pathway without apparent involvement of CSL 

in cervical cancer(177). Third, non-canonical Notch signaling can happen via CSL but the 

formation of DNA binding CSL-coactivator complex to regulate target gene expression is 

independent of NICD. Therefore, CSL can operate independently to the upstream conventional 

Notch signaling pathway. For example, viral proteins such as EBNA2 (Epstein-Barr-Virus) and 

13SE1A (adenovirus) can act as co-activators that bind with CSL in a Notch-independent manner 

and then, “switch-on” the CSL complex to regulate target gene expressions(178, 179). 
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I.8 The importance of Notch signaling in epithelialization of neural progenitors. 

During Notch signaling, endocytosis of ligands in the signal-sending cell is necessary for the 

receptor activation in juxtaposed signal-receiving cells. In Drosophila, Delta ligand is localized at 

the basolateral membrane of signal-sending SOP cell, segregated from Notch receptors that are 

accumulated apically in the juxtaposed signal-receiving cell. It has been shown that internalized 

Delta ligands are transcytosed to the apical membrane to bind to the Notch receptors accumulated 

apically(180). Previous PhD student in the lab, Priyanka Sharma, was interested in understanding 

the importance of apico-basal trafficking of Delta ligands for Notch signaling in zebrafish. She 

perturbed Mib1 to inhibiting endocytosis of Delta ligands. Interestingly, she observed that Mib1 

mediated loss of Notch activation resulted in the loss of apico-basal polarity and cellular 

organization of neural progenitor cells in the zebrafish spinal cord. While the neural plate of 

tetrapod embryos is already composed of pseudostratified  single layer of neuroepithelial cells that 

have a well-defined apico-basal polarity(60), apico-basal polarity in the zebrafish neural tube is 

established only during neurulation. This raised the question whether and how Notch signaling 

and establishment of polarized neural progenitor cells are connected during zebrafish neurulation? 

Therefore, she decided to study the role of Notch signaling in the establishment of polarized neural 

progenitor cells.  
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Results 

I.1 Studying the role of Notch signaling during zebrafish spinal cord morphogenesis. 

During the first part of my PhD, I continued the project of Priyanka realizing the fact that 

perturbation of Notch signaling not only affects apico-basal polarity but also another 

morphogenetic event during zebrafish neurulation, called C-divisions. C-divisions and 

epithelialization of neural progenitors are important events during zebrafish neural tube 

morphogenesis(27).  However, it’s still unclear what is regulating these two morphogenetic events. 

The first appearance of apical polarity markers in neural progenitor cells occurs during the process 

of c-divisions(34, 46). Mutations affecting cell division and polarization of progenitor cells gave 

similar defects in the neural tube lumen formation(46, 56-58). This suggest that both these events 

are synergistically providing morphological advantage for the neural tube lumen formation and 

probably both are regulated by a common signaling pathway.  

In zebrafish, Delta/Notch signaling regulates early neurogenesis via lateral inhibition(67, 75, 181). 

Surprisingly, c-divisions and appearance of major hallmarks of apico-basal polarity such as apical 

accumulation of Pard3 protein, adherens junction and tight junction components occur only after 

the beginning of neuronal differentiation (34, 37, 38, 182). This raises the question whether Notch 

signaling mediated inhibition of neurogenesis and the morphogenetic events such as 

epithelialization and c-divisions are linked to regulate zebrafish neural tube morphogenesis? 

Therefore, in this project, we inhibited Notch signaling in zebrafish embryos to understand the 

following questions, 

- Does Notch signaling promote establishment of apico-basal polarity in the zebrafish neural 

tube? Does it act as a general regulator of apico-basal polarity in the zebrafish nervous 

system? Or is Notch signaling only required in specific regions of the neural tube? 

- Is Notch signaling important for regulating C-divisions? If yes, how does Notch signaling 

affect the overall morphogenesis of the neural tube?  

Results in this project are presented in the format of an article which is published in the journal 

Scientific Reports.  
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I.2 Article published in the journal Scientific Reports 

Title: Notch-mediated inhibition of neurogenesis is required for zebrafish spinal cord 

morphogenesis 

  

Authors/Affiliations: 

Priyanka Sharma1, Vishnu Muraleedharan Saraswathy1, Li Xiang1, and Maximilian Fürthauer1* 

1 Université Côte d’Azur, CNRS, Inserm, iBV, France. 

* Corresponding author: Maximilian Fürthauer (furthauer@unice.fr) 

 

 

 



1SCIENTIFIC REPORTS |          (2019) 9:9958  | 

www.nature.com/scientificreports

Notch-mediated inhibition 
of neurogenesis is required 

Priyanka Sharma Saraswathy, Li Xiang Fürthauer  

The building of functional organs requires controlling the identity, shape and spatial arrangement of their constit-
uent cells. Understanding how these aspects of embryogenesis are linked remains a major challenge. The Delta/
Notch pathway governs the specification, proliferation, and differentiation of neuronal precursors in embry-
onic and adult tissues1–5. Notch receptors and Delta ligands are transmembrane proteins that elicit signaling 
between adjacent cells. In this context, the E3-Ubiquitin ligases Mindbomb and Neuralized promote an endo-
cytic internalization of Delta ligand molecules that is required for Notch receptor activation6–8. Delta/Notch 
interactions then trigger a metalloprotease-mediated cleavage in the Notch extracellular domain, followed by 
a γ-Secretase-dependent intramembrane proteolysis that releases the Notch IntraCellular Domain (NICD) into 
the cytoplasm. NICD enters the nucleus to interact with CSL (for CBF1, Suppressor of Hairless, Lag1) family 
transcription factors and promote target gene transcription1,4.

Several observations suggest that Notch signaling and neuroepithelial morphogenesis are functionally inter-
dependent. Notch has notably been linked to the formation of radial glia9–12, neural progenitor cells that present 
hallmarks of apico-basal polarity13. At the onset of neurogenesis, the neural plate of tetrapod embryos consists 
of a pseudostratified monolayer of apico-basally polarized cells which act as neural stem cells13,14. Following an 
expansion of this stem cell pool through symmetric divisions, some neural plate cells divide asymmetrically to 
generate the first neurons. Concomitant with this onset of neurogenesis, neural plate cells transform into radial 
glia13. During further development, radial glia cells undergo either symmetric, self-renewing divisions or divide 
asymmetrically to ultimately generate the majority of neurons that are present in the nervous system13. As radial 
glia cells retain most features of epithelial polarity, their presence is essential to maintain the epithelial architec-
ture of the developing neural tube10,13,15. In addition to radial glia cells, studies in the mammalian and zebrafish 
Central Nervous System (CNS) have revealed the existence of Notch-responsive non-apical progenitor cells13,16,17, 
identifying thereby an additional level of complexity in the relationships between the cellular organization of the 
neural primordium, Notch signaling and embryonic neurogenesis.
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In the forebrain of mice and zebrafish, cells undergoing neuronal differentiation present Delta ligands to 
neighboring progenitors to activate Notch signaling, induce radial glia identity, and thereby maintain neuroep-
ithelial tissue organization10,11. Conversely, the apico-basal organization of the developing neural tube is itself 
required for Notch signaling as apical adherens junctions between nascent neurons and undifferentiating progen-
itors are required for Notch receptor activation15,18.

In contrast to tetrapods, the initial stages of zebrafish spinal cord morphogenesis take place in a neural pri-
mordium that lacks a polarized epithelial architecture19–23. While the cellular organization of the zebrafish neu-
ral plate displays similarities to the pseudostratified epithelium of higher vertebrates14,20,23,24, major hallmarks 
of apico-basal polarity such as apical Par protein localization, adherens junctions and tight junctions appear 
only after the beginning of neuronal differentiation, by mid-segmentation stages19–23,25. This raises the ques-
tion whether and how Notch signaling and neuroepithelial morphogenesis are linked during zebrafish neural 
development?

A second particularity of the development of the zebrafish is the occurrence of a particular type of morpho-
genetic cell division19,20,22,26. In these so-called C-divisions, a cell originating from one side of the neural primor-
dium divides at the embryonic midline so that one of its daughters integrates the contralateral half19,22,26. The 
apical polarity protein Partitioning defective 3 (Pard3) accumulates at the cytokinetic bridge which prefigures 
the future apical neural tube midline22. Neural primordia in which cell divisions have been blocked establish 
apico-basal polarity, but fail to form a straight, regular apical neural tube midline27. It has therefore been sug-
gested that C-divisions, while not being absolutely required for the establishment of neural tube apico-basal 
polarity, confer a morphogenetic advantage to the embryo by relocating cells that would otherwise span the 
neural tube midline20,23,27. Despite the fact that C-divisions confer robustness to neural tube development, their 
regulation remains poorly understood. While Pard3 and Planar Cell Polarity (PCP) proteins are known to control 
C-divisions22,26, the relationship between neurogenic Notch signaling and C-divisions has not been investigated.

In the present study, we inhibit Notch pathway activity and study the impact on zebrafish CNS morpho-
genesis. Our work reveals that the relationship between Notch signaling and neuroepithelial morphogenesis 
depends on the biological context. While some regions of the nervous system can acquire apico-basal polarity 
and neuroepithelial organization independently of Notch, Notch signaling is required for the morphogenesis of 
the dorso-medial spinal cord. In this tissue, Notch signaling is essential to inhibit neuronal differentiation and 
thereby allow the emergence of neuroepithelial identity and progressive epithelialization of the developing neural 
tube. Loss of Notch signaling also impairs the morphogenetic behavior of the cells of the neural primordium, 
thereby causing the formation of a misproportioned spinal cord. Our findings therefore show that beyond the 
control of the cellular composition of the nervous system, the ability of the Delta/Notch pathway to restrain 
neurogenesis is essential for the execution of morphogenetic programs that govern the shaping of the zebrafish 
spinal cord.

Genetic studies in zebrafish have 
identified the E3-ubiquitin ligase Mindbomb1 (Mib1) as a central regulator of Delta ligand internalization and 
Notch activation6,28. To study the role of Notch signaling in zebrafish CNS morphogenesis, we inactivated mib1 
using a validated Morpholino29 and mib1ta52b mutants6. In accordance with published observations29, mib1 mor-
phants presented an upregulation of DeltaD (DlD) due to a failure in Notch-dependent lateral inhibition, and a 
relocalization of DlD from endocytic compartments to the plasma membrane (Fig. 1a”,b”).

Antibody staining against the apical Par complex component atypical Protein Kinase C (aPKC30) was used to 
visualize apico-basal polarity. To analyze tissue morphology, fluorescent Phalloidin was used to visualize cortical 
F-actin. mib1 morphants display a loss of apical aPKC signal (Fig. 1b’) and an overall disorganization of neu-
roepithelial tissue architecture in the anterior spinal cord (Fig. 1b). A similar loss of neuroepithelial polarity was 
observed in mib1ta52b mutants (Fig. 1c,c’). Wild-type mib1 RNA injection rescued the polarity defects of mib1ta52b 
mutants, warranting the specificity of our observations (Supplementary Fig. S1).

Our experiments show that loss of Mib1 impairs apico-basal polarity and epithelial organization in the zebraf-
ish spinal cord. Accordingly, no polarized enrichment of the apical polarity proteins Pard331 (Fig. 1d,e), Crumbs32 
(Fig. 1f,g) and the tight junction component Zonula Occludens 1 (ZO-119, Fig. 1h,i) is detectable in mib1ta52b 
mutants. In accordance with a failure to establish Par complex-dependent polarity, mib1ta52b mutants fail to dis-
play the Pard3-dependent alignment of γ−Tubulin-positive centrosomes that is observed at the neural tube mid-
line of wild-type siblings (Fig. 1j,k)33.

 
In addition to its role in Delta ligand internalization, Mib1 also regulates the ubiquitination and endocytic traffick-
ing of other substrate proteins34,35. This raises the question whether the neuroepithelial defects of Mib1-depleted 
embryos are due to the loss of Notch signaling or to a Notch-independent function of Mib1? To address this issue, 
we interfered with different Notch pathway components and analyzed the effect on spinal cord morphogenesis.

Mib1 loss-of-function impairs the endocytosis of DlD, one of the two zebrafish homologues of mammalian 
Delta-like-1 (Dll1)6,29. Apico-basal polarity is however intact in dldar33 mutants (Supplementary Fig. S2a,b). Mib1 
also interacts with DeltaA (DlA), the second Dll1 homologue36. Accordingly, mib1ta52b mutants display excessive 
cell surface accumulation of DlA (Fig. 2a,b). Injection of a validated dla morpholino37 abolishes DlA immuno-
reactivity but fails to elicit polarity defects in a wild-type background (Supplementary Fig. S2c,d). In contrast, 
polarity defects are observed upon dla knock-down in dldar33 mutants (Fig. 2c,d).

Notch receptor activation results in the γ-Secretase-mediated release of NICD into the cytoplasm, allowing 
NICD nuclear entry and transcriptional activation of target genes1,4. Blocking Notch signaling using two different 
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pharmacological γ-Secretase inhibitors, DAPT38 and LY41157539, impaired the apico-basal polarization of the 
neural tube (Fig. 2e–h).

If the polarity phenotype of Mib1-depleted embryos is a consequence of the loss of Notch signaling, restoring 
Notch activity should rescue neuroepithelial morphogenesis. Accordingly RNA injection of NICD, which acts as 
a constitutively activated form of Notch40, restores neural tube apico-basal polarity in mib1ta52b mutant (Fig. 2i–l) 
or mib1 morphant (Supplementary Fig. S2e–h) embryos.

Upon nuclear entry NICD associates with RBPJ/Su(H)/CBF transcription factors to trigger target gene acti-
vation1,4. Misexpression of a dominant-negative Su(H) variant41 impaired neuroepithelial morphogenesis and 

Figure 1. Mindbomb1 is required for zebrafish spinal cord morphogenesis. (a,b) Morpholino knock-down of 
mib1 disrupts apical aPKC enrichment and neuro-epithelial morphology (outlined by F-actin staining) in 15/19 
embryos. (c) A similar disruption of apico-basal polarity is observed in mib1 mutants (n = 14). (d,e) mib1 mutants 
fail to establish polarized Pard3 localization (e, n = 12). (f,g) No polarized Crumbs enrichment is observed in 
mib1 mutants (g, n = 17). (h,i) The apical localization of the tight junction component ZO-1 is disrupted in mib1 
mutants (i, n = 16). (j,k) Centrosomes fail to move towards the neural tube midline in mib1 mutants (k, n = 16). 
(a–c,f,g) 30 somites stage. d,e, 18 somites stage, (h–k) 22 somites stage. All images are dorsal views of the anterior 
spinal cord, anterior left. Scalebars: 20 μm.
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polarized aPKC localization (Fig. 2m,n), consistent with the phenotype of CBF1 knock-out mice42. This result 
was confirmed through simultaneous morpholino knock-down of the two zebrafish Su(H)-homologues RBPJa&b 
(Supplementary Fig. S2i–l)43. Conversely, RNA microinjection of Constitutively Activated Su(H) (CA-Su(H)41) 
restores neuroepithelial tissue organization in mib1ta52b mutants (Fig. 2o,p).

Therefore our observations show that not only Mib1 itself, but the activity of the entire canonical Notch path-
way is required for zebrafish spinal cord morphogenesis.

-
Previous studies have suggested that canonical Notch signaling is dispensable for the initial establishment, 

but required for the subsequent maintenance of neuroepithelial apico-basal polarity in fish and mice42,44. To 
address whether the defects of Mib1-depleted embryos similarly arise from a failure to maintain neuroepithelial 
polarity, we monitored the establishment of neural tube apico-basal polarity in wild-type sibling and mib1ta52b 
mutant embryos.

The emergence of polarity has been studied mostly in the dorsal and medial regions of the zebrafish spinal 
cord19,22. In accordance with these studies, we find that the dorso-medial spinal cord does not show overt signs of 

Figure 2. Notch pathway activity is required for spinal cord morphogenesis. (a,b) mib1 loss of function 
prevents DlA internalization (n = 9). (c,d) Combined inactivation of dld and dla disrupts apico-basal polarity 
in 9/10 embryos. (e,f) The γ-Secretase inhibitor LY411575 disrupts apico-basal polarity (n = 18). (g,h) Similarly 
the γ-Secretase inhibitor DAPT perturbs polarity in 4/5 embryos. (i-l) RNA injection of a constitutively 
activated form of Notch (NICD) restores neuro-epithelial morphology and apical aPKC localisation (k) but not 
DeltaD endocytosis (l) in 22/22 mib1 mutant embryos. (m,n) Polarity defects are observed in 20/46 embryos 
injected with RNA encoding dominant-negative Su(H) (DN-Su(H)). (o,p) RNA injection of constitutively 
activated Su(H) (CA-Su(H)) restores apico-basal polarity in 17/17 mib1 mutants. All images are dorsal views 
of the anterior spinal cord, anterior left. (a–f) 22 somites stage, (g,h,m,n) 30 somites stage, (i–l,o,p) 16 somites 
stage. Scalebars: 20 μm.
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apico-basal polarity prior to the 12 somites stage. However, we noticed that apico-basal polarity emerges much 
earlier in the ventral-most part of neural tube. From the 6 somites stage onwards, embryos display foci of polar-
ized aPKC expression (Fig. 3a,c) that coalesce subsequently into a line (Fig. 3g’, Supplementary Fig. S3). Lateral 
views of the neural tube show that this enrichment of aPKC (Fig. 3c) and Crumbs (Fig. 3g-g”, Supplementary 
Fig. S3) corresponds to the apical surface of the cuboidal cells of the floor plate.

Notch signaling has been implicated in the differentiation of floor plate cells45. Mutations in dla or mib1 have 
been reported to cause a severe reduction in the number of detectable floor plate cells by the end of the segmen-
tation period45. Our observations confirm the occurrence of late floor plate defects (Fig. 3e,f), but also reveal 
that the initial establishment of floor plate cells and their apico-basal polarization do not require mib1 function 
(Fig. 3a–d), and may therefore occur independently of Notch signaling. To test this hypothesis, we took advantage 
of the transgenic tp1:bglob-GFP Notch reporter line46. Until the 14 somites stage, i.e. mid-way through the embry-
onic segmentation period, reporter activity was absent from the floor plate, while adjacent tissues displayed flu-
orescence indicative of Notch signaling (Supplementary Fig. S3). This observation confirms that Notch signaling 
is dispensable for the initial formation and apico-basal polarization of the ventral-most cells of the neural tube.

-
In contrast to the situation in the floor plate, Notch pathway 

activity is required for the morphogenesis of the more dorsal regions of the spinal cord (Fig. 4). To analyze the 
emergence of neuroepithelial tissue architecture and apico-basal polarity in the anterior spinal cord, we per-
formed a time course analysis of polarized aPKC localization. In wild-type controls, aPKC becomes progressively 
enriched at the neural tube midline in the medial and dorsal aspects of the spinal cord from the 12 somites stage 
onwards (Fig. 4b,f,j,m,n), in accordance with the previously reported ventral to dorsal progression of neural tube 
maturation19,47,48. In contrast, mib1ta52b mutants fail to display neuroepithelial tissue architecture and apico-basal 
polarity in the dorso-medial spinal cord at all stages examined (Fig. 4d,h,l,m,o). While previous studies have 
highlighted functions of Notch signaling in the late maintenance of neurectodermal apico-basal polarity42,44, 
our findings show that zebrafish mib1 is required already for the initial establishment of neuroepithelial tissue 
architecture.

Towards the end of neural development, most neural progenitors downregulate the expression of apical polar-
ity proteins and differentiate into neurons49. As inactivation of mib1 causes premature neuronal differentiation6, 
we wondered whether the loss of neuroepithelial tissue organization in mib1ta52b mutants might be correlated 

Figure 3. Notch signaling is dispensable for the emergence of floor plate apico-basal polarity. (a,b) At the 8 
somites stage, similar discontinuous patches of polarized aPKC are detected in the ventral-most neural tube of 
WT siblings (a, n = 31) and mib1 mutants (b, n = 14). Dorsal views, anterior up. (a’,b’) are high magnification 
views of the polarized aPKC signal. (c,d) aPKC is enriched at the apical surface of floor plate cells in 10 somites 
stage WT siblings (c, n = 8) and mib1 mutants (d, n = 4). Lateral views, anterior left. (e,f) By the 30 somites 
stage polarized aPKC staining is reduced to few isolated cells in the ventral-most neural tube of mib1 mutants 
(arrowheads in f, n = 5). Dorsal view, anterior left. (g) Crumbs protein accumulates at the apical surface of 8 
somites stage floor plate cells (arrowheads). Lateral view, anterior left. Scalebars: (a,b) 40 μm, (c,d) 10 μm,  
(e–g) 20 μm.
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with a failure to express genes governing neuroepithelial identity and apico-basal polarity. Zebrafish sox19a 
is expressed in undifferentiated neural precursors cells throughout the nervous system, similar to the expres-
sion of amniote sox250. In accordance with a loss of neural precursors due to excessive neuronal differentiation, 
mib1ta52b mutants display a premature loss of sox19a expression in the anterior spinal cord (arrow in Fig. 5d). 
Accordingly, all cells of the dorso-medial spinal cord start to express the marker of neuronal differentiation elavl3 
(Supplementary Fig. S4c).

Figure 4. Notch signaling is required for the establishment of apico-basal polarity in the dorso-medial spinal 
cord. (a–l) Confocal sections taken at different dorso-ventral levels of the anterior spinal cord of WT sibling 
and mib1 mutant embryos. Dorsal views, anterior left. z1 corresponds to the ventral-most extent of apico-
basally polarized neuro-epithelial tissue (identified by aPKC staining), z2 is localized 12 μm more dorsally in 
the same embryo. Arrowheads indicate local foci of polarized aPKC in partially polarized tissue. (a–d) At the 
12 somites stage polarized aPKC signal is detected in the ventral-most neural tube in WT sibling and mib1 
mutants. (e-l) At later stages polarity is progressively established in more dorsal regions of the neural tube in 
WT siblings (f,j), but remains limited to the ventral neural tube in mib1 mutants (g,h,k,l). (m) Quantification of 
the progressive emergence of apico-basally polarity in the anterior spinal cord (see Methods). Boxes represent 
mean values ± SD. (n,o) Transversal sections (dorsal up) through the neural tube of 14 somites stage embryos. 
(n) Polarized aPKC staining starts to spread through the dorso-ventral extent of the neural tube in WT siblings. 
(o) In mib1 mutants polarized aPKC enrichment remains limited to the ventral floor plate region (arrowhead). 
Scalebars: 20 μm.
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Radial glia cells are neural precursors that display apico-basal polarity and are crucial for the maintenance of 
neuroepithalial tissue architecture in the brain of zebrafish and higher vertebrates10,11. One of the hallmarks of 
radial glia is the expression of glial fibrillary acidic protein (gfap)12,13. In accordance with a lack of apico-basally 

Figure 5. Notch signaling is required to allow the emergence of neuroepithelial identity. (a,b) The expression of 
the neuronal progenitor marker sox19a is similarly initiated in WT sibling (a) and mib1 mutant embryos  
(b, n = 4). (c) By the 16 somites stage, sox19a expression is still present in the brain and anterior spinal cord of 
WT siblings. (d) In mib1 mutants (n = 17) sox19a is lost in the anterior spinal cord (arrow) but partially retained 
in the brain (red arrowhead). (e,f) At the 6 somites stage, low levels of the radial glia marker gfap are detected 
in the brain region of WT siblings (e) or mib1 mutants (f, n = 10). (g) By the 16 somites stage, WT siblings 
display gfap expression in the brain and spinal cord. (h) mib1 mutants (n = 17) fail to upregulate gfap expression 
in the dorso-medial anterior spinal cord (inset). Reduced gfap expression levels are observed in the brain (red 
arrowhead) and caudal spinal cord (black arrowhead). Continuous gfap expression is retained in the floor plate 
(arrow). (i–l) The establishment of apico-basal polarity coincides with an upregulation of crb1 (i,j) and crb2a 
(k,l) in the spinal cord. (m,n) Upregulation of crb1 expression is impaired in mib1 mutants (n, n = 11). (o,p) 
Residual crb1 expression persists in the ventral-most spinal cord (arrow in p) of 14 somites stage mib1 mutants. 
(q,r) mib1 mutants display reduced crb2a expression in the spinal cord (r, n = 13). (s,t) pard6γb expression is 
lost in the neural tube of mib1 mutants (t, n = 13). (u–w) In 30 somites stage mib1 mutants crb1 (b, n = 10) and 
crb2a (d, n = 10) expression are lost in the anterior spinal cord (black arrows) but partially retained in the brain 
(red arrowheads indicate the midbrain). (a–h, u–x) lateral views, anterior to the left, dorsal up. (i–n, q–t) dorsal 
views of the spinal cord, anterior up. (o,p) transversal sections of the neural tube, dorsal up. Scalebars: (a–n,q–t) 
200 μm, (o,p) 20 μm, (u–x) 250 μm.
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polarized neural precursor cells, gfap expression levels are very low in the presumptive spinal cord of 6 somites 
stage embryos (Fig. 5e). While wild-type sibling embryos upregulate gfap expression concomitantly with the 
establishment of apico-basal polarity (Fig. 5g), mib1ta52b mutants fail to express gfap in the dorso-medial aspect 
of the anterior spinal cord (Fig. 5h).

Loss of Notch signaling impairs not only gfap, but also the expression of core components of the apico-basal 
polarity machinery belonging to the Par and Crumbs protein complexes51. While only low levels of crumbs1 
(crb1) and crumbs2a (crb2a) are detectable in the neural tube of wild-type 6 somites stage embryos (Fig. 5i,k), 
both genes display increased expression by the 14 somites stage (Fig. 5j,l). mib1ta52b mutants fail to display this 
upregulation (Fig. 5m–r). Similarly, reduced expression levels of the Par complex component pard6γb52 are 
observed in the spinal cord of mib1ta52b mutants (Fig. 5s,t).

Our 
observations uncover an essential role for the Notch-mediated suppression of neurogenesis in the regulation 
of neuroepithelial identity in the dorso-medial spinal cord. In addition, the analysis of neuroepithelial gene 
expressions confirms the existence of a different, Notch-independent regulation of apico-basal polarity in the 
ventral-most part of the neural tube. In this tissue, crb1 transcripts are detectable already by the 6 somites stage 
(Fig. 5i), when first signs of polarized aPKC enrichment become detectable. While mib1ta52b mutants fail to 
upregulate crb1 expression in the dorso-medial neural tube where polarity is lost, crb1 expression persists in the 
ventral-most cells where apico-basal polarity is retained (arrow in Fig. 5p). Similarly, mib1ta52b mutant floor plate 
cells retain the expression of the neuroepithelial/radial glia marker gfap (arrow in Fig. 5h). Accordingly, the anal-
ysis of the neuronal differentiation marker elavl3 reveals that, in contrast to more dorsal and lateral spinal cord 
derivatives, mib1ta52b mutant floor plate cells do not undergo neuronal differentiation (Supplementary Fig. S4d).

In contrast to the spinal cord, mib1ta52b mutant brains do still express gfap and the neuronal precursor marker 
sox19a, albeit at reduced levels (red arrowheads in Fig. 5d,h). Similarly, crb1 and crb2a are still expressed in the 
brain but no more detectable in the dorso-medial spinal cord of 30 somites stage mib1ta52b mutants (Fig. 5u–x).

The occurrence of mib1ta52b mutant polarity phenotypes correlates with the differential regulation of neu-
roepithelial gene expression and neuronal differentiation. In the dorso-medial spinal cord of mib1ta52b mutant 
embryos, all cells undergo neuronal differentiation (Fig. 6l’, Supplementary Fig. S4c), polarity gene expression is 
lost (arrows in Fig. 5v,x), and so is apico-basal polarity (Fig. 6d,h,l). mib1ta52b mutant hindbrains present only a 
partial neurogenic transformation (Fig. 6j’) and a partial loss of neuroepithelial polarity (Fig. 6f,j). Finally, polar-
ity gene expression is retained in mib1ta52b mutant midbrains (red arrowheads in Fig. 5v,x). Accordingly, mib1ta52b 
mutants display only a very minor increase in neurogenesis (Fig. 6j’) and retain the neuroepithelial tissue archi-
tecture of the midbrain and MHB (Fig. 6b,j).

To determine whether the retention of apico-basal polarity in the MHB region of mib1 mutants could be due 
to residual Notch signaling, we introduced the tp1bGlob:GFP reporter46 into mib1 mutants. Notch reporter activ-
ity is essentially undetectable at the MHB in both wild-type sibling and homozygous mutant animals (Fig. 6i”,j”). 
These observations suggest that Notch signaling is largely dispensable for MHB development at the stages con-
sidered here.

Similar to mib1 single mutants, mib1; mib2 double mutant animals present a loss of apico-basal polarity at 
the level of the spinal cord, but retain neuroepithelial tissue organization in the MHB region (Supplementary 
Fig. S5, Supplementary Table S1). These findings show that Mindbomb protein function is not required for 
early MHB morphogenesis and extend previous studies suggesting that mib2 is dispensable for early embryonic 
development28.

 
A characteristic feature of the morphogenesis of the zebrafish neural tube is the occurrence of 

midline-crossing C-divisions. As Notch signaling between mitotic sister cells is important for cell fate assignment 
during later stages of zebrafish neurogenesis11,53 we wondered whether Delta/Notch signaling between C-dividing 
sister cells might be important for apico-basal polarity?

To explore this possibility, mib1ta52b mutant cells were transplanted into wild-type hosts. As Mib1 is essential 
for Delta ligand activity, no Delta/Notch signaling occurs between mib1ta52b mutant mitotic sister cells. Despite 
this fact, mutant cells display a polarized localization of Pard3-GFP at the apical cell surface (Fig. 7a). Conversely, 
wild-type cells implanted into the dorso-medial spinal cord of mib1ta52b mutants hosts fail to display polarized 
Pard3 localization (Fig. 7b). Spinal cord apico-basal polarity does therefore not require Delta/Notch signaling 
between midline-crossing mitotic sister cells.

 
In the mouse and zebrafish forebrain, cells undergoing neuronal differentiation present Delta ligands to activate 
Notch in neighboring cells and thereby maintain their radial glia identity10,11,18. If a similar mechanism is at 
work in the zebrafish spinal cord, Notch activity should be required cell autonomously to allow the emergence of 
neuroepithelial characteristics. To address this issue, we generated mosaic embryos in which Notch signaling is 
activated only in one half of the neural primordium (Fig. 7c–j, see Methods for details).

In a first set of experiments, RNAs encoding NICD and a red fluorescent membrane label (GAP43-RFP) were 
co-injected into one blastomere of two cell stage embryos. A second injection was performed to introduce green 
GAP43-GFP in the other blastomere (Fig. 7c,e). By the end of gastrulation embryos in which the progeny of the 
two injected blastomeres had populated the left and right sides of the animal were selected and grown further to 
analyze the morphology and behavior of cells in the neural primordium. In wild-type siblings, NICD-positive and 
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Figure 6. Notch loss of function differentially affects neuroepithelial polarity in the brain and spinal cord. 
(a–h) In mib1 mutants neuroepithelial apico-basal polarity is maintained at the level of the midbrain-hindbrain 
boundary (b, n = 7), partially disrupted at the level of the hindbrain (f, arrowheads indicate residual polarized 
aPKC signal, n = 7) but completely lost in the dorso-medial spinal cord (d,h). (g,h) represent the most anterior 
and (c,d) the trunk spinal cord. (i–l) In WT siblings, the tp1bGlob:GFP (tp1:GFP) Notch reporter transgene 
indicates active signaling in a small number of cells in the anterior hindbrain (aHB, arrowheads in i”). More 
anteriorly, Notch activity is detected only in epidermal cells (arrow in i”) but not in the midbrain (MB) itself. 
mib1 mutants present enhanced levels of neurogenesis (j’) and a partial disruption of apical aPKC localisation 
(j) at the level of the anterior hindbrain (n = 9). Only few elavl3-positive neurons are detected in the midbrain, 
which maintains neuroepithelial organization (j,j’). (k,l) At the level of the anterior spinal cord, WT sibling 
embryos display widespread Notch reporter activity (k”), basally localized elavl3-positive neurons (k’) and 
polarized aPKC enrichment at the apical neural tube midline (k, n = 6). mib1 mutants present a loss of Notch 
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NICD-negative cells originating from the two neural tube halves both adopted an elongated morphology with cell 
bodies spanning the apico-basal extent of the neuroepithelium (Fig. 7d,d’).

A different result was observed when the same manipulation was carried out in mib1ta52b mutants (Fig. 7e,f). 
In this case, only NICD-positive cells adopted a characteristic epithelial morphology, while NICD-negative cells 
failed to contact the neural tube midline and populated the basolateral aspect of the neural tube, a behavior sug-
gestive of neuronal differentiation. To confirm that NICD enables the emergence of apico-basal polarity, we per-
formed a second set of experiments where NICD was co-injected with Pard3-GFP (Fig. 7g–j). These experiments 
confirmed that NICD restores an apico-basal polarization of Pard3 in mibta52b mutant cells (Fig. 7j).

Our observations suggest that Notch signaling is required cell autonomously to allow the acquisition of neu-
roepithelial characteristics. However, these experiments also provide evidence that, even in conditions where 
Notch signaling is active only in one half of the cells of the neural primordium (Fig. 7e,i), mib1ta52b mutant neural 
tubes can present a continuous apical neural tube midline, as indicated by cell morphology (Fig. 7f), Pard3-GFP 
accumulation (Fig. 7j) and aPKC localization (Fig. 7j”). While Notch signaling enables the emergence of neu-
roepithelial characteristics only in the cells where it is active, the presence of a fraction of Notch-activating cells is 
therefore sufficient to convey an overall neuroepithelial organization to the spinal cord.

In wild type zebrafish, midline-crossing C-divisions cause the 
intermingling of cells originating from the two halves of the neural tube (Fig. 7d,d’)19,22. Our experiments in 
which Notch signaling was restored in one half of the mib1ta52b mutant neural primordium suggested that only 
NICD-positive but not NICD-negative cells may be able to cross the neural tube midline (Fig. 7f-f ”,j-j”). The 
midline-crossing of spinal cord cells has been proposed to confer a morphogenetic advantage for zebrafish spinal 
cord development20,23,27, but the regulation of this behavior is poorly understood. In particular, it is not clear how 
this behavior is linked to neurogenic Notch signaling and neuronal differentiation. We decided to address this 
issue in mib1ta52b mutants.

To visualize the midline-crossing of neural tube cells, one blastomere of two cell stage embryos was injected 
with GAP43-GFP RNA (Fig. 8a–j, Supplementary Fig. S6a–h). By the end of gastrulation, embryos in which the 
progeny of the injected blastomere occupied only the left or the right half of the embryo were selected for further 
analysis. Midline-crossing of neural tube cells is most prevalent from 14 to 18 hpf19,22. Accordingly, extensive 
crossing of GAP43-GFP positive cells to the contralateral side of the neural tube is observed by the 14 somites 
stage (i.e. 16 hpf) in wild-type siblings (Supplementary Fig. S6b,j). In contrast, midline crossing is reduced in 
mib1ta52b mutants (Supplementary Fig. S6d,j). Additional experiments confirmed that midline crossing is still 
reduced at later developmental stages (Fig. 8d,k,l, Supplementary Fig. S6f,h,k, Supplementary Table S2), establish-
ing that this phenotype is not simply due to developmental delay of mutant embryos.

NICD injection restored midline crossing in mib1ta52b mutants (Fig. 8f,k, Supplementary Table S2), 
thereby establishing that this morphogenetic defect is due to a loss of Notch signaling and not to additional 
Notch-independent functions of Mib1 in the regulation of cell migration35. Accordingly, midline crossing is also 
reduced in dld; dla deficient embryos (Fig. 8j,m).

When Notch signaling activity is restored in mib1ta52b mutant neural tubes through unilateral NICD injection, 
NICD-negative cells remain confined to one side of the neural tube and adopt a morphology and basolateral local-
ization that is indicative of neuronal differentiation (Fig. 7f ’). Staining with the neuronal differentiation marker 
elavl3 confirmed the neuronal identity of NICD-negative, non-crossing cells (Supplementary Fig. S7a,b). This 
observation raises the question whether the inability of mib1ta52b mutant cells to cross the neural tube midline may 
be due to their premature neuronal differentiation? In accordance with this hypothesis, the midline-crossing of 
NICD-injected mib1ta52b mutant cells correlates with a local inhibition of neuronal differentiation (Supplementary 
Fig. S7c–f).

While loss of Notch signaling and the resulting premature neuronal differentiation impair both the apico-basal 
polarization and the midline-crossing of neural tube cells, our experiments suggest that these two phenotypes are 
not strictly interdependent. Indeed, the injection of a dose of NICD that does not restore neural tube apico-basal 
polarity is already sufficient to rescue midline crossing (Fig. 8g,h,k, Supplementary Fig. S7k,l, Supplementary 
Tables S2 and S3).

The midline crossing of neural tube cells results in the intercalation of cells originating from the two sides of 
the neural tube, a behavior remindful of convergent extension movements22,26. We therefore wondered whether 
the shape of the spinal cord primordium is altered in mib1ta52b mutants? In accordance with this hypothesis, 
transversal sections of the anterior spinal cord reveal an increased width-to-height ratio in mib1ta52b mutants 
(Fig. 8n,o,q, Supplementary Table S4).

Loss of Notch signaling activity causes the premature loss of neuroepithelial progenitor cells in the anterior 
spinal cord (Fig. 5d). As a consequence of this depletion of dividing progenitor cells, mib1ta52b mutants present a 
reduction in neural tube cell number (Supplementary Fig. S8a–d). This raises the question whether the observed 
alteration in mib1ta52b mutant neural tube proportions may be a secondary consequence of this reduction in 
cell number? Our observations argue against this hypothesis: First, the injection of NICD promotes a partial 

reporter expression (l”) and a lack of polarized aPKC localization (l, n = 8). Quantification of the area of the 
neural tube occupied by elavl3 positive cells reveals an increase in neurogenesis in mib1 mutants (l’, 95.4 ± 2.6%) 
compared to WT siblings (k’, 31.7 ± 5.8%, p = 1.36E-07). Pictures (a,c), (b,d), (e,g), (f,h), (i,k) and (j,l) each 
represent the same embryo imaged at different antero-posterior locations. All images are dorsal views of 30 
somites stage embryos, anterior left. Scalebars: 40 μm.
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Figure 7. Dissection of the spatial requirement for Notch signaling in neural tube morphogenesis. (a,a’) Pard3-
GFP expressing mib1 mutant cells undergo correct polarization when transplanted into WT hosts (n = 30 cells 
in 6 embryos). (b,b’) In contrast, Pard3-GFP expressing WT cells fail to polarize when transplanted into mib1 
mutant hosts (n = 96 cells in 13 embryos). (a,b) are single confocal sections, (a’,b’) maximum projections of 5 
slices separated by 2 μm intervals to visualize GFP-positive clones. (c-f) The two halves of the neural tube were 
labelled by injecting RNAs encoding red or green fluorescent membrane labels (GAP43) into the 2 blastomeres 
of 2-cell stage embryos (see Methods). (c,d) In WT sibling embryos half-injected with RNA encoding 
constitutively activated Notch (NICD), cells originating from both sides of the neural tube cross the neural tube 
midline to integrate the contra-lateral organ half (n = 7/7). (e,f) If NICD is half-injected into mib1 mutants, 
NICD-containing cells display extensive midline crossing (f,f ”), while the crossing of NICD-negative cells is 
reduced in 6/8 embryos (f’,f ”). (g–j) One half of the embryo was injected with RNA encoding NICD Pard3-
GFP, the other half with GAP43-RFP. (g,h) 6/6 WT sibling embryos display apical Pard3 accumulation (h) 
and bilateral midline crossing (h,h’). (i,j) In mib1 mutants, NICD causes apico-basal polarization and midline 
crossing of Pard3-GFP positive cells in 6/6 embryos (j). NICD-negative GAP43-RFP positive cells fail however 
to cross the neural tube midline in 5/6 embryos (j’). Pictures represent dorsal views of the spinal cord (anterior 
up) at 30 somites (a,b), 18 somites (d,f) and 21 somites (h,j) stages. Scalebars: a,b 20 μm, (d,f,h,j) 40 μm.
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Figure 8. Notch loss of function impairs morphogenetic cell movements in the zebrafish spinal cord. (a–i) 
To label one half of the neural tube RNA encoding a fluorescent membrane label (GAP43-GFP) was injected 
into one blastomere of two cell stage embryos (see Methods). (a,b) In 16 somites stage WT siblings, cells from 
one half of the neural tube cross the organ midline to integrate the contra-lateral half. (c,d) In mib1 mutants, 
neural tube cells fail to display this behavior. (e,f) RNA injection of constitutively activated Notch (NICD) at a 
concentration of 37.5 ng/μl restores apico-basal polarity (apical aPKC enrichment at the neural tube midline 
in f ’ compared to d’) and midline-crossing cell movements (f) in mib1 mutants. (g,h) Injection of a lower dose 
of NICD (25 ng/μl) fails to restore neuroepithellial morphology (note the lack of apical F-actin accumulation 
at the neural tube midline in h’) but is sufficient to promote midline crossing (h). (i,j) Neural tube cells display 
reduced midline crossing in dld; dla compound mutant/morphants. (k) Quantification of neural tube midline 
crossing in WT, mib1 mutants and NICD-injected mib1 mutants (for details and statistical analysis see 
Methods, Supplementary Fig. S6i and Supplementary Table S2). (l) Reduced midline crossing is also observed 
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but clearly significant (p = 1.14E-08) restoration of neural tube proportions (Fig. 8p,q) while triggering only 
a minor and non-significant (p = 0.129) increase in neural tube cell number (Supplementary Fig. S8a–d, see 
Supplementary Tables S4 and S5 for statistical analysis).

The effect of the loss of neuroepithelial progenitors on the number of neural tube cells is expected to become 
more pronounced as development proceeds. We performed therefore a second additional analysis of neural tube 
cell number and proportions at an earlier developmental time point. Despite having a number of neural tube cells 
similar to WT siblings (p = 0.23, Supplementary Fig. S8e,f,h), 24 somites stage mib1ta52b mutants present already a 
significantly increased width-to-height ratio (p = 4.71E-06, Supplementary Fig. S8e–g), confirming thereby that 
the altered proportions of mib1ta52b neural tubes are not a secondary consequence of changes in the number of 
cells that compose the neural primordium.

Taken together, our findings suggest that Notch-mediated suppression of neurogenesis is essential to allow 
neural tube cells to execute specific morphogenetic behaviors that direct the proper shaping of the spinal cord.

The aim of the present study was to investigate how cell fate specification and morphogenesis are linked dur-
ing the development of the zebrafish nervous system. In higher vertebrates, a dual relationship exists between 
the polarized epithelial organization of the neural plate and neurogenic Notch signaling. Notch activation pro-
motes the maintenance of polarized radial glia cells10 while the epithelial architecture of the neural primordium 
is itself required for Notch signaling18. In contrast, the early zebrafish neural plate does not display hallmarks of 
apico-basal polarity and the neural tube acquires a neuroepithelial tissue organization only several hours after the 
beginning of neurogenesis19,20. Our work shows that in spite of these differences, Notch signaling is required for 
zebrafish spinal cord morphogenesis.

Previous studies have implicated noncanonical, transcription-independent Notch signaling in the late main-
tenance of apico-basal polarity in the ventral neural tube44. In contrast, we show here that the E3-Ubiquitin ligase 
Mib1, a critical regulator of Delta internalization and Notch activation6, is required to initiate the epithelialization 
of the neural primordium (Figs. 1 & 4), allowing thereby the formation of a neural tube whose tissue organization 
is similar to the one of tetrapods.

Beyond the control of Delta ligand endocytosis, Mib1 has been shown to inhibit Epb41l5, a protein that facili-
tates the disassembly of apical junctional complexes34. Likewise Neuralized, which promotes Delta internalization 
in Drosophila, exerts a Notch-independent activity in epithelial morphogenesis54. However, our observations 
show that in the zebrafish spinal cord not only Mib1 itself, but the complete canonical Notch pathway including 
its transcriptional mediators RBPJ/Su(H) are required for neuroepithelial morphogenesis (Fig. 2).

Already before the onset of neurogenesis, the neural plate of higher vertebrates displays hallmarks of epi-
thelial organization13. Our findings show that in zebrafish, the primordium of the developing spinal cord does 
initially not express markers of polarized neural precursor cells (gfap) and components of the apico-basal polar-
ity machinery (crb1, crb2a, pard6γB) (Fig. 5). In this context, Notch signaling is required to restrain neuronal 
differentiation and allow thereby the upregulation of the neuroepithelial gene expression program. Accordingly, 
Notch signaling deficient animals fail to display the progressive epithelialization observed in the neural tube of 
wild-type controls (Fig. 4).

Various mechanisms have been shown to govern the establishment of apico-basal polarity in different sys-
tems51. Notch inactivation in the dorso-medial spinal cord of the early zebrafish embryo causes excessive neuronal 
differentiation and the loss of neuroepithelial gene expression and apico-basal polarity (Fig. 5, Supplementary 
Fig. S4). It remains to be established whether Notch actively induces neuroepithelial properties or if, alternatively, 
these characteristics emerge by default as soon as Notch inhibits neuronal differentiation. As available tools do 
not allow manipulating Notch signaling and neurogenic differentiation independently of each other, it is cur-
rently not possible to address this question directly. Our experiments show that the establishment of apico-basal 
polarity in the floor plate (Fig. 3, Supplementary Fig. S3) and the MHB region (Fig. 6) do not require Mib1 func-
tion. In these developmental contexts, Notch signaling appears therefore not to be required to actively promote 
neuroepithelial tissue organization.

The differences in the mechanisms that control the morphogenesis of various parts of the nervous system are 
likely due to the fact that the importance of Notch signaling for developmental cell fate decisions varies according 
to the biological context. In contrast to more dorsal spinal cord cells, floor plate cells give rise essentially to glial 
derivatives55. Accordingly, mib1 mutant floor plate cells do not undergo neuronal differentiation and retain their 
apico-basal polarity and expression of the radial glia marker gfap. At the level of the MHB, neurogenic differentia-
tion is inhibited by the hairy-related transcription factor her5, which acts independently of Notch signaling56. This 
situation is different from the spinal cord where neurogenesis is regulated by the Notch-responsive her4 gene57.

if WT sibling (crossing index 0.98 ± 0.01, n = 5) and mib1 mutants (0.74 ± 0.06, n = 13) are compared at the 
30 somites stage (p = 3.9E-10, see also Supplementary Fig. S6g,h). (m) Midline crossing is reduced in dld; dla 
mutants/morphants (0.82 ± 0.09, n = 36) compared to dld single mutants (0.96 ± 0.03, n = 14) (p = 2.1E-10). 
(n–q) Transversal sections of the anterior spinal cord used to measure neural tube width (W) and Height (H). 
mib1 mutants (o) present an increased W/H ratio compared to WT siblings (n). NICD RNA injection restores 
neural tube proportions (p). (q) Quantification of W/H ratios, see Supplementary Table S4 for statistical 
analysis. (b,d,f,h,j) dorsal views of the anterior spinal cord at the 16 somites stage, anterior up. (n–p) transversal 
sections of the anterior spinal cord at 30 somites, after the completion of midline crossing. Scalebars: 40 μm. 
Boxes in (k,l,m,q) represent mean values ± SD.
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Spinal cord development requires not only neurogenesis but also the execution of specific morphogenetic 
movements20,21,23. In the zebrafish, cells from one side of the neural tube invade the contra-lateral organ half by 
undergoing midline-crossing C-divisions19,26,27. We show that Notch-mediated suppression of neurogenesis is 
required to allow neural tube cells to execute their midline-crossing behavior (Fig. 8, Supplementary Figs S6 and 
S7).

Manipulations of PCP pathway activity have been shown to impair the midline-crossing behavior of neural 
tube cells22,26. Due to the general requirement of PCP signaling for embryonic convergent extension movements, 
these experiments have however not allowed to evaluate the actual impact of this morphogenetic behavior on the 
shaping of the neural tube. We show that in mib1ta52b mutants, which do not display general convergent extension 
phenotypes, the cells of the neural primordium fail to display midline crossing and give rise to a misproportioned 
spinal cord (Fig. 8, Supplementary Fig. S8). Our findings suggest that through its ability to restrain neuronal dif-
ferentiation, the Notch pathway provides a temporal window for neural tube cells to execute specific morphoge-
netic movements that determine the proportions of the spinal cord primordium prior to neuronal differentiation.

In conclusion, our findings show that, in addition to regulating the timing and identity of neuronal cell fate 
specification, Notch-mediated suppression of neurogenesis is essential to allow the acquisition of neuroepithelial 
tissue organization and the execution of specific morphogenetic movements that are required for the proper 
shaping of the zebrafish spinal cord.

Methods
Zebrafish strains were maintained under standard conditions and 

staged as previously described58. Zebrafish embryos were grown in 0.3x Danieau medium.
Depending on the experiment, mib1 homozygous animals were identified using DeltaD immunostaining 

(mutant embryos can be identified by upregulated DlD signal at the cell membrane, Fig. 1c”) or molecular geno-
typing (see below). From the 14 somites stage onwards, somitic segmentation defects allow a pre-selection of mib1 
homozygous mutant embryos prior to confirmation of the mutant genotype by one of the two above-mentioned 
approaches.

With the exception of the analysis of mib1; mib2 double mutants (Supplementary Fig. S5) genetic inactivation 
of mindbomb1 was performed using the mib1ta52b allele6. A 4-primer-PCR was established to identify mib1ta52b 
and WT alleles in a single PCR reaction. The following primers were used: 5′-ACAGTAACTAAGGAGGGC-3′ 
(generic forward primer), 5′-AGATCGGGCACTCGCTCA-3′ (specific reverse primer for the WT 
allele), 5′-TCAGCTGTGTGGAGACCGCAG-3′ (specific forward primer for the mib1ta52b allele), and 
5′-CTTCACCATGCTCTACAC-3′ (generic reverse primer). WT and mib1ta52b mutant alleles respectively yield 
303 bp and 402 bp amplification fragments. As some zebrafish strains present polymorphic mib1 WT alleles, it is 
important to validate the applicability of this protocol before using it in a given genetic background.

Analysis of mib1; mib2 double mutants was performed using the mib1tfi91 and mib2chi3 null mutant alleles28. 
The presence of the mib1tfi91 allele was detected using the primers 5′- ATGACCACCGGCAGGAATAACC-3′ 
(forward), and 5′- ACATCATAAGCCCCGGAGCAGCGC-3′ (reverse, 203 bp amplicon). The corre-
sponding WT allele was detected using the primers: 5′- TAACGGCACCGCCGCCAATTAC-3′ (forward), 
5′-GCGACCCCAGATTAATAAAGGG-3′ (reverse, 307 bp amplicon).

mib2chi3 mutant animals were identified by PCR amplification and sequencing of the mutation-carrying 
genomic region with the primers 5 ′-GCTCATCAGGGTCATGTAGAG-3 ′  (forward) and 5 ′- 
CTCCTATTGTTTGAGTGCAAAC-3′ (reverse, 254 bp amplicon).

PCR amplifications were carried out using GoTaq polymerase (Promega) at 1.5 mM MgCl2 using the fol-
lowing cycling parameters: 2 min 95 °C - 10 cycles [30 sec. 95 °C – 30 sec. 65 to 55 °C – 60 sec. 72 °C] – 25 cycles 
[30 sec. 95 °C – 30 sec. 55 °C – 60 sec. 72 °C] – 5 min 72 °C.

To inactivate deltad we used dld/aeiAR33 59 mutant embryos obtained through incrossing of homozygous 
mutant adult fish. To visualize Notch signaling activity, we used the tp1bglob:eGFP transgenic line46.

Microinjections into dechorionated embryos were carried out using a 
pressure microinjector (Eppendorf FemtoJet). Capped mRNAs were synthesized using the SP6 mMessage mMa-
chine kit (Ambion) and poly-adenylated using a polyA tailing kit (Ambion). RNA and morpholinos were injected 
together with 0.2% Phenol Red.

RNA microinjection was performed using the following constructs and concentrations: 
Mindbomb1-pCS2 + (125 ng/μl)36; Pard3-GFP-pCS2 + (50 ng/μl)31; DN-Su(H)-pCS2 + (600 ng/μl)41; 
CA-Su(H)-pCS2 + (40 ng/μl)41; Myc-Notch-Intra-pCS2 + (25–37.5 ng/μl)40; Gap43-GFP-pCS2 + (20 ng/μl) and 
GAP43-RFP-pCS2 + (30 ng/μl).

Morpholino oligonucleotides were injected at the indicated concentrations to knock down the fol-
lowing genes: mindbomb1: 5 ′-GCAGCCTCACCTGTAGGCGCACTGT-3 ′  (1000 μM)6; deltaA: 
5′-CTTCTCTTTTCGCCGACTGATTCAT-3′ (250 μM)37; RBPJa: 5′-GCGCCATCTTCACCAACTCTCTCTA-3′ 
(50 μM) and RBPJb: 5′-GCGCCATCTTCCACAAACTCTCACC-3′ (50 μM). To ensure that the pheno-
types of dla/dldAR33 morphant/mutants and RBPJa&b double morphants were not due to non-specific 
p53-mediated responses, we performed these experiments in the presence of a validated p53 Morpholino 
(5′-GCGCCATTGCTTTGCAAGAATTG-5′, 333 μM)60.

At mid-gastrulation zebrafish embryos were transferred to 
0.3x Danieau medium containing 50 μM LY41157539 (Sigma) or 100 μM DAPT38 (Sigma) dissolved in DMSO. 
Embryos were raised till the 30 somites stage before being processed for antibody staining. Control embryos were 
mock-treated with DMSO alone.
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in situ In situ hybridization was performed according to Thisse et 
al.61. DIG-labeled antisense RNA probes were transcribed from PCR products carrying the T7-promoter 
sequence (5′-TAATACGACTCACTATAGGG-3′) on the reverse primer. PCR amplicons for the different 
genes were flanked by the following sequences: sox19a: forward: 5′-CGATGTCGGGTGAAGATG-3′, reverse: 
5′- CTGTCAAGGTTGTCAAGTCAC-3′ gfap: forward: 5′-TAAAGAGTCCACTACGGAGAGG-3′, reverse: 
5′-GGCACCACAATGAAGTAATGTCC-3′, crumbs1: forward: 5′-TGTACCACCAGCCCATGTCATA-3′, 
reverse: 5′-cctcatcacagttttgacccac-3′; crumbs2a: forward: 5′-TGAGAGTGCCCCCTGCCTTAAT-3′, reverse: 
5′-acagtcacagcggtagc-3′; pard6γb: forward: 5′-GACTACAGCAACTTTGGCACCAGCACTCT-3′, reverse: 
5′-gtgatgactgtgccatcctcctc-3′.

Embryos were fixed in 4% paraformaldehyde in PEM (PIPES 80 mM, EGTA 
5 mM, MgCl2 1 mM) for 1.5 hours at room temperature or overnight at 4 °C, before being permeabilized with 
0.2% TritonX-100 in PEM-PFA for 30 minutes at room temperature. Subsequent washes and antibody incu-
bations were performed in PEM + 0,2% TritonX-100. Primary antibodies used were: Mouse@DeltaD6 (1:500, 
Abcam ab73331); Mouse@DeltaA62 (1:250, ZIRC 18D2); Rabbit@aPKC30 (1:250, Santa Cruz sc-216); Mouse@
ZO163 (1:500, Invitrogen 1A12); Mouse@HuC/D64 (1:500, Invitrogen 16A11); Rabbit@γ-Tubulin (1:250, Sigma 
T5192).

For cell transplantation embryos were maintained in 1x Danieau medium +5% 
penicillin-streptomycin. Donor embryos were labelled by injection of RNA encoding Pard3-GFP at the one-cell 
stage. Cell transplantations were carried out at late blastula/early gastrula stages. In each experiment, 20–30 cells 
were aspirated from the donor embryo using a manual microinjector (Sutter Instruments) and transplanted into 
the host embryo. Transplanted embryos were grown till the 30 somites stage in agarose-coated petri dishes with 
0.3x Danieau and 5% penicillin-streptomycin before being fixed and processed for antibody staining.

To label one half of the neural tube, 
GAP43-GFP RNA was injected into one blastomere of 2-cell stage zebrafish embryos. The embryos were then 
grown till the bud stage, at which time point the localisation of the fluorescent cells was analysed using a fluores-
cence steromicroscope (Leica M205 FA). In a typical experiment, about 50% of the embryos displayed a unilateral 
localisation of GFP-positive cells and were kept to be grown till the desired stage before being fixed and processed 
for antibody staining. In contrast to the cells of the neural tube, somitic precursors do not cross the embryonic 
midline in the course of development. Consequently, successful half-injection results in a unilateral labelling of 
the somites that becomes visible at confocal analysis.

To quantify the extent of neural tube cell midline crossing, a crossing index was determined for each indi-
vidual embryo as the fraction of the neural tube populated by GFP-positive cells (Supplementary Fig. S6i). 
Measurements were performed at the level of the medial neural tube. The total neural tube area and the 
GFP-positive area were outlined manually in Fiji using the F-actin and GFP channels.

To separately label the two opposite sides of the neural tube, 50 2-cell stage embryos were initially injected 
into one blastomere with RNA encoding the first fluorescent membrane label (e.g. GAP43-GFP). The presence 
of Phenol red in the injection mix allows identifying the injected blastomere for several minutes after injection. 
A second injection needle was then used to inject the second RNA (e.g. GAP43-RFP) into the other blastomere. 
Embryos were grown till the bud stage and screened for efficient double half injection as described above.

For confocal imaging, embryos were mounted in 0.75% low melting 
point agarose (Sigma) in glass bottom dishes (MatTek corporation). Embryos were imaged on Spinning disk 
(Andor) or Laser scanning confocal microscopes (Zeiss LSM510, 710, 780 and 880) using 40x Water or 60x Oil 
immersion objectives. In situ gene expression patterns were documented on a Leica M205FA-Fluocombi ster-
eomicroscope. Image analysis was performed using ImageJ (http://rbs.info.nih.gov/ij/) or Zeiss ZEN software.

For the quantification of the temporal progression of apico-basal polarity in the neural tube (Fig. 4m), we 
acquired confocal stacks spanning the entire dorso-ventral extent of the neural tube. The percentage of neural 
tube polarity was then calculated for each embryo as the number of confocal slices displaying polarized aPKC 
enrichment, divided by the total number of slices of the neural tube stack. Examples of individual confocal slices 
at different dorso-ventral locations are shown in Fig. 4a–l.

For the quantification of neurogenesis, we measured the fraction of the neural tube area that was positive for the 
neuronal marker elavl3 using Fiji. The total area of the neural tube was outlined manually using the F-actin signal. 
The area occupied by neuronal cells was estimated by applying a constant intensity threshold to the elavl3 channel.

For the analysis of cell number and width-to-height (W/H) ratio in the spinal cord, embryos were stained with 
fluorescent Phalloidin and DAPI and mounted in glass bottom dishes with the dorsal surface of the embryo facing 
the coverslip. Embryos were imaged using a Zeiss LSM880 confocal microscope. A line scan was performed at 
the border between the 2nd somite and the 3rd somite to obtain a transversal section of the spinal cord. Zeiss ZEN 
imaging software was used to measure the width and the height of the spinal cord.

The number of Dapi-positive nuclei by transversal neural tube section was quantified in Fiji using the manual 
multi-point selection tool. Due to the thickness of the neural tube, nuclei in the ventral part of the neural tube (i.e. 
farthest from the objective) appear dimmer than more dorsal ones. Contrast adjustments during the quantifica-
tion procedure were therefore used to reliably quantify both dorsal and ventral nuclei.

Statistical analysis was carried out using the R/RStudio packages for statistical com-
puting. Analysis of experiments involving more than two conditions was performed using Welch’s Anova (one-
way.test function), followed by a Games-Howell post-hoc test (posthocTGH function) for pairwise comparisons 
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between different experimental groups. For experiments involving only two experimental conditions, p-values 
were calculated using Welch’s two-sample t-Test (t.test function). Mean values are indicated ± SD. Data normality 
and variance were analyzed using the stat.desc and leveneTest functions.

Animal experiments were performed in the iBV Zebrafish facility (experimenta-
tion authorization #B-06-088-17) in accordance with the guidelines of the ethics committee Ciepal Azur and the 
iBV animal welfare committee.

The datasets generated and analysed during the current study are available from the corresponding author on 
reasonable request.
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Supplementary Table S1:  
Percentage of the neural tube area occupied by elavl3-positive neurons  

 Mean value Standard deviation Number of embryos 
mib1+/- ; mib2+/- 25.584 3.919 3 
mib1-/- ; mib2+/- 74.473 11.574 10 
mib1-/- ; mib2-/- 73.304 11.675 6 

 
Test statistics for Welch’s Anova 
F= 80.946 p= 1.194E-06   
 
p-values for pairwise comparisons (Games-Howell post-hoc test) 

 mib1-/- ; mib2+/- mib1-/- ; mib2-/-  
mib1+/- ; mib2+/- 9.573E-07 1.401E-04  
mib1-/- ; mib2+/-  0.979  

 
 
Supplementary Table S2:  
Midline crossing index of zebrafish neural tube cells at the 16 somites stage 

 Mean value Standard deviation Number of embryos 
Wild-type 0.952 0.024 15 
mib1-/- 0.691 0.083 13 

mib1-/- + NICD(37) 0.917 0.071 15 
mib1-/- + NICD(25) 0.888 0.066 7 

 
Test statistics for Welch’s Anova 
F= 38.526 p= 6.622E-08   
 
p-values for pairwise comparisons (Games-Howell post-hoc test) 

 mib1-/- mib1-/- + NICD(37) mib1-/- + NICD(25) 
Wild-type 1.949E-07 0.296 0.147 
mib1-/-   4.031E-07 1.749E-04 

mib1-/- + NICD(37)   0.792 
 

Supplementary Table S3:  
Midline crossing index of zebrafish neural tube cells at the 18 somites stage 

 Mean value Standard deviation Number of embryos 
Wild-type 0.915 0.047 8 
mib1-/- 0.579 0.055 11 

mib1-/-  + NICD 
(25, half-injected)  

0.818 0.083 9 

 
Test statistics for Welch’s Anova 
F= 99.889 p= 1.220E-09   
 
p-values for pairwise comparisons (Games-Howell post-hoc test) 

 mib1-/- mib1-/- + NICD 
(25, half-injected) 

 

Wild-type 3.281E-10 0.0253  
mib1-/-   1.177E-05  

 

 



Supplementary Table S4:  
Neural tube Width-to-Height ratio at the 30 somites stage 

 Mean value Standard deviation Number of embryos 
Wild-type 1.173 0.085 19 
mib1-/- 2.248 0.351 20 

mib1-/- + NICD(37) 1.489 0.310 25 
 
Test statistics for Welch’s Anova 
F= 93.993 p= 3.885E-14   
 
p-values for pairwise comparisons (Games-Howell post-hoc test) 

 mib1-/- mib1-/- + NICD(37)  
Wild-type 2.565E-11 1.119E-04  
mib1-/-   1.137E-08  

 

Supplementary Table S5:  
Neural tube cell number at the 30 somites stage 

 Mean nuclei number Standard deviation Number of embryos 
Wild-type 90.842 18.848 19 
mib1-/- 57.650 14.705 20 

mib1-/- + NICD(37) 66.240 14.090 25 
 
Test statistics for Welch’s Anova 
F= 18.766 p= 2.211E-06   
 
p-values for pairwise comparisons (Games-Howell post-hoc test) 

 mib1-/- mib1-/- + NICD(37)  
Wild-type 1.819E-06 1.120E-04  
mib1-/-   0.129  
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I.3 Author contributions 

I have made major contributions to this story which was a continuation of work from a previous 

PhD student, Priyanka Sharma. We have shown that Notch signaling is crucial for regulating 

morphogenetic events such as establishment of apico-basal polarity and c-divisions during 

zebrafish neurulation. Priyanka mainly did experiments to show the importance of Notch signaling 

in epithelialization of neural progenitors, which are shown in Fig. 1a-g, Fig. 2a-f, m, n, Fig.4, Fig. 

6a-h, Fig.7a,b and Fig.S2a-h. However, I have also made significant contribution to her part of the 

project by doing the following experiments, 

Fig. 1h,i:  Showing that the apical localization of the tight junction component ZO-1 is disrupted 

in mib1 mutants 

Fig. 1j,k: Showing that the centrosomes fail to move towards the neural tube midline in mib1 

mutants.  

Fig. 2i-l: Proving that the RNA injection of a constitutively activated form of Notch (NICD) can 

rescue neuro-epithelial morphology and apical localization of aPKC in mib1 mutants. 

Fig. 2o,p: Showing that RNA injection of constitutively activated form of Su(H) restores apico-

basal polarity in mib1 mutants. 

Fig. S2i-l: Showing that embryos injected with morpholinos against RBPJa and b  disrupts apico-

basal polarity 

Fig. S5: Demonstrating mib1; mib2 mutants retain neuroepithelial polarity in the midbrain-

hindbrain boundary region. 

Fig. 7c-j’’: Showing that cell autonomous Notch signaling is required for neuroepithelial 

morphogenesis. 

My major contribution comes in the second axis of the project where I demonstrated that Notch 

signaling is required for regulating midline crossing c-divisions and thereby, Notch signaling is 

able to define the shape of the neural tube by regulating the width-to-height ratio. Results from my 

experiments are depicted in following figures, 

Fig. 8: Notch loss of function impairs morphogenetic cell movements in the zebrafish spinal cord. 
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Fig. S6: Mindbomb1 loss of function impairs the midline-crossing behavior of neural tube cells 

throughout the neurulation. 

Fig. S7: Notch mediated suppression of neurogenesis is required for midline crossing c-divisions 

in the neural tube. 

Fig. S8: Loss of Notch signaling affects the cell number and proportions of the neural tube. 
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Conclusion 

The aim of this project was to study the role of Delta/Notch signaling in regulating zebrafish spinal 

cord morphogenesis. The establishment of apico-basal polarity and midline crossing C-divisions 

are important for proper morphogenesis of the zebrafish neural tube. Our study revealed that 

depletion of Notch signaling results in the loss of apico-basal polarity in the anterior dorso-medial 

spinal cord. Notch signaling is regulating apico-basal polarity in the spinal cord via the canonical 

Notch signaling pathway. Our data also demonstrate that loss of Notch signaling causes precocious 

neurogenesis and therefore, mutant embryos failed to promote the establishment of polarized radial 

glial cells. This indicates that Notch signaling is directly or indirectly promoting polarized cell 

types in the anterior dorso-medial spinal cord. However, Notch signaling is not a general regulator 

of apico-basal polarity since apico-basal polarity emerged normally in the floor plate cells of mib1 

mutant embryos. Similarly, Mib1 regulated Notch signaling is also dispensable for the 

establishment polarity in the midbrains/midbrain-hindbrain boundary regions. These results show 

that the role of Notch signaling in establishing apico-basal polarity is region specific.  

Interestingly, our data also show that C-divisions are also perturbed in mib1 mutant embryos and 

the regulation of C-divisions is via the conventional Notch signaling pathway. Perturbation of C-

divisions in mib1 mutants is due to premature neuronal differentiation since all the cells that were 

unable to cross the midline were adopting neuronal fate. Interestingly, embryos that show defective 

C-divisions exhibit  misproportioned spinal cords that have increased width to height ratio. 

Therefore, our data show that Notch signaling is important for zebrafish spinal cord 

morphogenesis.  
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Chapter - II 
Analyzing the role of Mindbomb1 in the Planar Cell 

Polarity pathway
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Introduction 

During the first part of my PhD, Mindbomb1 (Mib1) morphants were used to inhibit Notch 

signaling to study the role of Delta/Notch signaling in neurulation. Interestingly, Mib1 morphant 

embryos showed defects in convergent extension (CE), i.e. convergence along the medio-lateral 

axis that results in extension along the anterior-posterior axis, during gastrulation. CE movements 

during vertebrate gastrulation are regulated via the Planar Cell Polarity (PCP) pathway. This raised 

the question whether Mib1 is playing  a role in PCP, which led to the second part of my PhD. 

Therefore, in the introduction section of chapter two, first, I will outline different functions 

regulated by the PCP pathway and then, summarize different components that regulate PCP in 

both invertebrates and vertebrates. Finally, I will describe different Mib1 functions independent of 

Notch signaling. 

II.1 Functions regulated by the PCP pathway 

PCP is the collective alignment of cell polarity across the plane of the tissue orthogonal to the 

apico-basal axis. Functions of PCP during development can be broadly divided into three 

categories: orientation of cellular structures (such as hairs and cilia), orientation of cell division 

axis and regulation of different types of directed cell migrations. 

II.1.a PCP and Orientation of hairs and cilia. 

PCP was initially described in the insect Oncopeltus fasciatus(223). It was shown that structures 

including hair cells that cover the insect body and ommatidia of the retina are polarized as well as 

oriented in the same fashion(224). Later, genetic analysis in Drosophila identified several mutants 

responsible for orientation of cuticular processes in several regions of the insect body(225). For 

example, genetic mutants of prickle, spiny legs, frizzled and inturned showed defects in orientation 

of actin-based hairs on the adult wing(225). Further studies have identified several other genes that 

are responsible for orientation of cuticular hairs, bristles and ommatidia in Drosophila and they 

have been classified as PCP genes(Fig.11A,C)(226).  

In mammals, the cochlear region of the ear contains sensory hair cells that function in 

mechanotransduction of sound waves into electrical impulses by which hearing is made possible. 

These sensory hair cells possess oriented ciliary structures that are important for 
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Figure 11. Orientation function regulated by Planar Cell Polarity. A,B) In the Drosophila wing blade and mouse 

hair follicles, PCP signaling orients direction of wing hairs in the proximal distal axis and mouse hair follicles in 

the anterior-posterior axis. C) This orientation is achieved by asymmetric distribution of core PCP components in 

individual cells along their respective axis and thereby, creates a global polarity in the whole tissue. D) In Drosophila 

SOP cells, spindle orientation along the A-P axis is dependent on the PCP pathway. Disheveled interacts with 

Mud/NuMA and the dynein complex posteriorly while Vang links Pins/LGN-Mud/NuMA-dynein on the anterior 

to orient the spindle axis. E) In the inner ear, orientation of ciliary structures is achieved by asymmetric localization 

of components along the abneural-neural axis. (Devenport,2014) 
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mechanotransduction. PCP proteins such as Vangl2 and Frizzled are shown to be asymmetrically 

localized in these sensory hair cells and perturbation of PCP genes cause defects in orientation of 

ciliary structures in the inner ear (Fig.11E)(227-229). Similarly, mammalian body hairs also show 

a special orientation along the anterior-posterior (A-P) axis(230). The null mutant of the PCP 

component frizzled6 shows a whorled hair pattern in mice indicating the role of the PCP pathway 

in regulating alignment of body hairs(231). Studies have confirmed that PCP genes are required 

for polarized gene expression and cytoskeletal changes in individual hair follicles regulate global 

alignment of body hairs (Fig. 11D)(230).  

Unlike non-motile cilia that mainly function in perception and integration of environmental cues, 

motile cilia beat to regulate directional flow of fluids/particles. Motile cilia are present in several 

structures including the mouse ventral node or zebrafish Kupffer’s vesicle that determine left-right 

asymmetry of the organism, floorplate cells at the ventral surface of the neurocoel that regulate 

cerebrospinal fluid distribution and the airway epithelium that clears mucus/contaminants from the 

lungs(232-234). These motile cilia in vertebrates also present an A-P orientation, and there is an 

asymmetric distribution of PCP components in these different cell types regulating directionality 

and orientation of motile cilia(235-237).  

II.1.b PCP and Oriented cell divisions. 

Oriented cell division plays a crucial role during embryogenesis by determining different factors 

including axis determination, cell fate diversity generation and morphogenesis of tissues and 

organs(238). The PCP pathway has been identified as an essential regulator of spindle 

orientation(239).  In C. elegans, the PCP pathway acts along with SRC-1 kinase on mitotic spindle 

rotation by triggering cortical enrichment of Dynactin during first zygotic divisions(240). PCP 

mutations in C. elegans randomizes spindle orientation during this early division, and removal of 

both SRC-1 and PCP components aggravated the phenotype(240, 241). A similar function of the 

PCP pathway is observed during asymmetric cell division of sensory organ precursor (SOP) cells 

in Drosophila. During SOP cell division, cell fate determinants are asymmetrically localized to 

the opposite poles of a cell and this asymmetric localization is planar polarized among several SOP 

cells along the anterior-posterior (A-P) axis of the pupae (Fig. 11D) (239, 242). In PCP mutant 

pupae, cell fate determinants localize asymmetrically but with a random position relative to the A-

P axis which will result in random distribution of cuticular sensory bristles(242-244).  
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In vertebrates, oriented cell division plays a crucial role during gastrulation resulting in tissue 

elongation(238, 245). This has been best exemplified during zebrafish gastrulation where oriented 

cell division of epiblast cells are biased along the A-P axis resulting in axis extension along the 

same axis(246). This A-P orientation of cell division is dependent on PCP components such as 

Wnt-11, Disheveled and Strabismus (246). Overexpression of a mutant form of disheveled  causes 

defects in axis elongation due to randomized division orientation(246). Later during the mid-

segmentation period of zebrafish development, the PCP pathway is important for the medio-lateral 

cell divisions called C-divisions, which are important for neurulation(44, 45).    

II.1.c PCP and cell migration 

- Axon guidance 

In vivo, cells migrate from one location to another by interacting with other cell types, ECM 

components and following different gradient cues. For example, during nervous system 

development, neurons and axon growth cones travel through a complex neuroepithelial 

environment to reach their target destination. The PCP pathway has been implicated in such 

directional migration of individual cells. PCP has been shown to play an important role in axon 

guidance in both vertebrates and invertebrates(247). For example, commissural neurons in the 

dorsal spinal cord project anteriorly after midline crossing in a PCP-dependent manner (248)(Fig. 

12A) . In mutants of PCP components in mouse, such as frizzled3, vangl2, and celsr3, commissural 

neurons either stall or project randomly after midline crossing(249, 250). This axon guidance is 

achieved through directional cues provided by  gradients of  several Wnt ligands (such as Wnt4a, 

Wnt5a, Wnt7b) that act in the PCP pathway(249-251). It has been shown that in the presence of 

Wnt5a and Vangl2, Dvl2 promote Arf6-mediated Fzd3 endocytosis at filopodial tips, which further 

activates growth cone turning via JNK activation (Fig. 12B)(250, 252, 253).  

Similarly, longitudinal migration of facial branchiomotor neurons (FBMNs) in both zebrafish and 

mice is dependent on the PCP pathway (Fig. 12C) (253). Chimeric studies have shown that Vangl2 

and Frizzled3a (Fzd3a) play an important in role in the directional migration of FBMNs by 

stabilizing and destabilizing filopodial protrusions(254). Inside the FBMN, Fzd3a is required to 

stabilize  
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Figure 12. Directional migration regulated by Planar Cell Polarity. A) Schematic cross-section of the spinal 

cord where at first commissural neurons (red) project axons ventrally and then, after crossing the midline floor plate, 

turn and project anteriorly. B) Axon guidance is initiated by cues provided by Wnt gradient, B’) where filopodia 

pointing towards Wnt will initiate Fzd3 internalization which will in turn activate JNK that further regulates axon 

guidance. B’’) In the filopodia pointing away from the Wnt source, Fzd3 will be hyperphosphorylated in a Dvl2-

dependent fashion that will inhibit Fzd3 internalization and further downstream signaling. C) During directional 

migration of facial branchiomotor neuron (FBMN), Fzd3 in neurons and Vangl2 in neuroepithelial environment 

will stabilize FBMN filopodia, whereas Vangl2 in FBMN and Fzd3 in the environment destabilizes them. D) During 

Neural Crest cells migration, Fzd-Dvl (green) are localized at the cell surface where protrusions are supposed to be 

inhibited. Fzd-Dvl activates Rho to promote actomyosin contractility and which in turn inhibits Rac1. Therefore, 

Rho activation is  restricted only at the migratory front to initiate filopodial protrusions. (Davey and Moens, 2017) 
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filopodia whereas Vangl2 has an antagonistic destabilizing role (Fig. 12C). Conversely, in the 

neuroepithelial cells of the migratory environment, Fzd3a destabilizes FBMN filopodia whereas 

Vangl2 has a stabilizing role (Fig. 12C) (254).  

- Neural crest cell migration 

The neural crest (NC) is a multipotent cell population derived from the junction of the neural and 

non-neural ectoderm. NC cells migrate in response to chemotropic cues and give rise to several 

neural and non-neural tissues(255). NC cells migrate in a cohort with cells at the front having 

highest directional persistence and maximum protrusive activity(255). PCP signaling is 

responsible for this outward directionality by regulating contact-mediated inhibition of protrusive 

activity at all other membranes except the migratory front (Fig. 12D) (256). This is achieved by 

asymmetric distribution of PCP components such as Fzd7 and Dvl at non-protrusive cell surfaces 

of NC cells. Then, PCP signaling via Fzd-Dvl complex at homotypic NC contacts leads to local 

activation of RhoA, which promotes retraction at the rear end of the cell via Rock2-mediated 

actomyosin contractility. Also, RhoA/Rock2 activation inhibits Rac1, a related small GTPase 

protein, so that Rac1 activity gets polarized only towards the leading edge of the cell, where it 

drives protrusive activity (Fig. 12D) (256-258). NC cells with disrupted PCP signaling were unable 

to maintain contact-mediated inhibition of protrusive activity and thus, crawl on top of one another 

with both leading and trailing cells extending protrusions in all directions(256). 

- Cancer cell migration 

Recent studies show that, upregulation of PCP components is observed in many cancers and this 

overexpression is mostly associated with a poor prognosis of patients(259, 260). One of the most 

prominent roles of PCP deregulation is in cancer cell invasion and metastasis. Triple Negative 

Breast Cancer (TNBC), one of the most aggressive cancers with no available targeted therapy so 

far, shows the overexpression of PCP components Prickle1 and Vangl2(261, 262). Prickle1 is 

interacting with Vangl2 to regulate focal adhesion dynamics in TNBCs (263) and downregulation 

of Prickle1 strongly impairs cell motility and metastasis (264). A similar mechanism is present in 

skin cancers such as melanoma, where overexpression of the PCP ligand Wnt-5a is correlated with 

enhanced cell invasion, metastasis and poor patient outcome(265). During cancer cell migration, 

there is a polarized localization of PCP components. The Fzd-Dvl complex is localised at 

protrusive structures and the Vangl-Prickle complex is localised along the non-protrusive cell 
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cortex(264, 266). Asymmetric localisation of PCP components along with its downstream 

signalling components activate RhoA, which in turn modulates acto-myosin networks and focal 

adhesion dynamics to allow cancer cells to efficiently migrate and undergo metastasis(264). 

II.1.d Convergent Extension 

Convergent extension (CE) is a fundamental and conserved collective cell movement that forms 

elongated tissue during embryogenesis. During CE, cells sense global and tissue level planar 

polarity and they intercalate in their medio-lateral (M-L) axis to narrow the tissue width and 

consequently increase the tissue length along the A-P axis (Fig. 13A). CE was initially observed 

during notochord formation in  Xenopus embryos(267, 268). Later, CE has shown to be important 

for  morphogenesis of several other tissues in different organisms including elongation of the 

neural plate in Xenopus(269), zebrafish(270), chick(25), and mouse embryos(271); formation of 

the kidney tubules in Xenopus(272); and the formation of cochlea in mouse embryos(273). 

Initially, two models have been proposed for the process of convergent extension: The crawling 

model and The contraction model(274). 

- The crawling mode of cellular intercalation.  

The crawling mode of cell intercalation was first proposed during Xenopus notochord 

formation(275). The cells in the notochord form actin-rich protrusions called lamellipodia at both 

tips to crawl through spaces between neighboring cells and undergo cellular intercalation (Fig. 

13B) (267, 276). These crawling cells can move bidirectionally along the mediolateral axis 

following bipolar membrane protrusions. Formation of lamellipodia is achieved via active turnover 

of the actin cytoskeleton, through continuous polymerization and depolymerization(277, 278). 

Rho and Rac, members of the Ras superfamily of guanosine triphosphatases (GTPases)(279), 

regulate actin polymerization and branching by controlling actin-binding proteins such as Arp2/3, 

disheveled-associated activator of morphogenesis 1 (DAAM1, a Formin family protein), 

Diaphanous and Cofilin(280-283). Overexpression of dominant negative forms of Rho and Rac in 

Xenopus causes perturbation in membrane protrusions, and consequently defects in CE(284). 

These cellular protrusions act in tandem with actomyosin mediated contractions at the cell cortex 

to provide directionality to cell intercalations(285, 286). PCP proteins have been shown to play a 

crucial role in crawling mode of cell intercalations. Inhibition of the PCP component Disheveled  
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Figure 13. Convergent Extension (CE) is regulated by Planar Cell Polarity. A) CE is a process by which cells 

intercalate medio-laterally to narrow the width of the tissue and consequently elongate the length of the tissue. B) 

This process can happen via crawling, where bipolar protrusions are formed in cells that intercalate C) or by 

shrinkage of junctions that are aligned medio-laterally. D) Recent evidences suggest that, both mechanisms are 

functional in the same cells that intercalate leading to a hybrid mode of CE. (picture adapted from Shindo, 2018 ; 

Huebner and Wallingford, 2018) 



 

71 
 

(Dvl) causes defective bipolar protrusions because of disrupted actin polymerization, by blocking 

the functions of Daam1 and Arp3 via Rho and Rac respectively(280, 287). 

Regulation of cell-adhesion properties are crucial during the crawling mode of intercalation, where 

cells loosen their adhesive forces to squeeze between neighboring cells. C-cadherin, a 

transmembrane cell-cell adhesion molecule, has been shown to get internalized during early 

gastrulation in  Xenopus(288). Paraxial protocadherin, a member of the cadherin super family, is 

another adhesion molecule that is responsible for the regulation of membrane protrusions during 

early CE in Xenopus notochord formation(289).  

- The contraction mode of cell intercalation 

The contraction mode of cell intercalation was discovered in Drosophila during germband 

extension, a process of epithelial tissue elongation(290, 291). During the contraction mode, there 

is an accumulation of actomyosin complex at cell-cell junctions aligned medio-laterally(292). 

Upon activation of these actomyosin complexes,  contractile forces are generated to shrink 

junctions and thereby, pull neighboring cells inward to undergo cellular intercalation along with 

junctional remodeling, and results in A-P axis extension (Fig. 13C) (292). Coupled with the 

contraction of junctional actomyosin, there is a population of medial actomyosin that oscillates 

and flows toward the shrinking cell junctions in a synchronous fashion with cell junction 

shortening(293, 294).  The PCP pathway is also important for the contraction mode of intercalation 

in vertebrates. The PCP protein CELSR is required for activation of actomyosin at cell-cell 

junctions during neural plate formation in chick embryos(25). Moreover, Dvl is required for the 

localization of actomyosin during both kidney tubule elongation and notochord formation in 

Xenopus(272).  In zebrafish, the PCP pathway has been shown to regulate morphogenesis of the 

early myocardium by restricting local actomyosin contractility to allow epithelial cell 

remodeling(295). However, PCP signaling is not required for cell intercalations during Drosophila 

germband extension(291). In Drosophila, Toll receptors regulate the contraction mode of cell 

intercalation during germband extension(296).  

In the contraction mode of cellular intercalation, dynamic regulations of cell adhesion molecules 

are important. Cadherins play significant role in cell-cell adhesions during CE mediated by the 

contraction mode. E-cadherins are required for medial actomyosin flow and they exhibit an 



 

72 
 

oscillation pattern synchronized to actomyosin pulses at the shrinking cell-cell junction during 

germband extension(293, 297).  

- A unified model for cell intercalation 

Recent studies indicate that the crawling and contraction modes are not necessarily exclusive but 

act together in regulating CE movements (Fig. 13D) (298). This was evident from junction 

shrinking observed during intercalation of mesenchymal cells in Xenopus(299). Earlier studies 

have indicated only cell crawling during CE of the Xenopus dorsal marginal zone, whereas now 

it’s clear that polarized shrinkage of junctions also contributes to tissue elongation at a depth of 4-

5 μm in the same tissue(299). Moreover, in the mouse neural plate,  neural epithelial cells undergo 

two modes of cell intercalation in a spatially distinct manner within the same tissue, where cellular 

protrusions occur at the basal surface of cells and junction shrinkage happens apically(26). These 

results suggest that the cell crawling and junction shrinking mechanisms act in concert.  

 

II.2  The molecular basis of PCP signaling. 

Two conserved signaling pathways control PCP from Drosophila to mammals. They are the core 

PCP pathway and the Fat, Dachsous and Four-jointed (Ft-Ds-Fj) pathway(300-302).  

II.2.a  Classification of Wnt signaling pathways. 

Wnt proteins are secreted glycoproteins that activate different signal transduction pathways. They 

regulate crucial aspects of cell fate determination, cell migration, cell polarity, neural patterning 

and organogenesis during embryonic development(303). Wnt signaling can be divided to two main 

branches: the canonical Wnt/β-Catenin pathway and the non-canonical pathways. Non-canonical 

Wnt pathways are further subdivided into the Wnt/Ca2+ and PCP pathways (Fig. 14).  

Canonical Wnt signaling regulates the concentration of the transcriptional co-activator β-Catenin. 

β-Catenin can translocate into the nucleus to regulate target gene expressions along with 

transcription factors of the T-cell factor (TCF)/lymphocyte enhancer factor (LEF) family(304). In 

the absence of Wnt, β-Catenin is kept low in the cytoplasm by a destruction complex that consists 

of proteins including the scaffolding protein Axin1, Casein kinase 1 (Ck1) and Glycogen synthase 

kinase 3 (Gsk3)(305). Ck1 and Gsk3 sequentially phosphorylate the N-terminus region of β-
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Catenin which will lead to β-Catenin degradation. In the presence of Wnt, Fzd receptor and its co-

receptor Lrp5/6 (Low density lipoprotein receptor-related protein 5/6) along with Dsh recruits the 

destruction complex to the membrane, thus, liberating β-Catenin from degradation so that it can 

translocate into the nucleus to regulate target gene expressions (Fig. 14)(304, 306, 307). 

 

 

 

The non-canonical Wnt signaling pathways are independent of β-Catenin function. Out of the two 

non-canonical pathways, the Wnt/Ca2+ pathway regulates intracellular Ca2+ release from the 

endoplasmic reticulum through trimeric G-proteins(308). The calcium release and intracellular 

Figure 14. Classification of Wnt signaling pathways. The three branches of Wnt signaling are β-Catenin pathway, 

Ca2+ pathway and PCP pathway.  Canonical Wnt signaling regulates the concentration of transcriptional co-

activator β-Catenin and further downstream target gene expression. Activation of the Wnt/Ca2+ pathway has been 

demonstrated to affect gene transcription through NFAT. The PCP pathway has been shown to regulate cytoskeletal 

remodeling via RhoA. In addition, Rac and subsequent c-JNK activation can regulate gene transcription. ( Garcia 

et al., 2018)  
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accumulation activates several Ca2+ sensitive proteins, such as protein kinase C (PKC) and 

calcium/calmodulin-dependent kinase II (CamKII). CamKII has been shown to activate the 

transcription factor NFAT to promote ventral cell fates in Xenopus embryos. The Wnt/Ca2+ 

pathway has been shown to antagonize the Wnt/β-Catenin pathway. CamKII can activate TGFβ 

activated kinase (TAK1) and Nemo-like kinase (NLK) to inhibit β-Catenin/TCF signaling (Fig. 

14).  

The PCP pathway, the second branch of non-canonical Wnt signaling, is the most relevant Wnt 

signaling pathway for the second part of my thesis. Therefore, PCP signaling is explained in detail 

below. 

II.2.b The core PCP /non-canonical Wnt signaling pathway. 

The core PCP pathway starts with secreted Wnt glycoproteins such as Wingless (Wg) and dWnt4 

in Drosophila (309, 310), and Wnt5a and Wnt11 in vertebrates(311-314).  The core PCP pathway 

in Drosophila consists of six core components. Three of the six core components are 

transmembrane proteins such as Frizzled, Vang (also known as Strabismus (Stbm); Vangl-like 

(Vangl) in vertebrates) and the atypical cadherin Flamingo ( Fmi; also known as Starrynight (Stan); 

Celsr in vertebrates)(315-317). The next three core components are cytoplasmic proteins such as 

Dishevelled (Dsh; Dishevelled-like (Dvl) in vertebrates, Prickle (Pk) and Diego (Dgo; Inversin 

and Diversin in vertebrates)(315-319). There are several number of core PCP components in 

vertebrates due to multiple members per core component (Table 1). 

The downstream signaling of the PCP pathway involves small GTPases of the Rho subfamily 

(Rho, Rac and cdc42), the Rho-associated kinase (ROK), the STE20-like kninase Mishapen (Msn 

in flies) and the JNK-type mitogen-activated protein kinase (MAPK) cascade(320, 321). The 

importance of these different downstream signaling components varies since the downstream 

readout of PCP signaling varies according to the developmental context. For example,  ROK is 

involved in the cytoskeletal regulation of PCP by regulating acto-myosin remodeling(322, 323). 

In Xenopus, the formin homology domain protein Daam1 has been proposed to act as a bridging 

factor between Dsh and Rho GTPase/ROK for PCP dependent cytoskeletal reorganization(281). 

JNK signaling has been reported to get activated downstream of the PCP pathway during 

vertebrate CE and orientation of the ommatidial preclusters in the Drosophila eye(324-326). 
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Table 1: PCP signaling components in both vertebrates and invertebrates (323, 340) 

Drosophila genes Vertebrate genes Molecular features 
Core PCP pathway components/co-factors/ligands 

Frizzled ( Fz) Fzd1 
Fzd2 
Fzd3 
Fzd6 
Fzd7 and others 
(best analyzed in 
mice) 

Seven-pass transmembrane 
receptors, 
bind Wnt ligands; intracellular 
binding to Dsh; recruit Dsh and 
Dgo 
to membrane; co-IP with 
Fmi/Celsr 

Dishevelled (Dsh) Dvl1 
Dvl2 
Dvl3 
XDsh (Xenopus) 

Cytoplasmic protein containing 
DIX, 
PDZ, DEP domains; recruited to 
membrane by Fz; binds Fz, Pk, 
Vang, and Dgo; undergoes 
extensive 
phosphorylation 

Van Gogh [Vang; 
also known as 
Strabismus (Dtbm)] 

Vangl2 
Vangl1 
Trilobite (tri/Vangl, 
zebrafish) 
xStbm (Xenopus) 

four-pass transmembrane 
protein; binds Pk, Dsh, and 
Dgo; 
recruits Pk to membrane; co-
IPs 
with Fmi/Celsr 

Flamingo [ Fmi; also 
known as starry 
night (Stan)] 

Celsr1 
Celsr2 
Celsr3 

Atypical cadherin with seven-
pass 
transmembrane receptor 
features; 
homophilic cell adhesion; co-IPs 
with Fzs and Vang(l)s 

Prickle ( Pk; also 
known as 
prickle-spiny legs) 

Pk1 
Pk2 
xPk (Xenopus) 

Cytoplasmic protein with three 
LIM 
domains and PET domain; 
recruited 
to membrane by Vang; 
physically 
interacts with Vang, Dsh, and 
Dgo; 
competes with Dgo for Dsh 
binding 
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Diego (Dgo) Diversin (ankyrin 
repeat domain 6) 
Inversin (invs) 

Cytoplasmic ankyrin repeat 
proteins; 
recruited to membrane by Fz; 
bind 
Dsh, Vang, and Pk; compete 
with Pk 
for Dsh binding 

Wnt4, Wingless (Wg)  Secreted glycoprotein ligand 
 Wnt5, Wnt11 Secreted glycoprotein ligand 
 mRor2 (mouse), 

XRor2 (Xenopus) 
Receptor tyrosine kinase; 
contains 
extracellular Frizzled-like CRDs 
and 
Kringle domain; acts as a 
coreceptor 
for Wnt5a to mediate 
noncanonical 
Wnt signaling 

Derailed Ryk (mouse) Receptor tyrosine kinase; 
contains 
extracellular Wnt-binding WIP 
domain; acts as coreceptor for 
Wnt5a 

Furrowed ( fw)  Selectin family cell adhesion 
molecule; promotes homophilic 
adhesion; co-IPs with Fz 

VhaPRR  Subunit of proton pump V-
ATPase; 
colocalizes and co-IPs with Fmi 

 Rspo3 Roof plate specific spondin, 
secreted protein 

 Syndecan4 Cell surface heparin sulfate 
proteoglycan, cell adhesion 
receptors 

 Knypek/glypican4 (kny/gpc4) Membrane-associated Heparan 
sulfate proteoglycan 

 Protein tyrosine kinase 7 (PTK7) Transmembrane protein, 
tyrosine kinase homology 
domain 

 Receptor for activated protein 
kinase C1 (rack1) 

Adaptor/scaffolding protein, 
WD40 repeats 

Fat-Daschous-Four-jointed pathway components 
Fat (Ft) Fat1, Fat2, Fat3, Fat4 Transmembrane protein, 

atypical cadherin, extracellular 
cadherin repeats, EGF domain, 
Laminin domain 
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Dachsous (Ds) Dachsous 1 (Ds1/Dsch1), 
Dachsous 2 (Ds2/Dsch2) 

Transmembrane protein, 
atypical cadherin, extracellular 
cadherin repeats 

Four-jointed (Fj) Four-jointed (Fjx) Type II transmembrane protein 
potentially secreted after 
cleavage 

Atrophin (Atro) Atrophin1 (Atn1), Atrophin2 
(Atn2) 

A transcriptional co-repressor 

 

 

 

 

 

 

Figure 15. Mechanism of Fat, Dachsous and 

Four-jointed pathway. Ft and Fj are expressed in 

opposing gradients. Fj phosphorylates both Ft and 

Ds to create different binding affinities for each 

other along the P-D axis. Phosphorylated Ft has 

an increased affinity for Ds whereas Ds 

phosphorylation decreases its affinity for Ft. 
This opposing gradient is converted into 

subcellular asymmetries of Ft and Ds heterodimers 

which in turn regulates PCP. (Aw and Devenport, 

2017) 
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II.2.c The Fat, Dachsous and Four-jointed (Ft-Ds-Fj) pathway. 

The orientation of cuticular hairs in Drosophila depends on both the core PCP pathway and the Ft-

Ds-Fj systems(327, 328). Ft and Ds are large protocadherins that localize to opposite sides of the 

cell where they form intercellular heterodimers(329-331). Their interaction is modulated by the 

Golgi-associated kinase Fj which phosphorylates extracellular domains of Ft and Ds(332-334). Ds 

and Fj are expressed in opposing gradients in several Drosophila tissues and these opposing 

gradients act as global cues that are converted into Ft-Ds subcellular asymmetries(335, 336). The 

subcellular Ft-Ds asymmetry is generated by phosphorylation activity of Fj on both Ft and Ds (Fig. 

14). The phosphorylated Ft has an increased affinity for Ds whereas Ds phosphorylation decreases 

its affinity for Ft. Thereby, the Fj gradient generates complementary affinity gradients of Ft and 

Ds (Fig. 15)(332, 333).  

In Drosophila, Ft physically interacts with Atrophin (Atro), a transcriptional co-repressor, to 

mediate downstream PCP signaling(337). Both Ft and Atro are also required to control Fj 

expression. Loss of Atro leads to PCP defects in eyes and wings that phenocopy the loss of Ft(337). 

Moreover, atro mutant flies exhibit a strong genetic interaction with Ft in regulating planar 

polarity(337). The Ft-Ds system is well studied in Drosophila but less well analyzed in vertebrates, 

nonetheless it is conserved in vertebrates as well(301). In mammals, four Ft homologs have been 

identified (Ft1-4). Ft4 mutant mice show PCP defects including misorientation of hair cells, shorter 

anterior-posterior body axis and a broadened spinal cord(338). Later, it has been shown that Ft1 

and Ft4 cooperate during mouse development to control renal tubular elongation, cochlear 

extension, cranial neural tube formation and patterning of outer hair cells in the cochlea(301). 

Moreover, the mammalian orthologue of Atro, Atn1 and Atn2l, are shown to modulate Ft4 activity 

during vertebral arch fusion and renal tubular elongation, indicating a conserved interaction of Ft-

Atro in PCP(301).  

The core PCP pathway and the Ft-Ds-Fj pathway are considered to act in parallel to regulate PCP. 

However, in some tissues in Drosophila, it has been shown that these two pathways crosstalk to 

establish PCP(339). 
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II.3 Mechanism of establishing PCP  

Planar polarity is achieved by asymmetric distribution of proteins or structures along the plane of 

the tissue. In order to polarize a group of cells in a tissue, polarity information from an individual 

cell must be communicated between neighboring cells. Such cell-cell communication is achieved 

through physical interaction of PCP signaling complexes at cellular junctions. Therefore, there is 

an intracellular segregation of two polarity complexes to opposing sides (anterior/proximal and 

posterior/distal) of each cell, leading to the formation of a Fz-Fmi-Dsh-Dgo complex on one side 

and a Vang-Fmi-Pk complex on the other side (Fig.16) (300, 340, 341). Different mechanisms 

play a crucial role in creating this asymmetry. 

II.3.a Inhibitory and stabilizing interactions  

One of the mechanisms by which asymmetric distribution of PCP components is achieved is 

through intracellular mutual inhibitory interactions between the two complexes. At the 

anterior/proximal side of the cell, Vang positively regulates the function of Pk by recruiting Pk to 

the membrane and binding to it(342, 343). Vang and Pk have been shown to inhibit the formation 

of Fz-Dsh complex by directly binding to Dsh and affecting Dsh levels and stability(343-346). 

Specifically, Pk can bind to Dsh and thereby prevent Fz-mediated membrane recruitment of 

Dsh(346). At the posterior/distal side of the cell, Dgo antagonizes the effect of Pk on Dsh and 

thereby protects and stabilizes the Fz-Dsh complex. Dgo binding to Dsh competes with Pk binding 

to Dsh and thus, antagonizes the inhibitory effect of Pk(346). Therefore, a series of mutual 

inhibitory interactions enable the two complexes, Fz-Dsh-Dgo-Fmi and Vang-Pk-Fmi, to resolve 

into mutually exclusive regions of each cell. Similar observations of mutually exclusive 

localization of these two complexes are observed in vertebrate PCP models such as the inner ear, 

skin and the limb of mouse, and presomitic-mesoderm of the zebrafish(229-231, 347-349). 

Apart from this intracellular antagonism, Fz-Dsh-Dgo-Fmi and Vang-Pk-Fmi complexes stabilize 

each other intercellularly to provide a positive feedback function to asymmetric distribution. Fmi, 

a seven-pass atypical cadherin, is an essential component for this positive feedback function(350-

353). Fmi acts as a homophilic adhesion component and it has been shown to colocalize and 

coimmunoprecipitate with both Fz and Vang(350, 352, 354). Homophilic Fmi bridges span the 

cell membrane and facilitate intercellular Fz-Vang interactions by recruiting and stabilizing their 

complexes across membranes and thereby, providing an essential platform to propagate PCP from 
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cell to cell(342, 350, 353, 355). The recruitment of junctional PCP complexes by Fmi is necessary 

for intercellular communication of polarity, however it is not sufficient for the establishment of a 

robust PCP pattern within planar polarized cells. Therefore, there are additional feedback 

interactions that can amplify asymmetric PCP patterns. One such amplification process occurs 

through activities of cytoplasmic components Dsh, Dgo and Pk. These cytoplasmic components 

act by clustering transmembrane signaling complexes into stable PCP enrichments(343, 345, 356-

359). For example, FRAP analysis of Fz-containing puncta that are associated to cytoplasmic PCP 

components showed higher stability compared to the diffused Fz-GFP and it had limited lateral 

mobility in the membrane(356).  And in the absence of Dsh, Pk or Dgo, the size , intensity and 

stability of Fz-containing puncta diminishes(356).  

Figure 16. PCP core component interactions across a cell border.  Core PCP components are asymmetrically 

distributed across the anterior/proximal -posterior/distal axis of the tissue. Mutual inhibitory and stabilizing 

interactions help the cells to resolve the PCP complexes Fz-Fmi-Dsh-Dgo and Vang-Fmi-Pk into two opposite 

sides of the cell. This asymmetric distribution further regulates polarized cytoskeletal remodeling and thereby, 

regulates PCP patterning. (picture adapted from Yang and Mlodzik, 2015) 
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II.3.b Polarized microtubule trafficking of PCP components. 

Another mechanism contributing to PCP asymmetry is microtubule based polarized trafficking 

(Fig. 17). Live imaging of fluorescently tagged PCP proteins in Drosophila pupal wings showed 

that Fz and Dsh containing particles travel across the cell in a proximal to distal direction(327, 

360, 361). This directed transport could amplify asymmetry or even provide the initial asymmetry 

by removing proximal Fz-Dsh-Fmi complexes and relocating then to the distal side. Directed PCP 

transport is mediated by an array of subapical, noncentrosomal microtubules (MTs) that align 

along the proximal-distal axis, with plus ends biased towards the distal side(339, 360-362). The 

Ft-Ds-Fj module is required for proximal to distal MT alignment, which indicates a cross-talk 

between the core PCP pathway and the Ft-Ds-Fj pathway in orienting cytoskeletal structures(339).  

Figure 17. Endocytosis, trafficking and degradation events during PCP patterning.  Core PCP components are 

asymmetrically distributed across the anterior/proximal -posterior/distal axis of the tissue. Microtubules show a 

slight  bias towards the P-D direction by which directional transport of Fz-Dsh-Fmi complex is achieved.  Dynamin 

and Clathrin-mediated endocytosis along with post-translational modifications including ubiquitination regulate 

asymmetric distribution of PCP components.  (Butler and Wallingford, 2017) 
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Microtubule orientation also correlates with PCP asymmetry in mouse tracheal epithelial cells, 

where PCP coordinates the alignment of motile cilia(236). MTs are polarized with their plus ends 

oriented towards the Fz-Dvl domain and disruption of MTs with nocodazole impairs core PCP 

component’s localization. Similarly, MTs are required for establishing Pk asymmetry during 

zebrafish gastrulation(363). Initially, it was thought that polarized microtubules are essential only 

for establishing PCP asymmetries but dispensable for maintaining these patterns(363, 364). 

However, a recent study showed that polarized trafficking of PCP components by microtubules is 

required for both establishment and maintenance of PCP in monociliated floorplate cells of the 

zebrafish neural tube(365). 

II.3.c Endocytosis and endosomal trafficking facilitates asymmetric sorting.  

To generate and maintain PCP patterns, different components need to be trafficked to specific 

membrane domains and mislocalized components need to be removed from the membrane (Fig. 

17) . In mammalian cells, exit of Vangl2 from the trans-Golgi network (TGN) requires Arfrp1 ( 

an Arf-like GTPase) and the clathrin adaptor complex AP-1 (366). This indicates that differential 

sorting of PCP components to opposite sides of the cell could initiate from the TGN itself. For 

removing mislocalized components, both the Rab GTPase Rab5 and Dynamin have been shown 

to play an important role in the internalization of mislocalized PCP components(352, 367). 

Inhibition of endocytosis leads to overaccumulation of Fmi at the plasma membrane(352). Along 

with Fmi, both Fz and Vang  are also known to undergo active membrane turnover by endocytosis 

(Fig. 16) (352, 356). In addition, Fz facilitates feedback amplification  of asymmetry by promoting 

removal of Fmi-Van-Pk complexes from domains where Fz is accumulated(368). This function of 

Fz is proposed to be mediated via Pk. Ubiquintation of Pk by an E3 ubiquitin ligase complex 

consisting of Cullin-1, SkpA and the Supernumerary limbs complex can promote internalization 

of Fmi-Vang-Pk complexes, and this Pk-dependent internalization of Fmi is significantly reduced 

in Fz mutants(368). 

Endocytosis is essential not only for establishing PCP patterns, but also for adjusting patterns 

during cell rearrangements and mitotic events(369). In the developing mammalian epidermis, PCP 

components are internalized and redistributed during mitosis and this is essential for proper 

patterning of the skin and planar polarization of hair follicles(370). These events of internalization 

and redistribution are synchronized during cell division through Celsr phosphorylation. The 
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phosphorylation of Celsr1 by Polo-like kinase-1 promotes its internalization along with the 

associated Fzd proteins(371).  Endocytosis has also been shown to regulate PCP mediated cell 

adhesion and migration. E-cadherin internalization and subsequent recycling back to surface is 

important for the regulation of PCP mediated zebrafish gastrulation movements(372). Inhibition 

of endocytosis by blocking Rab5c activity caused abnormal tissue movements, which phenocopied 

the gastrulation phenotypes of wnt11 mutant and enhancing Rab5c activity in wnt11 mutants 

rescued the phenotypes of wnt11 mutant(373).  

II.3.d Post-translational modifications fine-tune PCP protein function. 

Post-translational modifications such as phosphorylation and ubiquitination are reported to alter 

the level, localization and function of PCP components. For example, Dvl and Vangl proteins have 

multiple phosphorylation sites that can be modified to regulate protein localization and 

function(341, 374). Mouse Dvl2 is phosphorylated in response to Wnt5a stimulation which 

promotes Dvl2 association with the ubiquitin ligase Smurf2 and the apical polarity protein 

Par6(375). This complex further regulates Pk1 protein stability by promoting Pk1 ubiquitination 

and consequent proteasomal degradation(375). Wnt5a can also promote Vangl2 phosphorylation 

through the tyrosine-protein kinase receptor Ror2, and this phosphorylation increases the activity 

of Vangl2(347). Thus, during mouse limb bud P-D elongation, the Wnt5a gradient is able to 

generate a Vangl2 activity gradient and thereby, planar polarize chondrocytes along the P-D axis 

which in turn mediates limb elongation(347). In addition, the serine/threonine kinase misshapen-

like 1 (Mink1) phosphorylates a conserved residue of Pk1, which promotes its membrane 

localization with Vangl2 and thereby, apical enrichment of Vangl2-Pk1 complexes(376).  

On the other hand, ubiquitination of PCP components is shown to affect their protein levels. The 

ubiquitin ligase Smurf1 regulates the level of Pk1 via ubiquitin mediated degradation in response 

to Wnt5a stimulation(375).  Similarly,  Skp1, a subunit of the SCF E3 ligase, regulates Pk levels 

by promoting its degradation in a Vang-dependent manner in Drosophila(377). Transmembrane 

PCP proteins are often sorted into lysosomes after ubiquitination since blocking of lysosomal 

maturation causes accumulation of Fmi and Fz intracellularly(352). In order to regulate lysosomal 

turnover of proteins, there are deubiquitinating enzymes like Fat facets (Faf) that regulates 

recycling of Fmi back to the plasma membrane from early endosomes (Fig. 17) (378). The 

modulation of PCP protein levels by ubiquitin-mediated  degradation/recycling can generate 
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asymmetric protein distributions by restricting the amount of PCP proteins to only one side. For 

example, in flies, regulation of Dsh by a Cullin-3-BTB ubiquitin ligase complex limits its level at 

cell junctions, and reduction of Cullin-3 leads to an increase in the overall level of core PCP protein 

and thus, a reduction of asymmetry(378). Therefore, Cullin-3 reduction caused defects in 

Drosophila wing hair polarity, which phenocopies Dsh overexpression defects(378). 

 

II.4 Additional regulators of the core PCP pathway. 

Apart from the core components, there are additional players that are important for core PCP 

pathway activity, but they are not only dedicated to the PCP pathway. Furrowed (Fw), a selectin 

family member and the VhaPRR accessory subunit of the proton pump V-ATPase are two such 

components in Drosophila(379, 380). The function of Fw is partially overlapping with Fmi, as it 

is required to stabilize Fz in plasma membrane complexes and promote homophilic cell 

adhesions(350, 379). Functional studies on the role of VhaPRR suggest that it affects  trafficking 

or membrane stability of Fmi and possibly Fz(381).  

In vertebrates, there are several additional regulators of the core PCP pathway because there are 

often multiple members per core component as well as transmembrane co-factor proteins that assist 

core PCP components to relay PCP signaling (Table 1). Wnt9b and Wnt7a are Wnt ligands that 

are known to have functions in canonical β-Catenin signaling but also take part in PCP 

signaling(382, 383). Rspo3 (roof plate specific spondin 3), a secreted protein, is known to bind 

Syndecan4 (Sdc4) to regulate PCP regulated gastrulation movements(384). Rspo3 mediated PCP 

signaling requires Wnt5a to induce Sdc4-dependent, clathrin-mediated endocytosis and further 

relay of signaling via downstream components such as Fz7, Dvl and JNK. Zebrafish knypek 

mutants display CE defects due to the inactivation of the gene glypican4 , which also appears to 

promote PCP signaling(385). 

In addition, non-canonical Wnts are known to bind co-receptors belonging to the receptor tyrosine 

kinase family (RTKs) of proteins including PTK7 (Protein tyrosine kinase 7), Ror1, Ror2 (RTK 

like orphan receptor-1 or 2) and Ryk (Receptor related to tyrosine kinase)(386). RTKs are central 

regulators of crucial developmental, physiological and pathological signaling pathways(387). 

Molecularly, RTKs are  single pass transmembrane proteins that contain an intracellular protein 
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tyrosine kinase (PTK) domain. The catalytic activity of the PTK domain is a key signaling element 

for most RTKs, however  Ryk, ROR1/2 and PTK7 have an inactive PTK domain and are called 

pseudo kinases (386)(Fig. 18). PTK7 regulates membrane recruitment of Dvl through two different 

mechanisms: one which is dependent on Receptor of activated protein kinase C1 (Rack1) and 

another dependent on the interaction with Fz7(388).  Ror2 is Wnt5a co-factor that enhances the 

asymmetric localization of Vangl2 via Wnt5a-dependent phosphorylation of Vangl2(347). 

Similarly, Wnt5a also induces Dvl phosphorylation through Ror1 and Ror2(389). Ryk (Derailed 

in Drosophila) is a transmembrane protein that mediates the function of Wnt5 in axon guidance in 

Drosophila (390)and modulates degradation of Vangl2 in mice(391).  

Ryk is one of the potential candidates that could be regulated by Mib1 during zebrafish PCP. 

Therefore, the role of Ryk in PCP is addressed in detail below.  

 

 

Figure 18. Structure of PCP related Receptor tyrosine 

kinases (RTKs) . Ryk, ROR1, ROR2 and PTK7 belong to 

the RTK super family of proteins. Unlike other RTKs, the 

intracellular kinase domain of these proteins is inactive. 

The WIF domain of Ryk binds to Wnt whereas in ROR 

proteins the cysteine rich domains interact with Wnt. In the 

case of PTK7, seven immunoglobulin (Ig)-like domains 

are required for optimal Wnt-binding.  The PDZ binding 

motif of Ryk interacts with wide array of proteins 

including Src family kinases.  (Roy et al., 2018) 
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II.4.a Ryk is an important regulator of the core PCP pathway. 

Ryk protein is conserved across a wide range of metazoan genomes. Initial studies have revealed 

that Ryk and its homologues are playing crucial roles in  axon-path finding and formation of facio-

cranial bones in Drosophila and mice respectively(392, 393). Later, sequence analysis of the Ryk 

extracellular domain showed that Ryk can bind to Wnt family proteins(390, 394). Structurally, 

Ryk has a N-terminal WIF1 (Wnt inhibitory factor) domain that can bind to Wnt ligands and a 

catalytically inactive PTK domain at the C-terminus. The PDZ binding motif at the C-terminus of 

Ryk interacts with a wide array of proteins including Src family kinases(393, 395-397), that 

regulate fundamental process including cell growth, differentiation, migration and 

survival(398).(Fig. 18). Mechanistically, Ryk can act as a scaffolding protein that promotes 

binding of intracellular proteins and other receptors. This can bring activating proteins in proximity 

to substrates or promote membrane localization of intracellular signaling proteins. For example, 

Ryk has been shown to recruit Dvl family proteins, that are important for both canonical and non-

canonical Wnt signaling, to the plasma membrane(395). Ryk has also been shown to undergo 

sequential proteolytic cleavages releasing the extracellular domain into the extracellular space and 

the intracellular region into the cytoplasm. This proteolytic cleavage reactions are shown to be 

important for the function of Ryk in neuronal differentiation and axon guidance(399-401). 

Ryk has been implicated in both canonical and non-canonical Wnt signaling pathways. In the 

canonical Wnt/β-Catenin signaling pathway, studies have reported that Ryk is required for 

activation of a β-Catenin/TCF-responsive reporter gene(159, 395, 402). Wnt1 and Wnt3A, Wnt 

ligands responsible for canonical signaling, require Ryk to stimulate TCF-dependent 

transcription(395). Moreover, Wnt1 has been shown to relay signaling via a Ryk/Fzd8 receptor 

complex(395). Ryk has also been shown to form complex with Mindbomb1 (Mib1) to activate 

Wnt/β-Catenin signaling(159). The N-terminus of Mib1 binds to the intracellular domain of Ryk 

to ubiquitinate Ryk. Mib1 mediated ubiquitination of Ryk is necessary for mediating β-Catenin 

signaling even though ubiquitinated Ryk protein will be degraded. In C. elegans, Ryk genetically 

interacts with Mib1 during vulva cell fate determination by regulating oriented division of vulval 

precursor cells(159).However, Ryk was also reported to mediate suppression of canonical Wnt-

signaling in the promotion of osteoclast differentiation(403). 
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Studies in vertebrates suggest that Ryk is predominantly signaling through non-canonical Wnt 

signaling pathways including the Wnt/PCP pathway. Ryk is important for PCP regulated functions 

including CE during gastrulation, orientation of cilia and axon guidance. Ryk has been proposed 

to regulate CE movements during gastrulation through two different mechanisms in two different 

organisms. In Xenopus, Ryk regulates CE via inducing hyperphosphorylation of Dvl and its 

subsequent accumulation at the membrane(404). As a result, Ryk along with Wnt11 and Fz7 

promotes endocytosis of Dvl and thereby regulate CE movements. Ryk has also shown to be 

required for activation of the downstream PCP component RhoA(404). In zebrafish, Ryk is 

provided both maternally and zygotically, and during gastrulation it is expressed throughout the 

embryo(405). During this time, Wnt5b and Ryk act synergistically to regulate CE movements. 

Wnt5b overexpression promotes endocytosis of Ryk from the membrane and thus increases 

filopodial and lamellipodial protrusions(405). Therefore, Ryk expressing cells have the capability 

to migrate away from Wnt5b expressing cells whereas Ryk morphant cells remain immobile(405). 

These experiments indicate that Ryk is necessary for polarized cellular projections and directional 

migration in response to Wnt/PCP signaling(405).  

In mouse, Ryk deficient embryos present a disrupted polarity of stereociliary hair cells in the 

cochlea(391, 396). Moreover, the trans-heterozygotes of both Vangl2 and Ryk gave severe neural 

tube closure defects in contrast to either of the single heterozygotes, which indicates a genetic 

interaction between Ryk and Vangl2 (391, 396). Additionally, Wnt5a helps the formation of Ryk-

Vangl2 complex by which it increases the stability of Vangl2 in the membrane(391).  The 

interaction of Ryk with Vangl2 also plays an important role in axon guidance. Mouse corticospinal 

tract (CST) axons are repelled by a high Wnt5a expression in the rostral spinal cord relative to a 

low expression in the caudal spinal cord(406). Accordingly, an increased endosomal distribution 

of Vangl2 occurs in the presence of higher Wnt5a concentrations whereas more Vangl2 is retained 

at the cell membrane when the Wnt5a concentration is low(407). This asymmetric distribution of 

Vangl2 is necessary for the axon growth cone to turn away from high Wnt5a concentrations(407). 

Asymmetric distribution of Vangl2 in the axon growth cone is mediated by Ryk-Vangl2 

interaction(407).   

It is important to note that, in vitro, Mib1 has been shown to form a complex with Ryk and 

ubiquitinate Ryk . Also, in C. elegans, Mib1 genetically interacts with Ryk during vulva cell fate 
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determination by regulating oriented division of vulval precursor cells(159). These evidences 

suggest that Ryk could be one of the potential targets of Mib1 in regulating PCP in zebrafish. 

II.5 Mindbomb1 functions independent of Notch signaling. 

During the first part of my Phd, morphants of Mib1 have shown defects in PCP regulated CE 

movements during zebrafish gastrulation. Since post-translational modifications such as 

ubiquitination is one of the mechanisms by which PCP is regulated, we suspect that Mib1 might 

be regulating one or several PCP components via ubiquitination. Interestingly, Mib1 has been 

shown to regulate Ryk, that has functions in both canonical and non-canonical Wnt signaling, via 

ubiquitination. This led us to explore functions of Mib1 outside the realm of Notch signaling. 

Studies indicate that Mib1 has several functions independent of the Notch signaling pathway 

including the regulation of Wnt/β-Catenin signaling, cell migration, apoptosis, NF-κB signaling 

and ciliogenesis. 

II.5.a Mib1 regulates Ryk mediated Wnt/β-Catenin signaling. 

Mib1 has been shown to a form complex with Ryk to activate Wnt/β-Catenin signaling(159). Ryk 

is required for CTNNB1-dependent Wnt signaling because a loss of function of Ryk inhibits the 

ability of Wnt-3A to activate a CTNNB1-dependent transcriptional reporter in human embryonic 

kidney cells (HEK293T)(395). Moreover, Ryk is required for Wnt/CTNNB1 signaling in vivo as 

well since Lin-18/Ryk shows a genetic interaction with Wnt/Mom2 and TCF/Pop-1 during vuval 

cell fate specification in C. elegans(408). Mass spectrometric analysis has identified Mib1 as one 

of the interacting partners of Ryk. Mib1 is responsible for Ryk ubiquitination and internalization 

and thereby, regulates its turnover at the membrane(159). The loss of function of Ryk or Mib1 

downregulates Wnt/CTNNB1 target gene expression which indicates that internalization of Ryk 

by Mib1 is necessary for Wnt/CTNNB1 signaling even though Ryk might be degraded afterwards. 

Moreover, ceMib1 shows genetic interaction with lin-18/Ryk during vulval development(159). 

II.5.b Mib1 regulates directional cell migration. 

In vitro assays have shown that Mib1 is required for persistent directional cell migration(198). 

Mib1 regulates directional cell migration by controlling Rac1 activation via Catenin delta 1. Rac1, 

Cdc42 and RhoA belong to small GTPases family of proteins that control the formation of dynamic 

actin-rich structures such as lamellipodia, filopodia and stress fibers respectively(409). Rac1 
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activation specifically at the migratory front is required for persistent directional cell 

migration(410, 411). Catenin delta1 (Ctnnd1; also known as p120 catenin), a member of Armadillo 

repeat protein family, that is known to regulate cadherin localization, also controls actin 

rearrangements by modulating Rac1 activity(412-414).    Mib1 has been shown to 

monoubiquitinate Ctnnd1 to suppress Ctnnd1 mediated Rac1 activations(198).  Therefore, Mib1 

knockdown increased the number of protrusions and speed of migration, but in a random direction. 

Similarly,  in vivo, Mib1 mutant zebrafish embryos display defects in the migration of posterior 

lateral line primordium (pLLP) cells due to a lack of directional movement(198). 

II.5.c Mib1 regulates apoptosis via the extrinsic cell death pathway. 

Mib1 was first identified as DAPK (Death-associated protein kinase) interacting protein, therefore 

called DIP1(415). DAPK is a multidomain Ser/Thr protein kinase that plays an important role in 

apoptosis regulation. Mib1 overexpression in HeLa cells antagonized the anti-apoptotic function 

of DAPK and thereby, promoted caspase-dependent apoptosis(415). Later Mib1 was found to bind 

to cellular Fas-associated death domain (FADD)-like IL-1b converting enzyme (FLICE)-like 

inhibitory proteins (cFLIP)(158). cFLIP inhibits death receptor-induced apoptosis by preventing 

the activation of Caspase8(416). The interaction of Mib1 with cFLIP reduces the inhibitory activity 

of cFLIP on Caspase8 and thus Caspase8 is free to induce cell death(158).   

II.5.d Mib1 regulates NF-κB signaling. 

Mib1 has been shown to act as a positive regulator of Nuclear factor (NF)- κB activation(417). 

NF-κB is a family of transcription factors involved in regulating divergent functions such as 

apoptosis, tumorigenesis and immune response(418). The NF-κB family consists of five members 

: p65 (RelA), RelB, c-Rel, p100 (precursor of p52) and p105 (precursor of p50). These five 

members form homodimers and heterodimers in different combinations (such as p65:p50, 

cRel:p50, p50:p50 etc.), and the dimerized complex translocates into the nucleus to regulate gene 

expressions(419). When there is no stimulus for NF-κB signaling, dimers such as p65:p50 will be 

bound to IκBα, an inhibitor that prevents the translocation of NF-κB dimers into the nucleus(420). 

Mib1 has been shown to negatively regulate the stability of IκBα through its E3-ubiquitin ligase 

activity and thereby, promote NF-κB signal transduction(417). In contrast, Mib1 deficient cells 

showed a dramatic upregulation of  IκBα which will in turn downregulate NF-κB signaling(417). 
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II.5.e Mib1 is important for the regulation of ciliogenesis. 

Recent studies have indicated that Mib1 plays a crucial role in centriole biogenesis and 

ciliogenesis(421, 422). Centrioles are the core components of the centrosome and they also 

function as basal bodies for the formation of cilia and flagella(423, 424).  A pair of centrioles 

surrounded by pericentriolar material (PCM) constitutes the centrosome, the main microtubule 

organizing center of animal cells(425, 426). Mib1 has been shown to interact with several 

components of the centrosome including Plk4 (Polo-like kinase 4), PCM1, Talpid3, CEP131 and 

CEP290. Mib1 acts as an E3-ubiquitin ligase to regulate abundance of these components(421, 422, 

427, 428). Since Mib1 can degrade many components of the centrosome by ubiquitination,  there 

exist deubiquitinating proteins to counteract Mib1 function such as CYLD (DUB cylindromatosis) 

and USP9X(427, 429). CYLD functions to remove ubiquitin chains bound to Mib1, whereas 

USP9X removes ubiquitin chains from PCM1 that is already ubiquitinated by Mib1. In both ways, 

these deubiquitinating proteins protect PCM1 from getting degraded by Mib1. 

II.5.f Role of Mib1 in regulating PCP. 

Ubiquitination is one of the mechanisms by which PCP components establish their asymmetric 

cell distribution to regulate PCP(340). The role of the E3-ubiquitin ligase Mib1 in PCP is unknown. 

During the first part of my PhD, morphants of Mib1 displayed defects in PCP regulated CE 

movements during zebrafish gastrulation. This indicates that Mib1 might be playing an important 

role in PCP and most probably through its ubiquitination activity. Notch independent functions of 

Mib1 show that Mib1 interacts with Ryk that can function in both canonical and non-canonical 

Wnt signaling. In C. elegans, Mib1 genetically interacts with Ryk during vulva cell fate 

determination by regulating oriented division of vulval precursor cells(159). In addition, In vitro 

assays have shown that Mib1 is required for persistent directional cell migration(198). Oriented 

cell division and directed cell migration are often associated as functions of PCP. These 

experiments suggest that Mib1 might be playing an important role in PCP. Therefore, I decided to 

study whether and how Mib1 plays a role in regulating PCP during zebrafish development. 
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Results 

II.1 Analyzing the role of Mib1 in the planar cell polarity pathway 

Preliminary results from the first part of my PhD led me to analyze the role of Mib1 in PCP.  To 

study the function of Notch signaling in neural tube morphogenesis, we often depleted Mib1 using 

genetic mutants and morphants. Depletion of Mib1 showed defects in c-division, a unique 

morphogenetic process that happens during zebrafish neurulation, that are regulated by the PCP 

pathway. This indicated that either Notch signaling might be cross-talking with the PCP pathway 

or Mib1 might be playing a role in the PCP pathway independent of Notch signaling. Studying the 

role of Mib1/Notch signaling in PCP during neurulation was difficult since neurogenic phenotypes 

of Notch inhibition could mask other defects. Therefore, I decided to study convergent extension 

(CE) during gastrulation stage where Notch signaling defects are not visible. The PCP pathway 

regulates CE movements during gastrulation to elongate the axis of embryos. Surprisingly, 

mib1ta52b mutants, which entirely lack Notch signaling activity(430), didn’t show any CE 

phenotypes but Mib1 morphants showed significant defects in CE. However, the CE defects 

showed by Mib1 morphants raised the following questions, 

1) Why did Mib1 morphants show a different phenotype compared to mib1ta52b mutants ? Is 

this just an artifact of our Mib1 morpholino ?  

2) If the phenotypes of Mib1 morphants are not an artifact, what are the differences between 

mib1ta52b mutant and Mib1 morphant proteins ? Do other mib1 mutant alleles show CE 

defects?  

3) Does Mib1 plays an important role in PCP independent of Notch signaling? 

4) If Mib1 plays a Notch independent role in PCP, what are the interacting partners of Mib1 

in the PCP pathway? What is the mechanism by which Mib1 regulates PCP? 

Results in this project are presented in the format of an article which is currently under review 

in the journal PNAS Brief Reports. 
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II.2 Article under review in the journal PNAS Brief reports. 

Title: The E3 Ubiquitin Ligase Mindbomb1 controls zebrafish Planar Cell Polarity  
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ABSTRACT 

The trafficking of Planar Cell Polarity (PCP) pathway proteins is essential for cell migration and 

embryonic morphogenesis. The E3 Ubiquitin-ligase Mindbomb1 (Mib1) has been extensively 

studied for its role in Delta/Notch signaling where it promotes an endocytosis of Delta ligands that 

is essential for Notch activation. We report that independently of its role in Notch signaling, 

zebrafish Mib1 regulates gastrulation stage Convergent Extension (CE) movements by controlling 

the endocytic internalization of the PCP pathway component Ryk.     
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Results and Discussion 

Vertebrate Notch signaling involves multiple ligands, receptors and downstream transcription 

factors. In contrast the internalization of Delta ligands - an endocytic event required for Notch 

receptor activation – depends essentially on Mib1 (75). Due to this position at a molecular 

bottleneck of the pathway, Mib1 inactivation is often used to disrupt Notch signaling. We report 

that in addition to previously reported Notch loss of function phenotypes (75, 431), the inhibition 

of zebrafish Mib1 function causes defects in gastrulation stage CE movements. Injection of a 

validated mib1 exon1/intron1 splice morpholino (75, 431) impaired axial extension at the end of 

gastrulation (Fig. 1A) and caused a subsequent widening of notochord, somites and neural plate 

(Fig. 1B). An RNA encoding wild type (WT) Mib1 that cannot be targeted by the mib1 morpholino 

rescues axis extension (Fig. 1A), warranting the specificity of the observed defects. 

Zebrafish Mib1 interacts with Catenin delta1 to control cell migration (198). This activity is 

disrupted by the mib1ta52b point mutation in the C-terminal RING finger domain (RF3, Fig. 1C) 

(198). The mib1ta52b mutation does however not impair axial extension (Fig. 1D), suggesting 

thereby that morphant CE phenotypes are indicative of a novel Mib1 function. Sequencing of mib1 

cDNA in mib1 morphants revealed a retention of intron1 that causes the appearance of an early 

stop codon which could disrupt Mib1 functions that are not affected by the C-terminal 

mib1ta52bmutation (Fig. 1C). Accordingly, mib1ta52b RNA injection rescues mib1 morphant CE 

defects (Fig. 1E).  

The observation that mib1ta52b mutants present defective Notch signaling (75, 431) but intact CE 

(Fig. 1D) suggests that Mib1 regulates CE independently of Notch. Accordingly, constitutively 

activated Notch (NICD) rescues Notch-dependent defects in the nervous system (431) but not CE 

(Fig. 1F). Vertebrate CE requires non-canonical Wnt/PCP signaling (270, 317). To test if Mib1 is 

required for PCP, we overexpressed the PCP downstream effector RhoA in mib1 morphants. RhoA 

restores axis extension (Fig. 1G), suggesting thereby that Mib1 is required for the PCP-dependent 

control of embryonic CE movements.  

All known Mib1 functions require its E3 ubiquitin ligase activity (75, 156, 198). To address if 

this activity of Mib1 is also required for CE, we attempted to rescue the mib1 morphant CE defects 

using a Mib1 variant that lacks the three RING finger domains that are essential for ubiquitination 

activity (Mib1 RF123 , Fig. 1C). Rather than rescuing the defects of mib1 morphants, Mib1 RF123 
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injection enhanced their CE phenotypes and impaired axis extension in WT animals (Fig. 1H). As 

RING finger deficient Mib1 variants can act as dominant negatives (156, 160), the enhanced CE 

defects of Mib1 RF123-injected mib1 morphants are likely due to its capacity to interfere with 

maternally provided Mib1 that is not targeted by the mib1 splice morpholino. A Mib1 variant 

lacking only the last RING finger (Mib1 RF3, Fig. 1C) yielded similar results (Fig. 1I). Our results 

suggest that the ability of Mib1 to regulate CE is dependent on its E3 ligase activity, and raise the 

question whether Mib1 may control CE movements by regulating the Ubiquitin-dependent 

trafficking of a PCP pathway component?  

Mib ubiquitinates the Wnt coreceptor Receptor like tyrosine kinase (Ryk) to promote canonical 

Wnt/ -Catenin signaling in C.elegans (159). Studies in mice, frogs and zebrafish have implicated 

Ryk in non-canonical Wnt/PCP signaling (396, 404, 405). Ryk localizes to the cell surface and 

intracellular endocytic compartments (Fig. 2A) (159, 404, 405). To determine whether Mib1 may 

affect CE by controlling Ryk internalization, we analyzed the effect of Mib1 on Ryk localization 

during zebrafish gastrulation. Mib1 overexpression depleted Ryk from the cell cortex and triggered 

its accumulation in intracellular compartments (Fig. 2B). Conversely, morpholino knock-down of 

Mib1 causes a reduction in the number of Ryk-GFP positive endosomes (Fig. 2E). 

The fact that the CE defects of mib1 morphants can be enhanced by the coinjection of Mib1 RF123 

or Mib1 RF3 (Fig. 1H and I) suggests that Mib1 function is only partially depleted in mib1 

morphants. Accordingly, the injection of a higher dose of Ryk-GFP RNA restores the number of 

Ryk positive endosomes and rescues the CE defects of mib1 morphants (Fig. 2E and H).  However, 

even a high dose of Ryk-GFP fails to rescue endosome number and CE in mib1 morphants 

coinjected with dominant-negative Mib1 RF123 (Fig. 2E-H), suggesting thereby that CE requires 

Mib1-mediated Ryk endocytosis. The axis extension phenotypes of mib1 morphants are further 

enhanced by the coinjection of a validated ryk morpholino (405), strengthening the hypothesis that 

Mib1 and Ryk interact to control CE movements (Fig. 2I). Ryk has been shown to interact with 

Vangl2, another transmembrane protein whose endocytic trafficking is crucial for PCP (391). 

Mib1 overexpression has however no effect on Vangl2 localization (Fig. 2C,D) and Vangl2 

overexpression does not rescue the CE defects of mib1 morphants (Fig. 2J).  

To provide genetic evidence for a function of Mib1 in PCP we studied CE in mib1 null mutants. 

A previously reported null mutant (mib1tfi91 (75), Fig. 1C) presents CE defects that are statistically 
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significant but weaker than in mib1 morphants (Fig. 2L). Similar phenotypes are observed for a 

newly generated null allele (mib1nce2a, Fig.1C) in homozygous mutant or mib1tfi91/nce2a 

transheterozygous animals (Fig. 2L). mib1tfi91 and mib1nce2a introduce stop codons in the beginning 

of the mib1 open reading frame, a mutation pattern that can cause nonsense mediated decay of 

mutant mRNAs and trigger transcriptional compensation (432).  Accordingly, mib1 transcripts are 

reduced in mib1tfi91 (Fig. 2K) and mib1nce2a mutants but not in mib1ta52b. Genetic compensation 

could occur through a mechanism that promotes Ryk internalization independently of Mib1. 

mib1tfi91 mutants present however a reduction in Ryk endosomes that is similar to the one of mib1 

morphants (Fig. 2M-O). Our findings reveal thereby a resilience of the PCP pathway that allows 

to partially correct defects that arise from a failure in Ryk endocytosis.   

Mib1 is best known for its crucial role in Notch signaling (75), but a number of studies have 

started to identify Notch-independent function of this E3 ubiquitin ligase (156, 198).  Our work 

identifies Mib1 as a novel regulator of the PCP pathway that directs CE by controlling Ryk 

endocytosis. As processes such as the morphogenesis of the vertebrate nervous system involve 

both Notch and PCP signaling, it appears therefore important to take great care when interpreting 

Mib1 loss of function phenotypes.    
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Figure 1: Mib1 regulates PCP-dependent convergent extension movements. (Legend continued in 

the next page) 
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(A) CE was quantified at bud stage by measuring the axis extension angle . CE is reduced in mib1 

morphants but rescued by WT mib1 RNA (Kruskal-Wallis test, =39). (B) mib1 morphants present a 

widening of notochord, somites and neural plate. Dorsal views, anterior up, 2 somites stage. dlx3 in situ 

hybridization outlines the neural plate, papc the somites and the adaxial cells lining the notochord. (C) 

Mib1 variants used in the study. (D) CE is intact in mib1ta52b mutants (One way Anova, F=1.1). (E) 

mib1ta52b RNA restores mib1 morphant CE (One way Anova, F=17). (F) Activated Notch (NICD) fails 

to rescue mib1 morphant CE defects (Welch Anova, F=18). (G) RhoA rescues mib1 morphant CE (One 

way Anova, F=37). (H,I) Mib1 variants lacking all (Mib1 RF123, H) or the last (Mib1 RF3, I) RING 

finger impair CE in mib1 morphant or WT embryos (Welch Anova, F=66 (H), F=33 (I)). (A,G,H,I) 

lateral views, anterior up, dorsal to the right. Boxes in (A,B, D-I) represent mean values +/- SD. 

Scalebars: 20 μm. 
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Figure 2: Mib1 controls PCP by regulating Ryk endocytosis. (Legend continued in the next page) 
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(A-D) mib1 overexpression triggers Ryk internalization in 20/21 embryos (B) but has no effect on 

Vangl2 (D, n=23). (E-G) The number of Ryk-GFP endosomes (3 ng/μl Ryk-GFP RNA) is reduced in 

mib1 morphants. A higher Ryk-GFP RNA dose (12ng/μl) restores endosome number in mib1 

morphants but not in embryos coinjected with Mib1 RF123 (Kruskal-Wallis test, =43). (H) 12ng/μl 

Ryk-GFP RNA rescues CE in mib1 morphants but not in embryos coinjected with Mib1 RF123 

(Kruskal-Wallis test, =160). (I) Ryk morpholino injection aggravates mib1 morphant CE defects 

(Welch Anova, F=64). (J) Vangl2 RNA does not rescue mib1 morphant CE (Kruskal-Wallis test, 

=52). (K) In situ hybridization reveals reduced mib1 transcript levels in mib1tfi91 mutants (n=27). (L) 

CE defects in mib1 null mutants. Mib1 morphant data from Fig. 1A are included for comparison. (M-

O) Ryk endosomes (12ng/μl Ryk-GFP RNA) are reduced in mib1 null mutants. (O) includes Mib1 

morphant data from Fig. 2E for comparison. In (E,O) each point represents the mean number of 

endosomes for 20 cells from a single embryo; bars represent mean values +/- SEM. Boxes in (H-J,L) 

represent mean values +/- SD. (A-D,F,G,M,N) 90% epiboly stage, dorsal views, anterior up. (H,I,K) 

Lateral (H,I) and dorsal (K) views at bud stage, anterior up. Scalebars: (A-D,F,G,M,N) 10 μm, (H,I) 20 

μm. 
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Materials and Methods 

Use of research animals 

Experiments were performed in the iBV Zebrafish facility (authorization #B-06-088-17) in 

accordance with the guidelines of the ethics committee Ciepal Azur and the iBV animal welfare 

committee.  

 

Generation of a mib1 null mutant 

Crispr/Cas mutagenesis was used to generate mib1nce2a which introduces a frame shift after 

amino acid 57 yielding a 69 amino acid protein. 

 

RNA and morpholino injections 

RNAs encoding Mib1 variants (160) were injected at 250 ng/μl (Fig. 2A-D) or 125 ng/μl (all other 

experiments). Morpholinos were injected at 500 μM (mib1 5’-

GCAGCCTCACCTGTAGGCGCACTGT-3’,(75)) or 250 μM (ryk 5’-

GGCAGAAACATCACAGCCCACCGTC-3’.)  

 

Image analysis and statistics 

Image quantification was performed using ImageJ. Statistical analysis was performed using R. 

Normality and variance were analyzed using Shapiro-Wilk and Levene’s tests and the procedures 

for further analysis chosen accordingly. Welch’s t-test was used for two condition experiments. 

Post hoc analysis for multiple comparisons was performed using Tukey’s (after one way Anova), 

Games Howell (for Welch’s Anova) or Dunn’s test (after Kruskal-Wallis test).  
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II.3 Supplementary Information 

III.3.a  Overexpression of Mib1 doesn’t change localization of PCP components other than Ryk. 

 

We have shown that the PCP component Ryk is dragged in from the membrane when Mib1 is 

overexpressed. This raised the question whether Mib1 can drag in any other PCP component either 

along with Ryk or independently of Ryk. Therefore, I studied the localization of PCP components 

Supplementary Figure 1. Localization of Fz2, Fz7 and Wnt11 under Mib1 overexpression.  

Localization of Frizzled2 , Frizzled7 and Wnt11 is not changing under Mib1 overexpression 

condition compared to the wildtype. A, A’) 50ng of Fz2 mRNA was injected into wildtype 

embryos. Fz2 was localized at both the plasma membrane and endocytic vesicles. Localization of 

Fz2 was not changed when 250ng of Mib1 mRNA was injected together.  B,B’) 75ng of Fz7 was 

injected into wildtype embryos. Fz7 localized at the plasma membrane as well as endocytic 

vesicles. However, the localization of Fz7 was unchanged in the presence of 250ng of Mib1 mRNA. 

C,C’) 100ng of Wnt11 was injected into wildtype embryos. Wnt11 displayed diffused cytoplasmic 

signal, which was unchanged even in the presence of 250 ng of Mib1 RNA.  

A 

A’ 

B 

B’ 

C

C’
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Fz2, Fz7 and Wnt11 under Mib1 overexpression. However, there was no obvious change in the 

localization of these PCP components under Mib1 overexpression (Fig. S1). Similar analysis for 

Ror2, Dvl and Knypek is yet to be done.  

III.3.b The total amount of Ryk protein is not changed in Mib1 morphants. 

 

We have shown that the number of Ryk containing endocytic vesicles are reduced in both Mib1 

morphants and mib1 mutants. This raised the question whether the overall level of Ryk protein is 

reduced in Mib1 morphant or mutant embryos. To address this question, I have injected flag-Ryk-

myc into both wildtype embryos and Mib1 morphants. Western blotting was performed using 

Supplementary Figure 2. Ryk protein level is not affected in Mib1 morphants. (Preliminary 

result) A) 125 ng flag-Ryk-myc was injected into wildtype embryos and Mib1 morphants 

(500uM). Then total protein was extracted ( under non-reducing condition) and probed against 

mouse anti-myc (1:1000) after western blotting. The band for Ryk intra-cellular domain was 

obtained at  55 kDa. Other bands obtained at higher molecular weights are probably dimerized 

proteins. 5% skimmed milk is used as blocking solution. Anti-mouse-HRP (1:10000) was used 

as secondary antibody. 30ug of protein was loaded into each lane of a 12% gel.  B) The amount 

of Ryk protein remains unchanged in Mib1 morphants compared to the wildtype.  
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protein extracts from these two conditions and probed against the flag-tag to show the amount of 

Ryk proteins present. Quantification of the bands representing intra-cellular domain of Ryk  (~55 

kDa) showed that the amount of protein is not different in Mib1 morphants compared to wildtype 

embryos. 

II.3.c  Supplementary materials and methods  

Quantification of gastrulation stage convergent extension movements 

Bud stage embryos were imaged laterally on a Leica M205FA stereomicroscope and the angle 

between the anterior extremity of the hatching gland and the posterior extremity of the tail bud 

was quantified using the ImageJ angle tool. The reference point for the angle measurement was 

defined by manually fitting an oval ROI to the embryo and using the ImageJ Measure function to 

determine the coordinates of the centroid. 

RNA in situ hybridizations 

Whole mount RNA in situ hybridizations were performed according to standard protocols(219). 

The following probes for dlx3 and papc are used in this study(385). DIG-labeled antisense RNA 

probes were transcribed from PCR products carrying the T7-promoter sequence (5′-

TAATACGACTCACTATAGGG-3′) on the reverse primer. To generate mib1 probe, we used the 

following primers: forward: 5’- CCCGAGTGCCATGCGTGTGCTGC - 3’, reverse 5’-  

GCGTAATACGACTCACTATAGGGAGATCCTCGCCCTTGCTCACCAT – 3’, to amplify 

mib1 sequence from the plasmid mib1-GFP-pCS2+(67). 

Imaging and Quantification of endocytic vesicles 

RNAs of Ryk-eGFP along with Histone-RFP was injected into embryos at one cell stage. Then, 

embryos were fixed at 90% epiboly stage at room temperature in PEM (80 mM Sodium-Pipes, 

5 mM EGTA, 1 mM MgCl2) −4% PFA −0.2% Triton X-100 for 1 hour. After washing 2 × 5 min 

in PEMT (PEM −0.2% TritonX100), 10 min in PEM −50 mM NH4Cl, 2 × 5 min in PEMT and 

blocking in PEMT −2% BSA, embryos were incubated 1 h at room temperature with Phalloidin. 

Following incubation, embryos were washed during 5, 10, 15, and 20 min in PEMT. Embryos 

were mounted in PEM −0.75% LMP-Agarose and analyzed on a Spinning disk confocal 

microscope. 
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The embryos that have got equal amount of RNAs are selected for the quantification of endocytic 

vesicles, based on the intensity of Histone-RFP signal. Endocytic vesicles (visually distinct 

punctae labelled by Ryk-eGFP) are counted manually for around 20 cells per embryo. All the z-

stacks representing a single cell were analyzed for counting endocytic vesicles. The starting and 

ending stack for each cell is judged based on the nucleus and cell membrane of that particular cell.  

Molecular genotyping 

The wildtype and mutant alleles of Mib1 were identified through allele-specific PCRs. For 

mib1tfi91,  forward: 5’- TAACGGCACCGCCGCCAATTAC – 3’ and reverse: 5’- 

GCGACCCCAGATTAATAAAGGG – 3’ primers were used to detect wildtype allele; forward: 

5’- ATGACCACCGGCAGGAATAACC – 3’ and reverse: 5’- 

ACATCATAAGCCCCGGAGCAGCGC – 3’ primers were used to detect mutant allele.  

For mib1nce2a, genotyping was done either through sequencing the mutation carrying DNA 

sequence by  using the flanking primers: forward: 5’ – TGACTGGAAGTGGGGGAAGC – 3’ and 

reverse: 5’- TGTAGGCGCACTGTCCAATATC – 3’, or by phenotypically identifying the 

embryos after growing them to 24hpf.  

Western Blotting 

The following protocol was used for western blotting (433). The following antibodies were used: 

c-Myc ( Santa Cruz -sc-42), alpha-Tubulin (Sigma- T6199), mouse-IgG-HRP ( Amersham-

NA9310). 
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II.4  Author contributions  

I have done all the experiments in this project except Fig. 1B. Previous PhD student Priyanka had 

done some preliminary experiments which helped me to develop this project. However, none of 

those data is included in this manuscript.  
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Conclusion 

The aim of this project was to understand the role of Mib1 in the PCP pathway. PCP controls 

convergent extension (CE) movements during zebrafish gastrulation to elongate the embryonic 

axis. The efficiency of CE movements during gastrulation can be quantified by measuring the 

angle of extension (CE angle) between the head and bud of a bud stage embryo. Our study shows 

that depletion of Mib1 causes defects in CE movements during gastrulation and therefore, results 

in a shorter CE angle. CE defects of Mib1 morphants can be rescued by mRNAs of both wild type 

Mib1 (that is not targeted by the Mib1 morpholino) and Mib1ta52b. These experiments indicate two 

important points: 1) The CE defects of Mib1 morpholino is not an artifact; 2) The ta52b mutation 

of Mib1 is dispensable for the PCP pathway.  We also showed that Mib1 mediated PCP signaling 

regulates the morphogenesis of notochord, somites and neural plate. Interestingly, the role of Mib1 

in CE movements is independent of its conventional role in the Notch signaling pathway. 

Moreover, the CE defects of Mib1 depleted embryos can be rescued by the PCP effector protein 

RhoA indicating that Mib1 is indeed acting via the PCP pathway. Our data also demonstrate that 

Mib1 is acting as an E3-ubiquitin ligase to regulate CE movements, and that the third ring finger 

domain is important for its function.  

Interestingly, we found that Mib1 is important for the endocytic regulation of the PCP component 

Ryk. Overexpression of Mib1 drags in all the Ryk from the membrane whereas, the depletion of 

Mib1 impairs Ryk internalization. Like Mib morphants, Mib1 null mutants also impair 

internalization of Ryk as well as CE movements during gastrulation. Our data demonstrate that 

Mib1 regulated Ryk internalization is important for its role in PCP, since CE defects of Mib1 

morphants during gastrulation are rescued by overexpression of Ryk-eGFP.  

In conclusion, our study discovered that independent of its function in Notch signaling, Mib1 is 

important for regulating the PCP pathway during zebrafish embryogenesis.  
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Chapter - III 
Discussion and Perspectives 
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Discussion & Perspectives – 1 

III.1 Analyzing the role of Notch signaling in zebrafish neural tube morphogenesis. 

The aim of the first part of my PhD was to understand the relationship between the Notch signaling 

pathway and the morphogenesis of the zebrafish neural tube. In tetrapods, neural tube 

morphogenesis starts with a neural plate structure that has a layer of pseudo-stratified epithelial 

cells with a clear apical and basal polarity(17, 60). These polarized epithelial cells provide 

structural architecture for the developing neural tube(65). Notch signaling has been shown to play 

an important role in maintenance of polarized epithelial cells and thereby, morphogenesis of the 

tetrapod neural tube(65). Interestingly, the epithelial architecture of the neural primordium itself 

is required for Notch signaling(68), indicating a dual relationship between polarized epithelial 

organization and Notch signaling. In contrast, the early zebrafish neural plate does not show any 

hallmarks of apico-basal polarity and polarization of the neural progenitor cells occur during Notch 

regulated neurogenesis(14).  Additionally, early zebrafish neurulation shows unique midline 

crossing c-divisions that provide morphogenetic advantage for the developing neural tube(36, 45, 

46). Both c-divisions and epithelialization of neural progenitor cells act in tandem to regulate 

morphogenesis of the zebrafish neural tube. Our work shows that despite of the differences 

between neurulation of tetrapods and teleost fish, Notch signaling is required for zebrafish spinal 

cord morphogenesis.    

III.1.a Notch signaling and apico-basal polarity. 

- Promoting apico-basal polarity  

Our data show that canonical Notch signaling is important for the establishment of a polarized 

neural tube during early zebrafish neurulation. Perturbing canonical Notch pathway components, 

such as Mib1, Delta ligands, γ-secretase and the transcription factor component Suppressor of 

Hairless Su(H)/RBPJ, resulted in a spinal cord with disorganized cells that lack apico-basal 

polarity components.  Moreover, an activated form of the Notch intra-cellular domain (NICD) and 

a constitutively active form of Su(H)  rescued apico-basal polarity in the mib1ta52b mutant spinal 

cord. Interestingly, a previous study has shown that non-canonical Notch signaling regulates the 

late maintenance of apico-basal polarity in the zebrafish neural tube(176). They have also shown 

that the apical polarity component Crumbs negatively regulates Notch signaling. These data along 
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with our results indicate a possible feedback mechanism between Notch signaling and polarity 

complexes for maintenance of polarity at later stages.  

However, our data did not allow to determine whether Notch plays an instructive role in 

establishing apico-basal polarity. Inactivation of Notch signaling caused precocious neurogenesis 

in the spinal cord. This was evident from the upregulation of the early neuronal marker elavl3 in 

mib1ta52b mutant embryos. Therefore, mib1 mutant embryos failed to upregulate polarized neural 

precursor cells that express the marker gfap and other components of the apico-basal polarity 

machinery ( crb1, crb2a and pard6γB). Demonstrating an active role of Notch signaling in 

promoting apico-basal polarity would require suppressing neurogenesis without manipulating 

Notch signaling in neural progenitor cells. Unfortunately, current tools did not allow us to achieve 

this, therefore it has not been possible to address this question. 

- Region specific regulation of apico-basal polarity. 

Even though loss of Notch signaling affected the establishment of apico-basal polarity in the 

medio-lateral spinal cord, apico-basal polarity was unaffected in the floor plate and midbrain-

hindbrain boundary (MHB) region. This could arise because of two possibilities: 1) We mainly 

used mib1ta52b mutant to inhibit Notch signaling. mib2, a paralogue of mib1, could redundantly 

function in establishing apico-basal polarity in these tissues; 2) The importance of Notch signaling 

varies depending on the tissue context. Mib2 has been shown to be dispensable for embryonic 

development and Notch signaling in zebrafish(77). Moreover, we analyzed apico-basal polarity 

defects in double mutant embryos of mib1 and mib2. In accordance with the literature, double 

mutants didn’t show any difference in phenotypes compared to the mib1ta52b single mutants. 

Therefore, the second possibility might be the reason for region specific regulation of apico-basal 

polarity by Notch signaling. The floor plate is the signaling center in the ventral neural tube of 

vertebrates that is required for neural patterning and axonal guidance(434, 435). Previous studies 

suggested that Notch signaling is required for the maintenance of floor plate cells but not for their 

initial development(206, 436). Also, in contrast to more dorsal spinal cord cells, floor plate cells 

essentially give rise to glial derivates(214). Therefore, in mib1ta52b mutant embryos, floor plate 

cells do not undergo neuronal differentiation and retain their apico-basal polarity and expression 

of the radial glial marker gfap. Similarly, there is a difference in the regulation of neurogenesis at 

the MHB compared to the dorsal spinal cord. Her/Hes genes, members of the Hairy-E(Spl) family, 
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are responsible for the inhibition of neurogenesis(437). Ectopic expression of Her/Hes genes 

downregulates the proneural factor neurog1 whereas loss-of-function experiments show an 

increase in neurog1 expression(438).  These hairy genes can be divided into two groups based on 

their dependency on active Notch signaling. In the MHB region, neurogenic differentiation is 

inhibited by her5 that acts independently of Notch signaling whereas in the spinal cord, 

neurogenesis is regulated by the Notch-responsive her4 gene(215, 216). 

III.1.b Notch signaling and c-divisions. 

Zebrafish spinal cord development  shows a unique morphogenetic process called midline crossing 

c-divisions. Neural progenitor cells from one half of the developing neural tube come to the 

midline and undergo mirror symmetric cell divisions to deposit one of the daughter cells in the 

contralateral side of the developing neural tube(38, 44, 46). Our data show that Notch signaling is 

important for c-divisions, because neural progenitor cells in the spinal cord of mib1ta52b mutant 

embryos failed to cross the midline, and an activated form of the NICD could rescue the phenotype. 

Moreover, cells that failed to cross the midline were showing neuronal marker expression. These 

experiments indicate that Notch mediated suppression of neurogenesis is essential for neural 

progenitor cells to execute their midline crossing c-divisions.  

The midline crossing behavior of neural progenitor cells is associated with PCP pathway activity. 

This raised the possibility that Notch signaling might be cross-talking with the PCP pathway. 

However, mib1ta52b mutant embryos didn’t show any convergent extension phenotypes but failed 

to perform c-divisions. This indicates that c-division defects caused by Notch activity inhibition  

are mainly due to precocious neurogenesis.  

III.1.c Notch signaling and neural tube morphogenesis. 

Establishment of apico-basal polarity in neural progenitor cells (epithelialization) and c-divisions 

are important events during morphogenesis of the zebrafish neural tube(27). We have shown that 

the inhibition of Notch signaling failed to establish polarized radial glial cells that are necessary 

for providing structural architecture for the developing neural tube. Moreover, lack of polarized 

neural progenitor cells affected the formation of an apical midline of the neural tube that develops 

into the future neural tube lumen.  
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The first appearance of polarity markers at the neural tube midline occurs during c-divisions(46). 

Studies have shown that mutations affecting apico-basal polarity and c-divisions display similar 

neural tube midline defects, which indicate that these two processes are inter-connected(27). We 

demonstrate that Notch mediated suppression of neurogenesis is necessary for both 

epithelialization and c-divisions during zebrafish neural tube morphogenesis, and inhibition of 

Notch signaling gave rise to a spinal cord that has defective shape. Therefore, our findings suggest 

that through its ability to restrain neuronal differentiation, the Notch pathway provides a temporal 

window for neural progenitor cells to perform specific morphogenetic movements that determine 

the shape of the spinal cord. 
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Discussion & Perspectives – 2 

III.2 Analyzing the role of Mindbomb1 in the planar cell polarity pathway. 

The aim of the second part of my PhD was to investigate the role of Mib1 in PCP. Mib1 is well 

studied for its role in the Notch signaling pathway, nonetheless, Mib1 plays several functions 

independent of Notch signaling. My study found that Mib1, independent of its function in the 

Delta/Notch pathway, regulates PCP signaling via Ryk endocytosis during zebrafish gastrulation.  

III.2.a Mib1 regulates axis extension during gastrulation. 

During vertebrate gastrulation, PCP controls convergent and extension (CE) movements that 

elongate embryonic tissue along the anterior-posterior (A-P) axis and narrow them medio-laterally 

(M-L). Mutants of PCP components display phenotypes including a short body axis and broadened 

tissues (such as somites and neural plate). I have shown that both Mib1 morphant and mib1 null 

mutant embryos show defects in CE movements. And CE defects of Mib1 morphant embryos 

could be rescued by the PCP effector protein RhoA, indicating that Mib1 is acting via the PCP 

pathway to regulate CE. This is the first time in literature that Mib1 has been shown to regulate 

PCP regulated CE movements. Therefore, it will be interesting to understand the mechanisms by 

which Mib1 regulate CE.  

Studies have indicated that axis extension during vertebrate gastrulation requires directional cell 

migration and oriented cell division(246, 267). Evidences from the literature suggest that Mib1 is 

associated with both directional cell migration and oriented cell division. For example, in vitro 

studies have shown that Mib1 is required for persistent directional cell migration by controlling 

Rac1 activation, a member of small GTPases family of proteins that regulate cell protrusions , 

important for directed cell migration(198). In addition, mib1 mutant zebrafish embryos show 

defects in the migration of posterior lateral line primordium (pLLP) cells due to the lack of 

directional cell movement(198). Mib1 has also been shown to regulate cell division orientation in 

C. elegans. Mutants of lin-18/ryk disrupt oriented divisions of p7.p vulval precursor cells(408) and 

ceMib has been shown to genetically interact with lin-18/Ryk to regulate oriented cell divisions 

(159). These evidences suggest that Mib1 might be regulating both oriented divisions and directed 

cell migration during vertebrate gastrulation. Therefore, it will be interesting to look at these two 
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processes during zebrafish gastrulation to understand the mechanisms by which Mib1 regulates 

CE movements.  

Cell division orientation during gastrulation can be studied by injecting fluorescent markers that 

label components of DNA (eg. Histone)(439). Therefore, it is interesting to understand cell 

division orientation in both mib1 mutants and Mib1 morphants during gastrulation. To asses 

directed cell migration during M-L intercalation, we can study the shape of cells during 

gastrulation in both Mib1 morphant and mib1 mutant embryos by labelling them with a membrane 

marker. During zebrafish gastrulation, cells that undergo CE show a transition from round to 

mediolaterally elongated morphology, indicative of directional migration towards the 

midline(440). Vangl2 mutant cells that fail undergo elongation show defective M-L intercalation 

(440). It will be interesting to understand if the cell shape changes in both mib1 mutants and 

morphants during zebrafish gastrulation. 

III.2.b Mib1 controls axis extension independently of Notch signaling. 

Mib1 is well studied for its role in the activation of Notch signaling by ubiquitination mediated 

endocytosis of Notch ligands. However, several studies have shown that Mib1 also does functions 

independent of Notch signaling(158, 198, 415, 417, 421, 441). I have shown that the role of Mib1 

in the PCP pathway is independent of Notch signaling. mib1ta52b mutant embryos that completely 

lacks Notch activity(430) didn’t show any axis extension defects during gastrulation, indicating 

that Notch signaling is dispensable for PCP regulated axis extension. In addition, I showed that 

CE defects of Mib1 morphant embryos were rescued by Mib1 mRNA carrying the ta52b mutation 

whereas the activated form of Notch intracellular domain (NICD) failed to rescue CE defects.  

However, Notch mediated suppression of neurogenesis was required for midline crossing c-

divisions during zebrafish neurulation (Chapter I), which have been shown to be regulated by PCP 

components(34, 44, 45). Therefore, during neurulation, Notch signaling might be facilitating PCP 

regulated c-divisions. If we independently suppress neurogenesis during neurulation, it would be 

interesting to see if Notch signaling acts upstream of the PCP pathway to regulate c-divisions. This 

could be done by rescuing neurogenic phenotypes of both mib1tfi91 mutants and morphants by 

NICD injection and then, observing the effects on c-divisions. 
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III.2.c Mib1 acts as an E3-ubiquitin ligase in axis extension. 

Mib1 is an E3-ubiquitin ligase that has an N-terminus domain which binds to target substrates and 

a C-terminus domain that contains three RING finger (RF) domains necessary for binding to E2-

ubiquitin enzymes. Thus, Mib1 acts as a platform where an E2-ubiquitin enzyme can transfer 

activated ubiquitin molecules to the target substrate(155). My data demonstrate that the E3-

ubiquitin ligase activity of Mib1 is necessary for its function in the PCP pathway. Mib1 mRNA 

that lacks all three RF domains (Mib1ΔRF) failed to rescue CE defects of Mib1 morphants. 

Moreover, injection of  Mib1ΔRF mRNA itself caused CE defects, indicating a dominant negative 

activity. In addition, my data show that the third RF domain is important for the function of Mib1 

in PCP since a Mib1 mRNA construct that lacks just the third RF domain (Mib1ΔRF3) 

phenocopied Mib1ΔRF. 

Mib1 has always been reported to function as an E3-ubiquitin ligase in the existing literature. 

Interestingly, the RF3 domain of Mib1 is important for both Notch signaling and Notch 

independent functions(156). Whether all the three RF domains of Mib1 are necessary for E3-

ubiquitin ligase activity is not clear. In the case of Mib1, RF domains bind to the E2 ubiquitin 

enzyme loaded with ubiquitin moieties, and then ubiquitin molecules are transferred from the E2-

enzyme directly to the target substrate bound at the N-terminus of Mib1(156). One possible 

function of three RF domains  is to finetune the binding specificity of  different E2 ubiquitin 

enzymes that are required for different substrates. Unfortunately, E2 ubiquitin enzymes are poorly 

studied and we don’t yet have identified any substrate specific E2 ubiquitin enzyme that binds to 

RF domains in a function specific manner(152). However, it is possible to address the question 

whether the RF3 domain of Mib1 is necessary and sufficient for its function in the PCP pathway. 

We have to create an mRNA construct of Mib1 RNA that lacks/inactivates both the RF1 and RF2 

domains but retains the RF3 domain. Then, a rescue experiment of CE defects of Mib1 morphants 

will tell whether the RF3 domain of Mib1 is necessary and sufficient for PCP pathway activity.  

Interestingly, Mib1ΔRF3 mRNA didn’t rescue CE defects of Mib1 morphant embryos, indicating 

that only ta52b mutation is dispensable for the role of Mib1 in PCP, but the RF3 domain is still 

necessary for PCP signaling. This observation agrees with the existing functions of Mib1, where 

RF3 domain is important. RF3 domain of Mib1 is essential for functions of Mib1 such as 

neurogenesis, apoptosis and ubiquitination of Ryk (75, 158, 442). This raises the question, why 
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ta52b mutation doesn’t affect the role of Mib1 in the PCP pathway? One possible hypothesis is 

that the ta52b mutation only affects binding/stability of a substrate-specific E2 ubiquitin enzyme 

necessary for Delta ubiquitination and consequent Notch signaling. And the substrate-specific E2 

ubiquitin enzyme required for PCP signaling binds to the C-terminus of Mib1 irrespective of the 

ta52b mutation. The substrate specificity of E2 ubiquitin enzymes are poorly studied. There are 

around 40 different E2 ubiquitin enzymes identified in the human genome(443). A yeast two-

hybrid screen has identified seven different E2-enzymes interacting with Mib1(153). Out of these 

seven, it will be interesting to see if there are any E2 enzymes dedicated only for Notch signaling 

or PCP signaling. Analyzing CE defects after knocking down each of these seven E2 enzymes in 

mib1ta52b mutant background will identify the PCP pathway specific E2 enzyme of Mib1.  

III.2.d Differences between Mib1 morphants and Mib1 mutants in axis extension. 

- mib1ta52b mutant vs. other null mutant and morphant embryos 

Results from the first part of my PhD, which showed mib1ta52b mutant embryos have defective c-

divisions, gave us a hint that Mib1 is important for the PCP pathway either via Notch signaling or 

through a Notch independent function. Therefore, we decided to analyze CE defects of mib1ta52b 

mutant embryos(430). Surprisingly, mib1ta52b homozygous mutant embryos didn’t show any CE 

defects compared to wildtype siblings, indicating that the ta52b mutation in the RF3 domain is 

dispensable for the PCP pathway. However, Mib1 morphant embryos showed a significant 

decrease in axis extension angle. Several studies have shown such kind of inconsistencies between 

morphant and mutant phenotype(444). This raised the question, what is the difference between 

Mib1 morphant and mib1ta52b mutant?   

We used a splice-blocking antisense morpholino targeting the intron1-exon1(e/i-1) boundary of 

the Mib1 pre-mRNA sequence. When a morpholino is blocking the first or last intron/exon 

boundary of a  pre-mRNA, it will result in a final mRNA with the first intron or last intron inserted, 

respectively(445). I showed that Mib1 e/i-1 morpholino will give rise to a truncated protein of 

91AA. On the other hand, mib1ta52b mutation is only a point mutation (Met to Arg) at the 1013th 

amino acid present in the RF3 domain, which otherwise gives a stable full-length protein. Thus, 

the difference in phenotype between mib1ta52b mutant and Mib1 e/i-1 morphant could be due to the 

difference in the translated Mib1 protein, implicating that the Mib1ta52b mutant protein itself is 

functional in the case of Mib1 mediated PCP signaling. This was evident from an experiment 
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which showed that mib1ta52b mutant mRNA is capable of rescuing CE defects of Mib1 e/i-1 

morpholino.  Additionally, the null mutants of mib1 (mib1tfi91 and mib1nce2a ) that generate 

truncated mutant proteins that are comparable to the protein of Mib1 e/i-1 morpholino (61 and 68 

amino acids respectively) also showed defects in CE.  

- Genetic compensation between mib1 null mutant and morphant embryos 

 I have observed that CE defects in Mib1 morphants are stronger than mib1 null mutants. This 

raised the question what could partially compensate for the phenotypes of mib1 null mutants? It 

has been shown that Mib1 mRNA is deposited maternally(75). However, maternal Mib1 mRNA 

deposition cannot explain weaker phenotypes of  mib1 null mutants since the Mib1 e/i-1 

morpholino can target only the zygotic Mib1 pre-mRNA sequences. Therefore, phenotypes 

observed in Mib1 e/i-1 morpholino are solely due the depletion of zygotic Mib1 mRNA. Another 

possible reason, for weaker phenotypes in mib1 null mutants, could be due to the skipping of the 

mutation containing exon via a cryptic splice sites during pre-mRNA maturation(446). However, 

I didn’t find any exon skipping during cDNA sequencing of both mib1 null mutant embryos 

(mib1tfi91 and mib1nce2a). 

Next, I have checked for evidences of genetic compensation triggered by mutant mRNA 

degradation through non-sense mediated decay (NMD). NMD occurs to mRNAs that carry pre-

termination codons due to a non-sense mutation, which will flag the mRNA to undergo 

degradation. This non-sense mediated degradation will trigger upregulation of  one or several 

‘similar genes’ to compensate the function of the degraded mRNA(447-449) and thus, genetic 

mutants show weaker or no phenotypes compared to other methods of gene knockdown. In situ 

hybridization for Mib1 RNA in mib1ta52b, mib1tfi91 and mib1nce2a embryos revealed that Mib1 

mRNA is degraded in both mib1tfi91 and mib1nce2a  but not in mib1ta52b, indicating the activation of 

NMD pathway in both mib1 null mutants. Attempts to block NMD by targeting NMD pathway 

components didn’t succeed since the knockdown of NMD pathway components itself gave CE 

defects.  It would be interesting to see at which level and what component(s) is/are partially 

compensating PCP defects of mib1 null mutants.  A comparison between RNA sequencing data of  

mib1tfi91or mib1nce2a 1 with mib1ta52b  mutant embryos might allow to identify the genes upregulated 

in mib1 null mutants that partially compensate for functions of the PCP pathway. 
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III.2.e Mib1 mediated Ryk endocytosis is necessary for axis extension. 

Mib1 mediated endocytosis of full-length Ryk is important for Wnt/β-Catenin signaling(159). 

Similarly, I have shown that Mib1 regulates Ryk endocytosis to mediate PCP regulated CE 

movements during zebrafish gastrulation. Overexpression of Mib1 drags in Ryk from the cell 

membrane whereas depletion of Mib1 reduces the amount of Ryk in endocytic vesicles. Both Mib1 

morphant and mutant embryos show a similar reduction in the number of Ryk carrying endocytic 

vesicles, indicating that partial genetic compensation of mib1 null mutants via NMD is not 

occurring at the level of Ryk endocytosis. My data further demonstrate that Mib1 mediated 

endocytosis of Ryk is necessary for axis extension because overexpression of Ryk-eGFP rescues 

CE defects in Mib morphants by increasing the number of Ryk containing endocytic vesicles. This 

raises the question, what is responsible for endocytosis of Ryk in Mib1 morphant embryos? Is this 

residual Mib1 proteins or another redundant factor? Overexpression of the same amount of Ryk-

eGFP didn’t rescue CE defects of  embryos injected with both Mib1 morpholino and Mib-ΔRF 

RNA. This indicates that residual Mib1 proteins are responsible for Ryk endocytosis in Mib1 

morphants. Interestingly, rescue of CE defects in Mib1 morphants using a concentration gradient 

of Ryk-eGFP revealed that a threshold number of Ryk carrying endocytic vesicles are necessary 

for regulating the PCP pathway. Embryos injected with a sub-optimal concentration of both Ryk 

and Mib1 morpholino show aggravated axis extension defects compared single morphants, 

confirming the interaction between Ryk and Mib1 during axis extension. I am currently in the 

process of generating double mutants of ryk and mib1 to study their genetic interaction in the PCP 

pathway. It is important note that Mib1 and Ryk play a crucial role  in canonical Wnt/ β-Catenin 

signaling in invertebrates and non-canonical Wnt/PCP pathway in vertebrates.  

III.2.f Significance of Mib1 mediated Ryk endocytosis. 

My study identified a novel role of Mib1 in the PCP pathway, where it regulates endocytosis of 

the PCP component Ryk. This interaction between Mib1 and Ryk raises the question, what is the 

functional significance of Mib1 mediated Ryk endocytosis in PCP signaling? An obvious function 

of Mib1 mediated Ryk endocytosis could be ubiquitination mediated degradation of Ryk. But the 

rescue of CE defects in Mib1 morphants by Ryk-eGFP overexpression implies that the function of 

Mib1 mediated Ryk endocytosis is more than just degradation. This observation is similar to the 

role of Mib1 and Ryk in Wnt/ β-Catenin signaling. During Wnt/ β-Catenin signaling, it has been 
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shown that Mib1 regulates Ryk protein turnover by reducing its steady-state levels at the plasma 

membrane(442). Nonetheless, both Ryk and Mib1 functions are necessary for Wnt/ β-Catenin 

signaling(442). Previous studies have suggested that Mib1 mediated Ryk endocytosis could 

function at different levels in PCP regulated CE movements including the formation of an 

endosomal signaling complex, the regulation of cell division orientation, the  regulation of cell 

migration and stabilization of PCP components or to create asymmetric distribution of PCP 

components. 

- formation of an endosomal signaling complex 

In Wnt/β-Catenin signaling, several studies indicated that endocytosis of the ligand-receptor 

complex facilitates downstream signaling(450). During Wnt/β-Catenin signaling, endocytosis 

could regulate signal activation by endosomal acidification, stabilizing and sequestering pathway 

components and  ubiquitin mediated degradation(307). Similar mechanisms could function in the 

case of Mib1 regulated Ryk endocytosis in the PCP pathway. In Xenopus, CE movements are 

regulated via Clathrin mediated endocytosis of Dishevelled (Dvl) along with Frizzled7 (Fz7)(404). 

Endocytosis of Dvl is required for further downstream signaling. Ryk interacts with βarr2, an 

essential adaptor in Clathrin-mediated endocytosis, and Fz7 to promote endocytosis of Dvl in 

response to Wnt-11. Thus, endocytosis of Ryk could facilitate the formation of an endosomal 

signaling complex to promote downstream signaling. Therefore, it is possible that Mib1 is 

promoting endocytosis of other PCP components along with Ryk to form an endosomal signaling 

complex. 

 My experiments show that other PCP components such as Vangl2, Fz2 and Fz7 are not 

internalized along with Ryk during Mib1 overexpression. But one caveat of these experiments is 

that they are performed without external stimulation of Wnt/PCP ligands such as Wnt11 and 

Wnt5a. It will be interesting to see whether Mib1 can internalize these PCP components along 

with Ryk only in the presence of Wnt ligands. Analysis of the localization of Knypek, Dvl and 

Ror2 during Mib1 overexpression is yet to be done.  

- Regulation of cell division orientation 

Mib1 has been shown to regulate cell division orientation along with Ryk in C. elegans. Mutants 

of lin-18/ryk disrupt oriented divisions of p7.p vulval precursor cells(408) and  ceMib genetically 
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interacts with Ryk in regulating oriented cell divisions(159). In addition, Mib1 is important for 

centriole biogenesis(421). A pair of centrioles surrounded by pericentriolar material (PCM) 

constitutes the centrosome, the main microtubule organizing center that controls cell division in 

animal cells. Therefore, it is possible that Mib1 mediated Ryk endocytosis is required for 

regulating cell division orientation during zebrafish gastrulation. Mib1 has been shown to 

colocalize with peri centriolar components for regulating their function(422). It would be 

interesting to see if Mib1 co-localizes with Ryk at the centrosome during zebrafish gastrulation.  

- Regulation of cell migration. 

Ryk has been implicated in directional cell migration during gastrulation and axon guidance(405, 

407). Wnt5b and Ryk act synergistically to regulate CE movements during zebrafish 

gastrulation(405). Wnt5b overexpression promotes endocytosis of Ryk from the membrane and 

thus increases filopodial and lamellipodial protrusions(405). Thereby, Ryk expressing cells 

achieve the capability to migrate away from the Wnt5b source. It would be interesting to see if 

Mib1 is necessary for Ryk internalization that is stimulated by Wnt5b overexpression during 

zebrafish gastrulation. My data show that the overexpression of Mib1 internalizes Ryk from the 

plasma membrane. If Ryk internalization under Wnt5b overexpression is perturbed in mib1tfi91 

mutant and morphant embryos, we can confirm that Mib1 is necessary for Ryk internalization 

during directed cell migration. 

During axon guidance, Ryk-Vangl2 interactions enable increased endosomal distribution of 

Vangl2 in the presence of high Wnt5a concentrations and conversely increase membrane 

localization of Vangl2 at low Wnt5a concentrations(407). This asymmetric distribution of Vangl2 

enables axon growth cone to turn away from high Wnt5a concentrations. During axon guidance, 

it would be interesting to see if Ryk-Vangl2 interaction in response to Wnt5a gradient is disrupted 

in a Mib1 mutant and morphant background. 

- Stabilization of PCP components. 

Post-translational modifications such as phosphorylation and ubiquitination are reported to alter 

the level, localization and function of PCP components(374, 375). Mindbomb1, an E3-ubiquitin 

ligase, could determine the localization and stability of other PCP components via Ryk 

endocytosis. Ryk has been shown to transduce Wnt5a signaling by forming a complex 
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Vangl2(391). It has been shown that Ryk promotes the stability of Vangl2 at the plasma membrane 

by forming a complex. Thus, Ryk regulates PCP by modulating the degradation of the core PCP 

component Vangl2(391). My data demonstrate that Mib1 regulates endocytosis of Ryk from the 

plasma membrane. This essential means that Mib1 can indirectly affect the stability of other PCP 

components such as Vangl2 by regulating Ryk endocytosis. However, I have shown that Mib1 

overexpression doesn’t affect the endocytosis Vangl2-GFP, but this was in the absence of any Wnt 

stimulation. It would be interesting to look at the levels of transgenic Vangl2-GFP in Mib1 

morphant and mutant backgrounds, to understand the role of Mib1 in regulating stability of the 

PCP component Vangl2. 

All the above-mentioned studies indicate that there could be different possible mechanisms by 

which Mib1 mediated Ryk endocytosis regulates the PCP pathway. Therefore, further research 

must be done to decipher the interaction between Mib1 and Ryk in PCP signaling. 
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General Conclusion 

During my PhD, I studied two different cell signaling pathways that regulate morphogenesis 

during zebrafish development. I found that the Notch signaling pathway and Mib1 mediated Planar 

Cell Polarity (PCP) pathway regulate neural tube morphogenesis and embryonic axis extension 

respectively. 

During the first part of my PhD, I addressed the role of Notch signaling in zebrafish neural tube 

morphogenesis. Notch signaling has been well studied for its role in regulating neurogenesis 

during zebrafish development. However, whether and how it regulates morphogenesis of the 

zebrafish neural tube is unknown. Epithelialization and c-division are important events during 

zebrafish neural tube morphogenesis.  Our findings show that, in addition to regulating the timing 

and identity of neuronal cell fate specification, Notch mediated suppression of neurogenesis is 

essential for the acquisition of polarized neuroepithelial tissue architecture and the execution 

specific morphogenetic movements called c-divisions, in order to properly shape the zebrafish 

spinal cord.  

Observations from the first part of my PhD led to the identification of the role of 

Mindbomb1(Mib1) in PCP signaling. Mib1, an E3-ubiquitin ligase required for Notch activation, 

regulates convergent extension (CE) movements during zebrafish gastrulation, that are required 

for the axis elongation of the embryo. Interestingly, I found that Mib1, independent of its function 

in Notch signaling, act in the PCP pathway to regulate axis extension. In the PCP pathway, Mib1 

acts as an E3-ubiquitin ligase and regulates endocytosis of the PCP component Ryk to mediate CE 

during gastrulation.  Thus, my study discovered that independent of its role in Delta/Notch 

signaling, Mib1 is important for the PCP pathway during zebrafish gastrulation.  
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